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Titre : Développement d’une nouvelle méthode de caractérisation de dépôts haute et basse température sur 
parois métalliques 

Mots clés : dépôts moteurs, moteur essence, injection directe 

Résumé : Dans le cadre de cette thèse, une nouvelle 
méthode est présentée afin d’étudier la formation 
des dépôts dans la chambre de combustion des 
moteurs essences. En effet, le processus de formation 
des dépôts n’est pas bien compris et il n’y a pas ou 
peu d’expériences permettant d’étudier in situ. 
L’objectif de la thèse est donc premièrement de 
proposer une méthodologie afin de comprendre le 
processus de formation des dépôts, et 
deuxièmement de la mettre en application afin 
d’étudier l’impact de différents facteurs sur la 
formation des dépôts. Cette méthodologie est basée 
sur la séparation de deux chemins de formations de 
dépôt : le chemin de formation par un film liquide et 
le chemin de formation par les suies.  
Une première étude est menée avec des expériences 
sont réalisées avec des appareils pour générer des 
dépôts de référence pour chacun des chemins de 
formation de dépôt. Ces dépôts sont analysés par 
microscopie électronique et spectroscopie infra-
rouge et Raman afin de déterminer les propriétés 
physiques et chimiques des dépôts de référence. A 
partir de cette caractérisation, les propriétés iden-
tifiées pour les dépôts de références sont retrouvées 
dans les dépôts formés sur des pistons dans une 
chambre de combustion d’un moteur essence. 
 

La deuxième étude porte sur des essais in situ avec 
l’utilisation d’une caméra rapide afin de de com-
prendre les mécanismes de formation des dépôts. 
De même, elle est basée sur la séparation des che-
mins de formation des dépôts. L’étude des 
mécanismes du chemin de formation du film 
liquide montre que la formation des dépôts est liée 
à 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 dépôt peut se 
former. Pour l’étude des mécanismes du chemin de 
suie, deux mécanismes de transport sont 
responsables du dépôt de suies sur la surface : la 
thermophorèse et la turbulence.  
La dernière étude de la thèse porte sur l’impact de 
la condition de la surface sur la formation des 
dépôts. 
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 dépôt. Le faible impact 
des matériaux transparents sur la formation des 
dépôts pourra rendre possible dans de futures 
études l’utilisation de diagnostics optiques pour 
étudier in situ la formation des dépôts. 
 
 

 

 

  



 

Maison du doctorat de l’Université Paris-Saclay 
2ème étage aile ouest, Ecole normale supérieure Paris-Saclay           
4 avenue des Sciences,  
91190 Gif sur Yvette, France  

 

 

 

 

 

 

 

Title : Development of a novel experimental methodology for characterizing low and high temperature solid, 
fuel-based deposits on metallic walls 

Keywords : engine deposits, gasoline engine, direct injection 

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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Titel : Entwicklung einer neuen experimentellen Methodik zur Charakterisierung von festen, 
brennstoffbasierten Ablagerungen auf metallischen Wänden bei niedrigen und hohen Temperaturen 

Schlüsselwörter : 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 Flüs-
sigfilmbildungspfad und dem Rußbildungspfad.  
In einer ersten Studie wurden Geräten zur Erzeugung 
von Referenzablagerungen für jeden der Abla-
gerungswege durchgeführt. 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 für 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 
ähnlicher Weise basiert es auf der Trennung der 
Ablagerungswege. Die Untersuchung der Mecha-
nismen des Weges der Flüssigkeitsfilmbildung 
zeigt, dass die Ablagerungsbildung mit der Lebens-
dauer des Flüssigkeitsfilms auf der 
Kolbenoberfläche zusammenhängt: Durch 
langsames Verdamp-fen bleibt der Flüssigkeitsfilm 
lange Zeit auf der Oberfläche und die Ablagerung 
kann sich bilden. Für die Untersuchung der 
Mechanismen des Rußpfades sind zwei 
Transportmechanismen für die Ablagerung von 
Ruß auf der Oberfläche verantwortlich: 
Thermophorese und Turbulenz.  
Der letzte Aspekt der Arbeit befasst sich mit dem 
Einfluss der Oberflächenbeschaffenheit auf die 
Bildung von Ablagerungen. Die untersuchten 
Bedingungen sind Oberflächentemperatur, 
Rauigkeit und transparente Materialien. Nur die 
Oberflächentemperatur hat einen signifikanten 
Einfluss auf die Menge der Ablagerung. Der 
geringe Einfluss transparenter Materialien auf die 
Ablagerungsbil-dung könnte es in zukünftigen 
Studien ermöglichen, die Ablagerungsbildung in 
situ mithilfe opti-scher Diagnostik zu untersuchen.  
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1 INTRODUCTION 

1.1 Motivation 

As an example of the actions needed to mitigate the effect of greenhouse gas emissions on global warm-
ing, the EU has recently launched ambitious targets to reduce CO2 emissions by at least 55% by 2030 
compared to 1990 [1]. A quarter of Europe's greenhouse gas (GHG) emissions has their origin from the 
transport sector and, in 2014, the EU has indicated that road transport alone accounts for more than 70% 
of all GHG emissions of the overall transportation sector [2]. Given this data, the transportation industry 
is committed to the continued reduction of all possible sources of GHG such as CO2, NOX, and N2O. In 
this context, automobile manufacturers have developed new engine technologies to reduce fuel con-
sumption, GHG, and pollutants emissions including new engine designs (e.g. downsizing), and new 
injection strategies (e.g. gasoline direct injection, multi-pilot injections). Despite their advantages, these 
new technologies have created significant constraints for fuels, namely operating conditions under high 
pressure and temperature [3–5]. In parallel with the advances in engine technology, the fuels’ suppliers 
have also developed new fuel formulations and introduced a larger variety of biofuels in the market. 
Biofuels have a chemical composition and physical properties that, while complying with international 
fuel quality standards, may have chemical and physical differences from conventional fossil fuels [6, 7]. 
Both trends, new engine technology and new (bio)fuels, have been pointed out as the major source of 
deposits observed in different parts of the engines such as combustion chamber, injector holes, valves, 
and pumps [8, 9]. In spark-ignition engines, the deposits observed in the combustion chamber is prob-
lematic since it can form an insulating layer on the walls of the combustion chamber [10, 11]. This will 
increase the temperature locally and lead to unwanted combustion, thus degrading the engine perfor-
mance. In addition, the deposits can also adsorb unburned hydrocarbons (uHC) and release them during 
the expansion phase, and so increasing GHG and pollutant emissions [12]. The use of additives antiox-
idants and/or detergents in fuels are some of the strategies adopted by the industrials to eliminate or, at 
least, to reduce the deposits formed in combustion chambers. But additives are prone to chemical and 
thermal degradation in the fuel system, which can make them ineffective or even contribute to deposits 
formation [13]. Therefore, other solutions must be addressed. For this, it is necessary to understand the 
mechanisms and the main parameters leading to deposits formation. 

Many studies are available on the formation of deposits in the fuel system of vehicles (e.g., tank, fuel 
lines, injector, and holes) [14–17]. However, the deposits formation process at these locations is not 
representative of combustion chamber conditions in terms of pressure, temperature, and soot presence. 
The literature available about deposits in combustion chambers are mainly focused on ex-situ deposits 
analysis and aiming to determine their chemical composition [18]. These ex-situ studies have shown 
that the formation of deposits is a complex process that presents different physical and chemical char-
acteristics depending on the operating conditions such as the injection time [19]. The deposits obtained 
is formed rather by the contribution of soot, by the contribution of liquid fuel, or rather by the contribu-
tion of engine oil [20, 21]. Nonetheless, the parameters that play a role in the mechanisms of deposits 
formation are still poorly understood, in particular, the synergy that could exist between fuel injection 
and soot formation on the deposits observed on pistons and combustion chamber walls. Moreover, the 
formation of deposits in a real engine is a long process. Thus, ex-situ chemical characterizations of the 
deposits require a large sample mass and thus long engine experiments (~100h). These industrial pro-
cesses of deposits formation in real engines are mostly used to evaluate the properties of fuels to form 
deposits but are not used to perform fundamental studies on their formation mechanisms. There is no 
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established experimental methodology to study the mechanisms 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 a methodology and use it to provide a better understanding 
of the deposits formation process. The methodology is based on laboratory controlled reference deposits 
that reproduce the engine deposits from liquid-film and soot. The impact of engine oil in the formation 
of deposits is not considered in this work. The data from the physicochemical characterization of these 
reference deposits allow the identification of the engine parameters promoting the formation of engine 
deposits related to the liquid-film path or the soot path. This methodology is then applied to the under-
standing of deposits formation mechanisms throughout the engine cycles for the liquid-film path and 
the soot path. The work is performed in single-cylinder direct injection research engines with optical 
access. The characterizations of the deposits is performed using ex-situ analysis such as electronic mi-
croscopy and in-situ diagnostics such as direct visualization by a high-speed camera.  

The manuscript first presents a review of the literature on the existence of deposits in the combustion 
chamber of spark-ignition engines (Chapter 2). The experimental means are then described in a third 
chapter with the presentation of the deposits formation devices and the ex-situ and in-situ analysis tech-
niques used. Chapter 4 introduces the new methodology for studying engine deposits based on the for-
mation of reference deposits. Chapter 5 describes the in-situ investigation of engine deposits formation 
mechanisms for the liquid-film path and the soot path. From two engine experiments, different possible 
scenarios of the deposits formation mechanisms are presented. The last chapter (Chapter 6) of this thesis 
is devoted to the study of the effect of different engine parameters on deposits formation.  
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2 DEPOSITS IN SPARK IGNITION ENGINES  

This chapter aims to present the state of the art in understanding the formation of deposits in the com-
bustion chamber of gasoline engines. The idea is to determine the properties and characteristics of the 
deposits as well as to identify the relevant analytical techniques to study the mechanisms of deposits 
formation. There is a lot of research published on deposits in Diesel engines but significantly less on 
gasoline engines. For this reason, some sections of this chapter are based on Diesel engine cases. First, 
the location and consequences of deposits formation within the combustion chamber are presented. The 
objective is to determine, which parts of the combustion chamber are the most critical and will be the 
focus of this thesis. Second, different existing assumptions of deposits formation mechanisms are ex-
plained. Third, the factors leading to the formation of deposits, such as fuel properties, surface temper-
ature, and engine operating parameters, are identified, and fourthly, the chemical and physical properties 
of the deposits, such as morphology or chemical composition, are identified.  

Many additional studies on deposits formation resulted from petrochemistry research, mostly in the con-
text of effects that are relevant during fuel storage, and distribution in tanks and pipes. One important 
aspect of this thesis is to translate methodological approaches 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 is refined and stored before being distributed to petrol 
stations. During this storage phase, the refined fuel will start to degrade slowly. This degradation is due 
to autoxidation reactions that occur in three different stages [22]. Autoxidation designates the degrada-
tion of organic compounds at low temperatures (<300 °C) in the presence of oxygen. The first stage of 
this phenomena is the initiation phase that corresponds to the abstraction of hydrogen atoms from the 
hydrocarbon compounds and the formation of free radicals. This initiation is sensitive to temperature, 
the presence of oxygen or impurities in the fuel, the specific fuel composition, especially the presence 
of unsaturated compounds. The second step called propagation corresponds to the formation of hydro-
peroxides that then further react towards oxidation products. The last stage is the termination, where 
free radicals recombine to form stable oxidation products corresponding to deposits. During storage in 
the distribution system, autoxidation is rather slow because the fuel is stored in a controlled environment. 
Once the fuel is brought to a vehicle tank, autoxidation reactions are faster because the fuel is subjected 
to the variable ambient environment. Also, during vehicle operation, fuel flows through the fuel system 
where pressure and temperature are higher than in the tank, increasing autoxidation reactions and a faster 
formation of the deposits than for the storage. Figure 1 shows the dependence of jet fuel oxidation to 
temperature [23]. A similar degradation is observed for any product containing hydrocarbons. It can be 
seen oxidation increases above 150 °C.  
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Figure 1: Jet fuel thermal degradation temperature range [23]. 

 
Above 400 °C, a different thermal degradation mechanism takes place, which is pyrolysis. In engine 
applications, this process is more likely to occur in or near the combustion chamber, where the temper-
ature is much higher due to combustion. However, the mechanisms taking place inside the combustion 
chamber are not clear and are the subject of this thesis. Figure 2 summarizes the various existing inter-
actions from storage to vehicle operation. The deposits resulting from autoxidation can cause different 
failure events: They can clog the fuel filter, the fuel pump, and the return rail leading to failures of the 
fuel system. 

 

 
Figure 2: Various interactions between the fuel and its environment, from the refining industry  

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

2.2.1 Injector nozzle 

Deposits can form inside the injection holes and on the nozzle surfaces as shown in Figure 3 [24]. The 
deposits can clog the injector holes, potentially changing the spray pattern resulting in larger droplets 
and thus poorer mixture formation [25, 26]. This deterioration of the spray pattern has several conse-
quences on combustion behavior. It can contribute to the formation of rich zones in the fuel/air mixture 
that promotes knocking or pre-ignition [25]. The inhomogeneous fuel/air mixture can also increase un-
burned hydrocarbon and CO emissions. By modifying the shape of the spray pattern, the spray angle 
can be reduced, and the penetration of the spray can be increased, which promotes wetting of the walls 
and leads to emissions of particulates and hydrocarbons [26]. 

 

Figure 3: Example of deposit on injector tip from a gasoline engine [24] 

A possible mechanism explaining the formation of deposits on the injector nozzle has been proposed by 
Caprotti et al [27]. This mechanism is described in four steps. First, after the nozzle is closed after the 
injector has delivered fuel, residual liquid fuel may remain stored in the injection holes. Second, this 
fuel expands during the expansion stroke and causes a film of liquid fuel to form at the injector nozzle. 
Third, the high temperature of the nozzle surface induces evaporation of the more volatile fuel compo-
nents. The heavier fraction of the fuel remains in the nozzle and fuel degradation occurs, resulting in 
sticky deposits. Fourth, soot, unburned hydrocarbons, and lubricant components accumulate on the sur-
face of the deposit. After each nozzle closure, the process starts again, and the deposit develops on the 
injector nozzle [28]. 

2.2.2 Spark plug 

Deposits can also form at the spark plug. The deposits that may contain elemental carbon, can act as an 
electrical conductor and thus change the spark discharge characteristics. The change in spark discharge 
characteristics can cause degradation of combustion initiation, misfiring, and short circuits [29]. Figure 
4 shows an example of a deposit formed on the spark plug in the form of carbon filaments. Spark-plug 
deposits may form when the engine is started, regardless of the ambient temperature. When the vehicle 
is operated in a warm or temperate climate, the spark plug reaches a self-cleaning temperature of ap-
proximately 400°C where the deposit burns off and is no longer a problem. The formation of deposits 
on the spark plug is, therefore, more problematic in cold climates with extended warm-up times, which 
can lead to a build-up of deposits [30]. In this case, one of the solutions to limit ignition failures due to 
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deposit formation on the spark plug is the application of high voltage to the spark plug when misfiring 
is detected [29, 31]. To avoid melting the center electrode with the high voltage, automobile manufac-
turers now use precious metals such as nickel, platinum, or iridium for the center electrode to increase 
the service life and improve the ignition efficacy of spark plugs [32]. 

 
Figure 4: Sketch and photo of a spark plug with fouling caused by carbon filaments [29]. 

2.2.3 Intake valves 

Intake valves can also suffer from deposit formation. Figure 5 compares a clean intake valve to a dirty 

valve recovered from a spark-ignition gasoline engine with a port fuel injector [33]. Deposits on intake 
valves mainly affect gasoline engines operating with a port fuel injection system. This is related to the 
position of the intake valve with the fuel injection system. Fuel can wet the rear side of the intake valve, 
which contributes to the formation of deposits. Deposits on the intake valves can change the gas flow 
into the engine, which affects the mixture formation inside the combustion chamber and leads to a re-
duction in engine power [34]. To remedy these deposits, fuels with detergent additives are generally 
used [35]. 

 
Figure 5: Comparison of a clean intake valve and a fouled intake valve [33]. 

2.2.4 Combustion chamber walls 

Deposits can also form on the combustion chamber wall: The piston top in Figure 6, the cylinder liner 
and head cylinder in Figure 7 [36]. Because deposits can be porous, they can absorb unburned hydro-
carbons and particulate matter and then release them during the expansion stroke contributing to in-
creased emissions of unburned hydrocarbons and particulate matter [12, 37]. 
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40 km/h (50h) 70 km/h (50h) 140 km/h (50h) 

Figure 6: Piston deposits formed after 50 h for different operating conditions  
in a direct-injection spark-ignition engine [36]. 

 
Figure 7: Enlarged image of cylinder-head deposits [38]. 

Figure 8 illustrates the effect of combustion chamber deposits on the increase of unburned hydrocarbon 
emissions from the exhaust of a four-cylinder spark-ignition engine [39]. These emissions were meas-
ured using a rapid-response flame ionization detector at the exhaust valves during the exhaust phase of 
the combustion cycle. The red and blue curves correspond respectively to the emissions measured with 
a clean engine and an engine with deposits after 60 hours of engine operation. The comparison only 
covers the two peaks around 540 and 645°CA. The authors attributed the increase in unburned hydro-
carbon emissions to the desorption of fuel in the deposits that were previously absorbed by the deposits. 
Another consequence related to the formation of deposits on the combustion chamber walls is the re-
duction of the heat flux through the combustion chamber wall due to the insulating thermal properties 
of the deposits. This leads to an increase in the temperature of the gases in the chamber and thus to an 
increase in NOx emissions [28]. 
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Figure 8: Comparison of unburned hydrocarbon emissions with and without  

combustion chamber deposits (CCD) [39]. 

The thermal properties of deposits on combustion chamber walls can also lead to surface ignition [10, 
11, 40]. Surface ignition corresponds to auto-ignition of a fuel/air charge due to hot spots, here caused 
by the high temperature of the deposit layer. This effect leads to an increase in the required octane 
number [41]. Hosogi et al. have studied the effect of carbon deposition on knocking by implementing a 
method that enabled the generation of deposits with controlled thickness. A deposit with a thickness of 
about 150 µm was formed on the walls of the combustion chamber using an oil drip device mounted on 
the intake manifold of a gasoline engine. The authors were able to attribute low-speed pre-ignition phe-
nomena (LSPI) to the presence of deposits in a small super-charged gasoline engine. The mechanism 
involved in LSPI by deposition is as follows: The deposits that are formed in the combustion process 
can lift off and wander within the combustion chamber. During combustion, the temperature rises, and 
the deposit begins to oxidize. If the deposits are not fully oxidized, they may remain incandescent until 
the next cycle (Figure 9) and then ignite the mixture [42]. 

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

2.2.5 Conclusions on the location and consequences of engine deposits  

The main consequence of in-cylinder deposits are combustion degradation. It can affect the fuel/air 
mixture by altering the pattern of the injector nozzle holes and by disrupting the airflow during intake 
due to deposits on the intake valves. Its thermal properties can also create hot zones leading to auto-
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ignition. Deposits can also cause ignition failures by altering the spark characteristics. All these conse-
quences on combustion can damage the engine, increase fuel consumption, and pollutant emission. 
Therefore, it is important to understand how deposits form to avoid or limit their formation. 

2.3 Deposits formation hypotheses 

2.3.1 Deposits mechanisms  

The mechanisms of deposits formation in gasoline engines are poorly documented. There are two main 
mechanisms of deposist formation described in literature.  

In 1993, Lepperhoff and Houben proposed a two-phase deposits formation mechanism [25]. The first 
phase is the induction phase that corresponds to the formation of a liquid fuel film due to the condensa-
tion of high-boiling hydrocarbons on the combustion chamber walls. Soot particles formed during com-
bustion can then be trapped in this thin layer. The liquid film and the trapped particles constitute the first 
layer in contact with the walls of the combustion chamber. The second phase, called the growth phase, 
corresponds to the development of deposits formed by the aggregation of particles and the condensation 
of the fuel. During these two phases, additional chemical reactions take place in the deposits, such as 
pyrolysis or polymerization due to the high temperature of the combustion chamber walls and the long 
residence time of the deposits. 

Daly et al. proposed a five-step mechanism involving the formation of two deposition zones as shown 
in Figure 10 [43]. The first step is the initiation of deposits formation corresponding to the condensation 
of oil and fuel on the walls of the combustion chamber forming a liquid film. The second step corre-
sponds to reactions between the molecules inside the liquid film leading to the formation of a lacquer-
like deposit. These reactions lead to condensation reactions of the oxidation products and addition/sub-
stitution reactions lead to the polymerization of the heaviest (mostly the aromatic) fuel compounds [44]. 
The third step is the thermal degradation of the surface of the deposits due to combustion. These 3 steps 

describe the formation of the Zone 2 deposits in Figure 10. The fourth step corresponds to the initiation 

of zone 1 deposits, which repeats the previous steps and corresponds to the growth of the deposits. The 
fifth step is the steady-state phase of the deposit, which reaches a limiting thickness due to the opposition 
of the formation and removal mechanisms. 

The observation of a limiting thickness of the deposits has been documented in the literature [19, 43, 
45]. Lepperhoff and Houben propose three different mechanisms leading to the removal of deposits [20]. 
The first mechanism leading to the removal of the deposits is physical. It is the evaporation and desorp-
tion of volatile components present on the surface of the deposits when the temperature rises or the 
mechanical washing of the deposits by the liquid fuel. The second mechanism, described as mechanical 
by the authors, corresponds to the abrasion of the deposits by aerodynamic forces. It also corresponds 
to the rupture of the deposits by shear forces induced by temperature differences in the deposits. The 
third mechanism of deposits removal is chemical. In this case, hot gases or hot walls of the combustion 
chamber under an oxygen-rich atmosphere contribute to oxidizing the soot and hydrocarbons contained 
in the deposits at 200 and 500 °C, respectively. 
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Figure 10: Proposed mechanism for combustion chamber deposits formation [43]. 

The previous mechanisms consist of a temporal description of the deposits formation process. Two im-
portant factors in the formation of the deposits were identified: the formation of a liquid film due to the 
condensation of the fuel and the deposition of soot on the walls of the combustion chamber. Here, these 
processes are presented by splitting the mechanisms of deposits 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 mechanism has two main steps: The formation of a liquid film 
on the combustion chamber wall and its thermal degradation leading to a solid deposit. The first step is 
important because it initiates the formation of the deposit. The liquid film can form in two different 
ways: First, the liquid film can be formed simply by the condensation of the heaviest fuel components 
[46]. Second, spray impact on the combustion chamber wall (usually the liner or piston) can lead to the 
formation of liquid films. Its formation rate and its lifetime depends on several parameters such as in-
jection pressure, injection phase, duration, and wall temperature [47]. During the last step, thermal deg-
radation and reactions lead to the formation of a solid deposit. 

2.3.3 Soot-path mechanism 

The soot-path mechanism corresponds to the deposition of soot on the combustion chamber wall. Sev-
eral authors in literature focused their work on the wall deposition of small particles in an engine. Thus, 
thermophoresis was identified as a phenomena possibly leading to soot deposition [48–50]. Thermo-
phoresis is a  transport mechanism that occurs in a temperature gradient [51]. In the warm regions, the 
particles are subject to collisions more frequently than in the cold regions. The disparity in momentum 
induces a thermophoresis force that causes the particles to move towards the cold surface (Figure 11). 

 

 

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

Inertial deposition explains the deposition of particles from gas stream. Close to walls, the gas can un-
dergo acceleration that change the direction of the flow. Depending on the shape and diameter of the 
particles, their velocity may be different from that of the gas. This critical velocity is called exhaust 
velocity and may cause the particle not to follow the new direction of the gas flow. Two cases are 
depending on the type of flow. On one hand, in a laminar flow, the formation of an exhaust velocity 
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may be due to the presence of an obstacle or the deflection of the flow line, such as a curved pipe for 
example. On the other hand, in case of turbulence, the particles will follow the turbulent vortices, and 
depending on the particles characteristics (size, weight), they can be ejected from the vortices [52]. In 
both cases, the presence of a solid surface in front of the flow can lead to a deposition if the inertia of 
the particles is important, as shown in Figure 12 (case 1: impact). Two other mechanisms are shown in 
Figure 12 also exist. These are diffusion (case 2), which occurs when the mass of the particles is very 
low, and Brownian motion controls the trajectory of the particles [53]. As a result, the particles move 
randomly and may encounter an obstacle and settle on it. The second case is sedimentation, which is the 
result of the action of the force of gravity on heavy particles. 

 
Figure 12: Schematics of the formation of deposits for a 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 deposits formation [54, 55]. It has been shown that 
increasing the number of alkyl substituents in aromatics promotes deposits formation in the combustion 
chamber [19, 56]. Cheng measured an increase in the mass of the deposits formed on the cylinder as the 
length of the alkyl chains attached to the benzene ring of the fuel increased [19]. The author attributed 
this increase to the high boiling point of long-chain alkyl substituted aromatics. In the same study, Cheng 
investigated the effect of increased alkyl chain locations on the benzene ring and showed that there is 
also a correlation between the boiling point of the molecules and the mass of the deposits formed. Ac-
cording to the work of Uehara et al., the high-boiling compounds do not evaporate in the combustion 
chamber and form a liquid film layer on the wall leading to deposits formation [56]. 

Olefins can act as boosters for deposits formation [55, 56]. Due to their low thermal stability they can 
contribute to deposits formation at low temperature by autoxidation and at high temperature by pyroly-
sis.  

Oxygenates: The removal of additives such as lead from gasoline has led to the use of oxygenated com-
pounds to increase the octane number. Compounds such as ethanol, methyl tert-butyl ether (MTBE), 
ethyl tert-butyl ether (ETBE), or tert-amyl methyl ether (TAME) are now used. Experiments have been 
carried out to determine the effect of oxygenated compounds on the formation of deposits in injectors. 
Ashida et al. experimented the effect of various fuels with oxygenates such as MTBE and ethanol on 
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the loss of injector fuel flow attributed to deposits formation. They found that their effect was not sig-
nificant because mixtures of MTBE (fuel 9) and ethanol (fuel 10) had little deposition compared to fuel 
2, which contained no oxygenates but alkylates (Figure 13) 1 [54]. 

 
Figure 13: Effect of oxygenated compound in fuel flow of injector nozzle [54]. 

Studies have shown that increasing the concentration of ethanol in gasoline results in reduced deposits 
on the injector nozzle [10, 57, 58]. Figure 14 illustrates this effect where different photos of the spray 
pattern, injector nozzle, and nozzle holes were taken after a 10-hour direct injection experiment for 
different ethanol content in gasoline [57]. Without ethanol (E0), deposits appear to cover almost the 
entire nozzle hole. As the concentration of ethanol increases, the presence of deposits decreases. There 
are almost no deposits with 100 % ethanol (E100). The authors attribute this effect to lower sulfur and 
aromatic content as the fuel contains more ethanol. 

 
Figure 14: Comparison of spray shapes, nozzles, and nozzle holes after a 10-h durability experiment  

using various ethanol blends [57]. 

Octane boosters: Fuel additives can also lead to the formation of deposits. Nagano et al. investigated the 
effect of three additives on deposits formation: 4-tert-butyltoluene (TBT), n-methyl-aniline (NMA), and 
2-methyl-1,5-pentanediamine (MPD) [13]. Their role is to increase the octane number of the fuel.  To 
study the trend of these additives to contribute to deposits formation, experiments were carried out in a 
spark-ignition engine. The results show that the deposits layer formed from TBT and NMA mixtures is 
four times thicker than the deposits formed from the base fuel. Figure 15 shows that the deposits are 

                                                      
1 Alkylate: Substance with additional alkyl groups  
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visually darker when additives are used, especially with the MPD mixture, which has a black deposit 
covering the entire surface. The engine experiment with this MPD mixture had to be stopped because it 
caused the piston rings to stick together in a very short time. The author hypothesized that polar sub-
stances due to the presence of amino groups in the additives led to increased deposits formation. It is 
also important to note that all three additives have high boiling points: this was also observed in Cheng’s 
work on the negative effects of high-boiling substances on deposits [19]. 

 
Figure 15: Comparison of deposits at the injector and on the piston for various octane-boosting additives [13]. 

Detergents: Some detergents can prevent or limit the formation of deposits but can also contribute to 
their formation if incorrectly dosed [54, 56, 59]. Polyisobutylene amine (PIBA) prevents the formation 
of deposits in the injector, but its dosage should be limited as it may contribute to the formation of 
deposits in the combustion chamber [54]. The work of Ramadhas et al. shows the impact of detergents 
on deposits in the combustion chamber [56]. In engine experiments, they found that the minimum de-
posits mass was obtained with fuel without additives compared to fuel with detergents. According to the 
authors, these detergents are sensitive to high temperatures in the combustion chamber and decompose, 
contributing to fuel degradation and deposits formation. 

2.4.2 Fuel and additives and components in Diesel fuel  

Fatty acid methyl esters (FAME) are derived from the transesterification of fatty acids from vegetable 
oil and are used as a bio-Diesel fuel. FAME can oxidize due to various factors and can lead to the 
formation of deposits in the fuel system. Their role in the formation of deposits in the combustion cham-
ber has not yet been shown. However, studies have shown a greater presence of deposits at the nose of 
the injector when using biodiesel. Autoxidation is supported by the presence of unsaturated bonds, their 
location, the presence of metals or other trace elements that could act as oxidation initiators [60], tem-
perature, dissolved oxygen in the liquid fuel [8], soak time, and evaporation temperature [61, 62]. Sev-
eral authors have pointed out that FAME films in the fuel system have a longer lifetime, resulting in a 
stronger coking effect [8, 63–65]. FAME may also contain impurities such as metals or glyceride gen-
erated during refining and lead to the formation of deposits [61]. Biodiesel fuels are also more sensitive 
to oxidation stability and may form sediments when fuel aging products polymerize [61, 66]. 
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2.4.3 Fuel impurities 

Metals and insoluble salts: Research has shown that zinc contributes to the formation of deposits on 
injector nozzles, but the mechanism involved is unknown [67–70]. It is present in additives to improve 
lubrication such as anti-wear, corrosion inhibition, and anti-oxidation. Figure 16 illustrates the effect of 
zinc on the formation of deposits on the injector nozzle [71]. Three levels of zinc were experimented 
with a diesel engine operating at full load at 1200 rpm for 6 h. The higher the zinc content, the greater 
the loss of fuel flow. The loss of fuel flow is due to the formation of deposits that block the holes in the 
injector nozzle. The presence of zinc in lubricating oil also contributes to the formation of deposits in 
the combustion chamber [72].   

 

  
Figure 16: Effect of zinc concentration on injector deposits formation in a base fuel  

with 10% rapeseed methyl ester (B10) [71].  

Other elements, such as copper, calcium, or iron also accelerate the formation of deposits on the injector 
nozzle [71]. Metallic elements from lubricants, additives, or fuel impurities such as Fe, Ca, Mg, Na, and 
K and insoluble salts have been found in the composition of injector deposits, but the mechanisms in-
volved in the formation of deposits are not well identified [55]. 

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

2.4.4 Lubricant oil 

Studies determining the composition of the deposits formed in the piston grooves of a Diesel engine 
show that the deposits originate from the thermal degradation of the lubricant. They found that temper-
ature and metals in the oil influence oil degradation [73]. Calcium present in lubricating oil has also 
been found in the deposits and is therefore assumed to be involved in the process of deposits formation 
[74]. 

2.4.5 Surface temperature 

The temperature of the combustion chamber wall surface is an important factor in the formation of 
deposits. The work of Nakic et al. has established a relationship between the amount of deposits formed 
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on the cylinder surface and its temperature. They raised the surface temperature of the piston (using a 
ceramic wafer) and observed that the thickness of the deposits decreased. (Figure 17) [75]. They also 
noticed that the morphology and composition of the deposits strongly depends on the temperature. 

 
Figure 17: Dependence of the average deposits thickness on the piston temperature [75]. 

Cheng’s work has also shown the effect of surface temperature on the mass of deposits formed on four 
sampling probes using a dedicated petrol engine (Figure 19a) [19]. To study the effect of surface tem-
perature he made the temperature of the coolant from 20 to 95 °C. After each experiment, he weighed 
the deposits formed on the sample probes. He found that the weight of the deposits decreased with the 
temperature of the coolant (Figure 19b). Assuming that the coolant only affects the wall surface temper-
ature, they concluded that a higher surface temperature reduces deposits formation by limiting the for-
mation of liquid films through condensation. 

 
Figure 18: (a) Schematics of an engine insert for holding the sampling probes. (b) Effect of the cooling water 

temperature on the weight of the deposits at four sampling locations [19]. 

To study the effect of surface temperature on deposits formation in a non-combustion environment, 
Furuhata et al. set up an experiment to investigate the deposits-forming processes of a liquid fuel on a 
hot plate [76]. They observed that the amount of mass deposition decreases with increasing temperature 
(Figure 19). The authors showed that there is a strong correlation between the amount of deposits formed 
and the amount of liquid fuel evaporated from the plate. They also studied the effect of plate roughness 
on the deposits and found fewer deposits formed on a smooth plate. This result shows that surface con-
ditions can have an impact on the formation of deposits. 
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Figure 19: Diesel fuel deposits formed on heated aluminum alloy plates. (a) Rough plate (b) smooth plate [76]. 

Arifin’s thesis work also focused on the effect of surface temperature on a liquid fuel film using a hot 
plate [64]. To clarify the observations of Furuhata et al., he found that the formation of deposits is min-
imal when the plate is close to the temperature corresponding to the shortest fuel evaporation time. 
According to Furuhata et al., in the combustion chamber of an engine, the deposits formed from a fuel 
film also undergoes significant carbonization due to the 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 ratio φ has a significant effect on combustion chamber deposits. Cheng studied 

the effect of φ on combustion chamber deposits in a single-cylinder spark-ignition engine [19]. He re-
covered and weighed at the end of each 2-h experiment the deposits formed on the four probes samples 

positioned in the cylinder. The minimum mass of deposits was obtained for φ  = 1.1 while it increases 

when φ was greater or less than 1.1 (Figure 20). For rich mixtures, he observed that the deposits are 
mainly black in color and mainly consisted of carbon. He assumed that deposits formed under fuel-rich 
conditions are related to the formation of soot. For fuel-lean mixtures, the mechanism is not well iden-
tified. Cheng supposes that low gas temperatures and the oxygen concentration have an impact on the 
formation of the deposits. The work of Noma et al. also underlined that the minimum mass of deposits 
is obtained under stoichiometric conditions [36]. 

 

Figure 20: Effect of the fuel/air equivalent ratio φ  on deposits formation at four sampling locations [19]. 
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Spark advance: Cheng studied the influence of spark advance on the mass of deposits formed in a re-
search gasoline engine (Figure 21) [19]. He placed four sampling probes at different locations in the 
cylinder and measured the deposits mass formed after each experiment (Figure 18a). He found that the 
spark advance had a limited impact on the mass of the deposits formed. However, he observes an effect 
of the location of the sampling probes on the mass of the deposits formed. The maximum deposits mass 
was obtained for sampling probes located near the exhaust and the minimum deposits mass was obtained 
for sampling probes located near the ignition zone. The authors assume that it is the gas phase that is 
involved in the formation of the deposits by influencing the condensation of liquid fuel: Probes located 
near the ignition zone are subject to high gas temperatures that will limit fuel condensation on the wall; 
probes located on the exhaust side are exposed to lower surface temperatures and therefore to a higher 
risk of fuel condensation. 

 
Figure 21: Effect of spark advance on deposits formation at four sampling sites [19]. 

Engine load: Cheng also studied the effect of manifold pressure using the same sampling method [19]. 
By increasing the inlet pressure by 0.4 and 0.65 bar the mass of the deposits decreases (Figure 22). When 
the manifold pressure reaches 0.65 bar, the weight of the deposits increases. He does not explain these 
observations. 

 

Figure 22: Effect of manifold pressure on deposits formation at four sampling sites [19]. 

The engine load also has an impact on the formation of deposits in the combustion chamber [19, 77]. 
Oh et al. conducted experiments with a gasoline engine for 75 h at different loads. They alternated high 
and low engine loads at different frequencies. As the engine load increases, the mass of deposits de-
creases relative to low engine load conditions (Figure 23). Their interpretation of these results is that the 
temperature is higher with high load and leads to thermal decomposition of the deposits. 
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Figure 23: Mass of combustion chamber deposits (piston top and cylinder head)  

for various engine load conditions [77]. 

Exhaust gas recirculation (EGR) is a strategy of redirecting part of the exhaust gases to the intake man-
ifold. It reduces NOx emissions by diluting the fresh gas, thereby reducing the combustion temperature. 
This strategy is commonly used for diesel engines and is beginning to be studied for spark-ignition 
engines. Singh et al. investigated the influence of EGR on deposits formation in an air-cooled, direct-
injection, two-cylinder Diesel engine [78]. Figure 24 compares photos of the piston and cylinder head 
surfaces 25 % EGR and without EGR operation. The difference is noticeable, there is a black layer 
covering the entire piston surface in the case with 25 % EGR as opposed to the case without EGR. EGR, 
therefore, contributes to the formation of deposits by increasing the amount of soot settling on the walls 
of the combustion chamber. Due to the dilution of the fresh gas by the exhaust gas, the temperature 
inside the combustion chamber decreases. This decrease in temperature reduces the oxidation of the soot 
and thus increases the amount of soot deposited on the walls of the combustion chamber. 

 
Figure 24: Soot deposit on the piston (top) and the cylinder 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 identify the properties of the deposits as a function of their 
location in the combustion chamber and engine operating parameters. Another objective is to identify 
the techniques used to characterize the deposits properties. The most interesting techniques for thesis 
work are discussed in the conclusion of this section. 

2.5.1 Deposits structure 

2.5.1.1 Macroscopic structure 

The first interesting feature of the deposits is that they can have a different color according to different 
parameters [19]. For example, Cheng observed that when the fuel/air equivalence ratio is higher than 
1.3, the deposits have a black color (Figure 25). Below this value, the deposits are yellow or brown. 
According to the same study, the cooling temperature also influences the color: The deposits are black 
for a temperature below 50°C and above 50°C, the deposit tends more towards brown. Cheng also noted 
a change in color depending on the manifold pressure. The deposits turn brown to black as the manifold 
pressure increases from 43.5 to 84.5 kPa. This interesting property may indicate a particular formation 
process that will lead to a black or lighter color. These engine parameters are not the only ones that 
influence the color of the deposits, additives can also change the color of the deposits [38, 79]. Figure 
26 shows the deposits formed on a cylinder head of a spark ignition direct injection engine running on 
two different fuels. The presence of additives changes the color of the deposits, which have white areas. 

 

 
Figure 25: Samples from different locations in the cylinder for different fuel/air ratios [19]. 

Different surface conditions of the deposits were observed. They can have a shiny appearance when the 
combustion chamber wall temperature is low [19]. This appearance is attributed to a liquid state of the 



31 
 

deposits due to the slow evaporation of the liquid fuel. Diaby et al. also observed an oily appearance of 
the deposit attributed to a high volatile organic content composition [21]. Conversely, they observed 
dry-looking deposits corresponding to a low volatile organic matter content. The deposits may have 
cracks resulting from exposure to high temperatures, as shown in Figure 26b. The deposits may also be 

subject to spalling, as shown in Figure 27 [80]. The authors attributed the spalling to increased valve 

leakage ratings and engine starting problems. 

 
Figure 26: Enlarged image of cylinder-head deposits after operation with base fuel and additive-containing fuel 

[38]. 

 
Figure 27: Piston with deposits flaking [80]. 

2.5.1.2 Microscopic structure 

There are few studies that determine the deposits morphology and those existing focus mainly on injec-
tor nozzle deposits. However, these studies have revealed several types of morphologies depending on 
the engine operating parameters. This section classifies these morphologies into three categories: liquid 
and sooty, which have already been defined by Cheng, and smooth [19]. 

Liquid-like appearance: The liquid-like appearance corresponds to the observation of a spherical struc-
ture that can turn into a droplet when the cooling temperature decreases [19]. This morphology seems 
to also depend on the fuel composition as it appears when detergent additives are used. 
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Soot-like appearance: The deposits may have a soot-like morphology corresponding to the observation 
of a black deposit [19]. This morphology appears for a rich mixture when a lot of soot is formed. This 
is confirmed by the observation of aggregates of spherical particles typical of soot on injector nozzles 
(Figure 28) [12, 81, 82]. Another hypothesis put forward is that the spherical deposits are formed in the 
liquid phase, then deposited on the tip and finally aggregated into a dense cluster [19, 61, 82]. 

 
Figure 28: Field-emission scanning electron microscopy (FESEM) of deposits formed on a high-pressure  

injector nozzle [82]. 

Smooth appearance: Esaki observed a flat deposits morphology formed on the inlet valve [83]. 
Rounthwaite also described a smooth, flat layer morphology observed on deposits formed inside a diesel 
injector nozzle hole [84]. Figure 29 is an electron micrograph of the deposits formed on the first ring of 
a piston [21]. The deposits have a flat surface with some cracks. This morphology is attributed to the 
mechanical polishing of the moving ring. 

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

To determine the structure of the deposits, Nagano carried out a transverse observation of the deposits 
formed on a piston [13]. Different layers are observed on the deposits by scanning electron microscopy 
(SEM, Figure 30a). This observation supports the theory of layer deposition formation developed by 
Lepperhoff and Daly. Elemental analysis by Electron Dispersive X-ray Spectroscopy (EDX) (Figure 
30b) of the same study shows that the deposits originates from oil, fuel, and soot. 
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Figure 30: (a) SEM image of the cross-section of deposits from the piston surface 

(b) EDX spectrum at three locations marked in (a) [13]. 

2.5.1.3 Porosity 

Deposits porosity studies provide information on the ability of deposits to absorb fuel during the intake 
stroke and release it during the exhaust stroke [12, 79, 85, 86]. Initial work on this topic was conducted 
by Zerda et al. who characterized the pore size2 of deposits recovered from the cylinders of a spark-
ignition engine [79]. The methodology implemented was gas sorption with CO2 and N2 coupled with a 
numerical method. CO2 and N2 sorption is used to characterize micropores (size below 2 nm) and mes-
opores (between 2 and 50 nm) respectively. The cylindrical deposits analyzed have micropores of about 
0.3, 0.5, and 0.8 nm and mesopores of about 5 and 35 nm wide (Figure 31). This study concluded that 
porosity depends on fuel compounds, lubricant additives, and temperature. 

 
Figure 31: Pore size distribution of the engine deposits. Triangles: cylinder head, Circles: piston top, Squares: 

intake valves) [79]. 

2.5.2 Thermal properties of the deposits 

Several studies have shown that deposits can form an insulating layer on the walls of the combustion 
chamber. In Ref. [28], it was established that the heat flux decreases by 40 % with a 10-µm thick deposits 
compared to clean walls. This leads to an increase in the gas temperature in the combustion chamber 
and results in increased NOx emissions and knock [87]. Several studies have focused 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 thermal diffusivity and thermal conductivity [11, 40, 41, 88–
91]. The thermal conductivity of the deposits is very low compared to that of aluminum, respectively 
<1 W/m K and 231 W/m K at 293 K [92]. This explains the thermal insulation effect of the deposits. An 
interesting method has been implemented based on the measurement of the thermal properties of the 
deposits. By measuring the surface temperature of the deposits and using a mathematical approach based 
on the solution of the 1D thermal equation, its thickness can be determined [41]. 

2.5.3 Chemical composition of deposits 

Studies have shown that engine deposits are composed of fuel, oil, and soot [20, 43]. Nagano et al. 
determined the composition of deposits formed on different parts of the combustion chamber and with 
different fuels by thermogravimetric analyses [13]. This technique was used to determine the oil (oil and 
oil additives, oxidized organic products, and residual components) and fuel (volatile components, soot) 
content of the deposits. In the case of the piston head and cylinder head, the deposits are mainly com-
posed of oil by-products (oxidized organic products and residual components) and soot. For the intake 
valves, the deposits consist mainly of oil and their by-products, with a lower soot content than for the 
combustion chamber deposits. They attribute this difference to a dripping effect of the oil towards the 
bottom of the valve. 

The EDX analysis revealed the presence of inorganic components from the lubricating oil. Concentra-
tions of zinc, calcium, and phosphorus were found to be four times higher in the deposits on the piston 
head than on the cylinder head [13]. Energy-dispersive spectroscopy (EDS3) analysis of the deposits 
from different parts of the combustion chamber showed a similar elemental composition (Figure 32). 
The deposits is mainly composed of carbon and oxygen, with traces of S, Al, Cu, Ca, and Zn attributed 
to lubricating oil, detergents, and corrosion inhibitors [93]. 

 
Figure 32: Elemental composition of deposits from a direct 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 described in this section. These techniques were first based on 
macroscopic observations involving the color and surface state of the deposits. It showed that the ap-
pearance of the deposits is related to the engine operating parameters. Thus, it is possible to adjust the 
engine parameters to obtain a specific type of deposits.  Electron microscopy has shown that it is suitable 
for the characterization of the deposits morphology and for distinguishing the deposits corresponding to 

                                                      
3 EDS/EDX: EDS and EDX are two analytical techniques for determining the elemental composition of a sample. 
While EDS analyzes backscattered electrons emitted by the source, EDX analyzes the photon emission caused by 
X-rays. 
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the liquid-film and the soot path. Nevertheless, few studies have provided information on the character-
ization of the morphology of deposits, particularly for deposits that form on the walls of combustion 
chambers. Various chemical analyses enabled to characterize the composition of the deposits. The ele-
mental composition provided by EDS and EDX showed that the deposits are mainly composed of carbon 
and oxygen. It is important to note that this elemental analysis technique does not detect the presence of 
hydrogen [94]. Other elements were found corresponding to oil and fuel impurities. The porosimetry 
study of the deposits allows the pore size and number distribution of the pores to be determined. How-
ever, there is not yet a study to link the porosity of the deposits with unburned hydrocarbon emissions. 
Another useful technique is thermogravimetry, which makes it possible to quantify the components of 
the deposits. However, this is a destructive technique and requires a large amount of deposits. 

2.6 Conclusions 

Engine deposits can form at various locations in the combustion chamber. They contribute to degraded 
combustion and increased pollutant emissions, which can lead to increased fuel consumption and re-
duced engine power. Different hypotheses of deposits formation mechanisms have been described in 
the literature involving the formation of a liquid film on the surface and the deposition of soot formed 
during combustion that is deposited on the surface of the combustion chamber or the liquid fuel film 
formed. Several factors have been identified as contributing to the formation of deposits. First, certain 
fuel properties may be predominant factors such as the presence of certain additives or the presence of 
high boiling point species. Surface temperature is also an important factor in the formation of deposits. 
Engine parameters, such as the presence of exhaust-gas recirculation (EGR), fuel type, fuel/air equiva-
lence ratio influence the formation of deposits. Various analysis techniques were identified in the liter-
ature review. Microscopic observation was identified as a non-destructive analysis technique to deter-
mine the morphology of engine deposits. Elemental analysis coupled with electron microscopy is of 
interest to identify the elements present in the deposits, which are mainly carbon and oxygen. Tech-
niques such as porosimetry and thermogravimetry are promising for characterizing the deposits but are 
destructive. 

Several important parameters influence the formation of deposits. These include engine operating con-
ditions, combustion chamber wall surface temperature and, fuel properties. Other physical phenomena 
are involved, such as the physics of the spray during injection or the aerodynamics inside the cylinder. 
To better understand, how these parameters and phenomena affect the formation of deposits, it is rele-
vant to use methods for in situ analyses. Therefore, an optical engine seems appropriate for this thesis. 
As an optical engine does not use lubricating oil, fuel- and combustion-based deposits formation can be 
separated from other factors. This thesis focuses on conventional gasoline fuel to limit the effects of fuel 
properties. The thesis is built in three research topics: 

• The first topic of this thesis (Chapter 4) analyzes macroscopically deposits formed at different 
locations in the combustion chamber to determine their similarities or differences according to 
engine operating parameters.  A methodology to identify the origins of the deposits is presented 
to determine whether the liquid-film or the soot path is dominant. Two devices will be used to 
form reference deposits from these two pathways and the reference deposits will be compared 
with deposits gained from the engine combustion chamber. The objective is to evaluate the ap-
plicability of the reference deposits as a model for the engine deposits. 

• The second topic of the thesis (Chapter 5) describes the study of the mechanisms of deposits 
formation. This study is motivated by the lack of a real-time experimental method in research 
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to study the mechanisms of deposits formation. This study is therefore based on the use of in 

situ analysis by direct visualization, analysis of the particle distribution with a particle analyzer, 
and the use of the previous method to distinguish the deposition pathways and quantify their 
contribution. 

• The third and last topic of this thesis (Chapter 6) is devoted to the study of parametric variations 
on deposits formation. The effect of surface temperature will be studied by direct visualization. 
The effect of roughness on deposits formation will also be evaluated. And to document and help 
the implementation of optical diagnostics to measure the properties of deposits, the effect of 
transparent materials on the formation of deposits will be studied.  
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3 LABORATORY EXPERIMENTS AND ANALYSIS FOR DEPOS-
ITS FORMATION 

This chapter describes the experimental devices and means of analysis used during the thesis work. First, 
the experimental devices allowing to form reference deposits are presented. Then, the ex situ and in situ 
analytical means that enable the evaluation of the physical and chemical properties of the deposits, as 
well as to identify the possible formation of deposits, are presented. 

3.1 Laboratory experiments for deposits formation 

3.1.1 Microcoking device 

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

Working principle: The microcoking device was first developed by Chevron to determine the thermal 
stability of engine lubricants according to standard protocol GFC L-027-T-97 [72]. It enables forming 
deposits from fuel thermal degradation at high temperature in a static mode on an aluminum plate. As 
illustrated in Figure 33a, it consists of an aluminum alloy plate (1) where deposits are formed in a bowl 
(2) and of a resistive heater (3). The aluminum plate has holes for the introduction of thermocouples (4). 
The temperature is controlled with a proportional integral derivative (PID) controller (5). It can be set 
between room temperature and 300 °C. 

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

Deposit formation protocol: 4 ml of the fuel of interest is deposited in the bowl. The temperature is then 
increased from room temperature to 100 °C with a rate of 5 °C/min. The temperature is then kept con-
stant at 100°C for 15 min. The total duration of the test is 30 minutes. At the end of the test, the plate is 
removed and is let to cool and settle for 6 h. Figure 34 presents the temperature evolution of the plate 
during deposits formation tests. These tests are realized with the same materials as the ones that will be 
used in the optical engine: aluminum, steel, quartz, and sapphire. All plates present a similar roughness 

(a) (b) 
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with a Ra4 of 1.2 µm. The thickness of the plate is 2 mm and supposedly thin enough to consider the 
temperature evolution is identical for every experiment.  

 
Figure 34: Temperature variation of the plate during deposits formation. 

3.1.2 Soot generator 

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

Working principle: The soot generating device is called CAST (Combustion Aerosol Standard). It ena-
bles the formation of calibrated soot with known and reproducible properties. The principle consists in 
quenching a premixed sooting flame with N2 gas (Figure 35). The soot formed follows the flow of the 
combustion and diluting gases and can be deposited on a plate placed at the exhaust. The size of the soot 
particles is determined by adjusting the flow rates of air, fuel gas, and N2. A parametric study has been 
carried out to find the optimal flow rates to obtain maximum soot deposition on the plate in the shortest 
possible time. The CAST used in this study is configured to operate with Diesel fuel. A study has shown 
the similarity between soot from petrol and Diesel engine exhaust from a microscopic point of view 
(similar morphology and size in the tens of nanometers) [96]. There may be some difference in the 
composition of diesel and petrol soot due to oil impurities and metals related to engine wear. CAST will 
not affect the composition of soot by these impurities. Soot formed with the CAST is therefore assumed 
to be representative of gasoline soot. 

 
Figure 35: Schematics of the CAST soot generator [97]. 

Deposits formation protocol: A heated aluminum plate placed at the CAST exhaust as shown in Figure 
36, at a distance of 3 cm to recover the maximum amount of soot. The temperature of the plate is set at 
80 °C. The flow rate values of the different gases are shown in Table 1. The soot generator is activated 
once the plate is at 80 °C. Then the test starts for a duration of 15 min. After 15 min, the CAST is 
                                                      
4 Ra corresponds to the value of the arithmetic mean deviation of the profile from the mean line [95]. 
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stopped. Then the soot-covered plate remains at 80 °C for 15 min. At the end of the test, the plate is 
removed and cools down naturally to room temperature. 

 

 
Figure 36: Schematics of the set-up. 

 

Table 1: Gas flows for operation of the CAST soot generator. 

Oxygen dilution with air Liquid Diesel fuel Dilution gases 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 the exhaust of an engine on a paper filter to use as a second 
reference of soot deposits.  

Working principle: The engine exhaust gases first pass through a dryer to remove moisture. Then it 
passes through a paper filter (filter area in Figure 37) where soot is trapped. The conventional use of this 
device is to measure the soot content in the engine exhaust. 

 

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

Deposits formation protocol: The smoke meter was used at the exhaust of a conventional single-cylinder 
spark-ignition direct-injection engine operated with E10 fuel. The black disc on to the soot collection 
paper filter presented in Figure 38 corresponds to soot filtered from 1 l of gas sampled at the exhaust 
during 30 s. 
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Figure 38: Schematics of the experiment for the recovery of soot from a gasoline engine by a smoke meter. 

3.1.4 Engines 

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

3.1.4.1 400 cm3 engine experiment to recover engine deposits 

Engine specifications: The engine used is a single-cylinder, direct-injection, spark-ignition engine. It is 
optically accessible and is coupled to a chassis dynamometer to adjust the engine load (Figure 39). The 
engine is equipped with various pressure and temperature sensors. Figure 40 shows the engine schemat-
ics and Table 2 shows the engine specifications. The intake valve, 20 mm bowl rim, injector, and piston 
insert can be easily removed for ex situ surface analysis.  

 

Figure 39: Optically-accessible engine mounted on the test bench. 
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Figure 40: Schematics of the single-cylinder spark-ignition direct-injection engine. 

Table 2: Engine specifications 

Piston displacement 400 cm3 

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 cylinder liner, a bowl-rim is inserted between the liner and the 
cylinder head (Figure 41). This bowl-rim consists of three inserts that can be removed and analyzed after 
engine operation. Their location is described in Figure 42. It allows testing of different materials that 
will not have a significant impact on combustion due to the small size of the inserts. The optical engine 
has a standard engine base with a piston lifter. The overall configuration has a dry segmentation5. 

                                                      
5 Dry segmentation: It avoids the use of oil in the cylinder that could lead to signal interference when performing 
optical measurements such as laser-induced fluorescence. 
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Figure 41: Image of the position of the bowl rim on the engine. 

 
Figure 42: Bowl rim with the insert location 

Deposits formation protocol: Before each engine test, a special precaution is taken to clean with acetone 
the surfaces of interest (piston top, injector nose, valves, bowl-rim inserts). The other parts of the com-
bustion chamber are also cleaned to avoid increased emissions or the creation of hot spots due to deposits 
formed during previous tests. The engine runs on conventional E10 fuel. Engine tests for forming de-
posits in the combustion chamber are carried out at 1200 rpm with a mean indicative pressure (MIP) set 
at 4.5 bar. Different engine control parameters are modified according to the tests. The cooling-water 
temperature of the cylinder and cylinder head is varied between 20 and 90 °C. The start of injection is 
also modified to generate different types of interactions between the spray and the wall. Details of the 
operating parameters are given below, along with the results. Different deposits locations in the com-
bustion chamber were studied: injector nozzle, intake valves, piston top and cylinder walls with remov-
able cylinder inserts. Each of these parts was sampled at the end of each test.  

3.1.4.2 462 cm3 engine experiment to study in situ deposits formation 

The objectives of using this specific engine are to generate a data base of piston deposits for different 
engine operating parameters and to apply in situ diagnostics. 

Engine specifications: The engine is an optically accessible single-cylinder spark-ignition direct-injec-
tion operated with E10 fuel as for the first campaign (Figure 43). One of the specificity of this engine is 
that one of the exhaust valves was replaced by an optical access Figure 44. A port-fuel injection (PFI) 
system is also implemented at the intake valve admission to enable homogeneous combustion. The en-
gine specifications are presented in  Table 3. 
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Figure 43: Schematics of the optically-accessible single-cylinder spark-ignition  

direct-injection engine with port fuel injection. 

Table 3: Engine specifications 

 

 
Figure 44: Bottom view of the cylinder head exhibit the sapphire window in place of an exhaust valve.  
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The engine is operated at 1200 rpm for a MIP set at 4.5 bar. The cylinder and the cylinder head are 
cooled by water. Only the piston is sampled at the end of the engine tests. For these tests, the same 
cleaning protocol is applied than for the 400 cm3 engine. 

Engine warm-up injection strategy: To study the formation of deposits in a stable environment, a specific 
engine warm-up strategy has been implemented. It aims to start deposits formation tests with a hot en-
gine to avoid deposits formation during the first combustions. This strategy consists of running the en-
gine for 2 min in PFI. This 2-min duration was chosen based on a study that showed that after 1 min, 
the engine begins to reach a stabilized temperature [99]. In this thesis, 2 min are set to ensure a stable 
temperature before the deposits formation test. This warm-up strategy is used for two cooling water 
temperatures: 20 and 90 °C. At the end of the tests, no deposition was observed with the naked eye. 
After this heating phase, the injection mode switches to direct injection and the deposits formation test 
starts. This change of injection strategy is manual and takes 2 s during which there is no injection. This 
avoids overlapping injection modes that would lead to rich combustion. 

3.2 Analysis of deposits formed in the combustion chamber 

In this section, the techniques used to analyze the deposits after engine operation are presented. First, 
scanning electron microscopy (SEM) was used to characterize the deposits morphology and combined 
with energy-dispersive spectroscopy (EDS) providing information on the elementary composition of the 
deposits. Fourier-transform infrared spectroscopy (FTIR) was then used to get specific information on 
organic molecules. Finally, Raman spectroscopy was used to retrieve information on molecular structure 
a composition. 

3.2.1 SEM-EDS: Morphology and elementary composition analysis 

The SEM-EDS consists of an electron gun that focuses an electron beam on the sample. The interaction 
between the emitted electrons and the elements of the sample modify the electron behavior. Two types 
of electrons are detected (Figure 45). The first ones are the backscattered electrons which are very sen-
sitive to the atomic number of the atoms. The heavier the nucleus of the atoms in the sample, the more 
backscattered electrons are detected. In this way, it is possible to determine the constituent elements of 
the sample. This analysis is called EDS. The second ones are called secondary electrons and are very 
sensitive to irregularities, even small ones, and therefore to the topography of the surface. This analysis, 
called SEM, therefore gives information on the morphology of the sample. 
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Figure 45: Overview of the electron interactions with the sample. 

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

• Nova nano SEM specifications: this SEM-EDS device allows to obtain microscopic images with 
a magnification from 35× to 1,000,000×.  Depending on the electron acceleration voltage ap-
plied to the sample it provides images with a resolution from 0.8 to 4.0 nm. 

• Supra 40, Zeiss specifications: this SEM-EDS device allows to obtain microscopic images with 
a magnification from 12× to 900,000×.  Depending on the electron acceleration voltage applied 
to the sample it provides images with a resolution from 1.3 to 5.0 nm. 

3.2.2 FTIR-ATR 

Working principle: The Fourier-transform infrared-attenuated total reflectance (FTIR-ATR) spectrom-
eter enables the identification of organic molecules. The sample is in contact with a crystal as illustrated 
in Figure 46. The internal reflection at the crystal surface creates an evanescent wave that penetrates the 
sample for ~1 µm. The attenuated infrared beam is then detected and analyzed. The amount of light 
absorbed by a sample is measured as a function of wavelength.  

 

 
Figure 46: Working principle of FTIR-ATR [100]. 
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Analysis protocol: The device used is a Vertex70 from Bruker. This spectrometer can acquire infrared 
spectra from 50 to 6000 cm–1. The spectral resolution provided by the device is 4 cm–1. The amount of 
light absorbed by the deposits is measured here as a function of wavelength from 400 to 4000 cm–1. The 
results of this analysis are spectrums of transmittance or absorption according to the wavelength. Each 
FTIR-ATR spectrum corresponds to an average of 100 scans of the sample using air as reference. All 
the spectra were obtained at room temperature. 

Post-processing: The spectrometer provides infrared absorption of the deposits. The absorption bands 
of the sample revealed by the FTIR-ATR analysis are compared with data from the literature as in Table 
4 [61]. The objective is to find characteristic bands corresponding to specific chemical functions present 
in the sample. 

Table 4: Chemical functions and associated FTIR peak intensities [61]. 

 

3.2.3 Raman scattering 

This complementary technique to the FTIR-ATR spectroscopy provides information on the molecular 
composition and structure of the deposit. 
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Working principle: Raman spectroscopy is based on the inelastic interaction of light with a sample. This 
interaction generates molecular vibrations characteristic of a molecule. When the light is applied to the 
sample, two type of Raman scattering signals are emitted: the Stokes signal and the anti-Stokes signal. 
The resulting Raman spectra analyzed here use only Stokes Raman scattering. The position of peaks and 
bands in the spectrum in the spectrum indicates the frequency of vibrational modes corresponding to a 
specific molecule or crystal structure. 

Analysis protocol: The device used is a Renishaw inVia Raman microscope. This Raman spectrometer 

is coupled with a He-Ne laser (λ = 632 nm). It is equipped with four objective lenses with 5×, 20×, 50× 
and 100× magnification. The microscope optics were used to focus the excitation laser beam onto the 
sample and to collect the backscattered light. The instrument was calibrated with measurements on pure 
silicon with a strong isolated signal at 520 cm–1. For each deposits sample, the optimal laser power was 
first determined. With the optimal power found, the deposits were then analyzed at different locations. 
The analysis was repeated twice for the same area.  

Post processing: From the Raman spectra, the peaks and band positions observed are compared with 
data from the literature. This provides information on the molecular composition of the deposits. Other 
information can characterize deposits such as the peaks ratio intensity and the full width at half maxi-
mum (FWHM). Work realized on carbonaceous material such as Diesel soot has linked these parameters 
with the graphitization level of the carbon [101]. Figure 47 presents the Raman spectrum of Diesel soot 
illustrating the different parameters which can be calculated.  

 
Figure 47: Raman spectrum of Diesel soot with curve fit  

based on the expected bands for carbonaceous structures [101]. 

3.3 In-cylinder experiments 

This section presents the analysis techniques for characterizing the processes taking place inside the 
combustion chamber. 

3.3.1 Phosphor thermometry 

Working principle: The objective of phosphor thermometry (PT) is to measure the temporal variation of 
the piston surface temperature during the experiments. PT is a non-intrusive temperature measurement 
technique. It consists of the determination of the decay rate of a laser signal sent on a phosphor layer 
applied onto the surface of interest. This decay rate depends on the temperature. Figure 48 presents the 
principle of the technique. For a given temperature, the intensity decays exponentially following Eq. 1. 
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This technique was implemented on the engine using a Nd:YAG laser at 355 nm. The laser repetition 
frequency was 10 Hz thus allowing to perform one temperature measurement per cycle.  

 
Figure 48: Principle of the technique. 

 

� � ��exp ��	

 �    (Eq. 1) 

 
Measurement protocol: Different phosphors are available to perform PT. The choice of a phosphor de-

pends on its temperature sensitivity and its characteristic emission wavelength. Figure 49 presents the 

temperature sensitivity of the luminescence lifetime of several phosphors. 

 
Figure 49: Temperature sensitivity of the luminescence lifetime (blue, left axis and the intensity ratio (green, 

right axis) for various phosphors  [102]. 



50 
 

 
The literature review has shown the combustion chamber wall temperature ranges between 420 and 
470 K [103]. Therefore, the phosphor chosen is europium-activated lanthanum oxysulfide (La2O2S:Eu) 
with an emission peak at 538 nm. Figure 50 presents the different temperature sensitivity of La2O2S:Eu 
for different emissions peaks (512, 538, and 624 nm) provided by that phosphor. 

 

 
Figure 50: Temperature sensitivity of La2O2S:Eu phosphor for different emissions [102]. 

Calibration: To retrieve temperature from the measured light emission, a specific calibration matching 
the engine setup is required. In this work, it was realized with a heated plate on which a layer of the 
phosphor has been applied. The phosphor is mixed with a binder to obtain a great adhesion of the phos-
phor on the plate. The mixture corresponds to one-part phosphor to 20 parts binder. The mixture is then 
applied homogenously on the plate. The thickness of the mixture is estimated at 100 µm. The layer is 
supposed to be thin enough to be equal to the plate temperature. An optical fiber assembly is used to 

focus the laser beam on the phosphor layer and to recover the emitted laser signal (Figure 51). The 

Nd:YAG laser passes through an optical fiber. At the exit of the optical fiber, the beam is focused on 
the phosphor layer with a converging lens. The optical fiber is a multi-core technology allowing to both 
emit and recover signals (Figure 52). Thus, the luminescence emissions are recovered with the same 
optical fiber assembly and measured with a photomultiplier Hamamatsu H6780. For each temperature, 
the luminescence emission of the phosphor from 100 laser pulses is acquired. Then post-processing of 
these signals is carried out to obtain the corresponding decay rate. The temperature of the plate is varied 
between 105 and 261 °C. The resulting calibration curve is presented in Figure 53. 
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Figure 51: Schematics of the experimental set-up for calibration. 

 
Figure 52: Schematics of the optical fiber cores disposition within the sheath. 

 
Figure 53: Calibration curve of the temperature with the decay rate of the luminescence emission. 

The calibration equation from the calibration is presented in Eq. 2. It will be used to obtain the corre-
sponding temperature from piston surface temperature measurement during engine experiments. 

� /°C � �37.221 ln��� � 265.055   (Eq. 2) 

Engine setup: The motor configuration assembly is shown in Figure 54. The photomultiplier gain is set 
with a control voltage of 220 mV and the laser is set with a power of 21.5 mJ. The oscilloscope param-
eters are set to acquire 100 curves of 25 000 points. This corresponds to an acquisition averaged over 
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10 s. As the duration of the experiments is several minutes, the temperature evolution over 10 s is con-
sidered constant. The calibers are set at 20 µs per division and 50 mV per division for all acquisitions.  

 
Figure 54: Schematics of the of the set-up of the measurement of the temperature  

of the piston surface by phosphor thermometry. 

In the experiments, the cooling water temperature is set at 20 °C. The injection and ignition parameters 
are shown in Table 5. The engine is started in PFI to avoid the formation of deposits on the piston that 
could cover the phosphorus layer and lead to misinterpretation of the surface temperature. The laser is 
then triggered at the top dead center corresponding to the valve overlap.  Acquisitions are carried out 
every 2 min during the experiment which lasts 10 min. The time evolution of the piston surface temper-
ature is thus obtained from the measurement points averaged over 10 s every 2 min. Post-processing of 
the experiment results gives the surface temperature (see Appendix). 

Table 5: Engine operating parameters for phosphor thermometry measurements. 

 

3.3.2 High-repetition-rate visualization 

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

Setup: A camera coupled with an endoscope is set on the optical access replacing one of the two exhaust 

valves in Figure 55. The endoscope gives a full vision of the piston surface when it is at the bottom dead 

center. The high-repetition-rate camera is a Photron Fastacam Mini Ax. The acquisition frequency is set 
at 4 kHz, and chip resolution is 640 × 608 pixels. 
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Figure 55: Engine with the high-repetition-rate camera and endoscope.  

Methodologies: Two acquisition strategies were used: 

• The first is to acquire the first 125 cycles of the engine experiment. The objective is to observe 
the phenomena related to the formation of the deposits occurring at the start of the experiment. 

• The second consists of acquiring one cycle every 75 cycles for the duration of the experiment, 
i.e., for 10 min. The objective here is to observe the formation of the deposits throughout the 
experiment. 

3.3.3 Particle analyzer 

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

 
Figure 56: Sampling probe 

For each experiment, dilution ratios are set to avoid particle saturation of the DMS 500. A first dilution 
ratio is already set to 5 by the manufacturer for all engine experiments. A second dilution ratio is then 
set by the operator according to the signal obtained during the experiment. This second dilution ratio is 
determined during preliminary experiments. If the signal is low, the second dilution ratio shall be main-
tained at 1. If the signal is outside the measuring range, it shall be increased to between 12 and 500. 

Analysis: Two different types of information are extracted from the results of the experiments with the 
DMS 500. The first gives an overview of the particle size distribution over the entire engine experiment 
(Figure 57). It shows whether the particle size distribution changes during engine operation. For exam-
ple, in Figure 57, there is an increase in the number of particles between 10 and 100 nm during the first 
100 seconds. Then the distribution is fairly constant during the rest of the experiment. 
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Figure 57: Contour plot of the soot particle-size distribution of the experiment 2. 

The second piece of information is the size spectral density corresponding to the particle distribution for 
a time range chosen over the engine experiment. It allows identifying the distributions corresponding to 
nucleation or accumulation mode. Nucleation mode corresponds to the particles formed from the vapor 
phase of unburned fuel to a solid phase. This formation occurs in the fuel-rich region at elevated tem-
peratures. Accumulation mode corresponds to the last phase in the soot life process. It follows the steps 
of coalescence and surface growth of the nucleated particles and corresponds to the agglomeration of 
single particulates into a chain of particles as presented in Figure 58 [104]. 

 

 
Figure 58: Schematics of soot formation from partially-burned fuel compounds to solid agglomerates [104]. 

 
Figure 59: Particle-size distribution of soot sampled for 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 evaluate a method for distinguishing and quantifying the 
different pathways of deposits formation in engines, i.e., the liquid film path and the soot path. This 
method is based on the ex situ analysis of reference and engine deposits. First, the reference deposits are 
analyzed to determine their physical and chemical properties with a special interest in macroscopic and 
microscopic analysis. Then, the deposits from different engine experiments are analyzed macroscopi-
cally and microscopically. The objective is to determine the effect of different engine parameters on the 
properties of the deposits. The first parameter studied is the effect of the location inside the combustion 
chamber on the properties of the deposits. The purpose is to identify the most relevant combustion 
chamber part for further investigation. The second parameter investigated is the impact of the geometry 
of two engines on the properties of the deposits to determine the possibility to study the deposits inde-
pendently of the engine geometry. The third and final parameter is the determination of the effect of 
injection timing on the deposits properties. The properties of these deposits formed from different in-
jection timing are compared with reference deposits. The most promising deposits are then chemically 
analyzed and compared with the reference deposits to determine the usefulness of these chemical anal-
ysis techniques in identifying the deposits formation pathways. 

4.1 Analysis of reference deposits 

4.1.1 Matrix 

Table 6 presents the devices used to form reference deposits, and the methods to analyze them. Deposits 
formation and sampling protocols are presented in Chapter 2. 

Table 6: Reference deposits formation devices and the analytical methods 

 

4.1.2 Macroscopic analysis 

The macroscopic analysis of the reference deposits presented here will focus on the visual aspect of the 
deposits. Color will be of primary interest, but texture and shape will also be considered.  

The liquid-film path reference deposit was obtained by using the microcoking device. This type of de-
posit forms corresponds to a transparent varnish on the surface of the aluminum plate. It has a shiny 
appearance, a smooth surface, and adheres to the surface. It can hardly be removed by scraping or even 
when using solvents such as with an acetone. 

Two strategies were used to obtain deposit corresponding to the soot-path mechanism. The first consists 
of recovering soot from the exhaust of a gasoline engine using a smoke meter to determine the typical 
morphology of soot from a gasoline engine. The second is to form calibrated soot with a soot generator 
that is deposited on an aluminum plate for chemical analysis. The deposit formed with the soot generator 
and the gasoline engine are both black. The texture observed is rough and appears granular to the touch. 
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The soot path deposit formed with the soot generator on the aluminum plate can be removed easily by 
wiping the plate with a tissue. 

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

4.1.3 Microscopic analysis 

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

The liquid-film-path reference deposit formed by the microcoking device presents an extended smooth 
surface delimited in red in Figure 60. The morphology of the aluminum plate and some traces of smaller 
spherical deposits with an average diameter > 200 nm are dispersed over the surface.   

 

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

The soot-path reference deposit recovered from a smoke meter set at the exhaust of a gasoline engine is 
related to a granular morphology presenting particulates agglomerated in Figure 61. The average diam-
eter of deposited particles is < 100nm. 

 

Figure 61: SEM image of soot-path deposit on a paper filter collected with a smoke meter  
from the exhaust of a SI engine; magnified 5000 times and 50,000 times. 

The liquid-film-path and soot-path reference deposits show very distinct strucure. The liquid-film-path 
deposit morphology corresponds to a smooth surface with dispersed particles (diameters 0.2–1 µm). The 
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soot-path deposit shows granular particles with an average diameter below 100 nm forming large aggre-
gates. These characteristic morphologies, if encountered when analyzing engine deposits, could help to 
identify the origin of engine deposits by determining which pathways are involved. 

4.1.4 Chemical analyses 

Two types of chemical analyses are carried out to characterize the reference deposits. They consist of 
two spectrometric techniques, the first is based on the study of the infrared absorption signal and the 
other on the study of the Raman signal. These two complementary methods will identify the specific 
chemical characteristics of each of the reference deposits. The analyses are carried out on the deposits 
formed on the aluminum plates, i.e., the deposit formed 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 deposits is carried out by a FTIR-ATR spectrometer. The 
operating principle is described in chapter 2. This analysis will identify the chemical functions of the 
two reference deposits. The objective is to identify absorption bands or peaks that are different between 
both reference deposits and thus, to identify their presence in the engine deposits. 

Figure 62 shows the infrared spectra of the analysis of the reference liquid-film path deposit formed 
with the microcoking device. A broad –OH absorption band in the 3500–3000 cm–1 range is observed. 
A multi-peak absorption feature in the –C–H bonds region (2950–2800 cm-1) is present. The infrared 
spectrum shows a C=O peak around 1730 cm–1 and a broad –OH band in the 3500–3000 cm-1. 

 
Figure 62: FTIR-ATR absorption spectra of liquid-film path deposit formed on aluminum plate  

with the microcoking device. 

The infrared spectrum of the soot reference deposit is presented in Figure 63. As for the liquid-film path 
deposit, a broad –OH absorption band is observed in the 3500–3000 cm–1 range. In this range, there is 
the presence of a sharp peak centered at 3300 cm–1 with a shoulder at 3250 cm–1. A single peak absorp-
tion feature is observed in the –C–H-bond region. There is a specific absorption in the 1500–1000 cm–1 
range related to aromatic bonds. 
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Figure 63: IR absorption spectra of soot path deposit sampled from a paper filter  

from a smoke meter at the exhaust of SI engine. 

The differences observed for the –OH and –C–H regions of the spectra are not significant, especially 
considering that these deposits are reference cases obtained in the laboratory under well-controlled con-
ditions. It is difficult to identify specific characteristics that would enable to distinguish the formation 
pathways when analyzing engine deposit obtained under real conditions.  

The band around 1730 cm–1 corresponding to –C=O group is a specific absorption band of the liquid-
film path deposit, but the signal is weak and noisy. Engine experiments are needed to conclude if these 
regions of the spectra could be used to distinguish both deposit formation pathway and to conclude on 
this methodology. 

4.1.4.2 Raman spectroscopy 

The analysis of the Raman spectra also aims to determine the specific chemical features of the reference 
deposits. The bibliography has already highlighted the existence of two G and D bands at 1350 and 
1600 cm–1 in the Raman signal of soot, which are characteristic of the presence of carbon. The analysis 
will focus on the determination of the intensity, the FWHM of these two peaks between 800 and 
2000 cm–1 of the two reference deposits. The objective is also to identify the existence of other zones of 
the Raman signals specific to each of the two deposits. 

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

The Raman signal of the soot-path reference deposit is presented in Figure 65. The two characteristic 
peaks related to carbonaceous material defined in the chapter 3 are observed. The D peak at 1350 cm–1 
and the G peak at 1604 cm–1. The ratio of the value of the intensity of the peak G over the intensity of 
the peak D is 1.15. The FWHM of the two peaks is 121 and 68 cm–1 respectively. 

 
Figure 65: Raman signal of soot path deposit sampled from a paper filter  

of a smoke meter at the exhaust of a SI engine. 

The Raman signal for the liquid-film path therefore cannot provide information on the presence of liq-
uid-film path in engine deposit. Regarding the analysis of the soot-path mechanism, two characteristic 
peaks corresponding to the structure of carbon at 1350 and 1600 cm–1 were identified as indicative. 
Analysis will be carried out on the engine deposit to determine the capacity of the technique to identify 
the presence of the G and D peaks.  

In the literature, it has been shown that analysis of the value of the D/G and FWHM ratios of the G and 
D bands indicates the degree of graphitization of carbonaceous materials. These analyses will be carried 
out on engine deposits in order to determine a possible trend [101]. 

4.1.5 Conclusions on the reference deposits characteristics 

Macroscopic and microscopic analyses allowed to characterize the two reference deposits. They have 
highlighted significant differences that will help to distinguish between the deposits from the liquid-film 
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path and the soot path in engine deposits. The liquid-film path deposit is characterized by a transparent, 
shiny and smooth appearance. At the microscopic level its morphology is also characterized by a smooth 
surface which includes large areas of around 15 µm but also small traces with a diameter of around 
200 nm. The soot path deposit has a black, matt appearance. Its morphology observed by microscopy 
corresponds to agglomerates of particles with a diameter of about 100 nm.  

The infrared spectra analysis enabled the identification of the infrared absorption bands and peaks of the 
two types of deposit. However, several of these absorption zones are present in the two reference de-
posits which will complicate their attribution in engine deposits analysis. The Raman spectra analysis 
provided interesting results for the soot path deposit but not for the liquid-film path deposit. This method 
will then not allow to distinguish the reference deposits in the engine deposits. However, the observation 
of the G and D peaks in the engine deposits will confirm the presence of soot path deposit and their 
analysis may show trends. 

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

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

In this section an engine experiment is carried out to study the impact of the sampling location on the 
visual appearance and morphology of the deposit. For each engine part sampled, the analysis will focus 
on the color, texture and surface condition of the deposits. Then, the morphology will be observed by 
microscopy to identify the structures present and describe the existing morphologies. 

4.2.1 Engine experiment description and analysis of the different sampling location de-
posits formed with the 400 cm3 engine 

The engine experiment is carried out with the 400 cm3 engine described in Chapter 2. The injection time 
is set at 60 CAD BTDC, the water-cooling temperature at 20 °C and the test duration at 10 min. Three 
locations of interest were chosen to sample deposits: Intake side of the cylinder, injector nozzle and 
piston surface. Each sample is analyzed following the protocol established for the reference deposits 
studied in previous section, i.e., macroscopic and microscopic analysis. Representative results are pre-
sented in Figure 66. 

The macroscopic analysis shows that the deposit formed on the intake side insert has a black color and 
its texture is matt (Figure 66a). The appearance of the deposit is homogeneous over the entire surface of 
the intake side insert and it is possible to observe the aluminum surface underneath the deposit layer. 
Observation by the SEM-EDS microscopic system of the deposit at the intake side insert reveals differ-
ent information about its morphology depending on the level of magnification. Observations of the order 
of a hundred to ten microns show a flat surface with the presence of structures similar to big grains of 
the order of 10 µm. Below the micrometer, the big grains and the flat surface have a similar morphology 
corresponding to a mixture of particles with smooth surfaces and holes. The results of the macroscopic 
analysis are similar to those of the reference soot path deposit. Also, the presence of particles and smooth 
surfaces morphologies were respectively observed in the reference deposits corresponding to the soot 
path and the liquid-film path. 
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The injector nozzle also has a black and matt visual appearance (Figure 66b). Microscopic observations 
show the presence of flat surfaces and big grains ranging from 5 to 15 µm. At submicron scales, the 
morphology is similar between the flat surface and the big grains. As with the insert, it corresponds to 
smooth surfaces, particles and holes. The visual aspect of the injector nozzle deposit is similar to the 
reference soot path deposit and these morphologies were observed in both reference deposits micro-
scopic observations. 

A black deposit with a matt appearance covers the piston surface (Figure 66c), except for six light areas. 

These areas form a pattern that can be related to the sprays from the six holes of the injector. To establish 
the morphology of the piston surface two different types of areas are defined. The corresponding black 
and lights areas are separately analyzed. On a scale of about ten microns, the deposit in the light areas 
appears to be made up of large structures of the order of 10 µm which sometimes meet and form grooves. 
Below the micrometer, these large structures appear as clusters of particles with an average diameter 
below 100 nm. The grooves are composed of smooth surfaces and particles. For the black zone, the 
deposit is uniformly composed of a layer of particles. The morphology of the light areas seems to cor-
respond to the liquid-film path and the soot path deposits. The morphology of the black zone seems to 
correspond to the soot path deposit only. The black area has a similar appearance and morphology to 
the reference soot path deposit. The light areas deposit has an appearance like the reference liquid-film 
path deposit. The morphologies of these zones have the same characteristics as the two reference depos-
its with smooth surfaces and particles. 
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Figure 66: Microscopic observations of deposits on different sections of the combustion chamber  

from experiment 2 with the 400 cm3 engine. (a) Intake side insert, (b) injector nozzle, (c) piston surface. 

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

Macroscopically, the deposits formed at the intake side insert and at the injector nozzle have similar 
appearances with a black color and a matt texture. Their morphology is also similar which are both 
formed from particles and smooth surfaces. Therefore, it appears that there is no significant difference 
in the effect of the sampling location on the visual appearance and morphology between the intake-side 
insert and the nozzle injector. 

The piston seems to be the most interesting sampling location. Indeed, the surface of the piston shows 
visual differences from the other two sampling locations with the existence of a pattern with six light 
areas and one black area. For the morphology, the light areas present a smooth surface and particles 
morphologies. The particles form cluster of the order of 10 µm. The black area morphology presents a 
uniform layer of particles with an average diameter under 100 nm. These macroscopic and microscopic 
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characteristics are comparable to the characteristics of the reference deposits, which involve very dis-
tinct mechanisms. 

4.3 Influence of the engine geometry on deposits visual appearance and  
morphology 

This section investigates the effect of engine geometry on the visual appearance and morphology of the 
piston deposits. The objective is to determine the possibility of using two different engines operating 
under similar operating conditions to form identical deposits. A new piston deposit is formed with the 
462 cm3 engine  under the same operating conditions as the piston deposit formed with the 400 cm3 

engine  presented in the previous section. This deposit is then analyzed macroscopically and microscop-
ically. The results obtained with the 462 cm3 engine are compared with the results obtained with the 400 
cm3 engine. 

4.3.1 Engine experiment description and analysis of the piston deposit formed with the 
462 cm3 engine 

The engine experiment is carried out with the 462 cm3 engine described in Chapter 2. As for the piston 
deposit formed with the 400 cm3 engine presented in the previous section, the engine parameters set for 
the 462 cm3 engine are the same: the injection timing is set at 60 CAD BTDC, the water-cooling tem-
perature at 20 °C and the test duration at 10 min. The piston deposit is analyzed following the protocol 
established for the reference deposits studied in previous section, i.e., macroscopic and microscopic 
analysis. Representative results are presented in Figure 67. 

Macroscopic observations show two distinct deposit areas: A black area and six light areas. The black 
area covers almost the entire piston. It presents a black color with a matt texture. The six-light area form 
a pattern that can be related to the spray from the six holes of the injector. These initial observations 
show a great similarity with the observations of the macroscopic analysis of the piston deposits formed 
with the 400 cm3 engine. The same pattern and the same two areas of deposits identified in the previous 
section are found. 

For the light areas, the morphology observed at a scale of about 10 µm consists of structures that are 
5 µm wide with the presence of smooth surface. In comparison with the piston deposit of the 400 cm3 

engine, the same morphologies are observed with the 462 cm3 engine. Here, the black area consists of a 
homogeneous layer of particles with a diameter of less than 100 nm. The same morphology is found in 
the black area of the deposit formed with the 400 cm3engine. 
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Figure 67 : Comparison of macroscopic and microscopic images of the deposits formed with the 462 cm3 engine 
B  

(late injection case at cold-start condition). 

4.3.2 Conclusion 

In conclusion, the geometry of the two engines does not have a significant impact on deposit formation. 
Indeed, the same morphologies are observed with some differences in the size of their structures. These 
differences are considered insignificant in this study and are related to measurement repeatability biases. 
Then, the analyses of deposits formed with the same parametric variations but with different engine 
geometry can be compared. 

4.4 Influence of the injection timing on deposits visual appearance and  
morphology 

This section looks at the effect of injection timing on piston deposit formation. Indeed, by modifying 
injection timing, the air/fuel mixing duration and the distance between the nozzle and the piston surface 
will also be modified. These two factors could impact the appearance and morphology of the deposits. 
The objective is first to determine which phasing produces the most deposit, and then to identify the 
injection timing that will allow the separate study of liquid-film path and soot path deposits. The analysis 
of the deposits will focus on visual and macroscopic observations. The deposits will be then analyzed 
by FTIR-ATR and Raman spectrometry to conclude on the usefulness 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 formation realized for different injection timing. Three 
cases are studied. The first consists of a standard injection to limit the formation of liquid film and soot. 
This experiment lasts 120 min to obtain a sufficient amount of deposit for the analyses. The second case 
is an early injection timing where the mixing duration is longer to limit soot formation, and the distance 
between the piston and the nozzle is the shortest to encourage the formation of a liquid fuel film. The 
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third case is the late injection timing, already studied in the previous section, to limit the mixing time 
and encourage soot formation. For early and late injection cases, both experiments last 10 min. At the 
end of each experiment, the piston is sampled, and the deposit is analyzed first by SEM-EDS. The piston 
deposits are then analyzed by FTIR-ATR and Raman spectroscopy measurements. 

Tableau 1: Deposits formation engine experiments and their parametric variations 

 

4.4.2 Macroscopic and microscopic analyses 

Before analyzing the deposits resulting from the various engine experiments, a deposit-free surface is 
presented in Figure 68. The surface of the aluminum piston has a metallic grey appearance with shiny 
aspect. The surface is not smooth, it has circular machining marks all over the surface corresponding to 
a measured roughness of Ra = 1.2 µm. These machining marks are also visible by microscopic analysis. 
They can be clearly distinguished in ranges between 1 and10 µm in Figure 69. These images will serve 
as reference image to discriminate deposits morphologies from raw piston surface. 

 

 
Figure 68: Surface of a clean piston. 

 

 
Figure 69: SEM images of the surface of a deposit-free piston. 

Machining mark 

 

Machining mark 

100 µm 10 µm 1 µm 
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The piston deposit formed at the end of the standard injection case is presented in Figure 70. The color 
of the piston surface remains almost entirely metallic grey, but it looks more matt than the free-deposit 
piston. The piston also presents a black deposit area covering 20 % of the piston surface and a deposit 
forming a black circular arc. 

The microscopic analysis of the grey surface shows machining marks and particles with an average 
diameter of less than 100 nm. The microscopic observations of the black deposit show that this deposit 
corresponds to a layer of particles with an average diameter of less than 100 nm that are much more 
frequent in numbers than the metallic grey deposit. It is not possible to distinguish the machining marks 
at scales smaller than 2 µm. This indicates that the deposit is thicker. The deposit forming the black 
circular arc has a smooth surface and presents additional particles. 

The smooth surface morphology characterizing the liquid-film-path reference deposit is observed on a 
very small surface of the piston. Particles corresponding to the soot path reference deposit are observed 
on all the piston surface with different concentrations. The standard injection strategy limits the for-
mation on both the liquid-film path deposit and the soot path deposit. Indeed, by injecting fuel at 260 
CAD BTDC, the impact of the spray is very limited. This engine setting corresponds to a standard op-
eration optimized to obtain the least amount of exhaust emissions. In the context of this work, this op-
erating point is not interesting because it does not favor deposit formation. 

 

 

Figure 70: Macroscopic observations by SEM-EDS of the experiment 7 standard injection case. 

The piston deposit formed during the early injection case is presented in Figure 71. The piston has a 
deposit in the shape of a flower with 6 petals. These can be related to the six sprays of the injector nozzle. 
These petals have different colors and textures identified in five different zones. These zones are called 
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“black area”, “black area periphery”, “brown area”, “spray impact periphery” and “spray impact core”. 
The black area has a black color and a matt appearance. The black area periphery consists of black 
fringes. The brown area has a brown color with a matt appearance. The spray impact periphery is black 
with an iridescent appearance. The spray impact core has a metallic grey color with a matt appearance. 
All these areas have a smooth texture except for some areas of the black area which present some cracks.  

The microscopic analysis shows that all these zones have a smooth surface morphology. This morphol-
ogy has been found in the reference deposit formed with the microcoking which is attributed to the 
liquid-film path. A granular morphology is also observed with the presence of particles of an average 
size inferior to 100 nm. This specific morphology was observed in the reference deposit formed with 
the gasoline engine which is attributed to the soot path. The spray impact core presents a different mor-
phology with a grainy surface. Nevertheless, it could correspond to a mixture of deposits formed from 
the liquid-film path and the soot path. Compared to the standard injection case, the early injection strat-
egy appears then to greatly favor the liquid-film-path mechanism. 

 

 

Figure 71: Macroscopic observation by SEM-EDS of early injection case (experiment 4). 

The piston corresponding to the late injection case in Figure 72. Here, the different deposit areas are 
presented in more details. As seen before, the piston presents a surface almost entirely covered with a 
black color deposit with a matt texture. The piston deposit has a pattern with six light areas related to 
the six spray cones generated by the injector. Three areas are identified. First, the black area corresponds 
to the black deposit area on the periphery of the piston. The second area corresponds to the spray im-
pingement. It consists in six light areas and six impact areas associated with each of the six spray im-
pacts. The last area is the middle spray area located at the central area of the piston. 

The morphology of the black area and the spray middle area is composed of a layer of particles with a 
diameter inferior to 100 nm corresponding to the soot path mechanism. The impact area also shows the 
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presence of particles but at a scale of 2 µm the particles group together in structures of the order of 2 µm 
in diameter. The comparison with the early injection case shows a stronger contribution from the soot-
path mechanism which validates the late injection strategy set to limit the air/fuel mixture time and 
promoting rich zones, suitable to soot formation. The clear area is the only zone where a smooth layer 
morphology is observed with the presence of particles. Nevertheless, if a smooth layer cannot be directly 
observed for the other zones, the presence of a pattern like the injection scheme tends to exhibit that the 
liquid film mechanism could be present as well.  

 

Figure 72: Macroscopic observation by SEM-EDS of late injection case (experiment 5). 

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

Morphological analysis of the piston deposits shows the presence of smooth surfaces and particles. In 
comparison with the reference morphologies, these deposits are associated with both the liquid film path 
and the soot path mechanism. Early injection and late injection present both deposit pathways but in 
different proportion. Early injection promotes the liquid-film path deposit and the late injection promotes 
the soot-path deposit. This result is coherent because early injection causes spray impingement that can 
favor the formation of a liquid film and the late injection leads to a short mixing time resulting in rich 
zones thus promoting soot formation. Therefore, the microcoking device and the smoke meter seem to 
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reproduce the morphology of the engine deposit pathways. Compared to these two piston deposits ob-
tained in 10 min, the deposit formed with standard injection during 120 min shows very few deposits. 
Therefore, this injection case will not be studied further in the rest of the study. Another conclusion is 
that, although both mechanisms seem to be involved, the chosen engine operation parameters each fa-
vors one mechanism.  

 

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

This section aims to determine the possibility of identifying the chemical signatures characterizing ref-
erence engine deposits by FTIR-ATR and Raman spectroscopy analysis. The analyses are carried out 
on both early and late injection piston deposits. For each analysis, the results are compared with those 
of the laboratory reference deposits. 

4.5.1 Infrared spectroscopy analysis 

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

The signals obtained of the piston deposit for early and late injection cases are compared with the liquid-
film path reference deposit (formed with the microcoking device) in Figure 73. The same multi-peak 
absorption corresponding to the –C–H bonds as well as the broad –OH band region are found for the 
engine deposits and the liquid-film path reference deposit. This result shows the presence of a liquid-
film path deposit in the engine deposit. Both engine deposit cases show a spectrum with strong noise.  

 
Figure 73: IR absorption spectra for engine deposits and liquid-film path deposit  

formed with the microcoking device. 

The infrared absorption spectra measured from engine deposits are compared with those determined 
from the soot-path deposit formed from the smoke meter (Figure 74). Typical absorption features of 
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aromatics identified on the soot IR spectrum are weak but not completely absent. Probably a larger 
amount of sample is necessary to obtain a better signal. 

 
Figure 74: IR absorption spectra for engine deposits and soot-path reference deposit. 

The FTIR-ATR spectra of deposits obtained with the microcoking device and the smoke meter show 
typical absorption features that can be distinguished and related to the two formation paths. Comparison 
with spectra measured on engine deposits show that these features can be identified. The –CH bond 
feature with multiple peaks, representative of aliphatic components, as well as the carbonyl function -
C=O appears as a good tracer for material generated via the liquid-film-path mechanism. Moreover, 
because the FTIR spectrum of the reference soot deposit presents an absorption feature with a single 
peak in the same region, this part of the spectrum contains information suitable to identify the source of 
the deposit. Nevertheless, the FTIR technique appears to require larger amounts of deposit to provide 
measurements with less noise to enable the identification 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 on the piston deposits formed at early and late injection 
timing. The analysis was performed on the different deposit areas identified for the two pistons. The 
results of the Raman such as peak positions and peak intensities were then compared with the ones from 
the reference soot-path deposit. 

Figure 75 shows the six areas analyzed by Raman spectroscopy materialized by green dots. No inter-
pretable signal was obtained for zones Z4, Z5 and Z6. Zones Z1, Z2 and Z3 show two peaks D and G 
around 1390 and 1610 cm–1 characteristic of carbonaceous materials. The peak ratio values of the D and 
G peaks are similar for the three zones with an average value of 1.65. There is some discrepancy in the 
FWHM values attributed to signal noise, making it difficult to determine the FWHM value. These two 
peaks are also identified in the soot reference deposit, although the soot reference deposit present a lower 
peak value at 1.15. 

 
 



72 
 

 
Figure 75 : Location of the Raman analysis zones Zn (green dots) for the early injection case. 

 
Figure 76 : Raman signal of zones Z1→6 for piston deposits from early injection experiment. 

For the late-injection case, Figure 77 shows the location of the Raman measurements on piston top 
surface with the green dots. No interpretable signal was obtained for the zone Z1 and Z2. This is due to 
a signal saturation which was not possible to avoid. The two peaks D and G characteristic of carbona-
ceous materials are also identified around 1350 and 1600 cm–1. However, the high signal-to-noise ratio 
for zone 3 makes it difficult to determine the exact position of the peaks and therefore makes the FWHM 
values of the two peaks uncertain. The Raman signal for zone 4, on the other hand, has a low signal-to-
noise ratio. The value of the peak intensity ratio is 1.53 and the FWHM values of peaks D and G are 
121 and 68 cm–1, respectively. These values are different from those of the reference soot deposit. 
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Figure 77 : Location of the Raman measurement zones Zn (green dots) for the late injection experiment. 

 

Figure 78: Raman signal of zones Z3 et Z4 for piston deposits from the late injection case experiment. 

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

Figure 79 shows the peak ratio of the different zones of the analyzed deposits. Given the measurement 
uncertainty presented by an error bar, there is no significant difference between the case of early and 
late injection, whereas the microscope showed significant differences in the morphology of the engine 
deposits that seem to indicate different deposit origins. Also, the peak ratio value for the reference soot-
path deposit is 1.15, which is much lower than the peak ratio of the engine deposit in the late injection 
case of zone 1 which is equal to 1.6, even with both presenting a similar morphology. This technique 
does not make it possible to dissociate the mechanisms of the liquid-film path and the soot path in motor 
deposits and therefore does not help to identify the mechanisms responsible for the formation of the 
deposit. In addition, the line width of the Raman signals cannot be interpreted because of the important 
noise of the measures. 
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Figure 79 : Peak ratios ID/IG of the soot reference deposit and the piston deposits zones for the early 
and late injection cases. 

4.6 Conclusions on the methodology to study engine deposits 

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

The deposits formed for different engine parameters were analyzed using the same methodology. The 
results showed that the location in the combustion chamber has no significant impact on the appearance 
and morphology of the deposits. The piston deposit has a particular pattern attributed to the impact of 
the spray on the surface. This area of the combustion chamber is selected in the rest of the study. Then, 
the effect of engine geometry on the deposits was studied. This study showed that the deposits can be 
studied independently of the two engines used in the study. Finally, different engine experiments were 
carried out to form deposits on the pistons for three different injection timing. Two injection timing were 
chosen: the first is early injection at 360 CAD BTDC which forms deposits with a morphology essen-
tially corresponding to the path of the liquid film; the second is the late injection at 60 CAD BTDC 
which contributes largely to the deposit formation with a morphology corresponding to the soot path. 
These two injection timings will enable the study of the mechanisms of both deposit formation pathway.  

In addition to macroscopic and microscopic analyses, FTIR-ATR and Raman spectroscopic analyses 
were evaluated. The objective was to determine the ability of these techniques to identify chemical sig-
natures corresponding to reference engine deposits. FTIR-ATR spectroscopy made it possible to identify 
the presence of a deposit formed from the liquid film path for early and late injection cases, but not for 
the soot path. The technique does not provide information on the proportion of deposit for each pathway. 
The use of FTIR-ATR spectroscopy is then excluded for the following work performed during this the-
sis. For the Raman analysis, no information could be extracted for the reference deposit for the liquid 
film pathway and no correlation was found between the morphology and the information derived from 
the peak analysis. Therefore, the technique does not allow a correlation between carbon structure and 
morphology. The use of Raman spectroscopy is hence also excluded hereafter. The method used to 
determine the origin of engine deposits provides only qualitative information.  
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5 ENGINE DEPOSITS FORMATION MECHANISMS 

The objective of this chapter is to provide an understanding on engine deposit formation mechanisms. 
The strategy is to isolate the two deposit formation pathways to study their mechanisms separately. The 
early injection condition is used to study the mechanisms of liquid-film path formation and late injection 
to study the mechanisms of soot path formation. The mechanisms identified for each of the formation 
pathways are then compared for each of the injection strategies. Firstly, the operating conditions and the 
type of analysis performed are presented. The study is then divided in two sub-sections: the first con-
cerns the liquid-film path and for the second the soot-path mechanism. In a third section the mechanisms 
are compared with each other. The conclusions present the deposit formation scenarios deduced from 
the previous analyses. 

5.1 Description of engine experiments  

The experiments are carried out with the 462-cm3 engine described in chapter 3 that is equipped with 
optical access to enable high-speed imaging of the piston surface. Table 7 presents the parametric vari-
ations for two injection strategies. For the early injection timing strategy, experiments under two condi-
tions were carried out with different initial piston surface temperatures. The objective is to characterize 
the behavior of the liquid film as a function of surface temperature to highlight the physical mechanisms 
in the liquid film. The first experiment starts at a piston temperature of 20 °C to represent cold-start 
conditions, called “cold-start case”. The second experiment begins after a 2-minute preheating of the 
engine through operation with port fuel injection (PFI), called “warm-start case” (see chapter 3). At the 
end of the warm-up phase, the piston surface temperature is 133 °C. At this time, PFI is switched off 
and the 10-minute experiment with direct fuel injection (DI) starts. For the late DI injection timing case, 
the experiment starts with an initial piston temperature of 20°C corresponding to the cold-start case. 

Table 7: Table of engine experiments with the 462 cm3 engine 

 

The temporal variation of the piston surface temperature are shown in Figure 80. The temperatures were 
measured by phosphor thermometry (see Chapter 3). Two characteristic phases 1 and 2 are observed 
and defined as: Phase 1 corresponds to the first two minutes of the experiment, when the difference 
between the piston temperature in the two cases is greatest, while Phase 2 starts at 2 min and continues 
until the end of the experiment. It corresponds to the moment when the two temperature profiles start to 
converge and reach a similar final temperature at the end of the experiment. 
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Figure 80: Variation of the piston surface temperature during engine experiment for cold and warm start. 

For each experiment, two types of analysis are carried out. First, an in situ analysis is carried out during 
the experiment which consists of using the high-speed camera to observe the deposit formation and the 
phenomena occurring in the combustion chamber such as near wall combustion or liquid films. In the 
exhaust gases, particle-size distributions were measured with a DMS 500. This analysis enables the 
correlation of particulate emissions with the presence of soot-related deposits. After the end of the ex-
periment, the piston surfaces are analyzed ex situ using the methods described in the previous chapter. 

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

The piston deposits formed in the cold start and the warm start cases at early injection are first analyzed 
to study the liquid-film path mechanism. This section will focus on establishing a correlation between 
the presence of a liquid film and the deposit formation. The piston deposits are compared using macro-
scopic, microscopic, and in situ analyses of the piston samples. The observed deposits corresponding to 
the soot-path are deliberately not considered in this section and are the subject of the following section. 

5.2.1 Macroscopic analysis 

Figure 81 displays macroscopic images of the piston deposits formed at cold- and warm-start conditions 
for early injection. Characteristic deposit patterns are observed on the piston surfaces (Figure 81). There 
are two zones: An inner zone corresponding to the impact core of the spray and an outer zone corre-
sponding to the rest of the piston surface. They are described separately in the following paragraphs. 

The inner zone is similar for both pistons. It corresponds to a central pattern composed of six zones 
(marked in red in Figure 81). Each zone consists of a light core and a dark outline called the spray impact 
core and the spray impact periphery, respectively. Since these areas correspond to the impact points of 
the liquid spray, it seems reasonable to link this central pattern to the formation of a liquid film during 
the experiment. 

The outer zone is the entire area between the red contour and the edge of the piston in Figure 81. This 
area exhibits differences between the warm- and cold-start cases. In the former, the outer zone corre-
sponds to a brown area with brown marks marked in yellow (Figure 81). In the latter, several zones 
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exist: Starting from the spray impact zone towards the piston edges, a first brown area is observed sur-
rounded by a black area (marked in yellow). These two zones are surround by deposits forming black 
wave patterns, thereafter called “black area periphery”. This particular pattern indicates a forward or 
backward movement mechanism that will leave fringes of black deposits. The black area deposits and 
the peripheral black fringe pattern are not present in the warm start case. It may indicate that the so-
called “black deposits” only form when the piston temperature is low, here during the warm-up phase 
of the engine. 

 

Figure 81: Piston deposits for the warm- and cold-start case with the different areas identified. 

In conclusion, two different phenomena are observed for the two zones. The first is related to the impact 
of the spray on the piston surface, which leads to the formation of deposits in the inner zone that are not 
temperature-dependent. The second phenomenon corresponds to the mechanism that will form the outer 
zone.  

5.2.2 Microscopic analysis 

Figure 82  shows the four deposit zones identified during the macroscopic analysis: Brown area, brown 
marks, spray impact periphery, and spray impact core). These zones are analyzed and compared with 
the cold-start case deposit presented in section 4.4.2 (Figure 71). 

When observed with a spatial resolution of about 2 µm, the brown area looks almost homogeneous. 
With a resolution of about 500 nm, a smooth surface covered with scattered particles whose average 
size is less than 100 nm in diameter is observed. Brown marks have a morphology similar to the brown 
area with the presence of a smooth surface covered by particles that are less scattered and whose average 
diameter is also below 100 nm. The darker appearance of these areas is probably related to the higher 
density of particle. The spray impact periphery also includes the presence of smooth surfaces and parti-
cles. The number density of these particles is between the brown area and brown marks ones. Their 
average diameter size is also less than 100 nm. The morphologies of the liquid-film path and soot path 
deposits are both found in these three deposit zones indicating that the related mechanisms are involved. 
A granular morphology is observed in the spray impact core with the presence of cracks. The latter are 
probably due to a high thermal stress caused by the high temperature in the combustion chamber. 

Comparing with the cold-start case in Figure 71, even if a large difference is observed on the macro-

scopic scale with the existence of the black area in the cold case, many similarities are observed on the 
microscopic scale. In both cold- and warm-start cases, the spray impact periphery, spray impact core, 
located in the same places on the piston, present a deposit similar in appearance and morphology. The 
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brown area of the warm-start case is located where the brown area and the black area are located in the 
cold-start case, and similar morphologies characterized by a smooth surface covered by particles are 
observed. These results show that probably the same processes are involved despite the differences in 
temporal variation of the temperature and the difference observed on the macroscopic scale. Deposit 
related to the soot path are also observed but not analyzed in this section that concerns mechanisms 
related to the liquid-film path only, they will be studied later in chapter. To better understand the for-
mation processes of the different zones, the analysis will continue with the in situ analysis of the deposit 
formation, with particular attention to the impact of the spray on the piston surface.  

 

Figure 82: SEM images of the piston deposit areas obtained in the early injection cold start experiment. 

 

5.2.3 In situ analysis 

5.2.3.1 Visualization of the formation of liquid films  

In the early injection condition, the fuel is injected at top dead center, when the distance between the 
piston and the injector nozzle is shortest. At this distance, the spray hits the surface of the piston. This 
impact of the spray can lead to the formation of a liquid film. Depending on several parameters including 
injection angle, injection pressure, amount of fuel injected or temperature of the piston surface, the liquid 
film formed is transported along the piston surface. This phenomenon is called “liquid-film spreading”. 
It is possible to distinguish two areas on the piston related to the impact of the spray: The spray impact 
area and the liquid film spreading area as illustrated in Figure 83. The spreading length is defined as the 
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distance between the periphery of the spray impact area and the liquid-film spreading periphery. This 
length varies according to the parameters mentioned above. 

 

 

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

The high-speed camera is used in these experiments to observe deposit formation on the piston surface, 
the liquid film, and combustion. However, the optical access is progressively obstructed during deposit 
formation with obstruction rates varying according to the operating conditions, making visualization of 
the combustion chamber and piston impossible after some time. In the cold-start case, it was possible to 
image the piston for around six minutes. In the warm-start case, window fouling is slower, and it was 
possible to observe the piston until the end of the experiment.  

Liquid-film spreading is identified on the images by visual inspection of the appearance of the reflec-
tions, where these are characteristic of a liquid flow. In the cold-start case, a liquid-film spreading is 
observed during the first two minutes of the experiment. During the first 75 cycles, the liquid film ac-
cumulates, and the spreading length increases until reaching the edge of the piston. After 100 cycles, the 
spreading length decreases until the moment when it is no longer possible to observe the liquid film 
because of optical access obstruction, six minutes after the start of the experiment. Figure 84 shows this 
liquid-film spreading from the first injection of the first cycle. The comparison between the diameter of 
the liquid-film area from the first cycle in Figure 84 and the pattern of the deposit obtained at the end of 
the experiment shows a correspondence between the presence of liquid film and the formation of the 
deposit. Figure 85 shows the evolution of spreading length and black area length over time. The black 
area length is defined as the distance between the first appearance of the black area at the outer edge of 
the film and its progression towards the spray impact (see illustration in Figure 84) These data were 
collected by eyes inspection of the images and are therefore purely qualitative. However, they clearly 
show that while the spreading length decreases, the black area length increases. 
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Figure 84: High-speed images obtained by in situ visualization of the piston top surface for the cold start case at 
288 CAD during the first cycle of the engine experiment, and corresponding zone of the piston samples. 

 

 

Figure 85: Spreading length and black area length evolution with time. 

In the warm-start case, using the same acquisition parameters as for the cold start, no liquid-film spread-
ing is observed in the in situ visualization experiments (Figure 86). Similarly, there is no black zone 
deposit. We can therefore assume a correlation between the black deposit and the existence of liquid 
spreading. 



82 
 

 

Figure 86: Image obtain by direct visualization with the high-speed camera of the piston top surface for the 
warm start case at 288 CAD during the first cycle of the engine experiment. 

5.2.3.2 Visualization of the formation of deposits 

In order to analyze the dynamics of deposit formation, Figure 87 compares in situ images of the piston 
surface acquired during the initial phase (Phase 1), when the temperature difference in piston tempera-
ture between both operating cases is significant. It also shows ex situ images of the piston surface sam-
pled after the tests, both for warm- and cold-start cases. Phase 1 lasts about 2 minutes and although 
images acquired for 2 min were used in this analysis, only images acquired at 45 s after the start of the 
experiments are shown in the figure because due to the obstruction of the optical ports, the quality of 
the images obtained at 2 minutes is significantly lower than those obtained at 45 s. The comparison in 
Figure 87 shows that for both warm- and cold-start cases, the deposit observed at 45 s are similar to the 
ones observed on the piston sampled after the test, showing that these deposit very probably form in the 
initial phase of the experiments when the piston is still cold, and that little change occurs at later times 
when the piston is warm. The images in Figure 87 also highlight the differences between the warm- and 
cold-start case. While similar deposit are observed in the inner zone where the deposit corresponds to 
the spray impact zone, significant differences are observed in the outer zone. The black area deposit is 
observed in the cold-start case, but not in the warm-start case. These results indicate that the deposit 
formation in the inner zone is not very sensitive to the piston surface temperature while the black deposit 
in the outer zone is more sensitive to the piston surface temperature.  

  

 

Figure 87: Images obtained by direct visualization of the piston surfaces at 45 s and images obtained after the 
experiment when the pistons were sampled at 10 min. 
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In summary, the analysis has identified two different mechanisms related to the injection: A direct spray 
impact creating a liquid film and consecutively a deposit, followed by the liquid spreading phenomena 
forming a black deposit. Also, while the former seems to be not very sensitive to piston surface temper-
ature, the latter is. Therefore, the following parameters appear essential to understand the formation of 
deposit by a liquid-film and will be studied in more detail in the following section: 

• The effect of the piston surface temperature on liquid-film evaporation 

• The local cooling of the piston due to spray impingement 

• 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 function of the surface temperature is described by the 
Nukiyama theory [105]. It characterizes the behavior of liquid droplets as a function of surface temper-
ature for a single-component fuel. The resulting Nukiyama curve shows the dependence of the lifetime 
of a liquid fuel droplet on the surface temperature and thus provides information on the evaporation rate 
of a fuel at a given temperature. This curve can also be applied to liquid fuel films to simulate their 
thermal behavior on the walls of the combustion chamber [106].  

The objective of this section is to locate the conditions related to the cold-start and warm-start experi-
ments on the Nukiyama curve to understand the evaporation rate of the liquid films during the experi-
ments. After presenting the Nukiyama curve and its underlying regimes, the effect of pressure is inves-
tigated. As the in-cylinder pressure in an engine varies it is important to know how it impacts the evap-
oration of the liquid film. Then, the E10 substitute fuel called RFG is introduced. The Nukiyama curve 
of this fuel is used to determine, which evaporation regimes the cold- and warm-start cases correspond 
to. 

According to Nukiyama, four regimes describe the evaporation process of a liquid film on a surface 
(Figure 88). Regime I (liquid-film evaporation) corresponds to a surface temperature below the satura-
tion temperature (Tsat) of the liquid. In this case, the lifetime of the liquid film decreases linearly with 
the surface temperature and corresponds to slow evaporation of the liquid film. Regime II (nucleate 
boiling) is between the saturation temperature and the Nukiyama temperature (TN) and corresponds to 
the formation of isolated bubbles in the liquid film. In this regime, the lifetime of the liquid film contin-
ues to decrease until it reaches the Nukiyama temperature, which is the temperature at which the liquid 
film lifetime is the shortest. At this temperature, bubbles continuously form in the liquid film. Regime 
III (transition boiling) is between the Nukiyama temperature and the Leidenfrost temperature (TL) and 
shows an increase in the lifetime of the liquid film with increasing temperature. This is due to the fact 
that the liquid film boils and decomposes into bubbles which take time to evaporate. Regime IV (film 
boiling) starts at the Leidenfrost temperature TL and corresponds to the boiling of the liquid film. When 
the temperature of the plate reaches TL, evaporation is slowed down because the film is not continuous 
anymore, it is composed of droplet clouds levitating above the plate due to the presence of an insulating 
gas layer separating them from the surface. Heat transfer is therefore reduced. Above TL, the evaporation 
rate increases with surface temperature. 
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Figure 88: Nukiyama curve of the droplet lifetime vs. surface temperature for a single-component liquid [106]. 

Another parameter influencing the evaporation process described above is pressure. Figure 89 shows 
the effect of pressure on the liquid-film lifetime of iso-octane. The first part of the Nukiyama curve 
corresponds to a linear decrease in the liquid-film lifetime. With increasing pressure, this part of the 
curve is shifted to higher temperatures and thus displays an increase in evaporation time. For example, 
for a surface temperature of 100 °C, at atmospheric pressure (101 kPa) the evaporation time of a liquid 
film is about 5 s whereas it is about 11 s for a higher pressure of 717 kPa. The Nukiyama temperature 
(TN) and the Leidenfrost temperature (TL) increase with pressure. Finally, the part of the curve corre-
sponding to Regime IV, i.e., for temperatures above TL, faces a decrease in the lifetime of the liquid 
film. For example, for a temperature of 300 °C, the lifetime of the liquid film is 5 s at atmospheric 
pressure and for a pressure of 717 kPa, the lifetime drops to 0.5 s. These trends in the evolution of the 
Nukiyama curve with pressure will allow a more accurate characterization of the thermal behavior of  
liquid films of E10 fuel for both cold- and warm-start cases. 

 

Figure 89:  Nukiyama curves of iso-octane for different pressures [107]. 
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The Nukiyama curves presented so far applies to single-component liquids only. Some studies exist to 
characterize the behavior of multi-component liquids, but none are available for the E10 fuel used in 
this thesis [107]. Nevertheless, some data is available for the Reformulated Gasoline (RFG) fuel. The 
choice of RFG fuel as a substitute for the description of E10 is based on the similar distillation curves 
of the two fuels. As the Nukiyama curve is related to the evaporation of the fuel, it seems appropriate to 
use a substitute for E10 fuel with similar evaporation properties such as RFG. The composition of both 
fuels is presented inTable 8 [108]. The temperatures of the evaporated fractions at 50 °C (T50) and 
90 °C (T90) of the distillation curves of the two fuels appear to be similar.  The T50 and T90 tempera-
tures of E10 fuel were measured at 90 and 146.5 °C respectively. The RFG fuel has a T50 between 88 
and 99 °C and a T90 between 138 and 149 °C. The differences observed between the two fuels in terms 
of aromatic, olefin, benzene and oxygen content will not be considered in the following analysis. 

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

 

Figure 90 displays the Nukiyama curve for the RFG fuel at atmospheric pressure. The temperature 
ranges of the piston surfaces during the cold start and warm start experiments are indicated as color 
boxes. For the cold start case, during Phase 1, the liquid film is in the linear part of the curve where the 
evaporation rate increases linearly with surface temperature. At atmospheric pressure, Phase 2 is in both 
Regime II and III. Considering the effect of increasing pressure in the combustion chamber, it is assumed 
that Phase 2 is also in the linear part of the curve at pressures relevant to engine conditions. This result 
means that during the cold start case experiment, the liquid film evaporates faster and faster during the 
experiment as the surface temperature increases with time. 

For the warm-start case, Phase 1 is at the end of Regime II and Phase 2 is at the beginning of Regime 
III. However, due to the effect of pressure, it is assumed that the liquid film during the experiment is at 
the end of the linear part of the curve corresponding to Regime II. Compared to the cold start case, the 
warm start case has a much faster evaporation speed during the test. These results appear to be consistent 
with the previous in situ analysis. Indeed, for the cold start case, it is possible to observe the liquid-film  
spreading at the beginning of the experiment. Then, as the surface temperature increases, the length of 
the liquid-film spreading decreases . For the warm-start case, no spreading is observed because the liquid 
film is in a fast evaporation mode compared to the cold-start case. 
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Figure 90: Nukiyama curve for RGF fuel at atmospheric pressure [107]. 

For the cold-start case, as seen above, the spreading of the liquid film seems to coincide with the black 
deposit. It can be assumed that the outer zone of the deposits on the piston surfaces is conditioned by 
the presence of liquid-film spreading whose evaporation rate depends on the surface temperature. Fast 
evaporation means that the liquid-film does not have time to form a deposit. However, it has been ob-
served that the inner zone corresponding to the impact zone of the liquid film, is formed at both low and 
high temperatures.. The liquid film formed in this zone does not seem to follow the thermal behavior 
described by the Nukiyama curve The following sections aim to understand the formation of deposits 
by investigating other factors in the literature that may affect the evaporation time of the liquid film. 

 

5.2.4.2 Variation of the thickness of the liquid film  

The Nukiyama curve of a fuel is obtained by measuring the surface temperature-dependent evaporation 
time of fuel drops deposited on the surface with the same diameter, i.e., drops with the same volume. 
Thus, for an inhomogeneous thickness of a liquid film, it can be assumed that the evaporation time is 
not the same in the liquid film due to different volume of fuel to be evaporated. Kaiser et al. and Pan et 
al. measured the liquid-film thicknesses of fuel from the impact of a spray on a surface [109, 110]. Their 
measurements revealed zones of liquid fuel accumulation in the liquid film. 

Kaiser et al. measured the liquid-film thicknesses on a piston in an optical access spark ignition engine 
with a direct injector by laser-induced fluorescence (LIF) [109]. The liquid film in their work shows 
spreading. Its size is of the order of 30 mm long by 20 mm wide for a spray impact corresponding to a 
single-hole injector. These dimensions are comparable to those obtained in this thesis work with the 
formation of a liquid film of 25 mm long and 13 mm wide (Figure 92). Also, the measurement conditions 
of the Kaiser et al. paper are similar to the conditions of the engine experiments performed in this work 
with 200 bar injection at 360 CAD BTDC. They found that the liquid-film thickness increases from the 
center to the periphery of the liquid film, i.e., the liquid film accumulates at the periphery of the liquid 
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film where it reaches a maximum thickness of 40 µm (Figure 91). At the center (impact core of the 
spray), the thickness is minimal. This information is now used to analyze the cold start case experiment. 
In this experiment it was shown by direct visualization that with increasing surface temperature the 
length of the spreading of the liquid film decreases. Thus, the periphery of the film, corresponding to a 
liquid fuel accumulation, moves closer to the center of the piston. Direct visualization also showed that 
the black area progresses from the edge towards the center of the piston and that this displacement 
correlates with the decrease in the length of the liquid-film spreading. Therefore, these results seem to 
show that the black area deposit forms at the periphery of the liquid film, where the accumulation of 
liquid fuel takes the longest time to evaporate. It can be assumed that the liquid-film path deposit forms 
when the evaporation speed of the liquid film is slow. 

 

Figure 91: Thickness of the liquid film formed on a piston surface as measured by laser-induced fluorescence 
imaging (LIF). Image taken at 300 CAD BTDC, injection of liquid fuel at 200 bar at 360 CAD BTDC [109]. 

 

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

The work of Pan et al. showed a liquid-film accumulation at the periphery of the spray impact [110]. 
The size of the liquid film presented in this work is 15 mm wide and 25 mm long. This size is comparable 
to the liquid films observed for the cold start case experiment which are 13 mm wide and 25 mm long. 
The temperature delta between the fuel and the plate is about 3 °C. This temperature difference is similar 
to the initial condition of the cold start case experiment with a temperature difference between the piston 
surface and the fuel of 0 °C (piston surface and fuel are at atmospheric temperature). 

The work of Pan et al. shows that the liquid film can accumulate also at the periphery of the spray 
impact, marked in red in Figure 93, in addition to the periphery of the liquid film, marked in white. Pan 
et al. observed, as did Kaiser et al., a minimum thickness at the center of the spray impact. Ex situ 
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analysis of the piston from the cold start experiment revealed by SEM-EDS a higher density of deposit 
at the periphery of the spray impact than at the spray core area (Figure 94). This result was obtained by 
atomic density mapping of the deposit (see section 3.2.1 ).  

According to the work of Pan et al., the periphery of the spray impact seems to correspond to a zone of 
accumulation of the liquid film, while the spray core area corresponds to a very thin zone of the liquid 
film. The formation of the deposit is thus favored at the periphery of the spray impact, which presents 
an accumulation of liquid film that takes longer to evaporate. 

  

 

 

Figure 93: (a) Schematics of liquid-film spreading resulting from spray impact for a single spray cone, 
(b) LIF image of a liquid film of fuel injected at a temperature of –18°C on a plate cooled at –15°C [110]. 

 

 

Figure 94: Atomic density mapping of the spray impact of 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 evaporation speed of the liquid film in the inner zone does 
not explain the presence of a deposit in this zone. To explain the deposit formation in the inner zone for 
the warm start case, the effect of the spray impact on the piston temperature is studied in this section.  

A study conducted by Contino et al. showed that the impact of a spray on a surface leads to local cooling 
[111]. Contino et al. used infrared thermography measurements to obtain a 2D temperature map of the 
impacted surface as shown in Figure 95. In their study iso-octane is injected at 20 °C onto a plate at 
93 °C. This temperature difference is close to the temperature difference of this work for the warm start 
case with a temperature difference observed between the piston surface with a temperature above 133 °C 
and a fuel temperature of 30 °C in the warm-start case. The authors observe a temperature gradient of 
the liquid film that has spread over the surface. The spray impact zone is the most cooled and is up to 
18 °C lower than the initial plate temperature of 93 °C. This result means that for the warm-start case, 
the spray impact area is cooler than the rest of the piston. When the piston surface temperature is high 
relative to the fuel temperature, as in the warm-start case, the spray impact can cool the local surface 
temperature at the impact. This can lead to slower evaporation of the liquid film at the spray impact area, 
explaining the formation of deposits on this zone.  

 

Figure 95: Temperature map obtained by IR thermography of a GDI spray impacting on a heated thin foil [111]. 

5.2.5 Synthesis of the mechanisms of deposit formation by the liquid-film path 

Ex situ and in situ analyses of the two early injection deposit formation experiments compared to liter-
ature data have revealed mechanisms explaining the deposit formation by the liquid-film path. 

During injection, the impact of the spray on the piston surface leads to the formation of a liquid film. 
From this liquid film two zones are distinguished: The spreading area and the spray impact area.  

The first zone corresponds to the spreading of the liquid film that forms in the outer zone of the piston 
surface. The outer zone depends on the surface temperature. At high temperatures, the liquid film evap-
orates quickly, and the formation of deposits is limited. For the warm-start case, no spreading is observed 
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with the high-speed camera. However, microscopic analysis of the outer zone showed the presence of a 
deposit relative to the liquid-film path. It is likely that the liquid spread out but evaporated immediately, 
not allowing the formation of a thick layer of deposit compared to the black area observed for the cold-
start case. For the cold start case, a spreading is clearly observed. Its path decreases as the piston surface 
temperature increases, and the black-area deposit is formed at the periphery of the liquid film, which 
moves towards the center of the piston. In situ visualization showed that the black area forms from the 
edge of the piston and progresses towards the center over several cycles (Figure 15). This may explain 
the presence of fringes in the black area, presented in section 5.2.1, which appear increasingly spaced 
in the direction of the piston center  (Figure 96).  

 

 

Figure 96: Visualization of the piston surface after different numbers of cycles for the cold-start case. 

The brown areas observed on the external zones of the piston surfaces for both operating conditions 
correspond to the areas where the fuel evaporates rapidly which explains the presence of a thinner layer 
of deposit than for the black area observed for the cold-start case. In addition, brown marks were iden-
tified on the outer zone for the warm-start case, more precisely at the periphery of the piston. These 
marks are darker than the rest of the brown area and indicates a greater thickness of deposit. Their 
morphology indicates the involvement of a mechanism linked to the liquid film but the results presented 
in this chapter do not explain their presence.  

The second zone corresponds to the liquid film formed in the inner zone of the piston. Two distinct 
liquid film areas are identified here: The spray impact core area and the spray impact periphery. The 
literature has shown that the liquid film has a minimum thickness at the spray core area and shows an 
accumulation of liquid fuel at the spray impact periphery. In addition, SEM-EDS analysis has shown a 
lower deposit density at the spray core area than at the spray impact periphery. This is attributed to rapid 
evaporation from the spray core area leading to limited deposit formation and slower evaporation at the 
spray impact periphery leading to deposit formation. 

5.3 Contribution of the soot-path mechanism to deposits formation 

In this section, the mechanisms leading to the soot-path deposit on the piston surface are studied. The 
study is based on the results obtained in the late injection experiment which favors soot formation. First, 
the different mechanisms of soot-path deposit formation in an engine are presented. Then, the contribu-
tions of these mechanisms at engine conditions are evaluated. For this purpose, the results of the in situ  
visualization and the measurement of the size and number distribution of the exhaust particles are com-
pared with the data from the literature on aerosol transport and deposition mechanisms. Finally, the 
mechanisms involved in the deposition of soot on the walls 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 literature to explain the soot deposit on the walls of the com-
bustion chamber. The work of Suhre et al. investigated the possible mechanisms leading to soot depo-
sition on the wall of a combustion chamber of a direct injection Diesel engine [3]. Since particles are 
subject to the action of several transport mechanisms, Suhre et al. proposed to weigh the action of these 
mechanism to determine the predominant ones. They first listed the possible deposition mechanisms: 

• Thermophoresis, presented in section 1.4.1, is the movement of particles in a gas from the hot to the 
cold regions induced by a temperature gradient. The temperature difference between the cooled 
walls and the hot combustion gases induces a steep temperature gradient that generates thermo-
phoresis forces on the soot particles directed towards the wall. 

• Electrophoresis is the motion of particles carrying unbalanced charges in an electric field. According 
to Suhre et al., a net positive charge may exist on soot particles due to thermal ionization. The 
electric field thus carries the particles to the (electrically neutral) walls of the combustion chamber. 

• Gravitational sedimentation is the deposition of particles on a surface under the action of gravity.  
This parameter depends on the mass of the particles. The impact of sedimentation on particles is 
usually represented graphically as a function of the particle diameter. 

• Inertial deposition occurs when a particle caught in a turbulent flow is ejected from a vortex onto a 
surface due to its inertia. This mechanism can occur in a combustion chamber depending on the 
mass to aerodynamic drag ratio of the soot particles. If this ratio is large compared to the turbulence 
intensity, the particles can be eject from a vortex in the flow towards the combustion chamber wall. 

• Brownian diffusion describes the behavior of a particle suspended in a fluid that interacts with the 
molecules of the fluid. These interactions lead to a random movement of the particles in the fluid. 
This mechanism transports particles only within the laminar sublayer but not preferentially towards 
the surface. 

The authors did a numerical study where they analyzed the relative impact of these processes. They did 
not take into account gravitational sedimentation in their study as they considered the particle mass too 
low and the time scale involved too short to induce significant effects compared to the other forces. 
According to their calculations, electrophoresis and Brownian motion have a weak influence compared 
to thermophoresis. Also, they suppose that inertial deposition is unlikely because according to their 
calculation it can only occur in a very thin laminar layer on the order of about 30 nm. However, the 
results obtained by Boggs et al. show that inertial deposition is a possible in the cylinder [103]. 

In this work, the effects of electrophoresis and Brownian diffusion are neglected. The effects of thermo-
phoresis, gravitational sedimentation, and inertial deposition are considered. To judge the relative con-
tribution of these mechanisms, the results of real time particle-size measurements with the DMS 500 are 
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 in the exhaust at each second of the late-injection experiment 
with the DMS 500 (Chapter 3). Figure 97 shows the temporal variation of the particle-size distribution, 
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which is mostly invariant over time. Therefore, it is possible to average the number and size distribution 

of the particles. Figure 98 shows the average particle-size distribution for the experiments, which is 

bimodal. The first peak, centered at 10 nm and ranging from 8 to 15 nm corresponds to the primary 
particles. The second peak, centered at 100 nm and ranging from 15 to 300 nm, corresponds to agglom-
erated soot. On the graph, a slight shoulder between 15 and 20 nm is observed. The number density of 
agglomerated soot particles is much lower than that of primary soot particles with 5.30×106 cm–3 at 
10 nm compared to 5.00×108 cm–3 at 100 nm. 

 

 

Figure 97: Temporal evolution of particulate size distribution for the late injection experiment case. 

 

 

Figure 98: Particle-size distribution averaged over the 10 minutes for the late-injection experiments. 

The study of Suhre et al. showed that one can assume that gravitational sedimentation is negligible for 
soot particles in the presence of turbulence inside the combustion chamber [50]. Our analysis will there-
fore focus on the case of a laminar flow, which may also exist near the combustion chamber walls[50]. 
Therefore, we estimate the deposition of particles by gravitational sedimentation in a duct with a laminar 
flow in the presence of a temperature gradient. The duct configuration is chosen because it is comparable 
to a semi-infinite horizontal plane, the diameter of the particles being much smaller than that of the duct. 
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It is therefore comparable to the combustion chamber of an internal combustion engine, with walls sep-
arated by a distance very large compared to the particle size. In order to use results available in the 
literature, we consider NaCl particles whose physical properties are similar to those of soot particles 
[51, 112]. To determine at which temperature gradient the gravitational sedimentation becomes negligi-
ble, Figure 99 shows the thermophoretic forces for different temperature gradients and the limit at which 
gravitational sedimentation becomes more important than thermophoresis. If the thermophoretic force 
is less than 100 N/kg, gravity governs the particle transport. The data obtained on the particle size dis-
tribution of soot particles in the late injection case experiment are shown in red on the graph. The soot 
particles measured at the exhaust are smaller than 1 µm and the temperature gradient in an engine is 
about 1000 K/cm at 0.5 mm from the wall, therefore the analysis of the graph shows that the thermo-
phoretic force is well above 100 N/kg [113]. It is therefore possible to neglect the effect of gravitational 
sedimentation compared to that of thermophoresis.  

 

 

Figure 99: Figure adapted from work by Chunhong He and Goodarz Ahmadi comparing  thermophoretic force and 
gravity for NaCl particles at different temperature gradients (simulation) in a laminar duct flow [114]. The distri-
bution of the particle size obtained from the engine measurement are added to the original curve in the form of a 
red box. 

5.3.2.2 Effect of thermophoresis on soot transport to the combustion chamber walls 

As discussed above, the thermophoretic force is induced by a temperature gradient. Figure 100, taken 
from the work of Fan et al., shows near-wall temperature profiles at the cylinder head for different crank 
angle degrees [113]. These temperature profiles were obtained by numerical simulation of a spark-igni-
tion direct-injection engine. Their study shows that the temperature gradient becomes significant for a 
wall distance of about 500 µm. Thus, beyond this characteristic distance, the temperature gradient be-
comes negligible. Figure 101 shows theoretically the evolution of the temperature gradient as a function 

of the distance to the wall. From a minimum distance from the wall, δmin, the temperature gradient be-
comes zero and soot transport by thermophoresis does not exist. On the other hand, as one moves closer 
to the wall, the temperature gradient increases and so does the force of thermophoresis. 
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Figure 100: Near-wall temperature profile during compression of a SIDI engine from numerical simulations 
[113]. 

 

 

 

Figure 101: Dependence of the temperature gradient on the distance from the wall. 

In the case of the late-injection experiment, orange light emission attributed to soot formed in rich areas 
near the wall was observed (Figure 102). In the first image (at 315 CAD), the spray impacts the piston 
surface. Then in the second image (at 367 CAD), the flame front is observed. Finally, at 376 CAD, it is 
possible to observe emission that is attributed to soot [115] that originates from rich combustion in zones 
with rich fuel/air mixtures as a result of the evaporation of the liquid film. The distance between the soot 
formation area and the wall is unknown. It can be assumed that since the soot was formed near the liquid 
film, it is located near the wall where the temperature gradients are highest. In this case, it seems con-
sistent to assume that thermophoresis plays an important role in the transport of soot particle onto the 
piston surface. 
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Figure 102: In situ visualization at 367 CAD of the first cycle of the late injection experiment. At 376 CAD, or-
ange emission attributed to soot formed in rich areas near 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 simulation to predict the near-wall boundary layer behavior 
[116]. In their research, they calculated the Reynolds number as a function of the piston displacement 
and the bore diameter. Figure 103 shows the temporal variation of the Reynolds number over the cycle 
for two different engine speeds. Although this calculation is probably oversimplified (it neglects the 
tumble breakdown process that generates significant turbulence at top dead center), it gives a rough 
estimate useful for our analysis. The graph shows that during the operation of an engine, the turbulence 
intensity varies with the position of the piston. According to the model, there is almost no turbulence 
when the piston is at top which is debatable and bottom dead center. Figure 22 shows that after  injection 
and ignition the Reynolds number is high during the expansion stroke, thus it is possible that inertial 
deposition of soot particles happens.  

 

Figure 103 : Mean piston Reynolds number variation at the 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 that may happen in the combustion chamber. Once 
formed, the soot is transported by the flow. Depending on the Reynolds number of the flow, i.e., the 
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intensity of the turbulence, different mechanisms will drive the transport of soot particles. If the turbu-
lence is weak and the soot is close to the wall where there is a temperature gradient, thermophoresis is 
very likely to transport the soot towards the wall. If the turbulence is strong, as in the case of the expan-
sion stroke, several possibilities are considered. If the soot has a low aerodynamic mass-to-drag ratio 
compared to the turbulence intensity, it will probably continue to follow the flow to the exhaust. If the 
soot has a high aerodynamic mass-to-drag ratio, it can be ejected from a vortex due to its inertia. In this 
case, if the soot hits a wall of the combustion chamber, it is likely to be deposited there; this is the inertial 
deposition mechanism. 

 

 

Figure 104: Schematics of the mechanisms leading to the deposition of soot in the combustion chamber. 

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

The mechanisms involved in the liquid-film- or soot-path deposit formation were identified separately 
by analyzing the piston deposits formed at early and late injection. In this section, the joint contribution 
of both mechanisms is presented and discussed. 

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

In the early-injection case, in addition to the presence of the liquid-film-path deposit, microscopic ob-
servation revealed the presence of soot-path deposits for both cold and warm start cases. Figure 105 
shows the microscopic images obtained by SEM of the deposits formed for the two early injection cases 
and the late injection case at the same locations on the three pistons. It can be seen that the amount of 
soot is much higher in the late-injection case than in the two early-injection cases. The objective is now 
to understand whether the soot observed in the early injection 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 experiments with the late- and the early-injection strategy  
for the cold- and warm-start cases. 

Figure 106 shows the size and number distribution of the exhaust particles during the cold-injection case 
experiment. The distribution shows two distinct phases. In the first minute of the experiment, small 
primary particles and strong emission of large particles with comparably small agglomerate sizes are 
seen. After one minute, both the primary particles and the agglomerates become larger and no further 
changes are observed until the end of the experiment. Figure 107 shows the particle-size distribution of 
the early injection cold start experiment, averaged over the first minute, and averaged over the following 
nine minutes. The particle-size distribution of the late-injection experiment is also shown. The averaged 
distribution of the first minute of the early injection experiment is similar to the distribution of the late 
injection experiment. In the first minute of the early-injection experiment, the particles show a peak at 
133 nm for 4.00×108 cm–3 and the late injection shows a peak at 100 nm for 5.00×108 cm−3. The previous 
section showed that the formation of large agglomerate particles led to the formation of soot-path de-
posits formed by thermophoresis and inertial deposition. The soot-path mechanism is therefore compat-
ible with the cold-start early-injection case during the first minute. Furthermore, according to these re-
sults in the early-injection case, soot is deposited only during the first minute. Therefore, there is less 
soot deposited for the early injection experiment compared to the late injection experiment. The macro-
scopic observations are therefore consistent with the DMS 500 data. 

 

 

 

Figure 106: Variation of the particulate-size distribution during the early-injection cold-start case experiment 
for a sequence of engine cycles. 
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Figure 107: Particle-size distribution for the early-injection cold-start case and the late-injection experiments. 

Figure 108 shows the distribution of particle size and number for the early-injection warm-start case. 
The distribution is rather homogeneous during the experiment. The graph in Figure 99 shows the parti-
cle-size distribution averaged over the duration of the experiment of the early injection warm-start case. 
In the bimodal distribution, both primary particles and agglomerates are visible. The primary particle 
mode dominates with a peak at 9 nm for 1.55×108 cm–3. The agglomeration mode presents a peak at 
75 nm with a number density of 6.50×107 cm–3. In comparison, the graph displays the particle-size dis-
tribution of the late-injection case. The quantity and size of the particles are not very important for the 
early-injection warm-start case compared to the late-injection case. This result is consistent with the 
macroscopic and microscopic observations of the early-injection warm-start case, which show very little 
deposit corresponding to the soot path. 

 

Figure 108: Variation of the particulate-size distribution during the early-injection warm-start case experiment 
for a sequence of engine cycles. 
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Figure 109: Particle-size distribution for the early-injection warm-start case and the late injection experiments. 

In conclusion, the presence of large amounts of soot agglomerates during the first minute of the early-
injection cold-start case showed a strong contribution of the soot-path mechanism in the initial phase of 
the experiment. The observation of little deposit corresponding to the soot path for both early-injection 
cases correlates with the short duration of exposure of the piston surface to soot or the low amount of 
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 of the different deposit zones identified for the late 
injection strategy. The black area, spray center area, and impact area all show a layer of soot. The clear 
area is the only area where it is possible to observe the deposit corresponding to the liquid-film path. 
The objective is now to verify whether deposit formation 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 deposits for the late-injection case. 

Macroscopic comparison of the deposits formed for the late-injection and the early-injection cases 
shows a similar pattern with six areas related to the six-cone spray impact. In addition, the high temper-
ature of the piston surface (initial temperature of 133 °C) limited the formation of a liquid film, which 
explains the low deposit related to the liquid-film path. In conclusion, the liquid-film-path mechanism 
is compatible with the late-injection case. 

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

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

Figure 111 shows the contribution of liquid film to deposit formation. At the time of injection, a small  
distance between the piston and the injector nozzle can lead to the impact of the spray (1). This impact 
leads to the formation of a liquid film, which can spread over the surface of the piston and which can 
lead to the formation of accumulation zones (2). From this liquid film, two areas can be distinguished, 
the spray-impact and the spreading area. Fuel in these areas evaporates at different rates depending on 
the film thickness and the surface temperature. 

At high temperatures, the spreading evaporates very quickly, which limits the formation of deposits (3). 
The fuel in the spray-impact area evaporates slower than in the spreading zone because the spray impact 
causes local cooling (4). In the spray-impact area, two others areas are distinguished, the spray-impact 
periphery and the spray-impact core. Fuel in the spray-impact periphery, which is an accumulation area, 
evaporates slowly and leads to deposit formation. Fuel in the spray-impact core, which is the area of 
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minimum liquid-film thickness, evaporates quickly, limiting deposit formation. At low surface temper-
atures, the spreading and the spray-impact area are slow-evaporation areas. Within the liquid film, there 
are different evaporation durations. First, the accumulation zones at the periphery of the spreading and 
at the periphery of the spray impact areas correspond to slow evaporation zones favoring the formation 
of deposits (5). The rest of the liquid film is thinner and evaporates faster limiting the risk of deposit 
formation (6).  

 

 

Figure 111: Scheme of the contribution of the liquid-film path in the formation of the deposit. 

After analyzing the liquid-film zones and the parameters leading to the liquid-film-path deposit for-
mation, the contribution of the soot path is added. In the following, it is assumed that a liquid film has 
formed as a result of the impact of the spray on the piston surface. Figure 112 shows the contribution of 
the soot path to the formation of the deposit. The soot formed during combustion is deposited on the 
piston surface. Depending on the richness of the mixture, the soot concentration, and thus its contribu-
tion to the soot path deposit is determined.  

Two cases of rich combustion have been identified. The first case corresponds to the formation of a 
liquid film on the piston surface (1). As seen previously, depending on the surface temperature , this 
liquid film evaporates more or less quickly. If the evaporation of the liquid film is slow, this can lead to 
richer combustion zones near the wall (2). These rich combustions form a lot of soot in accumulation 



102 
 

mode which is deposited on the wall by thermophoresis or inertial deposition (3). At the next injection, 
a new cycle starts, and the deposited soot is washed away to the periphery of the liquid film (4). 

The second case of rich combustion is the consequence of a late injection strategy. Late injection does 
not provide sufficient time for the fuel and the air to mix (5). This creates rich zones in the gas phase 
that will form a lot of soot in agglomeration mode. This soot will then deposit on the piston surface by 
thermophoresis or inertial deposition (6). 

In case of a lean fuel/air mixture, the formation of large soot agglomerates is limited (7). The contribu-
tion of the soot path mechanisms is therefore also limited. 

 

 

 

Figure 112: Scheme of the contribution of the soot path 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 the effect of the piston surface properties on in-cylinder 
deposits formation. The focus is on the influence of surface temperature, surface roughness, and the 
piston material on the deposits formation mechanism. First, the methodology for evaluating the effect 
of the surface parameters is introduced, then the influence of each parameter is investigated and dis-
cussed. 

6.1 Methodology for evaluating the influence of surface properties on deposits 
formation 

The methodology to evaluate the influence of the piston surface properties on deposits formation is 
based on the ex situ and in situ analysis tools presented in chapter 3 and chapter 4 respectively. The ex 

situ analysis corresponds to the macroscopic and microscopic analysis of the piston surface after each 
experiment. For the macroscopic analysis, deposits color, texture, and patterns are identified. For the 
microscopic analysis, the morphologies at different scales are characterized. The in situ analysis is based 
on the particle-size distribution and on high-speed visualization of in-cylinder processes. The particle-
size distribution is measured via SMPS in the engine exhaust to determine the impact of the parametric 
variations on the deposits formation via the soot path. Direct visualization is used to observe the presence 
of liquid films and thus to determine the impact of the surface properties on the deposits formation 
through the liquid-film path. This last technique also allows us to characterize the kinetics of deposits 
formation and combustion, i.e., to identify rich mixing zones that can promote the soot path. 

First, it is necessary to determine criteria of repeatability for each of these analyses in order to charac-
terize their detection sensitivity. These criteria are determined by repeatability experiments for two dif-
ferent operating conditions. The first operating condition corresponds to a 360 CAD BTDC injection, a 
cooling water temperature of 20 °C and an initial piston temperature of 133 °C. Two experiments A and 
B are performed at these conditions and compared to determine the repeatability of the macroscopic and 
microscopic analyses and the particle-size distribution measurement in the exhaust. The second operat-
ing condition (experiments C and D) also corresponds to a 360 CAD BTDC injection, a cooling-water 
temperature of 20 °C but with an initial piston temperature of 20 °C. Experiments C and D are carried 
out for these conditions and the results are analyzed for repeatability. The duration of all experiment is 
10 minutes.  

6.1.1 Repeatability for ex situ measurements 

The deposits-laden piston surfaces obtained after the experiments A and B are shown in Figure 113. The 
areas marked in blue correspond to reflections related to the lighting used to take the picture and the red 
zone corresponds to deposits. Many similarities can be observed for the two experiments using identical 
conditions. Two brown marks on the periphery and the pattern corresponding to the impact of the six-
cone spray are identified. Both features have similar surface, area, and color. This macroscopic analysis 
shows that there is almost no difference in deposits color and that the areas of deposits are in the same 
proportions. The color and relative proportion of the deposits areas are selected as macroscopic criteria 
in the rest of the study. 
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Figure 113: Cylinder surface after repeated experiments under identical conditions (360 CAD BTDC injection, 
cooling-water temperature: 20 °C, warm start with an initial surface temperature of 133 °C). 

Microscopic analyses of the deposits from experiment A and B are performed on three different zones 
named (a), (b), and (c) in Figure 114. These three zones correspond to the outer zone, the periphery of 
the spray, and the core zone of the spray, respectively. It should be noted that in the electron microscopy 
images, some areas are affected by the so-called charge effect6 that are not further considered in the 
analysis. For both experiments A and B, zone (a) and zone (b) exhibit particles with an average size 
below 100 nm. A smooth surface morphology is also observed in both locations. Zone (c) has a lower 
deposits thickness than the other two zones as machining marks can be distinguished for both experi-
ments. In this zone, the two samples show granular aggregates corresponding to dense local aggregates 
of particles. In conclusion, for each of the zones, the same deposits morphologies are found in both cases 
in similar proportions. The deposits morphology and its proportion are therefore considered a relevant 
criterion for analyzing the influence of surface properties on deposits formation. 

                                                      
6 Zones of charges: They correspond to an accumulation of electrons during SEM analysis that do not discharge 
on the surface of the sample. This causes highlighting that hinders the analysis of the sample. 
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Figure 114: Microscopic observations of samples from experiments A and B by SEM-EDS. 
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To characterize the repeatability of the particle-size distribution measurement, the DMS 500 is used for 
both experiments A and B. Measurements are made throughout the 10-min duration of the experiments 
at an acquisition frequency of 1 Hz. For both experiments, the particle-size distribution shown in Figure 
3 is invariant over time. It is therefore possible to average the particle-size distribution over the entire 
duration of the experiments and compare the resulting particle-size distribution for both experiments 
(Figure 116). The agglomeration mode is very similar for both experiments, centered around 65 nm and 
with a particle concentration of 6.4×107 cm–3 for A and 6.8×107 cm–3 for B. The primary-particle mode 
shows some differences between the two experiments. Although it is located around 10 nm for both 
experiments, the concentration is higher for B (2.5×108 cm–3 ) than for A (1.55×108 cm–3). Therefore, 
the evaluation criteria of the particle-size distribution will be based on significant differences in the 
position of the nucleation and accumulation peaks as well as on differences in concentrations of more 
than 1.0×108 cm–3. 

 

 

Figure 115: Temporal variation of the soot particle-size distribution in the exhaust for experiments A and B. 

 

Figure 116: Averaged particle-size distributions for the 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 camera, the evaluation criteria are qualitative. The analysis 
of the images set obtained with experiments C and D shows similar characteristics, i.e., of the liquid 
film and the same kinetics of deposits formation are observed, after 2 minutes of operation, the progress 
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of deposits formation is similar. Figure 117 compares the direct visualization of the two pistons at the 
62nd cycle of the experiment. It should be noted that the two experiments have different angles of view 
and lighting. The piston surfaces in both cases have an observable deposits corresponding to the liquid-
film spreading formed by the impact of the spray. 

 

Figure 117: Images obtained by direct visualization of the piston surfaces for experiment C and D  
at the 62nd cycle (360 CAD BTDC injection, cooling water temperature: 20 °C, cold start). 

6.2 Effect of the piston surface temperature on deposits formation 

In this section, the influence of the of the piston-surface temperature on deposits formation is studied. 
As seen previously, the surface temperature can affect both deposits formation paths. It impacts the 
behavior of the liquid films and incidentally the deposits formation by the liquid-film path. It can also 
modify the temperature gradient at the walls of the combustion chamber and thus impacts thermo-
phoretic transport and thus deposits formation via the soot path. In the following, first, the experiments 
matrix is described. Then the piston surface temperatures are characterized for the related operating 
conditions. Finally, the effect of the surface temperature 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 temperature of the piston: (1) variation of the piston 
thickness (10 or 30 mm), (2) addition of air cooling (blower) from the backside of the piston, (3) varia-
tion of the cooling-water temperature (20 or 90 °C), and (4) use of the warm-start strategy to increase 
the initial piston surface temperature. These methods are illustrated in Figure 118.  

As presented in chapter 5, two operating points were used to study both formation paths. The matrix of 
experiments to study the effect of temperature on deposit formation is presented in Table 9. Experiments 
#1 to #5 were performed to study the impact of surface temperature on the deposits formed by the liquid-
film path and correspond to the early injection timing set at 360 CAD BTDC. Experiments #6 and #7 
were carried out to study the impact of surface temperature on the deposits formed by the soot path and 
correspond to the late injection timing set at 60 CAD BTDC. The ignition timing is set to 37 CAD BTDC 
for all experiments. The duration of the experiments is 10 min. The characterization of the piston surface 
temperature for the different experiments is presented in the next section. Experiment #3 is considered 
in this study as the reference experiment to which the parametric variations influence will be compared. 
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Figure 118: Schematics of the different methods to vary the temperature of the piston surface. 

Table 9: Experiment matrix for the early and late injection experiments with the reference experiment #3 in bold 
black and the parametric variations from experiment #3 in bold red. 

 

6.2.2 Characterization of the piston surface temperature  

The piston surface temperature is measured by thermographic phosphor measurements as presented in 
section 3.3.1. For these measurements, the engine was operated in PFI mode. In addition, measurements 
were performed for the experiments performed with a cooling-water temperature of 20 °C. The temper-
ature measurements therefore focus on experiments #1 – #4. It will then be considered that these meas-
urements are representative of the direct-injection experiments, and that the injection strategy, i.e., PFI 
vs. GDI, does not have a significant impact on the method used to vary the piston surface temperature. 
Therefore, experiments #3 (Ref) and #6 will be assumed to have the same piston thermal behavior. 

For experiments #5 and #7 with the cooling water set to 90 °C, the piston temperature was determined 
from a 3D finite element simulation in ANSYS. To validate the use of this numerical simulation, a 
simulation was carried out to calculate the final temperature of the reference experiment #3 (Ref) and 
the result was compared with the measured temperature. The final temperature calculated for experiment 
#3 (Ref) is 171 °C, which matches the measured temperature of 169 °C. The numerical simulation is 
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therefore considered valid also for the other operating conditions. The temporal variation of the temper-
ature for experiments #5 and #7 can then be extrapolated combining experiment # 3 and the result ob-
tained with the simulation, 225 °C after 10 minutes of engine operation. 

Figure 119 shows the temporal variation of the piston surface temperature for experiments #1 – #7. All 
temperature traces for the warm-start cases (i.e., all experiments except #4) are similar: A continuous 
increase of about 20 °C is observed during the 10-min experiment. Experiment #4, as expected, shows 
a different behavior with a fast increase during the first two minutes of the experiment from 20 to 
~130°C. After that, the piston temperature behaves similar to the warm-start cases. Therefore, it seems 
appropriate for the warm-start experiments to consider a time-averaged temperature, whereas for exper-
iment #5, the temporal variation of the temperature will be considered. The average temperatures of the 
experiments are 175, 144, 159, and 215°C for the experiments #1, #2, #3 or #6, and #5 or #7, respectively 
(Figure 120). 

 

Figure 119: Temporal variation of the piston surface temperature during experiments #1–#7. 

 

 

Figure 120: Average piston temperatures for the various warm-start experiments. 
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Experiments #1, #2, and #3 (Ref) have similar average temperatures. They will provide a fine analysis 
of the effect of temperature on the formation of the deposits. Experiment #5 has the largest temperature 
difference of 56 °C compared to the reference experiment #3. For experiment #4, during the first two 
minutes the temperature increases rapidly and then gradually reaches a temperature identical to experi-
ment #3 (Ref) at 169°C. The average temperature of experiment #3 (Ref) between 2 and 10 min is 
151°C. The thermal behavior of the piston over this period is similar to experiments #1, #2, and #3. 

 

6.2.3 Influence of the piston surface temperature on deposits formation 

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

Early injection conditions experiments are used to study the deposit formation through the liquid-film 
path for various piston surface temperatures. In chapter 3 and 4 it was shown that for early injection, the 
deposit morphology corresponds to the reference liquid-film path deposit. The analysis of the piston 
surfaces is based on the two deposit zones identified in Chapter 4 (Figure 121). The first zone studied is 
the inner zone that includes the two sub-zones of deposition called spray-impact periphery and spray-
impact area. The second zone studied is the outer zone. For these two zones, macroscopic analysis of 
the deposits is first performed. The deposit area, pattern, color, and texture are compared between the 
different experiments. Then, a microscopic analysis is performed to confirm the presence of liquid-film 
path deposit, and to identify whether a temperature variation induces differences in the deposit morphol-
ogies. The results from the different experiments are then confronted with the Nukiyama theory to iden-
tify the evaporation regimes of the liquid films regarding the temperature. Finally, the influence of tem-
perature on the liquid-film path will be assessed. The pistons sampled after the experiments are shown 
in Figure 122. The images obtained by SEM-EDS microscopy are presented in Annex B. 

 

Figure 121: Schematics of the inner and outer areas of piston deposits. 



112 
 

 

Figure 122: Images of the piston surfaces of experiments #1–#5 with early injection. For each case, the red line 
marks the inner zone from the external zone and the green lines delimit the brown marks. 

In the inner zone, clear (mostly deposit-free) areas corresponding to the spray impact and darker areas 
corresponding to the periphery of the spray impact are observed for the five experiments but in different 
proportions. Experiments #1, #2, and #3 (Ref) have the same inner-zone size with the spray impact area 
being clear, i.e., resembling the color of the aluminum, and the spray-impact periphery being brown. In 
comparison, experiment #4 (cold start) presents a similar inner zone, with a clear spray impact area but 
with a larger black spray impact indicating more deposit. For experiment #5 (warm cooling water), the 
inner zone size is reduced by about 10 % compared to the other four experiments. The spray impact 
periphery is brown and it is possible to distinguish the machining marks indicating a thin deposit layer. 
The spray-impact area is clear, like in the other four experiments.  

Microscopic analysis (Annex B) showed that for all experiments the spray impact periphery corresponds 
to the liquid-film path deposit and the spray impact area has a granular surface, where it is not possible 
to distinguish the deposit corresponding to the liquid-film path. The microscopic analysis does not show 
any unexpected morphology. These results are consistent with the analysis of the liquid-film path mech-
anisms in Chapter 4. They confirm the presence of liquid-film deposit in the spray-impact periphery as 
a liquid-film accumulation zone and the spray impact area with little deposit as a zone of minimum 
liquid-film thickness.  

From all these results it seems that for a high initial temperature of the piston, the deposit formation by 
the liquid-film path in the inner zone is limited. For a low initial temperature of 20 °C in contrast, the 
deposit formation of the inner zone is promoted. For piston temperatures between 144 and 175 °C, there 
is no significant effect of the surface temperature on the formation of liquid-film path deposit in the 
inner zone. 

Regarding the outer zone, experiments #1, #2, and #3 (Ref) show a thin brown deposit for which it is 
possible to distinguish visually the machining marks. Experiment #1 shows zones with the color of the 
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aluminum surface, which indicates the absence of deposits. Also, brown marks marked in green in Fi-
gure 122 are observed at the periphery of the pistons for experiments #1, #2, and #3. The mechanism 
responsible for these brown marks observed earlier in Chapter 5 has not been clearly identified. There-
fore, the analysis of the effect of surface temperature on these marks is limited. Experiment #4, which 
was studied in the previous section, has a smooth, matt black deposit area compared to the other four 
samples. This black area seems rather thick as it is not possible to distinguish the machining marks of 
the piston surface. The existence of brown marks for experiment #4 cannot be determined because of 
the black deposit covering the surface of the piston. For experiment #5, no deposit is observed macro-
scopically. The entire outer zone corresponds to the color of the aluminum surface of the piston.  

Microscopic analysis showed that for experiments #1–#4, the outer zone (brown marks excluded) cor-
responds to the liquid-film path deposit. This result is consistent with the analysis of the liquid-film path 
deposit formation mechanisms which shows that this outer zone corresponds to the spreading of the 
liquid film. Figure 123 compares SEM microscopic images of the outer zone of the piston in experiment 
#5 with the clean piston surface. Machining marks are observed in both cases, confirming the absence 
of deposit in the outer zone for experiment #5. Abrasion marks and impurities characteristic of the clean 
surface are also identified in experiment #5.  

Lowering the initial surface temperature from 133 to 20 °C has a significant impact on the deposit for-
mation in the outer zone with a significant increase of deposit formation. Changing the average surface 
temperature from 144 to 175 °C does not have a significant impact on the outer zone deposit formation. 
By significantly increasing this temperature to 215 °C, the deposit formation in the outer zone is greatly 
reduced. High surface temperatures seem to limit the formation of brown marks. 

 

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

Now that the effect of surface temperature on the formation of the deposit by the liquid-film path has 
been evaluated, the effect of surface temperature on the liquid-film thermal behavior is studied. To de-
termine the liquid film evaporation regimes of experiments #1–#5, the piston temperature ranges of the 
five experiments are displayed on the Nukiyama curve of the RFG fuel (surrogate of the E10 fuel used 
in the experiments) in Figure 124.  

Experiments #1, #2, and #3 (Ref) are situated on the part of the curve corresponding to the transition 
from regimes II to III. Experiment #4, due to the large temperature variation of the piston, corresponds 
to regime I, II, and III. Experiment #5 is in regime III. Considering the temperature variation in the 
combustion chamber during an engine cycle, the Nukiyama theory shows that the Nukiyama curve hor-
izontally shifts towards the hottest temperatures and the part of the curve corresponding to regimes III 
and IV is vertically shifted towards much shorter liquid-film lifetimes. Thus, the lifetimes of the liquid 
films in the experiments are modified with pressure. 
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As the pressure increases, experiments #1, #2, and #3 (Ref) are more likely to shift towards regime II, 
i.e., the liquid film evaporates more and more rapidly through the 10-min experiment. Experiment #4 
starts in regime I and ends in regime II. It therefore follows very slow evaporation of the liquid film at 
the beginning of the experiment, which then gradually shifts to faster evaporation in regime II. The 
pressure effect should be taken into account. In the engine, peak pressure are significantly above 1 bar. 
Therefore, as mentioned in section 5.2.4.1 of Chapter 5, the evaporation time in regimes III and IV are 
reduced significantly. The consequence is that experiment #5 is very probably characterized by a fast 
evaporation of the liquid film.  

 

Figure 124: Nukiyama curve of RFG fuel at atmospheric pressure (patm) displaying the temperature ranges typi-
cal for the five early-injection experiments investigated here [107]. 

As seen in section 5.2.4 of Chapter 5, the mechanism of deposit formation by the liquid-film path is 
linked to the formation of the liquid film in different zones of the piston surface. These zones are the 
spray-impact area, the spray-impact periphery, and the outer zone. In each zone, the deposit formation 
is governed by a different phenomenon which could be impacted by the piston surface temperature. 
These phenomena are the cooling effect, the liquid-film accumulation and the liquid-film spreading, 
corresponding to the above mentioned zones. 

Spray cooling, the accumulation zones, and the spreading are weakly impacted when the global temper-
ature of the piston surface varies by ±15 °C compared to the reference case at 159 °C. When the tem-
perature of the piston surface increases more significantly (experiment #5 at 225 °C), the spreading zone 
is strongly reduced and this leads to a 100 % reduction of the deposit formation through the liquid-film 
path. The spray-impact area is less impacted which means that the cooling effect of the spray can coun-
terbalance the surface temperature increase. For low temperature as in the cold-start case, the deposit 
formation is increased in every zone as it favors the liquid film formation and elongates its life time. 
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To resume, increasing significantly the temperature is a way to limit the deposit formation through the 
liquid film path by reducing the lifetime of the liquid film and reducing the consequences of the spray 
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 deposits formed for two different temporal average surface 
temperatures, a low temperature of 159 °C and a high temperature of 215 °C, corresponding to experi-
ments #6 and #7, respectively. The objective is to generate different near-wall temperature gradients to 
evaluate the impact of the surface temperature on thermophoresis and therefore on deposit formation by 
the soot path. The investigations focus on the macroscopic and microscopic analysis of the deposits 
formed on the pistons as well as the analysis of the particle-size distribution in the engine exhaust during 
the experiments.  

The piston-surface samples obtained from experiments #6 and #7 are shown in Figure 125. In both cases, 
the piston surfaces show black deposits with a matt appearance. A pattern corresponding to the impact 
of the six-cone spray is observed for both experiments that is different for the two experiments. A black 
area deposit is also present for both experiments. Its area is about 60 % smaller in experiment #7 than 
in experiment #6. According to these observations, increasing the surface temperature affects the deposit 
formation via the soot path.  

 

Figure 125: Images of the piston deposits formed at late injection. 

To determine whether the surface temperature alters the soot-path mechanism, microscopic analyses are 
presented in Figure 126. For both experiments, four zones are identified with the microscopic analysis. 
These zones correspond to the black deposit observed around the spray impact location, the clear area 
observed at the spray impact, the spray impact zone, and the zone at the center of the six spray impacts, 
named zone (a), (b), (c), and (d), respectively (Figure 126). Zone (a) shows a particle morphology with 
an average diameter below 100 nm for both experiments. These particles form a homogeneous layer on 
the piston surface. Zone (b) shows a smooth surface morphology with particles that appear coated in the 
smooth surface for both experiments. These particles are larger than those in zone (a) with an average 
diameter up to 200 nm. This morphology is homogeneous over the whole zone. Zone (c) shows large 
particles agglomerates of the order of 3 µm in diameter for experiment #6 and of the order of 1 µm in 
diameter for experiment #7. For both experiments, the particles constituting the agglomerates measure 
less than 100 nm in diameter. The morphology observed in zone (d) is similar to the morphology of zone 
(a) and corresponds to a layer of particles, for both experiments. These particles also measure an average 
diameter below 100 nm.  
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From these observations, it appears that a variation of the piston surface temperature from 159 to 215 °C 
has little effect on the morphology of the deposits. Increasing the surface temperature does not seem to 
change the mechanisms involved in the deposit formation in the case of late injection.  

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

 

Figure 126: SEM images of deposits for cases #6 and #7. 
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The objective is now to investigate the role of the soot particle-size distribution found in the exhaust gas 
on how the surface temperature influences the deposit formation mechanism by the soot path. Based on 
the analysis presented in Chapter 4, the formation of the soot path deposit by thermophoresis depends 
on the particle-size distribution and the temperature gradient near the wall.  The temporal variation of 
the particles-size distribution is presented in Figure 127. It is temporally invariant for both experiments. 
The average particle-size distributions are presented in Figure 128. Experiments #6 and #7 show an 
agglomerate mode with a peak at 100 nm for 5.0×108 cm–3 and a peak at 87 nm for 5.8×108 cm–3, re-
spectively. In addition, the agglomerate mode is much stronger than the primary-particle mode for both 
experiments. Their particle-size distributions are therefore similar. We can therefore deduce that the 
difference in the amount of deposit observed between the two experiments is mainly due to the impact 
the temperature of the piston surface on the thermophoretic force.  

 

 

Figure 127: Temporal variation of the particle-size distribution for experiments #6 and #7. 

 

 

Figure 128: Averaged particle-size distribution for experiments #6 (Tcooling water = 20 °C)  
and #7 (Tcooling water = 90 °C). 
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In conclusion, increasing the piston surface temperature affects the deposit formation through the soot-
path mechanism. The analysis of the results showed that from 159 to 215°C, the deposit formation was 
decreased by about 60 %. This result is attributed to a 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 piston surface has an impact on the mechanisms of deposit for-
mation by the liquid-film path and the soot path. For the liquid-film path, increasing the initial piston 
surface temperature from 20 to 190 °C reduces deposit formation in the inner zone and prevents deposit 
formation in the outer zone. A variation by ±20 °C around the reference point has a minor impact on the 
liquid-film mechanism. The piston surface should be at the beginning of regime III of the Nukiyama 
curve of the fuel used when the engine is started to limit the risk of deposit formation via the liquid-film 
path. For the soot path, increasing the surface temperature from 159 to 215 °C reduces soot deposition 
by thermophoresis and thus soot-path deposition.  

6.3 Influence of the surface roughness on deposits formation 

Previous experiments in the literature showed that at ambient pressure and temperature, the deposit 
formation by the liquid-film path is affected by the roughness of the deposition surface [117]. This 
section investigates the effect of surface roughness on the formation in engine of the liquid-film path 
deposit. The first objective of this section is therefore to evaluate the impact of roughness on the quantity 
of deposit under engine conditions. The second objective is to determine whether a smooth surface 
(roughness Ra ≈ 0.1 nm) such as those used in optical access engines is representative of a standard 
surface (Ra = 1.2 µm) for studying deposit formation. 

6.3.1 Matrix of the roughness effect experiments 

To study the effect of piston surface roughness on deposit formation by the liquid-film mechanism, 
early-injection experiments are performed. Two different initial conditions are studied: Warm start with 
an initial piston surface temperature of 133 °C and cold start with an initial piston surface temperature 
of 20 °C. The objective is to analyze two cases of liquid film formation, i.e. a case where the spreading 
of the liquid film is limited and a case where it is favored, corresponding to the warm and cold start 
cases, respectively. For the warm-start experiments, three different levels of piston surface roughness 
were studied: Ra = 1.2 µm, which corresponds to a standard roughness typically found for parts inside 
a combustion chamber; Ra = 60 nm, which corresponds to a mirror finish; and Ra = 0.3 µm, an inter-
mediate value. For the cold-start case, two experiments were performed with steel pistons with different 
surface roughness (Ra = 0.3 and 1.2 µm). The operating conditions are summarized in Table 10. The 
pistons are sampled after each experiment. To study the effect of roughness on the formation mecha-
nisms by the liquid-film path, ex-situ macroscopy and microscopy analyses are performed as well as in 

situ direct visualization analysis. 
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Table 10: Experiment matrix for the roughness experiments. 

 

6.3.2 Influence of the surface roughness on deposits formation by the liquid-film path 

6.3.2.1 Effect of surface roughness when liquid-film spreading is limited 

In the warm start case, the piston surfaces are first analyzed macroscopically and then microscopically. 
For the three piston surfaces with different roughness, the inner zone corresponding to the impact of the 
six-cone spray, marked in red in Figure 129, is analyzed. This zone has the same dimension and the 
same pattern for all three cases. The deposit in the inner zone has a brighter appearance when the rough-
ness decreases from 1.2 µm to 0.06 µm. In addition, the six spray-impact zones appear sharper for the 
piston with a roughness of Ra = 0.06 µm. In comparison, the other pistons have a blurred boundary for 
these same zones. Outside the inner zone, i.e., inside the outer zone, brown marks are observed for all 
three pistons. Grey zones are also observed for the pistons with roughness of 0.3 and 0.06 µm. These 
brown marks and grey zones are also sharper for the case 0.06 µm compared to the other cases. 

 

Figure 129: Deposits on steel pistons with three different roughness, the first piston is the reference case. 

Microscopic observations comparing different deposition zones between the three pistons are shown in 
Figure 20. These zones are named (a), (b), and (c) and correspond to the outer zone, the spray impact 
periphery, and the spray impact area, respectively. For zone (a), all three pistons show the same mor-
phology of smooth surface corresponding to liquid-film path deposit and particles corresponding to soot 
path deposit. These particles have an average diameter of less than 100 nm for the case Ra = 1.2 µm, 
and of the order of 500 nm for Ra = 0.3 µm and Ra = 0.06 µm. For zone (b), the pistons with Ra = 1.2 
and 0.3 µm show similar morphologies of smooth surface and average particle diameter below 100 nm. 
The piston with Ra = 0.06 µm also has a smooth surface and particles of the same dimensions, but it 
also shows many large agglomerates with sizes between 250 and 500 nm. For zone (c), all three pistons 
have a granular appearance. Microscopic observation of the grey zones was also carried out for pistons 
with roughness of 0.3 and 0.06 µm to determine whether they correspond to an absence of deposits. 
Figure 21 shows the microscopic observation of one of the grey zones for the Ra = 0.06 µm piston. The 
image shows the presence of a deposit, with a smooth surface morphology and particles with an average 
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diameter of less than 100 nm corresponding to the liquid-film path and the soot path respectively. The 
same analysis is drawn from the observation of the grey zones of the Ra = 0.3 µm piston. 

 

Figure 130: Microscopic observation of the deposits on three pistons with different roughness. 

 

Figure 131: Microscopic observation of one of the grey zones of the piston with a Ra = 0.06 µm. 
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From all these observations, decreasing the roughness from 1.2 to 0.06 µm does not seem to have a 
significant effect on the mechanisms by which the deposit is formed by the liquid-film path, apart from 
a sharper effect on the boundaries of the different deposition zones. The deposit morphologies are very 
similar between the different pistons and correspond to the liquid-film path and soot path deposits, ex-
cept for the observation of particle aggregates in the two pistons with lower roughness. In conclusion, 
when the spreading is limited, the roughness does not have an important effect on the mechanisms by 
which the deposit is formed by the liquid-film path. 

6.3.2.2 Effect of surface roughness when liquid-film spreading is promoted 

The analysis now focuses on the cold-start operation promoting liquid-film spreading formation for pis-
tons with Ra = 1.2 and 0.3 µm. Macroscopic and microscopic analyses of the piston surfaces are pre-
sented in Figure 132. The same three deposition zones are observed on the two pistons: A black zone 
outlined in yellow, a clear zone outlined in red, and six zones outlined in black corresponding to the 
impact of the six-cone spray. What distinguishes the two pistons are the boundaries between these zones: 
they appear blurred for Ra = 1.2 µm and sharper for Ra = 0.3 µm. Moreover, the clear zone is larger for 
the Ra =0.3 µm piston. The deposit of the Ra = 0.3 µm piston has a bright appearance compared to the 
Ra =1.2 µm piston. 

 

Figure 132: Images of the deposits formed at cold start on two steel pistons with different roughness. 

The microscopic images comparing different deposition zones between the two pistons are presented in 
Figure 133. These zones are named (a), (b), and (c) and correspond to the spray-impact area, the spray-
impact periphery, and the black deposit, respectively. For zone (a), the Ra =1.2 µm piston shows an 
average particle diameter of less than 100 nm. These particles are not observed for the other piston with 
a roughness of 0.3 µm. The observation of machining marks on the surface of the Ra = 0.3 µm piston 
tends to show that less deposit is obtained in zone (a) when the roughness is decreased. For zone (b), the 
same morphology is observed for both pistons with particles deposited on a smooth surface with an 
average particle diameter of less than 100 nm. For zone (c), the same smooth surface morphology is 
observed in both cases. For the Ra =1.2 µm case, there are particles with an average particle diameter 
of less than 100 nm on the surface that do not seem to be present for the Ra = 0.3 µm case.  
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Figure 133: Microscopic analysis of the deposits on two steel pistons with different roughness. 

The macroscopic differences observed correspond to a higher brightness of the deposit and a sharper 
boundary of the deposition zones. Microscopic analysis showed that for both pistons, the liquid-film 
accumulation zone corresponding to the spray-impact periphery and the spreading zone (zone (b) and 
(c), respectively) exhibit a morphology corresponding to the liquid-film path. The spray-impact area 
does not show any liquid-film path related deposit, for both pistons. All these results show that the 
variation of the roughness from 1.2 to 0.3 µm conserves the formation of deposit by the liquid-film path 
when the liquid-film spreading is promoted. It is also observed a similar surface area for the deposit 
formed in the spreading area for both roughness, which could mean that the intensity of the spreading is 
not affected by the roughness. It can thus be concluded that reducing the roughness does not significantly 
affect the liquid-film path mechanism of deposit formation. 
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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 deposition mechanisms of the liquid-film path was studied for 
two operating points, a warm-start case and a cold-start case. For the warm-start case, the reduction of 
the roughness from 0.3 to 0.06 µm has no significant impact on the deposit formation mechanisms of 
the liquid-film path. Nevertheless, the boundaries between the deposition zones seem sharper as the 
roughness decreases.  For the cold-start case, the reduction of the roughness from 1.2 to 0.3 µm impacts 
the pattern corresponding to the spray impact. As for the previous case, the boundaries between the 
deposition zones appear sharper, which can be attributed to an effect of the roughness on the surface 
tension of the liquid film on the surface [118]. It would be interesting to study the impact of roughness 
on the surface tension of liquid films and understand how it impacts the spreading and accumulation 
areas of the liquid film.  

To conclude, the roughness seems to have no significant impact on the formation of engine deposits by 
the liquid-film path. It therefore seems that roughness is not an effective lever to reduce the formation 
of deposits by the liquid-film path. This result is interesting in the framework of the use of transparent 
materials to study deposit formation using optical diagnostics. Based on the negligible effect of rough-
ness found here one may conclude that optical parts, characterized in particular by very low roughness 
(since optical windows are polished to an optical grade), may be suitable materials that do not seem to 
cause bias in the deposit formation because of their flat surfaces. This aspect will be investigated in 
more detail in the next section. 

6.4 Influence of surface material on deposits formation 

This section presents the study on the influence of the use of various materials on the formation of the 
liquid-film path deposit. This is pf specific interest in the context of transparent materials that would 
enable the optical investigation of deposit formation. Two transparent materials of interest are quartz 
and sapphire. First, they are investigated as thin coatings on aluminum pistons to limit the influence of 
their thermal properties on the deposit formation. Then, a solid sapphire piston is studied. The aim is to 
determine whether the deposits formed using transparent materials are representative of the deposits 
obtained on the aluminum pistons. Such result would be of great interest and would allow the use of 
optical diagnostics for future investigations on liquid film in situ measurement. 

6.4.1 Experimental conditions 

As shown in section 5.3, the soot-path mechanism depends on the distribution in size and number of the 
particles, the near-wall temperature gradient, and the turbulence intensity. It seems therefore that mate-
rials variations do not have a significant effect on soot deposition on the piston surface assuming that an 
appropriate strategy is chosen to ensure that the surface temperature is similar. Thus, in this section, the 
effect of transparent materials is evaluated focusing on the liquid path mechanism. 

First, to assess the influence of the materials while limiting the influence of its thermal properties, engine 
experiments are carried out with aluminum pistons with thin quartz and sapphire coatings7 and the re-
sults are compared to reference experiments with an aluminum piston. Both coatings have a thickness 
of 1.5 µm. It can then be assumed that the surface temperature is identical between the coated pistons 

                                                      
7 The coatings of the pistons are obtained by spraying a powder of the desired material. 
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and the aluminum reference piston. The resulting roughness of these coatings is identical to that of the 
reference piston, i.e., Ra = 1.2 µm.  

To determine the effect of the surface temperature of a solid transparent piston on the formation of the 
liquid-film path deposit, an engine experiment is performed with a full-sapphire piston. Full-quartz pis-
tons were not investigated because the thermal properties of quartz are significantly different from alu-
minum, and when thermal representativeness is required, sapphire is often chosen to conduct optical 
engine experiments. To avoid the influence of the roughness, the aluminum reference experiment is 
carried out with a polished aluminum piston with a roughness of Ra = 0.06 µm. This value is considered 
close enough to the optical roughness of the sapphire window (Ra = 0.1 nm).  

The thermal behavior of the two solid pistons was characterized. Figure 134 shows the surface temper-
ature variations of full-sapphire and aluminum pistons obtained in situ by phosphor thermometry. For 
the full-sapphire experiment, data beyond 2 minutes cannot be used because the temperature reach val-
ues above the calibration limit, around 240 °C. This means that the temperature of the full-sapphire 
piston is significantly higher compared to the aluminum reference piston. This temperature will be there-
fore taken into account in the analysis of the deposit formation. 

 

Figure 134: Variation of the aluminum and sapphire piston surface temperature  
measured by phosphor thermometry during engine operation. 

Table 11 shows the matrix of experiments in this study. For all experiments, the early injection is set at 
360 CA BTDC with the warm start strategy defined in Chapter 3, and the cooling water temperature set 
at 20 °C. The warm-start strategy is chosen to limit the effect of temperature when comparing the alu-
minum piston with the full-sapphire piston. 
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Table 11:  Matrix of experiments 

  

 

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

The deposits obtained with the coated pistons are compared macroscopically and then microscopically 
with the aluminum piston reference deposit. Figure 135 shows the piston deposits for the three materials. 
All three pistons show the same pattern with an inner zone deposit outlined in red corresponding to the 
impact of the six-cone spray and the outer zone deposit in light brown. The same brown marks at the 
periphery of the pistons are also observed for the three cases. 

 

 

Figure 135: Images of deposits formed on aluminum pistons with quartz and sapphire coating, compared to the 
reference aluminum piston. 

The microscopic observations shown in Figure 136 are made in the same three areas of the piston sur-
faces corresponding to the outer zone (a), the periphery of the spray impact (b), and the area of the spray 
impact (c). For zone (a), the three pistons show similar morphologies with smooth surfaces and average 
particle diameters below 100 nm. Zone (b) also shows for the three pistons smooth surface morphologies 
and particles of the same dimensions as those observed in zone (a). Area (c) for the aluminum piston 
has a granular texture corresponding to particles. The electron microscopy measurements of areas (c) of 
the quartz- and sapphire-coated pistons show charge effects in extended areas, which complicates the 
interpretation. Nevertheless, it is possible to distinguish particles but it is difficult to determine whether 
they form a granular texture.  

The macroscopic and microscopic similarities between the deposits of the pistons with quartz and sap-
phire coatings and the deposit of the aluminum piston show that there is no significant effect of the 
quartz and sapphire coatings on the deposit formation mechanisms of the liquid-film path.  
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Figure 136: Microscopic observation of the deposits on aluminum piston surfaces without and  
with quartz and sapphire coating. 

6.4.3 Influence of a full-sapphire piston on deposits formation 

Macroscopic and microscopic analyses of the full-sapphire piston deposit are compared with the alumi-
num reference piston with a roughness of Ra = 0.06 µm. The pistons obtained after the engine experi-
ments are shown in Figure 24. The same pattern corresponding to the six-cone spray is observed for 
both pistons (marked in red). It is also possible to observe the same brown marks for both cases. Never-
theless, small differences can be observed. The deposit of the inner zone appears shiny for the aluminum 
piston whereas it is matt for the full-sapphire case. The contours of the deposits in the spray impact 
periphery are sharper in the case of the aluminum. This difference in colors would tend to lead to the 
result that there is slightly more deposit in the aluminum case in the spray impact periphery, but it is not 
possible to firmly conclude at this point. 
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Figure 137: Deposits on an aluminum piston and a full-sapphire piston under otherwise identical operating con-
ditions (warm start). 

Microscopic observations of the deposits obtained with the aluminum and the full-sapphire pistons are 
shown in Figure 138. The usual three zones are observed, namely the outer zone (a), the spray impact 
periphery (b), and the spray impact area (c). For the zone (a), a similar morphology is observed for both 
pistons with the presence of a smooth surface and particles with an average diameter lower than 100 nm. 
For zone (b), the aluminum piston presents a smooth surface and particles also on the order of 100 nm 
in diameter, whereas the full-sapphire piston surface is entirely covered with particles forming a granular 
surface. It is difficult to distinguish whether an additional smooth deposit lies under the granular surface. 
For zone (c), both pistons show a granular surface. For this area it seems that the concentration of par-
ticles is higher for the full-sapphire case. 

Regarding the macroscopic and microscopic analysis, it seems that the main differences between the 
full-sapphire and aluminum reference piston are in the area of the spray impact periphery. It is difficult 
to conclude without the characterization of the exhaust particle-size distribution by SMPS whether the 
soot-path mechanism is enhanced or the liquid-film trajectory mechanism is reduced. Nevertheless, due 
to the significant increase in temperature for the full-sapphire case according to Figure 134, it can be 
expected that liquid-film evaporation is favored, which could explain the predominance of the soot path 
in the microscopic observations. 
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Figure 138: Microscopic images the deposits on an aluminum and a full-sapphire piston. 

6.4.4 Conclusions on the materials effect on deposit formation 

In this section, quartz and sapphire materials were used, and compared to the aluminum piston reference 
to determine their influence on the engine deposit formation process. Experiments conducted with quartz 
and sapphire nanometer-thick coatings indicate that the materials have no (stronger or reduced) catalytic 
effect on the deposit formation through the liquid-film path mechanism. Experiments conducted with a 
full-sapphire piston show that a similar mechanism is involved compared to an aluminum reference 
piston, though the quantity and structure of the obtained deposit present some differences. These are 
attributed to a higher surface temperature in the full-sapphire case. Therefore, the use of sapphire for 
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conducting experiments in an optical engine to study deposit formation seems feasible, but particular 
attention to the thermal behavior of the piston would be required.  

6.5 Conclusions on the influence of surface properties on deposits formation 

In this chapter, the influence of different piston surface conditions on the formation of deposits has been 
studied. The objective is first to identify levers to limit or prevent the formation of deposits, and secondly 
to evaluate the representativeness of transparent materials for the study of deposit formation using opti-
cal diagnostics. 

First, the effect of surface temperature on the mechanisms of deposition formation by the liquid-film 
path and the soot path were investigated. Increasing the initial piston temperature from 20 to 190 °C 
increases the evaporation rate of the liquid film leading to an approximate 10 % reduction in the inner 
zone deposit and an approximate 100 % reduction in the outer zone deposit. For the soot-path deposition, 
the increase in surface temperature from 159 to 215 °C reduces the temperature gradient and therefore 
the thermophoresis effect on the soot deposition mechanism. This reduces the deposit formation by 
about 60 %. In conclusion, a significant increase in surface temperature reduces the deposit formation 
by the liquid-film path and the soot path by reducing the liquid-film lifetime and the near-wall temper-
ature gradient, respectively.  

Then, the impact of roughness on the formation of the deposit by the liquid-film path was presented. It 
was observed that the roughness does not have a significant impact on the liquid-film path deposit for-
mation mechanism. The only effect observed concerns the spreading of the liquid film when the rough-
ness is decreased down to Ra = 0.1 nm with the observation of sharper boundaries of the different dep-
osition zones. Therefore, the variation of the roughness is not identified as an interesting lever to reduce 
the formation of deposits by the liquid-film path in an engine. 

Finally, the impact of transparent materials on the formation of the liquid-film path deposit was studied. 
Two studies were carried out: The first with two aluminum pistons with quartz coating and sapphire 
coatings to avoid changes of the thermal properties of these materials, the second with a completely 
transparent piston made of sapphire. The study with the coatings showed that these materials did not 
have a significant impact on the formation of deposits by the liquid-film path as long as they have the 
same temperature as the reference case. The study with the fully-transparent sapphire piston shows that 
the liquid-film path mechanism can be reproduced with some morphological differences on the formed 
deposits. As the case studied limits the formation of the liquid film due to faster heat-up, further exper-
iments are required to study the impact of the full-sapphire piston surface temperature on the liquid-film 
spreading. 
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7 CONCLUSIONS  

This thesis on deposit formation in the combustion chamber of spark-ignition engines has provided an 
improved understanding of their formation pathways. A bibliographical study directed the research work 
towards the study of two deposit formation mechanisms. The first corresponds to the liquid-film path 
and the second to the soot path. The liquid-film path is related to the formation of a film of liquid fuel 
on the walls of the combustion chamber. This film can be formed during injection by the impact of the 
spray or by condensation on the walls. The soot path is related to the formation of soot during combus-
tion, which is then deposited on the walls or in the liquid film. Supported by the high-temperature and -
pressure conditions in the combustion chamber, durable deposits form and further grow for many engine 
cycles. The study of previous publications also revealed that the deposits can have different colors as 
well as other macroscopic and microscopic aspects depending on the engine operating parameters, such 
as a liquid-like or a soot-like appearance of the deposit. In the literature, some parameters have been 
identified that play in favor or against the formation of deposits in the liquid-film path or the soot path, 
such as the fuel/air equivalence ratio, the surface temperature, or the presence of high boiling point fuel 
compounds. The analysis of the deposit properties has highlighted different analytical methods for meas-
uring the physical and chemical properties of the deposits. These include electron microscopy, which 
provides data on the morphology and elemental composition of the deposit. This initial work has thus 
made it possible to define the lines of research and the strategy for studying the mechanisms of deposit 
formation. 

In this thesis, a new methodology for determining the origin of deposits between the liquid-film- and 
the soot-path mechanisms was presented. Preliminary experiments were conducted to determine the 
impact of the location in the combustion chamber on deposit formation, the effect of engine geometry, 
and the parameters of interest for studying deposit formation mechanisms. These results showed that the 
location in the chamber and the engine geometry do not have a great impact on the formation of deposits, 
i.e., the morphology and chemical composition of the deposit at the walls of the combustion chamber, 
the piston, and the injector nozzle were very similar. Based on these results, the thesis focused on the 
deposits formed on the piston and used two direct-injection spark-ignition engines for the experiments. 
These preliminary studies also highlighted the cooling water temperature and the injection timing as two 
parameters that can influence the macroscopic and microscopic appearance of the deposits and thus the 
deposit formation mechanisms.  

For further evaluating the deposits formed in the engine, reference deposits were generated under well-
controlled conditions in the laboratory. The objective was first to determine if these reference deposits 
can reproduce engine deposits. The second objective was to evaluate if the reference deposits can cali-
brate the measurement techniques identified in the literature and then can be used to determine the origin 
engine deposits. In the first step, reference deposits were formed using a microcoking device to form a 
deposit from the liquid film path, and using a soot generator and a direct injection spark ignition engine 
to form a deposit from the soot path. In a second step, two injection timings were identified to promote 
deposit formation corresponding to the two identified deposit formation paths: an early injection time 
favoring the liquid-film path, and a late injection time favoring the soot path. The reference and engine 
deposits were analyzed by electron microscopy, and Raman and infrared spectroscopy. Macroscopic 
analysis revealed a black, mat deposit corresponding to the soot path reference deposit and a clear, bright 
deposit for the liquid-film path reference deposit. Microscopic analysis showed a smooth surface mor-
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phology for the liquid-film-path reference deposit and particles for the soot-path reference deposit. Spec-
troscopic analyses were not considered relevant to the analysis of the engine deposits because they do 
not provide information on the deposition proportion for each pathway. The liquid-film path deposit 
properties were identified in the engine deposit of the early injection strategy. And the properties of the 
reference deposit of the soot path were identified in the engine deposit of the late injection strategy. This 
methodology enabled the study of both pathways of engine deposit formation. 

The different mechanisms of deposit formation were further evaluated using two typical injection phas-
ings, i.e. early injection and late injection using a combination of ex situ materials analysis and in situ 
analysis of deposit formation. The in situ analysis was based on observations with a high-speed camera 
on a direct-injection spark-ignition engine with optical access to visualize the formation of deposits on 
the piston. To study the mechanisms related to the soot path, the soot particle-size distribution was ana-
lyzed in the exhaust. For the liquid-film path using the early injection strategy, the study highlighted the 
importance of the piston surface temperature on the liquid-film lifetime and deposit formation. In cold-
start conditions, the surface temperature is about 20 °C, the evaporation time is long and favors the 
formation of the deposit. On the other hand, when the surface temperature at start-up is around 133 °C, 
the evaporation time is short and the deposit formation is limited. It was found that two other factors 
influence the lifetime of the liquid film. The first is the presence of accumulation zones at the periphery 
of the liquid film and at the periphery of the spray impact, which will slow down the evaporation of the 
liquid film and favor the formation of the deposit by the liquid-film path. The second is the local cooling 
of the piston surface, which can create colder areas on the piston and slow down evaporation. For the 
soot path, several mechanisms can explain the deposition of soot on the piston surface depending on the 
flow inside the combustion chamber. When the flow is laminar, the soot deposits by thermophoresis 
when it is close enough to the wall where a strong temperature gradient resides. In turbulent flows, the 
soot particles will either follow the flow to the exhaust or deposit by inertia.  Liquid film deposit was 
observed in the case of late injection and soot path deposit in the case of early injection. The study 
showed that these mechanisms can interact. 

The impact of the piston surface properties on the deposit formation mechanisms was also investigated. 
First, the effect of surface temperature on the deposit formation mechanisms via the liquid-film path and 
the soot path was investigated. Increasing the initial piston surface temperature from 20 to 190 °C in-
creases the evaporation rate of the liquid film, resulting in approximately 10 % reduction in deposit 
formation in the inner region and almost 100 % in the outer region. For soot-path deposition, increasing 
the surface temperature from 159 to 215 °C reduces the temperature gradient and thus the thermophore-
sis effect on the soot deposition mechanism. Thus, a significant increase in surface temperature reduces 
deposit formation via the liquid-film path and the soot path by reducing the liquid-film lifetime and the 
temperature gradient near the wall, respectively. It was shown that the surface roughness does not sig-
nificantly influence deposit formation through the liquid-film path. Finally, the impact of transparent 
materials on the formation of deposits via the liquid-film path was studied. To separate thermal and 
materials effects, first aluminum pistons coated with thin layers of either with silica or alumina were 
investigated to maintain the same surface temperatures as with metal pistons. Second, a completely 
transparent sapphire piston was used where the surface temperature is expected to deviate because of 
the different heat conduction properties. The study with the coatings showed that these materials did not 
have a significant impact on the formation of deposits by the liquid-film route. The study with the fully 
transparent sapphire piston showed that the deposit formation mechanisms of the liquid-film path can 
be reproduced with some morphological differences in the deposits formed providing an option for fu-
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ture experiments with optical detection of deposit formation through transparent sections of the com-
bustion chamber wall. Since the studied case limits the liquid-film formation, additional experiments 
are needed to investigate the impact of the surface temperature of the solid sapphire piston on the liquid 
film spreading. 

In conclusion, a methodology has been developed in this thesis that enables to study and understand the 
mechanisms of deposit formation in en engine combustion chamber. This methodology was then applied 
to evaluate the impact of surface properties on the identified formation mechanisms. The two formation 
pathways identified in the literature were studied separately. For the liquid-film path, the work showed 
that the formation of the deposit by the liquid film was conditioned by the evaporation rate of the liquid 
film. The evaporation rate depends on the temperature of the piston surface and the amount of liquid 
fuel to be evaporated. In this study, the surface roughness, the use of silica or alumina surface material 
does not have a significant impact on the formation of the deposit via the liquid-film path. For the soot 
path, two mechanisms have been identified in the deposition of soot on the surface. These are thermo-
phoresis and inertial deposition. Depending on the turbulent intensity in the cylinder and the temperature 
gradient in the near wall, one of the two mechanisms dominates. The results showed that an increase in 
the surface temperature reduced the deposition of soot. 

 

Outlook 

One of the questions raised by the thesis is the chemical process of deposit formation by the liquid-film-
path mechanism. For the liquid-film path, the relationship between evaporation time and deposit for-
mation has been demonstrated. This work, however, did not yet establish the chemical transformation 
process between the liquid and solid phases. Real-time measurements of this process would allow seeing 
the chemical evolution of the liquid fuel towards a deposit. Such measurements could be performed in 
the laboratory with the microcoking device to chemically characterize the formation of the reference 
deposit by the liquid-film path. Based on the finding that an all-sapphire piston is representative for an 
aluminum piston in terms of deposit formation via the liquid-film path, it would be interesting to use 
optical diagnostics and transparent pistons under real engine conditions in future work to in situ analyze 
deposit formation. One important perspective opened by this thesis is to test laser-induced fluorescence 
optical diagnostics to measure in real-time the evolution of the deposit formation on the walls of the 
combustion chamber. Gasoline fuels consist of hundreds of components, some of which fluoresce upon 
illumination in the ultraviolet, but regarding the deposits formed by the liquid film path, there are no 
known studies on their fluorescence properties. To validate the implementation of this technique, a pre-
liminary study of the deposit fluorescence will be necessary. A decreasing evolution of the fluorescence 
intensity measurement from the formation of a liquid fuel film to the formation of a solid deposit during 
an engine cycle would give interesting information about the evaporation rate of the liquid film. Con-
versely, an increasing evolution of the fluorescence intensity measurement would give quantitative in-
formation on the amount of deposit formed on the walls. 
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ANNEX 

A/ Determination of surface temperature from phosphor thermometry  

To derive temperature from phosphor thermometry surface measurement, the time-resolved signal decay 
from 100 measurements is acquired at the valve overlap representing a total duration of 1 s correspond-
ing to measurements at 100 Hz. This duration is short enough to assume that the temperature does not 
vary during detection. For a greater stability of the post-processing, the analysis is based on an average 
of 100 raw curves. The objective is to determine the decay rate and convert it to temperature using the 
prerecorded calibration. The decay rate is determined via the ‘luminescence intensity by time’ method 
according to the following steps: 

 

 Step 1: Description of the exponential signal decrease 
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 Step 2: Multiplication by time 
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B/ SEM microscopy of the deposits for cases 1–5 for early injection for the follow-
ing zones: (a) outer zone, (b) spray impact periphery, and (c) spray impact area. 
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C/ Synthèse du manuscrit en français 

 

1. Introduction 

Les nouvelles réglementations sur les émissions dans le secteur du transport routier, telles que 
les normes Euro, ont entraîné des changements dans la technologie des moteurs. Les fournisseurs de 
carburant ont également développé de nouvelles formulations de carburant, et ont introduit une grande 
variété de biocarburants sur le marché. Ces évolutions ont créé de nouvelles contraintes pour le carbu-
rant, entraînant la formation de dépôts dans la chambre de combustion des moteurs. Ces dépôts ont un 
impact sur l'efficacité et la durée de vie du moteur, ils augmentent la consommation de carburant et 
contribuent aux émissions polluantes. En parallèle, la nouvelle réglementation demande de contrôler la 
durabilité des performances des moteurs. C'est pourquoi il est nécessaire de s'attaquer au problème des 
dépôts dans les moteurs. 

La problématique de la formation de dépôts dans l'industrie du raffinage et dans les systèmes 
d’alimentation en carburant des voitures a été largement étudiée et discutée dans la littérature. Cepen-
dant, le processus de formation de dépôts à ces endroits n'est pas représentatif des conditions de la 
chambre de combustion en termes de pression, de température et de produits de combustion. La littéra-
ture disponible sur les dépôts dans les chambres de combustion correspond principalement à des ana-
lyses ex-situ des dépôts visant à déterminer leurs compositions chimiques [1]. Ces études ex-situ ont 
montré que la formation des dépôts est un processus complexe. De plus, les dépôts présentent différentes 
caractéristiques physiques et chimiques en fonction des conditions de fonctionnement telles que le pha-
sage injection [2]. Les dépôts obtenus sont formés par la présence des suies, du carburant liquide, ou de 
l’huile moteur [3, 4]. Néanmoins, les paramètres qui jouent un rôle dans les mécanismes de formation 
des dépôts sont encore mal compris, en particulier, la synergie qui pourrait exister entre l'injection de 
carburant et la formation de suies. Aussi, la formation de dépôts dans un moteur réel est un processus 
long. Ainsi, les caractérisations chimiques ex-situ des dépôts nécessitent une masse d'échantillon impor-
tante et donc des expériences moteur longues (~100h). Ces processus industriels de formation de dépôts 
dans des moteurs réels sont principalement utilisés pour évaluer les propriétés des carburants à former 
des dépôts mais ne sont pas utilisés pour réaliser des études fondamentales sur leurs mécanismes de 
formation. Il n'existe pas de méthodologie expérimentale établie pour étudier les mécanismes de forma-
tion de dépôts dans la chambre de combustion d'un moteur. 

L'objectif de ce travail est de développer une telle méthodologie et de l'utiliser pour fournir une 
meilleure compréhension du processus de formation des dépôts. La méthodologie est basée sur des dé-
pôts de référence contrôlés en laboratoire qui reproduisent les dépôts du moteur à partir de films liquides 
de carburant et de suies. L'impact de l'huile moteur dans la formation des dépôts n'est pas considéré dans 
ce travail. Les données issues de la caractérisation physico-chimique de ces dépôts de référence vont 
permettre d'identifier les paramètres moteurs favorisant la formation de dépôts moteur liés au chemin 
du film liquide ou au chemin de la suie. Cette méthodologie est ensuite appliquée à la compréhension 
des mécanismes de formation des dépôts tout au long des cycles du moteur pour le chemin de formation 
du film liquide et le chemin de formation de la suie. Les travaux sont réalisés sur des moteurs de re-
cherche à allumage commandée monocylindres à injection directe avec accès optique. La caractérisation 
des dépôts est effectuée en utilisant des analyses ex-situ telles que la microscopie électronique et des 
diagnostics in-situ tels que la visualisation directe par une caméra à haute vitesse. 
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2. Synthèse de l’état de l’art sur les dépôts moteurs 

Les dépôts moteurs peuvent se former à différents endroits dans la chambre de combustion. Ils 
contribuent à la dégradation de la combustion et à l'augmentation des émissions polluantes, ce qui peut 
entraîner une augmentation de la consommation de carburant et une réduction de la puissance du moteur. 
Différentes hypothèses de mécanismes de formation de dépôts ont été décrites dans la littérature, impli-
quant la formation d'un film liquide sur la surface et le dépôt de suies formées pendant la combustion 
qui se dépose sur la surface de la chambre de combustion ou sur le film de carburant liquide formé. 
Plusieurs facteurs ont été identifiés comme contribuant à la formation de dépôts. Tout d'abord, certaines 
propriétés du combustible peuvent être des facteurs prédominants, comme la présence de certains addi-
tifs ou la présence d'espèces à point d'ébullition élevé. La température de surface est également un fac-
teur important dans la formation des dépôts. En effet, lorsque la température de la surface augmente, la 
formation des dépôts diminue. Les paramètres du moteur, tels que la présence d'un système de recircu-
lation des gaz d'échappement (EGR), le type de carburant, le rapport d'équivalence carburant/air, in-
fluencent la formation des dépôts. Diverses techniques d'analyse ont été identifiées dans la revue de la 
littérature. L'observation microscopique a été identifiée comme une technique d'analyse non-destructive 
pour déterminer la morphologie des dépôts sur les moteurs. L'analyse élémentaire couplée à la micros-
copie électronique est intéressante pour identifier les éléments présents dans les dépôts, qui sont princi-
palement le carbone et l'oxygène. Des techniques telles que la porosimétrie et la thermogravimétrie sont 
prometteuses pour caractériser les dépôts mais sont destructives. 

En conclusion, plusieurs paramètres importants influencent la formation des dépôts. Il s'agit 
notamment des conditions de fonctionnement du moteur, de la température de la surface de la chambre 
de combustion et des propriétés du carburant. D'autres phénomènes physiques sont impliqués, tels que 
la physique du spray pendant l'injection ou l'aérodynamique à l'intérieur du cylindre. Pour mieux com-
prendre comment ces paramètres et phénomènes affectent la formation des dépôts, il est pertinent d'uti-
liser des méthodes d'analyse in situ. Par conséquent, un moteur optique semble approprié pour cette 
thèse. Comme un moteur optique n'utilise pas d'huile de lubrification, la formation de dépôts due au 
carburant et à la combustion peut être séparée des autres facteurs. Cette thèse se concentre sur le carbu-
rant essence conventionnel afin de limiter les effets des propriétés du carburant. La thèse est construite 
en trois sujets de recherche : 

• Le premier sujet de cette thèse (3.a.) analyse macroscopiquement les dépôts formés à différents 
endroits de la chambre de combustion pour déterminer leurs similitudes ou leurs différences en 
fonction des paramètres de fonctionnement du moteur.  Une méthodologie d'identification des 
origines des dépôts est présentée afin de déterminer si le film liquide ou le chemin de la suie 
est dominant. Deux dispositifs seront utilisés pour former des dépôts de référence à partir de 
ces deux voies et les dépôts de référence seront comparés aux dépôts obtenus dans la chambre 
de combustion du moteur. L'objectif est d'évaluer l'applicabilité des dépôts de référence comme 
modèle pour les dépôts du moteur. 

• Le deuxième sujet de la thèse (3.b.) décrit l'étude des mécanismes de formation des dépôts. 
Cette étude est motivée par l'absence d'une méthode expérimentale en temps réel dans la re-
cherche pour étudier les mécanismes de formation des dépôts. Cette étude est donc basée sur 
l'utilisation de l'analyse in situ par visualisation directe, l'analyse de la distribution des parti-
cules avec un analyseur de particules, et l'utilisation de la méthode précédente pour distinguer 
les voies de dépôt et quantifier leur contribution. 
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• Le troisième et dernier thème de cette thèse (3.c.) est consacré à l'étude des variations paramé-
triques sur la formation des dépôts. L'effet de la température de surface sera étudié par visuali-
sation di-rect. L'effet de la rugosité sur la formation des dépôts sera également évalué. Et pour 
documenter et aider à la mise en place de diagnostics optiques pour mesurer les propriétés des 
dépôts, l'effet des matériaux transparents sur la formation des dépôts sera étudié. 

 

3. Résultats 
 

a. Etablissement de la méthode d'étude des dépôts dans les moteurs 

L'objectif de cette partie est de définir et d'évaluer une méthode permettant de distinguer et de 
quantifier les différentes voies de formation des dépôts dans les moteurs, à savoir le chemin de formation 
du film liquide et le chemin de formation des suies. Cette méthode est basée sur l'analyse ex-situ de 
dépôts de référence et de dépôts moteur à injection commandée. Tout d'abord, les dépôts de référence 
sont analysés pour déterminer leurs propriétés physiques et chimiques, avec un intérêt particulier pour 
les analyses macroscopiques et microscopiques.  Les caractéristiques des dépôts de référence ont été 
déterminées macroscopiquement et microscopiquement. Le dépôt de référence correspondant au chemin 
de formation du film liquide a une couleur transparente et un aspect brillant avec une morphologie de 
surface lisse. Le dépôt correspondant au chemin de formation des suies a une couleur noire et un aspect 
mat avec une morphologie de particules. Ensuite, les dépôts provenant de différentes expériences sur les 
moteurs sont analysés macroscopiquement et microscopiquement. L'objectif est de déterminer l'effet de 
différents paramètres du moteur sur les propriétés des dépôts. Le premier paramètre étudié est l'effet de 
l'emplacement dans la chambre de combustion sur les propriétés des dépôts. L'objectif est d'identifier la 
partie de la chambre de combustion la plus pertinente pour une étude plus approfondie. Les résultats ont 
montré que l'emplacement dans la chambre de combustion n'a pas d'impact significatif sur l'aspect et la 
morphologie des dépôts. Le dépôt sur le piston présente une configuration particulière attribuée à l'im-
pact du spray sur la surface. Cette zone de la chambre de combustion est retenue dans la suite de l'étude. 
Le deuxième paramètre étudié est l'impact de la géométrie de deux moteurs sur les propriétés des dépôts 
afin de déterminer la possibilité d'étudier les dépôts indépendamment de la géométrie du moteur. Cette 
étude a montré que les dépôts peuvent être étudiés indépendamment des deux moteurs utilisés dans 
l'étude. Le troisième et dernier paramètre est la détermination de l'effet du phasage injection sur les 
propriétés des dépôts. Les propriétés de ces dépôts formés à partir de différents phasages injection sont 
comparées à des dépôts de référence. Deux temps d'injection ont été choisis : le premier est l'injection 
précoce à 360 CAD BTDC qui forme des dépôts avec une morphologie correspondant essentiellement 
au trajet du film liquide ; le second est l'injection tardive à 60 CAD BTDC qui contribue largement à la 
formation de dépôts avec une morphologie correspondant au trajet de la suie. Ces deux temps d'injection 
permettront d'étudier les mécanismes des deux voies de formation des dépôts.  

En plus des analyses macroscopiques et microscopiques, des analyses spectroscopiques FTIR-
ATR et Raman ont été évaluées. L'objectif était de déterminer la capacité de ces techniques à identifier 
les signatures chimiques correspondant aux dépôts des moteurs de référence. La spectroscopie FTIR-
ATR a permis d'identifier la présence d'un dépôt formé à partir du chemin du film liquide pour les cas 
d'injection précoce et tardive, mais pas pour le chemin de la suie. La technique ne fournit pas d'infor-
mation sur la proportion de dépôt pour chaque voie. L'utilisation de la spectroscopie FTIR-ATR est donc 
exclue pour les travaux suivants réalisés au cours de cette thèse. Pour l'analyse Raman, aucune informa-
tion n'a pu être extraite pour le dépôt de référence pour la voie du film liquide et aucune corrélation n'a 
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été trouvée entre la morphologie et les informations dérivées de l'analyse des pics. Par conséquent, cette 
technique ne permet pas d'établir une corrélation entre la structure du carbone et la morphologie. L'uti-
lisation de la spectroscopie Raman est donc également exclue ci-après. La méthode utilisée pour déter-
miner l'origine des dépôts sur les moteurs ne fournit que des informations qualitatives. 

 

b. Mécanismes de formation des dépôts dans les moteurs 

La stratégie a consisté à isoler les deux chemins de formation des dépôts pour étudier leurs 
mécanismes séparément. L’injection tôt a été utilisée pour étudier les mécanismes de formation du film 
liquide et l'injection tardive pour étudier les mécanismes de formation de la suie. Les mécanismes iden-
tifiés pour chacune des voies de formation ont ensuite été comparés pour chacune des stratégies d'injec-
tion.  

Chemin de formation par le film liquide 

Pour le chemin de formation du film liquide, deux dépôts ont été formés lors de deux expé-
riences moteurs différentes pour des températures initiales de surface à 20°C et 133°C, correspondant 
respectivement à un démarrage à froid et à un démarrage à chaud. Les analyses ex-situ et in-situ des 
dépôts obtenus, comparées aux données de la littérature, ont mis en évidence des mécanismes expliquant 
la formation des dépôts. Lors de l'injection, l'impact du spray sur la surface du piston conduit à la for-
mation d'un film liquide. De ce film liquide, on distingue deux zones : La zone d'étalement et la zone 
d'impact du spray. La première zone correspond à l'étalement du film liquide qui se forme dans la zone 
extérieure de la surface du piston. La zone extérieure dépend de la température de la surface. A haute 
température, le film liquide s'évapore rapidement, et la formation de dépôts est limitée. Pour le cas du 
démarrage à chaud, aucun étalement n'est observé avec la caméra haute vitesse. Cependant, l'analyse 
microscopique de la zone extérieure a montré la présence d'un dépôt par rapport au trajet du film liquide. 
Il est probable que le liquide se soit étalé puis se soit évaporé immédiatement, ne permettant pas la 
formation d'une couche épaisse de dépôt par rapport à la zone noire observée pour le cas du démarrage 
à froid. Pour le cas du démarrage à froid, un étalement est clairement observé. Sa trajectoire diminue à 
mesure que la température de surface du piston augmente, et le dépôt de la zone noire se forme à la 
périphérie du film liquide, qui se déplace vers le centre du piston. La visualisation in-situ a montré que 
le dépôt noir de la zone extérieure se forme à partir du bord du piston et progresse vers le centre sur 
plusieurs cycles. Les zones brunes observées sur les zones externes de la surface des pistons pour les 
deux conditions de fonctionnement correspondent aux zones où le carburant s'évapore rapidement ce 
qui explique la présence d'une couche de dépôt plus fine que pour la zone noire observée pour le cas du 
démarrage à froid. De plus, des marques brunes ont été identifiées sur la zone extérieure pour le cas du 
démarrage à chaud, plus précisément à la périphérie du piston. Ces marques sont plus foncées que le 
reste de la zone brune et indiquent une plus grande épaisseur de dépôt. Leur morphologie indique l'im-
plication d'un mécanisme lié au film liquide mais les résultats présentés dans ce chapitre ne permettent 
pas d'expliquer leur présence.  

La deuxième zone correspond au film liquide formé dans la zone interne du piston. Deux zones 
distinctes de film liquide sont identifiées ici : La zone centrale d'impact du spray et la zone périphérique 
du piston d'impact du spray. La littérature a montré que le film liquide a une épaisseur minimale dans la 
zone centrale de pulvérisation et présente une accumulation de combustible liquide à la périphérie de 
l'impact de pulvérisation. En outre, l'analyse SEM-EDS a montré une densité de dépôt plus faible dans 
la zone du cœur du jet que dans la périphérie de l'impact du jet. Ceci est attribué à une évaporation rapide 
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à partir de la zone centrale de la pulvérisation conduisant à une formation limitée de dépôts et à une 
évaporation plus lente à la périphérie de l'impact de la pulvérisation conduisant à une formation de 
dépôts. 

Chemin de formation par les suies 

Différents mécanismes de transport des suies peuvent se produire dans la chambre de combus-
tion. Une fois formée, les suies sont transportées par l'écoulement. En fonction du nombre de Reynolds 
de l'écoulement, c'est-à-dire de l'intensité de la turbulence, différents mécanismes vont entraîner le trans-
port des particules de suie. Si la turbulence est faible et que la suie est proche de la paroi où il y a un 
gradient de température, la thermophorèse est très probable pour transporter la suie vers la paroi. Si la 
turbulence est forte, comme dans le cas de la course d'expansion, plusieurs possibilités sont envisagées. 
Si la suie a un faible rapport masse aérodynamique/traînée par rapport à l'intensité de la turbulence, elle 
continuera probablement à suivre le flux vers l'échappement. Si la suie a un rapport masse aérodyna-
mique/traînée élevé, elle peut être éjectée d'un tourbillon en raison de son inertie. Dans ce cas, si la suie 
heurte une paroi de la chambre de combustion, elle a de fortes chances de s'y déposer ; c'est le mécanisme 
de dépôt inertiel. 

 Synthèse sur les mécanismes de formation des dépôts 

L'objectif de cette section est de proposer un mécanisme global de formation des dépôts impli-
quant les mécanismes du chemin du film liquide et du chemin de la suie. 

La figure 1 montre la contribution du film liquide à la formation du dépôt. Au moment de l'injection, 
une faible distance entre le piston et la buse de l'injecteur peut conduire à l'impact du spray (1). Cet 
impact conduit à la formation d'un film liquide, qui peut s'étendre sur la surface du piston et qui peut 
conduire à la formation de zones d'accumulation (2). De ce film liquide, on peut distinguer deux zones, 
la zone d'impact du spray et la zone d'étalement. Dans ces zones, le carburant s'évapore à des vitesses 
différentes selon l'épaisseur du film et la température de la surface. 

A haute température, l'étalement s'évapore très rapidement, ce qui limite la formation de dépôts (3). Le 
carburant dans la zone d'impact du spray s'évapore plus lentement que dans la zone d'étalement car 
l'impact du spray provoque un refroidissement local (4). Dans la zone d'impact du spray, on distingue 
deux autres zones, la périphérie de l'impact du spray et le cœur de l'impact du spray. Le carburant dans 
la périphérie de l'impact de pulvérisation, qui est une zone d'accumulation, s'évapore lentement et en-
traîne la formation de dépôts. Le carburant dans le cœur de l'impact de pulvérisation, qui est la zone 
d'épaisseur minimale du film liquide, s'évapore rapidement, ce qui limite la formation de dépôts. À basse 
température de surface, l'étalement et la zone d'impact du spray sont des zones d'évaporation lente. Au 
sein du film liquide, les durées d'évaporation sont différentes. Tout d'abord, les zones d'accumulation à 
la périphérie de l'étalement et à la périphérie des zones d'impact du spray correspondent à des zones 
d'évaporation lente favorisant la formation de dépôts (5). Le reste du film liquide est plus fin et s'évapore 
plus rapidement limitant le risque de formation de dépôts (6).  
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 Figure 1: Schéma de la contribution du chemin de formation du dépôt par un film liquide dans 
la formation des dépôts. 

 
Après avoir analysé les zones de film liquide et les paramètres conduisant à la formation des 

dépôts par le chemin du film liquide, on ajoute la contribution du chemin des suies. Dans la suite, on 
suppose qu'un film liquide s'est formé suite à l'impact du spray sur la surface du piston. La figure 2 
montre la contribution du chemin de formation des dépôts par les suies. Les suies formées lors de la 
combustion se déposent sur la surface du piston. En fonction de la richesse du mélange, la concentration 
en suies, et donc leur contribution au dépôt, est déterminée.  

Deux cas de combustion riche ont été identifiés. Le premier cas correspond à la formation d'un 
film liquide sur la surface du piston (1). Comme vu précédemment, en fonction de la température de 
surface, ce film liquide s'évapore plus ou moins rapidement. Si l'évaporation du film liquide est lente, 
cela peut conduire à des zones de combustion plus riches près de la paroi (2). Ces combustions riches 
forment beaucoup de suies en mode accumulation qui se déposent sur la paroi par thermophorèse ou 
déposition inertielle (3). A l'injection suivante, un nouveau cycle commence, et les suies déposées sont 
emportée à la périphérie du film liquide (4). 

Le deuxième cas de combustion riche est la conséquence d'une stratégie d'injection tardive. L'injection 
tardive ne laisse pas suffisamment de temps au carburant et à l'air pour se mélanger (5). Cela crée des 
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zones riches dans la phase gazeuse qui vont former beaucoup de suie en mode agglomération. Cette suie 
va ensuite se déposer sur la surface du piston par thermophorèse ou par dépôt inertiel (6). 

Dans le cas d'un mélange carburant/air pauvre, la formation de gros agglomérats de suie est limitée (7). 
La contribution des mécanismes de cheminement des suies est donc également limitée. 

 

 

Figure 2 : Schéma de la contribution du chemin de la suie dans la formation du dépôt. 

 

c. Influence des propriétés de la surface sur la formation des dépôts 

L'objectif de cette partie est d'étudier l'effet des propriétés de la surface du piston sur la forma-
tion de dépôts dans le cylindre. L'accent est mis sur l'influence de la température de surface, de la rugo-
sité de surface du piston et de matériaux transparents sur le mécanisme de formation des dépôts. L'ob-
jectif est d'une part d'identifier des leviers pour limiter ou empêcher la formation de dépôts, et d'autre 
part d'évaluer la représentativité des matériaux transparents pour l'étude de la formation de dépôts à 
l'aide de diagnostics optiques. La méthodologie pour évaluer l'influence des propriétés de la surface du 
piston sur la formation des dépôts est basée sur les outils d'analyse ex situ et in situ présentés dans les 
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parties 3.b et 3.c respectivement. L'analyse ex situ correspond à l'analyse macroscopique et microsco-
pique de la surface du piston après chaque expérience. Pour l'analyse macroscopique, la couleur, la 
texture et les motifs des dépôts sont identifiés. Pour l'analyse microscopique, les morphologies à diffé-
rentes échelles sont caractérisées. L'analyse in situ est basée sur la distribution de la taille des particules 
et sur la visualisation à grande vitesse des processus dans le cylindre. La distribution granulométrique 
est mesurée par SMPS dans l'échappement du moteur afin de déterminer l'impact des variations para-
métriques sur la formation des dépôts via le chemin de la suie. La visualisation directe est utilisée pour 
observer la présence de films liquides et ainsi déterminer l'impact des propriétés de surface sur la for-
mation de dépôts via le chemin des films liquides. Cette dernière technique nous permet également de 
caractériser la cinétique de formation des dépôts et de combustion, c'est-à-dire d'identifier les zones de 
mélange riches pouvant favoriser le chemin de la suie. 

Dans un premier temps, l'effet de la température de surface sur les mécanismes de formation des 
dépôts par la voie du film liquide et par la voie de la suie a été étudié. L'augmentation de la température 
initiale du piston de 20 à 190 °C augmente la vitesse d'évaporation du film liquide, ce qui entraîne une 
réduction d'environ 10 % du dépôt dans la zone intérieure et d'environ 100 % dans la zone extérieure. 
Pour le dépôt par chemin de suie, l'augmentation de la température de surface de 159 à 215 °C réduit le 
gradient de température et donc l'effet de thermophorèse sur le mécanisme de dépôt de la suie. Cela 
réduit la formation de dépôts d'environ 60 %. En conclusion, une augmentation significative de la tem-
pérature de surface réduit la formation de dépôts par le chemin du film liquide et le chemin de la suie 
en réduisant la durée de vie du film liquide et le gradient de température près de la paroi, respectivement.  

Ensuite, l'impact de la rugosité sur la formation du dépôt par le chemin du film liquide a été 
étudié. Il a été observé que la rugosité n'a pas d'impact significatif sur le mécanisme de formation du 
dépôt par le chemin liquide-film. Le seul effet observé concerne l'étalement du film liquide lorsque la 
rugosité est réduite jusqu'à Ra = 0.1 nm avec l'observation de limites plus nettes des différentes zones 
de dépôt. Par conséquent, la variation de la rugosité n'est pas identifiée comme un levier intéressant pour 
réduire la formation de dépôts par le trajet liquide-film dans un moteur. 

Enfin, l'impact des matériaux transparents sur la formation du dépôt par le chemin du film li-
quide a été étudié. Deux études ont été réalisées : La première avec deux pistons en aluminium avec un 
revêtement en quartz et un revêtement en saphir pour éviter les changements des propriétés thermiques 
de ces matériaux, la seconde avec un piston complètement transparent en saphir. L'étude avec les revê-
tements a montré que ces matériaux n'avaient pas d'impact significatif sur la formation de dépôts par la 
voie du film liquide tant qu'ils ont la même température que le cas de référence. L'étude avec le piston 
en saphir totalement transparent montre que le mécanisme du trajet du film liquide peut être reproduit 
avec quelques différences morphologiques sur les dépôts formés. Comme le cas étudié limite la forma-
tion du film liquide en raison d'une montée en température plus rapide, des expériences supplémentaires 
sont nécessaires pour étudier l'impact de la température de la surface du piston en saphir complet sur 
l'étalement du film liquide. 

 

4. Conclusions et Perspectives 
 

a. Conclusions 

Dans cette thèse, une nouvelle méthodologie pour déterminer l'origine des dépôts entre les mé-
canismes du film liquide et du chemin de la suie a été présentée. Des expériences préliminaires ont été 
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menées pour déterminer l'impact de l'emplacement dans la chambre de combustion sur la formation des 
dépôts, l'effet de la géométrie du moteur et les paramètres d'intérêt pour l'étude des mécanismes de 
formation des dépôts. Ces résultats ont montré que l'emplacement dans la chambre et la géométrie du 
moteur n'ont pas un grand impact sur la formation des dépôts, c'est-à-dire que la morphologie et la 
composition chimique du dépôt au niveau des parois de la chambre de combustion, du piston et de la 
buse de l'injecteur étaient très similaires. Sur la base de ces résultats, la thèse s'est concentrée sur les 
dépôts formés sur le piston et a utilisé deux moteurs à injection directe et à allumage commandé pour 
les expériences. Ces études préliminaires ont également mis en évidence la température de l'eau de re-
froidissement et le timing d'injection comme deux paramètres pouvant influencer l'aspect macrosco-
pique et microscopique des dépôts et donc les mécanismes de formation des dépôts.  

Pour évaluer plus précisément les dépôts formés dans le moteur, des dépôts de référence ont été 
générés dans des conditions bien contrôlées en laboratoire. L'objectif était d'abord de déterminer si ces 
dépôts de référence peuvent reproduire les dépôts du moteur. Le deuxième objectif était d'évaluer si les 
dépôts de référence peuvent calibrer les techniques de mesure identifiées dans la littérature et peuvent 
ensuite être utilisés pour déterminer l'origine des dépôts du moteur. Dans un premier temps, des dépôts 
de référence ont été formés en utilisant un dispositif de microcokéfaction pour former un dépôt à partir 
du chemin du film liquide, et en utilisant un générateur de suie et un moteur à allumage par étincelle à 
injection directe pour former un dépôt à partir du chemin de la suie. Dans un deuxième temps, deux 
temps d'injection ont été identifiés pour favoriser la formation de dépôts correspondant aux deux voies 
de formation de dépôts identifiées : un temps d'injection précoce favorisant la voie du film liquide, et un 
temps d'injection tardif favorisant la voie de la suie. Les dépôts de référence et du moteur ont été analysés 
par microscopie électronique et par spectroscopie Raman et infrarouge. L'analyse macroscopique a ré-
vélé un dépôt noir et mat correspondant au dépôt de référence du trajet de la suie et un dépôt clair et 
brillant pour le dépôt de référence du trajet du film liquide. L'analyse microscopique a montré une mor-
phologie de surface lisse pour le dépôt de référence du trajet du film liquide et des particules pour le 
dépôt de référence du trajet de la suie. Les analyses spectroscopiques n'ont pas été considérées comme 
pertinentes pour l'analyse des dépôts du moteur car elles ne fournissent pas d'informations sur la pro-
portion de dépôt pour chaque voie. Les propriétés du dépôt de la trajectoire du film liquide ont été 
identifiées dans le dépôt du moteur de la stratégie d'injection précoce. Et les propriétés du dépôt de 
référence du chemin de la suie ont été identifiées dans le dépôt du moteur de la stratégie d'injection 
tardive. Cette méthodologie a permis d'étudier les deux voies de formation des dépôts dans le moteur. 

Les différents mécanismes de formation des dépôts ont été évalués en utilisant deux phases 
d'injection typiques, à savoir l'injection précoce et l'injection tardive, en combinant l'analyse ex situ des 
matériaux et l'analyse in situ de la formation des dépôts. L'analyse in situ était basée sur des observations 
effectuées à l'aide d'une caméra à grande vitesse sur un moteur à injection directe et à allumage par 
étincelle, avec un accès optique permettant de visualiser la formation de dépôts sur le piston. Pour étudier 
les mécanismes liés au parcours de la suie, la distribution granulométrique de la suie a été analysée dans 
l'échappement. Pour le trajet du film liquide utilisant la stratégie d'injection précoce, l'étude a mis en 
évidence l'importance de la température de surface du piston sur la durée de vie du film liquide et la 
formation de dépôts. Dans des conditions de démarrage à froid, la température de surface est d'environ 
20 °C, le temps d'évaporation est long et favorise la formation du dépôt. En revanche, lorsque la tempé-
rature de surface au démarrage est d'environ 133 °C, le temps d'évaporation est court et la formation du 
dépôt est limitée. Il a été constaté que deux autres facteurs influencent la durée de vie du film liquide. 
Le premier est la présence de zones d'accumulation à la périphérie du film liquide et à la périphérie de 
l'impact du spray, qui vont ralentir l'évaporation du film liquide et favoriser la formation du dépôt par le 
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trajet liquide-film. Le second est le refroidissement local de la surface du piston, qui peut créer des zones 
plus froides sur le piston et ralentir l'évaporation. Pour le chemin de la suie, plusieurs mécanismes peu-
vent expliquer le dépôt de la suie sur la surface du piston en fonction de l'écoulement à l'intérieur de la 
chambre de combustion. Lorsque l'écoulement est laminaire, la suie se dépose par thermophorèse lors-
qu'elle est suffisamment proche de la paroi où se trouve un fort gradient de température. Dans les écou-
lements turbulents, les particules de suie vont soit suivre l'écoulement jusqu'à l'échappement, soit se 
déposer par inertie.  Le dépôt par film liquide a été observé dans le cas d'une injection tardive et le dépôt 
par chemin de suie dans le cas d'une injection précoce. L'étude a montré que ces mécanismes peuvent 
interagir. 

L'impact des propriétés de la surface du piston sur les mécanismes de formation des dépôts a 
également été étudié. Tout d'abord, l'effet de la température de surface sur les mécanismes de formation 
de dépôts par le biais du film liquide et du chemin de la suie a été étudié. L'augmentation de la tempé-
rature initiale de la surface du piston de 20 à 190 °C augmente le taux d'évaporation du film liquide, ce 
qui entraîne une réduction d'environ 10 % de la formation de dépôts dans la région intérieure et de 
presque 100 % dans la région extérieure. Pour le dépôt par chemin de suie, l'augmentation de la tempé-
rature de surface de 159 à 215 °C réduit le gradient de température et donc l'effet de thermophorèse sur 
le mécanisme de dépôt de la suie. Ainsi, une augmentation significative de la température de surface 
réduit la formation de dépôts via le chemin du film liquide et le chemin de la suie en réduisant la durée 
de vie du film liquide et le gradient de température près de la paroi, respectivement. Il a été démontré 
que la rugosité de la surface n'a pas d'influence significative sur la formation de dépôts par le chemin du 
film liquide. Enfin, l'impact des matériaux transparents sur la formation de dépôts via le trajet du film 
liquide a été étudié. Afin de séparer les effets thermiques et les effets des matériaux, des pistons en 
aluminium recouverts de fines couches de silice ou d'alumine ont été testés pour maintenir les mêmes 
températures de surface que pour les pistons métalliques. Ensuite, un piston en saphir complètement 
transparent a été utilisé pour lequel la température de surface devrait varier en raison des différentes 
propriétés de conduction thermique. L'étude avec les revêtements a montré que ces matériaux n'avaient 
pas d'impact significatif sur la formation de dépôts par la voie du film liquide. L'étude avec le piston en 
saphir entièrement transparent a montré que les mécanismes de formation de dépôts par la voie du film 
liquide peuvent être reproduits avec quelques différences morphologiques dans les dépôts formés, ce 
qui offre une option pour de futures expériences de détection optique de la formation de dépôts à travers 
des sections transparentes de la paroi de la chambre de combustion. Comme le cas étudié limite la for-
mation du film liquide, des expériences supplémentaires sont nécessaires pour étudier l'impact de la 
température de surface du piston en saphir solide sur l'étalement du film liquide. 

En conclusion, une méthodologie a été développée dans cette thèse qui permet d'étudier et de 
comprendre les mécanismes de formation de dépôts dans la chambre de combustion d'un moteur. Cette 
méthodologie a ensuite été appliquée pour évaluer l'impact des propriétés de surface sur les mécanismes 
de formation identifiés. Les deux voies de formation identifiées dans la littérature ont été étudiées sépa-
rément. Pour la voie liquide-film, les travaux ont montré que la formation du dépôt par le film liquide 
était conditionnée par le taux d'évaporation du film liquide. Le taux d'évaporation dépend de la tempé-
rature de la surface du piston et de la quantité de carburant liquide à évaporer. Dans cette étude, la 
rugosité de la surface, l'utilisation d'un matériau de surface en silice ou en alumine n'a pas d'impact 
significatif sur la formation du dépôt via le chemin du film liquide. Pour le chemin de la suie, deux 
mécanismes ont été identifiés dans le dépôt de la suie sur la surface. Il s'agit de la thermophorèse et du 
dépôt inertiel. Selon l'intensité de la turbulence dans le cylindre et le gradient de température dans la 
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paroi proche, l'un des deux mécanismes domine. Les résultats montrent qu'une augmentation de la tem-
pérature de surface réduit le dépôt de suie.  

b. Perspectives 

Une des questions soulevées par la thèse est le processus chimique de formation du dépôt par le 
mécanisme du chemin liquide-film. Pour le trajet liquide-film, la relation entre le temps d'évaporation 
et la formation du dépôt a été démontrée. Cependant, ce travail n'a pas encore établi le processus de 
transformation chimique entre les phases liquide et solide. Des mesures en temps réel de ce processus 
permettraient de voir l'évolution chimique du combustible liquide vers un dépôt. De telles mesures pour-
raient être réalisées en laboratoire avec le dispositif de microcokéfaction pour caractériser chimiquement 
la formation du dépôt de référence par la voie liquide-film. Sur la base du constat qu'un piston tout saphir 
est représentatif d'un piston en aluminium en termes de formation de dépôt par le chemin du film liquide, 
il serait intéressant d'utiliser des diagnostics optiques et des pistons transparents dans des conditions 
réelles de moteur dans des travaux futurs pour analyser in situ la formation de dépôt. Une perspective 
importante ouverte par cette thèse est de tester le diagnostic optique par fluorescence induite par laser 
pour mesurer en temps réel l'évolution de la formation de dépôts sur les parois de la chambre de com-
bustion. Les carburants à essence sont constitués de centaines de composants, dont certains sont fluo-
rescents lorsqu'ils sont éclairés dans l'ultraviolet, mais en ce qui concerne les dépôts formés par le che-
min du film liquide, il n'existe aucune étude connue sur leurs propriétés de fluorescence. Pour valider la 
mise en œuvre de cette technique, une étude préliminaire de la fluorescence des dépôts sera nécessaire. 
Une évolution décroissante de la mesure de l'intensité de fluorescence depuis la formation d'un film de 
carburant liquide jusqu'à la formation d'un dépôt solide au cours d'un cycle moteur donnerait des infor-
mations intéressantes sur la vitesse d'évaporation du film liquide. Inversement, une évolution croissante 
de la mesure de l'intensité de fluorescence donnerait des informations quantitatives sur la quantité de 
dépôt formé sur les parois. 
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