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Abstract

This work presents a numerical study dedicated to the formation of unburnt hy-
drocarbon. Two configurations: head-on quenching (HOQ) on a planar wall and in
crevices, are considered. It is well known that they contribute for an important part
to the sources of hydrocarbon (HC) emission in a combustion chamber. The aim of
this work is to use laminar flame simulations (LFS) to understand how the unburnt
HC are produced near walls in gasoline engine. A skeletal mechanism (29 species
and 48 reactions) mimicking iso-octane combustion is used. In the HOQ configura-
tion, the flame front propagates toward the cold wall where quenching occurs. The
numerical procedure and the chemical scheme used in this study are first validated
by comparisons with literature results for the 1D case. Several aspects of flame
wall quenching such as oxidation of unburnt HC, wall heat flux, quench distances
as well as HC families are investigated by varying parameters like wall temperature
and equivalence ratio. In a second part, crevices are considered to study the im-
pact of wall imperfections in combustion chambers. Configurations with different
geometrical and thermodynamic properties are tested. It leads to a wide range of
flame properties and HC production modes. When incomplete combustion occurs,
total HC (fuel + HC) concentration can reach very high levels at the wall. When
the crevice is not wide enough, the flame cannot propagate and the quantity of HC
is smaller than in the case where the flame can propagate (but the fuel is not ox-
idizing). If the crevice is wide enough for the flame to propagate, HOQ occurs at
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the bottom of the crevice and HC accumulate in the corners. The computational
results obtained in this work demonstrate the ability of LF'S to reproduce incomplete
combustion mechanisms that are responsible for a major part of HC production in
gasoline engines.

1 Introduction

Legislation on hydrocarbons (HC) emissions in gasoline engine is more and more
drastic. Moreover, new injection and combustion strategies are studied to increase
the efficiency and to reduce pollutants like Nitrogen Oxides. Examples are provided
by direct injection, exhaust gas recirculation or homogeneous charge compression ig-
nition. Unfortunately, these new strategies tend to increase the unburnt HC emission
levels. As a consequence, the need to model the HC formation becomes primordial.

A comprehensive account of the HC sources and the mechanisms leading to their
formation and oxidation is summarized by Heywood [26] and Cheng [13]. The main
sources are : crevices in combustion chamber, absorption and desorption by oil
film, deposits in combustion chamber, flame quenching, mixture and incomplete
combustion and intake / exhaust valve leakage. A classification of HC sources by
mass of HC [13] reveals that combustion chamber crevices produce 38 % of the total
HC. The basic flame / wall quenching is accountable for only 5 % of the total mass
of HC. However, under cold-start conditions, the amount of HC emission coming
from basic flame / wall quenching is equivalent to the one from combustion chamber
crevices. Therefore, in the present work, we focus on these two sources of HC (flame
quenching and crevices).

Many authors have done experiments to demonstrate and quantify the HC emis-
sions due to crevices [22, 2, 46]. Others authors have studied the influence of the
dimensions of the ring orifice system and the dimensions of the crevice size [37, 1].
Boram et al. [6] observed a diminution of HC emission with a reduction in the piston
top-land crevice. Finally, measurements showed that the mass of HC issued from
the crevice region is proportional to the crevice volume [3], which depends on the
temperature and thermal dilatation of the piston and cylinder liner. Even if crevices
are the most important sources of HC, only few numerical studies exist on this topic.
In most these articles, the authors work with configuration of tube quenching in the
case of laminar [29] and turbulent flows [10]. The flame propagates through an open
tube and quenching occurs at the bottom wall of the tube. If the diameter of the
tube is too small, the flame cannot propagate.

Quenching was first observed by Daniel [15]. He studied a flame near a cold wall
in a spark ignition engine and observed a quenching layer. Many studies (theoretical,

2



numerical and experimental [41]) that have been dedicated to flame quenching used
a simple configuration: a flame propagates perpendicular to a cold wall and HOQ
occurs. In this configuration (laminar one-dimensional), the flame / wall interaction
is first controlled by the wall thermal effects, and then by chemistry [9, 44]. Gen-
erally, authors seeks to quantify the influence of the flame / wall interaction on the
heat transfer and the pollutant formation [4, 5, 19, 35, 36, 34]. The chemical process
occurring near the walls of combustion chambers control some essential aspects of
an engine’s performances. The high heat fluxes and the formation of unburnt HC,
for example, are often due to flames interacting with walls [40]. In engines, laminar
models offer a good agreement for quench distances [21, 20, 32]. Because thermal
wall effects first control the flame, many authors [11, 27] used a simple chemistry.
Other works [47, 43] compare simple and complex chemistry. They reach similar
conclusions: the size of the chemical mechanism does not change the wall heat flux
and quench distances. On another hand, Westbrook [47] works with low molecular
weight fuels (methanol and methane). These fuels have limited pathways of forming
HC during the combustion. Concerning fuels with more important molecular weight,
which have more HC pathways formations, it has been shown [24, 31| that the quan-
tity of total HC exceed the quantity of pure fuel. Consequently, it is preferable to
use a complex chemistry that takes into account several pathways of forming HC and
interactions between transport and oxidation in the gas.

The aim of this work is to study the production and evolution of unburnt HC
in the vicinity of walls. This production of HC is determined thanks to a direct
numerical simulation code used in the case of laminar flame wall interactions. It is a
great tool to investigate the reacting flow processes that control pollutant production,
transport and combustion. Two configurations are studied: a 1D case scrutinizes the
quenching of laminar, premixed flames interacting with a cold wall, while the second
case is a 2D crevice configuration where flame propagates. Walls are considered dry
in this work. These configurations are not completely representative of a realistic
combustion chamber where there is wall motion and a more complex geometry. How-
ever, it allows us to focus on the specific issue of the impact of wall heat transfers on
the unburnt HC evolution. The use of a complex kinetic scheme make sure that the
model describes with accuracy the chemical effects during the quenching. The fuel
that has been selected in this study is iso-octane, which is widely used as a reference
fuel for gasoline engine.

In the first part of this paper, the numerical approach used to address the prob-
lem of HC formation during flame quenching is detailed. Equations to be resolved
are shortly described together with the corresponding numerical procedure used to
solve them. Then, chemical schemes of various complexity are considered to find an



optimum balance between accuracy and computational cost. Finally the retained
approach is validated thanks to a previous study dedicated to HOQ, and first results
about HC formation are presented. In the second part of the paper the approach
is applied to the case of a flame reaching a crevice. First, numerical considerations
are addressed because of the important computational cost of 2D simulations when
complex chemistry is applied. Main results are then presented with respect to the
wall temperature and crevice thickness before an analysis of the HC formed during
the combustion in such geometry.

2 Computation of HC, numerical considerations

2.1 Numerical Model

Direct numerical simulation is a powerful way to study laminar and turbulent flows.
Indeed, Navier-Stokes (NS) equations are resolved with highly accurate and non-
dissipative numerical methods that are able to capture all the characteristic time
and space scales of the considered flow. No model are necessary to observe the
development and the evolution of turbulent structures and all results may be con-
sidered to be as close as possible from reality. Occasionally, such accurate numerical
simulation is even denoted as a 'mumerical experiment’. However the grid mesh
has to be fine enough to capture the smallest scales of the flow and therefore, the
computational cost may be skyrocketing.

Many formulations may be derived for the NS equations. The fully compressible
equations allow for a complete description of the physics including acoustic phenom-
ena. Apart from having a very small time step mainly based on the sound velocity,
the main difficulties lie in a good formulation of the initial and boundary conditions
that must account for entering and exiting acoustic waves. If acoustic phenomena
are neglected, it is possible to select a low mach number (LMN) formulation with
either a constant or variable density flow. Then, boundary conditions are straight-
forward to prescribe. However, an elliptic solver is needed to resolve the momentum
balance equation and a splitting procedure has to be used to determine chemical
source terms. For non-reactive flows, the computational cost may be reduced by a
factor of 5 to 10 compared to the corresponding compressible formulation.

NS equations are normalized by reference physical quantities denoted with a 0
subscript. Among them, the reference velocity is defined by

Ug = M\/’)/’I“()TQ

where M denotes a reference Mach number, v the specific heat ratio, rg the universal
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gas constant divided by the molar mass of a reference mixture and T the temper-
ature. The following usual dimensionless numbers have been introduced to simplify
the expressions :
Re = pouol'o’ Sc, = L, Pr = %
o pDy A

which are the Reynolds, Schmidt and Prandtl numbers, respectively.

The basic principle of the LMN formulation is to define € = yM? with € << 1
and to decompose any physical data A into series A = A® 4 A 4+ €2 Because
of the LMN hypothesis, only the 0 order terms are conserved except in the momen-
tum equation where the first order terms are also considered. In the following, to
simplifying notations, A® = A.

The LMN form of the NS equations describing the evolution of the density p
(Eq. 2), the k — th species mass fraction (Eq. 3), the sensible enthalpy h, (Eq. 4)
and the momentum pu; (Eq. 5) may be written:

(1)

dp  Opu;
0pYe Op(u; +VE)Y, 0 LO0Ys .
dphs  Opuihy D [ JOT LOY ,
o " om  om (A oz, " ;h&’“D ka_x,) T (4)

dpuj  Opusu; opt o7

together with the equation of state for perfect gases:
P = prT (6)

In order to conserve a usual appearance of these transport equations, the following
conductivity, diffusion and viscosity have been defined from the normalized quanti-
ties: Ot . .
)\o N H , D]: — H ’ luo — :u_ (7)
RePr pt ReScy Re
The stress tensor is defined by

s e (Ot 0w 2 JOu
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while a correction term is introduced to ensure that species diffusion leads to a null

global mass flux [41]:
N

. . OY%
k=1

The pressure p!), in equation (5), represents the dynamic pressure associated to the
flow and does not participate in the thermodynamic process. An elliptic solver is
necessary to determine its value.

The reaction rate wy is the net chemical production rate of species k. It is
calculated thanks to a coupling with Chemkin [30] and the DVODE solver [8]. wr
is the heat release due to combustion,

N
r ==Y ARG iy
k=1

where Ah$, corresponds to the formation enthalpies.

To solve the gas phase transport equations on a regular mesh, the sixth order
PADE scheme from Lele [33] has been used to determine spatial derivatives. The
time integration of gas phase equations is done with a third order explicit Runge-
Kutta scheme with a minimal data storage method [48].

Popp et al. [45] have made a summary of the various possibility concerning the
boundary conditions: inert wall/no cross diffusion, inert wall/cross diffusion and
reacting wall. The cross diffusion is also called the Soret and Dufour mass and
heat diffusion. Here, the first kind of boundary condition is applied to study the
interaction of the flame with a moderately hot wall at atmospheric pressure. This
approach is useful for theoretical studies of flame quenching [19] with application to
engine. It consists in fixing a null velocity and fresh gases temperature at the wall
location. T, is kept constant during the simulation in accordance with experimental
evidences [18]. In addition, a null gradient boundary condition is applied for the
species at the wall. In these conditions, the Soret effect is not taken into account.
Recently Hasse et al. [30] have studied the relative importance of Soret and Dufour
effects for 1D HOQ configuration. At a pressure of 10 bar it was found that the
Sorret effect should be considered otherwise the oxidation of hydrocarbons could be
overpredicted. Concerning the Dufour effects, Hasse et all. [30] indicate that it does
not influence the results significantly for wall temperatures up to 600 K. The main
goal of the present study is to extend HOQ simulations to more complex geometry
thank to 2D simulations. It appears that it is possible to neglect the Dufour effect
in our simulation because the maximum wall temperature considered will be 500 K.



The Soret effect could be more important in particular to extend the present work
to higher pressure. Adding Dufour and Soret effect to understand their influences
on flame quenching in complex geometry must be the subject of further work to
approach real engine conditions.

2.2 Chemical Kinetics

A chemical mechanism for the oxidation of iso-octane is applied in this study. It has
been described in [24]. It is based on the Peters mechanism composed of 56 species
and 189 reactions. It has been validated with the results of Bradley [7]. However,
detailed kinetics are computationally expensive. To diminish the computational
cost, Hasse has developed a reduced kinetic scheme based on Peters [39]. He selected
major reaction paths and species and he added three species, eight reactions and
eight another reactions to be reversible. The construction of this new mechanism
allowed to conserve the flame structure while the quenching model is always in good
agreement with the detailed mechanism. This mechanism contains finally 29 species
and 48 reactions. Hasse’s mechanism is referred as "Hasse” in the following text and
is applied in all LFS configurations.

An additional mechanism denoted ”Golovitchev” is used in this part. It is a
comprehensive mechanism and it consists of 121 species and 611 reactions [38]. This
mechanism was constructed for gasoline surrogates. It is sufficiently detailed and
general to be valid for a wide-range of engine operating conditions, while keeping the
mechanism as small as possible. It has been validated with the kinetics mechanisms
of Curran [14]. This last mechanism is considered as a reference because it has been
developed to represent iso-octane combustion in engine conditions. The dimension
of Golovitchev mechanism is too important for practical LFS applications. Thus it
is only used to verify that Hasse’s kinetics allows for a good estimation of unburnt
HC.

In figure 1, comparisons between the two mechanisms have been carried out. The
configuration is a 1D freely propagating laminar flame. Initial conditions are the
following: equivalence ratio is equal to 1, temperature of fresh gases is 400 K and
pressure is equal to 1 bar. Temperature and HC (without fuel) are plotted. Hasse’s
mechanism gives a temperature gradient larger than Golovitchev’s and it had a lower
burnt gas temperature: 2284 K (Golovitchev) and 2148 K (Hasse). HC profiles are
similar for both mechanisms and they increases slightly ahead of the corresponding
temperatures profiles. We note that residual concentration levels of HC behind the
flame are negligible or very small in both cases : Yyc = 6.1 1077 (Golovitchev) and
Yue = 2.5 107 (Hasse). This study demonstrates that evolutions of temperature



and HC are globally similar with both chemical schemes, even if slight discrepancies
exist.

Because of the reduced dimension of Hasse’s mechanism, it is not possible to
compare all detailed species. It is more pertinent to classify the HC species in families
(Tab. 1): Paraffin, Olefin, Naphthalene, Acetylenic, Oxygenate and ”others” (that
corresponds to radical species) [23]. For families like Paraffin, Olefin and ” Others”,
we have similar evolution and concentration with both mechanisms (Fig. 2). For
acetylenic and oxygenate families, the maximum levels of mass fraction is different.
Finally, Hasse’s mechanisms does no contains naphthalene.

This comparison shows the limits of Hasse’s mechanism. Some information is
missing since data are available only about some families and not about each species
as offered by Golovitchev mechanism. Nevertheless Hasse’s mechanism gives correct
information on the evolution of the temperature, the HC concentration and the major
HC families (paraffin, olefin and radical species). Even if the flame wall interaction
is first controlled by thermal effect [41], the use of Hasse’s mechanism will be useful
to get a deeper comprehension of the complex chemical processes involved in the HC
production.

2.3 Head-On Quenching

A one-dimensional laminar flame propagates into fresh reactants towards a wall that
will remain at the fresh gases temperature. In this case, the grid resolution in
the computational domain is a critical issue to achieve grid independency of the
results for a flame wall interaction. The needed resolution is higher than for a freely
propagating flame to capture accurately physical and chemical phenomenon near the
wall. Moreover the flame is unsteady. Previous studies [43, 24, 16] have grid spacing
of the order of micrometers. In addition, a length of 1 ¢m for the computational
domain is enough to ensure that the influence of the open boundary on the quenching
process is negligible [24].

To initialize the LFS calculations, a freely propagating flame (with desired initial
conditions like fresh gas temperature or initial concentrations of different species) is
calculated. The flame is placed adequately in the computational domain to avoid
any initial influence from the wall or the output conditions. It has been checked that
the flame propagates at a constant velocity for some time before the wall affects its
properties.

Flame/wall distance is usually normalized by the laminar flame thickness. From



a normalized point of view, it corresponds to a Peclet number of quenching progress:

Loy

Pe = 5, (8)

where z,, is the distance between the flame and the wall. The flame is localized at
the temperature level 1500/ [47, 31] and its thickness is defined by [24]:

AT
@

%) max

0 =

where AT = T, — T, where T, is the burnt gases temperature. Since the diffusion
and the convective velocities are null at the wall [41, 43], the heat flux is defined by

oT
quw = )\w <%)w

where the conduction coefficient \,, depends on the surface temperature and mixture
concentration at the wall and the temperature gradient is given by the LFS calcula-
tion. Note that this formulation does not consider any radiative heat transfer between
the hot gases and the flame, which is in accordance with previous works [40, 28, 18].
The heat flux g, is usually scaled by the laminar reference ”flame power”,

Gw
Oy = — o
pCpSlAT

where S; is the freely evolving laminar flame velocity. In the following, distances
are normalized by the laminar flame thickness, * = x/d; and times are normalized
by ty = 07/S;. The non-dimensional time t* = ¢/t; origin has been fixed at the
quenching moment. Therefore, when t* < 0, the flame propagates towards the wall
and when t* = 0, the quenching occurs.

Figure 3 shows the time evolution of the temperature profile. Initialy, the flame
propagates without modification (before t* = —0.54) from right to left. Near the
wall, the flame front is affected (¢* = —0.27) and the temperature gradients increase.
After a while, the flame stops and quenching occurs (¢* = 0). It is characterized by
a minimal distance between the flame and the wall. At this location the strongest
temperature gradient may be observed. This gradient is at the origin of an important
wall heat flux that leads to a decay of the temperature (t* > 0). Heat diffusion
process dominates this last step. These results are similar to descriptions made
by [41, 24, 16].

To characterize the HOQ), it is generally accepted to use two parameters: the
Peclet number and the wall heat flux whose evolutions are shown in figure 4. The
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Peclet number decreases down to the value Pe = 0.38, which is the quenching dis-
tance. Parallely, the wall heat flux increases until it reaches a maximum at the same
time t* = 0. In table 2 Peclet numbers and wall heat fluxes are compared to Hasse’s
results [24] for various wall temperatures. Peclet numbers are almost similar for
both computations and wall heat fluxes are very close. This good agreement asseses
the ability of the present approach to deal with flame quenching at the wall and to
capture HC formation. The slight differences between the two simulations may be
explained by the fact that Soret and Dufour effects are neglected in our work.

The time evolution of the fuel mass fraction profile is plotted in figure 5-(a). The
concentration of fuel decreases when the flame goes toward the wall (tx < 0) and,
eventually is fully consumed (¢x > 0). On contrary when a single step chemistry is
used, a small amount of fuel remains at the end of simulation [16]. With the more
detailed chemistry used in our work, HC are still present after quenching (Fig. 5-(b)).
Then, the HC mass fraction becomes more important than the fuel mass fraction.
These results are in agreement with [47, 43].

The formation of HC can be divided in two steps [12, 17]: first the fuel is oxidized
into HC species that can be classified in various families, second, HC are oxidized
into CO/CO2. In figure 6, the percentage of each family is shown at four normalized
time (t* = —1, —0.2, 0 and 0.2). Let’s recall that time ¢t* = 0 is the quenching instant
of the considered computation. In the case of Hasse’s mechanism, the paraffin family
is only composed of iso-octane. In table 3, the total mass fraction of unburnt HC in
the domain is summarized for each case and time.

When t* = —1, all cases are composed of just about the same proportion of
families: paraffin, olefin, others species, acetylenic and oxygenate. At the follow-
ing instant t* = —0.2, differences between ¢ = 0.8 and ¢ = 1.0 are very small.

The proportion of paraffin and olefin decreases whereas ”others” and acetylenic in-
crease. When ¢ = 1.4, the difference with ¢ = 1 is more important: paraffin and
acetylenic levels increase whereas olefin and ”others” decrease. If the wall tempera-
ture increases, the concentration of paraffin decreases whereas all the others families
increase their proportions. When quenching occurs (t* = 0), same kind of behaviours
than t* = —0.2 may be observed. Finally, after the quenching, when t* = 0.2 and the
equivalence ratio is lower or equal than 1, the fuel consumption is over. The propor-
tions of each family for these two equivalence ratios are very close. When ¢ is greater
than 1, there is still some paraffin remaining. Fuel could not be converted into others
families in totality because paraffin is present in too large quantity. If T,, = 300 K,
traces of fuel are present and when T, increase, olefin decreases whereas acetylenic
family increases. After, t* = 0.2, the major proportions of each family are conserved
in all subcases shown. Figure 6 shows that after the quenching the composition of
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HC is composed by about 1/3 of olefin, 1/3 of acetylenic and 1/3 of "others”. Only
for the case where equivalence ratio is equal to 1.4, there exist few radicals families.
In some case (cold wall or equivalence ratio greater than 1) some fuel remains in the
composition. At the wall, oxygenate appears in very low quantities.

In engines applications, after HOQ), a post diffusion quenching occurs with fresh
gases along the wall. In fact, characteristic time of the flame for HOQ are smaller
than characteristic time of engine. Thus HOQ cannot be an important HC source for
normal operating engine condition although in the case of cold start engine, HOQ
produces important HC quantities [25]. Many authors agree to the fact that the
main source of HC in engine are the crevices. In the following, we will focus on the
crevices after some computational considerations.

3 Flame in crevice

This part presents the simulation of flames propagating in crevices, which are repre-
sented by a rectangular tube quenching that is closed at one extremity.

3.1 Computational Considerations

To reduce the computational time of reacting flows with more complex configurations
than 1D HOQ), an ”in situ” adaptive tabulation (ISAT) [42] has been used. The
principle of this method is to store the reacting map corresponding to the composition
(temperature, species) of each calculation point in a binary tree. If the composition of
a given point has never been evaluated a regular full chemistry evolution is carried out
and then stored in the tree. This composition will not be calculated twice if it appears
again during the computation. On the other hand, if the composition point is close
to one that was evaluated in the tree, a linear estimation is carried out between the
data of the tree. The solver accuracy and efficiency are directly (and in opposed way)
linked to the tolerance value that is adopted for the computations. In conclusion, the
tree grows with each iteration while the computational cost diminishes. This kind of
approach is much faster than classic chemistry but it has a drawback: it requires an
important memory capacity to store the tree when the chemical mechanism is large.

Another way to reduce the computational time is to replace the strong coupling,
which corresponds to a an estimation of the chemical source terms for all sub-steps of
the third order Runge-Kutta procedure by a weak coupling where only one estimation
of the source terms is carried out. All these simplifications allow to have a reasonable
computational time with little loss of information. Five different procedures are
evaluated in table 4.
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The first procedure is the global chemistry (Fuel + Oxidant = Product), which
represents the fastest way to operate. It is generally able to capture the global
properties of a flame: velocity, thickness, heat-release. But it does not capture
its inner structure of the flame or the intermediate species. It is thus in complete
opposition with the objectives of this paper. The second procedure in table 4 involves
a complex chemistry resolution with a strong coupling. The highest accuracy is
obtained but the computational cost is problematic. It can not be used with large
mechanisms like the one of Golovitchev. To reduce the computational cost, it is
possible to use a weak coupling with the chemistry as in the third procedure. The
accuracy is then slightly depreciated. However, it is necessary to associate the ISAT
procedure and the weak coupling to obtain a reasonable computational cost while
maintaining a good accuracy of the chemistry evolution.

Consequently, the detailed kinetics of Hasse has been used in the following of
this work along with the ISAT methodology associated with a weak coupling for the
chemical source terms.

3.2 Configuration

The crevice is represented by a rectangular tube closed at one extremity (Fig. 7). In
actual engine, once the flame pass through the entrance of a crevice, the surrounding
gas composition remains the same. It corresponds to hot burnt gases. To mimic
this effect the ignition spot used to initialize the flame is sustained during the com-
putation. The left side of the geometry, corresponding to x* = 0, is open and an
isothermal wall is surrounding the three other sides. The tube is 7.5 ¢ long, where
0 is the reference laminar flame thickness. This basic configuration is laminar and
a symmetry axis is defined to carry out computations on half of the domain.

To initialize the computation, a premixed flame spot is introduced at the inlet
of the domain (Fig. 7). The initial flame profile has been obtained from 1D com-
putations. All simulations are conducted for a unitary equivalence ratio. Three
fresh gases temperature, which are equal to the walls temperature, are considered:
T, =300 K, T, =400 K and T;,, = 500 K. The pressure remains equal to 1 bar.

Various geometrical parameters have been tested as well, leading to a wide range
of combustion regimes. These parameters lead to various unburnt HC production
modes from a geometrical point of view : in the core of the quenched flame, along
the walls parallel and perpendicular to the direction of propagation or in the crevice
corners. The crevice length and thickness are denoted L* and y*, respectively. L*
is constant for the various sub-cases (L* = L/6; = 7.5) while y* takes the three
following values: y* = y/d; = 3, 4 and 5. Note that in this 2D configuration, t* =0

12



corresponds to the beginning of the simulation.

3.3 Temperature and Crevice thickness

As expected, it may be observed in figure 8 that the effects of the crevice lateral
walls are more and more prevalent as y* decreases. Indeed, for the presented cases
with a wall temperature equal to 400 K, the flame is able to propagate in the tube
down to the bottom wall as soon as the crevice thickness is large enough (y* = 5).

Along the central axis, the quenching distance of the flame corresponds to the
one obtained with the HOQ simulation. However, as soon as the crevice thickness
diminishes, the thermal effects affect the flame propagation and it may be seen that
in case y* = 4, the quenching distance is much larger than in case y* = 5 while in
case y* = 3 the flame is not able to propagate in the domain. It appears that among
the nine configurations that have been scrutinized (7, = 300 K, 400 K, 500 K
and yx = 3, 4 and 5), five flames are able to propagate inside the crevice while the
other four stay at the inlet. The flames propagate for any crevice thickness when
the wall temperature is equal to T, = 500 K. On the other hand, the flame is not
able to penetrate the crevice if the temperature is too low (7, = 300 K') whatever
the crevice thickness. An intermediate case (7, = 400 K') has thus been introduced
to capture the transition between propagation (y* = 4 and 5) and non-propagation
(y* = 3) of the flame.

Typical velocity modulus and velocity vectors have been plotted in figure 9 when
T, = 400 K and y* = 4. Four various times are shown. At first, the atmosphere
is quiescent. Then, velocity vectors appear in both the fresh and burnt gases when
the flame begins to propagate. The burnt gases are straightly evacuated outside the
crevice while the fresh ones are trapped in the bottom of the crevice and bypass the
flame along the lateral wall. The time evolution of the velocity of the five propagating
flames is shown figure 10. The flame velocities S, in the crevice are normalized by
the speed S; of the reference freely evolving laminar flame propagating in 400 K
fresh gases: S = S./S|(T, = 400 K).

The evolution of flame speed in the crevice may be divided in three stages :
first an acceleration process due to the initialization of the configuration. Then the
flame velocity reaches a stationary value while the flame is far from the bottom wall.
Finally the flame reaches its quenching position and its velocity decreases suddenly
to zero.

The second stage, (Fig. 10) shows that when the crevice temperature corresponds
to the reference flame fresh gases temperature (7, = 400K), the normalized flame
speed remains smaller than unity. Indeed, when y* =4, S¥ = 0.6 and when y* = 5,
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then S} = 0.8. Thus, crevice geometry, through the transverse wall heat flux plays
an important role on the flame properties even during propagation phase. When the
crevice temperature increases (7' = 500K), the flame speed increases because of the
growth of the reaction rate. Normalized velocity is larger than unity may be observed
: when y* =4, S = 1.2 and when y* = 5 then S} = 1.4. Thus, for a constant crevice
width, if T}, increases of 100 K, the corresponding flame speed is almost doubled. The
temperature is naturally a prevalent parameter concerning the flame propagation but
the impact of the wall heat transfers multiply the temperature influence. Indeed, if
a freely propagating flame is considered, increasing the fresh gases temperature from
400 K to 500 K leads to a flame velocity ratio of 1.4 whereas the same temperature
increment in the crevice implies a ratio of 1.8.

The third stage of the flame velocity evolution corresponds to the HOQ with the
bottom wall. When the crevice is large (y* = 5) lateral thermal effects remains weak
and the Peclet number is very close (for example when T,, : 400, Pe = 0.35) to
the one determined in the HOQ of this paper (fig. 4-(a)). When y* = 4, the flame
has much more difficulties to progress toward the bottom wall and the quenching
distance increases Pe = 0.40. Concerning the thickness y* = 3, the wall thermal
effects are so important that the flame is never able to progress in the tube.

It is also possible to define a minimum transverse Peclet number plotted in fig-
ure 11. It corresponds to the normalized minimum quenching distance (Pe;) of the
flame part that propagates along the lateral walls. As for the Peclet number defined
in equation 8, the position of the flame is detected by the location of the tempera-
ture level 1500 K. Figure 11 represents the evolution of the minimal Pe;. The three
stages of the flame propagation can be retrieved through the temporal evolution of
Pe;. First, during the flame initialization, Pe; decreases as the flame progresses
toward the wall. Then, a nearly constant Pe; number is observed during the propa-
gation of the flame toward the bottom of the crevice. Finally, the flame is quenched
and Pe; increases because iso-temperature 1500 K recedes from the wall. During the
second step, the flame shape and velocity (Fig. 10) are nearly constant. A remark-
able fact is that the transverse Peclet number, which can be observed during the
propagation, is equivalent to the one found in the 1D HOQ configuration (Table 2).

3.4 Comparison of HC production and fuel destruction

In figure 12, the time evolution of the fuel and HC mass fractions in the 2D domain
are represented in the case of a wall/fresh gases temperature equal to 400 K. In the
top half of each domain, HC mass fraction (without fuel) is plotted. The fuel mass
fraction is represented in the bottom of each domain. When y* = 3, the fuel is slowly
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oxidizing into HC and the flame is quickly stopped when t* = 3.64. It is observed that
even if the flame does not propagate anymore, its thickness increases when compared
to freely propagating flames. The total quantity of fuel in the crevice continue to
diminish but at a smaller rate. To understand the structure of this stabilized or still
flame, the evolution of the temperature profiles along the main axis is represented for
a propagating flame (Fig. 13-(a)) and for a still flame (Fig. 13-(b)). For both cases
the initial temperature profile is similar (first profile from the left hand side of each
figure). The inlet flame profile induces a high temperature gradient at the entrance
of the crevice. It promotes heat transfer toward the fresh gases inside the crevice.
In propagating flame case (Fig. 13-(a)), fresh gases reach ignition temperature and
the flame propagates. Concerning the still flame, thermodynamic conditions allow-
ing a flame to propagate are never reached because of the heat losses through the
walls. Nevertheless, extinction does not occur since the high gas temperature at the
entrance is sustained along the computation to mimic the fact that outside of the
crevice the atmosphere is full of hot burnt gases. The stabilisation of these flames
is thus related to the parameters used in these simulations. In this work, it is as-
sumed that the external gases temperature remains constant. This assumption has
been used because the energy dissipated in the crevice is negligible when compared
with the total energy contained in the combustion room for an actual engine. Addi-
tionally it can be expected that the rate of heat transfer to the crevice by laminar
conduction is negligible when compared to the turbulent mixing that occurs outside
of the crevice. Though such an assumption has to be proved, the required numerical
simulation to study it would consist of a turbulent combustion room together with
a small crevice. This kind of simulations is not available yet.

When y* = 4 and until t* = 3.64, conversion of fuel into HC is similar to the case
y* = 3 even if the flame is faster than in the first case. After t* = 3.64, the HC are
concentrated in large quantities at the wall in the wake of the flame front. When
y* = 5, along the axis, the evolution of the data is similar to the one obtained with
HOQ presented in the first part of this paper.

In figure 14 we present Yyc and Yy, fields at the characteristic time t* = 8.73
and for two crevice temperatures (300 K on the left of the figure and 500 K on
the right). For a wall temperature equals to 300 K, all flames become unable to
propagate into the crvice and become still flames similar to the case T,, = 400 K,
y* = 3. On the contrary, when T,, = 500 K, all flames are able to propagate similarly
to the case T, = 400 K, y* = 5.

Thus, figure 14 presents the two possible evolutions of the combustion process
in a crevice : either the flame is not able to reach the bottom wall (left) and the
reaction of HC is based on a slow diffusion process located at the crevice entrance.
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Either the flame is able to propagate (right). In this latter case a HC wake may first
be observed along the lateral walls behind the flame front. The edges of the flame
are thicker than a freely propagating flame and a noticeable amount of HC is present
inside the flame front. Nevertheless, behind the flame, the amount of HC is small
and equivalent to what is found behind a freely propagating flame. Then, the flame
reaches the bottom wall and extinguish. The remaining HC are located in the corner
of the crevice where the heat transfers are intense and prevent any propagation of the
flame, whatever the size of the crevice. The remaining HC oxidation occurs through
a slow diffusion process.

Since an actual engine includes many sort of crevice geometries, the total amount
of remaining HC induced by flame/wall interactions directly depends on three char-
acteristics delays : the delay necessary to reach the bottom wall of the crevice, the
delay to oxidate the HC formed in the tails of the flame along the lateral walls and
finally, the delay to diffuse and oxidate the HC trapped in the crevice corners.

The possible two combustion modes that exist in crevices are summarized in
table 5. The first regime consists in a flame able to propagate inside the crevice until
a HOQ occurs with the bottom wall. While it propagates, the tail of the flame sweeps
the transverse wall where a slow post-oxidation process destroy the remaining HC.
This configuration is characterized by fuel and HC that are trapped in the corner
of the crevice. The second combustion regime consists in a stabilized flame at the
crevice entrance far from the bottom wall. The flame cannot propagate because of
heat losses though the walls of the crevice. The flame thickness increases while fuel
consumption decreases drastically but never stops. The fuel consumption occurs as
the fuel diffuses to the burnt gases where it undergoes high temperatures.

3.5 HC composition

An analysis of the various HC families has been carried out in figure 15. It is possible
to observe the time evolution of the percentage of each family (per unit of volume of
the crevice). All configurations have been considered and the analysis of this figure
may be divided in two parts : on the one hand, the still flames (7" = 300K and
T = 400K when y* = 3) and, on the other hand, the propagative flame (7' = 400K
when y* =4 and y* =5, and 7" = 500K for all width).

For the non-propagative cases (fig 15 - plots in the left column an bottom plot
in the middle column), the amount of fuel converted into HC is mainly composed
of paraffin (approximatively 96 %) and the HC composition is similar whatever the
width and the temperature of the crevice. It is an expected result since the still
flame structure remains the same. Time evolution of the mass fraction of the total
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HC have been plotted in figure 16 for the propagating flames (case A) and the still
flames (case B). Concerning case B, very few total HC are converted into CO/COx:
between 10 % and 20 % of the initial fuel mass fraction when y* = 3 or 4. When
y* =5 and T = 300 K it is possible to observe a flame that begins to propagate
(Fig. 16-(b)). However, it extinguishes very quickly because the heat losses at the
walls are prevalent compared to the energy production during the combustion. It
corresponds to the top-left case in figure 15. This flame is a transition case between
still and propagating cases. The paraffin undergoes a decrease of 10 % of the total
HC whereas it does not exceed 5 % when the flame remains perfectly still. This drop
concerns also the total HC mass fraction (Fig. 16-(b)), which decreases down to 65 %
of the initial mass of fuel before reaching a stationnary value when extinction occurs.
Total HC of perfectly still flames remains up to 85 % of the initial mass of fuel.

As far as propagating flames are concerned, the global HC concentration is lower
because of a more complete oxidation. Indeed, as it may be seen in figure 16-(a),
final total HC mass fractions reach very low levels : 3 to 10 % of the initial fuel mass
fraction. The repartition of the HC families is also different than when the flame
is still. The central plot in figure 15 (y* = 4 and 7" = 400 K ) represents the first
propagating flame considering the temperature and the width of the crevice. The
other propagating flame cases are depicted by the top figure in the central column
and figures of the right column.

It is possible to observe in the end of the simulation a sudden decrease of paraffin.
A similar variation occurs much more earlier if the crevice temperature is high (right
column). It corresponds to the quenching instant of the flame. The paraffin is
now down to 30% and the general repartition of HC families is 1/3 of paraffin, 1/3
of olefin and 1/3 of others species (containing radicals, acetylenic and oxygenate).
When T' = 500K, y* = 4 and y* = 5, the same observation than when 7" = 400K
is made: in the conditions of the simulations, the width of the crevice plays a minor
role in the HC composition compared to the temperature level (the HC composition
is very close when y* =4 and y* = 5).

These results may be summarized in the diagram presented in figure 17. The two
flame modes (still flame and propagating flame) have been represented as a func-
tion of the temperature and the crevice thickness. The HC families repartition is
indicated as well. For the highest temperatures and largest crevice thickness, a con-
stant limit Peclet number is reached and the black line with white dots indicates the
frontier beyond which the Peclet number is much more sensitive to the geometrical
and thermodynamic properties of the crevice. Note that the frontiers between the
combustion modes in the diagram have been approximatively plotted. Numerous
simulations would be necessary to refine them.
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The above global analysis may be completed by scrutinizing locally the various
HC levels for case T' = 400 K and y* = 5 in various locations in the crevice. Four
analysis surfaces have been placed in the domain. They may be seen in figure 18.
The height of the surfaces is equal to the reference laminar flame thickness (6;) and
the width is d;/2, except for S; that is located in the crevice corner. Its height and
width are both equal to d¢. Surface S is considered as a reference. It is located in
the center of the domain, far from the walls. S; is along the lateral wall half-way
from the end of the crevice. S5 is placed along the bottom wall of the crevice. An
average of the mass fraction of each species is carried out in the surfaces. Time
evolution of the various unburnt HC families has been plotted in figure 19.

The paraffin or fuel (top-left) evolution shows the flame propagation in the do-
main. The first surface to be reached by the flame is Sy, which is at the domain
center. S7 is at the same level but close to the wall and because of the heat losses,
there is a delay before the flame appears. When it occurs, approximatively at the
same time, the flame reaches surface Sy at the bottom of the crevice and, finally,
the paraffin decreases in the crevice corner represented by surface Ss3. It is possible
to observe that all the fuel is oxidized close to the walls (S and S), except in the
corner (S3) where the heat losses are to important to sustain the oxidation process.
Approximatively half of the initial fuel quantity remains trapped in the corners. Evo-
lution of unburnt HC (top-right) shows two phases : formation and then, destruction.
Concerning Sy surface, these phases are quick. But, close to the walls, formation and
especially destruction, takes more time. It is also possible to observe that the level
of HC formed in surface S; and Sy are similar. Concerning the corner (S3) there is
less HC because of the remaining fuel that is not oxidized. A diffusion process can
modify very slowly these levels. Concerning the HC, olefin, radicals and oxygenates
in surfaces S; and S, have a maximum level similar to S;, which is the reference
surface far from the walls. On the other hand, a strong diminution of acetylenic
mass fraction is induced by the presence of the walls.

It appears that the unburnt HC composition is similar for a given wall surface
(lateral or bottom wall) and therefore for a given heat transfer. Concerning the
corner (S3), unburnt HC composition is different with a strong proportion of olefin
and oxygenate compared to surfaces S; an S;. On the other hand, acetylenic and
radicals are present in similar proportions.

4 Conclusions

Numerical simulations of laminar flames have been carried out to study HOQ of
flames onto planar walls and in a crevice configuration at atmospheric pressure. A
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skeletal reaction mechanisms was used to describe combustion of iso-octane. In a
first part, comparisons with a detailed mechanisms show that the skeletal mechanism
is able to estimate correctly the concentrations of the major families of HC, total
HC and the general flame properties: temperature profile, velocity. Then HOQ
configuration has been studied for various wall temperatures and mixture equivalence
ratios. It appeared that the quenching Peclet number and wall heat flux showed very
good agreements with precedent studies [24, 31]. The use of a multi-step mechanism
allowed to measure the impact of the heat transfers at the wall on the formation
of HC. Eventually, it appeared that the HC composition is generally around 1/3
of olefin, 1/3 of radicals and 1/3 of acetylenic. The study has been extended to
the analysis of HC formation in crevices thanks to 2D simulations with complex
chemistry. The varying parameters of the simulations are the crevice temperature
and thicknesses. Two combustion regimes have been observed : the still lame that
is stopped close to the entrance of the crevice and the propagating flame that is
able to reach the bottom wall where it is quenched. In the first case a diffusion
regime appears between the fresh gases and the HC emitted by the still flame front
while, in the second case, HC may be detected along the transverse wall and in
the corner of the crevice before disappearing in a slow diffusion/oxidation process.
Eventually, HC composition and mass fraction has been studied and all the results
have been summarized in a diagram. Global and local analysis have been carried out.
It appears that unburnt HC famillies close to the walls remain similar except in the
corners where heat transfers prevent the complete oxidation of the fuel. Although
the behaviour of 1D HOQ has been observed for propagating flame along the central
axis, the peculiar behaviour of gas trapped in the corners can be captured only thanks
to multidimensional configurations. These results have been obtained in a simplified
configuration far from the realistic conditions of an engines. However, it allowed us
to focus on very specific interactions between wall heat transfers and unburnt HC
formation.

This study shows that the production of HC due to the interaction of a flame
with a wall in a confined geometry can be divided in three parts. First, a flame can
propagates directly toward the wall. This configuration corresponds to the 1D HOQ.
Second a flame can propagate tangentially to a wall, contacts take place on the edge
of the flame that sweeps the wall. Third, a flame reaches a cavity where the wall
surface per unit of gas volume is so high that the flame cannot propagate because of
heat transfer. This can be the case of small crevices or corners. The first cases can be
studied with 1D simulations but the other cases require at least 2D simulations. The
1D HOQ is a widely used configuration. It has been utilized as a reference geometry
in our work to validate the quenching distances but also to detail the mechanism of
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HC formation. First, the fuel is converted into HC then HC are oxidized to CO/CO2.
The first step is less influenced by heat wall transfer that HC final oxidation. With
a freely propagating flame, both chemical steps occur quickly and a small amount of
HC exists within the flame front, which is generally quite thin. Wall heat transfer
affects preferentially the HC oxidation. Accordingly, HOQ promote the HC formation
because the rate of conversion of fuel into HC becomes higher than the oxidation
rate of the produced HC. The edge of flame, which propagates tangentially to the
wall, experiences similar phenomena than those occurring in the HOQ: oxidation
of HC is weakened because of the wall heat transfer. A direct consequence is the
thickening of the flame at the wall and an increase of the amount of HC. Quenching
is identical to HOQ : corresponding Peclet number and HC composition are similar
in both cases. In the latter case the flame is not able to propagate because the heat
transfer to the wall is too great. Thus, even the first chemical step (conversion of fuel
to HC) is blocked. As a consequence a large amount of total HC is present in these
areas, but the composition is mainly pure fuel (paraffin). Finally it is important to
notice that in all cases presented here, hot burnt gases were surrounding the total
HC. Consequently HC will be mixed to these burnt gases trough different mixing
processes (diffusion, convection, ), ultimately, because of the high temperatures they
will be completely oxidized. But delays vary a lot. It is very quick for a freely
propagating flame and it increases for HOQ and flame propagating tangentially to
the wall. Therefore, it depends strongly of the geometry of the crevice. The delay is
driven by a very slow diffusion process, therefore simulations were not conducted up
to the total consumption of HC. Accordingly, to determine the amount of HC in the
exhaust gas of an actual engine it is necessarily to take into account the evolution of
the surrounding gas thermodynamic properties. Indeed, if the temperature decreases
(for instance during the decompression of an engine) it may reach a point where
unburnt HC will not be oxidized anymore leading to a high level of HC emission.
Future works plan to take into account the pressure increase in the chamber and
turbulent flame/wall interactions outside the crevice.
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Paraffin IC8H18

Olefin C2H4, C3H6, IC4HS
Acetylenic C2H2, C3H
Oxygenate CH20

CHO, CH2, CH3, C2H3, C3H5
Radicals | IC3H7, NC3H7, IC4H7, IC4H9
TC4H9, AC8H17, CC8H17

Table 1: HC families composition, Hasse’s kinetics.
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Wall Temperature (K) | 400 | 500
P,, LFS 0.38 | 0.33

P., Hasse 0.39 | 0.34

dg, LEFS 0.50 | 0.51

®q, Hasse 0.43 | 0.46

Table 2: Comparison of the Peclet numbers and heat fluxes. LFS : actual computa-
tions, Hasse : results from [24]
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t* Case a Case b Case ¢ Case d Case e
T=400 K |T=400 K | T =400 K | T=300 K | T =500 K
d=1 d=0. d=14 d=1 d=1
-1 1.00 1.00 1.00 1.00 1.00
—0.2 0.40 0.39 0.55 0.41 0.42
0 0.18 0.21 0.44 0.19 0.14
0.2 0.06 0.17 0.37 0.08 0.02

Table 3: Mass fraction of total HC normalized by the initial fuel mass fraction of

each case.
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Numerical configurations Speed | Accuracy
Global Chemistry+ strong coupling * * x x Kk .
Complex Chemistry + strong coupling - * % x * K
Complex Chemistry+ weak coupling *x * % k
Complex Chemistry + ISAT + ’strong coupling * * %k ok
Complex Chemistry 4+ ISAT + ’weak coupling * K K * % %

Table 4: Evalutation of the computational cost and accuracy of the chemistry reso-
lution.
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y* 3 4 5
T,—=300| B-J/ B-/ B-/
T, = 400 B-/ A-Pe=04 | A- Pe=0.35
T,=500|A-Pe=03|A-Pe=025|A-Pe=0.25

Table 5: Combustion modes and Peclet numbers for various crevice thickness and
various Tyq. A : propagating flame, B : still flame.
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Figure 1: Spatial profiles of HC mass fraction (top) and temperature (bottom)
through a laminar flame, mechanisms of Hasse and Golovitchev.
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Figure 2: HC Families mass fraction profiles, mechanisms of Hasse and Golovitchev.
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Figure 3: HOQ temperature profile for various time.
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Figure 5: HOQ time evolution of the fuel and HC mass fractions.
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Figure 6: Percentage of each HC families present at four different normalized times
for different equivalence ratio and wall temperature (subcase a: T,, = 400K and
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Figure 7: Crevice configuration
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Figure 8: Temperature time evolution for the three different thicknesses with T, =

400K.
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Figure 9: Example of a velocity field generated by the flame propagation inside the
crevice : vectors and normalized modulus. Top left: t* = 0, top right: t* = 3.78,
bottom left ¢+ = 8.73 and bottom right ¢* = 12.23. Case T'= 400 K, y* = 4.
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Figure 10: Normalized flame speed along the symetry axis.
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Figure 11: Minimum transverse Peclet number.
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Figure 13: Time evolution (from left to right) of the temperature profile along the
symmetry axis of the crevice.
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Figure 14: Mass fraction of HC and fuel. Crevice thickness: 3, 4 and 5 and tem-
perature: T, = 300 K (left), T, = 500 K (right), post-quenching period, time
t* = 8.73.
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Figure 15: Time evolution of the percentage of each family (volume averaged values)
when T, = 300K (first column), 7, = 400K (second column), 7,, = 500K (third
column) and y* =5 (first line), y* = 4 (second line) and y* = 3 (third line)
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Figure 16: Time evolution of total HC along the symetry axis.
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Figure 17: Diagram of the combustion modes in crevice with main HC families (fron-
tier lines have been approximatively plotted). Total HC mass fraction normalized
by initial fuel mass fraction are indicated at the grid nodes.
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Figure 18: Positions and size of the four analysis surfaces.
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Figure 19: Unburnt HC time evolution in the various analysis surfaces of the domain.
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