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Abbreviations

Latin letters

Letter Unit Signification
A m? Area
ABDC After bottom dead center
ATDC After top dead center
CAD Crank angle degree
Ds Fractal exponent
Da Damkaohler number
D m?/s Mass (species) diffusion
Din m?/s Thermal diffusion
EVC CAD Exhaust valves closing
Exp Experimental
K Mean flow kinetic energy
k Turbulent flow kinetic energy
Ka Karlovitz number
K1 Knock index
KLSA Knock limit spark advance
IMPO Integral of modulus of
pressure oscillation
%6, CAD Intake valves opening
vc CAD Intake valves closing
L m Markstein length
Le Lewis number
Ly m Integral length scale
m kg Mass
M kg/mol Molar mass
Ma Markstein number
MAPO bar Maximum amplitude of
pressure oscillation
N rom Engine speed
NTC Negative Temperature
Coefficient
Ntumbie Turbulent tumble number
p bar Pressure
Q J Heat
R J/kg.K Perfect gas constant
Re Reynolds number
Ra m Flame radius
Sb m/s Absolute flame velocity
St m/s Laminar flame velocity
SR m/s Propagation flame velocity




st m/s Turbulent flame velocity
SA CAD Spark advance
sol CAD Start of Injection
t S time
T K Temperature
u m/s Flow velocity
u’ m/s Turbulent intensity
v m’ Volume
v m*/kg Specific volume
Y Mass fraction
Ze Zeldovich number

Greek letters

Letter Unit Signification
6y, m Laminar flame thickness
8y m Thickness of preheat zone
S5y m Thickness of reaction zone
n Efficiency
0 deg Crank angle
K s Flame stretch
A W/m.K Thermal conductivity
Ar m Taylor length
v m?/s Kinematic viscosity
i Flame wrinkling
p kg/m? Density
) Fuel-to-air equivalence ratio
T Ignition delay
Subscripts

air Air

b Burned gases

Cyl cylinder

i Inlet

ko Knock onset

0 Lubricant oil

u Unburned gases

w Coolant water
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Introduction

In the field of automotive propulsion, regulations are getting more and more restrictive.
They initially focused on the pollutant emissions such as nitrogen oxides or particles, and
for several years now, they have focused on greenhouse gas emissions, with a growing
desire on the part of states to eliminate direct emissions of CO, from the vehicle fleet. We
are also witnessing a gradual electrification of the vehicle fleet (100% electric or plug-in
hybrid vehicles). Nonetheless, two reasons require to continue developing spark-ignition
engines: in the short and medium term, the spark-ignition engines, alone or hybrid, will still
be marketed during the transitional phase of ramp-up of 100% electric vehicles; in the
longer term, the development and use of synthetic fuels may make it possible to
decarbonize spark-ignition engines which can then retain a place for certain applications.

Regarding spark-ignition internal combustion engines, various technologies have been
introduced to reduce their consumption and CO, emissions. Among these, downsizing
which consists in reducing the displacement while maintaining the same level of
performance thanks to the use of turbocharging. More generally, the search for good
thermodynamic efficiency often leads to the use of high pressures and temperatures during
the cycle, in particular during combustion. Spark ignition engines then run into the problem
of auto-ignition or knock.

Knock is an abnormal combustion triggered at high engine loads and can lead to engine
failure. Knock is the name attributed to the audible sound that is heard due to the in-cylinder
pressure oscillations as a result of the end-gas auto-ignition.

Thereafter, several technologies have been implemented on spark ignition engines to
reduce or delay knock such as variable timing systems (intake and / or exhaust), direct fuel
injection, exhaust gas recirculation, water injection, or the variable compression ratio.
Nevertheless, we often remain dependent on a trade-off between efficiency and the
occurrence of knock which leads to a suboptimal spark advance.

Moreover, these technologies have led to a very significant increase in the complexity of
engines, and therefore of their design and development. This makes it increasingly
necessary to use numerical simulation (3D CFD or OD-1D) to perform these tasks by
performing a reasonable number of experimental tests. It is in this context that a
partnership was created between Ecole Centrale Nantes and Stellantis entitled in French
“vers une conception 100% numérique des chaines de traction” which translates in English
to "towards a 100% numerical design of powertrains". The objective is to design models and
calibration methodologies for the design and development of powertrains. The thesis
presented in this manuscript was carried out in the frame of this partnership. It relates more
specifically to the experimental characterization and the development of a methodology for



calibrating a model for predicting the onset of knocking, intended to be used in the engine
pre-calibration phase.

Even if many works on knock exist in the literature, there is no exhaustive database, to our
knowledge, with the same definition of the occurrence of knock, presenting the impact of
the various engine control parameters on knock. There is not either a database on the
physical parameters of influence such as the air filling, the equivalence ratio of the trapped
mixture, the wall temperatures, the combustion rate, or the residual gas rate. This is why
the first objective of this thesis is to constitute such a database.

Concerning the knock modeling, there is also a large number of models, but the calibration
procedure is generally not very detailed and the validation is partial. The second objective
of the thesis is to provide a complete procedure for modeling the occurrence of knocking
combustion on a turbocharged spark-ignition engine.

Also, this thesis manuscript is composed of five chapters whose contents are as follows:

The first chapter is a review of the literature on combustion development and knock
fundamentals. General concepts of combustion such as flame characteristics, turbulence
and non-dimensional numbers are introduced and the fundamentals of knocking are
presented along with the consequences and methods of knocking suppression.

The second chapter first presents the experimental setup used in the context of this thesis.
Subsequently, an experimental campaign focusing on the characterization of the various
engine control parameters on combustion is presented. This is a necessary step before the
experimental study on the occurrence of knock, as it is closely related to the rate of
combustion (heat release). Finally, the general numerical tools are described (complete
engine model and combustion model); in particular, a calibration procedure for a 0D
combustion model (heat release) is presented.

The third chapter deals with the experimental analysis of the occurrence of the knock, in
particular the impact of the various engine control parameters such as: parameters relating
to camshaft timings, the temperature of the intake air, the profile of fuel injection into the
combustion chamber, coolant and oil temperatures.

The fourth chapter deals with the implementation of a methodology for calibrating a knock
model from the literature. First, a bibliographic review of knocking models is presented.
Then a calibration methodology based on the experimental tests presented in the previous
chapter is developed. A comparison between calculations and experiments is then carried
out.

Finally, the fifth chapter is a general conclusion of the thesis manuscript and includes
perspectives for future work.



Introduction

Dans le domaine de la propulsion automobile, les réglementations sont toujours plus
contraignantes. Si elles ont d'‘abord porte essentiellement sur les émissions de polluants tels que
oxydes d'azote ou particules, elles portent depuis plusieurs années sur les émissions de gaz a
effet de serre, avec une volonté croissante des états a supprimer a terme les émissions directes
de CO; du parc automobile. On assiste aussi a une électrification progressive du parc automobile
(véhicules 100% électriques ou hybrides rechargeables). Deux raisons nécessitent néanmoins de
continuer de développer des moteurs thermiques a allumage commandé: a court et moyen
termes, le moteur thermique d allumage commandeé, seul ou hybride, sera encore commercialisé
pendant la phase transitoire de montée en charge des vehicules 100% électriques; a plus long
terme, le développement et 'usage de carburants de synthése permettront peut-étre de
décarboner les moteurs thermiques qui pourront alors garder une place pour certaines
applications.

S'agissant des moteurs thermiques d allumage commandé, pour réduire leur consommation et
leurs émissions de CO., différentes technologies ont été apportées. Parmi celles-ci, le downsizing
consiste a réduire la cylindrée tout en maintenant un méme niveau de performance gréce au
recours d la suralimentation. Plus généralement, la recherche dun bon rendement
thermodynamique conduit souvent a mettre en ceuvre des fortes pressions et températures au
cours du cycle, notamment pendant la combustion. Les moteurs G allumage commandé se
heurtent alors au probléme d'autoallumage ou cliquetis.

Le cliquetis est une combustion anormale déclenchée d de fortes charges pouvant étre
destructrice. C'est le nom attribué au bruit metallique et aigu découlant des oscillations de la
pression dans le cylindre d l'issue de I'auto-allumage des gaz frais. Plusieurs technologies ont été
mises en ceuvre sur les moteurs a allumage commandé pour réduire ou retarder le cliquetis
comme les systemes de distribution variable (admission et/ou échappement), l'injection directe
de carburant, la recirculation des gaz déchappement, linjection d'eau, ou encore le taux de
compression variable. Néanmoins, on reste souvent tributaire d’'un compromis entre rendement
et apparition du cliquetis qui conduit a une avance a I'allumage non optimale.

Ces technologies ont conduit a une complexification trés importante des moteurs, et donc de leur
conception et de leur mise au point. Cela rend de plus en plus nécessaire le recours a la simulation
numérique (CFD 3D ou OD-1D) pour réaliser ces tdches en réalisant un nombre de tests
expérimentaux raisonnable. C'est dans ce contexte qu'a été créé un partenariat entre I'Ecole
Centrale Nantes et Stellantis intitulé « vers une conception 100% numérique des chaines de
traction ». L'objectif est de concevoir des modeéles et méthodologies de calibration des modeles
pour la conception et la mise au point des chaines de traction. Le travail de thése présenté dans
ce mémoire a été réalisé dans le cadre de ce partenariat et porte plus spécifiquement sur la
caractérisation expérimentale et la mise au point d'une méthodologie de calibration d'un modéle
de prédiction d'apparition du cliquetis, destiné a étre utilisé en phase de pré-calibration du moteur.




Introduction

Méme si de nombreux travaux portant sur le cliquetis existent dans la littérature, il n'existe a notre
connaissance de base de données exhaustives, présentant, avec une méme définition de
I'apparition de cliquetis, I'impact des différents paramétres de contréle moteur sur I'apparition de
cliquetis, mais également sur les paramétres physiques d'influence tels que le remplissage en air,
la richesse du mélange enfermeé, les temperatures de parois, le taux de combustion, ou encore le
taux de gaz résiduels. C'est pourquoi le premier objectif de cette thése est de constituer une telle
base de données.

Concernant la modélisation du cliquetis, il existe également un grand nombre de modeéles, mais la
procédure de calibration est en géneérale peu détaillée et la validation partielle. Le deuxieme
objectif de la thése est de proposer une procédure complete de modélisation de I'apparition du
cliquetis sur un moteur a allumage commandé suralimente.

Aussi, ce manuscrit de thése est composé des cing chapitres dont les contenus sont les suivants:

Le premier chapitre est une revue de la littérature sur le développement de la combustion et les
fondamentaux du cliquetis. Des concepts généraux de combustion tels que les caractéristiques
de la flamme, la turbulence et les nombres non dimensionnels sont introduits et les principes
fondamentaux du cliquetis sont présentés ainsi que les conséquences et les méthodes de
suppression du cliquetis.

Le deuxieme chapitre présente dans un premier temps le dispositif expérimental utilisé dans le
cadre de cette thése. Par la suite, une campagne expérimentale portant sur la caractérisation des
differents parametres de contréle moteur sur la combustion est présentée. Il s‘agit d’'une étape
nécessaire avant I'étude expérimentale portant sur I'apparition du cliquetis, dans la mesure ot
celui-ci est étroitement lié d la vitesse de combustion (dégagement de chaleur). Enfin, les outils
numeériques generaux sont decrits (modele complet du moteur et modele de combustion),; une
procédure de calibration d'un modéle OD de combustion (dégagement de chaleur) est notamment
présentée.

Le troisieme chapitre porte sur I'analyse expérimentale de I'apparition du cliquetis, en particulier
limpact des différents parametres de contréle moteur tels que: parametres relatifs a la
distribution, la température de I'air d'admission, le profil d'injection de carburant dans la chambre
de combustion, les températures du liquide de refroidissement et de I'huile.

Le quatrieme chapitre porte sur la mise en place d’une méthodologie de calibration d’'un modele
de cliquetis issu de la littérature. Dans un premier temps, une revue bibliographique de modeles
de cliquetis est présentée. Puis une méthodologie de calibration s'‘appuyant sur les essais
expérimentaux présentés au chapitre précédent est développée,; une comparaison calculs-
expériences est ensuite menée,

Enfin, le cinquiéme chapitre est une conclusion générale du manuscrit de thése et comprend des
perspectives pour des travaux futurs.




1. Literature review

This chapter constitutes a first literature survey. As the appearance of knock is partially
linked to the combustion development, it is first necessary to recall the general concepts
relating to premixed combustion in spark ignition engines, as well as certain characteristics
of the flame, turbulence and non-dimensional numbers.

In a second part, we present the phenomenology of the knocking combustion, its
consequences, as well as the means to delay its appearance.

Note that the bibliographic study will be completed in Chapter 2 with the presentation of
phenomenological models of combustion in spark ignition engines, and in Chapter 4 with
the presentation of knock detection models.



Literature Review

Ce chapitre constitue une premiére étude bibliographique. L'apparition du cliquetis étant liée pour
partie au déroulement de la combustion, il convient dans un premier temps de rappeler les
concepts generaux relatifs a la combustion de type pré-mélange dans les moteurs d allumage
commandé, ainsi que certaines caractéristiques de la flamme, la turbulence et les nombres non
dimensionnels.

Dans une seconde partie, on présente la phénoménologie du cliquetis, ses conséquences, ainsi
que les moyens pour repousser son apparition.

A noter que l'etude bibliographique sera complétée au chapitre 2 avec la présentation des
modeéles phénomeénologiques de combustion dans les moteurs a allumage commandé, et au
chapitre 4 avec la présentation des modéles de détection de cliquetis.




1.1. Review of combustion in spark ignition engine:

The combustion process is the power part of the engine operating cycle. It is the working
stroke of a four-stroke internal combustion engine where all the energy of the fuel ignited
with the presence of air, is released in a very short time. The produced high temperatures,
high pressures and burned gases expand within the combustion chamber walls and transfer
work into the piston. When the spark plug discharges, the combustion process starts with
an ignition of the premixed fuel, air and residual burned gases. A small flame kernel starts
to develop and then grows into a turbulent flame and propagates across the combustion
chamber. It then extinguishes near the chamber walls. This unsteadily growing flame is
confined within the specific geometry of the combustion chamber and the piston. In this
section, some general concepts on combustion development will be reviewed: laminar and
turbulent premixed flames will be presented along with some of the flame characteristics.
Combustion instabilities will be later on introduced in that section followed by a definition
of some non-dimensional numbers that are employed to characterize the flame.



1.1.1. Laminar premixed flame and flame characteristics
When a fuel/air mixture ignites, in other terms, when the mixture temperature becomes
higher than the ignition temperature, a chemical combustion reaction starts. Heat is
released during such a reaction, part of it diffuses towards the fresh gases which will be
consumed by a combustion flame. This flame leaves behind it products of the combustion.

The global chemical reaction for this combustion process of a hydrocarbon under
stoichiometric conditions is presented as the following;
y y y
CeH, + (Z +x) (07 + 3.76N;) - xCO, + ~H0 +3.76 (Z +x) N, (1)
According to the theory of Mallard and Le Chatelier 1883, the fresh gases and the burnt

gases are separated by a region formed of 2 zones: the reaction zone and the preheat zone
as it can be seen in the figure 1-1:

1 Reaction

Preheat :
zone 1
1
1
1

Zone

Temperature

Heat release rate

In the preheat zone, the heat flux coming from the burned gases increase the temperature
of the nearest fresh gases up to a certain thickness §,,. The heat diffusion is dominant in
this zone, however, some minor chemical reactions could take place. In the reaction zone,
chemical reactions are enchained over a thickness 6, mass and heat diffusions occur and
generate heat towards the fresh gases. The peak of the heat release is located in this zone
which is as well called the flame front [1]

1.1.1.1.  Flame Speed:
The flame front propagates in the direction of the fresh gases. The flame speed can be
defined in several ways. The definition that was retained is the one provided by Poinsot et
Veynante [2] :

The laminar flame speed s;: it is a global magnitude which is associated to the speed of
consumption of fresh gases in the case of a planar flame.



The absolute velocity sy, : this magnitude corresponds to the flame front normal velocity in
a fixed coordinate system and it is called as well the flame propagation velocity.

Fresh gases

In figure 1-2, let's consider a point O located on the flame front. 7 is the vector normal to
the flame front directed towards the fresh gases. w is the displacement velocity of the
flame front with respect to a fixed coordinate system. u, represents the velocity of the
fresh gases in front of the flame front. The laminar flame speed s; is by definition normal
to the flame front. Thus the following vector relation can be deduced:

W=5Lﬁ+u—g) (2)

In a planar or spherical flame, u; and w are collinear with 7 . In this particular case, the
flame propagation velocity s, = w.7 and so it is directly the sum of the laminar flame speed
Sy, (or speed of consumption of fresh gases) and the fresh gases velocity uy.

Sp =S, T Uq (3)

1.1.1.2.  Flame thickness
The laminar flame thickness is an important parameter in the characterization of laminar
flames. Many definitions can be found in the literature [3], however we will present the
following:

According to Zeldovich [4], the laminar flame thickness & is defined as the ratio between
the thermal diffusivity Dy, and the unstretched laminar flame speed s}

— Dth — }“u

0
oL s ¢ s?
L pubPuSL,

(4)

As it can be seen the thermal diffusivity is a function of the thermal conductivity of the fresh
gases M, the heat capacity of the fresh gases c,,, and the density of the fresh gases p,,.



Poinsot and Veynante explained that in practice this flame thickness is very small [2]. For
his definition of flame thickness, Blint [5] takes into account the temperatures of the fresh
gases T,, and the burnt gases T):

0.7

5, = 267 (?) (5)

u

Spalding defined the flame thickness as the following;
Ty =Ty

6 = ———— 6
LT (gradT e )

Blint's definition is considered as the most representative of the flame thickness for the
numerical simulation purposes, however it requires the computation of the final
temperature T}, which is not usually easy to compute experimentally. The Spalding
definition is the closest to the experimental results, however it requires the complete
temperature profile. Zeldovich definition lies on the assumption of the equilibrium between
the thermal and the molecular diffusions [6]

The above defined flame thickness is considered to be equal to the preheat zone thickness
8, and the reaction zone thickness 4, .

1.1.1.3.  Flame stretch
The concept of flame stretch has been highlighted since the middle of the 20th century
thanks to the works of Karlovitz [7] and Markstein [8]. The flame stretch represents the
rate of increase of the flame surface in function of the time according the following
definition given by Williams [9]:

1dA

K
Two physical phenomena influence the flame front stretch: the velocity gradient in front of
the flame and the curvature of the flame front itself. In the particular case of a spherical
flame, the flame curvature only contributes to the flame stretch which is therefore written
in function of the flame radius Ry. s}, is the flame propagation velocity as the radius change.

K==k ®)
Adt R/ dt Ry

Under the assumption of constant pressure combustion, the flame stretch of a spherical
flame is defined in function of the laminar speed s;, [1]

1dA_ 2 dRy 25, _ 2 pu

“TAd R dt R Rpyt )



In the literature, it was pointed out that the flame stretch has an impact on the laminar
flame velocity. We will present these relationships in the following [10] [11]:

A Markstein number for the fresh gases Ma,,, is defined as the ratio of the Markstein length
for the fresh gases L,, to the flame thickness &:

Ly

Mau=6—£

(10)

A linear relationship between the un-stretched and the stretched laminar velocity is
assumed [10] [12]

s, =s)— Lk (11)

A Markstein number for the burnt gases Ma,,, is defined as the ratio of the Markstein length
for the burnt gases L,, to the flame thickness §7:

Ma, = —¢ (12)

L, is calculated using the Zeldovich number Ze. The Zeldovich number is a function of the
activation energy of the fuel-air mixture E, the perfect gas constant R, the fresh gas
temperature T,, and the burnt gas temperature T}, [11]

E
Ze =R_sz(Tb —T,) (13)
Ze 1
~2(1-—=)6° 14
by~ (1 Le) oL (4]

1.1.1.4.  Impact of fuel
Aleiferis et al. conducted a study of combustion of gasoline, iso-octane, methane, ethanol
and butanol fuels in direct-injection spark-ignition engine. They examined various key
operating conditions : stoichiometric (¢ = 1) and lean (¢ = 0.83) settings, 20° and 90°
engine coolant temperature; and they fixed the engine speed to 1500 rpm and the intake
pressure to 0.5 bar [13].

Aleiferis et al. reported that flame growth (¢ = 1) was fastest for ethanol, followed by
butanol, gasoline and isooctane with similar trends for 20° and 90°. When compared to at
a fixed flame radii, methane had the fastest flame speed. Butanol burning velocity was
slower than ethanol’s burning velocity by 8% and faster than gasoline’'s by 5%. They also
analyzed the mixture transport properties for all the fuels and suggested that methane and
the alcohols might fall within the transition region of “corrugated flame" to “thin reaction
zone” combustion regimes associated with partially “thickened flame fronts”. Fuels whose
flames propagate faster showed some lower Markstein number.



1.1.2. Turbulent premixed flames
A turbulent phenomenon is characterized by a presence of some eddies of different sizes
that are responsible for the fluctuation of the velocities, heat transfer and mass diffusionin
the turbulent flow.

This spectrum in figure 1-3 has regions of specific physical processes whose characteristic
length scale is well defined:

Energy production region where the eddies are the largest and they contain the greatest
part of turbulent kinetic energy and have a large fluctuation. The associated length scale is
the integral length scale L and it represents the size of such eddies

Energy transfer region where the energy transfer from the big structures to the small
structures happens. The associated length scale is the Taylor microscale Ay [14]

f L
dp = 1527 (15)
u

v is the kinematic viscosity and u' is the turbulent velocity field or the turbulent intensity.

Energy dissipation region where the eddies frequencies is the biggest and they dissipate
the turbulent kinetic energy. The eddies have a small length and the associated length scale
is the Kolmogorov length scale [14]

u,L 0.75
0, = LT< T) (16)
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In combustion modeling, an estimation of the turbulent intensity v’ and the integral length
scale Ly is needed. In a homogeneous and isotropic turbulence:

u' = |=k (17)



1.1.3. Combustion instabilities
Various instabilities such as gravitational, hydrodynamic and thermo diffusive might
influence the flame dynamics during its propagation. They affect the homogeneities of the
molecular and thermal diffusions which lead to local perturbations of the equilibrium
between the heat diffusion and the species diffusion. Perturbations of the laminar flame
may appear and might result in a deformation of the flame front or an abnormal
displacement.

—» Mass flux

— Heat flux

-

Le< | +—~—p Le>t—b-¢—

Instable flame Stable flame

1.1.3.1.  Thermo-diffusive instabilities:
They are also known as Rayleigh-Taylor instabilities, are provoked by the competition of
the heat flux and the species flux on a flame front. This could either lead to a flame
stabilization or to more flame wrinkling.

The Lewis number Le characterizes this competition:

D
Le =2
e D, (18)

Where Dy, is the thermal diffusivity and D,,, is the molecular or species diffusivity.

If the species diffusivity is higher than the heat diffusivity, which means Le < 1, when the
flame front is convex towards the fresh gases, the concentration of species fluxes lead to
an increase in the local velocity s, that becomes higher than s?. Thus the flame front will
locally displace towards the fresh gases, thus increasing the wrinkling. When the flame
front is convex towards the burnt gases, the flame velocity s, becomes less than s? and the
flame front will displace locally towards the burned gases. This globally increases the flame
wrinkling. [2]

Following a similar analysis in the case of thermal diffusivity higher than the molecular
diffusivity (Le > 1), the flame is stable, the flame surface decreases since the wrinkling
tends to decrease.



1.1.4. Non-dimensional numbers and Borghi-Peters Diagram
The non-dimensional numbers that are used to characterize the turbulent flames are:

The turbulent Reynolds number: it describes the competition between the inertial forces
(destabilizing events) and the viscous forces (stabilizing events). High Reynolds numbers
means large fluctuations [15] [16]

u'Ly  u'Lp

Re, = (19)

v 5.6,
The Damkaohler number which is the ratio of the turbulent time scale to the chemical time
scale. It correlates the time for turbulent mixing with the time of the completion of chemical
reactions. A high Damkdhler number describes a combustion whose limiting factor is the
mixing process and where the reaction happens quickly. Whereas, low Damkaohler numbers
describes combustions where the chemical kinetics are the limiting factors and the mixing
rates are high. They are known by “well-stirred reactors” [17]

Ly
Da=-F = (i) (20)

()

The Karlovitz number which is the ratio of the chemical time scale to the Kolmogorov time
scale. It compares the thickness of the region in which the chemical reactions take place

with the Kolmogorov length scale. [7] [16]

T
Ka=- (21)
Tk

Under the assumption of homogeneous and isotropic turbulence , the number

becomes[16].
-0.5 n 1.5
Ka = (L—T) <i> 22)
6y St

These non-dimensional numbers allows to classify the turbulent flames according their
flame front structure into different regimes of turbulent combustion. By the comparison of
the characteristic turbulent time scale and the chemical time scale, the different physical
and chemical phenomena controlling the flame can be described. A better understanding of
the phenomenology of the combustion and the flame structure lead to a more physical
combustion modeling. The different regimes of turbulent combustion are presented in the
Borghi-Peters diagram such as the figure 1-5 and 1-6 [18] [16].
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In the Borghi-Peters diagram, the ratio of the turbulent intensity over the laminar speed
(u'/sy) is plotted against the ratio of the integral length over the laminar thickness (L /6}).

1.1.4.1.  The flamelets regime:
This regime is defined for Re; > 1 and Ka < 1. It is characterized by chemical time scales
lesser than the Kolmogorov time scales. This implies that the chemical kinetics of the flame
are rapid in front of the flow turbulence thus a natural deformation of the flame front can
be observed. 2 cases of the flamelets regime can be defined where the turbulent flames
can locally have all the characteristics of the laminar flames.

The wrinkled flamelet regime where u’ < s;, the mechanism of laminar propagation is
stronger than the corrugations of the flame front. The turbulent flame front is only wrinkled
without causing any interactions between the different small flamelets formed on the
flame front. The flame thickness is not modified.

The corrugated flamelets regime where u' > s;, the corrugation mechanism is strong. The
eddies of the turbulent flow have enough energy to modify the flame front. Interactions
between local flame fronts are possible, pockets of fresh gases may detach from the
continuous front to appear in the burned gases and pockets of burned gases may appear
as well in the fresh gases.

The flamelet regime is then an assembly of different flames having locally the
characteristics of the laminar flames. The turbulence affects then the surface of the flame
whereas the flame front is still considered infinitely thin. The premixed turbulent
combustion in the flamelets regimes can be modeled then by the principals of the laminar
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flamelets considering the interaction between the flame front and the turbulence is of
kinematic nature [1] [15] [16] [18]
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Figure 1-6: Peters-Borghi diagram for SI engine combustion [20]

1.1.4.2.  Propagation of the flame:

Turbulent flame Turbulent flame
front Unburned mixture brush thickness

Ioll’ Tll

Mean flame contour

Local flame Burned mixture
curvature Py Ty Laminar flame thickness

Figure 1-7: wrinkled turbulent flame [21]

The combustion process starts with the discharge of the spark plug that generates a high
temperature kernel. This is the initial quasi-laminar highly stretched flame kernel that
grows and transits to a turbulent flame distorted by the flow. The flame is then fully-
developped and its front is wrinkled by the turbulence. The flame propagates throughout
the combustion chamber and the greatest part of the energy is released. When the flame
comes in contact with the chamber walls, it extinguishes.
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The combustion process compresses the unburned mixture ahead of the flame and
displaces it towards the chamber walls. The burned elements are also compressed and
displaced towards the spark plug [21].

As it can be seenin figure 1-7, a wrinkled and turbulent flame is examined. Flames in spark-
ignition engines are placed in the flamelets regimes. The contour of this turbulent flame
front shows wrinkles and corrugations at various length scales.

Ar is the turbulent flame surface and it is the total surface of the contour.

A; is the contour of a fictitious mean flame surface which is considered spherical in OD
modeling.

Both the flame front contour (side of the fresh gases and the burned gases) define the
turbulent flame thickness §. The turbulent flame speed,sr, is the flame propagation speed
in the fresh gases.

This turbulent flame can be regarded as many flame elements of the reaction zone which
have a laminar flame thickness &, and propagates towards the fresh gases with a laminar
flame speed s;.

The wrinkling factor, Z, is the ratio of the turbulent to laminar flame speed or the ratio of
turbulent to mean flame surface. It diminishes during the extinguishment mechanism due
the flow boundary layer, heat losses towards the cold walls and the confinement of the
flame by the walls [17]

_ _Sp _Ar
B Sy B A; (23)
Then, the burning mass rate can be written as:
dmb -
= pulrsy = pyALST = puALSLE (24)

dt



1.2. Fundamentals of knock
Knock, an abnormal combustion, is a spontaneous ignition of the charge rapidly releasing
chemical energy after spark discharge. It is usually accompanied by pressure fluctuations
and an audible sound and might lead to engine failure.

Knocking combustion in internal combustion engine is major concern in automotive
industry and it represent the hub of this PhD thesis. In order to characterize the knocking
combustion in a stock turbocharged spark-ignition automotive internal combustion engine
and to model knock apparition on a complete engine model knock fundamentals will be
elaborated in this section. Different types of observed knock and knock sources will be
reviewed, knock consequences will be then presented and some methods to suppress
knock will be examined later on.



1.2.1. Knock: definition and sources
Knock and surface (or localized) ignitions are the two major phenomena of the abnormal
combustions provided that they can cause the engine failure and they limit the engine
operation[21].

Knock is defined as the name of the noise which is transmitted through the engine structure
when a spontaneous ignition of the end-gas ahead of the propagating flame occurs. When
this abnormal combustion process takes place, there is usually an extremely rapid release
of chemical energy in the end-gas, causing very high local pressures and the propagation
of pressure waves of high amplitude across the combustion chamber.

Surface(or localized) ignition is a spontaneous ignition of the mixture initiated by a hot spot
on the combustion chamber walls (overheated valve, spark plug, carbon, and floating
deposits, oil droplets) rather than the normal spark discharge. It can occur before the
occurrence of the spark (preignition) or after (post ignition).

Following both knock and surface ignition, a flame develops and starts to propagate across
the combustion chamber. These spontaneous ignition phenomena are governed by the
temperature and pressure history of the end gas, thus the combustion phasing and
development. Taking into consideration that knock phenomena vary substantially from
cycle to cycle, when auto-ignition occurs repeatedly during a series of combustion events,
the phenomenon is called spark-knock: this spark-knock is controllable by the spark
advance: advancing the spark discharge increases the knock intensity and occurrence and
delaying the spark discharge decreases the appearance of knock[21].

Knock in spark-ignited engines arises from the auto-ignition of the unburned end-gas
ahead of the propagating flame. A knocking combustion process has thus two stages: a
flame propagation induced by the spark discharge and a pressure oscillation caused by the
end-gas autoignition. In the following figure 1-8, the in-cylinder pressure, the pressure
oscillation, the heat release rate, and the unburned gas temperature of a knocking case are
presented.
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CAko is the crank angle degree at knock onset and Pko is the pressure value at knock onset.
The spark triggered flame propagates from the ignition timing to the CAko and the pressure
reaches the value of Pko. In the auto-ignition stage, the pressure increases substantially
reaching a peak value of Pmax and starts to oscillate with decaying amplitude. The heat
release rate increases during the first combustion stage and then starts to drop due to the
piston downward movement and the heat transfer. The heat release rate starts to increase
again in the auto-ignition stage and then drops and oscillates in a decaying way. The
unburned gas temperature rises stably in the combustion phases due to the compression
heating of the burned gases. At CAko, the temperature and pressure of the unburned end
gases reach a critical level causing their auto-ignition. A pressure wave then propagates in
the combustion chamber, reflecting back and forth from the walls causing the pressure
oscillations [22].



1.2.2. Different types of observed knock

Recently, the need to reduce fuel consumption and increase specific power has led to the
development of high boosted spark-ignited gasoline engines. At high loads and low engine
speeds, this development was challenged by the apparition of a new mode of engine knock,
the super knock[23]. Super knock was also termed sporadic preignition [21], unwanted
preignition, mega knock [24], low-speed pre-ignition[25], deto-knock [26], stochastic
preignition [27], developing detonation [28] and subsequent front propagation [29]. A
single super knock event can severely damage the engine instantaneously due to the high-
pressure peak and the associated pressure oscillations being developed [22]. These super
knock events have little or no direct relationship with the engine control parameters (intake
temperatures, air-to-fuel equivalence ratio, and spark advance). Thus applying knock
suppression methods such as delaying spark timing or charge cooling are effective to
suppress super knock making it a major obstacle for improving the boost level of
turbocharged spark-ignited gasoline engines[22].

In-cylinder pressures and heat release rates of a normal combustion cycle, a knocking cycle
(denoted conventional knock), and super knock are shown in the figure 1-9.
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Since super knock is a sever engine knock triggered by a sporadically pre-ignition. The
causes of the pre-ignition can be divided into structured hot spots such as the valves and
the spark plug, and unstructured hot spots such as oil droplets, gasoline/oil mixing [26] [24]
[25] [30] and floating deposits [31] [32] in the combustion chamber as it can be seen in
figure 1-10. These hot spots increase the local temperature and cause auto-ignition. In
addition, gas-phase auto-ignition [33],[34], fuel properties [31] are also causes of pre-
ignition apparition. Optimizing the combustion chamber design can help to avoid pre-
ignition caused by structured hot spots.[22] The pre-ignition that develops into a super-
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knock is not a homogeneous gas combustion process: pre-ignition occurs via an obvious
flame kernel growth and a flame propagation [35] [31].

Spark Plug

Figure 1-10: spatial distribution of pre-ignition origins[36]

il draplet release out from
pislon crevice aren

vaporization auto=ignition

Figure 1-11: mechanism for auto-igntion of oil droplet from piston crevice[22]

As it can be seen in figure 1-11, when oil droplets enters the combustion chamber, it could
become a hot spot because some of its formulation components (detergent, antioxidant,

corrosion inhibitor etc. ) may have a shorter ignition delay and subsequently could auto-
ignite [22].
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1.2.3. Knock consequences
When knock occurs in spark-ignited gasoline engines, high-frequency pressure oscillations
are observed. This phenomenon can be damaging to the engine in different ways [21]

Piston crown melting

Piston ring sticking

Cylinder bore scuffing

Piston ring-land cracking
Cylinder head gasket leakage
Cylinder head erosion

In the figure 1-12, typical damages caused by knock are presented.

Figure 1-12: examples of component damage from knocking combustion: piston melt (top left), cylinder bore

scoffing(top right), gasket leakage (bottom left), cylinder head erosion (bottom right)[21]

Knocking combustion is observed in three modes and it is the consequence of the auto
ignition of what we call an exothermic center. Exothermic centers are “easier to ignition

regions” in the end gas whose composition (fuel vapor, air and residuals) lead to a shorter
induction time (required time to trigger the oxidation chemistry) or in other terms faster
auto-ignition delay. These shorter induction times are caused by local inhomogeneities and
variations in the thermodynamic states and the mode of the observed knock is dependant

on the size and the concentrations of these exothermic centers [21].

The three modes are [21]
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= Deflagration which causes small pressure fluctuation and in this mode, the flame
propagates in a way similar to the flame caused by the spark plug and it is caused
by a small exothermic center.

= Thermal explosion: it is characterized by larger exothermic centers. It causes some
light damage and pressure oscillations are moderate.

= Developing detonation which is the most violent and it rarely occurs. It is caused by
medium-sized exothermic centers and it generates large pressure oscillations which
might cause some significant damage.



1.2.4. Knock suppression methods
Knock is a competition between the spark triggered flame in the engine and the auto-
ignition of the end gas. Thus, to avoid knock, the time for the flame propagation t;should
be less than the time of the auto-ignition t,[21].

1.2.4.1.  Delaying spark timing
The most effective method to avoid knock is delaying spark timing as it reduces
simultaneously the end gas temperature and pressure which prolongs the ignition delay .
Excessive spark timing delay leads to un-optimized combustions accompanied by lower
mean temperatures and pressures in the combustion chamber which deteriorates engine
performance and efficiency [37] [38] [39]

1.2.4.2.  Fuel enrichment
Fuel characteristics play a role in controlling engine knock, thus improving octane number
helps to suppress knock. This can be achieved by introducing antiknock additives like ethers
and alcohols which increase the end-gas ignition delay t, [22].

Enriching the mixture increases the effect of charge cooling, decreases the air-fuel mixture
temperature thus prolonging the end-gas ignition delay which helps to suppress the knock.
Nevertheless, fuel enrichment increases the emissions of HC and CO and reduces the fuel
economy[22].

Duchaussoy et al. [40] studied the effect of dilution on knock suppression, combustion
phasing and emissions. When increasing the fuel enrichment, the combustion and energy
release were faster. The excess fuel acts as a diluent and cools the mixture because of fuel
vaporization. Enrichment reduced the knock and increased the IMEP however it degrades
the indicated efficiency.

Singh et al. [41] conducted experiments on a single cylinder engine equipped with both port
fuel injection and direct injection. The enrichment was done through direct injection. As
Enrichment increases, knock can be suppressed as the charge cooling effect start to
dominate. However, a compromise is needed between increased knock from lower
quantities of fuel injection before the spark and misfires from too much fuel enrichment as
the flame is quenched. They also noticed that Injecting excess fuel directly onto the flame
is a better strategy but it could lead to pre-ignition events at boosted conditions. In fact fuel
impinge in the liner and oil-fuel droplets are formed leading to pre-ignition events that
could happen earlier and earlier in the cycle leading to much catastrophic engine failure.



1.2.4.3.  Exhaust gas recirculation
Exhaust gas recirculation has been regarded as an effective knock suppressing method in
advanced spark-ignition engines by many authors[38] [42] [43] [44] [45] [46] [47] [48]
[49] [50]. The addition of cooled exhaust gas recycle EGR can help to dilute the mixture and
limits its temperature rise and therefore the autoignition time is increased so that the knock
would be suppressed and high compression ratio and boosting level can be reached [21].

Duchaussoy [40] compared lean burn and EGR and found that the combustion phasing was
very different. As the mixture got leaner, the combustion slowed too much when compared
to EGR. Both lean condition and EGR suppressed knock and reduced the turbine inlet
temperature. However, the efficiency dropped under lean condition whereas the indicated
efficiency increased when EGR was used. When EGR surpassed a certain amount, the
combustion slowed down and efficiency dropped too. Hence, a trade-off between efficiency
and knock suppression should be defined for the amount of EGR

Xie et al demonstrated that higher external exhaust gas recirculation rate slows down the
early flame development, which is responsible for the higher cyclic fluctuation of
combustion[51]. Xie et al. also studied the effects of internal and external gas recirculation
at iso-recirculated gas conditions. It was demonstrated that a moderate increase in the
internal exhaust gas recirculation rate from 9.8% to 13%, initial flame kernel formation is
faster. This is beneficial to the combustion by accelerating the early flame development,
advancing the combustion timing, and stabilizing the combustion. However, With the
internal exhaust gas recirculation rate further increased to 19.6%, the mean expansion
speed of the flame front decreases, resulting in a retarded early flame development and a
slower heat release, which leads to severe deterioration in the combustion stability [51].
This can be observed in figures 1-13 and 1-14.
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Potteau et al. [52] conducted experiments on a 2L turbo charged spark ignition engine and
two EGR circuits : a Low pressure EGR (LP-EGR) circuit and a High pressure EGR (HP-EGR)
circuit. They observed that both LP and HP EGR reduced the in-cylinder temperature
suppressing the knock and allowed the spark to be advanced. Both circuits also reduced the
BSFC. But HP-EGR could not be used at lower engine speeds as there is not enough gas
going to the turbine. HP-EGR was feasible at higher RPMs while LP-EGR was feasible at
both low and high RPMs. Teodosio et al. [53] also conducted experiments and simulations
to observe the effects of LP-EGR on fuel consumption, knock suppression and turbine inlet
temperature. They found that as EGR increases, the turbine inlet temperature decreases,
BSFC is reduced and knock is suppressed.

Kumano et al. [54] integrated both HP-EGR and LP-EGR in the same engine. There was
tiny or no noticeable difference in knock margin and they observed that the amount of spark
advance possible with HP-EGR and LP-EGR were almost the same. However, the amount
of exhaust that can be sent to the intake was more in case of LP-EGR than HP-EGR leading
to higher torque gains in the LP-EGR case.
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1.2.4.4.  Mixture Stratification
Mixture stratification is generally achieved through multiple injection strategy where total
mass of the fuel is injected at different times in different amounts. A stratified mixture is
an alternative approach to delay or suppress knock and it is achieved through direct
injection [55] [56] [57] [58] [38] [59] [60] [61]. In fact, Fuel directly injected in the cylinder
lower the mixture temperature due to the cooling effects associated with fuel evaporation.
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Bai et al. [57] tested the concept of two zone homogeneity. In the figure 1-16, the first
injection created a lean zone near the cylinder walls and a late second injection created a
rich zone around the spark plug for an overall global stoichiometric mixture. When the spark
is initiated, the flame velocity increases due to the rich mixture near the plug. However, the
combined lean mixture near the walls and the cooling effect of the second injection, the end
gas mixture will not reach auto-ignition condition before the arrival of the spark induced
flame. The experiments showed that a lean zone with a stoichiometric ratio of 0.8 and rich
zone with a stoichiometric ratio of 1.2 resulted in the best knock suppression as it can be



seen on the cylinder pressure curves and knock waves in figure 1-15. Also, they observed
that late second injection led to inhomogeneity as there is not enough time for the fuel to
mix. As, the mass of fuel in the second injection increased, the zone near the spark plug
became richer leading to incomplete combustion and reduction in combustion efficiency.
Hence, a trade off should be found between the second injection timing and the quantity of
injected fuel.

Bai et al. also compared the knock suppression abilities of Homogenous Stoichiometric
Mixture (HSM) and Stratifies Stoichiometric Mixture (SSM). SSM suppressed the knock
significantly better than HSM. [57].

Wang et al. [62] did experiments on a turbo charged gasoline direct injection engine with
double injection in the intake stroke to prevent super knock. They found that a single
injection would not suppress super knock no matter the injection timing.

84 — Suger—knuck frequency 1330 1920
e iz Exhaust temperature

8 74 [ Fuel consumption = 910 =
= 4320 = 3
@ = o
§ % 1900 ¢
e — =
3 310 c §
o | @
g Ei 890 =
< 4300 5 g
S g2 41880 &
5 8 3
3 - £
Q 290 o =
5 2 870 w

280 < 860

15 30 45 60 75 90
SOI1 (° CAATDC)

They concluded that a double injection strategy with SOI1 in the middle of the intake stroke
and EOI2 and the end of the intake stroke with mass ratio of second injection of 0.3 is the
best strategy to suppress knock effectively. In addition to this, the NOx, HC and soot
emissions were also low when compared to other combinations of the above-mentioned
parameters [62]. Their results are plotted in figure 1-17.

Zhou et al. [63] tested the effect of retarding the injection timing to suppress knock. The
experiments were carried out on a single cylinder engine. They observed the knock
percentage decreased from 60% to 10% and knock intensity decreased as the injection
timing is delayed. However, the combustion stability was affected and cycle to cycle
variations increased. To counter this, they increased the inlet air temperature. This resulted
in @ much stable combustion and also reduction in cycle-to-cycle variation.



Singh et al. [64] carried out an extensive campaign double and triple injection strategies,
varying fuel injection pressure, injection duration and fuel injected ratios. They found out
that knock index can be kept low in a single injection strategy only if the injection timing is
retarded. However, this led to a decrease in IMEP. In order to stop the decrease in IMEP,
the intake pressure had to be increased but it was compendated by an increase of CoV of
IMEP. With double injection, as the injection timing of the second pulse is retarded, the
knock index decreased due to the cooling effect of the late injection. The later the second
injection from the first, the better the knock suppression. This came at a cost of decrease
in IMEP. When the injection duration of the second pulse was more than the first, the knock
index was reduced. They also concluded that increasing the duration of second pulse which
increases the mass of fuel injected, leads to more cooling inside the cylinder. But very high
durations of second pulse resulted in decrease in IMEP. With triple injection, as the second
pulse is injected close to the top dead center and third pulse as late as possible, the knock
index reduced. All of these knock reducing strategies were compensated by a decrease in
IMEP.
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Singh et al. also found an optimized combination without compromising IMEP, it is a triple
injection with the first injection at 300 CA BTDC, second injection at 180 CA BTDC and third
injection at 120 CA BTDC and fuel ratios of 50%, 25%, 25% respectively for an operating point
at 2000 rpm and 2100 mbar of intake pressure. They also tested the effect of fuel injection
pressure and saw that higher pressure did increase IMEP but also the knock index. More
fuel was required to get zero pre-ignitions. Hence, it was concluded that higher injection
pressure had more disadvantages and it was better to operate at lower injection pressures.
They also observed that IMEP, CoV of IMEP and knock intensity have a linear relationship
with in-cylinder temperature. These results are presented in figure 1-18



1.2.4.5. Enhancing turburlence
Turbulence is another approach to suppress knock. Increasing the in-cylinder turbulence
leads to faster combustion flame development thus faster combustions and fewer
tendencies to knock.

Luisi et al. [65] tested early and late intake valve closing impact on knock. In their
preliminary testing, they noticed that the EIVC was reducing the turbulence inside the
cylinder leading to low flame speed and uneven mixing. Turbulence is important for knock
suppression as high turbulence increases flame velocity thereby consuming the end gas
before it auto-ignites. LIVC resulted in lower charge temperatures, increase in efficiency
and reduction in BSFC. Closing the intake valve late allows some of the mixture heated by
the walls to escape thereby leaving cooler mixture inside. But, extreme LIVC cannot be used
to lower engine speeds as the turbo charger will not be provided enough air flow. At lower
engine speeds, the LIVC is limited by the turbocharger.

On their behalf, Hirooka et al. [66] studied the effect of turbulence on flame speed, burn
rate and knock suppression by injecting high-pressure air directly into the combustion
chamber while modifying injection timing and the arrangement and the quantity of injector
nozzles. This configuration as it can be seen in figure 1-19 generates highly turbulent in-
cylinder flow. Their simulation results showed that a faster burn rate will allow to reach the
MBT timing before the knock limit. Their optimized solution was a single injector with two
nozzles injecting air in the opposite direction to each other. This configuration had all the
advantages of increasing the burn rate and reducing the interval between the knock limit
and MBT timing without the complexity.
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Ueda et al. [67] experimented with different intake port designs to increase turbulence
inside the cylinder. They tested a slant squish area. The cylinder in a normal squish
configuration will be straight whereas in the slant squish configuration, the cylinder head
was slant. They observed 10 CAD of increase in spark advance, 10 Nm increase in torque,
20 g/kWh decrease in BSFC and 10% increase in volumetric efficiency as in figure 1-20.

1.2.4.6. Engine thermal management
As it was stated, knock appears when the end-gas temperature and pressure reach a critical
condition, thus cooling of the end-gas temperature is an alternative approach to delay and
suppress knock as it plays an important role in engine knock as expected by Livengood-Wu
correlation[68]. This can be achieved by directly cooling the fresh charge or by cooling the
combustion chamber walls or changing the coolant flow patterns to improve the
distribution of wall temperatures [69] . Nevertheless, this could decrease the thermal
efficiency as the heat transfer is increased, thus an optimized solution is to cool down the
upper portion of the exhaust side bore [42]

Asif et al.[70] tested the effects of coolant flow rate and its temperature on knocking. They
observed that both the coolant flow rate and temperature did not have much effect on the
knocking suppression. They attributed this mainly to their narrow range of coolant
temperatures [90°C-100°(C] and flow rates [20.6-25.8] I/min chosen for the tests. They
also tested effect of valve overlap on knock. The higher valve overlap resulted in increase in
spark advance. When valve overlap increases the scavenging is enhanced, the in-cylinder
charge temperature decreases leading to knock suppression.

Takahashi et al. [71] used a computational fluid dynamic solver to predict the parts of the
cylinder responsible for the heat transfer from the surface to the mixture. They observed



that in the intake stroke and compression stroke, the cylinder liner transferred heat to the
fresh mixture at a high rate than other surfaces like cylinder head or the piston. This was
mainly due to the large surface area of cylinder liner.

Cho et al.[72] studied the effect of coolant flow and temperatures making the head and the
liner coolants independent of each other and they observed that cooling both the head and
the liner simultaneously allowed a greater increase in spark advance, increase in load limit
expansion and decrease in BSFC when compared to only the head cooling or only the liner
cooling. Cho et al. [73] also studied effects of cylinder wall temperatures and heat transfer
between the cylinder and the fresh mixture. As the coolant temperature reduced, the knock
limit spark advance can be advanced more. With cooling of both the cylinder and the
cylinder head, they were able to advance the knock limited spark advance (KLSA) and
increase the load limit. Lower coolant temperatures reduce the cylinder temperature and
also the difference in temperatures between the cylinder and the fresh mixture. Lesser the
temperature difference, lesser will be heat transfer between the cylinder and mixture. In
fact, when the mixture gets compressed, it gets heated up and heat transfer reverses its
direction as the mixture will be at a higher temperature than the cylinder walls. This timing
where the heat transfer reverses is called Inversion timing. The inversion timing depends
on the charge temperature at the beginning of the compression stroke. They found that
intake port was responsible for the highest amount of heat transfer to the charge. This heat
transfer decreases as the engine speed increased due to lack of time of the heat transfer to
take place. This explains partially why higher engine speeds are less prone to knock.

Intake air temperature impact on knock apparition was not directly studied, however, some
authors studied air influences on engines performance and some of their results can be
correlated to knock. Abdullah et al. [74] studied the effect of inlet air temperature on fuel
consumption and emissions at different engine speeds. The cooling of the inlet air reduced
the in-cylinder temperature as the incoming mixture was at a lower temperature. Such low
charge temperatures results in increased ignition delay and burn durations delaying auto-
ignition events of end gas.

1.2.4.7.  Combined strategies
In the above mentioned knock suppressing methods, it was observed that the adoption of
a single strategy might have some drawbacks. It could be a decrease in IMEP, an increase
in BSFC, increase in emissions etc. To overcome these disadvantages and still suppress
knock, multiple strategies can be integrated simultaneously on to a single engine. The
objective of this combination is to increase the knock suppression and to counter the
drawbacks [75] [76]. Zhou et al. [77] integrated EGR with split injection and tested its
effects on knock on a Spark Assisted Compression Ignition (SACI) engine. They observed
that i-EGR, e-EGR and IT controlled the combustion and the transition from Sl to Cl. When
NVO was high, i-EGR was high which increased the in-cylinder temperature. The transition



occurred early and knocking was observed. It's the same trend when IT is advanced
excessively. When both i-EGR and e-EGR was used, the knock was delayed significantly
with increase in e-EGR as the in-cylinder temperature decreased. As result, any drop in
engine performance can be gained back by advancing IT. Split injection with both e-EGR and
i-EGR showed the best knock suppression and increase in performance. Split injection and
e-EGR reduced the in-cylinder temperatures thereby supressing the knock. Liu et al. [78]
also combined e-EGR and split injection with a SACI engine with a mixture stratification.
They observed that after reaching a certain EGR rate, any further increase in EGR did not
resultin increase in spark advance.

1.2.4.8. Other strategies

The above-mentioned strategies are widely used to delay or suppress knock apparition.
Howeuver, there are some strategies which do suppress knock but are either complicated to
use or expensive. For example, dual fuel injection where a gas like ethanol or methanol is
injected along with the main fuel to suppress knock. Liu et al. [79] investigated the effects
of methanol injection on a Sl engine. The addition of methanol increases the ignition delay
of the entire mixture due to its high-octane number thereby suppressing the knock. Also,
as the methanol is highly oxygenated and due to methanol's high latent heat, the peak
pressure increased and the load limit was expanded. Hence, with a proper blend of
methanol and gasoline, authors were able to achieve knock suppression as well as
expansion of load limit. Zhuang et al. [80] studied the effect of ethanol injection on knock
suppression. With the ethanol injection, the knock was suppressed and advance in spark
timing was achieved. As the inlet air pressure was increased, the mass of ethanol injected
was increased in order to suppress knock. This resulted in increase in IMEP, thermal
efficiency and increase in load expansion. However ethanol injection has a drawback on
emission, as ethanol mass increased, the CO, HC and NO emissions increased.

Water injection is also an effective way to suppress knock like in Zhu et al. studies [81]. In
a S| engine, the water injection slowed down the flame propagation and allowed the
advance in spark timing. They also observed that the HC and CO emissions reduced. But
these characteristics are dependent on air-fuel equivalence ratio. In a downsized Sl engine,
the water injection not only reduced the in-cylinder temperature but also the turbine inlet
temperature. However, water injection strategies present cost and packaging problems and
do not offer additional knock suppress when compared to other techniques. One of the best
study on that subject was achieved by Bozza et al. [82] and they found that the best BSFC
improvements are obtained in operating points at low and medium speeds of 2100, 2500
and 3300 rpm with a water ratio of 20 to 30% of the fuel quantity.



1.2.5. Impact of fuel on knock

Hydrocarbons compounds vary in their capacity to resist knock apparition and that depends
on the molecular size and the structure of the compounds. This tendency to knock is
characterized by the critical compression ratio [21]. The critical compression ratio is the one
at which under specific operating conditions, the fuel compound will undergo knock. As an
example, increasing the length of the carbon chain increases the knocking tendency while
compacting the chain by incorporating a side chain delays knock apparition for paraffins.
For Olefins, introducing a double bond decreases the tendency to knock and Napthenes
have significantly an anti-knock effect. Introducing double bonds to Napthenes and
aromatics increases the anti-knock effect [83].

In general, practical fuel are blends of a lot of individual hydrocarbons compounds and a
pratical method to measure the knock resistance is important. This knock resistance is
characterized by the octane number. The higher the octane number (ON), the higher the
resistance and this characterization is performed in a given engine under specific operating
conditions. Fuels blends behavior and resistance to knock are compared to blends of
isooctane (ON=100) and n-heptane (ON=0). Isooctane is regarded as highly resistant to
knock and n-heptane as non-resistant to knock. The fuel octane number is thus determined
by the blend of isooctane and n-heptane that matches the fuel's resistance to knock under
the same operating conditions. For example a fuel ON of 90 resists knock in the same
manner as a blend of 90% of isooctance and 10% of n-heptane [21].



1.3. Conclusion of the literature review

The literature study described the knock onset phenomenon. Knocking combustion is a
complex phenomenon of abnormal combustion that is strongly influenced by engine
characteristics, thermodynamic conditions, and engine control parameters. The onset or
not of the knock and its intensity depend on a competition between the speed of flame
propagation triggered by the spark plug, and the auto-ignition of the fresh gases upstream
the flame front.

The parameters influencing the onset of knock are therefore multiple and several methods
have been proposed in the literature to delay its onset, suppress it or reduce its intensity.
However, most of these methods are usually accompanied by a degradation in efficiency or
engine performance.

Numerous studies on knocking are described in the literature. They have been conducted
most often on research engines or single-cylinder engines and generally focus on one or
two parameters of influence. During this literature study, it was not possible to find a
complete experimental database presenting, with the same definition of the appearance of
knock, the impact of the various control parameters on the onset of knock, but also on the
physical parameters of influence such as the air filling, the equivalence ratio of the trapped
mixture, the wall temperatures, the combustion rate, or the residual gas rate.

This is why, in the following chapters such a database will be built.



Literature Review

L'étude de la littérature a permis de décrire la phénoménologie de I'apparition du cliquetis. Le
cliquetis est un phénomene complexe de combustion anormale qui est fortement influenceé par
les caracteristiques du moteur, les conditions thermodynamiques, et les parameétres de contréle
du moteur. L'apparition ou non du cliquetis et son intensité dépendent d’une compétition entre la
vitesse de propagation de flamme déclenchée par la bougie d'allumage, et I'auto-allumage des
gaz frais en amont du front de flamme.

Les parametres influencant I'apparition du cliquetis sont donc multiples et plusieurs méthodes
ont été proposées dans la littérature pour retarder I'apparition de cliquetis, la supprimer ou réduire
son intensité. Cependant, la plupart de ces méthodes sont généralement accompagnées d'une
degradation du rendement ou des performances du moteur.

De nombreuses études sur le cliquetis sont décrites dans la littérature. Elles ont été menées le
plus souvent sur des moteurs de recherche ou monocylindre et se focalisent généralement sur un
ou deux paramétres d'influence. Au cours de cette étude bibliographique, il n'a pu étre trouvé de
base de données expérimentales compleéte, présentant, avec une méme définition de I'apparition
de cliquetis, I'impact des différents parametres de contréle moteur sur I'apparition de cliquetis,
mais également sur les parametres physiques dinfluence tels que le remplissage en air, la
richesse du mélange enfermé, les températures de parois, le taux de combustion, ou encore le
taux de gaz residuels.

C'est pourquoi, dans les chapitres suivants, on constituera une telle base de données.
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2. Experimental Setup and
Numerical tools

In this chapter, the experimental setup that has been used for this thesis is first presented.
A preliminary measurement campaign is then described; it includes the general
characterization of the engine, in particular the combustion in the absence of knocking and
the influence of the various engine control parameters. In a third section, the numerical
engine simulation tools are detailed. They serve both to further analyze the experimental
results, and as the basis for the complete simulation of the engine. A particular emphasis is
placed on the choice of the combustion model, and a calibration procedure is proposed.




Experimental Setup and Numerical Tools

Dans ce chapitre, le montage expérimental qui a été mis en place et exploité dans le cadre de
cette thése est tout d’abord présenté. Une campagne de mesure préliminaire est ensuite
decrite, elle regroupe la caractérisation générale du moteur, notamment de la combustion en
I'absence de cliquetis et l'influence des différents parametres de controle moteur. Dans une
troisieme section, les outils numeériques de simulation moteur sont détaillés. lIs servent a la fois
a analyser plus en deétails les mesures expérimentales, et servent de base a la simulation
complete du moteur de I'étude. L'accent est notamment porté sur le choix du modele de
combustion, et une procédure de calibration de ce dernier est proposée.
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2.1. Presentation of the engine test bench
In the frame of the industrial partnership between Ecole Centrale de Nantes and Stellantis,
all of the experiments were conducted on a three-cylinder 1.2 L Euro 6.1 turbocharged
spark-ignition internal combustion engine equipped with an intercooler and a three-way
catalyst. The turbine is equipped with a waste-gate. The engine configuration is presented
in figure 2-1 and main engine specifications are listed in table 2-1.

Number of cylinders 3

Number of valves per cylinder 4

Bore 75 mm

Stroke 90 mm

Displacement 1.2L

Air System Turbocharged, fixed geometry, waste gate
Injection system Direct injection, gasoline, up to 3 injections
Compression ratio 10.2:1

It is an automotive engine that equips several passengers’ cars. The advantages of using
such a stock engine for the experiments are to assess the problems that are encountered
in real-life cars and to adapt the corresponding solutions. Moreover, with the numerical
analysis, a complete engine model can thus be calibrated using measures obtained from
this engine bench. A series-engine does not allow a detailed analysis of the combustion
development with optical diagnosis and the apparition of abnormal combustion such as the
knock, but it helps to understand the phenomena by a system approach and to study the
impact of several control parameters in conditions very close to real life.

The engine test bench is equipped with an open electronic control unit provided by
Stellantis. The access to the control unit allows the modification of engine parameters such
as the valves timing, the injection strategies, the spark advance, etc.
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Figure 2-1: Engine configuration

Temperatures and pressures are measured all along with the intake air loop and the
exhaust path. In-cylinder pressures are measured through instrumented sparks, Kistler
6115C. Temperatures sensors are also implemented all over the cylinder block and the
cylinder head to measure the wall temperature at several points of the engine (head, liner,
and piston). Turbocharger speed in measured using a Micro-epsilon sensor and the relative
humidity as well as the atmospheric conditions are also reported from the engine cell. Fuel
consumption is measured using a AVL 733 fuel balance with a 0-150 kg/h range. All the
details regarding sensors type, range and accuracy are listed in table 2-2.

-
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Typ 1300419
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Figure 2-2: measuring spark plug flush-mounted on the engine test bench
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Sensor type Range Accuracy
Temperature — air loop | T-type thermocouple | -185 - 300 °C +/-0,1 °C
Temperature — | N-type thermocouple | 0-1150 °C +/-2.2C
exhaust
Temperature : coolant, | T-type thermocouple | -185 - 300 °C +/-0,1 °C
lubricant, metal
thermometry
PO First Sensor, HCX Linearity: +- 0,25% FSO
P1 First Sensor, HCX 0 - 100 mbar Linearity: +- 0,25% FSO
P2 First Sensor, HCX 0 — 2,5 bar relative Linearity: +- 0,25% FSO
P2’ First Sensor, HCX 0 — 2,5 bar relative Linearity: +- 0,25% FSO

P2"> 1bar abs.

First Sensor, HCX

0 - 1 bar relative

(depression)

Linearity: +- 0,25% FSO

P2" < 1 bar abs.

First Sensor, HCX

0 — 2,5 bar relative

Linearity: +- 0,25% FSO

P3 First Sensor 0 — 5 bar relative Linearity: +- 0,2% FSO
P4 First Sensor 0 — 3 bar relative Linearity: +- 0,2% FSO
P5 First Sensor 0 — 5 bar relative Linearity: +- 0,2% FSO

PEAEPOMP, PEASMOT

First Sensor

0 — 3 bar relative

Linearity: +- 0,2% FSO

PHUETURB First Sensor 0 — 5 bar relative Linearity: +- 0,2% FSO
dP2, dP2’, dP2", dP3 Kistler, type 4049 DS | O — 5 bar abs. <+-0,3%FSO
Water cooled
dP4, dP5 Kistler, type 4049 DS | 0 — 10 bar abs. <+-0,3%FSO
Water cooled
Fuel consumption AVL 733 fuel balance | 0 - 150 kg/h < 0.12% (acc. to DIN
1319)
Turbocharger speed Micro-epsilon, DS1 0 — 400 krpm Linearity: +- 0,2% FSO
Engine torque HBM 0-1000 Nm
Relative humidity test | VAISALA 0 - 100%

cell

Cylinder pressure

Sensor: Kistler 6115C
Charge amplifier: MMF
M72 A1

Detailed in table 3

Detailed in table 3

The measuring spark plug (see figure 2-2) is very suitable for measurements at high engine

speeds, or for knock detection applications. The measuring spark plug Type 6115C is
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flush-mounted and it enables cylinder pressure measurement without requiring a
separate measuring bore. The technical data for the measuring spark plug are listed in

table 2-3.

Technical Data

Measuring range bar 0..200
Calibrated partial ranges 200 °C bar 0..50
0..100
0..150

Overload bar 250
Sensitivity at 200 °C pC/bar ==10
Natural frequency kHz >120
Natural frequency (acoustic) kHz =65
Linearity, all ranges (at 23 °C) %FS0 <+0,5
Sensor operating temperature range °C =20 ... 350
Cable operating temperature range °C -20...250
Thermal sensitivity shift

200 £50 °C %o <z
Acceleration sensitivity mbar/g <0,001
Thermal shock error

(at 1 500 min 1/min, IMEP = @ bar)

Ap (short-term drift) bar <+0,6

AIMEP %o <3

APmax %o <+1,5
Spark plug insulation resistance (at 23 °C)

between central electrode and

spark plug body at 1 000 V MO >100

Table 2-3: technical data for the measuring spark plug 6115C

A Horiba Mexa One gas (figure 2-3) analyzer is used to measure the CO, CO,, and O,
concentrations on dry gases and NOx, THC, and CH. concentrations on raw gases. Exhaust

gases are analyzed before entering the three-way catalyst.
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Figure 2-3: Horiba Mexa One gas analyzer
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The analyzer range for each of the exhaust gases are listed in table 2-4.

Rack Analyzer Component Analyzer Range
AlA-01 COiL) 0-50-5.000 ppm
m
=
& CO[H) 0-0,5-12%
=
AlA-03
coz2 0-05-20%
m
=
% MPA-01 02 0-1-25%
=

0-50-1.000 ppmC

THC
0- 2.000 - 60.000 ppmC
- FIA-02H-ND
oA 0-50-1.000 ppm
- CH4
2 0- 2.000 - 25.000 ppmC
0-10-1.000 ppm
CLA-020V NO, NOx, NO2
0 - 2.000 - 10.000 ppm
AlA-32 coz 0-05-20%
g
o
(]
“ AlA-32 coz 0-0,5-20%

As stated earlier, engine bloc and cylinders head were both instrumented with
thermocouples according to the CAD plans in figures 2-4 and 2-5.

Confidential




Temperature sensors that were implemented on the engine bench are indicated by red
circles on both the cylinders head and engine bloc CADs. The sensors were used since it was
accessible to implement them on the engine and they could provide interesting information
on the temperature gradient of the engine bloc.

Confidential

All the sensors signals are connected to a NI “National Instrument” data acquisition plug-in
board. A "LabVIEW" data acquisition system is used to measure, monitor and store the
signals. All the measurements for all the aforementioned sensors in this section are
stabilized before saving the data and the in-cylinder pressures are recorded for 250 cycles.
250 cycles is the maximum number of cycles that can be stored using this acquisition
system.

The bench that was presented was used for 3 types of tests.

A- Performance tests
B- Preliminary combustion tests
C- Knock tests

The benefits of having an engine bench are to assess the problems the way they are
encountered in a series engine equipped to a passengers car and to develop a complete
engine model that will be able to predict the knock apparition. The variety of the tests will
helpin afirst place to understand the combustion development in order to present a proper
explanation for the different phenomena observed specially at the knock level and to
calibrate combustion and knock models in a second place.
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2.2. Preliminary Campaign

In this section, the preliminary tests campaign is presented. This campaign groups the
performance tests that were performed. In a second place, a specific preliminary
combustion campaign is presented and the effect of control parameters on engine behavior
is also explained. These tests put in evidence the influence of some parameters on
combustion development as an impact could be established with the knock apparition.

Dans cette section, la campagne d'essais préliminaires est présentée. Cette campagne regroupe
les tests de performances qui ont été effectués. Dans un second temps, une campagne de
combustion préliminaire specifique est présentée et I'effet des paramétres de contréle sur le
comportement du moteur est également expliqué. Ces tests ont mis en évidence l'influence de
certains paramétres sur le développement de la combustion puisqu'un impact a pu étre établi
avec l'apparition du cliquetis.
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2.2.1. Performance tests

Performance tests are operating points all over the engine performance map at engine
speed going from 1050 rpm until 5800 rpm and a load step of 100 mbar of admission
pressure until the full load. To perform these tests, coolant temperature is regulated at
85°C except for the naturally aspirated operating points from 2500 rpm till 5800 rpm
where it is regulated at 105°C. Oil temperature is regulated at 90°C and the intake
temperatures regulations increase from 25°C to 45°C with the load increase. These
regulated values reproduce the best the real life engine conditions and they are repeatable.
The engine parameters are strictly controlled by the engine control unit. All data are
recorded after stabilization. The stabilization criterion is the thermal stabilization which
consists of achieving an average value of each temperature sensor that fluctuates within =
2°C over the past 250 cycles. The objectives of these tests are:

= Generate performance maps that cover the whole operating range of the engine.

» Develop the engine model: multipliers all over the engine sub-models (models that
constitute the whole engine model) have to be tuned using experimental results.

= (Calibrate a combustion model: as it will be discussed in the third section “Numerical
tools” of this chapter, a combustion model is calibrated using the experimental
results.

The performance maps thus group 298 operating points. Some of them will be picked to
perform models calibration.



2.2.2. Preliminary combustion tests
The preliminary tests are combustion tests that were performed to characterize the
development of the combustion and the behavior of the engine. They are separated into
three different types of tests:

1. Fuel-to-air equivalence ratio and spark timing sweeps
2. Coolant and oil temperatures sweeps
3. Valves timings sweeps

The previously mentioned tests were performed on several operating points: each
operating point is referred to by engine speed (rpm) x admission pressure (mbar).

A lot of preliminary tests were performed on the engine bench, they do not represent the
hub of this PhD Thesis which is the knock characterization but they are related to knock as
they represent control parameters that impact knock occurrence. A selection is made and
will be presented to understand the combustion development under modified parameters.

2.2.2.1.  Fuel-to-air equivalence ratio and spark advance sweeps
First, fuel-to-air equivalence ratios and spark timings were swept. The in-cylinder
pressures were plotted while varying the fuel-to-equivalence ratio at fixed spark advance
in the first place, and while varying the spark advance at fixed fuel-to-air equivalence ratio
in figures 2-6 and 2-7.
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Figure 2-6: in-cylinder pressures (each division 10 bars) and burn rates for fuel-to-air equivalence ratio sweep at

fixed spark advance (a & ¢) and for spark advances sweep at fixed fuel-to-air equivalence ratio (b & d) for
2000x1000 mbar

As the fuel-to-air equivalence ratio is increased, the peak of the in-cylinder pressure is also
increased for a constant spark advance (a difference of +10 bar is obtained between the 2
extreme values of fuel-to-air equivalence ratio 0.95 and 1.15).

At fixed fuel-to-air equivalence ratio, as the spark advance was decreased, the start of the
combustion was then delayed resulting in a lower in-cylinder peak pressure and shifted to

the right.
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The same behavior was observed for the different operating points. The combustion
development is faster when the mixture is richer. CA50 decreased from 21 CAD till 16 CAD
and the burn duration CA1075 decreased from 13 CAD till 10 CAD for 2000x1000 mbar as
the equivalence ratio increased from 0.95 till 1.15. The maximum rate of pressure rise also
increased from 2.06 bar/CAD till 3.35 bar/CAD as mixture gets richer. Besides, as spark
timing was delayed, the combustion development is degraded. At 4000x1000 mbar for
example, the burn duration CA1075 increased from 10 CAD till 14 CAD as spark advance
decreased 10 CAD. The maximum rate of pressure rise decreased from 4.56 bar/CAD till
1.75 bar/CAD. CA50 also increased from 7 CAD till 22 CAD as spark advance decreased from
10 CAD till 0 CAD, however, the reason behind that increase is at first place related to the
delayed combustion development and in second place to the decreased burn rate: 10 CAD
of spark advance decrease increased the CA50 by 15 CAD.

This preliminary study is very interesting to understand the combustion development. As it
was seen in the literature review, both fuel-to-air equivalence ratio and spark advance are
important parameters that affect the knock occurrence. Richer mixture increase the spark-
induced flame speed which consumes the end-gas before it auto-ignites. On another hand,
increasing the spark advance increases the knock apparition.



2.2.2.2. Coolant and oil temperatures sweep
Subsequently, coolant and oil temperatures were swept. The tests are performed according
to 3 different research modes:

Research Mode 1 (R1): the admission pressure and the spark advance are maintained fixed

Research Mode 2 (R2): the admission pressure is varied to maintain the air mass flow rate
constant as the oil or coolant temperature is being swept. The spark advance is also fixed.

Research Mode 3 (R3): the admission pressure is fixed but the spark advance is varied to
maintain the CA50 constant as oil and coolant temperatures are being swept.

First, coolant and oil temperatures sweep will be studied on the thermal behavior of the
engine. For that purpose one operating point will be considered which at 2000 rpm and
1000 mbar of intake pressure.

For that purpose, Coolant and oil power will be plotted in figure 2-8, 2-9 and 2-10 as the
coolant temperature is decreasing for two different levels of oil temperatures.

2000 rpm, Padm=1000 mbar
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x

) Toil=30"C, isoCARO
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“C)
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Water temperature (°C)

The total power (Oil+ Coolant) tends to increase as coolant and oil are cooled. Colder walls
imply higher convective exchange.
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2000 rpm, Padm=1000 mbar
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Figure 2-9: Coolant power of 2000x1700 mbar -R1,R2&R3 at different coolant and oil temperature levels (each
division represents 1klW/)

Coolant power evolution is similar than total power: tends to increase as coolant is cooled
meanwhile oil temperature is kept at 60°C. We notice that coolant power decrease if oil
temperature is decreased when water temperature stays at 60°C. A part of heat flux goes
in oil instead of water as we can see on the following figure 2-10.

2000 rpm, Padm=1000 mbar
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Figure 2-10: Oil power of 2000x1700 mbar -R1,R2&R3 at different coolant and oil temperature levels (each
division represents 1kW/)

The oil power evolves at the opposite of the coolant power. As the coolant temperature
increases the oil power increases. As we can see on figures 2-12, 2-13, 2-14 wall
temperatures depend mainly on water temperature. Thus exchanges between oil and wall
increase with water temperature. Moreover, colder oil may lead to increased friction which
is dissipated into oil and thus increases oil power.
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Temperatures sensors are implemented all over the cylinder block and the cylinder head to
measure the wall temperature at several points of the engine (head, liner) to study their
evolution as the coolant or oil temperatures are modified according to the figure 2-11.

Thl

Tbl «

Th2 1

Figure 2-11: thermocouples positions

The temperature distributions of the block are:

2000 rpm, Padm=1000 mbar
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Water temperature (°C)

Figure 2-12: Head temperature of 2000x1700 mbar -R1,R2&R3 at different coolant and oil temperature levels
(each division represents 10 °C)

As it can be seen in figure 2-12, head temperature is linked with water temperature: tends
to increase as water temperature increase without impact of the oil temperature.

Head temperature impact the volumetric efficiency, that is why water temperature impacts
on in-cylinder mass as it will be seen on the effect of coolant temperature on in-cylinder
mass.
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2000 rpm, Padm=1000 mbar
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Figure 2-13: Upper block temperature of 2000x1700 mbar -R1,R2&R3 at different coolant and oil temperature
levels (each division represents 10 °C)
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Figure 2-14: Bottom block temperature of 2000x1700 mbar -R1,R2&R3 at different coolant and oil temperature
levels (each division represents 10 °C)

As seen in figure 2-13 and 2-14, block temperature are mainly linked with water
temperature as well. Bottom temperatures are colder since combustion takes place in the
upper part. We can notice that isoMass Research Mode lead to higher block temperature
(especially Tb2) on OP2 at Twater=60°C. This is coherent with the difference noticed on oil
power, lower heat transfer leads to higher temperature. The bottom part of the block is
affected by the oil temperature. Indeed we notice a difference of approximately 5°Con Tb2
when oil is shifted from 60 to 30°C while water is kept at 60°C. Qil below the piston
exchanges with both cylinder wall and piston.
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Oil temperature and oil jet nozzle may impact piston temperature and combustion [84]. The
piston was not instrumented, it is thus impossible to investigate this axe but these effects
should be kept in mind.

In a second place, the effect of coolant temperature will be studied on in-cylinder mass.

The volumetric efficiency in the cylinder is affected by the intake system heat transfer and
by the in-cylinder heat transfer [21]

The heat transfer to the incoming mixture in the intake manifold and port and within the
cylinder walls decreases its density. The volumetric efficiency can be formulated as a
function of the mass flow rate according to Heywood:
_ 2m,

pa,OVdN

My

The heat flux is generally conducted through the chamber walls and then convected from
the wall to the coolant. The temperature of the coolant thus plays a major role in the in-
cylinder mass and on the airflow rate.

In the case of our study, coolant and oil temperatures were varied for the different
considered operating points. First, we will start with the operating point at 2000 rpm and
700 mbar of intake pressure. The matrix of coolant and oil temperature are presented in
the table 2-5

2000 x700 mbar
T coolant T oil Test no.

°C °C

103 90 1
103 60 2
60 60 3
60 30 4
30 30 5

As coolant and oil temperatures were swept, the admission pressure was maintained
constant at 700 mbar, the spark advance and the intake temperature are constant as well.
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The x-axis represents the different tests as they were numbered in the test matrix.
Between test 1 and test 2, the coolant temperature was kept constant at 103° and oil
temperature was decreased from 90° to 60°. No significant difference between the mass
flow rates was obtained. However, between tests 2 and 3, oil temperature was kept
constant at 60° and coolant temperature decreased from 103° to 60°. A significant
increase in the mass flow rate was achieved and thus volumetric efficiency was enhanced.
This indicates that the coolant temperature has a higher impact on the volumetric efficiency
than oil temperature. The same can be concluded for a couple of tests 3&4 and 4&5. On
this operating point, the coolant temperature impacted the flow rate of the incoming air.
The effect of oil temperature is not significant. The coolant temperature directly affects the
in-cylinder charge within the chamber walls as it was seen in the evolution of the head and
block temperatures in figures 2-12, 2-13 and 2-14

In the following, the coolant and oil temperatures effect will be studied on the combustion.
In the following figures, two sets of in-cylinder pressure and burn rate are plotted on the
same graph. The first set represents two different levels of oil and coolant temperatures at
the same spark advance and they are labeled by "“isoSA” (iso spark advance). The second
set represents the same levels of oil and coolant temperatures at the same CA50 and they
are labeled "isoCA50".

The settings for the operating point 2000x700 mbar are presented in the table 2-6.

2000x700 mbar

Tadm Padm SA T coolant T oil CA50

°C mb °vil °C °C
103 90 8,47
103 60 9,19
23 700 23,8 60 60 11,07
60 30 11,26
30 30 12,60




The in-cylinder pressure traces and the burn rate are plotted in the figure 2-16.
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At low load, the decrease of coolant or oil temperature led to a decrease in the burn rate.
The effect was more evident when coolant temperature was decreased for fixed oil
temperature. Decreasing coolant temperature leads to colder cylinder walls, a higher heat
exchange rate is obtained between the intake charge and the walls, which affects the
initiation of the combustion which starts a little bit delayed. This can be explained by a
slower flame development under cooler conditions. This can be observed on the normalized
burn rates: as temperatures decrease, the burn rate starts a little bit delayed with a less
steep slope. This is also projected on the in-cylinder pressure traces: after the compression
stroke, the combustion starts a bit later than hotter settings, reaching lower pressure
peaks. In both cases, the coolant temperature has a higher impact than the oil temperature
where the delay in the combustion initiation is clearer. This can be explained by the higher
heat exchange that can be obtained when the coolant temperature is decreased.




Based on that, the first effect of coolant and oil temperature decrease can be formulated:
Cooler cylinder walls tend to decrease the burn rate thus delaying the combustion initiation
leading to lower engine performance.

On another hand, when the CA50 was maintained constant, we can see in the pictures
above that the combustion is almost the same as coolant or oil temperatures were
modified. In fact, to maintain a constant CA50, the spark advance was modified according
to the table 2-7

2000x700 mbar
Tadm Padm CA 5.0 set T coolant T ail CASO oA
point exp

°C mb °vil °C °C dv dv
103 90 3,67 31,13
103 60 3,95 29,25
23 700 3.9 60 60 4,25 32,51
60 30 3,81 33,75
30 30 4,49 40,20

At this operating point and at fixed spark advance, the combustion was degraded as cylinder
walls were cooled down. To compromise this effect, in the second set of experiments, the
spark advance was increased and the CA50 was maintained constant.

A further decrease in coolant and oil temperatures is also performed and presented in the
figure 2-17:
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Nevertheless, a further decrease in oil temperature on this operating point had very little
effect on the combustion behavior in that case. However, a higher impact of cold walls was
observed again when the coolant temperature was further decreased. In that case, it can
be seen the burn rate was decreased and the delayed start of the combustion. These
observations are consistent with the literature approaching the combustion development
under cold start [78]

Here as well, in the second set of experiments, the spark advance was increased to maintain
a constant CA50. This also compromised to degradation of the combustion due to cold walls
and thus the combustion development was the same.

The settings for the operating point 2000x1000 mbar are presented in the table 2-8:

2000x1000 mbar

Tadm Padm SA T coolant T oil CA50

°C mb °vil °C °C
105 90 15,17
105 60 14,01
25 1000 3.3 60 60 13,67
60 30 13,86
30 30 15,22

The coolant and oil temperature sweep for this operating point is presented in figure 2-18
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At medium load, a different phenomenon was observed when the oil temperature has been
decreased by 30° in the first case. The cooler oil temperature affected the heat exchange
in the cylinder head in a different manner. The density of the admitted air was increased,
the charge mass that was confined inside the cylinder was increased as well. In fact, the air
flow rate was increased from 405 to 425 mg/stroke. This leads to an increase in the burn
rate as it can be seenin burn rate traces. The flame initiated by the spark propagated quicker
than the hotter setting leading to faster consumption of air and fuel mixture and a higher
pressure peak. The same phenomenon was observed in the second case where the coolant
temperature was decreased from 105° till 60°but with a lower influence on the

combustion behavior.

The second effect of cooler walls can then be formulated: lower engine walls temperature
can increase the density of the intake charge, thus increasing the confined mass in the
cylinder which leads to an increase in the burn rate.

As for the set of experiments where the CA50 was maintained constant, on this operating
point, the spark advance was not modified between the different tests when the oil and



coolant temperatures were swept. In the first case where the oil temperature was
decreased from 90°C to 60°C, little or no impact on burn rate and combustion development
was observed although this oil temperature change increased the burn rate at the constant
spark advance test. However, when the coolant temperature was decreased from 105°C
to 60°C, the same behavior was reproduced in the case of fixed spark advance and fixed
CA50. This can be explained by the fact that in constant spark advance tests, the CA50 was
not modified, so when we tried to fix the CA50, we were not confronted with a modification
of the spark advance either. This has led to reproduce the same combustion behavior.

The coolant and oil temperature sweep for 2000x1700 mbar is presented in the table 2-9:

2000x1700 mbar

Tadm Padm SA T coolant T oil CA50

°C mb °vil °C °C
85 90 24,97
85 60 24,58
35 1700 -7,3 60 60 24,22
60 35 24,27
40 35 24,32

The pressure traces are presented in the figure 2-19:
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Figure 2-19: in-cylinder pressures (a&b) and burn rates (c&d) of 2000x1700 mbar-R1&R3 at different coolant and
oil temperature levels

At high load of 1700 mbar, the second effect of cooler walls was also observed in the first
case when the oil temperature was decreased as the in-cylinder charge increased leading
to a rapid burn rate. In addition, this effect was also observed in the second case where the
coolant temperature is decreased but with a lower impact than oil temperature decrease.
In the IsoCA50 tests, the same behavior as the iso spark advance test was reproduced. This
is since when the spark advance was fixed, the CA50 was almost constant in the different
tests, then when we intended to fix the CA50, the spark advance was also maintained for
the different tests. This can be seen in the table 2-10:

2000x1700 mbar
Tadm Padm CA 59 T coolant T oil CASO oA
Set point exp

°C mb °vil °C °C
85 90 24,64 -7,34
85 60 24,38 -7,19

35 1700 25,2 60 60 25,04 -7,54
60 36 25,05 | -7,50
38 33 25,78 -7,88

Table 2-10: 2000x1700 mbar in R3 settings

The in-cylinder pressure traces and the burn rates are presented in the figure 2-20.
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However, the previously mentioned effects of cool cylinder walls seem to be compensated

in the third case as the combustion is developed similarly. This is applied for the test at iso
spark advance and iso CA50.

As we saw in the previous paragraphs, when the admission pressure was maintained
constant and the oil or coolant temperature was decreasing, the air mass flow rate
increased. The walls of the cylinders and the intake components affected the volumetric
efficiency. In this paragraph, and for the different operating points, the admission pressure
was madified on the engine bench to fall on the same air mass flow rate when the oil or
coolant temperature was decreasing. In the following figures, two sets of in-cylinder
pressure and burn rate are plotted on the same graph. The first set represents two different
levels of oil and coolant temperatures at the same spark advance and they are labeled by
“isoSA” (iso spark advance). The second set represents the same levels of oil and coolant

temperatures while varying the admission pressure to fall on the same air mass flow rate
“isoMass”
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The coolant and oil temperature sweep for this operating point is presented in the table 2-
11

2000x1000 mbar
Tadm Padm SA T coolant T oil CA50 | Test#
°C mb °vil °C °C
1035 105 90 14,22 1
1031 105 60 13,70 2
25 1001 3,3 60 60 14,28 3
1002 60 30 14,13 4
975 30 30 15,02 5
Table 2-11: 2000x 1000 mbar in R2 settings
The in-cylinder pressure traces are presented in the figure 2-21.
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Figure 2-21: in-cylinder pressures (a&b) and burn rates (c&d) of 2000x 71000 mbar-R1&R2 at different coolant and
oil temperature levels

In the first case where the oil temperature was decreased from 90°C to 60°C, the
admission pressure was not modified a lot to maintain a constant air mass flow rate.
However, the burn rate was affected, as it was faster in that case. However, when the
coolant temperature was decreased, the volumetric efficiency was affected, the admission
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pressure had to be modified. The resulting air flow rate was a little bit lower than the rest
of the cases, this was also identified at the end of the compression stroke. The pressure at
the end of the compression was lower, the combustion developed at almost the same burn
rate but since it started at lower pressure, it reached a lower peak as well.

This coolant and oil temperatures sweep puts in evidence that both fluids affect the
combustion development. It is thus interesting to see the engine behavior under knocking
conditions and to understand how the spark-induced combustion will develop vis-a-vis the
end-gas while modifying these coolant temperatures. The impact of coolant and oil
temperatures on knock apparition will be analyzed in details in the chapter 3 of this PhD
Thesis "Experimental results”.
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2.2.2.3.

Valves timings sweep

Furthermore, the camshaft timing sweep was performed on the engine at 1550 rpm and

for different admission pressure. It should be noted that the cases that are going to be
presented for each operating point, represent the extreme cases of intake and exhaust
valve timing variations.

The different combinations of IVO and EVC considered for 1550 rpm x1400 mbar are
presented in table 2-12. Volumetric efficiency is calculated based on the air mass flow past

the intake valves and the residuals are calculated at the combustion start by the measured

pressure analysis by GT Power.

Intake Exhaust Case
Center of

Valve Valve , , valve Spark

. ) VVolumetric | Residuals valve o
Opening | Closing Efficienc %) overlap ovela Timing
(CAD | (cAD ot (D) | cap AT% o| (o
ATDC) ATDC)
-30 -14 1 1,32 1.1 15,683 -22,19 6
-30 0 2 1,46 0,3 30,013 -15,03 6
16 36 4 1,23 1,0 20,161 25,855 3

Table 2-12: valves timings sweep considered at 1550 rpm and Padm=1400 mbar

The camshafts timings are clearly displayed in the figure 2-22
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Figure 2-22: Intake and exhaust valves timings at 1550x 1400 mbar

The combustion development is studied in the in-cylinder pressure and burn rates curves

in figure 2-23.
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In the first 2 cases, IVO was kept constant and this lead to the same compression behavior
of the in-cylinder charge. However the differences of the EVC lead to different combustion
behaviors. In #2, higher valve overlapping between the intake and exhaust valves than #1
lead to a lower residual rate, a faster combustion process, higher pressure-peak, higher
gross IMEP, higher mass flow rate and lower fuel-to-air equivalence (global: at the exhaust)
ratio and lower ISFC.

The same can be deduced for #3 & and #4 for the compression stroke.
Valves overlapping occurred for #4 ATDC and valves do not overlap for #3.

Between cases 1&2 and 3&4, intake valve opens later for 3&4, allowing less air to be
induced to the cylinder. To compensate for the high compression pressure, spark timing
was delayed for 1&2 contributing to a relatively lower pressure.

Burn rate for #3 & 4, are shifted to left. This is due to the earlier spark timing when
compared to #1&2. Lesser residuals (#2 compared to #1 and #4 compared to #3) lead to a
relatively faster combustion, thus higher burn rate (a little bit).
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Since only the extreme cases were previously studied, the residuals will be then plotted in
function of the valves overlapping for all the camshafts timings that were tested for
1550x1400 mbar in figure 2-24.
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Figure 2-24: residuals in function of valves overlapping for all camshaftstimings at 1550x1400 mbar

As it can be seen, on this operating point, the valves overlapping leads to the scavenging
thus decreasing the quantity of residuals confined inside the cylinder. On the contrary,
reducing the valves overlap, increases the quantity of residuals inside the cylinder.

Another operating point will be also studied but this time in the naturally aspirated region.
The considered point is 1550x900 mbar. The extreme cases of IVO and EVC are displayed
in table 2-13.

Intake Exhaust | Case
Center of

Valve Valve . . valve Spark

. ; Volumetric | Residuals valve o
Opening | Closing Efficienc %) overlap ovela Timing
(CAD | (cAD Vot (CAD) (c AD;’ (CAD)
ATDC) ATDC)
-30 -15 1 0,62 11,7 14,895 -22,45 -8,615
-30 36 2 0,41 30,2 65,71 2,9656 -20,26
40 36 4 0,52 10,8 -4,18 37,941 -17,28

Table 2-13: camshafts timings considered for 1550 rpm x 900 mbar

The intake and exhaust valves timings are better displayed in figure 2-25
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Figure 2-25: Intake and exhaust valves timings considered at 1550x900 mbar

In order to better understand the combustion for the considered valves timings, in-cylinder

pressures and burn rates are plotted in the figure 2-26.
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Figure 2-26: in-cylinder pressures (top, each division is 5 bars) and burn rates (bottom) for the considered valves

timings at 1550x900 mbar
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In the last 2 cases, IVO was kept constant and this lead to the same compression behavior
of the in-cylinder charge. As for the first 2 cases, a lower compression pressure was
obtained for #2 due to the late closing of the exhaust valves after bottom dead center
leading to re-aspiration of the burned gases

Overlapping the valves in this operating point contributes to higher rate of iGR thus slower
combustion (case #2). Case #3 (no overlapping at all), combustion is the fastest and the in-
cylinder pressure reaches the highest peak.

In an atmospheric operating point, overlapping exhaust and intake valves lead to the re-
aspiration of the burned gases from the exhaust back to the chamber or even the intake
manifold. Higher residuals rate lead to worse combustion (#2)

Even though, no overlapping occurred in #3&4, residuals are found in the chamber due
trapped at the end of the exhaust. In #4, the increased residual content is due to the late
closing of the exhaust valves after bottom dead center leading to re-aspiration of the
burned gases.

Burn rate profiles are in accordance with in-cylinder pressure: valves overlapping lead to
higher fraction of residuals and thus slower combustion and lower burn rates #2. The #3
has a faster burn due to the higher in-cylinder pressure at the end of the compression
stroke.

Since only the extreme cases were previously studied, the residuals will be then plotted in
function of the valves overlapping for all the camshafts timings that were tested for
1550x900 mbar in figure 2-27.
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Figure 2-27: residuals in function of valves overlapping for all camshaftstimings at 1550x900 mbar

With atmospheric operating points, the opposite phenomenon is obtained: overlapping
valves leads to higher residuals rate in the cylinder. The engine behavior is not the same
when an atmospheric or a turbocharged operating point is considered.

Valves timings sweep put in evidence that the combustion development is once again
affected. In fact, residuals play sometimes a huge role in the combustion process. It is thus

interesting to study the engine behavior under knocking conditions and to understand how

the spark-induced combustion will develop vis-a-vis the end-gas while modifying the
valves timings. The impact of valves timings on knock apparition will be analyzed in details
in the chapter 3 of this PhD Thesis “Experimental results”. It is also coupled to the impact

of intake air temperature on knock.
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2.3. Numerical tools

In this section, the numerical tools that were employed in this PhD thesis are presented and
they are the GT-POWER engine simulation software and the different models that were
utilized including a predictive combustion model.

GT-POWER is an engine performance simulation used to predict basic performance
quantities such as power, torque, airflow, volumetric efficiency, fuel consumption, etc. It
also includes physical models for extending the predictions: cylinder and tailpipe-out
emissions, in-cylinder and pipe/manifold structure temperature, measured cylinder
pressure analysis, combustion development, etc. A complete engine model was
collaboratively developed with research engineers in the frame of the industrial partnership
between Ecole Centrale de Nantes and Stellantis as it can be seen in the figure 2-28.

This engine model will be used in the frame of this PhD Thesis for 2 purposes:

1. To help with the analysis of the experimental results obtained at the test bench
specially at the level of the knock tests. The model can help to provide additionnal
data such the combustion chamber wall temperature, the composition of the in-
cylinder mixture, the temperature of the unburned and the burned gases inside the
cylinder as well as the flame speeds.

2. To improve a phenomenological knock model and to test its capacity when
implemented in the complete engine model to predict the knock apparition when
varying engine control parameters. The knock modeling and the simulations results
will be presented in a separate chapter in this PhD Thesis.
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Figure 2-28: Overview of the complete engine model

In the following part, an overview of the engine model construction will be presented in the
part 2.3.1 and then a survey on the combustion models will be elaborated in part 2.3.2
followed by a choice of a model and a calibration.

It should be noted that combustion modeling represents a preliminary task in knock
modeling as a combustion model must be defined in the cylinder before proceeding with a
knock model.
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2.3.1. Complete engine model
The engine model is designed to target the inlet pressure of each operating point. The intake
pressure regulation was achieved by 2 means:

1. In the atmospheric area, the admission pressure at each engine speed is regulated
by adjusting the throttle angle position.

2. In the turbocharged area and since the throttle is fully opened, the admission
pressure is regaulated by the waste gate position.

The regulation of the admission pressure at all of the engine speeds by either the waste
gate or the throttle position permits to reach the required loads. Throttle position and waste
gate position are not directly used as inputs for the engine model because the actual
position is not necessarly known very accurately.

Air loop parts were converted to GT-Power components using a GT-Power software
Spaceclaim and GEM3D. CAD plans are processed in Spaceclaim to remove useless parts
and keep those that compose the wetted surfaces and GEM3D cut the differents parts
obtained into GT-Power components. As an exemple, the intake line as it can be seen in the
figure 2-29, can be divided into 3 parts:

1. The Duct between the atmosphere and the filter
2. The air filter
3. The duct between the air filter and the compressor inlet

Figure 2-29: intake line upstream the compressor

The duct between the air filter and the compressor inlet can then be converted into 10 GT-
Power components to respect the total length , the bends and the changing areas as it can
be seen in the figure 2-30.
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Figure 2-30: conversion on the compressor inlet duct into 10 GT-Power components

Discharge and friction multipliers are also implied and tuned to fit the pressure drop of the
experimental results.

This procedure is applied to all of the air loop and exhaust line components of the engine.
The tuning of all of the multipliers and coeficients is perfomed using operating points from
the performance tests that were previously presented.

Compressor and turbine were each modeled separately. The compressor was modeled to
meet three purposes:

1. Reproduce the experimental temperature at the compressor outlet
2. Reproduce the experimental air flow rate
3. Reproduce the experimental compression ratio

In the atmospheric area, and since the load is regulated by the throttle, the compressor
speed is thus regulated with the waste gate to reach experimental compression ratio.

The turbine is modeled to meet two purposes

1. Reproduce the experimental turbine expansion ratio
2. Reproduce the experimenal turbine outlet temperature

In the turbocharged area and since the load is regulated by the waste gate, a flow split is
added to the turbine inlet representing the waste gate. The waste gate diameter is then
regulated to target the experimental expansion ratio.

As for the cylinder head, forward and reverse discharge coefficients were also tuned to
match the experimental head pressure drop at the level of the pipes and the valves.
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In order to accurately predict the combustion development and the knock occurrence, the
combustion chamber dimensions, spark and valves locations are also provided. Thus in the
cylinder object, a combustion model should be first defined and calibrated.

A review of the available combustion models in the literature will be presented in section
2.3.2, at the end of this section, a model will be selected, calibrated and then validated.
Nevertheless, the main objective on the numerical side of this PhD thesis is to predict the
knock occurrence on a complete engine model. Thus, after tuning the combustion model, a
knock model will be defined and calibrated as well. Everything related to knock modeling
are presented in details in a separate chapter of this PhD Thesis “Knock modeling and
simulations”
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2.3.2. Combustion model
An overview of the different combustion models available in the literature is presented and
then a one of these models will be chosen, and calibrated using engine performance tests.

2.3.2.1. Eddy burn-up model
The eddy burn-up model consists of separating the combustion into 2 zones. As seen in
figure 2-31, a fresh gases zone and a burned gases zone and they are both separated by
the flame front. In this model, it is assumed that the fresh gas eddies are entrained in a
spherical flame front and burn in a characteristic time.

The fresh gases have a density p,,, are entrained at velocity equal to the summation of the
turbulent s; and the laminar speed s;. The rate of the entrained mass is:

dm,
dt

= puAL(sy + s7) (25)

This entrained mass is burned in a characteristic time 7,

dm, m,—m,
dt - Tp

(26)

However, an exponential term has been added to the burned mass rate as stated by[21] in

[1]:

dm, m,—m,

twau — t)
dt Tp exp (th Tp (27)
L
T = Cy, S—Z (28)

twan IS the time when the flame reaches the wall and tis the time from the beginning of
the combustion. C;, and C;, are coefficients to adapt the model to different operating
points of the engines. Some models consider the Taylor microscale for the computation of
the characteristic time instead of the integral length scale such as [85].

\Unburned zone

Figure 2-31 :Eddy burn-up combustion scheme[20]
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As for the computation of the turbulent velocity (as said in [86])

T t
Sp = Da0-25u’AsT\/1 + ?t(exp (— T—) — 1) (29)
t

Tt = C‘r - (30)

t

This equation is reported to well describe the freely propagating flame as well as the early
flame kernel development [1]. A, and C, are calibrating coefficients.

Laminar flame velocity:

The laminar flame speed is an important parameter for the combustion modeling. The
empirical correlations that were proposed in the literature are the following [1] [87] [88]:

s, =sL(®) (%)a (ﬁ)ﬁ (1 - 2.06XRs5) (31)
0 Po
SL = B + By (9 — 90)? (32)
For isooctane:
sf = B + B,(¢ — 90)? = 0.263 — 0.847(p — 1.13)? (33)
a=218—-0.847(p — 1) (34)
B =-0.16+0.22(¢p — 1) (35)

Standard condition: p,=1 atm and T,=298 K. T,, is the fresh gas temperature, p is the
cylinder pressure and X5 is the residual burned gases fraction. a and S are the calculated
exponents as a function of air-to-fuel equivalence ratio ¢ and characteristic of the fuel.
b=0.733 is the dilution exponent multiplier for the RGB fraction influence on the laminar
speed.

The integral length scale :

The integral length scale L of aerodynamic turbumence is also an essential parameter for
the combustion modeling. It is imposed by the geometry of the combustion chamber and
modeled in function of the combustion chamber volume [1] [89]

Ly = C, V'3 (36)



2.3.2.2.  FKFS model
FKFS model is based on the Eddy burn-up model where the flame propagation takes place
in hemisphere. The combustion chamber is divided into two zones: burned and unburned
zone separated by the flame front. The spark plug in the simulation must not be setin the
exact center of the combustion chamber. The hemispherical propagation of the flame first
increases until it reaches the walls where it extinguishes [85].

dm
dte = puAL(sy + s7) (37)
dm, m,—m,
dt B Tp (38)
A
Tp=— (39)
SL
L
Ap = [15-2% (40)
u
6 \1/3
Ly = (— V) (41)
/[
T, \“/, p \#
5= 51(¢) (29§ K) (1 bar) (1 -2.06X5s5) (42)
s =0.305 — 0.549(¢p — 1.21)? (43)
a=218-0.8(p —1) (L)
B =-0164+0.22(¢p — 1) (45)

A FKFS model was calibrated by M. Grill et al. [85] and the simulation process was compared
to the measured results. It was concluded that the reproduction of the burn rate was very
good where only few deviations were showed up at high load. In addition, a very realistic
pressure trace was also achieved. This could be seen in the following figure 2-32:
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speeds from part load to wide open throttle [85]
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2.3.2.3. Fractal model
In this approach, the flame is wrinkled by the aerodynamic turbulence. The wrinkle of the
flame is supposed to have a self-similar development (figure 2-33) [89].

The wrinkling factor and the burning mass rates are defined

. St Ar

s=t=F (46)
dmb -
? = puALSL': (47)

The laminar flame surface A;, corresponds to the spherical flame surface.

In the fractal model, the wrinkling phenomenon can be represented by a fractal dimension
D, for a range of length scales going from L, t0 L4, SO [90]:

D3-2

2 = (o) 8

Lmin

D5 is a function of the turbulent flow behavior. L,,;, is the Kolmogorov scale. Ly, ,.is a
function of the flame radius Ry through a calibrating coefficient Cy.

_2.35u" +2.05s,

D, = 4
3 u' +s; (49)
0.75
u'Ly
Lnin = N, = LT( v ) (50)
Lpax = CRRf (51)

Figure 2-33:fractal combustion model scheme[20]
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2.3.2.4.  CFM 1D Model
The CFM-1D, Coherent Flame Model, is based on the 3D gasoline combustion model ECFM
developed by Colin et al. at IFP. In this model, the combustion chamber is divided into 2
zones: a burned gases and an unburned gases zone separated by a premixed turbulent
flame. The model was validated comparing 1D and 3D results on steady state operating
engine. The CFM is adapted to the flamelet regime for premixed combustions and is based
on the following hypothesis [91]:

Homogeneity of the mixture

Mixture of perfect gases

Mixture of 3 gas: fresh air, fuel vapor and burned gases
Stoichiometric combustion

Cylindrical combustion chamber

No space dependency of the different variables

The pressure is supposed to be homogeneous p = p, = pp

In the CFM-1D, itis assumed that the flame is an infinitely thin layer separating the burned
and the unburned zone. Using the mass conservation through the flame front gives the
burned mass fraction or what is called by the progress variable ¢:

(=—=1—— (52)
The basis of the CFM is to describe the fuel consumption taking into account the flame

surface and the laminar speed.

dmf
dr puArs Y} (53)

Y¢* is the fuel mass fraction in the unburned mixture, p,, density of unburned mixture.

w My
Yr = (54)

The laminar flame speed is calculated using the Metghalchi and Keck correlation [88]

T\ (D \f

s, = s () (T—O) (%) (1 —2.1Xggp) (55)
L = B + By (¢ — 90)? (56)
a=218—-08(p —1) (57)

B =—-0.16+0.22(p — 1) (58)



B,, and B, and ¢, are defined by Metghalchi and keck for a standard gasoline [88]
The flame surface is defined by:

Ar = Ageo & Gy (59)
Crw is calibrating coefficient to model the flame-wall interaction.

Ageo is the geometrical surface of the flame and it is computed knowing the burned mixture
volume V,, under the hypothesis of a spherical flame:

Ageo = 41T, (60)
3 ,31/,,

rgeo = E (61)

V,=V-V, (62)

V is the combustion chamber volume defined by the crankshaft motion, engine speed,

stroke and connecting rod. V,, is the unburned mixture volume defined by:
_ muTuTu

4 (63)
p

With r, and T, the perfect gas constant and the unburned mixture temperature respectively.
When the flame diameter reaches the stroke value, the flame becomes a cylinder:

Ageo = 2MTye0S (64)

/Vb
Tgeo = E (65)

S is the stroke: distance between the piston and the cylinder head.

The evolution of the flame is assumed to be laminar until its radius reaches a characteristic
value of ry when the flame is wrinkled by turbulence. The wrinkling factor = is then:

1, Tgeo < 1o

Tyeo — T,
1 —min (1,L0> Eeq Tgeo > 1o (66)

Z,q is defined by:

2. E.
0T _q 4 SNEYT (67)

vr = 0.09? (68)



E=a—
aLT (69)
3
kzzu'z (70)
3/2
=042 — 71
=042 I (71)

v is the turbulent viscosity, U’ is the turbulent intensity, L is the integral length scale, k is
the turbulent kinetic energy at a dissipation rate €.

The turbulent kinetic energy k is correlated to the dissipated kinetic energy E, 4,55 and the
kinetic energy E. [92]:

E; ai
k = Crurp % (72)
dE di dE
;tlss = dtc - CdissEc,diss (73)

The evolution of this kinetic energy varies in function of the kinetic energy of the motions
of the swirl and the tumble, the spray injection and the effects of the squish:

dE. _ dE; swirt + dE; tumbie n dEc spray N dE¢ squish (74)
dt dt dt dt dt

All of preceding kinetic energies are neglected except of the tumble whose evolution in
spark ignition engines is the main generator of kinetic energy. Considering a solid rotation
of the mixture [91]

1 2 2
E. = E] Wiyumble = E-]-Ntumble-we (75)
1 Al
==.m (= (76)
J=5-m (2)

we is the engine angular velocity, Niymple 1S the tumble number
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Figure 2-34: Comparisonn between the 3D simulation and the CFM- 1D model developped by IFP[91]

In figure 2-34, the 3D calculation are plotted in black solid lines whereas the CFM-1D model
is plotted in red-dotted lines. Some differences of 0.1% were found in the high-pressure
loop IMEP. The evolution of burned fuel fraction, unburned gases temperature in CFM-1D
are in good agreement with the 3D computations [91]
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2.3.2.5. SI-Turb
The SI-Turb is the spark ignition turbulent flame model developed by GT Power. It is based
on the Eddy burn-up model and it predicts the burn rate for homogeneous charge in spark-
ignition engines taking into account the cylinder’'s geometry, the spark location and timing
, air motion and fuel properties [93] [94] [95]

The fresh gases have a density p,,, are entrained at velocity equal to the summation of the
turbulent sy and the laminar speed s; as described by equation (1) and (2)

This entrained mass is burned in a characteristic time 1,

Ar
Tp = P (77)
At is the Taylor microscale
L)
ST:uCTFsll_—Rzl (58)
1+ Cryg & /
FKG L’21"
CTLSLT
A =
u'L
et — pu T (79)
Hy
T, \* B
s, = (Bm + By(¢ — 90)?) (T_u) <£> f (Dilution) (80)
0 Po
f(Dilution) =1 —0.75 % Cpg * (1 — (1 — 0.75 * Cpg * Xpgp)”) (81)

u’is the turbulent intensity, Rris the flame radius, Ly is the integral length scale, Re, is the
turbulent Reynolds number, u, is the fresh zone dynamic viscosity, ¢ is the fuel-air
equivalence ratio. T, is the fresh gas temperature, p is the cylinder pressure and X5 is the
residual burned gases fraction. p,=1 atm and T,=298 K (standard conditions).

For the laminar speed s, and for the gasoline used as the fuel:

B, = 0.35m/s and represents the maximum laminar speed

B, = —0.549 m/s and represents the laminar speed roll-off value
¢, = 1.1 and represents the equivalence ratio at maximum speed

a = 2.4—0.271¢3%! and represents the temperature exponent



B = —0.357 + 0.14¢9277 and represents the pressure exponent.
In these modeling equations, 4 calibrating factors are used:

1. Crgg : Flame kernel growth multiplier FKGm which adjusts the initial growth rate of
the flame kernel

2. Crps: Turbulent flame speed multiplier TFSm

3. Crps: Taylor length scale multiplier TLSm

Crrs and Crps both adjust the effects of turbulent intensity and length scale

4. Cpg : Dilution exponent multiplier DEm which adjusts the effect of dilution



2.3.2.6. Model selection

All of the previously mentioned combustion models are interesting and they proved to be
beneficial in the prediction of the combustion development and combustion parameters.
They all showed some similar performance in the prediction of the combustion
development. However, SITurb was selected since it is already coded in the software GT.
Nevertheless, the SITurb combustion model was calibrated on the model using
experimental results from the performance maps in order to accurately predict the
combustion behavior. In the following part, the calibration of the SITurb will be elaborated
in details.



2.3.3. Calibration of a predictive combustion model
These aforementioned multipliers in the predictive combustion SITurb need to be
calibrated. The calibration requires a set of experimental operating points taken from the
performance tests that were presented earlier in this PhD manuscript and it was done in 2
steps:

1. Anin-cylinder pressure analysis
2. An optimization procedure

The calibration procedure was inspired by the manuals of the GT-Suite engine performance
provided by Gamma Technologies but it was improved in order to better predict combustion
behavior and consequently the knock apparition[96].

To perform an in-cylinder pressure analysis, the complete engine model is used without a
combustion model, experimental operating points must be defined and some measured
data are required to perform the analysis and they include:

* Crank angle resolved instantaneous cylinder pressure

= Air flow and fuel flow rates

= Spark Timing

* Engine pollutant emissions (unburned hydrocarbon and CO)

At the start of each cycle the burn rate is calculated using the trapped conditions within the
cylinder along with the measured in-cylinder pressure trace and this calculated burn rate is
then imposed during the next cycle to calculate the in-cylinder pressure. These cycles are
repeated until the convergence is reached. As a result of the in-cylinder pressure analysis,
volumetric efficiency, trapping ratio, residual fraction, in-cylinder turbulence and wall initial
temperature are computed.

The resulting data from the in-cylinder analysis are used to perform the optimization
procedure. For that purpose, a model has to be setup. All parts, but the cylinder, cranktrain
and injector connected to the cylinder are deleted. Also, The SITurb predictive combustion
model has to be defined at that stage. The model will only perform a closed volume
pressure analysis, i.e. no gas-exchange is included. The model will provide a comparison of
cylinder pressure and burn rate between the measurement and the predictive combustion
model.

The initialization is done at three different locations in the cylinder:

An cylinder initial state object has been created. It initializes the cylinder using Volumetric
Efficiency, Trapping Ratio, Fuel at IVC and Residual Fraction. Volumetric efficiency, fuel
mass at IVC, trapping ratio and residual fraction are results available from the in-cylinder
pressure analysis created in the previous step.



The cylinder wall temperatures are set using the results from the in-cylinder pressure
analysis.

Furthermore, the 'SITurb’ model has to be specified as Combustion Object. It requires the
combustion chamber geometry which is specified using the head and piston STL files. Also,
the spark plug location is specified here.

The aforementioned four parameters are used for the calibration:

o Flame kernel growth multiplier FKGm: multiplier used to scale the calculated value
of the growth rate of the flame kernel and it influences the ignition delay.

()

sp=u.TFSm| 1— —— | (58)
1+ FKGm-L

o Dilution exponent multiplier Dem: multiplier used to scale the effect of dilution
(residuals and EGR) on the laminar flame speed

o Turbulent flame speed multiplier TFSm: multiplier used to scale the calculated
turbulent flame speed and it influences the overall duration of combustion.

o Taylor length scale multiplier TLSm: multiplier used to scale the calculated value of
the "Taylor microscale" of turbulence.

_ TLSm.Ly

N = — T

An optimization runs to find the single set of model constants that will provide the best
possible match to a wide variety of operating points. This best match may be defined in
terms of matching measured and predicted burn rate, cylinder pressure, IMEP, emissions,
etc. It was chosen to find the best match of measured and predicted burn rates, by running
a genetic algorithm that gives the lowest value of the "Improved Burn Rate RMS Error “
averaged over all operating points.

The Improved Burned Rate RMS Error (Measured vs Predicted) is defined by the following
formula:

t
ftof(LHVpred -BRpred - BRmeas)zdt

parmserr2br =
tf - to



BR,),q :Combustion burn rate calculated from predicted pressure (normalized by total fuel)
BR,,..qs:Combustion burn rate calculated from measured pressure (normalized by total fuel)

tr:Time at end of integration. This is the time at which the measured 90% burn point is
reached relative to the total burned fuel. The integration is stopped at measured 90% fuel
burned to avoid inclusion of long "tails" that may include excessive noise from the measured
pressure measurement.

to :Time at beginning of integration. This will correspond to the start of combustion
specified in the EngBurnRate object.

The Improved Burn Rate Root Mean Squared Error (RMS Error) is a calculation of the error
between the predicted combustion burn rate and measured combustion burn rate over the
time period between the specified start of combustion and measured 90% burn angle and
alsois weighted by the LHV multiplier of the predicted analysis in order to match the energy
content of the measured exhaust gases. This value is provided to facilitate automated
optimization of predictive combustion models as it provides a single value that
characterizes the quality of fit between the predicted and measured burn rate curves. The
value may be minimized over many different operating points (a larger value represents
higher deviation between the two curves).

The whole calibration procedure wouldn't have been possible without some experimental
results.
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2.3.3.1.  1%tcalibration using experimental data from the whole engine performance
map: SITurb-1

In a first place a calibration was performed using experimental data results from the whole
engine performance map. 30 operating points from the 298 points were chosen across all
the region as it can be seen in figure 2-35. They are marked in green. Points highlighted in
white are operating points that were performed on the bench but were not used for
calibration. They were however used with the calibration points to validate the results.
Points highlighted in grey are operating points that could not be performed due to the
engine configuration limitations.
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Figure 2-35: points used for the optimization process of SITurb-1

The number of points used for the calibration was based on a preliminary sensitivity study.
In this study several calibration procedures were performed under the same conditions with
the only differences of the number of the operating points used for the calibration. At the
end of each calibration, the values of the obtained calibrated multipliers (FKGm, DEm, TFSm
and TLSm) were plotted with respect the number of operating points considered in figure
2-36.
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Figure 2-36: evolution of the SITurb-1 parameters in function of the number of cases considered

These graphs show that starting 30 cases considered, the value of the parameters don't
fluctuate a lot. However, in order define a number for the cases to be considered, these
parameters obtained from the different calibrations were exported to the model and tested
on all the other cases that weren't used for calibration. Note that the 10 cases considered
in the first calibration were re-considered in the 17 cases calibration that were also used in
23 cases calibration and accordingly to the 52 cases. Taking into account the energy and
time consumption when running an optimization procedure, considering 30 operating

points represent a good trade-off.

For the calibration of the SITurb-1, the obtained values of multipliers are presented in table

2-14:
SITurb-1
FKGm | 6.9677477
DEm 1.2420095
TFSm | 3.2782295
TLSm | 2.5839753

Table 2-14: values of the calibrated parameters of the SITurb-1 model
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Some of the combustion parameters will only be displayed in figures 2-37 to 2-40. Some
measured versus predicted combustion parameters are plotted on the same graph to

evaluate to capacity of the SITurb-1 combustion model.

Confidential

Figure 2-37: measured vs predicted for SITurb-1 CA50 within [-3,3] CAD range

247 out of 298 points are within the range =3 CAD

Confidential

Figure 2-38: measured vs predicted for SITurb-1 CA1075 within [-3,3] CAD range

206 out of 298 points are within the range +3 CAD
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234 out of 298 points are within the range +5%

Confidential

227 out of 298 points are within the range +5 bar

It should be noted that SITurb is mainly designed to operate in homogeneous conditions.
However, for engine speeds between 1200 and 2000 rpm and when the intake pressure
exceeds 1100 mbar, the injection strategy on the engine-bench is a triple injection. A triple



injection with a late third injection leads to charge stratification and could impact the
accuracy of the predicted results when compared to experimental results. Moreover, knock
is the main concern and as it was seen in the literature review, the knock apparition is
mainly restricted to the low engine speed and high load regions. It is then interesting to
calibrate the SITurb on the complete engine model only in the region where knock
apparition is the most probable.



2.3.3.2. 2" calibration using experimental data from the knock region in the engine
performance map: SITurb-2

As stated earlier, SITurb is designed to predict combustion development and calculate
combustion parameters for a homogeneous charge. On the engine bench, and more
specifically between 1200 rpm and 2000 rpm, the engine control unit requests a triple
injection for the operating points whose admission pressure exceed 1100 mbar. This
strategy was modified to a single injection in that region and the performance tests were
repeated under that homogeneous conditions. They represent in total 68 operating points.
Coolant temperature was regulated at 85°C and oil temperature at 90°C. The objective of
performing these tests in this region is to use them later on for the combustion model
calibration.

15 out of 68 operating points were picked from the low speed high load region of the maps
as it can be seen in figure 2-41. They are highlighted in blue.

rad Ind{ 1050 | 1200 | 1350 | 1550 | 1750 | 2000 | 2500 | 3000 | 3500 | 4000 | 4500 | 5000 | 5500 | 5300

mmummhwnl—'ﬁ

In order to better visualize the engine region which is the most prone to knock, a zoom is
made and it represents 68 operating points in total, from which 15 operating points were
picked for the calibration as it is seen in figure 2-42.

Points highlighted in white are operating points that were performed on the bench but
were not used for calibration. They were however used with the calibration points to
validate the results. Points highlighted in grey (load index 16 and beyond) are operating
points that could not be performed due to the engine configuration limitations.
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Figure 2-42: zoom on the points used for the optimization process of SITurb-2

The obtained calibrated parameters of SITurb-2 are presented in table 2-15 and

compared to those of SITurb-1

SITurb-1 SITurb-2
FKGm | 6.9677477 6.489617
DEm 1.2420095 1.1927402
TFSm | 3.2782295 3.9478
TLSm | 2.5839753 2.8323846

Table 2-15: values of the calibrated parameters of the SITurb-1 and SITurb-2 models

As it can be observed, the calibration procedure impacted the optimized values of the

SITurb parameters.

First, a comparison of experimental versus predicted by SITurb in-cylinder pressures and
burn rates are plotted on the same graph for some of 68 operating points in figure 2-43 to

2-45. At 1550 rpm:
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The SITurb capacity to predict the in-cylinder pressure and burn rates are satisfactory for
1550 rpm. No discrepancies are observed in the early stage of the combustion development
and even after the maximum pressure peak and till the end of the combustion phase. Such
prediction is so important for the upcoming modeling of the knock in chapter 4. It should be
noted that the trapped charge is overestimated using the model as it can be seen that the
pressure at the end of the compression stroke is higher for the model than the experiments.
This is due to complete engine model configuration which is designed to target the intake
pressure values along with the heat transfer model. Such discrepancies are not linked to
the SITurb combustion model. However, the calibrated SITurb model compensate this
overestimation by an ignition delay. The ignition delay can be observed on the burn rate
curves and itis around 5 CAD.

In-cylinder pressures and burn rates comparison are also presented for two more engine
speeds 2000 rpm and 2500 rpm.
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At 2000 rpm:
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Figure 2-44: experimental vs SITurb prediction of in-cylinder pressures (a&b) and burn rates (c&d) for 2 operating
points at 2000 rpm

Satisfactory results are also obtained for the two operating at 2000 rpm when experimental
and predicted in-cylinder pressures and burn rates are compared. However, and as it was
also seen on the operating points at 1550 rpm, the engine model overestimates a little bit
the end of compression pressure. This overestimation was compensated by SITurb model
by a little bit of ignition delay when compared to the experimental results. Either way, this
overestimation and compensation are not expected interfere later on the knock prediction
capacity of the knock model.
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At 2500 rpm:
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Figure 2-45: experimental vs SITurb prediction of in-cylinder pressures (a&b) and burn rates (c&d) for 2 operating
points at 2500 rpm

The same behavior of the SITurb model is also obtained for these two operating points at
2500 rpm with one difference that peak pressure was a little bit underestimated by SITurb.
This underestimation could impact a little bit the knock prediction later on in chapter 4 as
the knock occurrence is influenced by the pressure of the end-gas and the knock apparition
might be predicted delayed as pressure decreases. Even so, knock is more probable to
appear at engine speeds of 1550 rpm and 2000 rpm than 2500 rpm.

In fact, the choice of these 6 operating points, two at each engine speed, was made on
purpose. These 6 operating points from the engine performance maps surround the 3
operating points that were chosen to perform engine knock tests.

Moreover, some measured versus predicted combustion parameters are also plotted on
the same graph to evaluate to capacity of the SITurb combustion model taking into account
the validation points. They are presented in figures 2-46 to 2-50.
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Figure 2-46: measured vs predicted for SITurb-2 CA50 within [-3,3] CAD range

The CA50 is very well predicted by SITurb. 66 out of 68 operating points fall within the +/-

3 CAD range

Confidential

Figure 2-47: measured vs predicted for SITurb-2 CA1075 within [-3,3] CAD range

The CA1075 is also very well predicted by SITurb. 67 out of 68 operating points fall within

the +/- 3 CAD range.
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Figure 2-48: measured vs predicted for SITurb-2 maximum pressure within [-5,5] bar range

65 out of 68 operating points fall within the [-5,5] bar range. These points refer to the
highest loaded points at 2500 rpm for which the in-cylinder pressure is underestimated by
the mpde.

Confidential

Figure 2-49: measured vs predicted for SITurb-2 crank angle at maximum pressure within [-3,3] CAD range

The crank angle at maximum pressure is very well predicted by the SITurb combustion
models. Along with the previously mentioned parameters, the SITurb capacities are good
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enough to ensure a good prediction of the combustion development which will later on
impact the knock predictions. 67 out of 68 operating points fall within the +/- 3 CAD range.

Confidential

The engine performance is very well predicted by the model. 67 out of 68 operating points
fall within the [-5%,5%].

To conclude, SITurb offers a very good prediction for the combustion development, the in-
cylinder pressure, the burn rates as well as the combustion parameters. Such capacity of
the SITurb wouldn’t have been possible without a complete engine model that is capable of
calculating as accurate as possible the in-cylinder compositions. This is very important for
the knock modeling as knock occurrence is highly influenced by the combustion progress
as well as the in-cylinder composition. As it was stated, combustion modeling represent a
preliminary task in this PhD thesis since the knock modeling is the main task on the
numerical side. Knock modeling is presented in details in the chapter 4 “knock modeling and
simulation”.



2.4. Conclusion on the experimental setup and numerical tools

A turbocharged 3-cylinder stock engine was instrumented. The instrumentation includes in
particular instantaneous pressure and temperature measurements over the entire air loop,
instantaneous pressure measurements in the combustion chamber, wall temperatures at
various locations in the combustion chamber.

An experimental campaign made it possible to characterize the impact of various engine
control parameters on the development of the combustion, such as spark advance, air-to-
fuel equivalence ratio, coolant and oil temperatures and for different control strategies
(constant intake pressure versus constant trapped air mass, fixed spark advance versus
fixed CA50).

The complete engine model has been briefly described: regarding the combustion, a
bibliographic study was carried out on the main OD phenomenological models and led to
the choice of the "SI Turb" model implemented in the GT POWER environment. A calibration
procedure for it has been described, making it possible to find the main characteristics such
as the CA50, the combustion duration, the maximum in-cylinder pressure, or the IMEP over
the entire engine operating range. It was also deemed necessary, for the present study of
knock in areas at low speeds and high loads, to carry out a specific calibration of the model.



Experimental Setup and Numerical Tools

Un moteur de série 3-cylindres suralimenté a été instrumenté. L'instrumentation comprend
notamment des mesures de pression instantanée et de températures sur I'ensemble de la chaine
dair, des mesures de pressions instantanées dans la chambre de combustion, des températures
de parois d différents endroits de la chambre de combustion.

Une campagne expérimentale a permis de caractériser Iimpact de différents paramétres de
contréle moteur sur le déroulement de la combustion, tels que I'avance d I'allumage, la richesse,
les températures de liquide de refroidissement et d'huile, ceci pour différentes stratégies de
contréle (iso pression d'admission versus iso masse d'air enfermée, iso avance a allumage versus
iso CA50).

Le modeéle complet du moteur a été décrit sommairement ; s‘agissant de la combustion, une étude
bibliographique a été menée sur les principaux modeéles phénoménologiques 0D et a conduit G
retenir le modele « SI Turb » implémente dans I'environnement GT POWER. Une procédure de
calibration de celui-ci a été décrite, permettant de retrouver les principales caractéristiques telles
que le CA50, la durée de combustion, la pression maximale dans le cylindre, ou la PMI sur
I'ensemble du champ de fonctionnement moteur. Il a été en outre jugé nécessaire, pour la présente
étude du cliquetis dans les zones a faibles régimes et fortes charges, de réaliser une calibration
spécifique du modéle.
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3. Experimental Results

This third chapter deals with the experimental analysis of the knock:
First, a general presentation of the tests is given.

In a second part, after reviewing the literature, a knock indicator is selected and tested,
particularly in terms of repeatability.

In a third part, studies of the influence on the occurrence of knock are carried out for various
engine control parameters, such as the valves timing (intake and exhaust), the profile of fuel
injection in the combustion chamber (number of injections, quantities injected, and phasing
of each injection), the intake temperature, and the temperatures of the coolant and the
lubricating oil.



Experimental Results

Ce troisieme chapitre porte sur I'analyse expérimentale de I'apparition du cliquetis.
Dans un premier temps, une présentation générale des essais est effectuée.

Dans une seconde partie, apres passage en revue de la littérature, un indicateur de cliquetis est
retenu et testé, notamment en termes de répétabilité.

Dans une troisieme partie, des études d'influence sur I'apparition du cliquetis sont menées pour
differents parametres de contréle moteur, tels que le calage de la distribution (admission et
échappement), le profil d'injection de carburant dans la chambre de combustion (nombre
d'injections, quantités injectées, et phasages de chaque injection), la température d’admission, et
les températures de liquide de refroidissement et de I'huile de lubrification.
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3.1. Presentation of the knock tests
Knock tests represent the hub of this PhD Thesis. They were performed to study the impact

of the knock limit on engine performance and to characterize the influence of engine control

parameters on knock apparition.The tests that were performed are the following:

1.

Impact of knock on engine behavior and performance under 2 valves settings: valves
overlapping and valves not overlapping since varying the valves timings impacted
the residuals trapped. As it was seen in chapter 2, such variations impacted the
combustion development which might subsequently impact the knock apparition
Impact of intake air temperature on knock apparition: knock occurrence is related to
the end-gas auto-ignition conditions including its temperature. Since variations in
end-gas temperatures influence the knock apparition, the intake-air temperature
will be varied and its impact on end-gas temperature and knock apparition will be
assessed.

Impact of injection strategies on knock apparition. Injections strategies influence the
homogeneity of the charge and since cool gasoline is evaporated, it also influence
the thermodynamic state of the mixture which consequently can impact the knock
apparition.

Impact of coolant and lubrication oil temperatures on knock apparition: as it was
seen in the previous chapter, coolant and oil temperature impact the combustion
development which might in turn influence the knock occurrence.

The first set of tests will be later used to improve the knock prediction capacities of a
complete engine model. The other sets of tests will be used to study the capacity of the
model to predict the modification of control parameters.

Each of the previously mentioned tests are performed on 3 operating points representing
3 engines speeds:

1.

1550 rpm and an intake pressure of 1500 mbar. This operating point is referred
to by 1550x1500mbar
2000 rpm and an intake pressure of 1700 mbar. This operating point is referred
to by 2000x1700mbar
2500 rpm and an intake pressure of 1700 mbar. This operating point is referred
to by 2500x1700mbar

These operating points were picked in the low engine speed area and the highly loaded
which is the area the most prone to knock.

In order to better understand the knock apparition under different control parameters, a
knock indicator must be defined. This indicator should be capable to compare different



strategies in order to conclude on the engine behavior, combustion development and knock
occurrence under modified parameters.



3.2. Knock indicator

3.2.1. Definition of a knock indicator
In order to compare the different engine settings and their impact on knock occurrence, it
is important to define a knock indicator. The knock index that will be implemented in this
PhD thesis is elaborated in this section.

Several methods were proposed in the literature to quantify the knock. They are mainly
based on the in-cylinder pressure signal.

The maximum amplitude of pressure oscillation (MAPO): is one of the most widely used
methods of knock quantification [97] [98] [99] [100] [101]

MAPO = max(|plg™)

p as the bandpass filtered pressure signal, 8, as the crank angle at the beginning of the
knock interval and w is the duration of the knock window.

The integral of the modulus of the pressure oscillation (IMPO): it was introduced by Arrigoni
[102] and defined as:

Ta

1
IMPO = —] |Dhpldt
T,

0

T, : period for 1 engine cycle
T, : time corresponding to 70° ca after the peak pressure
Pryp - the high pass filtered cylinder pressure measured by a flush-mounted transducer

Arrigoni used a high pass filter of 5 kHz. He also averaged the IMPO value of 2 seconds to
take into account the cycle by cycle variations. However other authors included all of the
considered cycles as in the work of Brecq[103]

N ST+w

1
IMP =—E 5
0=y J |15|d6
ST

1
1 N
MAPO = szaxamz%*””)
1

Where N represents the number of computed cycles, ST the spark timing in crank angle
degrees, p the filtered pressure and w the with of the computational window



He also used a bandpass filter for the in-cylinder pressure signal (4-20 kHz) and calculated
the IMPO from the spark timing up to 60° CA after the spark.

Brecq used the IMPO and MAPO to define his dimensionless indicator DKT [103]:
IMPO

While IMPO is the surface under the filtered pressure signaland MAPO X w is the surface
of the computational window as illustrated in the figure 3-1 which represents the
multiplication of the MAPO value by the window length, the DKI represents the “weight” of
IMPO within the computational window.
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Logarithmic knock index:

It uses the average energy of the filtered pressure signal to describe knock intensity. This is
appropriate given that the pressure oscillations are made up of several frequencies [104].
The average energy of a signal in the time domain is given by:

N
Average Energy = %Z p2(n)

n=1
The advantage of using the average energy method is its equivalence in the frequency
domain and in the time domain [105] The complexity of the Fourier analysis in the
frequency domain and the risk of spectral spreading makes it easier to evaluate the LKI
value in the time domain as an ‘average energy’ calculation of the filtered pressure data.
The LKl is calculated as the following : C is a constant.

KI = In(C x Average Energy)

C yl=1 ﬁz (n))

LKI =
ln( N



All of the mentioned indicators are interesting and they are useful to define a knock
intensity of any operating point under any setting. However, this knock intensity cannot be
compared unless the spark advance is constant for the different settings for every
operating point. Itis then necessary to plot the evolution of the knock indicator with several
spark advances for every engine setting in order to compare them. In order to select a knock
index for the study, the previously mentioned indicators were adapted to the results
obtained on the bench and tested as the following.

For each engine setting, 3 tests are at least performed. The first one is with the value of the
stock calibration of the engine and it corresponds to O CAD of spark advance increase. The
second value is an intermediate spark advance increase and the third value is the maximum
spark advance increase. In the figures of knock index versus spark advance increase, the x-
axis represents the spark advance increases and it corresponds to the additional spark
advance that was added to the calibrated spark advance value in order to induce knock. The
calibrated spark advance is fixed for every operating point and for all the tests performed
on that operating point (impact of knock on engine performance, impact of intake
temperature, impact of injections strategies and impact of coolant and oil temperature).
The calibrated spark advance for each operating point is presented in table 3-1.

Operating point 1550 rpm x1500 | 2000 rpm x 1700 | 2500 rpm x 1700
mbar mbar mbar

Calibrated spark | -6.75 -6.75 -3

advance [CAD

ATD(]

Spark timing [CAD | 6.75 6.75 3

ATD(]

The in-cylinder pressure traces are recorded for 250 cycles, and for each cycle, a value is
saved every 0.36 CAD. In order to calculate the knock index, the following procedure is
performed for each cycle.

1. Thein-cylinder pressure is filtered between 3 kHz and 10 kHz.

2. The filtered signal is windowed for 72 CAD starting from the spark timing

3. The maximum value of the windowed signal within each cycle is retained as
MAPO;yce . This value corresponds to the maximum amplitude of pressure

oscillation as it was described.

If this value MAPO,,.,. exceeds a threshold, it will be considered in the calculation of the
knock index. If this value does not exceed the threshold, a value of O will be affected to
MAPO,y .. The evaluation of the threshold will be presented later on in this section.

The knock index is then calculated based on the following formula:



Experimental Results

211\1 MAPOcycle

Klyapo =
0 N cycles

Where N¢ycies = 250, the total number of cycles considered.

The threshold value was chosen as the lowest value that maintain the Ky 4po value at O
for the calibrated spark advance. The objective of fixing a threshold is to eliminate all
sources of noise in the signal that are not related to knock. First a value of 0.1 was chosen
for the threshold and a step of 0.1 is applied until the K1y;,p0=0 for every operating point.

From a threshold of 0.6 bar and above and for all the operating points, the knock index value
at 0 spark advance increase is O as it can be seen in the figure 3-2 for 1550x1500 mbar.
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Figure 3-2: knock index evolution with the threshold at 1550x1500mbar

In the following parts of this PhD thesis, the use of the terms knock index or simply “KI”
refers to the Kly4p0-
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3.2.2. Repeatability Tests
Some repeatability tests were performed in order to compute the uncertainties of the
defined knock index as it can be seen in figure 3-3. The tests were performed at 1550 rpm
and intake pressure of 1500 mbar and intake temperature of 30°C. The first and the last
tests are separated by a 10-day period.
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At location “A”, the differences on the knock index between test 1 and test 3 are about 0.02

At location “B", the differences on the knock index between test 2 and test 1&3 are about
0.03

At location "C", the differences on the knock index between the tests are about 0.02.

The observed differences on the knock index are small and the related uncertainty is +
0.015. In fact, this uncertainty in the measurement was reduced after the implementation
of the threshold, which removes all the noise that is not related to knocking events in the
filtered pressure signal. However, this small uncertainty could be due to the data
acquisition: on the engine bench, 250 cycles are recorded but they are not necessarily
consecutive cycles, the acquisition system might skip some intermediate cycles but at the
end of the measurement, it will store 250 cycles. Some of the skipped cycles could be some
significant knocking cycles and their omission could impact a little bit the resulting knocking
index of the operating point. To be clear let's consider a series of 12 consecutive cycles and
their corresponding MAPO values in the table 3-2.

Cycle |1 2 3 4 5 6 7 8 9 10 11 12
MAPO |05 |04 |06 |065|05 |07 |045|035|04 |04 |0.65 /0.6




If the acquisition system stores cycles 1, 2, 5, 8 and 12, the average MAPO value is 0.47
If the acquisition system stores cycles 1, 4, 6, 9 and 10 the average MAPO value is 0.53
If the acquisition system stores cycles 2, 5, 7, 11 and 12 the average MAPO value is 0.52

As it can be seen in the previous simulations, the averaged MAPO values can vary a little bit
depending on the stored cycles.

Nevertheless, on the first part of the test 2 curve (grey), a significant difference is observed
between the test 2 and both test 1 & 3. In fact, on this part, no operating points with the
corresponding spark advance increase were stored and the curve simply joins the points at
0 CAD and 1.875 CAD of spark advance increase. This is not restrictive for the rest of the
study and the comparison of the different strategies in this chapter since the operating
points are performed with a smaller step in spark advance increase.



3.2.3. Cylinder choice
Testing knock on a stock internal combustion engine gives the opportunity to study the
impact of the knock on each of the cylinders. This was done on the operating point at 2000
rpm, intake pressure of 1700 mbar and intake temperature at 35°C.

First lets start with a global visualization of some in-cylinder pressures for 5 cycles of the
3 cylinders in figure 3-4. The plot for cylinder 2 was presented twice in figure 3-4b and 3-
4c in order to be used for comparison for cylinders 1 and 3.
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It seems that the cylinder 2 shows a higher knocking tendency when compared to both
cylinders 1 & 3 if we consider the pressure oscillations on the cycles plotted for the 3
cylinders in figure 3-4. However, it is much more interesting to plot the same in-cylinder
pressures for the same cycles for the 3 cylinders as in figure 3-5
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Figure 3-5: in-cylinder pressure traces (each division is 10 bars) for 4 cycles (a, b, ¢ & d) for the cylinder 1, cylinder 2
and cylinder 3 at 2000x 1700 mbar with 4 CAD of spark advance increase

In figure 3-5, the in-cylinder pressure was plotted for the 3 cylinders for the same cycle on

the same graph and it can be observed that the cylinder 2 seems to have a higher tendency

to knock if we consider the pressure oscillations. These plots remain some observations

and it is necessary to consider all the cycle for all the cylinders to rule whether or not 1 of
the 3 cylinders is more prone to knock. To do so, the knock index is plotted for the three
cylinders. As it was seen earlier, the knock index takes into account all the cycles.
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As it can be seen in the figure above, the cylinder 2 shows a higher knock index when the
spark advance increase is at the maximum. However, at O spark advance increase, both

cylinders 1 and 3 have Kl equal to almost 0.2 and the cylinder 2 has a KI=0. The cylinder 2
is then selected as the most critical to knock between the three cylinders and that for the
following reasons:

The KI for the cylinder 3 does not evolve a lot with the spark advance increase. The
cylinder 3 seems to be the less prone to knock in this engine. The Kl starts to show
a significant evolution after about 2.5 CAD of spark advance increase. At that value
of spark advance increase, both Kl of cylinders 1 and 2 are much higher. So the
cylinder 3 is eliminated from the study. The same was observed on different
operating points.

A lot of noise was observed in the in-cylinder pressure trace for the cylinder 1. This
noise is mainly due to the equipment setting. This noise is capable to show a false
tendency of the engine to knock given that the knock index calculation is based on
the filtered signal of this in-cylinder pressure. This noise is capable of causing a
knock index of 0.2 at O spark advance increase.

The Kl values for the cylinder 2 show a clear tendency to increase starting from O as
the spark advance is increased and it reached the highest value at the highest spark
advance.

The cylinder 2 is thus a reliable cylinder to study the impact of knock limit on the engine
behavior, and in a second stage to study the impact of engine control parameters such



intake air temperature, injection strategies and oil and water temperatures on knock
apparition. In the following sections and chapters of this PhD thesis, the study will only be
focused on the second cylinder as it is the first cylinder to knock and it should be used to
help calibrate and dimension internal combustion engines.

The choice of the cylinder 2 as the most prone to knock can be understood if we look at the
cylinder liners temperature for the three cylinders in figure 3-7

Cylinder liner temperatures at 2000x1700 rpm
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This an averaged cylinder liner temperature over the whole surface as it can be seen in
figure 3-8. The cylinder liner temperatures were calculated by GT Power using the finite
element (FE)

1
Zode=1 mé hg (®). Xsurf (1) . A. Tg (t)dt

1
gode:l m ¢ hg (®). xsurf(t)- Adt

T =

hy(t) is the instantaneous gas-to-structure convective heat transfer coefficient [W/m~2-
K]

xsurr(t) is the instantaneous fraction of surface area exposed to gas

A surface area of FE mesh node; combined with x surf (t) above gives surface area exposed
to gas

T, (t) is instantaneous gas temperature [K]
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®

Figure 3-8: cylinder temperature zones

The calculation of the cylinder liner temperature are done on 3 separate zones {(figure 3-8)
and the values are averaged over the zones. It is clear that the cylinder liner temperature of
the cylinder 2 is higher than that of the cylinder 1 and 3. The cylinder 2 has the less surface
exposed to water coolant and less heat can thus be evacuated when compared to cylinder
1 and 3. The elevated surface temperature of cylinder 2 impact the end gas temperature
and contributes to a shorter auto-ignition delay and thus a higher chance to knock.

nou

It should be noted that the terms “knock apparition”, “knock delay” and “knock advance”
are directly related to knock index variation with spark advance increase.
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Figure 3-9: example of the knock index evolution with different strategies adopted
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As seenin figure 3-9, if a certain strategy curve is on the right of another curve (for example
strategy 3 on the right of strategy 2), it means that former delays knock apparition since
the spark advance should be further increased to reach a specific knock index of the latter.
Subsequently, the latter advances the knock apparition when compared to the former.
These terms are going to be used in all the sections of the present chapter.
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3.3. Impact of Knock on engine behavior

3.3.1.

Knock index evolution with valves timings sweeps

In this section, knock impact on the engine will be studied for the three operating points
1550x1500 mbar, 2000x1700 mbar and 2500x1700 mbar. The knock is induced by a
simple increase of the spark advance. The specifications of the operating points are
presented in the following table 3-3:

Engine Speed (rpm) 1550 2000 2500

Admission pressure 1500 1700 1700

(mbar)

Admission 30 35 37

temperature T2"

(°0)

Coolant temperature | 85 85 85

(°0)

Oil temperature (°C) | 90 90 90

Injection strategy Single injection Single injection Single injection

SOl (CAD) 255 245 270

Calibrated spark -6.75 -6.75 -3

advance (CAD)

Valves timings -overlapping -overlapping -overlapping
-not overlapping -not overlapping -not overlapping

Table 3-3: Operating points specifications
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Figure 3-10: overlapping valves timing for 1550x1500 mbar (a) with a zoom on the overlap (b)
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For the three operating points, the coolant temperature was fixed at 85°C and the oil
temperature at 90°C. The injection strategy was modified to a homogeneous injection for
1550 rpm and 2000 rpm. The reason behind that modification is to be able to use the
experimental results of these tests to calibrate the knock model as the combustion model
only works in homogeneous conditions. Valves timings were blocked at specific values. The
Start Of Injection (SOI) is presented in terms of CAD advance with respect to the firing top
dead center. As it can be 245, 255 and 270 CAD of SOl represent injections during the intake
stroke which imply a homogeneous charge.

In this section, and as it was identified in chapter 2, valves timings are found to impact the
combustion development, their values will be defined for 2 strategies as presented in
figures 3-10 and 3-11

1. Overlapping strategy, which correspond to the baseline condition as defined by the
internal control unit.

2. Not overlapping strategy where intake valves opening was delayed and exhaust
valves closing was advanced to reduce as much as possible the valves overlap.

First, at 1550x1500 mbar, the knock index was plotted in function of spark advance
increase as it can be seen in figure 3-12
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The curve of the knock index when the valves are overlapping is at the right of the curve
when the valves are not overlapping. This indicates that when overlapping the valves, the
knock is delayed: at a fixed knock index, the spark advance increase is higher for the case of
overlapping valves. This means that the engine with valves overlapping can be operated at
higher spark advance with a similar knock intensity of a non-overlapping valves case with
a lower spark advance: the spark advance can be increased by almost 1 CAD for the
overlapping case at KI=0.4 bar. In other terms, if we consider a fixed spark advance increase
for both overlapping and not overlapping valves, for example 2CAD, the knock index for the
overlapping valves is around 0.15 bar, while it is almost 0.5 bar for the non-overlapping
valves case.

The reason behind this difference in the engine behavior under overlapping and not
overlapping valves cases is the quantity of residuals confined within the cylinder at each
cycle as it can be seen in the figure 3-13.
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the residuals are calculated at the combustion start by the measured pressure analysis by
GT Power. Valves overlap by around 37 CAD with intake valves opening before top dead
center and exhaust valves closing after top dead center. This allows eliminating maximum
quantity of hot residuals. Not overlapping valves was achieved by delaying intake valves
opening and advancing exhaust valves closing. This increases the percentage of residuals
confined inside the cylinder at each cycle. These hot residuals are mixed with the fresh air
and fuel admitted in the following cycle and they contribute in increasing the end gas
temperature as it can be seen in the figure 3-14.
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The end gas temperature of the unburned zone gas temperature increases as the quantity
of residuals increases. It is also calculated by the model. The auto-ignition delay is thus
shorter and the end gas mixture is more prone to knock in this case. On their behalf, Potteau
et al. conducted experiments on a turbo-charged SI engine and tested cooled LP and HP
EGR circuits. They observed that both LP and HP EGR reduced the in-cylinder temperature
suppressing the knock and allowed the spark to be advanced. Both circuits also reduced the
BSFC [42].
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Figure 3-15: CO concentrations at 1550x 1500 mbar

In figure 3-15, not overlapping valves degrades the combustion, deteriorates its efficiency
and leads to increased CO concentrations in the exhaust. The CO concentrations are
measured at the exhaust.
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Figure 3-16: IMEP (each division is 0.2 bar) evolution with spark advance at 1550x 1500 mbar

In figure 3-16, IMEP increases as the spark advance is increased. This means that the
engine is still operating before the maximum break torque. In addition, changing the valves

130



settings from overlapping to not overlapping lower the engine air mass flow rate but the
fuel flow rate remains constant.

As for 2000x1700 mbar, the same knocking behavior was also observed at 2000x1700
mbar as seen in figure 3-17.

Knock Index -2000 rpm 1700 mbar

1,20

1,00
= valves
< 0,80 overlapping
) v
E 0,60
§ 040 no valves
c overlapping

0,20

0,00

0 1 2 3 4

Spark advance increase [CAD]

The knock apparition is also delayed with the valves overlapping as the residuals confined
inside the cylinder decrease with the valves overlap as it can be seen in the figure 4-12.
However, in the case of 2000 x 1700 mbar, the spark advance can be increased by around
0.5 CAD for the overlapping case when compared to the non-overlapping case at a constant
knock index. This is due to the quantity of residuals confined when the valves do not overlap
as observed in figure 3-18. In the case of 1550x1500 mbar, residuals are 5 times higher
when the valves do not overlap, whereas at 2000x1700 mbar, residuals are almost doubled
when the valves do not overlap. In fact, at 1550x1500 mbar, valves overlap for around 37
CAD and exhaust valves closes 22 CAD after top dead center, however for 2000x1700
mbar, valves overlap for 28 CAD and the exhaust valves closes 5 CAD after top dead center.
The later the exhaust valves closing, the better the scavenging in the combustion chamber.
This explains 0.6% at 2000 rpm and 0.2% at 1550 rpm.
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Figure 3-18: percentage of residuals confined inside the cylinder at 2000x1700 mbar

As engine speed increases, higher knock intensities are allowed without fearing engine
failure. Knock intensities are directly related to pressure oscillations

Nevertheless, another effect was observed at 2500 rpm x 1700 mbar as it can be seen in
figure 3-19. Overlapping the valves advances the apparition of the knock when compared
to non-overlapping valves.
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Figure 3-19: Knock index evolution with spark advance at 2500x1700 mbar
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At 2500 x1700 mbar valves overlap by 10 CAD with intake valves opening before top dead
center and exhaust valves closing at top dead center. Not overlapping the valves was
achieved by delaying intake valves opening only, the quantity of air mass confined inside
the cylinder was thus reduced as it can be seen in the figure 3-20, this can be seen as a load
decrease. As air mass decreases and fuel mass decreases at constant fuel-to-air
equivalence ratio, knock apparition is thus delayed and more spark advance can thus be
achieved at constant knock index: spark advance can be increased by almost 0.75 CAD for
the non-overlapping case for KI=0.8.
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As it can be seen, the air mass for the overlapping valves was around 0.755 g/stroke while
in the not overlapping case it is about 0.71 g/stroke. This decrease in air mass can be seen
as a load decrease and knock apparition is delayed with load decrease. Teodosio et al.
studied the influence of EIVC, LIVC varying the lift on fuel consumption and knock tendancy.
They found out that both LIVC and EIVC improve BSFC when compared to full lift by 1.9%
and 2.4% respectively and this was due to knock mitigation capacity and the advanced
combustion phasing and reduced over fueling that was allowed on the engine with the
modified valves strategies [106]



3.3.2. Conclusion of knock impact on engine behavior
The impact of knock apparition with a gradual increase of the spark advance on the three
operating points considered in this PhD thesis is summarized as the following:

A similar behavior of the engine performance and knock apparition was observed on
1550x1500 mbar and 2000x1700 mbar where valves overlap delays knock apparition as
the residuals quantity is reduced and the ignition delay of the end-gas is thus longer.

The opposite effect is observed at 2500x1700 mbar. Not overlapping the valves delays
knock apparition as the mass of confined air is reduced and this phenomena is regarded as
a load decrease and consequently knock delay.

For the three operating points, the engine is running below the maximum break torque
region since with the spark advance increase, the engine performance is enhanced



3.4. Impact of injection strategies on knock occurrence
In this section, the impact of injection strategies on knock occurrence will be characterized
for the three operating points 1550x1500 mbar, 2000x1700 mbar and 2500x1700 mbar.
Several factors interact in the injection strategy:

1. Number of injections

2. The injection timings

3. The quantity of injected fuel, or in other terms, the ratio of the injected fuel for each
injection.

On the engine bench, 4 different strategies were adopted in order to couple all of the
previously mentioned factors:

1. Single injection to study the effect of injection timing during the intake stroke on
knock occurrence

2. Double injection strategy where both injections happen during the compression
stroke to study the effect of the injection timing during the compression stroke on
knock occurrence

3. Double injection, the first one during the intake stroke and the second one during
the compression stroke. The injection timings and the total quantity of injected fuel
are fixed but the ratio of the injected fuel was modified. The objective is to study the
effect of the ratio of injected fuel on knock occurrence.

4, Triple injection, the first one during the intake stroke and the others during the
compression stroke. The injection timings and the total quantity of injected fuel are
fixed but the ratio of the injected fuel was modified. The objective is to study the
effect of the ratio of injected fuel on knock occurrence in the case of a triple injection.

In the third and fourth strategies, the injection timings of the first 2 injections are the same.
This means that in the case of a triple injection, the third injection is an additional one on
the first two.

For each operating point and for each injection strategy, 3 values of spark advances were
swept:

1. 0 spark advance increase: which means that the injection strategy was tested with
the calibrated spark timing for each operating point. The calibrated spark timing is
maintained constant for all the study and for all the control parameters in this PhD
thesis.

2. Maximum spark advance increase: on the engine bench the spark advance was
increased by steps of 0.375 CAD until an alarm was triggered indicating that the
engine approaches a failure phase if the spark timing is further advanced. The alarm
is triggered on the bench when the Maximum Amplitude of the Pressure Oscillation



exceeds the maximum allowed threshold more than 3 cycles within 10 seconds. This
configuration is advised by the engine constructor.

3. An intermediate value of spark advance between the 0 and the maximum spark
advance

The objective of 3 spark timing for each strategy is to be able to plot a variation of the knock
index with respect to the spark advance and to be able to compare different strategies
(different curves). The number of spark timings was limited to 3 unlike in the previous
section because a lot of tests were performed. Plotting the variation of the knock index in
function of the spark advance increase is so important to compare the different injection
strategies since the maximum spark advance increase is not the same for all of the
strategies and thus a simple comparison between knock index values would be
meaningless.



3.4.1. Impact of injection timing during intake stroke on knock occurrence
The injection timing was swept during the intake stroke to assess its impact on knock
occurrence. The injection timings are presented in terms of injection advance with respect
to firing top dead center, in other terms a start of injection SOI=300 CAD refers to 300 CAD
before top dead center. They can be observed in figure 3-21 along with the valves lift. In
this set of experiments, the quantity of injected fuel is maintained constant as well as the
equivalence ratio.
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The intake stroke is considered between the opening of the intake valves and closing of the
intake valves, SOI=160 CAD is thus considered in the intake stroke since the valves close at
around 150 CAD before the firing top dead center.

At 1550x1500 mbar, the earliest injection timing lead to the highest the tendency to knock
as it can be seen in figure 3-22 except for SOI=255 CAD and the latest injection timing lead
to the lowest tendency to knock.
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In fact, advancing the injection during the intake stroke leads to a better homogenization
of the fresh charge; the mixture is rapidly consumed after the spark discharge leading to a
faster burn and a higher-pressure rise as it can be seen in figure 3-23. This increase the
end gas pressure leading to a shorter ignition delay and a higher tendency to knock. The
knock apparition is then delayed as the injection timing is delayed but it is accompanied by
a degraded performance since the torque decreases from 165 N.m to 160 N.m as the
injection timing is delayed from SOI=300CAD to SOI=160CAD with O spark advance
decrease.
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However, in the case of 1550x1500 mbar, SOI=255 CAD seem to present a sort of trade-
off between performance loss and knock delaying. SOI=255 CAD can be regarded as an



optimum injection timing since it delays knock more than SOI=230 CAD reproducing a
similar torque of 163 N.m. For SOI=230 CAD, the burn rate is faster than SOI=255 CAD
and the pressure rise inside the cylinder compresses the end-gas more than SOI=255 CAD
and leads to its auto-ignition earlier than SOI=255 CAD. For the upcoming study on the
injection strategy, SOI=255 CAD will be maintained when an injection in the intake stroke
is to be considered.

The effect of charge cooling due to late injection can be observed on the in-cylinder trace
at SOI=160 CAD in figure 3-23 (a). The evaporation of the fuel leads to charge cooling
which consequently reduces the pressure the end of the compression stroke. This
phenomenon is only observed at SOI=160 CAD.

The same behavior of the knock index evolution is also be observed at 2000x1700 mbar:
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At 2000x1700 mbar, the same behavior was also observed, knock apparition was delayed
as the injection timing is delayed as it can be seen in figure 3-24

At 2500x1700 mbar:
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For the operating point 2500x1700 mbar as in figure 3-25, even the delay in the injection
timing highly reduced the knock apparition, the loss in engine performance was much
more pronounced than the 1550x1500 mbar. As start of injection was delayed from
S0I=300 CAD till SOI=160 CAD, the torque decreased from 188 N.m till 170 N.m which is
almost 10% while at 1550x1500 rpm, this torque loss was around 3%. In fact, the
objective of maintaining the injected fuel quantity constant was not met at 2500x1700
mbar and SOI=160 CAD and it was accompanied by lower end-of compression pressure
due to charge cooling which explains the torque loss. These results are in accordance with
those observed by Singh et al. [107]: in a single injection, the knock index is lower when
the injection timing is retarded. But this leads to a decreased IMEP. The intake pressure
had to be increased in order to prevent the IMEP deterioration, but it was compensated by
a higher CoV of IMEP.
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3.4.2. Impact of injection timing during compression stroke on knock
occurrence
The injection timing will be studied this time in the compression stroke while also splitting
the quantity of fuel into 2 injections with the similar injected fuel ratio of 50% of the total
mass each.
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Figure 3-26: Knock index evolution with injection timing sweep during the compression stroke at 1550x1500 mbar

As it can be seen in figure 3-26, all of the injection in the compression stroke delays the
knock apparition when compared to injection in the intake stroke. Injections during the
compression stratifies the mixture as lean regions can be observed near the wall and rich
regions are observed near the spark plug with an overall global equivalence ratio equal for

all the cases.
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Figure 3-27: in-cylinder pressure (a) and burn rate (b) evolution with injection timing sweep during the compression
stroke at 1550x1500 mbar and at O spark advance increase
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The spark induced flame speed is thus increased consuming the mixture faster than auto-
ignition delay of the end —gas whose duration is further increased due to a leaner
composition. The later the injection, the faster the spark-induced flame speed and the
knock apparition is thus further delayed. This applies for the first three injection timings
during the compression where no differences were observed on the knock apparition
between them. This can be seen on the in-cylinder pressure traces and burn rate in figure
3-26. The burn rate in the case of a single injection at SOI=160 CAD is slower than the
double injections at SOI1=160CAD/S0I2=80 CAD, SOI1=120CAD/S0I2=80 CAD and
SOI1=120CAD/S0I2=40 CAD. Moreover, the spark timing can be advanced a lot in the case
of a double injection (up to 6 CAD) with a very small apparition of knock at
SOI1=80CAD/S0I2=40 CAD. This is due to the decreased combustion burn rate where the
late injection and charge cooling effect degraded the flammability of the mixture. The
combustion developed later when compared to the other injections timings. The
combustion reaches a lower peak and compresses the end-gas less than in the earlier
injections. This extends the auto-igniton delay of the end-gas.
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Similar results were observed by Bai et al. as it can be seen in figure 3-28: stratified
stoichiometric mixtures suppressed the knock significantly better than homogeneous
stoichiometric mixtures due to the lean zone near the walls and rich zones near the spark
plug which offers better control over the flame speed [57].



3.4.3. Impact of injected fuel ratio in a double injection on knock occurrence
In this section, the effect of injected fuel ratio will be studied in a double injection strategy.
To do so the injection timings were fixed. These tests were also performed at fixed injected
quantity and equivalence ratio.

For the operating point 1550x1500 mbar, the first injection is set at SOI1=255 CAD in the
intake stroke and the second injection at SOI2=120 CAD in the compression stroke. The
injection ratio are presented in terms of percentages of the total injected fuel mass. In figure
3-29, the injections timings are presented in the same graph the valves lift.
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3 settings were tested:

1. M1=50% and M2=50% with M1 and M2 referring the first and second injections
ratios.

2. M1=66% and M2=34%

3. M1=34%and M2= 66%

The knock index in function of the spark advance increase are plotted for the three settings
on the same graph.
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As it can be seen, the quantity of injected fuel in each injection affect the combustion
development and consequently the knock apparition. Knock is delayed as the quantity in
the second injection is increased. These results are compatible with those of the previous
section. In the previous section, it was demonstrated that injections in the compression
stroke enhance the charge stratification. In this section, increasing the quantity of fuel in
the second injection accelerates the flame speed when compared to lesser fuel quantity in
the second injection. The enhanced spark-induced flame consumes the end-gas faster than
its auto-ignition delay which reduces knock apparition.
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This behavior was also observed on the 2000x1700 mbar. The first injection is set at
SOI1=245 CAD in the intake stroke and the second injection at SOI2=80 CAD in the
compression stroke.
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Splitting the injections into two is demonstrated to be beneficial on the knock apparition.
However, it is always accompanied by a performance loss. For 1550x1500 mbar, the break
torque for the single injection in the intake stroke was around 163 N.m and it drops to below
160 N.min a double injection. For 2000x1700 mbar, the break torque for the single injection
in the intake stroke was around 185 N.m and it drops to below 180 N.m in a double injection.
Nevertheless, the ratio of injected fuel also affect the performance in the case of a double
injection. For 2000x1700 mbar, the torque drops from 180 N.m for M1=66%, M2=34% to
177 N.m for M1=50%, M2=50% and to 173 N.m for M1=34%, M2=66% . The higher the
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2 4
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quantity in the first injection, the higher the break torque.
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M1=50% M2=50%
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3.4.4. Impact of injected fuel ratio in a triple injection on knock occurrence
In this section, another injection is added in the compression stroke to further analyze the
effect of splitting the injection and the ratio of injected fuel in each one on the knock margin.

At 1550x1500 mbar operating point, the triple injection strategy was performed in a way
to split the second injection in the double injection strategy into two injections in the
compression stroke according to the following. SOI1=255 CAD (intake stroke), SOI2=120
CAD (compression stroke) and SOI3= 40 CAD (compression stroke) as it can be seen in figure
3-33.
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Figure 3-33: valves timings and injection timings for the triple injection strategy at 1550x1500 mbar
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Itis clear that triple injection further delays the knock apparition when compared to double
injection. As it was observed in section 3.4.2, injections in the compression stroke
contribute to enhanced spark-induced flames that consumes the end-gas before it auto-
ignites. The quantity of fuel injected in the first injection is still controlling the knock
behavior in the same manner as the previous section. Blue curves (solid and dashed lines)
refer to the highest ratio of injected fuel in the intake stroke and they are the more
susceptible to knock in both double and triple injections. Gray curves (both solid and dashed
lines) refer to the lowest ratio of injected fuel in the intake stroke and they both have the
highest knock margin in both double and triple injection. For the same injected fuel ratio, in
the intake stroke, the triple injection strategies delays knock apparition more than the
double injection. The late third injection increases the spark-induced flame and the burn rat
and consumes the end-gas faster than its auto-ignition. The spark-induced combustion in
a double injection is faster than its equivalent in the triple injection, the peak pressure
obtained is higher and this compresses more the end-gas, shortens its auto-ignition delay
and advances a little bit knock apparition.
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Figure 3-35: in-cylinder pressure evolution with injected fuel ratio sweep in a double and triple injection strategies
at 1550x1500 mbar and at O spark advance increase

At 2000x1700 mbar, the triple injection strategy was performed in a way to split the second
injection in the double injection strategy into two injections in the compression stroke but
this time while interposing an earlier injection in the compression stroke as observed in
figure 3-36.
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Figure 3-36: valves timings and injection timings for the double injection strategy at 2000x1700 mbar
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As it was expected, interposing an earlier third injection increases the knock apparition since
a lesser fuel quantity is injected in the latest injection. If double and triple injections are
compared separately, the strategies with the higher injected ratio in the intake stroke are
more susceptible to knock and the strategies with higher injected ratio in the last injection
are the less prone to knock. Curves are plotted in the same order of knock probability for
both set of double and triple injections. These results are compatible with all of the previous
results in sections 3.4.1 and 3.4.2 and 3.4.3. However and in contradiction to the results
obtained earlier in section 3.4.3, interposing a third injection degraded the knock margin
when compared to double injection. In fact, this third injection, as it arrived earlier in the
cycle, reduced the ratio of the latest injection, reducing the stratification of the mixture
caused by the last injection, reducing the auto-ignition delay of the end-gas making it more
susceptible to knock.



3.4.5. Conclusion of injection law strategies impact on knock occurrence
For the injection timing in the intake stroke, a similar behavior of the engine performance
and knock apparition was observed across all the engine speeds considered. The knock
apparition is delayed as the injection timing is delayed. Delaying injection timing degrades
the engine performance in the case of a single injection in the intake stroke. A trade-off at
SOI=255 CAD between knock apparition and engine performance was observed for
1550x1500 mbar.

For the injection timings in the compression stroke: Injections in the compression stroke
delay the knock apparition when compared to injections in the intake stroke.
Injections in the compression stroke stratifies the mixture, with a rich zone near the spark
plug and lean zone near the walls. This increases the spark-induced flame speed which
consumes the end gas before it auto-ignites. However with a very late injection in the
compression stroke, knock apparition is further delayed but for a different reason. It is due
to the decreased combustion burn rate where the late injection and charge cooling effect
degraded the flammability of the mixture. The combustion developed later when compared
to the earlier injections timings.

As for the injected fuel ratios in a double injection, a similar behavior is observed on both
the 1550x1500 mbar and 2000x1700 mbar operating points. Fuel injected in the second
injection stratifies the mixture, creates lean zone near the walls and richer zones near the
spark slug. Knock is delayed as the quantity in the second injection is increased

Regarding the injected fuel ratios in a triple injection: Triple injection strategy clearly delays
knock apparition when the quantity of injected fuel are well distributed. The intake stroke
injection is the main injection responsible of the engine performance enhancement. The
latest compression stroke injection is the one responsible of knock apparition
enhancement. These two injections affect the engine behavior in a opposite way. A trade-
off is obtained by interposing a third injection in a way to maintain engine torque and a
knock margin. For 1550x1500 mbar, splitting the second injection of the double injection
strategy into two injections in the compression stroke delays knock apparition whereas for
2000x1700 mbar, Interposing a third injection earlier in the compression stroke increases
the knock apparition.
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3.5. Impact of intake air temperature on knock occurence
The auto-ignition delay of the end-gas depends on the temperature of the fresh gases. It is
thus important to study the impact of that temperature on knock occurrence. In this section,
the effect of intake air temperatures on knock apparition will be studied on the three
operating points 1550x1500 mbar, 2000x1700 mbar and 2500x1700 mbar.




3.5.1. Knock index evolution with intake air temperature sweeps.
Intake air temperature were swept between 25°C and 45°C with a 10°C step and for two
cases of valves settings: overlapping and not overlapping. Same as for the injection law
strategies, for each temperature setting and for each operating point, 3 values of spark
advances were swept.

For 1550x1500 mbar, the evolution of knock index in function of spark advance increase
for the overlapping setting is presented in figure 3-38:
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As the inlet air temperature was reduced, the knock apparition is delayed. In figure 3-38,
we can observe that 0.75 CAD can be gained on the spark timing by a 10°C decrease of the
intake air temperature. These values can be observed at a fixed knock index value on the
curves above. This means that on the knock margin, the spark timing can be advances by
0.75 CAD if a decrease of 10°C of intake air temperature was achieved. This is due to lower
end-gas temperature and its increased auto-ignition delay. This can be observed on the
maximum unbuned gas temperature (or the end gas) as it can be seen in the figure 3-39.
This maximum unburned gas temperature is calculated by GT Power in the unburned zone.
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As the inlet air temperature is reduced, the fresh mixture temperature is gradually reduced
inside the cylinder. The temperature of the mixture inside the cylinder is almost 15°C cooler
when the inlet air temperature is reduced from 45°C to 25°C. In the figure above the
evolution of the unburned gas temperature is presented. This temperature is increased as
spark advance is increased. This is due to the compression of the end-gas by the spark-
induced flame which is more pronounced.
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As for the combustion development as in figure 3-40, decreasing the intake air temperature
decreases a little bit the burn rate. This is only visible when the air temperature is decreased
to 25°C.

The no-overlap case also follows the same trend. But when we see both cases together,
the overlap and no-overlap case, the knock index is higher for the same spark advance in
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no-overlap case when compared to the overlap case. In other words, the no-overlap case
is more prone to knock and spark can be advanced more for the overlap case to fall on the

same knock index.

Knock index_1550 rpm Padm=1500 mbar

Knock index
\

0 1

2

3

Spark advance increase

Tair=25°C_overlap
Tair=35°C_overlap
—o— Tair=45°C_overlap
Tair=25°C_No overlap
Tair=35°C_No overlap

- ® -Tair=45°C_No overlap

Figure 3-41: knock index evolution with spark advance increase for intake air temperatures sweep at 1550x1500
mbar for both overlapping and not overlapping settings

As it can be seen, the knock apparition for the intake temperature at 25°C without overlap
is similar to the knock apparition for the intake air temperature at 45°C with overlap. In fact,
this is due to burned gases trapped inside the cylinder as it was identified for this operating
point. Overlapping valves increases the scavenging and clears the combustion chamber

from residuals, however, not overlapping valves, increases the quantity of hot residuals
which in turn increases the end gas temperature. The result identified here is that a margin
of 20°C of the intake temperature can be achieved by overlapping the valves.
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Intake air temperature affect both the combustion development and the knock apparition..
Since the temperature inside the cylinder is lower, the flame propagates slowly inside the
cylinder. Chen et al. [108] studied the effect of flame speed on knock. By using a swirl
control valve, the turbulence inside the cylinder was modified. The higher turbulence
resulted in high-speed flame propagation and thereby advancing the auto-ignition.
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The reduction of inlet air temperature increases the density of the air. The increase in
density results in increase in the mass of trapped inside the cylinder as in figure 3-43.
Hence, the volumetric efficiency of the cylinder is increased. This led to some significant
gains in the engine performance.

2 phenomena can be observed when increasing the intake air temperature:

» Increase the burn the rate of the combustion due to the higher mixture temperature.
= Decrease the burn rate of the combustion due to the reduced mass of air trapped

The increased burn rate could either accelerates the flame speed to consume the end gas
before its auto-ignition or increase the in-cylinder pressure and help to compress more the
end-gas reducing by that its auto-ignition delay and advancing knock apparition.

In the case of our study, increasing the intake air temperature increased the burn rates for
both overlapping and non-overlapping settings as observed in figure 3-42. And this
increase in burn rate increased the in-cylinder pressure, compressed the end-gas and
advanced knock occurrence except for the no-overlap case when the air temperature
increased from 25°C to 35°C. In that case, the increased burn rate and its effect of
advancing knock apparition was compensated by the reduced air mass trap and its effect



on delaying knock apparition and the same behavior on knock apparition was observed in
this case.
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From the figure 3-44, we can see that the torque is increasing when the inlet air
temperature is reduced. This is due to increase in the mass trapped. When we compare
overlap with no-overlap case, the overlap case has higher torque than the non-overlap
case.

Hirooka et al. [109] showed that there is a spark timing at which maximum break torque
can be achieved called MBT timing. There is also a spark timing beyond which any further
advances in the spark timing will lead to knock. This spark timing is called KLSA. We have to
always try to reach the MBT before we reach KLSA so that we can extract maximum torque
from the combustion event. This can be done delaying the knock. More we delay the knock;
spark can be advanced more to reach MBT. In case of no-overlap case, since the knock
cannot be delayed due to high in-cylinder temperatures. Hence, the amount of spark that
can be advanced is restricted. So, KLSA is reached before MBT which results in lesser torque
when compared to overlap case.

As for the 2000x1700 mbar operating the same behavior was observed regarding the knock
apparition with both overlapping and not overlapping conditions, however an opposite
effect was observed at 2500x1700 mbar as it can be seen in the following figure 3-45
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Figure 3-45: knock index evolution with spark advance increase for intake air temperatures sweep at 2500x1700
mbar for both overlapping and not overlapping settings

For 2500x1700 mbar operating point, not overlapping the valves delayed knock apparition
as the in-cylinder mass confined inside the chamber was reduced. Reducing that confined
is regarded as a load decrease: the combustion burn rate induced by the spark plug is
slower, end gas is less compressed by the spark-induced flame which extends the auto-

ignition delay and retards knock apparition when compared to overlapping settings as

observed in figure 3-46.

Decreasing the intake temperature by 10°C leads to a gain in knock margin of almost 0.75
CAD of spark timing in the overlapping case and around 1 CAD in the no-overlapping case
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Figure 3-46: in-cylinder pressure (a) and burn rate (b) evolution with intake air temperature sweeps at 2500x71700
mbar and at 0 spark advance increase
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Figure 3-47: in-cylinder air mass (each division is 0.01 g/str) for intake air temperatures sweep at 2500x1700
mbar for both overlapping and not overlapping settings

In the figure 3-47, confined air mass is always lower for not overlapping case when
compared to overlapping case at constant air temperature. And as intake temperature is
increased, the confined air mass decreased as the air density decreases. In order to
eliminate the effect of air mass variation with intake temperature, the same experiments
were repeated at 35°C and 25°C with varying the admission pressure in a way to fall on
the same air mass of 45°C setting according to figure 3-48.
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Figure 3-48: in-cylinder air mass (each division is 0.005 g/str) for intake air temperatures sweep at 2500x1700
mbar for iso mass settings

The resulting evolution of the knock index is presented in figure 3-49
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Figure 3-49: knock index evolution with spark advance increase for intake air temperatures sweep at 2500x1700
mbar for both overlapping and not overlapping and iso mass settings

Admission pressure at 25°C and 35°C were reduced to 1645 mbar and 1675 mbar
respectively to fall on the same air mass as 45°C. Isomass cases were performed with
overlapping valves. The impact of constant air mass is clear as the effect of intake
temperature was put into evidence: as intake temperature is reduced the end-gas
temperature is also reduced extending its auto-ignition delay and delaying knock
apparition. In this cases, combustion development and the spark flame are no longer
influenced by the intake temperature decrease. It can be seen that falling on the same air
mass is similar to not overlapping the valves as in both cases, confined air mass is being
reduced.
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Figure 3-50: in-cylinder pressure (a) and burn rate (b) evolution with intake air temperature sweeps at 2500x1700
mbar and at 0 spark advance increase for both overlap and isomass settings
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3.5.2. Conclusion of intake air temperature impact on knock occurrence
2 phenomena were observed when increasing the intake air temperature:

1. Increase the burn the rate of the combustion due to the higher mixture temperature.
2. Decrease the burn rate of the combustion due to the reduced mass of air trapped

Across all the operating points, increasing the intake air temperature increase the knock
apparition. This is due to the increased burn rate which increases the in-cylinder
temperature and compresses the end-gas reducing by that its auto-ignition delay and
advancing knock apparition. One exception was observed in the no-overlap case when the
air temperature increased from 25°C to 35°C where the effect were compensated and
knock index remained the same.

On the knock margin and on average, 0.75 CAD of spark timing can be achieved by a 10°C
decrease of intake air temperature.

1550x1500 mbar and 2000x1700 mbar have a similar behavior when it comes to
overlapping and not overlapping valves cases. In fact, overlapping valves delays knock
apparition when compared to not overlapping valves. On these operating points, residuals
are confined inside the cylinder when valves do not overlap which increase the end-gas
temperature and shortens auto-ignition delay and increases the knock occurrence. The
opposite effect is observed on 2500x1700 mbar as overlapping increases the confined air
mass inside the cylinder when compared to no-overlap setting, increasing engine load and
thus knock apparition



3.6. Impact of coolant and lubricant oil temperatures on knock
occurence

In the preliminary combustion campaign, it was put into evidence that coolant and oll
temperatures affect combustion development. Two opposing effects were identified: as
cylinder walls get colder, the burn rate is either faster if the in-cylinder mass is increased
due to higher density, or the burn rate is slower as the initiation of the combustion is
affected by cold surroundings. In this section, the effect of coolant and oil temperatures on
knock apparition will be studied on the three operating points 1550x1500 mbar,
2000x1700 mbar and 2500x1700 mbar.
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3.6.1. Knock index evolution with coolant and oil temperatures sweep
For each coolant and oil temperatures setting and for each operating points, 3 values of
spark advances were swept in the same manner as the injection strategy and intake air
temperature

For the 1550x1500 mbar, the coolant and oil temperatures sweep are presented in table
3-4

Tadm Padm T coolant Toil | setting
°C mb °C °C
85 90 1
85 60 2
30 1500 60 60 3
60 40 4
40 40 5
Table 3-4: coolant and oil temperatures sweep at 1550x 1500 mbar

5 different coolant and oil temperatures settings were tested with coolant temperature
going from 85°C to 40°C and oil temperatures going from 90° till 40°C. knock index
evolution with sparkincrease are plotted on the same graph for all of the 5 settings in figure
3-51

1550 rpm Padm=1500 mbar

0,40
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0.30
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—— | W= 0=
0,05
0,00 Tw=40 To=40

Spark advance increase

Figure 3-51: knock index evolution with spark advance increase for coolant and oil temperatures sweep at
1550x1500 mbar

The highest coolant and oil temperatures setting (Tw=85°C, To=90°C) is the most prone to
knock when compared to other settings. End-gas is closer to cylinder walls and colder walls
increases the heat transfer which decrease the end-gas temperature and increases its
auto-ignition delay. As it can be seen, the end-gas temperature is only affected by coolant
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temperature. The knock apparition is thus a competition between the spark-induced flame
and end-gas auto-ignition. When coolant temperature was decreased to 60°C, the increase
in auto-ignition delay wins over the increase of in-cylinder mass thus the Tw=60°C,
To=60°C setting wins over the Tw=85°C, To=60°C setting. The opposite effect is observed
for the coldest setting (Tw=40°C, To=40°(), colder walls increase the burn rate of the
spark-induced combustion, even though the end-gas temperature is decreased, its auto-
ignition is advanced due to a faster compression by the spark-induced flame in that case
which increases the knock apparition when compared to both Tw=60°C, To=60°C and
Tw=60°C, To=40°C settings as seen in figure 3-52. In these experiments, 1.5 CAD of spark
timing are achieved on the knock margin with a coolant decrease of 25°C from 85°C to
60°C
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The same experiment was also performed at 2000x1700 mbar and 2500x1700 mbar.

At 2500x1700 mbar, the coolant and oil temperatures sweep are presented in table 3-5.

Tadm Padm T coolant Toil | setting
°C mb °C °C
85 90 1
85 60 2
37 1700 60 60 3
60 40 4
40 40 5

5 different coolant and oil temperatures settings were tested with coolant temperature
going from 85°C to 40°C and oil temperatures going from 90° till 40°C. Knock index
evolution with spark increase are plotted on the same graph for all of the 5 settings in figure
3-53
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The same results as for 1550x1500 mbar are obtained for 2500x1700 mbar. Decreasing
coolant temperature from 85°C to 60°C delayed knock apparition so setting 3 delated
knock when compared to setting 2. Decreasing coolant temperature from 60°C to 40°C
also delayed knock apparition even though it might seem the opposite in the intermediate
spark advance increase: setting 5 delays knock when compared to setting 4. OQil
temperature decrease had a smaller influence than 1550x1500 mbar especially when it
was decreased from 90°C to 60°C: setting 1 and 2 show a similar behavior on knock
apparition, however, it is much more pronounced between setting 3 and 4. At 2500x1700
mbar, 1 CAD of spark timing is achieved on the knock margin with a coolant decrease of
25°Cfrom 85°Cto 60°C

In order to eliminate the effect of cold walls on in-cylinder mass, the same settings of
coolant and oil temperatures were performed but this while maintaining the in-cylinder
mass constant. To do so, the admission pressure was modified to fall on the same in-
cylinder mass as it can be seen in table 3-6:

Tadm Padm T coolant Toil | setting
°C mb °C °C
1700 85 90 1
1695 85 60 2
37 1670 60 60 3
1670 60 40 4
1640 40 40 5




As it was observed in the preliminary study, coolant temperature decrease only affected
the in-cylinder mass as the admission pressure had to be decreased in order to maintain
the in-cylinder mass constant. When the oil temperature was decreased at constant
coolant temperature, the admission pressure had not to be decreased to fall on the same
in-cylinder mass.

Knock index_2500 rpm Padm=1700 mbar
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0.60 To=90° _isoMass
g 0,50 —o—Tw=85°
= To=60° _isoMass
x 0,40
é 030 Tw=60 |
To=60° _isoMass
0,20
010 —o—Tw=60°
! To=40° _isoMass
0,00
Tw=40°
0 1 2 3 4
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The effect of cold wall is clearly put into evidence in that case: decreasing coolant
temperature was compensated by a decrease in admission pressure and the combustion
development is thus identical as it can be seen in figure 3-54. In that case, knock apparition
is only influenced by end gas temperature that gets colder which increases its ignition
delays and retards knock apparition. This is observed between settings 2 & 3 and settings
4&5. Oil temperature had a little or no effect on in-cylinder mass, it only slowed down the
burn rate and the same effects on knock apparition are observed as in figure 3-55.
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Figure 3-55: n-cylinder pressure (a) and burn rates (b) of the 5 settings of coolant and oil temperatures at O spark
advance increase for 2500x 1700 mbar

With in-cylinder mass maintained constant, combustion development is identical between
settings 2&3 and settings 4&5. These results are compatible with those observed by Cho
et al. as they separated head and the liner coolant effect and they achieved 0.2, 0.12 and
0.11 CAD of ignition timing advance per coolant unit decrease of simultaneous cooling, head
cooling and liner cooling respectively at 1500 rpm [110].
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3.6.2. Conclusion of coolant and oil temperatures impact on knock
occurrence
Two opposing effects are observed when coolant temperature is decreased:

1. The air mass trapped inside the cylinder increases which subsequently
increase the burn rate
2. The burn rate decreases due to colder wall temperatures

Two opposing effect are observed when the burn rate increases:

1. The spark-induced flame speed increases which subsequently consumes the end
mixtures before it auto-ignites and thus knock is delayed.

2. Thein-cylinder pressure rises higher and compresses and heats more the end-gas
and reduces its auto-ignition delay and thus knock is advanced.

In our study, the same behavior was observed on the operating points, decreasing coolant
temperature led to faster burn rate which consumed the end-gas before its auto-ignition
and delayed knock apparition. One exception was observed at 1550x1500 rpm when
coolant temperature decreased from 60° to 40°C, the faster burn increased the in-cylinder
pressure, compressed the end-gas, reduced its auto-ignition delay and advanced knock.

Decreasing oil temperatures did not affect the combustion development nor the knock
occurrence as the coolant temperature sweep.



3.7. Conclusion on the experimental results

The various parametric studies carried out have highlighted the complexity of the knocking
phenomenon. A variation of a control parameter often has opposite effects on the
occurrence of knock, such as increasing the spark-induced flame speed (favorable to
repelling the knock) but also a reduction in the time required for the auto-ignition of the
fresh mixture. The occurrence of knocking is also highly dependent on wall temperatures.

Modeling the onset of knock should therefore be able to predict these various phenomena
with sufficient precision.



Experimental Results

Les différentes études parameétriques menées ont mis en exergue la complexité du phénomene
de cliquetis. Une variation d'un paramétre de controle a souvent des effets opposés sur
I'apparition du cliquetis, comme par exemple I'‘augmentation de la vitesse de flamme (plutét
favorable a repousser le cliquetis) mais aussi une réduction du temps nécessaire pour l'auto-
inflammation du mélange frais. L'apparition du cliquetis est par ailleurs fortement dépendante
des températures de parois.

La modélisation de Il'apparition du cliquetis devra donc étre en mesure de prédire avec
suffisamment de preécision ces différents phénomenes.
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4. Knock modeling and simulations

The fourth chapter deals with the modeling of the onset of the knock in the context of a OD-
1D modeling of a complete engine intended to be used in the pre-calibration or even
calibration of the powertrain phases.

First, a bibliographical review of the main phenomenological models of knock is carried out.
It highlights the often succinct description of the calibration methodology of the models
presented. In addition, it leads to the choice of two models to be tested and compared.

In a third section, the model considered to be the most predictive is tested more
exhaustively and compared to the results of the test campaign presented in the previous
chapter, in terms of critical spark advance and knock index.



Knock modeling and simulations

Le quatrieme chapitre porte sur la modélisation de I'apparition du cliquetis dans le cadre d'une
modélisation OD- 1D d'un moteur complet destinée a étre utilisé en phases de pre-calibration voire
de calibration de la chaine de traction.

Tout d'abord, une revue bibliographique des principaux modéles phénoménologiques de cliquetis
est menée. Elle met en évidence la description souvent succincte de la méthodologie de calibration
des modeles présentés. Par ailleurs, elle conduit au choix de deux modeéles pour étre testés et
compares,

Dans une troisieme section, le modeéle jugé le plus prédictif est testé de maniére plus exhaustive
et confronté aux résultats de la campagne d'essais présentée au chapitre précédent, en termes
d‘avance a l'allumage critique et d'indice de cliquetis.
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4.1. Review of knock models

Auto ignition of a gaseous mixture of fuel and air occurs when the chemical energy released
by the reactions as thermal energy is larger than the thermal energy lost to the
surroundings by heat transfer. Hence, the temperature of the mixture increases rapidly due
to the exponential temperature dependence of the rates of the chemical reactions involved.
According to Heywood[21], the state at which such spontaneous ignition occurs is often
characterized by the self-ignition temperature and the resulting self-accelerating event
where the gas pressure and temperature increase rapidly is termed a thermal explosion.

Phenomenological engine cycle simulation has proven its worth to be a powerful tool in
both optimizing conceptual design and reducing calibration efforts in the development of
spark-ignition engines. Either way, a large number of variables including both design and
operation parameters must be optimized to minimize fuel consumption and maximize
efficiency and output power. If their effects on knock were not taken into account at full
throttle (WOT), optimization based on cycle simulation leads to unacceptable and even
misleading errors. Consequently, a predictive knock model in engine simulation is
essential[111].

The most accepted theory of knock is the autoignition of the end gas. In the literature, knock
models based on the end-gas autoignition are divided into three categories:

» Detailed chemical kinetic mechanisms
= Simplified chemical kinetic mechanism
* Phenomenological models based on the Arrhenius expression

Detailed chemical kinetic mechanisms are generally associated with zero-dimensional or
quasi-dimensional combustion models. With advances in computer technology, recent
simulations of detailed chemical kinetics coupled with three-dimensional computational
fluid dynamics (3-D CFD) have appeared to study knock combustion. Changes in local
thermodynamic states, including pressure, temperature, and velocity, as well as species
concentrations, could be assessed and knock onset locations could be predicted with
detailed chemical reactions and 3D CFD simulation. However, a detailed chemical kinetic
mechanism of gasoline substitutes typically includes hundreds of species and thousands of
elemental reactions which increases the computational cost and restricts its application
when coupled with 3D CFD calculations. Efforts have also been made on the use of
simplified chemical kinetics. For example, Shu et al. incorporated a reduced chemical
reaction mechanism and the pressure wave equation into a 3D CFD code. Their calculations
indicated that high-frequency pressure oscillations can characterize the knock onset and
quantify its intensity accurately [101]. However, even with the reduced mechanism, the
mesh sizes, and time step in 3D-CFD calculations must be small enough to simulate the
pressure wave and analyze the knock characteristics, resulting in a very computational cost.



Such a cost does not apply to the optimization of several variables and objects [111] [112]
[113]
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As for the phenomenological models, they involve a one-step reaction instead of detailed
(or reduced) chemical kinetics. These models are described by the Arrhenius equation of the
ignition delay t:
C3

T=C.P . eT
P and T are respectively the pressure and the temperature of the end gas, C;, C, and C; are
calibrating coefficients. According to Livengood and Wu, the auto-ignition of end gas (or
knock onset) is defined as the moment when the concentration [X] of certain species X,
reaches a critical concentration[X].. Assuming that the reaction rate does not change with
time during a fixed state process, the averaged production rate of X during the induction
period is written as [68]:

d[xX] _ X,

dt T

In the case of spark-ignition 4 stroke engines, a predictable knock model, also known as the
Livengood-WU integral can be obtained by simply integrating the equation from the intake

tknock 1
= [ e
to T

Where t, refers to the start of calculation (IVC) and t;,,c« to the time of the knock onset.
Thus, knock occurs when the integral is equal to 1.

valve closing to the knock onset.



These phenomenological models are widely used in knock prediction in engine simulation
due to their simplicity and their low computational cost. The best known is the Douaud &
Eyzat correlation defined as the following[114]:

ONN? . G
T=Cl.(_> .P_3.€T

Here ON is the octane number and, C; = 17.69,C, = 3.402,(C; = 1.7 and C, = 3800

The Douaud&Eyzat model has been employed by many researchers without any
modification such as Mittal et al. [115], Kasseris et al[116]. and Kim et al[117]. Kasseris et
al. adapted the correlation of Douaud for use with higher ethanol content in fuel blends by
adjusting the octane number in calibrating the C, coefficient. Kim et al. evaluated three
different knock calculation methods and found that the ignition delay approach calibrated
by Douaud was as accurate as the other and is less computationally expensive.

Other researchers recalibrated the coefficients in the Douaud& Eyzat approach [118],
[119], [120],[121], [122], [123]. However Elmqvist did not take the octane number
contribution into account. [124]

Douaud & Eyzat correlation does not account for the EGR and the fuel-to-air equivalence
ratio, thus it could be less accurate when simulating engine cycles with EGR and fuel
enrichment. Some researchers included these parameters in their correlation as they not
only have a thermal effect on the knock onset but also a chemical effect on the apparition
of knock. Soylu included the propane ratio and equivalence ratio in his correlation but he
disregarded the EGR [125].

In the following, a summary of different works achieved on the ignition delay knock integral
based correlation is presented.

Authors Model correction
Douaud [114] <0N) B 3800
i T= — P eT
Mittal [115] 100
Kasseris [116]
Kim [117]
Wayne[118] [119] <0N) B 5200
T= — ) e T
100
Worret [120] <RON> _ 3800
T= —_— e T
100
Elmquist [124] I = P e
Burluka[121] B <0N> B 2000
T= 100 ) .e
Syolu [125] L= p- o




Syed et al. involved the dilution effect explicitly in their correlations [126]

C
T=0C.(1+X)C2 P Cs.eT
and Hoepke et al. involved the EGR explicitly in their correlations [46]

T= '(1_XEGR) P~ .e T
Vancoillie et al. included both the dilution factor X; and the equivalence ratio ¢ explicitly in
their correlation. [127]
T=0C.o?(1+X,)=.P . eT
C;, C, depend on the temperature range and C3, C,, Cs are polynomial functions

The kinetics fit model is based on the reduced chemical kinetic model for internal
combustion engine combustion simulations developed by Ra et al. [128]:

The induction time is defined by the following expression for Kinetics Fit model is:

ON\2i
4 = M (m)

Ji
[Fuel]¢i[0,]% [Diluent]eie(MzT) j=12andh

M1 and M2 are the knock induction time multiplier and the activation energy multiplier
respectively. ON is the fuel octane number, [Fuel], [02] and [Diluent] are concentrations
expressed in mol/m3. The diluent concentration is the sum of the N,, CO, and H,0
concentrations. a;to fare models constants whose values are displayed in table 4-2

[ a b C d e f

1 L4 445E-7 3.613 -0.64 -0.564 0.3978 12920
2 11941.423 | 3.613 -0.64 -1.4596 0.4867 -1957
3 8.905E-7 0 -0.25 -0.547 0 16856

The Kinetics Fit model take into account the NTC regime and the overall knock induction
time is thus calculated by:

1 1 1
T 1+ 1, T

In fact, experimentally, the temperature of the end gas in an engine can only be estimated
by measuring the velocity of propagation of sound. However, it can be calculated using the
thermodynamic equations but inaccurate results could be obtained due to uncertainties in
the end gas volume and large heat transfer effects. As it was seen, auto ignition is widely
modeled in the function of pressure, temperature, and time using the Livengood-Wu (LW)



integral [68].The equation represented by Livengood-Wu has restrictive assumptions and
doesn't work properly with complex fuel chemistry and with the fuels that depend on the
temperature due to cool flame or what we call Negative Temperature Coefficient (NTC).

In the NTC regimes, there are three stages: low, intermediate, and high-temperature range
as it can be seen in figure 4-2. For the low and high temperatures, the ignition delays is
shortened as the temperature increases. For the intermediate stage which is known as the
NTC region, the opposite effect is observed and the ignition delay decreases as the
temperature increases.

Ignition delay time
= |

Temperature

The reason behind this limitation of the LW integral is that there's a change in the chemistry
of the mixture and the temperature after the first stage. The 2 stage NTC region splits the
L-W integral into two integrals and the ignition delay time is calculated for the first and the
second stage. The reason for that is that the mixtures thermodynamic state defined by the
temperature and the pressure changes after the first stage and therefore a new ignition
delay time should be calculated using the new temperatures and pressures[130]. The entire
auto ignition process in the NTC regime proceeds into two stages: low-temperature
chemistry involving large oxygenated species and medium to high chemistry involving small
species. The ignition time depends on the pressure and the equivalence ratio. The higher
the pressure or the equivalence ratio, the higher the temperature difference between the 2
NTC regions [129]. The plateau length of a hot spot and its temperature gradient affect the
auto ignition possibility. The steeper the temperature gradient, the larger the plateau region
should be to cause detonation [131]



In figure 4-3, in the case of a relatively low initial temperature, autoignition of the mixture
occurs in a two-stage behavior. After an induction period t= 7, , the auto-ignition process
reaches a first ignition delay shorter than t = t,+7, . At this instant t = 74, the chemical
activity in the air-fuel mixture produces a pale blue cool flame [132]. This cool flame is
characterized by a small consumption of the air-fuel mixture and a small temperature AT
increase that generally does not exceed 200K [132] [133]. Afterwards, the reactions are
accelerated for t > t; by heat added to the reacting system and the generated species. This
cool flame is thus followed by a second stage of auto-ignition at t = 7;+t, that
corresponds to the highly exothermic main auto-ignition [134]

Moreover, in the case of a relatively high initial temperature, autoignition occurs in a single-
stage after a delay t = t5,. The high-temperature chemistry drives the reaction system
[129] [131] [135]

The overall knock induction time is thus calculated by:

1 1 1
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As it can be seen in figure 4-3, a good agreement between the global expression and
detailed kinetics are obtained for the entire ignition delay throughout both stages [129]. In
this figure, we can see that the NTC region (750K <T<950 K) results from the two stage
ignition process, and corresponds to a transition between low- and high-temperature



Auto-ignitions types are identified using two non-dimensional numbers: the non-
dimensional time & which is the ratio of the acoustic time to the excitation time and the
non-dimensional gradient of temperature ¢ [136].

T,
°/a
E =
Te
¢ a
=

Where ro/a is the residence time of the pressure wave travelling at the sound speed a in
the hot spot of of initial radius ry and t.rate to go from 5% to the maximum heat release by
auto-ignition, u, hotspot propagation velocity [136]
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The detonation development regime caused by the concentration non-uniformity is similar
to the one caused by the temperature gradient. The ignition delay time decreases with the
increase of the equivalence ratio. When the reaction front speed u, is close to the local
speed of sound a, the chemical reaction and pressure wave are coupled and therefore reach
the Chapman-Jouguet detonation speed and cause detonation. Detonation development is
characterized by 2 parameters: The non-dimensional time ¢ and the non-dimensional
gradient of equivalence ratio ¢. A third parameter n = {¢ is added which represents the
ratio of the heat release rate and the speed of the reaction front propagation. For a small
value of n, there's no detonation and there’s a critical value n, which leads to detonation
[138].

Because of species and thermal diffusion, a developing detonation is not restricted to the
critical value of £ = 1. In fact, depending on the reactivity, a wider range of initial conditions



can lead to a developing detonation and as it can be seen in figure 4-4. Thus, an upper limit

&, and alower limit &, are defined to categorize the different auto-ignition modes [28] [136]
[139] [140]

1. &, < & subsonic deflagrative auto-ignition

2. & <& <&, developing detonation

3. 0 < ¢ < & supersonic deflagrative auto-ignition
4. & = 0 thermal explosion



Knock modeling and simulations

4.2. Knock modeling and calibrations

In the literature, knock modeling calibration is generally based on the prediction of the crank
angle at knock onset [46] [119] [120] [124]. The crank angle at knock is referred to the
start of the pressure rise in the pressure trace or in other terms the start of the pressure
oscillation [121]. The constants in the ignition delay correlation are tuned to match the
crank angle at knock onset.
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Figure 4-5: Comparison between estimated and experimental knock onset crank angles by Beccariet al. [141]

In the work of Beccari et al. [141], they used sets of experimental data to predict knock
occurrence in engines of different types (aspirated or supercharged) and with different
geometries and with different liquefied petroleum gas mixture.They found out that the
auto-ignition time of the Liquefied petroleum gas-gasoline mixtures linearly depends on
the liquefied petroleum gas mass fraction as it can be seenin figure 4-5. Their model predict
the knock onset crank angle with a maximum error of 6 CAD and a mean absolute error of
just 1.82 CAD.
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Knock modeling and simulations
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Figure 4-6: predicted vs experimental crank angle at knock onset [46]
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Hoepke at al. [46] improved their ignition delay correlation and included the EGR to predict
the crank angle at knock onset as it can be seen in figure 4-6. Their results were accurate

by 2 CAD
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Figure 4-7: Measured versus simulated knock angle for 3000 rpm and Stoichiometyric, rich and lean conditions
[124]

Elmquist et al. [124]empirical knock model can predict knock onset by approximately two
crank angle degrees of error as it can be seen in figure 4-7. They concluded that their results
are good due to the difficulty in measuring knock onset.

182



KNOCK OBSERVED BUT NOT PREDICTED
@

229 ¢ ORIGINAL D&E

20 4 © MODIFIED D&E A

184 © Halstead et al. (1977)

m Cowart et al. (1990) ©

16 4 A Zheng etal. (20022. A®

14 4 Lyg B

12 1 s

10 4 E
8 «
6 4 O
4 O

5 £

0 -

Predicted Knock Onset (C.A. aTDC)
d3AY3Sd0 10N 1Nd a3121a34d XOONM

2 0 2 4 6 8 10 12 14 16 18 20 22

In figure 4-8, predicted vs experimental knock onset crank angle are compared for 4
different knock models (Douaud & Eyzat, Halstead, Cowart and Zheng). The best fit is
obtained using the routine of Cowart et al. and modified Douaud&Eyzat with prediction
within 2 CAD followed by the original Douaud&Eyzat and Zheng, that gave onset results
later than experiments within 4 to 6 CAD. The Healstead model gave early predictions by 5
to 8 CAD.

These correlations proposed in the literature, are all interesting and they offered some
acceptable results. In the frame of this PhD thesis, 2 of them are first picked to be tested:
the Douaud&Eyzat and the Kinetics Fit models. Douaud & Eyzat is also chosen to be tested
since it has been widely utilized and it is interesting to calibrate it on the complete engine
model and to test its knock prediction capacities. Kinetics Fit is an interesting knock since it
takes the NTC regime into account and it could provide more accurate results on a complete
engine model.

In the following parts of the section, a simple calibration of knock models will be presented
based on the prediction of crank angle at knock onset for both Kinetics Fit and
Douaud&Eyzat. In the second part of this section, a Kinetics Fit knock model will be modified
and improvement on the prediction capacity will be proposed. The results are going to be
presented for all overlapping and not overlapping cases at 1550x1500 mbar, 2000x1700
mbar and 2500x1700 mbar.



4.2.1. Calibration procedure of knock models based on the crank angle at
knock onset
Two calibration multipliers are defined in any phenomenological knock model. They are both
in the ignition delay as it can be seen in the following equation.

G
T=M,C,.P~ 2. eMT
= M1: Multiplier to the induction time. Multiplier values less than 1 cause the predicted
knock timing to be advanced. Values greater than 1 cause the predicted knock timing
to be retarded.
= M2: Multiplier to the inverse of the activation energy. Multiplier values greater than
1 cause the predicted knock timing to be advanced. Values less than 1 cause the
predicted knock timing to be retarded. This multiplier is very sensitive to knock
prediction and a care should be taken when it is calibrated.

As it was stated before, knock occurs when the inductance integral is equal to 1 according
to the following equation.

tknock 1 tknock 1
= [ B [ )
t T t .

0 0 M;C;.P~Cz eMT

This inductance equation can easily be transformed from time to crank angular as it can be
seen on the kinetics fit by implementing the engine speed:

1

f Co LT
6 (RP C
(RPM) % \M,C,.P~ 2.eM237

da

I[(a) =

I(@) is the induction time integral expressed in crank angle degrees, a is the crank angle,
@, is the crank angle at the start of the cycle, P and T are respectively the pressure and the
temperature of the end gas, C;, C, and C; are calibrating coefficients

The operation of the knock model is thus simplified and two results can be obtained.

1. If during the cycle, the inductance integral reaches 1, the operating point is
considered a knocking point and the crank angle at which the integral reaches 1 is
selected and it is denoted by “crank angle at knock onset”

2. If by the end of the cycle, the inductance integral never reaches 1, the operating
point is considered a non-knocking point as the thermodynamic conditions of the
end gas do not allow an auto-ignition process.

To start, Douaud&Eyzat knock model and KineticsFit model were calibrated. The objective
of the calibration is to find a single set of multipliers that predicts the crank angle at knock



onset for all the operating points that were implemented in this PhD thesis. To recall, the
operating points that were used:

1. 1550x1500 mbar with 9 values of spark advances in the overlapping case and 8
values of spark advances in the non-overlapping case.

2. 2000x1700 mbar with 9 values of spark advances in the overlapping case and 8
values of spark advances in the non-overlapping case.

3. 2500x1700 mbar with 9 values of spark advances in the overlapping case and 9
values of spark advances in the non-overlapping case

This makes a total of 52 operating points.

In order to fit it into the complete engine model, the knock models multipliers were
calibrated on 12 of 52 operating points. The genetic algorithm was used and the objective
is to optimize the aforementioned multipliers in order to match crank angle at knock onset
between the experimental values and the predicted values.

The 12 operating points used for calibration represent the last four spark advances increase
of each of the overlapping cases of 1550x1500 mbar, 2000x1700 mbar and 2500x1700
mbar. The other 40 points were used to validate the model. In the table 4-3 calibration
points are framed in blue and validation points are framed in orange. The objective of picking
the last four spark advances increase is to enhance to capacity of the model to predict the
crank angle at knock onset on the highly knocking points regarded as the most critical to
knock. The calibration points were used across the three engine speeds and loads used in
this PhD thesis in order to get a predictive knock model able to predict knock apparition
across all low to mid-engine speed and high load region of the engine performance map
which is the more prone to knock in an internal combustion engine.
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Spark advance increase [CAD]

1550x
1500
overlapping
1550x
1500 not
overlapping
2000x
1700
overlapping
2000x
1700 not
overlapping
2500x
1700
overlapping
2500x
1700 not
overlapping

A AN AN AN AN AN

0.375

A AYANANANA

0.75

AYAYANANANA

Table 4-3: overview of the operating points with the different spark advances increase used for calibration in blue

frames and the spark advances increase used for validation in orange frames

Using the genetic algorithm, each knock model was provided experimental crank angle at
knock onset values for the 12 operating points marked in the blue frame in the table above
and the optimizer runs to provide one set of multipliers that best predicts the crank angle
at knock onset in the model. The criteria to pick the best set of multipliers is by calculating
the summation of the differences between the experimental and the predicted values for
each of the 12 cases. The experimental crank angle at knock onset is defined by the angle
at which the oscillation of in-cylinder pressure starts as it can be seen in the figure 4-5. The
resulting multipliers values obtained at the end of the calibration procedure for both models
are presented in table 4-4.

Douaud & Eyzat Kinetics Fit
Multiplier 1 1.914035 2.9609828
Multiplier 2 0.96304244 1.0974842

Table 4-4: multipliers values obtained for both Douaud&Eyzat and Kinetics Fit models at the end of the calibration

procedure
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The differences between the obtained values of each multiplier for both models is directly
linked to the definition of the inductance integral for the models. To recall the definitions,
the Douaud&Eyzat inductance is:

tknock 1 tknock 1
1= f (—) dt = f dt
W T . ON EH

0 0 M, (fo5) P~ 7-e™T

And the Kinetics Fitinductance is:

tknock 1 tknock 1
1= f (—) dt = f fi dt
¢ T t ON i )

b; T
0 0 M, a; (m) [Fuel]¢i[0,]% [Diluent]eie(MzT

The differences lie within the equivalence ratio and the diluent integration in the Kinetics
Fit and the values of the constants in each model. In order to predict for example a fixed
trnockWhich can easily be transformed into a crank angle value, the multipliers values must
be different in each model.

Crank angle at|knock onset

The figure 4-9 presents the in-cylinder pressure trace of a single cycle. For each operating
point and for each spark advance, the crank angle at knock onset is calculated for all of the
knocking cycles {cycles whose MAPO values exceed the threshold of 0.6 bar) and the values
are averaged over the number of knocking cycles.

Croi is the crank angle at knock onset for knocking cycles

N, is the total number of knocking cycles.
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An example is presented for 2000x1700 mbar in figures 4-10 and 4-11

2000x1700 mbar

40

35

30

25

0 0,5 1 1,5 2 2,5 3

spark advance increase [CAD]

Crank angle at knock onset [CAD ATD(]

Figure 4-10: crank angle at knock onset variation with spark advance increase

The crank angle at knock onset decrease with the increasing spark advance. In the figure 4-
10, these values represent an averaged value over all the knocking cycles for every spark
advance. As it can be seen, these values tend to fluctuate more as the spark advance
increases. In other terms, at 1.5 CAD of spark advance increase, the crank angle at knock
onset of the different cycles varies between -4 CAD and 4 CAD around the average. AT 3
CAD of spark advance increase, the crank angle at knock onset of the different cycles varies
between -5 and 5 CAD around the average.
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As it can be seen in figure 4-11, the number of knocking cycles increases with the increasing
spark advance. At 1.5 CAD of spark advance increase, only 30 out of 250 recorded cycles
knock (20%), however, at 3 CAD of spark advance increase, 184 cycles out of 250 knock
(74%).

The results for Douaud&Eyzat and Kinetics Fit knock models are presented below for all of
the calibration points (overlapping settings at 1550x1500 mbar, 2000x1700mbar and
2500x1700 mbar) and validation points {the no overlapping settings) in figures 4-12, 4-13.
In these figures, predicted vs experimental crank angle at knock onset are plotted on the
same graph for the different spark advances.
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Crank angle at knock onset_1550 rpm 1500
mbar_overlapping
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Figure 4-12: experimental vs predicted crank angle at knock onset for 1550x1500 mbar overlapping case for the
different spark advances (calibration points)
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Figure 4-13: experimental vs predicted crank angle at knock onset for 1550x1500 mbar not overlapping case for
the different spark advances (validation points)

KineticsFit and Douaud&Eyzat predict well crank angle at knock onset for calibration and
validation operating points at 1550x1500 mbar, however they seem to underestimate a
little bit knock onset during the cycle in the validation cases since experimental crank angle
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at knock onset is lower than the predicted which means that knock apparition is predicted
later in the cycle than the experiments. Moreover, both KineticsFit and Douaud&Eyzat
knock models overestimates the knock occurrence during the cycle a little bit for the highest
spark advance increases in the calibration cases and underestimates the knock apparition
for the lowest spark advances decreases. Nevertheless, both of these models detect knock
occurrence for all of the operating points including those with O spark advance increase
which are knock-free operating points and knock shouldn’t be predicted as it can be seen in

figure 4-14.

1550 x 1500 mbar overlapping
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I
I
I
_______ | 0
-10 -5 0 5

spark advance increase

This “knock probability” parameter works in binary and it returns “0” when the operating
point is considered knock-free and “1" when the operating point is a knocking point. It is
also based on the inductance integral. If this integral reaches 1 before the end of the cycle,
the operating point is considered a knocking point and the knock probability takes the
values of 1. In the opposite case, knock probability is O. In figure 4-14, knock probability is
plotted for experiments and both Kinetics Fit and Douaud&Eyzat models. As it can be seen,
experimentally at 1550x1500 mbar, knock occurs beyond 0.375 CAD of spark advance
increase. At O spark advance increase, knock does not occur experimentally. However, both
of the models predict knock occurrence with up to 6 degree of spark timing earlier than

experiments.



The same behavior is observed for calibration and validation points for 2000x1700 mbar
and 2500x1700 mbar. Both knock models Douaud&Eyzat and Kinetics Fit predict knock
with up to 6 degrees of spark timing earlier than the experiments. This means that the
calibration procedure based on the crank angle at knock onset, are not accurate enough to
differentiate between a knocking operating and a non-knocking operating and to rule
whether operating conditions might lead to knock or not. This calibration procedure lead to
predict well crank angle at knock onset values but it does not provide a model to be used
for the virtual calibration of the engine.

This has lead the modeling in this PhD thesis to be converted into enhancing the capacity
of the engine model by the knock model to separate knocking points from non-knocking
points. Since both models present some similar and inaccurate results on knock probability,
the rest of the study will be focused on one them. The KineticsFit model will be used in this
PhD thesis since it accounts for the diluents and the equivalence ratio for the prediction of
knock and these 2 parameters are interesting to be included especially when the resulting
model sensitivity will be tested on engine control parameters sweep.



4.2.2. Implementation of knock detection on a Kinetics Fit model
In this section, Kinetics Fit model will be improved to integrate a new capacity to separate
knocking points from non-knocking points. To do so the “knock probability” K, parameter
will be integrated within calibration procedure.

As it was demonstrated previously Kinetics Fit has a tendency to overestimate knock in a
way to predict its occurrence even on non-knocking operating points. To counter this
overestimation, a new optimization function is defined to include the knock probability is
the calibration targets of the multipliers. To do so, 3 operating points at 1550x1500 mbar,
2000x1700 mbar and 2500x1700 mbar with O CAD of spark advance increase were picked
to run the optimizer and it was requested to target “0" as knock probability.

Moreover and to increase the accuracy of the knock prediction and the crank angle at knock
onset, 9 more operating points with higher spark advance increase were picked from
1550x1500 mbar, 2000x1700 mbar and 2500x1700 mbar and it was requested from the
optimizer to target the experimental crank angle at knock onset on these operating points
as it can be seen in table 4-5.

Spark advance increase [CAD]
0 |Q375 0.75 1.125 | 1.5 1.875 | 2.25 2625 |3

1550x
1500
overlapping
2000x
1700
overlapping
2500x
1700
overlapping

The following function is thus defined and integrated in the model:

N N 2
_ 2i=1(Cko,i - Cko,target)2 + jzl(Kp,j - Kp,target)
Ny Nij

f =fi+1

Cxo,i is the predicted crank angle at knock onset and Cy, tqrget IS the target value which is
the experimental value. It should be noted that Cy, are only calculated to the knocking
operating points. The knock free points are not considered in the calculation of that
function. K, ;is the predicted knock probability and the K, 14, ge¢ IS the target value. Since
crank angle degree (which are between 20 and 30 CAD) and knock probabilities restricted
to 0 & 1 are of different order of magnitude, a normalizing term was introduced to both



parts of the function to equally consider knock probability and the crank angle at knock
onset for the model.

In this function both “knock probability” and the crank angle at knock onset are taken into
account to improve knock prediction capacities of the Kinetics Fit model.

This functions calculate the differences between predicted and experimental values for
both “knock probability” and “crank angle at knock onset” for the 12 operating points that
were displayed in table 4-5 inside the blue frame. The experimental values are presented
in table 4-6.

Spark advance increase [CAD] 0.00 |150 |225 |3.00
1550x Knock probability 0 1 1 1
1500
overlapping Crank angle at knock onset [CAD] | X 280 |26.0 |250
2000x Knock probability 0 1 1 1
1700
overlapping | Crank angle at knock onset [CAD] | X 293 | 27.7 |270
2500x Knock probability 0 1 1 1
1700
overlapping Crank angle at knock onset [CAD] | X 25 248 | 24

The objective of using this function is to obtain multipliers at the end of the optimization
process for a knock model which is more accurate and that can be used for virtual
calibration of spark timing and to ensure that knock constraints are still met when
evaluating changes to engine control parameters.

The optimizer objective is to minimize this function using the aforementioned multipliers.
When this function is minimized, it means that “knock probability” is enhanced as the model
will be able to attribute “0" for knock probability for non-knocking operating points. On the
other hand, the crank angle at knock onset which indicates the time at which knock occurs
is also improved when this function is minimized. In other terms, the multipliers that will be
selected are those which minimize the most this objective function.

To minimize this function, a genetic algorithm was chosen. It runs several sets of multipliers
and calculates the resulting value of the function at the end of each simulation. The
optimizer uses 10 generations and 15 population as advised by the software to compute
multipliers values which makes a total of 150 designs. The set of multipliers which reduces
the most the objective function is selected and they are provided to the Kinetics Fit knock
model implemented in the SITurb combustion model within the complete engine model.

The resulting optimization designs are presented in figure 4-15.
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In figure 4-15, f; and f, functions values of the various designs generated by the genetic
algorithm are plotted on the same graph. 4 designs denoted by v2.1, v2.2, v2.3, v2.4
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minimizes the most the function according to the following table 4-7.

f f f
v2.1 0,01581555 0,25|0,26581555
v2.2 0,08386666 | 0,16666667 | 0,25053333
v2.3 0,12465641|0,08333333|0,20798974
v2.4 0,19627317 0]0,19627317

From v2.1 to v2.4, the design are less accurate at the level of crank angle at knock onset

predictions and more accurate at the level of knock probability.

The results of the knock probability and the crank angle at knock onset of these design are

presented in the following figures.
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Figure 4-16: knock probability for the various design obtained on the new calibration procedure at 1550x1500
mbar overlapping (calibration points)

As it can be seen in figure 4-16, knock probability predictions in enhanced with the new
calibration procedure. All of the design v2.1 to v2.4 predict knock probability within [-1, O]
degree of spark timing margin when compared to experiments. Both design v2.3 and v2.4
reproduced the experiments on 1550x1500 mbar overlapping. Crank angle knock onset

predictions are presented in figure 4-17.

Crank angle at knock onset_1550 rpm 1500
mbar_overlapping

38
36
34
E 32 e KineticsFit_v2.1
€30 KineticsFit_v2.2
~ -8 ® KineticsFit_v2.3
e KineticsFit_v2.4
26
24

24 29 34
Experimental

Figure 4-17: crank at knock onset for the various design obtained on the new calibration procedure at 1550x1500
mbar overlapping (calibration points)
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As it can be seen in figure 4-17, the designs v2.1 to v2.4 provided crank angle at knock
onset predictions that fall within the [-5,5] CAD range which is the range of the cycle-by-
cycle variations obtained on the experimental crank angle at knock onset values. As it was
stated earlier, v2.1 presented the most accurate predictions when compared to the rest of

the designs. As for the validation points at 1550x1500 mbar:

1550 x 1500 mbar no overlapping
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spark advance increase

The knock probability is also improved for the validation points at 1550x1500 mbar as it
can be seen in figure 4-18 since all the design from v2.1 to v2.4 predict knock probability

within [-0.75, 0.375] CAD of spark timing margin. The v1 calibration predicted knock
probability 5 degree of spark timing earlier than experiments.
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Figure 4-19: crank at knock onset for the various design obtained on the new calibration procedure at 1550x1500
mbar no overlapping (validation points)

As it can be seen in figure 4-19, the designs v2.1 to v2.4 provided crank angle at knock
onset predictions that fall within the [-5,5] CAD range which is the range of the cycle-by-
cycle variations obtained on the experimental crank angle at knock onset values.

The same behavior is also observed on the 2000x1700 mbar and 2500x1700 mbar for both
calibration and validation points for the prediction of knock probability and crank angle at

knock onset as it can be seen in the following figures 4-20 to 4-23.
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Figure 4-20: knock probability for the various design obtained on the new calibration procedure at 2000x 1700 mbar

overlapping (calibration points)
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Figure 4-21: knock probability for the various design obtained on the new calibration procedure at 2500x 1700 mbar
overlapping (calibration points)

The new calibration procedure improves the knock probability at 2000x1700mbar and
2500x1700 for calibration points and validation points. At 2000x1700 mbar, knock
probability is predicted within [-0.375, 0.75] CAD of spark timing margin and within [-0.75,

0.375] CAD for 2500x1700 mbar. As it can be seen in figure 4-20 and 4-21, the new
calibration improvement is less pronounced at 2500x1700 mbar (from -2 CAD of spark

timing difference to [-0.75, 0.375]CAD) than 2000x1700 mbar (from -4 CAD of spark
timing difference to [-0.375, 0.75] CAD) since the v1 calibration shows better predictions

on 2500x1700 mbar than 2000x1700 mbar.
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Figure 4-22: knock probability for the various design obtained on the new calibration procedure at 2000x 1700 mbar

no overlapping (validation points)
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To conclude, the new calibration method improved the knock probability predictions and
even though it compromised the crank angle at knock onset predictions, the obtained
values fall within the cycle-by-cycle variation range for all of the calibration and validation
points.

Out the 4 designs v2.1,v2.2,v2.3 and v2.4, the design v2.4 the one that minimizes the most
the function f and the set of multipliers M1&M2 provided by that design will be later on
used for the rest of the analysis of the simulation results and to test the sensitivity of the
model on the variation of the engine control parameters.



4.3. Simulation results on complete engine model

In this section, the improved Kinetics Fit model is implemented in calibrated SITurb
combustion model within the complete engine model and some simulations were run.
These simulations include the valves timings variations, the injection strategies, the intake
air temperature and the coolant and oil temperatures as they were performed on the engine
test bench. The objectives of these simulations is to test the sensitivity of the model on the
effect of control parameter sweep on the knock occurrence.

In this section, knock probability of the model is presented as well as the predicted knock
index. It should be noted that the knock index calculations in the model is different than the
knock index calculations in the experimental results.

In fact, the experimental knock index was calculated based on the in-cylinder pressure
oscillations, the maximum amplitude of pressure oscillation (MAPO) was averaged over all
the cycles to compute the knock index. In the simulations run, the pressure oscillations
cannot be simulated and thus a similar computation of the knock index is not possible. On
the other hand, the knock index in the numerical results was calculated according to the
following equation.

—6000

Kl = 100.u(a).gzzc).e<m).max (0 ,1— (1 - <P(C¥))2) Agpe(@)

Kl is the simulated knock index, a is the crank angle, u(a) is the percentage of cylinder
mass unburned, Vpcis the cylinder volume at top dead center, V (a)is the cylinder volume,
T (@) is the bulk unburned gas temperature in K, ¢ is the equivalence ratio of the unburned
zone, I, is the induction time integral averaged over all end gas zones.

This simulation knock index cannot either be utilized on the experimental results as the
exact calculation unburned gas temperature in function of the crank angle degree as well
as the computation of the equivalence ratio of the unburned zone are not feasible.

For these reasons, the comparison between the experimental and the predicted results of
the knock index will be restricted to the qualitative comparison as the quantitative
comparison is not significant and does not provide useful information since the calculation
methods are different.

Both the experimental and the predicted knock index are plotted on the same graph for the
considered operating points in order to perform a qualitative comparison.
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4.3.1. Knock model sensitivity of valves timings on knock prediction
The knock model sensitivity of valves timings was tested. Simulations were run on
1550x1500 mbar, 2000x1700 mbar and 2500x1700 mbar on both overlapping and not
overlapping cases. Knock index are plotted on the same graph.

For the 1550x1500 mbar.

Knock Index -1550 rpm 1500 mbar

1,00 —e—valves
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. 080 experimental
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g 030 overlapping
0,20 . B
010 predicted
0:00 - & —no valves
0 1 > 3 L overlapping _
predicted

Spark advance increase [CAD]

Figure 4-24: experimental vs predicted knock index for both overlapping and not overlapping case at 1550x1500
mbar

Tiny differences can be observed between the prediction of the overlapping and not
overlapping cases. Experimentally, 1CAD of spark timing on the knock margin can be
achieved by overlapping the valves {calculated at knock index KI=0.4). In the simulations,
these results could not be reproduced

For 2000x1700 mbar:
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As for the 2500x1700 mbar:
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As it can be seen on the figures 4-24 and 4-25, the experimental knock index present a
quadratic function of the spark advance increase. The knock index increase in a polynomial
relationship as the spark advance increases. However, this numerical knock index has sort
of a linear relationship with the spark advance increase. This can be seen on both
1550x1500 mbar and the 2000x1700 mbar graphs.

In addition, on these operating points, the Kinetics Fit model does not predict significant
differences on the knock index between the overlapping and the non-overlapping cases.
The Kinetics Fit is not sensitive to valves timings when they modify the residuals
concentrations on the operating points.
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Figure 4-26: experimental vs predicted knock index for both overlapping and not overlapping case at 2500x1700
mbar

On the 2500x1700 mbar operating point, the effect of valves timings can be observed using
Kinetics Fit. In fact, varying valves timings on that operating point affect the confined mass
and subsequently the load. The overlapping case predicts a little more knock than the not
overlapping cases. This is compatible with the experimental results.
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4.3.2. Knock model sensitivity of injection strategies on knock prediction.
The knock model sensitivity to injection strategies variations is presented in this section.
The sensitivity of the single injection is only presented since the combustion model is only
supposed to perform under homogeneous charge. It should be recalled that knock index
computations are different in the case of the simulations and the in the case of the
experimental results.

1550 rpm Padm=1500 mbar
SOI=300 CAD_exp

0,80
0,70 SOI=255 CAD_exp
0,60 501=230 CAD_exp
0,50
SOI=160 CAD_exp
< 0,40
0,30 S0I=300 |
CAD _predicted
0,20 S0I=255
CAD_predicted
o0 S01=230
0,00 CAD_predicted
0 1 2 3 4 S0OI1=160

Spark advance increase CAD_predicted

As it was previously mentioned, the knock index evolution is linear in the case of the
simulations results. As it can be seen, the knock model is sensitive to the injection timing.
The earlier the injection, the higher the knock intensity. It should be noted that for the first
three injection timing, the knock intensities are close however for SOI=160 CAD, knock
intensity prediction is way less than the three others. The model is sensitive to the charge
cooling, and it delays knock apparition as the injection timing is delayed. This sensitivity is
more pronounced in the latest injection timing as it appears in the piston movement from
bottom to top dead center before the intake valve closing. The model overestimates knock
delay when compared to the experimental results. For example at spark advance increase
of 2.6 CAD, the model predicts for SOI=160 CAD almost 5 times less knock intensity than
SOI=255 CAD whereas in the experimental results the knock intensity is almost half for
SOI=160 CAD when compared to SO=255 CAD. However, one difference can also be
observed, in the experiments, knock intensity is higher for SOI=230 CAD than SOI=255 CAD.
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This was not observed in the simulations results as charge cooling is observed as injection
timing is delayed.
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Figure 4-28: knock probability predictions for single injection strategy at 1550x1500 mbar

Regarding knock probability and as it can be observed in figure 4-28, the model predicts
knock apparition with 0.375 CAD of spark timing earlier than experiments which is in
accordance with the capacity of the model. It is sensitive when start of injection is retarded
to SOI=230 CAD where it predicts knock apparition later than both SOI=255 CAD and 300
CAD. As for 2000x1700 mbar:
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Figure 4-29: experimental vs predicted knock index for the injection timing of a single injection for 2000x1700mbar
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The same can be concluded for 2000x1700 mbar regarding the knock intensities and the
injection timing. Experimentally 1.875 CAD of knock margin are achieved when the start of
injection is retarded by 45 CAD from 245 CAD to 200 CAD (obtained at KI=0.4). Numerically,
only 1 CAD of knock margin is achieved in the same condition.
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Figure 4-30: knock probability predictions for single injection strategy at 2000x 1700 mbar

At 2000x1700 mbar, for SOI=245 CAD, the prediction of knock probability is 0.375 CAD of
spark timing later than experiments and the model is sensitive to injection timing sweeps
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4.3.3. Knock model sensitivity of intake air temperature on knock prediction

The model sensitivity to intake air temperatures are presented in figure 4-31

1550 rpm Padm=1500 mbar
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Figure 4-31: experimental vs predicted knock index for intake air temperatures variations for 1550x 1500 mbar

As it can be seen in the figure 4-31, the knock model is sensitive to the intake air
temperature. In fact, the intake air temperature impacts the end-gas temperature: lower

intake air temperature increase the ignition delay of the end-gas which delays knock
apparition. This is observed on the predicted curves in figure 4-32 where the intake air
temperature at 25°C delays knock more than 35°C and 45°C respectively.
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Figure 4-32: knock probability predictions for intake air temperature sweeps at 1550x1500 mbar

Regarding knock probability in figure 4-32, the simulations results are compared to the only
experimental results performed at a wide range of spark advances which is at 30°C. The

208



knock predicts knock probability as a function of the intake temperature. The model delays
the knock probability by 0.375 CAD of spark timing for every 5°C decrease of intake air
temperature between 35°Cand 25°Cand by 0.375 CAD of spark timing between for 10°C
decrease between 45°Cand 35°C.

Regarding the iso mass conditions, the impact of the intake air temperature at 2500x1700
conditions is presented in figure 4-33
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Iso mass conditions increase the differences in knock index between the various intake
temperatures. In fact, when decreasing the intake temperature from 45°C to 25°C, the
end-gas temperature is reduced which contributes to knock delay. In addition, the
admission pressure was also reduced in order to fall on the same in-cylinder mass. These
two previously mentioned factors contribute to knock delay at lower intake temperatures
when compared to higher intake temperatures.
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Figure 4-34: knock probability predictions for intake air temperature sweeps at 2500x 1700 mbar

Regarding the knock probability, the model delays the knock probability by 0.75 CAD of
spark timing for every 10°C decrease of intake air temperature between 35°C and 25°C
and by 0.375 CAD of spark timing between for 10°C decrease between 45°C and 35°C.
The model is also sensitive to the iso-mass effect. However isomass was achieved by
reducing the intake pressure, the model is also sensitive to these variations as less mass is
trapped and the knock probability is delayed.
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4.3.4,

Knock model sensitivity of coolant and oil temperature on knock

prediction

The model sensitivity to coolant and oil temperatures are presented in figure 4-35
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Figure 4-35: experimental vs predicted knock index for coolant and oil temperatures variations for 1550x 1500 mbar

The knock prediction in the cases of coolant and oil temperatures sweep are a little bit than

the experimental. In the model, variations of the coolant and oil temperatures affected the

cylinders walls temperatures which impacted the end-gas temperature. As it can be seen
in figure 4-35, as coolant or oil temperature decrease, the knock is delayed. In the

experiments, this was not always the case: in fact, when the coolant temperature
decreased from 60°C to 40°C, the spark-induced flame speed was increased due to the

increased in-cylinder mass, which compressed the end-gas and contributed to a faster
auto-ignition when compared to coolant temperature at 60°C. This advanced knock
apparition at coolant temperature at 40°C when compared to 60°C.
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Figure 4-36: knock probability predictions for coolant and oil temperature sweeps at 1550x1500 mbar

The model is sensitive to coolant and oil temperatures variations when they were reduced

below 60°C.

212



Knock modeling and simulations

4.4, Sensitivity study for perspectives

4.4.1. Impact of heat transfer coefficient
The heat transfer model influences the trapped air mass inside the cylinder and this
parameter represent an important impact on the knock occurrence. In this section a
sensitivity study is carried out on the heat transfer coefficient (CHT) applied to the complete
engine model and its behavior on the knock apparition is going to be studied.

Une heat transfer multiplier is applied to the Woschni heat transfer model in the engine
model. In the model used in chapter 4, the CHT coefficient was set to 1.35.

The CHT heat transfer multiplier was modified and its influence on the air mass trapped is
presented in figure 4-37

trapped air mass (mg/stroke)

x SITurb CHT=1.1
x SITurb CHT=1.2
x SITurb CHT=1.35

Predicted

SITurb CHT=1.5

Experimental

Figure 4-37: experimental (each division is 200 mg/stroke) vs predicted (each division is 100 mg/stroke) air mass
trapped in function of the heat transfer multiplier

As it can be seen in figure 4-37, increasing the heat transfer multiplier decreases the
predicted air mass trapped inside the cylinder

In the following figures, the predicted in-cylinder and burn rate on from some operating
points from the performance maps are plotted again with a sweep of the heat transfer
multiplier.
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Figure 4-38: experimental vs SITurb prediction of in-cylinder pressures (a&b) and burn rates (c&d) for 2 operating
points at 1550 rpm with the sensitivity of heat transfer multiplier
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Figure 4-39: experimental vs SITurb prediction of in-cylinder pressures (a&b) and burn rates (c&d) for 2 operating
points at 2000 rpm with the sensitivity of heat transfer multiplier
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Figure 4-40: experimental vs SITurb prediction of in-cylinder pressures (a&b) and burn rates (c&d) for 2 operating
points at 2500 rpm with the sensitivity of heat transfer multiplier
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The sweep of the heat transfer multiplier does not affect the end of compression pressure
but it did affect the combustion development. In all of the cases, if the multiplier value
increases the in-cylinder peak pressure decreases without any effect on the burn rate. The
burn rate is unchanged with the multiplier sweep and only the air mass trapped was
affected. The heat transfer model can thus affect the knock model as it affect the air mass
trapped and consequently knock apparition could either be delayed or advanced.

In the following figures 4-41 and 4-42, the knock probability are plotted for 1550x1500
mbar for both overlapping and no overlapping conditions.
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Figure 4-41: knock probability predictions with 1550x1500 overlapping with heat transfer multiplier sweep
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Figure 4-42: knock probability predictions with 1550x 1500 no overlapping with heat transfer multiplier sweep

As it was observed on the in-cylinder pressure traces, the heat transfer multiplier affected
the combustion development and consequently knock apparition. The knock probability
was delayed as the coefficient is increased and was advanced when the coefficient is
decreased. This corresponds to higher pressure peak when the coefficient decreases which
compresses more the end-gas, reducing its auto-ignition delay and advancing its knock
apparition.
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4.4.2. Impact of the burn rate
As it was seen, the burn rate which is influenced by the combustion model plays a huge role
in the in-cylinder pressure development which consequently can affect knock occurrence.
In this sensitivity study, the experimental burn rate will to the complete engine model. The
effect on knock occurrence will then be studied.

For 1550x1500 mbar and overlapping conditions:
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Figure 4-43: knock probability predictions at 1550x 1500 overlapping with both SITurb and experimental burn rate
imposed

As it can be seen in figure 4-43, imposing the burn rate did not affect the knock probability
predictions at 1550x1500 mbar as it was accurately predicted by SITurb. For the crank
angle at knock onset:
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Figure 4-44: crank angle at knock onset predictions at 1550x 1500 overlapping with both SITurb and experimental
burn rate imposed
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In figure 4-44, imposing the experimental burn rate improves a little bit the prediction of
the crank angle at knock onset. However, and beyond 1 CAD of spark advance increase,
both SITurb and experimental burn rate predict that crank angle within the cycle-by-cycle
experimental range of that angle.

For the no overlapping conditions:
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Figure 4-45: knock probability predictions at 1550x1500 no overlapping with both SITurb and experimental burn
rate imposed

In the no-overlapping setting, imposing the burn rate predicts the knock probability with a
0.375 CAD of spark timing more accurately than the SITurb matching by that the
experimental conditions as it can be seen in figure 4-45.
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Figure 4-46: crank angle at knock onset predictions at 1550x1500 no overlapping with both SITurb and
experimental burn rate imposed
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Similarly as the overlapping settings, the experimental burn rate improves a little bit the
crank angle at knock onset predictions. Moreover, and beyond 1.5 CAD of spark advance
increase, both SITurb and experimental burn rate predict that crank angle within the cycle-
by-cycle experimental range of that angle.



4.5. Conclusion of knock modeling and simulations

The "Kinetics Fit" model was chosen to estimate the onset of knocking. A first attempt of
calibration aimed at finding the experimental crankshaft angle at knock onset. Calibrated,
this modelis not able to discriminate with good precision the engine conditions (in particular
the level of spark timing) for which there may or may not be knocking cycles. Also, a second
calibration procedure has been proposed that significantly improves knock detection, or in
other words critical spark advance.

Then, sensitivity studies were performed using the full engine model including this knock
model. Various engine control parameters were tested. For each change in the value of one
of the control parameters, a variation of the spark advance was made so as to achieve the
knocking combustions. The complete model compared to the results of the experiments
shows a fairly good correlation between calculations and experiments in terms of the
occurrence of the knock.



Knock modeling and simulations

Le modéle « Kinetics Fit » a été retenu pour tenter d’estimer I'apparition du cliquetis. Une premiére
tentative de calibration visant a retrouver I'angle vilebrequin expérimental d'apparition du
cliguetis a tout d'abord été mise en ceuvre. Ainsi calibré, ce modéle n'est pas capable de
discriminer avec une bonne précision les conditions moteur (notamment niveau d‘avance a
I'allumage) pour lesquelles il y a ou non apparition de cycles cliquetants. Aussi, une deuxiéme
procédure de calibration a été proposée et permet d'améliorer sensiblement la détection de
cliguetis, ou autrement dit I'avance @ l'allumage critique.

Ensuite, des études de sensibilité ont été réalisées en utilisant le modéle complet du moteur
incluant ce modéle de cliquetis. Différents parametres de contréle moteur ont été testés. Pour
chaque changement de valeur d’'un des paramétres de contrble, une variation d'avance a
I'allumage a été réalisée de maniére d atteindre le cliquetis. Le modéle complet confronte aux
résultats de I'expérience montre une assez bonne adéquation calculs-expériences en termes
d‘apparition du cliguetis.
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5. Conclusions and Perspectives

The work presented in this thesis consisted in first establishing a large database of tests to
characterize, on a 3-cylinder turbocharged automobile spark-ignition internal combustion
engine, the impact of the various control parameters on the occurrence of knock, and also
on the physical parameters of influence such as the air filling, the equivalence ratio of the
trapped mixture, the wall temperatures, the combustion rate, or the residual gas rate. The
controlled parameters studied are: spark advance, air-to-fuel equivalence, coolant and oil
temperatures, valves timing (intake and exhaust), intake temperature, the law of injection
(number, quantities, and phasing of injections during the cycle). The main contributions of
the experimental campaign can be summarized as follows:

= The variation of the valve timing has a different impact on the occurrence of knock
depending on the operating point: for 1550x1500 mbar and 2000x1700 mbar, the
valve overlap delays the occurrence of the knock because the quantity of residuals
is reduced and the ignition delay of fresh gas is therefore longer. Whereas for
2500x1700 mbar, the fact of not overlapping the valves delays the onset of knock
because the trapped air mass is reduced and this phenomenon is considered as a
decrease in load and therefore a delay in knock.

= The onset of the knocking is delayed as long as the injection timing is delayed for a
single injection in the admission stroke.

» The injections in the compression stroke delay the onset of the knock when
compared to the injections in the intake stroke.

= Theincrease in the temperature of the intake air increases the occurrence of knock.
On the knock margin and on average, 0.75 CAD of spark timing can be achieved by a
10 ° Cdecrease in intake air temperature.

= The decrease in coolant temperature led to a faster burning rate which consumed
the fresh gas before it auto-ignited and delayed the onset of knocking.

Secondly, a complete procedure for modeling the onset of knocking combustion on a
turbocharged spark-ignition engine was proposed. A complete model of the study engine
was developed in the GT-Power environment. The semi-predictive combustion model used
is the SI-Turb model, for which a calibration procedure has been implemented. It allows you
to find the main characteristics such as the CA50, the combustion time, the maximum in-
cylinder pressure, or the IMEP over the entire engine operating range. Regarding the
specific knocking model, the "Kinetics Fit" model was chosen and an original calibration
methodology was developed. This consists, not only in finding the experimental crankshaft
angle at knock onset, but also in introducing a new objective in the calibration to separate
with good precision the engine conditions (in particular the level of spark timing ) for which
there may or may not be knocking cycles.



The calibrated model significantly improves knock detection, or in other words critical spark
timing. Overall, the complete model compared to the results of the experiments shows a
fairly good match between calculations and experiments in terms of the occurrence of the

knock. In more detail, the main conclusions are listed below:

The Kinetics Fit phenomenological knock model has shown acceptable results in
predicting knock, particularly at the level of the crankshaft angle at the onset of
knock.

The knock index appears to have a linear relationship with the increase in spark
advance in the Kinetics Fit model. In the experimental results, the knock index is a
quadratic function of the increase in spark advance.

When the valve timings were changed in 1550x1500 mbar and 2000x1700 mbar,
the knock index does not show significant differences between overlapping and
non-overlapping cases. However, these valve timing effects were observed on the
2500 x 1700 mbar because they involved a variation in cylinder load and therefore
a variation in knock prediction.

The effect of injection timing on the onset of knocking can be observed by the
Kinetics Fit. The results are compatible with the experiments: the model delays the
onset of the knock when the injection timing is delayed.

The effect of intake air temperature can be observed by the knock model. The results
obtained by the model are consistent with the experiments: the occurrence of the
knocking combustion increases with the temperature of the intake air.

The knock model is less sensitive to changes in coolant and oil temperature than the
sweep of other control parameters. It delays the onset of knocking when the coolant
temperature is too low.

In addition, a sensitivity study to the knocking model input data was carried out, in particular
on the level of heat losses and on the calculation of the heat release rate.

The work presented in this thesis brings several perspectives:

From an experimental point of view:

The experimental study carried out in this work has shown that physical phenomena
are inter-correlated. It could be interesting to try to study the separate influence of
each of the phenomena (examples: study of the residuals independently of the
temperature of the enclosed gases or of the wall temperatures, study of the
residuals at fixed levels of turbulence at the end of the intake stroke)

In addition, a detailed analysis of the impact of cycle-to-cycle dispersions on the
occurrence of knock could be carried out, based in particular on individual cylinder
pressure readings.



From a numerical point of view:

As a first step, in order to be able to compare the results of the experiments with
the simulation results, it would be good to define a common indicator for the
intensity of the knock. For example, by modeling cycle-to-cycle dispersions, it would
then be possible to define a probability of the knocking cycles.

For better sensitivity of the control parameters, the knock model can also be
calibrated using a wider choice of operating points with a sweep of one or more
engine control parameters.

The occurrence of knocking combustion being particularly dependent on the level of
stratification in the combustion chamber, an interesting development would consist
in having phenomenological models of combustion and auto-ignition taking into
account the level of stratification.

Similarly, it would be relevant to improve the modeling of heat transfers to the walls,
so as to better estimate the temperatures of the fresh gases and their auto-ignition.



Conclusions and Perspectives

Le travail présenté dans ce mémoire a consiste a établir dans un premier temps une large base
de données d'essais pour caractériser, sur un moteur 3 cylindres automobile suralimenté a
allumage commandé, l'impact des différents paramétres de contréle sur I'apparition de cliquetis,
mais également sur les parametres physiques dinfluence tels que le remplissage en air, la
richesse du mélange enfermé, les températures de parois, le taux de combustion, ou encore le
taux de gaz résiduels. Les paramétres de contrélé étudiés sont : I'avance d I'allumage, la richesse,
les températures de liquide de refroidissement et d’huile, le calage de la distribution (admission
et echappement), la temperature d'admission, la loi d'injection directe de carburant (nombre,
quantités, et phasages des injections au cours du cycle). Les principaux apports de la campagne
expérimentale peuvent étre resumés comme suit :

» La variation du calage des soupapes impacte différemment 'apparition du cliquetis selon
le point de fonctionnement : pour les points 1550 tr/min /1500 mbar et 2000 tr/min /
1700 mbar, le croisement des soupapes retarde I'apparition du cliquetis car la quantité
de résidus est réduite et le délai d'allumage du gaz frais est donc plus long. Alors que pour
le point 2500tr/min / 1700 mbar, le fait de décroiser les soupapes retarde I'apparition
du cliquetis car la masse d'air enfermée est réduite, ce qui équivaut @ une diminution de
charge.

= L'apparition du cliquetis est repousseée lorsque l'injection est retardée pour une injection
simple en admission.

= lesinjections dans la phase de compression retardent 'apparition du cliquetis par rapport
aux injections dans la course d'admission.

= ['augmentation de la température de I'air d'admission augmente I'apparition de cliquetis,
conduisant en moyenne d une réduction de 0,75 °V d‘avance a l'allumage pour une
augmentation de 10 °C.

» La diminution de la température du liquide de refroidissement conduit d une vitesse de
flamme plus élevée, ce qui conduit @ une retardation de I'apparition du cliquetis.

Dans un deuxiéme temps, une procédure compléte de modélisation de I'apparition du cliquetis sur
un moteur d allumage commandeé suralimenté a été proposée. Un modele complet du moteur de
I'étude a été développée dans I'environnement GT-Power. Le modéle semi-preédictif pour la
combustion utilisé est le modele SI-Turb, pour lequel une procédure de calibration a été mise en
place. Il permet de retrouver les principales caractéristiques telles que le CA50, la durée de
combustion, la pression maximale dans le cylindre, ou la PMI sur I'ensemble du champ de
fonctionnement moteur. S‘agissant du modéle spécifique de cliquetis, le modéle « Kinetics Fit » a
éte retenu et une méthodologie de calibration originale a été développée. Celle-ci consiste, non
pas uniquement a retrouver l'angle vilebrequin expérimental d’'apparition du cliquetis, mais
également a introduire un nouvel objectif dans la calibration pour discriminer avec une bonne
précision les conditions moteur (notamment niveau d’avance a I'allumage) pour lesquelles il y a
ou non apparition de cycles cliquetants.
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Le modéle ainsi calibré permet d’‘améliorer sensiblement la détection de cliquetis, ou autrement

dit I'avance a I'allumage critique. Globalement, le modéle complet confronté aux résultats de
I'expérience montre une assez bonne adéquation calculs-expériences en termes d‘apparition du

cliquetis. Plus en détails, les principales conclusions sont listées ci-apres :

Le modele phénoménologique de cliquetis Kinetics Fit a montré des résultats acceptables
pour prédire le cliquetis, en particulier au niveau de I'angle de vilebrequin au début du
cliquetis.

L'indice de cliquetis semble avoir une relation linéaire avec 'augmentation de l'avance d
I'allumage dans le modele Kinetics Fit. Dans les résultats expérimentaux, l'indice de
cliquetis est une fonction quadratique de I'augmentation de l'avance a l'allumage.
Lorsque les calages des soupapes ont été modifiés sur les points 1550x1500 mbar et
2000x 1700 mbar, l'indice de cliquetis ne montre pas de différences significatives entre
les cas croisés et non croisés. Cependant, ces effets de synchronisation des soupapes ont
été observes sur les 2500 x 1700 mbar car ils impliquaient une variation de charge dans
le cylindre et donc une variation de prédiction de cliquetis.

L'effet du temps d'injection sur I'apparition du cliquetis peut étre observé par le Kinetics
Fit. Les résultats sont compatibles avec les expériences : le modéle retarde I'apparition du
cliquetis quand le temps d'injection est retarde.

L'effet de la température de I'air d'admission peut étre observé par le modéle de cliquetis.
Les resultats obtenus par le modele sont compatibles avec les expériences : 'apparition
du cliquetis augmente avec la température de I'air d'admission.

Le modéle de cliquetis est moins sensible aux variations de température du liquide de
refroidissement et de I'huile que le balayage des autres parameétres de contrdle. Il retarde
l'apparition du cliquetis lorsque la température du liquide de refroidissement est
fortement réduite.

En outre, une étude de sensibilité aux données d'entrée du modele de cliquetis a été menée, en

particulier sur le niveau de pertes aux parois et sur le calcul du taux de dégagement de chaleur.

Le travail présenté dans ce mémoire améne plusieurs perspectives :

D'un point de vue expérimental :

L'étude expérimentale menée dans ce travail a montré que les phénomenes physiques
sont inter-corrélés. Il pourrait étre intéressant de tenter d'étudier l'influence séparée de
chacun des phénoménes (exemples: étude des résiduels indépendamment de la
température des gaz enfermés ou des températures de parois, étude des résiduels d iso
niveau de turbulence en fin d'admission,)

Par ailleurs, une analyse détaillée sur l'impact des dispersions cycle a cycle sur I'apparition
du cliquetis pourrait étre menée, sur la base notamment des relevés individuels de
pression cylindre.
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D'un point de vue numeérique :

Dans un premier temps, de maniére a pouvoir comparer résultats de I'expériences avec
les résultats de simulation, il serait bien de définir un indicateur commun pour I'ampleur
du cliquetis. Par exemple, en modélisant les dispersions cycle a cycle, il serait alors
possible de définir une probabilité d'apparition du cliquetis.

Pour une meilleure sensibilité des paramétres de controle, le modele de cliquetis peut
également étre regle sur un plus large choix de points de fonctionnement avec un
balayage d'un ou plusieurs parameétres de contréle du moteur.

L'apparition du cliquetis étant notamment dépendante du niveau de stratification de
richesse dans la chambre de combustion, une évolution intéressante consisterait a
disposer de modeles phénoménologiques de combustion et d'auto-inflammation prenant
en compte le niveau de stratification.

De méme, il serait pertinent d’améliorer la modélisation des transferts aux parois, de
maniére d mieux estimer les tempeératures des gaz frais et leur auto-inflammation.
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CENTRALE
NANTES

Caractérisation expérimentale et modélisation phénoménologique de I'apparition du cliquetis
dans les moteurs a allumage commandé suralimentés

Mots clés : Combustion, cliquetis, modélisation, moteur automobile, parametres de contrdle.

Résumé: Le cliquetis est I'un des principaux
obstacles techniques a Il'amélioration du
rendement du moteur a allumage commandé et
donc de l'ensemble de la chaine de traction
automobile dans le cadre de la réduction de la
consommation de carburant et des émissions
polluantes pour respecter les contraintes
environnementales. Dans cette thése,
l'occurrence du cliquetis a été caractérisée
expérimentalement sur un moteur & combustion
interne trois cylindres suralimenté a injection
directe installé sur un banc dessais du
laboratoire. L'apparition du cliquetis a ainsi été
étudiée en faisant varier certains parametres de
contrdle du moteur tels que les lois d'injection, les
calages des soupapes, la température de l'air
d'admission, la température du liquide de
refroidissement et la température de l'huile de
lubrification.

D’'un point de vue numérique, les outils de
modélisation 0D-1D sont largement utilisés pour
raccourcir les boucles de développement et
évaluer les performances des moteurs. Quant
aux modéeles de cliguetis, ils sont généralement
basés sur la théorie de l'auto-allumage des gaz
frais et ils impliquent une réaction en une étape.
Dans cette thése, une nouvelle procédure de
calibration a été proposée pour améliorer la
modélisation du cliquetis sur un modele de
moteur complet. L'ensemble a été testé par
confrontation aux mesures effectuées sur la
banc dessais et il permet de décrire les
principaux phénoménes influencant I'apparition
du cliquetis et de capturer linfluence des
différents parameétres de contréle du moteur sur
le cliquetis. Implémenté dans le modele
complet, le modéle de cliquetis obtenu peut étre
utilisé pour assister la calibration numérique du
moteur.

Experimental characterization and phenomenological modeling of knock occurrence in

turbocharged spark-ignition engines

Keywords : Combustion, knock, modeling, automotive engine, control parameters.

Abstract: Knock is one of the main technical
obstacles to improving the efficiency of the
engine and therefore of the entire powertrain in
the context of reducing the fuel consumption and
pollutant emissions to respect the environmental
constraints. In this PhD thesis, knock occurrence
was characterized on a turbocharged direct
injection three cylinder internal combustion
engine to assess the knock problems and to
understand its behavior on an everyday-use
vehicles confronted to real conditions. Knock
occurrence was thus quantified by varying some
of the engine control parameters such as the laws
of injection, the valves timings, the intake air
temperature, the coolant temperature and the
lubricating oil temperature.

Numerically, OD-1D modeling tools are widely
employed to shorten the development loops and
to evaluate the performance of the engines. As
for knock models, they are usually based on the
end-gas auto ignition theory and they involve a
one-step reaction instead of detailed chemical
kinetics. In this PhD thesis, a new calibration
procedure was proposed to improve the
modeling of knock apparition on a complete
engine model. The obtained model was tested
and it allows to describe the main physical and
chemical phenomena influencing the
occurrence of knock and to capture the
influence of the various engine control
parameters on the knock. Implemented on the
complete model, the obtained knock model can
be used to assist in the engine virtual calibration
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