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Abstract

Ignition and altitude reignition are critical issues for aeronautical combus-
tion chambers. The success of ignition depends on multiple factors, from the
characteristics of the ignitor to the spray droplet size or the level of turbu-
lence at the ignition site. The optimal location of the ignitor or the potential
of ignition success of a given energy source at a given location are therefore
parameters of primary importance in the design of combustion chambers.
To study ignition, series of experiments are usually performed but they are
costly especially when multiple spark locations must be tested. For the same
reason, unsteady simulations are useful but do not give an optimal result,
unless all locations are tested, which brings the CPU cost to unreasonable
values. Alternatives are hence needed and are the objective of this contri-
bution. It is proposed here to derive a local ignition criterion, giving the
probability of ignition from the knowledge of the unsteady non-reacting two-
phase (air and fuel) flow. This model is based on criteria for the phases of
a successfull ignition process, from the first kernel formation to the flame
propagation towards the injector. Comparison with experimental data on an
aeronautical chamber shows good agreement, indicating that the proposed
ignition criterion, coupled to a Large Eddy Simulation of the stationnary
evaporating two-phase non-reacting flow, can be used to optimize the ignitor
location and power.
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1. Introduction

Ignition and high altitude re-ignition, are critical processes in aeronautical
engines. Efficient and reliable ignition is a crucial point for the certification of
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engines, and innovative systems such as laser ignition are actively developed.
Ignition is a complex transient phenomenon, not yet fully understood and
controlled. Experiments show that ignition by a single spark may be success-
full or fail in the same operating conditions so that an ignition probability
must be used for engine design [1, 2, 3, 4]. This probability is the result of
the fluctuations of the fluid state at the igniter location, and is conditionned
by local turbulent mixing and velocity fields [5].
Previous numerical studies have been devoted to ignition in premixed gaseous
flows [6, 7] and in particular demonstrate the concept of minimum energy for
successful ignition [8, 25, 26]. More recently, Quintilla [9] and later Ouarti
[10] and Garcia-Rosa [11] used zero and one-dimensional sub-models to de-
scribe the very first moments of ignition. Less work has been devoted to the
ignition of a two-phase mixture. Ballal and Lefebvre [12, 13] proposed an ex-
tension of their analytical study of gaseous ignition to two-phase flow, leading
also to the determination of a minimum energy. A comparison with exper-
imental data confirms that global tendencies are captured by their analysis
and that ignition is strongly influenced by the droplet size. This study is how-
ever limited to a simple and ideal case and misses other processes occurring
in a real engine. The complexity of ignition in a real combustion chamber was
illustrated by Boileau et al. [14] who simulated the ignition of a full annular
combustor. They showed that the ignition process develops in several steps,
from the first flame kernel near the igniter, to the stabilisation of a flame on
the injector and its propagation towards the neighbouring burning sectors.
Such simulations were performed using the Large Eddy Simulation (LES)
technique, which has proven its efficiency to compute combustion chambers
[15, 16, 17, 18, 19]. LES of non reacting flows is even faster and now used in
industry.
There are two ways to use LES to study ignition in turbulent flows:
- perform LES of ignition sequences [20]. This is a very expensive procedure
to determine ignition probabilities [3], because a full computation of ignition
sequences must be repeated for each spark position.
- build a model based only on a cold flow LES. This requires additional as-
sumptions but is also much faster because it needs only one LES of the flow
with the spray but without combustion.
Building a model based on cold flow data is the objective of the present pa-
per. To do this however, we will also use LES results of full ignition sequences
to illustrate the statistical nature of ignition and to identify the phenomena
which must be included in the model.
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For this model called I-CRIT-LES, a general ignition scenario is built, lead-
ing to a series of analytical criteria, which are all necessary for successfull
ignition. These criteria are exclusively based on the non-reacting flow (i.e.
before ignition) local conditions, and may be applied to instantaneous real-
izations of the flow. They allow to understand the controlling processes in
ignition and to identify the limiting phenomena in any situation. Then, ap-
plying these criteria to a set of instantaneous solutions, used as a statistical
sample of the flow, a probability of ignition may be calculated at each point
in the combustion chamber.
The paper is organised as follows : first (section 2), LES of full ignition
sequences in a swirled kerosene/air flow are presented to illustrate the phe-
nomena which the I-CRIT-LES model will have to take into account. Taking
one flow realisation, section 3 establishes the ignition scenarii and criteria.
Then section 4 shows how a set of instantaneous flow solutions can be used
together with the criteria of section 3 to compute an ignition probability.
Finally the model for ignition prediction is applied to a real combustion
chamber and compared to experimental results (section 5).

2. LES of ignition sequences

LES of ignition sequences have been performed on the MERCATO con-
figuration from ONERA [4], for which series of experimental ignition tests
were available. Several positions of the ignitor were tested at two axial dis-
tances (along z=26mm and z=56mm). The combustion chamber is a simple
rectangular box with optical accesses (Fig. 1). For the LES, the position
at z=56mm and y=57mm was chosen. The fuel injector is typical of aero-
nautical systems and is made of one swirler and a centered liquid atomiser
forming a hollow cone spray. The present case corresponds to kerosene com-
bustion at a mean equivalence ratio of 0.95 (liquid+gas). Air and fuel are
both injected at 285K and the mean pressure in the chamber is 1 atm. Mass
flow rates of air and kerosene are respectively 35.5g/s and 2.26g/s. LES
of the non-reacting two-phase flow were previously performed and validated
against measurements [21]. These simulations use the sub-grid scale model
WALE [22] associated with no-slip walls. Characteristic boundary conditions
NSCBC [23] are used for inlet and outlet sections. A monodisperse Eulerian
model as well as monodisperse and polydisperse Lagrangian models have
been applied to the dispersed phase and gave similar results for the mean
flow [24]. Fig. 2 displays the field of axial mean velocity where the central and
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Figure 1: Geometry of the MERCATO burner. Black cross: spark location for ignition
sequences (section 2).

corner recirculation zones have been evidenced. All clip planes presented in
this section are vertical median planes (x = 0). This flow structure controls
the droplet distribution, as shown on Fig. 3.

Figure 2: Mean axial velocity field in the x = 0 plane (white line denotes 0 m/s)

The hollow cone spray injects locally monodisperse droplets (mean di-
ameter 60 µm) in the high shear zone around the central recirculation zone.
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Figure 3: Mean liquid volume fraction field in the x = 0 plane

Droplets go around the recirculation zone and partially evaporate before leav-
ing the chamber through the exit.

Starting from this two-phase flow, a series of ignition sequences LES have
been performed with the energy deposition model [20] during the sparking
phase, the thickened flame model and a two-step reduced chemical scheme
during the flame propagation phase for kerosene/air combustion [14]. The
energy deposited by the spark has an integrated value of 100mJ and lasts
50µs. Eleven ignition sequences were simulated by triggering the spark at 11
different times (i.e. initial flow conditions at sparking time) but always at
the same location, producing the 11 curves of Fig. 4. The results of the 11
tests are very different, from fast ignition to immediate failure, also showing
a series of intermediate behaviors where ignition starts more or less slowly
and leads to complete ignition or failure. The snapshots corresponding to
3 different ignition times t0 are shown on Fig. 5 after 1ms of development.
According to Fig. 4, the sizes of the hot gas kernel at this instant are very
different. One has already begun to shrink (Fig. 5 a)) and another one has
spread rapidly (Fig. 5 c)), while Fig. 5 b) displays an intermediate behaviour,
highly wrinkled by turbulence.

Fig. 4 illustrates some of the basic ingredients used in the I-CRIT-LES
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Figure 4: Ignition tests: time evolution of the total consumption rate (
∫
ω̇dV ) in the whole

combustor. t0 being the sparking time.

model: (1) ignition in this turbulent flow is strongly dependent on the in-
stantaneous flow when spark is activated and (2) a model for ignition can not
be built on average flow fields: ignition criteria must be applied on multiple
realisations of the same flow and ignition probabilities obtained by averaging
criteria obtained for these realisations. This is the basis of the I-CRIT-LES
model.

3. The ignition criteria

The first step of the I-CRIT-LES model is to build a deterministic ig-
nition criterion on a single non reacting flow realisation obtained by LES.
In this work targeted toward aeronautical applications, ignition is produced
by a spark or a laser which deposits a certain amount of energy in a cold
mixture of gas and droplets. The following ignition sequence is considered
as complete and successfull if a stabilised flame is installed at the end of the
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(a) t0 = 460ms∗ (b) t0 = 462ms

(c) t0 = 464ms∗∗

Figure 5: Snapshots of 3 characteristic ignition sequences 1ms after the beginning of the
deposition t0. The light gray isosurface denotes the Tgas = 1500K surface. *: failed
ignition ; **: sharp ignition.

process. This criterion does not correspond to the local ignition of the first
flame kernel (like in minimum ignition energy studies in premixed flames
[25, 26]) but to a global stabilisation test depending on the configuration.
The process starts with the creation of a small kernel just after the spark or
laser discharge. The deposited energy must be sufficient to sustain this first
kernel until combustion takes over and produces sufficient heat to increase
the initially sparked hot volume. After reaching a sufficient size, the kernel
(which may have been convected to another location in the meantime) starts
to interact with turbulence and converts into a turbulent flame. Ignition is
completed after this turbulent flame has propagated upwards to the fuel in-
jection system and stabilizes there. In annular combustion chambers (typical
of gas turbines), the last phase is the propagation of combustion from one
burner to the other. This is a large scale phenomenon which depends on the
burner geometry and operating conditions and is not analysed here. It can
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be studied with full annular simulations as in Boileau et al. [14].
The full ignition of one sector can be recast into the following steps (Fig. 6):

Figure 6: The 6 phases ignition senario. Dark zones correspond to ignited regions.

1. Droplet dispersion in the chamber (phase 1 in Fig. 6): the first step
prior to igniting a burner is to inject fuel and mix it with air. This is
described by the LES of a cold (possibly evaporating) two-phase flow,
which produces instantaneous distributions of liquid and gaseous fuel
in the chamber. The local mixture fraction and velocity fields at the
moment of ignition are crucial and are the inputs of the I-CRIT-LES
model to determine if the local mixture is flammable or not.

2. Spark or laser discharge and first hot gas kernel (phase 2 in Fig. 6):
ignition is triggered by an energy deposition which leads to complex
processes including non-equilibrium physics. If sufficient, the energy
deposition leads to the creation of a small hot gas kernel. The size and
temperature of this first kernel are critical for its later growth.

3. Growth and convection of the kernel (phase 3 in Fig. 6): if conditions
are favorable, combustion starts around the hot gas. If the vaporisation
time is small compared to the heat diffusion time, the hot gas kernel
becomes a flame kernel and its size increases [13].

4. Transition to a turbulent flame (phase 4 in Fig. 6): after reaching a size
comparable to the smallest turbulent structures, the flame kernel starts
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to interact with turbulence, leading to wrinkling and stretching of the
flame front. In most situations, this will accelerate flame propagation.
If turbulence is too strong however, flame quenching may occur [27].
This last point is not considered in the present analysis as turbulent
quenching is not expected to be a major mechanism in the target ap-
plications. However another quenching mechanism may occur in case
of flame interaction with cold walls and is considered in the present
analysis during Phase 4.

5. Propagation of the turbulent flame towards the injection system (phase
5 in Fig. 6): usually the ignition system is located downstream of the
injection system, and the turbulent flame kernel is created away from
the stationary flame position of the ignited burner. In order to stabi-
lize near the injector, the turbulent flame must propagate upstream,
i.e. against the mean flow. This is possible only in low velocity zones,
around or in recirculation zones, and requires a turbulent flame speed
larger than the local flow speed.

6. Stabilisation of the flame: this is the end of the ignition process of a
single burner. It is considered as automatically satisfied if all phases 1
to 5 are fulfilled.

For the full annular burner ignition a seventh step should be added, corre-
sponding to flame propagation from ignited burners to their neighbours [14].
This last step is not considered here.
Steps 1 to 5 are associated to five conditions that must be fulfilled for the
succesfull completion of each step and the start of the next one :
C1 (step 1): The fuel distribution must guarantee a flammable mixture.
C2 (step 2): The discharge energy must be sufficient to create a first hot gas
kernel.
C3 (step 3): The local conditions (vaporisation time versus diffusion time)
must allow the kernel to increase.
C4 (step 4): The flame must not be quenched near walls.
C5 (step 5): The flame speed must be larger than the local flow speed to
allow the flame to propagate upwards.
These conditions will now be expressed in terms of criteria which depend on
the instantaneous flowfields and change from one flow realisation to another.
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Criterion 1: Flammability

During a two-phase flow ignition, the available fuel is the fuel vapor (usu-
ally small) and the liquid fuel which will evaporate at the spark location.
As a consequence, flammability of the mixture is evaluated by the total (gas
+ liquid) equivalence ratio, that must be in the flammability limits of the
considered fuel. Defining the equivalence ratio as:

Φ = Φgas + Φliq = s
YF
YO

+ s
ρlαl
ρYO

(1)

where s is the stoichiometric ratio, YF and YO respectively the fuel and the
oxidizer mass fraction, ρ the gas phase density, ρl the liquid phase density
and αl the liquid mass fraction. Criterion 1 writes:

Φlow ≤ Φ ≤ Φhigh (2)

where Φlow and Φhigh are respectively the low and high flammability limits,
known for usual fuels.

Criterion 2: Energy discharge and first kernel

Spark ignition has been described in details by R.Maly and R.Vogel [28].
They recalled that three phases (or discharge modes) can usually be distin-
guished. The first one is the breakdown phase. It lasts several nanoseconds
(1-10 ns) and is the scene of very high voltage (about 10 kV) and currents
(about 200 A). It implies the creation of a cylindrical plasmatic channel be-
tween the two electrodes, where temperature and pressure can respectively
reach several tens of thousands degrees and 200 bars. The breakdown phase
is very efficient as very few energy losses are observed. The following phases
are the arc and glow discharges. Voltage, current and number of ionized par-
ticles are much lower but this phase is much longer (hundreds of microseconds
to milliseconds) and heat losses due to conduction in the electrodes become
very important.
Kono et al. [29] and later Kravchik and Sher [7] underlined that first, mass
and energy transfers are controlled by the high pressure wave (blast wave)
created by the breakdown. While expanding at high velocities, the shape
of the kernel changes and quickly becomes spherical [7, 30]. At the same
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time, ionization plays a crucial role by releasing energy that slows down the
cooling of the kernel [7, 30]. This fast expansion phase ends only after about
one hundred microseconds, and is followed by a slower expansion due to heat
conduction and mass diffusion. Although the plasma phase corresponds to
the highest heat transfer and gas temperature, it is too short and strong to
be a limiting process of ignition and is therefore not described here. In fact,
the crucial parameter is the fluid state at the end of the plasma phase (when
the gas has come back to equilibrium), resulting from the true amount of
energy transferred to the gas at the end of the discharge. This amount has
been evaluated and measured by several authors [28, 31] and is typically 10
to 30% of the spark energy.
For laser ignition, the energy deposit is simpler to evaluate since lasers di-
rectly transfer almost the whole energy to the gas, even if a part of this energy
can produce a strong pressure wave through the dilatation of the ionized gas
[32].
The previous observations were obtained for pure gaseous mixtures. In a
spray, droplets evaporation is much slower than the energy transfer from the
igniter to the gas: it is assumed here that droplets do not interact directly
with the igniter and are heated only by their interaction with the hot gas
(see Fig. 7). Furthermore, in practical devices, the spray is very diluted at
the spark location so that the energy absorbed by the liquid is very small.

The minimum energy required to install a first kernel is determined by
considering the heating, evaporation and ignition of a homogeneous mist of
droplets in an initially fuel-vapor free gaseous environment (Fig. 7).

Numerical tests (see Appendix A) show that if the liquid is too far from
saturation conditions when combustion starts, evaporation is too slow to
feed the flame so that a criterion can be defined by introducing an ignition
temperature Tign which is the temperature at which the chain-branching
reaction balances the terminating reaction [34]. This may be expressed in
terms of a gas temperature, that must stay above the ignition temperature
Tign until the liquid has reached its saturation temperature Tcc. If tcc is the
time at which the liquid reaches saturation, criterion 2 is:

T (tcc) ≥ Tign (3)

It requires the knowledge of the gas temperature temporal evolution T (t),
which is obtained from the evolution equations for the gas (T ) and liquid (Tl)
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Figure 7: Sketch of the topology considered with the representation of the temperature
profile at the end of the energy deposition.

temperatures at the spark location (typical evolutions are shown in Fig. 8),
taking into account heat diffusion, heat transfer between the two phases and
a source term (the spark energy during the deposition phase, S = ėdep) in a
simplified form (see Appendix B for detailed developments):

∂T

∂t
=
T∞ − T
τdiff

+
Tl − T
τcond

+
S

ρCp
(4)

∂Tl
∂t

= −ATl − T
τcond

(5)

These equations are written for the sparking phase and the heating phase of
the droplets, before they reach Tcc, therefore with negligible evaporated fuel,
i.e. negligible combustion. A unity Lewis number is assumed. The initial
temperatures for the gaseous and for the liquid phase are respectively noted
T∞ and Tl,0. Td = T∞ + edep/ρCp is the gas temperature at the end of the
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Figure 8: Typical evolutions of the temperatures when ignition occurs (thermal runaway
after tcc).

energy deposit phase, edep being the volumic energy deposit. The parameter
A = ρCp/αlρlCp,l is the liquid to gas ratio of heat capacity, with αl the liquid
volume fraction. The two characteristic times τdiff = d2

k/8ndimD and τcond =
d2
l /6DαlNu describe heat diffusion in the gas and heat transfer between the

phases, ndim being the number of dimensions. In these expressions, D is the
heat diffusion, dk is the kernel size, and dl is the droplet diameter. Solving
these two equations yields:

T (tcc) = Td −
τcond
aτ

(Tcc − Tl,0) (6)

where 1/τ = 1/τdiff + 1/τcond. Finally criterion 2 becomes:

edep
ρCp
≥ (Tign − T∞) +

τcond
aτ

(Tcc − Tl,0) (7)

or
edep
ρCp
≥ (Tign − T∞) +

(
αl +

4ndim
3Nu

d2
l

d2
k

)
ρlCp,l
ρCp

(Tcc − Tl,0) (8)
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This criterion expresses that the energy deposit must be sufficient to heat
the gas from T∞ to at least Tign and the liquid from Tl,0 to Tcc while the gas
temperature does not cool down to a temperature lower than Tign. Also
notice that dl = 0 (i.e. and αl = 0) provides the gaseous limit of the cri-
terion, i.e. the minimum ignition energy density for a gaseous premixed flow.

Criterion 3: Kernel growth

The next step is to sustain the kernel and corresponds to phase 3 in
Fig. 6. If combustion is not strong enough, the heat release is not sufficient
to compensate for the cooling of the gas due to diffusion and the kernel
quenches.

Figure 9: Expansion of the initial laminar kernel.

This third criterion is derived following the methodology of Ballal and
Lefebvre (1981)[13]. Considering a hot gas kernel surrounded by a flame, in
a mixture of fresh gas and droplets (Fig. 9), characteristic times of evapora-
tion τvap, diffusion τdiff and combustion τcomb are compared. Combustion is
sustained if the droplets can evaporate and burn before heat diffuses away:

τvap + τcomb ≤ τdiff (9)
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As combustion is fast compared to diffusion and evaporation, τcomb ≈ 0.
The vaporization time is determined from the evaporation mass transfer as
expressed in Spalding’s theory [35]:

τvap =
ρl d

2
l

6Φ Sh ρ D ln(1 +BM)
(10)

where BM is the mass Spalding number. After rearrangement of Eq. 9, one
finds criterion 3:

dk
dl
≥

√
4ndimρl

3Φ Sh ρ ln(1 +BM)
(11)

which compares the kernel size dk to the droplet size dl. If the kernel size it
too small compared to the droplet diameter, heat diffusion is too fast com-
pared to evaporation and the flame can not survive.

Criterion 4: Wall quenching

Previous studies [36, 37, 38, 39] have shown that a flame can not exist
at a closer distance to the wall than a critical distance called the quenching
distance δQ. Therefore a flame ignited too close to a wall will not be able
to survive. The quenching distance has been evaluated for various laminar
flames interacting with walls, and is usually expressed as a Peclet number
PeQ = δQ/δ

0
l where δ0

l is the local laminar flame thickness. This number
is of order of 3.0 for usual hydrocarbons (1.7 for H2/O2) when the flame
propagates normally to the wall (Head On Quenching). A characteristic time
of the interaction tQ is also defined, which represents the time to quench the
flame. This time is also given in a non-dimensional form τQ = tQ/t

0
l where

t0l = δ0
l /S

0
l . For typical hydrocarbons τQ ≈ 2.1. We also define δ as the

distance of the ignition kernel to the wall.
Knowing PeQ and τQ, criterion 4 is expressed differently depending on

the wall distance δ (Fig. 10):

• First, if the kernel is initiated within the quenching layer, i.e. if δ ≤ δQ,
it has to leave this zone before t = tQ, then:

δ ≤ δQ & U.n >
δQ − δ
tQ

> 0 (12)

where U is the local flow velocity and n the wall normal.
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Figure 10: Layers description of criterion 4

• Second, even if δ > δQ, the flame may convect within the quenching
layer. Hence, it has to be strong enough before entering this zone. It is
assumed that the flame is strong enough when it has developed during
at least τker = tcc+τdiff which represents the time to reach equilibrium
(i.e. non super adiabatic temperature). This leads to the definition of
an ”overlayer distance” rQ = (U.n)τker and the second case as:

rQ ≥ δ > δQ & U.n > 0 (13)

• At last, if:
δ > rQ (14)

criterion 4 is validated independently of other conditions.

Criterion 5: Upstream flame propagation

The turbulent flame created in step 5 must propagate upstream and ignite
the complete chamber. This is a complex issue requiring full LES of ignition
sequences (something we do not want to perform to use the present model) or
Lagrangian simulations of the kernel trajectory (see for ex [40]). To construct
a criterion based only on instantaneous snapshots, criterion 5 in I-CRIT-LES
considers a simpler condition, stating that the flame velocity must allow the
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front to propagate upstream: the turbulent flame speed ST must be larger
than the flow velocity U :

U − ST ≤ 0 (15)

where U is the flow mean velocity and ST ≈ S∗L(Φ)+u′ is the turbulent flame
speed [41, 42] with u′ being the turbulent velocity fluctuation. The laminar
flame speed S∗L(φ) for two-phase flow flames is corrected for lean combustion
as in [13]:

S∗L(φ) =

(
τvap
D

+
1

(S0
L)2

)−1/2

(16)

Global ignition index

All five criteria are necessary for ignition and are combined in an ignition
index Iign = C1 × C2 × C3 × C4 × C5, where Ci takes the value 1 if criterion
i is verified and 0 otherwise. At this stage, the ignition index is applied to
one flow snapshot and is a deterministic quantity which can take only 0 or 1
values. Typical evolutions of the index Iign are shown in Fig. 11 and Fig. 12.
Criterion 1 for example (flammability, Fig. 11a) does not depend on droplet
diameter or on spark energy. Criterion 2 (first kernel creation) depends on
the droplet diameter and spark energy but the liquid volume fraction has
almost no influence. On the other hand, the growth of the kernel (Criterion
3 Fig. 11c) is controlled by the droplet diameter. Finally, the global index
can take complex dependances (Fig. 11d) when it is plotted versus droplet
diameter, spark energy and fuel liquid mass fraction.

Sensitivity to pressure, initial gas temperature and droplet diame-
ter

The first three criteria, C1 to C3 are local and it is interesting to study
their sensitivity to P , T∞ and dl space. Here the energy deposit Edep = 50mJ
and the liquid volume fraction αl = 3.10−4 are fixed. To first order, Fig. 12
shows that ignition is more difficult at high pressure: almost all criteria be-
come 0 when pressure is higher than 30 bars. The maximum pressure at
which ignition becomes impossible will be called Pil and isosurfaces of Pil
versus gas temperature and initial droplet diameter correspond to the tran-
sition of light to dark zones in Fig. 12. For criterion 1 (flammability limits),
Pil varies mainly with temperature: higher initial temperatures lead to eas-
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(a) Criterion 1: flammability limits (b) Criterion 2: kernel ignition

(c) Criterion 3: kernel growth (d) Ignition index Iign

Figure 11: Isosurfaces of limits of validity of ignition criteria and the full index function of
the liquid volume fraction, the droplet diameter and the energy deposit (light part means
the criterion is validated, i.e. = 1).

ier ignition and higher values of Pil. The second criterion (kernel ignition)
is even more sensitive to temperature (Fig. 12b) but the third one (kernel
propagation in Fig. 12c) leads to a limit pressure Pil depending mainly on
the droplet diameter. Finally, the resulting surface for Pil obtained from the
combinaison of criterion 1 to 3 leads to the complex shape of Fig. 12d.
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(a) Criterion 1: flammability limits (b) Criterion 2: kernel ignition

(c) Criterion 3: kernel growth (d) Ignition index

Figure 12: Isosurfaces of limits of validity of ignition criteria and the global index as
functions of the pressure, the initial gas temperature and the droplets size (light part
means the criterion is validated, i.e. = 1). The spark energy is 50 mJ and the initial fuel
volume fraction is αl = 3.10−4

4. Ignition probability

The ignition scenario and criteria described in section 3 are developed in
a fully deterministic framework: given initial conditions, the model predicts
if ignition will be successfull or fail with a 0 or 1 ignition index. However ex-
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act conditions (temperature and composition of the liquid and gas phase) at
the location and moment of ignition fluctuate due to turbulence and control
the success of the ignition sequence.

Fig. 4 was obtained through expensive LES and justifies the development
of the present model: it would be much too expensive to perform series
of ignition sequences with LES at each igniter location to obtain ignition
probabilities. A probabilistic model is a better choice and the I-CRIT-LES
uses non-reacting LES (which is unique and much faster) to evaluate ignition
probability without actually simulating ignition events. In this approach,
each instantaneous LES solution is viewed as one flow realisation, the finite
set of instantaneous fields being used as a statistical ensemble of samples
representative of the turbulent field. This requires that the solutions are
taken after statistical convergence has been reached. Applying criteria C1 to
C5 to a series of N realisations (instantaneous solutions at t = tk) allows to
build a probability for the local ignition index:

p(Iign) =
1

N

N∑
k=1

Iign(tk) (17)

This statistical estimate is a three-dimensional field giving the probability of
completion of all ignition steps at each location in the burner, and varies
from 0 to 1 (by construction). Using the same definition, one can also
build an individual probability which is specific to one criterion replacing
Iign(tk) by Ci(tk), and showing how a step of the ignition will behave. If
we suppose statistical independence of the criteria C1 to C5 one can write
p(Iign) =

∏5
i=1 p(Ci), where the probabilities p(Ci) are built as in equation 17.

Tests (not presented here) showed that these two definitions of p(Iign) do not
provide the same results. Hence, the criteria C1 to C5 are not statistically
independent, especially C2 and C3 (the amount of the energy deposit will
directly influence the size of the kernel at the beginning of the phase 3,
Fig. A.16).
The present approach also allows to analyse the causes of failure when the
ignition probability, p(Iign), is lower than 0.5, identifying the limiting crite-
rion as the criterion with the lowest probability p(Ci). The same analysis
may be conducted on only one instantaneous solution, identifying the cause
of failure by the first criterion for which Ci = 0. In this case the analysis is
deterministic.
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5. Application to an aeronautical chamber

The I-CRIT-LES model was applied to the MERCATO configuration
described in section 2. The first test was to check if I-CRIT-LES was able
to match the success/failure of individual deterministic ignition sequences
presented in section 2. For each test, only one LES solution is used (the one
at the corresponding t0), hence the value is binary (0 or 1). The results are
shown on Fig. 13. The methodology predicts no ignition for t0 = 459.75ms
and 460ms, almost no ignition for t0 = 459.25ms and 460.5ms but with
favorable zones for ignition very close to the spark, and ignition for the
others (especially for t0 = 464ms). These observations are in very good
agreement with the previous ignition sequences performed. Like in Fig. 4,
failure of ignition at time 459.75ms and 460ms are predicted as well as the
sharp ignition at time 464ms. I-CRIT-LES does not predict late ignition
phenomena (t0 = 459.25ms and 460.5ms), as this involves convection of the
kernel (i.e. trajectory computations) which are very expensive and can not
be captured simply by analytical models.

The main purpose of this index is to provide statistics about ignition.
In the experiments [4], several positions of the ignitor were tested (along
z=26mm and z=56mm) and for each one, the ignition probability was calcu-
lated from the recording of success/failure of ignition. A direct comparison
with the present model is thus possible.

To obtain ignition probabilities, the ignition index is built taking 200 in-
dependent instantaneous LES solutions over a total time of 20ms. The result
is shown in Fig. 14, showing that ignition is most probable in recirculation
zones and is almost impossible close to the fuel injection and at the bottom
chamber (z = 0 plane in Fig. 1) as well as high speed zones. The probabil-
ity is intermediate in the region surrounding the recirculation zones. This
result is in good agreement with experimental findings, indicated with the
black and white arrows in the figure, except around the fuel injection axis
where the predicted probability is high (i.e. white) while no ignition could
be obtained experimentally. This is however explained by the fact that the
laser ignitor used in the experiment could not be focused at the center of the
domain due to the presence of the spray and its diffraction effect on the laser
beam.
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(a) t0 = 464ms∗∗∗,
plane x = 0

(b) t0 = 459.25ms∗ (c) t0 = 459.75ms−

(d) t0 = 460ms− (e) t0 = 460.5ms∗ (f) t0 = 461ms∗∗

(g) t0 = 461.5ms∗∗ (h) t0 = 462ms∗∗ (i) t0 = 462.5ms∗∗

(j) t0 = 463ms∗∗ (k) t0 = 463.5ms∗∗∗ (l) t0 = 464ms∗∗∗

Figure 13: I-CRIT-LES applied to single snapshots for the same times as in section 2.
White: I-CRIT-LES=1 (ignition) ; Black: I-CRIT-LES=0 (no ignition). Reminder of
Fig. 4: circle denotes spark location. −: failed ignition ; *:late ignition ; **: successful
ignition ; ***: sharp ignition.

In order to better understand the cause of ignition failure, the local limiting
criterion is displayed in Fig. 15. The values 1 to 5 correspond to the criterion
with the lowest probability (over all realisations). The value 6 indicates that
all criteria are validated and ignition is highly probable (more than 0.5).
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Figure 14: Global ignition index in the x = 0 plane given by I-CRIT-LES for Edep =
100mJ . Dark zones correspond to low ignition probability. Arrows report experimental
tests (white means ignitions have been observed, black means no ignition observed)

Figure 15: Limiting criterion in the x = 0 plane. Black cross: spark location for ignition
sequences simulations. Edep = 100mJ

Figure 15 provides an identification of the mechanism leading to failed
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ignition: dark regions correspond to a failure of criterion 1, i.e. flammability
limits. The first dark zone is at the fuel injector nozzle, where droplets accu-
mulate because of the recirculation zone just downstream yielding a mixture
that is too rich. The second dark zone corresponds roughly to a low speed
area of the lateral recirculation zone, where the droplets also accumulate.
The last dark region (next to the top and bottom walls) corresponds to the
impact of the main flow on the wall. Criterion 2 is always fulfilled, meaning
that the energy deposit is always sufficient in this case. In gray, criterion 3
indicates that evaporation is too slow compared to diffusion to sustain the
flame kernel. Criterion 4 applies only in a thin zone near the wall. Finally
criterion 5 in light gray is limiting in zones of strong axial velocity, in the
shear zone around the central recirculation: the turbulent flame speed is not
sufficient to propagate the flame in the upstream direction.
An alternative use of the ignition index is to determine the minimum ignition
energy (MIE) to be provided for successfull ignition: this point is reached
when criterion 2 becomes the most restrictive. Since the kernel diameter dk
depends on the energy deposit, criterion 3 is also affected and can decrease
dramatically in some regions. For this operating point, it was found that a
minimal energy of about 20mJ was necessary to have relatively large area
(about few dk large) of non zero probability to ignite the chamber (the ex-
perimental tests were done with an energy from 60 to 212mJ, its purpose
was not to evaluate the MIE) .

6. Conclusions

Ignition sequences using LES have been performed in 1D and in 3D in the
MERCATO configuration. These simulations underlined the large variability
of the ignition process and its different phases. An analytical model, I-CRIT-
LES, to predict ignition probability of liquid-gas mixtures from non-reacting
fields in any configuration has been presented, based on the identification
of the successes ignition and propagation mechanisms and the derivation of
associated criteria. The probabilistic aspect is recovered by applying the
ignition criteria to a series of independent LES snapshots. Application to a
real combustor allows to identify the best ignitor locations and the causes
of failure in the other regions. A comparison with experimental tests shows
that the model captures the zones of high and low ignition probabilities and
can be used to compute the correct optimal locations for ignition.
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Appendix A. Validation of criterion 2 using 1D Direct Numerical
Simulation (DNS)

To take into account the size of the energy deposit, one-dimensional sim-
ulations were performed to study the evolution of the two-phase mixture
(Fig. A.16) and to test the criterion associated (Fig. A.18). This is a simple
1D DNS where a two-phase mixture of air and kerosene (only liquid initialy
and monodisperse droplets) is ignited by a 1D spark for which the local
energy deposited by unit volume is [20]:

ėdep(x, t) =
Edep

(
√

2π)2σxσt
e−

1
2(x−x0σx

)
2

e
− 1

2

“
t−t0
σt

”2

(A.1)

where Edep =
∫
ėdepdt dV =

∫
edepdV is the total amount of energy trans-

ferred by the spark to the gas, σx and σt are parameters that control the size
and duration of the source term, x0 and t0 are the space and time coordinates
of the deposit. Initial conditions are P = 1atm with a temperature of 300K
for both phases. The droplets size is 60µm and the liquid mass fraction 10−4.
The spark characteristics are: σx = 0.5mm and σt = 8.2µs. The liquid fuel
is kerosene (surrogate and chemical kinetic scheme from Franzelli and Riber
(2010) [33].
The temporal evolution of the droplet (dashed line) and gas (solid line) tem-
peratures are shown in Fig. A.16. In a first phase (t ≤ td), the gas temper-
ature increases sharply, under the effect of the energy deposition. Then in a
second phase (td ≤ t ≤ tcc), heating of the droplets starts, while the gas cools
down. After some time, the droplets reach their equilibrium temperature Tcc,
while the combustion reactions, activated by the hot gas temperature, start
to release heat, resulting in a fast increase of the gas temperature and a sec-
ond temperature peak at 0.4ms. This last step corresponds to the creation
of a first kernel.

If during the spark does not rise the gas temperature enough, the gas
may be cooled too strongly by heat diffusion, and the fuel evaporation is
too small, reactions can not start and ignition fails (dashed-dotted lines in
Fig. A.17 ).

A series of ignition simulations were performed for the parametric study
of the droplet size dl and of the energy of the spark Edep, keeping all other
parameters unchanged. The resulting ignition map is compared to criterion
2 in Fig. A.18, showing that criterion 2 correctly predicts ignition limits for
the presented test cases.
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Figure A.16: Ignition of a homogeneous droplet cloud (Edep = 4.3mJ).

Figure A.17: Comparison of the temporal evolution of maximum gas temperature between
successful (1) and failed (2) ignition.
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Figure A.18: Minimal energy as a function of droplet diameter dl for a stoechiometric
mixture. 1 and 2 refer to Fig. A.17.
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Appendix B. Criterion 2 developments

The evolution equations for the gas (T ) and liquid (Tl) temperatures at
the spark location, taking into account heat diffusion, heat transfer between
the two phases and a source term S (the spark energy during the deposition
phase, see phase 1 in Fig. 8 and Fig. A.16) are:

∂T

∂t
=

λ

ρCp
∆T +

Φ

ρCp
+

S

ρCp
(B.1)

∂Tl
∂t

= − Φ

αlρlCpl
(B.2)

where λ is the thermal conductivity, ρ the gas density, ρl the liquid density
and Cp the thermal capacity.

The heat conduction flux Φ between the two phases is defined as:

Φ(Tζ) = αlλNu
6

d2
l

(Tζ − T ) (B.3)

where Tζ is the droplet surface temperature and is equal to Tl as droplets are
supposed to have uniform temperature.

The exact resolution of Eq. B.1 and Eq. B.2 is beyond the scope of this
paper but a simple approximation of the gas temperature space shape within
the depot can be obtained by replacing the ∆T term in Eq. B.1 by a simpli-
fied expression: if the temperature is supposed to follow a parabolic profile
(Fig. 7) with a maximum value T at r = 0 and a temperature T∞ at r = dk/2,
the Laplacien of T can be approximated by:

∆T =
8ndim(T∞ − T )

d2
k

(B.4)

Assuming Le = 1 (.i.e. λ
ρCp

= D), Eq B.1 becomes:

∂T

∂t
=

8ndimD(T∞ − T )

d2
k

+ αlDNu
6

d2
l

(Tl − T ) +
S

ρCp
(B.5)

Then, introducing: τcond =
d2l

6αlDNu
and τdiff =

d2k
8ndimD

, Eq B.5 simplifies to:

∂T

∂t
=

1

τdiff
(T∞ − T ) +

1

τcond
(Tl − T ) +

S

ρCp
(B.6)
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Similarly, Eq B.2:
∂Tl
∂t

= −A 1

τcond
(Tl − T ) (B.7)

where A = ρCp
αlρlCpl

These equations are valid for the energy deposition (Phase 1 in Fig. 8)
and the heating phase of the droplets (Phase 2 in Fig. 8), before they reach
Tcc.

• Phase 1: energy deposition (0 < t ≤ td):

S = ėdep(x, t) (B.8)

Supposing in this phase that the liquid temperature is constant, equal
to Tl,0, Eq B.6 writes:

∂T

∂t
+

1

τ
T =

T∞
τdiff

+
Tl,0
τcond

+
ėdep(x, t)

ρCp
(B.9)

where τ is defined as:
1

τ
=

1

τdiff
+

1

τcond
(B.10)

The solution of Eq B.9 is:

T (t) =

[
T∞ +

∫ t

0

(
T∞
τdiff

+
Tl,0
τcond

+
ėdep(0, t

′)

ρCp

)
e
t′
τ dt′

]
e−

t
τ (B.11)

A quantitative analysis of the magnitude of the different terms shows
that ėdep(0, t

′) is several orders greater than the other two terms which
can be neglected. Consequently, at the end of the sparking time (i.e.
at t = td):

T (td) = Td = T∞ +
edep
ρCp

(B.12)

where edep =
∫
ėdepdt.

• Phase 2: droplet pre-heating (td < t ≤ tcc):
The second phase lasts from the end of the deposition at td, to the time
tcc when the temperature of the droplets reaches the saturation value
Tcc (Fig. 8). In this phase, the energy source from spark is null (S = 0)
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and the one from combustion is still negligible. Hence the temperature
evolution of the gas phase is:

T (t∗) =

[
Td +

∫ t∗

0

(
T∞
τdiff

+
Tl,0
τcond

)
e
t′
τ dt′

]
e−

t∗
τ (B.13)

where t∗ = t− td
Then:

T (tcc) =

[
Td +

∫ tcc−td

0

(
T∞
τdiff

+
Tl,0
τcond

)
e
t′
τ dt′

]
e−

tcc−td
τ

= T ∗ + (Td − T ∗)e−
tcc−td
τ

(B.14)

where T ∗ = τ
[
T∞
τdiff

+
Tl,0
τcond

]
Now that T (tcc) is a fonction of tcc, this last time has to be determined.
Solving Eq. B.7 for td ≤ t ≤ tcc, we obtain:

Tl(t
∗) =

[
Tl,0 +

∫ t∗

0

A

τcond
T (t′)e

A
τcond

t′
dt′
]
e
− A
τcond

t∗
(B.15)

which leads to:

Tcc = Tl(tcc) =

[
Tl,0 +

∫ tcc−td

0

A

τcond
T (t′)e

A
τcond

t′
dt′
]
e
− A
τcond

(tcc−td)

(B.16)
We suppose in this phase that the gas temperature varies slowly, and
in order to integrate Eq. B.16, use T (t) ≈ Td. Hence:

Tcc =
[
Tl,0 + Td

(
e

A
τcond

(tcc−td) − 1
)]
e
− A
τcond

(tcc−td) (B.17)

After some rearrangements, one obtains:

tcc − td = −τcond
A

Ln

(
Tcc − Td
Tl,0 − Td

)
(B.18)

As Tcc − Tl,0 � Td − Tl,0, a 1st order Taylor expansion gives:

tcc − td =
τcond
A

Tcc − Tl,0
Td − Tl,0

(B.19)
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Including expressions in Eqs. B.12 - B.14 and B.19 in the criterion defi-
nition Eq. 3; and supposing that Tl,0 and T∞ are close:

T (tcc) ≥ Tign ⇐⇒ T∞ +
edep
ρCp

exp

(
−τcond
Aτ

Tcc − Tl,0
Td − Tl,0

)
≥ Tign (B.20)

Which leads after another Taylor expansion on the exponential term and
some rearrangements to:

edep ≥ ρCp(Tign − T∞) + ρCp
τcond
Aτ

(Tcc − Tl,0) (B.21)

Finally, we have:

edep ≥ ρCp(Tign − T∞) +

(
αl +

4ndim
3Nu

d2
l

d2
k

)
ρlCp,l(Tcc − Tl,0) (B.22)
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