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Abstract
The localised forced ignition and the early stages of the subsequent ﬂame
propagation in a planar turbulent methane/air jet in ambient air have been
simulated using Direct Numerical Simulation (DNS) and a two-step chemical mechanism. Sixteen identical energy depositions events were simulated
for four independent ﬂow realisations at four diﬀerent locations. The successful ignition and subsequent ﬂame propagation have been found to be
well correlated to the mean mixture fraction and ﬂammability factor values
of the energy deposition location. Furthermore, similarly to what has been
observed in experiments, the early stages of ﬂame development from the ignition kernel involved initial downstream convection of the kernel, followed
by simultaneous radial expansion and downstream propagation and ﬁnally
the upstream propagation of the ﬂame base indicating the onset of ﬂame stabilisation. The mixture composition and the scalar dissipation rate (SDR)
values in the immediate vicinity of the ignitor have been identiﬁed to play key
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roles in determining the outcome of the external energy deposition, while the
development of an edge ﬂame structure propagating along the stoichiometric
mixture fraction iso-surface was found to be necessary but not suﬃcient for
the ﬂame to propagate upstream. It has also been found that in the case of
successful self-sustained burning, the edge ﬂame was developing in low SDR
regions, and that the most probable edge ﬂame speed remains close to the
theoretical laminar value irrespective of the ﬂame development history. Finally, the mean ﬂame speed of the edge ﬂame elements propagating towards
the nozzle exit has been found to be considerably greater than the unstrained
laminar burning velocity. Thus, the edge ﬂame, depending on its orientation
with respect to the ﬂow, is able to propagate upstream and initiate the onset
of ﬂame stabilisation.
Keywords: Localised forced ignition, Direct Numerical simulation, edge
ﬂame, planar jet, scalar dissipation rate
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1. Introduction
The localised forced ignition (spark, laser) of ﬂammable mixtures is a
topic of fundamental importance in combustion science [1]. Thanks to its
simple geometrical conﬁguration, localised forced ignition of jets has been experimentally extensively analysed in terms of ignition probability and ﬂame
propagation. Detailed experimental measurements of the ignition probability have been obtained by Ahmed and Mastorakos [2] for a methane turbulent round jet under diﬀerent operating conditions, and focused mainly
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on the ﬂame development subsequent to thermal runaway, and subsequent
upstream ﬂame propagation and stabilisation, when applicable. They also
demonstrated the importance of the edge ﬂame propagation in the ﬂame development [3–5] by measuring the ﬂame propagation rate after ignition until
its stabilisation. This experimental database has been extensively used to examine ignition models within the Large Eddy Simulation [6–8] and ReynoldsAveraged Navier-Stokes frameworks [9, 10]. However, to date, only a limited eﬀort has been directed to the fundamental understanding of the ﬂame
evolution after localised forced ignition of inhomogeneous mixtures in sheargenerated turbulence in which numerous ﬂame regimes co-exist [11–13].
The present work aims to bridge this gap in the literature by discussing
the extension of the current understanding of localised forced ignition gained
from earlier Direct Numerical Simulation (DNS) analyses for homogeneous
and inhomogeneous mixtures under isotropic decaying turbulence [14, 15],
to shear-driven inhomogeneous ﬂows. This is achieved by investigating the
spark ignition of a turbulent planar methane-air jet using three-dimensional
DNS with a two-step chemical mechanism. The study focuses on the understanding of the energy deposition location and initial ﬂow ﬁeld eﬀects on the
four stages of ﬂame evolution, i.e. (i) kernel growth and advection, (ii) downstream and radial propagations, (iii) potential upstream ﬂame propagation
and/or (iv) ﬂame stabilisation.
2. Mathematical formulation
A two-step chemical mechanism in which a pre-exponential adjustment is
applied for rich mixtures has been used thanks to its low computational cost
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and ability to accurately estimate the laminar burning velocity across the
whole ﬂammability range [15, 16]. Furthermore, the addition of the CO +
0.5O2 ↔ CO2 reaction allows for a better prediction of the ﬂow expansion
around the ﬂame [17]. The adequacy of the current mechanism to accurately
reproduce the chemical eﬀects is supported by pioneering work on edge ﬂames
that was conducted using simple chemistry [18–20]. It is also supported by
several previous studies demonstrating the validity of single-step chemistry
[5, 21, 22] compared to detailed chemistry [23, 24] for capturing the scalar
dissipation rate, strain rate and curvature dependences of displacement speed
in edge ﬂames, at least in a qualitative sense. Simple chemistry has also been
successfully used in the simulation of sound generation, ignition/reignition
and edge ﬂame propagation in turbulent jet ﬂames [3, 4, 25, 26]. In this
work, all the species are considered as calorically perfect gas with equal and
constant heat capacities (Cp ) and transport properties, while their Lewis
number is unity.
The mixture composition is locally described in terms of the mixture
fraction ξ deﬁned following Bilger’s deﬁnition [27], ξ = (β − βox )/(βfu − βox ),
where β = 2YC /WC + 0.5YH /WH − YO /WO , with βox and βfu being the values
of β in the pure oxidiser and fuel streams respectively, and Yk and Wk denote
the atomic mass fractions and weights respectively. Its stoichiometric value
is thus given by ξst = −βox /(βfu − βox ).
The heat addition by the ignitor for the localised forced ignition is accounted for by a source term (q  ) in the energy conservation equation [14, 15].
Similarly to the LES studies [6–8], the source term is spherical and Gaussian
2
in space with q  = Asp exp(−r2 /2Rsp
) where r is the distance from the igni-
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tion point and Rsp denotes the characteristic width of the energy deposition
region. The constant Asp is determined through the total power of the igni
tion source Q̇ = v q  dV = (4πasp ρ0 Cp τ 0 T0 (δz0 )3 /3)(H(t) − H(t − tsp ))/tsp ,
where asp is a parameter determining the total energy input, ρ0 and T0
denote the unburned mixture density and temperature respectively, τ 0 =
0
0
(Tad
−T0 )/T0 is the heat release parameter (Tad
is the stoichiometric adiabatic

CH4 /air ﬂame temperature), δz0 = D0 /s0l is the Zel’dovich ﬂame thickness of
the stoichiometric CH4 /air ﬂame (where D0 is the fresh mixture diﬀusivity and s0l is the laminar burning velocity of the unstrained stoichiometric
adiabatic CH4 /air ﬂame) and H is a Heaviside function that ensures that
the energy deposition occurs until t = tsp . The duration (tsp ) is expressed
as a function of a characteristic chemical time scale (tf = δz0 /s0l ) such that
tsp = bsp tf . Experimental studies suggests 0.2  bsp  0.4 for an optimum
duration [28].
3. DNS database
The simulations have been carried out using the 3D DNS compressible
code Senga+ [14]. The code employs a 10th order central diﬀerence scheme
for the internal grid points that transitions to a one-sided 2nd order scheme
at the non-periodic boundaries for the spatial diﬀerentiation. The time advancement is carried out using a 3rd order explicit Runge-Kutta scheme.
0
0
The planar jet slot width is taken to be h = 7.8δth (where δth
= (Tad
−

T0 )/ max(|∇T̂ |L ) is the thermal ﬂame thickness of the stoichiometric laminar CH4 /air ﬂame and T̂ is the dimensional temperature). The computational domain is much longer than usually found in DNS [3, 4, 25, 26, 29]
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to accommodate the ﬂame development with dimensions of Lx × Ly × Lz ≈
37h×19h×4.3h. Thus, its depth is limited to keep the cost of the parametric
analysis feasible, but nevertheless remains similar to what has been previously used in non-reacting DNS of planar jet [29]. The domain is discretised
using 1920 × 990 × 225 uniform cubic cells of side Δx leading to h/Δx = 52,
0
δth
/Δx = 7 and ηk /Δx  1.2, where ηk is the Kolmogorov length scale. The

domain boundaries are periodic in the transverse directions (y and z) and
partially non-reﬂecting in the x direction.
A CH4 /air mixture is injected through the slot with a bulk velocity Uj =
23.5s0l and issues in a coﬂow of air moving at Uc = 0.1Uj = 2.35s0l . The jet
Reynolds number is Re = ρ0 Uj h/μ = 650. The jet velocity ﬁeld is imposed
by scanning a frozen periodic fully developed turbulent channel ﬂow obtained
through an auxiliary well resolved LES with Reτ = 395 whose velocity was
normalised by its bulk value before being re-scaled to Uj . This enables the
presence of a realistic, non-isotropic turbulent ﬁeld at the inlet. The mixture
injected through the slot is composed of 27.5% of CH4 and 72.5% of air per
volume, while the oxidiser mass fraction in air is YO2 ∞ = 0.233, such that the
highest ignition probability region (corresponding to the rich ﬂammability
limit [2]) is found at roughly Lx /2. The values of ξ corresponding to the
stoichiometric, lean and rich ﬂammability limits are ξst = 0.317, ξl = 0.19
and ξr = 0.49, respectively. Both the jet and the coﬂow are preheated such
that τ = 4.5 (i.e. T0 = 415K) whilst standard values have been chosen for
the Prandtl number (Pr = 0.7) and the ratio of speciﬁc heats (γ = 1.4).
The ignitor energy, deposition duration and characteristic width are kept
constant throughout this study, with asp = 10, bsp = 0.34 and Rsp = 2.45δz0
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leading to a spark duration of tsp ≈ 100μs comparable with the experimental work [2]. Four locations have been selected for the ignitor as detailed in
Table 1 and shown in Fig. 1, three along the jet centreline (positions 0, 2
and 3) and one in the outer shear layer (position 1). Figure 1 also shows the
Favre averaged mixture fraction (ξ˜ = ρξ/ρ̄) and the ﬂammability factor (local
ξ
probability of ﬁnding a ﬂammable mixture) deﬁned as F = ξlr P (η) dη [30].
The energy deposition at location 2 occurs in a mixture that is signiﬁcantly
richer than the rich ﬂammability limit and where the probability of ﬁnding
˜ st = 2.6 and F < 0.1). Locations 0
a ﬂammable mixture is negligible (ξ/ξ
and 3 correspond to mixtures which are closer to the rich ﬂammability lim˜ st < 1.7), but more importantly where
its (in a mean sense, i.e. where ξ/ξ
the probability of ﬁnding a ﬂammable mixture is not negligible (F > 0.35).
Furthermore, a kernel originating from position 0 or 3, when advected downstream, would ﬁnd conditions which become increasingly favourable to its
development (e.g. small values of |∇ξ| and mixture fraction decreasing to˜ st is comparable to location
wards ξst ). Finally, at location 1, the value of ξ/ξ
3, but instead of a well-mixed region, the kernel will develop in regions that
may not be favourable to ignition as they exhibit both a high amount of
shear as well as large variations of the local mixture fraction (F < 0.3).
The DNS simulations have been initially carried out in non-reacting mode
for about two ﬂow-through times (tj = Lx /(0.5(Uj + Uc ))) such that the initial transients disappear and that realistic velocity and mixture composition
ﬂuctuations are established. This results in the initial (i.e. t/tsp = t+ = 0)
ﬂow ﬁeld.
Note that, given the periodicity and conﬁnement in the spanwise direc-
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Figure 1: (top) Mean mixture fraction (ξ)
with (plain line) ξ˜st , (dashed line) ξ˜r and (dash-dotted line) ξ˜l - The white dots denote
the energy deposition locations

Pos

x+

y+

z+

ξ˜

˜ st
ξ/ξ

F

0

15

0

0

0.53

1.68

0.37

1

10

−1

0

0.43

1.35

0.28

2

7.5

0

0

0.82

2.60

0.08

3

22.5

0

0

0.44

1.40

0.68

Table 1: Energy deposition locations and mean mixture conditions

tion, the conﬁguration is more akin to an inﬁnite row of jets in the spanwise
direction. However, this conﬁnement does not manifest on the velocity and
mixing proﬁles below x+ = x/h ≈ 30 as shown in the supplementary material, but may manifest in somewhat delaying the transition to turbulence.
To evaluate the eﬀects of the local instantaneous conditions in the energy
deposition region on the overall ﬂame kernel development, four independent
realisations have been simulated for each locations using diﬀerent initial ﬂow
ﬁelds denoted a to d taken at t+ = 0, 30, 60 and 90 from the precursor nonreacting DNS. The simulations using realisation a were run up to t+ ≈ 80,
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while the others (i.e. b, c and d ) have been run for a shorter duration, up to
t+ ≈ 20.
4. Results and discussion
4.1. Outcomes and general observations
For all the simulations, the ignition and propagation success (deﬁned as
the occurrence of a thermal runaway, and as the self-sustained growth of the
kernel following external energy deposition respectively [14]) are recorded
and summarised in Table 2.
No ignition was observed at location 2, irrespective of the realisation, thus
conﬁrming what could be surmised from the ignitor local conditions (see Table 1). Similar conclusions can be drawn for location 3, where a combination
of high values of F, moderate |∇ξ| values and ξ ≈ ξst all contribute to the
increased likelihood of a successful ignition.
Ignition

Total

Propagation

Total

Pos
a

b

c

d

(%)

a

b

c

d

(%)

0

75

50

1

100

75

2

0

0

3

100

100

Table 2: Outcome of the energy deposition for the diﬀerent cases of the dataset and overall
ignition/propagation success rate - (green) denotes a successful event and (red) a negative
one
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The success rates observed at locations 0 and 1 are also in good qualitative
agreement with the expectations arising from the energy deposition region
characteristics (see Table 1). Indeed, at location 0, failed ignition (e.g. 0b)
and propagation (e.g. 0d and 1b) events as well as successful ones are observed. Two diﬀerent mechanisms are responsible for the failures observed,
the ﬁrst one being the absence of a ﬂammable enough mixture in the close
vicinity of the ignitor (e.g. location 2), while the second appears linked to
the large magnitudes of |∇ξ|. Note that a combination of both mechanisms
can also lead to a propagation failure (e.g. 0d ). Finally, the existence of at
least an edge ﬂame propagating in the shear layer appears to be a necessary
(albeit non suﬃcient) condition to observe the onset of ﬂame stabilisation.
4.2. Flame structure and development
The development of the kernel after the energy deposition is exemplarily
shown in Figs. 2(a)-(e) for the case 0a, but is qualitatively similar for the
other cases where self-sustained propagation has been observed, i.e. the different stages of the ﬂame development described experimentally [2] are also
observed here.
After the near spherical kernel has fully grown (t+ ≈ 8−10), it is advected
downstream while growing rapidly in the z + direction as shown in Fig. 2(vi)(vii) thanks to larger propagation rates resulting from lower values of |∇ξ|
and strain than in the x+ direction [31].
In the second phase (7  t+  20), the kernel volume increases rapidly
as the trailing edge of the ﬂame propagates downstream supported by the
large velocity of the turbulent core (detail A in Fig. 2(b)). A triple ﬂame like
structure starts to develop and is visible along ξ = ξst iso-line at t+ = 14 (de10
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Figure 2: (a)-(e) Time evolution of T in the mid-x+ y+ plane for case 0a overlaid with
(plain line) ξst , (dashed line) ξr and (dash-dotted line) ξl - The green dots denote the
energy deposition - insets (i)-(v) and (vi)-(vii) show the ξ/ξst ﬁeld overlaid with (green
0
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unstrained laminar ﬂame maximum heat release) in the x+ y+ and x+ z+ planes respectively
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(v)

0

tail B in Fig. 2(b)). Additionally, thanks to the moderate values of |∇ξ| and
the favourable composition of the mixture encountered in the downstream
direction as well as owing to turbulent convection, the reactive front spans
the whole jet width at t+  30. Consequently, a second triple ﬂame like
structure forms along the y +  0 mixing layer (detail C in Fig. 2(c)), while
the ﬂame development in the z + direction is also driven by edge ﬂames propagation such that the reactive front spans the whole depth of the domain by
t+ ≈ 30 for all cases investigated (Fig. 2(vii)).
The third stage of ﬂame development (e.g. t+  25) heavily relies on
edge ﬂame propagation, while the ﬂame is contained within the lean and
rich ﬂammability limits and while turbulence signiﬁcantly decays across the
ﬂame front due to heat release eﬀects. Thus, the ﬂame front spans Δy + ≈ 8
at t+ ≈ 30, and increases with time as it reaches Δy + ≈ 14 at t+ = 82.
However, large pockets of unburned mixture can still be found relatively
far downstream (x+  30) as the fuel-rich jet turbulent core mixes with the
surrounding air. The ﬂame base height stabilises and exhibit early indications
of ﬂame stabilisation between t+ = 55 and t+ = 82 which results from
the edge ﬂames locally ﬁnding conditions favourable enough to propagate
upstream.
As shown by the cold ﬂow statistics (see supplementary material), the
ﬂow is fully developed for x+  9 − 10 meaning that the ﬂame evolves in the
fully-developed, non-conﬁned region of the jet. Hence, the jet conﬁnement
due to the conﬁguration aﬀects neither the kernel nor the following ﬂame
evolution.
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4.3. Flame propagation behaviour
Due to the importance of the edge ﬂame propagation on the ﬂame development, a more detailed discussion of its structure is warranted using
Figs. 2(i)-(v). The structure arising from the expanding kernel at early times
(t+ ≈ 14, detail B and inset (ii)) includes several regions of high heat release
rate around ξ = ξst and where |∇ξ| is relatively small. Later on, the reactive fronts situated at x+  17 propagate towards the lean mixtures and
reach regions where locally ξ  ξl leading to local extinctions. It is worth
noting that at t+ ≈ 27 (Fig. 2(iii)), the edge ﬂame survives in a region of
very high values of |∇ξ| and does not exhibit any lean premixed branch and
appears almost completely collapsed around the ξ = ξst iso-line with a very
weak rich premixed branch. Subsequently (t+ = 55, inset (iv)), the value of
|∇ξ| relaxes around the ξ = ξst line and both premixed branches of the triple
ﬂame become apparent again. This is consistent with the reported behaviour
of edge ﬂames where the lean branch cannot be distinguished from the diffusion one any more in regions of high scalar gradients magnitude [5, 15].
This could also be related to the highest shear rate experienced by the lean
branch compared to the rich one. Using the fraction of total heat release
conditioned upon the ﬂame index [15], the rich premixed branch was found
to always contribute signiﬁcantly more than the lean one while the diﬀusion
branch contribution was found to be negligible, with 65%, 25% and 10% of
the total heat release respectively.
4.4. Temporal evolution of the ﬂame height
The temporal evolutions of the ﬂame height determined over the whole
domain for the whole dataset are shown in Fig. 3. The evolutions are quali13

tatively similar for all the cases reaching the self-sustained propagation stage
at the exception of 1c and 1d. For these realisations, ignition happens on the
lean side of the shear layer, where the streamwise velocity is either small or
negative (due to the large eddies roll-up motion), thus preventing the ﬂame
from being advected downstream. Note that large quantitative diﬀerences
can be observed for the diﬀerent realisations (e.g. x+ ≈ 27, 22 at t+ = 20 for
cases 3a and d respectively), although the stabilisation height is expected to
be similar for all cases.
The upstream edge is ﬁrst convected downstream following ignition at a
rate that strongly depends on the local ﬂow. After a time that varies from
a case to another (e.g. t+ ≈ 15, 11, 25 for cases 0a, 1a and 3a respectively)
but only happens once the edge ﬂame structure is fully established, the ﬂame
starts to propagate upstream. This corresponds to the experimentally observed third stage [2], and its duration depends on the local conditions but
also on the energy deposition location. Indeed, locations 0 and 1 (resp. 3)
appear to be situated closer (resp. further) to the inﬂow than the stabilisation
height (x+ ≈ 20), and thus, overall, the ﬂame base propagates downstream
(resp. upstream) even if some low frequency oscillations can be observed.
These oscillations are mostly controlled by the edge ﬂame response to the
large scale motion and movements around the regions unfavourable to the
ﬂame propagation.
4.5. Edge ﬂame statistics
To analyse the edge ﬂame motion statistics and response to the local
ﬂow ﬁeld, a coordinate system taken to be moving with the ﬂow velocity
is deﬁned [4] where NY = ∇YCH4 /|∇YCH4 | and Nz = −∇ξ/|∇ξ| are the
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Figure 3: Temporal evolution of the ﬂame base height deﬁned as the lowest position with
T = 0.1 with (plain lines) ﬂow realisation a, and (dashed, dash-dotted and dotted lines)
realisations b, c and d

fuel mass fraction and mixture fraction iso-surfaces normal vectors. Furthermore, T1 = (NY × Nz )/|NY × Nz | is the vector tangent to both the
mixture fraction and fuel mass-fraction iso-surfaces, while T2 = Nz × T1
is normal to T1 pointing towards the reactants and tangent to the mixture fraction iso-surface. The fuel mass and mixture fraction iso-surfaces
move with velocities with respect to the background ﬂuid motion which are
sd NY (where sd = − (ω̇CH4 + ∇ · (ρD∇YCH4 )) / (ρ|∇YCH4 |)) and sz Nz (where
sz = ∇ · (ρD∇ξ) / (ρ|∇ξ|)), respectively. By deﬁning k = NY · Nz , the edge
ﬂame speed is given by se = (sd − ksz ) /(1 − k 2 )1/2 [3, 4]. Accounting for the
ﬂow velocity (u), the edge ﬂame propagation speed is We = se +(u·T2 )/|T2 |
in the laboratory coordinates, and its projection on x+ is denoted We,x =
We (T2 · ex ), where ex is the unit normal vector along x.
The edge ﬂame is deﬁned here as the intersection between the ξ = ξst isosurface and the region of the fuel mass fraction where the heat release is larger
0
than 0.5ω̇T,max
. A subset of the edge ﬂame elements is deﬁned by considering

only the ﬂame elements oriented towards the nozzle, i.e. deﬁned by NY,x 
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Figure 4: Temporal evolution of the mean normalised scalar dissipation rate along the
edge ﬂame elements deﬁned by NY,x  −0.5 for diﬀerent energy deposition locations and
times

−0.5 (where NY,x denotes NY x-component). Most of these elements belong
to the ﬂame base region, leading to this subset being used for the statistical
analysis and noted ·|ef .
Several previous analyses [4, 5, 18, 19, 31] have highlighted the inﬂuence
of the scalar dissipation rate (SDR, χ = 2D(∇ξ)2 ) on the edge ﬂame propagation rate. The temporal evolution of the mean SDR conditioned on the
edge ﬂame elements orientation (i.e. χ|ef ) is shown on Fig. 4 for selected
realisations. The initial value of χ|ef  appears strongly dependent on the realisation (e.g. see locations 0 and 1). Its value when the ﬁrst edge ﬂame forms
decreases between initial locations 1, 0 and 3 while x+ increases (see Fig. 3).
In case 1a, after an initial large value χ|ef  ≈ χext (where χext is the SDR
2
extinction value given by χext = ξst
(1−ξst )2 (s0l )2 /D0 [32] and χext ≈ 2001/s),

χ|ef  decreases to less than 0.1χext as the ﬂame kernel base height changes
from x+ ≈ 10 to x+ ≈ 15. Note that all the ﬂames reaching the self-sustained
propagation stage are those which exhibit leading edge development in low
SDR regions (χ|ef   0.1χext ). Also note that the beginning of upstream
16

propagation coincides with the time at which χ|ef   0.1χext when edge
ﬂame elements with NY,x  −0.5 can be found (compare Figs. 3 and 4). Finally, the mechanism behind the 0d and 1b failed propagations can be seen
from the increase of χ|ef  to χ|ef  ≈ χext , i.e. most of the edge ﬂame experiences high SDR values prompting local quenching, thus leading to a global
extinction [15].
0.3

PDF

0.2

0a
1a
3a

se/s0l = ste/s0l

0.1
0.0
−2.5

0.0

2.5

se/s0l

5.0

7.5

10.0

Figure 5: PDFs of se at t+ ≈ 70 for the diﬀerent energy deposition locations where the
(plain lines) consider all the edge ﬂame elements, and the (dashed lines) only consider the
edge ﬂame elements deﬁned by NY,x  −0.5

Figure 5 presents the normalised edge ﬂame speed PDFs (P(se /s0l )) at
t+ = 70 along the edge ﬂame elements conditioned upon NY,x  −0.5.
P(se /s0l ) appear mostly independent to the subset of edge ﬂame points selected (principally due to the the absence of a downstream ﬂame front, see
Figs. 2(d)-(e)), as well as relatively insensitive to the local conditions (see
Figs. 3 and 4). Following [20], the edge ﬂame laminar theoretical speed is
deﬁned as ste = s0l (ρ0 /ρb )1/2 , where ρb is the burnt gas density of the stoichiometric mixture, yielding ste ≈ 2.3s0l . Note that the probability of having a
negative edge ﬂame speed is almost negligible, while the most probable value
of se /s0l remains close to ste /s0l , and the slight departure is induced by the

17

turbulent stretching and SDR. The edge ﬂame speed is here dominated by
its component sd , and the density-weighted fuel mass fraction displacement
speed PDF (s∗d ) is narrow around the value s∗d /s0l = 1 (not shown here), which
is in good agreement with previous ﬁndings [22, 33]. The PDFs exhibit a
very long tail for large values of se /s0l (particularly for the elements with
NY,x  −0.5), as experimentally observed by Heeger et al. [33], and thus,
se |ef /s0l can be considerably larger than ste /s0l .
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Figure 6: Temporal evolution of the mean edge ﬂame (top) speed and (bottom) propagation
speed along the edge ﬂame elements deﬁned by NY,x  −0.5 for diﬀerent energy deposition
locations

This is conﬁrmed by Fig. 6(a) that shows the temporal evolution of the
mean edge ﬂame speed along the edge ﬂame elements deﬁned by NY,x  −0.5
(i.e. se |ef ). Indeed, it appears that se |ef  oscillates around se |ef /ste ≈ 2 (or
se |ef /s0l ≈ 5  2Uc ). Consequently, a considerable portion of the edge ﬂame
along the ﬂame base is able to locally propagate signiﬁcantly faster than the
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coﬂow, up to about 20% of the jet bulk velocity, which depending on the
ﬂame orientation (e.g. T2 ) may lead to an anchoring of the base wherever a
local equilibrium is achieved between u and se .
The propensity of the edge ﬂame to propagate upstream is shown in
Fig. 6(b) through the temporal evolution of the mean edge ﬂame propagation
speed streamwise component for the edge ﬂame elements deﬁned by NY,x 
−0.5 (i.e. We,x |ef ). The large positive values of We,x |ef  until t+ ≈ 10
for locations 0 and 1 indicate a rapid convection downstream of the ﬂame
elements (ﬁrst development stage). For 10  t+  25, We,x |ef  decreases
down to almost We,x |ef  ≈ 0 indicating that a local equilibrium between
the edge ﬂame propagation and the local ﬂow ﬁeld has been achieved (in
a mean sense). At later times, We,x |ef  remains positive but with smaller
values, which corresponds to the time during which the ﬂame base height
decreases. Finally, We,x |ef  increases again with We,x |ef /s0l  5 for t+  60
which coincides with an increase of the ﬂame base height. Note that at
all times for cases 0a and 1a, the mean edge ﬂame speed remains roughly
constant at se |ef /s0l ≈ 5, while the value We,x |ef  changes dramatically
indicating that the upstream propagation of the edge ﬂame (small or negative
values of We,x |ef ) requires that the local ﬂame orientation (i.e. T2 ) have
large negative streamwise component. Finally, the evolution of We,x |ef  for
location 3 shows long period with We,x |ef   0, which is mostly attributed
to the jet turbulence decay as the mean axial velocity has decayed by more
than 40% at this height compared to the inﬂow.
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5. Conclusions
The localised forced ignition and subsequent ﬂame propagation in a planar
turbulent methane jet in ambient air has been simulated using Direct Numerical Simulation (DNS). Four diﬀerent energy deposition locations have
been selected, while for each of them, four independent realisations have
been simulated using identical energy deposition parameters (width, duration, power).
The ignition/propagation success was found to be well correlated to the
values of mean mixture fraction and ﬂammability factor at the energy deposition location. The three ﬁrst stages of the kernel development observed experimentally [2] were qualitatively reproduced, and the onset of ﬂame stabilisation was observed. Three quenching mechanisms have been found, namely
a non-ﬂammable mixture, too large values of |∇ξ| or a combination thereof
in the vicinity or downstream of the ignitor. The development of at least an
edge ﬂame structure was found to be necessary but not suﬃcient to reach a
self-sustained propagation state.
The edge ﬂame statistics were evaluated for a subset of the edge ﬂame
elements deﬁned by their propagation direction being towards the jet nozzle. The mean SDR along the edge ﬂame was found to be very sensitive to
the local conditions such that failed propagations have been obtained due
to its mean value being larger than the extinction limit. Irrespective of the
time and ignitor location, the most probable edge ﬂame speed was found
to be comparable to the theoretical laminar value, while its mean value was
considerable larger (up to a signiﬁcant fraction of the jet bulk velocity). Consequently, it was shown that the edge ﬂame speed is able to locally overcome
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the ﬂow velocity and depending the edge ﬂame orientation, to propagate
upstream. Thus, the ﬂame stabilisation results from a delicate interplay between the local composition gradients, turbulent straining, etc. that controls
the propagation rate and the orientation of the local ﬂame front.
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Supplementary material
Fig. S1 Downstream growth of the normalised jet half-widths based on the
velocity (δu /h) and on the mixture fraction (δξ /h) and downstream
decay of normalised centreline streamwise velocity excess on the centreline ((Uj − Uc )2 /(Ũcl − Ũcf )2 , where Ũcl and Ũcf are the Favre mean
streamwise velocity at the centreline and in the coﬂow) and of mean
mixture fraction ((1/ξ˜cl )2 , where ξ˜cl is the Favre mean mixture fraction
along the centreline) - The thin black lines are ﬁtted to the self-similar
portion of the jet growth rate, that are given by δu /h ∼ 0.15(x+ − 4),
δξ /h ∼ 0.18(x+ − 3), (Uj − Uc )2 /(Ũcl − Ũcf )2 ∼ 0.2(x+ + 0.5) and
(1/ξ˜cl )2 ∼ 0.23(x+ + 1.1)
Fig. S2 Normalised mean streamwise velocity excess proﬁles at several downstream locations and analytical proﬁle given by exp(− ln 2(y/δu )2 ),
where Ũcl and Ũcf are the Favre mean streamwise velocity at the centreline and in the coﬂow and Ũ the Favre mean streamwise velocity
component
˜ proﬁles at several downstream
Fig. S3 Normalised mean mixture fraction (ξ)
locations where ξ˜cl is the Favre mean mixture fraction along the centreline
Fig. S4 Normalised mean streamwise velocity ﬂuctuation (ũrms ) proﬁles at several downstream locations where Ũcl and Ũcf are the Favre mean streamwise velocity at the centreline and in the coﬂow
Fig. S5 Normalised mean mixture fraction ﬂuctuations (ξ˜rms ) proﬁles at several
26

downstream locations where ξ˜cl is the Favre mean mixture fraction
along the centreline
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