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ABSTRACT

The closure of the filtered reaction rate othe reaction progress variablesing an
algebraic modelfor Favrefiltered Scalar Dissipation Rate (SDRIﬂC in turbulent

premixed combustion has been assegs#éuk context of Large Eddgimulations (LES)
This assessment consistsagpriori Direct Numerical Simulation (DNSnalysisbased
on freely propagatingstatistically planarturbulent premixedflames anda-posteriori
analysis involving the LES simulations of a welldocumentedrectangular dump
combustor configuration with sudden expansion @BACLES burnerand a premixed

flame stabilised on a triangular bluff body flame holder (i.e. Volvo .Rlighas been
found that the newly developed SDR model satisfactcurzialyturesIqc obtained from

explicitly filtered DNS data. fe predictions ofthis SDR based.ES closure in the
ORACLES burner and Volvo Rigconfigurations exhibitgood agreement with
experimental results withowequiringany major modification to the odel parameters
The predictios of the SDR model for theLES of the ORACLES burneand Volvo Rig
have been compared tthoseof two algebraic Flame Surface Density (FSDpdels
which yielded satisfactory agreementith experimental data a previous analysisThe
pefformance of the SDR based closuesnainseither comparable to or better than the

FSD based closusdor thetwo test configurationsonsidered in this analysis

Keywords: Scalar Dissipation Rate (SDR), Large Eddy Simulation (LES), Direct

NumericalSimulation (DNS), Flame Surface Density (FSD)
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Amplitude of combustion instability
Model parameter

Reaction progress variable
Thermachemicalparameter for the scalar dissipation rate
basedeactionrate closure expression

Coefficient in the presumed reacting mode probability

density function

Specific heatapacity at constant pressure
Specific heat capacity at constant volume

Smagorinsky constant

+.C.,C;,C,,Cj,Cj,Ci ,Cj Model parameters

Progress variable diffusivity

Damkohler number

Local Damkdhler numben the context

of Reynolds Averaged Navier Stokes simulations
Subgrid Damkdhler number

Eddy diffusivity

Bridging function

Frequency otombustion instability

Reacting moderobability density function

Filter kernel
Backward facing step height of ORACLES burner
Flame holder height of Volvo Rig

Turbulent kinetic energy

Karlovitz number

Local Karlovitz numbem the context
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of Reynolds Averaged Navier Stokes simulations
Subgrid Karlovitz number
Thermoechemicalparametem the SDR model

Integral length scale

Lewis number

Resolhed flame normal vector

i component oftheresolved flame normal vector
Scalar dissipation rate

Pressure

Reference pressure

Model parameter

Prandtl number

Radialvector

Turbulent Reynolds number
Subgrid turbulent Reynolds number
Displacement speed

Unstrained laminar burning velocity

Schmidt number

Components of strain rate tensor
Time

Chemical time scale

Initial turbulent eddy turnover time
Simulation time

Temperature

Adiabatic flame temperature
Unburned gas temperature

Burned gas temperature
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i™ component of fluid velocity
Root mean square velocity fluctuatiomagnitude
Subgrid turbulent velocity fluctuation

Artificial velocity fluctuationsat the inlet

Meanaxial velocity

Chemical reaction rate of reaction progress variable

Axial co-ordinate
i'" Cartesian cerdinate

Transverse&o-ordinate

Thermal diffusivity in unburned gas
Zel@ovich number

Model parameter

Efficiency function

Zel 6dovich thickness
Thermalflame thickness

Filter width

DNS mesh size

Dissipation rate of turbulent kinetic enerigythe context

of Reynolds Averaged Navier Stokes simulations

Unresolved component of scalar dissipation rate in the context

of Reyrolds Averaged Navier Stokes simulations

Ratio of specific heat capacities
Thermal conductivity

Dynamic viscosity of unburned gas
Eddy kinematic viscosity

Kinematic viscosity of unburned gas
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Acronyms
CARS
CDS

CFL

CGT
DNS

FSD

KPP

Gas ensity

Unburned gas density

Generalised Flame Surface Density
Heat release parameter

Model parameter

Empirical model parameter linking to ¢

Equivalence ratio

Wrinkling factor for Flame Surface Density

Wrinkling factor for scalar dissipation rate

Wrinkling factor for scaladissipation rate based on volume

averaged quantities

Large Eddy Simulation filteredalue of a general quantity
Favre filteredvalue of a general quantity

Favre mean value of a general quantty

Favre fluctuation of a general quantty

Reynolds averaged value of a general quatity

Planar laminar flamealue of a general quantity

Volume averaged value of a general quaniity

Surfaceweighted filtered value of a general quantity

Coherent AntiStokes Raman Scattering
Central Differencing Scheme
CourantFriedrichsLewy

Qdergradient transport

Direct Numerical Simulation

Flame Surface Density

KolmogorovPetrovskyPiskunov



LDV
LES
RANS
SDR
TVD
ubS

Laser DoppleWwelocimetry

Large Eddy Simulation

Reynolds Averaged Navier Stokes
Scalar Dissipation Rate

Total Variation Diminishing

Upwind Differencing Scheme



1. INTRODUCTION

In turbulent premixed combustion the scalar field is often represented by a reaction
progress variable, which can balefined in terms of a suitable speximass fraction or
temperatureln the context of Reynotd Averaged Navier Stokes (RANS) ahdrge

Eddy Simulations (LES) the modelling of premixed turbulent combustion translates to
the modelling of the reaction rate and grfd scalar flux termsThus the development

of high-fidelity reactionrate closurs plays a key role in obtainingnproved predictions

of heat release and pollutant generation rates in premixed turbulent flames, which in turn
helps designing negeneration energgfficient and environma-friendly combustion
devices.The recent advances high performance computing havede LES simulations
more affordable and it is anticipated th&tS will play anincreasingly important role in

the future. A number of different methodologies existtéwbulent premixedombustion
modelling The levelset(G-equationRef. [1]), Artificially Thickened Fame (ATF, Ref.

[2,3]) and Flame Surface Density (FSRef. [4]) closuresare amongst the most well
establishedanethodswhich have been used succedsfinl the context of LES in the past.

All aforementioned formulations have their own advantages and limitations but they also
share important similaritiesFor example, turbulent flame speed in the leeatl G-
equation) approacis closely related to therinkling factor which plays a pivotal role in

the ATF and FSD based closures. Interested readers are referred toSRgfer [an
extensive review of the different closure methodologies in turbulent premixed

combustion.



In nonpremixed combustion, theate of mixing and reaction is normally quantified by
the Scalar Dissipation Rate (SDR) [Moreover the mean readn rate of progress
variable remains closely relaténlthe Favre mean value of SDiRthe context of RANS
simulations accordint thefollowing expression§,8:

S 2<IrN,> (i)
(2, - 1)

In this paper<{> denotes a Reynolds averaging operati#nis the reaction ratef the

reaction progress variable, r is the gas densityN, = DDc@c is the instantaneous

SDR with D being the mass diffusivitgf ¢ andthe parametec, is given by 8]:

How, f(©)dc

CcC. =

m

1 (2ii)
W, f(c)dc
0

where f(c) is the reacting mode probability density function(pdf) of the reaction
progress @riablec,thes u b s ¢& i m #éofplanardaminar flame conditions.has been
demonstrated by Bray] thatthe integrals in Eq. (1ii) can be evaluated using the laminar

flame dataandthatthe assumption regardirtbe smooth function approximating (c)
does not have any significant impact tre numerical value ot,,, which remains

between 0.7-0.9 for typical hydrocarbeair mixtures. Thusc,, can be considered as a

thermachemical parameterepresentinghe reaction rate weighted progress variable for

unstrainedaminarflames



Recently Chakraborty and Cafj [demonstrated thdEq. (1) remains valid for a range
of different Lewis numbersLe, provided that the SDR is appropriatelynodelled.
Moreover, the SDR closure inherently provides the rate of mgring, which is also
beneficial for the modelling of ska-variance transport. Furthermorihe SDR based
closure naturally links energy and species transport without making stssngnptions
unlike thelevelsetapproach The aforementioned attributes make SDR basedlosure

a promising methodology for reaction rate modelling in turbulent premixed combustion.
A number of previous-priori DNS analyse$10-21] concentratedn the development of
SDR closures for turbulent premixed combustion ihe context of RANS simulations,
and promising results have been obtained basea posteriori validation usingactual
RANS simulationg22-24]. This necessitates an extension of the SR&etclosures for
LES simulations, which has rarely been addressed in detail in the existing litefature.
recenta-priori DNS analysis by Dunstaet al. [25] demonstrated thdEq. (1i) can be

recast in the following fornfor the purpose of LES:

21
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wherefor a general quantityy, in this paper,the LES filtered (unweighted) and Favre
filtered values are denoted lay and g :f_q/frespectivelyFurthermoreDunstanet al.

[25] found that Eq(2) could be used to predis# for the purpose of most practical LES

where the filter width D remairs much greater than the thermal flame thickness
d, = (T, - T,)/max[DT[],. Dunstanet al. [25] also extended the algebraic SDR
model, which wa®riginally proposed by Kollat al.[18] for RANS, to make it suitable

for LES of premixed flames with unity Lewis number(i.e. Le=//rC D =10).
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Chakraborty and Swaminatha®0] extended the algebic RANSSDR model proposed
by Kolla et al.[18] for norrunity Le flames Gaoet al.[26] extended thilRANS model

for LES, accounting fothe different values of heat release paraméjeglobal Lewis

numberlLe and turbulent Reynolds numb&e,. The model was assessed usigyiori

DNS analysisby Gaoet al. [26] that demonstratechow the newmodel captures NC

behaviour fora range of filter widthsD. It remainshowevernecessary to assess the
model performancen an actual LES because the implications thfe numerical
implementationand its interaction with thed.ES turbulence modelling cannot be
ascertained solely based @npriori assesment: m actual LES the modelling and
numerical inaccuracies may interact in a complicated manner leading to accurate
(erroneous) predictions if these inaccuracies cancel (@aogymeach other.This
necessitates a comprehensavposterioriassessment of the algebraic SDR closure based
on actual LES simulations, whicis undertakerin the present work. It is worth noting

that this analysis is one of tfiest attempts in this reayd.

A well-documented rectangulaump combustor configuration with sudden expansion
(ORACLES burner)[27] and a flame stabilised on a triangular bluff body within a
rectangular channel (Volvo Rig28-30] havebeen choserof the purpose d-posteriori
analysis of the algebraic SDR badit#red reaction ratelosure in this paperThe latter

test casein particular offers additional information on temperature, which adds greater
value to the analysisisthelevels of heat release andrhe location can be identified a
better mannerThe LES simulations have been carried out based omtineerical

implementation that habeen usedy Ma et al. [28] for a-posteriori assessmenof

11



several algebrai¢SD models for LES As NC =rDbc@®c/7 is closely related to the
generalised FSIIBgen:HE)_c| [25,28,3]1 due to the dependeymn the reactive scalar

gradientbc, it is usefulto compare the performance of the Sbased closur& the

bestalgebraic FSDnodels identifiedn the previous analysi2§].

The main objectives of the present analysis are:
(i) To assess and validate algebraic model ONC based ora-priori analysis of DNS

data of statistically planar flames aagbosteriorianalysis basedn the LES of two real
test casesthe Volvo rig and the Oracles burner

(i) To compare the performance of the algebraic SDR Wédt=red reaction ratelosure
for LES withtwo algebraic FSD modgwhich werefound toperformwell in a previous
analysig2§].

The rest of the paper wifitart with the necessary mathematical lgaoknd Following
this, results based dmoth a-priori and a-posteriori assessents will be presented and
subsequently discussetihe main findingswill be summarised and conclusions will be

drawn in the final section of this paper.

2. MATHEMATICAL BACKGROUND

In turbulent premixed flames the species field is often characterised rieyaction
progress variable€ that rises monotonically from 0 in unburned reactants to 1 in fully
burned products. The transport equatiothefFavre filtered reaction progress varialgle

takes the following form:
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Jdc
D—
P ax

+;—a—[puc Pii;C] (3)

J

Plar 8x

_|oc . ac 6
+
ot ax

The two terms on the left hand sideHS) of Eqg. (3)indicate the transient antthe
resolved advection effects. The termstha right hand sidg RHS) denote the filtered

molecular difision, chemical reaction rate and the-guld turbulent transport othe
reaction progress variable respedtvd he filtered reaction rate#, the filtered diffusion
term B §rDBc) and the turbulent transport termyru,c- 7T,c]/pux, are unclosed and
thus need to be modelled in LES. Accordinghegeneralised FSD based closuitee

combined contribution o and B §rDPc) is modelled in the following manngs1]:

wW+D QrDbc) =(rS;) S, 4

In Eq. (4) S, =(Dc/Dt) /‘DC( is the displacement speed. For the corrugated flamelets

(CF) regime, where the flame thickness is smallean the Kolmogorov length scale,

(rS;), can be modelled agrS;), = r,S , which leads tahe following form of the

modelled transport equatidor C :

~ —~.

Fe“E G XJE)C| [ruc ru,cl (5)

_rOSLSgen
In this equationX = Sgen/]D(‘:| denoteghe wrinkling factor. Interesteegtaderscan refero

previous work[28,3234] for a detailed account dhe manyavailable wrinkling factor

models and the assessment of tpenformance

Severalprevious analyses8p-55 demonstrated that the conventional gradient hypothesis
model (i.e.[ru,c- 7U,C] =- 7D, (UC/ %), where D, is the eddy diffusivity) may not

13



sufficiently capture the behaviour of sigpid scalar flux [ch- 7u,C] and in fact
countergradient transpoifCGT) has been repted Lecacq et al.[52] demonstrated that
the model of sutgrid scalar flux[ru,c- 70,C] =- FDWE/px - Xr S (C- €)M, (where
M=- @ /|pe] is the resolved flameanmal vectorjaccording tdVeller et al. [42] leads

to the following formof the transport equation ahe Favrefiltered reaction progress

variable transport equation:

ac . d¢
ot axj

0
P =—

p(D, +D)6_c
0x .

J

+0,8,E|V¢| (6)

J
Note that the resolved molecular diffusion term appears in Eq. (6) but rid. i(5)

because some FSlased closurege.g. Muppalaet al. [56]) modelthe filtered reaction

rate separately adf = /’OSLSgen. Equatians (5) and (6) indicate thathe modelling of

the wrinkling factorX plays a key role in the closure of the filtered reaction rd¥a et
al. [28] demonstrated based on a recent analysiowanconfigurations, which were used
before for model developmeand assessmef27i 30,57,58] that the wrinkling factor
(i.e. X=S,,,/IDt|) models proposed by Furelj§9] and Muppala et §66] perform

gen
better than the most algebraic FSD models availaltee literature.Thesemodels are
selectedas baselineexamplesfor the comparison againsthe algebraic SDR based
reaction rateclosure For the convenience of discussion, HeetwoFSD models(i.e.
Fureby [59] and Muppalat al.[56]) will be referred to by the name of the first author
throughout this paper. The wrinkling factor expressions, which are going to be
considered in this analysiare given as follows:

Fureby model
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a )
X=g+G2g (7i)
¢ S
i 0 BDG 205 235
with G=0.75expé 122820 and D, =—= +—= 7ii
pg g @ E?dﬁ "oup/S +1 S fup+l (7

The name 06 F u r[28pbnmyodified vérsionaf Fueeby $59] model to which

unity has been addeds shown in Eq. (7i). The symbolsd, and U, denotethe
Zel 6dovi ch fandsukrid tsdale eelocite flustuation respectively. The
Zel 6dovich f 1l ame .S ovkenca,s s the teermdldiffusivitgid a s

the unburned gas.

Muppala model

~0.38

046 ay 0 apo
=L+ R0 ®
on
In Eqg. (8), Re,=yD/n is the subgrid Reynolds numbery and p and p, are the

kinematic viscosityfiltered pressure and reference pressure respectively.

The model given b¥eq. (7i) was used in conjunction witg. (5), whereas Eqgs. (6) and

(8) were used togethén the a-posteriori assessment by Met al. [28]. The progress

variable diffusivity in Eq. (6) vares wi t h t emper atur e[60,0]l | owi ng
while the Schmidt number is kept at a constant value of Baged on a detailed analysis

[28] the subgrid scalar fluxin Eq. (5)can bemodelled using the following expression

according to Richardtal. [61]:

[ruc- FGE]=- TD 2= 7,8 (C- EM, ©
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The turbulent diffusivityD, in Eq. (9) is expressed d3, =n,/S¢ where SGg =0.7 is
the subgrid Schmidinumber The eddy kinematigiscosity/, can be estimateusing the

Smagorinsky modeld2] and consequentlythe parameteu, in Eqgs. (7) and (8) can be

evaluated using thi®llowing expressioa[63,64:

n =CDPESS )" and U=l (19

In Eq. (10), S, = 0.5(ul, /px, +pd, /1) is the resolved strain ratensor C, =0.1 is a
model parameteaind C is the Smagorinsky constarig] (here C, is taken to be 0.1)

The sensitivity of the wrinkling factor based models @nhas been discussed in Ref.

[28] and thus will not be repeated in this paper.

The filtered (unweighted) progress varialiie needs to be evaluated from the readily
available ¢ . Chakraborty and Can6§] proposed an expression basedtoe BML
formulation[66]: € =[(1+¢)C]/[1+fC] to account forC- C in the limit of D- O.

The expression suggied by Chakraborty and Cagf] reads

@d+t)c

c= =
1+¢cC

-

a @ . & D@
- exp? Qa’ §§+cexp? ng (11)

o

In Eq. (11) Q=02 is an empirical model parametand 4 =1/Maxbd| is an

alternativeflame thickness based on tteactionprogress variablgradient65).

According tothe SDR based closur¢he filtered reaction rate# is modelled usindeq.

():
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2pN. 9
e & 12
Qe -1 x, [ou;c - pu,c] (12

5 a5+ - ac
Jt ax

i[pf)a_c .

axj axj

Dunstanet al. [25 extended the RANS model for SDR by Kok al. [18] in the

following mannetto model N, :

Y 2uj, 2C(1- C)
N = DBE dC +@ expR g— eZK +(C;- tCDay) —i—— (13i)
Fé@ qh %e dth % 3D 1 b
_15/Ka, 11 )
with g =0.75; 1 \/7 C, _m and b, =24 (13ii)

In Egs. (13i) and (13ii) Da,=DS /ujd,, and Ka, =(uj/S,)¥*(D/d,) "* are the
local subgrid Damkohler and Karlovitz numbers respectiyelywhere

dy, =(T - To,)/MaxPT|_ with subscriptL referring to the unstrained planar laminar

flame quantitiesThe parameteK_ in Eq. (13i)is given by[15,18,6T:

ﬁrN D@ﬁ f(c)dc
Y
S AN, f(c)dc

(140)

In Eq. (14) [rNCE)(']i]L and [7N_], can be obtained from unstrained laminar flame
calculations anthe reacting mode pdf (c) can beapproximatedas f(c) = C/|E)c|L [6]

whereC is a coefficienbbtained usinghe following normalisatiof6,18,67:

1 0.999 dC
nf (€)dc=C f— | =1.0 (14ii)
0.001 L

Equations (13iii) and (13iv) suggest thit. is a thermechemical parametewhich

provides the value of SDReighted dilatation rat® ar.
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The function[1- exp(- gD/ d,,)] in Eq. (13i)ensures that\|~C approacheDbc@®c when

the flow is fully resolved (i.eD- 0). The function[1- exp(- gD/ adj,)] and the first term

on the right hand side of Eq. (13i) were absent in the original model by é&tddia[18]

as the RANS model was proposed only for the unresolved part®f SD

3=

C

- Dpdpd (15)
whered= <rq>/<r > andgi=q- § arethe Favremeanand Favreluctuationof a
general quantityg respectivelyThe physical basis of the RANS modelggfby Kolla et

al. [18] is summarised in Appendix Athe model given by Eq. (13i) and the original
model proposed by Kollat al.[18] are strictly valid only for unity Lewis number flames.
Moreower, Eq. (13i) was proposed based on dhgriori analysis of a single ¥lame

DNS database wit,e=1.0. Recently Gaoet al. [26] haveextendedEq. (13) for the
purpose of modelingil'C in the context of.ES so that it can account for namity Lewis

number effectsfollowing the modification to the,g; model suggested by Chakraborty and

Swaminathan [20] (s€eq. (A7) inAppendix A).The LES SDR model b§aoet al.[26]

takes the followingorm:

~ e2K. S 2uj2c(1- C)
N, =Dbcbc +(1- f, +(C, - tDa,C,
: (- 1)g giog, ™ e

(16)

with f, =exp[- ¢(D/d,,)™] is a bridging function,C;,.C, and b, are the model

parameter§20]:

_ 200Ky, . 1200-©) whereb=02+1510- Le| (17
1.0+ /Ka,) [Le**"(1+ Kap)*™]

3
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The first termon theRHS of Eq. (16) and thebridging function (1- f,)in the second
term wereabsent in the RANS modg2Q] (see Eq(A7)). The cond term on the RHS

of Eq. (1§ (without(l- f,)) can be derived in the context of RANS based on the
equilibrium of leading order source and sink terms oftthasport equation 030 (see
discussion iMAppendix A). The bridging function(1- f,) ensures thaﬂC approaches
N, =DBc@c for small values of filter size (i.elim, ,N, =N, = Dbc@c where
f, © 1.0), wherea<Eq. (16) reverts back to thRANS model expression (i.e. Eq. (A7
for D> >, . The expressionsf Cj, Cj andbi in Eq. (A8) have beeaxtendedrom
RANS to LES to obtainC,, C, and b in Eq. (17). The involvement of the bridging
function (1- f,) in Eq. (16) and using the SDR closure in LES contey alter the
value of b, in comparison tobj. It is worth noting that the model paramet&s and
C, are threadimensional variables in the context of LE® for the sake of simplicitiy
terms of modelling and optimisation of model parametdrs is considered to be

constant for a given therrahemistry.Moreover, this makes it convenient to analyse the
influence of b, on SDR Nc prediction independent of turbulence modelling (uniXe
and C,, because the modelling afj is likely to affect these parameterg).similar
approach was adopted previously by Dunstaral. [25]. The evaluation ofb_, its
parameterisatiorand the sensitivity ofb, on the prediction of LES simulations Wile

discussed in Sections. 3.2 ah@ later in this paper.

19



The predictions of Eqg. (13i) and Eq. (16) remain comparable for unity Lewis number
flames.The model given b¥£q. (16) can be substituted intogE(12) to provideclosureto

the LES filtered reaction ratand the sugrid scalar fluxis modelled usindeq. (9). Note

that the thermal flame thickness in Eq.6)1lis evaluated using the relation

d, /d =2(1+t)*'[14,18,68 for LES simulations

The modelling methodologies considered in this anabessummarised in Table 1 for

the sake of quick reference for the readers and future potential users of these models.

3. A-PRIORI DNS ANALYSIS

3.1 DNS database and numerical implementation

The a-priori DNS assessment of the model givenHay(16) is conducted using DNS
database of statistically planar turbulent premixed flames with global Lewis number
ranging from Le=0.34 to 1.2 This database has been ugedgain fundamental
understandingn modellingthe effects of# andLe on turbulent kinetic energys$,7(,

scalar flux 9-51], FSD 9,33, scalar variance2[)], and SDR 20] in the context of
RANS and LESsimulations A brief summary of the atbutes of this database is
provided here andfurther details of this database are available Refs.

[9,20,3349,51,69,7D The initial valuef the rootmeansquare (rms) turbulent velocity
fluctuation normalisedby unstrained planar laminar burning velocity/ S, and the
integral length scale to flame thickness rdti@|, for cases AF are presented in Table 2
along with the values of Damkoéhler numbdda=IS /uid,, Karlovitz number

Ka=(uj/S)¥?(1/d,)"'?, turbulent Reynolds numbeRe =r,uil/ng, heat release

20



parameter! =(T4 - T,)/T, and Lewis numbete. Standard values are taken for Prandtl

number Pr, ratio of specific heatsg=C,/C, and t he Zel 6dovi ch
b=T,(T,, - T,)/TZ (i.e.Pr=0.7,g=1.4, b=6.0). The values ofc,, for cases AF are

found to be 0.85, 0.92, 0.87, 0.867, 0.825 and 0.816 respectively, wikeréas- 0.756,

0.52, 0.67, 0.71, 0.78, 0.79 respectivielycases AF. The aforementioned values of,

and K./t have been evaluated uginf(c) =C/|Pg and unstrainecblanar laminar

flame soluions

The domain of size24.1d), 2 24.1d], 3 24.1d, is considered focases AF. A Cartesian
mesh of size2303 2303 230 with uniform mesh spacing in each directisrused for all
casesThe patial derivatives are evaluated usindg@{ ordercentratdifference scheme
for the internal grid points and the order of differentiation drops gradually tsided
second order scheme near fpetiodic boundariesA 3™ orderlow storage Rung&utta
methodis used forexplicit time advancementhe simulations forcases AF arecarried

out for about three initial eddy turn over times (itg, = 3.34t, =3.34l/uy;) which is

equal to one chemical time scdlg,, =4}, /S  for these cases. This simulation time
remains either comparable to or greateranth several previous analyses
[31,40,41,45,48,7¥6]. The values ofu'/S in the unburned reactants ahead of the flame
at the time when statistics were extemttlecreased by about 50%, of the initial values,
whereas the values dfdj, have increased from their initial values by a factor of about
1.7, but there are still enough turbulent eddieshenburned and unburned side of the

flame The flamelet assumption remains validrfboth the initial and final values of
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ui/ S, andl/dj, in all cases considered hexecording to the regime diagrasg Borghi

andPeters ].

The DNS data is explicitly filtered usinga Gaussian filter kernel
G(F)=(6/aA*)"exp(-67 7 /A*) [25,31,33,44,47,71t0 obtain the relevant filtered
guantities for the present analysis. In the next section the results will be presered for
ranging fromD=4D,_ ° 0.44], to D=28D,, ° 2.8a, , whereD,, is the DNS mesh size
(D,,° 0.14,). These filter sizearecomparable to the range af explored ina-priori

DNS analysis in several previous studi2s,B1,33,44,47,711and span a useful range of
length scales (i.e. frond comparable td.4d,, where the flame is partially resolved, up
to 2.8d, where the flame becomes fully unresolved ands canparable to the integral

length scalefsee Table R

3.2. Results and Discussion

The variations of the mean values thie normalised chemical source tewt$ d| / r,S
and the modelled normalised source te2mN_/(2c,, - 1)3 d,,/r,S conditional onC
values forD° 0.8d|,,, D° 1.64d,, and D° 2.8qd|, for cases AF are shown in Fig..IThis

is donein orderto assess the applicability of Eq. (B)the context oLES for different

values of# and Le. It is evident from Fig. 1 that the modelled source term does not

satisfactorily predict the real source term for very fine gridsi=d,), but that the
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agreement improves with increasing filter width (iB> d}, ), which matters for real

LES.

The expressiom W> 2< rN_ >/(2c,, - 1) was originally proposed foba > 3 where

the pdf of c shows higher probability of finding either unburned or fully burned gases
than finding burning mixture$8]. In order to explain the discrepancy betwedbe

chemical source terrandits modelfor small values ofD, it is useful to anlgse the
behaviour of Da, and the sulgrid pdf of c. The variations ofDa, conditional onc
values for different values ab are shown in Fig. 2or casesA-F. The pdfs ofc within

the filter volume atc =0.5 atdifferent filter widths forcases AF are shown in Fig..3A

comparison between Figs-3ldemonstrates that the agreement betwbenchemical
source termand its modelimproves with increasind?a, when there is a significant
probability of finding ¢, C within the filter volume. This observation is found to be

consistent with previous findindg25,24. However, Fig. ldemongrates that Eq. (2) can

be used for the closure & for most practical LES simulations whepe often assumes

much greater values thar2.8dj, (i.e. D> >2.8d|,). However, the accuracy of tmeodel

for the chemical source term (iEq. (3) for D> >d, depends omccurate modelling of

~

N

c*

In actual LES simulationsij needs to be modelled and thte imodelling inaccuracies

associated wittuj are also likely to affect the evaluation Bla,, Ka, and the model
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parameter<C, and C,, which in turn can affedhe accuracy of the SDR model (iEg.
(16)). In order to ensurbotha-priori anda-posteriorianalyses areonsistentvith each
other, the performance dhe SDR model (i.eEq. (16) is assessed for both, extracted

from DNS dataand foruj, predictionaccording to the modejiven byEq. (10).

The relative contributions of stdrid and resolved components of SDR can be quantified

with the help of avrinkling factor based on SDRvhichcan be defineds R5]:

_ TN,
° rope®C

(18)

As v_v can be considered to be directly proportionep]\?c for a given thermahemistry
according tdEg. (2), the volumeaveraged value afensityweighted SDR{FNC}V should
remain independent d, Where{Q}V is the volumeaveraged value of a general quantity
Q. The variation of the wrinkling factc X}, based orthe volumeaveraged quantities
z) = {ﬁNC}V/{f)DVE-Vé}V) with changingD/ d,, is shown in Fig4 for cases AF. It is
found that Eq. (16captures the variation (X}, with D/d], for f, =exp[-0.7(D/d,)"]
provided that an optimum valwe b, (i.e. 3.3 for case Aand 4.35 for cases BF) is
used anduj is extracted from DNS dat&lowever, it is foundhat Eq. (1§ also captures

the variation ol Xy, with D/d,, for f, =exp[-0.7(D/d,)"'] when uj is evaluated using

Eqg. (10)and b, assumes the value 2.86d 3.7 for caseA and B-F respectively
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The main purpose of Fig. 4 to obtain the optimum value ob_ for which Eq. (16)

captures the variation «X{ with changingD and not to compare the performances of

FurebyM and Muppala models with the SDR based closure discussed here. The wrinkling

factor X, :{Sgen}v /{]Dc‘;|}v based on volumetegrated values of generalised FS),
and its resolved componeistfundamentally different fror=! = {;‘)NC}V / {pDVé 'VE}V

in spite of close relation betweetﬁC and S_.,. The quantity X} represents the degree of
unresolvedness of SDR, wherexs provides the measure of flame surface wrinkling as

{Sgen}v represents the flame surface andareover, the statistical behaviours Xf, for

the DNS cases considered here have been presented elsewhere (see Fig. 1b of Ref. [32]
for case A and Fig. 1 of Ref. [34] for casesGB and thus are not repeated here in Fig. 4.
Furthermore, the performance of the wrinkling fackrfor FSD based closure was
assessed in earlier publications by the current authors (see HBigm®Table IV in Ref.

[32] for case A; Figs 3-8 for cases B5 and Figs. 23a and 23bf Ref. [28] for
ORACLES rig and VOLVO rigespectively and thus are naepeated here. As the main

focus of the current analysis is to compare the performance of the newly developed SDR
closure with the two best FSD based closures identified in an earlier analysis [28],
interested reders are referred to Refs. [28,32] for further information onX and the

performances of its modeiscluding the FurebyM and Muppala models

The variation of mean values (N, conditional on ¢ obtained from DNS data is
compaed to the prediction of Eq. (36for f, =exp[-0.7(D/d,)""] in Fig. 5 where

b, =3.3 (4.35) is used for case A (cas8sF) when uj is extracted from DNS data,
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whereas b, = 2.86(3.7) is usedfor caseA (casesB-F) when uj is evaluated using Eq.

(10). Figure 5 showshat Eqg. (16 satisfactorily captuethe qualitative and quantitative

variations of NC across the flame brush for all cases consideredwieae the optimum
value of b, is used The optimumvalues of b, extracted from DNS datmcreasewith

increasing heat release parameter It has been found thdq. (1§ capturesthe

variation of X} with D/d], for the ¢t =2.52 V-flame considered by Dunstat al. [25]
when uj is extracted from DNS datgnot shown here)Chakrabortyet al. [15

demonstrated thab, must be greater thaB/(2c..- 1) (i.e.b. 2 2/(2c,,- 1)) in order to
satisfy the physical realisability (i.eﬁc 2 0). This realisability criterion andhe

optimum value ofb, extracted from DNSwhen uj is evaluated using Eq. (1()as

been parameters here in the following manndor C,=0.1

b=made 2 81t 1gaP (19
¢ xg;%cm-l’g'rﬂ 198

It is worth noting Eq. (1pparameterises not only optimum values fpf for cases AF
(i.e. for ¢t =3.0 and 4.5) butalso remains valid for the =252 flame considered by
Dunstaret al. [25]. According toEq. (19 b, assumesn asymptotizvalue (i.e. b, =7.5
for ¢t - ©) and this asymptotic value remains closé¢he value ofbj = 6.7 proposed by
Chakraborty and Swaminathf20] in the context oRANS. The predictions of Eq. (36
for b, given by Eqg. (19 are shown in Figs. 4 and 5, which demonstrate that theth
wrinkling factor X! and the SDR N, are predicted accurately fothe b,

parameterisation given by Eq. (19
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4. A-POSTERIORIANALYSIS

4.1. Experimental configurations

The plane symmetric dump combustor known as the ORACLES burnarweslh
documented test case for whieteasurements were conducted by Ngusteal.[27] and
Bessoret al.[77], and simulations were carried out by several computational gr@8ps [

80] employing different methods of premixed combustion modelling. Interested readers
can refer to Nguyert al. [27] for a comprehensive description of the oMh(of size

a 6 rburner. Figure 6 shows al2 sketch on the area of interest or computational
domain whichin the horizontal direction, stretches from the tip of the splitter plate with
an opening angle of 14° down to a normalised distancghof 14, whereh represents

the step height of 29.9 mm and the origirxdies at the location of the sudden geometric
expansion known as the dump combustor plane. Upstream of the computational domain
are two 3m long rectangular channels that transport lean msxtfrpropanair at the
same equivalence ratio of 0 = O0th&@lurnddor t he
gases escape via an exhaust section in the downsseetion of the domain The
experimental data consssof instantaneous direct light visualisations of the flame and
mean and fluctuating velocities, which were measured usingr Ixgppler Velocimetry

(LDV) [27] at six different vertical lines The &perimental parameters that astevant

for the a-posterbri analysis are presented in Tablevéhere the Reynolds numbReis

defined based othe bulk velocityU,, h andthe unburnedjaskinematicviscosity3s,. It

is worth noting that a streamwise pulsation of 50Hz was observed in the experiments by

Nguyenet al. [27] as induced by the complex interaction of vortices shed behind the
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backward facing steps and splitter plate with the premixed flanhe. emulation of this

behaviour in the numerical simulation is discussed in Section 4.2.

The Volvo Rig is another test case that has les¢ensivelyused in the developmentdn
testing of combustiomodels p8-3064,81-83]. However, unlike the ORACLES burner,

the test case provides additional information on temperature, which is important in
defining the flame location and levels of heat release. vEloeity and temperaturdata

were measuretly Sjunnessoret al. [29, 84] using Laser Doppler Anemometry (LDA)
and Coherent Antbtokes Raman Scattering (CAR®)spectively Figure 7 shows a
sketch of the combustor section of the Volvo Rig, primarily consisting of a triangular
bluff body or flame holder uh its right most vertical sidecated at an axial distance of
0.31m from the inlet of a 1m long rectangular channel. The recirculatitive dfurned
gasbehind the flame holder helps to stabilise the flame, while the turbulence generated
within the shear layers behind the bluff body enhative mixing of gases and increase

the rate of burningFor this geometric set up, two different cg@rg conditions using a
lean propanair mixture were experimentallgxaminedand were found to influence the
symmetry ofthe flame [82]. The operating condition with pfigeated propane air at a
temperature of 600K is selected in ordermake this analis consistenwith the
previous work 28], and the relevant details of thesexperimental parameters are
providedin Table 4 The characteristic length scale for the Reynolds number is chosen to
be the flame holder height of 40mm. The experimental temperature datan be found

in the papeby Sjunnessoet al [84], whereas the velocity data candigtained fronthe

work by Fureby and Moll€30].

28



4.2 Numerical Implementation

The simulations are performed using arhouse éw Machnumbers ol ver , OPsi

[28,85-88] which employs the finite volume (FV) method on a Cartesian grid of cubic
cells. Transported variables are stored at cell centres, while velocities are linearly
interpolated on cell faces. Aofal VariationDiminishing(TVD) scheme with a CHARM
limiter is employed for the convective flux of the progress variable and a secd&d
accurate central differencing scheme (CDS) is used for the advection term of the
momentum egation. The implications of applying two differemliscretisation schemes

for the transported scalar and velochigve been discussed by Ma al [28]. In
summary, a CDS scheme is used for momentum transport to ensure low numerical
dissipation and finer resolved velocity scales. A TVD scheme is afdpli¢de reactive
scalar because a CDS scheme would lead to excessive numerical oscillations that
adversely affect flame propagation. However, this use of two different discretisation
schemes led to a relatively thicker flame brush as smaller resolvedtyedcales are
convected in the scalar field, hence thickeningfiwme brush The result of applying a

TVD scheme for the momentum transport has been presented in the earlie28prk [
yielding a relatively thin flame brush but showing tttas schere can be considered too
dissipative. A solution to this problem is beyond the scope of the present sthdy.

time integrationis carried out using a low storage, thodler accurate Rungeutta
scheme, in which the total time step width is controllgdhe CouranfriedrichsLewy

(CFL) criterion based on the convective flow speed, with constant CFL values of 0.3 and
0.5 for the ORACLES burner and Volvo Rig respectively. The solution algorithm is

based ora predictofcorrector methodd9] with a presste correction scheme.
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In terms of boundary conditiong,no slipcondition is applied at the walls. Chemical
reaction is suppressésiet to zerojor fluid cells immediately adjacent to the watid for

all wall cells,which may be considered a simplistiepresentation oflame quenching

due to heat losses. An exception arises for the fluid cells next to the vertical edge of the
triangular flame holder of the Volvo Rig, whethemical reactions are enabledthese
cells for promoting flame stabilisation. Alternative flamall interactionmodels, for
example those used in conjunction with F8Ddelling by Keppeleet al.[90], are not
implemented here because this analy®es not focus on flameall behaviour, but
ratheron amodelperformance comparisdor velocity and temperature quantities at the
bulk central regions of the flow. At the outflow, a zero gradient condition is applied for
the scalars, while positive outflow isferced for the axial velocityror added tbility, a
blended central/upwind differencing scheme (GDI3S) is implemented for velocities
50mm &/h =12.33) and 80mmx(H = 15.25) from the outletbooundary for the
ORACLES burner and Volvo Birespectively. These locatiolis far avay from the last
measurement points &h = 9 andx/H = 9.40 for the ORACLES burner and Volvo Rig

respectively, minimising any advensemericalinfluenceoriginatingfrom the outflow.

The strearrwise velocity prescribed at the inlet of the ORACLESneuris given by:
u(y, z,t) =U (2) QL+ Asin@uf,t)) +U 10 (¥, 2,1) 20

where U(2) is a mean velocity profile that is fitted by a sixth order polynomial to

experimental data ath = -5 of the midy-z plane, andU,.(Y,zt) represent artificial

turbulence fluctuations generated by a moet proposed by Kleiret al. [91] and
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subsequety extended by Kempegt al. [92]. Equation(20) also shows a sinusoidal

velocity componentAsin(2ef,t) that is used to emulate the combustion instability with

amplitude A =0.27 and known frequencyf, =50Hz [27]. The selected value &f has

been adjusted to match the magnitude of the stigem velocity fluctuationsu' at the

dump combustor planex/=0), while the magnitude ofU, ., (= 0.836m/s) is

approximated to coincide with the experimental transverse velocity fluctuawons
Coincidentally, the chosen wad ofA is found to lie within the range of valupsoposed

by Duwig and Furebyd0], who have applied similar sinusoidal pulsations in their
simulation. For the Volvo Rig, a uniform velocity profile is prescribed at the inlet with a

turbulent intensity of 4% o), [84] and integral length scale of 18mm.

Based on grevious grid sensitivitanalysig 28], a grid resolution of 2mm isonsidered
for this analysis which leads 1.60 and 4.5 million cells for the ORACLES burner and
Volvo Rig respectively.Normalising the grid resolutienwith the corresponding

Z e | 0O ll thivknessesresuls in D/d, values of14.06 and 12.41 for the ORACLES
burner andVolvo Rig respectively. Using the relationd], /d, =2(1+1¢)°" [14,18,68,
D/ d|, valuesturn out to be 1.77 and 2.80r the ORACLESburner and Volvo Rig

respectively. It is worth noting that a relatively fine Cartesian grid with -@spect ratios

of one is used here and thus the evaluation of fluxes is more accurate than applying a
similar order discretization scheme on unstructupeds. A central differencing scheme

for momentum transport also acts to minimise the effects of numerical diffusion.
Furthermore, theFSD models employed here depend on resolved scakadient

statistics leading to a flame propagation speed thattiseransensitive against numerical
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diffusion as explained in our previous study [ZBhe numerical methodology used here
was successfully used elsewhebé,[59, 63, 64, 85, 87, B&Voreover, the currergrid
resolutionsalsoenable consistency with thearliera-posterioriwork based oralgebraic

FSD models[28], in which it was found that finer grids generally resulted in a negligible
contribution of the sugrid model, leading to a less meaningful model comparison.
However, thiswas shown for FSD models but may not be necessarily true for SDR
models. A grid sensitivity study using grid resolutions of 2mm and 1mntheasfore

carried out ands presentedn Appendix B

The values of K, and c, are taken to be0.7% and 0.85 respectively for LES
simulations based on unstrained laminar flame calculations described eaneer.
optimum values off, in Eq. (1§ were found to be approximatefy6 and 3 for the
ORACLES burner and Volvo Rig respectivelfhesevalues werechosen basedn the
parameterisation given by Eq. (19vhich was proposed based a- priori analysisof

DNS datain Section 3.2whereEq. (16 yielded a satisfactory agreement with DNS data
when U’y is evaluated using Eqg. (10)This agreement was found to be independent of
the values ofLe and so should be applicable for the two test configurations, vahlean
propaneair mixture has been considered for which the global Lewis number can be taken
as Le=1.62 [56]. According to thea-priori DNS analysis b, for the ORACLES burner

(¢ ° 6.17) is expected to be greater tharthe Volvo Rig ¢ °© 2.13). Another possible

reason for the difference in theptimum values of 6. between these two test

configurationsmay arisefrom the modelling ofu’,, where the use of the Smagorinsky

modelmay not be equallycurate for both configurationslhere is no consensus on the
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optimum value ofC, in the Smagorinsky modedndit is known to vary for different test

cases. For exampl&ermancet al.[93] estimated a range of 0.1 to 028 C_, whereby

the lower value was used in turbulent channel flow and the upper value for modelling
isotropic turbulence. Manickarat al. [83] have appliedC, =0.1 in their reactive
simulations of the Volvo Rig. Furthermore, the Smagorinsky model is known to be
sensitive to the level of heat release [3]. As a result, the level of modelling uncertainties

of U’y will differ for each test caseHowever, further analysis is warranted to ascertain
the sensitivity of, on U’y modelling. For the sake of completeness, a sensitivity study

of the b, for the two test configurations éiscussedn Appendix C

4.3 Results and Discussion

4.3.1.0RACLES burner

Figure 8 shows instantaneous visualisations of the flame predigtédte SDR closure

and FSDmodels. In alcases, large pockets of unburrgases travel down the length of
the combustion chamber in a puffing motion due to the sinusoidal pulsations added at the
inlet in order to emulate the combustion instability. A series of flame visualisations
lastingfor a full time periodof 1/ f, =0.02s, were shown in an earlistudy (sed=ig.7 of
Ref.[28] and thus are not repeatkdrg. The flame predicted by SDR generally yields a
thinner flame brushparticularly in comparison to the FurebyM model. One possible
reason ighatthe filtered reaction rate using the SDR closure method is not a function of
IDc|, which, followingEq. (11) or the BML relation 8,66] for the present grid resolutipn

results in darger value of FSD at the leading edge of the flame brush than towards the
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burned gas side. This, in turn, lead$aster propagation speed at the leading edge of the
flame brushthan at the trailing edg&$]. The difference in propagation spedxudween

the leading andrailing edges of the flame brush for the models vilét| dependence
(e.g. FurebyM modelleads to flame thickenintpr the FurebyM model. However, the
subgrid CGT modellingmay reducethe rate of flame thickening Another possible
reasorfor the thinner flame brush predicted by the SDR closithat the magnitude of

Ibc| or |V5| for the FurebyM and Muppal@modelsremains small close tg =1 of the

flame brush, so partiallppurned gases areonsumedat a slower rate. Furthermore,
slower burning is encountered liocaly homogeneous distributionsf € or ¢ due to

negligible contribution of the chemicaburce termBy contrast,c(1- ¢) within the SDR

N, model givan by Eq. (16 yields nonnegligible chemicalreaction even in lochl

homogeneoupocketsof ¢ for 0<C <1.0.

Figure 9 shows the mean and fluctuating velocpieslicted by the three models, where

the mearvelocity is calculated by taking the time average of the Favre filtered velocity
andthe fluctuatingvelocity is evaluated fronihe resolved variancelt has been found in

a previous analysig8] that the wrinkling factor for the majority of FSD models are not
much greater than unity when a grid resolution of 2mm is applied for the two test cases
which are studied here. This suggests that most ofl#mef surface area is resolved.
Furthermore, the grid sensitivity study for the SDR model shows minor quantitative
changes in the velocity fluctuations for the two grid resolutions. For these reiassns,
believed thatthe resolved variancef velocity componentssufficiently represent the

fluctuating velocity componen{28]. The velocity predictions of the SDR method are
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comparable to those of thEurebyM and Muppalamodels yielding a satisfactory
agreement with experimental measurememtswever, t can be observed thtte SDR
method is ableto capturethe experimental mean and fluctuating axial velocities
qualitatively bettein regions towards the walls of the combust®his may be attributed
to the predictionof a thinner flame brush that enables the smaller resolved eddies to
corrugatethe flame producing a relatively larger observeadius of negative flame
curvature near the wallsThe effects ofthinner flame brusin case of SDR based closure
can further be seenin the mean trangrse velocity profiles, wherghe peaks
corresponding to themmaximumvaluesare drawn slightly closer towardset centrabxis

in spanwise direction. Like the results obtained fronkFSD based formulationsover
predictions in lte transverse mean velocite® alsmbserved for the SDR based closure
These ovepredictions can be attributegarially due to the effects ofcombustion

instability, whichmay nothavebeenfully emulated in the transverse direction.

In terms of the transverselodty fluctuations, the SDR based closuseable to capture

the peaks ak/h = 2 and predictions are expected to improve with finer grids for the
upstream location at/h = 1. The FurebyM model seemingbapturesthese highe
transversevelocity fluctuations ak/h = 1. Furtherdownstreamthe velocity fluctuations
predicted by the SDR based formulation are found to be comparable to the FSD models

(i.e FurebyM and Muppala models)nsidered here.

4.3.2. Volvo Rig
Instantaneous flame visuaisons predicted by SDR and FS®@bdels are shown in Fig.

10. A series of instantaneous flame visualisations (not shown foerd)e SDR based
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closuredisplay more symmetrical pulsing tiie burnedgasesratherthan asymmetric
flame propagation, leading to disconnected regions of homogendowsigd gases.
Howevera highervalue of . than 33 leads to armasymmetric flame shagémilar to that

obtained for the FSD based closureewer values of b, may cause higher reaction

rates, leading to higher temperatgependent viscosities which dampen out the

asymmetricshedding of vortices from the flame holder. This may result in the loss of the
asymmetric flame shape for low, values. To t he authorsé knowl edg
vortex shedding or symmetrical flame propagation was observed experimentally with
high-speed video photography and flashcHlieren imaging [28] for the operating

condition ofU, =17.3m/s andT =273X, and this behaviar was also predicted in LES
[81,94. For the current operating conditior(se. U,=37.0m/s and T =600K ),

asymmetric flame propagatioKgrman vortex streptvas pedicted by other LES studies
[81,84 and the two FSD models exhibit similar sinusoililed behaviour. There is no
strong case to suggest that the symmetrical pulsing behaviour is not realistic, but it is
important to stress that a change in thedcted behaviour can be brought about by a

small change in the value df,. Similar to the ORACLES burner, the SDR method

predicts a thinner flame brushFrom Fig. 10, it can also be deduced that the FurebyM
model will yield the lowest mean temperatures because of the segmented regions of
partially burnedgases. By contrast, the Muppala and SDR models are expected to deliver
higher levels of heat releaghroughout the combustor due dayreater proportion of

homogeneouslpurnedgases.
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The mean and fluctuating velog plots comparing SDR and FSD model® shownin

Fig. 11 and all three models generally yield a satisfactory agreement with esistim

The observed differences in flame propagation for the SDR approach are reflected in
these plots by the greater axial flow accelerationx/ét = 9.40 and the different
qualitative trend of the velocity fluctuationsThe presence ofwider and more
rectangular regions othe burnedgases downstream of the combustor point to greater
levels of heat release and increased uniformity ofutie, profiles atx/H = 3.75 and

9.40. In the transverse direction, the predicted mean velocities of the SDR amme@ach
similar to those of thdeurebyM and Muppalanodels, whereas the fluctuations are
generallyunderpredicted possibly arising from the reducésl/elsof agymmetric flame

propagation.

The temperature plots in Fig. 12 reveal more clearly the potential advantages of applying
the SDR closure. The mean temperatures are significantly better captured both
guantitatvely and qualitatively by the SDR based clostinan by the FSD based
formulations. he FurebyM model yields insufficient levels of heat release whereas the
Muppala model undepredicts the mean flame spreddT,, atx/H = 9.40. In terms of
temperature flutiations however, the SDBased closureverpredicts the magnitude at

x/H = 3.75, corresponding to the observed pulsating nature of theteelame. The

FSD closures based on the FurebyM and Muppala mogeld similar quantitative

predictions.

5. CONCLUSIONS
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The performace of a newly developedeaction rate closure based @bgebraic

modelling of SDR N, model has been assesdmbedon simultaneousa-priori DNS

analysis ana@-posterioriLES analyses. A simple chemistry DNS database of statistically
planar turbulent premixed flames with global Lewis numbarsanging from 0.34 to 1.2
has been explicitly filtered using a Gaussian filter kernel for the purposepobri
analysis. The a-posteriorianalysishas been conducted by thES of turbulent premixed

flamesin two well-documentedconfigurations namely,the ORACLES burner and the
Volvo Rig. It was found thatain algebraic expression involving Favre filtered SB,
which was originally proposed in the context of RAN&n be used to model the filtered
reaction ratew for filter widths greater than the thermal flame thickness @& d,).

An existingalgebraic closure of SDR for RANS has been extended here for thespurpo
of LES, and the optimum valuef themodel paramete, has been calibrated in such a

manner that the variation of the volume averaged wrinkling factor

=/ = {ﬁ]\?c}v/{ﬁ[)VE-VE} with changingD/dj, is accurately capturedlhis proposed

algebraic SDR modesatisfactorily captures thquantitative variation och with C
throughout the flame brush for a range of different filter widthdthe optimum value of

b, is found to bedependent otthe modelling & sub-grid scalevelocity fluctuationuj,.

The newly developed SDR based reaatrate closurgvas thenmplemented for LES of
the ORACLES burner and the Volvo Ragd itsperformancevascomparecdagainst two
different algebraic FSD closure$6,59 that perfornmed relatively well in a previous
analysis P8]. The SDR based closugenerallypredictsa thinner resolved flame brush
with a performance thatitheris comparable to or better than the FSD based clssure
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considered here For the ORACLES burner, the qualitative trend of the mean and
fluctuating axial velocities near the ligaarebetter captured by the SDR methibdnby
the FSD based closuresGreater differences between the predictionshef SDR and

FSD approacheare observed for the Volvo Rig. The former method predacflame

that seemingly pulsatggarticularlyfor small values ofb_, leaving behind disconnected

regions ofthe burnedyas By contrastthe FurebyM and Muppala modeyield a flame

that propagates asymmetricalljhe pulsating behaviour of the flame predicted by the
SDR methodyenerates higher fluctuations in the axialoe#ty and temperature, but the
corresponding mean quantities are better predittaxd the FSD based closureghis is
particularly the case for the mean temperature profiles, where the width and mean
temperatre of the flame are well capturéy the newly developed SDR based closure
The satisfactorypredictions of thenewly developed SDR based clostwe the both test
cases indicate that this methodololggs the potentialto be a viable optiorior LES

simulations of turbulent premixed combustion

It is worth noting that the-priori analysisin this workhasbeen carried out for simple
chemistry DNS datawith moderate values of turbulent Reynolds numiiee, and
thereforefurther analysis based on thrdenensional DNS data with higher vatuef

Re, is necessarfor amore comprehensive analysis. Moreovatufe work will require
lookinginto the sensitivity of the input parametéoghe performance othe SDR model.

For example, preliminary runs have shown that different value cfin significantly

affect the predicted LES results. It is perhaps possible to improve the prediction of the

SDR model by dynamic evaluation &f, whichwill remove the empiricism involved in
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the mrameterisation given by Eq. (19The LES closure of SDR using &rémic
evaluation of 4, is beyond the scope the present analysis and will be addressed in
future work.The SDR model shouldlso be tested for a range of different premixed

combustion regimeis order toassess the range its applicability.
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Appendix A. Physical basis of the algebraic SDR model

The original RANS model by Kollet al.[18] takes the following form:

é * . . §£ 1'
3; =&2K; a,i+(Cé - tCjDa,) li(T.g) (A1)
e th u 1
15/K
with Cij=—V2& oo 11 4 pizp7 (A2)

1+ Ka) ' (@1+Ka)o

¢

In  Eq. (AD = uibi>/<r >, 8= <rpuii/ px; ) (Uuii/ px; ) >/ < r > and

DaszpsL/ébb{h are the turbulent kinetic energy, its dissipation rate and local
Damkdohler number respectively, where&s, :(30{h)1/ZSff2 is the local Karlovitz
number. EquationA1l) has been derived based on the equilibrium of the leading order

terms in the& transport equation (i.el +11 +1Il +IV ° 0.0) wherethe terms! , Il ,

[l and IV are given by [6,15,19,21]:

~

| :-<2D [w+D.(rDBC)] yc W >+2<D> Hés u<r>g\#+D.(fDDC)>- MS(AB)
r X, X, (r) i, 1%, é B g
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I :-2<rDMM‘M> (A4)

X X 1,
Il =<2DM£>- 2<D>M“—§ (A5)
X, X, TNt
IV =-2[ rp2 HCi _HCii (A6)
IO HX, 1O,

For low Mach number, globally adiabatic, unity Lewis number flames the Hlervan be
simplified as: Il © QrE).ﬁ’ec > [14,15,19,21] so this term can be modelled as:
I =2K; (S /d,)<r >§; using the definition of K; (see Eq. (1¥). The terms
<r>(Cj- thDaL)(éﬁl f(p)gc and- <r > bligg /[?(1- 3’)] are the modelled expressions
for I and (Il +1V) respectively [15,19,21]. Thug + 11 +I1l +1V)° 0.0 leads to
Eq. Al). Itis worth noting< r > Cg(g/ IZP)\ébc accounts for the generation of SDR arising
from the termll due to the alignment obc¢ with the most compressive principal strain
rate, whereas- <r >thDaL(g/ Rp)g; models the destruction of SDR due to the

alignment ofBc with the most extensive principal strain rate under the action of flame
normd acceleration. The effects of flame normal acceleration weaken with increasing
Karlovitz number which is accounted for B$a, (Ka, ) dependence of, (Cj) in Eq.

(13i) (Eg. (AD). It is possible to obtain an expression for turbulent flame speed

S :2\/(Dt/r0)(p<\#>/p§’,5)§:0 according to Kolmogoro¥etrovskyPiskunov (KPP)

theorem using Eqgs. (1) and (AML8]. It has been shown in Ref. [18] that the algebraic
SDR model given by Eq. (Aknables satisfactory prediction of turbulent flame speed for

a number of different experimental configuratioMoreover, Eq. (Al has been
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successfully implemented iIRANS simulations which yieldedood agreement with
experimental results [224]. Inteeested readers are referred to Kaltal.[18] for further

information regarding the validation of the algebi@DR model given by Eq. (Al

A compari®n between Egs. (13ii) and (ABeveals that the expressions oy and C,
are directly extended fror@j and Cj respectively [18], and the value @& has been

modified in comparison tobj for the purpose ofextending Eq. (AL for LES.

Chakraborty and\8aminathan [20] modified the model by Kob#taal. [18] for norunity

Lewis number flames in the following manner:

&

e
C QZKC 88
e Lel qh

+(Cj - tCj DaL)é.,— (A7)
Ka bi

_ 20JKa . 1.2(1.0- ¢)"
arfKa)' ' LeF(1rKa )

bi=0.2+1510- Le|and bj=6.7 (A8)

Equaton (A7) is similar to Eq. (Albut the strengthening of density gradient magnitude

and flame normal acceleration are addresse@K)5 /(Let8éd, ) and Le dependence of

Cj respectively. FolLe=1.0 flames Eqgs. (A7) and (Alprovide comparable predictions

[20].

APPENDIX B. Sensitivity study of grid resolution for SDR based closure

The application of a finer grid of 1mm generally yieldsiceable improvements for the

two test configurations in the context of SDR based closure. This is contrary to the
findings based on algebraic FSD models, asnted in an earlier analysi2g], where
mean velocities for the ORACLES burner were largatgrgredicted for the FurebyM
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model The following discussion is based on the predictions of the SDR based closure,
though the results of the FSD models (FurebyM and Muppala) for both grid resolutions
are also presented Figs. 1315f or t he r e a & th® GRACLES mumer,n Cc e .
there isa marked reduction in flow acceleration in both stresise and transverse
directions (Fig. 13), leading to a closer agreement with experimental data. The velocity
fluctuations, in particularare better captured near the walls of the combustor. For the
Volvo Rig, a series of instantaneous flame images (not shown here) show that the
symmetrical pulsing behavior of the flame is less apparent and the higher predictions of
the velocity (Fig. 14and temperature fluctuations (Fig. 15) near the shear laygiis at

0.95 originatedue to the improved resolution of smaller turbulent structures.biireed

gas regions behind the flame holder are also less segmented, leading to the lower
fluctuationsin the central spawise regions of the combustor downstream. By contrast,
minor improvements are observed for the predicted mean velocities and temperature with

grid refinement.

APPENDIX C. Sensitivity study of model parameterb,
The a-priori analysis in Section 3.2 has indicated that the optimum valués @f Eq.
(16) are 4.6 and 3.3 fot =6.17and ¢ = 2.13 respectively, whenu', is evaluated using

the Smagorinsky model. However, in an actual LES, the modelling and numerical

uncertainties may influence the optimufs, value and the level of accuracy of the

Smagorinsky model may not be consistent for the twb desfigurations considered

here. Furthermore, the optimum value f has been parameterised based on limited
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number of cases. Thus, it is useful to carry out a sensitivity analysis based on the

variation of b, values for both the test configurations considered here.

By employing b, =3.7 for the ORACLES burner, mean velocities are gwedicted,
particularly near the combustor walls as shown in Fig. 16. By conttast4.6 and

b. =5.2 yield a satisfactory agreement with experiments. A series of instantaneous

flame visualisations (not shown here) regealreduced volume ofhe unburned gas
reaching the walls of the combustor, indicating the presence of higluioreeates and

therefore greater flow accesion. An inspection of Eq. ()@urther suggests that the use

of a smaller value ofp_. realts in higher reaction ratesSSimilarly, greater mean
temperatures are observed in Fig. 17 for Wodvo Rig when b, is reduced, though a

better agreement with experimental data is attained #or3.3(<4.6) due to the
difference in the global heat release parameter. Unlike the ORACLES burner however,
greaterdifferences in flame shape were obserntedVOLVO Rig whenthe model

parameteris altered As b, is reduced, symmetrical pulsing (instead of asymmetric

pulsing) occurs behind the flame holder leading to disconnected regidhe bfirnd

gas The pulsing leads to the higher velocity (Fig. 18) and temperature fluctuations (Fig.
17) near the shear layersxdH = 0.95, and the higher values in the central spize
regions ax/H = 3.75originatepartially due tothe segmented regions thfe burnedyas.

This pulsing behavior magrise from the higher reaction rates which produce higher

temperaturaependent viscosities that dampen the asymmetric shedding of vortices

behind the flame holder. Based on this reasoning, at an even lpwerlue of 2.2the
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dampening effect increases and so the degree of vertical flame corrugation reduces.

Figure 17 therefore shows a noticeable drop in temperature fluctuations ren3.3

to 2.2) at the central spawise regions ok/H=3.75 and¥/H = 9.40 with a 10% increase
in the maximum mean temperature. Overdll,= 3.3 satisfactorily captures the mean
experimental data both quantitatively and qualitativigreover, b, =3.3 in this case

is consistenhwith the prediction of Eqg. ()9which is obtained based @npriori analysis

of DNS data.
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TABLES

Modelling approach

Relevant equations

~

Modelled transport] fg£+g, “_S: SLXJDC| H [ru c- Fii E]
equation ofc gHt X g (?r s
& upd € A0 BDO
X=a+G=> where G=0.75expé 1.25>
FurebyM Modelling of ? SL§ pg ¢ 8 Eéﬁa’zg
[28,59] | wrinkling factor X 205 235
and D, = +
up/S +1 S /uj+1
. - C o
Model of subgrid [ruc- FUC]=- th“— r.S (C- M,
flux X,
Modell _&Ic - pco_ p €
ooced varsprl (B 5 IES G040 S8, 5005
Muppala q gHt W0 KX é g
(58] Modelling of 046 _ ,,s8U; 0 &P 0
. 025Sb
wrinkling factor X | * =¥ "¢ R g Lﬁ (;_08 hereRe, =50/n
& _ CO & ~COo N
FIC G ER U E5UER, O7N,
Modelled transport Mt g KX e X (2¢,-0)
equation ofC —
- —[ru;c- ruC]
HX;
N.=DVEVE+
SDR i-£) ZII(SSS +(C:-1Da C)2uA c(l-¢)
Model of Favre 0, B.

filtered SDRN,

where f, =exp[- 0.7(D/d,)*"]; C; =2.0,/Ka, /(LO+,/Kay);
C, =12(10- )" /[Le?™ (L+Ka,)*] ; b= 0.2+1.5(1.0- Le\;
Da, =DS /upd,, ; Ka, =(up/S )**(D/d],) "

Model of subgrid
flux

[puc=piid]=~pD, - p,S, (e =M,

l

Table 1: Summary of the modelling methodologsadopted in this analysis
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Case Le ui/sS. | g, | ¢ Re | Da | Ka
A 1.0 75 245 | 3.0 | 47.0 | 0.33 | 13.0
B 0.34 7.5 245 | 45| 470 [ 033 ] 13.0
C 0.6 7.5 2.45 4.5 47.0 0.33 | 13.0
D 0.8 7.5 245 | 45| 470 | 033 | 13.0
E 1.0 7.5 245 | 45| 470 | 033 | 13.0
F 1.2 7.5 245 | 45| 470 | 033 | 13.0

Table 2 Initial values of the simulation parameters and nomlimensional numbers
relevant to the DNS database.

Re Uy (mis) | ro (kgim) | T, (K) | T, (K) | n,(m%s) | S (mis) | F

20,000 11.0 1.296 276 1980 | 1.66210° 0.27 0.75

Table 3 Parameters used for the ORACLES burner LES

Re Uy (mis) | r, (kgim®) | T, (K) | T, (K) | n,(m%s) | S (mis) |F

28,000 37.0 0.591 600 1876 | 5.29310° 0.76 0.58

Table 4 Parameters used for thé/olvo Rig LES.
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FIGURE CAPTIONS
Figure 1: Variation ofmean values ahe chemical source ter# a, Il r,S andits model
2pN_/(2¢, -1)xd, / p,S, conditional onC across the flame brush for different filter

widths for cases (§ A-F.

Figure 2: Variation ofmean values ofDa, conditional onC across the flame brush
different filter widths for cases k.

Figure 3: Pdfs ofc within the filter volumeat € =0.5 for different filter widths for

cases (d) A-F.

Figure 4: Variations othe wrinkling factor Z;, ={ﬁ]\7€}v/{ﬁﬁVé-Vé}v(—) with
D/ d], on a loglog plot along with the predictions d&q. (16) with uj obtained from
DNS and optimum values ob, (i.e. b, =3.3 and 4.35 is used for cases A and-B
respectively) Q); uj evaluated using Eq. (10) and optimum valuedpf(i.e. b, =2.86

and 3.7 is used for cases A andBrespectively)d) and uj evaluated using Eq. (10)
and andb, is evaluated using Eq. (Lfbr cases AF.

Figure5: Variation ofmean values ahe normalised SDRV_ x §, / S, conditional onC

across the flamerbsh, for predictions of Eq. (16wnith Uj obtained from DNS and

optimum values ofb, (i.e. b, =3.3 and 4.35 is used for cases A andBrespectively);
uj evaluated using Eg. (10) and optimum valuesbpf(i.e. b, =2.86 and 3.7 is used
for cases A and & respectivelynd uj evaluated using Eqg. (1@nd b, is ewaluated

using Eq. (19at D° 0.84}, (1% column) andD® 2.8d, (2" column) for cases #.
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Figure 6: 2D s ket ch of the ORACLES bur nhexr 6s c o mt
29.9mm. Interior width in the-glirection is 5.08.

Figure 7: Sketch of t hed=Manmy mteriBriwglth ;1 the o mb u s t
y-direction is &.

Figure 8: Instantaneous flame visualisations predicted by (a) SDR, (b) FurebyM and (c)
Muppala models for the ORACLES burner.

Figure 9: Normalised mean and fluctuating velocities predicted by SDR, FurabgM

Muppala models for the ORACLES burner.

Figure 10: Instantaneous flame visualisations predicted by (a) SDR, (b) FurebyM and (c)
Muppala models for the Volvo Rig.

Figure 11: Normalised mean afldctuating velocities predicted by SDR, FurebyM and

Muppala models for the Volvo Rig.

Figure 12: Normalised mean and fluctuating temperatures predicted by SDR, FurebyM
andMuppala models for the Volvo Rig.

Figure 13: Normalised mean and fluctuating velocities predictedheySDR based

closureand FSD models using coarse and fine gioedshe ORACLES burner.

Figure 14: Normalised mean and fluctuating velocities predictedheySDR based

closureand FSD models using coarse and fine dgiedshe Volvo Rig.

Figure 15: Normalised mean and fluctuating temperatures predictéieI8DR based

closureand FSD modelssing coarse and fine grifisr the Volvo Rig.

Figure 16: Normalised mean and fluctuating velocities predictedby3.7, b, =4.6

and b, =5.2 at locationsx=2h, x=7h and x=9h for the ORACLES burner.
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Figure 17: Normalised mean and fluctuating temperatures predicted,l5y2.2,

b, =3.3 and b, =5.0 for the Volvo Rig.

Figure 18: Normalised mean and fluctuatinglocities by b, =22, b, =3.3and

b. =5.0 for the Volvo Rig.
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Figure 1: Variation of mean values othe chemical source termwxJd, / p,S, and its
model 27N, /(2c, - 1)3 d,/r,S conditional on C across the flame brush for
differ ent filter widths for cases(a-f) A-F.
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Figure 2: Variation of mean values ofDa, conditional on C across the flame brush
differ ent filter widths for casesA-F.
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Figure 3: Pdfs of ¢ within the filter volume at ¢ =0.5 for different filter widths for
caseqa-f) A-F.
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Figure 4: Variations of the wrinkling factor = = {/‘)NC}V/{;_)DVE.VE}V(—) with
D/ dj, on a loglog plot along with the predictions ofEq. (16) with uj obtained from
DNS and optimum values of b, (i.e. b, =3.3 and 4.35 is used for cases A and &
respectively) (O); uj evaluated using Eq. (10) and optimum values ofb, (i.e.
b, =2.86 and 3.7 is used for cases A and # respectively) o) and uj evaluated
using Eq. (10) and b, is evaluated using Eq. (1pfor casesA-F (+).
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Figure 5: Variation of mean values ofthe normalised SDR N_3 4, / S, conditional

on C across the flame bush, for predictions of Eq. (16 with uj obtained from DNS
and optimum values of b, (i.e. b, =3.3 and 4.35 is used for cases A and &

respectively); uj evaluated using Eq. (10) and optimum values ob, (i.e. b, =2.86

and 3.7 is used for cases A and & respectively)and uj evaluated using Eq. (10)
and b, is evduated using Eq. (19 at D° 0.84, (1* column) and D° 284 (2™
column) for casesA-F.
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