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a b s t r a c t 

The LES/PDF methodology is applied to the Cambridge/Sandia turbulent stratified flame series. The 

methane chemistry is represented by the 16-species reduced ARM1 mechanism, and the in situ adap- 

tive tabulation method is adopted to accelerate the chemistry calculations. Differential diffusion effects 

are taken into account. The simulations are performed for premixed (SwB1), and moderately and highly 

stratified (SwB5 and SwB9, respectively) cases under non-swirling conditions. The results from LES/PDF 

simulations are compared with the experimental measurements and with previous calculations. The cal- 

culated length of the recirculation zone, the mean and r.m.s. profiles of velocity, temperature, equivalence 

ratio and mass fractions of species are in very good agreement with the measurements. In the stratified 

cases, the CO profiles are underestimated within the recirculation zone, close to the bluff body. Scatter 

plots of species mole fractions and temperature are presented and compared with the experimental data. 

Conditional means of species mass fractions demonstrate overall good consistency with the measure- 

ments. A parametric study is then performed to examine the effect of differential diffusion and the effect 

of the parameter controlling the scalar mixing rate. It is found that differential diffusion has a negligible 

effect on the mean and r.m.s. results, whereas, the mixing rate parameter has a considerable effect on 

the flow structure. Finally, the effect of stratification is investigated and characterized by scatter plots of 

OH mass fraction and heat release rate (HRR) in the equivalence ratio space. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

In practical combustion devices, the limited time and length

scales imposed by design constraints may prevent the fuel from

mixing perfectly with the oxidizer (e.g., in gas turbines [1] ). The

fuel concentration can vary spatially within the combustion cham-

ber, which leads to the partially premixed or the stratified com-

bustion, i.e., the flame front propagates through an inhomogeneous

mixture composition. Additionally, the stratification in fuel concen-

trations may exist intentionally for design purposes to increase the

flame stability for lean combustion (e.g., in direct-injection spark

ignition (DISI) engines [2] ). Due to the practical relevance of strati-

fied combustion, it has attracted increasing interest in recent years.

Stratified flames under laminar [3–7] , weakly turbulent [8–12]

and strongly turbulent conditions [13–18] have been extensively

investigated in the literature. The difference between a stratified

flame and a homogeneously-mixed premixed flame is a common
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nterest among these studies. Experimental and numerical stud-

es of laminar stratified flames [3–7] report enhancement

n the flammability limits and reaction rates, compared to

omogeneously-mixed flames. The enhancement is attributed to

he enrichment of radicals and enthalpy provided by the “back-

upport” stratified mixtures. The displacement speed of the strat-

fied flame depends not only on the local equivalence ratio but

lso on the history of the stratified flame propagation [19] . Sim-

larly, increased flame speeds [9] , enhanced flammability limits

12] , and higher flame surface densities [11] are also observed for

ow Reynolds number stratified flames. For stratified flames with

igh Reynolds numbers, the flame surface density and the scalar

issipation rates are not significantly altered by the stratification,

hile the probability density functions of the curvature are slightly

roadened [17,18] . Lastly, differential diffusion is speculated to play

 significant role in modifying the local burning rate in strati-

ed combustion [20] . Barlow et al. [21] have studied the effect

f the differential diffusion on the Cambridge/Sandia swirl burner.

hey have reported non-conserved atom ratios across the flame

rush, which is attributed to the effect of differential diffusion.
. 

https://doi.org/10.1016/j.combustflame.2018.10.018
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Fig. 1. A schematic of the stratified bluff body burner. 
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Fig. 2. The mean axial velocity superimposed by time-averaged streamlines (left), 

and the mean equivalence ratio (right), from Model DD25. The white and black 

points (only in SwB5) indicate the locations of the flame fronts from Model DD25 

and Model DD50, respectively. . 
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 comprehensive review on stratified flames and associated mod-

ling studies can be found in [20] . 

Various numerical models for stratified turbulent combus-

ion have been proposed in the literature [22–28] . Validation

f the numerical models requires well-characterized benchmark

est cases. The Darmstadt stratified burner designed by Dreizler

t al. [15,16] and the Cambridge/Sandia swirl burner designed

y Sweeney et al. [17,18] have become platforms for studying

ighly turbulent stratified flows [29] . The Darmstadt burner has

een used to study the effect of the shear and stratification in

oderate and intense turbulence. The burner consists of three

lots surrounded by an air coflow and the flame is stabilized

y a pilot flame fed through a central slot, in which the flow

onfiguration is relatively simple. The Cambridge/Sandia swirl

urner provides more complex and thus complementary cases to

hose obtained from the Darmstadt burner. The Cambridge/Sandia

wirl burner is designed to investigate the effect of stratification

nder swirling and non-swirling conditions. It consists of a cen-

ral bluff body and two fuel streams surrounded by an air coflow.

he flame is stabilized by a recirculation behind the bluff body.

he two annular jets inject fuel/air mixtures at different equiv-

lence ratios. Different combustion models have been applied to

he Darmstadt stratified flames series. A thickened flame model by

uenne et al. [22] and Ketelheun et al. [23] , the G-equation model

y Trisjono et al. [24] and the fractal closure model by Cavallo et al.

25] have been used to simulate the Darmstadt stratified flames

eries. The Cambridge turbulent stratified flame series under non-

wirl conditions have previously been studied numerically by Nam-

ully et al. [27,30] using a filtered-laminar-flame PDF model, by

roch and Kempf [26] using an artificial thickened flame model,

nd by Brauner et al. [28] using a PDF model based on the Eulerian

tochastic field method in which the PDF is represented by an en-

emble of stochastic fields for each scalars. In all the previous LES

tudies, the flow fields and the species profiles have been predicted

uite accurately, except for the CO profiles. The numerical predic-

ions for CO show apparent discrepancies close to the bluff body

n the stratified cases. Mercier et al. [31] have studied the effect of

eat loss through the bluff body using a sub-grid scale (SGS) flame

rinkling models in the context of the filtered tabulated chemistry

ormulation (FTC). There heat loss is found to affect the temper-

ture profiles significantly. More recently, flame-resolved DNS of

he Cambridge stratified flame series is reported [32] , where the
ame thickness and the Kolmogorov scales are resolved within the

ame zone. The prediction of the r.m.s. velocities and the CO pro-

les are much improved, compared to their previous LES studies.

owever, discrepancies between the experiments and the simula-

ions can still be observed. 

The main goal of the present computational study is to show

he performance of the LES/PDF methodology employing the La-

rangian Monte Carlo method in numerical solutions for predict-

ng the effects of stratification using the Cambridge turbulent

tratified flame series. The PDF method has proven to be very
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successful in non-premixed [33–36] , premixed [37–39] and par-

tially premixed [40] combustion modes, because it involves few in-

trinsic assumptions regarding the mixture composition, the flame

speed, the flame structures, and the flame topology. The highly

non-linear chemical reaction source terms are treated exactly with-

out requiring any modeling. The conditional diffusion terms remain

in unclosed forms, hence need to be modeled by mixing models.

In the context of LES, the results are less sensitive to the choice of

mixing models, compared to those obtained by the RANS method-

ology. The interaction by exchange with the mean (IEM) model

with mean drift terms [41] has proven to be very efficient to model

the conditional diffusion term in several previous studies [39,42–

44] . These characteristics of the PDF methods make it a suitable

candidate to model stratified flames. 

In the present study, a hierarchy of cases, including the pre-

mixed case, the moderately and highly stratified cases, is investi-

gated using the LES/PDF method, for the non-swirling conditions.

The rest of the paper is organized as follows. In Section 2 , the gov-

erning equations and the numerical solution methodology for the

LES/PDF method are presented. In Section 3 , the details of the ex-

perimental setup and the numerical simulations are described, fol-

lowed by results and discussions in Section 4 . Finally, conclusions

from the study are summarized in Section 5 . A comparison of the

present results with the previously-published results is presented

in the Appendix. 
. Methodology 

.1. Governing equations 

In the LES method, the fields in a turbulent reacting flow are

eparated into large (filtered or resolved) and small (subfilter or

nresolved) scales by applying a low band-pass filtering operation:

or instance, the filtered density field ρ̄ is defined as 

¯ ( x , t ) ≡
∫ ∞ 

−∞ 

ρ( y , t ) G ( y − x ) d y , (1)

here ρ( x , t ) is the density field and G is the LES filter. Applying

his filter to the instantaneous mass and momentum conservation

quations, one obtains 

∂ ρ̄

∂t 
+ 

∂ ρ̄ ˜ u i 

∂x i 
= 0 , (2)

∂ ρ̄ ˜ u i 

∂t 
+ 

∂ ρ̄ ˜ u i ̃  u j 

∂x j 
= − ∂ p̄ 

∂x i 
+ 

∂τi j 

∂x j 
+ 

∂T i j 

∂x j 
, (3)

here ˜ u j and p̄ are the Favre-filtered velocity and the filtered pres-

ure fields, respectively. In Eq. (3) , the resolved viscous stress ten-

or is modeled as 

i j = ˜ μ

(
∂ ̃  u i 

∂x j 
+ 

∂ ̃  u j 

∂x i 
− 2 

3 

∂ ̃  u k 

∂x k 
δi j 

)
, (4)

here ˜ μ is the molecular viscosity that is evaluated using the

ltered compositional fields. The last term on the right hand
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ide of Eq. (3) represents the unclosed subfilter stress tensor de-

ned as T i j = ρ̄ ˜ u i ̃  u j − ρ̄ ˜ u i u j , and it is modeled using the dynamic

magorinsky model [45] . 

For variable density flows, the filtered mass density function

FMDF) of compositions [46,47] is defined as 

 

(
ψ ; x , t 

)
≡

∫ ∞ 

−∞ 

ρ( y , t ) δ
(
ψ − φ( y , t ) 

)
G ( y − x ) d y , (5) 

here φ represents the N = N s + 1 compositional space consisting

f the mass fractions of N s species and the sensible enthalpy, ψ 

s the sample space variable for the compositions and δ is the

−dimensional delta function. The Favre-filtered PDF ˜ f is related

o the FMDF as ˜ f = F/ ̄ρ . Then the Favre-filtered mean of a flow

ariable Q as a function of φ can be defined as 

˜ 

 ( x , t ) = 

∫ 
Q 

(
ψ ; x , t 

)
˜ f 
(
ψ ; x , t 

)
d ψ . (6) 

The modeled transport equation for ˜ f can be written as

46,47] 

∂ ρ̄ ˜ f 

∂t 
+ 

∂ ρ̄ ˜ u i ̃
 f 

∂x i 
− ∂ 

∂x i 

(
ρ̄ ˜ D T 

∂ ˜ f 

∂x i 

)

= 

∂ 

∂ψ α

[
ρ̄ ˜ f �

(
ψ α − ˜ φα

)]
− ∂ 

∂ψ α

[
˜ f 

∂ 

∂x i 
( ̄ρV α,i ) 

]

− ∂ 

∂ψ α

[
ρ̄ ˜ f S α( ψ ) 

]
. (7) 

he last two terms on the left-hand side of Eq. (7) represent the

hange of ˜ f in the physical space due to convection by the filtered
elocity ˜ u i and to turbulent diffusion with diffusivity ˜ D T . The first

wo terms on the right-hand side represent the transport of ˜ f in

he composition space due to the molecular mixing and transport,

here V α, i is a corrected diffusion velocity related to the mixture-

veraged molecular diffusivity, ˜ D (α) , of species α or the thermal

iffusivity for the sensible enthalpy. The mixing term is modeled

y the IEM mixing model and the transport term is represented by

 mean drift term [41] . The corrected diffusion velocity is defined

s 

 α,i = 

⎧ ⎨ 

⎩ 

˜ D (α) 
∂ ̃  φα

∂x i 
− ˜ φα

˜ D β
∂ ̃  φβ

∂x i 
for species α, 

˜ D (α) 
∂ ̃  φα

∂x i 
for enthalpy , 

(8) 

here suffices in parentheses are excluded from the summation

onvention, which otherwise applies to composition indices (here

and β). In Eq. ( 8 -first line) the first term is the mean drift term

or each species and the second term is the correction velocity

o satisfy the mass conservation in case of differential diffusion.

his implementation of molecular transport does not give rise to

he spurious production of scalar variance and is able to account

or the effects of differential diffusion in the mean drift term. For

olecular mixing, the scalar mixing rate � is modeled as 

= C m 

˜ D + 

˜ D T 

�2 
, (9) 

here ˜ D is thermal diffusivity, C m 

is a model constant, and is de-

ermined based on sensitivity studies by matching the statistics

rom experiments. � is the LES filter size that is defined as 
3 
√ 

�V ,
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where �V is the volume of the computational grid cell. Here, the

turbulent diffusivity ˜ D T is obtained from the turbulent eddy vis-

cosity concept as ρ̄ ˜ D T = ˜ μT / Sc t where Sc t is the turbulent Schmidt

number with a constant value of Sc t = 0 . 4 [48] . It should be noted

that differential diffusion is not considered in the molecular mix-

ing model. 

Finally, the last term in Eq. (7) represents the evolution of ˜ f in

the composition space due to chemical reactions, and it appears in

closed form. In this study, the molecular viscosity ˜ μ, and the ther-

mal and species diffusivities, ˜ D α are evaluated using CHEMKIN’s

transport library, as functions of the resolved composition and re-

solved temperature. 
.2. The solution methodology for LES/PDF model equations 

The filtered conservation of mass and momentum equa-

ions ( Eqs. (2) –(3) ) are solved numerically by the finite-volume

ethod, and a Monte Carlo approach in the Lagrangian frame-

ork is adopted to obtain the numerical solution of the modeled

ransport equation for ˜ f ( Eq. (7) ) due to its high dimensionality.

n the Lagrangian framework, the flow is represented by a large

umber of notional Lagrangian particles. The position and compo-

ition of the notional Lagrangian particles evolve by the following

tochastic differential equations [41] : 
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 X 

∗
j = 

(
˜ u j + 

1 

ρ̄

∂( ̄ρ ˜ D T ) 

∂x j 

)∗
d t + 

(
2 ̃

 D 

∗
T 

)1 / 2 
d W 

∗
j , (10)

dφ∗
α

dt 
= −�∗(φ∗

α − ˜ φ∗
α

)
+ 

[
1 

ρ̄

∂ ρ̄V α,i 

∂x i 

]∗
+ S α

(
φ∗)

, (11)

here dW 

∗
j 

denotes the Wiener increment in the j direction. The

uperscript “∗” denotes the particle properties, or the LES fields

valuated at the particle locations. 

The resulting solution methodology is a hybrid method com-

osed of (i) an Eulerian finite-volume method for solving the fil-

ered conservation equations for mass and momentum (referred to

s the LES solver), and (ii) a Lagrangian Monte Carlo method for

he modeled transport equations for the joint PDF of compositions

denoted as the PDF solver). For the hybrid LES/PDF approach, the
esolved velocity ˜ u i , the turbulent viscosity ˜ μT , the turbulent dif-

usivity ˜ D T and the mixing frequency � are calculated by the LES

olver. The PDF solver advances the notional particles in the physi-

al space and composition space, and provides the filtered density

¯ , the Favre-filtered temperature ˜ T and mass fractions ˜ Y α to the

ES solver. 

The filtered density ρ̄, and the Favre filtered temperature ˜ T and

ass fractions ˜ Y α are calculated at cell center locations from the

articles using the cloud-in-cell (CIC) method [49] . The LES fields

sed in the particle equations ( Eqs. (10) and (11) ) are interpolated

rom the cell centers to the particle locations using linear basis

unctions [50] . 

The filtered density ρ̄ extracted from the particles contains sig-

ificant noise because only a finite number of notional particles

an be used to solve the stochastic equations. Therefore, the direct
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use of the filtered density ρ̄ from the particles in the LES solver is

prone to cause significant numerical instabilities. To overcome this

difficulty, the transported specific volume (TSV) method [51] is em-

ployed in this study. For the TSV method, instead of being directly

obtained from the PDF solver, the filtered density ρ̄ to be used in

the LES equations (( Eqs. 2 –3 )) is obtained from the solution of a

transport equation for the Favre-filtered specific volume ˜ υ as 

∂ ρ̄ ˜ υ

∂t 
+ 

∂( ̄ρ ˜ u j ̃  υ) 

∂x j 
= 

∂ 

∂x j 

(
ρ̄ ˜ D T 

∂ ̃  υ

∂x j 

)
+ S υ + ˙ ω υ, (12)

where S υ is received from the PDF solver and represents the

change of Favre-filtered specific volume ˜ υ due to the molecular

mixing, the molecular diffusion, and chemical reactions. The last
erm in Eq. (12) is a relaxation term of the form 

˙  υ = ρ̄
˜ υPDF − ˜ υ

τυ
, (13)

here ˜ υPDF is the specific volume obtained from the particles in

he PDF solver and τυ is the relaxation time scale taken here as

υ = 4�t with �t being the time step. Once the specific volume

s calculated from Eq. (12) , the filtered density ρ̄ to be used in the

ES equations is obtained as 

¯ = 

1 

˜ υ
. (14)

o satisfy the boundedness condition imposed by the scalar trans-

ort in Eqs. (10) and (11) , the minimum-decay-factor adjustment

41] is employed. 
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Fig. 10. SwB1: The radial profiles of the r.m.s. of temperature and the r.m.s. of mass fractions of CH 4 , CO 2 , O 2 and CO at five axial locations of z = 10 , 20 , 30 , 50 , 70 mm. 

Symbols: experimental data; red solid line: Model ED25; blue dot dashed line: Model DD25. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 
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The pdfFoam solver [52] that is a LES/PDF solver on non-

rthogonal hexahedral meshes and that is developed entirely

ithin OpenFOAM is used to solve the modeled equations of the

ES/PDF method described above. For the LES solver, second-order

entral differences are applied to approximate all spatial deriva-

ives, except for the convection terms in the scalar equations

 Eq. (12) ) that are discretized using the SuperBee flux limiter

53] to avoid unphysical oscillations. A second-order backward dif-

erentiation scheme is used for the temporal discretization of all

ES equations. The flow and scalar equations are solved sequen-

ially. The pressure-velocity coupling is achieved using the PISO

54] method. For the PDF solver, the first-order fractional time

cheme ( TMR ) [55] is used to advance particles in time. The cloud-

n-cell (CIC) method is used to estimate the mean properties from

he particles. To ensure the consistency between the LES and the
DF solvers, the first two stages of the three-stage velocity correc-

ion algorithm described in [50] are employed. The in situ adaptive

abulation (ISAT) method [56,57] is used to accelerate the evalu-

tion of the chemical source terms. More details of the pdfFoam

olver can be found in [52] . 

. Experimental configuration and simulation details 

The Cambridge/Sandia swirl burner was designed to investigate

he effect of stratification under swirl and non-swirl operating con-

itions. Here we consider only the non-swirl cases, and we will

iscuss the swirl cases in a subsequent study [58] . A schematic

f the burner is shown in Fig. 1 . The burner consists of a cen-

ral bluff body surrounded by two annular fuel jets, i.e., the in-

er and the outer jets, outside of which an air coflow is supplied
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Fig. 11. SwB5: The radial profiles of the r.m.s. of temperature and the r.m.s. of mass fractions of CH 4 , CO 2 , O 2 and CO at five axial locations of z = 10 , 20 , 30 , 50 , 70 mm. 

Symbols: experimental data; red solid line: Model ED25; blue dot dashed line: Model DD25; black dashed line: Model DD50. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Equivalence ratios of the two annular jets. 

Case φ inner φouter φ inner / φouter 

SwB1 0.75 0.75 1 

SwB5 1 0.5 2 

SwB9 1.125 0.375 3 

s  

l  

a  

f

 

i  
to reduce the entrainment of the ambient air. For the inner and

outer jets, the inlet bulk velocities are 8.31 m/s and 18.7 m/s, cor-

responding to Reynolds numbers of 5960 and 11,500, respectively.

The air coflow is laminar with an inlet velocity of 0.4 m/s. Three

different stratification configurations, including premixed (SwB1),

moderately stratified (SwB5), and highly stratified (SwB9) cases,

are summarized in Table 1 . There, following the experimental stud-

ies, the equivalence ratio ( φ) is defined as 

φ = 

(X H 2 + X H 2 O ) / 2 + X CO 2 + X CO + 2 X CH 4 

X O 2 + X CO 2 + (X H 2 O + X CO ) / 2 

, (15)

where X α is the mole fraction of species α. The stratification ra-

tios, defined as the ratio of the equivalence ratios at the inner

and outer jets ( φinner / φouter ) for the cases of SwB5 and SwB9,

are set as two and three, respectively, to investigate the effect of
tratification systematically. The flames are stabilized by a recircu-

ation zone created behind the bluff body. Velocity measurements

re provided by Zhou et al. [59] , and the temperature and mass

raction measurements are provided by Sweeney et al. [17,18] . 

The cylindrical computational domain spans 200 mm in the ax-

al z−direction and 200 mm in the radial r−direction. The domain



H. Turkeri et al. / Combustion and Flame 199 (2019) 24–45 33 

0

5

10

z=10mm z=20mm z=30mm z=50mm z=70mm

0

0.2

0.4

0

0.1

0.2

0 10 20 30
0

1

2

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30

0

0.2

0.4

0

0.4

0.8

SwB9 RMS

Fig. 12. SwB9: The radial profiles of the r.m.s. of temperature and the r.m.s. of mass fractions of CH 4 , CO 2 , O 2 and CO at five axial locations of z = 10 , 20 , 30 , 50 , 70 mm . 

Symbols: experimental data; red solid line: Model ED25; blue dot dashed line: Model DD25. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 
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s discretized using a non-uniform 192 × 128 × 96 cylindrical grid.

he grid is concentrated near the nozzle in the axial direction and

n the shear layer between the fuel jets in the radial direction. 

For the fuel jets, the instantaneous inlet velocities are obtained

rom two separate turbulent annular pipe simulations. A top-hat

rofile of 0.4 m/s is specified for the air coflow. At the bluff body

nd the wall-lips, no-slip boundary conditions are applied. The adi-

batic boundary condition is applied to the surface of the bluff

ody, and the heat loss through the bluff body is neglected. The

ero-gradient boundary conditions are imposed for all the fields at

he outlet and at the far field. Approximately 20 particles are em-

loyed per cell in the PDF solver. The methane/air combustion is

epresented by the augmented reduced mechanism (ARM1) [60] .

n error tolerance εtol of 5 × 10 −5 is employed in ISAT and this

rror tolerance has been found to be sufficiently low to ensure
ccurate solutions in similar simulations [39,43] . The simulations

re parallelized using the domain decomposition technique with

92 cores. A constant time step of �t = 4 × 10 −6 s corresponding

o a Courant number of approximately 0.2 is employed. The simu-

ations are first performed for five flow-through times based on the

nner fuel stream velocity to reach the statistically-stationary state,

hen another five flow-through times are performed to collect the

tatistics. The normalized computational cost is approximately 380

s per grid cell per time step, and approximately 25536 h CPU-

ime is required to complete each simulation. In present study each

imulation is parallelized using 192 cores, and is completed in ap-

roximately 5.5 days, which demonstrates the efficiency of the im-

lementation of the LES/PDF method in pdfFoam solver. Three para-

etric models are considered in this study, as shown in Table 2 .

he differential diffusion effect described in Section 2.2 is included
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Fig. 13. SwB1: Scatter plots of mole fractions of CO 2 , H 2 , CO, CH 4 , H 2 O, O 2 and φ

as a function of temperature from LES/PDF simulation and experimental measure- 

ments at z = 10 mm, color-coded by the equivalence ratio. Black solid line: con- 

ditional mean of species from experiment; red dashed line: conditional mean of 

species from simulation. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article). 

Table 2 

Model variations for parametric studies. 

Model C m mixing 

coefficient 

Differential 

diffusion 

SwB1 SwB5 SwB9 

DD25 25 
√ √ √ √ 

DD50 50 
√ 

✗ 
√ 

✗ 

ED25 25 ✗ 
√ √ √ 

 

 

 

 

 

 

 

Fig. 14. SwB5: Scatter plots of mole fractions of CO 2 , H 2 , CO, CH 4 , H 2 O, O 2 and 

φ as a function of temperature from the LES/PDF simulation and the experimental 

measurements at z = 10 mm, color-coded by the equivalence ratio. Black solid line: 

conditional mean of species from experiment; red dashed line: conditional mean of 

species from simulation. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article). 
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in Models DD25 (baseline) and DD50, while the unity Lewis num-

ber assumption is applied to all species in Model ED25. Here,

the ED model employs the unity Lewis number assumption in

both molecular mixing and molecular transport, however, the DD

model takes into account the differential diffusion in the molec-

ular transport term while using the unity Lewis number assump-

tion in molecular mixing term. The sensitivity of the results to C m 

is investigated by comparing Models DD25 (C m 

= 25 ) and DD50
C m 

= 50 ). The effects of differential diffusion are studied by com-

aring Models DD25 and ED25. The simulations considered in the

resent study are summarized in Table 2 . The models of DD25 and

D25 are applied to all stratified flames, while the model of DD50

s only applied to moderately stratified flame, SwB5. 

. Results 

In this section, the baseline numerical results are first val-

dated through a hierarchical comparison with the experimen-

al measurements, including the global characteristics (e.g., the

engths of the recirculation zones) in Section 4.1 , radial profiles

f mean and r.m.s. velocities in Section 4.2 , radial profiles of

ean and r.m.s. scalars in Section 4.3 , and scatter plots of species

n Section 4.4 . Following the validation, the effect of stratifica-

ion on the flame structure is discussed. The effect of differential



H. Turkeri et al. / Combustion and Flame 199 (2019) 24–45 35 

Fig. 15. SwB9: Scatter plots of mole fractions of CO 2 , H 2 , CO, CH 4 , H 2 O, O 2 and 

φ as a function of temperature from the LES/PDF simulation and the experimental 

measurements at z = 10 mm, color-coded by the equivalence ratio. Black solid line: 

conditional mean of species from experiment; red dashed line: conditional mean of 

species from simulation. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article). 
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Table 3 

The length of recirculation zones (mm). 

Case DD25 ED25 DD50 Exp. 

SwB1 23 23.25 – 24 

SwB5 13.5 14 10 14.5 

SwB9 14 14.5 – 15 
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iffusion and the effect of the mixing rate parameter, C m 

, are ad-

ressed last, through the parametric studies in Sections 4.6 and

.7 , respectively. 

.1. The general behavior of the flames 

The iso-contours of the mean equivalence ratio and the mean

xial velocity superimposed by the mean streamlines from Model

D25 are presented in Fig. 2 . Recirculation zones that are marked

y the streamlines can be clearly observed behind the bluff body.

able 3 compares the lengths of the recirculation zones that are

btained from the simulations and from the experiments. The dis-

repancy between the baseline simulations (Model DD25) and the

xperiments is below 10% for all the cases. The trend of the vari-

tions in the length of recirculation zones is also consistently cap-

ured by the numerical results. The length of the recirculation zone
n the premixed case, SwB1, is significantly longer than those in

he stratified cases. Moreover, the length in SwB5 is slightly shorter

han that in SwB9. Such variation can possibly be explained by the

olume expansion rates within the recirculation zones, which will

e further discussed in Section 4.7 . 

The flame fronts, defined as the loci of the peak r.m.s. temper-

ture in the radial direction, are marked by the white and black

oints in Fig. 2 for the Models DD25 and DD50, respectively. The

ame front in SwB1 is mainly located within the regions with uni-

orm equivalence ratios, as shown in Fig. 2 . Far downstream at

pproximately 50 mm, the flame front begins to encounter slight

radients of the equivalence ratio, due to the mixing between the

uel streams and the air coflow. For SwB5 and SwB9, the flame

ronts start to propagate into regions much earlier with stratifica-

ion, i.e., after approximately z = 20 mm, due to the differences in

quivalence ratios between the inner and outer jets. However, it

hould be emphasized that the flame fronts mainly propagate into

niform equivalence ratios within the recirculation zones behind

he bluff body for all the cases. 

.2. Velocities 

The mean and r.m.s. of the resolved axial and radial velocities

re examined in this section to further validate the model predic-

ions. The radial profiles obtained from SwB1, SwB5 and SwB9 at

our different axial locations are compared with the experimen-

al measurements, as shown in Figs. 3 –6 . The mean resolved ax-

al velocity profiles agree well with the experimental data. The

ean resolved radial velocities show good consistency with the

xperimental data within the recirculation zone for all three cases

wB1, SwB5 and SwB9, as shown in Fig. 4 . Deviations appear at

urther downstream locations. On the centerline, the simulations

redict zero radial velocity, demonstrating axisymmetry. However,

he experimental measurements show non-zero radial velocities on

he centerline. These discrepancies have also been observed in the

revious LES simulations [26,27] , and they can be attributed to

he asymmetric characteristics of this kind of burner. The profiles

f the r.m.s. of the resolved axial velocities agree well with the

xperimental profiles for all three cases. Within the recirculation

one, the r.m.s. values are smaller than the experimental data. The

.m.s. radial velocities are slightly higher than the measurements

t z = 30 mm, and match reasonably well with the experimental

easurements at other locations. 

.3. Scalars 

To further validate the simulations, the mean temperature T ,

quivalence ratio φ and mass fractions Y of CH 4 , CO 2 , O 2 and CO

re compared with the experimental measurements at five differ-

nt axial locations in Figs. 7 –9 . The mean temperature profiles are

n very good agreement with the measurements for all the cases.

or the cases of SwB5 and SwB9, the temperature in the recircu-

ation zone is over predicted by approximately 100 K. The discrep-

ncy can be attributed to the adiabatic assumption specified for

he bluff body [31] . At axial locations z = 50 and 70 mm, the tem-

erature profiles for SwB1 are well-predicted, whereas, they have

light discrepancies for SwB5 and SwB9 at the same locations. 
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Fig. 16. Scatter plots of mass fractions of CO as a function of temperature obtained from the experimental measurements (top) and the LES/PDF simulation (middle) at 

z = 10 mm, color-coded by the radial positions, and the mean conditional on temperature (bottom). The particles that are within the recirculation zones (i.e., radial locations 

smaller than 5 mm) are colored by black. Black solid line: conditional mean of species from the experiments; red dashed line: conditional means of species from the 

simulations. Green lines indicate the maximum temperature in the experimental data: 1920 K for SwB1; 2150 K for SwB5; 2080 K for SwB9. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article). 

Fig. 17. Scatter plots of OH versus equivalence ratio, color-coded by temperature from LES/PDF simulations with Model DD25 for SwB1, SwB5 and SwB9 at z = 10, 30, 50, 

70 mm. Black solid line shows the OH as a function of the equivalence ratio obtained from the chemical equilibrium calculation. 
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The equivalence ratio profiles exhibit overall good agreement

with the measurements for all the three cases. Similar to what is

observed with the temperature profiles, small deviations exist at

the locations of z = 50 and 70 mm in SwB5 and SwB9. Close to

the centerline, the equivalence ratios are slightly under-estimated.

This could be explained by the under-predicted CO and the
2 
ver-predicted O 2 profiles in the SwB1 case. For the SwB5 and

wB9 cases, the possible reason could be the under-estimated CO

ass fractions. 

The mean CH 4 profiles are in good agreement with the mea-

urements for all the three cases at all the axial locations. The CO 2 

nd O profiles are well predicted in SwB5 and SwB9. However,
2 



H. Turkeri et al. / Combustion and Flame 199 (2019) 24–45 37 

Fig. 18. Scatter plots of HRR versus equivalence ratio, color-coded by temperature from LES/PDF simulations with Model DD25 for SwB1, SwB5 and SwB9 at z = 10, 30, 50, 

70 mm. 
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Fig. 19. The atom ratios C/H, C/O and C/N for the moderately stratified case, SwB5, obtained from the experiment, Model DD25 and Model ED25. Black dotted line: experi- 

mental data; red dashed line: Model ED25; blue solid line: Model DD25. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article). 
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a  
or SwB1, CO 2 is slightly under-predicted and O 2 is slightly over-

redicted close to the centerline. For SwB5 and SwB9, the CO

rofiles are lower than the experimental measurements. Similar

iscrepancies in the CO profiles have also been observed in the

revious LES studies of the same burner [26–28] , as shown in

ig. 23 . The discrepancies in the CO profiles can be attributed to

he over-estimated temperature, which will be further addressed in

ection 4.4 . It should be noted that the CO concentration is much

igher in SwB5 and SwB9, than that in SwB1. This could be due

o the higher equivalence ratios in the stratified cases within the

ecirculation zones, such that more CO can be converted into CO 2 

y the excess oxygen in the premixed case. 

The total r.m.s. of temperature, equivalence ratio and the mass

ractions of CH 4 , CO 2 , O 2 and CO profiles are presented in Figs. 10 –

2 , and compared with the measurements. The total r.m.s. of

he scalars are defined as Y α,rms = (〈 ̃  Y 2 α 〉 − 〈 ̃  Y α〉 2 ) 1 / 2 where 〈 · 〉 
enotes the time averaging. All the profiles are overall in good

greement with the measurements. At axial locations of z = 50

nd 70 mm, the fluctuations are slightly lower than those ob-

ained from the measurements but the trends in the experimental

ata are well captured at these locations. Moreover, for all three

ases, SwB1, SwB5 and SwB9, within the recirculation zone, the

.m.s. profiles of all scalars are smaller than the measurements.

imilar discrepancies have also been reported in the previous LES

imulations [26–28] , as shown in Fig. 24 . The differences can be

artially attributed to the over-predicted relaminarization effects

ithin the high-temperature recirculation zones [27] . 

.4. Scatter plots 

To further understand the discrepancy observed in the mean

nd r.m.s. profiles, the scatter plots of the mole fractions of all the
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dot dashed line: the results with Model DD25; the black dashed line: the results 

with Model DD50; the symbols: the experimental data. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 
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o  
experimentally measured species, CO 2 , H 2 , CO, CH 4 , H 2 O, O 2 , and

the equivalence ratio, φ, are presented in the temperature space

at z = 10 mm, as shown in Figs. 13 –15 . The means conditional on

temperature, 〈 X α | T 〉 , obtained from the simulations are also com-

pared with the experimental data. The plots are color-coded by

the equivalence ratio. The scatter plots are generated using the no-

tional Lagrangian particles from five different time steps. The scat-

ter plots from the LES/PDF simulations are in good agreement with

the experimental data. The plots from the simulations are slightly

narrower in the temperature space than those in the experimental

measurements, however the trends of all species are well captured.

The conditional means from the simulations are in good agreement

with those from the experimental data. The conditional means

of H 2 and CO are slightly underestimated for temperature lower

than approximately 1750 K, while the conditional means of O 2 are

slightly overestimated for temperature higher than this value. Con-

sidering the good consistency observed for the other species, the

discrepancy in the conditional mean of the equivalence ratio can

be attributed to the discrepancies in H 2 and CO mole fractions for

temperature lower than approximately 1750 K, and to discrepancy

in O 2 for temperature higher than this value. 

To map the behavior in the composition space to the physical

space, the scatter plots of the mass fraction of CO as a function of

temperature are color-coded by the radial positions at z = 10 mm

for SwB1, SwB5 and SwB9, as presented in Fig. 16 . The points with

radial locations smaller than 5 mm are colored by black to high-
ight the points close to the centerline. As observed in the previous

ection, the conditional means of CO are underestimated when the

emperature is lower than approximately 1750 K, and they are well

redicted when the temperature is higher than 1750 K. The maxi-

um temperature occurs near the centerline within the recircula-

ion zones for all three cases, as depicted by the black points. For

emperature greater than 1750 K, the mass fractions of CO decrease

ith increasing temperature, and clearly the under-predicted CO

ass fractions are correlated with the over-predicted temperatures

ithin the recirculation zones. Beyond the peak temperature mea-

ured in the experiments, the predicted conditional mean mass

ractions in Fig. 16 extend along their existing manifolds in the

omposition space, into regions with higher temperatures. Mercier

t al. [31] have shown that the non-adiabatic boundary conditions

pecified on the bluff body surface can significantly improve the

emperature prediction for the stratified cases. Following the dis-

ussions above, the non-adiabatic temperature boundary condition

s expected to improve the prediction of the CO mass fractions

ithin the recirculation zones for the stratified cases. 

.5. Effects of stratification 

With the comprehensively validated numerical results pre-

ented in the previous subsections, the detailed flame structures

re examined in this section, leveraging the information provided

y the notional Lagrangian particles. The effect of the stratification

n the flame structure is first investigated in this section, by ex-

mining the distribution of OH and the heat release rate (HRR) in

he equivalence ratio space. 

The scatter plots of OH versus the equivalence ratio are shown

n Fig. 17 at four different axial locations of z = 10 , 30 , 50 , 70 mm.

hese axial locations are selected to examine the OH distribution

hen the fuel-air mixture from the inner jet mixes progressively

ith the mixtures from the outer jet and from the air coflow. At

 = 10 mm, OH mass fractions vary within a very thin zone in the

quivalence ratio space, indicating a purely premixed combustion

ode for all three cases. At z = 30 mm, the distribution of OH

ass fractions still demonstrates a premixed combustion mode for

wB1, and the stratification in the equivalence ratio space is clearly

bserved for SwB5 and SwB9. At z = 50 mm, a significant amount

f OH is observed at lower equivalence ratio for all the three cases,

ue to the mixing between the premixed jets and the air coflow.

eanwhile, between φ = 0 . 75 and the maximum equivalence ratio,

he scatter plots begin to relax towards an equilibrium for SwB5

nd SwB9, as indicated by the black solid line in Fig. 17 . Finally

he peak of OH mass fractions decreases downstream for SwB5 and

wB9, and maintains constant for SwB1. The evolution of the strat-

fied flames clearly demonstrates the mixed-mode combustion be-

avior in the stratified flames. 

The scatter plot of HRR calculated from the compositions and

emperature versus equivalence ratio are presented in Fig. 18 . The

RR scatter plots follow similar trends as the OH scatter plots in

erms of the evolution of the distribution. Interestingly, the max-

ma of HRR are located at the location of z = 30 mm for all three

ases. The magnitudes of HRR are significantly reduced towards

ownstream locations for SwB5 and SwB9. For the stratified cases,

he peak HRR is reduced to approximately 40% of the peak HRR

alculated at the location of z = 30 mm. Compared to SwB1, the

eat release is taking place in a more distributed manner for the

tratified flames. 

.6. Effect of differential diffusion 

In this section, the effect of differential diffusion is examined

y comparing the results from Models DD25 and ED25. The length

f the recirculation zones in the simulations with Model DD25 are
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lightly shorter than those with Model ED25 as given in Table 3 .

onsequently, the mean and r.m.s. velocity profiles from Models

D25 and ED25 have slight differences close to the centerline. The

ean and r.m.s. scalar profiles from Models DD25 and ED25 are

ery close to one another for SwB1, SwB5 and SwB9 at all axial

ocations, as shown in Figs. 7 –12 . 

The effect of the differential diffusion has been experimentally

xamined by Barlow et al. [21] using the Cambridge/Sandia swirl

urner. There the atom ratios of C/H, C/O, and C/N are not con-

erved going from reactants to products across the flame brush,

nd differential diffusion was proposed to be the possible cause.

o examine this hypothesis, the atom ratios C/H, C/O and C/N for

he moderately stratified case, SwB5, obtained from Models DD25

nd ED25 are compared with one another as well as with those

econstructed from the scatter experimental data at the axial loca-

ion of z = 10 mm in Fig. 19 . While the atom ratios in Model ED25

emain constant across flame front, Model DD25 displays varia-

ion of the atom ratios as a function of temperature, which sup-

orts the hypothesis by Barlow et al. [21] . Although the trends in

ig. 19 agree well with those obtained from the experiments, the

agnitudes of the variation are under-predicted by the numerical

esults. Such discrepancy can be partly attributed to the model-

ng approach adopted in this study. Here, the differential diffusiv-

ty is only incorporated through the spatial transport by molec-

lar diffusion, modeled by the mean drift term in Eq. (7) . The

nity Lewis number assumption is still employed for all species

n the mixing frequency model ( Eq. (9) ) used in the IEM mixing

odel. The DNS studies [61,62] have shown that wide discrepan-

ies may occur among species mixing frequencies. Richardson and

hen [63] proposed a model to account for the differential dif-

usion effect through individual mixing frequencies for different

pecies, which will be incorporated in future work. 

.7. Effect of the mixing parameter C m 

As one of the key modeling parameters, the effect of the mix-

ng rate parameter C m 

is investigated by comparing the results ob-

ained from Models DD25 and DD50 for SwB5. The length of the

ecirculation zone, as given in Table 3 , is predicted to be shorter

or Model DD50 than that for Model DD25. Additionally, the flame

ronts in Model DD50 denoted by black points in Fig. 2 are slightly

hifted outward in the radial direction compared to those obtained

rom Model DD25 denoted by white points. Due to these differ-

nces in the flame structure, apparent shift in the physical space is

bserved in the the mean and r.m.s. profiles of velocity and scalar

etween Model DD25 and Model DD50, as shown in Figs. 3–12 . 

To further understand how the mixing frequency C m 

alters the

ame structure, Figure 20 shows the mean axial and radial veloci-

ies, the mean rate of change of the specific volume due to mixing

nd reaction (RV), and the r.m.s. temperature profiles for SwB5, at

 = 10 mm. The r.m.s. temperature profiles locate the flame fronts,

here the specific volume reaches its maximum expansion rates.

he radial velocity crosses zero near the flame fronts. At the prod-

ct side of the flame front, the radial velocity is negative (point-

ng towards the centerline), and is positive at the fresh mixture

ide. This suggests that the expanded volume in the flame zone

ushes the products inward towards the centerline and pushes the

resh mixture outward. Higher values of the C m 

coefficient result

n higher mixing rates leading to higher volume expansion rate

nd higher radial velocities (in magnitude) in the vicinity of the

ame fronts. The higher radial velocity directly leads to the reduc-

ion of the length of the recirculation zone. In addition, in Model

D25, the axial location of z = 10 mm remains within the recircu-

ation zone, while that location stays behind the recirculation zone

n Model DD50. Consequently, Model DD25 predicts a negative ax-

al velocity at z = 10 mm, while Model DD50 gives a positive axial
elocity. As a conclusion, for bluff body stabilized premixed flames,

he appropriate mixing rate has essential role to correctly predict

he flame structures. 

. Conclusion 

LES/PDF simulations of the Cambridge/Sandia stratified turbu-

ent flames have been performed with finite-rate chemistry. The

remixed (SwB1), the moderately stratified (SwB5) and the highly

tratified (SwB9) flames are simulated using the same set of mod-

ls and parameters. The length of the recirculation zone and the

ean and r.m.s. velocity fields have been well predicted, using the

aseline model parameters. The radial profiles of the mean and

.m.s. of temperature, equivalence ratio, and species mass fractions

ave been found to be in overall good agreement with the experi-

ental measurements. 

The scatter plots of species exhibit very good consistency with

he measurements. The conditional means of species are also found

o be in very good agreement with the experimental data. The

catter plots of OH and HRR demonstrate the evolution of flame

tructure in the equivalence ratio space at different axial locations.

ll three cases have exhibited premixed combustion mode close

o the inlet, and the stratified combustion mode occurs at down-

tream locations due mainly to the mixing of fuel jets and the air

oflow. 

In the recirculation zone the temperature is slightly over-

redicted while the CO mass fraction is under-predicted. The pos-

ible effect of the differential diffusion on these discrepancies has

een examined. The results obtained with and without differential

iffusion simulations show that the differential diffusion consid-

red in the mean drift term has a negligible effect on the mean

nd r.m.s. profiles in all the cases of SwB1, SwB5 and SwB9. How-

ver, the variation of atom ratios in temperature space is qualita-

ively captured by the differential diffusion implementation, while

o variation is predicted by the equal diffusivity model. 

The effect of the mixing frequency parameter C m 

has been also

xamined. It is found that increasing C m 

reduces the length of the

ecirculation zone due to the increase in the volume expansion

ate, and causes the flame front location to shift slightly in the ra-

ial direction. The shifting in the flame front location is found to

ave negligible effect on the flow fields under non-swirling con-

itions. However, it may have an important impact on the vortex

reakdown that might occur under the swirl conditions. 

The effect of the heat loss through the bluff body can lead to

he under-prediction of the CO mass fractions within the recircu-

ation zone, and such loss will be addressed in future work. Ad-

itionally, the effects of the swirl flow conditions are also under

nvestigation. 
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ppendix A. The comparison with previous studies 

In the literature, numerical studies of the Cambridge/Sandia tur-

ulent stratified flame series under non-swirling condition have
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been performed using different combustion models in the LES con-

text. These studies are summarized in Table 4 . In this section, the

mean and r.m.s. of temperature and the mass fraction of CO from

different studies as well as the experimental data are compared. 

The radial profiles of mean temperature from different studies

are presented in Fig. 21 . The results by Nambully et al. [27,30] and

Proch and Kempf [26] are very close to the results in the present
tudy. However the results by Brauner et al. [28] have signifi-

ant discrepancies downstream locations. In all the simulations the

emperature are over estimated within the recirculation zone for

he stratified flames, SwB5 and SwB9. 

The r.m.s. of temperature are shown in Fig. 22 . At upstream

ocations z = 10 and 30 mm, the present results and the re-

ults by Brauner et al. [28] and Proch and Kempf [26] are
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Table 4 

The numerical studies of the Cambridge/Sandia turbulent stratified flame. 

Study Model Mesh size Mechanism 

Present The transported PDF method based on 

Lagrangian Monte Carlo method 

2.3 M 12-steps & 16-species 

Proch et al. [26] An artifially thickened flame model 100 M GRI-3.0 

Nambully et al. [27,30] A filtered laminar flame PDF model 50 M GRI-3.0 

Brauner et al. [28] The transported PDF method based on 

Eulerian stochastic field method 

4 M 15-steps & 19-species 
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similar to one another. However, the r.m.s temperature by Nam-

bully et al. [27,30] are apparently under-estimated at those lo-

cations. At downstream locations of z = 50 and 70 mm, the

r.m.s. temperature profiles exhibit similar trends except the results

by Brauner et al. [28] , which are shifted outward in the radial di-

rection. 

The mean mass fraction of CO profiles are compared in Fig. 23 .

All the results are very close to one another. Interestingly, the dis-

crepancies in the mass fraction of CO within the recirculation zone
or the stratified flames, SwB5 and SwB9 exist in all studies. For

he highly stratified flame, SwB9, at downstream locations, the

tudy by Nambully et al. [27,30] predicts better agreement with

he experimental data than others. 

The r.m.s. of the mass fraction of CO are shown in Fig. 24 . The

esults by Proch and Kemp [26] have overall good agreement with

he experimental data at all the axial locations for the premixed

nd stratified flames. The present results are slightly smaller than

he results by Proch and Kemp [26] , but the trends in the both
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tudies are very similar. The study by Brauner et al. [27,30] has

ood prediction at the upstream locations, but they shifted out-

ard in the radial direction at the downstream locations. Interest-

ngly, the study by Nambully et al. [27,30] has very good agree-

ent with the experimental data at the downstream location,

hile it suffers significantly from discrepancies at axial location

 = 10 mm. 

In all the studies, the mean and r.m.s. of temperature and CO

ave very similar trends. Particularly, the over-prediction of mean
emperature and the under-prediction of mean CO close to the

enterline for the stratified cases, SwB5 and SwB9 are exhibited

n all the studies. 

ppendix B. The sensitivity of equivalence ratio to O 2 

oncentration 

As discussed before, the discrepancies in the equivalence ra-

io at high temperature could be due to the discrepancy in the
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tal data; the blue dashed line: the experimental data with O 2 obtained from the 

LES/PDF simulation; the red dot dashed line: LES/PDF simulation. (For interpreta- 
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O 2 concentration. To better understand this effect, we calculate an

equivalence ratio using mole fraction from the experimental data

except for the mole fraction of O 2 that is obtained from the

LES/PDF simulations. 

The three equivalence ratios are compared in Fig 25 . Here, we

are mainly interested in the discrepancies at temperatures above

1750 K, which corresponds to the temperature in the recirculation

zone. The equivalence ratio calculated using the O 2 concentration

from the LES/PDF calculation is much closer to the equivalence ra-

tio obtained from the experiments, compared to that obtained di-

rectly from the LES/PDF calculation. As a conclusion, the equiva-

lence ratio calculated using the mole fractions of CO 2 , H 2 , CO, CH 4 ,

H 2 and O 2 , exhibits strong sensitivity to O 2 concentration. There-

fore, an accurate prediction/measurement of O 2 is crucially impor-

tant in for obtaining good agreement between the experimental

measurements and numerical calculations. 
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