N

N

Modelling of high Karlovitz combustion in
spark-ignition engines
Edouard Suillaud

» To cite this version:

Edouard Suillaud. Modelling of high Karlovitz combustion in spark-ignition engines. Chemical and
Process Engineering. Université Paris-Saclay, 2021. English. NNT: 2021UPAST016 . tel-03279553

HAL Id: tel-03279553
https://theses.hal.science/tel-03279553v1
Submitted on 6 Jul 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03279553v1
https://hal.archives-ouvertes.fr

$d
(1]
—
(@)
Jud
(@
o
ge]
Q
©
()]
(7))
QD
L
-

©
=
=
=
[l
)
i
o
S
N
o
Z
Z.

universite

PARIS-SACLAY

Modelling of high Karlovitz combustion in

spark-ignition engines
These de doctorat de I’Université Paris-Saclay

Ecole doctorale n° 579, Sciences Mécaniques et Energétiques,
Matériaux et Géosciences (SMEMaG)

Spécialité de doctorat: Combustion
Unité de recherche: IFP Energies nouvelles, 1 et 4 avenue de Bois-Préau, 92852
Rueil-Malmaison, France ; Institut Carnot IFPEN Transports Energie

Référent: CentraleSupélec

These présentée et soutenue en visio-conférence totale, le 12 mars 2021, par

Edouard SUILLAUD

Composition du jury:

Benoit Fiorina Président

Professeur, CentraleSupélec

Pascale Domingo Rapporteur & Examinateur
Directeur de recherche CNRS, CORIA
Nilanjan Chakraborty Rapporteur & Examinateur

Professeur, Université de Newcastle, UK

Andreas Kempf Examinateur
Professeur, Université de Duisburg-Essen, Allemagne

Frédéric Ravet Examinateur

Expert combustion, Renault SA

Olivier Colin Directeur
Docteur, HDR, IFPEN
Denis Veynante Co-directeur

Directeur de recherche, CentraleSupélec
Karine Truffin Encadrante
Docteur, IFPEN




ECOLE DOCTORALE

universite
PARIS-SACLAY

Sciences mécaniques et
énergétiques, matériaux
et géosciences (SMEMAG)

Titre:
commandé

Mots clés:

bulente

Résumé : Les constructeurs automobiles ont
pour objectif de développer de nouvelles technolo-
gies pour diminuer les émissions de COy des mo-
teurs & allumage commandé (AC) parce que les
réglementations en matiere d’émissions deviennent
de plus en plus strictes. Une possible solution
est le concept de “downsizing” appliqué aux mo-
teurs AC, consistant a réduire la cylindrée du mo-
teur tout en augmentant la puissance spécifique.
Néanmoins, cette solution augmente 'apparition de
combustions anormales, comme le cliquetis. Pour
éviter ces phénomenes la combustion est diluée par
la recirculation des gaz d’échappement. Cepen-
dant, celle-ci augmente la variabilité cycle a cy-
cle de la combustion. Aujourd’hui, la concep-
tion et I'optimisation des moteurs AC reposent sur
des outils de mécanique des fluides numériques.
Cependant, les modeles actuels de combustion tur-
bulente perdent leur caractére prédictif lorsqu’ils
sont utilisés pour simuler une combustion fortement
diluée dans un écoulement turbulent. Ces modeles
ont été congus en faisant '’hypothese d’une flamme
dans le régime de flammelette. Or, la combustion
dans un moteur AC suralimenté et dilué change de
régime de combustion correspondant au régime de
flamme épaissie (FE). Ainsi, dans cette these de doc-
torat une étude numérique avec le code AVBP est
présentée pour mettre en évidence les différences en-
tre les régimes de flammelette et FE. L’objectif de
cette these est de déterminer un modele adapté a la
combustion dans le régime FE utilisant le formalisme
du modele de flamme cohérente (CFM). Des simu-
lations numériques directes (DNS) d’une flamme de
prémélange CgH;g/air sont réalisées.

Une premiere série de DNS d’interactions
flamme-vortex est effectuée dans Doptique de
modéliser ’étirement tangentiel du front de flamme
a travers la définition d’une fonction d’efficacité. En-
suite, les interactions entre une flamme plane et un
champ turbulent 3D sont étudiées. Le champ tur-

Modélisation de la combustion a haut Karlovitz dans les moteurs a allumage

Haut Karlovitz, modélisation, moteur a allumage commandé, flamme de prémélange tur-

bulent est généré et maintenu suivant une méthode
spectrale de forgage. Ces simulations permettent
d’évaluer la validité du concept de densité de surface
de flamme (FSD) dans le régime FE grace a des anal-
yses de la surface de flamme, de sa structure et des
caractéristiques de I'étirement du front de flamme
et de la vitesse de déplacement. Ces deux dernieres
grandeurs sont considérées comme des facteurs clefs
pour la modélisation de la combustion turbulente
fortement diluée. Premiérement, la zone de réaction
reste fine pour chaque flamme étudiée, ce qui mene
a analyser la flamme a travers une iso-surface parti-
culiere de cette zone de réaction. Deuxiemement, la
vitesse de déplacement sur cette iso-surface présente
des dépendances différentes & l'étirement tangen-
tiel et a la courbure, qui sont modélisées a travers
deux longueurs de Markstein effectives dépendant
a la fois de l'intensité turbulente et de la diffusion
différentielle. Des corrélations en fonction du nom-
bre de Karlovitz sont données pour ces longueurs.

Cette analyse de DNS permet d’étendre le model
CFM au régime FE a travers la définition de nou-
velles variable de progres et FSD. Les équations
de transport de ces nouvelles variables sont ensuite
déterminées. Leur fermeture est présentée en util-
isant de nouveaux modeles ou existants pour les ter-
mes sources. Ces sous modeles sont comparés a
priori aux résultats de DNS permettant de valider
et d’ajuster les sous-modeles. Le modele CFM
étendu au régime FE est alors implémenté dans
le code AVBP grace au développement d’une nou-
velle relation entre les variables de progres filtrées
au sens de Reynolds et de Favre. Une série de sim-
ulations de flamme turbulente monodimensionnelles
est ensuite réalisée pour examiner le comportement
de chaque sous-modele lorsqu’ils interagissent entre
eux. Une analyse de la sensibilité du modele a cer-
tains parametres permet de déduire quelques ajuste-
ments. Finalement, les résultats encourageant des
tests a priori et a posteriori montrent le potentiel de
I'extension du model CFM proposée.
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Abstract: Car manufacturers aim to develop
new technologies for reducing the COy emissions
of Spark Ignition (SI) engines as emission regula-
tions get increasingly stringent. One of the solutions
found by the car manufacturers is the downsizing
concept applied to SI engines, which is to reduce
the displacement of the engine while increasing the
specific power. Nonetheless, this concept increases
the occurrence of abnormal combustions, like knock
and super-knock. So, to avoid such phenomena, the
combustion is diluted through exhaust gas recircu-
lation (EGR), the rate of which is increased from
5% to 20% or even 30%. However, this recirculation
increases the combustion cycle-to-cycle variability.

Nowadays, the car manufacturers rely on CFD
tools for designing and optimizing SI engines. How-
ever, the current models of turbulent combustion
lose their predictivity when they are used to simulate
a highly diluted combustion involving high turbulent
intensities. Indeed, the current models were built
based on the assumptions of the flamelet regime.
Yet, the combustion in a diluted boosted SI engine
drifts from the flamelet regime to the thin reaction
zone (TRZ) regime in a Peters diagram.

Thus, a numerical study using the AVBP code
is proposed in this Ph.D thesis to highlight the dif-
ferences between flames in the flamelet regime and
flames in the TRZ regime, the aim of which is to
determine a combustion model suitable for combus-
tion in the TRZ regime based on the formalism of
the coherent flame model (CFM). Direct numerical
simulations (DNS) of a premixed CgHjg/air flame
are conducted. First, a set of flame-vortex interac-
tions is performed to investigate the modelling of
the tangential strain rate through the definition of
an efficiency function.

Then, interactions between a planar flame and
a three-dimensional turbulent field are studied con-
sidering a forced turbulent field using a spectral
method. These simulations are analysed to investi-
gate the validity of the flame surface density (FSD)
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concept in the TRZ regime through the analyses of
the fame surface, the flame structure, the charac-
teristics of the flame stretch and of the displace-
ment speed in the TRZ regime, which are con-
sidered as key factors in the modelling of highly
diluted turbulent combustion. First the reaction
zone is shown to remains thin for each flame, lead-
ing to focus this study on a specific iso-surface in
the reaction zone and how it is affected by turbu-
lence. Second, the displacement speed on this iso-
surface shows a differentiate dependency on tangen-
tial strain rate and curvature. This dependency is
modelled through two effective Markstein lengths,
which depend on both turbulence intensity and pref-
erential diffusion. Models for these lengths with re-
spect to the Karlovitz number are proposed. This
analysis of the DNS yields an extension of the CFM
model to TRZ regime through the definition of a new
progress variable and using a fine-grained flame sur-
face density. Then, the transport equations of both
the new progress variable and the fine-grained FSD
are closed with existing models and new ones for the
source terms involved. Each sub-model is compared
to the DNS results through a specific post-processing
method, leading to adjustment of the proposed mod-
els.

The model proposed is implemented in the
AVBP code. Therefore, a new relationship between
the filtered and the resolved progress variable is de-
veloped. Then, a set of one-dimensional turbulent
flames is performed to evaluate the proposed model
and the behaviour of the sub-models with each other.
The results from these simulations are compared
to the DNS through the previously proposed post-
processing methodology. Adjustments of the models
are deduced from this analysis. Finally, a discussion
on the applicability of this model to engine applica-
tion is drawn.

To conclude, the encouraging results from a pri-
ori and a posteriori validation show the potential of
the extension of the CFM model proposed in this
thesis.

Université Paris-Saclay

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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Introduction

Industrial Context

Nowadays, in the context of climate change, the transport sector is one of the main contributors
to global anthropogenic COy emissions, about 23%. From Fig. [1}, the road transport, which is
divided equally into heavy-duty and light-duty vehicles, is the main factor in term of emissions.
Furthermore, Spark-Ignition (SI) engine, fuelled with gasoline, powers 70% of the light-duty
vehicles worldwide and should still represent 50% in 2030. Thus, SI engines will remain the
major energy source and COs contributor for passenger cars. So, reducing CO, emissions of
passenger cars seems to be one key factor to mitigating global warmings. For this purpose

engine manufacturers aim at increasing the efficiency of SI engines.

GLOBAL ANTHROPOGENIC TRANSPORT EMISSIONS ROAD TRANSPORT
EMISSIONS = 8.8 GtCO, EMISSIONS
= 38 GtCO, = 6.5 GtCO,

[=) ~74 % du transport

Other Transport
77% 23%

Source: ICCT Briefing paper (2015)

LEGEND

Bl ralL I AVIATION ROAD B MARINE I HEAVY-DUTY Il LIGHT-DUTY
VEHICLES VEHICLES

Figure 1: Diagram of anthropogenic emissions focusing on the transport sector

The trend in a route towards high efficiency SI engines is downsizing, which consists in
reducing the piston displacement while increasing the specific power. This process is allowed by
increasing the engine load using forced induction, through turbochargers or superchargers. This
concept could lead potentially to 20% of fuel savings compared to standard engines. However,
the use of turbocharger leads to higher temperatures and pressures during combustion, the
consequence of which is higher occurrence of abnormal combustion as knock and super-knock.
The latter are to be avoided for preserving the engine integrity.

An extensive selection of technologies are available for downsizing, from ultra-lean burn

conditions (Benoit et al) 2019)) to pre-chamber ignition system (Bozza et al. [2019). One

solution investigated by car manufacturers is increasing the rate of diluent gases through exhaust
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gas recirculation (EGR), from 5% to 20% or even up to 30%, which is the focus of the present
thesis.

The design and optimisation of the complex strategies to be developed for the application of
these technologies rely strongly on computational fluid dynamics (CFD). Indeed, the physical
processes taking place in such complex devices can hardly be studied experimentally. Today,
car manufacturers are mainly using Reynolds average Navier Stokes (RANS) CFD tools, which
allow to make a ranking of different geometries and/or strategies. Nonetheless, RANS is unable
to predict cycle-to-cycle variability and sporadic phenomena like abnormal combustion even
at these standard conditions, because it simulates a phase averaged mean cycle. For this
reason, large-eddy simulation (LES) approach was developed. This approach allows to simulate
typically 10 to 20 consecutive individual cycles giving access to non-cyclic phenomena, allowing
to predict the variance of indicated mean effective pressure (IMEP) of an engine and also the
occurrences of knock (Chen et al. [2020)).

T z
P S
2 ~ 6 800
< = —
g 1 3 4 g 700
n o -
< © "
© 10 2 £ 600-
w
8 0- 500 - - v B v -
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
EGR rate [%] EGR rate [%] EGR rate [%]
(a) Combustion duration (b) Covariance of IMEP (c) Exhaust gas temperature

Figure 2: The impact of variation of exhaust gas recirculation (EGR) rate on the engine:
@ the evolution of combustion duration with EGR rate, (]ED the evolution of fluctuations of
indicated mean effective pressure (IMEP) with EGR rate and the evolution of the exhaust
gas temperature with EGR rate. (Francqueville and Michel, 2014))

The impacts of dilution on real boosted SI engines were evaluated in several experiments,

such as the one conducted by [Francqueville and Michel (2014)). In this study, they performed

a variation of the dilution rate with EGR in a single-cylinder engine.

The results of this study are summarized in Fig. |2, where the combustion duration is plotted
against the EGR rate in Fig. This combustion time is computed with the difference CA50 —
CA05, where CA05 and CA50 correspond to crank angles when 5% and 50% of the fuel mass
are burnt, respectively. In Fig. 2a the combustion duration rises with EGR rate. Moreover,
when EGR rate increases, the amount of inert gas to be heated increases, resulting in a decrease
in the temperature of the exhaust gas after combustion, which could explain the decrease in
exhaust gas temperature with the EGR rate in Fig. This decrease of temperature allows
an increase in the auto-ignition delay of the fuel/air mixture (reducing abnormal combustion
tendency).

Moreover, the evolution of the co-variance of IMEP with EGR rate is plotted in Fig. [2D]
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which represents the combustion cycle-to-cycle variability of the engine. As seen in Fig. 2D} the
covariance of IMEP increases slightly with a growth in EGR rate, for rates below 25%. How-
ever, when EGR rates are greater than 25%, the combustion cycle-to-cycle variability highly
increases, exceeding the acceptable limit fixed at 5% co-variance of IMEP. In addition, this
variability is mainly observed during the first moment after the ignition indicating that the

flame is much more affected by the fluctuations of the turbulent flow.

To better understand how dilution affects combustion, Kobayashi et al.| (2007)) explored the

behaviour of Bunsen-type turbulent premixed methane-air flames and propane-air flames at

high pressure and temperature. In these experiments, the flames were diluted with CO, for a
range of EGR rate (in mass) between 0% and 14%. The aim of such a study is to understand the

effect of dilution with burnt gases on turbulent flame at different pressures and temperatures.

Figure 3: OH-planar Laser induced fluorescence (PLIF) images at 0.5 MPa and 573K: @ EGR
rate = 0% and u,/S? = 3, (b) EGR rate = 14% and u}/S? = 3, and (d) EGR rate = 7% and
u; /Sy ~ 0. (Kobayashi et al., 2007)

The pictures in Fig. 3| compare OH-planar Laser induced fluorescence (PLIF) of turbulent
flames without dilution (Fig. and with an EGR rate of 14% (Fig. 3b), and a laminar flame
diluted with an EGR rate of 7% (Fig. . The turbulent flow fields involved in in Figs. [3aj and
are similar with a velocity ratio of u}/S? = 3, where u, is the characteristic velocity of the
largest turbulent scale and SY is the laminar flame velocity.

First, the diluted flames present a larger height than the one without dilution, which cor-
responds to smaller reaction rate per surface unit. This phenomena indicate that dilution by
EGR slows the flame. Second, the comparison of the two turbulent flames shows that the depth
of the wrinkles of the flame region tends to increase, and the edge of each wrinkle tends to be-
come sharper when air is diluted with EGR. Third, the laminar flame in Fig. [3d is wrinkled
because of intrinsic flame instabilities. This suggests that the intrinsic flame instability also

plays a significant role in the case of EGR dilution.
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These phenomena may indicate change in the nature of the interaction between the flame
and the turbulence. Indeed, when the laminar flame is diluted, the laminar flame velocity
decreases, which is equivalent to an increase in the laminar flame thickness. Thus, the size of
the vortices seen by the flame front are smaller, relatively to the flame thickness.

So, it seems that the main effect of dilution is to broaden the flame front leading to a more
wrinkled front and a lower burning velocity, which are making the flame more passive in tur-

bulent flow.

While this study highlights the effect of dilution on the flame front, the experiments are

not representative of a real boosted SI engine with exhaust gas recirculation. In that respect,

Mounaim-Rousselle et al.| (2013 conducted a set of experiments on a single-cylinder engine,

the aim of which is to study the characteristics of the flame, which can explain the observations

made by [Francqueville and Michel| (2014)). The impact of dilution on a stoichiometric iso-octane-

air premixed flame is observed from in-cylinder measurements. The operating conditions are

summarized below:
e The intake pressure is 1.3 bars, which is representative of a boosted engine
e The intake gases temperature is 50 ° C

e The exhaust gases are injected using a mixture of 73.5% of Ny, 14% of HyO and 12.5%
of COy by volume

e The EGR rate is limited to 30% in mass
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Figure 4: Evolution of laminar burning velocity (expressed in cm/s unlike displayed in the
original figure), using the PREMIX code (CHEMKIN package), versus burnt mass fraction for
all conditions. (Mounaim-Rousselle et al., 2013)

When the dilution rate is increased, the authors observed a decrease in the turbulent flame

velocity S, which is in agreement with the evolution of the combustion duration observed by

Francqueville and Michel (2014). In order to understand this decrease, the impact of dilution




on the laminar flame velocity, estimated using the PREMIX code (CHEMKIN package) and a
reduced chemical kinetic mechanism (48 reactions and 29 species), is plotted in Fig. 4l In this
graph, the laminar flame velocity is plotted against the burnt mass fraction, which is the mass
fraction of burnt gases in the whole engine cylinder allowing to represent evolution during the
whole combustion duration, for five different EGR rates.

The order of magnitude of SY observed in Fig. E| decreases with a growth in the EGR rate,

as observed by |[Kobayashi et al| (2007). In addition, this decrease in the laminar flame ve-

locity implies an increase in the laminar flame thickness, as mentioned before. Consequently,
in Fig. , considering these effects of dilution on the laminar flame, the ignition conditions (in
cross symbols) shift from the corrugated flamelet regime to the thin reaction zone (TRZ) regime
in the Peters-Borghi diagram (Peters, [1999), when the EGR rate is increased. Furthermore,
the diamond symbols, indicating the conditions as a function of fresh gases, also present this
shift with EGR rate, as observed in Fig. [f]
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Figure 5: Comparison of combustion traces in Peters-Borghi diagram, ¢ 10% EGR, ¢ 15% EGR,
¢ 20% EGR, = 25% EGR, ¢ 30% EGR. Cross symbols indicate the conditions at the spark
timing, while diamond symbols represent the conditions as a function of fresh gas consumption.
Diagram from from (Mounaim-Rousselle et al., 2013).

The existing studies suggest that laminar flames are slowed down and thickened by dilution.
Consequently, these changes impact the interactions between turbulence and flame, which can
be translated in a Peters-Borghi diagram as a shift from the flamelet regime to the TRZ regime.
These observations justify the interest in studying combustion in the TRZ regime. This change

can be expressed by the evolution of the Karlovitz number (described in further details in

Chapter : )
50
Ka= (—L) 1
. (1)

where % is the laminar flame thickness and 7 is the Kolmogorov length-scale, described in
Chapter [1}
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As already seen, dilution by burnt gases and the increase in turbulence, due to turbocharg-
ing, lead to an increase in the Karlovitz number. Yet, the current models of turbulent combus-

tion were created based on combustions with low Karlovitz numbers. Thus, these models seem

unsuitable for high Karlovitz number combustion, as seen by |Gilder and Smallwood| (2007))
and |Ojjen et al| (2005).

Finally, from these observations, a project of French National Research Agency (ANR) has
been set up to provide tools for engine designing at high EGR rates. This thesis is one of the
steps of this project, the aim of which is to provide an accurate combustion model for LES

approach.

Aim of the thesis

The main objective of the ANR project MACDIL (Moteur a Allumage Commandé a forte
DILution) is to provide a better understanding and description of the combustion resulting
from high dilution rates and high turbulent intensities inside SI engines. This thesis investigates
one of the scientific issues of this project.

In fact the modelling of combustion regimes with intermediate and high Karlovitz numbers
have only been investigated recently and are the most difficult to describe. Indeed, they do not
occur in the flamelet regime, where a local laminar structure hypothesis can be made. In this
regime, the existing models should be re-evaluated.

The main challenge is to extend the existing combustion models to high Karlovitz combus-
tion regimes while preserving their ability to describe the flamelet regime. Finally, the objective
of this thesis is is to assess the possibility to extend the validity of the approach of the flame
surface density (FSD) concept to the TRZ regime. For this purpose, a series of iso-octane/air
premixed flame direct numerical simulations (DNS) is used to model a priori major source
terms of the progress variable and flame surface density (FSD) equation in the TRZ regime.

Works conducted in this thesis are organized as follow:

e Chapter [1|descirbes the necessary notions and tools for reactive flow simulations. First,
the phenomena governing laminar premixed flames are recalled. Then, notions about
turbulence are introduced to better understand interactions between flame and turbulent
flows. A classification of these interactions is described and different approaches for
modelling and simulating turbulent combustion are presented. Then, a state of the art
on the understanding and modelling of turbulent combustion with high Karlovitz number
is drawn. Then, studies on DNS of combustion in the TRZ regime are analysed to
highlight the phenomena involved with high turbulence intensities and their modelling

implications. This chapter gives the detailed objectives of the present thesis.

e Chapter [2| presents the analysis of a set of 2D DNS of flames interacting with a pair

of counter-rotating vortices. First, the numerical implementation is described along with
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the objective of such simulations, which is to provide elements for modelling the flame
stretch. Second, a discussion of the commonly made assumptions is presented in order to
understand the reason of the failure of current models to predict accurate flame stretch
for high Karlovitz number combustion. Finally, the current models are compared to the

results from DNS and a proposed efficiency function.

Chapter [3| analyses a set of 3D DNS of flames interacting with a statistically stationary
turbulent flow generated using a spectral forcing method. The numerical implementation
is first described along with the flow configuration and the forcing method. Second, a
general analysis of the resulting turbulent flames is given allowing to propose an approach
for modelling. Third, a focus is made on the analysis of the flame displacement speed

leading to propose a model for this term on a specific iso-surface of the flame front.

Chapter [4| describes the a priori approach developed in this thesis to adapt the coherent
flame model (CFM) to TRZ regime. First, a discussion on the CFM model is made based
on the state of the art and the results from the 3D DNS in Chapters[I]and [3] respectively.
Second, the modified transport equations of the CFM model are presented. Third, the
different models used and developed during this thesis to close the modified transported

equations are presented and a pior: tested against DNS.

Chapter [5| is dedicated to the analysis of statistically 1D turbulent flames, in order
to perform a posteriori validation of the model proposed in this thesis. First, the pro-
posed model is implemented in the AVBP code. Then, the different closures presented
in Chapter [4] are evaluated. Finally, the application of the proposed approach to LES of

automotive engines is discussed.

The conclusions and the perspectives for this work are drawn in Chapter [6]






Chapter 1

Modelling of Premixed flames in

spark-ignition engines

1.1 The equations of aero-thermo-chemistry.

The equations of aero-thermo-chemistry are the traditional Navier-Stokes equations used in
fluid mechanics combined to the specific balance equations for reacting flows. The latter are
used for the transport of total energy and chemical species. Many books report these equations,
such as the one by Poinsot and Veynante| (2012).

In the rest of this study, Soret and Dufour’s effects are not taken into account and the

diffusion coefficients are considered as constant for all the species transported. So, the equation

system of aero-thermo-chemistry is written as follows:

Continuity equation for incompressible fluid
Jp  Opu;

where p is the density and u; is the i** component of the flow velocity field u.

—0, (1.1.1)

Conservation of the chemical species

The mass conservation equation for species k is written:

o i = G, (1.1.2)

where Y}, is the mass fraction of species k, Vj; is the i*® component of the diffusion velocity V,
of species k and wy its reaction rate. Due to the total mass conservation and by summing all

species equations, given in Eq. ((1.1.2)), a necessary condition is defined for the diffusion velocity:

N
> ViVii=0. (1.1.3)
k=1
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Using the Hirschfelder and Curtiss approximation for multispecies gas (reported by
and Veynante| (2012)), the diffusion velocity of each species might be expressed as follows:

VX = —DyVXp, (1.1.4)

where X, is the mole fraction of species k and Dy, is an equivalent diffusion coefficient of species
k in the rest of the mixture, which is defined using the Schmidt number S.; of species k and

the kinematic viscosity v:
v

Dy = —.
F Sck

(1.1.5)

Conservation of momentum

Bpul 8pu]uz oP GTU
+ - , 1.1.6
ot " o, oz, o, (1.1.6)
where P is the pressure and 7 is the viscous tensor. The latter is expressed by Eq. (1.1.7)

assuming Newtonian fluid.

aui 6U]) 2 0uj
g = — —p—==0;;, 1.1.7
Ty = H ((%ﬁj + ox; 3'u6xj J ( )
where p is the dynamic viscosity and ¢;; is the Kronecker delta. The former allows to define

the kinematic viscosity as: p = pv.

Conservation of the total energy
8p6t (9(pet + P)UJ 8ui7'ij 81]; .
= — 1.1.8
ot + al'j 81’j &L’j +wr, ( )

where e, is the total energy, wr the heat release due to combustion and J7 the heat flux in the

direction j. The latter is expressed, using Fourrier’s law, as:

ar
J; = —A— 1.1.9
f= A (1.19)
where A is the thermal diffusivity and 7" is the temperature.
When the pressure is assumed constant and the viscous heating negligible, the energy bal-

ance equation given in Eq. ((1.1.8)) can be simplified and expressed with temperature, as follows:

or — dTw, ., 0 (0T or (&
pOp (E + o1 > = Wp + % <)\a£€> - /)ax‘ (Z anYka’i) , (1.1‘10)

k=1

where C), and (), are the mass heat capacities at constant pressure of the mixture and of the
species k, respectively, and &/ is the reaction term. The latter differs from the heat release wy

and is defined as:

N
Wy :wT—Zhskwk, (1.1.11)
k=1
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where hg, = fTTO C,.1xdT is the sensible enthalpy of the species k. Thus, when all heat capacities
are equal C,, = (), the terms w}. and wr are equal.

In the case of premixed combustion, the flame is often described using a progress variable
¢, such as ¢ = 0 in the fresh gases and ¢ = 1 in the fully burnt gases. There are several ways
to define this variable, for example as a reduced temperature using Eq. or a reduced

mass fraction using Eq.([1.1.12b)):

T-T,

B 7_717_,-2—'117
> Y=Y,

S (1.1.12h)
b u

where the indices u and b are used to designate variables in the fresh gases and in the burnt

c (1.1.12a)

Cc

gases, respectively.

From the formulas in Eq.(1.1.12)) and from the conservation of total energy in Eq. ((1.1.10]),

a balance equation is defined for the progress variable c:

% + V- (peu) = V - (pD.Ve) + e, (1.1.13)

where D, is a diffusion coefficient and w, is a source term.

Ideal gas law
P =prT, (1.1.14)
where r is the density weight ideal gas constant. This quantity can be computed following:

e from the universal gas constant R = 8.314 J /mol/K and the molar mass W = (3. Y,/ W) ™",

where W, is the molar mass of species k, of the mixture:

(1.1.15)

r =

W?
e from the mass heat capacities C),, and C, at constant pressure and volume, respectively:

r=0C,—C,. (1.1.16)

1.2 Physics of the laminar premixed flame.

The one-dimensional laminar flame propagating into a premixed gas is the basic configuration,
both for theory and for numerical solving. This flame is usually described as a wave propagating
from the burnt to the fresh gases at a speed which reaches a constant value Sy, after a transient

phase, as illustrated in Fig. [1.2.1}
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Figure 1.2.1: Propagation of a laminar premixed flame in a duct. (]Richard|, |2005[).

When the laminar flame is considered as steady, the conservation equations presented in

Section [[L1] are written as follows:

pu = constant = p, Sy, (1.2.1)
0 :
5 Pt Vi) Ye) = a, (1.2.2)
or ., 9 (.0T T &

k=1

The reaction terms wy in this set of equations are determined through the chemical mecha-

nism, which can be first approximated with the following general model:
Fuel + Oy — P, (1.2.4)

where O, and P are the oxidant and the reaction’s products, respectively. The reaction rate w

of this general reaction is usually modelled through an Arrhenius law:

E,
w = pAYp'Y exp <_RT> : (1.2.5)

where A is a pre-exponential factor, F, the activation energy for the reaction, Yz and Yy  the
mass fractions of the fuel and the oxidant, respectively, m and n the partial orders of reaction

for the fuel and the oxidant, respectively.
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Figure 1.2.2: Spatial profiles of normalized temperature, normalized fuel mass fraction and the
normalized reaction rate of a steady 1D laminar premixed flame.
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Thus, from the knowledge of a chemical mechanism Eqs. (1.2.1]) to ((1.2.3) can be solved.
A typical solution of this set of equation is given in Fig. where the spatial profile of the

normalized temperature T'/T,, is plotted along with the normalized reaction rate w/(0.25W 4z )

and the normalized fuel mass fraction. The normalizations of the temperature and the fuel
mass fraction are done with their respective values in the fresh gases, T, and Y. The reaction

rate is normalized with 0.25 of its maximum value for visual purpose.

Laminar Flame Velocity

Considering the simple case of a 1D stationary laminar flame configuration, the laminar flame
velocity S is deduced from the fuel mass conservation described by Eq. (1.2.2)):

+o0 .
PuSYYH = —/ Wpdr = Qp, (1.2.6)
where Q0 is the total fuel consumption rate in the domain and wg is the local fuel reaction

rate.

Laminar Flame Thickness

One key feature of premixed laminar flames is that they have a specific thickness which can be
characterized by the thermal thickness defined as:
T, — 1T,
6 = 1.2.7
L max(|VT)) ( )
where T}, is the temperature of the burnt gases.

By observing the temperature and species profiles and the reaction rate evolution through
the flame, two zones can be distinguished in Fig. [1.2.2; a preheating zone and a reaction zone
of thickness 9,. The former is a zone where the temperature of the fresh gases increases; the
latter is the zone where the reactions actually occur. So, different ways exist to compute the

flame thickness, several of them are presented here:

e The total thickness ¢% corresponds to the distance over which the temperature changes
from T, (1 + €) to Ty(1 — ¢)

e The diffusion thickness ¢, is usually dimensionally defined using the kinematic viscosity

in the fresh gases v, and the laminar flame velocity SY:

Vy

o = —=.
L S%

(1.2.8)

e Reaction thickness 0, is generally defined by a proportional law with the diffusion

thickness. For most premixed flames, 4, /69 a 0.1 (Poinsot and Veynante, 2012).

The main drawback of the previous expressions is that they require a first computation

of the flame. Thus, correlations are mainly used for simulation purpose, like the correlation
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proposed by (1986):

: A (T
§Blint — o <—b) 1.2.9

where T, is the temperature of the fresh gases and T} is the adiabatic flame temperature. Note

that this equation requires the knowledge of the laminar flame speed, which can be determined

from phenomenological correlations as the one proposed by Metghalchi and Keck| (1982) for

1so-octane.

Finally, because in the flame front occur different competitive phenomena (for example,
thermal conduction, species diffusion, chemical reaction), some non dimensional numbers are

introduced:

e The flame Reynolds number Re; compares the characteristic time associated with diffu-
sion and the time it takes for the flame front to propagate over a distance corresponding

to its thickness:

Re; = =12 (1.2.10)

Uy,
where 0 is the laminar flame thickness and v, is the kinematic viscosity of the fresh gases.
Thus, the value of the flame Reynolds number is strongly dependent on the definition of
the flame thickness chosen. When the diffusive flame thickness is used in Eq. ,
Rey is equal to 1.

e The Prandtl number Pr compares the kinematic viscosity to the thermal conductivity:

Pr= ”’;Cp. (1.2.11)

e The Lewis number of each species Le, compares the thermal diffusivity to the molar

diffusivity of the species k:
A . Sck

The thermal diffusivity is mainly controlled by the major species, which is typically

nitrogen for reactions occuring in the air.

To conclude, a characteristic time of the flame 7 is defined as:

oL

= —. 1.2.1

Tf

7 represents the time needed by the laminar flame to travel a distance equal to the laminar

flame thickness 6y,
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1.3 Turbulent combustion

. In spark ignition (SI) engines, the flow is strongly turbulent (Heywood, 1988 Lacour and|
Peral 2011} [Lorenzo et al., [2020; Mahendar et al., 2019; [Prucka et al. |2010).

1.3.1 Physics of turbulent flow

First, turbulence is highly chaotic and stochastic. These characteristics associated with the
fluctuating processes defining turbulence make the response of the flow highly dependent on
initial and boundary conditions. A statistic approach is often chosen to describe turbulent
flows. The main idea is to split any quantity @ into a mean part () and a fluctuating part Q'

as:

Q=Q+Q. (1.3.1)

An important issue is how the turbulence energy is distributed over the different length

scales present in the flow field. As proposed by [Kolmogorov| (1940), turbulent fluctuations are

associated with different scales ranging from the largest, the integral length scale [;, to the
smallest one, the Kolmogorov length scale 7. The former scale represents the most energetic
turbulent structures, while the latter corresponds to the structures where all the energy has
been dissipated. From this theory the flow is considered as a collection of vortices with different
characteristic lengths r and characteristic velocities u/(r), allowing to define the eddy turnover
time and wave-number as 7, = r/u/(r) and k., = 27/r, respectively. To characterize each

turbulent scales a Reynolds number Re(r) is introduced as:

Re(r) = , (1.3.2)

where «/(r) is the characteristic velocity of the motion of size r. When r corresponds to the
integral scale [;, the corresponding Reynolds number is the integral Reynolds number:
U;lt

Re, = -, (1.3.3)

v

where u; is the characteristic velocity of the integral scale.

Figure shows the Kolmogorov energetic cascade in a homogeneous isotropic turbulence
(HIT) fully developed and maintained.
Three zones are defined in Fig. from this spectral representation:

1. The integral zone, which corresponds to the largest and the most energetic structures

(small wave-numbers).

2. The inertial zone, which corresponds to the range of scales where the energy exchanges

are achieved without losses. According to Kolmogorov’s theory (Kolmogorov, [1940) the

energy transfer from the large eddies of size [; is equal to the dissipation of energy at
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Figure 1.3.1: Turbulence spectrum

the Kolmogorov scale 1. Since the dissipation rate ¢ is constant in the inertial zone,
dimensional analysis relates the eddy turnover time 7, and the characteristic velocity

u'(r) of the r length scale to e:

(1.3.4)

Therefore, the dissipation rate ¢ is directly related to the characteristic velocity and the

length of the integral scale eddies through:

/3
e~ (1.3.5)
Ly
The kinetic energy /(r)* at scale r is then e2/3k, 23 leading to the following kinetic energy
density in wave number space E(k,):
_du (r)?

E(k,) ~ e2BE 53,

o (1.3.6)

This is the well-known k~%/3 law for the kinetic energy spectrum in the inertial subrange.

3. The dissipative zone represents the smallest structures with scales lower than the Kol-
mogorov length. At this scale all the energy is dissipated into heat, and the Reynolds

number verifies:

(1.3.7)

1.3.2 Turbulence/combustion interaction mechanisms

Combustion and turbulent flow are affected by each other within the turbulent reactive flow.
First, by crossing the flame front the turbulent field is perturbed, as described by (Poinsot]

and Veynantel 2012, p.196). On the one hand, a relaminarization of the flow can occur as

an effect of the increase in the kinematic viscosity v with the high temperatures involved in

the burnt gases. On the other hand, the increase in temperature can lead to an acceleration
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of the burnt gases caused by their dilatation enhancing the turbulence intensity. Another
phenomenon due to the increase of temperature is observed on the turbulent transport. The
previous mechanism enhancing the turbulence intensity is usually oriented in the opposite
direction of the gradients of the transported variables (typically toward the fresh gases for
temperature). However, as mentioned because of thermal expansion, the pressure gradient in

flames tends to accelerate the pockets of burnt gas downstream leading to induce vorticity.

This phenomenon known as the baroclinic effect (Batley et al. [1996]) generates a counter-

gradient transport, as observed by [Veynante and Poinsot| (1997). These complexes phenomena

competing with each other are studied in detail by [Mueller| (1998)) through the observation of

vorticity generation in experiments. This study shows how gas expansion and flame stretching
can influence the turbulent flow. As a result, the flame behaviour is clearly not isotropic, and
the assumption of isotropic turbulence cannot be considered any more, although in practice
turbulent combustion models do not take into account this anisotropy.

Second, the flame front by propagating through the turbulent flow is perturbed by the
large and the small eddies. On the one hand, the large scales of turbulence, compared to the
laminar flame thickness, are mostly wrinkling the flame. On the other hand, the small eddies
are penetrating the flame front which allows them to interact directly with chemistry and to
increase turbulent mixing and diffusive effects. However, from a macroscopic point of view the
main effect of turbulence on the flame is to increase the propagation speed Sr.
attributed this acceleration to the increase in the flame front surface Ay by wrinkling,

leading to:
Sr  Ar

—_— “ _,
SY AL
where Ay represents the flame surface of the laminar flame. From Eq.(1.3.8) the wrinkling

factor is defined as the right hand side term = = j—z. In addition, some experimental studies

conducted by |Abdel-Gayed et al.| (1984} |L1989) allowed to determine a simple expression for the
wrinkling, through Sy /Sy o
St _ 1—|—a(%> , (1.3.9)
L L
where a and n are constants close to unity. This approximation is valid for weak turbulence
, . Finally, the wrinkling of the flame by turbulence can lead to quenching.

(1.3.8)

1.3.3 The classification of the interactions between flame and tur-
bulence: Combustion regimes
With regards to numerical simulation, it is important to know which of the previous phenomena

described takes over. The classification of the combustion regimes of a turbulent premixed flame

was the subject of many studies, some of them are based on phenomenological interactions

analysis (Borghi| [1985; [Peters, 1999). They allow plotting combustion diagrams like Peters-

Borghi diagram in Fig. [1.3.2] which is mainly based on non-dimensional numbers, such as the

Karlovitz number and the Damkohler number. The latter compa