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Abstract

Oct 2020

Ignition capability is a critical design constraint for aeronautical gas turbines. However the current trend toward
overall lean burn is detrimental to the engine ignition and relight and the ignition system must be adapted to ensure a
fast and reliable light-round in all circumstances. As ignition is a stochastic phenomenon, the optimization of an ignition
system requires to build ignition probability maps, which is difficult and costly with either experiment or numerical
simulation as both require many tests. This work proposes a model to predict the ignition probability map, knowing
only flow statistics in non-reacting conditions, i.e., with only one test. The originality of the model is to construct

statistics of the flame kernel trajectory, which are then combined with local flow indicators to evaluate the ignition
probability at the considered sparking location. Application to a swirled burner operated in premixed, non-premixed
and spray combustion modes illustrates the model concepts and demonstrates its ability to recover the experimental

.Eignition map with good accuracy.

> Keywords: Ignition probability, Gas turbine, Turbulent combustion
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E 1. Introduction
In response to rising concerns regarding the effect of
aviation emissions on the climate, the design of modern
gas turbine combustors is drastically changing. Current
_C— strategies to reduce NO, and CO3 emissions rely on lean
(O _combustion and optimization of the combustor design to
=—=Ireduce the engine weight and complexity. These new con-
] cepts raise the critical issue of high altitude relight, which
~ is regarded as one of the more stringent constraint on the
aeronautical gas turbine design. Most engines in circula-
tion were designed using empirical correlations resulting
from extensive experimental test campaigns [I]. Today
high performance numerical tools are available and play
= an increasing role in the context of development cost sav-
ing
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The stochastic nature of the ignition process has been
well highlighted with multiple experiments reported in the
U literature. Stochasticity originates from variations of the
.— size and strength of the energy deposited by the ignition
>< system [2], the turbulent flow and the reactants mixing
at the sparking location [3, 4], and the large-scale flow
variations in the combustor [5, [6]. Owing to these obser-
vations, ignition performances are quantified with ignition
probability Pig, maps [0, [6]. Conditions that maximize
Py, are: 1) high flammability and/or rapid fuel avail-
ability at the spark location, 2) low turbulence intensity
around the spark location, and 3) large-scale flow patterns
allowing the flame to propagate toward the burner noz-
zle. The detailed analysis of the ignition process also re-
veals that ignition success is not solely conditioned by the
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local flow properties at the igniter position, but also by
the flow conditions along the flame kernel trajectory after
sparking. From the numerical point of view, the transient
and stochastic nature of ignition calls for the Large Eddy
Simulation (LES) approach, which has been proven to ac-
curately predict ignition in configurations representative
of gas turbines [7, 8, [0, 10]. However, although the di-
rect prediction of the ignition probability using LES has
been proven feasible [I1], building a full ignition probabil-
ity map is not possible due to the computational cost of
tens of simulations of ignition sequences at each point of
the map.

Rapid and computationally affordable evaluation of ig-
nition probability maps was first proposed in the pioneer-
ing work of Birch and co-worker [12] [13] [14] who developed
a model using experimental measurements of fuel distri-
bution and velocity. They distinguished between the P;g,
and the kernel initiation probability Pg.,, which was shown
to be correlated to the flammability factor Fy defined as
the local probability of the mixture to be in flammable
conditions. These early studies recently inspired the de-
velopment of more advanced methods which can be sorted
in two classes: 1) the probability is evaluated from the
flow properties at the sparking location only, 2) the model
tracks the spatio-temporal evolution of the ignition ker-
nel to evaluate its chance of igniting the burner. In the
first class several criteria, based on the local flammabil-
ity, turbulence intensity and velocity direction, are eval-
uated from the non-reacting flow to evaluate the success
of ignition. Stochasticity is retrieved from the analysis of
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multiple instantaneous flow fields which are combined as
independent initial states leading to independent ignition
events to construct the ignition probability [I5] [16]. These
methods are computationally fast and provide a good es-
timation of Py, but they usually fail to predict Pig,, as
they ignore the subsequent flame kernel evolution. Model
of the second class were initiated by Wilson et al. [I7],
where the dispersion of a conserved scalar in simulation of
the non-reacting flow is used to track possible kernel tra-
jectories. A more recent attempt [I8| 19 [20] introduced
the Lagrangian tracking of representative flame particles,
adding artificial stochasticity to the mean flow. In both
methods, the Karlovitz number was used to evaluate the
occurrence of flame quenching [2I]. These methods are
intrinsically well suited to capture transient flame kernel
motion and expansion, although they were found much
sensitive to the success criteria thresholds and required
multiple simulations to obtain converged statistics. Addi-
tionally, they do not use the true flow statistics along the
kernel trajectories, which is known to strongly vary spa-
tially in complex geometries. Note that all these methods
stay valid only as long as the flame kernel stays small, and
should not be used once it has given birth to a large turbu-
lent flame which modifies the flow. In particular it should
not be used to predict annular light-round in azimuthal
combustors where burnt gas expansion greatly affect the
flame propagation.

In this work, a reduced order model to predict the ig-
nition probability of modern gas turbine combustors (i.e.,
featuring one or more recirculation zones stabilizing the
flame) is proposed. In contrast with the Monte-Carlo ap-
proach used by Neophytou et al. [20], the model includes
the real, local flow statistics along the kernel trajectories,
which can be extracted from time-averaged non-reactive
flow quantities. This allows to take into account the com-
plexity of the flow in the combustion chamber for an im-
proved prediction of ignition probability and of its sensi-
tivity to the geometrical design. The model development
and test are based on experiment and simulation of a lean
swirled burner operated in premixed, non-premixed and
two-phase flow combustion modes [6l, 22], well representa-
tive of real gas turbine conditions and flows.

The paper is organized as follows. Section [2]introduces
the experimental set-up and the numerical results upon
which the model is developed and tested. In Section [3]
the Model for Ignition STatistics (MIST) is derived and
in Section [ the results of MIST applied to the test con-
figuration are presented. Finally, the model outputs and
performances are discussed, and future developments are
provided in the conclusion.

2. Test configuration

2.1. Ezperimental configuration

The experimental configuration employed to evaluate
the model performances was specifically designed by Cordier

Table 1: Summary of experimental operating conditions in modes P,
NP and SP.

| [P NP 5P|

Central jet m 44 (g/s) | 0.224 - -

Plenum 1 4, (g/5) 537 543 8.2
Central jet mpye (g/s) | 0.009 0.234 0.33
Plenum mpye; (g/5) 0.233 - -

Dglob 0.75 0.75 0.61
Ty (225) (K) 300 300 416
Truer (liquid) (K) - 350

et al. [0, 23] to study ignition in complex flows, representa-
tive of realistic gas turbines, first with gas only (methane)
and later with liquid fuel injection (n-heptane) [24, 22]. A
picture of the test rig is presented in Fig. a). The burner
is capable of operating in premixed (P), non-premixed
(NP) and spray (SP) modes at two levels of swirl in-
tensity. It is made of four major components, namely a
plenum, a swirled injection system, a combustion chamber
and a convergent exhaust. The flow entering the plenum
is first tranquilized through three grids before entering the
swirler vanes. The combustion chamber has a 100 mm side
length square section and is 260 mm long. A convergent
exhaust ends the combustion chamber to avoid air admis-
sion induced by the swirling flow. Finally, the injection
system is composed of a central jet (d = 4 mm) nested
within the annular swirl stream (D;, = 9 mm, D,; = 20
mm) of the swirler, the latter consisting of 18 radially fed
channels inclined by 45 degrees. In P mode, both the cen-
tral tube and the plenum are fed with a methane/air mix-
ture whereas in NP mode the central jet is fed with pure
methane and the plenum is fed with air. In spray mode,
the central jet injection tube is replaced by a simplex pres-
sure atomizer (Danfoss, 1.46kg/h, 80° hollow cone) fueling
liquid n-heptane.

All experimental operating conditions of modes P, N P
and SP are summarized in Tab. [l Contrary to gaseous
cases, air and fuel are preheated in the SP case and a
leaner regime is studied. In non-reacting conditions, stereo-
scopic particle image velocimetry (SPIV) is used to mea-
sure the three components of velocity in a 50 mm x 67
mm field of view. Statistics of velocity are computed from
1000 images. PDA measurements were used to charac-
terize the liquid phase in terms of droplet size and size-
classified velocity. To measure the fuel mole fraction field,
planar laser induced fluorescence (PLIF) based on acetone
is used in N P mode while Toluene-PLIF is preferred in S P
mode [25]. Ignition is triggered by laser-induced break-
down allowing a non-intrusive control of the deposit loca-
tion, duration and strength. Ignition probability maps are
constructed using 50 and 30 ignition trials at each deposit
location for gaseous cases and the SP case, respectively.
This results in a maximum error of the probability of about
7% and 9%, respectively.



2.2. Large Eddy Simulation set-up

All simulations were performed with AVBP, an ex-
plicit cell-vertex massively-parallel code solving compress-
ible reacting flows [26]. The equations and models used
in the present study are standard ones in LES solvers
and a full description can be found in the review of Gic-
quel et al. [27]. The third order accurate in space and
time numerical scheme TTGC [28] is used. Inlet and
outlet boundary conditions are treated according to the
NSCBC formulation [29]. while non-slipping walls are con-
sidered. Turbulent sub-grid stresses are modeled using the
SIGMA model [30]. In the SP mode, a Lagrangian ap-
proach is retained for the dispersed phase description us-
ing models for drag, evaporation and injection (FIM-UR
model) already presented in a previous study [3I]. The
prescribed droplet size distribution is fitted to experimen-
tal data using a Rosin-Rammler distribution with a spread
of the distribution ¢ = 2.3 and a mean Sauter diameter is
df; MDP — 31 pm.

The computational domain includes the four compo-

nents of the experimental configuration as shown in Fig. [[[b).

The domain is discretized into a fully unstructured mesh
using 22 million tetrahedral elements shown in Fig. [Ifc),
with a cell size about 150 pm in the swirler and the mix-
ing region and about 800 pm in the rest of the combus-
tion chamber. The axial direction is referred to as the
z-axis, corresponding to the main flow direction, while the
z-axis and y-axis denote the transverse directions. Space
dimensions are non-dimensionalized by the injection sys-
tem exit diameter D.,;. Flow statistics are collected for
over 150 ms after reaching the stationary average state.

2.3. Non reactive LES results

The flow pattern shown in Fig. [2] is typical of highly
swirled configurations: the Swirled Jet (SWJ) issued from
the injection system generates a reverse flow along the cen-
tral axis referred to as Inner Recirculation Zone (IRZ).
The IRZ closes downstream at z/D.,; = 10 due to the
presence of the convergent exhaust. Because of the con-
fined environment, the SWJ also induces recirculation on
its outer side, referred to as Corner Recirculation Zones
(CRZ), closed at z/D.,: = 3 in the gaseous cases and at
2/Dext = 2.5 in the SP case. The gaseous flow exiting
the central injection in P and NP cases meets the back
flow of the IRZ at z/D.;: = 0.4, generating a zero axial
velocity stagnation point. In the SP case, the n-heptane
injection momentum leads to a stagnation point almost at
the injector surface. Finally, strong shear layers develop
between the SWJ and both IRZ and CRZ. Note that the
appearance of vortex breakdown and the formation of the
IRZ occurs as the swirl number exceed a critical value
(Sw,erit = 0.707 [32]). In the NP case, the swirl number
has been measured experimentally Sy, gp. = 0.76 and a
very close value S, rrs = 0.78 has been computed from
the LES results.

Detailed comparison of the non-reacting LES predic-
tion against experiment for the P case has been reported

in a previous publication [33]. Similar comparison is pre-
sented in [Appendix Alfor the NP and SP cases. All show
a very good agreement and authorize the development of
the ignition model on the basis of LES results.

A focus is now made on mixing, which is critical for
ignition in both NP and SP cases. Fig. left) shows the
mean flammability factor for case N P:

Zyich
Fr = / P(Z)dz (1)
Ziean

where P(Z) is the probability density function (PDF) of
the mixture fraction Z (using the definition of Bilger [34])
and Zjeqn and Z,;.p are the lower and upper flammability
limits, respectively. Since the overall equivalence ratio is
flammable, Fy is unity in most of the combustion chamber
where all the species are well mixed, and reaches 0 only
close to the methane and air inlets. Intermediate values of
Fy¢ are found in the wake of the air swirled jet, between the
rich injection and the pure air. The IRZ is mostly filled
with premixed flammable mixture. The mixture fraction
PDF extracted along the arrows (a) and (b) of Fig. [3{left)
and displayed in Fig. [3|right) show the variety of P(Z)
and the strong inhomogeneity in these zones.

In the SP case, evaporation and mixing effects reflect
on the gaseous and liquid equivalence ratio maps ¢, and
@1, shown in Fig. Due to the preheated conditions,
droplets evaporate quickly leading to ¢; > 1 in the spray
jet zone for z/D.yy < 1. Almost no droplets are found
in the upper part of the spray zone and even less in the
IRZ and CRZ. The entire CRZ is characterized by a very
homogeneous gaseous equivalence ratio close to the global
value ¢giop = 0.61, whereas the IRZ is leaner (¢, < 0.5),
close to the lean flammability limit.

3. The MIST Model

The prediction of the ignition probability is classically
based on the combination of kernel motion statistics with
local flow properties. However in contrast with previous
methodologies [20, 15, [16], here the flame kernel trajectory
statistics are built from the non-reacting flow statistics.
The objective of MIST is to predict the probability of cre-
ating a large enough flame kernel, that can subsequently
stabilize on the injector. Capturing the flame stabilization
process itself is not in the scope of MIST since LES has
shown that the kernel expansion can significantly modify
the instantaneous velocity field in the combustor [10] [35],
rendering inaccurate the cold flow statistics upon which
MIST is based. Although failure to stabilize the flame after
the kernel occupies a significant portion of the combustion
chamber has been observed experimentally [36], we believe
this mode of failure marginally affects the overall ignition
probability compared to the critical stage of creating an
expanding flame kernel. In the present experimental test
case, such failure mode was not observed. Additionally,
ignition stochasticity mostly occurs in the first instants of
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Figure 1: (a) Experimental test rig. (b): Numerical geometry and injection system details. Main components are: 1. Plenum, 2. Injection
system, 3. Combustion chamber, 4. Convergent exit. (c): Cut through the computational domain showing the mesh refinement near the
central gaseous injection (P and NP cases).
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Figure 2: NP case, non-reacting flow. Time-averaged pseudo-streamlines in a central z-normal plane (left) and z-normal plane (right).
Swirled Jet (SWJ, red), Inner Recirculation Zone (IRZ, blue) and Corner Recirculation Zone (CRZ, green). Boxes respectively indicate the
experimental ignition maps for P, NP (plain) and SP (dashed) cases.

ignition, when local turbulence and mixing along the ker- ity (u;) are also required for the SP case. If LES is
nel trajectory completely control the flame kernel survival, used, statistics are obtained from time-averaging.
whereas at later time local turbulence and mixture com- 2. Use the spark characteristics to evaluate the kernel
position only affect the ability of flame fronts to propagate initial size and the time required for cooling from
locally. the sparking temperature to the burnt gas tempera-
The model can be decomposed in four steps: ture. This step is performed in 0D assuming that the

kernel temperature evolution is dictated by the bal-
ance between combustion heat release and turbulent
dissipation.

1. Extract from a non-reacting flow solution the mean
and rms of the velocity (@, u’) and mixture fraction
(Z, Z'). Liquid volume fraction moments (&g, o),
mean droplet diameter (d;), and mean droplet veloc- 3. Compute quenching criteria from the non-reacting
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Figure 3: NP case. Mean flammability factor field in a central z-normal plane with Z iso-lines (left) and P(Z) along arrows (a) (top) and
(b) (bottom) in the mixing region (right). The grey area highlights the flammable mixture interval.
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Figure 4: SP case. Maps of the cold flow gaseous equivalence
ratio ¢4 (left) and liquid equivalence ratio ¢; (right). The high-
lighted ¢4 = 0.5 corresponds to the lean flammability limit of n-
heptane which also marks the transition between weakly evaporation-
controlled flames (¢4 > 0.5) and evaporation-controlled flames (Sec-

tion .

flow statistics.

Starting from the initial kernel defined in step 2,
compute the temporal evolution of kernel motion
statistics. This is based on the evolution of the ker-
nel probability of presence Pp..s constructed from
flow statistics obtained in step 1 and the quenching
criteria computed in step 3. In this step the kernel
size evolution is also computed to determine when it

has grown sufficiently to ensure a successful ignition.

Note that step 1 may be performed with any approach
able to give flow statistics, either numerically or with mea-
surements. A flowchart summarizing the main MIST steps

described hereafter is provided in

8.1. Step 2: Initial kernel

Following the spark discharge, the transition between
the hot plasma and a self-sustained flame kernel occurs at
temperatures largely above the burnt gas temperature [37].
A detailed description of this transition requires to take
into account complex physico-chemical interactions and is
out of the scope of the present model. Here the initial ker-
nel development is split in two phases: the kernel growth
is first sustained by the high temperature associated with
the energy deposit, then it is driven by combustion. Dur-
ing the first phase, the kernel can survive a non-flammable
mixture or strong turbulence. This has been observed ex-
perimentally in typical gas turbine configuration [3] and
more recently further studied in a stratified turbulent flow
configurations [4, [38], where the spark igniter is located
in a non-flammable region and the kernel transition from
this adverse location to a flammable region is studied. A
data-driven model to predict the behavior of the flame
kernel during that transition was proposed, highlighting
the importance of cold gas entrainment in the kernel [38].
Such process is not accounted for in the present modeling
approach, but could be investigated to adapt the present
model to various types of ignition system. The simple
model described hereafter aims at evaluating the time re-
quired for the kernel to cool down to the burnt gas tem-
perature which will be used in Step 4 to apply extinction



criteria. Given the amount of deposited energy ¢; and the
deposit volume Vj, the initial kernel temperature T,g is
given by (assuming no reaction during the short deposi-

tion duration):
0 0 1 &;

T, =T+ o, V., (2)
where T is the initial gas temperature, and p and C)p are
respectively the initial gas density and specific heat. In
practice, the computation described hereafter is performed
using standard thermodynamics, which are not suited for
high-temperature plasma. The maximum temperature is
then limited to 5000 K, from which it is possible to evaluate
the initial kernel radius assuming that the spark deposit
is Gaussian in space (classically used in many DNS and
LES of ignition events, see [39] for more details). The
spark energy used in MIST matches standard value used
in previous LES [11] 22]: 30 mJ in the P and NP cases,
and 25 mJ in the SP case.

The kernel temperature T}, then evolves following a 0-
dimensional equation:

T, . - Dyp

—= = 01(Zfiam) + —5-(T° = Ty) (3)
dt i

The combustion heat release rate wr s evaluated at the

mean flammable mixture fraction Zfqy, in the sparking

zone using the laminar flame expression:

wT(7 . ) _ YF(Eflam)Q_TSg(iflam) (4)
flam Cp‘sg(zflam)
with p
_ rieh 7 P(Z) dZ
Zflam = Zican Ff (5)

In Eq. 4l Q, is the heat of combustion, and S and &%
are the laminar flame speed and thickness. The diffusive
heat loss Dy, is computed with the sum of laminar and
turbulent thermal diffusivities, the latter given by [40]:

u't
Dypypury = 0440/ | 1 — -
thtury = 0.44u'l; ( exp < 0-44lt>) (6)

where I; is the integral turbulent scale. The turbulent dif-
fusivity progressively increases with time ¢ from 0 to its
fully developed value, in order to reflect that, with time,
the kernel interacts with turbulent eddies of increasing
size [40]. Finally, the kernel growth is simply calculated
using the laminar flame speed [41]:

dri

T o -
i ﬁS%(Zflam) (7)

Resolving Eq. [3| with the flow properties at the spark loca-
tion leads to the kernel cooling time tcp. For two-phase
ignition, S9 is simply replaced by S¥¥ [42] in Egs. El andlﬂ
To illustrate the outcome of this process, Fig. [5] shows
tep as function of S? and u’ for a spark energy of 30
mJ and a constant integral length scale of 1 cm. The gas

properties used to obtain these results correspond to that
of methane/air mixtures, but the range of laminar flame
speed has been extended to provide a more complete pic-
ture. The range of u’ was extracted from the non-reacting
LES: the low velocity CRZ are characterized by low levels
of turbulence, where t¢p can reach around 1 ms, whereas
in the highly turbulent shear layer of the SWJ or at the
vicinity of the stagnation point, high turbulence level in-
duces a rapid drop of the initial kernel temperature corre-
sponding to a cooling time of the order 10~100 us.
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Figure 5: Kernel cooling time tcp map as function of S% and u’
for an initial methane/air kernel with a spark energy of 30 mJ. The
vertical dashed line corresponds to the P case laminar flame speed.
The vertical arrows indicate typical range of u’ in distinct areas of
the swirled flow (see Fig. [2)).

8.2. Step 3 : Quenching criteria

Following previous studies, two major mechanisms lead-
ing to kernel quenching are considered: mixing [12] and

flame stretching [17] [20].

3.2.1. Mixture composition

Gaseous cases. Several ignition studies in non-premixed
flow in the literature clearly point out the fact that the
flammability factor Fy is a critical parameter |12} 5] 20],
closely related to the probability of creating a sustainable
flame kernel. As performed in experimental studies [12]
[13], time-averaged statistics Z, Z’ obtained here from the
non-reacting LES are used to construct the flammability
factor. It requires however to assume a shape for the prob-
ability density function P(Z). In free jets, the combina~
tion of the Gaussian and Dirac functions provides a fairly
good estimate of Fy [43]. For more complex cases such as
swirled flows, the large variety of mixture fraction distri-
butions (see Fig.|3) is better represented by a combination
of the log-normal and S-distributions:

Ftmodet = vFf.5+ (1 =) Ffi09n (8)



where
1 ln(Zm‘ch) — 7
s~ e (2207)
ln(Zlean) — 7

is the log-normal cumulative distribution function, and

Frq— BZrich(aWB) _ leean(a7ﬂ)
M7 Bl ) Bloh)

where B, («, ) is the incomplete 8 function of parameters
«a and S given by:

(10)

a:Z(Z(lz_/Z)—l>;ﬁ:(1—Z) (Z(IZ_/Z)—1)
(11)

The blending factor v is designed so as to make a tran-
sition from regions of low mixture fraction fluctuations,
where Fy 9N is preferred, to regions of high fluctuations

where F 3 is applied:
A
12
Zgiob )) (12

Note that P(Z) may be directly extracted from the
non-reacting LES. The above method is mostly presented
for completeness of the model, and to highlight the impor-
tance of including the impact of recirculating gas in the
local mixture composition, which was not accounted for in
previous studies. The mixture fraction PDF allows to also
compute Zﬂam (Eq. , which is a second important quan-
tity for ignition. The accuracy of the predicted values of
Fy and 7flam in NP case is demonstrated by comparison

to the actual values obtained from LES in

v=0.5 (1 + tanh (

Spray cases. In addition to the directly available gaseous
fuel, Fy must take into account the evaporating liquid fuel.
The characteristic evaporation time:

_ iy
8pyDr In (14 Byy)

(13)

Te v

is compared to the characteristic combustion time 7.(¢) ~
8(¢)/S2(4). In Eq. pi and p, are the liquid and
gaseous densities, D is the fuel diffusivity and B, is the
Spalding mass transfer number. Both Egs. [§] and [5] still
hold, with however a modified F; as described below.
Depending on the ratio of the fresh gas equivalence ra-
tio ¢4 to the lean flammability limit ¢jcqn, two archetypes
of two-phase kernels are distinguished: weakly evaporation-
controlled flames and evaporation-controlled flames:

e A weakly evaporation-controlled flame corresponds
to ¢g > Glean, or where liquid fuel evaporates very
promptly:

Ul < (14)

Te

with U* = u;/u, the relative velocity between fuel
droplets and the carrier phase. Such a flame is very
close to a purely gaseous flame and FY is estimated
as in the gaseous case with Eq. [8| where Z = Zesf
includes the evaporated fuel consumed in the flame
of thickness very close to &) [42]:

Zess=Zg+ 17, (15)

with Z;, Z, the mean liquid and gaseous mixture
fractions, and:

6? 2/3
= (max (5ev,5?)) (16)

where 0., = u; * Te, is the evaporation length. The
fluctuating mixture fraction Z; , ; originates from tur-
bulent mixing and spray local evaporation. It is as-
sumed here that cold flow evaporation is negligible
compared to evaporation in the flame, so that Z! £r
may be evaluated as:

’ _ ’ Pl
~~ Pg
turbulent
mixing evaporation

in the flame

where Z; and «; are again obtained from the non-
reacting flow statistics.

o An evaporation-controlled flame corresponds to ¢, <
Plean- In that case evaporation is the limiting process
in the flame: -

U2 >1 (18)
Te
As a consequence the consumption rate decreases
compared to the previous case, and the liquid fuel
is burnt as soon as it is evaporated, leading to:

Zetf =21+ Zy, (19)
L =2+ 2al. (20)
Pg

Note that in the present configuration, the evaporation-
controlled formulation is only used near the spray in-
jection, where the amount of fuel pre-vaporized is be-
low the flammability limit of n-heptane (see Fig. .
It is expected to become more significant in realis-
tic configuration where the incoming air tempera-
ture is lower and the volatility of the fuel might be
lower. In particular, altitude relight conditions are
characterized by low temperature at which very lit-
tle evaporation occurs prior to ignition and for which
the evaporation-controlled formulation is especially
adapted.

3.2.2. Flame stretch

Flame / turbulence interaction may be responsible of
significant quenching due to fragmentation of the flame



kernel. Following the previous works of [17, [20], a criterion
based on the Karlovitz number is used. The estimation of
Ka is taken from [44]:

- 2 L
Ka = 0.157 (ve) e (21)

L
where ¢ is the turbulent dissipation, v is the kinematic
viscosity. For SP cases, S is replaced by the two-phase
laminar flame speed Sip proposed in [42]. For weakly evap-
oration controlled flames, StLp ~ 89 (Zflam). For evapora-
tion controlled flames S is much smaller that S? and can
be estimated by replacing 7. by Tey:
0%
= 0 (22)

Te v

where 60 is the flame thickness at the equivalence ratio
¢* = min(¢ior, 1), with ¢yor = ¢4+¢; the total equivalence
ratio.

The turbulent dissipation € may be directly extracted
from LES or reconstructed from u and v’ fields. In the
latter case series of instantaneous velocity fields, and their
dissipation rate tensor, may be reconstructed assuming a
Gaussian distribution. Taking the average over 20-50 re-
constructed velocity fields is generally sufficient to ensure
a statistically converged value of €.

Quenching occurs when the Karlovitz number is above
a critical value Ka.. Different values of Ka,. are proposed
in the literature. A value of Ka. = 1.5 is reported in [44]
20] for premixed flames. In [6], the best agreement of the
ignition model with experimental data leads to Ka. =
4.5. This latter value is retained in the present work as it
resulted in best overall agreement between MIST and the
set of experiment data. Further tuning of this parameter
could be required in configurations having flow features
not included in the present configuration.

3.3. Step 4 : Kernel trajectories

In previous ignition model [20], statistics of kernel tra-
jectories were computed using a Monte-Carlo approach,
calculating numerous ignition events and kernel trajecto-
ries. In contrast, the PDF of presence p(x,r,t) of kernels
of size r at the location « and time ¢, is here directly ob-
tained from the non-reacting flow statistics. To do so, four
assumptions are made:

e the velocity components follow a Gaussian distribu-
tion,

e kernel trajectory statistics follow a Markov process,

e velocity statistics of the non-reacting flow remain
valid during the first instants of ignition (before ther-
mal expansion appears),

e the flame speed is low compared to the flow velocity.

As often made for particle statistics, the PDF p(x,r,t)
is discretized in r-space using N, sections S; as depicted
in Fig.[6] In each section i, p(x,r,t) = p;(x, ) is constant.

From the second assumption, the position x(t) of a
kernel follows the Langevin stochastic differential equation
(SDE) [45]:

d(t)
I pu(x) + o(@)n(t), (23)

where the initial kernel position (¢ = 0) = x¢ is the spark
position. The function p(x) corresponds to the determin-
istic (mean) motion while the second term introduces the
turbulence effect. 7(t) is a white noise (stationary, Gaus-
sian random process with zero mean and delta-Dirac auto-
correlation). the temporal evolution of p;(x,t) is governed
by the Fokker-Planck equation [46]:

w — —%(u(w)pi(%t))
+%% (Dp(a:)pi($,t))
+Qi (24)

The function p(x) corresponds to the deterministic (mean)
motion while the Dy(x) introduces turbulence diffusion.
These parameters are related to the flow statistics by:

D,(x) = u*r (26)

where 7 is a characteristic time of the flow. In Eq. [24] the
source term Qz accounts for the transfer between sections
due to kernel growth and shrinking. The kernel growth
rate is associated to the local turbulent flame speed St (),
while the kernel shrinking is driven by the turbulent diffu-
sivity Dip turp(2). The transfers between two neighboring
sections during a time interval §; then write:

TG,Si—>51‘,+1(xvt> :pi(mat)ST(m)ét (27)

) Dth,tiu"b (CE)

T

TS,SiHSiq(wvt) :pi(mvt Ot (28)
where 7; is the mean kernel radius in section S;. The
turbulent flame speed is evaluated following [47, [23]:

/ c
Sy =59 +n (;‘0> .59 (29)
L

where n and ¢ are model constants from [23]. Even if de-
veloped in the context of premixed flames, this expression
is also used for NP and SP cases as considering an en-
hancement of the consumption speed by turbulence is still
meaningful. Note that S%” [42] is used instead of S9 in SP
case.

The source term for each section then depends on the
time after deposit ¢t and the local flow properties:
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Figure 6: Breakdown of the kernel size space into sections with transfer rates between consecutive sections.

e for t < tep, kernels are only growing and the net
change of p;(x,t) during a time interval d; is given
by: '

Qi =Tc,s5, 15 — 16,5811 (30)

e fort >=teop, if Ka > Ka, kernels are shrinking due
to turbulence and the source term writes:

Qi = TS7Si+1‘>Si - TS7Si4)Si—1 (31)

On the contrary if Ka < Ka,, kernels located in
flammable mixtures will grow while those located in
non-flammable mixtures will shrink:

Qi :Ff(m)(TG,Si,—lﬁsi - TG7Si—>Si+1)
=+ (1 - Ff(w))(T575i+1—>Sri - TS;Si_)Si—l) (32)

Below a minimum size r; with probability py(x,t), ig-
nition is considered failed. r¢ is approximated by the lami-
nar flame thickness 6} at stoichiometry in the NP and SP
cases or at the mixture equivalence ratio for the P case.
On the other end above a critical size rs; with probability
ps(x,t), the flow can no longer extinguish the flame kernel
and ignition is successful. This critical size is taken equal
to the integral length scale of the turbulent flow, corre-
sponding here to Ry, the outer radius of the SWJ at the
inlet plane. Note that additional success criteria, such as
requiring that the flow direction must be directed toward
the injector, could be introduced to generalize the model
to other type of configurations, but these were not critical
in the present case.

The set of Nyeq Egs. is discretized over an unstruc-
tured grid similar to the one used to perform the non-
reacting LES but note that because the time-average statis-
tic fields are smoother than the instantaneous LES simu-
lation, a coarser mesh could be used. The equations are
integrated using a third-order in space and time two-step
Taylor Galerkin scheme [48] for the advective term while
the diffusive term is solved with a second-order finite el-
ement scheme. The equations are advanced in time fol-
lowing an explicit CFL constraint based on p(x). A CFL
of 0.7 used in all the results presented hereafter. A set of
Egs. is numerically integrated for each sparking loca-
tion xg. Starting from the initial kernel, all p;(x, t) -except
the one corresponding to the initial kernel size- first in-
crease progressively, before decreasing down to zero at the
end of the simulation, when all kernels have reached ei-
ther a quenched or ignited state. Therefore only ps(x,t)

Table 2: Summary of the model physical and numerical parameters

| [P NP SP |
ro [m] | 0.0 0.01 0.008
rs [m| | 0.001 0.0008 0.001
Ka, 45 45 45
Niueq 12 12 12

end

and ps(x,t) end with non-zero values, pi"*(z,xo) and

ped(x, 2g) respectively, and the probability of successful

ignition for sparking at xg is simply:

Pry (o) = /V P (@, xo) AV (33)

4. Results

The model is now applied to the three operating con-
ditions listed in Table[I] The model parameters used for
each case are listed in Table @l The choice of the num-
ber of sections was motivated by the observation that in
most cases studied here, the kernel radius distribution fea-
tured a single peak, which can be well reproduced with a
relatively low number of sections. Note that the compu-
tational cost of the model is directly proportional to the
number of sections.

4.1. Ignition probability maps

The results obtained with MIST for case P are com-
pared to the experiment in Fig.[7] The map corresponds to
the solid line box in Fig.[2] The shape of the ignition prob-
ability distribution predicted by MIST is in fairly good
agreement with the experiment. A large region of low ig-
nition probability is found along the central axis up to an
axial position of z/D.;; = 1.4, which globally follows the
limits of the IRZ. In this premixed case flame stretch is
the only quenching mechanism, illustrated in Fig. left):
the Karlovitz number exceeds the critical value Ka,. = 4.5
only in the IRZ close to the injection. The low ignition
probability is therefore the result of recirculating kernels
in the IRZ, subjected to varying but high flame stretch for
a long time. Aside from this central region, the ignition
probability is 1 everywhere.

The differences between MIST and the experiments are
mostly concentrated in the transition between the low and
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Figure 7: P case. Comparison between experimental (left) and MIST
(right) ignition probability maps in the solid line box of Fig.

high ignition probability regions, with sharper gradient ob-
served in the model results. This can be expected from the
model formulation which predominantly follows the mean
kernel trajectory whereas intermediate ignition probabil-
ity often results of equally probable kernel paths (two or
more) which can differ significantly from the mean. Ad-
ditionally, this case was found to be the most sensitive
to the choice of Ka,: value of Ka. below 2.0 resulted in
an over-extended high Ka region encompassing most of
the SWJ and the upstream part of the IRZ, and resulting
in a wide over-prediction of the low P4, region. With a
4 < Ka, < 8, the region of high Ka remains confined close
to the stagnation point and results consistent with those
of Fig. [7] were obtained, with the position of the low to
high probability transition along the central axis moving
downward with increasing Ka,.

The NP case results are now compared to experiment
in Fig. [0 Again a good agreement is observed, and in
both maps low ignition probability regions are found close
to the methane central jet and in the wake of the air SWJ.
Contrary to case P, the region of high Karlovitz number
is very small (Fig. [8) due to the near stoichiometric condi-
tions in the lower part of the IRZ. In fact the shape of low
ignition probability regions closely follow the flammability
factor distribution depicted in Fig. ignition is mainly
controlled by mixing.

Finally the comparison with experiment is made for
case SP in Fig. [I0} in the dashed box of Fig. 2] The
agreement is again quite satisfactory. The same overall
topology of the ignition probability map is recovered. The
entire IRZ is characterized by very low ignition probabil-
ity, below 0.1, and the CRZ is the most ignitable region of
the chamber, with ignition probability above 0.7 near the
lateral wall. Finally the gradient of P;4, more or less co-
incides with the SWJ, slightly shifted in MIST by around
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Figure 8: Karlovitz number (Eq. contours in a central cut plane
through the computational domain in the P (left) and NP (right)
cases.
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Figure 9: NP case. Comparison between experimental (left) and
MIST (right) ignition probability maps in the solid line box of Fig.

0.5 D¢y towards the CRZ.

This topology of P4y, is strongly related to local non-
reacting flow properties Ka and Fy shown in Fig. The
very homogeneous flammable mixture combined with a low
Karlovitz number (due to low velocity fluctuation levels)
found in the CRZ explain the very high ignition proba-
bility. On the contrary, the IRZ and the bottom of the
SWJ are very lean with high velocity fluctuations, lead-
ing to high local Karlovitz number above the critical value
Ka. > 4.5.
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4.2. Detailed analysis

4.2.1. Premized case

To illustrate the capabilities of MIST to correctly re-
produce the time evolution of kernels, the temporal evo-
lution of kernels of all sizes Pyyes(x,t) = [ Pyres(@, 7, t)dr
is shown in Fig. [12] for a sparking location at (7/Dezt =
0.0, 2/ D¢yt = 1.0) where both experiment and MIST indi-
cate that the ignition probability is close to 0% (Fig. .
At this location, the mixture is flammable and the low
level of turbulence results in Ka < Ka.. However the
recirculating mean flow rapidly entrains most kernels to-
wards the high Karlovitz region near the injection system,
before they reach a sufficient size to resist the strong local
turbulence there. This reflects in the motion of the peak
Ppres towards the injection system, where it finally van-
ishes. This behavior is consistent with the ignition failure
mechanism observed both experimentally and numerically
6. 35

Intermediate values of the ignition probability found
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at the limit of the IRZ, correspond to an increased pro-
portion of kernels that have time to reach a sufficient size
before entering the high Ka region. Two scenarios are ob-
served: 1) a fast ignition scenario where the kernel grows
fast and leads to ignition while in the IRZ, 2) a delayed
ignition scenario where the kernel growth is sufficient to
avoid extinction in the high Ka region, but not to ensure
ignition there, which then occurs later in the SWJ. The
existence of these two ignition modes is clearly visible in
Fig. [13]illustrating ignition in the central cut-plane of the
burner when sparking at (r/Deyt = 0.0,2/Deyr = 1.4)
where experimental P;g, is 32%. At t = 4 ms, P, ~ 15
% and the zone of high ignition success probability density
ps(x,t) corresponds to upstream kernel trajectories inside
the IRZ, i.e., the first scenario. Later at ¢ = 12 ms the zone
extends along trajectories in the SWJ, indicating delayed
ignition of the second scenario. The temporal evolutions
of Py(t) = [, ps(x,t)dV and Py(t) = [, py(x,t)dV show
as well the two modes, with a first increase of P, around
3 ms, followed by a plateau before a second increase start-
ing later around 7 ms. These results highlight the ability
of MIST to capture non-monotonic evolutions of the ker-
nel size as its trajectory successively enters regions that
promote or impede its growth.

4.2.2. Non-premized case

The ignition probability at three locations (shown in
Fig. [9) was directly computed by performing 20 LES of
ignition in a previous study [II]. Table |3| reports the
ignition probability obtained from experiment, LES and
MIST. Both LES and MIST give very similar results, also
close to measurements. Note that about 5 million CPU
hours have been required for each data point with LES
whereas it took only few minutes with MIST.

To analyze deeper the ignition scenarios, kernel trajec-
tories are extracted from LES where each kernel is repre-
sented by the center of gravity of the volume defined by
T > 1300 K. Both LES trajectories and the MIST PDF
of presence p(x,t) of all size kernels are projected on 2D-
maps for the three sparking locations in Fig.[I4 LES tra-
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Exp. LES [IT] MIST vected along the SWJ for successful events,
PT1 28-70% 40% 38%
PT2 50% 48% 50% e at PT2, the sparking in the shear layer between the
PT3 80% 79% 74% IRZ and the SWJ leads to two categories of kernel
trajectories, either along the SWJ or trapped in the
Table 3: NP case. Comparison of P4y, from experiment [6], LES IRZ,

and MIST at the three sparking locations 1, 2 and 3 shown in Fig. El
e at PT3, all trajectories mainly follow the SWJ, going

downstream and rotating around the nozzle axis.
jectories are colored with time to compare with the time
evolution of p(x,t). However it also highlights some limitations of the model.
Results indicate that MIST qualitatively agrees with At the vicinity of PT1, although both LES and experi-
LES and is able to reproduce the different kernel motion =~ ments have shown significant deformation and fragmenta-
trends associated with each sparking location: tion of the kernel, MIST assumes that the kernel remains
spherical. This difference can partially explain the wide

e at PT1, the flame kernel first stays close to the stag- range of instantaneous kernel trajectories observed in the

nation point (until ~ 1 ms) and is eventually con-
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LES, which is not captured by the dispersion of the tra-
jectories in MIST.

4.2.8. Spray case

As for case NP in the previous section, MIST is com-
pared to LES of ignition sequences, at the sparking lo-
cation (r/Dest = 1.5,2/Deyy = 0.5). The experimental
ignition probability found at this position is 50 %. Snap-
shots of the flame front (iso-T" = 1500 K) colored by the
heat release rate are given in Fig.[T5]at different times after
the spark, extracted from the LES of a successful ignition.
Starting from the bottom of the CRZ, the kernel is first
convected towards the injector by the recirculating flow
(a). During this phase, the kernel grows as it meets fa-
vorable conditions. When arriving above the air inlet (b),
the flame kernel subjected to very high velocity fluctua-
tions, may rapidly quench. The kernel is then convected
downstream by the SWJ (c) and is still strongly shredded
in this turbulent zone. If able to survive, the kernel finally
reaches the much favorable top part of the CRZ (d) after
10 ms, where it grows fast to extend over the entire CRZ
and the SWJ (e), and eventually ignites the full chamber.
In this late ignition scenario the kernel convection plays a
critical role.

The above LES sequence is to be compared with the
prediction of MIST, illustrated in Figs. [16] and MIST
predicts at this point an ignition probability of 40 %, close
to the experimental value of 50 %. In Fig. the cumu-
lated iso-surface of all positions of the chamber where r;
has been reached, independently of the time after spark,
is very similar to Fig. [15| (e) showing that MIST is able to
reconstruct the ignition scenario.

Figure [I7] provides a front view of the iso-volume of
mean flame kernel radius above 0.01 mm at three times
after sparking. After 1 ms (a), the kernel convection phase
in the bottom part of the CRZ is found similar to the LES
ignition sequence (Fig. ) At this early time, the mean
kernel size is &~ 3 mm and progressively increases. After
3 ms (b), the larger iso-volume indicates a dispersion of
the kernel trajectories. Kernels staying longer in the fa-
vorable CRZ grow much more than those entering the ad-
verse SWJ. This is demonstrated by 7 reaching 7 mm in
the CRZ while remaining below ~ 5 mm in the SWJ. The
most advanced points of the iso-volume (towards the SJTW)
correspond to kernels leaving the CRZ most rapidly, thus
having the lowest radius near 3 mm. This is comparable
to what can be observed from the LES in Fig.[I5p. Finally
after 7 ms (c), kernels that stay longer in the CRZ reach
rs = 8 mm. On the contrary, kernels convected down-
stream in the SWJ grow more slowly as in Fig [[5k and
d. For this case again, it is remarkable to observe that
MIST is able to recover the wide range of flame kernel
trajectories and size evolutions, and the balance between
kernel growth in favorable regions and kernel destruction
by strong turbulence.
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5. Conclusions

In this work, a model for ignition statistics (MIST) is
proposed in order to predict the ignition probability from a
non-reacting flow solution. More specifically, MIST aims
at predicting the success of creating a sufficiently large,
self-sustained flame kernel during the first few milliseconds
after energy deposit. MIST differs from previous ignition
models in that it directly combines local flame extinction
indicators with statistics of the flame kernel trajectories
in order to include transient effects due to the flame ker-
nel motion before ignition. In addition MIST does not
need to compute multiple independent ignition events to
build kernel trajectory statistics, thanks to a fully sta-
tistical approach. This allows to drastically reduce the
computational cost, down to few minutes to build a full
ignition map. The model is tested on an academic swirled
burner operated in premixed, non-premixed and two-phase
conditions. In all cases, the model is able to reproduce
with good accuracy the ignition probability map obtained
experimentally. Detailed analysis of the model behavior
indicates that MIST provides valuable insights on the ig-
nition success and failure mechanisms, consistent with the
behaviors observed from multiple ignition sequences both
experimentally and numerically. This good prediction and
efficiency performances make MIST a very attractive tool
for the optimization of the igniter position and conditions
of real aeronautical combustion chambers. Further im-
provements of the model include a better description of
the interactions between the flame kernel and the walls, a
critical aspect of spark plug location in practical systems.
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Appendix A. Validation of the non-reacting flow
statistics

Figure [A:1§| shows a comparison for the NP case be-
tween LES and experimental data at five axial positions
downstream of the injector for the three components of
velocity and the fuel mole fraction as well as their fluc-
tuations. A very good agreement is observed for all mean
quantities while fluctuations are over-predicted close to the
injector. Note that this region corresponds to the very fine
mesh region where the characteristic grid size is smaller
than the PIV window.

Figure shows a comparison for the SP case be-
tween LES and experimental data at three axial positions
downstream for the droplet velocity. The three compo-
nents of velocity are shown for two diameter classes: 10—20
pm and 30 — 40 pm. A very good agreement is found
for both mean and fluctuating values, although the latter
are slightly under-predicted. Small droplets are found to
align with the carrier phase contrary to larger ones that
are much more inertial. This difference between small and
large droplet axial velocity however reduces at higher axial
locations.
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Figure A.18: Comparison of time-averaged velocity and fuel mole
experimental data at 5 axial locations.

Appendix B. Validation of the mixture composi-
tion statistics

In both NP and SP cases, the flammability factor and
the mean flammable mixture are reconstructed from time-
averaged data. The method proposed in Section is
validated against data extracted from non-reacting LES
in the NP case. The simulation is run for 150 ms dur-
ing which temporal signals of mixture composition are
recorded at 1331 locations in order to map the measure-
ment window (see full line box in Fig. , at a frequency
of 100 kHz. From these recordings, the mixture fraction
distributions P(Z), as well as the flammability factor F}

fraction mean and fluctuating profiles from non-reacting LES against

and the mean flammable mixture Z ¢4, are directly com-
puted. At the same locations, the time-averaged mean
and RMS data are used to construct MIST results. Fig-
ure shows the comparison between LES (left) and
MIST (right). Note that the mesh of these maps is not
regular as each location matches the position of a vertex
of the unstructured LES grid.

The model is able to reproduce the main features of the
flammability factor map but some discrepancies remain,
up to an absolute error of 0.2 near the core of the methane
jet. Predictions of the mean flammable mixture fraction
7ﬂam are also compared to the results directly extracted
from the LES at the same locations. The comparison is
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Figure A.19: Comparison of time-averaged droplet velocity mean and fluctuating profiles from non-reacting LES against experimental data
at 3 axial locations.

provided in Fig. [B:2T} showing that the model provides a
reasonably good estimation of Z fiqm.
Appendix C. MIST algorithm overview

Figure [C.22] provides a flowchart description summa-
rizing the main steps of MIST. Details of each steps are
provided in the Section [3]
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Figure B.20: Map of flammability factor Fy obtained from MIST
(Eq. [8] left) and LES (right), along with iso-lines of time-averaged
lean, rich and stoichiometric mixture fraction.
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Figure B.21: Map of the mean flammable mixture fraction Z flam Ob-
tained from MIST (left) and the LES (right). The black iso-contour
indicates the position of stoichiometry.
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- Gather non-reacting flow statistics from simulations or
experiments

- Compute the local flow indicators: Fr, Zgam, Si(Zgam), St,
Ka‘y Dth,turb

STEP 1 &3

For each ignition location of interest x :

- Use the spark characteristics and the local flow properties to
evaluate the initial kernel cool-down duration solving the
ODE system of Egs. (3) & (7)

STEP 2

- Initialize p(x,t); where iis the kernel section corresponding
to the evaluated initial deposit size.
- Evaluate ot from the FPE drift and the mesh size using a
CFL=0.7.
- do while ([/p{(X,Xg) + ps(x,%x9) dV < 1)
» compute the FPE advection and diffusion terms for each
radius section
+ use local flow indicators to compute the transition rate
between the kernel radius sections.
+ compute the current ignition and failure probability

STEP 4

- store ignition probability P(xg)

Figure C.22: Flowchart summarizing the successive steps and algo-
rithm of MIST.
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