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Abstract

The Large Eddy Simulation (LES) and three dimensional CMC (3D-CMC) model are applied to simu-
late the Sydney swirl-stabilized non-premixed methane flames with different levels of local extinction. The
CMC model is implemented with a finite volume formulation, unstructured mesh and detailed chemistry.
The statistics of velocity, mixture fraction, and major species mass fractions in both physical and mixture
fraction space demonstrate very good agreement with the measured results. The level of local extinction with
increased fuel bulk velocity velocities is reasonably captured. In addition, the location where flame extinction
first occurs also agrees with the experimental observations. However, the statistics of the hydroxyl mass frac-
tion, a very sensitive indicator of local extinction, have some differences from the experimental data. Budget
analysis of individual terms in the CMC equation for the hydroxyl mass fraction shows that conditional con-
vection in the CMC model has a significant role in inducing both local extinction and re-ignition events. The
conditional dilatation flux contributes only when the local heat release rate is significant.
© 2016 by The Combustion Institute. Published by Elsevier Inc.
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1. Introduction

Flame extinction is a fundamental topic in
combustion theory and is important for designing
combustion systems [1]. In turbulent flames, the
turbulence may induce localized and global ex-
tinction. With the first order Conditional Moment
Closure (CMC) model in Large Eddy Simulation
(LES), local extinction in Sandia flame F has been
reasonably well predicted [2]. Recently, the CMC
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model discretized in a finite volume formulation
and unstructured grids was implemented [3,4] and
applied to predict local extinction and blow-off
in turbulent swirling non-premixed flames [5,6].
In particular, in the flames measured by Cavaliere
et al. [7], the errors in the predicted blow-off air
velocities, corresponding to a range of fuel flow
rates, are within 25% of the experimental values
[6]. Good agreement was also observed in blow-off
durations and scalar evolution, compared with
hydroxyl (OH) PLIF and OH* chemilumiscence
images [6]. Nevertheless, a more extensive quan-
titative assessment of reactive scalar behaviour
in flames approaching extinction, with this new
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CMC implementation, needs to be made so that
the prediction of the degree of local extinction is
further validated. Therefore, the swirl-stabilized
non-premixed flames (SMA series) with detailed
Raman—Rayleigh-LIF measurements [8] from the
University of Sydney and Sandia National Labo-
ratories (one of the target flames of the Turbulent
Non-premixed Flame Workshop) are selected here.
Additionally, the stability limits and localized ex-
tinction levels for these flames are available [9,10].
Although LES of the Sydney swirl-stabilized
flames with various combustion models has been
performed [11-16], the focus on the extinction
characteristics for these flames was limited.

The objectives of this study are (i) to validate
the finite volume and unstructured CMC model
using a flame with little extinction (SMA2) and (ii)
to study the localised extinction dynamics with in-
creased fuel flow rates (SMA3 and SMA4). Models
and numerics will be introduced in Section 2, while
the results and discussion are given in Section 3,
followed by the conclusions.

2. Modelling
2.1. LES and CMC models

The LES equations for mass, momentum, and
mixture fraction are obtained through applying
low-pass Favre filtering to their instantaneous
governing equations. Here, the sub-filter scale
stress tensor is closed by the constant Smagorinsky
model. The mixture fraction sub-filter variance
£ is modelled by £&” = ¢,A>VE - VE with Cp=0.1
[17] and A is the filter width, specified as the cube
root of the LES cell volume. The filtered scalar dis-
sipation rate N includes the resolved and sub-filter
parts [18]

j\} :NI‘ES+NSg57 (1)
in which N, = DVE - VE and ngy =% “’ S with
Cy =42[2]. D is the molecular diffu51v1ty, M 1s the
turbulent viscosity and p is the filtered density.

The integral form of the CMC governing equa-
tions for the conditionally filtered mass fractions

of ath species, i.e., Q, = m, in the LES context
reads [3.4]
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where ¢ is time and 5 is the sample space variable
for £. QM€ denotes the CMC cell. The physical
interpretations of terms 7y to 75 in Eq. (2) are
unsteadiness, convection, dilatation, micromixing,
chemistry, and sub-filter diffusion, respectively.
The quantities U|n, NI |n, and waln are the con-
ditionally filtered velocity, scalar dissipation rate,
and reaction rates of the oth species, respec-
tively. D, is the sub-filter diffusivity, and given by
D, = 1,/ pSc, with the turbulent Schmidt number
Sc; =0.4 [19], which may lead to high dissipation
from sub-filter contribution to scalar behaviours
but gives reasonable results for the investigated
flames (e.g., shown later in Fig. 3) and for other
swirling flames in the same burner [13,16].

The assumption Ul|y ~ U is adopted for
Eq. (2). For N|n, the Amplitude Mapping Closure
(AMC) model [20] is applied, i.e., N|n = NoG(n),
where G(n) = exp(=2[erf~!(2n — l)]z). The vari-
able N, is the scalar dissipation at n=0.5, and
calculated from Ny = N/ fol P(n)G(n)dn. The
filtered scalar dissipation rate N is calculated with
Eq. (1). The Filtered Density Function (FDF) P()
is calculated from a B-function with & and £”. The
first order CMC model is used such that w,|n =
wo (01, ... 0y Or). Here n is the species number
and Qr = T'|n represents the conditional temper-
ature. The filtered Y;d/riable fis calculatcf:si/ from the
conditional value f |5 through /' = [' / [nP(n)dy.
__Assuming that all the conditional variables
f |n and the derivative in n-space, 3°Q,/d°n, are
constant within one CMC cell, Eq. (2) can be dis-
cretized with the finite volume method in physical
space as follows [3]:
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TS*
where n, and Veyce are, respectively, the number
of faces and volume of a CMC cell, n is the unit
normal face vector and AS is the face area.

2.2. Flame information and numerical
implementation

The Sydney swirl burner comprises a bluff body
with diameter D, =0.05 m [8-10]. Fuel is injected
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Table 1
Flow conditions for the simulated cases.
Cases Ug (m/s) W (m/s) U; (m/s) Uil UjsL (%) W (kW) Re;
SMA2 16.3 259 66.3 31 11.5 15,400
SMA3 132.6 62 23.0 30,800
SMA4 225.0 104 39.0 52,300

through a jet (diameter D;=0.0036 m, located in
the bluff body centre) with bulk velocity U;. Here
only the SMA flame series with fuel being Com-
pressed Natural Gas (CNG)/air (1:2 vol.) will be
studied with the CNG replaced by pure methane
(CHy) in the computations. The stoichiometric
mixture fraction &, is 0.25. The primary swirling
air with axial bulk velocity U; and swirl bulk
velocity W; is fed through the annular gap (D,
=0.06 m), concentrically surrounding the bluff
body. Here, U and W; are estimated from the axial
and tangential air mass flow rates, respectively. The
secondary (co-flow) axial bulk velocity U, is 20 m/s
with 2% turbulence intensity.

Three cases are selected for LES, i.e., SMA2,
SMA3, and SMA4 (flow conditions in Table 1).
The velocity, mixture fraction and compositions
of SMA2 and SMA3 were measured [8]. Never-
theless, SMA4 has no measurements and is used
to examine the CMC model for extinction. These
cases have the same primary air inlet velocities,
Ug=16.3m/s and Ws=25.9 m/s, and therefore the
same swirl number Sy= Ws/Us=1.59. However,
from SMA2 to SMA4, U; is progressively in-
creased (therefore increased thermal power W and
fuel jet Reynolds number Re;), i.e., U;=66.3 m/s,
132.6 m/s to 225 m/s, respectively, corresponding to
31%, 63% and 104% of the stability limit (the criti-
cal jet velocity U;s; =216 m/s [9]) for Us=16.3 m/s
and Ws =25.9 m/s. Note that U; s, corresponds to
the critical jet velocity with which the earliest oc-
currence of visible localized extinction at the base
near the bluff body is observed experimentally [9].

The cylindrical LES computational domain
starts at the burner exit plane and its scale is
6D, x 3D, x 2t in the longitudinal, radial and
azimuthal directions, respectively. The coordinate
origin lies at the center of the jet exit. x is the
axial coordinate while y and z are the spanwise
ones. Approximately 8,400,000 tetrahedral LES
cells are generated. The domain extent for CMC in
physical space is identical to the LES one. About
120,000 polyhedral CMC cells (on average one
CMC cell consists of 70 LES cells) are constructed
from LES cells to discretize the domain, through
determining the CMC faces from LES ones whose
owner and neighbour LES cells have different host
CMC nodes [3,4]. The mixture fraction space is
discretized by 51 nodes.

For the LES, the axial velocity at the fuel jet and
the axial and swirl velocities at the swirling primary
air inlet are specified using the one-seventh power

law based on their individual bulk velocities [21].
The inlet synthesized turbulence method is used
[22], matching the available measurements. Zero
radial velocity is assumed for the primary air inlet.
At the side and outflow boundaries, zero gradient
conditions for the velocities are assumed, while
non-slip condition is enforced for the bluff-body
wall. Zero pressure gradient is enforced for all
the outlets and the bluff-body wall. The mixture
fraction is unity at the fuel inlet, zero for the air
inlets, and has zero gradient at the side and out-
flow boundaries. For the CMC domain, the inert
mixing Q, solutions are assumed at all inlets. For
the bluft body wall, side and outlet boundaries,
zero gradient conditions for Q, are applied.

In n-space, at oxidizer boundary n =0, the mass
fractions of O, and N, are 23.3% and 76.7%,
respectively, while at fuel boundary n=1, those
of O,, N, and CHy4 are 18.2%, 59.9%, and 21.9%,
respectively. The temperatures for both boundaries
are 298 K. Q, predicted using a stand-alone 0D-
CMC (Eq. 2 without T;, T,, and T5s) solver with
the above boundary conditions and constant scalar
dissipation rate Ny =150 1/s is used for initializing
all the CMC cells.

The CMC solver is interfaced with the
OpenFOAM® LES solver [3]. For LES, the
numerics are identical to what are used previously
[5]. A second-order backward scheme is applied for
time discretization. A central differencing scheme
is used for diffusion and convection terms in the
momentum equation, while the convection term
in the mixture fraction equation is discretized
with a TVD scheme. The time steps for SMA2,
SMA3 and SMA4 are 2 x 10~ %s, 1 x 10~ s and
0.6 x 10 ~ ¢ s, respectively, which ensures that the
maximum CFL number is less than 0.5. An oper-
ator splitting method is applied for the discretised
CMC equations, Eq. (3). For terms in physical
space (77", T, and T7¥), a first order Euler time
scheme is applied. First-order upwind and second-
order central differencing schemes are used for 7}"
and 7. TDMA is applied in n-space for solving
T;, while the stiff ODE solver VODPK [23] is used
for T;. The ARM?2 mechanism (19 species and 15
reactions) [24] is used. For the fuel composition in
the SMA series, extinction occurs at a scalar dis-
sipation Ny =298 1/s, determined from 0D-CMC
calculations (i.e. the corresponding scalar dissipa-
tion at stoichiometry calculated from AMC model
is N|é;, = 188.8 1/s). These values are close to those
(Ng =306 1/s and N[g;, =193.8 1/s) from GRI
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Fig. 1. Radial profiles of SMA2 axial velocity statistics at
the indicated streamwise locations. Symbols: experiments
[9]; lines: simulations. Triangles and solid lines: mean; cir-
cles and dashed lines: RMS.

3.0 mechanism [25]. On-the-fly bi-directional data
exchange between two solvers is executed [4-6].
480 processors were used for the current compu-
tations and 20 flow-through times 7 (estimated as
T =L¢/U;, where L; is the centreline location of &,
0.12m based on the experiments for SMA2 and
SMA3 [8]) were computed. The statistics for SMA2
and SMA3 were compiled between 107 <t <20t
so that the LES and CMC fields are fully developed.

3. Results and discussion
3.1. SMA2

Comparisons of SMA2 axial velocity mean and
Root Mean Square (RMS) from LES/3D-CMC
and experiments [9] are made in Fig. 1. The mean
axial velocity is reasonably well predicted for all the
presented locations. The least satisfactory position
is x/D, = 1.0, where the computational mean is
slightly over-predicted for /D, <0.3. Some dif-
ferences exist for the RMS. At x/D, =1.0 and 1.4,
the LES underpredicts the fluctuations close to the
fuel jet, but the trends of its radial distributions
are still reasonably captured. The SMA2 swirl
velocity statistics are shown in Fig. 2. Besides the
swirling motion from the primary air inlet, a strong
rotation around the fuel jet base was observed
experimentally [9] and this can be seen in Fig. 2a
as the double-humped profiles of swirl velocity.
However, in the current computations the latter
is slightly under-predicted (see x/D, =0.2 and 1.0
in Fig. 2). This under-prediction was seen as well
in LES/FDF of SMAI case [12] and this may be

Swirl velocity RMS, m/s
0 20 0 200 20 0 20

¢

.

T
t
o0 "¢
T

00 -@ &

T T
0909000 ¢ -0 0. OWCTTITLRH 06

JRE S
‘ax @)

Poe000000 -6 & &

9!
t
000090000

0.0

-20 0 20-20 0 20-20 0 20-20 0 20
Mean swirl velocity, m/s

Fig. 2. Radial profiles of SMA2 swirl velocity statistics at

the indicated streamwise locations. Legend as in Fig. 1.
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Fig. 3. (a-f) Radial and (g) centreline profiles of SMA2
mixture fraction mean (left ordinate) and RMS (right or-
dinate). Legend as in Fig. 1. Experimental data from Ref.

[8].

affected by the inaccuracy of turbulent boundary
specifications at both jet exit and annular primary
air inlet. The swirl velocity RMS is well reproduced
in the LES, as presented in Fig. 2.

Figure 3a—f show radial profiles of mixture
fraction statistics for SMA2, while Fig. 3g shows
the centreline decay of the mean. Both mean and
RMS of mixture fraction demonstrate excellent
agreement with the measured data for all the pre-
sented streamwise locations and the centreline. The
mean mixture fraction is slightly lower than the
experimental data for 0.1 < |r}/D, < 0.4 at the up-
stream locations, i.e. x/D, = 0.2 and 0.4 in Fig. 3a
and b. In addition, based on Fig. 3g, the centreline
flame length is around 0.125 m from the LES, close
to the experimental value L; =0.12m [8].
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Fig. 4. Radial profiles of mean temperature (upper row),
CHy (middle row) and OH (bottom row) mass fractions
from SMA2. Experimental data from Ref. [8].

x/D,=1.0

2000

1500]
1000
500
0.25
0.20
0.15]
0.10
0.05

o88;

0.004
0.003
0.002
0.001
0.000

YOZ

YOH

Fig. 5. Time averaged conditional temperature, O, and
OH mass fractions from SMA2. Symbols: measurements
[8]; solid lines: LES/3D-CMC; dashed lines: 0D-CMC.

Radial distributions of the time averaged
temperature, 7', CH; and OH mass fractions,
(Ycn,)and Yop, are presented in Fig. 4. The fields
of T and <)~/CH4> are correctly predicted, including
the peak values and their locations. Nevertheless,
at x/D,=0.4 and 0.6, the computed Yoy is con-
siderably higher than the measured one, although
downstream (see x/D, =1.0) the agreement is
improved. This difference was also observed in
LES/FGM modelling of SMA2 with GRI 3.0
mechanism [14] and FDF modelling with GRI
2.11 [15]. Figure 5 shows the mean conditional
temperature, 7'|n, O, and OH mass fractions,

Yo2|n and You|n, at two streamwise locations. The
conditional means were calculated at the same

Fig. 6. Contours of )~’0H from (a) SMA2, (b) SMA3 and
(c) SMAA4. Black lines: stoichiometric mixture fraction;
white lines: zero axial velocity.

radial locations (e.g., |r| < 0.16D, for SMA2) as the
measurements. The fully burning profiles from 0D-
CMC calculations are also shown. At x/D, =0.4,

the computed ﬁ? and Yo, |n are respectively lower
and higher than the measured ones, indicating that
the considerable transient flame structure may de-
viate from the near-equilibrium state. However, at
x/Dy = 1.0, good agreement is shown for both 7'|n

and Yo, |n. For You|n, however, its magnitude close
to &g =0.25 is over-predicted at both locations.
This may lead to the higher mean OH mass frac-
tion shown in Fig. 4. Over-predictions of OH mass
fraction were also observed, e.g., from LES/FGM
[14] and LES/FDF [15] of SMA2, LES/FDF
[26], LES/CMC [2], and RANS/PDF (Reynolds
Averaged Navier—Stokes with Probability Density
Function model) [27] of Sandia flames. It was
attributed to the chemical kinetics used and/or the
response of OH to local scalar dissipation fields.
In the present sub-filtered CMC model, this may

also result from the fact that You|n shows a strong
sensitivity to the instantaneous variations of scalar
dissipation rate estimated with AMC model or
conditional numerical fluxes (e.g. convection) and
hence cannot sustain itself at an intermediate level
for a long time [2,5].

3.2. SMA3 and SMA4

Contours of filtered OH mass fractions T’OH are
presented in Fig. 6. For x/D, < 2.0, the iso-lines of
&, are close to the Recirculation Zone (RZ) inner
boundaries surrounding the fuel jet and the length
and shape of the RZ do not change qualitatively
from SMA2 to SMA4. For SMA2, Yoy is high
along the whole iso-lines of stoichiometric mixture
fraction, indicating that there is little local extinc-
tion in SMA2. This agrees well with the experiment
[8]. In addition, considerable OH is also observable
in the upstream part of the RZ, which is consistent
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Fig. 7. Radial profiles of mean temperature (upper row),
CHy (middle row) and OH (bottom row) mass fractions
from SMA3. Experimental data from Ref. [8]. Statistics
compiled with 10 flow-through times after first 10 flow-
through times to eliminate the initial field effects.

with the local mixture fraction value being close to
&, (Fig. 3). When the fuel jet velocity is doubled in
SMA3, You becomes much lower in the upstream
part of the RZ and the flame has been lifted off
the bluff body surface. In addition, along the right
branch of &, iso-lines at 1.0 < x/D, <2.0, You
is also reduced (Fig. 6b). Beyond x/D, =2.5, OH
pockets are transported from upstream due to the
increased local velocity and also turbulence com-
pared to SMA2. For SMA4 in Fig. 6¢, the flame
is lifted more and the flame becomes more frag-
mented than SMA3, which implies that there are
more severe localised extinctions occurring. The
current LES/3D-CMC reasonably well predicts the
varying local extinction extent with increasing fuel
jet velocity. Also, the local extinction first appears
at the flame base, consistent with experiment [8§].
However, the computations predict local extinc-
tion with a smaller fuel jet velocity (SMA3), which
still corresponds to a fully burning flame in the
experiments and actually the operating conditions
of SMA4 slightly exceed the stability limits Uj s
=216 m/s, beyond which onset of instantaneous
localised extinction is visibly found [§].

Radial profiles of T', (Ycn,) and You, for SMA3
are shown in Fig. 7. <17CH4> is predicted well, while
T is under-predicted in the RZ at x/D, =0.4
and 0.6. Similar to the SMA2 results in_Fig. 4,
discrepancies exist between the computed Yoy and
the measurements. Additionally, the asymmetry
of the computed reactive scalars in Fig. 7 may be
caused by a not sufficiently long period (i.e., 10 7)
for the statistics collection in SMA3 case. Figure 8

presents 7’"Tn, m and )70;|/17 from SMA3. At
x/D, = 0.4, good agreement of calculated 7'|n and
Youln with the experimental results is obtained.

Therefore, the under-prediction of Yoy at x/Dy
=0.4 in SMA3 probably results from the lower

0.0 0.5 1.0 0.0 0.5 1.0
g 13

Fig. 8. Mean conditional temperature, O, and OH mass
fractions from SMA3. Legend as in Fig. 5.
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500 Z " " "

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 9. Conditional temperature at x/D, =1 and r/D,
< 0.6 at different time instants from (a) SMA2 and (b)
SMA3. The scatter plot is from the experiment [8§].

computed local mixture fraction field [3], which is
also a source for the OH deviation in the current
simulations. In the LES results, higher Yo, |n exists
near &, = 0.25, which indicates smaller reactivity.

At x/D, =1.0, an and m are correctly pre-

dicted, however, You|n is again over-calculated,
due to the under-prediction of localised extinction.
Compared to the SMA2 counterparts in Fig. 5,
experimentally, SMA3 demonstrates stronger indi-
cations for its flame structures deviating from the
fully reactive state, such as lower temperature and
higher oxidizer concentration at stoichiometry.
The instantaneous_evolutions of conditionally
filtered temperature 7'|n from SMA2 and SMA3
extracted from the CMC cells located at x/D, =1
and r/D, < 0.6 are plotted in Fig. 9. In the SMA2
case, T'|n has comparatively small variations which
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Fig. 10. Time evolutions of conditional (a) OH mass frac-
tion, scalar dissipation rate, and (b) convection, dilata-
tion and sub-filter diffusion fluxes at &;; = 0.25. Results
extracted from one CMC cell at x/D;, = 0.8, y/D;, =0.08
and z/Dp = 0 in SMA4. The dashed line in (a) denotes the
critical extinction value from 0D-CMC, N|&; = 188.8 1/s.
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Fig. 11. Budget analysis of CMC terms for the condi-
tional OH mass fraction. Results extracted from the same
CMC cell as in Fig. 10.

are consistent with the experimental results. How-
ever, in the SMA3 case, considerable variations of
T'|n can be seen and the T'|n at &, can be as low as
about 1000 K, approaching an inert mixing state.
These variations are also present in the experimen-
tal data with the large scatter shown in Fig. 9b.
Localised extinctions in SMA4 presented in
Fig. 6¢ are further analysed in Figs. 10 and 11. The
results in Fig. 10 are extracted from a CMC cell
located at x/D, =0.8, y/D, =0.08 and z/D;, =0.

Figure 10a shows the time evolutions of Yoyl&

and N|&,. Youlé, alternately changes between 0
and 0.005, which indicates the frequent occurrence
of local extinction (e.g., = 0.016 s) and re-ignition
(e.g., t=0.01625s). It has been accepted that the
scalar dissipation rate plays a key role in modelling
local extinction with the CMC model [2,5,6] and in

the current results, the durations with low Yoyl
(e.g., between  =0.016 and 0.0162 s) and therefore
occurrence of localised extinction are indeed ex-

posed to the scalar dissipation rates close to the crit-
ical extinction value from 0D-CMC calculations.
The evolution of the convection, dilatation and
sub-filter diffusion fluxes, i.e., CMC terms in physi-
cal space (Veyce TV, Veme T, and Vepe TS in Eq. 3),
for the OH are plotted in Fig. 10b. Their respective
discretised forms within finite volume framework
can be found in Eq. (3). It can be seen that the mag-
nitude of Veye Ty is negligibly small, compared
to that of Veyce Ty and Veye Ty, consistent with
the finding from LES/CMC of Sandia flame [28].
Additionally, the contribution from Veye T is also
lower than that from Ve 77" and when localised
extinction happens with very low OH, Ve T3 is
very close to zero, which can be confirmed by its
discretised equation in Eq. (3). When the CMC cell
is fully reactive, dilatation flux demonstrates the
pronounced low-frequency fluctuations, probably
following the variations of volume flux Uy - nAS
at the CMC faces. Also, it can be negative or pos-

itive contribution to local You|&,. The evolution
of convection flux is interesting. Clearly, there are
corresponding positive (efflux) or negative (influx)
contributions when local extinction or re-ignition
occurs, shown in Fig. 10b. Actually this relation
is not limited to this analysed CMC cell, and
this implies that the convection flux VeyeT7" can
also result in or facilitate local extinction, besides
re-ignition. The latter has been pointed out in Refs.
[2,5,29] with the CMC modelling.

A budget analysis of the individual CMC terms

from Eq. (3) with respect to You|n is made in
Fig. 11 for both localised extinction (1 = 0.015983 s
in Fig. 10) and re-ignition (z =0.016245 s) events.
Results in Fig. 11 are from the same CMC cell as
that in Fig. 10. When extinction happens, 75 shows
significant negative contribution. The magnitude
of T is comparable with that of 73, and the

former tends to reduce Youl|n. T, is still finite
since complete extinction has not been reached.
However, during the re-ignition in Fig. 11b, the
convection flux 77 has negative values, indicating

the influx of Yoy|n from the neighboring cells.
Therefore, convection constitutes one of the rea-
sons to re-ignite the flame due to the interaction
between neighbouring CMC cells in physical space.
However, it is still not clear if the re-ignition can
also occur in n-space with cold fuel (n =0) and
oxidizer (n = 1) boundaries. Stand-alone 0D-CMC
calculation with instantaneous N|n from an extin-
guished cell in the 3D-CMC simulation [2] showed
that this cell cannot become re-burning without
physical transport unless the scalar dissipation
falls to low values for a long period. In addition,
the magnitudes from 7;° and 7 are negligible
for both instants in Fig. 11, consistent with the
findings from Fig. 10. Therefore, the conditional
convection plays a significant role in onset of both
local extinction and re-ignition.
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4. Conclusions

The LES/3D-CMC model with detailed chem-
istry is used to simulate the Sydney swirling non-
premixed flames with different levels of localised
extinction. The current simulations predict reason-
ably well the statistics of velocity, mixture fraction,
and major species mass fraction in physical and
mixture fraction space. However, discrepancies
exist for the hydroxyl mass fraction, possibly due
to its response to the scalar dissipation rate and
the resolved mixture fraction. The LES/3D-CMC
also captures the level of local extinction in three
cases with progressively increased fuel jet velocities.
Additionally, the location where local extinction
first occurs also agrees with experiment. The con-
tributions from each term in the CMC equation for
OH mass fraction are analysed and it is found that
both local extinction and re-ignition are affected
by the convective flux, while the dilatation has
a finite contribution only when the local flame
structure is far from extinction.
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