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Abstract 

The Large Eddy Simulation (LES) / Conditional Moment Closure (CMC) model with detailed chemistry 
is used for modelling spark ignition and flame propagation in a turbulent methane jet in ambient air. Two 

centerline and one off-axis ignition locations are simulated. We focus on predicting the flame kernel forma- 
tion, flame edge propagation and stabilization. The current LES/CMC computations capture the three stages 
reasonably well compared to available experimental data. Regarding the formation of flame kernel, it is found 

that the convection dominates the propagation of its downstream edge. The simulated initial downstream and 

radial flame propagation compare well with OH-PLIF images from the experiment. Additionally, when the 
spark is deposited at off-centerline locations, the flame first propagates downstream and then back upstream 

from the other side of the stoichiometric iso-surface. At the leading edge location, the chemical source term 

is larger than others in magnitude, indicating its role in the flame propagation. The time evolution of flame 
edge position and the final lift-off height are compared with measurements and generally good agreement 
is observed. The conditional quantities at the stabilization point reflect a balance between chemistry and 

micro-mixing. This investigation, which focused on model validation for various stages of spark ignition of 
a turbulent lifted jet flame through comparison with measurements, demonstrates that turbulent edge flame 
propagation in non-premixed systems can be reasonably well captured by LES/CMC. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Spark ignition of a flammable mixture is a 
fundamental problem in combustion science [1,2] . 
It deals with a transient process, from flame kernel 
formation, to subsequent expansion and to fully 
reacting state. Turbulent flame ignition is not only 
influenced by the canonical quantities such as 
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inimum ignition power and critical flame radius,
ut it is also strongly dependent on the local
urbulence characteristics, fuel properties and also
urner configurations [1,2] . Therefore, understand-

ng of the ignition of turbulent flames is still a
hallenging task for both experimentalists and
odellers. 

Because of its simple configuration, ignition of 
et flows has been experimentally investigated in
erms of ignition transients, ignition probability,
ame propagation and stabilization. For instance,
he correlations between jet/co-flow parameters
nd the critical streamwise locations were investi-
ated in turbulent lifted methane flames [3] . More
etailed measurements were also made for diluted
ethane jet flows by Ahmed and Mastorakos [4] ,
ho focused on three stages of flame evolution
hen a spark is applied, i.e., flame kernel growth,
ownstream flame propagation and radial expan-
ion, and upstream flame propagation. This latter
hase relies on edge flame propagation [1,5] . The

gnition probability was also discussed for differ-
nt operating conditions, which provides further
nsights about ignitability of jet flows compared to
he earlier work [6,7] . 

The jet ignition experiments in Ref. [4] have been
sed to examine flame ignition models. Reynolds-
veraged Navier–Stokes (RANS) simulations with
MC were applied by Richardson and a significant
ifference was observed between the simulated and
easured flame front location [8] . Recently, a series

f LES studies for this flame were reported [9–11] ,
emonstrating the accuracy of their respective sub-
rid scale combustion models in predicting tran-
ient flame evolution. LES/CMC has been applied
or simulation of spark ignition of a non-premixed
luff-body flow [12] , in which the recirculating
ame is compact and the transient is relatively short

13] . More recently, Rosiak and Tyliszczak simu-
ated the flame development and propagation after
park ignition of a turbulent non-premixed hydro-
en jet in oxy-combustion regimes with LES/CMC
14] . However, in this work, no comparisons with

easurements were made and therefore the accu-
acy of the results cannot be assessed. 

This paper will discuss LES/CMC simula-
ions of development and stabilization of a
on-premixed jet flame following localized spark

gnition, and hence test the second and third
hases of overall burner ignition, as classified by
astorakos [1] . In particular, in the ignition of 

 non-premixed jet, and depending on the spark
ocation, flame expansion spans a range of modes,
rom stratified, to “premixed/non-premixed” or
partially premixed”, to triple and edge flames. The
ES/CMC model has not been tested explicitly for

uch flames with mixed modes, but they are at the
eart of the practical ignition processes. Getting
he lift-off height right (partially achieved before
ith RANS/CMC like in Ref. [15] or LES/CMC

ike in Ref. [16] ) tests only the last phase. Note that
Please cite this article as: Huangwei Zhang, A. Giusti and E. M
propagation in a non-premixed methane jet, Proceedings of th
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in Ref. [16] , a lifted non-premixed flame produced
by a fuel jet issuing into a hot vitiated co-flow
was studied. To the authors’ knowledge, this is the
first study where the accuracy of LES/CMC in
capturing flame propagation across a wide range
of flame regimes after spark ignition is assessed
through quantitative comparisons with the exper-
imental data. In the following, models and flame
information will be presented in Section 2 , while
the results and discussion will be given in Section
3 , followed by the conclusions in the last Section. 

2. Model and flame information 

2.1. LES and CMC models 

The LES equations for mass, momentum, and
mixture fraction are derived by applying low-pass
Favre filtering to their respective instantaneous
equations. The sub-grid scale stress tensor is closed
by the constant Smagorinsky model. The mix-
ture fraction sub-grid variance ˜ ξ ′′ 2 is modelled by˜ ξ ′′ 2 = c v �2 ∇ ̃

 ξ · ∇ ̃

 ξ with c V = 0.1 [17] and � the fil-
ter width, estimated as the cube root of the LES
cell volume. The filtered scalar dissipation rate ˜ N 

includes the resolved and sub-grid parts [18] 

˜ N = 

˜ N res + 

˜ N sgs , (1)

in which 

˜ N res = D ∇ ̃

 ξ · ∇ ̃

 ξ and 

˜ N sgs = 

c N 
2 

μt 
ρ�2 

˜ ξ ′′ 2

with C N 

= 42 [19] . D is the molecular diffusivity, μt
is the turbulent viscosity and ρ̄ is the filtered den-
sity. 

The integral form of the CMC governing equa-
tions for the conditionally filtered mass fraction of 
αth species, i.e., Q α ≡ ˜ Y α| η, reads [20,21] ∫ 

�CMC 

∂ Q α

∂t 
d�︸ ︷︷ ︸ 

T 0 

+ 

∫ 
�CMC 

∇ · (˜ U | ηQ α

)
d�︸ ︷︷ ︸ 

T 1 

= 

∫ 
�CMC 

Q α∇ · ˜ U | ηd�︸ ︷︷ ︸ 
T 2 

+ 

∫ 
�CMC 

˜ N| η ∂ 2 Q α

∂ 2 η
d�︸ ︷︷ ︸ 

T 3 

+ 

∫ 
�CMC 

˜ ω α| ηd�︸ ︷︷ ︸ 
T 4 

+ 

∫ 
�CMC 

∇ · ( D t ∇ Q α ) d�︸ ︷︷ ︸ 
T 5 

(2)

where t is time and η is the sample space variable for
ξ . �CMC denotes the CMC cell. ˜ U | η, ˜ N | η, and 

˜ ω α| η
are the conditionally filtered velocity, scalar dissi-
pation rate, and reaction rates of the αth species, re-
spectively. D t is the sub-grid scale diffusivity, given
by D t = μt / ̄ρS c t with turbulent Schmidt number
Sc t = 0.4 [22] . 

The assumption 

˜ U | η ≈ ˜ U is adopted for
Eq. (2) . For ˜ N| η, the Amplitude Mapping
astorakos, LES/CMC modelling of ignition and flame 
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Closure (AMC) model [23] is applied, i.e.,˜ N| η = N 0 G(η) , where N 0 = 

˜ N / ∫ 

1 
0 

˜ P (η) G(η) dη

and G(η) = exp( −2 [ er f −1 ( 2 η − 1 ) ] 2 ) . The fil-
tered scalar dissipation rate ˜ N is calculated with
Eq. (1) . ˜ P (η) is the Filtered probability Density
Function (FDF) and is estimated with beta-
function. The first order CMC model is used,
so that ˜ ω α| η ≈ ω α ( Q 1 , . . . Q n , Q T ) . Here n is the
number of species and Q T ≡ ˜ T | η represents the
conditionally filtered temperature. The filtered
variable ˜ f is calculated from the conditional value˜ f | η through 

˜ f = 

∫ 1 
0 

˜ f | η ˜ P (η) dη. 

2.2. Flame information and numerical 
implementation 

Fuel is injected through a circular pipe of di-
ameter D j = 0.005 m with bulk velocity equal to
U j = 25.5 m/s. The fuel is air-diluted methane (70%
CH 4 and 30% air by vol.). The stoichiometric mix-
ture fraction ξ st is 0.0976, while the mixture frac-
tions corresponding to rich and lean flammability
limits are ξ rich = 0.1582 and ξ lean = 0.0503, respec-
tively. Three different spark locations are selected,
two centerline locations, i.e., 40 D j and 30 D j , and
one off-axis location with streamwise distance be-
ing 4 D j and radial distance being D j . For brevity,
these three cases will be, respectively, termed as
40 D j , 30 D j and 4 D j hereafter. The full flame devel-
opment is simulated in both 40 D j and 4 D j cases. In
addition, 30 D j case is computed for investigating
flame kernel formation and initial propagation. 

The cylindrical LES domain starts at the jet exit
with extension 170 D j × 75 D j × 2 π in the longitudi-
nal, 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. A LES mesh of approximately
10,000,000 tetrahedral cells with local refinement in
the jet flame region is used. The domain for CMC
in physical space is identical to the LES one with
around 160,000 polyhedral CMC cells. The mixture
fraction space is discretized by 51 nodes. 

For the LES, the synthesized turbulent inlet
method is used for inlet turbulence [24] . At the side
and outflow boundaries, zero gradient condition
for the velocities is assumed. Zero pressure gradient
is enforced for the fuel inlet. The mixture fraction
is unity at the central fuel jet exit, while zero gradi-
ent condition is assumed for the lateral and outflow
boundaries. For the CMC domain, inert mixing so-
lution is assumed at all the inlets. For the lateral and
outlet boundaries, zero gradient conditions for Q α

are applied. 
In mixture fraction space, at η = 0 (oxidizer), the

mass fractions of O 2 and N 2 are 23.3% and 76.7%,
respectively, while at η = 1 (fuel), the mass fractions
of O 2 , N 2 and CH 4 are 10%, 32.9% and 57.1%,
respectively. The temperature for both boundaries
is 298 K. The initial CMC solution is assumed to
Please cite this article as: Huangwei Zhang, A. Giusti and E. M
propagation in a non-premixed methane jet, Proceedings of th
2018.09.031 
be chemically inert, except the spark locations. The 
spark is numerically mimicked with a localized fully 
burning Q α solution, obtained using a stand-alone 
0D-CMC ( Eq. 2 without T 1, T 2 and T 5) solver with 

the above boundary conditions and constant peak 

scalar dissipation rate N 0 = 100 1/s. This strategy 
has also been used in previous studies [12] . In this 
work the spark radius is assumed to be 0.003 m, re- 
sulting in approximately 100 CMC cells in the nu- 
merical spark region. The burning flamelet is de- 
posited at t = 0 s. 

The finite volume CMC solver solving Eq. (2) is 
interfaced with the OpenFOAM 

® LES solver [25] . 
For LES, the numerical setup is identical to the 
one used in the previous work [21,26,27] . The time 
step is 4 × 10 −6 s. The operator splitting method is 
applied for the solution of the discretized CMC 

equations, Eq. (2) . First-order Euler time scheme 
is used for the transport in physical space ( T 1, T 2 
and T 5). The first order upwind and second order 
central differencing schemes are used for the terms 
T 1 and T 5. TDMA (Tri-Diagonal Matrix Algo- 
rithm) is applied in η-space for solving T3 , and the 
stiff ODE solver VODPK [28] is used for T4 . The 
ARM2 mechanism (19 species and 15 reactions) 
[29] is used. For t < 0.0001 s, relaxation between 

time steps for the density in LES solver is applied to 

avoid numerical stability issues. Bi-directional data 
exchange between two solvers is executed for each 

time step, following the strategy detailed in Refs. 
[20,26] . 180 processors on the Cirrus cluster of the 
UK National HPC Facilities are used for the cur- 
rent simulations and 0.01 s of physical time can be 
obtained for 24 h wall clock time. 

Mean and rms values of filtered velocity fields 
from LES of an air jet with the above LES mesh 

and U j = 21 m/s were compared with the measure- 
ments from Ref. [4] and good agreement was found. 
Furthermore, the mean of filtered mixture fraction 

field for the non-reacting air-diluted methane (CH 4: 
air = 70%:30% by vol.) jet flow with U j = 25.5 m/s, 
which will be used as the initial fields for the fol- 
lowing ignition studies, is also well predicted com- 
pared to the correlations by Richards and Pitts [30] . 
These validations will not be expanded here due to 

the space limitation. 

3. Results and discussion 

3.1. Flame kernel formation and initial flame 
expansion 

Figure 1 shows the centerline profiles of 
flammability factor, calculated from LES of non- 
reacting air-diluted methane jet with U j = 25.5 m/s. 
The mean mixture fraction is also added. The rich 

and lean flammability limits lie at approximately 
x = 33 D j and 80 D j , respectively. The flammabil- 
ity factor F is estimated from F = 

∫ ξrich 
ξ

P(η) dη

lean 

astorakos, LES/CMC modelling of ignition and flame 
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Fig. 1. Centerline distributions of mean mixture fraction 
and flammability factor. Dashed vertical lines: rich and 
lean flammability limits. 
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Fig. 2. Contours of (a) ˜ Y OH 

and (b) ˜ Y OH 

| ξst . Results 
from 40 D j case. White iso-lines: ξ st = 0.0976. t = 0.01 s. 

a

b

Fig. 3. Budget analysis of individual terms in Eq. (2) for 
˜ Y OH 

| η at locations of (a) Q1 and (b) Q2 (marked in Fig. 
2 (b). V CMC is the volume of CMC cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28] , in which P ( η) is the beta-shaped PDF cal-
ulated with the mean mixture fraction and its
tandard deviation. F increases until x = 45 D j 

roughly corresponding to locations of ξ st ), and
hen gradually decreases and after x = 110 D j it
ends to zero. Finite F also exists in the regions
eyond the flammability limits. These trends were
lso observed by Smith et al. in the ignition ex-
eriments in jet flows with different fuels [31] .
t was shown from their experiments that, along
he jet centerline, the flammability factor F is a
ood approximation to the probability of flame
ernel formation, which is not calculated in the
resent work due to computational cost. As shown

n Fig. 1 , F for spark locations at x = 30 D j and
0 D j is respectively 0.4 and 0.9. Indeed, in the
omputational ignition attempts (25 various initial
elds were chosen) with different initial fields for
oth locations, failure of flame kernel formation at
 = 30 D j is more frequent than that at x = 40 D j . 

The movement of the newly generated flame
ernel is a significant aspect for this ignition ex-
eriment [4] , and also a significant measure for
odel validation. To clarify this, the successfully

nitiated flame kernel at t = 0.01 s, after the spark
s deposited at t = 0 s and x = 40 D j , is visualized
hrough the resolved OH mass fraction 

˜ Y OH 

in
ig. 2 (a). The shape is still almost circular, although

he front is slightly distorted by the local turbu-
ence. The highest concentration of OH is not close
o the ξ st isolines; instead, the high 

˜ Y OH 

lies near
he interface between the flame kernel and fresh
ixture. This can be confirmed by the correspond-

ng distribution of ˜ Y OH 

| ξst in Fig. 2 (b). To investi-
ate the local contributions of different physics in-
icated by the CMC equation, Eq. (2) , budget anal-

sis for ˜ Y OH 

| η is shown in Fig. 3 . Two locations
long the centerline are selected, i.e., Q 1 ( x = 50 D j )
nd Q 2 ( x = 40 D j ), roughly corresponding to the
pstream and downstream edges of the considered
Please cite this article as: Huangwei Zhang, A. Giusti and E. M
propagation in a non-premixed methane jet, Proceedings of th
2018.09.031 
kernel. For both Q 1 and Q 2, the scalar dissipation
rate ( T 3) and sub-filter diffusion ( T 5) terms are neg-
ligible, while the conditional dilatation term, T2 ,
only shows weak contribution. For Q 1, both con-
ditional convection and chemistry are sink terms
for 0.05 < η < 0.125, while for η ≈ 0.135 chemistry
dominates over the convection and becomes source
term. For Q 2, chemistry is balanced by convection
for most locations (e.g., 0.08 < η < 0.1) in η-space.
Therefore, the downstream expansion of the kernel
is dominated by the transport in physical space. 

The evolution of flame after the kernel is formed
is plotted in Fig. 4 , and the comparison is made be-
tween OH-PLIF [4] and 

˜ Y OH 

from the LES/CMC.
At t = 0.005 s, the computational results show that
the flame first expands downstream. At t = 0.01 s,
downstream propagation occurs, accompanied by
a radial expansion of the flame. 0.02 s later (see
Fig. 4 (c)), the flame dimension is further increased.
The computed radial width is slightly over 8 D j ,
close to the measured value 7 D j [4] . Neverthe-
astorakos, LES/CMC modelling of ignition and flame 
e Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 4. Comparisons of the time evolution of flame posi- 
tion for 40 D j case. First row: OH-PLIF [4] ; second row: 
˜ Y OH 

from LES/CMC. Image size: 21 D j × 13 D j ; bottom 

location: 24 D j off the jet exit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Time evolutions of ˜ T (in K) for off-axis ignition 
4 D j at t = (a) 0.005 s, (b) 0.029 s, (c) 0.038 s, (d) 0.049 s, (e) 
0.08 s and (f) 0.14 s. Iso-lines: ξ st . Interval between ma- 
jor ticks is 10 D j . Insets are the top-view at the specified 
streamwise locations marked with dashed lines. 
less, differences also exist. For instance, in the ex-
periments the flame starts to propagate upstream
at about 0.017 s [4] and at t = 0.03 s in Fig. 4 (c)
the flame has already shown significant upstream
movement. In the simulation results, the flame does
not move upstream considerably at this instant.
This can be justified by the budget analysis in
Fig. 3 (b), i.e., the balance between convection and
chemistry in η-space. 

3.2. Edge flame propagation and stabilization 

The time evolution of filtered temperature ˜ T 

from off-axis ignition 4 D j case is plotted in Fig. 5 .
After t = 0.005 s, the flame kernel has formed, but
the hot pocket is still confined close to the spark
location as shown in Fig. 5 (a) and the inset for
x = 4 D j . Then the flame starts to propagate down-
stream along the ξ st isolines and, at t = 0.029 s, it
has reached 20 D j as shown in Fig. 5 (b). This is close
to the distance (23 D j ) observed from high-speed
camera images for this case (see Fig. 9 in Ref. [4] ).
The flame also expands circumferentially, towards
both sides of ξ st iso-lines, which is noticeably shown
in the two insets in Fig. 5 (b). Note that the circum-
ferential propagation along ξ st at x = 7.5 D j seems
faster than at x = 5 D j . Approximately 0.01 s later in
Fig. 5 (c), for the location of 20 D j , ˜ T has increased
for the whole isolines. However, the right branch
below 15 D j is still not ignited. Then at t = 0.049 s
in Fig. 5 (d), downstream movement of the flame
along both ξ st branches is observable. The flame
along the right branch starts to propagate upstream
Please cite this article as: Huangwei Zhang, A. Giusti and E. M
propagation in a non-premixed methane jet, Proceedings of th
2018.09.031 
towards the jet exit. The hot gas is transported fur- 
ther and at t = 0.14 s the flame is fully developed as 
in Fig. 5 (f). The streamwise stabilization point (i.e., 
lift-off height) is around 10 D j , close to the mea- 
sured results (see Fig. 9 in Ref. [4] ). The transient 
ignition process with off-centerline spark is differ- 
ent from that with centerline cases which will be 
discussed later. The flame leading edge generally 
moves from spark towards jet exit as observed from 

measurements [4] , although the leading point varies 
spatially with the flame development duration [9] . 
astorakos, LES/CMC modelling of ignition and flame 
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Fig. 6. Distributions of ˜ Y OH 

| ξst (first row) and ˜ Y OH 

(sec- 
ond row) for 30 D j case at t = (a,d) 0.005 s, (b,e) 0.05 s, and 
(c,f) 0.23 s. Iso-lines: ξ st . Interval between major ticks in 
(a)–(f) is 10 D j . (g) and (h) correspond to dashed boxes in 
(c) and (f), respectively. I, II, III are ξ lean , ξ st and ξ rich iso- 
lines. 
To understand the mechanism of edge flame
ropagation, it is relevant to analyze the evolu-
ion of flame structures in η-space (here visual-
zed with 

˜ Y OH 

| ξst ). ˜ Y OH 

| ξst at three different instants
uring the flame propagation (before reaching the
tabilization point) is shown in Fig. 6 (a)–(c) for
he 30 D j ignition case. The corresponding ˜ Y OH 

for
he same instants is also shown in Fig. 6 (d)–(f).
t t = 0.005 s, burning flame structure with high

˜ 

 OH 

| ξst is very localized, around the spark location.
his is similar to the flame kernel from the 40 D j

ase in Fig. 2 (b). When t = 0.05 s, the burning flame
tructure has expanded downstream and radially,
eyond the ξ st isolines for x > 10 D j. This leads to
nite ˜ Y OH 

in physical space ( x > 10 D j ) as shown in

ig. 6 (e). At t = 0.23 s, the region with high 

˜ Y OH 

| ξst 

s further increased. The structure of the leading
dge in Fig. 6 (c) and (f) is enlarged with ξ rich , ξ st and
lean overlaid in Fig. 6 (g) and (h). Generally, high

˜ 
 OH 

is confined within ξ lean isolines, and mostly fol-
ows the ξ st isolines. 

Similar to Fig. 3 , budget analysis of one CMC
ell (marked as Q3 in Fig. 6 (h)) is made and the

ontributions of each term in Eq. (2) for ˜ Y OH 

| η are
lotted in Fig. 7 . For this Q 3 cell, the magnitudes
f T 3 and T 4 are much larger than others. For most
f the shown range of mixture fraction, T 4 term
conditional chemical source term) acts as a source
erm, dominating the net contributions to local
˜ 

 OH 

| η. For 0.06 < η < 0.12, T 3 (micro-mixing) and
 1 (convection) are weak sink terms. Note that here
 1 is a net contribution of numerical fluxes from all

he neighbouring CMC cells, including influx and
fflux. The flame edge movement towards the jet
xit is accompanied by propagation of conditional
urning flame structures in physical space as shown

n Fig. 6 (c) and (f). This propagation is expected to
e affected by flow transport ( T 1 and T 5), although
heir contribution in Fig. 7 is small, which would be
ominated again by the chemistry term T 4 at new
ame edge locations. 

The time evolution of the flame edge position
or 30 D j and 40 D j cases predicted from LES/CMC
s shown in Fig. 8 . Results from a single igni-
ion simulations per spark location are considered,
hile the experimental data are averaged based
n ten independent measurements [4] . The flame
dge position is estimated as the longitudinally
owest location where ˜ Y OH 

is below the threshold
alue 0.0005. For the 40 D j case, the flame edge
oves upstream gradually, which is correctly cap-

ured for most of the shown time. Meanwhile, at
bout t = 0.7 s, the flame stabilizes at around 15 D j ,
onsistent with the experiemntal data in Fig. 8 .
wo differences should be discussed. Firstly, the
ES/CMC does not reproduce the flame kernel
ownstream propagation for the initial 0.03–0.04 s;

nstead, the flame edge position monotonically de-
Please cite this article as: Huangwei Zhang, A. Giusti and E. Mastorakos, LES/CMC modelling of ignition and flame 
propagation in a non-premixed methane jet, Proceedings of the Combustion Institute, https://doi.org/10.1016/j.proci. 
2018.09.031 
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Fig. 7. Budget analysis of individual terms in Eq. (2) for 
˜ Y OH 

| η at flame leading edge (marked as Q3 in Fig. 6 (h)). 
Legend as in Fig. 3 . 

Fig. 8. Flame edge position versus time for 30 D j and 40 D j 
cases. Experimental data from Ref. [4] . Error bars repre- 
sent 9% of the averaged flame edge positions reported in 
Ref. [4] . 
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Fig. 9. Contours of (a) ˜ Y OH 

and (b) ˜ Y OH 

| ξst for 40 D j case 
at stabilization point ( t = 0.71 s). Budget analysis of indi- 

vidual terms in Eq. (2) for ˜ Y OH 

| η for CMC cells (c) Q4 
and (d) Q5 at flame leading edge. Iso-lines in (a) and (b): 
ξ st . Interval between major ticks in (a) and (b) is 10 D j 
and the lowest shown height is10 D j . Contour colours in 
(a) and (b): blue: 0; red: 0.005. (For interpretation of the 
references to colour in this figure legend, the reader is re- 
ferred to the web version of this article). 
creases after the spark is deposited. Secondly, for
0 ≤ t ≤ 0.45 s, the flame propagates faster than the
measured results, leading to lower edge position (al-
though still close to the lower limit of the error
bar) at the same instant. These may be attributed
to the randomly selected initial non-reacting mix-
ing fields, or may be caused by the over-prediction
of the reactivity along the leading edge by the
CMC model, as discussed in Figs. 5 and 6 . Re-
garding the 30 D j case, only the early propagation
stage ( t ≤ 0.28 s) is simulated, and agreement be-
tween LES/CMC results and measurements is also
satisfactorily good. The computed flame edge posi-
tion starts to be close to the measurement at around
 = 0 . 15 s . 

Figure 9 (a) and (b) show the contours of ˜ Y OH 

and 

˜ Y OH 

| ξst for 40 D j case when the jet flame stabi-
lizes around x = 15 D j , as shown in Fig. 8 . Note that
the results in Fig. 7 are from 30 D j case. Through
Figs. 7 and 9 we do not try to discuss the ef-
fects of different ignition locations on flame sta-
bilization. Nevertheless, they are used to analyse
flame behaviours in different stages, i.e., edge flame
propagation and stabilization. The peak values of 
˜ 

 OH 

| ξst mainly lie at the ξ st isolines and leading
edge. This is similar to the distributions demon-
strated in Fig. 6 . The budget analysis of the CMC

equations for ˜ Y OH 

| η is performed for left and right
leading edge branches, i.e., Q 4 and Q 5 in Fig.
Please cite this article as: Huangwei Zhang, A. Giusti and E. M
propagation in a non-premixed methane jet, Proceedings of th
2018.09.031 
9 (b), and the corresponding results are shown in 

Fig. 9 (c) and (d). In both situations, the magni- 
tude of chemistry term ( T 4) and micro-mixing term 

( T3 ) is much higher than others terms. Also, the 
conditional flame structure demonstrates the bal- 
ancing or comparability between the chemical reac- 
tion and micro-mixing for 0.085 < η < 0.11, which 

directly leads to the small change of ˜ Y OH 

| η with re- 
spect to time in the local CMC cells. This is consis- 
tent with the previous CMC modelling of lifted jet 
flames [15] . Considering the CMC budget analysis 
for flame kernel in Fig. 3 , flame edge propagation 

in Fig. 7 and flame stabilization in Fig. 9 together, 
one can clearly see the significant underlying dif- 
ferences in these different stages and how the CMC 

combustion model captures these mechanisms. 

4. Conclusions 

The spark ignition and flame propagation in a 
turbulent methane jet in ambient air has been sim- 
ulated using the LES/CMC model with detailed 

chemistry. Three differernt ignition locations were 
considered, and the emphasis was on flame kernel 
formation, flame edge propagation and stabiliza- 
tion. The current LES/CMC predicts these three 
stages reasonably well. For the flame kernel for- 
mation, it is found that the convection dominates 
astorakos, LES/CMC modelling of ignition and flame 
e Combustion Institute, https://doi.org/10.1016/j.proci. 
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he propagation of its downstream edge. The initial
ownstream and radial flame propagation is dis-
ussed through comparison between the OH-PLIF
mages and the computed expansion extent, show-
ng a good agreement with the expriments. Ad-
itionally, the flame first propagates downstream
nd then upstream towards the nozzle along the
ther side of the stoichiometric iso-surface. At the
ame leading edge, the magnitude of the condi-
ional chemical source term is higher than others,
ndicating its importance for the flame propaga-
ion. The time evolutions of the flame edge po-
ition from two ignition cases are compared with
easurements and generally good agreement is ob-

ained. At stabilization point, the conditional flame
trucures at the leading edge reach the balance
etween chemistry and micro-mixing. This is the
rst investigation where the accuracy of LES/CMC
o capture flame propagation across a wide range
f flame regimes is validated through quantitative
omparisons with the expeimental measurments. 
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