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Résumé : Dans le cadre de cette thése, une nouvelle
méthode est présentée afin d'étudier la formation
des dépots dans la chambre de combustion des
moteurs essences. En effet, le processus de formation
des dépdts n'est pas bien compris et il n'y a pas ou
peu d'expériences permettant d'étudier in situ.
L'objectif de la thése est donc premierement de
proposer une méthodologie afin de comprendre le
processus de formation des dépdts, et
deuxiemement de la mettre en application afin
d'étudier l'impact de différents facteurs sur la
formation des dépots. Cette méthodologie est basée
sur la séparation de deux chemins de formations de
dépot : le chemin de formation par un film liquide et
le chemin de formation par les suies.

Une premiére étude est menée avec des expériences
sont réalisées avec des appareils pour générer des
dépbts de référence pour chacun des chemins de
formation de dépot. Ces dépdts sont analysés par
microscopie électronique et spectroscopie infra-
rouge et Raman afin de déterminer les propriétés
physiques et chimiques des dépots de référence. A
partir de cette caractérisation, les propriétés iden-
tifiées pour les dépdts de références sont retrouvées
dans les dépots formés sur des pistons dans une
chambre de combustion d'un moteur essence.

La deuxieme étude porte sur des essais in situ avec
I'utilisation d’'une caméra rapide afin de de com-
prendre les mécanismes de formation des dépots.
De méme, elle est basée sur la séparation des che-
mins de formation des dépots. L'étude des
mécanismes du chemin de formation du film
liquide montre que la formation des dépots est lice
a la durée de vie du film liquide sur la surface du
piston : en s'évaporant lentement, le film liquide
réside longtemps sur la surface et le dépot peut se
former. Pour I'étude des mécanismes du chemin de
suie, deux mécanismes de transport sont
responsables du dépdt de suies sur la surface : la
thermophorese et la turbulence.

La derniére étude de la thése porte sur I'impact de
la condition de la surface sur la formation des
dépots.

Les conditions étudiées sont la température de la
surface, la rugosité et les matériaux transparents.
Seule la température de la surface a un impact
signifiant sur la quantité de dépaot. Le faible impact
des matériaux transparents sur la formation des
dépbts pourra rendre possible dans de futures
études l'utilisation de diagnostics optiques pour
étudier in situ la formation des dépots.
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Abstract : Within the framework of this thesis, a new
method is presented to study the formation of
deposits in the combustion chamber of gasoline
engines. The process of deposit formation is not well
under-stood and there are no or few experiments
that study the process in situ. The objective of the
thesis is therefore first to propose a methodology to
understand the process of deposit formation, and
second to apply it to study the impact of different
factors on the formation of deposits. This methodol-
ogy is based on the separation of two deposit
formation paths: the liquid-film path and the soot
path.

A first study is conducted with devices to generate
reference deposits for each of the deposit formation
paths. These deposits are analyzed by electron
microscopy and infrared and Raman spectroscopy to
determine the physical and chemical properties of
the reference deposits. Based on this char-
acterization, the properties identified for the
reference deposits are found in deposits formed
piston deposits in a combustion chamber of a
gasoline engine.

A second study concerns in situ experiments with
the use of a high-speed camera to understand the
mechanisms of deposit formation. Similarly, it is
based on the separation of deposit formation
paths. The study of the mechanisms of the liquid-
film path shows that the formation of deposits is
linked to the lifetime of the liquid film on the piston
surface: By evaporating slowly, the liquid film
resides for a long time on the surface and deposits
can form. For the study of the mechanisms of the
soot path, two transport mechanisms are
responsible for the soot deposit on the surface:
Thermophoresis and turbulence.

The last study of the thesis deals with the impact of
the surface condition on the formation of de-
posits. The conditions studied are surface
temperature, roughness, and material. Only the
surface temperature has a significant impact on the
quantity of deposit. The low impact of transparent
mate-rials (silica and sapphire vs. aluminum) on the
formation of deposits may make it possible in
future studies to use optical diagnostics to study
the formation of deposits in situ.
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Schliisselworter : Motorablagerungen, Ottomotor, Direkteinspritzung

Zusammenfassung : In dieser Arbeit wird eine neue
Methode zur Untersuchung der Bildung von
Ablagerungen in  der  Brennkammer  von
Benzinmotoren vorgestellt. Der Prozess der
Ablagerungsbildung ist bisher nicht gut verstanden
und es gibt nur wenige oder gar keine Experimente,
mit denen man die Bildung von Ablagerungen in situ
studieren kann. Das Ziel der Dissertation ist daher
erstens, eine Methodik vor-zuschlagen, um den
Prozess der Bildung von Ablagerungen zu verstehen,
und zweitens, sie anzu-wenden, um die
Auswirkungen verschiedener Faktoren auf die
Bildung von Ablagerungen zu unter-suchen. Diese
Methodik basiert auf der Trennung von zwei
Ablagerungsbildungspfaden: Dem Flis-
sigfilmbildungspfad und dem RuBbildungspfad.

In einer ersten Studie wurden Geréten zur Erzeugung
von Referenzablagerungen fiir jeden der Abla-
gerungswege durchgefiihrt. Diese Ablagerungen
werden durch Elektronenmikroskopie sowie Infra-
rot- und Raman-Spektroskopie analysiert, um die
physikalischen und chemischen Eigenschaften der
Referenzablagerungen zu bestimmen. Basierend auf
dieser Charakterisierung werden die fiir die Re-
ferenzablagerungen identifizierten Eigenschaften in
Ablagerungen zugeordnet, die sich auf Kolben in der
Brennkammer eines Benzinmotors gebildet haben.

Eine zweite Studie fokussiert auf In-situ-Versuche
mit Hilfe einer Hochgeschwindigkeitskamera, um
die Mechanismen der Ablagerungsbildung durch
Beobachtung im laufenden Motor zu verstehen. In
dhnlicher Weise basiert es auf der Trennung der
Ablagerungswege. Die Untersuchung der Mecha-
nismen des Weges der Flussigkeitsfilmbildung
zeigt, dass die Ablagerungsbildung mit der Lebens-
dauer des Flissigkeitsfilms auf der
Kolbenoberflache zusammenhangt: Durch
langsames Verdamp-fen bleibt der Flissigkeitsfilm
lange Zeit auf der Oberflache und die Ablagerung
kann sich bilden. Fir die Untersuchung der
Mechanismen des RuBpfades sind  zwei
Transportmechanismen fir die Ablagerung von
RuB auf der Oberflaiche verantwortlich:
Thermophorese und Turbulenz.

Der letzte Aspekt der Arbeit befasst sich mit dem
Einfluss der Oberflaichenbeschaffenheit auf die
Bildung von Ablagerungen. Die untersuchten
Bedingungen sind Oberflachentemperatur,
Rauigkeit und transparente Materialien. Nur die
Oberflachentemperatur hat einen signifikanten
Einfluss auf die Menge der Ablagerung. Der
geringe Einfluss transparenter Materialien auf die
Ablagerungsbil-dung konnte es in zukilinftigen
Studien ermdglichen, die Ablagerungsbildung in
situ mithilfe opti-scher Diagnostik zu untersuchen.

Maison du doctorat de I'Université Paris-Saclay

2¢me étage aile ouest, Ecole normale supérieure Paris-Saclay
4 avenue des Sciences,

91190 Gif sur Yvette, France



Development of a novel experimental methodology farharacterizing low
and high temperature solid, fuel-based deposits ametallic walls

Der Fakultat fir Ingenieurwissenschaften, Abteillvigschinenbau und Verfahrenstechnik
der

Universitat Duisburg-Essen
zur Erlangung des akademischen Grades
einer

Doktorin der Ingenieurwissenschaften

Dr.-Ing.

vorgelegte Dissertation

von

Louise Ganeau

Le Mans, FRANCE

Gutachter: Univ.-Prof. Dr. rer. nat. Christof Schul

Ing., Dr., HAR,Gilles Bruneaux

Tag der Einreichung : 18/11/2021

1






REMERCIEMENTS

My first thanks go to the members of my thesis, jBrgfessor Pascal Desgroux, Professor
Sebastian Kaiser, Professor Christophe Laux, Pedfefaul Payri. | thank them for their in-
terest in my work, and for the expertise they bhaug its evaluation.

Le travail présenté dans ce manuscrit a été meneoartelle entre I'université de Duisburg-
Essen et l'université de Paris-Saclay. Il a étarfice et réalisé a I'Institut Francais du Pétrole
et des Energies Nouvelles.

Je voudrais remercier tout d’abord Christof Schutmn directeur de thése de l'université de
Duisburg et Gilles Bruneaux, mon directeur de thdséuniversité de Paris Saclay, pour leurs
précieux conseils.

Je souhaiterai par ailleurs remercier Stéphane Hignet Richard Tilagone pour leur accuell
dans la direction Mobilité et Systemes de I'lFP Enes Nouvelles, et Julian Kashdan dans
son département.

Je souhaiterais particulierement remercier Mairavéd Fortunato et Guillaume Pilla. Je suis
trés reconnaissante pour leur soutien sans failadant ces années de thése. J'ai beaucoup
appris avec eux. Merci Guillaume pour ta grandepdisibilité et tes nombreux conseils pen-
dant la rédaction de la these.

Je tiens également a remercier tous les technigans qui je n'aurais pas eu ces résultats a
présenter : merci a Thomas Collazo, Francis Lend@tcent Ricordeau, pour les beaux dépbts
moteurs, merci a Jérdme Chérel pour toute I'orgatien des essais, merci a I'équipe de mi-
croscopie de Solaize et en particulier, a Hedwigekkt, Florent Moreau et Anne-Lise Taleb

pour leur temps passé a explorer mes dépots, négalement a Julien Labaume et Pascal
Herault pour leurs analyses chimiques.

J'ai une pensée particuliere pour mon collégue @eau, Duy avec qui j'ai passé mes années
de these. Ce fut toujours un plaisir d’échangereemsle. J'ai également une pensée pour tous
mes autres collegues thésards, Andreas, Edouarsisaa Abhijit, Kamal, Julien, Alexis, Ma-
thieu, Antoine, Benoit, Maxime, Fabien ainsi questies autres collegues de la direction.

Merci aussi a I'association de football de I'lFP &mgies Nouvelles pour son accueil chaleu-
reux dans I'équipe. Merci Clément et Samir poure/abnfiance dans mes arbitrages du sa-
medi ou j'ai appris la regle obscure du hors-jeu...

Mes derniers remerciements vont a ma famille qai soutenu pendant toutes mes études, et a
mes amis qui m’ont encouragé jusqu’au bout. Etngefisouhaite remercier mon compagnon,
Valentin, qui a toujours été la dans les momerffgciies.



CONTENT

SYMBOLS ..ottt ettt ettt h et h e h e e e e At b e Rt R et e bttt e nnb e e nn e beeenee 8
ACRONYMS .ttt eeeee et ettt ettt b et bbbt bbb bbb e bbb s s s £ £ £ k£ £t e et b e e b e b e e 10
1 INTRODUCTION ...ttt eeemt bbbt bbb bbb bbb bbb anneeaes 12
1.1 MOTIVATION .ttt ettt e et s e e e e e e e e e 12
1.2  Scope and outline of the WOrK ..........coo o 13
2 DEPOSITS IN SPARK IGNITION ENGINES ...t eeeeeeeaes 14
2.1  Deposits fuel production and handling ... 14
2.2 Location of deposits in the combustion chamber @antsequences on the engine operation
16
221 [T =03 (o G 0 274 = 3 16
A 1 Y- 1 ] T 16
2.2.3  INTAKE VAIVES ......oiiiiiiiiiii ettt 17
2.2.4  Combustion chamber WallS ..................immmm i e 17
2.2.5  Conclusions on the location and consequences dM@gPOoSItS.............vvvvvveerinennnnee 19
2.3 Deposits formation NYPOtheSES.........uuuiiiiiiiiii e 20
231 DepoSItsS MECHANISIMS .....ccoiiiiiiii e e e 20
2.3.2 Liquid-film-path mechaniSm ... 21
2.3.3  S00t-path MECNANISIM ......cooiiiiiii e 21
2.4 Factors leading to depositS fOrmMation........cccoeiieeiiiiiiiiiiiiiiiieeeieeeeeeeee e 22
241 Fuel and additives and components in gasoling. ...............coooeiiiiiiiiiiiiiiiiiiiiiiiennes 22
24.2 Fuel and additives and components in Diesel fuel................cccoiniieeeene. 24
2.4.3 LU= T U111 25
2.4.4  LUDFICANT Ol ..eeiiiiiiiiiiiiiie e ettt e e e e e 25
2.4.5 SUIMACE LEMPEIALUIE ......veiiiieee e e e e e e e e e e e 25
2.4.6 Influence of engine operating conditionsS ....cccceeeo oo oo, 27
P2 T B 1= o To 1S | £ o] o] o= T4 (=TSSP 30
25.1 DEPOSILS SIUCIUIE ..eeeeieeeieeeeeeeeeee e eeeeees s e e e e e e e e e e e e e e aa e e e e s e e e s e e e e e aa e 30
2.5.2  Thermal properties of the depoSItS .........ceeeeeeriiiiiiiiiiiicre s 33
2.5.3  Chemical composition Of AEPOSILS............ommmmmeerriiiiiiiiiriie e 34
2.5.4  Conclusions 0N depOoSItS PrOPEITIES .........cummmmeeerreiurrrrireriaeeesaasnrrree e eneeereeees 34
2.6 CONCIUSIONS ...t ee et e e e e e e e e et e e e e ean e e e e e e e e e e e nnne e e es 35
3 LABORATORY EXPERIMENTS AND ANALYSIS FOR DEPOSITS RRMATION............ 38
3.1 Laboratory experiments for deposits fOrmation ...c...........cooeeeiiiiiiiiiiiiiieeee e 38

4



311 MiCrOCOKING AEVICE .....ccoi e, 38

3.1.2 Yo To Mo =T =Tt o] TR 39
3. 1.3 SIMOKE ML ..ottt emmmmemr ettt e e e e e e e e e e e e e e s 40
3.14 ENGINES e e e e 41
3.2  Analysis of deposits formed in the combustion chamb..............cccccccooiiiiiiiiiiiiiiiccee 45
3.2.1 SEM-EDS: Morphology and elementary composition gial..............ccccvvvveeeeennnnns 45
3.2.2 T IR - A T R e oottt e e e e et et et b e e e e e e e eenennne b aaaaeaeae 46
3.2.3 e L = L IRST o= 11 (= ] o 47
G0 T | 1 o3/ T aTo [T gt o 1T 41T £ 48
331 Phosphor thermOmEetry .........ooooiiiiii e et 48
3.3.2 High-repetition-rate visualization..............cccccuuuuiiiiiiiiiii e 52
3.3.3 PartiCle @NalYZEr .......ccooeeei i 53
ESTABLISHMENT OF THE METHODOLOGY TO STUDY ENGINE DEOSITS ............... 56
4.1 Analysis Of reference dePOSItS........uuuutcummmmmeeeiiee e 56
41.1 Y= 1 G 56
41.2 Y= Tt fo LYoo o (o= g F= )] 56
41.3 Y I To g0 s oTe] o] [oar= T g F= 1 YA 57
4.1.4  Chemical @NalYSES ........cccuiiiiiiii i cemeeee e 58
4.1.5  Conclusions on the reference deposits charactsisti...........cccooeeeiiiiii e 60
4.2 Influence of the sampling location in the combustihamber on deposits visual appearance
AN MOIPNOIOGY ... oo e s 61
42.1 Engine experiment description and analysis of ifferdnt sampling location deposits
formed with the 400 CABNGINE ..........ccuiiiiii ittt ettt e beens 61
4.2.2  Conclusions on the influence of the sampling larain the combustion chamber on
deposits visual appearance and MOIrPNOIOGY e ceeeeeeiiiiiiiiiiiiiee e 63
4.3 Influence of the engine geometry on deposits viappkearance and morphology ............. 64
43.1 Engine experiment description and analysis of tiseop deposit formed with the 462
(o010 Vo [ a1 TSROSO 64
4.3.2  CONCIUSION ...ttt ettt et e et smn e et e e s e s 65
4.4  Influence of the injection timing on deposits visappearance and morphology............... 65
44.1 Description of the engine eXperiments ......cccccceeeeeeeiiiieeiiiee e, 65
4.4.2 Macroscopic and MIiCroSCOPIC ANAIYSES......ccomeameeruueuiriiniiiiniiiinaae e enees 66

4.4.3  Conclusions on the influence of the injection tighion deposits visual appearance and
(30T ] ] o] 0 |2 P PPPPPPPP PP 69

4.5 Determination of the usefulness of FTIR-ATR and Rarspectroscopy to characterize engine
deposits chemical PrOPEILIES .....ccoieii i 70



45.1 Infrared SPeCtroSCOPY @NAlYSIS ........covviivieieeiiiiiiiiii e eenranes 70

452 Raman SpectroSCOPY @NaAlYSIS ........uuuuuuiaaeaeeae ettt eeeeeeeeeeeee 71
45.3  Conclusions on the usefulness of FTIR-ATR and Raspettroscopy to characterize
engine deposits chemiCal PrOPEITIES ....... .o eoriiiiiiiie e 73
4.6  Conclusions on the methodology to study engine Sl&po.............cevvvveeeiiiiiiiiiiiiinirieees 74
ENGINE DEPOSITs FORMATION MECHANISMS ...... . 76
5.1  Description of engine eXPeriMENTS..........commmeeeeeeeeieeieeeieeeeeeieeerrarereee e 76
5.2 Contribution of the liquid-film path mechanism tegbsits formation ........................... 11.
5.2.1 MaCIOSCOPIC ANAIYSIS.......cceiiiiiiiiiiieiteeeeeeer e r e eea s 77
5.2.2 MICrOSCOPIC ANAIYSIS ...vvvvvrrieriiiiiiiimmmmm s e e e e e e e e e e e e e e e e e e e e e e aaaaaaaeaaaeeaaaaaaaaaaaaaaaaaaaeens 78
5.2.3 IN SIEUANAIYSIS .vvvviiitiiti e mmmmmm e e e e e e e e e e e e e eereae s a s 79
5.2.4 Parameters affecting the liquid film ..o, 83
5.2.5  Synthesis of the mechanisms of deposit formatiothbyliquid-film path .................. 89
5.3  Contribution of the soot-path mechanism to depdSHBAtIoN............cceeerriiiiiiriieeeeeeenn. Q0
5.3.1  Soot transport MechanisSms iN ENGINE ........ccooeiiiiiiiiieiee e 91
5.3.2  Soot transport MECNANISIMS ..............ee e e e e e e nreee e 91
533 Discussion on the mechanisms of SO0t depPOSItION. ...........uvveiiieeeiiiiiiiiiiieeeeeennn a5

5.4  Cross examination of the contribution of both lagifilm- and soot-path mechanisms to
LT Lo g TS0 [T 0T 1S ] £ PP PPRRS 96

5.4.1  Contribution of the soot path mechanism to depdsitmation with the early-injection
strategy 96

5.4.2  Contribution of the liquid-film path mechanism tepmbsits formation with the late

][ 1o I o > L= 99
5.4.3  Overall process involving the contribution of thiguid-film path and soot path
MECNANISITIS ...ttt £ttt e ekt e e et e e e ekttt eeemne e e s e et e e e asbr e e e e e asbneeeenas 100
INFLUENCE OF THE SURFACE PROPERTIES ON DEPOSITS RORION ................. 104
6.1 Methodology for evaluating the influence of surfgceperties on deposits formation..... 104
6.1.1 Repeatability foex Situmeasurements ..., 104
6.1.2 Repeatability foin SitumeasuremMents ..., 107
6.2  Effect of the piston surface temperature on depdsmmation ...............cccvvveveeeeeeriiiceas 108
6.2.1 Presentation of the matrix of eXperiments. ..., 108
6.2.2  Characterization of the piston surface temperature...........cccoeeeeeeeeeieeieee e, 109
6.2.3 Influence of the piston surface temperature on siépéormation...............cccceeeeeeen. 111
6.3 Influence of the surface roughness on depositSaDOm .................oeveeveeriiiiiiiiiineieenas 118
6.3.1 Matrix of the roughness effect eXperiments ...........cccccvveeeiiiiiiiiieeeeeee e 118
6.3.2 Influence of the surface roughness on depositsdtiom by the liquid-film path ..... 119

6



6.4 Influence of surface material on deposits formation...........ccccoeeeieeeiieee e e 123

6.4.1 Experimental CONAItIONS ............uuiiiiiii e 123
6.4.2  Analysis of the influence of quartz and sapphiratic@s on deposits formation ...... 125
6.4.3 Influence of a full-sapphire piston on depositsdation..............cccccceeeeviiiiiiinnnn. 126
6.4.4  Conclusions on the materials effect on deposit &bom .................cooeeeeeeeieee . 812
6.5 Conclusions on the influence of surface propedieseposits formation ......................... 129
T CONCLUSIONS ...t e ettt e e e e e et et bbb e e e e e e e e eeeeestbba e e e e e eeeennennnns 130
REFERENGCES ... .ottt et ee bttt e ete b bee bbbt bbb bbb bbb se e s emssee e s e e e s e s s s se s s s ss e beeebbbbbbbnbnnes 134
ANIN X e e ettt e oottt e et e e e et e e e e e e e e e e e e e 142
A/ Determination of surface temperature from phasghermometry................oooeeeiiiiiii e 142
B/ SEM microscopy of the deposits for cases 1-&é&oly injection for the following zones: (a) outer
zone, (b) spray impact periphery, and (C) SPrayalthar€a. .............evvvrvervrerrrierrrrrimrrennneeeeeeens 143
C/ Synthése du ManuSCHit €N frANGAIS.......cereriiiiiiiie e 144



SYMBOLS

Patm

[0)]

Ra

t

Tcooling water
Trinal

Tinitial

To

Tn

TZnin

Luminescence intensity

Atmospheric pressure

Fuel/air equivalency ratio

Roughness arithmetic mean

Time

Engine cooling water temperature

Final piston surface temperature

Initial piston surface temperature
Leidenfrost temperature

Nukiyama temperature

Surface temperature of the sapphire piston aftem2ites
Decay rate of the luminescence intensity






ACRONYMS

CAD Crank angle degree

CAD BTDC Crank angle degree before top dead center

CO Carbon dioxide

FTIR-ATR Fourier transform infrared spectroscopgttenuated total reflectance
GHG Greenhouse gas(es)

LPG Liquid petroleum gas

MIP Mean indicated pressure

NO: Nitrous oxide

NOx Nitrogen oxides

PM Particulate matter

PT Phosphor thermometry

SEM-EDS Scanning electron microscopy — energy-dspe spectroscopy
SI Spark ignition

TDC Top dead center

uHC Unburned hydrocarbons

10



11



1 INTRODUCTION

1.1 Motivation

As an example of the actions needed to mitigateffieet of greenhouse gas emissions on global warm-
ing, the EU has recently launched ambitious targeteduce C®emissions by at least 55% by 2030
compared to 1990 [1]. A quarter of Europe's greesb@as (GHG) emissions has their origin from the
transport sector and, in 2014, the EU has indicgiatroad transport alone accounts for more ti@86 7

of all GHG emissions of the overall transportatsector [2]. Given this data, the transportatiorustdy

is committed to the continued reduction of all gloisssources of GHG such as £®Ox, and NO. In

this context, automobile manufacturers have dewslapew engine technologies to reduce fuel con-
sumption, GHG, and pollutants emissions includiegvrengine designs (e.g. downsizing), and new
injection strategies (e.g. gasoline direct injettimulti-pilot injections). Despite their advantagthese
new technologies have created significant conggdim fuels, namely operating conditions undehhig
pressure and temperature [3-5]. In parallel withatlvances in engine technology, the fuels’ sugplie
have also developed new fuel formulations and thiced a larger variety of biofuels in the market.
Biofuels have a chemical composition and physicaperties that, while complying with international
fuel quality standards, may have chemical and phayslifferences from conventional fossil fuelsT§,
Both trends, new engine technology and new (bitgfueave been pointed out as the major source of
deposits observed in different parts of the engsue$ as combustion chamber, injector holes, valves
and pumps [8, 9]. In spark-ignition engines, thpa#its observed in the combustion chamber is prob-
lematic since it can form an insulating layer oa #alls of the combustion chamber [10, 11]. Thik wi
increase the temperature locally and lead to uregacbmbustion, thus degrading the engine perfor-
mance. In addition, the deposits can also adsdsbhraed hydrocarbons (UHC) and release them during
the expansion phase, and so increasing GHG anataatilemissions [12]. The use of additives antiox-
idants and/or detergents in fuels are some ofttagegies adopted by the industrials to eliminafeab
least, to reduce the deposits formed in combusti@mbers. But additives are prone to chemical and
thermal degradation in the fuel system, which cakerthem ineffective or even contribute to deposits
formation [13]. Therefore, other solutions mustdielressed. For this, it is necessary to understend
mechanisms and the main parameters leading to itle fmrsnation.

Many studies are available on the formation of d&pan the fuel system of vehicles (e.g., tanlel fu
lines, injector, and holes) [14-17]. However, tlepasits formation process at these locations is not
representative of combustion chamber conditiorterims of pressure, temperature, and soot presence.
The literature available about deposits in comonsthambers are mainly focusedesitudeposits
analysis and aiming to determine their chemical pasition [18]. Thesex-situstudies have shown
that the formation of deposits is a complex prodkas presents different physical and chemical-char
acteristics depending on the operating conditioich s1s the injection time [19]. The deposits oladin

is formed rather by the contribution of soot, bg ttontribution of liquid fuel, or rather by the ¢dbu-

tion of engine oil [20, 21]. Nonetheless, the pagters that play a role in the mechanisms of deposit
formation are still poorly understood, in partiauldne synergy that could exist between fuel ingact
and soot formation on the deposits observed onmssand combustion chamber walls. Moreover, the
formation of deposits in a real engine is a longcpss. Thusgx-situchemical characterizations of the
deposits require a large sample mass and thuselogige experiments (~100h). These industrial pro-
cesses of deposits formation in real engines astlynased to evaluate the properties of fuels tafo
deposits but are not used to perform fundamentdiest on their formation mechanisms. There is no
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established experimental methodology to study teetranisms of deposits formation in the combustion
chamber of engine.

1.2 Scope and outline of the work

The objective of this work is to develop such almeblogy and use it to provide a better understandi
of the deposits formation process. The methodol®gpsed on laboratory controlled reference deposit
that reproduce the engine deposits from liquid-fiind soot. The impact of engine oil in the formatio
of deposits is not considered in this work. Theadetm the physicochemical characterization of¢hes
reference deposits allow the identification of @mgine parameters promoting the formation of engine
deposits related to the liquid-film path or the tspath. This methodology is then applied to thearnd
standing of deposits formation mechanisms througttaiengine cycles for the liquid-film path and
the soot path. The work is performed in singleraydir direct injection research engines with optical
access. The characterizations of the depositsisrpeed using ex-situ analysis such as electroric m
croscopy and in-situ diagnostics such as directalization by a high-speed camera.

The manuscript first presents a review of theditiere on the existence of deposits in the combustio
chamber of spark-ignition engines (Chapter 2). €kgerimental means are then described in a third
chapter with the presentation of the deposits ftionalevices and thex-situandin-situ analysis tech-
niques used. Chapter 4 introduces the new methggddw studying engine deposits based on the for-
mation of reference deposits. Chapter 5 descrhmEis situ investigation of engine deposits formation
mechanisms for the liquid-film path and the soghp&rom two engine experiments, different possible
scenarios of the deposits formation mechanismprasented. The last chapter (Chapter 6) of theighe

is devoted to the study of the effect of differengine parameters on deposits formation.
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2 DEPOSITS IN SPARK IGNITION ENGINES

This chapter aims to present the state of thenarhderstanding the formation of deposits in tha-co
bustion chamber of gasoline engines. The idea @etermine the properties and characteristicsef th
deposits as well as to identify the relevant amedyttechniques to study the mechanisms of deposits
formation. There is a lot of research publisheddeposits in Diesel engines but significantly less o
gasoline engines. For this reason, some sectiotgsothapter are based on Diesel engine cases, Fir
the location and consequences of deposits formatittin the combustion chamber are presented. The
objective is to determine, which parts of the costlon chamber are the most critical and will be the
focus of this thesis. Second, different existinguagptions of deposits formation mechanisms are ex-
plained. Third, the factors leading to the formatas deposits, such as fuel properties, surfac@éem
ature, and engine operating parameters, are igehténd fourthly, the chemical and physical prapsr

of the deposits, such as morphology or chemicalpomition, are identified.

Many additional studies on deposits formation riesldrom petrochemistry research, mostly in the con
text of effects that are relevant during fuel sgigraand distribution in tanks and pipes. One ingurt
aspect of this thesis is to translate methodolbgipproaches from this community to analyze and in-
terpret in-cylinder deposits.

2.1 Deposits fuel production and handling

Once crude oil is extracted from the rock, it iined and stored before being distributed to petrol
stations. During this storage phase, the refinethfill start to degrade slowly. This degradatismlue

to autoxidation reactions that occur in three défe stages [22]. Autoxidation designates the digra
tion of organic compounds at low temperatures (<30)0in the presence of oxygen. The first stage of
this phenomena is the initiation phase that comedp to the abstraction of hydrogen atoms from the
hydrocarbon compounds and the formation of frecadsl This initiation is sensitive to temperature,
the presence of oxygen or impurities in the fued, $pecific fuel composition, especially the presen
of unsaturated compounds. The second step calighgation corresponds to the formation of hydro-
peroxides that then further react towards oxidapiooducts. The last stage is the termination, where
free radicals recombine to form stable oxidatiomdpicts corresponding to deposits. During storage in
the distribution system, autoxidation is rathensh®cause the fuel is stored in a controlled emvirent.
Once the fuel is brought to a vehicle tank, autatiah reactions are faster because the fuel i®stdy

to the variable ambient environment. Also, durietpicle operation, fuel flows through the fuel syste
where pressure and temperature are higher thae tank, increasing autoxidation reactions andizfa
formation of the deposits than for the storageufégl shows the dependence of jet fuel oxidation to
temperature [23]. A similar degradation is obserfiggdany product containing hydrocarbons. It can be
seen oxidation increases above 150 °C.
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Figure 1: Jet fuel thermal degradation temperatamge [23].

Above 400 °C, a different thermal degradation maddm takes place, which is pyrolysis. In engine
applications, this process is more likely to odouor near the combustion chamber, where the temper
ature is much higher due to combustion. Howeverntiechanisms taking place inside the combustion
chamber are not clear and are the subject oftibsg. Figure 2 summarizes the various existirgy-int
actions from storage to vehicle operation. The di#poesulting from autoxidation can cause differen
failure events: They can clog the fuel filter, flnel pump, and the return rail leading to failuothe

fuel system.
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Figure 2: Various interactions between the fuel éménvironment, from the refining industry

to the operation of the vehicle.
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2.2 Location of deposits in the combustion chamber andonsequences on the
engine operation

2.2.1 Injector nozzle

Deposits can form inside the injection holes andhennozzle surfaces as shown in Figure 3 [24]. The
deposits can clog the injector holes, potentiaignging the spray pattern resulting in larger drtspl
and thus poorer mixture formation [25, 26]. Thisedi®ration of the spray pattern has several conse-
guences on combustion behavior. It can contributae formation of rich zones in the fuel/air mpdu
that promotes knocking or pre-ignition [25]. Thé@amogeneous fuel/air mixture can also increase un-
burned hydrocarbon and CO emissions. By modifyireyshape of the spray pattern, the spray angle
can be reduced, and the penetration of the sprape&@ncreased, which promotes wetting of the walls
and leads to emissions of particulates and hydbocer [26].

(a) Clean ~
injector 0
y .;-}d . - "' 3 P

Figure 3: Example of deposit on injector tip frorgasoline engine [24]

A possible mechanism explaining the formation qdateéts on the injector nozzle has been proposed by
Caprotti et al [27]. This mechanism is describetour steps. First, after the nozzle is closedrafte
injector has delivered fuel, residual liquid fuehynremain stored in the injection holes. Second, th
fuel expands during the expansion stroke and caufiks of liquid fuel to form at the injector ndez
Third, the high temperature of the nozzle surfackices evaporation of the more volatile fuel compo-
nents. The heavier fraction of the fuel remaingh nozzle and fuel degradation occurs, resulting i
sticky deposits. Fourth, soot, unburned hydrocaspand lubricant components accumulate on the sur-
face of the deposit. After each nozzle closure pttoeess starts again, and the deposit develofiseon
injector nozzle [28].

2.2.2 Spark plug

Deposits can also form at the spark plug. The depitst may contain elemental carbon, can achas a
electrical conductor and thus change the sparkdige characteristics. The change in spark diseharg
characteristics can cause degradation of combuistitiettion, misfiring, and short circuits [29]. drire

4 shows an example of a deposit formed on the g@adkin the form of carbon filaments. Spark-plug
deposits may form when the engine is started, dégss of the ambient temperature. When the vehicle
is operated in a warm or temperate climate, theksplag reaches a self-cleaning temperature of ap-
proximately 400°C where the deposit burns off andad longer a problem. The formation of deposits
on the spark plug is, therefore, more problematicald climates with extended warm-up times, which
can lead to a build-up of deposits [30]. In thiseseone of the solutions to limit ignition failurése to
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deposit formation on the spark plug is the apglicabf high voltage to the spark plug when misfirin
is detected [29, 31]. To avoid melting the centecteode with the high voltage, automobile manufac-
turers now use precious metals such as nickeinptat or iridium for the center electrode to in@ea
the service life and improve the ignition efficamfyspark plugs [32].
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Figure 4: Sketch and photo of a spark plug witHifmucaused by carbon filaments [29].

2.2.3 Intake valves

Intake valves can also suffer from deposit fornratiéigure5 compares a clean intake valve to a dirty
valve recovered from a spark-ignition gasoline eagvith a port fuel injector [33]. Deposits on iea
valves mainly affect gasoline engines operatindp\&iport fuel injection system. This is relatedhe
position of the intake valve with the fuel injegtieystem. Fuel can wet the rear side of the intakee,
which contributes to the formation of deposits. B&fs on the intake valves can change the gas flow
into the engine, which affects the mixture formatinside the combustion chamber and leads to a re-
duction in engine power [34]. To remedy these digpokiels with detergent additives are generally
used [35].
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Clean valve Fouled valve

Figure 5: Comparison of a clean intake valve afmué&ed intake valve [33].

2.2.4 Combustion chamber walls

Deposits can also form on the combustion chambér Wae piston top in Figure 6, the cylinder liner
and head cylinder in Figure 7 [36]. Because depasih be porous, they can absorb unburned hydro-
carbons and particulate matter and then release theing the expansion stroke contributing to in-
creased emissions of unburned hydrocarbons andwaté matter [12, 37].
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Figure 6: Piston deposits formed after 50 h fofedént operating conditions
in a direct-injection spark-ignition engine [36].

| A

PO AN AN . . £

Figure 7: Enlarged image of cylinder-head dep¢3B$.

Figure 8 illustrates the effect of combustion chandeposits on the increase of unburned hydrocarbon
emissions from the exhaust of a four-cylinder spgnition engine [39]. These emissions were meas-
ured using a rapid-response flame ionization detexdtthe exhaust valves during the exhaust phase o
the combustion cycle. The red and blue curves spomd respectively to the emissions measured with
a clean engine and an engine with deposits aftdroé@s of engine operation. The comparison only
covers the two peaks around 540 and 645°CA. Theoeattributed the increase in unburned hydro-
carbon emissions to the desorption of fuel in tagodits that were previously absorbed by the deposi
Another consequence related to the formation obsiép on the combustion chamber walls is the re-
duction of the heat flux through the combustionnshar wall due to the insulating thermal properties
of the deposits. This leads to an increase inghgpérature of the gases in the chamber and thars to
increase in NQemissions [28].
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Figure 8: Comparison of unburned hydrocarbon emissivith and without
combustion chamber deposits (CCD) [39].

The thermal properties of deposits on combusti@mtier walls can also lead to surface ignition [10,
11, 40]. Surface ignition corresponds to auto-ignif a fuel/air charge due to hot spots, heresedu

by the high temperature of the deposit layer. Hifect leads to an increase in the required octane
number [41]. Hosogi et al. have studied the eféécarbon deposition on knocking by implementing a
method that enabled the generation of depositsauititrolled thickness. A deposit with a thickneks o
about 150 um was formed on the walls of the comtmusthamber using an oil drip device mounted on
the intake manifold of a gasoline engine. The astinere able to attribute low-speed pre-ignitioeph
nomena (LSPI) to the presence of deposits in alsuper-charged gasoline engine. The mechanism
involved in LSPI by deposition is as follows: Thepasits that are formed in the combustion process
can lift off and wander within the combustion chamDuring combustion, the temperature rises, and
the deposit begins to oxidize. If the depositsraxefully oxidized, they may remain incandescerttlun
the next cycle (Figure 9) and then ignite the mixti42].

Figure 9: In-cylinder visualization of incandescdaposits leading to local ignition [42].

2.2.5 Conclusions on the location and consequences of emgdeposits

The main consequence of in-cylinder deposits ambastion degradation. It can affect the fuel/air
mixture by altering the pattern of the injector dezholes and by disrupting the airflow during kea
due to deposits on the intake valves. Its thermapgrties can also create hot zones leading tc auto
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ignition. Deposits can also cause ignition failupgsaltering the spark characteristics. All thespse-
guences on combustion can damage the engine, $ecfaal consumption, and pollutant emission.
Therefore, it is important to understand how degdsirm to avoid or limit their formation.

2.3 Deposits formation hypotheses

2.3.1 Deposits mechanisms

The mechanisms of deposits formation in gasolimgnes are poorly documented. There are two main
mechanisms of deposist formation described irditee.

In 1993, Lepperhoff and Houben proposed a two-pldapesits formation mechanism [25]. The first
phase is the induction phase that correspondttmtmation of a liquid fuel film due to the conden

tion of high-boiling hydrocarbons on the combustitiamber walls. Soot particles formed during com-
bustion can then be trapped in this thin layer. lidéd film and the trapped particles constitute first
layer in contact with the walls of the combustidramber. The second phase, called the growth phase,
corresponds to the development of deposits formetidaggregation of particles and the condensation
of the fuel. During these two phases, addition&naical reactions take place in the deposits, sach a
pyrolysis or polymerization due to the high tempem@ of the combustion chamber walls and the long
residence time of the deposits.

Daly et al. proposed a five-step mechanism invgithre formation of two deposition zones as shown
in Figure 10 [43]. The first step is the initiatiohdeposits formation corresponding to the condens

of oil and fuel on the walls of the combustion cl@mforming a liquid film. The second step corre-
sponds to reactions between the molecules ins@léghid film leading to the formation of a lacquer
like deposit. These reactions lead to condensagiactions of the oxidation products and additido/su
stitution reactions lead to the polymerizationtw heaviest (mostly the aromatic) fuel compound [4
The third step is the thermal degradation of thréase of the deposits due to combustion. These&st
describe the formation of the Zone 2 deposits guf&10. The fourth step corresponds to the initiation
of zone 1 deposits, which repeats the previoussiagd corresponds to the growth of the deposits. Th
fifth step is the steady-state phase of the depakith reaches a limiting thickness due to theosjifon

of the formation and removal mechanisms.

The observation of a limiting thickness of the dgfsohas been documented in the literature [19, 43,
45]. Lepperhoff and Houben propose three diffenremthanisms leading to the removal of deposits [20].
The first mechanism leading to the removal of tapadits is physical. It is the evaporation and geso
tion of volatile components present on the surfafcthe deposits when the temperature rises or the
mechanical washing of the deposits by the liqual.flihe second mechanism, described as mechanical
by the authors, corresponds to the abrasion ofi¢ipesits by aerodynamic forces. It also corresponds
to the rupture of the deposits by shear forcesdediby temperature differences in the deposits. The
third mechanism of deposits removal is chemicathis case, hot gases or hot walls of the combuistio
chamber under an oxygen-rich atmosphere contribut&idizing the soot and hydrocarbons contained
in the deposits at 200 and 500 °C, respectively.
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Figure 10: Proposed mechanism for combustion chaddyosits formation [43].

The previous mechanisms consist of a temporal igiger of the deposits formation process. Two im-
portant factors in the formation of the depositsendentified: the formation of a liquid film due the
condensation of the fuel and the deposition of sadhe walls of the combustion chamber. Here ghes
processes are presented by splitting the mechambdeposits formation into two distinct pathways:
the liquid-film pathway and the soot pathway.

2.3.2 Liquid-film-path mechanism

As described above, the liquid-film-path mechaniss two main steps: The formation of a liquid film
on the combustion chamber wall and its thermal algagion leading to a solid deposit. The first step
important because it initiates the formation of teposit. The liquid film can form in two different
ways: First, the liquid film can be formed simply the condensation of the heaviest fuel components
[46]. Second, spray impact on the combustion chanviaé (usually the liner or piston) can lead te th
formation of liquid films. Its formation rate antsilifetime depends on several parameters such-as i
jection pressure, injection phase, duration, anititerperature [47]. During the last step, therohed-
radation and reactions lead to the formation afl& sleposit.

2.3.3 Soot-path mechanism

The soot-path mechanism corresponds to the depositisoot on the combustion chamber wall. Sev-
eral authors in literature focused their work omwhall deposition of small particles in an engifieus,
thermophoresis was identified as a phenomena ppds#ding to soot deposition [48-50]. Thermo-
phoresis is a transport mechanism that occurd¢émaerature gradient [51]. In the warm regions, th
particles are subject to collisions more frequettthn in the cold regions. The disparity in momentu
induces a thermophoresis force that causes thelparto move towards the cold surface (Figure 11).

Hot gases

Molecules represented
9 with their velocity vector

Thermophoresis speed
of the particulate

Cold plate

Figure 11: Particle P subjected to thermophoretices directed against the temperature gradient.

Inertial deposition explains the deposition of et from gas stream. Close to walls, the gasucan
dergo acceleration that change the direction offltve. Depending on the shape and diameter of the
particles, their velocity may be different from tha the gas. This critical velocity is called exisa
velocity and may cause the particle not to folldve hew direction of the gas flow. Two cases are
depending on the type of flow. On one hand, innainar flow, the formation of an exhaust velocity
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may be due to the presence of an obstacle or flectlen of the flow line, such as a curved pipe fo
example. On the other hand, in case of turbulatheeparticles will follow the turbulent vorticesich
depending on the particles characteristics (sizght), they can be ejected from the vortices [H2].
both cases, the presence of a solid surface i @fotme flow can lead to a deposition if the inextf

the particles is important, as shown in Figuredsé 1: impact). Two other mechanisms are shown in
Figure 12 also exist. These are diffusion (casevBjch occurs when the mass of the particles ig ver
low, and Brownian motion controls the trajectorytloé particles [53]. As a result, the particles mov
randomly and may encounter an obstacle and setite Bhe second case is sedimentation, whiches th
result of the action of the force of gravity on ¥gpatrticles.

Current line

— e )~

1 Impaction 2 Diffusion 3 Sedimentation

Figure 12: Schematics of the formation of depdsitsa laminar flow in presence of an obstacle [52].

2.4  Factors leading to deposits formation

2.4.1 Fuel and additives and components in gasoline

Aromatic fuel compounds strongly contribute to dafsformation [54, 55]. It has been shown that
increasing the number of alkyl substituents in athos promotes deposits formation in the combustion
chamber [19, 56]. Cheng measured an increase imalss of the deposits formed on the cylinder as the
length of the alkyl chains attached to the benzewgof the fuel increased [19]. The author atttédsl
this increase to the high boiling point of long-rhalkyl substituted aromatics. In the same st@hgng
investigated the effect of increased alkyl chaitatmns on the benzene ring and showed that tkere i
also a correlation between the boiling point of th@ecules and the mass of the deposits formed. Ac-
cording to the work of Uehara et al., the highdmgilcompounds do not evaporate in the combustion
chamber and form a liquid film layer on the walding to deposits formation [56].

Olefins can act as boosters for deposits formgtén56]. Due to their low thermal stability thegrc
contribute to deposits formation at low temperatwreutoxidation and at high temperature by pyroly-
Sis.

Oxygenates: The removal of additives such as Iead §asoline has led to the use of oxygenated com-
pounds to increase the octane number. Compounttsasuethanol, methyl tert-butyl ether (MTBE),
ethyl tert-butyl ether (ETBE), or tert-amyl mettether (TAME) are now used. Experiments have been
carried out to determine the effect of oxygenatumounds on the formation of deposits in injectors.
Ashida et al. experimented the effect of variousdwith oxygenates such as MTBE and ethanol on

22



the loss of injector fuel flow attributed to depediormation. They found that their effect was sige
nificant because mixtures of MTBE (fuel 9) and ettigfuel 10) had little deposition compared tolfue
2, which contained no oxygenates but alkylatesu(feid 3)* [54].
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Figure 13: Effect of oxygenated compound in fueWflof injector nozzle [54].

Studies have shown that increasing the concentrafiethanol in gasoline results in reduced deposit
on the injector nozzle [10, 57, 58]. Figure 14sthates this effect where different photos of theg
pattern, injector nozzle, and nozzle holes werenakfter a 10-hour direct injection experiment for
different ethanol content in gasoline [57]. With@ihanol (EO), deposits appear to cover almost the
entire nozzle hole. As the concentration of ethameases, the presence of deposits decreasee. The
are almost no deposits with 100 % ethanol (E10B¢ duthors attribute this effect to lower sulfud an
aromatic content as the fuel contains more ethanol.

Gasoline
E20 E50 E100
(E0) <£:13>
Spray
Shape
Nozzle
Nozzle
Hole

¥ Test Conditions = 3200rpm, Pme=0.9, 7 =0.95, Ignition Timing=MBT+4, Injection Pressure=4MPa,
One gasket removed at nozzle tip, 10H steady state engine operation
Injector Sample = NO.6 Cylinder

Figure 14: Comparison of spray shapes, nozzlespanzle holes after a 10-h durability experiment
using various ethanol blends [57].

Octane boosters: Fuel additives can also leacetotimation of deposits. Nagano et al. investig#ted
effect of three additives on deposits formatiotert-butyltoluene (TBT), n-methyl-aniline (NMA), dn
2-methyl-1,5-pentanediamine (MPD) [13]. Their riddo increase the octane number of the fuel. To
study the trend of these additives to contributddposits formation, experiments were carried 0@t i
spark-ignition engine. The results show that theodés layer formed from TBT and NMA mixtures is
four times thicker than the deposits formed from blase fuel. Figure 15 shows that the deposits are

! Alkylate: Substance with additional alkyl groups
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visually darker when additives are used, especiaitly the MPD mixture, which has a black deposit
covering the entire surface. The engine experimithtthis MPD mixture had to be stopped because it
caused the piston rings to stick together in a w&igrt time. The author hypothesized that polar sub
stances due to the presence of amino groups iadtigives led to increased deposits formations It i
also important to note that all three additivesenlaigh boiling points: this was also observed ie@iis
work on the negative effects of high-boiling subse&s on deposits [19].

Around Direct Injector Piston
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Figure 15: Comparison of deposits at the injeciat @n the piston for various octane-boosting adefti{13].

Detergents: Some detergents can prevent or liraifdimation of deposits but can also contribute to
their formation if incorrectly dosed [54, 56, 58plyisobutylene amine (PIBA) prevents the formation
of deposits in the injector, but its dosage shdaddimited as it may contribute to the formation of
deposits in the combustion chamber [54]. The wdriRamadhas et al. shows the impact of detergents
on deposits in the combustion chamber [56]. In magxperiments, they found that the minimum de-
posits mass was obtained with fuel without add@tisempared to fuel with detergents. According & th
authors, these detergents are sensitive to higbetetures in the combustion chamber and decompose,
contributing to fuel degradation and deposits fdrama

2.4.2 Fuel and additives and components in Diesel fuel

Fatty acid methyl esters (FAME) are derived from ttansesterification of fatty acids from vegetable
oil and are used as a bio-Diesel fuel. FAME cardiaei due to various factors and can lead to the
formation of deposits in the fuel system. Theieriol the formation of deposits in the combustioamh

ber has not yet been shown. However, studies Heoersa greater presence of deposits at the nose of
the injector when using biodiesel. Autoxidatiosigported by the presence of unsaturated bondis, the
location, the presence of metals or other tracamethes that could act as oxidation initiators [@8n-
perature, dissolved oxygen in the liquid fuel [@)ak time, and evaporation temperature [61, 62} Se
eral authors have pointed out that FAME films ia ftbel system have a longer lifetime, resultingin
stronger coking effect [8, 63—-65]. FAME may alsotzin impurities such as metals or glyceride gen-
erated during refining and lead to the formatiodeposits [61]. Biodiesel fuels are also more $iesi

to oxidation stability and may form sediments wiesl aging products polymerize [61, 66].
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2.4.3 Fuel impurities

Metals and insoluble salts: Research has showrethatcontributes to the formation of deposits on
injector nozzles, but the mechanism involved isnawn [67—70]. It is present in additives to improve
lubrication such as anti-wear, corrosion inhibifiand anti-oxidation. Figure 16 illustrates theseffof
zinc on the formation of deposits on the injectorzie [71]. Three levels of zinc were experimented
with a diesel engine operating at full load at 120 for 6 h. The higher the zinc content, the grea
the loss of fuel flow. The loss of fuel flow is dtgethe formation of deposits that block the hotethe
injector nozzle. The presence of zinc in lubricatail also contributes to the formation of deposits
the combustion chamber [72].
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Figure 16: Effect of zinc concentration on injeai@posits formation in a base fuel
with 10% rapeseed methyl ester (B10) [71].

Other elements, such as copper, calcium, or iematcelerate the formation of deposits on thetoje
nozzle [71]. Metallic elements from lubricants, #idés, or fuel impurities such as Fe, Ca, Mg, &l

K and insoluble salts have been found in the coitipasof injector deposits, but the mechanisms in-
volved in the formation of deposits are not wedntlfied [55].

Sulphur: Several studies have been conducted tersiaohd the impact of sulfur on deposition fornmatio
[54]. At low sulfur concentrations (<310 ppm), thés no consensus on its impact on injector deposit
whereas at high sulfur concentrations (>500 pprajetlis an agreement that sulfur increases the for-
mation of deposits [55].

2.4.4 Lubricant oil

Studies determining the composition of the depdsitsied in the piston grooves of a Diesel engine
show that the deposits originate from the thernegrddation of the lubricant. They found that terper
ature and metals in the oil influence oil degraatafi73]. Calcium present in lubricating oil hascals
been found in the deposits and is therefore asstineel involved in the process of deposits fornmatio
[74].

2.4.5 Surface temperature

The temperature of the combustion chamber wallaseris an important factor in the formation of
deposits. The work of Nakic et al. has establisheslationship between the amount of deposits fdrme
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on the cylinder surface and its temperature. Thé&ed the surface temperature of the piston (using
ceramic wafer) and observed that the thicknessetieposits decreased. (Figure 17) [75]. They also
noticed that the morphology and composition ofdbposits strongly depends on the temperature.
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Figure 17: Dependence of the average depositsribgskon the piston temperature [75].

Cheng’s work has also shown the effect of surfaogperature on the mass of deposits formed on four
sampling probes using a dedicated petrol engirgu(Eil9a) [19]. To study the effect of surface tem-
perature he made the temperature of the coolamt 2@ to 95 °C. After each experiment, he weighed
the deposits formed on the sample probes. He fthatdhe weight of the deposits decreased with the
temperature of the coolant (Figure 19b). Assuniwag the coolant only affects the wall surface tempe
ature, they concluded that a higher surface temyperaeduces deposits formation by limiting the for
mation of liquid films through condensation.
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Figure 18: (a) Schematics of an engine insert éddihg the sampling probes. (b) Effect of the coglivater
temperature on the weight of the deposits at fampding locations [19].

To study the effect of surface temperature on depésrmation in a non-combustion environment,
Furuhata et al. set up an experiment to investitpgeleposits-forming processes of a liquid fuebon
hot plate [76]. They observed that the amount dsweposition decreases with increasing temperature
(Figure 19). The authors showed that there isomgtcorrelation between the amount of depositséorm
and the amount of liquid fuel evaporated from ttadgy They also studied the effect of plate rougkne
on the deposits and found fewer deposits formead smooth plate. This result shows that surface con-
ditions can have an impact on the formation of dépo
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Figure 19: Diesel fuel deposits formed on heatedhaum alloy plates. (a) Rough plate (b) smoottiep|Z6].

Arifin’s thesis work also focused on the effectsofface temperature on a liquid fuel film usingaa h
plate [64]. To clarify the observations of Furuhatal., he found that the formation of deposit$is-

imal when the plate is close to the temperatureesponding to the shortest fuel evaporation time.
According to Furuhata et al., in the combustionneber of an engine, the deposits formed from a fuel
film also undergoes significant carbonization du¢hie high flame temperature. The deposits can also
oxidize and thus decrease in thickness.

2.4.6 Influence of engine operating conditions

The fuel/air equivalency ratighas a significant effect on combustion chamber sigpaCheng studied
the effect ofgon combustion chamber deposits in a single-cylimpark-ignition engine [19]. He re-
covered and weighed at the end of each 2-h expetitne deposits formed on the four probes samples
positioned in the cylinder. The minimum mass ofai#s was obtained fap = 1.1 while it increases
when gwas greater or less than 1.1 (Figure 20). For mttures, he observed that the deposits are
mainly black in color and mainly consisted of carbbHe assumed that deposits formed under fuel-rich
conditions are related to the formation of soot. feel-lean mixtures, the mechanism is not welhide
tified. Cheng supposes that low gas temperaturégtanoxygen concentration have an impact on the
formation of the deposits. The work of Noma etaddo underlined that the minimum mass of deposits
is obtained under stoichiometric conditions [36].
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Figure 20: Effect of the fuel/air equivalent ratioon deposits formation at four sampling locatior@][1
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Spark advance: Cheng studied the influence of spdvlance on the mass of deposits formed in a re-
search gasoline engine (Figure 21) [19]. He pldoed sampling probes at different locations in the
cylinder and measured the deposits mass formedesftd experiment (Figure 18a). He found that the
spark advance had a limited impact on the madseofi¢posits formed. However, he observes an effect
of the location of the sampling probes on the nodisise deposits formed. The maximum deposits mass
was obtained for sampling probes located neanthatest and the minimum deposits mass was obtained
for sampling probes located near the ignition zdree authors assume that it is the gas phasesthat i
involved in the formation of the deposits by infheing the condensation of liquid fuel: Probes ledat
near the ignition zone are subject to high gas &atpres that will limit fuel condensation on thallyv
probes located on the exhaust side are exposeavey surface temperatures and therefore to a higher
risk of fuel condensation.
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Figure 21: Effect of spark advance on deposits &iion at four sampling sites [19].

Engine load: Cheng also studied the effect of nadahipressure using the same sampling method [19].
By increasing the inlet pressure by 0.4 and 0.6%Hs&amass of the deposits decreases (Figure 2BnW

the manifold pressure reaches 0.65 bar, the weigthe deposits increases. He does not explairethes
observations.
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Figure 22: Effect of manifold pressure on depdsitmation at four sampling sites [19].

The engine load also has an impact on the formatiateposits in the combustion chamber [19, 77].
Oh et al. conducted experiments with a gasolinénerfgr 75 h at different loads. They alternateghhi
and low engine loads at different frequencies. s dngine load increases, the mass of deposits de-
creases relative to low engine load conditionsuf@d3). Their interpretation of these resulth& the
temperature is higher with high load and lead$i¢orhal decomposition of the deposits.
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Figure 23: Mass of combustion chamber depositsaipiop and cylinder head)
for various engine load conditions [77].

Exhaust gas recirculation (EGR) is a strategy direeting part of the exhaust gases to the inta&e-m
ifold. It reduces N@emissions by diluting the fresh gas, thereby redpthe combustion temperature.
This strategy is commonly used for diesel enginas ia beginning to be studied for spark-ignition
engines. Singh et al. investigated the influencE®R on deposits formation in an air-cooled, direct
injection, two-cylinder Diesel engine [78]. Figu2é compares photos of the piston and cylinder head
surfaces 25 % EGR and without EGR operation. THferdnce is noticeable, there is a black layer
covering the entire piston surface in the case 26t&o EGR as opposed to the case without EGR. EGR,
therefore, contributes to the formation of depdsjtsncreasing the amount of soot settling on ta#sy

of the combustion chamber. Due to the dilutionhe fresh gas by the exhaust gas, the temperature
inside the combustion chamber decreases. Thisakne temperature reduces the oxidation of the soo
and thus increases the amount of soot depositéiteonalls of the combustion chamber.

Cylinder head

Figure 24: Soot deposit on the piston (top) ancciimder head (bottom) after 96 h of
engine operation with and without EGR operation.[78
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2.5 Deposits properties

The main objectives of this section are to identifg properties of the deposits as a function eifr th
location in the combustion chamber and engine dipgr@arameters. Another objective is to identify
the techniques used to characterize the deposifgepres. The most interesting techniques for ghesi
work are discussed in the conclusion of this sactio

2.5.1 Deposits structure
2.5.1.1 Macroscopic structure

The first interesting feature of the deposits & tiney can have a different color according téedgnt
parameters [19]. For example, Cheng observed thahwhe fuel/air equivalence ratio is higher than
1.3, the deposits have a black color (Figure 28JoB this value, the deposits are yellow or brown.
According to the same study, the cooling tempeeaaiso influences the color: The deposits are black
for a temperature below 50°C and above 50°C, tpesietends more towards brown. Cheng also noted
a change in color depending on the manifold presdure deposits turn brown to black as the manifold
pressure increases from 43.5 to 84.5 kPa. Thisaistieg property may indicate a particular formatio
process that will lead to a black or lighter coldhese engine parameters are not the only ones that
influence the color of the deposits, additives almo change the color of the deposits [38, 79]uféig

26 shows the deposits formed on a cylinder headspiark ignition direct injection engine running on
two different fuels. The presence of additives gjesrthe color of the deposits, which have whitasre
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Different surface conditions of the deposits wdrearsved. They can have a shiny appearance when the
combustion chamber wall temperature is low [19]sTdppearance is attributed to a liquid state ef th

30



deposits due to the slow evaporation of the lidual. Diaby et al. also observed an oily appeararice
the deposit attributed to a high volatile orgaraotent composition [21]. Conversely, they observed
dry-looking deposits corresponding to a low votatirganic matter content. The deposits may have
cracks resulting from exposure to high temperafagshown in Figure 26b. The deposits may also be
subject to spalling, as shown in Fig@e[80]. The authors attributed the spalling to issed valve
leakage ratings and engine starting problems.

(a) CCD of the base fuel (b) CCD of additized fuel |

Figure 26: Enlarged image of cylinder-head depa@dter operation with base fuel and additive-caritej fuel
[38].

R
e o iy

Figure 27: Piston with deposits flaking [80].
2.5.1.2 Microscopic structure

There are few studies that determine the depositpimlogy and those existing focus mainly on injec-
tor nozzle deposits. However, these studies haxeated several types of morphologies depending on
the engine operating parameters. This sectionifiesthese morphologies into three categoriesidiq
and sooty, which have already been defined by Chemdjsmooth [19].

Liguid-like appearance: The liquid-like appearanoeresponds to the observation of a spherical struc
ture that can turn into a droplet when the cootemgperature decreases [19]. This morphology seems
to also depend on the fuel composition as it agpeaen detergent additives are used.
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Soot-like appearance: The deposits may have alikeariorphology corresponding to the observation
of a black deposit [19]. This morphology appearsafoich mixture when a lot of soot is formed. This
is confirmed by the observation of aggregates besgpal particles typical of soot on injector nez|
(Figure 28) [12, 81, 82]. Another hypothesis putvard is that the spherical deposits are formetién
liquid phase, then deposited on the tip and finafjgregated into a dense cluster [19, 61, 82].

G0NV XI5000 100w WD 3 Zuwn S ION  XH0000 100mm WO I8

Figure 28: Field-emission scanning electron micopgoFESEM) of deposits formed on a high-pressure
injector nozzle [82].

Smooth appearance: Esaki observed a flat depositphmlogy formed on the inlet valve [83].
Rounthwaite also described a smooth, flat layemptmology observed on deposits formed inside a diesel
injector nozzle hole [84]. Figure 29 is an electnoicrograph of the deposits formed on the firsg rirf

a piston [21]. The deposits have a flat surfacé witme cracks. This morphology is attributed to the
mechanical polishing of the moving ring.

Magn. power : 100 x —{ 200 pm

Figure 29: Microscopic image of the first ring dsjte [21].

To determine the structure of the deposits, Naganded out a transverse observation of the deposit
formed on a piston [13]. Different layers are olbedron the deposits by scanning electron microscopy
(SEM, Figure 30a). This observation supports tle®th of layer deposition formation developed by
Lepperhoff and Daly. Elemental analysis by Electiiapersive X-ray Spectroscopy (EDX) (Figure
30b) of the same study shows that the depositgatis from oil, fuel, and soot.
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Figure 30: (a) SEM image of the cross-section gfodés from the piston surface
(b) EDX spectrum at three locations marked in {8).

2.5.1.3 Porosity

Deposits porosity studies provide information om éility of deposits to absorb fuel during theake
stroke and release it during the exhaust stroke9285, 86]. Initial work on this topic was cortied

by Zerda et al. who characterized the pore?sitaleposits recovered from the cylinders of a lspar
ignition engine [79]. The methodology implementealsvgas sorption with G@nd N coupled with a
numerical method. C£and N sorption is used to characterize micropores (s&ew 2 nm) and mes-
opores (between 2 and 50 nm) respectively. Thadstal deposits analyzed have micropores of about
0.3, 0.5, and 0.8 nm and mesopores of about 5 amin3wide (Figure 31). This study concluded that
porosity depends on fuel compounds, lubricant addit and temperature.
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Figure 31: Pore size distribution of the engineadd#s. Triangles: cylinder head, Circles: pistop, tBquares:
intake valves) [79].

2.5.2 Thermal properties of the deposits

Several studies have shown that deposits can farmsalating layer on the walls of the combustion
chamber. In Ref. [28], it was established thatibat flux decreases by 40 % with a 10-pum thick diégpo
compared to clean walls. This leads to an increaslee gas temperature in the combustion chamber
and results in increased Nemissions and knock [87]. Several studies havesked on determining the

2 The pore size corresponds to the distance between two opposite walls of a pore of a sample. It can be
calculated by porosimetry that measures the absorption of a gas by the sample.
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thermal properties of the deposit such as theriiffaisivity and thermal conductivity [11, 40, 41,-88

91]. The thermal conductivity of the deposits isywkew compared to that of aluminum, respectively
<1 W/m K and 231 W/m K at 293 K [92]. This explathe thermal insulation effect of the deposits. An
interesting method has been implemented basedeoméasurement of the thermal properties of the
deposits. By measuring the surface temperatuteealéposits and using a mathematical approach based
on the solution of the 1D thermal equation, itskhess can be determined [41].

2.5.3 Chemical composition of deposits

Studies have shown that engine deposits are compdsiiel, oil, and soot [20, 43]. Nagano et al.
determined the composition of deposits formed diertint parts of the combustion chamber and with
different fuels by thermogravimetric analyses [1I3]jis technique was used to determine the oibudl

oil additives, oxidized organic products, and realccomponents) and fuel (volatile components,)soot
content of the deposits. In the case of the pibtad and cylinder head, the deposits are mainly com
posed of oil by-products (oxidized organic produatd residual components) and soot. For the intake
valves, the deposits consist mainly of oil andrthgiproducts, with a lower soot content than for t
combustion chamber deposits. They attribute ttferdince to a dripping effect of the oil towards th
bottom of the valve.

The EDX analysis revealed the presence of inorgamigponents from the lubricating oil. Concentra-
tions of zinc, calcium, and phosphorus were founld four times higher in the deposits on the pisto
head than on the cylinder head [13]. Energy-disperspectroscopy (EDpanalysis of the deposits
from different parts of the combustion chamber st similar elemental composition (Figure 32).
The deposits is mainly composed of carbon and axygéh traces of S, Al, Cu, Ca, and Zn attributed
to lubricating oil, detergents, and corrosion iritiiis [93].
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Figure 32: Elemental composition of deposits frodiract injection Diesel engine working with B50
(standard Diesel fuel with 50% of biodiesel) [93].

2.5.4 Conclusions on deposits properties

Different analysis techniques have been describéli$ section. These techniques were first based o
macroscopic observations involving the color andase state of the deposits. It showed that the ap-
pearance of the deposits is related to the engireating parameters. Thus, it is possible to adest
engine parameters to obtain a specific type of siepoElectron microscopy has shown that it itadlé

for the characterization of the deposits morpholagg for distinguishing the deposits correspontlting

3 EDS/EDX: EDS and EDX are two analytical technigfersdetermining the elemental composition of a jglem
While EDS analyzes backscattered electrons entityatie source, EDX analyzes the photon emissiorethby
X-rays.
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the liquid-film and the soot path. Nevertheless; $tudies have provided information on the characte
ization of the morphology of deposits, particulafidy deposits that form on the walls of combustion
chambers. Various chemical analyses enabled tactesize the composition of the deposits. The ele-
mental composition provided by EDS and EDX shoviredl the deposits are mainly composed of carbon
and oxygen. It is important to note that this eletabanalysis technique does not detect the presainc
hydrogen [94]. Other elements were found correspgntb oil and fuel impurities. The porosimetry
study of the deposits allows the pore size and rurdistribution of the pores to be determined. How-
ever, there is not yet a study to link the porosityhe deposits with unburned hydrocarbon emission
Another useful technique is thermogravimetry, whithikes it possible to quantify the components of
the deposits. However, this is a destructive tetmiand requires a large amount of deposits.

2.6 Conclusions

Engine deposits can form at various locations endbmbustion chamber. They contribute to degraded
combustion and increased pollutant emissions, wbéshlead to increased fuel consumption and re-
duced engine power. Different hypotheses of depdsimation mechanisms have been described in
the literature involving the formation of a liquiidim on the surface and the deposition of soot fedm
during combustion that is deposited on the surtdabe combustion chamber or the liquid fuel film
formed. Several factors have been identified as$ritoring to the formation of deposits. First, eant
fuel properties may be predominant factors sudh@presence of certain additives or the presehce o
high boiling point species. Surface temperaturdde an important factor in the formation of defsosi
Engine parameters, such as the presence of exffasisecirculation (EGR), fuel type, fuel/air equiva
lence ratio influence the formation of depositsridas analysis techniques were identified in theri
ature review. Microscopic observation was identifees a non-destructive analysis technique to deter-
mine the morphology of engine deposits. Elememalysis coupled with electron microscopy is of
interest to identify the elements present in thpodis, which are mainly carbon and oxygen. Tech-
nigues such as porosimetry and thermogravimetrp@meising for characterizing the deposits but are
destructive.

Several important parameters influence the formadfodeposits. These include engine operating con-
ditions, combustion chamber wall surface tempeeatund, fuel properties. Other physical phenomena
are involved, such as the physics of the sprayndunjection or the aerodynamics inside the cylinde
To better understand, how these parameters andpieera affect the formation of deposits, it is rele-
vant to use methods far situ analyses. Therefore, an optical engine seems pipgt® for this thesis.
As an optical engine does not use lubricatingfoé|- and combustion-based deposits formation ean b
separated from other factors. This thesis focuse®oventional gasoline fuel to limit the effectgueel
properties. The thesis is built in three reseanpics:

» The first topic of this thesis (Chapter 4) analyaexcroscopically deposits formed at different
locations in the combustion chamber to determieg gimilarities or differences according to
engine operating parameters. A methodology totityethe origins of the deposits is presented
to determine whether the liquid-film or the soottp®s dominant. Two devices will be used to
form reference deposits from these two pathwaystlamdeference deposits will be compared
with deposits gained from the engine combustiomtiea. The objective is to evaluate the ap-
plicability of the reference deposits as a modettie engine deposits.

* The second topic of the thesis (Chapter 5) desstibe study of the mechanisms of deposits
formation. This study is motivated by the lack akal-time experimental method in research
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to study the mechanisms of deposits formation. $higy is therefore based on the us@of
situ analysis by direct visualization, analysis of plagticle distribution with a particle analyzer,
and the use of the previous method to distinguighdeposition pathways and quantify their
contribution.

The third and last topic of this thesis (Chaptes@levoted to the study of parametric variations
on deposits formation. The effect of surface terapge will be studied by direct visualization.
The effect of roughness on deposits formationaldb be evaluated. And to document and help
the implementation of optical diagnostics to meaghe properties of deposits, the effect of
transparent materials on the formation of depogitde studied.
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3 LABORATORY EXPERIMENTS AND ANALYSIS FOR DEPOS-
ITS FORMATION

This chapter describes the experimental devicesreaths of analysis used during the thesis workt,Fir
the experimental devices allowing to form referedeposits are presented. Then,akesituandin situ
analytical means that enable the evaluation opthesical and chemical properties of the deposits, a
well as to identify the possible formation of dejpmsare presented.

3.1 Laboratory experiments for deposits formation

3.1.1 Microcoking device

The objective of the microcoking device is to fadeposits from a liquid film in a controlled environ
ment. These deposits will then be used as a referfen the liquid-film path mechanism.

Working principle: The microcoking device was fidgveloped by Chevron to determine the thermal
stability of engine lubricants according to stamdarotocol GFC L-027-T-97 [72]. It enables forming
deposits from fuel thermal degradation at high terafure in a static mode on an aluminum plate. As
illustrated in Figure 33a, it consists of an aluammalloy plate (1) where deposits are formed imalb

(2) and of a resistive heater (3). The aluminuntepteas holes for the introduction of thermocougs
The temperature is controlled with a proportiomaégral derivative (PID) controller (5). It can bet
between room temperature and 300 °C.

Removable plate insert

Figure 33: (a) Photo and (b) schematics of the auimking device.

Deposit formation protocol: 4 ml of the fuel ofénést is deposited in the bowl. The temperatuiieeis
increased from room temperature to 100 °C witht@a &5 °C/min. The temperature is then kept con-
stant at 100°C for 15 min. The total duration @& tlst is 30 minutes. At the end of the test, theeps
removed and is let to cool and settle for 6 h. FEg8d presents the temperature evolution of thie pla
during deposits formation tests. These tests alezeel with the same materials as the ones thabwil
used in the optical engine: aluminum, steel, quard sapphire. All plates present a similar roegsn
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with aR& of 1.2 um. The thickness of the plate is 2 mm sungbosedly thin enough to consider the
temperature evolution is identical for every exypmt.
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Figure 34: Temperature variation of the plate dydeposits formation.
3.1.2 Soot generator

A soot generator was used to form engine-repretbemtzarticles that were deposited on a plate timfo
a reference for the soot-path mechanism deposits.

Working principle: The soot generating device ikethCAST (Combustion Aerosol Standard). It ena-
bles the formation of calibrated soot with knowml aeproducible properties. The principle consists i
guenching a premixed sooting flame with ¢ds (Figure 35). The soot formed follows the flofathe
combustion and diluting gases and can be depasitedplate placed at the exhaust. The size ofdbie s
particles is determined by adjusting the flow raiair, fuel gas, and NA parametric study has been
carried out to find the optimal flow rates to obtanaximum soot deposition on the plate in the gsort
possible time. The CAST used in this study is aquméd to operate with Diesel fuel. A study has sthow
the similarity between soot from petrol and Diesedjine exhaust from a microscopic point of view
(similar morphology and size in the tens of nan@r®t[96]. There may be some difference in the
composition of diesel and petrol soot due to opumities and metals related to engine wear. CASIT wi

not affect the composition of soot by these impesitSoot formed with the CAST is therefore assumed
to be representative of gasoline soot.
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Output .
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Figure 35: Schematics of the CAST soot generafd}: [9

Deposits formation protocol: A heated aluminum @laliaced at the CAST exhaust as shown in Figure
36, at a distance of 3 cm to recover the maximurmuannof soot. The temperature of the plate isset a
80 °C. The flow rate values of the different gasesshown in Table 1. The soot generator is aeiilvat
once the plate is at 80 °C. Then the test starta fduration of 15 min. After 15 min, the CAST is

4 Racorresponds to the value of the arithmetic measatien of the profile from the mean line [95].

39



stopped. Then the soot-covered plate remains & 80r 15 min. At the end of the test, the plate is
removed and cools down naturally to room tempeeatur

Soot
generator

Soot

exhaust
Aluminium
plate

Figure 36: Schematics of the set-up.

Table 1: Gas flows for operation of the CAST soaterator.

Oxygen dilution with air

Liquid Diese

| fuel Dilutiogases Air

3

70 ml/min

3 ml/min 100 ml/min

3.1.3 Smoke meter

A smoke meter was used to collect soot from theeghof an engine on a paper filter to use as@nsec

reference of soot deposits.

Working principle: The engine exhaust gases fiestspthrough a dryer to remove moisture. Then it
passes through a paper filter (filter area in Fegif) where soot is trapped. The conventional tigg
device is to measure the soot content in the eregihaust.

1\

Effective length

\

\
Sample volume

Filter
area

Figure 37: Soot collection principle of AVL smokeetar [98].

Deposits formation protocol: The smoke meter wasla the exhaust of a conventional single-cylinder
spark-ignition direct-injection engine operatedhng10 fuel. The black disc on to the soot collettio
paper filter presented in Figure 38 correspondsotu filtered from 1 | of gas sampled at the exhaus

during 30 s.
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1L during 30sec

gy oF

5 . . Soot collection paper filter
Single cylinder Sl engine from Sl engine exhaust

Figure 38: Schematics of the experiment for thevery of soot from a gasoline engine by a smokeemet

3.1.4 Engines

To study deposits formation in representative emgonditions, two optically-accessible single-cylin
der direct-injection gasoline engine was used duttie thesis. Optical engines are a good compromise
between engine representativeness and given fliéxilni configuration andn situ accessibility.

3.1.4.1 400 cm?® engine experiment to recover engine deposits

Engine specifications: The engine used is a singlieder, direct-injection, spark-ignition engirieis
optically accessible and is coupled to a chassisusypmeter to adjust the engine load (Figure 39. Th
engine is equipped with various pressure and tesyner sensors. Figure 40 shows the engine schemat-
ics and Table 2 shows the engine specifications.iiifake valve, 20 mm bowl rim, injector, and pisto
insert can be easily removed for situsurface analysis.

%yné mgm eter
- - i Y

Figure 39: Optically-accessible engine mountedhentést bench.
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Intake valve

Bowl rim

— Pistoninsert

Figure 40: Schematics of the single-cylinder spgrition direct-injection engine.

Table 2: Engine specifications

Piston displacement 400 ém

Bore 77 mm

Stroke 85.8 mm

Compression ratio 10

Engine speed 1200 rpm

MIP 4.5 bar

Injector Bosch HDEV 5.2 6-hole
Injection pressure 200 bar

Excess air ratio 1.0

To study the formation of deposits on the cyliniteer, a bowl-rim is inserted between the liner émel
cylinder head (Figure 41). This bowl-rim considtthwee inserts that can be removed and analyzed af
engine operation. Their location is described iguFe 42. It allows testing of different materiatsit
will not have a significant impact on combustioreda the small size of the inserts. The opticalreang
has a standard engine base with a piston liftez.aMerall configuration has a dry segment&tion

5> Dry segmentation: It avoids the use of oil in tytinder that could lead to signal interference wiperforming
optical measurements such as laser-induced fluenesc
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insert
Bowl rim .
0 Exhaust side
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_._] side insert

Intake
side insert

Figure 42: Bowl rim with the insert location

Deposits formation protocol: Before each enging tespecial precaution is taken to clean withauet
the surfaces of interest (piston top, injector neséves, bowl-rim inserts). The other parts of then-
bustion chamber are also cleaned to avoid increaséssions or the creation of hot spots due to siepo
formed during previous tests. The engine runs aweational E10 fuel. Engine tests for forming de-
posits in the combustion chamber are carried ol2@® rpm with a mean indicative pressure (MIP) set
at 4.5 bar. Different engine control parametersmaoelified according to the tests. The cooling-water
temperature of the cylinder and cylinder head reedabetween 20 and 90 °C. The start of inject®n i
also modified to generate different types of intéicams between the spray and the wall. Detaildhef t
operating parameters are given below, along wighrdsults. Different deposits locations in the com-
bustion chamber were studied: injector nozzle kmtzalves, piston top and cylinder walls with remov
able cylinder inserts. Each of these parts was kahat the end of each test.

3.1.4.2 462 cm® engine experiment to study in situ deposits formation

The objectives of using this specific engine argdoerate a data base of piston deposits for difter
engine operating parameters and to apphitu diagnostics.

Engine specifications: The engine is an opticatlyessible single-cylinder spark-ignition directeicy

tion operated with E10 fuel as for the first cangpa(Figure 43). One of the specificity of this amgis

that one of the exhaust valves was replaced bypticab access Figure 44. A port-fuel injection (PFI
system is also implemented at the intake valve ssion to enable homogeneous combustion. The en-
gine specifications are presented in Table 3.

43



Port fuel injector
Optical access

Piston insert

Engine

Figure 43: Schematics of the optically-accessibigls-cylinder spark-ignition
direct-injection engine with port fuel injection.

Table 3: Engine specifications

Piston displacement 461.95cm?

Bore 82.7mm

Stroke 86 mm

Compression ratio 11.5

Engine speed 1200 rpm

PMI 4.5 bar

Injector Bosch HDEV 5.1 6-hole
Injection pressure 200 bar

Excess air ratio 1.0

Exhaust valve

Intake valves

Optical access

Figure 44: Bottom view of the cylinder head exhtbi# sapphire window in place of an exhaust valve.
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The engine is operated at 1200 rpm for a MIP sdt@tbar. The cylinder and the cylinder head are
cooled by water. Only the piston is sampled atehe of the engine tests. For these tests, the same
cleaning protocol is applied than for the 40¢ engine.

Engine warm-up injection strategy: To study thexfation of deposits in a stable environment, a figeci
engine warm-up strategy has been implementednl & start deposits formation tests with a hot en-
gine to avoid deposits formation during the firstnbustions. This strategy consists of running the e
gine for 2 min in PFI. This 2-min duration was cho$ased on a study that showed that after 1 min,
the engine begins to reach a stabilized temper§@9ieIn this thesis, 2 min are set to ensureahlst
temperature before the deposits formation tests Warm-up strategy is used for two cooling water
temperatures: 20 and 90 °C. At the end of the testgleposition was observed with the naked eye.
After this heating phase, the injection mode svecto direct injection and the deposits formatest t
starts. This change of injection strategy is maanal takes 2 s during which there is no injectidris
avoids overlapping injection modes that would leadch combustion.

3.2 Analysis of deposits formed in the combustion chandy

In this section, the techniques used to analyzel#pesits after engine operation are presentest, Fir
scanning electron microscopy (SEM) was used toacierize the deposits morphology and combined
with energy-dispersive spectroscopy (EDS) providirigrmation on the elementary composition of the
deposits. Fourier-transform infrared spectroscdpyR) was then used to get specific information on
organic molecules. Finally, Raman spectroscopyusas to retrieve information on molecular structure
a composition.

3.2.1 SEM-EDS: Morphology and elementary composition anafsis

The SEM-EDS consists of an electron gun that foeaseelectron beam on the sample. The interaction
between the emitted electrons and the elementeedample modify the electron behavior. Two types
of electrons are detected (Figure 45). The firgtsosre the backscattered electrons which are eery s
sitive to the atomic number of the atoms. The heavie nucleus of the atoms in the sample, the more
backscattered electrons are detected. In this #vesypossible to determine the constituent elesent

the sample. This analysis is called EDS. The secomed are called secondary electrons and are very
sensitive to irregularities, even small ones, dadefore to the topography of the surface. Thisyaig
called SEM, therefore gives information on the nmmipgy of the sample.
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Figure 45: Overview of the electron interactionghvihe sample.

In this work, two microscopes are used to charetehe morphology of the deposits: A Nova nano
SEM, FEI, and a Supra 40, Zeiss. The first alloWwseovations to be made on metallic surfaces. The
second allows observations on transparent mateFatseach microscope, the electron beam energy is
adjusted to obtain the sharpest image. Two deteaterused: the secondary detector for morpholbgica
observations and the primary detector for the amalyf elemental composition.

* Nova nano SEM specifications: this SEM-EDS devitmns to obtain microscopic images with
a magnification from 35x to 1,000,000x. Dependngthe electron acceleration voltage ap-
plied to the sample it provides images with a nesah from 0.8 to 4.0 nm.

* Supra 40, Zeiss specifications: this SEM-EDS dealtmvs to obtain microscopic images with
a magnification from 12x to 900,000%. Dependinglmnelectron acceleration voltage applied
to the sample it provides images with a resolutitom 1.3 to 5.0 nm.

3.2.2 FTIR-ATR

Working principle: The Fourier-transform infrarettemuated total reflectance (FTIR-ATR) spectrom-
eter enables the identification of organic molesuléhe sample is in contact with a crystal astiiied

in Figure 46. The internal reflection at the cristaface creates an evanescent wave that perstnate
sample for ~1 um. The attenuated infrared bearhds tletected and analyzed. The amount of light
absorbed by a sample is measured as a functioawdlength.

Sample in contact
with evanescent wave

M To Detector

Infrared ATR
Beam Crystal

Figure 46: Working principle of FTIR-ATR [100].

46



Analysis protocol: The device used is a VertexddnfiBruker. This spectrometer can acquire infrared
spectra from 50 to 6000 ctnThe spectral resolution provided by the devicé @sm. The amount of
light absorbed by the deposits is measured headasction of wavelength from 400 to 4000¢nThe
results of this analysis are spectrums of tranamit or absorption according to the wavelengthh Eac
FTIR-ATR spectrum corresponds to an average ofsb@bs of the sample using air as reference. All
the spectra were obtained at room temperature.

Post-processing: The spectrometer provides infrabsdrption of the deposits. The absorption bands
of the sample revealed by the FTIR-ATR analysiscarapared with data from the literature as in Table
4 [61]. The objective is to find characteristic Harorresponding to specific chemical functionseng

in the sample.

Table 4: Chemical functions and associated FTIRK pgansities [61].

Category Wavenumber / cm™? | Intensity Assignment
3400 —2500 Strong 0O-H
. b 1350 — 1450 Medium O-H
Carboxylic acid 1740 — 1660 Strong C=0
1320 - 1210 Strong C-0
: . 1630 — 1740 Strong C=0
Aldehyde Aliphatic 1650 — 1725 Strong C=0
Aromatic 2720-2820 Medium C-H of CHO
: . 1650 — 1740 Strong C=0
. Aliphatic 1070 — 1220 Medium c=0
Ketone Aromatic 1650 — 1725 Strong Cc=0
1210 -1325 Medium Cc=0
1730 — 1750 Strong C=0
Ester =
1300 — 1000 Strong C-0
3600 Variable O-H (free)
RCH,0OH 3400 Strong 0O-H (bonded)
1000 — 1080 Strong C-0
3600 Variahle O-H (free)
Alcohol R,CHOH 3400 Strong O-H (bonded)
1050 — 1160 Strong C-0
R,COH and ArOH :jGDD Variable O-H (free)
(phenol) 3400 Strong 0O-H (bonded)
1110-1220 Strong C-0
2850 —3000 Strong C-H stretching
Alkane 1450 - 1470 Strong C-H stretchi.ng
1370 — 1380 Strong CH, — CH; twist
720-725 Medium CH; — CH; twist
3010 —3020 Weak =C-H stretching
Cis-RCH=CHR 1660 Weak C=C stretching
Alkene 75725 Medium C-H :
3010 — 3020 Weak =C-H stretching
Trans-RCH=CHE. 1660 Weak C=C stretching
970 Strong C-H

3.2.3 Raman scattering

This complementary technique to the FTIR-ATR spedopy provides information on the molecular
composition and structure of the deposit.
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Working principle: Raman spectroscopy is basederirtelastic interaction of light with a sampleisTh
interaction generates molecular vibrations charetie of a molecule. When the light is appliedhte
sample, two type of Raman scattering signals argezinthe Stokes signal and the anti-Stokes signal
The resulting Raman spectra analyzed here usestokgs Raman scattering. The position of peaks and
bands in the spectrum in the spectrum indicateféugiency of vibrational modes corresponding to a
specific molecule or crystal structure.

Analysis protocol: The device used is a RenishaiarRaman microscope. This Raman spectrometer
is coupled with a He-Ne lasex € 632 nm). It is equipped with four objective leasvith 5x, 20x, 50x
and 100x magnification. The microscope optics wesed to focus the excitation laser beam onto the
sample and to collect the backscattered light.ifisieument was calibrated with measurements on pure
silicon with a strong isolated signal at 520 trfor each deposits sample, the optimal laser paasr
first determined. With the optimal power found, tleposits were then analyzed at different locations
The analysis was repeated twice for the same area.

Post processing: From the Raman spectra, the pemkdand positions observed are compared with
data from the literature. This provides informatamthe molecular composition of the deposits. Othe
information can characterize deposits such as ¢lag&gratio intensity and the full width at half max
mum (FWHM). Work realized on carbonaceous matsrtiah as Diesel soot has linked these parameters
with the graphitization level of the carbon [10&igure 47 presents the Raman spectrum of Diesél soo
illustrating the different parameters which carchiulated.

observed spectrum
and curve fit —___
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Figure 47: Raman spectrum of Diesel soot with ctitve
based on the expected bands for carbonaceousus&si§101].

3.3 In-cylinder experiments

This section presents the analysis techniquestaracterizing the processes taking place inside the
combustion chamber.

3.3.1 Phosphor thermometry

Working principle: The objective of phosphor themeiry (PT) is to measure the temporal variation of
the piston surface temperature during the expetisn®&T is a non-intrusive temperature measurement
technique. It consists of the determination ofdieeay rate of a laser signal sent on a phospher lay
applied onto the surface of interest. This decéy dapends on the temperature. Figure 48 predents t
principle of the technique. For a given temperattire intensity decays exponentially following Eq.
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This technique was implemented on the engine usiNg:YAG laser at 355 nm. The laser repetition
frequency was 10 Hz thus allowing to perform omegerature measurement per cycle.

luminescence
- . 24°C
laser beam emission - % . [
E oe
£ )
T e
3
g o
i -
phosphor = P t3¢ o "¢
layer Time (3]
Typical phosphorescence decay curves are shown
for various temperatures (phosphor LaO25:Eu)
[ ]
target surface
Figure 48: Principle of the technique.
-t
I = Iyexp (7) (Eq. 1)

Measurement protocol: Different phosphors are atél to perform PT. The choice of a phosphor de-
pends on its temperature sensitivity and its charitic emission wavelength. Figute presents the
temperature sensitivity of the luminescence lifetiofi several phosphors.

Temperature / °C
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Figure 49: Temperature sensitivity of the luminemeelifetime (blue, left axis and the intensityiaggreen,
right axis) for various phosphors [102].
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The literature review has shown the combustion deamwvall temperature ranges between 420 and
470 K [103]. Therefore, the phosphor chosen isgurn-activated lanthanum oxysulfide @GaS:Eu)
with an emission peak at 538 nm. Figure 50 pregdaaetdifferent temperature sensitivity of-CaS:Eu

for different emissions peaks (512, 538, and 623 pnovided by that phosphor.

LaQOZS:Eu
= = =512 nm
‘ 538 nm
107k SO WSS 624 nm ||
© 10k
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=
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10°}
107k
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Temperature / K

Figure 50: Temperature sensitivity of XaS:Eu phosphor for different emissions [102].

Calibration: To retrieve temperature from the meaduight emission, a specific calibration matching
the engine setup is required. In this work, it wealized with a heated plate on which a layer ef th
phosphor has been applied. The phosphor is mixédanbinder to obtain a great adhesion of the phos-
phor on the plate. The mixture corresponds to areghosphor to 20 parts binder. The mixture is the
applied homogenously on the plate. The thickneghefmixture is estimated at 100 um. The layer is
supposed to be thin enough to be equal to the tdaiperature. An optical fiber assembly is used to
focus the laser beam on the phosphor layer andaover the emitted laser signal (Figdrg. The
Nd:YAG laser passes through an optical fiber. A éxit of the optical fiber, the beam is focused on
the phosphor layer with a converging lens. Theocapfiber is a multi-core technology allowing totho
emit and recover signals (Figure 52). Thus, theidestence emissions are recovered with the same
optical fiber assembly and measured with a photopielr Hamamatsu H6780. For each temperature,
the luminescence emission of the phosphor fromld€€r pulses is acquired. Then post-processing of
these signals is carried out to obtain the corneding decay rate. The temperature of the plataried
between 105 and 261 °C. The resulting calibrationesis presented in Figure 53.
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Figure 51: Schematics of the experimental set-ugdtbration.
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Figure 52: Schematics of the optical fiber corepdsition within the sheath.
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Figure 53: Calibration curve of the temperaturehwfite decay rate of the luminescence emission.

The calibration equation from the calibration isgented in Eq. 2. It will be used to obtain theeor
sponding temperature from piston surface temperatiasurement during engine experiments.

Decay rate /s

T /°C = —37.221In(7) — 265.055

51

107

(Eq. 2)

Engine setup: The motor configuration assemblyxea in Figure 54. The photomultiplier gain is set
with a control voltage of 220 mV and the laseraswith a power of 21.5 mJ. The oscilloscope param-
eters are set to acquire 100 curves of 25 000 galittis corresponds to an acquisition averaged over



10 s. As the duration of the experiments is sevemaltes, the temperature evolution over 10 s s co
sidered constant. The calibers are set at 20 pdiyaision and 50 mV per division for all acquisit®

355 nm

Laser Nd-Ya
N

Phosphore —
layer

Oscilloscope

Engine

Figure 54: Schematics of the of the set-up of teasarement of the temperature
of the piston surface by phosphor thermometry.

In the experiments, the cooling water temperatsiset at 20 °C. The injection and ignition paramsete
are shown in Table 5. The engine is started int®RBloid the formation of deposits on the pistaat th
could cover the phosphorus layer and lead to negnetation of the surface temperature. The laser i
then triggered at the top dead center corresportdiiige valve overlap. Acquisitions are carried ou
every 2 min during the experiment which lasts 10.fhe time evolution of the piston surface temper-
ature is thus obtained from the measurement paiw@saged over 10 s every 2 min. Post-processing of
the experiment results gives the surface tempergsae Appendix).

Table 5: Engine operating parameters for phosgiermometry measurements.

PFI parameters Ignition
Injection Injection phasing  Tiy; Main Ignition phasing Load time
pressure / bar /° / us /° / us
3 280 6000 347 4500

3.3.2 High-repetition-rate visualization

The objective is to record videos of deposits foigrin real-time for different engine operating ciand
tions and to identify combustion-related phenomeeaurring inside the combustion chamber, such as
liquid-films or incandescent soot.

Setup: A camera coupled with an endoscope is seteooptical access replacing one of the two exhaus
valves in Figur&5. The endoscope gives a full vision of the pistarieee when it is at the bottom dead
center. The high-repetition-rate camera is a Phdastacam Mini AX. The acquisition frequency is se
at 4 kHz, and chip resolution is 640 x 608 pixels.
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Figure 55: Engine with the high-repetition-rate eamand endoscope.
Methodologies: Two acquisition strategies were used

» The firstis to acquire the first 125 cycles of #rgine experiment. The objective is to observe
the phenomena related to the formation of the deposcurring at the start of the experiment.

* The second consists of acquiring one cycle evergyetes for the duration of the experiment,
i.e., for 10 min. The objective here is to obsaihe formation of the deposits throughout the
experiment.

3.3.3 Particle analyzer

Set up: A DMS 500 from Cambustion was implementetha exhaust of the engine to characterize
engine soot emissions. This device characterizesige distribution from 5 nm to 1 um and determine
the number of particulates from engine exhausting flange with an internal thickness of 8 mm,
as shown in Figure 56, is inserted inside the esthime one meter away from the exhaust collector.

Figure 56: Sampling probe

For each experiment, dilution ratios are set tdadparticle saturation of the DMS 500. A first ditun
ratio is already set to 5 by the manufacturer fbergine experiments. A second dilution ratiohisrt
set by the operator according to the signal obtatheing the experiment. This second dilution r&io
determined during preliminary experiments. If tigmal is low, the second dilution ratio shall beima
tained at 1. If the signal is outside the measuramge, it shall be increased to between 12 and 500

Analysis: Two different types of information aretracted from the results of the experiments with th
DMS 500. The first gives an overview of the padisize distribution over the entire engine expenime
(Figure 57). It shows whether the particle sizéritistion changes during engine operation. For exam
ple, in Figure 57, there is an increase in the remalb particles between 10 and 100 nm during tts¢ fi
100 seconds. Then the distribution is fairly constluring the rest of the experiment.
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Figure 57: Contour plot of the soot particle-sigtribution of the experiment 2.

The second piece of information is the size spedaasity corresponding to the particle distribatfor

a time range chosen over the engine experimeaitoit’s identifying the distributions correspondiing
nucleation or accumulation mode. Nucleation modeesponds to the particles formed from the vapor
phase of unburned fuel to a solid phase. This foomaccurs in the fuel-rich region at elevated tem
peratures. Accumulation mode corresponds to thekese in the soot life process. It follows thepst

of coalescence and surface growth of the nuclgaeaeticles and corresponds to the agglomeration of
single particulates into a chain of particles aspnted in Figure 58 [104].
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Figure 58: Schematics of soot formation from p#ytiaurned fuel compounds to solid agglomeratel]10
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Figure 59: Particle-size distribution of soot sa@ablor 10 min.
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4 ESTABLISHMENT OF THE METHODOLOGY TO STUDY EN-
GINE DEPOSITS

The objective of this chapter is to define and eatd a method for distinguishing and quantifying th
different pathways of deposits formation in engjnes, the liquid film path and the soot path. SThi
method is based on tlea situanalysis of reference and engine deposits. Hirstieference deposits are
analyzed to determine their physical and chemiagbgrties with a special interest in macroscopit an
microscopic analysis. Then, the deposits from ckffié engine experiments are analyzed macroscopi-
cally and microscopically. The objective is to detme the effect of different engine parametershen
properties of the deposits. The first parametatistilis the effect of the location inside the costlmn
chamber on the properties of the deposits. Thegserjis to identify the most relevant combustion
chamber part for further investigation. The secpahmeter investigated is the impact of the gegmetr
of two engines on the properties of the depositsetermine the possibility to study the depositein
pendently of the engine geometry. The third andlfprarameter is the determination of the effect of
injection timing on the deposits properties. Theperties of these deposits formed from different in
jection timing are compared with reference depo3ite most promising deposits are then chemically
analyzed and compared with the reference depaoststermine the usefulness of these chemical anal-
ysis techniques in identifying the deposits formatpathways.

4.1 Analysis of reference deposits

4.1.1 Matrix

Table 6 presents the devices used to form referdeypasits, and the methods to analyze them. Daposit
formation and sampling protocols are presentechiaptr 2.

Table 6: Reference deposits formation devices hadialytical methods

Deposit pathway Device Element sampled Analysis methods
Liquid-film path Microcoking device Aluminum plate SEM-EDS. FTIR-ATR. Raman
Soot path Soot generator Aluminum plate Raman
Gasoline engine Paper filter from a smoke meter SEM-EDS. FTIR-ATR

4.1.2 Macroscopic analysis

The macroscopic analysis of the reference depotsented here will focus on the visual aspedief t
deposits. Color will be of primary interest, butttee and shape will also be considered.

The liquid-film path reference deposit was obtaibgdising the microcoking device. This type of de-

posit forms corresponds to a transparent varnisthersurface of the aluminum plate. It has a shiny
appearance, a smooth surface, and adheres tortheesut can hardly be removed by scraping or even
when using solvents such as with an acetone.

Two strategies were used to obtain deposit correfipg to the soot-path mechanism. The first cossist
of recovering soot from the exhaust of a gasolmgiree using a smoke meter to determine the typical
morphology of soot from a gasoline engine. The 8éds to form calibrated soot with a soot generator
that is deposited on an aluminum plate for chenginalysis. The deposit formed with the soot geperat
and the gasoline engine are both black. The textoserved is rough and appears granular to thétouc
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The soot path deposit formed with the soot genertdhe aluminum plate can be removed easily by
wiping the plate with a tissue.

These macroscopic observations show a significéfierehce in color, texture and adhesion with the
aluminum plate between the liquid-film path depasitl the soot path deposit. These macroscopic dif-
ferences could give a first indication on the tybaleposit, i.e., liquid-film-path deposit or squath
deposit.

4.1.3 Microscopic analysis

Microscopic analysis is used to determine the moligaly of the deposits. This analysis is carried out
by SEM-EDS to characterize the structure of theodiédrom the millimeter to the sub-micrometer
scale. The method distinguishes the topographlgeofieposit to determine their surface structure.

The liquid-film-path reference deposit formed bg thicrocoking device presents an extended smooth
surface delimited in red in Figure 60. The morphglof the aluminum plate and some traces of smaller
spherical deposits with an average diameter > 20@me dispersed over the surface.

aluminum

"~ Deposit
traces

m—— X 5000

Figure 60: SEM image of reference liquid-film-paftposit formed on an aluminum plate
with the microcoking device.

The soot-path reference deposit recovered fromakemeter set at the exhaust of a gasoline engjine i
related to a granular morphology presenting pdetes agglomerated in Figure 61. The average diam-
eter of deposited particles is < 100nm.

Paper
filter

Figure 61: SEM image of soot-path deposit on a phlper collected with a smoke meter
from the exhaust of a Sl engine; magnified 500@$rand 50,000 times.

The liquid-film-path and soot-path reference defsosiow very distinct strucure. The liquid-film-pat
deposit morphology corresponds to a smooth surf@bedispersed particles (diameters 0.2—1 um). The
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soot-path deposit shows granular particles withnaarage diameter below 100 nm forming large aggre-
gates. These characteristic morphologies, if enteoed when analyzing engine deposits, could help to
identify the origin of engine deposits by determmivhich pathways are involved.

4.1.4 Chemical analyses

Two types of chemical analyses are carried ouhtracterize the reference deposits. They consist of
two spectrometric techniques, the first is basedhenstudy of the infrared absorption signal are th
other on the study of the Raman signal. These tmoptementary methods will identify the specific
chemical characteristics of each of the referemposits. The analyses are carried out on the deposi
formed on the aluminum plates, i.e., the deposihém with the microcoking apparatus and the deposit
formed with the soot generator.

4.1.4.1 Infrared absorption spectroscopy

The analysis of the infrared spectra of the depadsitarried out by a FTIR-ATR spectrometer. The
operating principle is described in chapter 2. Tanalysis will identify the chemical functions dfet
two reference deposits. The objective is to idgrabisorption bands or peaks that are different &etw
both reference deposits and thus, to identify thesence in the engine deposits.

Figure 62 shows the infrared spectra of the armlgkihe reference liquid-film path deposit formed
with the microcoking device. A broad —OH absorptiamd in the 3500-3000 chrange is observed.
A multi-peak absorption feature in the —C—H bonetgion (2950—-2800 ch) is present. The infrared
spectrum shows a C=0 peak around 173¢ amd a broad —OH band in the 3500-300¢.cm
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Figure 62: FTIR-ATR absorption spectra of liquitt¥fipath deposit formed on aluminum plate
with the microcoking device.

The infrared spectrum of the soot reference depopresented in Figure 63. As for the liquid-firath
deposit, a broad —OH absorption band is observéiaeir3500-3000 crhrange. In this range, there is
the presence of a sharp peak centered at 3300aéth a shoulder at 3250 ctnA single peak absorp-
tion feature is observed in the —C—H-bond regidrere is a specific absorption in the 1500-100¢ cm
range related to aromatic bonds.
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Figure 63: IR absorption spectra of soot path diégaspled from a paper filter
from a smoke meter at the exhaust of Sl engine.

The differences observed for the —OH and —C—-H reggaf the spectra are not significant, especially
considering that these deposits are reference oasaised in the laboratory under well-controllem¢
ditions. It is difficult to identify specific chacgeristics that would enable to distinguish tharfation
pathways when analyzing engine deposit obtainedmumdl conditions.

The band around 1730 chtorresponding to —C=0 group is a specific absonptiand of the liquid-
film path deposit, but the signal is weak and noksygine experiments are needed to conclude iethes
regions of the spectra could be used to distingodgh deposit formation pathway and to conclude on
this methodology.

4.1.4.2 Raman spectroscopy

The analysis of the Raman spectra also aims tordigie the specific chemical features of the refegen
deposits. The bibliography has already highlightesl existence of two G and D bands at 1350 and
1600 cm? in the Raman signal of soot, which are charadieris the presence of carbon. The analysis
will focus on the determination of the intensithetFWHM of these two peaks between 800 and
2000 cn! of the two reference deposits. The objectivess &b identify the existence of other zones of
the Raman signals specific to each of the two depos

Figure 64 shows the Raman signal of the liquid-filath deposit. The signal observed cannot be inter-
preted due to noise related to the low quantitgegfosit combined with interference from fluoreseenc
of the sample.
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Figure 64: Raman signal (affected by strong fluoeese interference) of liquid-film path depositrf@d on an
aluminum plate with the microcoking device.

The Raman signal of the soot-path reference defopresented in Figure 65. The two characteristic
peaks related to carbonaceous material defindukichapter 3 are observed. The D peak at 13586 cm
and the G peak at 1604 TimThe ratio of the value of the intensity of thek& over the intensity of
the peak D is 1.15. The FWHM of the two peaks i& 42d 68 citt respectively.
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Figure 65: Raman signal of soot path deposit saiirfipten a paper filter
of a smoke meter at the exhaust of a Sl engine.

The Raman signal for the liquid-film path therefosmnot provide information on the presence of lig-
uid-film path in engine deposit. Regarding the gsial of the soot-path mechanism, two characteristic
peaks corresponding to the structure of carbor886 land 1600 cmh were identified as indicative.
Analysis will be carried out on the engine deptsiletermine the capacity of the technique to ifient
the presence of the G and D peaks.

In the literature, it has been shown that analgktbe value of the D/G and FWHM ratios of the @G an
D bands indicates the degree of graphitizatioradb@naceous materials. These analyses will beedarri
out on engine deposits in order to determine ailplessend [101].

4.1.5 Conclusions on the reference deposits characteriss

Macroscopic and microscopic analyses allowed toactearize the two reference deposits. They have
highlighted significant differences that will hdipdistinguish between the deposits from the lifilid
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path and the soot path in engine deposits. Théalkfjmn path deposit is characterized by a tranepgr
shiny and smooth appearance. At the microscopé lesymorphology is also characterized by a smooth
surface which includes large areas of around 15butralso small traces with a diameter of around
200 nm. The soot path deposit has a black, magappce. Its morphology observed by microscopy
corresponds to agglomerates of particles with endiar of about 100 nm.

The infrared spectra analysis enabled the ideatifia of the infrared absorption bands and peakiseof
two types of deposit. However, several of thes@mi®n zones are present in the two reference de-
posits which will complicate their attribution imgine deposits analysis. The Raman spectra analysis
provided interesting results for the soot path dégmut not for the liquid-film path deposit. Thisethod

will then not allow to distinguish the referencepdsits in the engine deposits. However, the observa

of the G and D peaks in the engine deposits willficm the presence of soot path deposit and their
analysis may show trends.

Firstly, the analyses of engine deposits will bedaobon macroscopic and microscopic analyses which
are two promising techniques. Secondly, the relexai the chemical analyses based on the study of
infrared spectra and Raman signals will be disalaséhe end of the chapter.

4.2 Influence of the sampling location in the combustio chamber on deposits
visual appearance and morphology

In this section an engine experiment is carriedtowtudy the impact of the sampling location om th
visual appearance and morphology of the deposite&oh engine part sampled, the analysis will focus
on the color, texture and surface condition ofdbeposits. Then, the morphology will be observed by
microscopy to identify the structures present aegtdbe the existing morphologies.

4.2.1 Engine experiment description and analysis of theitferent sampling location de-
posits formed with the 400 cr engine

The engine experiment is carried out with the 40®engine described in Chapter 2. The injection time
is set at 60 CAD BTDC, the water-cooling tempemtair 20 °C and the test duration at 10 min. Three
locations of interest were chosen to sample depdsitake side of the cylinder, injector nozzle and
piston surface. Each sample is analyzed followheyrotocol established for the reference deposits
studied in previous section, i.e., macroscopic mioscopic analysis. Representative results ae pr
sented in Figure 66.

The macroscopic analysis shows that the depositddron the intake side insert has a black color and
its texture is matt (Figure 66a). The appearandbefieposit is homogeneous over the entire sudice
the intake side insert and it is possible to obsé¢ine aluminum surface underneath the deposit.layer
Observation by the SEM-EDS microscopic system efdéposit at the intake side insert reveals differ-
ent information about its morphology dependingtanlevel of magnification. Observations of the orde
of a hundred to ten microns show a flat surfacé Wit presence of structures similar to big grains
the order of 10 um. Below the micrometer, the bagrgs and the flat surface have a similar morphplog
corresponding to a mixture of particles with smostifaces and holes. The results of the macroscopic
analysis are similar to those of the reference gatht deposit. Also, the presence of particlessamabth
surfaces morphologies were respectively observehlerreference deposits corresponding to the soot
path and the liquid-film path.
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The injector nozzle also has a black and matt Vespeearance (Figure 66b). Microscopic observations
show the presence of flat surfaces and big grainging from 5 to 15 pum. At submicron scales, the
morphology is similar between the flat surface #relbig grains. As with the insert, it correspotals
smooth surfaces, particles and holes. The visyscof the injector nozzle deposit is similar he t
reference soot path deposit and these morpholeges observed in both reference deposits micro-
scopic observations.

A black deposit with a matt appearance coversiterpsurface (Figurésc), except for six light areas.
These areas form a pattern that can be relatde prays from the six holes of the injector. Ttalegsh

the morphology of the piston surface two differgmuies of areas are defined. The corresponding black
and lights areas are separately analyzed. On a stabout ten microns, the deposit in the liglear
appears to be made up of large structures of ther of 10 um which sometimes meet and form grooves.
Below the micrometer, these large structures apapealusters of particles with an average diameter
below 100 nm. The grooves are composed of smoathcas and particles. For the black zone, the
deposit is uniformly composed of a layer of paesiclThe morphology of the light areas seems to cor-
respond to the liquid-film path and the soot pagpasits. The morphology of the black zone seems to
correspond to the soot path deposit only. The béael has a similar appearance and morphology to
the reference soot path deposit. The light arepegiehas an appearance like the reference ligund-f
path deposit. The morphologies of these zones th&vsame characteristics as the two reference depos
its with smooth surfaces and particles.
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Figure 66: Microscopic observations of depositglifferent sections of the combustion chamber
from experiment 2 with the 400 érangine. (a) Intake side insert, (b) injector nez¢t) piston surface.

4.2.2 Conclusions on the influence of the sampling locatn in the combustion chamber
on deposits visual appearance and morphology

Macroscopically, the deposits formed at the intsikke insert and at the injector nozzle have similar
appearances with a black color and a matt texiimeir morphology is also similar which are both
formed from particles and smooth surfaces. Theegfibappears that there is no significant differsen

in the effect of the sampling location on the visygpearance and morphology between the intake-side
insert and the nozzle injector.

The piston seems to be the most interesting sagfauation. Indeed, the surface of the piston shows
visual differences from the other two sampling tamas with the existence of a pattern with six tigh

areas and one black area. For the morphology,ighedreas present a smooth surface and particles
morphologies. The particles form cluster of theeorof 10 um. The black area morphology presents a
uniform layer of particles with an average diameigder 100 nm. These macroscopic and microscopic
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characteristics are comparable to the charact=isfithe reference deposits, which involve ves di
tinct mechanisms.

4.3 Influence of the engine geometry on deposits visuappearance and
morphology

This section investigates the effect of engine getoyron the visual appearance and morphology of the
piston deposits. The objective is to determinepbssibility of using two different engines opergtin
under similar operating conditions to form identidaposits. A new piston deposit is formed with the
462 cni engine under the same operating conditions apitten deposit formed with the 400 tm
engine presented in the previous section. Thisgles then analyzed macroscopically and microscop
ically. The results obtained with the 462%ngine are compared with the results obtained tvéh#00

cm® engine.

4.3.1 Engine experiment description and analysis of theipton deposit formed with the
462 cn? engine

The engine experiment is carried out with the 482 engine described in Chapter 2. As for the piston
deposit formed with the 400 émngine presented in the previous section, the enganameters set for
the 462 criengine are the same: the injection timing is 860aCAD BTDC, the water-cooling tem-
perature at 20 °C and the test duration at 10 he. piston deposit is analyzed following the protoc
established for the reference deposits studied@migus section, i.e., macroscopic and microscopic
analysis. Representative results are presenteidime-67.

Macroscopic observations show two distinct depmsas: A black area and six light areas. The black
area covers almost the entire piston. It preseblack color with a matt texture. The six-lightaferm

a pattern that can be related to the spray fronsithéoles of the injector. These initial obseroas
show a great similarity with the observations @& thacroscopic analysis of the piston deposits fdrme
with the 400 criengine. The same pattern and the same two areposits identified in the previous
section are found.

For the light areas, the morphology observed atatesof about 10 um consists of structures that are
5 um wide with the presence of smooth surfaceomparison with the piston deposit of the 40¢ cm
engine, the same morphologies are observed withGBeniengine. Here, the black area consists of a
homogeneous layer of particles with a diametees$ than 100 nm. The same morphology is found in
the black area of the deposit formed with the 408eagine.
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Figure 67 : Comparison of macroscopic and microisciopages of the deposits formed with the 462 engine

(late injection case at cold-start condition).

4.3.2 Conclusion

In conclusion, the geometry of the two engines dmtdave a significant impact on deposit formation
Indeed, the same morphologies are observed witle stiffierences in the size of their structures. €hes
differences are considered insignificant in thiglgtand are related to measurement repeatabitisebi
Then, the analyses of deposits formed with the gaamametric variations but with different engine
geometry can be compared.

4.4 Influence of the injection timing on deposits visubappearance and
morphology

This section looks at the effect of injection timian piston deposit formation. Indeed, by modifying
injection timing, the air/fuel mixing duration attik distance between the nozzle and the pistoacsrf
will also be modified. These two factors could iropthe appearance and morphology of the deposits.
The objective is first to determine which phasimgduces the most deposit, and then to identify the
injection timing that will allow the separate stumfyliquid-film path and soot path deposits. Thalgsis

of the deposits will focus on visual and macroscagtiservations. The deposits will be then analyzed
by FTIR-ATR and Raman spectrometry to concludehenusefulness of these two methods in the iden-
tification of the liquid-film path and soot path.

4.4.1 Description of the engine experiments

Table 6 describes the experiments of deposit foomakalized for different injection timing. Three
cases are studied. The first consists of a standgction to limit the formation of liquid film ahsoot.
This experiment lasts 120 min to obtain a suffiteemount of deposit for the analyses. The secose ca
is an early injection timing where the mixing dumatis longer to limit soot formation, and the diste
between the piston and the nozzle is the shoxesteourage the formation of a liquid fuel film.€rh
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third case is the late injection timing, alreadydéd in the previous section, to limit the mixitige
and encourage soot formation. For early and lgéztion cases, both experiments last 10 min. At the
end of each experiment, the piston is sampledtfendeposit is analyzed first by SEM-EDS. The pisto
deposits are then analyzed by FTIR-ATR and Ramantsgscopy measurements.

Tableau 1: Deposits formation engine experimendstaeir parametric variations

Exl:l:rlinn‘:ent Engine | Tyqling water /°C /élggt;:zf:n;lﬁgc Test duration /min
Standard injection | 400 cm? 20 260 120
Early injection | 462 cm? 20 360 10
Late injection | 462 cm3 20 60 10

4.4.2 Macroscopic and microscopic analyses

Before analyzing the deposits resulting from theous engine experiments, a deposit-free surface is
presented in Figure 68. The surface of the alumipiston has a metallic grey appearance with shiny
aspect. The surface is not smooth, it has circakhining marks all over the surface corresponttng

a measured roughnessRd= 1.2 um. These machining marks are also visiplmicroscopic analysis.
They can be clearly distinguished in ranges betvieamd10 um in Figure 69. These images will serve
as reference image to discriminate deposits moogfed from raw piston surface.

R

Figure 68: Surface of a clean piston.

Machining mark

Machining mark

Figure 69: SEM images of the surface of a deposé-piston.
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The piston deposit formed at the end of the stahihgection case is presented in Figure 70. Thercol
of the piston surface remains almost entirely niietgtey, but it looks more matt than the free-d&po
piston. The piston also presents a black deposit eovering 20 % of the piston surface and a deposi
forming a black circular arc.

The microscopic analysis of the grey surface shmashining marks and particles with an average
diameter of less than 100 nm. The microscopic eagiens of the black deposit show that this deposit
corresponds to a layer of particles with an averdigmeter of less than 100 nm that are much more
frequent in numbers than the metallic grey deptisg.not possible to distinguish the machiningksa

at scales smaller than 2 um. This indicates thradtposit is thicker. The deposit forming the black
circular arc has a smooth surface and presentti@uiparticles.

The smooth surface morphology characterizing tpgidi-film-path reference deposit is observed on a
very small surface of the piston. Particles coroesiing to the soot path reference deposit are ebder
on all the piston surface with different concentrnas. The standard injection strategy limits the fo
mation on both the liquid-film path deposit and st path deposit. Indeed, by injecting fuel & 26
CAD BTDC, the impact of the spray is very limitdthis engine setting corresponds to a standard op-
eration optimized to obtain the least amount ofagish emissions. In the context of this work, this o
erating point is not interesting because it dogédanmr deposit formation.

Smooth surface

Particles ——

Black area Black circular arc

%

Particles Particles Machining marks

Figure 70: Macroscopic observations by SEM-EDSefdxperiment 7 standard injection case.

The piston deposit formed during the early injetti@se is presented in Figure 71. The piston has a
deposit in the shape of a flower with 6 petals.SEhean be related to the six sprays of the injeciozle.
These petals have different colors and texturestifital in five different zones. These zones aléeda
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“black area”, “black area periphery”, “brown are&pray impact periphery” and “spray impact core”.

The black area has a black color and a matt appeardhe black area periphery consists of black
fringes. The brown area has a brown color with & aggpearance. The spray impact periphery is black
with an iridescent appearance. The spray impaet lcas a metallic grey color with a matt appearance.
All these areas have a smooth texture except foesreas of the black area which present somesrack

The microscopic analysis shows that all these zbaes a smooth surface morphology. This morphol-
ogy has been found in the reference deposit forwigd the microcoking which is attributed to the
liquid-film path. A granular morphology is also @pged with the presence of particles of an average
size inferior to 100 nm. This specific morphologgswbserved in the reference deposit formed with
the gasoline engine which is attributed to the path. The spray impact core presents a differemt m
phology with a grainy surface. Nevertheless, itld@morrespond to a mixture of deposits formed from
the liquid-film path and the soot path. Comparethtostandard injection case, the early injecticats
egy appears then to greatly favor the liquid-filathpmechanism.

Smooth surface Particles

Black area

) Smooth surface Particles
Black area periphery

Smooth surface Particles

Smooth surface

Particles

Grainy surface Cracks

Figure 71: Macroscopic observation by SEM-EDS ofyeiajection case (experiment 4).

The piston corresponding to the late injection dasEigure 72. Here, the different deposit areas ar
presented in more details. As seen before, themptesents a surface almost entirely covered avith
black color deposit with a matt texture. The pisti@posit has a pattern with six light areas reléed
the six spray cones generated by the injector.€Tareas are identified. First, the black area spoeds

to the black deposit area on the periphery of fetop. The second area corresponds to the spray im-
pingement. It consists in six light areas and sipact areas associated with each of the six spray i
pacts. The last area is the middle spray areaddatthe central area of the piston.

The morphology of the black area and the spray Imidcea is composed of a layer of particles with a
diameter inferior to 100 nm corresponding to thet gath mechanism. The impact area also shows the
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presence of particles but at a scale of 2 um théeles group together in structures of the ordet pm

in diameter. The comparison with the early injettase shows a stronger contribution from the soot-
path mechanism which validates the late injectivategy set to limit the air/fuel mixture time and
promoting rich zones, suitable to soot formatiohe Tlear area is the only zone where a smooth layer
morphology is observed with the presence of padidNevertheless, if a smooth layer cannot bettlirec
observed for the other zones, the presence oterpdike the injection scheme tends to exhibit tha
liquid film mechanism could be present as well.

Particles

Black area

o |

Spray middle area
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N Smooth surface Particles
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Figure 72: Macroscopic observation by SEM-EDS & lajection case (experiment 5).

4.4.3 Conclusions on the influence of the injection timig on deposits visual appearance
and morphology

Morphological analysis of the piston deposits shtvespresence of smooth surfaces and particles. In
comparison with the reference morphologies, thepesits are associated with both the liquid filrthpa
and the soot path mechanism. Early injection atelitgection present both deposit pathways but in
different proportion. Early injection promotes tigpiid-film path deposit and the late injection protes

the soot-path deposit. This result is coherentlmaarly injection causes spray impingement tuat ¢
favor the formation of a liquid film and the latgection leads to a short mixing time resultingich
zones thus promoting soot formation. Therefore nierocoking device and the smoke meter seem to
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reproduce the morphology of the engine deposityayh. Compared to these two piston deposits ob-
tained in 10 min, the deposit formed with standajelction during 120 min shows very few deposits.
Therefore, this injection case will not be studiedher in the rest of the study. Another conclasi®

that, although both mechanisms seem to be involhedghosen engine operation parameters each fa-
vors one mechanism.

4.5 Determination of the usefulness of FTIR-ATR and Raran spectroscopy to
characterize engine deposits chemical properties

This section aims to determine the possibilitydafritifying the chemical signatures characterizifg r
erence engine deposits by FTIR-ATR and Raman smipy analysis. The analyses are carried out
on both early and late injection piston deposits. éach analysis, the results are compared witketho
of the laboratory reference deposits.

4.5.1 Infrared spectroscopy analysis

Deposits obtained from the engine experiments aeedyzed and compared to the ones obtained with
the microcoking device and the soot sampled withdmoke meter. Infrared spectroscopic analyses
were carried out on the black area deposits fon bgection cases because the other zones did not
provide sufficient material for the measurement.

The signals obtained of the piston deposit foryeamd late injection cases are compared with thedi

film path reference deposit (formed with the miakiag device) in Figure 73. The same multi-peak
absorption corresponding to the —C—H bonds as agethe broad —OH band region are found for the
engine deposits and the liquid-film path referedeposit. This result shows the presence of a lquid
film path deposit in the engine deposit. Both eadgieposit cases show a spectrum with strong noise.
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Figure 73: IR absorption spectra for engine depasid liquid-film path deposit
formed with the microcoking device.
The infrared absorption spectra measured from endéposits are compared with those determined
from the soot-path deposit formed from the smokeéem@=igure 74). Typical absorption features of
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aromatics identified on the soot IR spectrum arakneut not completely absent. Probably a larger
amount of sample is necessary to obtain a betiaaki
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Figure 74: IR absorption spectra for engine depasitl soot-path reference deposit.

The FTIR-ATR spectra of deposits obtained with tierocoking device and the smoke meter show
typical absorption features that can be distingrdsdéind related to the two formation paths. Comparis
with spectra measured on engine deposits showtlibae features can be identified. The —CH bond
feature with multiple peaks, representative ofteific components, as well as the carbonyl function
C=0 appears as a good tracer for material genexadethe liquid-film-path mechanism. Moreover,
because the FTIR spectrum of the reference soasitgpresents an absorption feature with a single
peak in the same region, this part of the spectrontains information suitable to identify the sauof

the deposit. Nevertheless, the FTIR technique apgeaequire larger amounts of deposit to provide
measurements with less noise to enable the ideatidn absorption bands indicating the presence of
aromatics that are the typical footprint of soot.

4.5.2 Raman spectroscopy analysis

Raman spectroscopy analysis was carried out opisihen deposits formed at early and late injection
timing. The analysis was performed on the diffe@gposit areas identified for the two pistons. The
results of the Raman such as peak positions andipeasities were then compared with the ones from
the reference soot-path deposit.

Figure 75 shows the six areas analyzed by Ramantrepeopy materialized by green dots. No inter-
pretable signal was obtained for zones Z and 4. Zones 4, Z, and Z show two peaks D and G
around 1390 and 1610 chcharacteristic of carbonaceous materials. The peakvalues of the D and
G peaks are similar for the three zones with amaaeevalue of 1.65. There is some discrepancyan th
FWHM values attributed to signal noise, makingifticllt to determine the FWHM value. These two
peaks are also identified in the soot referencesiemlthough the soot reference deposit presienter
peak value at 1.15.
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Figure 76 : Raman signal of zones.£for piston deposits from early injection experirhen

For the late-injection case, Figure 77 shows tlwatlon of the Raman measurements on piston top
surface with the green dots. No interpretable digias obtained for the zona @nd 2. This is due to

a signal saturation which was not possible to avbie two peaks D and G characteristic of carbona-
ceous materials are also identified around 13501800 cm'. However, the high signal-to-noise ratio
for zone 3 makes it difficult to determine the eqaasition of the peaks and therefore makes the MWH
values of the two peaks uncertain. The Raman sfgnabne 4, on the other hand, has a low signal-to
noise ratio. The value of the peak intensity r&id.53 and the FWHM values of peaks D and G are
121 and 68 cm, respectively. These values are different frons¢hof the reference soot deposit.
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Figure 77 : Location of the Raman measurement zanégreen dots) for the late injection experiment.
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Figure 78: Raman signal of zonesel Z for piston deposits from the late injection cagpeziment.

4.5.3 Conclusions on the usefulness of FTIR-ATR and Ramaspectroscopy to charac-
terize engine deposits chemical properties

Figure 79 shows the peak ratio of the differentemoof the analyzed deposits. Given the measurement
uncertainty presented by an error bar, there isigiificant difference between the case of early an
late injection, whereas the microscope showed faiginit differences in the morphology of the engine
deposits that seem to indicate different deposgirs. Also, the peak ratio value for the referescet-

path deposit is 1.15, which is much lower thangeak ratio of the engine deposit in the late ingect
case of zone 1 which is equal to 1.6, even witln lppesenting a similar morphology. This technique
does not make it possible to dissociate the meshendf the liquid-film path and the soot path inono
deposits and therefore does not help to identiéyrtiechanisms responsible for the formation of the
deposit. In addition, the line width of the Ramagnals cannot be interpreted because of the impbrta
noise of the measures.
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Figure 79 : Peak ratids/Ic of the soot reference deposit and the piston dispmanes for the early
and late injection cases.

4.6 Conclusions on the methodology to study engine degits

The characteristics of the reference deposits determined macroscopically and microscopically. The
reference deposit corresponding to the liquid filath has a transparent color and a glossy appe&aranc
with a smooth surface morphology. The deposit apwading to the soot path has a black color and a
matt appearance with a particle morphology.

The deposits formed for different engine parametene analyzed using the same methodology. The
results showed that the location in the combustf@mber has no significant impact on the appearance
and morphology of the deposits. The piston depgwsta particular pattern attributed to the impéct o
the spray on the surface. This area of the conthustiamber is selected in the rest of the studgnTh
the effect of engine geometry on the deposits wadied. This study showed that the deposits can be
studied independently of the two engines usedersthdy. Finally, different engine experiments were
carried out to form deposits on the pistons foedidifferent injection timing. Two injection timirvgere
chosen: the first is early injection at 360 CAD BT Wvhich forms deposits with a morphology essen-
tially corresponding to the path of the liquid filthhe second is the late injection at 60 CAD BTDC
which contributes largely to the deposit formatwith a morphology corresponding to the soot path.
These two injection timings will enable the studyh® mechanisms of both deposit formation pathway.

In addition to macroscopic and microscopic analyfd4R-ATR and Raman spectroscopic analyses
were evaluated. The objective was to determinalfigy of these techniques to identify chemicglsi
natures corresponding to reference engine depB3ilR-ATR spectroscopy made it possible to identify
the presence of a deposit formed from the liqurd path for early and late injection cases, butfoot
the soot path. The technique does not providerméition on the proportion of deposit for each pathwa
The use of FTIR-ATR spectroscopy is then excluaedte following work performed during this the-
sis. For the Raman analysis, no information co@axtracted for the reference deposit for the diqui
film pathway and no correlation was found betwdenrhorphology and the information derived from
the peak analysis. Therefore, the technique dokallwev a correlation between carbon structure and
morphology. The use of Raman spectroscopy is halsteexcluded hereafter. The method used to
determine the origin of engine deposits providdg goalitative information.
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5 ENGINE DEPOSITS FORMATION MECHANISMS

The objective of this chapter is to provide an ustding on engine deposit formation mechanisms.
The strategy is to isolate the two deposit forrmapathways to study their mechanisms separately. Th
early injection condition is used to study the nstbhms of liquid-film path formation and late injiec

to study the mechanisms of soot path formation. mbeehanisms identified for each of the formation
pathways are then compared for each of the injesti@tegies. Firstly, the operating conditions ted
type of analysis performed are presented. The dauthen divided in two sub-sections: the first-con
cerns the liquid-film path and for the second thetgath mechanism. In a third section the mechasis
are compared with each other. The conclusions prélse deposit formation scenarios deduced from
the previous analyses.

5.1

The experiments are carried out with the 462-engine described in chapter 3 that is equippeld wit
optical access to enable high-speed imaging opigten surface. Table 7 presents the parametrie var
ations for two injection strategies. For the eanjgction timing strategy, experiments under twadie
tions were carried out with different initial pistsurface temperatures. The objective is to chaniaet
the behavior of the liquid film as a function offace temperature to highlight the physical mecérasi

in the liquid film. The first experiment starts afpiston temperature of 20 °C to represent cold-sta
conditions, called “cold-start case”. The seconpgegdnent begins after a 2-minute preheating of the
engine through operation with port fuel injecti®(), called “warm-start case” (see chapter 3)that
end of the warm-up phase, the piston surface teatyoeris 133 °C. At this time, PFI is switched off
and the 10-minute experiment with direct fuel iti@e (DI) starts. For the late DI injection timircgse,
the experiment starts with an initial piston tengpere of 20°C corresponding to the cold-start case.

Description of engine experiments

Table 7: Table of engine experiments with the 4®2 engine

Injection Start Injection phasing | Injection duration | Ignition phasing | Imitial piston surface Expriment
strategy condition /CAD BTDC /ms /CAD BTDC temperature /°C duration /min
Cold start 360 1.85 13 20 10
L case
Early injection
Warm start 360 1.85 13 133 10
case
Late injection | ©0ld start 60 185 13 20 10
case

The temporal variation of the piston surface terapge are shown in Figure 80. The temperatures were
measured by phosphor thermometry (see Chapteng).characteristic phases 1 and 2 are observed
and defined as: Phase 1 corresponds to the fisintimutes of the experiment, when the difference
between the piston temperature in the two casg®eé&est, while Phase 2 starts at 2 min and caeginu
until the end of the experiment. It correspondhomoment when the two temperature profiles sbart
converge and reach a similar final temperaturbeend of the experiment.
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Figure 80: Variation of the piston surface tempamduring engine experiment for cold and warmtstar

For each experiment, two types of analysis aréezhout. First, aimn situ analysis is carried out during
the experiment which consists of using the higredpsamera to observe the deposit formation and the
phenomena occurring in the combustion chamber asatear wall combustion or liquid films. In the
exhaust gases, particle-size distributions weresaored with a DMS 500. This analysis enables the
correlation of particulate emissions with the preseof soot-related deposits. After the end ofetkie
periment, the piston surfaces are analyzedituusing the methods described in the previous chapte

5.2 Contribution of the liquid-film path mechanism to deposits formation

The piston deposits formed in the cold start aediarm start cases at early injection are firstyaea

to study the liquid-film path mechanism. This sewtwill focus on establishing a correlation between
the presence of a liquid film and the deposit fdirama The piston deposits are compared using macro-
scopic, microscopic, ard situ analyses of the piston samples. The observed ideposresponding to
the soot-path are deliberately not consideredigngction and are the subject of the followingisac

5.2.1 Macroscopic analysis

Figure 81 displays macroscopic images of the pidegosits formed at cold- and warm-start conditions
for early injection. Characteristic deposit patteane observed on the piston surfaces (Figurel8gye

are two zones: An inner zone corresponding to rigact core of the spray and an outer zone corre-
sponding to the rest of the piston surface. Theydascribed separately in the following paragraphs.

The inner zone is similar for both pistons. It esponds to a central pattern composed of six zones
(marked in red in Figure 81). Each zone consistslight core and a dark outline called the spnayact

core and the spray impact periphery, respectiviilyce these areas correspond to the impact pdints o
the liquid spray, it seems reasonable to link tleistral pattern to the formation of a liquid filmreéhg

the experiment.

The outer zone is the entire area between theawiber and the edge of the piston in Figure 81sThi
area exhibits differences between the warm- and-stlrt cases. In the former, the outer zone corre-
sponds to a brown area with brown marks markeceltow (Figure 81). In the latter, several zones
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exist: Starting from the spray impact zone towdhaspiston edges, a first brown area is observed su
rounded by a black area (marked in yellow). Thegezones are surround by deposits forming black
wave patterns, thereafter called “black area peryh This particular pattern indicates a forward o
backward movement mechanism that will leave fringfelslack deposits. The black area deposits and
the peripheral black fringe pattern are not pregerihe warm start case. It may indicate that e s
called “black deposits” only form when the pistemperature is low, here during the warm-up phase
of the engine.

Warm start case Cold start case

4

@———— Brown area

Black area

¥ Black area
Brown marks [ T periphery

> Brown areas

Spray impact
periphery

Spray impact
periphery

Spray impact core Spray impact core

Figure 81: Piston deposits for the warm- and ctddt£ase with the different areas identified.

In conclusion, two different phenomena are obsefeethe two zones. The first is related to theactp

of the spray on the piston surface, which leadeédormation of deposits in the inner zone thatreot
temperature-dependent. The second phenomenonmandssto the mechanism that will form the outer
zone.

5.2.2 Microscopic analysis

Figure 82 shows the four deposit zones identifigdng the macroscopic analysis: Brown area, brown
marks, spray impact periphery, and spray impaat)cdihese zones are analyzed and compared with
the cold-start case deposit presented in secté@ frigure 71).

When observed with a spatial resolution of aboutn® the brown area looks almost homogeneous.
With a resolution of about 500 nm, a smooth surfameered with scattered particles whose average
size is less than 100 nm in diameter is observealvB® marks have a morphology similar to the brown
area with the presence of a smooth surface cowsredrticles that are less scattered and whosegeer
diameter is also below 100 nm. The darker appearahthese areas is probably related to the higher
density of particle. The spray impact peripherypatgludes the presence of smooth surfaces anid part
cles. The number density of these particles is éetwthe brown area and brown marks ones. Their
average diameter size is also less than 100 nmmbnghologies of the liquid-film path and soot path
deposits are both found in these three depositziodgcating that the related mechanisms are iragblv

A granular morphology is observed in the spray icbgare with the presence of cracks. The latter are
probably due to a high thermal stress caused bkigietemperature in the combustion chamber.

Comparing with the cold-start case in Figade even if a large difference is observed on thermac
scopic scale with the existence of the black angae cold case, many similarities are observethen
microscopic scale. In both cold- and warm-staresaghe spray impact periphery, spray impact core,
located in the same places on the piston, preséaepasit similar in appearance and morphology. The
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brown area of the warm-start case is located wierérown area and the black area are locatecein th
cold-start case, and similar morphologies charaetérby a smooth surface covered by particles are
observed. These results show that probably the paooesses are involved despite the differences in
temporal variation of the temperature and the difiee observed on the macroscopic scale. Deposit
related to the soot path are also observed buamalyzed in this section that concerns mechanisms
related to the liquid-film path only, they will lstudied later in chapter. To better understanddhe
mation processes of the different zones, the aisalji continue with then situanalysis of the deposit
formation, with particular attention to the impa€the spray on the piston surface.
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Figure 82: SEM images of the piston deposit arédained in the early injection cold start experimen

5.2.3 Insitu analysis
5.2.3.1 Visualization of the formation of liquid films

In the early injection condition, the fuel is injed at top dead center, when the distance betvween t
piston and the injector nozzle is shortest. At tlisdance, the spray hits the surface of the pistbis
impact of the spray can lead to the formationlajud film. Depending on several parameters inoigd
injection angle, injection pressure, amount of fogdcted or temperature of the piston surfacelitjugd
film formed is transported along the piston surfadds phenomenon is called “liquid-film spreading”
It is possible to distinguish two areas on thegpistlated to the impact of the spray: The sprgyaich
area and the liquid film spreading area as illusttan Figure 83. The spreading length is defiretha
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distance between the periphery of the spray imaeez and the liquid-film spreading periphery. This
length varies according to the parameters mentiabege.

Z@\# Injector nozzle

Liquid-film
Spray

Liquid-film
spreading area

spreading periphery

14
\ N
N "L‘ -
A \ N

Spray impact area

Figure 83: Schematics of liquid-film spreading féeag from spray impact for a single spray cone.

The high-speed camera is used in these experirteeabserve deposit formation on the piston surface,
the liquid film, and combustion. However, the optiaccess is progressively obstructed during deposi
formation with obstruction rates varying accordiadhe operating conditions, making visualizatién o
the combustion chamber and piston impossible aftere time. In the cold-start case, it was possible
image the piston for around six minutes. In thematart case, window fouling is slower, and it was
possible to observe the piston until the end ofetkgeriment.

Liguid-film spreading is identified on the imageg Wisual inspection of the appearance of the reflec
tions, where these are characteristic of a liqlod f In the cold-start case, a liquid-film spreaglis
observed during the first two minutes of the expent. During the first 75 cycles, the liquid film-a
cumulates, and the spreading length increasesraatihing the edge of the piston. After 100 cydless,
spreading length decreases until the moment whisnnib longer possible to observe the liquid film
because of optical access obstruction, six mimaftes the start of the experiment. Figure 84 shites
liquid-film spreading from the first injection dh¢ first cycle. The comparison between the dianwdter
the liquid-film area from the first cycle in Figugd and the pattern of the deposit obtained attiokeof

the experiment shows a correspondence betweerrésere of liquid film and the formation of the
deposit. Figure 85 shows the evolution of spreaténgth and black area length over time. The black
area length is defined as the distance betweefirsh@ppearance of the black area at the outee eflg
the film and its progression towards the spray ithigaee illustration in Figure 84) These data were
collected by eyes inspection of the images andhemefore purely qualitative. However, they clearly
show that while the spreading length decreasedl#oi& area length increases.
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Figure 84: High-speed images obtainedrbgitu visualization of the piston top surface for thédcstart case at
288 CAD during the first cycle of the engine expent, and corresponding zone of the piston samples.
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Figure 85: Spreading length and black area lengtlugon with time.

In the warm-start case, using the same acquigitoameters as for the cold start, no liquid-filmesyl-

ing is observed in thm situ visualization experiments (Figure 86). Similatigere is no black zone
deposit. We can therefore assume a correlationdsgtvthe black deposit and the existence of liquid
spreading.
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Figure 86: Image obtain by direct visualizationhtihe high-speed camera of the piston top surfaicené
warm start case at 288 CAD during the first cydléhe engine experiment.

5.2.3.2 Visualization of the formation of deposits

In order to analyze the dynamics of deposit fororgtFigure 87 compares situimages of the piston
surface acquired during the initial phase (Phase/ig¢n the temperature difference in piston tempera
ture between both operating cases is significaalsb showgx situimages of the piston surface sam-
pled after the tests, both for warm- and cold-stades. Phase 1 lasts about 2 minutes and although
images acquired for 2 min were used in this anglysily images acquired at 45 s after the stathef
experiments are shown in the figure because dtigetobstruction of the optical ports, the quality o
the images obtained at 2 minutes is significartlydr than those obtained at 45 s. The comparison in
Figure 87 shows that for both warm- and cold-stases, the deposit observed at 45 s are simitheto
ones observed on the piston sampled after thestesting that these deposit very probably fornha t
initial phase of the experiments when the pistostilscold, and that little change occurs at ldteres
when the piston is warm. The images in Figure 8@ highlight the differences between the warm- and
cold-start case. While similar deposit are obseimetie inner zone where the deposit corresponds to
the spray impact zone, significant differencesaigerved in the outer zone. The black area dejsosit
observed in the cold-start case, but not in thenwstart case. These results indicate that the depos
formation in the inner zone is not very sensitivéhie piston surface temperature while the blaglodi

in the outer zone is more sensitive to the pistofase temperature.

(a) | Warm start case (b) | Cold start case

Direct visualization at 45 Images of the sampled piston Direct visualization at 45 Images of the sampled piston
seconds of the experiment at the end of the experiment seconds of the experiment at the end of the experiment

Figure 87: Images obtained by direct visualizatbthe piston surfaces at 45 s and images obtaifiedthe
experiment when the pistons were sampled at 10 min.
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In summary, the analysis has identified two diffémmechanisms related to the injection: A direcagp
impact creating a liquid film and consecutivelyepdsit, followed by the liquid spreading phenomena
forming a black deposit. Also, while the former®sao be not very sensitive to piston surface tempe
ature, the latter is. Therefore, the following paeters appear essential to understand the formation
deposit by a liquid-film and will be studied in neadetail in the following section:

» The effect of the piston surface temperature amdidilm evaporation
* The local cooling of the piston due to spray imgimgnt

» The variation of the thickness of the liquid film

5.2.4 Parameters affecting the liquid film
5.2.4.1 Effect of piston surface temperature on liquid-film evaporation

The dynamic evolution of a liquid film as a functiof the surface temperature is described by the
Nukiyama theory [105]. It characterizes the behawfdiquid droplets as a function of surface tempe
ature for a single-component fuel. The resultindifama curve shows the dependence of the lifetime
of a liquid fuel droplet on the surface temperatumnd thus provides information on the evaporatae r

of a fuel at a given temperature. This curve cao &k applied to liquid fuel films to simulate thei
thermal behavior on the walls of the combustiomuber [106].

The objective of this section is to locate the ¢bods related to the cold-start and warm-startesixp
ments on the Nukiyama curve to understand the ea#ipo rate of the liquid films during the experi-
ments. After presenting the Nukiyama curve andriiderlying regimes, the effect of pressure is inves
tigated. As the in-cylinder pressure in an engiaees it is important to know how it impacts thepv
oration of the liquid film. Then, the E10 substgdtel called RFG is introduced. The Nukiyama curve
of this fuel is used to determine, which evaporatiegimes the cold- and warm-start cases correspond
to.

According to Nukiyama, four regimes describe thaparation process of a liquid film on a surface
(Figure 88). Regime | (liquid-film evaporation) cesponds to a surface temperature below the satura-
tion temperatureTsa) of the liquid. In this case, the lifetime of theguid film decreases linearly with
the surface temperature and corresponds to slopoeation of the liquid film. Regime Il (nucleate
boiling) is between the saturation temperature tardNukiyama temperatur@y) and corresponds to
the formation of isolated bubbles in the liquidrfilin this regime, the lifetime of the liquid filoontin-
ues to decrease until it reaches the Nukiyama teahpe, which is the temperature at which the tqui
film lifetime is the shortest. At this temperatubeibbles continuously form in the liquid film. Regg

Il (transition boiling) is between the Nukiyamartperature and the Leidenfrost temperatdi¢ &nd
shows an increase in the lifetime of the liquidhfivith increasing temperature. This is due to tut f
that the liquid film boils and decomposes into bdablwhich take time to evaporate. Regime IV (film
boiling) starts at the Leidenfrost temperatlirend corresponds to the boiling of the liquid fiihen
the temperature of the plate reachgsevaporation is slowed down because the film tscoatinuous
anymore, it is composed of droplet clouds levigtibove the plate due to the presence of an insglat
gas layer separating them from the surface. Haaster is therefore reduced. Abdke the evaporation
rate increases with surface temperature.
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Figure 88: Nukiyama curve of the droplet lifeting gurface temperature for a single-componentdi§lL06].

Another parameter influencing the evaporation peadescribed above is pressure. Figure 89 shows
the effect of pressure on the liquid-film lifetinoé iso-octane. The first part of the Nukiyama curve
corresponds to a linear decrease in the liquid-fifatime. With increasing pressure, this part loé t
curve is shifted to higher temperatures and thsiglays an increase in evaporation time. For example
for a surface temperature of 100 °C, at atmosplmeessure (101 kPa) the evaporation time of adiqui
film is about 5 s whereas it is about 11 s forghbi pressure of 717 kPa. The Nukiyama temperature
(Tn) and the Leidenfrost temperatuii )(increase with pressure. Finally, the part of ¢heve corre-
sponding to Regime 1V, i.e., for temperatures abbvdaces a decrease in the lifetime of the liquid
film. For example, for a temperature of 300 °C, lifetime of the liquid film is 5 s at atmospheric
pressure and for a pressure of 717 kPa, the liéetinops to 0.5 s. These trends in the evolutiahef
Nukiyama curve with pressure will allow a more aate characterization of the thermal behavior of
liquid films of E10 fuel for both cold- and warmast cases.
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Figure 89: Nukiyama curves of iso-octane for défa pressures [107].
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The Nukiyama curves presented so far applies lesitomponent liquids only. Some studies exist to
characterize the behavior of multi-component liguiolut none are available for the E10 fuel used in
this thesis [107]. Nevertheless, some data is abiailfor the Reformulated Gasoline (RFG) fuel. The
choice of RFG fuel as a substitute for the dedoripdf E10 is based on the similar distillation s

of the two fuels. As the Nukiyama curve is relai@the evaporation of the fuel, it seems approptiat
use a substitute for E10 fuel with similar evaporaproperties such as RFG. The composition of both
fuels is presented inTable 8 [108]. The temperatafethe evaporated fractions at 50 °C (T50) and
90 °C (T90) of the distillation curves of the twaefs appear to be similar. The T50 and T90 tempera
tures of E10 fuel were measured at 90 and 146f&S@ectively. The RFG fuel has a T50 between 88
and 99 °C and a T90 between 138 and 149 °C. Thereliices observed between the two fuels in terms
of aromatic, olefin, benzene and oxygen conterltrvail be considered in the following analysis.

Table 8: Specifications of RFG and E10 fuels [108].

Fuels specifications RFG E10
Aromatic /v.% 18 —20 25 —32

Olefins /v.% 3.0-5.0 6—13

Sulfur /ppm 15 -25 =10

Benzene /v.% 0.5-1.0 =10

T50 /°C 88 —99 90

T90 /°C 138 - 149 146.5

Oxygen wt % 18-22 33-3.7

Figure 90 displays the Nukiyama curve for the R6@l fat atmospheric pressure. The temperature
ranges of the piston surfaces during the cold stadt warm start experiments are indicated as color
boxes. For the cold start case, during Phase 1ligthid film is in the linear part of the curve wieethe
evaporation rate increases linearly with surfaogterature. At atmospheric pressure, Phase 2 @tin b
Regime Il and Ill. Considering the effect of incsegy pressure in the combustion chamber, it israsdu
that Phase 2 is also in the linear part of theeatvpressures relevant to engine conditions. rEsislt
means that during the cold start case experimeatjquid film evaporates faster and faster duthrey
experiment as the surface temperature increasbgimig.

For the warm-start case, Phase 1 is at the eneégihi® Il and Phase 2 is at the beginning of Regime
Ill. However, due to the effect of pressure, iagsumed that the liquid film during the experimsrat

the end of the linear part of the curve correspogpdd Regime Il. Compared to the cold start cdwe, t
warm start case has a much faster evaporation sioeieg the test. These results appear to be densis
with the previousn situanalysis. Indeed, for the cold start case, ibissfple to observe the liquid-film
spreading at the beginning of the experiment. Therthe surface temperature increases, the lefgth o
the liquid-film spreading decreases . For the watant case, no spreading is observed becausejtine li
film is in a fast evaporation mode compared todble-start case.
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Figure 90: Nukiyama curve for RGF fuel at atmosphpressure [107].

For the cold-start case, as seen above, the spgeafiihe liquid film seems to coincide with thexdk
deposit. It can be assumed that the outer zonkeeofi¢posits on the piston surfaces is conditioryed b
the presence of liquid-film spreading whose evaipanaate depends on the surface temperature. Fast
evaporation means that the liquid-film does notentime to form a deposit. However, it has been ob-
served that the inner zone corresponding to thadtgone of the liquid film, is formed at both lauwd

high temperatures.. The liquid film formed in tasne does not seem to follow the thermal behavior
described by the Nukiyama curve The following sewiaim to understand the formation of deposits
by investigating other factors in the literaturattmay affect the evaporation time of the liquldhfi

5.2.4.2 Variation of the thickness of the liquid film

The Nukiyama curve of a fuel is obtained by meamgutihe surface temperature-dependent evaporation
time of fuel drops deposited on the surface withsbhme diameter, i.e., drops with the same volume.
Thus, for an inhomogeneous thickness of a liquid,fit can be assumed that the evaporation time is
not the same in the liquid film due to differentwme of fuel to be evaporated. Kaiser et al. ami &a

al. measured the liquid-film thicknesses of fuehfirthe impact of a spray on a surface [109, 110§ifT
measurements revealed zones of liquid fuel accurnlan the liquid film.

Kaiser et al. measured the liquid-film thicknesses piston in an optical access spark ignitiorireng
with a direct injector by laser-induced fluoresaericlF) [109]. The liquid film in their work shows
spreading. Its size is of the order of 30 mm lop@B mm wide for a spray impact corresponding to a
single-hole injector. These dimensions are comparbthose obtained in this thesis work with the
formation of a liquid film of 25 mm long and 13 nwde (Figure 92). Also, the measurement conditions
of the Kaiser et al. paper are similar to the coos of the engine experiments performed in thaskw
with 200 bar injection at 360 CAD BTDC. They foutidt the liquid-film thickness increases from the
center to the periphery of the liquid film, i.engetliquid film accumulates at the periphery of figeid
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film where it reaches a maximum thickness of 40 (figure 91). At the center (impact core of the
spray), the thickness is minimal. This informatiesmow used to analyze the cold start case expatime
In this experiment it was shown by direct visudi@a that with increasing surface temperature the
length of the spreading of the liquid film decreasehus, the periphery of the film, correspondim@ t
liquid fuel accumulation, moves closer to the cenfahe piston. Direct visualization also showbdtt
the black area progresses from the edge towardsether of the piston and that this displacement
correlates with the decrease in the length of itheéd-film spreading. Therefore, these results séem
show that the black area deposit forms at the penpof the liquid film, where the accumulation of
liquid fuel takes the longest time to evaporatealt be assumed that the liquid-film path depasiné
when the evaporation speed of the liquid film sl

£ 40
-~

x/ mm

HESS = s
0 10 20 30 40
Thickness d / pm

Figure 91: Thickness of the liquid film formed ompiaton surface as measured by laser-induced #oeree
imaging (LIF). Image taken at 300 CAD BTDC, injextiof liquid fuel at 200 bar at 360 CAD BTDC [109].

Cycle 75

Figure 92: Direct visualization of the piston sedawith a liquid-film with its size at 20 s of tleeperiment.

The work of Pan et al. showed a liquid-film accuatign at the periphery of the spray impact [110].
The size of the liquid film presented in this wesk5 mm wide and 25 mm long. This size is comparab
to the liquid films observed for the cold starteaxperiment which are 13 mm wide and 25 mm long.
The temperature delta between the fuel and the [@atbout 3 °C. This temperature difference islaim

to the initial condition of the cold start case esment with a temperature difference between istop
surface and the fuel of 0 °C (piston surface amdldve at atmospheric temperature).

The work of Pan et al. shows that the liquid filancaccumulate also at the periphery of the spray
impact, marked in red in Figure 93, in additioritte periphery of the liquid film, marked in whitan
et al. observed, as did Kaiser et al., a minimuitktiess at the center of the spray imp&ot.situ
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analysis of the piston from the cold start experitrevealed by SEM-EDS a higher density of deposit
at the periphery of the spray impact than at tmayspore area (Figure 94). This result was obtained
atomic density mapping of the deposit (see se@idri ).

According to the work of Pan et al., the periphefrthe spray impact seems to correspond to a zbne o
accumulation of the liquid film, while the sprayrearea corresponds to a very thin zone of thédiqu
film. The formation of the deposit is thus favor@dhe periphery of the spray impact, which present
an accumulation of liquid film that takes longeretaporate.

Impinging direction

(2) Zb/ (b)

Spray
Liquid-film spreading Liquid-film spreading area
periphery |

.
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Thickness /um

Figure 93: (a) Schematics of liquid-film spreadnegulting from spray impact for a single spray gone
(b) LIF image of a liquid film of fuel injected attemperature of —18°C on a plate cooled at —1%10][

/. Sprayimpact periphery
~Thick deposit area -

Figure 94: Atomic density mapping of the spray iotpaf the warm start case piston deposit taken by
SEM-EDS.
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5.2.4.3 Local cooling of the piston due to spray impingement

According to Nukiyama'’s theory, the rapid evapanatspeed of the liquid film in the inner zone does
not explain the presence of a deposit in this zdpnexplain the deposit formation in the inner zéare
the warm start case, the effect of the spray impache piston temperature is studied in this eacti

A study conducted by Contino et al. showed thatrtigact of a spray on a surface leads to localicgol
[111]. Contino et al. used infrared thermographyasueements to obtain a 2D temperature map of the
impacted surface as shown in Figure 95. In theidysiso-octane is injected at 20 °C onto a plate at
93 °C. This temperature difference is close ta¢neperature difference of this work for the wararist
case with a temperature difference observed betthegpiston surface with a temperature above 133 °C
and a fuel temperature of 30 °C in the warm-stasec The authors observe a temperature gradient of
the liquid film that has spread over the surfadee $pray impact zone is the most cooled and i® up t
18 °C lower than the initial plate temperature 8f°€. This result means that for the warm-starecas
the spray impact area is cooler than the resteptbston. When the piston surface temperaturegis hi
relative to the fuel temperature, as in the warantstase, the spray impact can cool the local serfa
temperature at the impact. This can lead to slewaporation of the liquid film at the spray imparta,
explaining the formation of deposits on this zone.

Fuel: iso-octane (CgH,g)
Tiuel = 20°C—T,,, =99°C
Ty = 93°C = P,,; = 200 bars
Injection period = 1.0 ms

1.0 ms . ~420.0 ms

v .
p ~ Spray

‘ -
- v ‘ 13 .' impact area

-20

-20-15-10-50 5 101520
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B |
-18-16-14-12-10 -8 -6 -4 -2 0
ATIK]
Figure 95: Temperature map obtained by IR thermgigraf a GDI spray impacting on a heated thin fbll1].
5.2.5 Synthesis of the mechanisms of deposit formation ke liquid-film path

Ex situandin situ analyses of the two early injection deposit foinraexperiments compared to liter-
ature data have revealed mechanisms explainindgesit formation by the liquid-film path.

During injection, the impact of the spray on thst@n surface leads to the formation of a liquithfil
From this liquid film two zones are distinguish@&tite spreading area and the spray impact area.

The first zone corresponds to the spreading ofiguéd film that forms in the outer zone of the tpis
surface. The outer zone depends on the surfacestatape. At high temperatures, the liquid film evap
orates quickly, and the formation of depositsrsted. For the warm-start case, no spreading isrobs
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with the high-speed camera. However, microscopétyais of the outer zone showed the presence of a
deposit relative to the liquid-film path. It is &k that the liquid spread out but evaporated imatedy,

not allowing the formation of a thick layer of dejtccompared to the black area observed for the-col
start case. For the cold start case, a spreaduotgady observed. Its path decreases as the Esiface
temperature increases, and the black-area depdsitmed at the periphery of the liquid film, which
moves towards the center of the pistionsitu visualization showed that the black area formmfthe
edge of the piston and progresses towards thercaree several cycles (Figure 15). This may explain
the presence of fringes in the black area, predéntsection 5.2.1, which appear increasingly sgace
in the direction of the piston center (Figure 96).

300 cycles

Figure 96: Visualization of the piston surface aftéferent numbers of cycles for the cold-stadea

The brown areas observed on the external zondsegbiston surfaces for both operating conditions
correspond to the areas where the fuel evaporapédly which explains the presence of a thinneetay
of deposit than for the black area observed forctld-start case. In addition, brown marks wereide
tified on the outer zone for the warm-start caserenprecisely at the periphery of the piston. These
marks are darker than the rest of the brown areairaticates a greater thickness of deposit. Their
morphology indicates the involvement of a mecharisked to the liquid film but the results presahte

in this chapter do not explain their presence.

The second zone corresponds to the liquid film fmnm the inner zone of the piston. Two distinct
liquid film areas are identified here: The sprayé&ut core area and the spray impact periphery. The
literature has shown that the liquid film has aimimm thickness at the spray core area and shows an
accumulation of liquid fuel at the spray impactipkery. In addition, SEM-EDS analysis has shown a
lower deposit density at the spray core area thdreapray impact periphery. This is attributedspid
evaporation from the spray core area leading tadoirdeposit formation and slower evaporation at th
spray impact periphery leading to deposit formation

5.3 Contribution of the soot-path mechanism to depositformation

In this section, the mechanisms leading to the-patit deposit on the piston surface are studied. Th
study is based on the results obtained in thedgetion experiment which favors soot formatioirsg

the different mechanisms of soot-path deposit féionan an engine are presented. Then, the contribu
tions of these mechanisms at engine conditions\akiated. For this purpose, the results ofritsstu
visualization and the measurement of the size antber distribution of the exhaust particles are-com
pared with the data from the literature on aerasoisport and deposition mechanisms. Finally, the
mechanisms involved in the deposition of soot anwlalls of engine combustion chambers are pro-
posed.
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5.3.1 Soot transport mechanisms in engine

Different mechanisms are described in the litemtarexplain the soot deposit on the walls of th@-c
bustion chamber. The work of Suhre et al. invegtididhe possible mechanisms leading to soot depo-
sition on the wall of a combustion chamber of &dliinjection Diesel engine [3]. Since particles ar
subject to the action of several transport mechasisSuhre et al. proposed to weigh the actionaxfeh
mechanism to determine the predominant ones. Tirg\listed the possible deposition mechanisms:

» Thermophoresis, presented in section 1.4.1, imthement of particles in a gas from the hot to the
cold regions induced by a temperature gradient. tEhgerature difference between the cooled
walls and the hot combustion gases induces a s¢eaperature gradient that generates thermo-
phoresis forces on the soot particles directed tdsvéne wall.

» Electrophoresis is the motion of particles carryinggalanced charges in an electric field. According
to Suhre et al., a net positive charge may exissawt particles due to thermal ionization. The
electric field thus carries the particles to theg#ically neutral) walls of the combustion chambe

» Gravitational sedimentation is the deposition aftipees on a surface under the action of gravity.
This parameter depends on the mass of the partithesimpact of sedimentation on particles is
usually represented graphically as a function efgérticle diameter.

* Inertial deposition occurs when a particle caugtd turbulent flow is ejected from a vortex onto a
surface due to its inertia. This mechanism can ogta combustion chamber depending on the
mass to aerodynamic drag ratio of the soot pastidiehis ratio is large compared to the turbukenc
intensity, the particles can be eject from a votethe flow towards the combustion chamber wall.

» Brownian diffusion describes the behavior of aipbrtsuspended in a fluid that interacts with the
molecules of the fluid. These interactions lead tandom movement of the particles in the fluid.
This mechanism transports particles only withinléminar sublayer but not preferentially towards
the surface.

The authors did a numerical study where they aedlylze relative impact of these processes. They did
not take into account gravitational sedimentatiotheir study as they considered the particle nass
low and the time scale involved too short to indsigmificant effects compared to the other forces.
According to their calculations, electrophoresid &nownian motion have a weak influence compared
to thermophoresis. Also, they suppose that ined#gdosition is unlikely because according to their
calculation it can only occur in a very thin lamidayer on the order of about 30 nm. However, the
results obtained by Boggs et al. show that inedégiosition is a possible in the cylinder [103].

In this work, the effects of electrophoresis andviatian diffusion are neglected. The effects of s
phoresis, gravitational sedimentation, and inedéegosition are considered. To judge the relatore ¢
tribution of these mechanisms, the results oftie®d particle-size measurements with the DMS 5@0 ar
used.

5.3.2 Soot transport mechanisms

5.3.2.1 Evaluation of the effect of gravitational sedimentation on soot transport to the combustion
chamber walls

The particle size distribution was measured irettieaust at each second of the late-injection emxseni
with the DMS 500 (Chapter 3). Figure 97 shows #meporal variation of the particle-size distribution
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which is mostly invariant over time. Therefordsipossible to average the number and size disiwibu

of the particles. Figure8 shows the average particle-size distribution far éxperiments, which is
bimodal. The first peak, centered at 10 nm andingnfyom 8 to 15 nm corresponds to the primary
particles. The second peak, centered at 100 nmeaugihg from 15 to 300 nm, corresponds to agglom-
erated soot. On the graph, a slight shoulder beti&eand 20 nm is observed. The number density of
agglomerated soot particles is much lower than dfarimary soot particles with 5.30x%.6nT at

10 nm compared to 5.00>&6nT3 at 100 nm.
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Figure 97: Temporal evolution of particulate sizgtribution for the late injection experiment case.
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Figure 98: Particle-size distribution averaged dher10 minutes for the late-injection experiments.

The study of Suhre et al. showed that one can asan gravitational sedimentation is negligible fo
soot particles in the presence of turbulence insideeombustion chamber [50]. Our analysis wiltéie
fore focus on the case of a laminar flow, which rabsp exist near the combustion chamber walls[50].
Therefore, we estimate the deposition of partiblegravitational sedimentation in a duct with a itaan
flow in the presence of a temperature gradient.ditted configuration is chosen because it is conipara
to a semi-infinite horizontal plane, the diametethe particles being much smaller than that ofcdthet.
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It is therefore comparable to the combustion charaban internal combustion engine, with walls sep-
arated by a distance very large compared to thicleasize. In order to use results available ia th
literature, we consider NaCl particles whose phatgizoperties are similar to those of soot parsicle
[51, 112]. To determine at which temperature gnatdige gravitational sedimentation becomes negligi-
ble, Figure 99 shows the thermophoretic forceslififerent temperature gradients and the limit aicivh
gravitational sedimentation becomes more importzem thermophoresis. If the thermophoretic force
is less than 100 N/kg, gravity governs the particd@sport. The data obtained on the particle dize
tribution of soot particles in the late injectioase experiment are shown in red on the graph. dbie s
particles measured at the exhaust are smallertham and the temperature gradient in an engine is
about 1000 K/cm at 0.5 mm from the wall, therefiire analysis of the graph shows that the thermo-
phoretic force is well above 100 N/kg [113]. Itherefore possible to neglect the effect of grawateal
sedimentation compared to that of thermophoresis.
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Figure 99: Figure adapted from work by ChunhongHeé Goodarz Ahmadi comparing thermophoretic faru
gravity for NaCl particles at different temperatgradients (simulation) in a laminar duct flow []11%he distri-
bution of the particle size obtained from the eegimeasurement are added to the original curveeiriotm of a
red box.

5.3.2.2 Effect of thermophoresison soot transport to the combustion chamber walls

As discussed above, the thermophoretic force isded by a temperature gradient. Figure 100, taken
from the work of Fan et al., shows near-wall terapane profiles at the cylinder head for differeratrik
angle degrees [113]. These temperature profiles wietained by numerical simulation of a spark-igni-
tion direct-injection engine. Their study showsttthee temperature gradient becomes significanaifor
wall distance of about 500 um. Thus, beyond thezatteristic distance, the temperature gradient be-
comes negligible. Figure 101 shows theoreticakkydtiolution of the temperature gradient as a foncti

of the distance to the wall. From a minimum distafrom the wall,dnin, the temperature gradient be-
comes zero and soot transport by thermophoressrduieexist. On the other hand, as one moves closer
to the wall, the temperature gradient increasessarabes the force of thermophoresis.
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Figure 100: Near-wall temperature profile duringnpwession of a SIDI engine from numerical simulasio
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Figure 101: Dependence of the temperature gradiethe distance from the wall.

In the case of the late-injection experiment, oealight emission attributed to soot formed in rézkas
near the wall was observed (Figure 102). In that finage (at 315 CAD), the spray impacts the piston
surface. Then in the second image (at 367 CAD)flamee front is observed. Finally, at 376 CAD it i
possible to observe emission that is attributesbt [115] that originates from rich combustioizames
with rich fuel/air mixtures as a result of the ewegtion of the liquid film. The distance betweea oot
formation area and the wall is unknown. It can $muaed that since the soot was formed near thie liqu
film, it is located near the wall where the tempera gradients are highest. In this case, it semms
sistent to assume that thermophoresis plays anrtemgaole in the transport of soot particle orfte t
piston surface.
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Figure 1021n situ visualization at 367 CAD of the first cycle of tlae injection experiment. At 376 CAD, or-
ange emission attributed to soot formed in riclasnmear the wall is observed.

5.3.2.3 Effect of inertial deposition on soot transport to the combustion chamber walls

Ma et al. developed a model by numerical simulat@mpredict the near-wall boundary layer behavior
[116]. In their research, they calculated the Régmaumber as a function of the piston displacement
and the bore diameter. Figure 103 shows the terhpariation of the Reynolds number over the cycle
for two different engine speeds. Although this aldtion is probably oversimplified (it neglects the
tumble breakdown process that generates significahtilence at top dead center), it gives a rough
estimate useful for our analysis. The graph shtrasduring the operation of an engine, the turleden
intensity varies with the position of the pistorccairding to the model, there is almost no turbuenc
when the piston is at top which is debatable arttbbodead center. Figure 22 shows that after figec
and ignition the Reynolds number is high during éxpansion stroke, thus it is possible that inkertia
deposition of soot particles happens.
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Figure 103 : Mean piston Reynolds number variatibthe wall; adapted from Ma et al. [116].

5.3.3 Discussion on the mechanisms of soot deposition

Figure 104 shows the different soot deposit paths may happen in the combustion chamber. Once
formed, the soot is transported by the flow. Dejrmmadn the Reynolds number of the flow, i.e., the
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intensity of the turbulence, different mechanisnil§ dvive the transport of soot particles. If thettu-
lence is weak and the soot is close to the wallrevkigere is a temperature gradient, thermophoigsis
very likely to transport the soot towards the wihlthe turbulence is strong, as in the case okttEan-
sion stroke, several possibilities are considelfethe soot has a low aerodynamic mass-to-drag rati
compared to the turbulence intensity, it will prblyacontinue to follow the flow to the exhaustthie
soot has a high aerodynamic mass-to-drag ratianitoe ejected from a vortex due to its inertiahla
case, if the soot hits a wall of the combustiomaber, it is likely to be deposited there; thidis inertial
deposition mechanism.
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Figure 104: Schematics of the mechanisms leaditigetaleposition of soot in the combustion chamber.

5.4 Cross examination of the contribution of both liqud-film- and soot-path
mechanisms to engine deposits

The mechanisms involved in the liquid-film- or s@atth deposit formation were identified separately
by analyzing the piston deposits formed at eartylate injection. In this section, the joint cobtriion
of both mechanisms is presented and discussed.

5.4.1 Contribution of the soot path mechanism to deposstformation with the early-
injection strategy

In the early-injection case, in addition to thegamece of the liquid-film-path deposit, microscoplz
servation revealed the presence of soot-path dspsiboth cold and warm start cases. Figure 105
shows the microscopic images obtained by SEM ofl#pmsits formed for the two early injection cases
and the late injection case at the same locatiarth@ three pistons. It can be seen that the anajunt
soot is much higher in the late-injection case thahe two early-injection cases. The objectivaasv

to understand whether the soot observed in thg egéction cases followed the same formation and
deposition mechanisms as in the late injection.case
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Figure 105: SEM images of the deposits for the BrpEnts with the late- and the early-injection &gy
for the cold- and warm-start cases.

Figure 106 shows the size and number distributfdheoexhaust particles during the cold-injectiase
experiment. The distribution shows two distinct ggm In the first minute of the experiment, small
primary particles and strong emission of largeiplag with comparably small agglomerate sizes are
seen. After one minute, both the primary partieled the agglomerates become larger and no further
changes are observed until the end of the expetirRggure 107 shows the particle-size distributdén
the early injection cold start experiment, averapeet the first minute, and averaged over the ¥alhg

nine minutes. The particle-size distribution of Eae-injection experiment is also shown. The ageda
distribution of the first minute of the early injean experiment is similar to the distribution bktlate
injection experiment. In the first minute of thelganjection experiment, the particles show a paak
133 nm for 4.00x180cnT3and the late injection shows a peak at 100 nm.fa8.¢ cm 3. The previous
section showed that the formation of large aggletgeparticles led to the formation of soot-path de-
posits formed by thermophoresis and inertial dejpwsiThe soot-path mechanism is therefore compat-
ible with the cold-start early-injection case darthe first minute. Furthermore, according to these
sults in the early-injection case, soot is depdsitely during the first minute. Therefore, therdeiss
soot deposited for the early injection experimampared to the late injection experiment. The macro
scopic observations are therefore consistent WwiglXtMS 500 data.
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Figure 106: Variation of the particulate-size dmaition during the early-injection cold-start casgeriment
for a sequence of engine cycles.
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Figure 107: Particle-size distribution for the garjection cold-start case and the late-injecésperiments.

Figure 108 shows the distribution of particle sirel number for the early-injection warm-start case.
The distribution is rather homogeneous during ttEeement. The graph in Figure 99 shows the parti-
cle-size distribution averaged over the duratiothefexperiment of the early injection warm-stade:

In the bimodal distribution, both primary particlasd agglomerates are visible. The primary particle
mode dominates with a peak at 9 nm for 1.5%xt63 The agglomeration mode presents a peak at
75 nm with a number density of 6.50X1T3. In comparison, the graph displays the particte-siis-
tribution of the late-injection case. The quantitd size of the particles are not very importantlie
early-injection warm-start case compared to the-ilgjection case. This result is consistent with th
macroscopic and microscopic observations of thig-@gection warm-start case, which show very dittl

deposit corresponding to the soot path.
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Figure 108: Variation of the particulate-size disition during the early-injection warm-start casg@eriment
for a sequence of engine cycles.
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Figure 109: Particle-size distribution for the garjection warm-start case and the late injecggperiments.

In conclusion, the presence of large amounts of agglomerates during the first minute of the early
injection cold-start case showed a strong contidbubf the soot-path mechanism in the initial phafse
the experiment. The observation of little depositesponding to the soot path for both early-ingact
cases correlates with the short duration of exgostithe piston surface to soot or the low amodint o

agglomerated soot mode.

5.4.2 Contribution of the liquid-film path mechanism to deposits formation with the

late injection case
Figure 110 shows the SEM microscopic analysis efdifferent deposit zones identified for the late
injection strategy. The black area, spray centes,aand impact area all show a layer of soot. Tda c
area is the only area where it is possible to afestre deposit corresponding to the liquid-filmipat
The objective is now to verify whether deposit fation mechanisms corresponding to the liquid-film
path are compatible with the late injection case.
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Figure 110: SEM images of the piston depositsHerlate-injection case.

Macroscopic comparison of the deposits formed fer late-injection and the early-injection cases
shows a similar pattern with six areas relatedhéosix-cone spray impact. In addition, the highgern
ature of the piston surface (initial temperaturd ®® °C) limited the formation of a liquid film, \idh
explains the low deposit related to the liquid-firath. In conclusion, the liquid-film-path mechamis
is compatible with the late-injection case.

5.4.3 Overall process involving the contribution of the iquid-film path and soot path
mechanisms

The objective of this section is to propose an alvenechanism of deposit formation involving the
liquid-film-path and the soot-path mechanisms.

Figure 111 shows the contribution of liquid filmdeposit formation. At the time of injection, a dma
distance between the piston and the injector nazatdead to the impact of the spray (1). This ichpa
leads to the formation of a liquid film, which capread over the surface of the piston and which can
lead to the formation of accumulation zones (2pnk-this liquid film, two areas can be distinguished
the spray-impact and the spreading area. Fueksethreas evaporates at different rates depending o
the film thickness and the surface temperature.

At high temperatures, the spreading evaporatesquackly, which limits the formation of deposits)(3
The fuel in the spray-impact area evaporates sltivegr in the spreading zone because the spray tmpac
causes local cooling (4). In the spray-impact aiwa,others areas are distinguished, the spraygtnpa
periphery and the spray-impact core. Fuel in thayspnpact periphery, which is an accumulation area
evaporates slowly and leads to deposit formatial Fr the spray-impact core, which is the area of
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minimum liquid-film thickness, evaporates quicKiyiting deposit formation. At low surface temper-
atures, the spreading and the spray-impact areslaavesvaporation areas. Within the liquid filmeth
are different evaporation durations. First, theuamglation zones at the periphery of the spreadiny a
at the periphery of the spray impact areas correspm slow evaporation zones favoring the formation
of deposits (5). The rest of the liquid film isnhier and evaporates faster limiting the risk ofasétp
formation (6).
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Figure 111: Scheme of the contribution of the lilzfiim path in the formation of the deposit.

After analyzing the liquid-film zones and the pasears leading to the liquid-film-path deposit for-
mation, the contribution of the soot path is addedhe following, it is assumed that a liquid filmas
formed as a result of the impact of the spray erpikton surface. Figure 112 shows the contributfon
the soot path to the formation of the deposit. $bet formed during combustion is deposited on the
piston surface. Depending on the richness of theumd, the soot concentration, and thus its comrib
tion to the soot path deposit is determined.

Two cases of rich combustion have been identifidee first case corresponds to the formation of a
liquid film on the piston surface (1). As seen poesly, depending on the surface temperature , this
liquid film evaporates more or less quickly. If teaporation of the liquid film is slow, this carad to
richer combustion zones near the wall (2). These ecombustions form a lot of soot in accumulation
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mode which is deposited on the wall by thermophsrasinertial deposition (3). At the next injecatio
a new cycle starts, and the deposited soot is wiaalvay to the periphery of the liquid film (4).

The second case of rich combustion is the consequeina late injection strategy. Late injection sloe
not provide sufficient time for the fuel and the @i mix (5). This creates rich zones in the gaasgh
that will form a lot of soot in agglomeration moddis soot will then deposit on the piston surfage
thermophoresis or inertial deposition (6).

In case of a lean fuel/air mixture, the formatidiapge soot agglomerates is limited).(The contribu-
tion of the soot path mechanisms is therefore latsited.
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Figure 112: Scheme of the contribution of the saadh in the formation of the deposit.
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6 INFLUENCE OF THE SURFACE PROPERTIES ON DEPOSITS
FORMATION

The objective of this chapter is to investigate ¢ffect of the piston surface properties on inoyér
deposits formation. The focus is on the influentswface temperature, surface roughness, and the
piston material on the deposits formation mechankEinst, the methodology for evaluating the effect
of the surface parameters is introduced, thenrtfieeince of each parameter is investigated and dis-
cussed.

6.1 Methodology for evaluating the influence of surfacgroperties on deposits
formation

The methodology to evaluate the influence of treqgni surface properties on deposits formation is
based on thex situandin situ analysis tools presented in chapter 3 and chdptespectively. Thex

situ analysis corresponds to the macroscopic and naiepds analysis of the piston surface after each
experiment. For the macroscopic analysis, deposits, texture, and patterns are identified. Fer th
microscopic analysis, the morphologies at diffesmales are characterized. Thsituanalysis is based
on the particle-size distribution and on high-speisdalization of in-cylinder processes. The péatic
size distribution is measured via SMPS in the emgxhaust to determine the impact of the parametric
variations on the deposits formation via the sabh pDirect visualization is used to observe tlesence

of liquid films and thus to determine the impacttioé surface properties on the deposits formation
through the liquid-film path. This last techniguecallows us to characterize the kinetics of dépos
formation and combustiong., to identify rich mixing zones that can promote soet path.

First, it is necessary to determine criteria ofe@pbility for each of these analyses in orderhiarac-
terize their detection sensitivity. These critenia determined by repeatability experiments for difo
ferent operating conditions. The first operatingdition corresponds to a 360 CAD BTDC injection, a
cooling water temperature of 20 °C and an initiatgn temperature of 133 °C. Two experiments A and
B are performed at these conditions and comparddtgymine the repeatability of the macroscopic and
microscopic analyses and the particle-size didibbumeasurement in the exhaust. The second operat-
ing condition (experiments C and D) also correspdoda 360 CAD BTDC injection, a cooling-water
temperature of 20 °C but with an initial piston fErature of 20 °C. Experiments C and D are carried
out for these conditions and the results are ardlyar repeatability. The duration of all experirhan

10 minutes.

6.1.1 Repeatability for ex situ measurements

The deposits-laden piston surfaces obtained diftegxperiments A and B are shown in Figure 113. The
areas marked in blue correspond to reflectionseelto the lighting used to take the picture aredréd
zone corresponds to deposits. Many similaritiesteaabserved for the two experiments using idehtica
conditions. Two brown marks on the periphery areghttern corresponding to the impact of the six-
cone spray are identified. Both features have ainsiirface, area, and color. This macroscopic aizaly
shows that there is almost no difference in depa@sitor and that the areas of deposits are inahes
proportions. The color and relative proportionlu# tleposits areas are selected as macroscopigacrite
in the rest of the study.
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Experiment A | | Experiment B

Brown marks

Light reflections

6 sprays impacts areas

Figure 113: Cylinder surface after repeated expanisiunder identical conditions (360 CAD BTDC itiew,
cooling-water temperature: 20 °C, warm start withirdtial surface temperature of 133 °C).

Microscopic analyses of the deposits from experindeand B are performed on three different zones
named (a), (b), and (c) in Figure 114. These thoees correspond to the outer zone, the peripHery o
the spray, and the core zone of the spray, respéctit should be noted that in the electron mscapy
images, some areas are affected by the so-calegelffe that are not further considered in the
analysis. For both experiments A and B, zone (d)zme (b) exhibit particles with an average size
below 100 nm. A smooth surface morphology is alsgeoved in both locations. Zone (c) has a lower
deposits thickness than the other two zones asimiaghmarks can be distinguished for both experi-
ments. In this zone, the two samples show gramgigregates corresponding to dense local aggregates
of particles. In conclusion, for each of the zonlks,same deposits morphologies are found in b

in similar proportions. The deposits morphology &sdroportion are therefore considered a relevant
criterion for analyzing the influence of surfaceerties on deposits formation.

8 Zones of charges: They correspond to an accuroalafi electrons during SEM analysis that do notlutisge
on the surface of the sample. This causes higlighihat hinders the analysis of the sample.

105



Experiment A Experiment B

charge effects

: smooth surface
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granular aggregates machining mark

Figure 114: Microscopic observations of samplemfexperiments A and B by SEM-EDS.
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To characterize the repeatability of the parti¢ke-slistribution measurement, the DMS 500 is used f
both experiments A and B. Measurements are madaghout the 10-min duration of the experiments
at an acquisition frequency of 1 Hz. For both ekpents, the particle-size distribution shown inufegy

3 is invariant over time. It is therefore possitleaverage the particle-size distribution overéhére
duration of the experiments and compare the reguftarticle-size distribution for both experiments
(Figure 116). The agglomeration mode is very sinida both experiments, centered around 65 nm and
with a particle concentration of 6.4x1¢nT for A and 6.8x10cnt? for B. The primary-particle mode
shows some differences between the two experim@ittsough it is located around 10 nm for both
experiments, the concentration is higher for BX2@® cn1®) than for A (1.55x19cnT3). Therefore,
the evaluation criteria of the particle-size dtsttion will be based on significant differencestlie
position of the nucleation and accumulation peake/@l as on differences in concentrations of more
than 1.0x18cnt3,
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Figure 115: Temporal variation of the soot partsiee distribution in the exhaust for experimentaril B.
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Figure 116: Averaged particle-size distributionstfte experiments with early injection
and warm start (experiments A and B).

6.1.2 Repeatability for in situ measurements

For the images obtained with the high-speed carttezavaluation criteria are qualitative. The asisly
of the images set obtained with experiments C arsghd&ws similar characteristidsg., of the liquid
film and the same kinetics of deposits formatiam@vserved, after 2 minutes of operation, the gssyr
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of deposits formation is similar. Figure 117 conggathe direct visualization of the two pistonshat t
62" cycle of the experiment. It should be noted thatttvo experiments have different angles of view
and lighting. The piston surfaces in both caseg laavobservable deposits corresponding to thedhqui
film spreading formed by the impact of the spray.

Experiment C Experiment D

deposit

light reflection due to the
presence of liquid film

light reflection on the
sapphire window

Figure 117: Images obtained by direct visualizatbthe piston surfaces for experiment C and D
at the 624 cycle (360 CAD BTDC injection, cooling water tematire: 20 °C, cold start).

6.2 Effect of the piston surface temperature on depostformation

In this section, the influence of the of the pistamface temperature on deposits formation is etldi
As seen previously, the surface temperature cactaffoth deposits formation paths. It impacts the
behavior of the liquid films and incidentally thepbsits formation by the liquid-film path. It cais@
modify the temperature gradient at the walls of ¢benbustion chamber and thus impacts thermo-
phoretic transport and thus deposits formatiorthasoot path. In the following, first, the expeeimts
matrix is described. Then the piston surface teatpegs are characterized for the related operating
conditions. Finally, the effect of the surface temgture on the deposit formation by the liquid-film
path and soot-path mechanisms is evaluated.

6.2.1 Presentation of the matrix of experiments

Four methods were used to control the surface teatyre of the piston: (1) variation of the piston
thickness (10 or 30 mm), (2) addition of air cogliftrlower) from the backside of the piston, (3)iaar
tion of the cooling-water temperature (20 or 90,°@)d (4) use of the warm-start strategy to in@eas
the initial piston surface temperature. These nogtare illustrated in Figure 118.

As presented in chapter 5, two operating pointeweed to study both formation paths. The matrix of
experiments to study the effect of temperatureepodit formation is presented in Table 9. Experiisien
#1 to #5 were performed to study the impact ofemeftemperature on the deposits formed by thedliqui
film path and correspond to the early injectionitignset at 360 CAD BTDC. Experiments #6 and #7
were carried out to study the impact of surfacepeenature on the deposits formed by the soot path an
correspond to the late injection timing set at B TDC. The ignition timing is setto 37 CAD BTDC
for all experiments. The duration of the experinseatlO min. The characterization of the pistorficsig
temperature for the different experiments is presgim the next section. Experiment #3 is considlere
in this study as the reference experiment to wttiehparametric variations influence will be compghare

108



Regulation of the cooling water
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Figure 118: Schematics of the different methodgy the temperature of the piston surface.

Table 9: Experiment matrix for the early and latiection experiments with the reference experiré@nin bold
black and the parametric variations from experinthin bold red.

Experiment Injett"ion Spark timing Pressure at | Engine exp.el'iment l?iston Blower ‘Warm start T oating mater
phasing the TDC duration thickness strategy ol
#1 360 CAD BTDC | 37 CAD BTDC 23 bars 10 min 10 mm No Yes 20°C
#2 360 CAD BTDC | 37 CAD BTDC 23 bars 10 min 10 mm Yes Yes 20°C
#3 (Re) 360 CAD BIDC | 37 CAD BTDC 23 bars 10 min 30 mm No Yes 20°C
#4 360 CAD BTDC | 37 CAD BTDC 25 bars 10 min 30 mm No No 20°C
#3 360 CAD BTDC | 37 CAD BTDC 27 bars 10 min 30 mm No Yes 90°C
#6 60 CAD BTDC 37 CAD BTDC 20 bars 10 min 30 mm No Yes 20°C
#7 60 CAD BTDC 37 CAD BTDC 20 bars 10 min 30 mm No Yes 90°C

6.2.2 Characterization of the piston surface temperature

The piston surface temperature is measured by twaphic phosphor measurements as presented in
section 3.3.1. For these measurements, the engiseperated in PFI mode. In addition, measurements
were performed for the experiments performed with@ing-water temperature of 20 °C. The temper-
ature measurements therefore focus on experiménts#. It will then be considered that these meas-
urements are representative of the direct-injeatiqueriments, and that the injection strategy, PFI

vs GDI, does not have a significant impact on th¢hoe used to vary the piston surface temperature.
Therefore, experiments #3 (Ref) and #6 will be as=lito have the same piston thermal behavior.

For experiments #5 and #7 with the cooling watets80 °C, the piston temperature was determined
from a 3D finite element simulation in ANSYS. Tolidate the use of this numerical simulation, a
simulation was carried out to calculate the fimshperature of the reference experiment #3 (Ref) and
the result was compared with the measured temperdthe final temperature calculated for experiment
#3 (Ref) is 171 °C, which matches the measured éeatpre of 169 °C. The numerical simulation is
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therefore considered valid also for the other djregaconditions. The temporal variation of the temp
ature for experiments #5 and #7 can then be exXasgatbcombining experiment # 3 and the result ob-
tained with the simulation, 225 °C after 10 minutégngine operation.

Figure 119 shows the temporal variation of thegpisturface temperature for experiments #1 — #7. All
temperature traces for the warm-start cases &ll experiments except #4) are similar; A continsio
increase of about 20 °C is observed during the tDaxperiment. Experiment #4, as expected, shows
a different behavior with a fast increase during finst two minutes of the experiment from 20 to
~130°C. After that, the piston temperature behaimdar to the warm-start cases. Therefore, it seem
appropriate for the warm-start experiments to aersh time-averaged temperature, whereas for exper-
iment #5, the temporal variation of the temperatutebe considered. The average temperatureseof th

experiments are 175, 144, 159, and 215°C for theraxents #1, #2, #3 or #6, and #5 or #7, respagtiv
(Figure 120).
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Figure 119: Temporal variation of the piston suefsemperature during experiments #1—#7.
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Figure 120: Average piston temperatures for theouarwarm-start experiments.
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Experiments #1, #2, and #3 (Ref) have similar ayeteamperatures. They will provide a fine analysis
of the effect of temperature on the formation &f tleposits. Experiment #5 has the largest temperatu
difference of 56 °C compared to the reference empert #3. For experiment #4, during the first two
minutes the temperature increases rapidly anddghrastually reaches a temperature identical to experi
ment #3 (Ref) at 169°C. The average temperatuexpériment #3 (Ref) between 2 and 10 min is
151°C. The thermal behavior of the piston over gi@isod is similar to experiments #1, #2, and #3.

6.2.3 Influence of the piston surface temperature on demits formation
6.2.3.1 Effect of the piston surface temperature on the liquid-film path deposit formation

Early injection conditions experiments are usedttaly the deposit formation through the liquid-film
path for various piston surface temperatures. &ptdr 3 and 4 it was shown that for early injectibe
deposit morphology corresponds to the referenagditilm path deposit. The analysis of the piston
surfaces is based on the two deposit zones ideahiifi Chapter 4 (Figure 121). The first zone stuide

the inner zone that includes the two sub-zonesepbsition called spray-impact periphery and spray-
impact area. The second zone studied is the oater. #or these two zones, macroscopic analysis of
the deposits is first performed. The deposit apattern, color, and texture are compared between th
different experiments. Then, a microscopic analigsperformed to confirm the presence of liquidrfil
path deposit, and to identify whether a temperatarition induces differences in the deposit motph
ogies. The results from the different experimengstiaen confronted with the Nukiyama theory to iden
tify the evaporation regimes of the liquid flmgeeding the temperature. Finally, the influencéeof-
perature on the liquid-film path will be assessHtke pistons sampled after the experiments are shown
in Figure 122. The images obtained by SEM-EDS nsicopy are presented in Annex B.

Outer zone

Spray impact area

Spray impact periphery

Inner zone

Figure 121: Schematics of the inner and outer avépsston deposits.
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Experiment #1 Experiment #2 Experiment #3

Experiment #4

Figure 122: Images of the piston surfaces of expenis #1—#5 with early injection. For each case ¢l line
marks the inner zone from the external zone angjtben lines delimit the brown marks.

In the inner zone, clear (mostly deposit-free) ara@responding to the spray impact and darkesarea
corresponding to the periphery of the spray impaetobserved for the five experiments but in défifeér
proportions. Experiments #1, #2, and #3 (Ref) hheesame inner-zone size with the spray impact area
being cleari.e.,resembling the color of the aluminum, and thesjfimgact periphery being brown. In
comparison, experiment #4 (cold start) presenisdas inner zone, with a clear spray impact araa b
with a larger black spray impact indicating mor@aist. For experiment #5 (warm cooling water), the
inner zone size is reduced by about 10 % comparddet other four experiments. The spray impact
periphery is brown and it is possible to distinguise machining marks indicating a thin deposietay
The spray-impact area is clear, like in the otloer £xperiments.

Microscopic analysis (Annex B) showed that forexiberiments the spray impact periphery corresponds
to the liquid-film path deposit and the spray imp@a@a has a granular surface, where it is notilpless

to distinguish the deposit corresponding to theidiefilm path. The microscopic analysis does naivsh
any unexpected morphology. These results are d¢ensisith the analysis of the liquid-film path mech
anisms in Chapter 4. They confirm the presenceoid-film deposit in the spray-impact periphery as
a liquid-film accumulation zone and the spray intpaea with little deposit as a zone of minimum
liquid-film thickness.

From all these results it seems that for a higtielniemperature of the piston, the deposit fororatyy

the liquid-film path in the inner zone is limiteBor a low initial temperature of 20 °C in contrabg
deposit formation of the inner zone is promoted.giston temperatures between 144 and 175 °C, there
is no significant effect of the surface temperatomethe formation of liquid-film path deposit ineth
inner zone.

Regarding the outer zone, experiments #1, #2, 8ndR&f) show a thin brown deposit for which it is
possible to distinguish visually the machining nsafkxperiment #1 shows zones with the color of the
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aluminum surface, which indicates the absence pbsits. Also, brown marks marked in green in Fi-
gure 122 are observed at the periphery of the mastor experiments #1, #2, and #3. The mechanism
responsible for these brown marks observed eamnli€hapter 5 has not been clearly identified. There
fore, the analysis of the effect of surface temjpeaon these marks is limited. Experiment #4, Whic
was studied in the previous section, has a smaoadft, black deposit area compared to the other four
samples. This black area seems rather thick asivti possible to distinguish the machining marks o
the piston surface. The existence of brown markexperiment #4 cannot be determined because of
the black deposit covering the surface of the piskmr experiment #5, no deposit is observed macro-
scopically. The entire outer zone correspondséacatior of the aluminum surface of the piston.

Microscopic analysis showed that for experiments#4] the outer zone (brown marks excluded) cor-
responds to the liquid-film path deposit. This tesuconsistent with the analysis of the liquitivfipath
deposit formation mechanisms which shows that dbier zone corresponds to the spreading of the
liquid film. Figure 123 compares SEM microscopi@ipes of the outer zone of the piston in experiment
#5 with the clean piston surface. Machining manesabserved in both cases, confirming the absence
of deposit in the outer zone for experiment #5.a8yn marks and impurities characteristic of tieal
surface are also identified in experiment #5.

Lowering the initial surface temperature from 18260 °C has a significant impact on the deposit for
mation in the outer zone with a significant inceea$ deposit formation. Changing the average sarfac
temperature from 144 to 175 °C does not have afsignt impact on the outer zone deposit formation.
By significantly increasing this temperature to 25 the deposit formation in the outer zone istye
reduced. High surface temperatures seem to limifdhmation of brown marks.

Experiment #5 Clean piston

machining
marks

impurities

abrasion
marks

Figure 123 : SEM images of the outer zone of tistopi surface in experiment #5 and of a clean pistoface.

Now that the effect of surface temperature on tmméation of the deposit by the liquid-film path has
been evaluated, the effect of surface temperatutbeliquid-film thermal behavior is studied. Te-d
termine the liquid film evaporation regimes of esp®nts #1-#5, the piston temperature ranges of the
five experiments are displayed on the Nukiyama ewfthe RFG fuel (surrogate of the E10 fuel used
in the experiments) in Figure 124.

Experiments #1, #2, and #3 (Ref) are situated emptrt of the curve corresponding to the transition
from regimes Il to Ill. Experiment #4, due to tlaede temperature variation of the piston, corredpon
to regime |, Il, and Ill. Experiment #5 is in reginill. Considering the temperature variation in the
combustion chamber during an engine cycle, the \Wuka theory shows that the Nukiyama curve hor-
izontally shifts towards the hottest temperaturres the part of the curve corresponding to reginfles |
and IV is vertically shifted towards much shoriguid-film lifetimes. Thus, the lifetimes of thegliid
films in the experiments are modified with pressure
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As the pressure increases, experiments #1, #2¢2ufdef) are more likely to shift towards regimg II
i.e., the liquid film evaporates more and more rapitligotigh the 10-min experiment. Experiment #4
starts in regime | and ends in regime ll. It thereffollows very slow evaporation of the liquidnfilat
the beginning of the experiment, which then gragushifts to faster evaporation in regime Il. The
pressure effect should be taken into account.dretigine, peak pressure are significantly abovarl b
Therefore, as mentioned in section 5.2.4.1 of Ghdptthe evaporation time in regimes Il and ¢ ar
reduced significantly. The consequence is that xgat #5 is very probably characterized by a fast
evaporation of the liquid film.
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Figure 124: Nukiyama curve of RFG fuel at atmosjzthgressurefam) displaying the temperature ranges typi-
cal for the five early-injection experiments inugated here [107].

As seen in section 5.2.4 of Chapter 5, the mechanisdeposit formation by the liquid-film path is
linked to the formation of the liquid film in diffent zones of the piston surface. These zonedare t
spray-impact area, the spray-impact periphery,thaduter zone. In each zone, the deposit formation
is governed by a different phenomenon which co@drbpacted by the piston surface temperature.
These phenomena are the cooling effect, the lifjimdaccumulation and the liquid-film spreading,
corresponding to the above mentioned zones.

Spray cooling, the accumulation zones, and theaslonrg are weakly impacted when the global temper-
ature of the piston surface varies by +15 °C compao the reference case at 159 °C. When the tem-
perature of the piston surface increases morefiigntly (experiment #5 at 225 °C), the spreadiogez

is strongly reduced and this leads to a 100 % temtuof the deposit formation through the liquitti
path. The spray-impact area is less impacted whiehins that the cooling effect of the spray can €oun
terbalance the surface temperature increase. Rotelmperature as in the cold-start case, the dieposi
formation is increased in every zone as it favbesliquid film formation and elongates its life 8m
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To resume, increasing significantly the temperatsiige way to limit the deposit formation througle th
liquid film path by reducing the lifetime of thegyiiid film and reducing the consequences of theyspra
cooling effect.

6.2.3.2 Effect of the piston surface temperature on the soot-path deposit formation

This study focuses on the comparison of the depémiied for two different temporal average surface
temperatures, a low temperature of 159 °C and lateignperature of 215 °C, corresponding to experi-
ments #6 and #7, respectively. The objective etverate different near-wall temperature gradients
evaluate the impact of the surface temperaturb@mtophoresis and therefore on deposit formation by
the soot path. The investigations focus on the asaopic and microscopic analysis of the deposits
formed on the pistons as well as the analysiseptrticle-size distribution in the engine exhalustng

the experiments.

The piston-surface samples obtained from experis¥ghand #7 are shown in Figure 125. In both cases,
the piston surfaces show black deposits with a aggiearance. A pattern corresponding to the impact
of the six-cone spray is observed for both expanisthat is different for the two experiments. Adi
area deposit is also present for both experiméistarea is about 60 % smaller in experiment #7 tha
in experiment #6. According to these observatimmseasing the surface temperature affects thesitlepo
formation via the soot path.

Experiment #6 Experiment #7
TCao/ng water 20°C TCooling water 90°C

Figure 125: Images of the piston deposits formddtatinjection.

To determine whether the surface temperature dliersoot-path mechanism, microscopic analyses are
presented in Figure 126. For both experiments, Zoaes are identified with the microscopic analysis
These zones correspond to the black deposit olibaneeind the spray impact location, the clear area
observed at the spray impact, the spray impact, zowkthe zone at the center of the six spray itspac
named zone (a), (b), (c), and (d), respectivelgyfé 126). Zone (a) shows a particle morphology wit
an average diameter below 100 nm for both expetsndimese particles form a homogeneous layer on
the piston surface. Zone (b) shows a smooth surfexphology with particles that appear coated & th
smooth surface for both experiments. These pastate larger than those in zone (a) with an average
diameter up to 200 nm. This morphology is homogesewver the whole zone. Zone (c) shows large
particles agglomerates of the order of 3 um in di@mfor experiment #6 and of the order of 1 um in
diameter for experiment #7. For both experimetis,darticles constituting the agglomerates measure
less than 100 nm in diameter. The morphology olestivzone (d) is similar to the morphology of zone
(a) and corresponds to a layer of particles, foh lbaperiments. These particles also measure aaga/e
diameter below 100 nm.
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From these observations, it appears that a vamiafithe piston surface temperature from 159 toZ15
has little effect on the morphology of the depoditsreasing the surface temperature does not sgem
change the mechanisms involved in the deposit fboman the case of late injection.

Macroscopic and microscopic analysis showed thateasing the surface temperature from 144 to
215 °C does not have a significant effect on thepmalogy of the deposit but does have a significant
impact on the amount of deposit formed with an apipnate 60 % reduction in the soot path deposit.

Experiment #6 Experiment #7
TCaoIirlg water 20°C T('oo/iug water 90°C

layer of particles

particles coated particles coated

aggomerates of particles aggomerate of particles

Figure 126: SEM images of deposits for cases #6#and
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The objective is now to investigate the role ofgbet particle-size distribution found in the exbtagas

on how the surface temperature influences the dgjposiation mechanism by the soot path. Based on
the analysis presented in Chapter 4, the formatfdhe soot path deposit by thermophoresis depends
on the particle-size distribution and the temperagradient near the wall. The temporal variatén
the particles-size distribution is presented iruFegl27. It is temporally invariant for both expeents.
The average particle-size distributions are presemt Figure 128. Experiments #6 and #7 show an
agglomerate mode with a peak at 100 nm for 5.0xh®® and a peak at 87 nm for 5.8RXT3, re-
spectively. In addition, the agglomerate mode isimstronger than the primary-particle mode for both
experiments. Their particle-size distributions Hrerefore similar. We can therefore deduce that the
difference in the amount of deposit observed betvthe two experiments is mainly due to the impact
the temperature of the piston surface on the thghmeetic force.
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Figure 127: Temporal variation of the particle-giligtribution for experiments #6 and #7.
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In conclusion, increasing the piston surface termpee affects the deposit formation through thd-soo
path mechanism. The analysis of the results shdlgdrom 159 to 215°C, the deposit formation was
decreased by about 60 %. This result is attribtwed reduction of the thermophoresis effect due a
reduction of the temperature gradient.

6.2.3.3 Conclusion on the effect of surface temperature on the formation of deposits by the liquid-
film path and the soot path

The variation of the temperature of the pistonatefhas an impact on the mechanisms of deposit for-
mation by the liquid-film path and the soot patbr Ehe liquid-film path, increasing the initial ps
surface temperature from 20 to 190 °C reduces dtdpomation in the inner zone and prevents deposit
formation in the outer zone. A variation by £20&@und the reference point has a minor impact en th
liquid-film mechanism. The piston surface shouldabeéhe beginning of regime Il of the Nukiyama
curve of the fuel used when the engine is staddidit the risk of deposit formation via the liglifilm

path. For the soot path, increasing the surfacgeemture from 159 to 215 °C reduces soot deposition
by thermophoresis and thus soot-path deposition.

6.3 Influence of the surface roughness on deposits foiation

Previous experiments in the literature showed #tambient pressure and temperature, the deposit
formation by the liquid-film path is affected byetmmoughness of the deposition surface [117]. This
section investigates the effect of surface roughmesthe formation in engine of the liquid-film pat
deposit. The first objective of this section isréfere to evaluate the impact of roughness on tia@iify

of deposit under engine conditions. The secondctiig is to determine whether a smooth surface
(roughnesRa~ 0.1 nm) such as those used in optical access enggrrepresentative of a standard
surface Ra= 1.2 um) for studying deposit formation.

6.3.1 Matrix of the roughness effect experiments

To study the effect of piston surface roughnessigposit formation by the liquid-film mechanism,
early-injection experiments are performed. Twoeadiht initial conditions are studied: Warm stauthwi
an initial piston surface temperature of 133 °C eold start with an initial piston surface temparat

of 20 °C. The objective is to analyze two caselioid film formation,i.e. a case where the spreading
of the liquid film is limited and a case wherestfavored, corresponding to the warm and cold start
cases, respectively. For the warm-start experiméimtse different levels of piston surface rouglsnes
were studiedRa= 1.2 um, which corresponds to a standard roughtypgcally found for parts inside

a combustion chambeRa = 60 nm, which corresponds to a mirror finish; &ak= 0.3 pum, an inter-
mediate value. For the cold-start case, two expariewere performed with steel pistons with différe
surface roughnesf®é= 0.3 and 1.2 um). The operating conditions aramsarized in Table 10. The
pistons are sampled after each experiment. To shalgffect of roughness on the formation mecha-
nisms by the liquid-film path, ex-situ macroscopylanicroscopy analyses are performed as wetl as
situ direct visualization analysis.
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Table 10: Experiment matrix for the roughness expents.

Engine experiment Piston ‘Warm start

Cases Ra Injection phasing Spark timing duration thickness strategy Tcooling water Thoitia Trima
1.2 pm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C 133°C 169°C

‘Warm start 0.3 pm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C 133°C 169°C
0.06 um 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C 133°C 169°C

Cold start 1.2 pm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm No 20°C 20°C 169°C
0.3 pm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm No 20°C 20°C 169°C

6.3.2 Influence of the surface roughness on deposits fomation by the liquid-film path
6.3.2.1 Effect of surface roughness when liquid-film spreading islimited

In the warm start case, the piston surfaces asediralyzed macroscopically and then microscopicall
For the three piston surfaces with different rowegd®) the inner zone corresponding to the impaitisof
six-cone spray, marked in red in Figure 129, idyamea. This zone has the same dimension and the
same pattern for all three cases. The depositiintier zone has a brighter appearance when tigg+ou
ness decreases from 1.2 um to 0.06 pm. In additensix spray-impact zones appear sharper for the
piston with a roughness 8a= 0.06 pm. In comparison, the other pistons habkeiiged boundary for
these same zones. Outside the inner zomeinside the outer zone, brown marks are observedlfor
three pistons. Grey zones are also observed fgpithens with roughness of 0.3 and 0.06 um. These
brown marks and grey zones are also sharper farase 0.06 um compared to the other cases.

brown brown
marks marks

Ra=1.2um

brown
marks

grey
areas

Figure 129: Deposits on steel pistons with thréeint roughness, the first piston is the refeectase.

Microscopic observations comparing different depmsizones between the three pistons are shown in
Figure 20. These zones are named (a), (b), amah(trorrespond to the outer zone, the spray impact
periphery, and the spray impact area, respectivay.zone (a), all three pistons show the same mor-
phology of smooth surface corresponding to liquilsh-path deposit and particles corresponding td soo
path deposit. These particles have an average thawieless than 100 nm for the caga= 1.2 um,

and of the order of 500 nm f&a= 0.3 pm andRa= 0.06 um. For zone (b), the pistons vih= 1.2

and 0.3 um show similar morphologies of smoothaag@fand average particle diameter below 100 nm.
The piston withRa= 0.06 um also has a smooth surface and partfldse same dimensions, but it
also shows many large agglomerates with sizes leet®80 and 500 nm. For zone (c), all three pistons
have a granular appearance. Microscopic observafitite grey zones was also carried out for pistons
with roughness of 0.3 and 0.06 um to determine ldrethey correspond to an absence of deposits.
Figure 21 shows the microscopic observation ofafribe grey zones for tHea= 0.06 um piston. The
image shows the presence of a deposit, with a $nsawface morphology and particles with an average
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diameter of less than 100 nm corresponding toitfugdH-film path and the soot path respectively. The
same analysis is drawn from the observation oftleg zones of thRa= 0.3 um piston.

Ra=1.2um Ra=0.3 um Ra =0.06 pm

4
y

smooth
particles

pES

smooth surface particles charge effect smooth charge effect
. surface )
particles particles agglomerates

particles

smooth surface

granular surface
granular surface

Figure 131: Microscopic observation of one of theygzones of the piston withRa= 0.06 pm.
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From all these observations, decreasing the rowghftem 1.2 to 0.06 um does not seem to have a
significant effect on the mechanisms by which tapasit is formed by the liquid-film path, apartriro

a sharper effect on the boundaries of the diffedepsition zones. The deposit morphologies arng ver
similar between the different pistons and corregporthe liquid-film path and soot path deposits, e
cept for the observation of particle aggregatehéntwo pistons with lower roughness. In conclusion
when the spreading is limited, the roughness doesiave an important effect on the mechanisms by
which the deposit is formed by the liquid-film path

6.3.2.2 Effect of surface roughnesswhen liquid-film spreading is promoted

The analysis now focuses on the cold-start opergiomoting liquid-film spreading formation for pis
tons withRa= 1.2 and 0.3 um. Macroscopic and microscopicyaesl of the piston surfaces are pre-
sented in Figure 132. The same three depositioaszare observed on the two pistons: A black zone
outlined in yellow, a clear zone outlined in reddasix zones outlined in black corresponding to the
impact of the six-cone spray. What distinguisheswo pistons are the boundaries between thesszone
they appear blurred f&ka= 1.2 um and sharper fBa= 0.3 um. Moreover, the clear zone is larger for
theRa=0.3 um piston. The deposit of tRa= 0.3 um piston has a bright appearance compartubt
Ra=1.2 um piston.

Ra=1.2um Ra=0.3 pm

Figure 132: Images of the deposits formed at ctald sn two steel pistons with different roughness.

The microscopic images comparing different depasitiones between the two pistons are presented in
Figure 133. These zones are named (a), (b), armh¢crorrespond to the spray-impact area, the spray
impact periphery, and the black deposit, respegtior zone (a), th&®a =1.2 um piston shows an
average particle diameter of less than 100 nm. & phasgicles are not observed for the other pistitim w

a roughness of 0.3 um. The observation of machimagks on the surface of tia= 0.3 um piston
tends to show that less deposit is obtained in tane@hen the roughness is decreased. For zoninéb),
same morphology is observed for both pistons wéhigles deposited on a smooth surface with an
average particle diameter of less than 100 nm.zBoe (c), the same smooth surface morphology is
observed in both cases. For fRa=1.2 um case, there are particles with an avepagicle diameter

of less than 100 nm on the surface that do not $edra present for thRa= 0.3 um case.
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Ra=1.2 um

particles

smooth surface particles

Figure 133: Microscopic analysis of the depositéwem steel pistons with different roughness.

The macroscopic differences observed correspordhigher brightness of the deposit and a sharper
boundary of the deposition zones. Microscopic aiglghowed that for both pistons, the liquid-film
accumulation zone corresponding to the spray-impadphery and the spreading zone (zone (b) and
(c), respectively) exhibit a morphology correspaowgdio the liquid-film path. The spray-impact area
does not show any liquid-film path related depdsit,both pistons. All these results show that the
variation of the roughness from 1.2 to 0.3 um coresethe formation of deposit by the liquid-filmtpa
when the liquid-film spreading is promoted. It is@observed a similar surface area for the deposit
formed in the spreading area for both roughnesighwtould mean that the intensity of the spreading
not affected by the roughness. It can thus be aded that reducing the roughness does not significa
affect the liquid-film path mechanism of depositnfiation.
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6.3.2.3 Conclusion on the effect of the surface roughness on liquid-film-path deposit formation

The impact of surface roughness on the depositiechamisms of the liquid-film path was studied for
two operating points, a warm-start case and a st@d-case. For the warm-start case, the reducfion
the roughness from 0.3 to 0.06 um has no significapact on the deposit formation mechanisms of
the liquid-film path. Nevertheless, the boundabesveen the deposition zones seem sharper as the
roughness decreases. For the cold-start casesdhetion of the roughness from 1.2 to 0.3 pum irtgpac
the pattern corresponding to the spray impact. gkgtie previous case, the boundaries between the
deposition zones appear sharper, which can béwtd to an effect of the roughness on the surface
tension of the liquid film on the surface [118]wibuld be interesting to study the impact of rouggm

on the surface tension of liquid films and underdthow it impacts the spreading and accumulation
areas of the liquid film.

To conclude, the roughness seems to have no signifimpact on the formation of engine deposits by
the liquid-film path. It therefore seems that rongss is not an effective lever to reduce the faonat
of deposits by the liquid-film path. This resultiigeresting in the framework of the use of tramept
materials to study deposit formation using optiatiajnostics. Based on the negligible effect of feug
ness found here one may conclude that optical parésacterized in particular by very low roughness
(since optical windows are polished to an opticaldg), may be suitable materials that do not seem t
cause bias in the deposit formation because of flaisurfaces. This aspect will be investigated i
more detail in the next section.

6.4 Influence of surface material on deposits formation

This section presents the study on the influendbeiise of various materials on the formatiorhef t
liquid-film path deposit. This is pf specific int=t in the context of transparent materials thatlavo
enable the optical investigation of deposit formatiTwo transparent materials of interest are quart
and sapphire. First, they are investigated asdbatings on aluminum pistons to limit the influerate
their thermal properties on the deposit formatitimen, a solid sapphire piston is studied. The aito i
determine whether the deposits formed using traegpanaterials are representative of the deposits
obtained on the aluminum pistons. Such result wbelaf great interest and would allow the use of
optical diagnostics for future investigations ayuid film in situ measurement.

6.4.1 Experimental conditions

As shown in section 5.3, the soot-path mechanigmemigs on the distribution in size and number of the
particles, the near-wall temperature gradient,thedurbulence intensity. It seems therefore thatem
rials variations do not have a significant effectsoot deposition on the piston surface assumiziggttn
appropriate strategy is chosen to ensure thatufiece temperature is similar. Thus, in this segtibe
effect of transparent materials is evaluated fowusin the liquid path mechanism.

First, to assess the influence of the materialsediniiting the influence of its thermal propertiengine
experiments are carried out with aluminum pistoits ¥hin quartz and sapphire coatihgsd the re-
sults are compared to reference experiments withllaminum piston. Both coatings have a thickness
of 1.5 um. It can then be assumed that the sutéanperature is identical between the coated pistons

" The coatings of the pistons are obtained by spepgipowder of the desired material.
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and the aluminum reference piston. The resultinghoess of these coatings is identical to thahef t
reference piston,e.,Ra=1.2 pm.

To determine the effect of the surface temperatfigesolid transparent piston on the formationhef t
liquid-film path deposit, an engine experimentésfprmed with a full-sapphire piston. Full-quarigp
tons were not investigated because the thermakpiep of quartz are significantly different frou-a
minum, and when thermal representativeness is nejusapphire is often chosen to conduct optical
engine experiments. To avoid the influence of theghness, the aluminum reference experiment is
carried out with a polished aluminum piston wittoaghness oRa= 0.06 um. This value is considered
close enough to the optical roughness of the sapplindow Ra= 0.1 nm).

The thermal behavior of the two solid pistons waaracterized. Figure 134 shows the surface temper-
ature variations of full-sapphire and aluminum @mst obtainedn situ by phosphor thermometry. For
the full-sapphire experiment, data beyond 2 minatasot be used because the temperature reach val-
ues above the calibration limit, around 240 °C.sTimeans that the temperature of the full-sapphire
piston is significantly higher compared to the alwmm reference piston. This temperature will beghe
fore taken into account in the analysis of the dédormation.

210

=== Aluminum piston
Topin = 199°C
200 ; o -
well.. Sapphire piston

190

g
= 180
£
g Ty = 169°C
£ 170
=3
E /
= 160
/Tmim:t _153°C //
150 /
140
130 Tiniiar = 133°C | | 1 1 s
0 2 4 6 8 10

Time /min

Figure 134: Variation of the aluminum and sapppiston surface temperature
measured by phosphor thermometry during engineatiper

Table 11 shows the matrix of experiments in thislgt For all experiments, the early injection isate
360 CA BTDC with the warm start strategy definecClmapter 3, and the cooling water temperature set

at 20 °C. The warm-start strategy is chosen ta ling effect of temperature when comparing the alu-
minum piston with the full-sapphire piston.
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Table 11: Matrix of experiments

Effect Material Ra Injection phasin; Spark timin, exE:;gii:llZnt Piston ‘thz;:'Itn Tcooting
evaluated ] P g P g d}; ration thickness strategy water
Aluminum 1.2 pm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C
Material Quartz coating 1.2 pm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C
Sapphire coating | 1.2 um 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C
Full transparent Aluminum 0.06 um 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C
material Sapphire 0.1 nm 360 CAD BTDC 37 CAD BTDC 10 min 30 mm Yes 20°C

6.4.2 Analysis of the influence of quartz and sapphire catings on deposits formation

The deposits obtained with the coated pistons ampared macroscopically and then microscopically
with the aluminum piston reference deposit. FigLB® shows the piston deposits for the three mégeria
All three pistons show the same pattern with aetiraone deposit outlined in red corresponding ¢o th
impact of the six-cone spray and the outer zon@slem light brown. The same brown marks at the
periphery of the pistons are also observed fotthee cases.

Aluminum Quartz coating Sapphire coating
brown brown

marks

brown

Figure 135: Images of deposits formed on aluministops with quartz and sapphire coating, compavete
reference aluminum piston.

The microscopic observations shown in Figure 1@6naade in the same three areas of the piston sur-
faces corresponding to the outer zone (a), th@lpery of the spray impact (b), and the area offinay
impact (c). For zone (a), the three pistons shovilai morphologies with smooth surfaces and average
particle diameters below 100 nm. Zone (b) also showthe three pistons smooth surface morphologies
and particles of the same dimensions as those\@zsar zone (a). Area (c) for the aluminum piston
has a granular texture corresponding to partidlee.electron microscopy measurements of areas (c) o
the quartz- and sapphire-coated pistons show cledfgets in extended areas, which complicates the
interpretation. Nevertheless, it is possible tdingaiish particles but it is difficult to determiméhether
they form a granular texture.

The macroscopic and microscopic similarities betwibe deposits of the pistons with quartz and sap-
phire coatings and the deposit of the aluminumopisthow that there is no significant effect of the
guartz and sapphire coatings on the deposit foomaiechanisms of the liquid-film path.
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Figure 136: Microscopic observation of the depasit@luminum piston surfaces without and
with quartz and sapphire coating.

6.4.3 Influence of a full-sapphire piston on deposits fanation

Macroscopic and microscopic analyses of the fudlesdre piston deposit are compared with the alumi-
num reference piston with a roughnesfaf= 0.06 um. The pistons obtained after the engkperd
ments are shown in Figure 24. The same patteregmonding to the six-cone spray is observed for
both pistons (marked in red). It is also possibleliserve the same brown marks for both cases.rNeve
theless, small differences can be observed. Thesiteyf the inner zone appears shiny for the aluimin
piston whereas it is matt for the full-sapphireecabhe contours of the deposits in the spray impact
periphery are sharper in the case of the alumirithis difference in colors would tend to lead to the
result that there is slightly more deposit in theranum case in the spray impact periphery, bist ot
possible to firmly conclude at this point.

126



Aluminum Sapphire
Ra =0.06 um Ra=0.1nm

Figure 137: Deposits on an aluminum piston andlesépphire piston under otherwise identical opgagaton-
ditions (warm start).

Microscopic observations of the deposits obtainét the aluminum and the full-sapphire pistons are
shown in Figure 138. The usual three zones arenadxenamely the outer zone (a), the spray impact
periphery (b), and the spray impact area (c). Reizbne (a), a similar morphology is observed @thb
pistons with the presence of a smooth surface arttties with an average diameter lower than 100 nm
For zone (b), the aluminum piston presents a smamttace and particles also on the order of 100 nm
in diameter, whereas the full-sapphire piston srfa entirely covered with particles forming argriar
surface. It is difficult to distinguish whether additional smooth deposit lies under the granulease.

For zone (c), both pistons show a granular surfoethis area it seems that the concentratioraof p
ticles is higher for the full-sapphire case.

Regarding the macroscopic and microscopic analisi&ems that the main differences between the
full-sapphire and aluminum reference piston arthéarea of the spray impact periphery. It is diffi

to conclude without the characterization of theaadt particle-size distribution by SMPS whether the
soot-path mechanism is enhanced or the liquidiiagjectory mechanism is reduced. Nevertheless, due
to the significant increase in temperature forftilkesapphire case according to Figure 134, it ban
expected that liquid-film evaporation is favoredhi@h could explain the predominance of the sodt pat
in the microscopic observations.
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particles

smooth surface

granular surface

smooth surface

granular surface

Figure 138: Microscopic images the deposits onlamiaum and a full-sapphire piston.

6.4.4 Conclusions on the materials effect on deposit foration

In this section, quartz and sapphire materials weeel, and compared to the aluminum piston referenc
to determine their influence on the engine degosibation process. Experiments conducted with quart
and sapphire nanometer-thick coatings indicatettigamaterials have no (stronger or reduced) dataly
effect on the deposit formation through the ligfiid path mechanism. Experiments conducted with a
full-sapphire piston show that a similar mechanisnmvolved compared to an aluminum reference
piston, though the quantity and structure of thtaioled deposit present some differences. These are
attributed to a higher surface temperature in thieshpphire case. Therefore, the use of sappbire f
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conducting experiments in an optical engine tostieposit formation seems feasible, but particular
attention to the thermal behavior of the piston Mde required.

6.5 Conclusions on the influence of surface propertiesn deposits formation

In this chapter, the influence of different pisgnface conditions on the formation of depositstieen
studied. The objective is first to identify levéodimit or prevent the formation of deposits, aedondly
to evaluate the representativeness of transparaterials for the study of deposit formation usipg-o
cal diagnostics.

First, the effect of surface temperature on thelraeisms of deposition formation by the liquid-film
path and the soot path were investigated. Incrgéasia initial piston temperature from 20 to 190 °C
increases the evaporation rate of the liquid figmding to an approximate 10 % reduction in therinne
zone deposit and an approximate 100 % reductithreinuter zone deposit. For the soot-path depasitio
the increase in surface temperature from 159 to°’€lfeduces the temperature gradient and therefore
the thermophoresis effect on the soot depositionhasgism. This reduces the deposit formation by
about 60 %. In conclusion, a significant increasslirface temperature reduces the deposit formation
by the liquid-film path and the soot path by redgcihe liquid-film lifetime and the near-wall termpe
ature gradient, respectively.

Then, the impact of roughness on the formatiomefdeposit by the liquid-film path was presentéd. |
was observed that the roughness does not havaificgigt impact on the liquid-film path deposit for
mation mechanism. The only effect observed condbmspreading of the liquid film when the rough-
ness is decreased downRa= 0.1 nm with the observation of sharper boundasfehe different dep-
osition zones. Therefore, the variation of the towss is not identified as an interesting leveetuce
the formation of deposits by the liquid-film pathan engine.

Finally, the impact of transparent materials onftreation of the liquid-film path deposit was sieni

Two studies were carried out: The first with tworalnum pistons with quartz coating and sapphire
coatings to avoid changes of the thermal propedigbese materials, the second with a completely
transparent piston made of sapphire. The study thighcoatings showed that these materials did not
have a significant impact on the formation of dégsdsy the liquid-film path as long as they have th
same temperature as the reference case. The sitidghe/fully-transparent sapphire piston shows tha
the liquid-film path mechanism can be reproducetth wbme morphological differences on the formed
deposits. As the case studied limits the formatibtie liquid film due to faster heat-up, furtheper-
iments are required to study the impact of thegapphire piston surface temperature on the lijurid-
spreading.
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7 CONCLUSIONS

This thesis on deposit formation in the combustbamber of spark-ignition engines has provided an
improved understanding of their formation pathwaybibliographical study directed the research work
towards the study of two deposit formation mechasisThe first corresponds to the liquid-film path
and the second to the soot path. The liquid-filnihpa related to the formation of a film of liquidel

on the walls of the combustion chamber. This fiem ©e formed during injection by the impact of the
spray or by condensation on the walls. The sodt igatelated to the formation of soot during combus
tion, which is then deposited on the walls or im fiquid film. Supported by the high-temperaturd an
pressure conditions in the combustion chamber dieideposits form and further grow for many engine
cycles. The study of previous publications alseeded that the deposits can have different colsers a
well as other macroscopic and microscopic aspegisrtling on the engine operating parameters, such
as a liquid-like or a soot-like appearance of thpasit. In the literature, some parameters hava bee
identified that play in favor or against the forinatof deposits in the liquid-film path or the sqatth,
such as the fuel/air equivalence ratio, the surfes®erature, or the presence of high boiling pliet
compounds. The analysis of the deposit properdesighlighted different analytical methods for siea
uring the physical and chemical properties of thpasits. These include electron microscopy, which
provides data on the morphology and elemental caitipo of the deposit. This initial work has thus
made it possible to define the lines of researchthe strategy for studying the mechanisms of depos
formation.

In this thesis, a new methodology for determining trigin of deposits between the liquid-film- and
the soot-path mechanisms was presented. Prelimagriments were conducted to determine the
impact of the location in the combustion chambedeposit formation, the effect of engine geometry,
and the parameters of interest for studying depasitation mechanisms. These results showed that th
location in the chamber and the engine geometnotibave a great impact on the formation of deppsit
i.e., the morphology and chemical composition ef deposit at the walls of the combustion chamber,
the piston, and the injector nozzle were very simiBased on these results, the thesis focusedeon t
deposits formed on the piston and used two dirgetiion spark-ignition engines for the experiments
These preliminary studies also highlighted the iogplvater temperature and the injection timingnes t
parameters that can influence the macroscopic acrscopic appearance of the deposits and thus the
deposit formation mechanisms.

For further evaluating the deposits formed in thgie, reference deposits were generated under well
controlled conditions in the laboratory. The ohijeetwas first to determine if these reference dipos
can reproduce engine deposits. The second objegtisdo evaluate if the reference deposits can cali
brate the measurement techniques identified ititdrature and then can be used to determine tgaor
engine deposits. In the first step, reference depaere formed using a microcoking device to fam
deposit from the liquid film path, and using a sgeberator and a direct injection spark ignitiogiea

to form a deposit from the soot path. In a secaed, swo injection timings were identified to prot@o
deposit formation corresponding to the two ideetifdeposit formation paths: an early injection time
favoring the liquid-film path, and a late injectibme favoring the soot path. The reference andneng
deposits were analyzed by electron microscopy, Remthan and infrared spectroscopy. Macroscopic
analysis revealed a black, mat deposit correspgrtdithe soot path reference deposit and a cléghtb
deposit for the liquid-film path reference depoBlicroscopic analysis showed a smooth surface mor-
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phology for the liquid-film-path reference depasid particles for the soot-path reference depdgic-
troscopic analyses were not considered relevathtet@nalysis of the engine deposits because they do
not provide information on the deposition propartior each pathway. The liquid-film path deposit
properties were identified in the engine deposthefearly injection strategy. And the propertiethe
reference deposit of the soot path were identifidle engine deposit of the late injection stratddnis
methodology enabled the study of both pathwaysgine deposit formation.

The different mechanisms of deposit formation wWarther evaluated using two typical injection phas-
ings, i.e. early injection and late injection usangombination oéx situmaterials analysis and situ
analysis of deposit formation. Thesitu analysis was based on observations with a highespamera

on a direct-injection spark-ignition engine withtiopl access to visualize the formation of depasits
the piston. To study the mechanisms related tsdloe path, the soot particle-size distribution aaa-
lyzed in the exhaust. For the liquid-film path gthe early injection strategy, the study highleghthe
importance of the piston surface temperature otighél-film lifetime and deposit formation. In abl
start conditions, the surface temperature is aBOWC, the evaporation time is long and favors the
formation of the deposit. On the other hand, winenstrface temperature at start-up is around 133 °C
the evaporation time is short and the deposit ftionds limited. It was found that two other facior
influence the lifetime of the liquid film. The firgs the presence of accumulation zones at th@lpeny

of the liquid film and at the periphery of the spranpact, which will slow down the evaporation bét
liquid film and favor the formation of the depadsit the liquid-film path. The second is the locablag

of the piston surface, which can create coldersaogathe piston and slow down evaporation. For the
soot path, several mechanisms can explain the iiegmosf soot on the piston surface depending @n th
flow inside the combustion chamber. When the fleWwaiminar, the soot deposits by thermophoresis
when it is close enough to the wall where a stitemgperature gradient resides. In turbulent flows, t
soot particles will either follow the flow to theleaust or deposit by inertia. Liquid film deposias
observed in the case of late injection and sodt daposit in the case of early injection. The study
showed that these mechanisms can interact.

The impact of the piston surface properties ordéqgosit formation mechanisms was also investigated.
First, the effect of surface temperature on theodigfiormation mechanisms via the liquid-film paiid

the soot path was investigated. Increasing th&inptston surface temperature from 20 to 190 °C in
creases the evaporation rate of the liquid filnsuténg in approximately 10 % reduction in deposit
formation in the inner region and almost 100 %hia duter region. For soot-path deposition, increasi
the surface temperature from 159 to 215 °C redimetemperature gradient and thus the thermophore-
sis effect on the soot deposition mechanism. Tagignificant increase in surface temperature resiuc
deposit formation via the liquid-film path and thaot path by reducing the liquid-film lifetime atide
temperature gradient near the wall, respectivélwals shown that the surface roughness does not sig
nificantly influence deposit formation through tliguid-film path. Finally, the impact of transpaten
materials on the formation of deposits via theitigiiilm path was studied. To separate thermal and
materials effects, first aluminum pistons coatethwthin layers of either with silica or alumina wer
investigated to maintain the same surface tempestas with metal pistons. Second, a completely
transparent sapphire piston was used where thacgeutémperature is expected to deviate because of
the different heat conduction properties. The stuitly the coatings showed that these materialsidid
have a significant impact on the formation of dégsdsy the liquid-film route. The study with thellfu
transparent sapphire piston showed that the defmosiation mechanisms of the liquid-film path can
be reproduced with some morphological differencehé deposits formed providing an option for fu-
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ture experiments with optical detection of depémitnation through transparent sections of the com-
bustion chamber wall. Since the studied case lithigsliquid-film formation, additional experiments
are needed to investigate the impact of the suttoperature of the solid sapphire piston on taidi
film spreading.

In conclusion, a methodology has been developéusrthesis that enables to study and understand th
mechanisms of deposit formation in en engine cotrushamber. This methodology was then applied
to evaluate the impact of surface properties ondéetified formation mechanisms. The two formation
pathways identified in the literature were studsegarately. For the liquid-film path, the work slealv
that the formation of the deposit by the liquidrfilvas conditioned by the evaporation rate of tipeidi

film. The evaporation rate depends on the temperaitithe piston surface and the amount of liquid
fuel to be evaporated. In this study, the surfacghness, the use of silica or alumina surface nihte
does not have a significant impact on the formatibthe deposit via the liquid-film path. For thaos
path, two mechanisms have been identified in tip@si#on of soot on the surface. These are thermo-
phoresis and inertial deposition. Depending ortdhgulent intensity in the cylinder and the tempera
gradient in the near wall, one of the two mechagmidominates. The results showed that an increase in
the surface temperature reduced the depositiooatf s

Outlook

One of the questions raised by the thesis is then@tal process of deposit formation by the liquidh

path mechanism. For the liquid-film path, the rielaghip between evaporation time and deposit for-
mation has been demonstrated. This work, howevegmat yet establish the chemical transformation
process between the liquid and solid phases. Realmeasurements of this process would allow seeing
the chemical evolution of the liquid fuel towarddeposit. Such measurements could be performed in
the laboratory with the microcoking device to cheailiy characterize the formation of the reference
deposit by the liquid-film path. Based on the fimglthat an all-sapphire piston is representativafo
aluminum piston in terms of deposit formation \h& tiquid-film path, it would be interesting to use
optical diagnostics and transparent pistons uregrangine conditions in future workitositu analyze
deposit formation. One important perspective opdnetihis thesis is to test laser-induced fluoreseen
optical diagnostics to measure in real-time theluian of the deposit formation on the walls of the
combustion chamber. Gasoline fuels consist of heoslof components, some of which fluoresce upon
illumination in the ultraviolet, but regarding thleposits formed by the liquid film path, there ace
known studies on their fluorescence propertiesvalinlate the implementation of this technique, e pr
liminary study of the deposit fluorescence williexessary. A decreasing evolution of the fluoreseen
intensity measurement from the formation of a libfuiel film to the formation of a solid deposit thg

an engine cycle would give interesting informataiout the evaporation rate of the liquid film. Con-
versely, an increasing evolution of the fluoreseeimtensity measurement would give quantitative in-
formation on the amount of deposit formed on théswa
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ANNEX

A/ Determination of surface temperature from phosplor thermometry

To derive temperature from phosphor thermometrfasermeasurement, the time-resolved signal decay
from 100 measurements is acquired at the valvdagveepresenting a total duration of 1 s correspond
ing to measurements at 100 Hz. This duration ist@mugh to assume that the temperature does not
vary during detection. For a greater stabilityh® post-processing, the analysis is based on aagere

of 100 raw curves. The objective is to determireedhcay rate and convert it to temperature usiag th
prerecorded calibration. The decay rate is detexchina the ‘luminescence intensity by time’ method
according to the following steps:

» Step 1: Description of the exponential signal dasee

t
I(t) =Ae' =

» Step 2: Multiplication by time

F(t) = t x I(t) = Ate

» Step 3: Derivation of the equation and searchHembaximum

dF(t) _t t _t _t t _t t
=Aet —A-e17=0 o det=4-et o -=16t=T1
dt T T T
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B/ SEM microscopy of the deposits for cases 1-5 fearly injection for the follow-

ing zones: (a) outer zone, (b) spray impact periphmg, and (c) spray impact area.
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C/ Synthese du manuscrit en francais

1. Introduction

Les nouvelles réglementations sur les émissions asecteur du transport routier, telles que
les normes Euro, ont entrainé des changementslalaeshnologie des moteurs. Les fournisseurs de
carburant ont également développé de nouvellesulations de carburant, et ont introduit une grande
variété de biocarburants sur le marché. Ces évolsitbnt créé de nouvelles contraintes pour le earbu
rant, entrainant la formation de dép6ts dans lanbina de combustion des moteurs. Ces dép6ts ont un
impact sur l'efficacité et la durée de vie du motéds augmentent la consommation de carburant et
contribuent aux émissions polluantes. En parallalapuvelle réglementation demande de contrbler la
durabilité des performances des moteurs. C'esgpoiil est nécessaire de s'attaquer au probleme de
dépdts dans les moteurs.

La problématique de la formation de dépdts dandu$trie du raffinage et dans les systemes
d’alimentation en carburant des voitures a étéelant étudiée et discutée dans la littérature. iGepe
dant, le processus de formation de dépbts a cewitnd'est pas représentatif des conditions de la
chambre de combustion en termes de pression, getatare et de produits de combustion. La littéra-
ture disponible sur les dépbts dans les chambresméustion correspond principalement a des ana-
lyses ex-situ des dépbts visant a déterminer leamspositions chimiques [1]. Ces études ex-situ ont
montré que la formation des dépbts est un processuglexe. De plus, les dépdts présentent diffésent
caracteéristiques physiques et chimiques en fondgsnconditions de fonctionnement telles que le pha
sage injection [2]. Les dépbts obtenus sont forpaéda présence des suies, du carburant liquiddeou
I'huile moteur [3, 4]. Néanmoins, les parametresjguent un réle dans les mécanismes de formation
des dépbts sont encore mal compris, en particldiesynergie qui pourrait exister entre l'injectidm
carburant et la formation de suies. Aussi, la fairomade dépbts dans un moteur réel est un processus
long. Ainsi, les caractérisations chimiques ex-diég dépots nécessitent une masse d'échantillar-imp
tante et donc des expériences moteur longues (3106k processus industriels de formation de dépbts
dans des moteurs réels sont principalement utifieés évaluer les propriétés des carburants a forme
des dépdts mais ne sont pas utilisés pour réaleeietudes fondamentales sur leurs mécanismes de
formation. Il n'existe pas de méthodologie expéntake établie pour étudier les mécanismes de forma-
tion de dépdts dans la chambre de combustion daieun

L'objectif de ce travail est de développer unetaibthodologie et de l'utiliser pour fournir une
meilleure compréhension du processus de formagsrddpots. La méthodologie est basée sur des dé-
pobts de référence contrblés en laboratoire quothpsent les dépbts du moteur a partir de filmsidigs
de carburant et de suies. L'impact de I'huile ntadans la formation des dép6ts n'est pas consilddre
ce travail. Les données issues de la caracténmsptigsico-chimique de ces dépbts de référence vont
permettre d'identifier les parametres moteurs faaot la formation de dép6ts moteur liés au chemin
du film liquide ou au chemin de la suie. Cette mdtiiogie est ensuite appliqguée a la compréhension
des mécanismes de formation des dép6bts tout awkmgycles du moteur pour le chemin de formation
du film liquide et le chemin de formation de laesuies travaux sont réalisés sur des moteurs de re-
cherche a allumage commandée monocylindres aimjedirecte avec acces optique. La caractérisation
des dépbts est effectuée en utilisant des anagyssiu telles que la microscopie électroniqueest d
diagnostics in-situ tels que la visualisation dieggar une caméra a haute vitesse.
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2. Synthése de I'état de I'art sur les dépdts moteurs

Les dépbts moteurs peuvent se former a différemtsoés dans la chambre de combustion. lls
contribuent a la dégradation de la combustionl'augmentation des émissions polluantes, ce qui peu
entrainer une augmentation de la consommationrber@ant et une réduction de la puissance du moteur.
Différentes hypotheses de mécanismes de formatia®dbts ont été décrites dans la littérature,iimpl
quant la formation d'un film liquide sur la surfastele dépo6t de suies formées pendant la combustion
qui se dépose sur la surface de la chambre de atimbwu sur le film de carburant liquide formé.
Plusieurs facteurs ont été identifiés comme comarilb & la formation de dépbts. Tout d'abord, aeetai
propriétés du combustible peuvent étre des facmédominants, comme la présence de certains addi-
tifs ou la présence d'especes a point d'ébullélené. La température de surface est égalemeratcun f
teur important dans la formation des dépots. Eetgffrsque la température de la surface augmiente,
formation des dépo6ts diminue. Les parametres deunotels que la présence d'un systéme de recircu-
lation des gaz d'échappement (EGR), le type deucamnh le rapport d'équivalence carburant/air, in-
fluencent la formation des dépbts. Diverses tealesgl'analyse ont été identifiées dans la revda de
littérature. L'observation microscopique a été iifiéee comme une technique d'analyse non-destrictiv
pour déterminer la morphologie des dépo6ts sur laeuns. L'analyse élémentaire couplée a la micros-
copie électronique est intéressante pour identd®eléments présents dans les dépots, qui sooi-pr
palement le carbone et I'oxygene. Des techniqglies tgue la porosimétrie et la thermogravimétriet so
prometteuses pour caractériser les dépots maisisestructives.

En conclusion, plusieurs parametres importantsiénitent la formation des dépots. Il s'agit
notamment des conditions de fonctionnement du motieula température de la surface de la chambre
de combustion et des propriétés du carburant. @sphénomenes physiques sont impliqués, tels que
la physique du spray pendant l'injection ou I'agnaehique a l'intérieur du cylindre. Pour mieux com-
prendre comment ces parameétres et phénoméneseafflecformation des dépbéts, il est pertinent d'uti
liser des méthodes d'analyse in situ. Par conséquenmoteur optique semble approprié pour cette
thése. Comme un moteur optique n'utilise pas @hdel lubrification, la formation de dépbts due au
carburant et a la combustion peut étre séparéaudess facteurs. Cette these se concentre surbde-ca
rant essence conventionnel afin de limiter lesteffies propriétés du carburant. La these est cibestr
en trois sujets de recherche :

» Le premier sujet de cette thgSea.)analyse macroscopiquement les dépbts forméséaetitis
endroits de la chambre de combustion pour déterrenes similitudes ou leurs différences en
fonction des parametres de fonctionnement du motdne méthodologie d'identification des
origines des dépots est présentée afin de détarsiitefilm liquide ou le chemin de la suie
est dominant. Deux dispositifs seront utilisés ploumer des dépbts de référence a partir de
ces deux voies et les dépbts de référence seromarés aux dépdts obtenus dans la chambre
de combustion du moteur. L'objectif est d'évallagylicabilité des dépdts de référence comme
modele pour les dépdts du moteur.

* Le deuxiéme sujet de la thegeb.) décrit I'étude des mécanismes de formation deétgép
Cette étude est motivée par l'absence d'une méthquimentale en temps réel dans la re-
cherche pour étudier les mécanismes de formatierdépéts. Cette étude est donc basée sur
['utilisation de I'analyse in situ par visualisatidirecte, I'analyse de la distribution des parti-
cules avec un analyseur de particules, et I'utitisade la méthode précédente pour distinguer
les voies de dépot et quantifier leur contribution.
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* Le troisieme et dernier théme de cette tH{8s) est consacré a I'étude des variations paramé-
trigues sur la formation des dép6éts. L'effet dietapérature de surface sera étudié par visuali-
sation di-rect. L'effet de la rugosité sur la fotima des dépbts sera également évalué. Et pour
documenter et aider a la mise en place de diagsagptiques pour mesurer les propriétés des
dépbdts, l'effet des matériaux transparents swrhadtion des dépbts sera étudié.

3. Résultats

a. Etablissement de la méthode d'étude des dépbts ddes moteurs

L'objectif de cette partie est de définir et d'éealune méthode permettant de distinguer et de
guantifier les différentes voies de formation dégs dans les moteurs, a savoir le chemin de fama
du film liquide et le chemin de formation des sui€stte méthode est basée sur l'analyse ex-situ de
dépbts de référence et de dépbts moteur a injectioimandée. Tout d'abord, les dépbts de référence
sont analysés pour déterminer leurs propriétésigungs et chimiques, avec un intérét particulierrpou
les analyses macroscopiques et microscopigques.cdrastéristiques des dépodts de référence ont été
déterminées macroscopiquement et microscopiqueilredepot de référence correspondant au chemin
de formation du film liquide a une couleur trangrae et un aspect brillant avec une morphologie de
surface lisse. Le dépbt correspondant au chemiard®tion des suies a une couleur noire et un aspec
mat avec une morphologie de particules. Ensuitedépobts provenant de différentes expériencegsur |
moteurs sont analysés macroscopiquement et migrogement. L'objectif est de déterminer l'effet de
différents paramétres du moteur sur les propri¢ésiépots. Le premier parametre étudié est ladfet
I'emplacement dans la chambre de combustion spréogsiétés des dépbts. L'objectif est d'identiter
partie de la chambre de combustion la plus pertingour une étude plus approfondie. Les résultats o
montré que lI'emplacement dans la chambre de coimbush pas d'impact significatif sur I'aspecteet |
morphologie des dépbts. Le dépdt sur le pistoneptésune configuration particuliére attribuéera-I'i
pact du spray sur la surface. Cette zone de laloteade combustion est retenue dans la suite ddéet
Le deuxieme parametre étudié est I'impact de lengéie de deux moteurs sur les propriétés des slépot
afin de déterminer la possibilité d'étudier les@épndépendamment de la géométrie du moteur. Cette
étude a montré que les dépbts peuvent étre étudiépendamment des deux moteurs utilisés dans
I'étude. Le troisieme et dernier parameétre estélerchination de I'effet du phasage injection sar le
propriétés des dépbts. Les propriétés de ces digpiités a partir de différents phasages injectart s
comparées a des dépobts de référence. Deux temjetitin ont été choisis : le premier est l'injesti
précoce a 360 CAD BTDC qui forme des dépbts avecorphologie correspondant essentiellement
au trajet du film liquide ; le second est l'injectitardive a 60 CAD BTDC qui contribue largemeid a
formation de dépéts avec une morphologie corresaral trajet de la suie. Ces deux temps d'injectio
permettront d'étudier les mécanismes des deux deiégrmation des dépbts.

En plus des analyses macroscopiques et microsaspides analyses spectroscopiques FTIR-
ATR et Raman ont été évaluées. L'objectif étailékerminer la capacité de ces techniques a idemtifi
les signatures chimiques correspondant aux dégdtsndteurs de référence. La spectroscopie FTIR-
ATR a permis d'identifier la présence d'un dépémnfoa partir du chemin du film liquide pour les cas
d'injection précoce et tardive, mais pas pour kengh de la suie. La technique ne fournit pas d'info
mation sur la proportion de dépot pour chaque \igilisation de la spectroscopie FTIR-ATR estdon
exclue pour les travaux suivants réalisés au abeicette these. Pour l'analyse Raman, aucune iaform
tion n'a pu étre extraite pour le dép6t de réféeguaur la voie du film liquide et aucune corrélativa
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été trouvée entre la morphologie et les informatidérivées de I'analyse des pics. Par conséqutiat, ¢
technique ne permet pas d'établir une corrélatitreda structure du carbone et la morphologieti-L'u
lisation de la spectroscopie Raman est donc égaleewelue ci-aprés. La méthode utilisée pour déter-
miner l'origine des dépobts sur les moteurs ne fogue des informations qualitatives.

b. Mécanismes de formation des dépdts dans les moteurs

La stratégie a consisté a isoler les deux chemenfowation des dépbts pour étudier leurs
mécanismes séparément. L'injection tot a été @édligour étudier les mécanismes de formation du film
liquide et l'injection tardive pour étudier les raaismes de formation de la suie. Les mécanismes ide
tifiés pour chacune des voies de formation ontiémgté comparés pour chacune des stratégiescd'inje
tion.

Chemin de formation par le film liquide

Pour le chemin de formation du film liquide, deuwpdts ont été formés lors de deux expé-
riences moteurs différentes pour des températoitslés de surface a 20°C et 133°C, correspondant
respectivement & un démarrage a froid et & un degea chaud. Les analyses ex-situ et in-situ des
dépdbts obtenus, comparées aux données de lalitrant mis en évidence des mécanismes expliquant
la formation des dépéts. Lors de l'injection, I'aapdu spray sur la surface du piston conduitfarka
mation d'un film liquide. De ce film liquide, ongtingue deux zones : La zone d'étalement et la zone
d'impact du spray. La premiére zone corresporgtadment du film liquide qui se forme dans la zone
extérieure de la surface du piston. La zone extégidépend de la température de la surface. A haute
température, le film liquide s'évapore rapidementa formation de dépbts est limitée. Pour ledias
démarrage a chaud, aucun étalement n'est obsezedaaecaméra haute vitesse. Cependant, l'analyse
microscopique de la zone extérieure a montré lsemee d'un dépdt par rapport au trajet du filmidigu
Il est probable que le liquide se soit étalé peisagit évaporé immédiatement, ne permettant pas la
formation d'une couche épaisse de dépodt par rapgartzone noire observée pour le cas du démarrage
a froid. Pour le cas du démarrage a froid, un étefe est clairement observé. Sa trajectoire diménue
mesure que la température de surface du pistonentigmet le dép6t de la zone noire se forme a la
périphérie du film liquide, qui se déplace versdatre du piston. La visualisation in-situ a momjué
le dépbt noir de la zone extérieure se forme drpdutbord du piston et progresse vers le centre su
plusieurs cycles. Les zones brunes observéessuptes externes de la surface des pistons pour les
deux conditions de fonctionnement correspondentzames ou le carburant s'évapore rapidement ce
qui explique la présence d'une couche de dépoffipkisjue pour la zone noire observée pour le nas d
démarrage a froid. De plus, des marques brune&témtentifiées sur la zone extérieure pour ledcas
démarrage a chaud, plus précisément a la périptiérmston. Ces marques sont plus foncées que le
reste de la zone brune et indiquent une plus grépdesseur de dépdt. Leur morphologie indique I'im-
plication d'un mécanisme lié au film liquide maas Fésultats présentés dans ce chapitre ne peninette
pas d'expliquer leur présence.

La deuxiéme zone correspond au film liquide forragsdla zone interne du piston. Deux zones
distinctes de film liquide sont identifiées icialzone centrale d'impact du spray et la zone pénipine
du piston d'impact du spray. La littérature a m@ujue le film liquide a une épaisseur minimale dans
zone centrale de pulvérisation et présente unenadation de combustible liquide a la périphérie de
I'impact de pulvérisation. En outre, I'analyse SEBIS a montré une densité de dépobt plus faible dans
la zone du coeur du jet que dans la périphériégngedtt du jet. Ceci est attribué a une évaporatpide
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a partir de la zone centrale de la pulvérisatiomdogsant & une formation limitée de dépobts et a une
évaporation plus lente a la périphérie de l'impbetia pulvérisation conduisant & une formation de
dépbots.

Chemin de formation par les suies

Différents mécanismes de transport des suies peseguroduire dans la chambre de combus-
tion. Une fois formée, les suies sont transponp@ed'écoulement. En fonction du nombre de Reynolds
de I'écoulement, c'est-a-dire de l'intensité derlaulence, différents mécanismes vont entraineafes-
port des particules de suie. Si la turbulence aibtef et que la suie est proche de la paroi otgilun
gradient de température, la thermophorese esptokmble pour transporter la suie vers la paroia Si
turbulence est forte, comme dans le cas de la eargpansion, plusieurs possibilités sont envisagé
Si la suie a un faible rapport masse aérodynantigiieée par rapport a l'intensité de la turbuleetie,
continuera probablement a suivre le flux vers Bpgiement. Si la suie a un rapport masse aérodyna-
mique/trainée élevé, elle peut étre éjectée dunbilton en raison de son inertie. Dans ce cds, silie
heurte une paroi de la chambre de combustiomaeléefortes chances de s'y déposer ; c'est le iséean
de dépbt inertiel.

Synthése sur les mécanismes de formation des dépbts

L'objectif de cette section est de proposer un miéoe global de formation des dépbts impli-
guant les mécanismes du chemin du film liquidevetitemin de la suie.

La figure 1 montre la contribution du film liquidela formation du dépét. Au moment de l'injection,
une faible distance entre le piston et la buseinjedteur peut conduire a l'impact du spray (19t C
impact conduit & la formation d'un film liquide,iqueut s'étendre sur la surface du piston et qui pe
conduire a la formation de zones d'accumulation@2)ce film liquide, on peut distinguer deux zqnes
la zone d'impact du spray et la zone d'étalemesntsizes zones, le carburant s'évapore a des sitesse
différentes selon I'épaisseur du film et la tempéeade la surface.

A haute température, I'étalement s'évapore trédeaqent, ce qui limite la formation de dépéts (®.
carburant dans la zone d'impact du spray s'évgdaselentement que dans la zone d'étalement car
I'impact du spray provoque un refroidissement I¢gdal Dans la zone d'impact du spray, on distingue
deux autres zones, la périphérie de l'impact daysgrle caeur de I'impact du spray. Le carburans da
la périphérie de l'impact de pulvérisation, qui@st zone d'accumulation, s'évapore lentement-et en
traine la formation de dépdts. Le carburant dareder de I'impact de pulvérisation, qui est la zone
d'épaisseur minimale du film liquide, s'évaporédament, ce qui limite la formation de dépots. Adm
température de surface, I'étalement et la zongdtidu spray sont des zones d'évaporation lente. A
sein du film liquide, les durées d'évaporation gbffiérentes. Tout d'abord, les zones d'accumuiatio

la périphérie de I'étalement et & la périphérie zbemes d'impact du spray correspondent a des zones
d'évaporation lente favorisant la formation de d€@®). Le reste du film liquide est plus fin éwslpore
plus rapidement limitant le risque de formatiordéebts (6).
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Figure 1: Schéma de la contribution du cheminadmétion du dépdt par un film liquide dans
la formation des dépots.

Apres avoir analysé les zones de film liquide stgaramétres conduisant a la formation des
dépbts par le chemin du film liquide, on ajoutedatribution du chemin des suies. Dans la suite, on
suppose qu'un film liquide s'est formé suite agaet du spray sur la surface du piston. La figure 2
montre la contribution du chemin de formation dépdats par les suies. Les suies formées lors de la
combustion se déposent sur la surface du pistoforietion de la richesse du mélange, la concentrati
en suies, et donc leur contribution au dépét, ésrchinée.

Deux cas de combustion riche ont été identifiéspiesnier cas correspond a la formation d'un
film liquide sur la surface du piston (1). Commeprécédemment, en fonction de la température de
surface, ce film liquide s'évapore plus ou moirmgdament. Si I'évaporation du film liquide est kent
cela peut conduire a des zones de combustion ighessrpres de la paroi (2). Ces combustions riches
forment beaucoup de suies en mode accumulatioseqdéposent sur la paroi par thermophorese ou
déposition inertielle (3). A l'injection suivani& nouveau cycle commence, et les suies déposées so
emportée a la périphérie du film liquide (4).

Le deuxiéme cas de combustion riche est la conséguiune stratégie d'injection tardive. L'injetio
tardive ne laisse pas suffisamment de temps awiGarbet a l'air pour se mélanger (5). Cela crée de

149



zones riches dans la phase gazeuse qui vont fireaeicoup de suie en mode agglomération. Cette suie
va ensuite se déposer sur la surface du pistoth@anophorése ou par dépot inertiel (6).

Dans le cas d'un mélange carburant/air pauvrermaation de gros agglomérats de suie est limitge (7
La contribution des mécanismes de cheminementuies ast donc également limitée.
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Figure 2 : Schéma de la contribution du chemirad®iie dans la formation du dép6t.

c. Influence des propriétés de la surface sur la forntaon des dépots

L'objectif de cette partie est d'étudier I'effes geopriétés de la surface du piston sur la forma-
tion de dépbts dans le cylindre. L'accent est mnidiafluence de la température de surface, dada-
sité de surface du piston et de matériaux tranamseir le mécanisme de formation des dépéts. L'ob-
jectif est d'une part d'identifier des leviers pboniter ou empécher la formation de dépéts, attda
part d'évaluer la représentativité des matériaamsparents pour I'étude de la formation de dépdts a
l'aide de diagnostics optiques. La méthodologie gealuer l'influence des propriétés de la surthce
piston sur la formation des dépbts est basée swutds d'analyse ex situ et in situ présentés dize
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parties 3.b et 3.c respectivement. L'analyse excgitrespond a l'analyse macroscopique et microsco-
pigue de la surface du piston aprés chaque expgériétour l'analyse macroscopique, la couleur, la
texture et les motifs des dépodts sont identifiésirPanalyse microscopique, les morphologies &&dif
rentes échelles sont caractérisées. L'analystiesi basée sur la distribution de la taille desiqules

et sur la visualisation a grande vitesse des psosedans le cylindre. La distribution granulométeiq
est mesurée par SMPS dans I'échappement du mditeadleadéterminer I'impact des variations para-
meétriques sur la formation des dépdts via le chatuita suie. La visualisation directe est utilipéer
observer la présence de films liquides et aingrddiher I'impact des propriétés de surface suota f
mation de dépots via le chemin des films liquidestte derniére technique nous permet également de
caractériser la cinétique de formation des dépade €ombustion, c'est-a-dire d'identifier les zode
mélange riches pouvant favoriser le chemin deila su

Dans un premier temps, l'effet de la températusudace sur les mécanismes de formation des
dépbts par la voie du film liquide et par la voeld suie a été étudié. L'augmentation de la teamtyner
initiale du piston de 20 a 190 °C augmente la sgadévaporation du film liquide, ce qui entraine u
réduction d'environ 10 % du dépbt dans la zonegigige et d'environ 100 % dans la zone extérieure.
Pour le dépdt par chemin de suie, l'augmentatida tkmpérature de surface de 159 a 215 °C régluit |
gradient de température et donc l'effet de therrogge sur le mécanisme de dépbt de la suie. Cela
réduit la formation de dépo6ts d'environ 60 %. Enabasion, une augmentation significative de la tem-
pérature de surface réduit la formation de dépétdegpchemin du film liquide et le chemin de laesui
en réduisant la durée de vie du film liquide egri@dient de température pres de la paroi, resgzoént.

Ensuite, lI'impact de la rugosité sur la formatiend#pdt par le chemin du film liquide a été
étudié. Il a été observé que la rugosité n'a pagpdctt significatif sur le mécanisme de formatian d
dépbt par le chemin liquide-film. Le seul effet eh& concerne I'étalement du film liquide lorscae |
rugosité est réduite jusqu'a Ra = 0.1 nm avecdiagion de limites plus nettes des différentesegon
de dépbt. Par conséquent, la variation de la rtégn'gst pas identifiée comme un levier intéregsant
réduire la formation de dépb6ts par le trajet liguitim dans un moteur.

Enfin, limpact des matériaux transparents suptention du dépbt par le chemin du film li-
quide a été étudié. Deux études ont été réalidémpremiere avec deux pistons en aluminium avec un
revétement en quartz et un revétement en saphirguiter les changements des propriétés thermiques
de ces matériaux, la seconde avec un piston coenpdgtt transparent en saphir. L'étude avec les revé-
tements a montré que ces matériaux n‘avaient pagatt significatif sur la formation de dépbts fzar
voie du film liquide tant qu'ils ont la méme temgiéire que le cas de référence. L'étude avec lenpist
en saphir totalement transparent montre que le msroa du trajet du film liquide peut étre reproduit
avec quelques différences morphologiques sur [pétddormés. Comme le cas étudié limite la forma-
tion du film liquide en raison d'une montée en térafure plus rapide, des expériences supplémentaire
sont nécessaires pour étudier lI'impact de la testy@r de la surface du piston en saphir complet sur
I'étalement du film liquide.

4. Conclusions et Perspectives

a. Conclusions

Dans cette thése, une nouvelle méthodologie pderrdiner I'origine des dépbts entre les mé-
canismes du film liquide et du chemin de la suééprésentée. Des expériences préliminaires ént ét
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menées pour déterminer l'impact de I'emplacemars ldachambre de combustion sur la formation des
dépdts, l'effet de la géométrie du moteur et lesupatres d'intérét pour I'étude des mécanismes de
formation des dépobts. Ces résultats ont montrd'goplacement dans la chambre et la géométrie du
moteur n'ont pas un grand impact sur la formaties dépots, c'est-a-dire que la morphologie et la
composition chimique du dépét au niveau des paila chambre de combustion, du piston et de la
buse de l'injecteur étaient trés similaires. Survdae de ces résultats, la thése s'est concentréess
dépbts formeés sur le piston et a utilisé deux nrstaunjection directe et a allumage commandé pour
les expériences. Ces études préliminaires ont rdgalemis en évidence la température de I'eau de re-
froidissement et le timing d'injection comme dewatgmetres pouvant influencer l'aspect macrosco-
pique et microscopique des dépéts et donc les reknas de formation des dépots.

Pour évaluer plus précisément les dép6ts formésldanoteur, des dépodts de référence ont été
générés dans des conditions bien contrdlées eralaire. L'objectif était d'abord de détermineces
dépbts de référence peuvent reproduire les dépatsoteur. Le deuxieme objectif était d'évalueesi |
dépdts de référence peuvent calibrer les technideesesure identifiées dans la littérature et petuve
ensuite étre utilisés pour déterminer l'origine digsdts du moteur. Dans un premier temps, des siépot
de référence ont été formés en utilisant un disipdsi microcokéfaction pour former un dépo6t a part
du chemin du film liquide, et en utilisant un géatéur de suie et un moteur a allumage par étinaelle
injection directe pour former un dépét a partiradhemin de la suie. Dans un deuxiéme temps, deux
temps d'injection ont été identifiés pour favoriseformation de dépbts correspondant aux deuxsvoie
de formation de dép6ts identifiées : un tempsetipn précoce favorisant la voie du film liquigéun
temps d'injection tardif favorisant la voie deuiges Les dépbts de référence et du moteur onnélgses
par microscopie électronique et par spectroscopied® et infrarouge. L'analyse macroscopique a ré-
vélé un dépbt noir et mat correspondant au dépdéfédeence du trajet de la suie et un dépot ctair e
brillant pour le dép6t de référence du trajet tha fiquide. L'analyse microscopique a montré une-mo
phologie de surface lisse pour le dép6t de référelctrajet du film liquide et des particules ptaur
dépbt de référence du trajet de la suie. Les aesilggectroscopiques n'ont pas été considérées comme
pertinentes pour I'analyse des dépdts du moteugllesr ne fournissent pas d'informations sur la pro
portion de dépbt pour chaque voie. Les propriétésl@ot de la trajectoire du film liquide ont été
identifiees dans le dépdt du moteur de la stratdgigection précoce. Et les propriétés du dépdt de
référence du chemin de la suie ont été identifilsass le dépot du moteur de la stratégie d'injection
tardive. Cette méthodologie a permis d'étudiedsx voies de formation des dépbts dans le moteur.

Les différents mécanismes de formation des déptit€te évalués en utilisant deux phases
d'injection typiques, a savoir l'injection précatd’injection tardive, en combinant I'analyse & des
matériaux et I'analyse in situ de la formation di&ggots. L'analyse in situ était basée sur des witsems
effectuées a l'aide d'une caméra a grande vitessensmoteur a injection directe et a allumage par
étincelle, avec un acces optique permettant dekssu la formation de dépéts sur le piston. Poudliér
les mécanismes liés au parcours de la suie, ldbdisbn granulométrique de la suie a été analgsdes
I'échappement. Pour le trajet du film liquide stint la stratégie d'injection précoce, I'étude s eni
évidence l'importance de la température de sudacgiston sur la durée de vie du film liquide et la
formation de dépobts. Dans des conditions de dégm@adroid, la température de surface est d'environ
20 °C, le temps d'évaporation est long et favdadermation du dépét. En revanche, lorsque la temp
rature de surface au démarrage est d'environ 13(@ t€mps d'évaporation est court et la formation
dép6bt est limitée. Il a été constaté que deux sdareteurs influencent la durée de vie du film iligu
Le premier est la présence de zones d'accumulati@mpériphérie du film liquide et a la périphétiee
I'impact du spray, qui vont ralentir I'évaporatatunfilm liquide et favoriser la formation du déptr le
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trajet liquide-film. Le second est le refroidissemiecal de la surface du piston, qui peut crésrzibmes

plus froides sur le piston et ralentir I'évaporatiBour le chemin de la suie, plusieurs mécanigraas

vent expliquer le dép6t de la suie sur la surfaceidton en fonction de I'écoulement a l'intériéera
chambre de combustion. Lorsque I'écoulement eshéra, la suie se dépose par thermophorese lors-
gu'elle est suffisamment proche de la paroi owaesé un fort gradient de température. Dans les-€co
lements turbulents, les particules de suie vorttsovre |'écoulement jusqu'a I'échappement, soit s
déposer par inertie. Le dép6t par film liquidee@a@bservé dans le cas d'une injection tardive éépot

par chemin de suie dans le cas d'une injectioropegd.'étude a montré que ces mécanismes peuvent
interagir.

L'impact des propriétés de la surface du pistorlesimécanismes de formation des dép6ts a
également été étudié. Tout d'abord, I'effet deraprature de surface sur les mécanismes de formati
de dépébts par le biais du film liquide et du chenéna suie a été étudié. L'augmentation de ladéemp
rature initiale de la surface du piston de 20 a°I®@ugmente le taux d'évaporation du film liquick,
qui entraine une réduction d'environ 10 % de lan&dion de dépdts dans la région intérieure et de
presque 100 % dans la région extérieure. Pourdétgrar chemin de suie, 'augmentation de la tempé-
rature de surface de 159 a 215 °C réduit le gradiemempérature et donc I'effet de thermophorése s
le mécanisme de dépdt de la suie. Ainsi, une augtien significative de la température de surface
réduit la formation de dépdts via le chemin du fiiguide et le chemin de la suie en réduisant lgeu
de vie du film liquide et le gradient de températpres de la paroi, respectivement. Il a été démont
gue la rugosité de la surface n'a pas d'influerggefieative sur la formation de dépo6ts par le civedu
film liquide. Enfin, l'impact des matériaux transpats sur la formation de dépéts via le trajetith f
liquide a été étudié. Afin de séparer les effetsrtiiques et les effets des matériaux, des pistons e
aluminium recouverts de fines couches de silice'alumine ont été testés pour maintenir les mémes
températures de surface que pour les pistons médl Ensuite, un piston en saphir complétement
transparent a été utilisé pour lequel la tempéeatigr surface devrait varier en raison des diffésent
propriétés de conduction thermique. L'étude avecdeétements a montré que ces matériaux n'avaient
pas d'impact significatif sur la formation de dépdar la voie du film liquide. L'étude avec le pisen
saphir entierement transparent a montré que leamigmes de formation de dépbts par la voie du film
liquide peuvent étre reproduits avec gquelques rdiffées morphologiques dans les dépéts formés, ce
qui offre une option pour de futures expériencedétection optique de la formation de dép6ts &tsav
des sections transparentes de la paroi de la cleaebcombustion. Comme le cas étudié limite la for-
mation du film liquide, des expériences supplémeggasont nécessaires pour étudier l'impact de la
température de surface du piston en saphir salideésalement du film liquide.

En conclusion, une méthodologie a été développae dette thése qui permet d'étudier et de
comprendre les mécanismes de formation de dépidssldahambre de combustion d'un moteur. Cette
méthodologie a ensuite été appliquée pour évalogrdct des propriétés de surface sur les mécanisme
de formation identifiés. Les deux voies de formaiaentifiées dans la littérature ont été étudsgm-
rément. Pour la voie liquide-film, les travaux ombntré que la formation du dép6t par le film liquid
était conditionnée par le taux d'évaporation du fiuide. Le taux d'évaporation dépend de la tempé
rature de la surface du piston et de la quantitéadburant liquide & évaporer. Dans cette étude, la
rugosité de la surface, l'utilisation d'un matérimusurface en silice ou en alumine n'a pas d'impac
significatif sur la formation du dép6t via le chendu film liquide. Pour le chemin de la suie, deux
meécanismes ont été identifiés dans le dépot deidessir la surface. Il s'agit de la thermophoréskie
dép6t inertiel. Selon lintensité de la turbuledems le cylindre et le gradient de température thans
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paroi proche, I'un des deux mécanismes dominerdsedtats montrent qu'une augmentation de la tem-
pérature de surface réduit le dépbt de suie.

b. Perspectives

Une des questions soulevées par la thése estdegsts chimique de formation du dép6t par le
mécanisme du chemin liquide-film. Pour le trajgulde-film, la relation entre le temps d'évaponmatio
et la formation du dépdt a été démontrée. Cependarttavail n'a pas encore établi le processus de
transformation chimique entre les phases liquideoktle. Des mesures en temps réel de ce processus
permettraient de voir I'évolution chimique du cormsiilie liquide vers un dép6t. De telles mesures-pou
raient étre réalisées en laboratoire avec le ditsfoas microcokéfaction pour caractériser chimigemnt
la formation du dépot de référence par la voiddigdilm. Sur la base du constat qu'un piston saypthir
est représentatif d'un piston en aluminium en terdesformation de dép6t par le chemin du film légyi
il serait intéressant d'utiliser des diagnosticBgoies et des pistons transparents dans des corgliti
réelles de moteur dans des travaux futurs poulsein situ la formation de dépdt. Une perspective
importante ouverte par cette thése est de testkadmostic optique par fluorescence induite psera
pour mesurer en temps réel I'évolution de la folonade dépobts sur les parois de la chambre de com-
bustion. Les carburants & essence sont constituésrdaines de composants, dont certains sont fluo-
rescents lorsqu'ils sont éclairés dans l'ultrayjol&is en ce qui concerne les dépbts formés parde
min du film liquide, il n'existe aucune étude coarsurr leurs propriétés de fluorescence. Pour vdbde
mise en ceuvre de cette technique, une étude pnéiiide la fluorescence des dépodts sera nécessaire
Une évolution décroissante de la mesure de liitteds fluorescence depuis la formation d'un fiken d
carburant liquide jusqu'a la formation d'un démdide au cours d'un cycle moteur donnerait desinfo
mations intéressantes sur la vitesse d'évapordtidiim liquide. Inversement, une évolution croistga
de la mesure de l'intensité de fluorescence doitrdea informations quantitatives sur la quantiéé d
dépbt formé sur les parois.
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