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Abstract

The piston-ring/cylinder liner (PRCL) contact has an important influence on the fric-
tion losses of internal combustion engines (ICE). Hence, the necessity to study the phe-
nomena acting in this contact as well as its lubrication process.
In addition, the PRCL may be exposed to scuffing. Scuffing is a failure mode that can
appear in a lubricated contact with sliding bodies. It is accompanied by temperature and
friction increase and vibration. Its occurrence in the ICE is rare but once it initiates, the
damage is catastrophic and permanent, thus the importance to predict its initiation.
Scuffing is studied through a thermal approach to create a prediction model of its ap-
pearance in the PRCL contact. The studied thermal effects are: the thermomechanical
effect and the Marangoni effect. The first effect causes a surface deformation because
of the temperature increase taking place in the contact. This deformation generated an
additional load to the contact. The second effect causes an oil convection which creates a
temporarily local starvation. Moreover, a third effect that contributes to scuffing initiation
is the ring displacement along the liner. The ring redistributes the oil and helps to avoid
starvation. The influence of the problem parameters on these effects is studied to obtain
charts presenting the scuffing initiation limit.

KEYWORDS PRCL contact, Scuffing, Lubrication, Numerical simulation





Résumé

Le contact segment-chemise a une importante influence sur les pertes par frottement
du moteur à combustion interne (MCI). D’où la nécessité d’étudier les phénomènes présents
dans ce contact ainsi que son processus de lubrification.
De plus, le contact segment-chemise peut être exposé au grippage. Le grippage est
un mode de défaillance qui peut apparaı̂tre dans un contact lubrifié en présence d’une
vitesse. Il s’accompagne d’une élévation de température, de frottement et de vibration.
Son apparition dans le MCI est rare mais une fois il apparaı̂t l’endommagement est catas-
trophique et permanent, d’où l’intérêt de prédire son initiation.
Le grippage est étudié d’une approche thermique pour créer un modéle de prédiction de
son initiation dans le contact segment-chemise. Les effets thermiques introduits dans le
modéle sont: l’effet thermomécanique et l’effet de Marangoni. Le premier effet cause
une déformation de la surface du à l’augmentation de température prenant lieu dans le
contact. Cette déformation engendre une charge additionnelle dans le contact. Le second
effet cause la convection et l’écartement de l’huile, ce qui crée une sous-alimentation lo-
cale en lubrifiant dans le contact. Un troisième effet qui s’ajoute aux deux précédents est
le déplacement du segment sur la chemise. Ce dernier redistribue l’huile et aide à éviter
la sous-alimentation locale en lubrifiant. L’influence des paramètres du problème sur ces
effets est étudiée pour obtenir des graphes présentant la limite d’initiation du grippage
dans le contact segment-chemise.

MOTS CLÉS: Contact segment-chemise, Grippage, Lubrification, Simulation numérique
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Notation

α material conductivity [W/m/K]

αth thermal expansion coefficient [1/K]

η̄ dimensionless lubricant viscosity

γ̄ dimensionless lubricant surface tension

T̄ dimensionless temperature

t̄ dimensionless time

η lubricant viscosity [Pa.s]

γ lubricant surface tension [N/m]

Λ dimensionless wavelength

λ film wavelength [m]

µ coefficient of friction

φ nominal ring diameter [m]

φc Couette flux [m2/s]

ρ lubricant density [Kg/m3]

σ surface roughness [m]

σth thermal stress [N/m2]

τMarangoni Marangoni stress [N/m2]

τviscous viscous stress [N/m2]

θ void fraction

εth thermal expansion

C stroke length [m]
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E young’s modulus [N/m2]

ed thermal domain thickness [m]

Fadditional additional load [N]

Fcontact contact load [N]

Ftension ring tension [N]

Fthrust thrust load [N]

H dimensionless film thickness

h film thickness [m]

h0 minimum film thickness [m]

Hmean dimensionless mean film thickness

hmean mean film thickness [m]

Hvar dimensionless film variation

hvar film variation with respect to hmean[m]

N engine frequency [rpm]

P dimensionless pressure

p pressure [Pa]

padditional additional pressure [Pa]

ptension mean ring tension pressure [Pa]

pthrust thrust pressure [Pa]

Q dimensionless heat flux

q heat flux [W/m2]

Rx ring radius of curvature [m]

s width of the starved zone [m]

sd thermal domain width [m]

T temperature [K]

t time [s]
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T0 initial temperature [K]

taxial ring axial thickness [m]

Tlimit limit temperature for lubricant additives desorption [◦C]

tpassage time of a passage [s]

tradial ring radial thickness [m]

um mean velocity [m/s]

v lubricant velocity [m/s]

W1 dimensionless load per unit length

w1 load per unit length [N/m]

X dimensionless axial coordinate

x axial direction coordinate

xa inlet meniscus position [m]

xb outlet position [m]

Y dimensionless circumferential coordinate

y circumferential direction coordinate

ya left limit of the domain [m]

yb right limit of the domain [m]

Z dimensionless depth coordinate

z depth direction coordinate
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Introduction

An internal combustion engine (ICE) is a heat engine in which the burn of fuel is the basic
process of energy release. This liberated energy is then converted to work. The engine
is composed of fixed cylinders and moving pistons. The expansion of the combustion
gases pushes the piston down, which in turn rotates the crankshaft. This motion drives the
vehicle wheels through a system of gears and power-train.
The ICE can be a spark-ignition (SI) gasoline engine or a compression-ignition (CI) diesel
engine. In most cases and for both types, the engine operates on the four-stroke cycle.
Figure 1 shows the four-stroke operating cycle of an ICE which comprises:

• the intake stroke: it starts with the piston at the top dead center (TDC) and ends
with it at the bottom dead center (BDC). In the gasoline engine, a fuel-air mixture
is drawn in the combustion chamber, whilst in the diesel engine, only air is drawn,

• the compression stroke: the piston compresses the mixture in the gasoline engine,
a spark ignites and the combustion phase starts. In the diesel engine, the air is
compressed by the piston and then the fuel is sprayed into the hot compressed gases
causing it to ignite. The cylinder pressure rises rapidly,

• the power stroke or expansion stroke: the high-temperature and high-pressure
gases push the piston down and force the crankshaft to rotate,

• the exhaust stroke: the remaining burned gases exit the cylinder through the ex-
haust ports.

In recent years, the pursuit of enhancing vehicle performance while optimizing the
fuel economy and meeting the pollutant emission standards forced researchers and car
manufacturers to seek green technology. One promising solution for the short term is the
hybrid electric vehicle (HEV). An HEV adds an electrical machine to the conventional
power-train leading to the downsizing of the engine which is beneficial for energy con-
servation, fuel efficiency and power losses.
The different architectures of the hybrid electric vehicle are shown in figure 2 and listed
below:

• parallel hybrid: the electric motor and the internal combustion engine are con-
nected to a mechanical transmission. The vehicle can be powered individually by
one motor or by both collaboratively. In this configuration, the electric motor is
used as a generator in order to recuperate energy for recharging the battery,
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Figure 1: Four-stroke operating cycle of an ICE engine [1]

• series hybrid: in this configuration, the internal combustion engine drives the elec-
tric generator. The latter in turn charges the battery and powers the electric motor
which is connected to the wheels, allowing the vehicle to move,

• power-split hybrid: the parallel and series configurations are coupled in order to
combine their advantages. The vehicle can be powered by either the ICE or the
electric motor working alone or by both operating simultaneously.

Figure 2: Hybrid electric configurations: (A): parallel; (B) series; (C) split-power [2]

For the HEV, a stop and start technology is applied for fuel saving purposes. When
the vehicle is at rest, at a traffic light for example, the engine is shutting down so the
energy is conserved. When the driver pushes the pedal again, the engine restarts auto-
matically. The repetition of this feature impacts the lubrication system of the engine.
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When the engine is stopped, the mechanical parts no longer receive lubricant even though
the engine temperature is high. At restarting, this critical lubrication condition can lead
to wear and might initiate scuffing. Scuffing is a sudden failure characterized by severe
degradation of the surfaces in contact and might cause a total engine failure. Moreover,
the piston-ring/cylinder-liner (PRCL) pack causes half of the engine losses [9]. So a
thorough understanding of this contact and its lubrication system is needed to enhance
the overall engine performance. Even though the occurrence of scuffing in the ICE is
rare, experimental studies are carried on prototypes to predict and prevent its initiation.
Modeling and simulation appear to be new approaches that facilitate the study of scuffing
initiation. The objective of the present research is to develop a numerical model com-
bining the parameters and phenomena causing scuffing in the PRCL contact in order to
prevent its initiation.

This thesis is structured as follow:

• Chapter 1: this chapter gives an overall description of the lubrication circuit in an
ICE, its purposes and types. It also describes the piston-ring/ cylinder-liner pack
(PRCL) and its functions in the engine. Scuffing failure is also described in this
chapter and the phenomena leading to its initiation,

• Chapter 2: this chapter introduces the numerical model coupling the parameters
and phenomena influencing the scuffing initiation. It also presents the equations
used for modeling,

• Chapter 3: this chapter analyses the phenomena impacting oil distribution and then
the influence of lubricant distribution on scuffing initiation in the PRCL contact,

• Chapter 4: in this chapter the impact of the thermo-mechanical effect on the con-
tact performance and its contribution to scuffing initiation are presented,

• Chapter 5: the main results of the current work and recommendations for future
work are drawn in this chapter.
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1.1 Introduction
The piston-ring/ cylinder-liner (PRCL) pack has an impact on the overall engine efficiency
and lifetime. To optimize the PRCL pack performance and prevent its failure, one has to
study the phenomena acting in this contact. A correct lubrication is the key to enhance
the contact conditions and avoid its failure.
This chapter precedes the numerical study of the PRCL contact. It introduces the mecha-
nisms occurring in the PRCL contact.
First, the importance of the lubrication process for engine reliability is presented. The
lubrication purposes, method and types are also described.
The second section describes the PRCL contact and the functions of the rings. The failures
that can occur in the contact such as wear and scuffing are then presented. The parameters
and conditions leading to their initiation are also detailed.
Finally, the thermal effects: the Marangoni and the thermo-mechanical effects impacting
the PRCL contact performance are presented.

1.2 Engine lubrication

1.2.1 Lubrication purpose
The components of the tribological systems of the engine such as gear teeth, piston rings,
cylinders and cams are exposed to several failure modes that might affect engine perfor-
mance and lifetime [10]. A correct lubrication is crucial to prevent engine failure and
enhance its performance.

The main purposes of lubrication are [11]:

• reduces friction thus reduces engine losses,

• prevents wear,

• protects the pieces from corrosion,

• cools the heated or thermally loaded surfaces.

The lubrication process consists of injecting a fluid called lubricant between the mov-
ing parts to separate them and prevent a solid-to-solid contact [12]. A formulated lubricant
is composed of base oil and additives. The additives are chemical products that enhance
or add properties to the base oil. Some main additives are [13]:

• viscosity-index improvers (VII): prevent the oil from losing viscosity at high tem-
peratures. They are long-chain molecules that change shape with the temperature,

• anti-oxidants: protect the lubricant from oxidation reactions that produce unde-
sired species and degrade the lubricant,
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• corrosion inhibitors: prevent corrosion by forming a barrier film on the surface,

• extreme pressure (EP): prevent severe surface damage like scuffing caused by di-
rect solid-to-solid contact under high pressure by forming a coating on the metallic
surface [14],

• anti-wear (AW) agents: reduce wear of two bodies interacting in the boundary
regime where asperities contact occurs. Solid nano-particles are added to the rough
surface in order to carry some of the load [15]. Due to the oil ageing process AW
additive decomposition can occur [16],

• friction modifiers: reduce friction that can occur between the contacting surfaces.
They are molecules that interact with the metal surface.

The longer the lubricant remains in service, the lower the efficiency of its additive
package [17]. Moreover, when the lubricant temperature exceeds its recommended value,
additive desorption can take place [18] which affects the engine performance [16].

1.2.2 Lubrication circuit
The lubrication circuit of an ICE is shown in figure 1.1. The oil is stored in a sump
(oil sump/oil pan) located below the crankcase. An oil pump supplies the lubricating oil
under pressure to the oil filter for filtration. Then, the oil reaches the different moving
parts of the engine (crankshaft, camshaft, bearings, valves and piston pin) and is sprayed
to the cylinder wall and piston rings through oil galleries. To enhance the oil distribution,
a jet spray oil system can be used, especially in large, slow, two stroke, marine diesel
engines [19]. Gravity pulls the oil back to the sump and the cycle is repeated.
The hot oil is cooled down by an oil cooler, which works as a radiator that transfers the
heat from the lubricating oil to the coolant through its fins. It prevents the engine from
overheating and retains the oil quality.
The oil supply to the PRCL pack has a significant effect on the contact performance [20]
and the oil must be provided to the contact under all operating conditions of the engine.
However, the oil supply to the moving parts is not controlled and the lubricant is not
uniformly distributed to the piston rings and cylinder wall. For this reason, the PRCL
contact might operate under mixed lubrication conditions depending on the operating
conditions [21].

1.2.3 Lubrication types
1.2.3.1 Hydrodynamic Lubrication (HL)

The basics of hydrodynamic lubrication have been clarified experimentally in 1883 by
Beauchamp Tower [4]. Figure 1.2 is a simplification scheme of this experiment. It is
composed of a journal bearing, a bearing bush (component A) and a bearing cap (compo-
nent B). From above, a load is acting on the bearing which is submerged in an oil bath.
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Figure 1.1: Lubrication circuit of an ICE [3]

The oil is supplied to the bearing clearance by rotating the bearing. The main discovery
is that the bearing floats on an oil film subjected to a pressure which is due to the imposed
load. Reynolds studied Tower’s experiments theoretically and explained the generated
pressure for a thin film lubricant. By combining the equations of motion and mass conti-
nuity and by taking into consideration the following assumptions, the Reynolds equation
is obtained (equation 1.1) [22].

• the lubricant adheres to the surface,

• the inertia and gravitational effects can be neglected compared with the viscous
effect,

• the pressure variation across the fluid film is neglected,

• the lubricant is assumed to behave as a Newtonian fluid,

• the film thickness is small compared to the radius of curvature of the ring, so the
dimension along the z-direction is small compared to those in the x and y directions,

• the flow is laminar.

∂

∂x

(
ρh3

12η

∂p
∂x

)
+

∂

∂y
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ρh3

12η
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transient

= 0 (1.1)
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The first two terms of equation 1.1 represent the Poiseuille terms, they are the flow
due to the pressure gradient. The third term of equation 1.1 represents the Couette term,
it is the flow due to the mean velocity of the surfaces. Note that um=(u1+u2)/2, where u1
and u2 are the velocities of the two contact bodies. The last term of the equation is the
transient term, it is the variation of the film thickness as a function of time.

Figure 1.2: Tower’s test rig [4]

1.2.3.2 Elasto-Hydrodynamic Lubrication (EHL)

The elasto-hydrodynamic lubrication is based on the phenomenon described in the pre-
vious paragraph, but in this case, the contact pressure is high enough to generate surface
deformation which can change the geometry of the lubricating film [23]. Examples of
machine elements that operate under EHL are rolling element bearings, gear teeth and
cam [24].

1.2.4 Stribeck curve

The Stribeck diagram represents the experimental results of Richard Stribeck on journal
bearings [25, 26]. The obtained results were plotted in a single curve for different lubri-
cation regimes [27–31]. The diagram presents the coefficient of friction as a function of
the dimensionless number ηum/w1 where η is the lubricant viscosity, um is the velocity
and w1 is the normal load per unit length as shown in figure 1.3. It is divided into three
different regimes [32, 33]:
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• the boundary regime: at low velocity (um), high load (w1), the friction has its
highest value. A high proportion of solid-to-solid contact occurs. The load is sup-
ported by the solid roughness and the role of the oil is largely lost, it does not carry
load. It acts as a reservoir for additives,

• the mixed regime: this is the intermediate regime, it lies between the boundary and
the fully flooded regimes. The load is carried by both the surface roughness and the
lubricant and the friction decreases,

• the fully flooded regime: where a sufficiently thick film separates the surfaces and
carries the entire load, this is the ideal lubrication, the friction is low. Depending on
the contact pressure level, the lubrication might be hydrodynamic (HL) or elasto-
hydrodynamic (EHL).

Figure 1.3: Stribeck curve illustrating the three lubrication regimes: boundary regime,
mixed regime and fully flooded regime [5]

1.3 Piston Ring Cylinder Liner (PRCL)

1.3.1 PRCL description

Piston rings: The piston rings are elastic rings that fit in the piston grooves located
between the piston and the cylinder wall. A piston ring is shown in figure 1.4.

The PRCL pack of the engine contains commonly three rings:
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Figure 1.4: Piston ring

• the compression ring: it is the top ring, closest to the combustion chamber so it
is exposed to the highest pressure and temperature. Its carrying surface shape is
parabolic. Its main function is to seal the combustion chamber from leakage during
the combustion phase. Its tension ranges between 5 and 20 N,

• the wiper ring: it is the second ring, located between the compression and the oil
control rings. It has sealing and oil control functions. Its tension ranges between 5
and 30 N,

• the oil control ring: it is the closest to the crankcase, it has two running faces.
Its main function is to control the oil by wiping and guiding it to the oil reservoir
through its holes. Its tension ranges between 10 and 50 N.

Cylinder liner: The cylinder liner is the inner wall of an engine cylinder, where the
piston and the piston rings move. It is exposed to high temperature and pressure. The
liner surface material must support heat and temperature. So far, cast iron is the most
common material used for the liners as it offers an optimal price-quality ratio [34].
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1.3.2 Piston ring functions
The primary functions of the piston rings are:

• the sealing function: the rings avoid the passage of the compression gases gen-
erated during the ignition phase through the clearance between the piston and the
cylinder. In that way, they prevent that the oil degrades and loses its property as a
lubricant. It is a reciprocating function, they also prevent oil leakage to the com-
bustion chamber. In that case, the oil burns causing undesirable emissions and the
output engine power decreases. In addition, the sealing function prevents over-
consumption of the oil,

• the lubrication function: since the piston is moving along the cylinder liner, a
minimum amount of oil is sent to the piston and the piston rings so they move
smoothly with minimum friction and wear. The oil consumption is controlled.

Their secondary functions are:

• the heat transfer: the heat generated during the ignition time accumulates inside
the piston. The piston rings contribute to release the heat and transfer it to the
cylinder,

• the piston support: piston rings prevent the knocking of the piston on the cylinder
liner.

1.3.3 Scuffing
A common failure that occurs in the PRCL contact is wear [35]. Wear is a slowly pro-
gressing mechanism similar to corrosion and abrasion failures [36]. Ting et al. [37] de-
veloped a model to study wear occurring on the cylinder liner. The wear rate is observed
to depend on the friction and the contact load. The higher the contact time, the higher the
wear rate [38]. Moreover, the wear rate depends on the material coatings and the lubricant
types [39, 40]. A high coefficient of friction is an indicator for wear occurrence [41] and
the wear rate is proportional to the contact load [42, 43]. In addition, high temperature is
another factor for wear appearance [44–46]. Chui et al. [47] observed that wear rate is
important on the thrust and anti-thrust sides where the stresses are important.
Moreover, the PRCL contact might be exposed to scuffing. Scuffing is an uncommon
failure and its initiation is rare but once it initiates the damage is catastrophic and perma-
nent. Scuffing is the tribological failure the least understood because of the large number
of variables involved in its initiation and the diversity of machine operating conditions. It
occurs primarily in a lubricated contact with sliding bodies [48, 49]. It is commonly ac-
companied by a sudden increase in friction, temperature and vibrations [50–54]. Numer-
ous definitions are proposed to describe this failure such as : “gross damage characterized
by formation of local welds between sliding surfaces” [55], “surface roughening by plastic
flow whether or not there is material loss or transfer” [36] and “localized damage caused
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by solid-phase welding between sliding surfaces” [56]. Dyson [55] considered that the
failure of the lubricating film is the main reason for scuffing initiation. Shuster et al. [57]
and Obert et al. [43] showed in their experimental study on scuffing that the oil quantity
and the temperature are vital parameters. Another approach of scuffing is studied by Shen
et al. [58], they concluded that the lubricant desorption leads to an increase in friction and
then accelerate scuffing initiation. The rate of lubricant desorption increases also with
the temperature as shown by Li et al. [59] when they study the lubricant decomposition
under heat treatment. Qu et al. and Van et al. [46, 60] showed that scuffing initiates in
the vicinity of the top dead center where the lubrication conditions are the worst. Johnson
et al. [61] related the temperature to another approach which is the thermo-elasticity as
it affects the tribological performance of the PRCL contact, see [62] and Xiaoming et
al. [63]. The temperature variation taking place in the contact causes the surface deforma-
tion which in turn increases the heat flux generated and contributes to initiating failure.
Barunovis et al. [64] reported wear maps and scuffing limits for a pin on disc model test
as a function of the contact load and the sliding speed. From the maps, one can conclude
that scuffing is reached sooner when the speed increases. Based on that, exists a prob-
ability that scuffing may occur at mid-stroke where the velocity is high. Moreover, the
insufficient oil supply to the PRCL contact, might cause it to operate under mixed lubri-
cation conditions [65–75]. Under this critical lubrication condition, solid-to-solid contact
occurs increasing friction and causing failure. Another approach for scuffing prediction
is based on the instability of the shear stress generated. Scuffing initiates when the shear
stress exceeds the critical one, this is observed when plastic deformation occurs [76, 77].
The shear stress was identified to depend on the lubricant additives [78]. The time to scuff
depends on the surface material and its wear resistance as shown by Wan et al [79]. Sur-
face coatings such as Carbon-based, diamond-like are used for components operating in
a solid-to-solid contact [80–83]. They increase the surface scuffing resistance and delay
the scuffing initiation [54, 84–86].

1.4 Heat transfer

1.4.1 Description
Heat transfer is the discipline that concerns the generation, conversion and exchange of
thermal energy (heat) between physical systems.

It can occur by one of the three following phenomena [87]:

• conduction: the heat flow is within and through the body itself and it is particularly
important with metals,

• convection: the heat transfers from one place to another due to the movement of
fluid,

• radiation: the heat transfers in form of waves that can travel through the air or even
through empty space.
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In the PRCL contact, the heat and temperature generation are caused by the presence
of friction. Blok [88] initiated the study of the contact temperature caused by the heat as
a result of friction (heating by friction). The study is done by considering a band-shaped
heat flux moving along the solid with a constant speed. It is shown that the maximum
temperature depends on the heat flux value, width and velocity and the thermal conduc-
tivity of the material.
Making fire by friction is a common example of heating by friction. By rubbing two
pieces of wood for example, the temperature increases to a critical value where the oxida-
tion of the powdered wood begins and ignition takes place with the presence of air [89].
The contact temperature is one of the key factors influencing the lubricating properties,
hence the contact performance. High temperature reduces the oil viscosity, so a smaller
lubricant film is formed causing the contact to operate in the boundary regime [44, 90],
see figure 1.3.

1.4.2 Thermal-Marangoni convection

The Marangoni effect was identified in 1855 by James Thomson [91] in the tears of wine
analysis shown in figure 1.5. When swirling a glass of wine partially filled, a thin film of
wine is created on the surface of the glass. The alcohol evaporates and the leftover mixed
water-wine on the side of the glass has a higher surface tension than the surface tension of
the wine. As a result, the liquid flows from the lower surface tension zones to the higher
ones, thus droplets are created on the side of the glass that are so-called tears of wine. The
convection of fluid because of the surface tension gradient is known as the Marangoni ef-
fect [92, 93]. This effect is of primary importance in many separation processes such as
distillation, absorption and extraction [94].
Velarde et al. [95] described the Marangoni effect as the physics that transforms the sur-
face energy to a fluid flow. As a result of the fluid convection, film rupture might occur
as mentioned by Fanton et al. [96] and Monti et al. [97]. When the surface tension gra-
dient is caused by a temperature gradient, the convection effect is called thermo-capillary
convection or thermal-Marangoni convection, see Gugliotti et al. [98].

1.4.3 Thermo-mechanical effect

The thermo-mechanical discipline couples two physics: the solid heat exchanges and the
solid mechanics. It studies the variation of the mechanical properties of the material as a
response to the heat exchange occurring in the material.
When a body is exposed to a temperature field, the mechanical properties of the surface
change [99] and a thermal expansion effect takes place causing a change in its size and
volume. The rate of expansion is proportional to the temperature increase, and the coef-
ficient of proportionality is the coefficient of thermal expansion of the material (equation
2.20).
The thermo-mechanical effect appears to have an important influence on the tribological
systems. In a sliding contact, the generated friction and local thermal expansion can re-
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Figure 1.5: Tears of wine [6]

sult in an instability [100]. Zones with higher temperature, higher thermal expansion and
then, higher stresses.
PRCL contact in ICE is exposed to a surface temperature gradient because of the friction,
contact pressure and velocity of the surface. The temperature gradient affects the proper-
ties of the material [101] and causes a surface deformation. The thermal stresses created
as a result of the temperature variation of the material are additional stresses to the con-
tact. They might have a significant effect on the overall contact performance [102], hence
on its service life and on the engine reliability and durability [103].

1.5 Conclusion
This chapter presented the piston-ring/ cylinder (PRCL) contact and enumerated different
phenomena impacting its tribological performance.
The chapter started by presenting the lubricating mechanism and its importance in im-
proving the engine performance by highlighting its purposes. It also described the method
and types of lubrication.
The second section presented the piston-ring/cylinder-liner contact. The piston ring char-
acteristics and roles were also described. The failure known as scuffing was presented
and the parameters influencing its initiation were detailed.
The last section was dedicated to thermal effects: the Marangoni effect and the thermo-
mechanical deformation which contribute to scuffing initiation.
To prevent scuffing, a thorough understanding of this failure and the physics leading to it
is important. The following chapters present the numerical model coupling the parame-
ters and phenomena influencing scuffing in order to predict its initiation as a function of
the operating parameters.
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2.1 Introduction
The basis of this study comes from the observation of the wear appearance and scuffing
initiation marks on a liner surface. Figure 2.1 is a cylinder liner that has endured a severe
scuffing test (full fired, load engine test that took 500 hours). The worn area is referred to
as the mirror-like area. The SENSOFAR 3D profilometer is used to measure the surface
profiles at five different positions along the stroke and the worn area is quantified as shown
in figure 2.2. One can remark that the wear of the mirror-like area is nearly constant
from the top dead center (TDC) to the bottom dead center (BDC). In fact, the piston
ring velocity varies significantly from top dead center to mid stroke and likewise for the
temperature gradient (note that the temperature gradient along the liner was significant
since the engine test was performed full power.) Based on this analysis, one expects a
variation of wear between these positions. However, there is no such variation of wear
along the liner surface. Such we concluded that the ring velocity and the temperature
have no primary influence on wear appearance and scuffing initiation. Moreover, wear
measurement in the y-direction was carried out and given in figure 2.3. The figure shows
the rapid appearance of wear and the severe transition from the unworn to the worn area.
We assumed that an abrupt difference in lubricant presence was the reason for this severe
transition.

Figure 2.1: Surface liner [7]

Figure 2.2: Worn area [7]
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Figure 2.3: Wear measurement in the y-direction [7]

Even though scuffing occurrence in internal combustion engines of vehicle series
model is rare, experimental studies are carried out on prototypes to predict and avoid
its initiation. Modeling and simulation are new approaches that can facilitate the scuff-
ing initiation study, as they provide valuable solutions by giving clear insights into real
complex problems. The numerical model for scuffing occurrence prediction in the PRCL
contact is detailed in this chapter. The first section describes the PRCL contact model and
the hydrodynamic assumptions, equations and numerical implementation.

The hydrodynamic equations are:

• the film thickness equation,

• the oil distribution equation,

• the Reynolds equation,

• the modified Reynolds equation when considering starvation.

The second section describes the thermal effects: the thermo-mechanical and the
Marangoni effects caused by a local temperature gradient. It also presents the thermal
assumptions, equations and numerical calculation methods.

The thermal equations are:

• the Fourier equation,

• the surface heat flux equation,

• the Marangoni equation,

• the thermal expansion equation,

• the linear elasticity equation.

The hydrodynamic and thermal theories are combined to create a model regrouping
the parameters influencing the scuffing initiation risk. The algorithm of the numerical
model is detailed in the last section.
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2.2 Hydrodynamic theory

2.2.1 Piston rings/cylinder liner

By neglecting the free gap, the piston rings geometry is considered being a torus. The
first and second rings have a parabolic carrying surface shape, whilst the third ring has
usually two flat faces. The different carrying surface shapes are shown in figure 2.4. The
compression ring is the main interest of this study as it is the closest to the combustion
chamber so it is exposed to the most severe operating conditions. Its radius of curvature
Rx is considered constant for calculation purposes and its surface is considered being
smooth.
The cylinder liner or cylinder sleeve is the inner wall of the cylinder. Because of the
honing process, the liner texture is composed of plateaux and cross-hatched grooves. This
micro-geometry has an impact on the contact which can be beneficial. Thorough research
projects on this topic are still going on worldwide to optimize the texturing geometry to
enhance the tribological performance of the contact [104]. Hu et al. [105] demonstrated
that a shallow groove texture with optimum groove density is beneficial for non-flat ring
friction and for a flat ring a sparse groove pattern with optimum groove depth is required.
In addition, the liner texture improves the oil distribution in the contact as demonstrated by
Organisciak et al. [106]. To simplify the model by decreasing the number of parameters,
the liner surface is considered a smooth surface in the current study.

Figure 2.4: Ring cross sections

2.2.2 Geometry and calculational domain

Considering the three piston rings and the cylinder liner pack as a single model to study
the PRCL contact is complex. Each piston ring is studied separately. The oil distribution
varies along the circumferential direction, so a 2D model is needed to fully study the con-
tact. x and y represent respectively the axial (motion) and the circumferential directions.
The problem parameters such as the velocity, the contact load and the ring geometry are
considered being constant in time thus a stationary analysis is applied.

Two main parameters limit the calculational domain width in the x-direction:
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• the ring axial thickness,

• the degree of starvation.

Figure 2.5 shows the contact domain. xa is the initial position of the ring at t0 while
xb is the last position of the ring after a short time t f . Based on the fact that the oil film
thickness is small compared to the nominal ring radius φ/2, the domain in the y-direction
is flat. The choice of the values of ya and yb is related to the boundary conditions and the
width of the domain needed for the study.

Figure 2.5: Contact zone model

2.2.3 Hydrodynamic operating assumptions
Several assumptions have been used to simplify the hydrodynamic model:

• the crucial one is that the PRCL contact is considered as a hydrodynamic lubricated
contact, which means that the contacting surfaces are rigid,

• the ring velocity is constant along the x-direction and equal to the mean speed as its
variation has no primary effect on scuffing initiation (see paragraph 2.1),

• the lubricant properties (viscosity and density) are considered constant in the con-
tact and independent of the local temperature and pressure,

• the surface roughness is considered constant and the surface texturing is not taken
into consideration to decrease the number of the problem parameters. Moreover,
precursor scuffing initiation, the wear process removes the surface texturing and
creates a mirror-like surface (see paragraph 2.1).
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• the squeeze is negligible which describes the variation of the film thickness as a
function of time.

2.2.4 Lubricant supply to the contact
This section describes the oil supply regimes.

2.2.4.1 Fully flooded lubrication

Figure 2.6 shows the oil distribution in the PRCL contact in the fully flooded lubrication
regime. In this case, it is assumed that the inlet meniscus position tends to -∞ so the ring
shape in the x-direction is similar to an infinite parabola and the contact zone is filled with
oil.
In reality, the ring is neither infinitely thick nor is the contact endlessly supplied with
lubricant. Hence the importance of introducing the starved lubrication condition in the
study to get closer to reality.

Figure 2.6: Fully flooded lubrication regime

2.2.4.2 Starved lubrication

Lack of lubricant: Figure 2.7 shows the oil distribution in starved lubrication condi-
tion, where a limited amount of oil is available in the contact.

Geometric starvation: A second reason for starvation is the ring geometry. The posi-
tion of the inlet meniscus xa, where the pressure generation initiates, depends on the ring
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thickness and defines the degree of starvation. The pressurized zone is narrower than the
one in fully flooded conditions.

Figure 2.7: Starved lubrication regime

2.2.5 Equations
2.2.5.1 Film thickness equation

The film thickness equation (equation2.1) describes the gap between the two contact bod-
ies as shown in figure 2.6. It is composed of the following terms:

• the minimum film thickness h0,

• the compression ring shape, which is a parabola with a radius of curvature Rx.

h(x,y) = h0 +
x2

2Rx
(2.1)

Note that the oil film thickness can be measured using several methods [107]

• electrical methods, such as resistance-induced and capacitance-based,

• optical methods, such as laser-induced fluorescence,

• acoustic methods, such as ultra sound reflectance

Moreover, the film thickness varies along an engine stroke because of the variation of
the ring velocity. At mid stroke, the velocity is high and the oil film is thick whilst, at the
top/bottom dead center, the velocity is low and the oil film is thin [107].
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2.2.5.2 Oil distribution equation

Because of a non-uniform oil distribution, a local starvation might occur in the contact.
The oil distribution shown in figure 2.8 is used to model the local lack of lubricant. The
equation of the distribution is given in equation 2.2.

hoil (y) = hmean−hvar cos
(

2πy
λ

)
(2.2)

where:

• hmean is the average oil film thickness,

• hvar is the oil variation with respect to hmean, it defines the maximum and the mini-
mum thickness of the film at the inlet of the contact,

• λ is the wavelength.

Figure 2.8: Oil distribution geometry

2.2.5.3 Reynolds equation

The Reynolds equation describes the flow of a thin film occurring between two surfaces.
The iso-viscous, constant density and steady-state equation is:

1
12η

∂

∂x

(
h3 ∂p

∂x

)
+

1
12η

∂

∂y

(
h3 ∂p

∂y

)
= um

∂h
∂x

(2.3)
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The pressure solution obtained from the Reynolds equation is either positive in the
converging gap (∂h/∂x < 0) or negative in the diverging gap (∂h/∂x > 0). When the
pressure goes below zero, the oil evaporates and a discontinuity of the film is created in
this zone. This is the cavitation process. The pressure is limited to the lubricant vapor
pressure. Since the vapor pressure is negligible compared to the contact pressure, it is
considered null so p=0 in the cavitated zone.

2.2.5.4 Reynolds equation with starvation

To analyze the fluid film in a starved condition, a parameter θ is introduced, which is the
void fraction (1-ratio between the oil film thickness (hoil) and the geometry gap between
the surfaces (h)). The Reynolds equation is then modified as given in equation 2.4 to
take into consideration θ and to describe the starved lubrication regime. Its value ranges
between 0 and 1 (0≤ θ ≤1).

1
12η

∂

∂x

(
h3 ∂p

∂x

)
+

1
12η

∂

∂y

(
h3 ∂p

∂y

)
= um

∂((1−θ)h)
∂x

(2.4)

2.2.5.5 Dimensionless equations

The values of the dimensionless parameters vary around 1, which enables one to obtain
maximum precision in the numerical calculations. In addition, they limit the total number
of parameters by regrouping them.
Table 2.1 defines the variables with a 0 index. Upper case letters denote the dimensionless
parameters:

X =
x
x0

(2.5)

Y =
y
y0

(2.6)

Z =
z
z0

(2.7)

Λ =
λ

λ0
(2.8)

H =
h
h0

(2.9)

Hmean =
hmean

h0
(2.10)

Hvar =
hvar

h0
(2.11)
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P =
p
p0

(2.12)

W1 =
w1

w0
(2.13)

x0 y0 h0 λ0 p0 w0

a a h0 a 12ηuma/h2
0 12ηuma2/h2

0

Table 2.1: Hydrodynamic dimensionless parameters

The dimensionless equations are:

Reynolds equation

∂

∂X

(
H3 ∂P

∂X

)
+

∂

∂Y

(
H3 ∂P

∂Y

)
− ∂((1−θ)H)

∂X
= 0 (2.14)

Film thickness equation

H (X ,Y ) = 1+
a2

2Rxh0
X2 (2.15)

Lubricant distribution equation

Hoil (Y ) = Hmean−Hvar cos
(

2πY
Λ

)
(2.16)

2.2.6 Hydrodynamic model implementation
The lubricant is supplied to the PRCL contact by an oil flung and an oil jet spray. They
do not distribute the oil uniformly in the contact and only a small amount of oil reaches
the top ring, it operates under starved conditions [108]. As a result, drier zones may
temporarily exist in the contact due to the lack of lubricant and the rings operate under a
starved regime.
The ring displacement along the liner redistributes the oil, hence helps to avoid starvation.
In order to study the ring displacement impact on the lubricant distribution, the oil geom-
etry is imposed as non-uniform in the circumferential direction at the inlet of the contact
as given in equation 2.16.
A mass-conserving solver [109] is used for Reynolds equation resolution. The calculation
outputs are the pressure and the oil distributions after the passage of the ring along the
liner. The redistribution is studied and quantified by comparing the oil geometry imposed
and the one obtained after the ring passage.
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2.3 Thermal effect
The heat exchange occurring in the PRCL contact has an impact on the lubrication mech-
anism and then on scuffing initiation.
To describe locally the scuffing initiation, a local study of the thermal effect is required.
The heat exchange generates a temperature gradient on the contact surface. As the tem-
perature is no longer uniformly distributed in the body, a localized surface deformation
can take place as a result of the thermo-mechanical effect and a local lack of lubricant can
appear because of the Marangoni effect. The thermal impact on the lubricant distribution
and then on the contact performance is studied.

2.3.1 Geometry and calculational domain
The temperature of the liner and the ring surfaces is considered initially constant and equal
to T0, (assuming that the conductivity is the same in all directions of the material, thus the
heat transferred from the combustion chamber to the surfaces is uniformly diffused in
the bodies). However, under certain conditions, when considering the occurrence of a
temporarily local lack of lubricant due to non-uniform oil distribution in the contact, the
coefficient of friction increases. Then an additional heat flux is locally generated. The
additional heat flux generated (qheated−zone) is given in the equation below:

qheated−zone = ζµpcontactum (2.17)

where µ is the coefficient of friction, pcontact is the contact pressure applied to the
contact, um is the mean velocity of the ring along the stroke and ζ is the ratio of the heat
exchange occurring between the liner and the ring. Its value ranges between 0 and 1. 0
means that there is no heat transferred to the surface whilst 1 means that the heat is totally
transferred to the surface.
The thermo-mechanical modeling and the calculation of the thermal deformation of the
piston ring are carried out via COMSOL Multiphysics software using the finite elements
method as detailed in appendix A. The thermal ring model is shown in figure 2.9. The
localized heated zone (red zone on the figure) refers to the additional heat flux generated
as a result of an increase in the coefficient of friction due to a local lack of lubricant and
causes a temperature increase. To simulate the worst-case scenario, the heat is assumed
to be totally transferred to the ring surface, the value of ζ is 1. For more details about the
piston ring modeling see appendix B.

For the study of the Marangoni effect occurring on the liner, the temperature distri-
bution on the surface is required. Figure 2.10 shows the liner thermal model used for the
temperature distribution calculation. As the heat flux generated is moving along the liner
surface, thus the model is a transient 3D model. However, as mentioned in paragraph 2.1,
the variation of the temperature gradient along the stroke has no primary influence on the
scuffing initiation so the heat flux is averaged (qmean) along the axial direction (direction
of movement x) and the surface is considered infinitely long in the x-direction, thus the
3D transient model becomes a stationary 2D model. The transition from the 3D model
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Figure 2.9: Ring thermal model

to the 2D model and the expression of qmean are detailed in appendix C. The domain size
(sd) is wide enough to guarantee that the Dirichlet boundary conditions do not influence
the temperature increase calculation.

Figure 2.10: 2D liner thermal model
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2.3.2 Thermal operating assumptions
Several assumptions have been used to simplify the thermal model:

• the material is considered to be isotropic; the conductivity is the same in all direc-
tions,

• the thermal deformation caused by the temperature increase is considered to be
linear,

• no heat stored in the lubricant,

• the heat exchange occurring between the liner and the ring surfaces with their sur-
roundings is not studied in the current model,

• Neumann boundary conditions are used to simulate the heat flux generated in the
starved/heated zone (q imposed), whilst Dirichlet boundary conditions (T0 imposed)
are used elsewhere, where T0 is the nominal liner temperature at which minimum
friction occurs, its upper bound ranges around 140◦ C [34]. This is the simplest
boundary condition to be considered to simplify the model,

• the heat equation calculations are stationary.

2.3.3 Thermal Marangoni effect
The lubricant surface tension or also known as inter-facial tension is the force acting on the
lubricant surface. It depends on the local surface temperature. As mentioned in paragraph
2.3, a temperature gradient is generated on the liner surface as a result of an additional
local heat flux, which in turn leads to a surface tension gradient. As a result, a lubricant
displacement occurs. This phenomenon is called the thermal Marangoni effect. Figure
2.11 shows the Marangoni effect taking place as a result of the surface tension gradient.
The lubricant flows from the high-temperature zone (low surface tension γ) to the low-
temperature zone (high surface tension γ). The lubricant is submitted to the Marangoni
(τMarangoni) and viscous stresses (τviscous). The lubricant distribution perturbation occur-
ring along the y direction is the interest of this study.

2.3.4 Equations
The thermal equations are detailed in this section:

2.3.4.1 2D Fourier heat equation

The stationary heat equation without an internal heat generation is shown below:

∂

∂y

(
αy

∂T
∂y

)
+

∂

∂z

(
αz

∂T
∂z

)
= 0 (2.18)
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Figure 2.11: Thermal Marangoni model

where αy, αz are the conductivity in both directions. As mentioned in paragraph 2.3.2,
the material is isotropic hence αy=αz=α.

2.3.4.2 Thermal boundary conditions

The boundary conditions considered for the liner and ring surfaces are presented respec-
tively in figures 2.10 and 2.9. Neumann boundary conditions (q) are imposed as given in
the equation below to simulate the heated zone where a heat flux is generated due to a
local lack of lubricant.

q =−α
∂T
∂z

(2.19)

Dirichlet conditions are used elsewhere, so a reference temperature T0 is imposed.

2.3.4.3 Thermal expansion

Due to the temperature variation, a thermal expansion occurs causing a shape variation of
the surface. The strain rate (εth) depends on the coefficient of thermal expansion of the
material (αth) as shown in equation 2.20.

εth = αth(T −T0) (2.20)

2.3.4.4 Linear elasticity

The thermal stress and deformation for elastic material are connected by a linear equation
similar to Hooke’s law as shown in equation 2.21.

σth = Eε (2.21)
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2.3.4.5 Lubricant surface tension

The local lubricant surface tension depends on the local temperature. The increase in the
latter leads to a decrease in the surface tension of the lubricant as given in equation 2.22.

γ = γ0

(
1− T

Tc

)n

(2.22)

where Tc is the critical temperature of the lubricant. The critical point represents
the state at which two phases (liquid-vapor) of fluid become indistinguishable from one
another [8]. Note that at the critical temperature, the lubricant surface tension is null. The
phase diagram of fluid is presented in figure E.3.

2.3.4.6 Lubricant viscosity

The equation used to calculate the lubricant viscosity as a function of the local temperature
is shown below. The viscosity decreases when the temperature increases.

log(log(η+0.7)) = a log(T )+b (2.23)

where a and b are constants depending on the lubricant. The lubricant viscosity curve
as a function of the temperature is presented in figure E.1.

2.3.4.7 Marangoni effect equations

As mentioned in paragraph 2.3.3 the lubricant is exposed to the viscous and the Marangoni
stresses. The Marangoni stress is composed of the surface tension gradient along the y-
direction as given in equation 2.24. The viscous stress generated in the film is a function
of the oil film thickness (h), velocity (v) and viscosity (η) as given in equation 2.25.

τMarangoni =
∂γ

∂y
(2.24)

τviscous = η
v
h

(2.25)

The variation of the oil film thickness because of the Marangoni effect is given in
equation 2.28. It results of the combination of two equations:

• the equilibrium of the Marangoni and the viscous stresses (τMarangoni=τviscous), so
the equation of the oil velocity is obtained:

v =
h
η

∂γ

∂y
(2.26)

• the equilibrium of the variation of the oil film over time (∂h/∂t) and the Couette flux
(∂φc/∂y) along the y direction (∂h/∂t=∂φc/∂y),
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where

φc =
vh
2

(2.27)

The velocity term in equation 2.27 is replaced by equation 2.26 and the second equi-
librium is solved to obtain the Marangoni equation:

∂h
∂t

=− ∂

∂y

(
h2

2η

∂γ

∂y

)
(2.28)

2.3.4.8 Dimensionless equations

The dimensionless parameters are given below and table 2.2 defines the variables with 0
index. The dimensionless variables are:

T̄ =
T
T0

(2.29)

Q =
q
q0

(2.30)

γ̄ =
γ

γ0
(2.31)

η̄ =
η

η0
(2.32)

t̄ =
t
t0

(2.33)

y0 z0 T̄ q0 γ0 η0 t0

s s T0 αthT0/s γT0 ηT0 s2η0/h0γ0

Table 2.2: Thermal dimensionless parameters

The thermal dimensionless equations are given below:

2.3.4.9 Heat equation

∂2T̄
∂Y 2 +

∂2T̄
∂Z2 = 0 (2.34)

2.3.4.10 Marangoni equation

∂H
∂t̄

=− ∂

∂Y

(
H2

2η̄

∂γ̄

∂Y

)
(2.35)
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2.3.5 Thermal theory calculation

2.3.5.1 Heat equation resolution

The thermal system to be solved in order to obtain the temperature distribution generated
on the liner surface (see figure 2.10) required for the Marangoni calculation is:

[A]{T̄}= { f} (2.36)

where A is a matrix, T̄ is the unknown temperature field vector to be calculated and f
is the right hand side depending on the boundaries conditions. The heat equation and the
Neumann boundary condition (surface flux) are discretized using second order centered
scheme as shown in the equation below:

T̄j+1,k−2T̄j,k + T̄j−1,k

(∆Y )2 +
T̄j,k+1−2T̄j,k + T̄j,k−1

(∆Z)2 = 0 (2.37)

where j and k are Y and Z indices respectively, ∆Y and ∆Z are the space mesh sizes.
The equation below gives the discretization of the boundary condition:

Q j,k =
T̄j,k+1− T̄j,k−1

2∆Z
(2.38)

As the flux boundary condition is imposed on the surface (k=0), the ghost points
method is applied to the discretization, where the points at k=-1 are virtual.

Q j,0 =
T̄j,1− T̄j,−1

2∆Z
(2.39)

Once the system is defined, the temperature field is calculated by a simple matrix
calculation:

{T̄}= [A]−1{ f} (2.40)

The 2D liner surface model with the discretized domain are shown in figure C.5.

2.3.5.2 Thermal expansion calculation

As mentioned in paragraph 2.3.2 the material deformation is assumed to be elastic-linear.
The thermal deformations and stresses are calculated via COMSOL Multiphysics soft-
ware and the calculation procedure is detailed in appendices A and B. The ring thermal
deformation along the radial direction is the interest of this study. As the ring is thin in
the axial direction (taxial of the ring is for about a few millimeters), plane-stress applies
for the deformation calculation [110] and the problem is solved using the finite elements
method.
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2.3.5.3 Marangoni equation resolution

The Marangoni equation is a 1D parabolic equation. The discretization of the equation in
space and time is given in the equation below:

Hn+1
j = Hn

j −
∆t̄

∆Y 2

(
γ̄ j+1− γ̄ j

4

) (
H j+1 +H j

)2(
η̄ j+1 + η̄ j

) − ∆t
∆Y 2

(
γ̄ j−1− γ̄ j

4

) (
H j−1 +H j

)2

(η̄ j−1 + η̄ j)
(2.41)

where n and j are time and space indices respectively, ∆Y is the space mesh size and
∆t̄ is the time step.

2.4 Scuffing prediction model
Figure 2.12 regroups the parameters and phenomena leading to scuffing. The three major
phenomena are:

• the thermo-mechanical effect,

• the thermal Marangoni effect,

• the oil redistribution effect.

Assuming that a local lack of lubricant can temporarily occur in the contact due to a
non-uniform distribution of lubricant, then the coefficient of friction increases. The latter
generates an additional heat flux. The starvation zone, where the heat flux is generated
is called the starved or the heated zone. As a result, a temperature gradient is generated.
Due to the temperature variation occurring in the contact, the thermo-mechanical effect
causes a ring deformation. An additional load is then considered to the contact which
is equal to the one needed to bend the ring into its original position. Subsequently, the
heat flux increases as it depends on the contact pressure (equation 2.17). The lubricant
surface tension and viscosity gradients are calculated in function of the temperature (2.22
and 2.23) and then the minimum film thickness is calculated via:

• equation 2.42 that is obtained by a numerical study carried out by Moes [111] in a
fully flooded lubrication regime,

h0 = 2.45
ηumRx

w1
(2.42)

• equation 2.43 that is obtained by Biboulet et al [112] in a starved lubrication regime.

h3
0

(
5.745R2

x
x4

a

)
+h2

0

(
4.809Rx

x2
a

)
+h0 = 2.45

ηumRx

w1
(2.43)
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where w1 is the load per unit length (w1 = pcontacttaxial). Note that η used in these
equations is calculated with the highest temperature. When the contact load increases, the
film thickness decreases leading to an increase in the coefficient of friction (µ). The latter
is obtained by the Stribeck curve as a function of the film thickness (h0) and the surface
roughness (σ), as shown in figure 2.13. From the curve, it can be concluded that the lower
the film thickness, the higher the coefficient of friction and the risk for boundary lubrica-
tion regime. The values shown in the curve are generic ones. In fact, the coefficient of
friction depends on the types of lubricant and on the surface materials as demonstrated
by Neville et al. [113] when they identified experimentally the coefficient of friction for
several material couples lubricated by several lubricant types. Note that the surface rough-
ness (σ) is considered constant in the model.
The coefficient of friction combined with the additional load obtained due to the thermo-
mechanical effect increases the heat flux generated thus the temperature which constitutes
a positive feedback loop. The progressive increase in the temperature might cause it to
reach the limit temperature when lubricant desorption initiates leading to a sudden in-
crease in friction. Lubricant additive has a major contribution to scuffing prevention. In
this study, its contribution is limited to its desorption influence on friction and then scuff-
ing. Note that the study is carried out for a given lubricant in order to predict the critical
operating conditions which lead to scuffing.
As a result of the lubricant surface tension gradient, the Marangoni effect occurs
and causes lubricant displacement. These two effects, the thermo-mechanical and the
Marangoni effects accentuate the risk of scuffing initiation. In addition, the lubricant dis-
tribution is affected by the displacement of the ring along the liner. It redistributes the oil
on the surface and helps to avoid local starvation, thus scuffing initiation. The scuffing
loop regroups the three mentioned phenomena in order to study their coupled contribution
to scuffing initiation.

Figure 2.12: Scuffing loop model
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Figure 2.13: Stribeck curve: coefficient of friction as a function of the film thickness over
the surface roughness

2.5 Conclusion
This chapter presented the numerical model used to study the scuffing initiation prediction
in the PRCL contact. Starvation and thermal effects are major causes of scuffing. Local
starvation can result from the two following processes:

• the non-uniform distribution of the lubricant along the liner,

• the Marangoni effect in response to the surface tension gradient on the interface
lubricant/liner surface.

The first source is simulated by the model via the Reynolds equation that accounts for
θ, the void ratio. The oil and pressure distributions in the contact after the ring passage
along the liner are calculated in order to study the influence of the ring passage on the oil
distribution and then on scuffing.
The second source is a thermal one. The Marangoni effect is related to the surface tension
gradient caused by the temperature field generated on the surface. The oil tends to flow
from the zone with low surface tension (high temperature) to the zone with high surface
tension (low temperature). As a result, a localized lack of lubricant might occur. The
Marangoni effect is modeled by quantifying the surface moved in response to the local
temperature variation and surface tension gradient. Moreover, the thermo-mechanical
effect influences scuffing initiation. The local increase in the temperature due to a local
heat flux causes a thermo-mechanical ring deformation. The force needed to bend the ring
into its initial position is considered as an additional load to the contact. It increases the
contact pressure and then the surface heat flux, which initiates a positive feedback loop.
The complexity of this study is due to the plethora of interacting parameters influencing
scuffing. A detailed schematic algorithm for the model is presented in figure 2.14. The
scuffing initiates via one or both of the following situations :
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• the temperature obtained by the thermo-mechanical effect exceeds the temperature
limit of the oil additive desorption, which causes a sudden increase in friction,

• the oil displacement caused by the Marangoni effect is more pronounced than the
redistribution caused by the ring passage.

Figure 2.14: Detailed scuffing algorithm
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Introduction

3.1 Introduction
The contribution of the Marangoni and the ring displacement effects to scuffing initiation
is presented in this chapter. The Marangoni effect might accelerate the scuffing initiation
since it provokes oil starvation by causing an oil displacement from the warmer contact
zones to the colder ones. On the other hand, the passage of the ring along the liner redis-
tributes the oil in the contact, which helps to prevent starvation, thus avoids scuffing. This
chapter analyses the influence of lubrication starvation and distribution on the scuffing
initiation. The first section presents the parameters influencing the lubricant distribution.
Then, the oil displaced due to the Marangoni effect and the oil redistributed due to the
ring passage are quantified as a function of the problem parameters in the second section.
In the third section, the scuffing initiation limit is quantified and presented in charts as
a function of the operating parameters. The last section summarizes the major results
obtained in this chapter.

3.2 Model presentation

3.2.1 Lubricant distribution model
Figure 3.1 summarizes the model of the lubricant distribution in the contact. A detailed
explanation of the algorithm presented in the figure is given below:
Assuming that under certain operating conditions, a local lack of lubricant might tem-
porarily occur due to an oil displacement and a non-uniform oil distribution in the con-
tact. As a result, the coefficient of friction increases (figure 2.13) which in turn leads to
a temperature increase of the liner surface (∆T ) compared to the initial surface tempera-
ture (T0). The surface tension and viscosity gradients depending on the temperature are
obtained (equations 2.22 and 2.23). The minimum oil film thickness (h0) is then defined
depending on the oil supply regime detailed in paragraph 2.2.4:

• if the oil supply regime is fully flooded, the contact is considered to be filled with
oil which is the best lubrication condition, h0 is calculated using equation 2.42,

• if oil starvation is taken into consideration, which means that the contact is partially
filled with oil, h0 is calculated by equation 2.43.

A Marangoni calculation is then carried out to predict the oil variation (hvar) caused by
surface tension gradient compared to the mean film thickness (hmean) which is considered
to be equal to the minimum film thickness (hmean = h0).

The last part quantifies the following surfaces:

• the surface displaced due to the Marangoni effect (SMarangoni) as a function of the
temperature increase (∆ T ), the minimum oil film thickness (h0), the lubricant sur-
face tension and viscosity gradients. In fact, the volume flow rate of the displaced
oil is presented as a moving surface in order to compare it to the one moved due to
the ring passage,
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• the surface moved due to the ring passage (Sredistributed) as a function of the min-
imum oil film thickness and the oil geometry distribution parameters (hmean, hvar
and λ).

If SMarangoni is larger than Sredistributed (SMarangoni>Sredistributed), which meaning that
the lubricant starvation caused by the Marangoni effect is more pronounced than the lu-
bricant redistribution caused by the ring passage, scuffing might initiate. Else, when
starvation is balanced by the oil redistribution, the local lack of lubricant is avoided and
no risk of scuffing exists.
The purpose of this model is to study the contact performance when it is exposed to local
heating yet the lubricant is re-supplied. The question to explore is that despite the local
heating, will the contact perform normally when it is re-lubricated?

Figure 3.1: Lubricant distribution model

3.2.2 Contact load

The contact load which presses the piston ring against the cylinder wall is composed of
the normal external loads as detailed below:
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3.2.2.1 Ring tension

The rings are self-tensioning springs with a free gap. When installed, the free gap is
reduced and elastic deformation is created. This deformation generates a spring force,
hence a pressure against the cylinder wall as shown in figure 3.2.

Figure 3.2: Radial pressure pattern of a piston ring

The mean radial pressure applied by the ring itself is calculated from the ring tension
(Fring) via the equation below:

ptension =
2Fring

φtaxial
(3.1)

where φ is the nominal ring diameter and taxial is the ring axial thickness. Appendix
D details how equation 3.1 was obtained.
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3.2.2.2 Thrust load

Figure 3.3 shows the major/minor thrust sides in the combustion stroke phase of the en-
gine cycle. During the combustion stroke phase, the high-temperature and high-pressure
gases push the piston down and the crankshaft rotates. Because of the charge caused by
the angle of the connecting rod (Fr) and the charge caused by the combustion pressure
(Fg) acting above the piston, the piston is pushed to one side of the cylinder wall called
the major thrust side. This process is known as the piston slap [114] and the resulting load
is known as the thrust load (Fthrust). In figure 3.3 the crankshaft rotation is clockwise, the
major thrust side is on the left side of the cylinder wall and the manor thrust side is on the
right side of the cylinder.

Figure 3.3: Power stroke phase of the engine

As the piston slap is an important source of vibration and noise in internal combustion
engines, research was carried out to study the conditions leading to piston slap occurrence
during an engine cycle to reduce noise and vibration. The piston slap occurrence can be
identified when the thrust load changes direction [115]. The minimum oil film thickness
and the maximum heat transfer are other criteria of piston slap occurrence. When the
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piston slap takes place, the piston-liner contact is intensified and the oil film thickness
takes its minimal value [116]. Moreover, the piston slap is assumed when the maximum
of energy is transferred to the cylinder surface [114]. Because the thrust load acts on one
side of the cylinder wall, the radial pressure distribution of the ring is circumferentially
uneven. The pressure is higher where the thrust load occurs and the pressure distribution
can be presented as an ovality as shown in figure 3.4.

Figure 3.4: Radial pressure distribution of a piston ring

In this study, the thrust load distribution of an engine cycle is given and the thrust load
is assumed to be acting on the ring surface circumferentially from θ=0 to θ=π (see figure
3.4). The thrust load is averaged over the engine cycle (see paragraph 3.4.2), thus the
pressure caused by the thrust load is considered constant. The mean pressure (pthrust) is
obtained as given below:

pthrust =
2Fthrust

πφtaxial
(3.2)
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The total contact pressure that pushes the ring against the cylinder wall is the sum of
the ring tension and the thrust pressures as given in the equation below:

pcontact = ptension + pthrust (3.3)

3.2.3 Model input parameters

3.2.3.1 Operating parameters

Engine speed: The engine frequency in rpm (N) is one of the parameters impacting the
lubricant distribution. It defines the mean ring velocity (um) and the time of a passage
(tpassage).

Piston mean velocity: As the piston ring velocity varies along the stroke (low at the
top and bottom dead centers and high at mid-stroke), the mean ring velocity (um) along
the stroke is used in the model. It depends on the engine frequency in rpm and the stroke
length (C) as shown in equation 3.4. It increases with the engine speed. As the engine
speed and the stroke distance are both considered to be constants in the model, the piston
velocity is also constant.

um =
NC
30

(3.4)

Time of the ring passage: The time of the ring passage (tpassage) depends on the stroke
length (C) and the piston mean velocity (um). It decreases with the piston speed as shown
in the equation below:

tpassage =
C
um

(3.5)

Thermal parameters: The thermal parameters are:

• the initial temperature of the liner surface which is considered to be constant (T0),

• the temperature increase (∆ T ) compared to the nominal temperature (T0) which
depends on the level of the heating occurring in the contact,

• the width of the starved zone where a heat flux is generated (s). As a local study is
applied, s is small compared to the calculational domain and at the same time, it is
relatively large enough for a temperature field generation. Its value ranges between
1 and 6.25 mm.
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Lubricant properties: The initial lubricant properties such as the initial surface ten-
sion (γ0) and the initial viscosity (η0) at the initial temperature are input parameters in
the model. They impact the surface tension and viscosity gradients hence determine the
surface moved due to the Marangoni effect. The model is applied for a given lubricant.

Lubrication supply regime: The lubricant supply regime defines the oil quantity sup-
plied to the contact (see paragraph 2.2.4 for more details), thus the minimum oil film
thickness which is a vital parameter for the model and the scuffing initiation limit.

Initial lubricant geometry: The initial lubricant geometry is an input of the model al-
lowing the simulation of the non-uniform oil distribution occurring in the circumferential
direction. It is considered to be a sinusoidal function by defining the mean oil film thick-
ness (hmean), the variation (hvar) compared to hmean and the wavelength (λ) (see paragraph
2.2.5.2).

The chosen operating and geometric parameters for the numerical model are detailed
in appendix E.

3.3 Lubricant distribution

3.3.1 Marangoni effect

Assuming that a local lack of lubricant occurs in the contact which increases the coeffi-
cient of friction (as shown in the Stribeck curve in figure 2.13, the coefficient of friction
increases when the minimum oil film thickness decreases). As a result, an additional heat
flux is generated leading to a temperature increase in the starved/heated zone. In this sec-
tion, the Marangoni effect is studied as a function of the temperature gradient occurring
on the liner surface. Since it is more practical and concrete to choose a temperature in-
crease as an input instead of a heat flux, the temperature increase (∆T ) compared to the
nominal surface temperature (T0) is chosen as a first step. Based on that, the heat flux to be
imposed to obtain a temperature distribution on the liner surface with the chosen temper-
ature increase is known. Note that the relation between the heat flux and the temperature
increase is linear (q = c∆T ), where c is a constant.

3.3.1.1 Temperature gradient

In order to analyze the temperature gradient generated on the liner surface as a result of
the occurrence of a starved zone, a heat flux is imposed on the liner surface over the width
of the starved zone s to obtain a temperature increase up to 20K in the starved zone. The
thermal model is shown in figure 2.10 and the thermal calculation is detailed in paragraph
2.3.5.1. Figure 3.5 is an example of the dimensionless temperature distribution generated
on the liner surface when assuming that the width of the starved zone is s=4.4mm, the
nominal surface temperature is T0 =90◦C and the obtained temperature increase compared
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to T0 is equal to the one chosen in the first step (∆T = 20K). Note that the temperature
increase is ∆T =(1.055−1) (T0 +273).

Figure 3.5: Dimensionless temperature distribution generated on the liner surface

As shown in the figure, the highest value of the temperature is located in the middle
of the contact and the temperature gradient extends from Y =-1 to Y =1, this is the starved/
heated zone.
As a consequence of the temperature gradient, a lubricant surface tension gradient is
generated as shown in figure 3.6.
The increase in temperature leads to a decrease in the lubricant surface tension (equation
2.22), so the surface tension has its lowest value in the heated zone.

In addition, the temperature gradient leads to a lubricant viscosity gradient as shown in
figure 3.7, and the increase in the temperature decreases the lubricant viscosity (equation
2.23).

3.3.1.2 Numerical oil flow as a function of the temperature gradient

Starting with the hypothesis that an increase in the temperature occurs in the contact due
to a localized lack of lubricant, the temperature, surface tension and viscosity distribu-
tions are defined and a Marangoni calculation is carried out. The Marangoni equation
calculation is detailed in paragraph 2.3.5.3. Figure 3.8 shows the lubricant film thickness
variation in the circumferential direction caused by the Marangoni effect for different
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Figure 3.6: Dimensionless lubricant surface tension distribution

temperature increase cases. One can conclude that the maximum lubricant thickness vari-
ation is located in the heated zone. This is caused by the decrease in the lubricant surface
tension. In fact, the lubricant tends to flow from the warmer zone (where the surface ten-
sion is at its lowest value) to the colder zone (where the surface tension is at its highest
value). Note that the displacement caused by the Marangoni effect is continuous and lasts
for a period of a passage (tpassage) which depends on the engine round per minute (N).
Furthermore, the film thickness decrease is proportional to the temperature increase, and
more precisely to the temperature gradient since the source width is kept constant in these
examples (s=4.4mm). The surface difference (∆S) between the initial oil distribution for
∆T = 0 and the one corresponding to ∆T 6= 0 represents the oil flux displaced as a result
of the Marangoni effect and it is called SMarangoni. To quantify the oil flow, the surface
difference is calculated as a function of the model parameters.

Due to the Marangoni effect the temperature gradient leads to an oil displacement
from the warmer zones to the colder ones which can cause a local lubricant starvation.
The latter can be an explanation for the sudden wear appearance presented in figure 2.3.

3.3.1.3 Analytic oil flow

In order to quantify the displacement caused by the Marangoni effect, the differential
equation 2.28 is analytically developed so the surface moved (SMarangoni) can be obtained
by equation 3.6.
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Figure 3.7: Dimensionless lubricant viscosity distribution

SMarangoni = s
h2

0
2

(
∂(1/η)

∂y
∂γ

∂y
+

1
η

∂2γ

∂y2

)
tpassage (3.6)

The equation development is detailed below:

SMarangoni = ∆S = s∆h (3.7)

The expression of ∆h is obtained from equation 3.6:

∆h =
h2

2

∂

(
1
η

)
∂y

∂γ

∂y
+

1
η

∂2γ

∂y2

 tpassage (3.8)

∆h in equation 3.7 is replaced by equation 3.8 then equation 3.6 is obtained.
As the equation shows, the displacement depends on the minimum oil film thickness,

the local temperature, the temperature increase, the surface tension and viscosity gradients
and the time of passage.

3.3.1.4 The influence of the engine speed

The influence of the engine speed on the surface moved due to the Marangoni effect is
studied. The temperature increase is 20K, the width of the heated zone is s = 4.4mm and
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Figure 3.8: Dimensionless film thickness variation along the circumferential direction
for different temperature increase values

the oil supply regime is moderately starved. Note that if h f f is the oil film thickness in
a fully flooded supply regime, the oil film thickness in a moderately starved regime is
h f f /3.

The increase in engine speed leads to:

• an increase in the mean velocity (um), hence an increase in the minimum oil film
thickness (h0) ( equations 3.4, 2.42 and 2.43),

• a decrease in the passage time (tpassage) (equation 3.5).

As shown in equation 3.6, the Marangoni effect depends on the oil quantity and on the
time of passage. For an imposed temperature increase, it is more pronounced when the
oil quantity and/or the passage time increases.
Figure 3.9 shows that SMarangoni increases with the engine speed. This result indicates that
the sensibility of the oil quantity on the surface moved is more important than that of the
time passage.
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Figure 3.9: The surface moved due to the Marangoni effect as a function of the engine
speed (N)

3.3.2 Ring passage effect
3.3.2.1 Lubricant redistribution

In order to study the influence of the ring passage on the oil distribution, a lubricant
geometry distribution is imposed at the inlet of the contact. Figure 3.10 is an example of
an oil geometry distribution before the ring passage along the liner. The contact occurs
between the liner and a parabolic ring. The oil geometry distribution imposed at the inlet
of the contact is shown in figure 3.14 as the continuous-blue curve.

Using a mass-conserving solver, the pressure and oil distributions after the ring pas-
sage are obtained, see Biboulet et al. [109]. The pressure distribution obtained after the
first passage of the ring is shown in figure 3.11. It is divided into two zones: the pressur-
ized and the non-pressurized zones.

• the pressurized zones are obtained where the oil quantity available is sufficient to
generate pressure (the white zones on figure 3.12),

• the non-pressurized zones are obtained where the pressure can not be generated as
the lack of lubricant is important. They are called the cavitated zones (the grey
zones on figure 3.12).
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Figure 3.10: Lubricant geometry distribution before the ring passage along the liner

Figure 3.11: Pressure distribution in the contact after one passage of the ring along the
liner

Figure 3.13, compares the pressure distributions after the first and the tenth passage of
the ring along the liner. After the tenth passage, the pressurized zones are almost touching
and the cavitated zone in the middle is avoided. This result indicates that the ring passage
along the liner redistributes the lubricant and helps to avoid the lack of lubricant. The ring
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Figure 3.12: Cavitated zones after one passage of the ring along the liner

passage is beneficial for the lubricant distribution hence for the contact performance. The
study of the several ring passages was carried out to validate the lubricant redistribution
occurring between the ring passages. Since the lubricant distribution occurring between
two ring passages is the interest of the following study, the number of passages is limited
to 1.

3.3.2.2 Oil redistribution prediction

Figure 3.14 presents the imposed lubricant geometry (see equation 2.2) before the ring
passage (continuous-blue curve) and the one obtained after the ring passage (dotdash-
purple curve). The lubricant redistributed as a result of the ring passage is quantified as
the surface difference between the two curves (Sredistributed=∆S1+∆S2). The parameters of
the imposed geometry in this example are:

• Hmean=1,

• Hvar=0.075,

• Λ = 0.5.

The oil redistribution (Sredistributed) caused by the ring passage along the liner is stud-
ied as a function of the minimum oil film thickness (h0), the wavelength of the initial oil
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Figure 3.13: Comparison of the pressure distribution after the first and the tenth passage
of the ring along the liner

geometry distribution (λ) and the number of passages (passage).
The numerical results have then been fitted in order to predict the redistribution as a func-
tion of the problem parameters.
The obtained curve fit equation is:

Sredistributed = ξ(hmean−h0 +hvar)
1.125

(
λ

passage2

)0.875

(3.9)

where ξ is a constant, it is the curve fit parameter.
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Figure 3.14: Lubricant distributions before and after the ring passage

Figure 3.15: Numerical results and curve-fit surface redistributed as a function of h0

Influence of the minimum oil film thickness: Figure 3.15 shows that the redistribution
increases with the oil film thickness. The redistribution depends on the oil quantity sup-
plied to the contact, it is more important when the oil supply is more pronounced. In fact,
the redistribution is a result of the pressure gradient generated by the lubricant. When the
oil quantity is more important, the pressure gradient generated is also more important and
the redistribution is more effective.
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Figure 3.16: Numerical results and curve-fit surface redistributed as a function of λ

Influence of the wavelength: The wavelength of the oil distribution geometry impacts
the lubricant redistribution. Results show that the latter increases with the wavelength.
When the wavelength increases, the number of cavitated zones decreases as well as the
degree of non-uniformity of the oil distribution, which enhances the oil redistribution.

Figure 3.17: Numerical results and curve-fit surface redistributed as a function of the
number of passages

Influence of the number of passages: The redistribution is a repetitive process that
takes place at each passage of the ring along the liner. Figure 3.17 shows that the re-
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distribution slows down with the number of passages or with time since the oil quantity
available in the non cavitated zones decreases after each passage. Note that as the lubri-
cant distribution occurring between two passages is the interest of this study, the number
of passages is limited to 1.

3.3.3 Interpretation
Once again, the Marangoni effect has an important influence on the oil distribution in the
contact. The temperature gradient generated on the surface as a result of a local lack of
lubricant and starvation impacts the lubricant surface tension and viscosity. The increase
in the temperature leads to a decrease in the lubricant surface tension and viscosity. As
a result, the lubricant flows from the warmer zone where the surface tension is low to
the colder zone where the surface tension is high leading to a temporarily local lack of
lubricant. Results show that the lubricant flows from the middle of the contact where the
high temperature is located to the edges. The oil displacement due to the Marangoni ef-
fect is quantified as a moving surface (SMarangoni) which depends on several parameters.
It increases with the temperature increase, the oil quantity and the engine speed.
The ring passage along the liner is another phenomenon that impacts the lubricant distri-
bution in the contact. Results have shown that the passage of the ring redistributes the oil
in the contact. The oil flows from the non cavitated zones where the oil quantity available
is sufficient for lubrication and for pressure generation to the cavitated ones where there is
a lack of oil for lubrication. This effect avoids the local lack of lubricant hence enhances
the lubrication conditions and the overall performance of the contact. The redistribution
is quantified as a moving surface (Sredistributed). The redistribution is more effective when
the oil quantity and/or the wavelength of the oil distribution geometry increases, whilst it
slows down with the number of passages or with time.

3.4 Scuffing initiation limit
The algorithm presented in paragraph 3.2.1 is applied to quantify the oil displaced due
to the Marangoni effect (SMarangoni) and the oil redistributed due to the ring displacement
effect (Sredistributed) as a function of the operating parameters. Then, the moving surfaces
are compared in order to study the scuffing initiation limit. When the moving surfaces are
balanced, the lack of lubricant is prevented hence the starvation is limited and scuffing
is avoided. This is called the safe zone, the contact operates under normal conditions.
Whilst, when the Marangoni effect predominates the ring passage effect, which means
that the oil flow is higher than the oil redistributed and the starvation is not limited by
the redistribution effect, scuffing might initiate and the contact no longer operates in the
safe zone. The scuffing initiation can take place more rapidly when the Marangoni effect
becomes more and more pronounced compared to the redistribution effect.
The scuffing initiation limit is presented as a curve. The safe zone where scuffing is
prevented is located below this curve. Whilst above it, scuffing can occur. The limit
is studied as a function of the model parameters such as the contact load (Fcontact), the

61



Scuffing initiation limit

engine speed (N) and the thermal parameters as the heated zone width (s) and the local
temperature increase (∆ T ). This section intends to present the dependency of the scuffing
initiation limit as a function of these parameters.

3.4.1 Contact load depends on the ring tension only
In this subsection, the contact load is considered to be composed of the ring tension (Fring)
only, without considering the thrust load (Fthrust).

3.4.1.1 Influence of the thermal parameters

Figure 3.18 is a chart giving the scuffing initiation limit as a function of the ring tension
and the local temperature increase for different widths of the heated zone and a moderately
starved oil supply regime.

Figure 3.18: Scuffing initiation limit as a function of the ring tension (Fring) and the
surface temperature increase (∆ T )

From this chart, two vital conclusions can be drawn:

• for the same ring tension and surface temperature increase, the scuffing initiation
limit shifts by increasing the width of the heated zone thus the safe zone becomes
wider,

• for the same width of the heated zone and by increasing the ring tension, the re-
quired surface temperature increase causing scuffing initiation decreases. This is
caused by the increase in the contact load.
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The temperature increase is a vital variable impacting the oil flow caused by the
Marangoni effect. As the temperature gradient is more and more important, the surface
moved by the Marangoni effect increases and scuffing might initiate more rapidly.

3.4.1.2 Influence of the engine speed

Figure 3.19 presents the scuffing initiation limit for different engine speeds. It shows that
the scuffing initiation limit is shifted when the engine speed increases. In fact, the surface
displaced due to the Marangoni effect increases with the engine speed due to the increase
in the minimum oil film thickness as shown previously in figure 3.9. Moreover, the surface
redistributed due to the ring displacement effect increases also with the oil film thickness
which increases with the engine speed as shown in figure 3.15. The balance between
the moving surfaces seems to be more pronounced when the engine speed increases thus
scuffing initiation is delayed.

Figure 3.19: Scuffing initiation limit as a function of the ring tension and the surface
temperature increase for different engine speeds

3.4.2 Composed contact load
In this subsection, the thrust load described in paragraph 3.2.2.2 is taken into considera-
tion as an additional load to the ring tension in order to study its impact on the scuffing
initiation limit. Figure 3.20 is an example of the thrust load distribution given for an
engine cycle for a frequency in rpm is N = 2000 rpm.

The averaged thrust loads of the engine strokes are given below:

• Fexplosion=-2267 N,
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Figure 3.20: Thrust load distribution for an engine cycle

• Fexhaust=350 N,

• Fintake=-150 N

• Fcompression= 902 N.

The highest thrust load is obtained during the power stroke phase because of the high
pressure in the combustion chamber. The averaged thrust load over an engine cycle is
Fthrust=∑F

4 .

3.4.2.1 Influence of the averaged thrust load

The comparison between the scuffing initiation limit with and without considering the
thrust load is shown in figure 3.21. When the thrust load is considered, the contact load
increases hence the contact condition becomes more critical and scuffing might initiate
more rapidly in this case. In fact, the minimum oil film thickness depends on the liner
load (w1) as given in equation 2.42 and equation 2.43. The higher the liner load, the lower
the minimum oil film thickness. Note that w1=pcontact taxial where pcontact is given in
equation 3.3.

3.4.3 Interpretation
The scuffing initiation limit depends upon two opposing effects, the Marangoni and the
ring displacement effects.
The temperature gradient generated in the contact as a result of the lack of lubricant leads
to the Marangoni effect which in turn increases the starvation level in the contact.
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Figure 3.21: The scuffing initiation limit as a function of the ring tension and the temper-
ature increase without and with the thrust load

On the other side, the passage of the ring along the liner redistributes the lubricant which
helps to avoid starvation.
The scuffing initiation limit has been studied as a function of the model parameters such as
the engine speed, ring tension, thrust load, oil supply regime and the thermal parameters
as the width of the heated zone and the temperature increase compared to the surface
initial temperature.

The main conclusions from this study are:

• for the same temperature increase and contact load, the scuffing initiation limit is
shifted when the width of the heated zone increases,

• when the ring tension decreases, the safe zone becomes wider as the contact load
decreases,

• when the engine speed increases the scuffing initiation limit is shifted and the safe
zone becomes wider,

• when considering the thrust load, the contact load increases and scuffing might
initiate sooner compared to the case where only the ring tension is taken into con-
sideration,

3.5 Conclusion
The influence of two effects on the lubricant distribution and the scuffing initiation limit
is studied in this chapter:
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• the Marangoni effect, which tends to create a local lack of lubricant due to the
temperature gradient generated on the surface. The lubricant tends to flow from
the high-temperature zones to the low- temperature zones because of the lubricant
surface tension gradient. This displacement generates a local lack of lubricant and
increases the severity of starvation. This lubrication condition might accelerate the
scuffing initiation,

• the ring passage along the liner, which contributes to redistribute the oil in the
contact. This redistribution helps to avoid starvation and shifts the scuffing initiation
limit.

When the contact is exposed to heating, its lubrication conditions are affected and
temporarily starvation can occur. After re-lubricating the contact, one of the following
cases will happen:

• if the starvation is balanced with the re-lubrication, the heating is avoided and the
contact will perform normally as it operates in the safe zone,

• if the heating is important to the level where the starvation is not avoided by the re-
lubrication hence the contact no longer operates in the safe zone and risk of scuffing
initiation exists.
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Introduction

4.1 Introduction

Due to a non-uniform lubricant distribution in the PRCL contact, local starvation can
temporarily occur, which increases the coefficient of friction. An additional local heat flux
is then generated, leading to a temperature increase in the contact. As a result, a surface
deformation occurs due to the thermo-mechanical effect. The latter initiates a loop that
can have two aspects. These aspects and their effect on scuffing initiation are studied in
this chapter. Moreover, the thermo-mechanical effect is coupled with the effects studied
in the previous chapter (the Marangoni and the oil redistribution effects) in order to study
their contribution to scuffing initiation. The first section presents the loop caused by the
thermo-mechanical effect and the second section presents the effect of the loop on scuffing
initiation. The contribution of the coupled effects to scuffing initiation is presented in the
third section. Finally, the conclusions obtained in this chapter are presented.

4.2 Model presentation

4.2.1 Thermo-mechanical loop

The algorithm of the thermo-mechanical loop shown in figure 4.1 is detailed below.
Assuming that due to a temporarily local lack of lubricant in the contact, the coefficient
of friction increases and an additional heat flux is generated in the contact that causes an
increase in the contact temperature. As a first step, the temperature increase (∆T ) com-
pared to the nominal temperature (T0) occurring in the contact is chosen as an input for the
model. The latter leads to a ring deformation as a result of the thermo-mechanical effect.
The occurrence of the ring deformation generates stress and an additional load is consid-
ered to the contact, which is equal to the one needed to return the ring surface to its nom-
inal position. The contact load is expressed as a pressure (pcontact = pcontact + padditional).
Note that as the generated stress is proportional to the rate of deformation (equation 2.21)
and the rate of deformation is proportional to the temperature variation (equation 2.20),
thus the additional load is proportional to the temperature increase. The next step calcu-
lates the oil film thickness (h0) using equation 2.42 or equation 2.43 depending on the oil
supply regime detailed in paragraph 2.2.4. Then, the coefficient of friction (µ) is obtained
by the Stribeck curve depending on the oil film thickness and the surface roughness. Note
that the surface roughness (σ) is constant in the model. As shown in the Stribeck curve
(figure 2.13), the lower the oil film thickness, the higher the coefficient of friction. The
obtained coefficient of friction combined with the contact pressure and the ring velocity
generates again a heat flux that leads to a temperature variation and a loop is initiated.

The thermo-mechanical loop can have two outcomes:

• if after re-lubricating the contact, the surface temperature decreases, which means
that the contact re-operates under normal conditions, then the loop did not influence
the contact performance negatively,
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Figure 4.1: Algorithm of the thermo-mechanical loop

• if despite the re-lubricating, the coefficient of friction as well as the temperature in-
creases continuously, a snowball effect takes place, which can lead to a catastrophic
increase of the surface temperature and surface failure might occur.

The loop ends when the surface temperature is stabilized to the nominal surface tem-
perature (T0), which means that the contact re-operates under normal conditions or when
the temperature reaches the value of the limit temperature (Tlimit) when lubricant additive
desorption happens and the coefficient of friction increases suddenly. In this case, scuffing
might initiate in the contact. Note that Tlimit depends on the lubricant type and additives.

4.2.2 Prediction of the additional load

As mentioned in the previous section, ring deformation occurs as a response to the tem-
perature variation and an additional load is considered to the contact, which is equal to
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the force needed to return the ring to its nominal position. Assuming that the deforma-
tion occurring is elastic and linear, the load (Fadditional) depends linearly on the rate of
deformation (ε). The deformation is calculated for the piston ring surface by considering
that the heat is totally transferred to the ring to simulate the worst case. The calculation
is carried out using COMSOL Multiphysics software by modeling a ring surface exposed
to a temperature increase in the starved zone. The output is the surface deformation dis-
tribution and the additional load. The ring geometry parameters and surface modeling
are detailed in appendix B. Figure 4.2, is an example of the temperature distribution of
the ring surface represented by COMSOL Multiphysics. The width of the starved zone
is s = 4.4mm and the temperature increase is 20◦C. The nominal ring temperature is
imposed and T0=90◦C (except at the heated zone where a temperature difference takes
place). Note that T0 does not influence the load as the latter depends on the temperature
variation regardless of the value of T0. The surface deformation occurring due to the tem-
perature variation is then obtained using a plane-stress analysis as the axial ring thickness
is about a few millimeters (taxial = 1.5mm) [110]. The ring deformation as a response to
the temperature variation of figure 4.2 is shown in figure 4.3 as a displacement. Note that
the deformation is exaggerated in the figure. The maximum deformation is located where
the temperature is the highest, at the hot-spot. The additional load is equal to the required
load that prevents the surface deformation at the highest temperature spot (see figure B.6).

Figure 4.2: Ring surface temperature distribution
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Figure 4.3: Ring surface deformation as a result of the surface temperature distribution
shown in figure 4.2

In order to study the influence of the ring geometry on the additional load, the mod-
eling via COMSOL Multiphysics is carried out for different ring diameters (φ) where the
rings are exposed to the same temperature increase (∆T = 20◦C) in the heated zone com-
pared to the surface temperature (T0). The obtained additional load as a function of the
ring diameter is shown in figure 4.4. For the same temperature increase, the additional
load (equal to the required load that prevents the surface deformation at the hot-spot) de-
creases when the ring diameter increases. The results are then curve fitted to predict the
additional load analytically. The analytic load predicted is given in the equation below:

Fadditional = κ

(
φ

2
+ tradial

)−2

∆T (4.1)

where κ is the parameter of the curve fit.
Subsequently, the additional pressure is calculated by the equation below.

padditional =
Fadditional

s taxial
(4.2)

where s is the width of the heated zone and taxial is the axial thickness of the ring.
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Figure 4.4: Numerical and analytic results of the additional load as a function of the ring
diameter

4.2.3 Thermo-mechanical effect: temperature increase

Figure 4.5 is an example of the successive surface temperature increase (∆T ) due to the
additional load generated as a result of the ring surface deformation occurring. To bet-
ter understand the effect of the additional load on the temperature increase, the oil film
thickness (h0) hence the coefficient of friction (µ=0.08) are constants in this example. At
every iteration, the additional load is calculated in function of the temperature increase
as given in equation 4.1. Due to the additional load, the generated heat flux increases,
which leads again to a surface deformation and an additional load. The loop is running
until convergence is reached. ∆T1 is the temperature increase at the first iteration because
of the ring tension only (Fring=7.5 N), then the temperature increases progressively due to
the additional load that generates at every iteration to the converged temperature increase
∆Tconverged . One can conclude that the converged temperature increase is multiplied by
a factor approximately equal to 8 compared to the initial increase due to the ring tension
only. The obtained numerical results are curve fitted to get an analytic prediction equation
of the temperature increase.

The curve fit equation is:

∆Tn = ∆T1(1+ζ1

n

∑
i=2

exp(−ζ2i)) (4.3)

where ζ1 and ζ2 are constants, ∆T1 is the temperature increase at the first iteration
(caused by the ring tension only), ∆Tn is the temperature increase at iteration n. The
temperature increases until convergence occurs.
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Figure 4.5: Numerical and analytic results of the temperature successive increase

4.3 Scuffing initiation limit

As mentioned in the previous sections, local starvation causes the increase in the coeffi-
cient of friction, which generates a surface temperature difference that causes the thermo-
mechanical effect. Hence, the latter increases the contact load and impacts the surface
temperature. As a result, two scenarios might take place. The first one is that the surface
temperature re-stabilizes to the nominal one (T0) when the contact is re-lubricated, which
means that the contact operates in the safe zone where there is no risk of scuffing. The
second one is that the surface temperature increases continuously despite re-lubricating
the contact. In this case, the temperature might reach the limit temperature and additive
desorption occurs. Hence, the role of the additives is lost, thus the coefficient of friction
increases suddenly, which can initiate scuffing. The lubricant additive desorption and its
effect on scuffing initiation are detailed in this section.

4.3.1 Lubricant additive desorption

The majority of the engine lubricants contain around 15 % of additives [117]. They are
chemical products that improve the lubricant properties under different operating con-
ditions and contribute to lower friction and wear in the contact [118] when boundary
lubrication regime occurs. However, a lubricant might lose its additive when it degrades.
In fact, surface wear can cause lubricant degradation. The metal wear particles act as a
catalyst that speeds up lubricant degradation [18].
Another factor causing lubricant degradation is the temperature. When the lubricant is
exposed to a temperature higher than its recommended stable one, the lubricant might
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decompose and its additive can be removed. This is called the thermal breakdown [18].
An important temperature to be considered is the temperature at the flash point of the
lubricant. By definition, the flash point is the minimum temperature at which the vapor of
the lubricant is ignited if given an ignition source [119, 120]. The flash point of lubricant
is one of the properties given in its technical sheet data. For engine oil, it ranges between
230 and 240◦C [121–124].
In this study, the role of the lubricant additive is limited to the range of the limit tem-
perature (Tlimit) when its desorption initiates. The limit temperature is taken 180◦C and
the limit coefficient of friction is µlimit=0.5. Based on this analysis, when the temperature
is higher than the limit temperature, the coefficient of friction depends not only on the
film thickness and the surface roughness but also on the temperature. Figure 4.6 shows
the Stribeck curve giving the coefficient of friction as a function of the temperature and
the ratio of the film thickness over the surface roughness when the temperature is higher
than the limit temperature (T > Tlimit). Starting from T =180◦C, the lubricant additive
desorption initiates and the coefficient of friction increases gradually. At T =230◦C, the
coefficient of friction reaches 1.

Figure 4.6: Stribeck curve: the coefficient of friction as a function of the temperature and
the ratio of the film thickness over the surface roughness when the temperature is higher

than the limit temperature
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4.3.2 Thermo-mechanical effect outcomes

Assuming that local starvation occurs, the coefficient of friction increases and generates
an additional local heat flux, which leads to a local temperature increase (∆T ) compared
to T0. In the following cases, the width of the starved zone is s=4.4mm and the nominal
surface temperature is T0=90◦C.
The two possible outcomes of the thermo-mechanical effect are a return to the nominal
temperature T0 or a thermal run away leading to failure.

4.3.2.1 The contact re-operates under normal conditions

In this case, the temperature increase is ∆T =15◦C in the starved zone. The variation of
the temperature over the thermo-mechanical loop is given in figure 4.7. The temperature
decreases and re-stabilizes to T0. Here, the thermo-mechanical effect does not negatively
affect the contact performance and the contact re-operates under normal conditions (where
the heating is avoided after re-lubricating the contact). As a result, the coefficient of
friction also decreases over the loop and reaches its nominal value (µ=0.05) as shown in
figure 4.8.

Figure 4.7: Temperature evolution over the thermo-mechanical loop
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Figure 4.8: Coefficient of friction evolution over the thermo-mechanical loop

4.3.2.2 The contact conditions lead to a thermal run away

In this case, assuming that starvation is more severe than in the first case; hence, the co-
efficient of friction and the temperature increase are more important than in the previous
case. The temperature variation is ∆T = 35 ◦C in this example instead of ∆T =15◦C. The
temperature and the coefficient of friction evolution over the thermo-mechanical effect
are shown in figure 4.9 and figure 4.10. The temperature increases gradually and reaches
the limit temperature (Tlimit=180◦C ). As a result, additive desorption initiates and the co-
efficient of friction increases more rapidly and reaches its limit. The severe increase of the
coefficient of friction indicates the transition from the safe zone where the contact oper-
ates under normal conditions to the risk zone where the contact conditions are severe and
scuffing might initiate. Here, the thermo-mechanical loop effect causes a snowball effect.
Despite re-lubricating the contact, the heating is not avoided; hence, the temperature and
the coefficient of friction increase continually.
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Figure 4.9: Temperature evolution over the thermo-mechanical loop

Figure 4.10: Coefficient of friction evolution over the thermo-mechanical loop
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4.3.3 Scuffing initiation limit
The influence of the thermo-mechanical effect on the scuffing initiation limit is studied
and is presented as a curve. The safe zone, where the thermo-mechanical effect has no
negative influence on the contact performance and scuffing is prevented, is below the
curve. Whilst, the risk zone, where the thermo-mechanical effect acts like a snowball
effect and scuffing can occur, is above the curve.

4.3.3.1 Influence of the heated zone width

The scuffing initiation limit (scuffing curve) is presented in figure 4.11. The scuffing curve
is given as a function of the ring tension and the temperature increase due to an increase
in the coefficient of friction caused by local starvation. The following statements can be
deduced from the figure:

• for the same heated zone width (s) and ring tension, scuffing initiates more rapidly
when the temperature increase is more important. In fact, the higher the tempera-
ture, the higher the additional load (Fadditional) and the heat flux (q) generated,

• when the ring tension increases for the same heated zone width, the temperature
increase required for scuffing initiation decreases,

• for the same ring tension and temperature increase, when the width of the heated
zone increases (s), the temperature gradient decreases. Hence, the safe zone is
wider and scuffing initiation is delayed.

4.3.3.2 Influence of oil supply regime

The influence of the oil supply regime on the scuffing initiation limit is presented in figure
4.12. The different lubricant supply regimes are detailed in paragraph 2.2.4. Note that if
h f f is the oil film thickness in the fully flooded regime, the oil film thickness in the
moderately starved regime is h f f /3 and in the severe starved regime is h f f /6. Results
show that the safe zone is wider for the moderately starved regime than that of the severe
starved regime. When the film thickness decreases, the coefficient of friction increases,
hence the additional heat generated and the temperature gradient. As a result, the surface
deformation and the additional load increase, thus scuffing might initiate more rapidly.
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Figure 4.11: Scuffing initiation limit as a function of the ring tension and the temperature
increase for different heated zone widths

Figure 4.12: Scuffing initiation limit as a function of the ring tension and the temperature
increase for different oil supply regimes
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4.4 Coupled effects
In this section, the effects influencing scuffing initiation are combined in order to study
the contribution of the coupled effects to scuffing initiation.

4.4.1 Complete model
The effects influencing scuffing initiation are:

• the Marangoni effect, which creates local starvation as the lubricant is displaced
from the warmer zone to the colder zone as a result of the surface tension gradi-
ent generated due to the surface temperature gradient, which might cause scuffing
initiation,

• the thermo-mechanical effect, which causes surface deformation that generates an
additional load and can increase the surface temperature and might cause scuffing,

• the oil redistribution effect (caused by the ring passage along the liner), which can
help to avoid starvation and thus scuffing initiation is prevented.

The algorithm of the model coupling the effects listed above is shown in figure 2.14
and detailed in paragraph 2.4. When assuming that local starvation takes place in the con-
tact due to a non-uniform lubricant distribution, additional heat flux is generated and leads
to the thermo-mechanical effect that causes surface deformation and generates an addi-
tional load. As a result, heat flux is generated again, leading to a temperature gradient,
and a loop is taking place. The loop ends when the surface temperature is re-stabilized
to T0 or when it reaches the limit temperature (Tlimit) causing desorption of the lubricant
additives. Then a Marangoni calculation is carried out in order to calculate the film thick-
ness variation (hvar) compared to the mean film thickness (hmean) and the Marangoni and
redistributed surfaces (SMarangoni, SRedistributed) are obtained. Scuffing might initiate if
either one or both the two following cases happens:

• if the oil displaced caused by the Marangoni effect quantified as SMarangoni is higher
than the oil redistributed caused by the ring displacement quantified as SRedistributed
(SMarangoni > SRedistributed),

• if the thermo-mechanical effect leads to a continuous increase in the temperature
and the coefficient of friction, thus they reach their limit and lubricant additive
desorption starts (T > Tlimit / µ > µlimit).

4.4.2 Coupled effects: scuffing initiation limit
Table 4.1 displays different cases studied when the three effects are coupled to predict if
the contact operates in the safe zone (no risk of scuffing) or it operates in the risk zone
(risk of scuffing exists). The input parameters are the width of the heated zone (s), the
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wavelength of the oil geometry distribution (λ) which is considered equal to s, the surface
nominal temperature (T0), the temperature increase (∆T ) compared to T0 (caused by the
local starvation) occurring in the contact and the lubricant supply regime which defines the
oil film thickness (h0). The output parameters are the oil film thickness and the mean film
thickness of the oil geometry distribution (hmean = h0), the surface temperature (T ) and the
surfaces moved caused by the Marangoni and the ring displacement effects (SMarangoni and
Sredistributed). If SRedistributed is higher than SMarangoni and the temperature T is lower than
the limit temperature, scuffing is prevented and the contact operates in the safe zone. In
this case, the green color designates the safe zone in the table. Whilst, when SRedistributed
is lower than SMarangoni or the temperature T is higher than the limit temperature, scuffing
might occur and it is caused by the Marangoni or the thermo-mechanical effects. Here,
the contact operates in the risk zone, which is indicated by the red color in the table.
The correct way to read the table is to compare the cells with the same color of the input
parameter, which is the only parameter varied between the two different cases, in order to
study its impact on scuffing. For example, the table cell of the temperature increase (∆T )
in case 1 and case 2 is the same (dark blue color), which means that to study the influence
of the temperature increase, case 2 is compared to case 1.
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Conclusion

By comparing case 2 to case 1, the initial temperature increase is varied between the
two cases. In case 1, the increase of 15◦C did not lead to scuffing initiation, and the
contact operates in the safe zone. Whilst, in case 2, the temperature increase is sufficient
to cause scuffing initiation and the contact no longer operates in the safe zone. In this
case, both effects cause scuffing. The oil displaced caused by the Marangoni effect is
more important than that caused by the ring displacement and the temperature increase
due to the thermo-mechanical effect exceeds the limit temperature.
Case 3 is also compared to case 1, the oil supply regime carries the difference out. When
the lubricant film thickness decreases, the coefficient of friction increases, as well as the
heat generated. A transition from the safe zone (green zone) to the risk zone (red zone)
occurs between case 1 and case 3. Both effects might cause scuffing.
To study the effect of the heated zone width, case 4 is compared to case 2. For the same
temperature increase, scuffing is delayed when the width of the heated zone increases. In
case 4, scuffing is prevented and the contact operates in the safe zone. A transition from
the safe zone of operating to the risk zone takes place between case 4 and case 5 when the
lubricant supply regime becomes more severe.

4.5 Conclusion
The influence of the thermo-mechanical loop on scuffing initiation is presented in this
chapter. The surface deformation due to a surface temperature difference generates an ad-
ditional load that increases the contact pressure. The latter, combined with the coefficient
of friction generates a local heat flux that leads again to a temperature variation. Results
show that this thermo-mechanical loop can lead to scuffing if the temperature increases
continuously and exceeds the limit temperature for the lubricant additive desorption. The
scuffing initiation limit is presented in curves as a function of the ring tension and the
temperature increase for different heated zone widths and lubricant supply regimes. The
safe zone, where scuffing is prevented, is wider when the width of the heated zone in-
creases or when the oil supply regime is less severe. Moreover, the contribution of the
coupled effects (the Marangoni, the thermo-mechanical and the oil redistribution effects)
to scuffing initiation is presented. Results show that when the thermo-mechanical loop
acts like a snowball effect and the surface temperature exceeds the limit temperature, the
surface moved due to the Marangoni effect is higher than the one moved because of the
ring displacement and scuffing might initiate. The scuffing initiation limit depends on
several parameters, such as the width of the heated zone, the lubricant supply regime, the
temperature increase, the limit temperature of the lubricant additive desorption and the
ring tension.
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Conclusion

5.1 Conclusion
The piston-ring cylinder-liner (PRCL) contact contributes to an important amount of en-
ergy losses occurring in internal combustion engines (ICE). A thorough understanding of
the phenomena acting in this contact is vital to enhance the overall performance of the
ICE and meet the environmental standards.
Moreover, scuffing is a catastrophic surface damage that can initiate in the PRCL contact
and lead to a complete engine failure. In this study, scuffing initiation risk is studied nu-
merically as a function of the operating parameters through a thermal approach.
The thermal effects impacting scuffing initiation are the thermo-mechanical and the
Marangoni effects. The first one leads to a surface deformation that causes the increase
in the contact load. The second one causes an oil displacement from the warmer contact
zones to the colder ones, which might provoke local oil starvation that accentuates the
scuffing initiation risk.
Another effect, which delays the scuffing initiation is the oil redistribution effect. It is
caused by the ring passage along the liner. The ring redistributes the lubricant in the con-
tact and helps to avoid local starvation and thus prevents scuffing initiation.
The scuffing initiation limit is studied as a function of the effects mentioned above and it
is presented in curves as a function of the problem parameters.
The scuffing initiation limit depends on the oil supply regime. When the oil quantity
increases, the coefficient of friction decreases and the scuffing initiation is delayed. How-
ever, when the contact load increases, scuffing initiates more rapidly. Moreover, the width
of the heated zone influences scuffing appearance. The safe zone becomes wider when the
heated zone width increases. Another parameter affecting scuffing initiation is the limit
temperature of the lubricant additive desorption. When the contact temperature reaches
the temperature from which lubricant additive desorption initiates, the coefficient of fric-
tion increases suddenly and scuffing might initiate.

5.2 Future work
The study carried out in this thesis offers a model for scuffing initiation prediction in the
PRCL contact of internal combustion engines. The model could be extended to include:

• an experimental validation of the numerical model,

• a further study of the heat exchange occurring between the liner, the ring and their
surroundings,

• the liner surface texturing that appears to impact the PRCL contact performance,

• the impact of the lubricant additive and the material coating, since they have a major
role to prevent scuffing initiation

• a less approximation prediction of the additional load caused by the thermo-
mechanical effect.
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[120] E. Brandes, W. Möller, and B. P.-T. Bundesanstalt, Safety characteristic data.
Wirtschaftsverl. NW, Verlag f. Neue Wiss., 2008.

[121] “oil data base.” https://lubs.products.database.total.com/total/quartz/5w30/FR.pdf.

[122] “oil data base.” https://lubs.products.database.total.com/total/quartz/5w30/FR.pdf.

[123] “oil data base.” https://totalenergies.mg/sites/wompnd2091/files/quartz/ineo.pdf.

[124] “oil data base.” https://totalenergies.nc/sites/wompnd1391/files/quartz/ineo.pdf.

[125] “Comsol multiphysics.” https://doc.comsol.com/5.5/doc/com.comsol.help.comsol/.

[126] B. K. Dutta, Heat transfer: principles and applications. PHI Learning Pvt. Ltd.,
2000.
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Appendix A

Thermo-mechanical analysis using
COMSOL Multiphysics

COMSOL Multiphysics [125] is a simulation software based on the finite element analysis
(FEA). It is a solver for various physical problems, especially coupled ones.
A thermo-mechanical problem couples two physics:

• solid heat transfer,

• solid mechanics.

The solid heat transfer physic predicts the energy transfer that may take place between
material bodies as a result of temperature variation. Dutta et al. [126] detailed the heat
transfer principles and applications. Solid mechanics is the study of the deformation and
motion when an external load or temperature change is applied on a solid. For more
details about the solid mechanics theory, see Bertram et al. [127].
The detailed modeling procedure using COMSOL is:

• the geometry of the model is defined,

• the type of the material is chosen to define the thermal and mechanical properties,

• the boundary conditions for both physics are defined (temperature, heat flux,
strain...),

• the mesh size is chosen for the finite element analysis

As a result, the temperature, stress and deformation distributions are obtained and
graphically represented.
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Appendix B

Thermo-mechanical ring model

This appendix details the ring model used for the thermo-mechanical analysis. This anal-
ysis studies the deformation generated when the ring surface is exposed to a temperature
gradient. It also studies the necessary force to bend the ring into its original position.

The ring geometry parameters are:

• the outer diameter is φouter=0.0754 m,

• the inner diameter is φinner=0.0708 m,

• the axial thickness is taxial=1.5e−3 m.

B.1 3D model analysis
Figure B.1 is an example of the temperature distribution of a ring. It is exposed to a
temperature difference of 20 K over a circumferential width of 5 mm along the face in
contact with the liner. The imposed temperature of the surface is T0=363 K (except the
section where a temperature difference takes place). Note that the upper and lowers faces
of the ring are exposed to a heat exchange, however, the exchange is considered to be
circumstantially uniform.

The ring deformation (shown as a displacement) occurring as a result of the temper-
ature variation shown in figure B.1 is presented in figure B.2. The deformation (∆y) is
maximal where the temperature is the highest (at the hot-spot). Note that the ring dis-
placement is null at the imposed fixed ends (∆y = 0 on the figure).

The force (F) needed to return the hot-spot to its nominal position, as shown in figure
B.3 is obtained.

B.2 2D model analysis
Figure B.4 is an example of the temperature distribution of a 2D ring model. It is exposed
to a temperature difference of 20 K over a circumferential width of 5 mm along the face
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2D model analysis

Figure B.1: Temperature distribution of a ring (3D model analysis)

Figure B.2: Ring surface deformation as a result to the temperature variation (see figure
B.1) (3D model analysis)

in contact with the liner. The temperature of the inner and outer circumferential faces
(except the width where a temperature difference takes place) is imposed and equal to
T0=363 K.

The ring deformation (shown as a displacement) occurring as a result of the temper-
ature variation of figure B.4 is presented in figure B.5. The deformation (∆y) is maximal
where the temperature is the highest (at the hot-spot). The ends where the displacement is
null (∆y = 0) on the figure, refers to the fixed ends imposed for the displacement calcula-
tion. Note that as the axial thickness of the ring is about a few millimeters (taxial = 1.5mm),
the analysis is carried out using plane-stress assumptions.

The force (F) needed to return the hot-spot to its nominal position, as shown in figure
B.6 is obtained.
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2D model analysis

Figure B.3: Ring surface deformation when it is exposed to a load (F) at the hot-spot (3D
model analysis)

The temperature increase, the deformation and the force at the hot-spot for both anal-
yses are given in table B.1.

Model ∆T [K] ∆y [m] F [N]

3D 20 2.5e−6 −1

2D 20 2.4e−6 −1.2

Table B.1: Parameters at hot-spot for the 2D and 3D analyses

When comparing the deformation and the load obtained by both analyses, one can
conclude that they are similar. Thus, the 2D model analysis for the ring deformation is
validated.
The mesh of the ring surface needed for calculation is shown in figure B.7. A mesh
refinement study is carried out to validate the accuracy of the solution. From case 1 to case
4, the mesh becomes finer and finer (figures B.7-B.10). The obtained ring deformation
(displacement) and required force needed to be applied at the hot-spot for different mesh
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2D model analysis

Figure B.4: Temperature distribution of a ring (2D model analysis)

Figure B.5: Ring surface deformation as a result of the temperature variation (see figure
B.4) (2D model analysis)

size cases are shown in table B.2. From the table, one can conclude that the parameters
obtained at the hot-sport are similar. Hence, the solution obtained using the mesh of case
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2D model analysis

Figure B.6: Ring surface deformation when it exposed to a load (F) at the hot-spot (2D
model analysis)

1 is validated.

Case ∆y [m] F [N]

Case 1 2.4e−6 −1.2

Case 2 2.42e−6 −1.22

Case 3 2.44e−6 −1.23

Case 4 2.46e−6 −1.25

Table B.2: Parameters at hot-spot for different mesh size cases
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2D model analysis

Figure B.7: Case 1: mesh grid of the ring surface

Figure B.8: Case 2: mesh grid of the ring surface
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2D model analysis

Figure B.9: Case 3: mesh grid of the ring surface
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2D model analysis

Figure B.10: Case 4: mesh grid of the ring surface
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Appendix C

Thermal liner model

A heat flux is generated as a result of friction due to the contact pressure and the ring
sliding velocity (q = µpcontactum). The ring is moving along the liner in the x-direction
as shown in figure C.1. Thus, a transient 3D model is required to calculate the liner
temperature distribution.

Figure C.1: Liner surface with a moving heat flux

The heat equation considering a moving heat flux is:

∂2T̄
∂X2 +

∂2T̄
∂Y 2 +

∂2T̄
∂Z2 = Pe

∂T̄
∂X

(C.1)

where Pe is the Peclet number. Pe = ums/D, (um is the velocity, s is the width of the
source and D is the diffusivity of the material). An example of the temperature distribution
calculation on the liner surface when considering a moving heat flux in the X-direction
is shown in figures C.2 and C.3. The Peclet number is Pe = 100 and the domain size is
15∗2.5∗1 cm3 respectively in x,y,z directions. The width of the source is s = 5mm and
q = 0.1∗106 ∗10 = 106W/m2.

From figure C.3, it can be concluded that the temperature increases when the source
moves and then the temperature decreases and is re-stabilizes.
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Figure C.2: (X ,Y ) plane of the liner surface with a moving heat flux

Figure C.3: Dimensionless temperature distribution on the liner surface caused by a
moving heat flux

To simplify the model, the heat flux generated is averaged over the time of a ring
passage along the liner. The average time of a ring passage is ∆tpassage = 1/(2 f ), where
f is the frequency in Hz. The required time for the heat flux to change position is ∆t =
taxial/um. The mean heat flux is then obtained as shown below:

qmean = µpcontactum
∆t

∆tpassage
= 2µpcontacttaxial f (C.2)

The liner surface exposed to the mean heat flux (qmean = 2∗0.1∗106 ∗1.5e−3∗60 =
18 ∗ 103W/m2) is presented in figure C.4. As the heat flux and the temperature increase
are constant along the liner, and the surface is considered infinitely long in the x-direction,
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the transient 3D model is simplified to a stationary 2D model.

Figure C.4: Liner surface with mean heat flux

The calculational domain presented in the (Y ,Z) plane is meshed from 0 to ni for the
Y -direction and from 0 to n j for the Z-direction. The number of points is (ni+1)*(n j+1).
The size of the mesh is dY *dZ where dY = dZ. Figure C.5 shows the discretized domain
where the number of points is (525*52).

Figure C.5: Mesh grid of the liner surface
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Appendix D

Ring tension and pressure distribution

The measurement of the contact pressure (pc) which pushes the ring against the cylinder
wall is difficult. In practice, it is calculated from the tangential force (Ft) which is the
needed load to apply to the ends of the ring in order to compress it to the specific closed
gap. Figure D.1 shows the pressure distribution, which is constant.

Figure D.1: Constant contact pressure distribution

The elementary bending moment is given in the equation below:

dM = pctaxialr2sin(α−φ)dα (D.1)
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where taxial is the axial thickness of the ring. From this equation, the bending moment
as a function of the contact pressure is:

M = pctaxialr2(1+ cos(φ)) (D.2)

The bending moment can also be given as a function of the tangential force:

M = Fttaxialr(1+ cos(φ)) (D.3)

From the equations D.2 and D.3 the equation between the ring tension and the contact
pressure is obtained:

pc =
Ft

rtaxial
(D.4)
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Appendix E

Numerical model input variables

This appendix presents the input parameters used for the numerical study. Table E.1 and
table E.2 give respectively the chosen geometric and operating parameters.

Variable Symbol Unit Value

Outer ring diameter φouter mm 75.4

Inner ring diameter φinner mm 72.9

Axial ring thickness taxial mm 1.5

Radial ring thickness tradial mm 2.5

Ring radius of curvature Rx mm 10

Heated zone width s mm [1;6.25]

Calculationnal domain width sd mm 50

Calculationnal domain thickness ed mm 2.5

Surface roughness σ µm 0.2

Table E.1: Geometric parameters

The lubricant properties (viscosity and density) are given as curves, as a function of
the temperature as shown in figure E.1 and figure E.2.

The phase diagram of a fluid is given in figure E.3. As shown in the figure, the
critical point is the endpoint of a phase equilibrium curve. It is the point at which the
liquid and its vapor can coexist. The critical temperature of hydrocarbons ranges around
Tc = 570K [128].
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Variable Symbol Unit Value

Stroke length C cm 10

Engine speed N rpm [1000;4000]

Initial temperature T0
◦C 90

Ring tension Ftension N [5;25]

Table E.2: Operating parameters

Figure E.1: Lubricant kinematic viscosity as a function of the temperature

Figure E.2: Lubricant density as a function of the temperature
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Figure E.3: Phase diagram [8]
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1 INTRODUCTION

Résumé étendu en français

1 Introduction
Un moteur à combustion interne (MCI) est un moteur thermique dans lequel la combus-
tion du carburant est le processus de base de libération d’énergie. Cette énergie libérée est
ensuite convertie en travail. Le moteur est composé des cylindres fixes et pistons mobiles.
L’expansion des gaz pousse le piston vers le bas, qui à son tour fait tourner le vilebrequin.
Ce mouvement entraı̂ne les roues du véhicule à travers un système d’engrenages et un
groupe motopropulseur.
Le MCI peut être un moteur à essence (allumage commandé) ou un moteur diesel (al-
lumage par compression). Dans la plupart des cas et pour les deux types, le moteur
fonctionne sur le cycle à quatre temps qui comprend: phase d’admission, phase de com-
pression, phase de combusion et phase d’échappement.
Ces dernières années, l’objectif de l’amélioration des performances des véhicules tout en
optimisant l’économie de carburant et en respectant les normes d’émissions polluantes
poussent les chercheurs et les constructeurs automobiles à rechercher des technologies
vertes.
Une solution à court terme est le véhicule éléctrique hybride. Dans ce dernier, une ma-
chine électrique est ajoutée au groupe motopropulseur conventionnel, ce qui est bénéfique
pour la conservation d’énergie et les pertes en puissance.
Le mode arrêt-démarrage est apliqué pour cette technologie. Lorsque le véhicule est à
l’arrêt, le moteur s’arrête, l’énergie est donc conservée. Lorsque le conducteur appuie
de nouveau sur le pédale, le moteur redémarre automatiquement. la répétition de ce pro-
cessus impacte le système de lubrification du moteur. A l’arrêt, les pièces mécaniques ne
reçoivent plus de lubrifiant alors que la température du moteur est élevée. Au redémarage,
cette condition critique peut entrâner l’usure et le grippage.
Le grippage est un mode de défaillance soudaine caractérisé par une grave dégradation
des surfaces en contact, pouvant entraı̂ner une casse moteur. De plus, le contact sege-
ment/chemise provoque la moitié des pertes moteur. Une étude approfondie de ce contact
et de son système de lubrification est donc nécessaire pour améliorer les performances
globales du moteur.
Même si l’apparition du grippage dans les MCI est rare, des études expérimentales sont
menées sur des prototypes pour prédire et empêcher son initiation. La modélisation et la
simulation sont des approches qui facilitent l’études de l’initiation du grippage.
L’objectif de la présente étude est de développer un modèle numérique combinant les
paramètres et les phénomènes provoquant le grippage dans le contact segment/chemise
afin d’éviter son initiation.
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2 RÉSUMÉ

2 Résumé
Le processus de lubrification consiste à injecter un fluide appelé lubrifiant entre les pièces
mobiles pour les séparer et éviter un contact solide-solide. Un lubrifiant est composé
d’huile de base et d’additifs. Les additifs sont des produits chimiques qui améliorent ou
ajoutent des propriétés à l’huile de base. Certains additifs principaux sont: modificateurs
de viscosité, antioxydants, anti-usures, modificateurs de frottement, inhibiteurs de corro-
sion et extrême pression.
Les segments sont des anneaux élastiques qui se trouvent dans les rainures du piston. Le
contact segment/chemise comprend couremment trois segments: le segment coupe feu,
le segment racleur et le segment de contrôle d’huile. La chemise est la paroie intérieure
d’un cylinder de moteur, où le piston et les segments se déplacent. Elle est exposée à
des températures et pressions élevées. Les principales fonctions des segments sont: la
fonction d’étanchéité et la fonction de lubrification. Les fonctions secondaires sont: le
transfert de chaleur et le support du piston.
Le grippage est la défaillance tribologique la moins connue en raison du grand nombre
de variables impliquées dans son initiation. Il se produit principalement dans un contact
lubrifié en présence d’une vitesse. Il s’accompagne généralement d’une augmentation
soudaine du frottement, de la température et des vibrations. Un facteur majeur qui con-
tribue à l’initiation du gripagge est la quantité du lubrifiant présente dans le contact.
Le grippage est étudié d’une approche thermique. Les phénomènes thermiques sont:
l’effet thermomécanique et l’effet de Marangoni. Dans le contact segment/chemise, la
génération de chaleur et l’augmentation de la température sont causées par la présence
de frottement. De plus, la température est l’un des facteurs clés influant les propriétés du
lubrifiant et parsuite les performances du contact. L’augmentation de température, réduit
la viscosité de l’huile, de sorte qu’un film de lubrifiant plus petit se forme, provoquant le
fonctionnement du contact en régime limite.
La discipline thermomécanique semble d’avoir une influence importante sur les systèmes
tribologiques. Dans un contact glissant, le frottement généré et la dilatation thermique lo-
cale peuvent entraı̂ner une instabilité. Zones avec température plus élevée, une dilatation
thermique plus élevée et donc des contraintes plus élevée.
Dans cette étude, cet effet est introduite par une boucle. Considérant qu’en raison d’une
manque d’huile locale de lubrifiant dans le contact, le frottement augmente ainsi que la
température. L’augmentation de température conduit à une déformation de la surface,
ce qui entraı̂ne une charge supplémentaire au contact. Le film d’huile est ainsi calculé
dépendant du régime de lubrifiant choisis. Ensuite, le coefficient de frottement est obtenu
par la courbe de Stribeck. Plus la hauteur d’huile est faible, plus le coefficient de frot-
tement est élevé. Un flux de chaleur est ainsi généré causant une nouvelle augmentation
de température. La boucle est arrêtée lorsque la température diminue et tend vers la
température nominale, ou lorsque la température augmente et atteint la température limite
de désorption du système d’additif du lubrifiant. Dans ce cas, le coefficient de frottement
augmente soudainement ce qui risque de causer le grippage. C’est l’effet de boule de
neige.
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3 CONCLUSION

D’autre part, la convection du fluide due au gradient de tension superficielle est connue
sous le nom d’effet Marangoni. En raison de la convection du fluide, une rupture du film
peut se produire. Lorsque le gradient de tension superficielle est causé par un gradient de
température, l’effet de convection est appelé convection thermo-capillaire ou convection
thermique de Marangoni.
Un effet additionnel qui s’ajoute aux deux précédants est l’effet de redistribution d’huile.
En fait, le passage du segment tout au long de la chemise redistribue le lubrifiant sur la
surface. Cette redistribution évite la sous-alimentaion locale d’huile et ralenti l’initiation
du grippage, ce qui bénéfique pour le contact.
L’écartement d’huile due à l’effet de Marangoni et la redistribution d’huile due à l’effet du
passage du segment tout au long de la chemise sont quantifiés en fonction des paramètres
du problème. La comparaison de ces deux effets est effectuée pour prédire le comporte-
ment du contact. Lorsque l’écartement est plus important que la redistribution, un risque
d’apparition du grippage existe. Par contre, lorsque l’écartement est balancé avec la re-
distribution d’huile, la sous-alimentation d’huile est évitée ainsi que le risque d’apparition
du grippage.

3 Conclusion
La limite de l’appatition du grippage est donnée sous forme des courbes en fonction des
paramètres du problème et des effets étudiés. Au dessous de cette courbe, le grippage est
évité et le contact fonctionne dans les conditions nominales. En dessus de cette courbe,
une risque d’initiation du grippage existe et le contacte ne fonctionne plus sous conditions
nominales.
Figure 1 présente la limite d’initiation du grippage à cause de l’effet thermomécanique en
fonction de l’augmentation de temperature et de la tare du segment pour différente largeur
de la zone sous-alimenté. Comme la figure montre, pour la même largeur de la zone
chauffée (s) et la même tare du segment, le grippage apparaı̂t plus rapidement lorsque
l’augmentation de température est plus importante. Lorsque la tare augmente pour la
même largeur de la zone chauffée, l’augmentation de température qui cause l’initiation
du grippage diminue. Pour la même tare, lorsque s augmente, le gradient de température
diminue. Par conséquent, l’initiation du grippage est retardée.

La limite d’apparition du grippage à cause de l’effet de Marangoni est présenté dans
la figure 2. La figure montre que pour la même tare et augmentation de température, la
limite d’initiation se déplace en augmentant la largeur de la zone chauffée. De plus, pour
la même largeur de la zone chauffée et en augmentant la tare du segment, l’augmentation
de la température requise provoquant le grippage diminue. Ceci est dû à l’augmentation
de la charge de contact.
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3 CONCLUSION

Figure 1: Limite d’initiation du grippage à cause de l’effet thermomécanique

Figure 2: Limite d’initiation du grippage à cause de l’effet Marangoni
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