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Résumé— Le modéle ECFM 3Z (3-Zones Extended Coherent Flame Model) pour le calcul de la
combustion par flammes de prémélange et flammes de diffusion — Le modéle ECFM (Extended
Coherent Flame Model) (Colin et al., 2003), développé dans le but de modéliser la combustion de
mélanges parfaitement ou partiellement homogénes, est adapté a la simulation de la combustion par
flammes de diffusion (combustion se produisant dans une zone de réaction mince séparant le carburant
de I'air) rencontrée en moteur Diesel par exemple. Le modéle ECFM est basé, d’une part, sur la
résolution d'une équation de transport de la densité de surface de flamme prenant en considération le
plissement du front de flamme engendré par les effets turbulents, et d’autre part, sur une méthode de
conditionnement assurant une reconstruction précise des propriétés locales des gaz frais et des gaz
brilés, méme dans des cas tres fortement stratifiés. Ce modéle a été utilisé avec succés dans les calculs
de moteurs essence (Duclos et al., 1996 ; Duclos et Zolver, 1998 ; Lafossas et al., 2002 ; Henriot et al.,
2003 ; Kleemann et al., 2003). Afin d’ adapter |le modéle ala combustion par flammes de diffusion, une
description de I’ évolution de I’ état du mélange a été gjoutée. Cette description consiste a découper tout
volume de contréle (typiquement une maille de la grille de calcul 3D) en trois zones de mélange : une
zone de carburant pur, une zone d'air pur (et d’ éventuels gaz résiduels) et une zone dans laquelle le
carburant et I'air sont mélangés. C'est dans cette zone (appelée zone mélangée) que le modéle de
combustion ECFM est appliqué. L’évolution de I'état du mélange est gérée par un modéle
phénoménologique assurant le mélange progressif du carburant pur et de I'air pur (c'est-a-dire, le
passage des deux zones non mélangées vers la zone mélangée). ECFM3Z est couplé avec le modéle
d auto-inflammation développé par Colin et al. (2004). || a dga été brievement décrit dans une éude
consacrée a la comparaison entre mesures expérimentales et calculs sur un moteur Diesel (Béard et al.,
2003). Cette étude est consacrée a une présentation détaillée du modéle ECFM3Z. Son comportement
est analysé a travers une variation de la durée d'injection et du déla d’ auto-inflammation en moteur
Diesel. Les résultats montrent clairement que le modéle est capable de reproduire I'importance relative
de I'auto-inflammation et des flammes de diffusion sur le dégagement de chaleur en fonction du point
de fonctionnement moteur considéré.

Abstract — The 3-Zones Extended Coherent Flame Model (ECFM3Z) for Computing
Premixed/Diffusion Combustion — The Extended Coherent Flame Model of Colin et al. (2003)
developed to model combustion in perfectly or partially mixed mixtures is adapted to also account for
unmixed combustion. The ECFM modé is based on a flame surface density equation which takes into
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account the wrinkling of the flame front surface by turbulent eddies and a conditioning averaging
technique which allows precise reconstruction of local propertiesin fresh and burned gases even in the
case of high levels of local fuel stratification. This model has been used with success in gasoline engines
(Duclos et d., 1996; Duclos and Zolver, 1998; Lafossas et al., 2002; Henriot et a., 2003; Kleemann et
al., 2003). In order to adapt the model to unmixed combustion for Diesel application, a description of
the mixing state has been added. It is represented by three mixing zones: a pure fuel zone, a pure air
plus possible residual gases zone and a mixed zone in which the ECFM combustion model is applied. A
mixing model is presented which allows progressive mixing of the initially unmixed fuel and air. This
new combustion model, called ECFM3Z (3-Zones Extended Coherent Flame Model), can therefore be
seen as a simplified CMC (Conditional Moment Closure) type model where the mixture fraction space
would be discretized by only three points. The conditioning technique is extended to the three mixing
zones and allows to reconstruct, like in the ECFM model, the gas properties in the unburned and
burned gases of the mixed zone. Application of the model to internal combustion engine calculations
implies the necessity of auto-ignition modelling coupled to premixed and diffusion flames description.
Auto-ignition is modelled following (Colin et a., 2004), while the premixed turbulent flame description
is given by the ECFM. The diffusion flame is now accounted for thanks to the three zones mixing
structure which represents phenomenologically the diffusion of fuel and air towards the reactive layer,
that is the mixed zone. The ECFM3Z combustion model has already been presented (Béard et al., 2003)
in a comparative work between Diesel experiments and corresponding calculations covering different
engine operating points. Here, the model is presented in all its details and its behavior is analysed when
the relative duration of injection and auto-ignition delay are varied in a direct injection Diesel engine.
It is shown that the model is able to reproduce the relative importance of auto-ignition and diffusion

flame on the total heat release, depending on the engine operating point considered.

INTRODUCTION

International regulations are imposing in recent years more
and more stringent limitations on pollutant emissions and
consumption for combustion devices. Automotive industry
uses two types of Internal Combustion Engine (ICE): the
Spark Ignition (SI) gasoline engine and the Compression
Ignition (Cl) Diesel engine. However, these concepts will
probably fail in complying with future environmental norms.
This has lead car manufacturers and laboratories to develop
new combustion systems for ICE like CAl (Compression
Auto-Ignition) for gasoline or HCCI (Homogenous Charge
Compression Ignition) for Diesel. At the present state of
research, these new combustion modes do not allow to reach
high specific powers like classical SI and Cl engines,
although they permit very low pollutant emissions.
Therefore, future generations of engines will probably use
both S and CAI concepts for gasoline fuel or HCCI and Cl
concepts for Diesal fuel. CAl and HCCI will be used for low
to medium load operating points while the engine will switch
to Sl or ClI for high load operation.

Computationa Fluid Dynamics (CFD) techniques used to
solve the Reynolds Averaged Navier-Stokes (RANS)
eguations have become nowadays a useful tool for engine
manufacturers. First, they allow a better understanding of
how combustion takes place in new combustion concepts.
Second, rapid and low cost testing of different chamber
geometries and concepts can be performed in order to design
thefinal product.

Classically, RANS engine combustion models have been
clearly divided into premixed combustion models for Sl
engines and nonpremixed combustion models for Diesel
engines. This separation becomes less and less justified for
many reasons. This can be understood by defining the three
main combustion modes encountered in industrial devices.
The first two modes are of the premixed type. A premixed
charge of air and fuel can auto-ignite after an auto-ignition
delay essentially controlled by temperature, pressure, fuel/air
equivalence ratio and residual gases fraction. This type of
combustion, from now on called Al, controls the beginning
of combustion in Diesel engines and can also be found in Sl
engines as a undesirable combustion commonly called
knock. The second premixed combustion mode is the
premixed Propagation Flame (PF) used in Sl engines. In this
case the combustion chamber is filled with a premixed
charge of fuel and air. A spark plug generates a small
spherical propagation flame between the electrodes which
afterwards propagates in the combustion chamber until it has
totally consumed the premixed fresh charge. The third
combustion mode is the non-premixed combustion, also
caled Diffusion Flame (DF). Here, fuel and air are separated
by athin reaction zone in which burned gases are formed. As
afirst approximation, the chemical time in the reactive zone
is usually considered much smaller than the diffusion time
involved in the diffusion of fuel and air towards the flame
region. This is why this combustion mode is also called
mixing controlled combustion. This type of combustion
follows combustion by auto-ignition in Diesel engines.
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The above description shows that the combustion process
taking place in Diesdl engines cannot be considered solely as
non-premixed: the onset of combustion is controlled by
partially premixed Al which is responsible for the rapid
initial pressure rise in the chamber. This type of combustion
can represent an important part of the total heat release in the
cycle, depending on the engine operation point. Also, the
new combustion concepts such as CAl or HCCI are not
clearly identified as premixed or nonpremixed combustion.
For both concepts Al is responsible for the start of
combustion, but afterwards, experiments have shown that the
charge is not perfectly mixed during combustion (Docquier,
2003). It is therefore possible that combustion proceeds
simultaneoudly through PF and DF.

This observation has lead to the development of unified
combustion models able to account for all types of
combustion simultaneously occurring inside the chamber,
avoiding the problem of choosing the model before hand.
Abraham et al. (1985) and Kong et al. (1995) proposed an
extended characteristic-time model which accounts for
chemical and turbulent time scales simultaneously: in a
classical Diesdl engine, combustion is first controlled by the
chemical time (Al period), and then by the turbulent time (DF
combustion). Even if premixed and nonpremixed combustion
are taken into account in this model, the unmixedness of
species within a computationa cell is only represented by a
mixing time-scale, which does not allow to represent the
history of mixing (the mixed part of the mixture increases
with time). As a consequence, the transition between
chemically controlled and mixing controlled combustion
needs to be monitored by an empirical function. This model
does not account for PF combustion, it is therefore restricted
to Diesel type applications. The two zone flamelet model
(Chen et al., 2000) proposes a description of the incomplete
mixing within a computational cell by separating unburned
gases in two zones: a segregate region which contains
unmixed fuel and air, and a fully mixed region which contains
the unburned mixed fuel and air. The gases of the mixed
region are consumed by Al and PF. Unlike models based on a
mixing time, this model correctly represents the initial mixing
of unburned fuel and air which leads to the formation of a
premixed charge that will rapidly auto-ignite. In a second
phase, the chemica time (represented by the premixed flame
time scal€) becomes smadller than the mixing time, and a non-
premixed combustion is recovered. Although the mixed zone
is represented, the volume occupied by this region is roughly
estimated in this model. This does not allow a precise
computation of species mass fractions, temperature and
density in this region. As a consequence, the unburned gases
properties like the laminar flame speed, or the auto-ignition
delay time are only approximately estimated. In the same
way, it becomes difficult to perform post-flame kinetics in the
burned gases as properties in this zone are not precisely
defined aswell.

During the last decade, new approaches were developed
with the aim of representing the diffusion flame and auto-
ignition in a more rigorous manner. The flamelet approach
was developed by Peters et al. (Peters, 1986; Pitch, 1995). In
this model, the reaction rate is tabulated for a laminar
diffusion flame in mixture fraction space for different values
of the scalar dissipation rate. The mean reaction rate is then
obtained by integrating this laminar reaction rate over all
possible values of the mixture fraction using a presumed pdf
(probability density function) for the mixture fraction and the
instantaneous scalar dissipation rate observed in the flow
field. This model has the advantage of including both finite
rate chemistry and the influence of the local mixture fraction
gradients imposed by the flow field. More recently, the
EPFM (Eulerian Particle Flamelet Model) (Pitch, 1998;
Hasse et al., 2000), alowed to consider simultaneously a
couple of unsteady flamelets solved in a dedicated flamelet
code, while in parallel, Navier-Stokes equations were solved
in a CFD code. This model alows to represent Al and DF,
but mixing and combustion, which are very local phenomena
in a piston engine, are represented in an averaged way since
flamelets are based on the averaged properties over entire
parts of the domain. This model does not account for PF
combustion and the CPU cost increases rapidly with the
number of flamelets involved. In the CMC (Conditional
Moment Closure) approach (Klimenko and Y u, 1990; Bilger,
1993), the mixture fraction Z is not represented solely by its
mean value and fluctuation like in most models, but the
Z-space is discretised, and combustion and mixing processes
are solved conditioned for different values of Z. This
approach is therefore very promising but its CPU cost in an
industrial context remains for the moment prohibitive. PF
combustion can be represented by this approach, but in this
case, the reaction progress (fraction of unburned gases)
dimension must be added, making the calculation even more
CPU consuming. In the transported pdf approach (see for
instance (Veynante, 2000) for a review of these models), no
assumption is made on the shape of the mixture fraction pdf.
The pdf is directly trangported using Monte-Carlo methods.
Although these methods are complex to develop and induce
an important CPU cogt, calculations on ICE are now being
performed with such models (Zhang, 2004).

More recently, new approaches were proposed to model
auto-ignition and diffusion flames by considering only the
dimensions of mixing, represented by the mean mixture
fraction and its fluctuation, and the dimension of
advancement of reaction, represented by the mean progress
variable and its fluctuation (or equivalently by the flame
surface density). These approaches are much less CPU
consuming than CMC or EPFM models although they
include realistic physics as they also rely on flamelet
libraries. Flame surface density models, the PCM model and
the model presented in this paper, ECFM3Z, belong to this
type of approaches. The flame surface density approach was
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first proposed in the context of diffusion flamesin the pioneer
work of Marble and Broadwell (1977). An exact balance
equation for the flame surface density was proposed (Van
Kamthout, 1996) for diffusion flames. More recently, this
approach has been extended by considering a generalised
flame surface density including all possible values of the
mixture fraction, with reaction rates per unit of flame surface
given by alibrary of transent diffusion flames (Tap, 2004).
The Presumed Conditional Moment (PCM) model (Vervish,
2004) is a smplified version of the CMC approach where
conditional moments of the progress variable are presumed
and the conditional reaction rates and species mass fractions
are given by the FPI (Flame Prolongation of ILDM) approach
(Gicquel, 2004) which is based on tabulations of premixed
and unpremixed stationnary flamelets.

The ECFM (Colin et al., 2003) is a version of the flame
surface density approach (Candel and Poinsot, 1990;
Boudier et al., 1992), which allows the simulation of the two
premixed combustion modes, PF combustion in Sl engines
as well as knock (Al) and pollutant formation, even in
highly stratified cases. Based on this model, the unified
Diesel/gasoline combustion model ECFM3Z was briefly
presented in (Béard et al., 2003). In this model, the
unburned/burned gas zones description of the ECFM model
is kept, as well as the premixed flame description based on
the flame surface density equation. In order to account for
DF and mixing processes, each computational cell is split
into three mixing zones. a pure fuel zone, a pure air plus
possible residual gases (EGR) zone and a mixed zone, as
schematically presented in Figure 1. This structure allows to
account for the three main combustion modes (Al, PF and
DF) encountered in most combustion devices.

The aim of this paper isto describe the ECFM3Z model in
detail. In the first part, we introduce the principle of the
model based on its three zones structure. Then the structure of
themodel is presented in detall. It is based on two dimensions
classically used for solving combustion problems: the mixing
state (mixture fraction description) and the reaction progress
(progress variable description). The way the three main
combustion modes are computed is then explored and it is
shown how the pollutant formation is accounted for in the
burned gases. Findly, the behaviour of the mode is analysed
over two different operation points of a conventiona Diesel
engine.

1 PRINCIPLE OF THE ECFM3Z MODEL

In the ECFM3Z combustion model, the state of the gases
mixture is defined in the 2D space (Z, Eb It is simultaneoudy
described in terms of mixing and progress of reaction as
schematically represented in Figure 1.

Flame propagation

1 A

u =unburned gases b = burned gases

A = unmixed air

(+ EGR)

Turbulent
mixing

M = mixed air Burnt
and fuel o] gases

F = unmixed fuel

Homogeneous

Auto-ignition reactors

Diffusion flame
(oxidation + pollutant formation)

Premixed flame
(oxidation)

Figure 1
Schematic of the ECFM3Z model computational cell.

1.1 Mixing Description

According to the ECFM3Z zone splitting (Fig. 1), each
computational cell is divided into three mixing zones. the
unmixed fuel zone (letter F in the figure), the mixed zone
containing fuel, air and EGR (letter M), and the unmixed
ar + EGR zone (letter A). This structure can be seen as the
representation of the Probability Density Function (PDF) of
the mixture fraction variable Z by athree delta distribution:

P(Z) =ad(Z) +bd(Z -ZM) +cd(Z -1) D

where ZM is the average value of the mixture fraction in the
mixed zone. Here, the mixture fraction is defined as the fuel
tracer species Yy, defined latter in this paper.

The first delta function corresponds to the unmixed air
region A, the second one to the mixed region M and the third
one to the unmixed fuel region F. This structure can be seen
asasimplified CMC approach where the discretisation in the
Z spaceis performed by only three points. The mixing model
presented in Section 2.3.1 allows to progressively transfer
unmixed fuel and unmixed air into the mixed region.

In the unmixed fuel region F we assume the local fuel
mass fraction is one only as a first step of modelling. In
reality, the maximal fuel mass fraction encountered is given
by the fuel mass fraction at saturation conditions around fuel
droplets. Asthis mass fraction evolves with ambient pressure
and temperature, it is achalenge to mode it in the context of
ICE. We leavethistask for future development of the model.

1.2 Reaction Progress Description

As combustion can obviously not take place in regions A and
F, it is only considered possible in region M. Combustion
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calculations are thus conditioned in this zone according to the
description directly taken from the ECFM model (Colin et
al., 2003). We consider two possible states for gases during
combustion: the unburned gas zone and the burned gas zone
corresponding to superscripts u and b in Figurel. The
amount of unburned/burned gases in the mixed zone M is
given by the progress variable c'whichis equal to zero when
the burned gas mass is zero, and equa to one when the total
mass contained in the mixed zone has been burned. Burned
gases of region MP have a temperature TP while the gases of
the five other regions have the same temperature T
Therefore, even if regions F° and A have the same
superscript b, they do not correspond to burned gases but
rather to unburned gases which will mix in region MP,

1.3 Evolution of the (Z,c) Description
During Combustion

In order to understand how the different zones evolve during
combustion, we consider the case of a direct injection type
combustion chamber. Initially, the chamber contains only
pure air corresponding to region AY. The liquid fuel spray
injected in the chamber evaporates, and the gaseous fuel
formed feeds region FY. This way, fuel and air are initialy
entirely unmixed, that is, region M is empty. This Situation
corresponds to case A in Figure 2. The mixing model allows
to progressively transfer unmixed fuel and unmixed air in the
mixed region MY, corresponding to case B in Figure 2. As
soon as region MY is formed, the auto-ignition delay time is
computed in this zone, as described in Colin et al. (2004). If
the auto-ignition delay is reached, the fresh gas massin region
MY is rapidly consumed. The burned gases formed are placed
in region MP, which leads to case C in the samefigure.

@

Mixing

J1
® U

@O &®

Case A

@ @ || @ )

%
@ <o @|e Ve
@ Al + PF @ @ @

Case C: premixed controlled
combustion

Case B: pure mixing

Case D: unmixed controlled
combustion

Figure 2

Evolution of the ECFM3Z zones during combustion.

Another possible way to start combustion is to create a
premixed flame separating unburned and burned gases (as
schematically represented in Figure 1) with a spark plug. As
described in Duclos and Colin (2001) and Colin et al. (2003),
the AKTIM (Arc and Kernel Tracking Ignition Model) spark
plug ignition model alows to precisely compute the amount
of flame surface deposited at spark timing. In this case, the
ECFM model gives the evolution of the flame surface (by
solving a transport equation for the flame surface density
(Colin et al., 2003)) that will consume the unburned gases of
region MY and form the burned gases in region MP, finaly
leading to the same situation C in Figure 2.

In the burned gases region MP, the post-flame kinetics are
computed, which include a smple Arrhenius model for the
oxidation of possibly remaining fuel (in the case of very rich
mixtures or DF combustion), the formation of NOx
(Heywood, 1988), soot (Martinot et al., 2001) and CO and
chemical equilibrium (see Section 3.3) which alows to
obtain a precise burned gases temperature as well as an
estimation of pollutant species concentrations (NO, CO and
soot).

In Diesel type applications, it is possible that even when
combustion has begun in the mixed region (that is €>0), the
mass of unmixed fuel and air present in regions F and A is
still important, corresponding schematically to case D in
Figure 2. In this case, these unmixed gases continue to
migrate into the mixed region. The fraction € of the gases
contained in region F (respectively A), which corresponds to
region F? (respectively AP), mixes with the burned gases of
region MP. They are consumed afterwards by the post-flame
kinetics in region MP. As the mixing time is usually much
larger than the chemical time involved in the burned gases of
region MP, this case represents combustion controlled by
mixing, that is, diffusion flame (DF) combustion. The other
fraction (1— ¢) of these unmixed gases mixes with the
unburned gases of region MY. They are consumed afterwards
by PF or Al. It isimportant to notice that gases contained in
regions FU and F? (regions A and AP respectively) have the
same composition and the same temperature T4, and only
differ in their presumed location.

This schematic description of the combustion process
with ECFM3Z shows that al combustion modes are
simultaneously represented in this model. This allows
application of the modd to all types of combustion devices
without the need to guess beforehand the type of combustion
that will be encountered. In the following part we describein
detail how the different zones represented in Figure 1 are
computed and how they exchange mass and energy.

2 THE 2D (Z,c) DESCRIPTION OF GASES STATE

In this section we explain how the quantities defined in the
different zones of the ECFM3Z model are computed. We
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start by defining the global species equations and the
progress variable ¢, then we present the mixing model that
computes unmixed species and deduce mixed species (this
corresponds to gases description according to Z). Finaly, we
explain how the properties of the unburned and burned gases
contained in the mixed zone are obtained (this corresponds to
gases description according to 55

2.1 The Global Species Equations

In the ECFM3Z model, a transport equation is solved for the
Favre average mass densities of chemical species fuel, O,,
N,, NO, CO,, CO, H,, H,0, O, H, N, OH and soot inside the
computational cell containing the three mixing zones.
Therefore, when “burned gases’ are mentioned they include
the real burned gases in the mixed zone (zone MP in Figure 1)
plus a part of the unmixed fuel (zone F° in Figure 1) and
air (zone AP in Figure 1). These equations are classically
modeled as:

_ o My D @
T ox; % Sc Dax 0 o 0

where g and y, are the laminar and turbulent viscosities
respectively, and Sc and Sc, are the laminar and turbulent

hmijdt numbers. w, isthe average combustion source term
and Y, isthe average mass fraction of speciesx:

5 M _m/V _p,
““m m/V p ©)

apYy N oYy
ot 0X;

Visthe cell volume, pisthe mean density and m=pV isthe
cell mass.

The fuel is divided in two parts: the fuel present in the
fresh gases Y} |, and the fuel present in the burned gases
This division |s necessary to represent the fact that a part @

of the fuel will_be consumed by Al or PF, while the
remaining fuel Y, will be consumed by a DF. The fuel
transport equations are:
aﬁun apu YFu — U “t I:BYFU U _Tu-b
ot ox; _ax % Sctmax P, OR,
apYd aphyd 5 Oy e )%
Fu Fu —_ 7 u- b
o Tk o s s Hox ﬁ* P, + @b, + Bty

Q)
During the evaporation of liquid fuel droplets, the gaseous
fuel produced, S, is distributed between unburned and

burned fuel supposing the probability to find a droplet in the
burned gases (resp. unburned gases) is £ (resp. (1—
SE = SFU
S, =S,0-8)

©)

In the case of local fuel/air (F/A) equivalence ratios
higher than stoichiometry, there is not enough oxygen in the
fresh gases to completely oxidize the fuel. Therefore a part
of the fuel contained in region M and going through the PF,
or consumed by Al, is not oxidized and ends up in the
burned gases region MP, where it can be post-oxidized. In
the same way, the unburned fuel contained in region FY is
not oxidized at all when Al or PF combustion occur (that is,
when the progress variable increases). This fud is therefore
integrally transferred in the burned gases region F°. The
source term g ® accounts for these fuel mass transfers,
and it appears therefore with opposite signs in the unburned
and burned fuel equations. The reaction rate @Y, represents
the oxidation of unburned fuel by Al or PF. The reaction
rate WL, representsthe oxidation of burned fuel by a DF.

The ECFM3Z model allows amulti-fuel description based
on the method presented for the ECFM el in C(:gon et al.
(2003). In this case, the fuel speciesrgfju and Y2, are
replaced by their components Y, and Fu, with i ranging
from 1 to N, N being the total number of fuel components.
For the sake of simplicity, only the single component case is
presented here.

2.2 Definition of the Progress Variable ¢ and Tracers

The CFM model is based on the assumption that the flame
can be seen as an infinitely thin interface separating fresh and
burned gases. Each species in the unburned gases is
consumed by Al or PF proportionally to its mass fraction in
these gases. Therefore, the conservation of mass through the
flame front allows the local burned mass fraction ¢ to be
proportional to the fraction of fuel mass that has been
oxidized since the beginning of combustion:

u

vu
c=1-— = __ZF_U (6)
m Yrry
where \;TFU @the mass fraction of fuel before the onset of
combustion. Y., is constant in space and time for perfectly

mixed charges. In this case, the cd@ulatlon of Cis straight-
forward. In practical applications, Y, varies in space and

time due to the imperfect mixing of the charge. In order to
caculate Yy, g@ctly, we introduce an equation for the fuel
tracer P, = P Yy, By definition, the tracer of aspeciesxis

convected and diffused exactly like the real species it
represents, but unlike the species x, this pseudo-species is
not consumed during combustion nor accounted for in
thermodynamic balances. Therefore its evolution eguation is
the same as the one for x without the reaction term:

0pYr , 9P0iYr _ 0 M | e BV psx @
ot ox oI S Dax O

v

r, IS dternatively defined as the mean mixture fraction
in other combustion models.
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It can be seen from Equation (6) that the progress variable
cis only defined if @Fu > 0. If this condition is not satisfied,
it indicates that the cell never contained fuel, in which case
combustion could not occur. Therefore in practice, the
combustion model is not applied to a cell if - Y, is
inferior to a prescribed small value.

Finaly, tracer equations are also solved for O,, CO, NG,
H, and soot. These quantities will be used to compute the
fresh gases state composition. They aso alow to transfer
minor species CO, NO, H, and soot from burned to fresh
gases in the case of multiple injection as explained in
Section 2.5.

TFu

2.3 Computation of Mixed and Unmixed Species

2.3.1 The Mixing Model

In order to describe the three mixing zones presented in the
principle of the model, we introduce two new quantities: the
unmixed fuel (with mass fraction Y', ) which represents the
fuel contained in regions FY and FP 'n Figurel, and the
unmixed oxygen (with mass fraction ) which represents
the oxygen contained in regions AY and A2 D Fy (resp.

a ) represents a fraction of the total mass of theéuel
pYYL, + pYR, (resp. the total mass of the oxygen p o)
Therefore, these species do not enter in the global species
mass balance and are therefore qualified “fictitious species’.
The equations for these unmixed species are;

aﬁ?FFu 6ﬁﬁi?,_fu o My He EB F-M
= T E
o ox ox & s Hox O 58, 47
®
FYA B VA
opYs, +6puiYoz :ifﬂ]u - A "
ot 0X; 0X; Sc Da
(©)

The evaporation source term pS-, in the unmixed fuel
equation is the gaseous fuel mass production rate already
presented for the unburned and burned fuel equations.

The mixing model itsdlf is described by the source terms

EE;M and EA M . We consider the mixing rate of the fuel

to be proportlond to its volume fraction % and a mixing
time-scaeT,;

1 ~ ~
EF oM :_T_Xllzzu(l_xlgu (10)
m

By writing the volume fraction as a function of the mass
fraction, we find:

~ 1 ~ pMM
EF-»M :__Y — F—
Fu Tm Fu( Fu —u |u MFU

Following the same reasoning, we obtain the following
expression for the mixing rate of the oxygen:

) (11

~ ~ A M M
EéHM = _iyé 1—I%_L) (12)
: Tm ° Y(_‘?z pY |u Mair+EGR
Where MM is the mean molar mass of the gases in the
mixed area, M, is the molar mass of fuel, M, is the molar
mass of O,, MEWEGR is the mean molar mass of unmixed
ar + EGR gasss, pés mean density, p!|, isthe density of the
unburned gases, Y, is the oxygen mass fraction in the
unmixed air.
The mixing time-scale 1, , is considered proportional to the
turbulent time-scale given by the k-€ mode:

T =B (13

where 3 isaconstant set to 1.

The oxygen concentration in the unmixed air is computed
asfollows:

.Y
Yo =—o2 (14)
© 1= YTFu

where subscripts TO, and TFu represent oxygen and fuel
tracers respectively.

For the other species X transported, we assume that the
unburned gas composition of air + EGR is the same in the
mixed and unmixed areas. Thus, if we know the total amount
of oxygen (the oxygen tracer) and unmixed oxygen, we
know the mass ratio ¢, of unmixed air + EGR over total
ar+EGR:

YA v A
ch, === -5 (15)
YTO YTX

Where \PTX is the concentration of the tracer of species X
and Y4 is the concentration of its unmixed part. For species
0O,, CO, NO, soot and H,, we have specified previoudly that a
transport equation is directly solved for their tracers. For
species N, CO, and H,0O, the tracers are reconstructed from
the N, C and H atom balance equations:

~ Pn, tPN
Yy, = %o (16)
\?Tco %Fu + PR PTFu pCOz +Pco ~Prco EM Cco,
2 H Me Y co, Mo O P
17
. U Lab _A 5 5. -1
YTHZO — ?Fu + 'F\)/IFU Preu y+2 szo +2 szM pTHz
Fu H,0 H,
_ _ (18)
+PoH ﬂDM H,0
Moy MyO 2p
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where x and y are the number of carbon and hydrogen atoms
respectively per molecule of mean fuel. M, (resp. M) isthe
molar mass of species X (resp. tracer of species X).

Thus for a given cell, the fraction of mass which is not in
the mixed areais.

YA+F =EA_+F =c, (Yro, +Yrm, +Yico, +Yico
p 2 2 2 2 (19)
+Yrn,0 + Y, +Ymo) +Ye,

If YA*F < 0.95 we compute the properties of the mixed
area. Otherwise, we consider that mixing is not advanced
enough for combustion to take place.

2.3.2 Conditional Compositions in the Mixed Zone

Global and unmixed species were previously introduced.
Knowing these quantities, we are now able to define the
mixed quantities by simply applying the mass conservation
of speciesinthe cell:

pY =PV =By —PL =PV B (0

Mass densities of speciestracersin the mixed areaare also

obtained directly from the difference between species tracers
and unmixed quantities:

[ zﬁ?T’;A( =Prx ~PX =r)?Tx _TNXA (21)

For the unburned and burned fuel densities, we have to

subtract the unmixed fuel contained in the unburned and
burned zones:

le:JuM _ﬁ?Flil _pFu pFu _ﬁ?l:uu _T)?FUL'JF (22)
[ _PY M =18, -PRf _pYFu —PYe bF

where the unmixed unburned (resp. burned) fuel mass
fractions are defined by:

r>§f =ﬁYF:;F =@ -6)pf, 23)
ﬁFuF = p F :CpFu

In order to apply the combustion model in the mixed zone,
we need to define the conditioned densities p¥ |, in the
mixed area which are related to unconditioned densities pY!
through the relation:

iy my _m' Vv

Px |M=VM TV UM =pX'Cyw =P u

Y I
(24)
The volume fraction C,m is deduced from the volume
conservation in the cell (V=VM+ VA*F where VX is the
volume of zone X):

PUl  _ Vv

v =50, SpAF um (25)

where'p!|, is the mass density of unburned gases conditioned
in these gases, and is deduced from the mean pressure p and
the fresh gases temperature TY. The mean density conditioned
inthe mixed areapM |, issimply given by:

M =P -pPA*F)Cyw (26)
Knowing C,m and pM|,, we can now compute the
conditioned mass densities for species pY |,,, species tracers

P | v, unburned and burned fuel PEM v and PEM |v
using relation (24).

As for species, we need to define the mean conditioned
enthapy inthe mixed area

poprr @
where hEL is the fresh gases enthalpy defined by its evolution
equation (Coalin et al., 2003).

All the operations previously done in the ECFM model
over global quantities are how done on the conditional
concentrations in the mixed zone. Often, the species molar
concentrations are used in the combustion mode!, instead of
the species densities, the two being related by:

NM :M

¥ =S 29

In the following parts, we briefly explain how the
combustion model is applied to the mixed area.
Once the reaction rates describing AI PF and DF have
Ren computed, the species densities pY |M and the enthalpy
are updated. In order to recover the updated global
densities and enthal py, the previous operations are performed
in the reverse sense.

2.4 Conditional Compositions in Fresh
and Burned Gases of the Mixed Zone

We have shown how we could define, starting from the mean
species concentrations and enthalpies, the equivaent quan-
tities in the mixed zone. The ECFM model can now be
applied to the mixed zone. In this model, the flame front is
described as an infinitely thin interface that separates fresh
and burned gases. In order to correctly compute the laminar
flame speed in the fresh gases and the pollutant kineticsin the
burned gases we need to precisely define the properties in

these regions. The mass fractions Y,4M |,y and M|, in
theseregions are defined as:

u,M
a |uM—:=:ﬁM (29)
~ b,M
Gom fypy = T (30)

mb.M
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where m*M (resp. mPM) is the unburned (resp. burned) mass
in the mixed zone defined by:
m”’M = (1_6)mM (31)
mbM =¢mM
where mM is the total mass in the mixed zone of the cdll. It is
defined by: mM = (p —pA*F)V=pM|, V,,.
. .U .
Using ameass balance equation Y™ |,, can be written:
~ M uM 4+ mb.M
Ty = = T T
mM mM 32
?XM |M = QXU’M |M +?xb’M |M

Then by combing with Equations (29), (30) and (31) we
obtain:

\?xM Iw = (1—6)\?x”’M |u,|v| +6\?xb’M |b,M (33

where € isthelocal burned mass fraction previoudly defined.

We remark that quantities Y,*M |y and YuM |u,M are con-

ditioned over different zones:

— YuM | M compares the mass of the species x, contained in
the fresh gases of the mixed zone, to the total mixed mass
m" (see Eq. (32));

— YuM |, isthe“rea” average mass fraction of species x
in the fresh gases of the mixed zone (see Eq. (29)).

In other words, Y,4M |M represents the mass fraction of
the mixed unburned part of species X conditioned on only
one zone (the mixed zone) and Y,4M |u’,\,I represents the
same part of the species but conditioned on two zones
simultaneoudly (the mixed and the unburned zones).

_ Of course, the same difference between ?Xb"\/' |w and
Y,o.M |b,M , can be noticed.

2.4.1 Fresh Gases State

In the ECFM model (Coalin et al., 2003), we have assumed
that fresh gases were composed of fuel, O,, N,, CO, and
H,O. We now add species H,, CO, NO and soot to this
composition in order to have a better description of the real
composition of the fresh gases. However each new speciesin
the fresh gases imposes the addition of a species tracer,
otherwise the fresh gases composition cannot be determined.

The fuel mass fraction in the fresh gases Y™ |
simply given by:

uM is

?u,M — r)TNIIZu _ ?M
Fu Iu,M - ﬁM — 'TFRu IM (34)
This equality states that the fresh gases mixture compo-
dition is the same as the average composition we would get if
no combustion had occurred. This average composition is
exectly the one given by the fuel tracer in the mixed region.
Using the definitions of the mixed tracers Y,\! | w for the other

species, we can apply the same argument for the mass
fraction Y¢™ |

v u,M — F_)Tl\gl( —vM
Y lum = ﬁ_M =Y7x Im (35)
The fresh gases temperethtJre 'H‘ is obtained by inversion of
the fresh gases enthapy h" based on the fresh gases mass
fractions YyM |-

2.4.2 Burned Gases State

The burned gases composition and temperature FD are used
in the model to compute some flame characteristics as
well as pollutant production and post-oxidation (for DF
combustion). This composition includes species O, OH, H
and N issued from equilibrium calculations. The fuel mass
fraction in the burned gases is obtained by conditioning the
burned fuel Mg, in the mixed zone and then in the burned
gases zone as described previoudy. The other species in the
burned gases are rebuilt from the average and fresh gases
states using Equation (33):

— ?xM IM _(1_6)QXUYM |u,M (36)
c

7 b,M
Yx |b,M

We note that the mass fraction of species O, OH, H, and N
in the fresh gasesis zero.

In ECFM3Z the unmixed areas F and A are supposed
to be at the unburned gases temperature T" of the mixed
unburned zone MY, while only gases of zone MP are at
temperature T°. We need therefore to know the exact mass
fraction occupied by this zone. We first define a coefficient

muM + mb.M
mM T

C that takes into account the fraction

of mixed mass, which is simply the total mass minus the
mass of the pure fuel zone minus the mass of the pure air
zone. This can be deduced from Equation (19):
. . .
Cov =1-YA+F =1-YE (1 Y ) =2 (3D
YTO2

We can now define the mass fraction of zone MP:

. mbM mbM mM
C = =
M ™ m T omm
The fraction 1—EJbM is then exactly the mass fraction at
the fresh gases temperature TY, corresponding to zones FY,
FP, AU, AP and MY in Figure 1.
The burned gases enthalpy H’ can now be deduced from
the energy balance equation:

h=(@—&y)hU +&yhP (39)

= 5Cm M (38)

If @b’M is too small, the abave relation can not be used,
and amore simple estimate of h° is used instead (Colin et al.,
2003).
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2.5 Treatment of Multiple Injections

\%hen the fuel contained in fresh gases, corresponding to
Y, has been completely burned, the progress variable ¢
equals one. In this case, the mixed region is only composed
of burned gases. If after this instant, gaseous fuel is added
through evaporation of fuel droplets (term SFU inEq. (5), (7)
and (8)), the fuel tracer fraction Y, and the fuel
contain in burned gases Y2 increaﬁ but the progress
variable remains equal to one because Y|, remains equa to
zero. This situation is found when burned gases temperature
is high enough to oxidise rapidly the fuel coming from the
unmixed fuel region. As explained previoudly, this situation
represents in a simple way combustion by a diffusion flame.
On the contrary, if burned gases temperatureis low, chemical
reactions in burned gases stop and fuel contained in burned
gases of the mixed region will not be oxidised anymore. At
this point it would be necessary to consider combustion by
auto-ignition which would eventually reignite the mixture.
Thiswould imply the definition of a second progress variable
in burned gases with a second fuel tracer equation. In the
case of many fuel injections, a new fuel tracer would be
required for each injection.

As this solution clearly complicates the model exces-
sively, we adopted a more simple procedure. It consists in
reinitialising the progress variable when combustion stops in
burned gases by imposing:

PR =Pty + PRy
PES™ =0 (40)

Ahew — ®/U =b
Prru = Pru t Pry

Conditions given by Equation (40) are progressively
imposed in time and they allow to transfer fuel from burned
to fresh gases and to progressively make the progress
variable tend towards zero. This procedure does not change
species composition since fuel is transferred from one
equation to the other and fuel tracer is afictive species which
does not enter the mass balance. When the progress variable
has been reinitialised, a new computation of combustion by
auto-ignition can start.

Finaly, this procedure alows to treat multiple injection
cases very often found in recent Diesel engines.

3 FUEL OXIDATION MODELS

As specified in Section 1, the three main modes of com-
bustion, namely auto-ignition (Al), premixed propagation
flame (PF) and diffusion flame (DF) are represented in
the ECFM3Z model. These three modes can occur
simultaneoudly in the mixed zone M. The Al and PF models
predict an instantaneous reaction rate ¥, applied to the
unburned fudl, Eq. (4). These models are not detailed here as

they can be found in (Colin et al., 2003) and (Coalin et al.,
2004), so we suppose here that the fuel reaction rateis given
and we focus instead on the fuel decomposition into products
that enter the burned gases region MP.

For the DF, the mixing model presented previoudly allows
to transfer the unmixed fuel of region F in the burned gases
of region MP. We present here the model used in region MP
for the burned fuel reaction rate W, appearing in Equa-
tion (4). Finaly, we present the post-flame kinetics in this
region that allow to complete the fuel oxidation (trans-
formation of CO in CO,) and to predict pollutant formation
aswell as chemical equilibrium.

3.1 Unburned Fuel Oxidation

In order to account for the partial oxidation of fuel into CO

and CO,, the fuel oxidation is decomposed into two phases:

— A first partial oxidation of fud is performed which leads
to the formation of amajor fraction of CO and some CO,,
in the burned gases of the mixed zone.

— In the burned gases of the mixed zone, the CO previoudy
generated is oxidised into CO,. This second phase will be
presented in Section 3.3.

The oxidation of the unburned fuel into CO, CO,, H, and

H,O is performed by the three following reactions:

A (L= o) CyHy + (X +%)o2 . xCO, +%HZO]
Xy y

arco[CyHy + (5 +7)0; — XCO +5 H0] (41)
X y

(=), Hy+50; ~ xCO +2 Hy]

The coefficient o is defined by the local equivalenceratio:

if p<1 - a=1
ax+ Yy
%—ZX (42)
if1< <@ - a=—2
rit 2X+y

if Ot < @ -~ a=0

where the critical equivalence ratio @, is defined by
2.y
Qcrit = ; (X +Z)

For lean mixtures a =1, which means only the first two
reactions in (41) are considered. In a previous version of the
model, we considered r, =0, which means the fuel was
completely oxidised into CO, and H,O through the first
reaction of (41). As experiments and complex chemistry
calculations showed that CO could be formed even in lean
mixtures provided the equivalence ratio is very low (below
0.3 according to Dec (2002)), we introduced the second
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reaction in (41) which alows the formation of CO even for
lean mixtures. The proportion of CO and CO, formed is
monitored by the coefficient r, which is assumed, as a first
model, to be a constant equal to 0.9. In the future, this
coefficient could be given by complex chemistry calculations
for different values of temperature, equivaence ratio, EGR
rate.

If @is larger than unity, the oxygen mass fraction in the
fresh gases is not sufficient to completely oxidise the fuel
into CO, and H,O. The third reaction, which transforms fuel
into CO and H, becomes predominant. If ¢ becomes larger
than the critical value @, the amount of oxygen in the fresh
gases does not even alow to perform the partia oxidation of
fuel into CO. In this case, a part of the unburned fuel is
transferred as burned fuel in zone MP, This corresponds to the
source term @WE; P in Equation (4) but conditioned in the
mixed zone M:

G =Gl by 0T (@)

3.2 Fuel Post-Oxidation in Burned Gases

The description adopted for gases state considers all species
contained in region MP to be perfectly mixed. Consequently
the DF model, used to post-oxidise the fuel of thisregion (i.e.
the fuel resulting from transfer mechanisms, described in the
previous sections, into M), should be entirely controlled by
the chemidtry. It is the reason why we adopt a model based
on achemica timescaet:

=vb,M
=, _ PYR o
I (@)
c

where:

Ta
T, = AeTs (45)

with A=2x 10 and Ta=6000K. The constant A and the
activation temperature Ta have been chosen by comparing
computation and experiment on an engine case. The reaction
rate oM |b,M of the fuel contained in burned gases is then
used to deduce reaction rates of the other species following a
procedure similar to that adopted in fresh gases (Eq. (41)).
The only differenceisthat we assumer,=1in M,

3.3 Post-Flame Kinetics

Post-flame chemical equilibrium and pollutant formation are
computed to correct the burned gases state and temperature.
The post-flame chemistry of the model is an improved
version of the post-flame chemistry of the ECFM model
(Calin, 2003). The major changes are the addition of a soot
model (Martinot et al., 2001) and the introduction of akinetic
oxidation of CO. Thus, the CO/CO, equilibrium is not

considered any more in the equilibrium equations. An
equilibrium resolution of the remaining set of equations has
been rewritten. The considered equilibrium reactions are:

N, « 2N
0, - 20

H, - 2H (46)
20H < O,+H,

2H,0 « O, +2H,

These equations can be reduced to one polynomial
equation (6" degree). This equation is then solved using a
Newton method, which is straightforward with a polynomial
expression.

The kinetic oxidation of CO we have considered is:

CO+OH ~ CO,+H (47)

where the kinetic constants for the forward and backward
reactions are taken from the n-heptane mechanism of Curran
et al. (1998). In this reaction OH and H are equilibrium
concentrations, that is, the rate of CO, dissociation or CO
oxidation does not modify their concentrations. This system
is solved for using the burned gases composition and
temperature.

Finaly, the post-flame kinetics (including the CO/CO,
kinetics, the NOx (extended version of the Zeldovich
mechanism reported by Heywood, 1988) and soot (Martinot
et al., 2001) models (the burned fuel oxidation and the
chemical equilibrium) alow to correct the estimation of the
species fractions Y,pM |b,M and the burned gases
enthalpy h® given by the combustion models. These new
estimates of Y,2.M |b,M and h" are reported to the average
mass fractions \PX using Equation (33) and to the average
enthalpy using Equation (39).

4 VALIDATION CASES

A parametric study on different operation points of a 4 stroke
direct injection Diesel engine using a fully 3D grid was
aready presented in Béard et al. (2003). These caculations
showed the ability of models developed at IFP to correctly
reproduce the experimental trends in terms of power and
pollutant emissions.

Our aim here is to focus our attention on two comparable
cases on this engine in order to study the behaviour of the
ECFM3Z model on typica Diesdl operation points.

4.1 Computational Mesh and Operating Conditions

Simulations are performed using the parallel code IFP-C3D
(Bohbot et al., 2003; Zolver et al., 2003, 2004) developed at
IFP. This code uses an ALE (Arbitrary Lagrangian Eulerian)
method to compute two-phase reactive flows in internal
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combustion engines on moving unstructured hexahedra grids
following a RANS approach. Cdlculations are performed on a
wedge mesh, representing one sixth of the entire combustion
chamber. Therefore, only one of the injector six holes is
represented. The engine characteristics are identical to those
presented in Béard et al. (2003) and are summarised in
Tablel. The two operation points presented are summarised
in Table2. For both cases, calculations start at intake valve
closure with an initial swirl flow intensity based on 3D
calculations of the intake stroke. The injection and spray
models are detailed in Béard et al. (2003). For comparison,
calculations are also performed with a version of Kong's
model (1995) using areduced chemistry by Chalak (1990) for
calculating the chemical time-scale. This model, which is a
standard model for Diesel applications, is thereafter referred
to as ECTM (extended characteristic time model). Note that
for both models, the modelling constants remain unchanged
for the three validation cases. The spray model used with both
combustion models is aso the same, which alows to assess
the impact of the combustion model only.

TABLE 1

Direct injection Diesel engine characteristics

Bore 0.085m
Stroke 0.088 m
Connecting rod length 0.0145m
Valves/cylinder 4

Intake valve opening
Intake valve closing
Exhaust valve opening

TDC (Top Dead Centre)
146 deg. BTDC (Before TDC)
140 deg. ATDC (After TDC)

TABLE 2

Definition of the two operation points simulated
on the direct injection Diesel engine presented in Table 1

Case A B
Speed (rpm) 1640 4000
Load partial full
Start of injection (deg. BTDC) 6. 15.1
Injection duration (deg.) 8.03 37.6
injected mass (g) 0.0144 0.0428
F/A equivalence ratio 0.67 0.7
EGR rate (%) 31 0
Initial swirl number 2.8 14

4.2 Results and Discussion

The pressure curves and the total burned mass fractions
obtained with ECFM3Z and ECTM are compared with the
experimental ones in Figure 3 and Figure 4. For case B, both
models predict the onset of combustion at the right instant.
ECFM3Z dso leads to an accurate reproduction of the onset
of combustion for case A whereas ECTM predicts atoo early
start of combustion for the same case. This result indicates
that the auto-ignition model based on tabulated chemistry in
ECFM3Z (Colin et al., 2004), is more reliable than the
simple chemical mechanism used in ECTM.

For case A, the onset of combustion predicted by ECTM
is 3.5 CA (cranck angle) degrees in advance compared to the
experiment, while ECFM3Z predicts almost exactly the
instant of pressure rise. Then both models predict correctly
the maximum pressure but in the expansion stroke, ECTM

Injector hole diameter 14810°m underpredicts pressure while ECFM3Z reproduces correctly
Spray angle 152 deg. the experimental pressure. This is also seen in the final
80 160
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Figure 3

Pressure evolution in the chamber for cases A and B (from top to bottom).
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Temporal evolution of the total burned mass fraction for cases A and B for ECFM3Z and ECTM models.

burned mass fraction which is close to one for ECFM3Z and
the experiment while ECTM reaches 0.96.

For case B, the onset of combustion is correctly predicted
by both models and the maximum pressure is also correctly
reproduced. The pressure evolution in the expansion stroke
is underpredicted by ECTM which is correlated to the
underestimated final burned mass fraction. On the contrary,
pressure and burned mass fraction are correctly reproduced
by ECFM3Z after top dead center.

Figure 5 presents the evolution of the total mass for the
different fuel species introduced in the previous paragraphs.

The fuel tracer, the unmixed fuel, the fuel in unburned gases
and the fuel in ﬁ#rne(@?as&s correspond respectively to mass
fractions Yo, Y, , YE, and Y2 . All quantitiesin Figure 5
are made nondimensional by dividing the mass by the total
injected fuel mass. For the two cases presented here, the
evaporation duration is very small compared to the injection
duration, therefore, the fuel tracer mass increases roughly at
the same rate as the injected fuel mass. At the end of
injection, the fuel mass is equal to one, which indicates that
the total injected mass has been evaporated. The injection
durations are given in CA degrees for both casesin Table 2.
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Temporal evolution of the different fuel species used in ECFM3Z for cases A and B (from top to bottom).
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It can be seen that for case B the injection duration is much
longer than for case A which is due to the higher injected
mass and the higher engine speed for case B (1 CA degree
represents 0.101 msfor case A and 0.0416 msfor case B).

For both cases, the fuel tracer, the unmixed fuel and the
unburned fuel mass are nearly identical after the start of
injection. This indicates that initialy, the fuel evaporated is
not mixed with air and that it is contained in the unburned
gases (prior to combustion, there are no burned gases). The
mixing process then tends to decrease the total unmixed fuel
mass, which rapidly becomes smaller than the fuel tracer
mass. Figure 6 shows for case B a 3D view of the mixed
fraction defined by Equation (37) and of the mean fuel/air
equivalence ratio at 2.5 CA degrees ATDC (after top dead
centre). It can be seen that this fraction evolves from zero at
the border of the fuel vapour cloud to one in the core of the
cloud. This structure can be explained by the time history of
the mixing process between fuel and air. If we consider an
element of fuel mass, it isinitially located at the periphery of
the spray cloud, where evaporation essentialy takes place,
which corresponds to the core of the fuel vapor cloud. At this
instant, fuel and air are perfectly unmixed, that is, the mixed
fraction is close to zero. As time passes, the element of fuel
mass moves away from the spray cloud and continues to mix
with air, that is, its mixed fraction increases.

As auto-ignition starts in the mixed region, the unburned
fuel is rapidly consumed and falls to zero. For case A, the
auto-ignition delay is comparable to the evaporation time,
which explains why the unburned fuel mass nearly represents
the totality of the injected fuel prior to the start of auto-
ignition, that is nearly all the evaporated fuel mass is
contained in the unburned gases. As a consequence, the
major part of the injected fuel is consumed by auto-ignition,
and the creation of fuel in burned gases is very small. For
case B, the auto-ignition delay is much smaller than the

evaporation time. Unlike case A, the combustion by auto-
ignition concerns only a very small fraction of the total fuel
mass, while the essential part of the fuel evaporated is
consumed by adiffusion flame.

Figure7 presents a 3D view of the fuel contained in the
unburned gases (and therefore consumed by Al) for case B: it
can be seen that it is essentially located at the periphery of the
vapour cloud, where the equivalenceratio isvery low (that is,
the fuel mass fraction is very low), while the fuel present in
the burned gases is located inside the cloud, where the
equivaencerratio is higher. Thisfigure also presents the local
total burned mass fraction which represents the fuel
consumed by the three possible combustion modes (Al, PF
and DF) defined by:

u b
Cit =1~ YFU~+ YR (48)
YTFu

It can be seen that combustion is not yet started in regions
containing unburned fuel, which indicates that Al in these
regions has not yet begun (the auto-ignition delay has
not been reached), or has just begun. On the contrary,
combustion is under way in regions dominated by the
diffusion flame (regions containing burned fuel).

CONCLUSIONS

This paper has been devoted to a detailed description of a
model called ECFM3Z (3-Zones Extended Coherent Flame
Model). It represents a unified model that allows to compute
combustion in both Diesel and gasoline engines. The main
idea of ECFM3Z consists in ensuring an “accurate’
description of gases state in the combustion chamber. Such a
description is then used to mode the three main combustion
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3D view for case B at 2.5 CA deg. After Top Dead Centre: mixed fraction (top), equivalence ratio (bottom).
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Figure 7

3D view for case B at 2.5 CA deg. After top dead centre:
fraction of fuel contained in the unburned gases (top),
fraction of fuel contained in the burned gases (middle), total
burned mass fraction (bottom).

modes that can occur in an engine (auto-ignition, premixed
flame and diffusion flame) aswell as pollutant formation.

A large part of the paper has been dedicated to the 2D
(Z, 8 description of gases state. These gases are simul-
taneously described in terms of mixing (dimension Z) and

combustion advancement (dimension 55 The first dimension
is described by a three peaks probability density function
which alows to progressively create a zone where fuel and
oxidiser are mixed. It isin this mixed zone that reaction rates
are then computed. A precise description of the unburned
gases composition and temperature including local EGR
composition, is proposed. The second dimension is taken
from the ECFM model (Colin et al., 2003): we consider
an infinitely thin reaction front that separates unburned
and burned gases. The conditional averaging technique,
presented in Colin et al. (2003), allows to properly define the
gas properties in both zones. A simple model is proposed to
transfer gases from the burned zone towards the unburned
zone when burned gases temperature falls below a
prescribed value. This way, multiple injections can be
described by the model. Tracer species equations for
products of reactions like NO, CO, H, and soots are added to
correctly represent the formation of pollutants even in the
multiple injection case.

After the description of gases state, combustion models
have been discussed. For auto-ignition and premixed flame,
we only referred here to recent papers describing the models
developed for these combustion modes (Colin et al., 2003;
Colin et al., 2004). However the diffusion flame description
has been presented in detail. In ECFM3Z, this combustion
mode is represented by two successive phases. First, a
mixing model alows to transfer unmixed fuel and unmixed
air in the burned gases of the mixed zone: this phase
represents the turbulent diffusion of reactants towards the
reaction zone. These gases then react together in the burned
gases of the mixed zone, which represents the oxidation of
fuel in the thin reactive layer of the diffusion flame. Finally, a
brief description of post-flame kineticsis given. It is based on
five equilibrium reactions and on the kinetic oxidation of fuel
to CO and the oxidation of CO into CO,,.

Two numerica computations (cases A and B) on a direct
injection Diesel engine have been performed to illustrate the
behaviour of the ECFM3Z model on conventional Diesel
applications. Although these two operation points differ
in terms of engine speed, injected mass, injection timing
and load, ECFM3Z reproduces experimental results more
accurately than ECTM: the onset of combustion is always
predicted at the right instant and the maximal pressure is
correctly reproduced. By plotting the evolution of the
different fuel species used in ECFM3Z, we observed that the
dominant combustion mode differs from one case to the
other, depending on the amount of fuel vapour contained in
fresh gases before the onset of combustion:

— in case A (medium speed, medium load with EGR)
combustion is mainly controlled by auto-ignition since
most of the injected fuel has mixed with air prior to the
onset of auto-ignition;

— in case B (high speed, high load) fuel injection and
diffusion flame take place at the same time.
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The satisfactory behaviour of ECFM3Z in both cases
shows that thismodel correctly predicts:

— the mixing process. an accurate estimate of the mixed
amount of fuel and air prior to auto-ignition is essential to
correctly predict theinitial pressurerise;

— theauto-ignition delay;

— the fuel post-oxidation in burned gases (especially for
case B).

We did not present in this paper any validation of
ECFM3Z on a gasoline engine because the premixed flame
description in ECFM3Z is identical to that of the ECFM
model (Colin et al., 2003). This model has already been
validated in previous papers, for example Duclos et al.
(1996); Duclos and Zolver (1998); Lafossas et al. (2002);
Coalin et al. (2003); Henriot et al. (2003) and Kleemann et al.
(2003).

Future work on this model will be devoted to the
improvement of the different sub-models presented here,
based on the six zones structure. The mixing model could for
instance be improved by introducing a variance/scalar
dissipation model with appropriate spray source terms. The
unmixed fuel zone could be better described by introducing
an equation for the conditional fuel mass fraction in this
region. The diffusion flame description could be much
improved by using variance and scalar dissipation rate as
input parameters of a tabulated reaction rate database
extracted from flamelet libraries.
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