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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 formation, 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 
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non-premixed systems can be reasonably well captured by LES/CMC. 

Keywords:  Flame kernel formation, flame edge propagation, flame stabilization, large eddy simulation, 

conditional moment closure  
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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 minimum 

ignition power and critical flame radius, but it is also strongly dependent on the local turbulence 

characteristics, fuel properties and also burner configurations [1, 2]. Therefore, understanding of the 

ignition of turbulent flames is still a challenging task for both experimentalists and modellers. 

Because of its simple configuration, ignition of jet flows has been experimentally investigated in 

terms of ignition transients, ignition probability, flame propagation and stabilization. For instance, the 

correlations between jet/co-flow parameters and the critical streamwise locations were investigated in 

turbulent lifted methane flames [3]. More detailed measurements were also made for diluted methane jet 

flows by Ahmed and Mastorakos [4], who focused on three stages of flame evolution when a spark is 

applied, i.e. flame kernel growth, downstream flame propagation and radial expansion, and upstream 

flame propagation. This latter phase relies on edge flame propagation [1, 5]. The ignition probability was 

also discussed for different operating conditions, which provides further insights about ignitability of jet 

flows compared to the earlier work [6, 7].  

The jet ignition experiments in Ref. [4] have been used to examine flame ignition models. 

Reynolds-Averaged Navier-Stokes (RANS) simulations with CMC were applied by Richardson and a 

significant difference was observed between the simulated and measured flame front location [8]. 

Recently, a series of LES studies for this flame were reported [9-11], demonstrating the accuracy of their 

respective sub-grid scale combustion models in predicting transient flame evolution. LES/CMC has been 

applied for simulation of spark ignition of a non-premixed bluff-body flow [12], in which the 

recirculating flame is compact and the transient is relatively short [13]. More recently, Rosiak and 

Tyliszczak simulated the flame development and propagation after spark ignition of a turbulent non-
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premixed hydrogen jet in oxy-combustion regimes with LES/CMC [14]. However, in this work, no 

comparisons with measurements were made and therefore the accuracy of the results cannot be assessed.  

This paper will discuss LES/CMC simulations of development and stabilization of a non-

premixed jet flame following localized spark ignition, and hence test the second and third phases of 

overall burner ignition, as classified by Mastorakos [1]. In particular, in the ignition of a non-premixed 

jet, and depending on the spark location, flame expansion spans a range of modes, from stratified, to 

“premixed/non-premixed” or “partially premixed”, to triple and edge flames. The LES/CMC model has 

not been tested explicitly for such flames with mixed modes, but they are at the heart of the practical 

ignition processes. Getting the lift-off height right (partially achieved before with RANS/CMC like in 

Ref. [15] or LES/CMC like in Ref. [16]) tests only the last phase. Note that 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 

experimental 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 mixture fraction sub-grid variance ξ''2̃  is modeled by ξ''2̃ =

cvΔ2∇ξ̃ ⋅∇ξ̃  with 
VC = 0.1 [17] and  the filter width, estimated as the cube root of the LES cell volume. 

The filtered scalar dissipation rate Ñ includes the resolved and sub-grid parts [18] 

Ñ = Ñres+Ñsgs,                                      (1) 
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in which  Ñres=D∇ξ̃ ⋅∇ξ̃ and Ñsgs =
cN

2

μt

ρ̅Δ2 ξ''2̃
with CN = 42 [19]. D is the molecular diffusivity,  μt is the 

turbulent viscosity and 𝜌̅ is the filtered density.  

The integral form of the CMC governing equations for the conditionally filtered mass fraction of -

th species, i.e. Qα ≡ Yα|η̃, reads [20, 21] 

∫
∂Qα

∂t
dΩ

ΩCMC⏟        
T0

+ ∫ ∇ ⋅ (U|η̃Qα)dΩΩCMC⏟            
T1

 = 

∫  Qα∇∙U|η̃dΩ
ΩCMC⏟          

T2

 +∫  N|η̃
∂2Qα

∂2η
dΩ

ΩCMC⏟          
T3

+ ∫ ωα|η̃dΩΩCMC⏟        
T4

+ ∫ ∇⋅(Dt∇Qα)dΩΩCMC⏟            
T5

,      (2) 

where t is time and  is the sample space variable for 𝜉. CMC denotes the CMC cell. U|η̃, N|η̃, and 

ωα|η̃ are the conditionally filtered velocity, scalar dissipation rate, and reaction rates of the -th species, 

respectively. Dt is the sub-grid scale diffusivity, given by Dt = μt/ρ̅Sct with turbulent Schmidt number 

Sct = 0.4 [22]. 

The assumption U|η̃ ≈ 𝐔̃ is adopted for Eq. (2). For 𝑁|𝜂̃, the Amplitude Mapping Closure (AMC) 

model [23] is applied, i.e. N|η̃ = N0G(η),   where 𝑁0 = 𝑁̃ ∫ 𝑃̃(𝜂)𝐺(𝜂)𝑑𝜂
1

0
⁄   and 𝐺(𝜂) =

𝑒𝑥𝑝(−2[𝑒𝑟𝑓−1(2𝜂 − 1)]2). The filtered scalar dissipation rate 𝑁̃ is calculated with Eq. (1). 𝑃̃(𝜂) is 

the Filtered probability Density Function (FDF) and is estimated with beta-function. The first order CMC 

model is used, so that 𝜔𝛼|𝜂̃ ≈ 𝜔𝛼(𝑄1, …𝑄𝑛, 𝑄𝑇) . Here n is the number of species and 𝑄𝑇 ≡ 𝑇|𝜂̃ 

represents the conditionally filtered temperature. The filtered variable f̃  is calculated from the 

conditional value f |η̃ through f̃ = ∫ f |η̃P̃(η)dη
1

0
. 

 

2.2 Flame information and numerical implementation 

Fuel is injected through a circular pipe of diameter Dj = 0.005 m with bulk velocity equal to Uj = 

25.5 m/s. The fuel is air-diluted methane (70% CH4 and 30% air by vol.). The stoichiometric mixture 
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fraction st is 0.0976, while the mixture fractions corresponding to rich and lean flammability limits are 

rich = 0.1582 and lean = 0.0503, respectively. Three different spark locations are selected, two centerline 

locations, i.e. 40Dj and 30Dj, and one off-axis location with streamwise distance being 4Dj and radial 

distance being Dj. For brevity, these three cases will be respectively termed as 40Dj, 30Dj and 4Dj 

hereafter. The full flame development is simulated in both 40Dj and 4Dj cases. In addition, 30Dj case is 

computed for investigating flame kernel formation and initial propagation.  

The cylindrical LES domain starts at the jet exit with extension 170Dj × 75Dj × 2 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. 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 gradient 

condition is assumed for the lateral and outflow boundaries. For the CMC domain, inert mixing solution 

is assumed at all the inlets. For the lateral and outlet boundaries, zero gradient conditions for Q are 

applied. 

In mixture fraction space, at  = 0 (oxidizer), the mass fractions of O2 and N2 are 23.3% and 76.7%, 

respectively, while at  = 1 (fuel), the mass fractions of O2, N2 and CH4 are 10%, 32.9% and 57.1%, 

respectively. The temperature for both boundaries is 298 K. The initial CMC solution is assumed to be 

chemically inert, except the spark locations. The spark is numerically mimicked with a localized fully 

burning Q solution, obtained using a stand-alone 0D-CMC (Eq. 2 without T1, T2 and T5) solver with 

the above boundary conditions and constant peak scalar dissipation rate N0 = 100 1/s. This strategy has 
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also been used in previous studies [12]. In this work the spark radius is assumed to be 0.003 m, resulting 

in approximately 100 CMC cells in the numerical spark region. The burning flamelet is deposited 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 (T1, T2 and 

T5). The first order upwind and second order central differencing schemes are used for the terms T1 and 

T5. TDMA (Tri-Diagonal Matrix Algorithm) is applied in -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 current simulations and 0.01 s of physical time can be obtained for 24 

hours wall clock time.  

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

and Uj = 21 m/s were compared with the measurements from Ref. [4] and good agreement was found. 

Furthermore, the mean of filtered mixture fraction field for the non-reacting air-diluted methane (CH4 : 

air=70%:30% by vol.) jet flow with Uj = 25.5 m/s, which will be used as the initial fields for the 

following ignition studies, is also well predicted compared 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 
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Figure 1 shows the centerline profiles of flammability factor, calculated from LES of non-reacting 

air-diluted methane jet with Uj = 25.5 m/s. The mean mixture fraction is also added. The rich and lean 

flammability limits lie at approximately x = 33Dj and 80Dj, respectively. The flammability factor F is 

estimated from 𝐹 = ∫ 𝑃(𝜂)𝑑𝜂
𝜉𝑟𝑖𝑐ℎ
𝜉𝑙𝑒𝑎𝑛

 [28], in which P(η) is the beta-shaped PDF calculated with the mean 

mixture fraction and its standard deviation. F increases until x = 45Dj (roughly corresponding to locations 

of st), and then gradually decreases and after x = 110Dj it tends to zero. Finite F also exists in the regions 

beyond the flammability limits. These trends were also observed by Smith et al. in the ignition 

experiments in jet flows with different fuels [31]. It was shown from their experiments that, along the jet 

centerline, the flammability factor F is a good approximation to the probability of flame kernel formation, 

which is not calculated in the present work due to computational cost. As shown in Fig. 1, F for spark 

locations at x = 30Dj and 40Dj is respectively 0.4 and 0.9. Indeed, in the computational ignition attempts 

(25 various initial fields were chosen) with different initial fields for both locations, failure of flame 

kernel formation at x = 30Dj is more frequent than that at x = 40Dj.  

The movement of the newly generated flame kernel is a significant aspect for this ignition 

experiment [4], and also a significant measure for model validation. To clarify this, the successfully 

initiated flame kernel at t = 0.01 s, after the spark is deposited at t = 0 s and x = 40Dj, is visualized through 

the resolved OH mass fraction 𝑌̃𝑂𝐻 in Fig. 2(a). The shape is still almost circular, although the front is 

slightly distorted by the local turbulence. The highest concentration of OH is not close to the 𝜉𝑠𝑡 isolines; 

instead, the high 𝑌̃𝑂𝐻 lies near the interface between the flame kernel and fresh mixture. This can be 

confirmed by the corresponding distribution of YOH|𝜉𝑠𝑡̃   in Fig. 2(b). To investigate the local 

contributions of different physics indicated by the CMC equation, Eq. (2), budget analysis for YOH|𝜂̃ is 

shown in Fig. 3. Two locations along the centerline are selected, i.e. Q1 (x = 50Dj) and Q2 (x = 40Dj), 

roughly corresponding to the upstream and downstream edges of the considered kernel. For both Q1 and 
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Q2, the scalar dissipation rate (T3) and sub-filter diffusion (T5) terms are negligible, while the conditional 

dilatation term, T2, only shows weak contribution. For Q1, both conditional convection and chemistry 

are sink terms for 0.05 <  < 0.125, while for  ≈ 0.135 chemistry dominates over the convection and 

becomes source term. For Q2, chemistry is balanced by convection for most locations (e.g. 0.08 <  < 

0.1) in -space. Therefore, the downstream expansion of the kernel is dominated by the transport in 

physical space. 

 

Fig. 1 Centerline distributions of mean mixture fraction and flammability factor. Dashed vertical lines: 

rich and lean flammability limits. 

The evolution of flame after the kernel is formed is plotted in Fig. 4, and the comparison is made 

between OH-PLIF [4] and 𝑌̃𝑂𝐻 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. 4c), the flame dimension is further increased. The 

computed radial width is slightly over 8Dj, close to the measured value 7Dj [4]. Nevertheless, differences 

also exist. For instance, in the experiments 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 -space.  
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Fig. 2 Contours of (a) 𝑌̃𝑂𝐻  and (b) YOH|𝜉𝑠𝑡̃  . 

Results from 40Dj case. White iso-lines: 𝜉𝑠𝑡  = 

0.0976. t = 0.01 s.  

Fig. 3 Budget analysis of individual terms in Eq. 

(2) for YOH|𝜂̃ at locations of (a) Q1 and (b) Q2 

(marked in Fig. 2b). VCMC is the volume of CMC 

cells. 

 

 

Fig. 4 Comparisons of the time evolution of flame position for 40Dj case. First row: OH-PLIF [4]; 

second row: 𝑌̃𝑂𝐻 from LES/CMC. Image size: 21Dj×13Dj; bottom location: 24Dj off the jet exit.  
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The time evolution of filtered temperature 𝑇̃ from off-axis ignition 4Dj 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 = 4Dj. Then the flame starts to propagate downstream along the 𝜉𝑠𝑡 

isolines and, at t = 0.029 s, it has reached 20Dj as shown in Fig. 5(b). This is close to the distance (23Dj) 

observed from high-speed camera images for this case (see Fig. 9 in Ref. [4]). The flame also expands 

circumferentially, towards both sides of 𝜉𝑠𝑡 iso-lines, which is noticeably shown in the two insets in Fig. 

5(b). Note that the circumferential propagation along 𝜉𝑠𝑡  at x = 7.5Dj seems faster than at x = 5Dj. 

Approximately 0.01 s later in Fig. 5(c), for the location of 20Dj, 𝑇̃ has increased for the whole isolines. 

However, the right branch below 15Dj is still not ignited. Then at t = 0.049 s in Fig. 5(d), downstream 

movement of the flame along both 𝜉𝑠𝑡 branches is observable. The flame along the right branch starts 

to propagate upstream towards the jet exit. The hot gas is transported further 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 10Dj, 

close to the measured results (see Fig. 9 in Ref. [4]). The transient ignition process with off-centerline 

spark is different 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]. 

To understand the mechanism of edge flame propagation, it is relevant to analyze the evolution of 

flame structures in η-space (here visualized with 𝑌𝑂𝐻|𝜉𝑠𝑡̃ ). 𝑌𝑂𝐻|𝜉𝑠𝑡̃  at three different instants during the 

flame propagation (before reaching the stabilization point) is shown in Figs. 6(a)-6(c) for the 30Dj 

ignition case. The corresponding 𝑌̃𝑂𝐻 for the same instants is also shown in Figs. 6(d)-6(f). At t = 0.005 

s, burning flame structure with high 𝑌𝑂𝐻|𝜉𝑠𝑡̃  is very localized, around the spark location. This is similar 

to the flame kernel from the 40Dj case in Fig. 2(b). When t = 0.05 s, the burning flame structure has 

expanded downstream and radially, beyond the 𝜉𝑠𝑡 isolines for x > 10Dj. This leads to finite 𝑌̃𝑂𝐻 in 

physical space (x > 10Dj) as shown in Fig. 6(e). At t = 0.23 s, the region with high 𝑌𝑂𝐻|𝜉𝑠𝑡̃  is further  
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Fig. 5 Time evolutions of 𝑇̃  (in K) for off-axis 

ignition 4Dj 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: 

𝜉𝑠𝑡 . Interval between major ticks is 10Dj. Insets 

are the top-view at the specified streamwise 

locations marked with dashed lines. 

Fig. 6 Distributions of 𝑌𝑂𝐻|𝜉𝑠𝑡̃   (first row) and 

𝑌̃𝑂𝐻 (second row) for 30Dj case at t = (a,d) 0.005 

s, (b,e) 0.05 s, and (c,f) 0.23 s. Iso-lines: 𝜉𝑠𝑡 . 

Interval between major ticks in (a)-(f) is 10Dj. (g) 

and (h) correspond to dashed boxes in (c) and (f), 

respectively. I, II, III are lean, st and rich isolines.  
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increased. The structure of the leading edge in Figs. 6(c) and 6(f) is enlarged with rich, st and lean 

overlaid in Figs. 6(g) and 6(h). Generally, high 𝑌̃𝑂𝐻 is confined within lean isolines, and mostly follows 

the st isolines. 

 

Fig. 7 Budget analysis of individual terms in Eq. (2) for YOH|𝜂̃ at flame leading edge (marked as Q3 

in Fig. 6h). Legend as in Fig. 3. 

 

Fig. 8 Flame edge position versus time for 30Dj and 40Dj cases. Experimental data from Ref. [4]. Error 

bars represent 9% of the averaged flame edge positions reported in Ref. [4].  

 

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

contributions of each term in Eq. (2) for YOH|𝜂̃ are plotted in Fig. 7. For this Q3 cell, the magnitudes of 

T3 and T4 are much larger than others. For most of the shown range of mixture fraction, T4 term 

(conditional chemical source term) acts as a source term, dominating the net contributions to local YOH|𝜂̃. 

For 0.06 < η < 0.12, T3 (micro-mixing) and T1 (convection) are weak sink terms. Note that here T1 is a 
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net contribution of numerical fluxes from all the neighboring CMC cells, including influx and efflux. 

The flame edge movement towards the jet exit is accompanied by propagation of conditional burning 

flame structures in physical space as shown in Figs. 6(c) and 6(f). This propagation is expected to be 

affected by flow transport (T1 and T5), although their contribution in Fig. 7 is small, which would be 

dominated again by the chemistry term T4 at new flame edge locations.  

The time evolution of the flame edge position for 30Dj and 40Dj cases predicted from LES/CMC is 

shown in Fig. 8. Results from a single ignition simulations per spark location are considered, while the 

experimental data are averaged based on ten independent measurements [4]. The flame edge position is 

estimated as the longitudinally lowest location where 𝑌̃𝑂𝐻 is below the threshold value 0.0005. For the 

40Dj case, the flame edge moves upstream gradually, which is correctly captured for most of the shown 

time. Meanwhile, at about t = 0.7 s, the flame stabilizes at around 15Dj, consistent with the experiemntal 

data in Fig. 8. Two differences should be discussed. Firstly, the LES/CMC does not reproduce the flame 

kernel downstream propagation for the initial 0.03-0.04 s; instead, the flame edge position monotonically 

decreases 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 (although 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 mixing 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. Regarding the 30Dj case, only the early propagation stage (𝑡 ≤ 0.28 s) is 

simulated, and agreement between LES/CMC results and measurements is also satisfactorily good. The 

computed flame edge position starts to be close to the measurement at around 𝑡 = 0.15 s.  
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Fig. 9 Contours of (a) 𝑌̃𝑂𝐻 and (b) 𝑌𝑂𝐻|𝜉𝑠𝑡̃  for 40Dj case at stabilization point (t = 0.71s). Budget 

analysis of individual terms in Eq. (2) for YOH|𝜂̃ for CMC cells (c) Q4 and (d) Q5 at flame leading 

edge. Iso-lines in (a) and (b): 𝜉𝑠𝑡. Interval between major ticks in (a) and (b) is 10Dj and the lowest 

shown height is10Dj. Contour colors in (a) and (b): blue: 0; red: 0.005. 

 

Figures 9(a) and 9(b) show the contours of 𝑌̃𝑂𝐻 and 𝑌𝑂𝐻|𝜉𝑠𝑡̃  for 40Dj case when the jet flame 

stabilizes around x = 15Dj, as shown in Fig. 8. Note that the results in Fig. 7 are from 30Dj case. Through 

Figs. 7 and 9 we do not try to discuss the effects of different ignition locations on flame stabilization. 

Nevertheless, they are used to analyse flame behaviors in different stages, i.e. edge flame propagation 

and stabilization. The peak values of 𝑌𝑂𝐻|𝜉𝑠𝑡̃  mainly lie at the 𝜉𝑠𝑡 isolines and leading edge. This is 

similar to the distributions demonstrated in Fig. 6. The budget analysis of the CMC equations for YOH|𝜂̃ 

is performed for left and right leading edge branches, i.e. Q4 and Q5 in Fig. 9(b), and the corresponding 

results are shown in Figs. 9(c) and 9(d). In both situations, the magnitude of chemistry term (T4) and 

micro-mixing term (T3) is much higher than others terms. Also, the conditional flame structure 

demonstrates the balancing or comparability between the chemical reaction and micro-mixing for 0.085 

< η < 0.11, which directly leads to the small change of YOH|𝜂̃ with respect to time in the local CMC 
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cells. This is consistent 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 differences 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 

simulated 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 stabilization. 

The current LES/CMC predicts these three stages reasonably well. For the flame kernel formation, it is 

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

radial flame propagation is discussed through comparison between the OH-PLIF images and the 

computed expansion extent, showing a good agreement with the expriments. Additionally, the flame first 

propagates downstream and then upstream towards the nozzle along the other side of the stoichiometric 

iso-surface. At the flame leading edge, the magnitude of the conditional chemical source term is higher 

than others, indicating its importance for the flame propagation. The time evolutions of the flame edge 

position from two ignition cases are compared with measurements and generally good agreement is 

obtained. At stabilization point, the conditional flame strucures at the leading edge reach the balance 

between chemistry and micro-mixing. This is the first investigation where the accuracy of LES/CMC to 

capture flame propagation across a wide range of flame regimes is validated through quantitative 

comparisons with the expeimental measurments.  
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