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Abstract. Large Eddy Simulation (LES) of forced ignition is performed using tabulated
detailed chemistry. The objective is to reproduce the flame properties observed in a recent
experimental work, reporting probability of ignition in a laboratory-scale burner operating
with Methane/air non premixed mixture (Combust. Flame 151 (2007) 366–385). The
smallest scales of chemistry are approximated with a flamelet model combined with pre-
sumed probability density functions, to account for turbulent fluctuations of species and
temperature that are not resolved by the LES grid. One-dimensional flamelets are first
computed with detailed chemistry and tabulated under a set of parameters describing the
local mixing and progress of reaction. Spark ignition is mimicked on selected ignition spots
and the dynamics of kernel development analyzed and compared against the experimental
observations. The possible link between the success or failure of the ignition and the flow
conditions (in terms of velocity and composition) at the sparking time are then explored.
It is shown that neglecting strain rate effects in chemistry tabulation does not allow for
reproducing all the subtleties of experimental observations and a novel closure is discussed
to overcome these limitations.

1 INTRODUCTION

Growing interest in optimization of aeronautical engine relight in high altitude moti-
vates studies of non-premixed burner forced ignition. The forced ignition phenomenon
observed in such burners are highly transient in nature. Various factors influence the
development of spark kernel from the moment of spark deposit, until the complete flame
establishment period. A three dimensional LES computation is performed to analyze the
spark ignition kernel development in a turbulent flow field behind a conical shaped bluff-
body non-premixed burner. The experimental target of this simulation is the ignition
experiment conducted by Ahmed et al [1]. A conventional flamelet approach is combined
with presumed beta-shape pdf to account for unresolved sub-grid scale phenomena. Un-
strained flamelets allows for representing with accuracy all the experimentally observed
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types of flame development after sparking at locations situated outside the central recir-
culation zone (CRZ). However, the weak probability of ignition success when the spark is
located inside the CRZ cannot be captured. In the experiment, at this location, the kernel
has a tendency to exhibit serious shrinkage following spark and subsequently disappears.
This behavior was attributed in the experiment to high level of strain rate acting on a
kernel developing in a fuel rich mixture. The shortcoming of the modelling approach is
then mainly due to the fact that the technique is constructed based on unstrained lam-
inar flamelet calculations and so, the effect of aerodynamic strain on detailed chemistry
is neglected in the model closure. The failure due to aerodynamic strain are thus not
reproducible in the simulation. To overcome this limitation, a correction to the tabulated
filtered burning rate sources coming from conventional flamelet table is proposed based
on the intensity of the local rate of strain. The stretch is accounting for in a global
manner, with a first order strain rate correction function based on one-dimensional lami-
nar flamelet response to strain. The correction function mimics the reduction in burning
rate from the local LES resolved strain rate and is also a function of local equivalence
ratio. This correction, whose impact is more important in the fuel rich CRZ, leads to
an improved combustion model that reproduces the quenching of flame kernels undergo-
ing intense local stretch. Nevertheless, successful ignition event are still observed in and
outside the CRZ, with the proposed correction factor ensuring that the new model is not
artificially over-dampening.

2 SGS MODELING

2.1 FLOW SOLVER

Computations are performed with a finite volume formulation in a collocated grid using
the LES nonpremixed turbulent flame methodology proposed by Domingo et al. [2], which
is based on tabulated detailed chemistry and presumed sub-grid scale (SGS) probability
density functions, coupled with the solving of the fully compressible form of the Navier-
Stokes balance equations of mass, momentum and energy. The domain, corresponding
to the experimental enclosure [1], measures 70 mm in spanwise direction and 80 mm in
streamwise direction, it is discretized over 1,764,000 grid points. The grid is uniform
in spanwise direction and slightly stretched in the streamwise direction near the inlet,
to capture the flow in the intense turbulence region near the bluff body lip. Implicit
filtering is used in this LES and the characteristic size of the LES mesh is of the order of
0.4 mm. A series of twenty simulations with different sparking cases have been completed
and analyzed. A fourth order skew symmetric like scheme [3] is adopted for convective
terms, while fourth order centred scheme is employed for diffusive flux calculations. Time
marching is done with explicit minimum storage Runge-Kutta scheme of order three [4].
The annular inflow of air and fuel are constructed from hyperbolic tangent profiles at the
inlet plane, matching the corresponding experimental mass flow rates.

The inflow mean velocities are superimposed with synthetic turbulence, generated from
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the procedure proposed by Klein et al. [5]. Symmetric boundary conditions are applied at
the spanwise boundaries (there is a wall enclosure in the experiment far from the axis of
symmetry of the burner), and, non-reflecting subsonic outflow boundary condition is used
at the outlet boundary. Acoustic waves travelling in and out of the computational domain
were treated based on the Navier-Stokes characteristics Boundary condition (NSCBC) [6].

Transport by unresolved velocity fluctuations are expressed using Smagorinsky [7] clo-
sure; the maximum eddy viscosity never exceeds 20 times the molecular viscosity. Realistic
thermochemical effects are included by considering the specific heat capacity as a func-
tion of temperature as well as composition. The species mass fractions (N2, CH4, O2,
CO2, H2O, CO, H2, OH) needed to obtain a correct estimation of the temperature [8] are
tabulated, as now discussed.

2.2 SGS COMBUSTION MODELING

Various methods have been proposed to tabulate the high complexity of combustion
chemistry, to keep LES computing requirements sufficiently low. One approach consists
of considering canonical laminar combustion model problems, so-called flamelets, which
are filtered with presumed pdfs to account for unresolved sub-grid scale fluctuations,
it is named here PCM-FPI [9, 10]; details concerning the background of this modeling
approach applied to LES may be found in [11, 2, 8, 12]. Two versions of SGS modeling are
discussed in this paper, the first one does not account for the impact of flame stretching
on the burning rate of the reference flamelets, the second includes a stretch correction.
Premixed laminar flamelets are considered, mainly for three reasons: (i) the turbulent
mixing rate is high in this burner and sparking occurs in already mixed reactants; (ii) once
the burning kernel formed after energy deposit, partially premixed flame propagation may
play some role in flame spreading, (iii) it was shown in previous studies, that most of non-
premixed combustion properties in terms of energy release are reproduced by premixed
flamelet tabulation, at least for equivalence ratio below 1.8 [13, 2].

Space filtered quantities are denoted ϕ(x, t), the mass weighted filtered scalars and
chemical source terms read,

ρϕ̃ = ρϕ = ρ

1∫
0

(
ϕ | Z∗;x, t

)
P̃ (Z∗;x, t) dZ∗ (1)

where ρ is the density and
(
ϕ | Z∗;x, t

)
is the filtered conditional mean of ϕ, estimated

for the mixture fraction value Z = Z∗ (a passive scalar verifying Z = 0 in air and Z = 1 in
fuel jet); P̃ (Z∗;x, t) is the mass weighted filtered probability density function of mixture
fraction Z, presumed to take a Beta shape. The chemistry evolution is projected in
a low-dimensional composition space, which is here reduced to two variables, Z and a
reaction progress variable Yc, built from the sum of CO and CO2 mass fractions, ensuring
a one-to-one correspondence between Yc and species concentrations and sources [14, 15].
A normalized progress variable is also defined, as Yc normalized by its equilibrium value
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c = Yc/Y
Eq
c , where Y Eq

c is determined with EQUIL software [16]. The filtered conditional
mean is then given as:

(
ϕ | Z∗;x, t

)
=

1∫
0

K+∫
K−

ϕFPI(Z∗, c∗, K∗)P (c∗;x, t)P (K∗;x, t) dc∗dK∗ (2)

where, ϕFPI is a scalar or a source term arising from the flamelets calculations and
P (c∗;x, t) is the filtered probability density function of normalised progress of reaction,
which is also presumed to follow a Beta distribution. P (K∗;x, t) is the flame stretch
pdf [17, 18, 19] whose statistical space covers [K−, K+]; in a first analysis c and K
can be assumed statistically independent [19]. The two marginal pdfs P̃ (Z∗;x, t) and
P (c∗;x, t) are presumed from Z̃, Zv = Z̃Z− Z̃Z̃, Ỹc and ỸcYc for which balance equations
are solved [2]; the hypothesis of statistical independence between Z and c (not Yc) was

previously discussed [9, 2]. Ỹ 2
c is solved instead of the SGS variance for numerical reasons,

to avoid transporting the energy of the resolved field Ỹc
2

within the SGS variance [11, 20].
Scalar dissipation rates appear in the equations for Zv and ỸcYc [2], they measure the

SGS turbulent mixing rate and are decomposed into their resolved and SGS parts:

ρχ̃ϕ = ρD|∇ϕ|2 = ρD|∇ϕ̃|+ sχϕ (3)

where D is the molecular diffusivity of ϕ. The SGS mixture fraction dissipation rate
appearing in the Zv balance equation is expressed using a linear relaxation closure,

sχZ
=

ρZv
∆2/νT

(4)

with ∆ the local filter size and νT the SGS eddy viscosity. For Yc, the progress of reac-
tion, the dissipation rate expression that accounts for the presence of thin flame fronts is
used [2]:

sχYc
= (1− Sc)

ρ(Ỹ 2 − Ỹ 2)

∆2/νT
+ Sc

(
−ρD|∇Ỹc|2 + Ycω̇Y c + Y Eq

c ω̇Y c/2
)

(5)

with Sc = (c2 − c2)/(c(1 − c)), the unmixedness of the progress variable (Sc ∈ [0, 1]),
ω̇Yc denotes the chemical source of Yc. The first term in Eq. (5) accounts for low un-
mixedness levels, corresponding to quasi-Gaussian SGS pdfs, the second results from the
BML theory [17], where the flame is seen as a thin interface separating fresh and burnt
gases, with bi-modal pdfs. Once ϕFPI(Z, c,K) and P (K∗;x, t) have been prescribed, all
relevant thermochemical quantities and filtered sources are computed from Eq. (1), which
is tabulated as functions of Z̃, SZ = Zv/(Z̃(1 − Z̃)), Ỹc and Sc, over a non-uniform grid
of 100 × 20 × 100 × 20 points, clustered around the stoichiometric surface.

As alluded above, in the experiment by Ahmed et al [1] some peculiar flame behavior, as
a strong intermittency in ignition success in the central recirculation zone, was attributed
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to strain rate effects acting on flame propagation in a fuel rich mixture zone (Z > 0.08,
equivalence ratio slightly above 1.6), thus for conditions at which flame speed is quite
sensitive to burning reduction induced by strain rate. To further examine this point,
two kind of simulations are performed, with and without accounting for the impact of
flame stretch on SGS tabulated chemistry. In the first, the stretch effect is neglected
and ϕFPI(Z, c,K) = ϕo(Z, c) is built from a collection of freely propagating unstrained
premixed flamelets, computed with the PREMIX software [16] and the GRI methane-
air detailed mechanism [21] with complex transport properties, as in previous LES using
similar SGS modeling [2, 8]. In the second, the stretch is accounted for in a global manner;
the starting point is based on observations by Bradley et al. [19], who have reported that
the premixed flame response used to tabulate chemistry, as, ω̇q(Z, c,K), the volumetric
heat release rate at a stretch rate, K, can be related to ω̇oq(Z, c), the value at zero stretch
rate:

ω̇q(Z, c,K) = f(K)ω̇oq(Z, c) (6)

where f(K) is a flame stretch factor. A relation that is applied to every equivalence ratio
and in the context of Eq. (2), this would read:(

ω̇q|Z∗
)

=
(
ω̇oq |Z∗

)
Pb (7)

with

Pb =

K+∫
K−

f(K∗)P (K∗;x, t)dK∗ (8)

A thorough analysis of f(K) and of the burning rate factor Pb, is given in [18], where it
is shown that it behaves as

f(K) = 1− σK (9)

where σ combines various flame properties, as the Markstein length, the flame thickness
and flame speed. In Reynolds averaging context and assuming a Gaussian distribution for
P (K∗;x, t), the burning probability factor, Pb, response versus stretch is non-linear [18].
This is transposed to LES with three observations; first, Direct Numerical Simulation
(DNS) have shown that the highest rate of strain and flame curvature result from large
eddies [22], which are mostly resolved in LES; second, the zones where flame stretch is
likely to impact on ignition probability have been reported in Ahmed experiment [23] to
be mainly fuel rich, flamelets in the rich zone have low flame speed levels, high sensitivity
to stretch and then are quenched for much smaller K levels than under stoichiometric
conditions; third, laminar flame analysis demonstrates a first order linear flame response
of a scaled mass burning rate versus stretch [24, 25]. From these observations, only the
first order linear part is kept to correct the flamelet response to LES resolved stretch,
Pb ≈

(
1−K(Z̃)

)
and Eq. (7) is cast in:(

ω̇q|Z∗
)

=
(
ω̇oq |Z∗

) (
1−K(Z̃)

)
(10)
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to globally correct the conditional burning rate, according to flame response to stretch,
where K(Z̃) remains to be defined. An estimation of K(Z̃) is now discussed.

The steady premixed laminar flamelets equation may be written:

∂ρuϕ

∂ξ
=

∂

∂ξ

(
ρDϕ

∂ϕ

∂ξ

)
+ ρω̇ϕ − ρṠKϕ (11)

where u is the velocity, Dϕ is the diffusion coefficient of ϕ and ω̇ϕ is the chemical source.
The coordinate in the direction normal to the flame front is ξ and ṠKϕ is a stretch leak-
age term that includes all fluxes occurring along the flame surface, thus representative of
transverse convection and diffusion resulting from straining and curvature of the flamelet
surface; the case of a freely propagating one-dimensional unstrained premixed flame cor-
responds to Ṡkϕ = 0.

Integrating Eq. (11) in the direction normal to an unstretched flamelet (Ṡkϕ = 0) and
for ϕ = c, gives the relation between the unstrained flame speed SoL and the integral of
the burning rate through the flame:

ρo(Z)SoL(Z) = ρob(Z)uob(Z) =

+∞∫
−∞

ρ(Z; ξ)ω̇oc(Z; ξ)dξ

=

1∫
0

ρ(Z, c∗)
ω̇oc(Z, c

∗)

|∇ξc∗|
dc∗ (12)

where ρo is the density in the fresh gases, and, ρob and uob denote the density and velocity
of burned gases in the unstretched flamelet. A similar integration of Eq. (11) is done for
the stretched flame, assuming a linear dependance between the stretch leakage term and
the local stretch measure [24, 25, 26, 27, 28], Ṡkc = Kc, then

ρb(Z)ub(Z) =

+∞∫
−∞

ρ(Z; ξ)ω̇c(Z; ξ)dξ −
+∞∫
−∞

ρ(Z; ξ)c(Z; ξ)K(Z; ξ)dξ (13)

In a more detailed analysis (see for instance [26]), the mass flux burning rate is determined
at the position ξo on the burnt gas side of the flame. The LHS of Eq. (13) becomes
ρ(Z; ξo)u(Z; ξo), with ξo the position where the burning rate is of the order of 10% of its
maximum level; to demonstrate that ρb(Z)ub(Z) ≈ ρ(Z; ξo)u(Z; ξo) [26], mainly because
the remaining contribution in burned gases remains small compared to the flame one in
the range ξ ∈ [0, ξo].

Further assuming that the unstretched burning rate and progress variable profiles can
be used also in the integrals of the stretched relation (13), combining Eqs. (12) and (13):

ρb(Z)ub(Z) = ρo(Z)SoL(Z)

1− 1

ρo(Z)SoL(Z)

+∞∫
−∞

ρ(Z; ξ)c(Z; ξ)K(Z; ξ)

 dξ (14)
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which may be written

ρb(Z)ub(Z) = ρo(Z)SoL(Z) (1−Ka(Z)) (15)

with Ka, the Karlovitz integral value computed from unstretched profiles:

Ka(Z) =
1

ρo(Z)SoL(Z)

+∞∫
−∞

ρ(Z; ξ)K(Z; ξ)c(Z; ξ) dξ (16)

From above relations, one may then write:

+∞∫
−∞

ρ(Z; ξ)ω̇c(Z; ξ)dξ = (1−Ka(Z))

+∞∫
−∞

ρ(Z; ξ)ω̇oc(Z; ξ)dξ (17)

Arguing that flame integrated and filtered burning rates behave similarly versus stretch,
this last relation may be written for the energy source:(

ω̇q|Z∗
)

= (1−Ka(Z∗))
(
ω̇oq |Z∗

)
(18)

which is similar to Eq. (10), but obtained in a slightly different context. Furthermore,
assuming that there exists a stretch measure ΨK so that

+∞∫
−∞

ρ(Z; ξ)K(Z; ξ)c(Z; ξ) dξ = ΨKIc(Z) (19)

with

Ic(Z) =

+∞∫
−∞

ρ(Z, ξ)c(Z, ξ)dξ (20)

the relations (10), (16), (18) and (19) lead to:

K(Z̃) =
Ic(Z̃)

ρo(Z̃)SL(Z̃)
ΨK (21)

with Ic(Z̃) computed from the flamelet database. The stretch measure ΨK , may then be
seen as the resolved part of the normalized time evolution of the flame surface density [29]:

ΨK = ∇ · ũ− nn:∇ũ + SL∇ · n (22)

with n = −∇c/|∇c|. Simulations have been performed with and without the curvature
term SL∇ · n in ΨK , without much net impact on burner ignition probability, therefore
presented results are without the curvature term, which overall has a small impact on the
global burning rate compared to stretch, as previously reported [30, 31, 32, 33]. Equation
(10) then reads: (

ω̇q|Z∗
)

=
(
ω̇oq |Z∗

) (
1− ζ(Z̃)ΨK

)
(23)

with the following options for ζ:
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Figure 1: ζ(Z) as defined in Eq. (24).

• with ζ = 0, simulations are performed without any attempt to include stretch effects
on laminar flamelet speed, as it was done so far in PCM modeling [2, 8];

• with

ζ(Z̃) =
Ic(Z̃)

ρo(Z̃)SL(Z̃)
(24)

which is a fixed distribution computed from the flamelet database, simulations are
performed including an approximate stretch correction. ζ(Z̃) is plotted in Fig. 1, its
minimum is found close to stoichiometry for slightly rich mixtures, and it rapidly
increases in both fuel lean and rich sides. For moderate stretch levels, this first
order linear attenuation has almost no impact on stoichiometric mixtures, but a
non-negligible one for fuel lean and rich conditions; for example at Z ≈ 0.08, the
rich sparking condition considered in the simulations, ζ−1 = 200 s−1.

There is no adhoc constant or parameter introduced in this stretch correction, since ζ
is computed from the flamelet library with Eq. (24); transposing the detailed analysis by
Bradley et al. [18], quenching would be assumed when ΨK > ζ(Z̃)−1, it is also postulated
that the inherent instability of a flame to negative stretch might cause it to reorientate
toward positive stretch rate [18]. Simulations are performed at first for all cases with
ζ = 0, then additional simulations are conducted to evaluate the impact of the stretch
correction. As expected from experimental results, it is reported thereafter that fuel
rich flow locations, with high velocity fluctuations, need to be addressed with non-zero
ζ to reproduce ignition variability; nevertheless, the stretch correction was not found to
modify ignition probability at other locations. In addition, considering a single fuel rich
location, the stretch correction does not always prevent ignition at this point, depending
on turbulence properties time history; hence, ensuring that the included strain rate effect
does not behave as an artificially high damping of the energy source, that would prevent
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burner ignition always for rich sparking locations. The modeling of the flame kernel
resulting from sparking is discussed in [34], where further details concerning the present
work may also be found.

3 LES OF SPARK IGNITION

It was reported in Ahmed’s experiments that the ignition kernel could get quenched by
local flow fluctuations. Typically, inside the central recirculation zone where the mixture
is relatively rich, there exists a considerable difference between the flammability map
(probability to observe a mixture having a fuel/air ratio favorable to ignition) and the
ignition probability map. Inside the CRZ, the axial velocity always plays a positive role
by transporting the kernel in the negative axial direction, but still the ignition kernel fails
to develop and fully lighten the burner. The velocity fluctuations inside the CRZ are quite
intense and the premixed flame propagation speed in the rich mixture prevailing inside
the CRZ, is several times smaller than the stoichiometric mixture, making the kernel more
sensitive to the local turbulence, which can eventually quench the small burning zone, as
attributed by the experimental findings. The correction proposed in Eq. (18) for stretch
is activated with non-zero ζ and the LES response for various sparking point is analyzed.

The first spot (referred hereafter as point E) selected to analyse the proposed strain
correction is located in a region inside the CRZ, where the flammability is high (larger
than 85%), the axial velocity is negative and the mixture is quite rich. In the experiment,
it was found that the ignition probability and the probability of successful flame kernel
initiation were identical at this location. In other words, when the sparking results in the
generation of a visible burning region that can survive long enough, then the full ignition
turns out to be successful, because the ignition kernel is never convected downstream
by the axial component of velocity. In contrary, when the flame kernel is quenched for
the same sparking point, it happens at the very first stages of its development, when its
diameter is still less than 3 mm [1].

The time history for this ignition spot (Fig. 2) confirms that in the LES, the conditions
are favourable for ignition and kernel development at most of the time instants. The two
time instants analysed in this case are ts = 0.1321 s and ts = 0.13765 s, which resulted
in a quenched kernel and a successful ignition, respectively. It is to be noted that the
mixture fraction during both of these time instants is relatively rich, even though it is
within the flammability limit.

Figure 3 shows the evolution of the flame kernel during the unsuccessful time instance,
resulting in kernel quenching. The streamline issued from the spark location confirms that
the tendency of the kernel will be to travel toward the bluff-body. This is what is observed;
the spark develops first into a round kernel (0.2 ms), which gets displaced through the
CRZ, where the mixture remains appreciably rich with a mean mixture fraction value of
about 0.08. The correction factor, ζ(Z̃), applied to the filtered burning rate is quite high
for this equivalence ratio (Fig. 1). This high value of ζ(Z̃) combined with the high stretch
rate, ΨK , induced by local turbulence, has a negative impact on the kernel development.
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Figure 2: Time history of velocities and Mixture fraction at spot E (z = 20 mm, r = 0 mm).

From Fig. 3, it can be observed that at 1 ms after sparking, the kernel has shrunk in its
size due to local high turbulence. After 5 ms, the kernel is quenched with no more sign of
positive development. It is to be noted here that the observed displacement of the flame
kernel is only due to the flow advection and not due to flame propagation. (The kernel
would have disappeared remaining in the same position, if the time averaged velocities
would have been zero.)

Figure 4 shows the successful evolution of an ignition kernel at the same point E, but at
a different time instant as marked in Fig. 2. The streamline emanating from the ignition
spot is not very different from the previous case, where the kernel got quenched. However,
the local mixture fraction during the sparking moment is about 0.07, which is leaner than
the previous case; the reduction in burning rate due to flow straining is then 10 times
smaller than for Z = 0.08 (Fig. 1). From Fig. 4, after 1 ms, the spark kernel appears
much bigger, although the local strain rate correction is still applied to the source terms
(Eq. (18)).

The experimental reporting are thus reproduced, where the kernel exhibits a serious
reduction in size after 1 ms, in the cases where quenching is observed. In the experi-
ment, for the successful test cases, after 1 ms, the kernel size remains either the same, or
sometimes slightly bigger (Fig. 23 of [1]). The same behaviour is observed in this LES in
Figs. 3 and 4. The further global evolution of the kernel for the successful time instance
is very similar to what is obtained at point C, because the convective field in the CRZ is
similar; though, there is a definite reduction of the rate of the kernel growth due to the
introduction of the strain correction, which increases the time taken by the kernel to fully
lighten the burner.

To quantify the complete flame establishment duration, the time evolution of the vol-
ume averaged source term of energy is introduced. This quantity is displayed in Fig. 5
for point E. For the successful case, the volume averaged source term shows a linear and
slow growth until 25 ms. Between 20 and 30 ms, strong reaction zones are visible near the

10



V. Subramanian, P. Domingo and L. Vervisch

(a) 0.2 ms (b) 0.5 ms (c) 1 ms

(d) 3 ms (e) 5 ms (f) 25 ms

Figure 3: LES resolved instantaneous snapshots of temperature after sparking at spot E (z = 20 mm,
r = 0 mm), showing kernel quenching. Sparking time = 0.1321 s. Solid black line: Iso-line of stoichiometric
mixture fraction. Image shows the domain dimension of 70 x 70 mm. Time is the relative time after the
ignition event.
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(a) 0.14 ms (b) 1 ms (c) 3 ms

(d) 5 ms (e) 10 ms (f) 20 ms

(g) 30 ms (h) 40 ms (i) 55 ms

Figure 4: LES resolved instantaneous snapshots of temperature after sparking at spot E (z = 20 mm,
r = 0 mm), showing positive kernel development. Sparking time = 0.13765 s. Solid black line: Iso-line
of stoichiometric mixture fraction. Image shows the domain dimension of 70 x 70 mm, in caption the
relative time after the ignition event.
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Figure 5: Time evolution of volume averaged energy source term for both successful and unsuccessful
case for spot E (z = 20 mm, r = 0 mm). Time shows the relative time after sparking instance. Black
dotted line: Conventional PCM-FPI closure without accounting flow straining effects, Black solid line:
New closure accounting flow straining effects.

iso-stoichiometric surface (Fig. 4), which eventually accelerates the burning. Meanwhile,
the temperature inside the CRZ increases, viscosity also increases and thus damps the
fluctuations, thereby accelerating the burning rate. Between 25 to 50 ms, the burning rate
shows a steep increase due to the tangential flame spreading through the stoichiometric
mixture, noticed by the stiff slope of the evolution of total energy source term, as seen in
Fig. 5. The kernel evolution observed in this case closely matches with the experimental
finding in a spot inside the CRZ (Fig. 15 of [1]). The time taken for complete lightening
of the burner for this case was found to be around 50 ms, in close agreement with the
experiment. Fig. 5 also shows the source term evolution of the quenched case at this same
ignition spot, due to local flow straining. The very quick disappearance of the flame ker-
nel is clearly observed, only the peak corresponding to the energy deposited by the spark
is visible. The volume averaged source term of energy is also plotted for a spark at the
same instant (ts = 0.1321 s), when the original PCM-FPI approach is employed without
accounting for stretch correction. It is observed (Fig. 5 bottom) that a full lightening of
the burner is obtained with this closure. More, in the simulations featuring the original
approach (ζ = 0 in Eq. 23), it has proved impossible to obtain a quenched kernel at Point
E, whatever the time instant tested and the corresponding local conditions.

According to results discussed above, the stretch rate correction (Eq. (18)) captures
the slow down of flame kernel development and the variability of ignition, as it was shown
for point E, where both ignition or quenching can be found with this correction. It has
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Figure 6: Time evolution of volume averaged source term with and without accounting for flow straining
effects. The ignition spot D (z = 15 mm, r = 17 mm) is located on iso stoichiometric surface. Time is
the relative time after sparking instance

also been verified on all previously tested points (A to D) and sparking time instants, that
the success or failure of the spark to ignite the burner is not affected by the improved
model. This is expected since the correction brought by Eq. (18) stays negligible for flame
development arising mostly over stoichiometric mixture.

In some cases, there is a non negligible difference in the rate of flame kernel develop-
ment, between the simulations with and without flow straining effects. To illustrate the
reduction in burning rate, two simulations with ζ = 0 (no stretch effect) and non-zero
ζ (stretch as given by Eq. (18)) are performed from the same initial conditions for the
ignition spots D (z = 15 mm, r = 17 mm) and E (z = 20 mm, r = 0 mm) at time instants
where ignition is successful for both approaches. The time evolution of the integrated
energy source term is displayed in Fig. 6 at point D, starting from the sparking instant.
Without accounting for strain, intense burning starts rapidly after the spark, the total
establishment time is about 30 to 40 ms. Accounting for flow straining effects, the flame
establishment duration is between 55 to 70 ms. This difference predominantly arises from
the initial part of the kernel development period, which is much slower in the case account-
ing for strain effects, the reduction in burning rate attributed to the flow straining is thus
dominant for young flame kernel. A similar lengthening of the flame establishment time is
observed for point E in Fig. 5 top. This is the reason why the kernels are often quenched
when the sparking is inside the CRZ (for instance point E discussed before), since at this
location, they face high turbulence levels while being of small size. A parallel can be made
with experimental observations, which concluded that a young kernel is more prone to
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quench compared to a developed one, for the same turbulence intensity [35]. Therefore, if
an ignition kernel can sufficiently grow before being inducted into highly strained and rich
mixtures within the CRZ, it is not quenched. This has been observed for spot ignition D,
when the kernel has grown substantially by spreading through the stoichiometric surface,
before entering the recirculation zone to promote full ignition of the burner.

4 SUMMARY

Large Eddy Simulation of spark ignition was performed using tabulated detailed chem-
istry. Comparing with experimental measurments shows that intense strain rate effects
cannot be neglected in chemistry modeling, specifically when sparking in fuel rich (or
lean) zones. A correction function to usual flamelet modeling was proposed and tested to
account for such high flow straining.
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