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Abstract

In this work, the oil film thickness and its temperature distribution in an optical tribometer were
guantitatively imaged using laser-induced fluorescence (LIF). The optical tribometer was
developed as a model experiment for the sliding contact between piston-ring/cylinder liner in
an internal combustion engine, and one of the contacting bodies was replaced by a transparent
material for optical access.

First, the metal piston ring segment was replaced by a sapphire one to study oil films on the
surfaces of the production metal liners. The oil was doped with the laser dye pyrromethene
567 and excited by an Nd:YAG laser at 532 nm. The images clearly showed different oil-filled
structures of the liner surface. After an in-situ calibration and stray light correction, the minimum
film thickness was quantitatively evaluated and compared to the corresponding friction
coefficient. Compared to honed cast iron, the pores in a spray-coated liner retained more oll
and reduced friction at higher loads.

To further investigate this beneficial oil film behavior near the pores, the cylinder liner was
replaced with a glass liner and a micropore — a cylindrical depression with vertical walls — was
laser-textured into its surface. The oil film thickness was imaged at a magnification of 5 using
a long-distance microscope. The results showed that the pore carried oil to the starved outlet,
creating a downstream “oil tail” whose morphology and volume were analyzed. Specifically, at
low speed, the pore had a wider tail containing a higher volume of oil than at high speeds. This
suggests that in a reciprocating engine, porosity on the liner can result in beneficial tribological
behavior particularly around the piston-motion reversal points. An additional measurement
using total internal reflection was performed and compared to the “standard” LIF measurement.
Furthermore, the detection system with the fluorescence long-distance microscope was
applied to an optical single-cylinder engine. This allowed imaging the microscopic oil film
behavior within the piston assembly group from the top piston ring to the oil control ring with
high magnification and resolution.

In proof-of-concept experiments using the long-distance microscope and the tribometer with a
glass cylinder liner without pores, the oil film temperature was imaged using two-dye
fluorescence thermometry. To this end, the oil was doped with Lumilux CD 345 and
pyrromethene 597 and excited by a blue LED (excitation at about 460 nm). The time-averaged
results showed physically plausible temperatures and temperature distributions, while single-
shot imaging would need higher pulse energies than available from the LED.



Kurzfassung

In dieser Arbeit wurden die Olfilmdicke und seine Temperaturverteilung in einem optischen
Tribometer mittels laserinduzierter Fluoreszenz (LIF) zweidimensional und quantitativ
abgebildet. Das Tribometer wurde als Modellversuch fir den Gleitkontakt zwischen Kolbenring
und Zylinderbuchse in einem Verbrennungsmotor entwickelt und einer der Kontaktkorper
wurde fUr einen optischen Zugang durch ein transparentes Material ersetzt.

Zunachst wurde das Metallkolbenringsegment durch ein Saphirringsegment ersetzt, um
Olfilme auf der Zylinderwand der serienmafigen Metalzylinderbuchse zu untersuchen. Das Ol
wurde mit dem Laserfarbstoff Pyrromethen 567 dotiert und mit einem Nd:YAG-Laser bei
532 nm angeregt. Die Bilder zeigten verschiedene olgefiillte Strukturen der Zylinderwand.
Nach einer In-situ-Kalibrierung und Streulichtkorrektur wurde die minimale Olfiimdicke
guantitativ ausgewertet und mit dem entsprechenden Reibungskoeffizienten verglichen. Im
Vergleich zur geschliffenen Grauguss-Zylinderwand banden die Poren auf der thermisch
gespritzten Zylinderwand mehr Ol und reduzierten die Reibung bei hoheren Belastungen.

Um dieses vorteilhafte Verhalten des Olfilms in der Nahe der Poren genauer zu untersuchen,
wurde im nachsten Schritt die metallische Zylinderbuchse durch eine Glaszylinderbuchse
ersetzt und in ihre Oberflache eine Mikropore — eine zylindrische Vertiefung mit vertikalen
wanden — lasertexturiert. Der Olfilm wurde mit einem Fluoreszenzfernfeldmikroskop bei einer
VergroRerung von 5 quantitativ abgebildet. Die Ergebnisse zeigten, dass die Pore Ol zum
ausgehungerten Auslass transportierte und einen stromabwarts gelegenen ,Olschweif*
bildete, dessen Morphologie und Volumen analysiert wurden. Insbesondere wies die Pore bei
niedrigen Geschwindigkeiten einen breiteren Olschweif auf, der ein héheres Olvolumen
enthielt als bei hohen Geschwindigkeiten. Dies legte nahe, dass bei einem Hubkolbenmotor
die Porositat der Zylinderbuchse zu einem vorteilhaften tribologischen Verhalten fiihren kann,
vor allem im Bereich der Umkehrpunkte der Kolbenbewegung. Eine zuséatzliche Totalreflexions-
messung wurde dann mit der LIF-Standardmessung verglichen. Das Detektionssystem wurde
weiterhin mit dem Fernfeldmikroskop auf einen optischen Einzylindermotor angewendet und
ermdglichte die Abbildung des mikroskopischen Olfilmverhaltens innerhalb der Kolbengruppe
vom oberen Kolbenring bis zum Olabstreifring mit hoher VergroRerung und Auflésung.

Unter Verwendung des Fernfeldmikroskops und des Tribometers, das mit einer
Glaszylinderbuchse ohne Pore ausgestattet war, wurde die Olfiimtemperatur als Proof-of-
Concept-Messung mittels Zweifarbstoff-Fluoreszenzthermometrie abgebildet. Das Ol wurde
mit Lumilux CD 345 und Pyrromethen 597 dotiert und durch eine blaue LED (bei ca. 460 nm)
angeregt. Die Uber die Zeit gemittelten Ergebnisse zeigten physikalisch plausible
Temperaturverteilungen, wahrend fir die Einzelbildaufnahme hohere Pulsenergien
erforderlich wéren, als sie die LED bietet.
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1. Introduction

1 Introduction

The issues of dwindling resources, energy- and environmental problems have consistently
grown over the last several decades. In this context, the energy efficiency of machines and
reliability of mechanical systems have gained significant interest. Part of those can be achieved
by reducing friction losses and improving the tribological performance of mechanical
components such as bearings, mechanical face seals and piston assembly group in internal
combustion (IC) engines. Indeed, friction losses consume 11.5 % [1] of the total fuel energy in
a passenger car. Among these, the engine system accounts for 35 % [1] and in an engine,
about 45 % [1] of the friction loss occurs in the piston assembly group, which includes the
piston rings and the cylinder liner (Figure 1.1).

Friction loss in passenger car Friction loss in engine system

Piston assembly
lcylinder liner

Brake
contact 9 Pump|ng &
hydraulic

: Bearings,
viscous losses

seals, etc.
15%

Valve train

Tire-road contact

Figure 1.1: Friction loss distribution in a passenger car and an engine system. Based on [1].

Many frictional contacts employ lubricant oil to minimize the friction and wear, to protect metals
against corrosion and to wash out contaminants. Thus, the study of the lubricant behavior in
such contact under various conditions comes recently more into the focus. For instance, in an
IC engine, the oil film thickness (OFT) on the cylinder liner should be maintained in a proper
level. Very thin films result in high wear rate of the cylinder liner and a scuffing of the piston
rings, while an excessively thick film can enter the combustion chamber to be burned along
with fuel, leaving a residue that actually increases friction [2]. Especially near the piston
reversal points (top and bottom dead center in an engine), extremely thin OFT and oil
starvation have been often reported. For an optimal oil distribution, surface textures can be
applied on the frictional contact surfaces including cylinder liners. The approach with surface
textures has shown evident benefits: reduced friction [3] and better engine performance [4].
Thermo-mechanical failure in an IC engine, i.e., thermal fatigue and scuffing, is detrimental not
only to the engine efficiency but also to the durability of components. This occurs due to the
heat from combustion and the friction heat dissipation in the piston-ring/cylinder-liner (PR/CL)
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contact. Thus, it is partially avoidable with better insight of the thermal behavior of the oil film
in such contact. Despite its significance, a detailed understanding of the oil film behavior
remains still incomplete.

In this work, the oil film in the sliding PR/CL contact of an IC engine is reproduced using a
rotational tribometer. Visualization of the OFT and the temperature distribution is realized
based on laser-induced fluorescence (LIF) of dyed oil. Optical access is achieved by replacing
either the piston ring segment (PRS) or the cylinder liner with a transparent material. To
quantify the OFT from the LIF image, some image processing methods are developed.

One of the goals of this study is to understand the two or three-dimensional behavior of the oll
film on the liner surfaces as they come from the production line, e.g., with honing structures or
with fine pores. Via a sapphire PRS and a periscope-like optic, different oil-filled structures of
the liner with its real surface properties as well as lubricating phenomena under different
operating conditions are investigated. Furthermore, the minimum OFT on the liners is studied
with corresponding friction coefficients.

Since the ail film on the spray-coated liner with a porosity has a better frictional behavior, this
work further focuses on detailed lubrication mechanisms near a single pore. A micropore was
laser-textured into the surface of the glass liner, which rotates against a metal PRS in the
tribometer. Fluorescence microscopy enables imaging the pore with a diameter of a few
hundred micrometers and investigating its interaction with the neighboring oil film. Additional
measurements via total internal reflection fluorescence method support the result and the
fluorescence microscope is additionally applied to an optical research engine

Finally, since temperature is an important parameter in viscous flows, the last goal of this
research is visualizing the oil film temperature in the PR/CL contact. For that, a two-color/two-
dye fluorescence ratiometric scheme is employed with a blue LED (excited at about 460 nm).
The temperature distribution of the externally heated oil film is imaged through a glass liner
and studied.
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2 Scientific background

2.1 Theoretical background

2.1.1 Fundamentals of Tribology

The word, “tribology”, which is derived from the Greek word tribos meaning rubbing, was first
used in a landmark report by Jost in 1966 [5]. “Tribology is the science and technology of
mutually interacting surfaces in relative motion. It encompasses the entire field of friction and
wear, as well as lubrication and the corresponding interfacial interactions between solids,
between solids and liquids, or between solids and gases”, according to the former standard
DIN 50323 and the GfT (Gesellschaft fur Tribologie, in English: Tribology society) [6]. The
fundamental objects of study in tribology are tribosystems, which are physical systems
including all of the materials relevant to the tribological stress and their properties resulting
from changes as well as characteristic processes and quantities of the stress. Tribology is one
of the significant industrial issues in modern machinery using sliding and rolling surfaces, since
the study in that field can minimize and eliminate the losses from friction and wear at all levels
of technology and yield long-term reliability and cost savings.

Friction

Friction is the resistance to motion during sliding or rolling, when one solid body moves
tangentially over another with which it is in contact. Figure 2.1 shows different types of friction.
Each is described below [5] [7].

F
FNl FNl FNi Nl
m
V—> V—> V—> V—»

a) Dry friction b) Boundary friction c¢) Mixed friction  d) Hydrodynamic friction

Figure 2.1: Different types of friction.

a) Dry friction is the tangential component of the direct contact force that exists when two dry
surfaces (tend to) move relative to one another without lubricant.

b) Boundary friction is the condition in which the solid surfaces are so close together that
surface interaction between monomolecular or multimolecular films of lubricants (liquids or
gases) and the solid asperities dominate the contact.

c) Mixed friction is the transition between the boundary and hydrodynamic friction. A part of
the surface is supported by the partial hydrodynamic film, but the solid contacts still occur.
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d) Hydrodynamic friction separates the surfaces with an enough lubricant film layer capable of
withstanding the normal pressure, thereby avoiding the possibility of asperity contact.

Figure 2.2 shows a free-body diagram of a solid body stressed by normal and tangential forces

|

on a plane.

Figure 2.2: A solid body stressed by normal and tangential forces on a plane. The reaction force and
frictional force can be also seen. The roughness of the contact surfaces is exaggeratedly illustrated.
Based on [5] [8].

If the tangential force F is sufficiently small, the body does not move (static friction). Friction
force Fr arises in part from the interactions of the roughness or asperities of the contacting
surfaces. Once the body begins instantly to move, the frictional resistance generally decreases
(dynamic friction) from the static friction force. In this work, only the case of the dynamic friction
is discussed. The friction force Fr is proportional to the normal force Fy, the proportionality
constant being the friction coefficient .

Fr=p-Fy (2.1)

The frictional work of a relative movement Wr with a sliding distance sr leads to conversion of
the mechanical energy into heat.

Wgr = Fg " sg (2.2)
The power lost resulting from this frictional process is referred to as a frictional power Prg:

Pr=Fp-v (2.3)
where v indicates the sliding speed.

Wear

Wear is the surface damage or removal of material from one or both of two solid surfaces in a
sliding, rolling, or impact motion relative to one another. In most cases, wear occurs through
surface interactions at asperities [5]. Its basic mechanisms and micro-effects are shown in
Figure 2.3. These can occur individually, successively or concomitantly.
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Outer
Cracks Fracture zone boundary layer
a) Surface fatigue b) Abrasion c) Adhesion d) Tribochem. reactions

Figure 2.3: Basic wear mechanisms and micro effects. Based on [9].

a) Surface fatigue is the cracking, crack growth and subsequent pitting of surfaces subjected
to alternating loads and stresses in near-surface zones of the base body and counterbody.
Fatigue wear occurs from the detachment of wear particles by cyclic crack growth.

b) Abrasion wear is the removal (i.e., micro-cutting) of a softer material surface by a harder
material impinging on or sliding against the surface under load. In the case of most metals and
alloys, a plastic deformation is predominant, though a brittle fracture can be caused.

¢) Adhesion wear occurs when the atomic bonding forces (microwelds) between the materials
on the interface of the base- and counterbody are stronger than the strength of the surrounding
area in either of the materials at the asperity contacts with possibly broken protective surface
layers [10]. As the sliding continues, it may result in the fracture by a fatigue procedure.

d) In tribochemical reactions, the tribological stress on the surface induces chemical reactions
on the interface of the base- and counterbody with elements of the lubricant or ambient
medium. The property of the surfaces may be altered and it can yield the brittle chipping or
even reduce the friction and wear.

The Stribeck curve

The Stribeck curve is a graphical representation of the frictional characteristics in fluid-
lubricated contacts, including the boundary, mixed and hydrodynamic lubrication regimes.
Stribeck [11] [12], GUmbel [13] and Hersey [14] studied the journal bearing frictions and
contributed to the discovery of the Stribeck curve, which commonly plots the friction coefficient
as a function of a dimensionless Hersey number.

nvisN
P
Hersey showed that the friction due to the viscous shear is a unique function of the product of

Hersey number = (2.4)

viscosity (n,;s) by rotational speed (N) divided by the average load (P), which is called Hersey
number. A typical Stribeck curve is schematically shown in Figure 2.4. The indicated lubrication
regimes are relevant as well to the friction types described in Figure 2.1.
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Boundary lubrication

01<i<1 Hydrodynamic lubrication

3 Mixed lubrication

o
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=

L)

8 1<A<2~5

C

xe]

k3!

- "« — - — Solid friction
- — = = Hydrodynamic friction

- . >

(N
Hersey number m’%

Figure 2.4: Typical Stribeck curve with lubrication regimes.

Alternatively, a dimensionless ratio 4 between the oil film thickness (h) and the surface
roughness (¢) can alter the horizontal axis of the Stribeck curve.

h
A=— (2.5)
o

where o = /Rq,lz + Rq,z2 is the sum of the surface roughness of both surfaces (R, 1, R 2)-

At the boundary lubrication regime, the solid surfaces are under the direct asperity contact, the
load is supported mainly by the surface asperities and it shows high friction. Here, the Aisin a
range of 0.1 to 1. The mixed lubrication regime is a transition period or the combination of the
boundary and hydrodynamic regimes. The friction coefficient generally decreases to the
minimum point and 1 < A < 2~5 corresponds to this regime. The lubrication between the
piston rings and liner contact in the vicinity of top- and bottom dead centers (TDC, BDC) is
mostly found at the boundary- and mixed regime. In the hydrodynamic lubrication regime, the
asperity contact is negligible, since the surfaces are largely separated by the fluid. The load is
mainly supported by hydrodynamic pressure and the friction is mostly caused by the viscous
dissipation. The corresponding A is above 3~5. The friction coefficient increases with
increasing Hersey number, but the increasing rate is smaller than the decreasing rate in the
mixed regime. The surface contacts within the piston rings and the liner around midstroke are
relevant to this regime [15] [16] [17].
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2.1.2 Piston assembly group in an engine as tribosystem

An internal combustion engine converts thermal energy into mechanical work, generally
through a reciprocating motion. Combustion of the air/fuel mixture generates thermal energy
inside the engine cylinder. Figure 2.5 shows a schematic overview of the basic components of
a common four-stroke engine and the piston assembly group.

Cylinder head — L Exhaust valve

Intake valve —]

Cylinder liner —

Piston assembly < Top piston ring

group
Piston —

2nd compression ring

Qil control ring

1|

Connecting —
rod

Crankshaft —

Cylinder liner

1

Lubricant oil

Figure 2.5: Schematic overview of the basic components of the common four-stroke engine (left) and
the piston assembly group (right). Based on [18].

During a stroke, the piston in the cylinder liner moves from the TDC to the BDC or vice versa.
A connecting rod attached to the piston transfers the reciprocating motion to the rotation of the
crankshaft. The cylinder head contains the intake valves, which open to let the cylinder be filled
with fresh air and the exhaust valves that allow the combustion gases to escape. The piston
assembly group includes typically three piston rings in grooves in the outer diameter of the
piston. Engine oil lubricates the surface between the piston rings and the cylinder liner. These
components are discussed more in details below.

Piston rings

The piston rings play a significant role in the efficiency and performance of the IC engine. Their
main function is to seal the combustion chamber and to prevent its loss of gases into the
crankcase so that expansion in the combustion process is able to deliver maximum work to
the piston. An insufficient sealing of the piston rings against the cylinder wall would result in
excessive blow-by, which is the leakage of the gas from the combustion chamber, and it
decreases the engine efficiency as well as damages the lubricant oil [19]. Since a part of the
combustion chamber heat energy is transferred through the piston to the piston boundaries,
i.e. the piston skirt and rings, the secondary role of the piston rings is cooling the piston crown
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by conducting heat away from the piston to the cylinder wall, in which it can be transferred out
of the engine by the cooling system. Third, the piston rings maintain the proper amount of oil
flow between the piston and the cylinder wall by scraping oil from the cylinder wall back into
the sump during the downstroke. It prevents excess lubrication oil from moving into the
combustion chamber. The piston rings are located in the ring grooves on the piston
circumference as shown in Figure 2.5 (right), where they are free to rotate, twist and undergo
limited axial movement.

Figure 2.6: Typical ring pack (left) and piston ring types (right). a-e) Compression ring. f-h) Oil control
ring. [20]

In general, a modern engine for a passenger or commercial vehicle uses three piston rings as
shown in Figure 2.5 (right) and Figure 2.6 (left); and they are referred to as a ring pack. Each
ring in the pack has different characteristics in design for its function: (1) the top piston ring
(compression ring) has typically a barrel shape (Figure 2.6a) on the contact surface and it is
typically coated with wear-resistant coatings such as chromium or plasma-sprayed
molybdenum. Its main function is a gas seal between the piston and the liner wall. Its free
diameter is larger than the cylinder bore, it is open at one location, at the ring gap (Figure 2.6
left), and has a given mounting pretension. A barrel faced, rectangular, keystone and taper
faced rings in Figure 2.6b-d respectively can be used as a top piston ring. (2) The second
compression ring acts also as a gas seal, but generally performs an additional significant role
in the control of oil flow. It is normally taper faced (Figure 2.6d) or stepped (Figure 2.6€). (3)
The oil control ring (OCR) does not have any gas sealing function but regulates the oil flow to
the other rings in the ring pack. It has two narrow contact rails loaded against the cylinder wall
usually by means of a coil spring which is incorporated into the back of the ring. This ring has
slots in the peripheral region, through which the excess scraped oil can drain away into the
crankcase. A single-piece OCR, such as a slotted OCR in Figure 2.6f, two-piece OCR like a
coil spring loaded slotted OCR in Figure 2.6g and three-piece OCR, e.g., MF system with an
expander-spacer consists of a Cr-Ni steel strip in Figure 2.6h are usually used. [21] [22]
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Cylinder liner

Traditionally, the cylinder liners (sleeves) are produced from cast iron and inserted into the
engine block, which is often aluminum, to form the inner wall of the cylinder. The classic
lamellar graphite cast iron is inexpensive, stable and offers good machinability, however the
liner's relatively thick thickness yields a weight disadvantage. To its surface, a machining
process known as honing is typically used to improve the geometric form of the surface and
the surface finish. The grooves from the honing process are expected to control the amount of
oil available in the contact by retaining the oil inside and distributing it more evenly as well as
to prevent a high wear rate of the surface by collecting the wear debris. A honing stone
composed of abrasive grains is used to the honing process. This is usually turned in the bore
while being moved in and out to generate a typical cross-hatch pattern on the inner surface of
the cylinder liner. A typical honing process and the resulting surface structure are shown in
Figure 2.7.
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Figure 2.7: Honing process in the cylinder liner and resulted surface structure with a cross-hatch pattern
[23].

Alternatively, without a sleeve, a wear-resistant coating such as Nikasil® or thermal-sprayed
bores can form the cylinder wall. Mercedes-Benz AG developed the NANOSLIDE® technology
(Figure 2.8) including a twin wire arc spray process, i.e., arc spraying melts iron/carbon wires
with a high temperature up to 6500°C and sprays them through compressed air and nozzle
finely onto the cylinder surfaces of the aluminum cylinder block as shown in Figure 2.9. In this
work, the cylinder liner produced with this process is called “LDS liner” (LDS in German:
Lichtbogendrahtspritzen). Additionally, honing is used as the final step to create a smooth
surface. As a result, the surface has a fine porosity with a mirror-like finish [24] [25]. This can
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reduce the engine weight and is expected to decrease friction loss in a piston assembly group
in comparison with gray cast iron liners as well as wear rate and exhaust-gas emission [1] [26].

Figure 2.8: Cylinder crankcase with NANOSLIDE® technology [25]. Printed with permission of Springer
Nature BV.
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Figure 2.9: Twin arc-wire spray coating process [27].

Engine oil

In a piston assembly group, the engine oil lubricates the contact surface between the
components. It is composed of two main components — base oil and additives. The main role
of the engine oil is to separate and lubricate the engine’s moving parts. It thus reduces the
friction and engine wear. It also helps to remove the heat that is generated through the
combustion and friction between mechanical parts via the lubrication circuit. In addition, it
removes dirt and microscopic deposits from the combustion residue to prevent clogging of the
engine. The engine oil flow continuously carries impurities to the oil filter, where they are
trapped. It also has the ability to prevent or minimize internal component corrosion, which can
damage metal parts in an engine. This is carried out by chemically neutralizing corrosive
products or by forming a barrier between the components and the corrosive material with the
help of additives. Finally, it also acts as a dynamic seal. A protective layer is deposited between
the various parts, sealing any clearances that may arise. At the end, the proper usage of the
engine oil allows a longer lifespan of the engine, enhances the engine’s performance and its
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fuel efficiency as well as decreases CO; emission. Usually, the additives in the engine oll
account for 15 to 25 percent by weight [28] and they include among other things: dispersants,
detergents, anti-wear additives, friction modifiers, antioxidants, anti-foam additives, corrosion
inhibitors, viscosity index improvers and pour point depressants [29].

Engine oils can be classified and rated by their grade and viscosity with a numerical code
system from the Society of Automotive Engineers (SAE). An oil can either be single-grade,
with a set viscosity level, or multi-grade, where the oil can act at two different viscosities
depending on its temperature. According to the SAE viscosity rating system, lower number of
an oil indicates higher viscosity, i.e., thicker oil, and vice versa. When the oil is multi-grade, it
can be designated, for example, 10W-30, which is a common multi-grade oil. The first number
"10W' is the equivalent grade of the single grade oil that has the oil's viscosity at cold
temperature (for winter) and the second number is the grade of the equivalent single-grade oil
that describes its viscosity at 100 °C. On the other hand, engine oils are increasingly having to
perform in high temperature high shear (HTHS) environments within the engine and thus, the
HTHS viscosity becomes the current industry standard that best predicts the lubricant
behavior. HTHS measures the viscosity (resistance to flow) of an engine oil at elevated
temperatures (150°C) under constant shear, simulating the narrow tolerances and high speeds
between moving parts in a hot engine. Here, the lower the measured torque, the lower the
HTHS viscosity, which yields a higher fuel efficiency. A typical HTHS viscosity of the engine
oil is about 2 - 4 mPa*s.

2.1.3 Fluorescence

Fluorescence is a photophysical process, in which the absorbed laser light (i.e., a photon)
causes the excitation of a molecule to the higher electronic energy state, and its return to the
electronic ground state also occurs with emission of a photon [30]. The process between the
absorption and emission of the light is often described by the Jablonski diagram (Figure 2.10).
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Figure 2.10: Jablonski diagram [31] showing the process between the absorption and emission of light.

Each thick black line and S; (i = 0, 1, 2) indicate a singlet state, where all electrons in the
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molecule are spin-paired. The singlet ground, first, and second electronic states are described
by So, S1, and S;, respectively. At each of these electronic energy levels, the molecules can
exist in a number of vibrational energy levels, depicted by 0, 1 and 2 and thin gray line.
Absorption and emission occur mostly from the molecules with the lowest vibrational energy.
When the molecules are illuminated by the proper wavelength of light, the light is absorbed
and the molecules are excited with an energy hva to the higher vibrational level of either S; or
S, from the ground state So in a very short time of about 10** s. Normally, the molecules in
condensed phases rapidly relax to the lower vibrational level within the same electronic state
in 10?2 s and this process is called vibrational relaxation. The molecules in a higher singlet
electronic state can also undergo internal conversion to a lower lying singlet electronic state,
which is followed immediately by vibrational relaxation to the lowest vibrational level of the
electronic state. From that state, the molecules may transition to one of the vibrational energy
levels of the ground state So, emitting photons with energy equivalent to the energy difference
of the transition hvg, which is fluorescence. This is mostly red-shifted, i.e., has longer
wavelengths than the absorption wavelength. It is shown in Figure 2.11, which is typical
absorption- and emission spectrum of an often-used fluorescent dye, Rhodamin B.
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Figure 2.11: Typical absorption- and emission spectrum of a dye, Rhodamin B. Based on [18].

Its duration is on a time scale of nanoseconds (10° to 10% s). As an alternative, electrons in
the S; state can also undergo intersystem crossing, which is a spin conversion to the first triplet
state Ti. This yields phosphorescence, an emission from Ti, which has generally longer
wavelengths (lower energy) and much longer duration (10 to 102 s) than fluorescence [31]
[32].

Dye

In fluorescence diagnostics, two different approaches concerning the fluorophore are
distinguished. In the first case, fluorescence is excited in a chemical species naturally present
in the sample. (In biology, this is often called “autofluorescence”). Generally, this approach can
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be used only for a qualitative measurement, not for quantitative one, because considerable
number of fluorescing species which are unknown gives rise to highly undetermined
fluorescence signal. For example, some typical commercial fuels, such as gasoline, diesel and
kerosene, are included in this case. For quantitative analysis, it is desired to replace the
fluorescing components of fuel by non-fluorescing surrogate components, either only except
one single fluorescing component or as adding one additional fluorescing compound which
was not included in original fluid. About this single species, the function of the external
condition, such as pressure or temperature, should be known for a quantitative calibration. The
second case is that the fluid of interest does not show measurable fluorescence. For this kind
of fluid, one or multiple dyes can be selectively added in a low concentration not to disturb
chemical properties of original fluid.

For quantitative fluorescence imaging of the oil film, organic molecules are commonly used as
fluorescent tracers. In particular, pyrromethene (pyr) and rhodamine (rhd) dyes were
successfully employed, because of their low triplet extinction coefficients, high quantum
efficiencies, well-known spectral features, pH, and temperature dependencies, as well as their
photochemical robustness [33] [34] [35] [36]. Thirouard [37] investigated these dye families for
the LIF imaging of the oil film in a research engine that are soluble in oil and can be excited by
the second harmonic of an Nd:YAG laser (532 nm). The considered dyes were pyr 567, pyr
597, pyr 650, rhd 590, rhd 610 and rhd 640. One of the pyrromethene family was combined
with one of rhodamine family to compensate their intensity dependence on the temperature
using a dual emission method. In the end, he chose the dye combination of pyr 567 and rhd
640 with a concentration of 0.1 mmol/L for each dye. As mentioned in chapter 2.2.1, some
other authors also selected this dye combination [18] [38] [39] for similar reasons or a single
dye of rhd B [40], rhd 6G [41] or pyr 567 [42].

Laser

The laser (light amplification by the stimulated emission of radiation) is a typical light source
for fluorescence excitation (laser-induced fluorescence, LIF). It is a device that can produce a
highly directional, intense, monochromatic and coherent beam [43]. Among some commercial
lasers, an Nd:YAG (neodymium-doped yttrium aluminum garnet) laser is used in chapters 3
and 4. The Nd:YAG laser is optically pumped using a flashtube or laser diodes and initially
emits light with a wavelength of 1064 nm, in the infrared [44]. It has different options for
harmonic generation to emit typically 532 nm, 355 nm or 266 nm light, and in this work, a
second harmonic generator is used to emit 532 nm laser light, which is a green-color beam.

LED

A light-emitting diode (LED) has been often employed in the fluorescence technique as a good
alternative light source instead of lasers, since it is relatively less expensive and easy to use.
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It is a semiconductor device that emits light when an electric current is passed through it. When
the particles that carry the current (i.e., electrons from the N-side and holes from the P-side)
combine within the semiconductor material, the energy is released in the form of light and heat.
LEDs are solid-state devices, where the light is generated within a semiconductor material.
Thus, it is distinguished from other lighting technologies using heated filaments (incandescent
and tungsten halogen lamps) or gas discharge (fluorescent lamps). The electrons and holes
inside the semiconductor of the LED are contained within energy bands. The bandgap
(separation of the bands) determines the energy of photons, that is the emitted spectrum by
the LED, and hence its color [45]. Modern LEDs are available throughout all the wavelength
range from ultraviolet (UV), visible to infrared (IR). LEDs are less expensive than lasers, robust,
consume lower energy, have longer lifetime and a compact size. The operation of a pulsed
LED allows also overdriving, i.e., currents above the damage threshold, which is given by the
manufacturer and relatively low without a pulsed operation. On the other hand, LEDs are
neither spectrally coherent nor monochromatic compared to lasers; however, they show
sufficiently narrow emission spectrum in comparison to the halogen lamps or gas-discharge
lamps. In general, the maximum brightness of LED is lower than that from the typical laser and
it has lower power than a laser. Nevertheless, it has been used instead of lasers in some
measurements of Mie scattering [46] [47], DBI (diffuse back-illumination) imaging [48] [49] and
schlieren imaging [50] [51]. In this work, the LED is employed as a light source in chapter 5.

Fluorescence for film thickness measurement

Beer-Lambert’s law describes the decrease in intensity as light passes through an absorbing
medium, for example one containing dyes, as shown in Figure 2.12.
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Figure 2.12: Light interaction with an absorbing medium relative to the Beer-Lambert’s law.

When the incident light (/) enters the absorbing medium, a part of the light can be reflected
(Irefiect), scattered (Iscqter), transmitted (Ieyqnsmic) Or absorbed (I,):

Iy = Ireflect + Lscatter + ltransmit +1a (2.6)
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where I indicates the light intensity. With the assumption that reflection and scattering is
negligible, the absorbed light intensity 1, is

Ig = Ip = Itransmit- (2.7)
According to the Beer-Lambert’s law, the transmitted light intensity I1,-4,sm;: 1S @ function of the
absorption coefficient ¢, the dye concentration ¢, and the oil film thickness h:

—ech

[transmit = IOe ( 28 )
A fraction @ (the quantum vyield) of the absorbed light is re-emitted as fluorescence with
intensity .

Ir = @I, = ®Iy(1 — e~*M). (2.9)

If the OFT h is thin and the dye concentration c is low, a linear approximation may sufficiently
accurately relate the detected intensity /¢ 4. and h,

Lpger = Ol = Qn®lyech (2.10)
where Qn is the detection efficiency described as the product of geometric collection efficiency
and imaging-train detection efficiency, respectively. This detection efficiency may vary across
the image and needs to be determined from so-called “flat fields” in separate calibration
experiments. According to the equation (2.10), the local OFT where a dye is mixed with an oll
can be deduced from the ratio between the measured fluorescence intensity and the reference
fluorescence intensity of the known OFT, when the other parameters are constant.

Fluorescence for temperature measurements

Two-color/two-dye ratiometric scheme for measuring the temperature distribution in chapter 5
is based on the different temperature dependence of the fluorescence intensities of two dyes.
With the employed dye combination in chapter 5, an emission reabsorption can occur
principally, since the emission spectrum of the dye 1 overlaps the absorption spectrum of the
dye 2 (Details are discussed in chapter 5.1.1). According to Hidrovo [38], this has two effects:
(1) it increases the fluorescence emission of the dye 2 as, in addition to the external light source
excitation, it is being excited by the fluorescence of the dye 1. (2) The fluorescence emission
of the dye 1 is reduced since it is being reabsorbed by the dye 2. He however argued that the
first effect can be mostly neglected, because the external illumination intensity in LIF (with
laser) is generally much greater than dye fluorescent emission. Unlike his argument, an LED
is used in chapter 5 as a light source instead of a laser with much lower illumination intensity.
Thus, we here consider the first effect as well and this is depicted in Figure 2.13.
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Fluid film

Figure 2.13: Principle of the fluorescence from the fluid film mixed with two dyes. Emission reabsorption
occurs with the dye 2.

Each dye’s fluorescence intensity detected through the filter 1 and filter 2 (for detecting the dye
1 and 2, respectively) can be calculated from the equation (2.9):

If1,qet = 771(1f1,i - IaZ,r) = Thlfl,ie_szczh = 771‘13110(1 - e_slclh)e_szczh (2.11)
Irager = N2(Lezr + I2i)
=0y (P,P11p(1 — e™51M)(1 — e7%221) + D, [ (1 — e~52¢21))

where n denotes each dye-relative detection efficiency within each filter, i subscript is the one

(2.12)

excited from the incident light and r subscript is the reabsorption. However, according to
Hidrovo [38] [52], for reabsorption to play a significant role on the fluorescence (in its own
thickness), the system must be optically thick. Whereas, our system in chapter 5 is optically
thin (will be shown in chapter 5.1.3) and thus, when the h approaches zero, those can be
approximated without reabsorption as:

Ir1 ger = M P1loErc1h (2.13)
Itz get = N2 ®P2lo€2C20 (2.14)
Their intensity ratio R is expressed as:

lrager  Mm®Pr:0;
Ir1,dge¢ MP1&1C1

which implies that the intensity ratio is independent on the fluid film thickness. Thus, this

R (2.15)

method can be employed to measure the film temperature without film thickness information
[38]. For better insight, when we expand the h range to the optically thick region, the equations
(2.11), (2.12) and their ratio can be schematically depicted as in Figure 2.14.
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Figure 2.14: Fluorescence intensity of each dye in a function of the film thickness (top) and their intensity
ratio (bottom). Optically thin region is marked with a gray color.

In the full range of the film thickness, the reabsorption plays a significant role in the optically
thick region as stated by Hidrovo and the film thickness information is contained in the intensity
ratio. Hence, he suggested to use this region to measure the film thickness with a ratiometric
scheme. Our system is optically thin as will be shown in chapter 5.1.3, hence we can employ
the same method from [38] to measure the film temperature in this work. When the absorptivity
of the dye 2 is a function of temperature T (decrease of absorptivity with temperature),

&(T) = &30 — kT (2.16)
where &, is dye 2 absorption coefficient at zero temperature reference value and k is molar

absorption coefficient temperature dependence proportionality constant [38]. We can rewrite
the equation (2.15) as:

N, Pyc;
R(T)=— —kT)=A—-BT
0 N Pi&1¢4 (82'0 ) (2.17)
where

NPy,
m&zlo = constant = A ( 2.18 )

d,c
772#k = constant = B. (219)

MmPi&¢,

With this equation, the temperature in fluids can be determined, when A and B are known from
a calibration experiment.
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2.2 State of the art
2.2.1 Oil film thickness measurement

The lubricant film distribution as well as its thickness plays an important role in reducing friction
losses in a mechanical device with a sliding contact, such as a PR/CL assembly of an IC
engine. Thus, there have been lots of efforts to understand the lubricant film’s behavior and
dynamics in the contact better. Particularly interesting are quantitative measurements of the
OFT as well as qualitative visualization of the lubricant distribution on a tribometer or a cylinder
liner. Previous experimental methods for measuring the OFT in such contact can be roughly
categorized into electrical techniques and optical techniques.

Electrical techniques

- Capacitance method: The capacitance of two parallel separated metal plates varies in inverse
proportion to their separation. The measurement of the capacitance in a two-plate combination
of this type has been used as the basis for industrial proximity transducers. Hamilton et al. [53]
designed and embedded small flat capacity gauges in the cylinder liner of diesel engine; and
observed OFT in the range of 0.4 — 2.5 pm.
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Figure 2.15: View of cylinder block of AV1L diesel engine showing assembly and position of capacitance
gauges, based on Hamilton et al. [53].

On the other hand, Shin et al. [54] fixed the capacitance transducers in the piston ring allowing
OFT to be measured over the complete piston stroke and the measured OFT was about
0.7 um. Brown et al. [55] and Moore et al. [56] studied in this method the inlet starvation of the
compression rings. In addition, Moore et al. [57] reported the detailed oil film close to TDC
using this method. Mattsson [58] also measured the OFT between PR/CL in a heavy duty

18



2. Scientific background

directly injected diesel engine using the electrical capacitance and observed a gas pocket
appearing between top-ring/liner at increasing speeds and loads.

- Inductance method: Inductive proximity sensors employ the electromagnetic coupling that
occurs between a wire coil and a magnetic material. With an alternating current applied to the
wire coil, eddy currents are induced in the material. The inductance depends on the proximity
of the material and thus, the distance between the PR/CL can be evaluated by the inductance
transducer. Wing and Saunders [59] placed self-inductance transducers behind a ring in a
diesel engine and recorded the distance between the piston and the back of the ring to deduce
the OFT indirectly, since the transducers were too large to be embedded in the ring. Dow et
al. [60] mounted an inductance sensor in the end face of the ring in a motored rig and monitored
changes in the ring gap. This enabled the circumferential average OFT to be estimated, but
only with the knowledge of the cylinder and ring expansion’s influences on the ring gap. Later,
Tamminen et al. [61] located inductance sensors in the liner of a medium-speed diesel engine
and measured OFT with different loads.
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Figure 2.16: Schematic of measurement system including four eddy current displacement sensors at a
cylinder liner (left) and measured OFT between the first compression ring and the cylinder liner at the
location of displacement sensor no. 1, on the thrust side, close to TDC (right) from Tamminen et al. [61].
Printed with permission of Elsevier.

- Resistance method: This method is a relatively simple approach that the resistance of an oll
film is measured as its thickness changes over the stroke. Early methods, such as Courtney-
Pratt et al. [62] and Furuhama et al. [63], electrically insulated the whole or a part of a piston
ring from the rest of the piston and a current passed through the ring to the liner. This approach,
however, yielded many individual short circuits occurred between PR/CL, not a smooth change
in resistance along the piston stroke. More recently, Saad et al. [64] measured a voltage drop
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(resistance) between the piston ring and two electrically insulated electrodes located in the
cylinder wall with improved resolution in the range of <10 pm.
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Figure 2.17: Cylinder liner equipped with two electric electrodes (left) and measured OFT between the
top piston ring-liner at 1400 rpm engine speed and 80 [ft-Ib] torque vs. crankshaft angle (right) from
Saad et al. [64]. Printed with permission of SAE International.

It is apparent that these electrical techniques, however, actually measure the separation
between two surfaces, not the film thickness itself. Some optical techniques can directly
measure the OFT.

Optical techniques

Optical techniques allow the direct, spatially resolved measurement of the OFT, typically by
(partially) replacing one of the metal tribo-partners with a transparent window.

- Interferometry: This technique relies on the interference of two or more superimposed
reflections of the input laser beam. Wakuri et al. [65] measured the OFT between a
reciprocating piston ring specimen and a plane glass plate substituting for a cylinder surface
by means of a thin film interferometry and reported its good agreement to the theoretical OFT.
After that, the authors also measured the squeeze velocity and the separation boundary of the
oil film simultaneously using the same method [66]. This technique has been often employed
to measure the elastohydrodynamic lubrication (EHL) film in a ball-on-disk apparatus. Luo et
al. [67] studied the mechanism of the transition from EHL to thin film lubrication (TFL) by
measuring the OFT from the optical interference intensity. Krupka et al. [68] analyzed the
influence of surface texturing on EHL lubrication film formation by thin film colorimetric
interferometry. While, Vladescu et al. [69] studied the transient changes in film thickness with
textured- and non-textured surfaces under sliding, mixed lubrication conditions in a
reciprocating tribometer by means of a modified ultrathin film interferometry, which enabled
measuring the OFT < 50 nm.
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Figure 2.18: Schematic diagram of the interferometry set-up (left) and simultaneous friction force and
OFT measurements, comparing textured and non-textured samples and showing the transition from
mixed to full film lubrication (test conditions: crank angular velocity: 1, 2 and 3 Hz, normal load: 10 N, oil
temperature: 45 °C) from Vladescu et al. [69]. Printed with permission of Elsevier.

- Laser-induced fluorescence (LIF): Other researchers used laser-induced fluorescence to
image oil films. Here, a fluorescent dye is added to the oil and illuminated by laser light. The
intensity of the mostly red-shifted fluorescence light depends on the local OFT. Thus, direct,
two-dimensional, and potentially quantitative visualization of the OFT can be achieved.
Some authors employed model test benches or tribometers, which were designed for
generating a sliding contact with a thin oil film and simplifying the system for well-controlled
parameters, and additionally one of the contacting bodies had to be replaced by a transparent
material to get an optical access for using LIF. Poll et al. [70] studied the oil film in sealing
contacts by means of a 3D-mapping with LIF. A glass shaft rotated against a radial seal lip,
filtered blue spectra from the laser light close to UV illuminated the oil film and its fluorescence
was detected by a microscope with a CCD camera. Dearlove et al. [71] employed a
reciprocating tribometer representing the friction motion of a single piston ring against a liner
segment and simultaneously measured the friction and the OFT by LIF using a He-Cd laser
with 441.6 nm excitation wavelength. An optical access was often achieved by quartz windows
installed in one of the tribo-partners. Sugimura et al. [72] measured the OFT in a ball-on-disk
tribometer, which was a steel-ball/glass-disk configuration. A fluorescence microscope with a
filtered excitation light in the range of 330-380 nm from Hg light source detected the oil film.
They reported difficulties in this method, such as light interference within thin films and a
significant background effect from outlet cavities. With a similar test rig, Myant et al. [73] and
Fowell et al. [41] investigated the OFT in a compliant, sliding contact within an optical ball-on-
disk tribometer, for which an elastomer specimen (a hemisphere or an O-ring) and a glass
disc (or a concave cylindrical glass lens) were employed in an oil bath. The contact was
illuminated with 532 nm laser and visualized with a fluorescence microscope.

21



2. Scientific background

25 a
£ g E g 35
s ®e 3 2 —U=73mm/s |
£ 5§ 2 H 30 —U=1131mm's |
‘§' £ 5 £ = U =433.0 mm/s
0wE B E = s | ]
N E 2 £ =25 U =1190.0 mm/s
5
g 20
-800 -400 1] 400 800 . -800 -400 0 400 800 %
X co-ordinate / ym X co-ordinate /um E 15
30 30
s U =433mm/s o0 é 10
25 25 'S
g 400 g § g 5
3 20 & 2 20 <
£ o 52 £ o0 15 0
5 £ 5 3 -800 -400 0 400 800
10 g 10 g "
)8 -400 = E -400 £ X co-ordinate / um
5 5
-800 o 800 ‘ 0
4 400 0 400 800 -800 0 400 800

X co-ordinate /um

X co-ordinate / ym

Figure 2.19: Maps of lubricant film thickness via LIF for a PDMS hemisphere on a glass disk (ball-on-
disk tribometer) under pure sliding at an applied load of 23.5 mN (left) and plot of lubricant film thickness
along the x axis at y=0 for a PDMS hemisphere on a flat glass disk under pure sliding for selected
entrainment speeds, at an applied load of 23.5 mN (right) from Fowell et al. [41]. Printed with permission
of Elsevier.

Vladescu et al. [74] [75] imaged the oil film behavior around the surface texture qualitatively in
a reciprocating tribometer simulating a piston ring—cylinder liner pair. Patterned plane fused
silica surfaces, which slid against a convex steel pad, enabled an optical access for LIF using
a Mercury—Xenon light source.

In our own group, Wigger et al. [76] substituted the conventional metal cylinder liner with a
quartz one in a rotational tribometer and measured the OFT in a sliding contact of the glass
liner and a metal PRS via LIF method. The oil film could be studied at constant sliding speed
with this test rig, whereas reciprocating tribometers or engines generate a wide range of
speeds. Laser light of 532 nm excited the oil film, which was doped with a combination of
pyrromethene 567 and rhodamine 670, and the OFT was quantitatively investigated under
varied conditions, such as oil viscosity, sliding speed and normal load.
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Figure 2.20: Maps of oil film thickness in the RRV tribometer via LIF for a normal force of 25 N and for
different sliding speeds (left). Measured OFT averaged over an area of 0.08 x 6.4 mmz in the lateral
center of the piston ring segment for a variation of sliding speed and load (right) from Wigger [18]. Printed
with permission of the author.

Obert et al. [77] used the same light source and dye combination as those of Wigger. They
imaged the OFT under starved lubrication conditions within a quartz liner segment and a metal
PRS contact using a reciprocating tribometer. Full-field as well as line-shaped views (latter one
employed a sheet-of-light method to avoid a scattered light effect) of the oil film were achieved
and the scuffing initiation mechanism in the PR/CL contact was clarified.

For the OFT measurement in a research engine, Greene [78] first implemented the LIF
technique. He replaced the cylinder with a glass one within a simplified single-cylinder research
engine. The ail film in the PR/CL was visualized using two methods: first one was a UV-light
LIF method using a natural fluorescence from the mineral oil and the second one was a total
reflection based scattered light method that used a xenon flash tube as a light source and
illuminated the glass cylinder directly from its head to yield the total reflection of the light inside
the material. Ting [79] also equipped a single-cylinder engine with a transparent sleeve and
measured the oil film behavior via LIF without calibration. The light source was a He-Cd laser
with an excitation of 442 nm wavelength and the oil was non-colored. Hoult et al. [80] continued
Ting’s study. They used an optical engine with a quartz window on the cylinder wall, added
Coumarin 523 as a dye into the oil, which was illuminated by the same laser as that of Ting,
and developed calibration methods to present the OFT quantitatively. Since then, more studies
have adopted the LIF method in an engine to investigate oil films in the piston-cylinder
assembly. Some authors inserted one or more fiber optic lines into the cylinder liner that
enabled point measurements of the OFT [2] [81] [82] [83]. However, this approach allowed
only the OFT data of one or few points at a time. Thus, the others embedded windows (quartz
or sapphire) in the cylinder or replaced an entire cylinder with a glass one to visualize the OFT
in two-dimension in an engine. Inagaki et al. [84] developed a two-dimensional LIF diagnostic
system, which consists of a Xe-flash lamp and a CCD camera. This was installed in an optical
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single cylinder diesel engine, where two types of cylinder liners were prepared — a whole
transparent glass liner for the motoring test and a cast iron liner embedded with a pair of slit
sapphire windows for the firing test. In addition, the output of the Coumarin-doped oil film filled
between a cylindrical block and a flat glass enabled an OFT calibration with a sufficient OFT
resolution of sub-micron order. Thirouard et al. [85] [86] mounted a honed quartz window in
the cylinder. They doped the oil with rhodamine 590 and used 532 nm excitation light from an
Nd:YAG laser. With the resulted images, several mechanisms of oil transport, e.g., on/around
the piston second land, were studied. Subsequently, in the same group, possible dye
candidates were further studied and a combination of pyrromethene 567 and rhodamine 640
was chosen to visualize more detailed oil transport and its exchange in the same research
engine [37] [87] [88] [89]. Kato [40] combined the LIF method with a particle image velocimetry
(PIV) to measure the OFT and its velocity distributions simultaneously in a test engine. The
test engine is a two-cylinder model engine with a motored operation, where one entire cylinder
was replaced by a sapphire one. A dye of rhodamine B is added to the oil and an Nd:YAG
laser with 532 nm illuminated this.

In our own group, Wigger [18] imaged qualitative oil- or fuel film distributions respectively on
the cylinder wall through a sapphire window in a single-cylinder direct-injection engine. The
window allowed a view between the crankcase and the combustion chamber. For the oll
measurement, laser light of 532 nm was used and the oil is doped with a combination of
pyrromethene 567 and rhodamine 640. As a follow-up, Miller et al. [42] [90] simultaneously
visualized the oil film and impinged liquid fuel on the cylinder wall in the same engine as
Wigger. Regarding of the oil film, they doped that with a single pyrromethene 567 and analyzed
guantitative OFT distributions as well as the piston secondary motion. Schdéler [91] visualized
the oil transport phenomena in the chamfer beneath the oil control ring of a piston in the engine
and compared the results to the three-dimensional volume-of-fluid CFD simulations.

These previous works imaged the oil film in the PR/CL contact or its generic equivalent, but
the contact surface was always polished or honed. The oil film on the conventional liners from
the production line, recently often with a porosity, was not considered. Because the influence
of the surface structure was not the focus of those investigations, the imaging magnification
was relatively low, and the detailed microscopic oil film behavior could not be resolved.
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Figure 2.21: LIF images from the compression stroke of a single cycle (first row: fuel channel, second
row: oil channel) as showing a fuel transport from the cylinder wall onto the piston lands due to ring
scraping from Muller [90]. Printed with permission of SAE International.

2.2.2 Surface texturing

Surface texturing has received interest already since mid-1960s as an effective technique for
reducing friction and wear with the study of Hamilton et al. [92]. They argued that micro-
irregularities on the surfaces of rotary-shaft seals enabled the contact to generate
hydrodynamic pressure and a load carrying capacity. The theoretical results agreed with
experimental ones, which showed local cavitation at the divergent region that was responsible
for the load support. In 1996, Etsion’s group [93] found in one of their first papers on surface
texturing that hemispherical dimples on one of the mating sealing surfaces increased load
carrying capacity in contact with modelling results and an optimization of the texture size and
density was critical. Their subsequent tests also presented that a textured seal could have a
threefold increased lifetime than a non-textured one. After these promising results, the effect
of the surface texture has been more actively studied due to its broad-range potential in
tribological applications. Its main advantageous functions have been reported as following: (1)
Textures act as micro-hydrodynamic bearings and generate an additional hydrodynamic
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pressure, which results in an increased load carrying capacity and a reduced friction. Some
authors argued that local cavitation, which occurs at the divergent part of a texture with a sub-
ambient pressure, might be responsible for the phenomenon [94] [95] [96] [97]. (2) Moreover,
this sub-ambient pressure in the textures might yield an inlet suction effect, which can suck
more lubricant into the contact zone than would be without the textures [98] [99]. The effect
leads to increase in the maximum pressure and the load carrying capacity. (3) Especially under
the boundary and mixed lubrication, the textures reduce the real asperity contact area and thus
lower the overall friction [100] [101]. (4) They also can serve as micro-traps collecting the wear
debris and minimizing third-body abrasion [102] [103] [104]. (5) In addition, the textures can
feed lubricant into the cavitated outlet region and prevent oil starvation especially at a reversal
in the reciprocating sliding contact [74] [75]. As a result, the textured surface can lead to a
greater OFT, reduce the frictional force, yield an earlier transition between the mixed- and the
hydrodynamic lubrication regime and extend the useful lifetime of the surface [99] [105] [106].

With non-connected textures, some phenomena contributing to the increased hydrodynamic
pressure and OFT occur often more effectively than with interconnected ones especially under
the boundary or mixed lubrication. This might be due to their closed feature, which could retain
the oil inside better during the loaded, sliding contact, while the oil could be easily displaced
along the open grooves in the case of the interconnected textures [107] [108]. Numerous
attempts have been made within the non-connected textures to optimize the texture’s
parameters, e.g., the pocket shape, by employing the laser surface texturing technique. The
most commonly studied shapes are circular, elliptical, rectangular, triangular, chevron and
short groove. Among them, the chevron pointing along the sliding direction [94] [109] and short
grooves perpendicular on the sliding direction [74] showed the highest tribological
effectiveness, yielding a higher hydrodynamic pressure.

e 16 -‘ T T T T T T T f 16 T T T T
14 —:-‘\ g 14 _f;._ —=—Smooth |
AN by ——T10 - Chevrons; f=0.073
12 F g W ~=T3- Circles; f=0.113
= = 12 F \\, - T15- Lines; f= 0.150
= 10 ¢ 1 = | %
T3 510 ¢
E 8 ¢ B £
-.E:O -:G 8
6 T .
N
4 L J 6 u f‘:v‘_g
T,
2 1 1 1 I 1 Il I 4 Il 1 1 I 1 L =1
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Load (N) Load (N)

Figure 2.22: Effect on ho max (OFT) of geometric characteristics of the patterns: e) effect of relative
orientation for chevron pockets (left) and (f) effect of different texture shapes (right) from Costa et al.
[94]. Printed with permission of Elsevier.
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Furthermore, the textured pocket’s size, depth, aspect ratio (depth over diameter ratio) and
area coverage density have been often investigated as design parameters. For example, as
far as the aspect ratio is concerned, the optimum ratio of around 0.1 has been repeatedly
reported [97] [106] [110] [111]. For the other parameters, it was found that there often exist
optimum values under different operating conditions for the best tribological performance
respectively and thus they should be carefully chosen [94] [112] [113] [114].

One of the most common, successful applications of the surface texturing is at the surface of
the cylinder liners in IC engines, such as micro grooves from honing or, more recently, a fine
porosity. Plateau-honed liners are still frequently used in today’s combustion engines and lots
of analytical studies of that have been conducted. Some authors focused on the effect of the
surface roughness from the honing structure. They argued that the reduction of the roughness
could offer the lowest friction and oil consumption, although it might yield more vertical flaws
(scuffing) on the liner presumably due to its lowered oil holding capability [115] [116] [117] [118]
[119] [120]. Others studied the honing groove’s cross-hatch angle and reported that the OFT
between PR/CL increased as well as the friction decreased with decreasing cross-hatch angle
[121] [122] [123] [124] [125].
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Figure 2.23: Contour plots of honed cylinder liner texture (honing angle of ID6= 125 °, ID7= 28 °) (left)
and coefficient of friction versus time for textures with honing angle different than 55 °(right) from Grabon
et al. [125]. Printed with permission of Elsevier.

Apart from the honing, the effect of other texture features on the engine performance was also
studied. The tribology group at Imperial College focused on grouped, non-connected surface
pockets. They employed different micro-texture shapes (transverse, parallel and angular
grooves and chevrons) on the liner specimen and the frictional behavior in PR/CL reciprocating
motion was compared to that of a non-textured specimen. By means of fluorescence
microscopy, the oil film around the pockets was qualitatively visualized at high magnification.
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Friction forces with different textures were also measured and these experimental results were
compared to the results of numerical modelling. They found that each pocket transferred oil
from the inlet to the outlet, which resulted in a more even lubrication distribution, and the
presence of the pocket was especially effective in the reversal zone, where boundary and
mixed lubrication regime was dominant [74] [126] [127].
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Figure 2.24: Sequence of LIF images of groves pockets transversal to the direction of sliding passing
through contact at a step of 7 degrees of crankshaft revolution. Each pocket transferred oil from the inlet
to the outlet and it shows the effectiveness of the pockets in the reversal zone. From Vladescu et al.
(tribology group at Imperial College) [126]. Printed with permission of Elsevier.

Yin et al. [75] focused on the effect of micro dimples (circular textures) distributed over the
entire cylinder liner using a mixed lubrication model and asperity contacts equation. In most
regions of the strokes, a hydrodynamic lubrication was formed with the textures, only except
the region near the dead points. They also optimized the dimple parameters to obtain a better
lubrication effect. Checo et al. [128] implemented numerical simulations of PR/CL, where the
liner exhibited a periodic texture, and argued that the piston ring profile determined whether
the surface texturing would be advantageous or not. Koszela et al. [129] studied the liner not
only with honing but also with circular dimples and a combination of them showed better engine
performance, i.e., higher maximum power and torque, than the liner only with honing.

Most of the previous experimental works with the textured surface were focused on grouped
pockets. Hence, the detailed oil-film behavior in and around an individual pocket has been
rarely investigated. In addition, the limitation of those studies so far is that the oil film around
the surface texture was only qualitatively imaged and thus the amount of oil transferred by the
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textured pocket or that remaining in the pocket could not be measured. This research gap is
filled in this work in chapter 4.

2.2.3 Fluorescence-based temperature imaging in liquid films

Understanding of the thermal behavior of the oil film in the PR/CL contact is crucial in an
engine, since it contributes to the thermo-mechanical failure like scuffing and thermal fatigue.
More generally, to study the temperature distribution in a fluid contactless, several techniques
based on the LIF of the added dye have been developed. They principally rely on the
temperature-dependence of the dye emission that originates from the temperature-sensitive
guantum yield and/or absorption cross section at the excitation wavelength. A dye with high
resistance to the photobleaching is preferred.

The first technique is a single-color/single-dye (1c/1d) technigue. It enables a temperature
mapping with a single dye and a single spectral band for the detection. The local temperature
is measured using a ratio between the measured intensity and the reference intensity of known
temperature. Rhodamine B or kiton red has been suggested as one of the best dyes for this
technique [130] [131] [132].
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Figure 2.25: Temperature dependence of the fluorescence intensity with different rhodamine B
concentration of <& C=2.107; O C=5.107; + C=10% (mol/l) from Lemoine et al. [132]. Printed with
permission of Springer Nature BV.

However, this technique has some constraints, such as maintaining the dye concentration,
probe volume and incident laser intensity constantly during the experiment. If a pulsed laser is
used, the fluctuation of the shot-to-shot pulse energy should be also monitored. In addition,
the spatial inhomogeneity of the energy distribution in the laser sheet should be corrected
[133]. From those reasons, it has been reported that this technique is inappropriate to measure
the temperature in sprays and flows with bubbles [134].

A second approach is a two-color/single-dye (2c/1d) technigue, which employs the different
temperature dependence of the LIF intensity from a single dye in two spectral bands. A
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ratiometric scheme of the intensities can eliminate the dependence on such as the dye
concentration, incident laser intensity, probe volume dimensions and Beer’'s absorption on the
laser beam path [135]. This method is especially suitable to measure the temperature when
the dye concentration is not uniform, such as a liquid evaporation or a vapor condensation
where the mass transfers occur. The most used dye for this method is rhodamine B and
coumarin 152 [136]. This technique has been applied to determine the temperature of
evaporating and combusting droplets [135] [137] [138] and single-phase flows [139].
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Figure 2.26: Temperature-dependent fluorescence spectra of coumarin 152 and rhodamine B in ethanol
excited at 355 nm and 532 nm for each. Black dots: 8 factor, colored areas: best compromise for blue
and red color-band for thermometry (left). Temperature map of the SpraySyn flame operated with
ethanol seeded with coumarin 152 (right). Graphic abstract from Prenting et al. [136]. Printed with
permission of Springer Nature BV.

The third technique is referred to as two-color/two-dye (2c¢/2d) method. The fluorescence
intensities from a mixture of two different dyes are separately detected in two spectral bands
and the intensity ratio between these two bands is used to determine the temperature. To be
selected as a pair of dyes, their fluorescence intensities can show an opposite temperature
dependence, which yields relatively high temperature sensitivity of the intensity ratio, such as
fluorescein 27/rhodamine B or fluorescein 27/kiton red 620 [140]. On the other hand, one
temperature-sensitive dye and another temperature-insensitive dye can be paired and some
studies suggested pairs of rhodamine B/rhodamine 110 [141] [142] [143], fluorescein
disodium/sulforhodamine 640 [134] [144] and rhodamine 6G/pyridine 1 or rhodamine 6G/DCM
[145].
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Figure 2.27: Evolution of the fluorescence ratio R (between fluorescein disodium and sulforhodamine
640) as a function of the temperature. R is normalized to be equal to 1 at 23 °C (Csreso = 7.1077 M and
CrL = 2.107* M) (left). Side and bottom views of the temperature field within an impacting droplet at We
= 10.2 (right) from Chaze et al. [144]. Printed with permission of Springer Nature BV.

The often-used rhodamine family is not considered as a dye candidate in this work in chapter
5, since it has a low oil solubility. Also, the single-dye techniques are excluded due to their
relatively low temperature sensitivity. The selected dye combination in this work is Lumilux CD
345/pyrromethene 597. Unlike the mostly reported fluid film thermography using a laser, this
work employs a LED as a light source. This is because that the selected dye combination
should be excited at a specific wavelength, which is rarely available from lasers. In addition,
the relatively low energy of the LED prevents the front objective of the long-distance
microscope from being damaged in a coaxial illumination through it.
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3 OQil film thickness imaging on the metal cylinder liner

This chapter reports on the visualization of the oil film behavior in the PR/CL in a tribometer
using laser-induced fluorescence (LIF) with an as-manufactured cylinder liner. This enabled
2D imaging of the oil film with different liner surface structures as well as the quantitative
measurement of the minimum oil film thickness for specific parameter sets (e.g. sliding speed
and load).

Most of this chapter was presented at the 46" Leeds-Lyon Symposium on Tribology (2019) in
Lyon, France, as “High-resolution LIF-imaging of the oil film thickness in the piston-ring /
cylinder-liner contact in an optical tribometer”, at the GfT (Gesellschaft fir Tribologie e.V.)
Tribologie-Fachtagung (2018) in Goéttingen, Germany, as “High-resolution imaging of the oil
film in an advanced piston-ring model tribometer by laser-induced fluorescence” and was
published as “Cheong J, Wigger S, Fufer H-J, Kaiser S. High-resolution LIF-Imaging of the oil
film thickness in the piston-ring/cylinder-liner contact in an optical tribometer. Tribol Int 2020;
147: 106230”. | designed the modified experimental apparatus, performed the LIF
experiments, post-processed, visualized and evaluated the results of the LIF data, wrote the
original draft and reviewed it.

3.1 Methods
3.1.1 Initial setup of the RRV-Tribometer
Mechanical configuration

Initially, the RRV (from German, “Rotations-Reib-Verschlei}”, i.e., rotation-friction-wear)
tribometer shown in Figure 3.1 was devised as a well-controlled model experiment for
reproducing the sliding contact in the PR/CL of an engine and for measuring the friction
coefficient at specific parameter.

32



3. Ol film thickness imaging on the metal cylinder liner

a) b)
l, , l »  Spindle Spindle adapter Heater
adapter

Cylinder
liner

Oil supply
Piston ring .
segment
holder

n ring segment

b Pisto

Figure 3.1: a) Initial RRV tribometer setup (CAD exploded view). b) Photo of the assembled initial RRV
tribometer with a heater.

It converts the reciprocating motion of the piston in an engine into the steady rotating motion
of a cylinder liner against a static PRS (see Figure 3.2). This enables investigating the oil film
at constant sliding speed, whereas reciprocating tribometers or research engines produce a
wide range of sliding speeds from zero in the reversal points to a mid-stroke maximum.
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Figure 3.2: Transfer of the piston ring’s reciprocating motion in an IC engine to the liner’s rotating motion
in a rotational tribometer, maintaining the gap geometry and the line contact.

For comparability of these two contact situations, the liner and piston ring are suitably modified.
A cylinder liner from the engine is shortened to a height of 35 mm and clamped to a spindle
adapter in rotating motion as shown in Figure 3.1. The top piston ring is cut into a piston ring
segment with a lateral radius of 20 mm to maintain the same geometric conformity with the
liner radius of 41.5 mm as that of a typical top piston ring in an IC engine, as shown in Figure
3.2 and Figure 3.3. The piston ring segment is fastened by the piston ring segment holder. The
PRS holder pivots around a point at the center of the PRS height, and the normal force Fy is
applied here. This compensates any slight eccentricity of the liner surface and allows steady
line contact during the liner’s rotation. Lubricant oil is constantly supplied with a HPLC pump
via a glass capillary and sprayed onto the inside of the liner with a constant amount of 0.1 mm?3
per rotation. With this initial setup, a hot-air heater heats the air as shown in Figure 3.1b; and
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it is measured and controlled by the K-type thermocouple inserted into the hole of the PRS,
shown in Figure 3.3a. Here, the measurement uncertainty of the temperature caused by the
thermocouple is £ 0.8 %.
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Figure 3.3: a) Geometrical dimension of the metal piston ring segment (top view). b) Geometrical
dimension of the metal cylinder liner (top view)

Figure 3.4 shows the position of each normal- and friction force sensor inside of the tribometer
after disassembly. Two normal force sensors from the company disynet lie inside of the bottom
housing. They are connected to each other by a crossbar and the bar is fixed to the piston ring
segment holder to perceive the normal force from the piston ring segment. Each sensor has a
measurement range of 60 N, which corresponds to the total maximum of 120 N. Each output
voltage-signal from each sensor lies in the range of 0 to 10 V and two signals show the same
sign and direction. On the other hand, two friction force sensors measure the shear force and
they are positioned directly behind the piston ring segment holder. (PRS holder is detached in
Figure 3.4 and not shown.) The sensors are connected to each other by a cylindrical connector,
where the friction force is applied. Each sensor measures the force in the range of 20 N and it
allows the total maximum detectable force of 40 N. One of the output voltage-signals shows a
positive sign and the other shows a negative, since the applied shear force compresses one
sensor, but simultaneously stretches the other sensor. The signals are in the range of +0 to
10V.

Figure 3.4: Position of the normal- and friction force sensors inside of the tribometer after disassembly.
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Operating conditions

With this initial RRV tribometer, basically, the measurements of the friction coefficient and the
Stribeck curve have been carried out under varied operating conditions, such as different
normal loads, sliding speeds, temperatures. The available operating parameters in RRV
tribometer are based on the Mercedes-Benz M270/274 engine.

Figure 3.5a and b show the trace of the combustion chamber pressure and the sliding speed
with the crank angle in the engine, respectively. At 5000 min*, the maximum pressure is
93 bar, which corresponds to about 100 N under the RRV tribometer condition and thus, the
normal load in the tribometer can be set up to 100 N [18]. The maximum sliding speed in the
engine is 25 m/s at 5000 min, however it is reached only in a small area of the piston stroke.
Hence, the maximum sliding speed in the tribometer is limited to 10 m/s.
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Figure 3.5: a) Trace of the sliding speed and b) the combustion chamber pressure in the Mercedes-
Benz M270/M274 engine with the crank angle at the two rotational speeds [18]. Printed with permission
of the author.

Figure 3.6 presents a typical progression of different operating parameters in the RRV
tribometer during the test for the friction coefficient and Stribeck curve measurement.
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Figure 3.6: Typical progression of the operating parameters in RRV tribometer for measuring friction
coefficient and Stribeck curve. (a) and (b) indicate the preparation time and the test time, respectively.

In first 2 min, the liner rotates slowly without given normal load to be sufficiently lubricated by
the oil supply. After that, the sliding speed increases with a gradient of 5 m/s per minute up to
the maximum speed, e.g.,, 10 m/s. At the same time, the normal load and temperature
increases as well up to its given condition (e.g., 30 N and 80 °C in Figure 3.6). For the next 5
minutes, the maximum sliding speed is maintained for the system stabilization. Until here is
the preparation time for the measurement. After that in the region (b), the speed decreases
with the gradient of -0.55 m/s per minute until it reaches the sliding speed of 0.1 m/s and the
Stribeck curve is plotted with the result in this region. At the end, the temperature of 0 °C (or
room temperature) and the normal load of -2 N (without contact) are given with the lowest
sliding speed of 0.1 m/s in order to reset the system. All of the Stribeck curves in this work are
measured with this procedure. This can be repeated successively if necessary and the given
operating parameters can be modified. For an optical measurement at each specific sliding
speed, the procedure (a) is solely performed and the LIF image is recorded while the sliding
speed is constantly maintained.

Modified configuration and material arrangement

Based on the initial configuration of the RRV tribometer shown in Figure 3.1, the material
arrangement is modified in this work. In chapter 3.1.2, the metal PRS is replaced with a
sapphire one to investigate oil films on the production metal liner surfaces. For that, a periscope
optic system is newly designed and some parts of the initial configuration are altered. Inversely
in chapter 4 and 5, the conventional metal liner is replaced with a quartz one, while the metal
PRS is employed again, to get an access of a microscope for a higher magnification. This
material arrangement was firstly used by Wigger [18] in our group. Figure 3.7 shows the
material inversion in the RRV-Tribometer used in the next chapters.
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Figure 3.7: Material inversion in RRV-Tribometer.

3.1.2 RRV-Tribometer with periscope optic

As discussed above, in our group, Wigger [18] substituted the conventional metal liner with a
guartz one to visualize quantitative OFTs via LIF within the initial configuration of the RRV
tribometer and studied the lubrication behavior under varied conditions. However, this
restricted the liner surface material to quartz or potentially sapphire. To allow investigating olil
films on the production metal liner surfaces, this material arrangement is now inverted as
shown in Figure 3.7 and Figure 3.8a, such that optical access to the contact area is achieved
through a sapphire PRS via a periscope-like mirror configuration. For that, some parts of the
tribometer, e.g., the sapphire PRS and its holder, were newly designed and replaced (Figure
3.8a).
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Sapphire cylinder liner | /
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i & Hot-air ]
gy heater\ Sapphire PRIS
Quartz \ Fy i
window PRS i A
y Window y ‘ ! Fa \:l
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Eiiasiol Excitation - DNl 50 —
Emission = Mirror Oil supply | | Hot
— L1 air

Segment holder
Figure 3.8: a) New arrangement that can employ conventional cylinder liners with a sapphire PRS and

a periscope optic arrangement. b) Schematic representation of a cut section, also showing spindle,
heater, and oil supply.

37



3. Ol film thickness imaging on the metal cylinder liner

A wider sapphire PRS is mounted and sealed with a heat-resistant silicon adhesive in a PRS
holder that includes two reflecting mirrors arranged as a periscope (Figure 3.8b). As mentioned
in chapter 3.1.1, the PRS holder pivots also around a point at the center of the PRS height, the
normal force Fy is applied here and this pivot point lies 14.5 mm (rpivor in Figure 3.8a) behind
the PR/CL contact line. Oil is sprayed onto the inside of the liner. To avoid fouling of the optical
parts by the oil, a splash guard is placed under the liner as shown in Figure 3.8a. In the lower
part of the PRS holder, under the guard, a quartz window is inserted to prevent oil from
penetrating the housing. Like the initial RRV tribometer setup, the heater box covers the entire
setup shown in Figure 3.8 and heated temperature-controlled air is blown in near the PRS. A
thermocouple is not inserted in the hole of the PRS, since it may obstruct the view of the oil
film, but the temperature is measured by the thermocouple hung near the PRS. The measured
temperature difference between inside of the PRS hole and near the PRS was about 0.5 °C,
which is within the given measurement tolerance of the K-type thermocouple.

The optically accessible configuration of the RRV with the sapphire PRS is not equipped with
sensors for the friction force. To compare the OFT with the corresponding friction coefficient,
separate experiments were performed with the RRV in the configuration shown in Figure 3.1
without an optical access. Here, a sapphire PRS with a width of 2 mm was used to fit into the
initial PRS holder and a conventional metal liner was employed to keep the material pair and
arrangement the same as in the optical experiments.
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3.1.3 Contact surfaces

In order to examine the surface topography, a confocal microscope (pSurf Custom and pSurf
Cylinder, NanoFocus AG) was used. Using a 20x objective (800XS) in this work, the lateral
resolution is given as 0.95 um.

In chapter 3, the measurements were carried out with two different types of cylinder liners.
First, a gray cast-iron liner (GG - in German: Grauguss) with a plateau-honed surface was
used. The honing is rather fine (“A1” according to the Mercedes-Benz internal standard MBN
37800-1, summarized in [146]). The second liner was equipped with an arc-wire sprayed
surface (LDS), using Nanoslide® technology, in which arc spraying melts iron/carbon wires
and sprays them finely onto the cylinder surfaces of the aluminum cylinder block. As a result,
the surface is honed with a fine porosity in the otherwise mirror-like finish. This results in
reduced friction losses compared to the gray cast-iron liner as well as high wear resistance
and exhaust-gas emission reductions [25]. Figure 3.9 shows the surface topographies of both
liners, and the areal surface texture parameters according to ISO 25178 [147] measured by
confocal microscopy. Here, Sq is a root mean square height of the surface according to that
standard [147], while additionally in this work Sq* was evaluated in a smaller region
(1.5 x 1.5 mm), excluding deep pores on the LDS liner.
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Figure 3.9: Surface topographies and areal texture parameters of the gray cast iron (GG) liner and the
LDS (Mercedes-Benz Nanoslide® technology) liner measured by confocal microscopy. Sg* values were
individually evaluated in a smaller region (1.5 x 1.5 mm) excluding pores in the LDS liner.

The sapphire PRS (Figure 3.10a) has a radius of 20 mm on the contacting side and a wider
width of 8 mm for larger optical access and higher mechanical strength compared to the
typical 2 mm steel PRS used in the previous arrangement (see Figure 3.3 and Figure 3.7). In
Figure 3.10, the contact line shape and roughness are shown, again characterized by confocal
microscopy. From the finishing process, the surface is slightly convex along the longitudinal
axis. This is not desired but has minor influence on the measured minimum OFT, because
over a central small region of interest (1.16 mm high) — shown enlarged in Figure 3.10b — the
curvature is negligible.
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Figure 3.10: a) Geometry of the sapphire PRS and the contact surface topography. b) Vertical scan
along the center line A-B of the topography with the blue box marking the section used for evaluating
the minimum oil film thickness.

3.1.4 Experimental parameters and procedure

The operating parameters for the experiments on the tribometer were based on the
load/sliding-speed trace of a typical 4-cylinder spark-ignition engine from Mercedes-Benz AG,
shown in Figure 3.11. The latter was calculated by a Mercedes-Benz internal simulation tool
at 6100 rpm. For the experiments in this chapter, a range of sliding speeds from 0-10 m/s was
chosen, limited by the rotational speed of the RRV tribometer, and the normal loads were set
to 10, 30, and 60 N. The lubricant used in this work was OW-20 “first fill” engine oil with an
HTHS (high temperature, high shear) viscosity of 2.6 mPa*s. The oil supply was adjusted to
0.1 mm? per rotation. The hot-air temperature near the PRS was maintained at 80 °C.
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Figure 3.11: Normal-load/sliding-speed trace of a top piston ring in a typical spark-ignition engine from
a simulation at 6100 rpm and with a line-contact of 10 mm. The range of operating points in the
tribometer is marked with red dots.
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3.1.5 Optical system for laser-based oil film thickness measurements

In this chapter, the optical system including the laser as a light source employed in chapters 3
and 4 to visualize the OFT is discussed.

3.1.5.1 LIF measurement system

Laser

Dyes are excited by a frequency-doubled Nd:YAG (Neodymium-doped yttrium aluminum
garnet) laser (Litron LPY 742-100) with an excitation wavelength of 532 nm, a maximum
repetition rate of 100 Hz and about 10 ns pulse duration. Using an internal trigger, the
maximum repetition rate of 100 Hz is used to record standstill images. Otherwise, the relevant
repetition rate according to the rotating speed is set by the phase coupling, while using a rotary
encoder as an external trigger, as described next.

Phase coupling and synchronization

In order to record images at a fixed position of the liner during its operation and to control its
timing, phase coupling was used. A universal synchronizer PTU (programmable timing unit)
from the company LaVision generates precise trigger pulses for cameras, lasers and other
external devices under the control of the software DaVis 8. Integrated with a rotary encoder,
which reads a rotary angle position, the laser and camera are triggered at a given reference
angle position at the right time with 10 ns resolution [148], i.e., each single image can be
recorded per liner rotation for a tribometer (chapters 3-5) or per engine cycle for a single-
cylinder optical engine in chapter 4.3.

Dye and filter

The oil is doped with a single dye of pyr 567 to measure the OFT (chapters 3 and 4), since the
fluorescence dependency of the pyr 567 on the temperature is known (see chapter 3.1.5.2)
and the temperature is constantly maintained in each chapter. Figure 3.12 shows the spectral
features of the absorption and emission of the selected dye, the laser excitation, and the
detection with the filter.
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Figure 3.12: Spectral features of excitation, fluorescence, and detection [18] [149] [150].

Pyr 567 absorbs the laser excitation of 532 nm and emits the fluorescence light with the highest
peak at about 560 nm. In order to separate the absorption and emission, a dichroic beam
splitter (Semrock Inc.) with a single-edge at 532 nm is adopted. The fluorescence is detected
through a band pass filter with a transmission wavelength of 572 nm and a FWHM (full width
at half maximum) bandwidth of 25 nm providing further suppression of scattered excitation
light.

Camera

The fluorescence signal is detected by an Imager sCMOS (CMOS: complementary metal oxide
semiconductor) camera from LaVision. The camera in this work allows the resolution of
2560 x 2160 pixels with a pixel size of 6.5 um x 6.5 um. The relevant sensor size (active area)
amounts to 16.6 mm x 14.0 mm. At the highest resolution, the frame rate of 50 fps (50 frames
per second, which is 50 Hz) is available. The exposure time of 15 pus — 100 ms is given and
the detectable spectral range is from 370 nm to 1100 nm. The A/D converter of the CMOS
camera operates with the digital output of 16 bit.

3.1.5.2 Preliminary experiments

Before applying LIF in the tribometer, the fluorescence of the film of the oil/dye mixture was
examined as a function of some of the parameters that appear in the equations underlying the
image quantification, e.g., equation (2.10). The preliminary tests were performed in a
temperature-controlled thin-film cuvette shown in Figure 3.13.
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Figure 3.13: a) Schematic representation of a cut section of the thin film cuvette. b) Photo of the thin film
Cuvette.

The aluminum cylindrical equipment provides a well-defined OFT in a gap between the black
painted back plate and the quartz glass window supported by stainless-steel precision foils. In
order to avoid a leakage of the oil, the oil-filled space is sealed by O-rings and the stamp is
loaded by disk springs to ensure the surface contact of the back plate, precision foils and
window. By the help of three heating cartridges with closed-loop control, the temperature of
the oil film can be varied. It is placed in the tribometer instead of the PR/CL to maintain the
most same optical path as that in the experiment with the PR/CL assembly. The LIF intensity
is evaluated by averaging over a region of 7 x 5 mm.

Photobleaching

Photobleaching is the phenomenon that a dye permanently loses its ability to fluoresce due to
the photon-induced chemical damage. The fluorescence signal is gradually decreased during
the LIF imaging, when the dye is exposed to the high intensity laser light for a long time.
Shown in Figure 3.14, the photobleaching effect of the pyr 567 in a first-fill engine oil is
investigated in the thin-film cuvette with different laser fluences. The OFT and the dye
concentration are 20 um and 0.1 mmol/L, respectively, and the trigger rate is 100 Hz.
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Figure 3.14: Photobleaching of pyrromethene 567 with increasing number of laser pulses and different
laser fluences. (OFT = 20 pm, dye concentration = 0.1 mmol/L and trigger rate = 100 Hz)

43



3. Ol film thickness imaging on the metal cylinder liner

The relative LIF intensity scaled by the first point decreases overall as increasing the number
of laser pulses, i.e., by the time. After 0.12 x 10° laser pulses (2 minutes), each LIF intensity
exposed to the laser fluence of 0.6 and 0.8 mJ/cm? respectively does not decline, while the LIF
intensity exposed to the laser fluence of 2.0 mJ/cm? declines about 2 %. After 0.60 x 10° laser
pulses (10 minutes), the LIF intensity exposed to the 0.6 mJ/cm? fluence decreases 2 %, the
one exposed to 0.8 mJ/cm? decreases 3 % and the intensity exposed to 2.0 mJ/cm? is about
18 % lower than the initial fluorescence intensity.

The effect should be taken into account when the same oil/dye mixture is exposed consistently
to the high energy of the incident laser light. In this work, the in-situ calibration and the
recording of the flat-field image correspond to this case and thus, they are recorded in an initial
few seconds. In the case of the image acquisition with a rotating liner against a static PRS, the
photobleaching does not prevent the quantification, since the fresh oil/dye mixture is
continuously supplied onto the liner surface during its rotation. Furthermore, the trigger rate is
much lower during the rotation due to the phase coupled system (max. about 36 Hz with a
sliding speed of 10 m/s).

Laser pulse energy

As mentioned in chapter 2.1.3, equation (2.10), the fluorescence intensity has a linear
response to the input laser fluence (incident light intensity), when the fluence is small enough.
However, high laser fluence can cause a non-linear response (or “saturation”) in which the
fluorescence signal increases no longer linearly with increasing laser fluence. This may be due
to ground-state depletion, where missing fluorescent dye molecules can no longer absorb
additional photons or due to laser-induced effects in the excited state (such as further
electronic excitation, ionization, or photofragmentation) [151].
The saturation curve with the high laser fluence is often well fitted by the following
phenomenological equation [151] [152] [153] :

I (3.1)
“lo + Isar
where I is the fluorescence intensity, I, is the saturation fluence, I, is the initial intensity of

Ir = Al

the laser source and A is a fitting parameter, which includes the rest fluorescence factors.
Figure 3.15a shows the LIF intensity as a function of the laser fluence between 0.05 and
9.0 mJ/cm? with the OFT from 20 to 100 um. The constant dye concentration of 0.1 mmol/L
was here used. Similarly, at a fixed OFT of 20 um, the dye concentration was varied between
0.05 and 1 mmol/L and the laser fluence between 0.05 and 9.0 mJ/cm? in Figure 3.15b. Both
results were fitted by the equation (3.1), using a least-squares fitting. Every measured point
represents the result from a 100-shot averaged image. The measurement was carried out in
the thin-film cuvette at a room temperature (23 °C) with pyr 567.
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Figure 3.15: LIF intensity as a function of laser fluence a) with varied oil film thickness (with a dye
concentration of 0.1 mmol/L), b) with varied dye concentration (at an oil film thickness of 20 um).

As expected, the LIF intensity increases almost linearly at each OFT as well as each dye
concentration, when the laser fluence is sufficiently small. However, it deviates from the
linearity in the region of the high laser fluence. The saturation fluences I,,; from the equation
(3.1) are calculated during the curve-fitting to be about 1.4 — 2.3 mJ/cm?.

Nevertheless, the non-linear behavior of the LIF intensity for high laser fluence does not
prevent the quantitative calibration of the OFT based on the linear approximation from the
equation (2.10). As shown in the next paragraph, the linear approximation from the Beer-
Lambert law is valid as long as the laser fluence is constantly maintained during the
measurement. Considering the optic system setup and the signal-to-noise ratio, a laser fluence
of 2.5 mJ/cm? for chapter 3 and 13 mJ/cm? for chapter 4 were chosen.

Thin-film approximation

Based on the results in Figure 3.15, a thin-film linear approximation suggested by the equation
(2.10) is examined. Figure 3.16a presents the correlation between LIF intensity and OFT at a
dye concentration of 0.1 mmol/L. As discussed, series of experiments were performed under
various laser fluences in Figure 3.15a. For each laser fluence, the LIF intensity for all OFT was
scaled by that at 20 um OFT. Figure 3.16a shows the average with the error bars indicating
the standard deviation over the different laser fluences, while Figure 3.16b shows the
relationship between the LIF intensity and the dye concentration calculated from Figure 3.15b.
Again, the measured LIF intensity at each fluence was normalized by the measurement at 0.05
mmol/L. All experiments were performed at room temperature.
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Figure 3.16: Relative LIF intensity as a function of the a) oil film thickness (with a dye concentration of
0.1 mmol/L) and b) dye concentration (at an oil film thickness of 20 um). Error bars indicate the standard
deviation over different laser fluences.

These two series of experiments show that for all fluences examined here the LIF intensity
essentially is linear in OFT and dye concentration. Thus, the oil films are optically thin in the
sense that the linear approximation of the Beer-Lambert law presented in equation (2.10) is
valid in good approximation for to c-h < 20 ym-mmol/L. The vast majority of the measurements
in chapters 3-4 uses a dye concentration of 0.1 mmol/L while a few measurements for a flat-
field image or total internal reflection method adopt a dye concentration of 1.0 mmol/L.

Temperature dependency

In general, absorption and fluorescence — represented in equations (2.8 — 2.10) by € and ® —
and thus the fluorescence signal are temperature-dependent. Figure 3.17 shows the LIF
intensity from the oil/dye mixture (0.1 mmol/L, 20 ym thickness) measured as a function of
temperature normalized with respect to the signal at 22 °C.
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Figure 3.17: Relative LIF signal as a function of temperature (0.1 mmol/L dye concentration, 20 pm film
thickness).
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With respect to that base temperature, the signal at 80 °C is about 6 % lower and at 130 °C
about 25 % lower. This is in a good agreement with the results of Muller [42], who found that
the LIF signal of the same oil/dye combination decreased by 8 % when increasing the
temperature from 50 to 90 °C, but is inconsistent with the results of Wigger [18], who found
slightly increasing signal with increasing temperature with the same oil/dye combination, but
with a higher fluence of 30 mJ/cm?. This issue needs further investigation. In chapter 3.1.7, we
utilize the data represented in Figure 3.17 by multiplying LIF intensity acquired at room
temperature (e.g., the LIF intensity at standstill for the calibration in Figure 3.25a) by a factor
of 0.94 to account for the deviation in expected signal with respect to the tribometer
measurements at nominally 80 °C.

a7



3. Ol film thickness imaging on the metal cylinder liner

3.1.6 Image acquisition

Figure 3.18 shows the optical path of the experiment. Fluorescence was excited by a
frequency-doubled Nd:YAG laser at 532 nm, a maximum repetition rate of 100 Hz and about
10 ns pulse duration. A small fraction of the laser energy was detected by an online energy
monitor simultaneously with the acquisition of fluorescence images to correct for shot-to-shot
energy fluctuations. The beam was then expanded and formatted by a slit aperture to illuminate
the region of interest. Then, the beam was reflected by a dichroic beam splitter for coaxial
illumination and detection. The tribometer has a post that is in the way of directly illuminating
the optical access. Therefore, a mirror was installed on this post to redirect the light. Through
the glass window of the heater sleeve, the laser light was coupled into the periscope-like PRS
holder as shown in Figure 3.8 to reach to the oil film on the PR/CL contact. The fluorescence
light from the oil film passed through the beam splitter. A band pass filter with a transmission
wavelength of 572 nm and with a FWHM (full width at half maximum) bandwidth of 25 nm
provided further suppression of scattered excitation light, while fluorescence was detected by
a CMOS camera with a Nikon 200 mm macro lens at an aperture of f/4 and a 2x teleconverter.
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Figure 3.18: Optical path layout including periscope optic.
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Figure 3.19 is the photos of the experimental setup, which were schematized in Figure 3.18.
In order to show the PR/CL assembly better, the heater sleeve was removed here, but still the
(disconnected) hot-air heater is shown in the left photo. From the same reason, the metal
cylinder liner does not cover the sapphire PRS in the right enlarged photo.

Figure 3.19: Photos of the optic setup for image acquisition. (1) CMOS camera, (2) 200 mm macro lens
with a 2x teleconverter, (3) beam splitter, (4) laser guiding arm, (5) laser beam expansion, (6) slit
aperture, (7) tribometer post, (8) mirror, (9) hot-air heater, (10) metal cylinder liner and (11) sapphire
piston ring segment

RRV-tribometer laboratory shown in Figure 3.20 was equipped with the previous mentioned
systems to implement the optic measurement with the laser.

Figure 3.20: Setup in the RRV-tribometer laboratory. (1) RRV-tribometer, (2) camera and detection
system, (3) control PC for the tribometer, (4) laser guiding arm, (5) laser system, (6) control PC for the
detection system and (7) laser safety curtain.
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In an acryl booth, the RRV-tribometer and the detection system are assembled and positioned
to protect the laser cart from the possible spattered oil. A laser-guiding arm guards the excited
laser from the laser system on the cart to the measurement area in the booth. Behind the
booth, a control PC for the tribometer operation is placed. A laser safety curtain prohibits the
leakage of the laser light through the window for the safety. Another laser safety curtain
separates the area with the control PC for the detection system from the laser running area,
although the laser safety glasses are always used to protect the eyes.

Using a 2 mm grid paper as shown in Figure 3.21, the projected pixel size was measured. The
grid paper was positioned between the sapphire PRS and the metal cylinder liner and a slight
normal load was given to ensure the contact. The distances between two angular points were
calculated in pixel, averaged and compared to the metric grid size. The projected pixel size

was 5.75 um/pixel.
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LIF Intensity
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Figure 3.21: Determination of projected pixel size with 2 mm grid paper

3.1.7 Image processing

The raw LIF image I recorded by the camera is converted to the quantitative oil film thickness
H via equation (3.2). Here, capital letters indicate two-dimensional images and brackets < >
average over a series of 100 single shots. The terms in equation (3.2) are discussed in the

following.

H = (Ig—< Ipg >) ! erer 1
= Us— G : ) T 3.2
B < IFF,norm > € measured tcal ( )

Background correction

An average background image I is recorded without oil and dye but with laser excitation.
Subtraction eliminates the dark current of sensor, the A/D-converter-offset, and the possible
background or surroundings fluorescence. The recorded, averaged background image is

shown in Figure 3.22.
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Figure 3.22: Averaged background image with laser but without oil/dye mixture

Flat-field correction

The second step is a flat-field correction I that accounts for any inhomogeneity of the
instrument throughput across the field of view, which is essentially the product of laser intensity
I, and detection efficiency Q n. Here, an in-situ flat-field image is acquired.

Equation (2.10) shows that the detected LIF signal is a linear function of I, Q n if the oil film
thickness h approaches infinity:

Ai_r)glolfoccb'lo'ﬂ'r]. (3.3)
Here, an oil bath with a depth of 25 mm provides a nearly infinite OFT in comparison to that in
the PR/CL contact, less than 20 um. It was attached to a quartz liner by a heat-resistant silicon
adhesive as shown in Figure 3.23a and Figure 3.23b. PAO (poly-alpha-olefin), transparent
non-fluorescent base oil, was filled into the gap between the sapphire PRS and the quartz liner
as an immersion oil. The recorded flat-field image was normalized with respect to its average
intensity (for convenience) and this Iz ,,0,-m iS shown in Figure 3.23c.

a) Excitation 14 Emission ; 1.5 .
| >
Sapphire PRS __ i)
N . 5
Quartz liner | ' PAO 4 L=
! £ =
A Es =
Silicon > 3
seal 2 =
£
Oil+dye b S

Oil bath ' B 0

Black paint 5 s

Figure 3.23: a) Schematic sketch and b) photo of the flat-field acquisition. ¢) Flat-field image normalized
with respect to the average intensity.
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The images from two individual recordings were divided by each other as shown in Figure 3.24
and the intensity ratio distribution across the field showed a standard deviation of 5.4 %, which
may be taken as a rough estimate of the accuracy uncertainty associated with this method.

15 15 1.5

0.5

Normalized LIF intensity / -
Normalized LIF intensity /
Intensity ratio /

1 mm

0 0.5

0

Figure 3.24: Repeatability of the flat-field measurement. Intensity ratio distribution across the field and
its standard deviation of 5.4 %

Pulse-to-pulse laser energy fluctuation was accounted for based on the simultaneously-
recorded fraction of the pulse energy e. The ratio of e ,,,.4sureq tO the reference laser energy
erer (the average energy during the whole measurement) was multiplied with the flat-field

corrected intensity.
Absolute calibration

The in-situ calibration determining the ratio t.,; between the flat-fielded LIF intensity and the
OFT followed the technique proposed by Mdller [42]. The gap between the sapphire PRS and
the (honed metal) liner was filled with oil/dye-mixture and the PRS was loaded at stand still.
As shown in Figure 3.25, the calibration exploits the slight curvature of the PRS along the
vertical centerline A-B seen in Figure 3.10b.
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Figure 3.25: Procedure to determine the calibration factor t.,; using the slight curvature of the PRS
along the vertical axis via an affine transformation, shown here for the LDS liner. a) Measured and
filtered LIF intensity in the PR/CL contact, measured and curve-fit surface contour of the PRS, b) PRS
surface contour matched to the LIF intensity via the affine transformation, c) correlation between surface
contour and LIF intensity, and d) extrapolation of the calibration factor t.,; to zero normal load.

The background and flat-field corrected LIF intensity in a vertical section through the contact
zone (Figure 3.25a, blue trace) is compared to a second-order polynomial fit (red trace) to the
vertical surface contour of the PRS measured by confocal microscopy (Figure 3.25a, black
solid trace, also shown in Figure 3.10b.). The blue trace in Figure 3.25a shows the in-situ
measured LIF intensity in the case of the LDS liner. For this type of liner, the very high peak
intensities from the deep pores (black dashed trace) were partially suppressed by a
combination of a median filter and thresholding. The remaining fluctuations in LIF intensity
stem from the sum of the honing structure on the LDS liner and the surface roughness of the
PRS (see Figure 3.9 and Figure 3.10b). As discussed in section 3.1.2, the PRS holder can
pivot to compensate the eccentricity of the liner surface during the liner’s rotation. In order to
determine the unknown tilt angle 6 of the PRS and thus to fit the two measured traces to each
other, the affine transformation for a rotation and translation was used.
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cosf  sinf
—sinf cos6

[yr Zr] = ([y Z] - [l/z rpivot]) ' [ + [l/z rpivot] ( 34)

[Vr¢ 2] = [¥r 2] = [0 min(z,)] (35)
[y z] in equation (3.4) is a quadratic polynomial function from a least-square fit (Figure 3.25a,
red trace) to the measured surface contour from Figure 3.10b, while [ is the total LIF image
heightin y in Figure 3.25a (6.7 mm, see field of view in Figure 3.31a), and 7y, is the distance
from the PR/CL contact point to the pivot point of the PRS holder as shown in Figure 3.8a
(14.5 mm). With equation (3.4) the function [y, z,] is deduced by a rotatory (tilt) motion by an
estimated initial angle 6 about the pivot point. A possible z-offset after rotation (min(z,)) is
eliminated by the equation (3.5). Physically, this represents the fact that the PRS is pushed
against the liner. The transformation with rotation and translation is repeated iteratively to find
a least-squares-optimized 8 with respect to the measured, filtered LIF intensity. The red trace
in Figure 3.25b shows the transformed and optimized [y,., z|, which is in a good agreement
with the LIF intensity, apart from the small-scale fluctuations of the signal corresponding to the
sum of the honing structure and the surface roughness of the PRS. Figure 3.25c presents the
correlation between the LIF intensity and the transformed PRS surface elevation. The
calibration factor is determined as the slope of a linear fit to the data. However, the LIF
measurement is carried out in-situ under a finite normal load, which induces Hertzian
deformation, while the surface contour is measured by microscopy ex-situ unloaded. This
discrepancy between the loaded in-situ and unloaded ex-situ measurements is demonstrated
by Figure 3.25d, showing different slopes of fits from different normal loads. The final desired
calibration factor t.,; without any deformation is then obtained by extrapolating a least-squares
linear fit to zero normal load. t.,; for the LDS liner was 43 cts/um and 65 cts/um for the GG
liner. The difference between the values for the two liner surfaces is likely due to their different
reflectivity, which strongly influences the detection efficiency Qn (equation (2.10)) as discussed
by Wigger et al. [76]. Dividing the flat-fielded, energy-corrected intensity by the relevant
calibration factor yields the oil-film thickness H.

The entire image processing chain to quantify the oil film according to the equation (3.2) is
depicted in Figure 3.26 as a flowchart with some example LIF images.
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Figure 3.26: Flowchart of the image processing including background-, flat-field, energy corrections and
an absolute calibration.
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3.1.8 Effect of fluorescence stray light on measured minimum oil film thickness

As studied by Miller [154] and Obert et al. [77] [155], stray fluorescence from the surroundings
can falsely contribute to the region where the film thickness is relatively thin. Miller assumed
that the stray light occurred only from a far-off back wall and generated a kernel with which
images were corrected via direct inverse filtering. Obert first blocked illumination from reaching
the center region in the oil-filled PR/CL contact, where the minimum OFT is measured. They
determined that the detected intensity in the blocked region, i.e., that solely from stray light,
and the total fluorescence intensity in the surroundings have linear relationship. To suppress
this stray light, they limited the illuminated area — but thereby also the useful field of view — to
a narrow strip. Also in our work, the fairly weak LIF signal in the evaluation area may be
affected by the oil-filled surroundings, especially the inlet area. The stray light in the evaluation
area in this work could possibly result from the following reasons (Figure 3.27).
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Figure 3.27: a) Preferred LIF signal detection from the minimum OFT in the evaluation area without stray
light effect from the surrounding oil. b-f) Possible stray light sources in the evaluation area

d)

First, the fluorescence signal from the surroundings with relatively thick oil film could be falsely
detected in the evaluation area as shown in Figure 3.27b, since the fluorescence light is
emitted in various direction. This could contribute to the unwanted stray light effect severely,
because very weak LIF signal would be detected from the thin oil film in the evaluation area
due to the PR/CL gap geometry. Conversely, this false contribution from the surroundings to
the evaluation area would not occur, if the oil/dye could only exist within the evaluation area
as shown in Figure 3.27a or the evaluation area could be solely illuminated as conducted by
Obert [155]. Second, the stray light might be caused, since the absorption and emission
spectra of the pyr 567 are partially overlapped at around 530 nm as shown in Figure 3.12. A
part of the fluorescence emission from the surroundings could be thus re-absorbed by the dye
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molecule in the evaluation area (Figure 3.27¢) and an additional fluorescence from that could
be measured. Third, as Miller suggested, the fluorescence from the surroundings could be
specularly and/or diffusely reflected by the back wall, which is the liner’s inner surface in this
work (Figure 3.27d), and induce a false elevation of the detected signal in the evaluation area.
Fourth, if this fluorescence reflection from the surroundings would reach to the dye molecule
in the evaluation area like Figure 3.27e, it could be again re-absorbed and yield unwanted
fluorescence here. Finally, the incident laser light could be specularly and/or diffusely reflected
by the liner surface as in Figure 3.27f and this reflection could additionally excite the dye
molecule in the evaluation area. Hence, a method to correct the stray light intensity is
necessary for evaluating the minimum OFT in the evaluation area. The procedure applied here
has two steps:

1. Empirical calibration: Figure 3.32 and Figure 3.33 in the next chapter show that the leading
edge of the oil-filled zone in the inlet comes closer to the contact area with increasing sliding
speed. These different oil-filled surroundings can yield different stray light intensities in the
evaluation area and it was reproduced by blocking different portions of the laser beam in the
inlet region as shown in Figure 3.28 and Figure 3.29a. In the outlet region, the laser beam was
totally blocked, because Figure 3.32 and Figure 3.33 showed that the outlet area directly next
to the evaluation region was not fully filled and often the oil film was disrupted by the cavitation
pattern. We assumed that the stray light originates only from the leading edge of the oil-filled
zone in the inlet region. Blocking the incident laser beam was achieved by painting the PRS
black using a graphite lacquer. The width of the unblocked region next to the evaluation area
is designated as d (see Figure 3.28).

Laser
PRS
k\/’L Painted black
; Liner

Painted black

T Stray light

. —p .
. evaluation area

Oil-filled
(Paint removed)

Inlet Outlet

Figure 3.28: Photo of the partially black painted sapphire PRS using a graphite lacquer (left). Enlarged,
schematic field of view, which would be detected by camera (right).

For this measurement, the gap between the PR/CL was filled by the oil/dye mixture and loaded
to ensure contact between PR/CL in the standstill tribometer. Without the stray light, a similar
level of the signal (near zero) is expected in the evaluation area for each case, because the
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amount of dye in the evaluation area is the same for all cases. However, the data points in
Figure 3.29a show increasing signals in the evaluation area, caused by stray light, when
expanding the oil-filled surroundings.
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Figure 3.29: Empirical calibration of stray light. a) LIF images as blocking different portions of the laser
beam by black paint and the measured stray light intensity in the evaluation area. b) Relative stray light
intensity in the evaluation area as a function of d, width of the oil-filled zone next to the evaluation area,
in the PR/CL contact. Error bars indicate the standard deviation over four individual measurements.

The operation of manual removal of the painted black using a cotton swab was not trivial,
therefore, the two series of the trials were adopted to estimate the stray light intensity. The first
trial set (Figure 3.29a-i, ii, iii and iv) shows that the same portion of the laser beam was blocked
in the outlet region, while increasing d values were achieved in the inlet region. One defect
factor here is that the outlet region was not fully blocked and some stray light from this region
was additionally involved in the evaluation area. The second trial (Figure 3.29a-iv-2) shows
that the outlet region was almost fully blocked as intended, but we failed to remove the black
paint in the inlet region gradually, and only a fully filled inlet could be achieved. Here, the stray
light intensity deviation between the point iv and iv-2 in the Figure 3.29a graph is equivalent to
the stray light amount from the non-blocked outlet region in the first trial, which was not
intended. This deviation was subtracted from each stray light intensity in the first trial and the
result is designated as “estimated” points. Overall, the expected LIF signal from residual oil

due to the surface roughness o = \[Sf,ring + S, fmer [156] was estimated as Ipoughness = tear -

o and was subtracted such that only the signal due to stray light is shown in the graph in Figure
3.29a. The signals are normalized with respect to the highest stray light signal from the fully
filled inlet (point iv-2 in Figure 3.29a or point A in Figure 3.29b). The standard deviation over
four individual measurements at each width d was at most 6.4 %. The relationship between
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the stray light signal in the evaluation area and the width of the oil-filled zone d was
approximated as an exponential function determined by a least-squares fit to the data in Figure
3.29b.

2. Image correction: In each series of measurements, a standstill image with fully filled oil
without any blocked area was recorded before starting the tribometer (Figure 3.30a, in the
case of GG liner). We assume that at standstill the symmetrical surface geometry of the PRS
yields the same stray light signal from both the left and right side as indicated by the black
arrows in Figure 3.30a. Therefore, first Iggygnness IS Subtracted from the detected intensity
(Iget cg) In the evaluation area in Figure 3.30a and then the remaining intensity — presumably
solely from stray light — is divided by two: I4 s = (Iget,c6 — Iroughness) - 1/2 where I, gz now
corresponds to that in point A of the fit-function in Figure 3.29b that was generated with the
entire inlet region illuminated. The stray light intensity correction is then given by I.,rectea =
Lyncorrectea — lage * f(d). Here, d in the recorded images is determined by visual inspection.
The same procedure is also applied to images with the LDS liner.
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Figure 3.30: a) LIF image without blocked region (e.g., GG liner). b) Intended image for the point A in
Figure 3.29b with the effect of painted black in the outlet region.

When the leading edge of the oil-filled zone in Figure 3.32 or Figure 3.33 is not straight,
average width d was employed that can cause inaccuracy. Another uncertainty is the residual
surrounding signal that is not from between the leading edge of the oil film and the evaluation
area, for example, from the recirculating oil adhering to the PRS surface or on the liner as seen
in Figure 3.32 and Figure 3.33. We presume that this region has an insignificant effect on the
lateral center because the oil is only partially gathered and far away from the evaluation area.
Nevertheless, the corrected OFT especially at low sliding speeds should be discussed
carefully, because it has a relatively strong stray light correction due to the large d and low LIF
signal from its thin film.
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3.2 Results
3.2.1 Liner surface structures

With the basic checks from the preliminary experiments on some of the assumptions
underlying the measurement completed, the oil film in the moving PR/CL contact was
examined for different liner surfaces, loads, and velocities. Figure 3.31 shows the field of view
through a sapphire PRS. With about 3.8 x 6.7 mm (width x height), it is smaller than the whole
area of the PRS due to the space taken up by the mount and the sealing (red dotted box).
Example LIF images with oil-filled honing structures as well as surface pores are also shown
in Figure 3.31b-d. On the LDS liner in Figure 3.31b, black arrows point to oil-filled pores with
diameters of 50-80 um. White arrows in Figure 3.31d, which is partially enlarged from Figure
3.31c, indicate the honing structures at about 15 °© angle on the GG liner. The honing structures
are mostly less than 0.5 um deep according to the GG liner’s topography shown in Figure 3.9.
Hence, the optical system developed in this chapter is sufficient to image the oil-filled surface
structures on the conventional liner.
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Figure 3.31: a) LIF field of view through a sealed sapphire PRS. b) Example LIF image of the oil film on
the LDS liner. Arrows indicate the oil-filled pores. c-d) Example LIF image of the oil film on the GG liner.
White arrows point along oil-filled honing structures. T = 80 °C, Fn = 10 N, v = 0.5 m/s, exposure time =
1 ms, recording rate = 1.9 Hz in both cases. Note that c) and d) are on a different grayscale than b).
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3.2.2 2D-imaging of the oil film behavior

Figure 3.32 and Figure 3.33 present example single-shot LIF images of the oil film on each
GG and LDS liner with varied sliding speeds and normal loads. The direction of oil entrainment
is from left to the right. As mentioned above, every image was taken at the same position of
the cylinder liner by means of a rotary encoder, such that for example the position of the pores
in the LDS liner images appears fixed. In Figure 3.32 and Figure 3.33, the area from which the
minimum OFT was extracted, as analyzed in next sections, is marked by a white dashed box
of 0.17 x 1.16 mm near the lateral center.

GG liner

Inlet Outlet

= I
Evaluation 3
area 8 =
z Cavitatio ‘ # 2 : = : 6 2
= pattern : 3 i B S
© E
2 &
=

0

10
E
o
8 ~
7
Z 6 qc>
o X
™ S
—_ 4 L=
-Q -+~
£
2 =
=

0

10
€
3
8 =
®
Z 6 ac)
o X
© S
Ny
5 tE
£
2 =
B

0.5m/s 1m/s 3m/s 7 m/s 10 m/s

Figure 3.32: Quantitative LIF imaging of the oil film distribution on the GG liner within the PR/CL contact
with increasing sliding speed. Normal load Fn was varied from 10 to 60 N.
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LDS liner

Inlet Outlet

Evaluation 5 R
area 3 W . =2 F =S F W E s N

a)10N
Qil film thickness / pm

b) 30 N

Qil film thickness / um

c)60 N
Qil film thickness / pm

0.5m/s 1m/s 3m/s 5m/s 7 m/s 10 m/s

Figure 3.33: Quantitative LIF imaging of the oil film distribution on the LDS liner within the PR/CL contact
with increasing sliding speed. Normal load Fn was varied from 10 to 60 N.

Figure 3.32 and Figure 3.33 show that the minimum OFT in the contact area increases on the
both GG and LDS liners when increasing the sliding speed. In the inlet area, the leading edge
of the oil-filled zone can be seen, most clearly at low speeds. With increasing velocity, the
leading edge comes closer to the conjunctional region, that is, the load-carrying zone becomes
narrower, which causes an increase in local film pressure.

In Figure 3.32b at 5 m/s, ahead of the leading edge, blobs of oil adhering to the face of the
PRS are most clearly observed. The movement of features such as that labeled by the white
arrows in the image sequence of Figure 3.34a suggests that this oil flows in the direction
opposite to the liner’s sliding direction (reverse oil flow). The effect might be explained by the
results of Shahmohamadi et al. [28]. They calculated the velocity flow field in the inlet wedge
using CFD model and the result showed the recirculating oil flow and stagnation point as
depicted in Figure 3.34b. On the other hand, Wigger [18] speculated that the air boundary
layer, just above the inlet oil film and in front of the leading edge, cannot pass through the
closed olil film in the conjunctional area and thus a reverse airflow would occur. Its aerodynamic
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drag would pull oil out of the contact zone, and it then adheres to the PRS surface. In previous
experiments illuminating only the oil film adhering to the liner (via total internal reflection) [18]
and in the chapter 4.2.5, the reverse stream was not observed, which is consistent with the
interpretation that this volume of oil is adhering to the PRS and not the liner as in Figure 3.34.

Figure 3.32 and Figure 3.33 show that in the outlet area, film breaks up into horizontal stripes,
which is in agreement with previous studies [127] [157] [158] [159]. This is caused by cavitation
between the PR/CL in the diverging section where the pressure drops below atmospheric level
as depicted in Figure 3.35. According to Nouri et al. [160], the cavity formation and
developments shows different stages. First, the cavitation starts separately in several
nucleation spots and the initial cavities spread rapidly in fractal-like “fern” shape. After that,
they extend over the entire cavitation area, developing “fissure cavities”. Finally, these evolve
quickly into more stable “string” type cavities, which were detected everywhere in the outlet
region in Figure 3.32 and Figure 3.33.

Each vertical column at the same sliding speed shows the effect of increasing the normal load
from 10 N to 60 N. The minimum OFT in the contact area decreases, but much more so on the
GG than on the LDS liner. This will be discussed in more detail in section 3.2.3.
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Figure 3.34: a) Snapshots from a sequence of rotations (GG liner, T =80 °C, Fn =30 N, v =3 m/s). The
white arrows point to the evolution of a feature discussed in the text. b) Schematic representation of the
“reverse oil stream” phenomenon. Schematic recirculating flow in the oil film in the inlet region, a
stagnation point according to Shahmohamadi et al. [161], and oil transport against the sliding direction
by the reverse airflow according to Wigger [18].
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Figure 3.35: Schematic representation of the cavitation string phenomenon in the outlet region and
corresponding pressure distribution.
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3.2.3 Minimum oil film thickness compared to the Stribeck curve

Figure 3.36 (top row) shows the minimum OFT in the PR/CL contact along the increasing
sliding speed and (bottom row) the corresponding Stribeck-type curves. Both uncorrected and
stray light corrected OFTs are presented. The two different cylinder liners were compared and
the normal load was varied from 10 to 60 N. Each data point in Figure 3.36 (top row) shows
the mean value of 20 single images. Error bars indicate the standard deviation over the 20

images. The evaluation area is indicated by the dashed box in Figure 3.32 and Figure 3.33.
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Figure 3.36: Minimum OFT on the two liners in the PR/CL contact area with increasing sliding speed
(top) and the corresponding Stribeck-type curves (lubricant dynamic viscosity at 80 °C = 10.02 mPa*s)

(bottom).

The OFT has an overall increasing trend with increasing sliding speed up to 10 m/s. This trend
is more pronounced at lower loads. For the GG liner, at high sliding speeds (higher than 6 m/s
at 10 N, and higher than 7 m/s at 30 and 60 N), the oil film is destabilized und fluctuates.
Especially at 10 N this causes implausible OFT and the corresponding values were omitted in
the plots. This instability is also observed in the corresponding Stribeck curve at the same
sliding speed region after about 6 m/s. The oil film on the LDS liner was unstable as well at
10 N after 3 m/s, showing large fluctuations in the film thickness. A slight liner eccentricity might
be responsible for this instability. In the case of the LDS liner, the data at the lowest sliding
speeds show slightly thicker films than those at the next higher sliding speeds. This might be
due to the inaccuracies of the stray light correction as discussed above. At every normal load,
the OFT on the LDS liner is thicker than that on the GG liner (with the only exception at 30 N,
9 m/s due to the high OFT from the unstable film). Also, when increasing the normal load, the
minimum OFT decreases and thus the mixed regime becomes more dominant in Stribeck
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curves. However, the OFT decreases less when increasing the normal load with the LDS liner
than with the GG liner. We can now see quantitatively that with increasing load the minimum
OFT on the LDS liner is almost constant between 30 and 60 N.

As shown in Figure 3.37 and discussed by Shen [109], the difference in film thickness between
the two liners could be caused by the micro-reservoir system that the pores constitute.
Relatively little-connected pores on the LDS liner surface can retain the oil inside. This is
expected to create an additional hydrodynamic pressure to support the load, like tiny
hydrodynamic bearings. Thus, the effect can cause a thicker oil film and less asperity contact.
Whereas the rougher honing of the GG liner yields interconnected grooves, and the lubricant
oil cannot be locally stored under the pressure of the PRS and may be pushed ahead of it
within the grooves. This can lead to contact between the piston ring and liner and therefore, a
mixed lubrication regime may become more dominant in the case of the GG liner with its
interconnected texture.

ﬂ Piston ring PR Piston ring
= 7 B AT 7

p— -\
= Retained oil

Displaced oil >

a) b)

Figure 3.37: Schematic representation of the speculated oil behavior on the a) GG liner with displaced
oil in the interconnected, open grooves and b) LDS liner with retained oil in the pores generating
additional hydrodynamic pressure to support the load.

A comparison of unconnected and interconnected surface features by zum Gabhr et al. [107]
also showed larger OFT and an earlier transition to the hydrodynamic regime for the
unconnected features. This is also consistent with in the Stribeck curves in Figure 3.36Figure
3.32, bottom row. The pores on the LDS liner surface have a benefit for friction reduction at
high loads and low sliding speeds by an earlier transition between the mixed and hydrodynamic
regime. On the other hand, the pores do not have an advantage in friction when the oil film on
the GG liner is also in the hydrodynamic regime at high sliding speeds. In this regime, the
Stribeck curves show similar friction coefficients with both liners, even though the oil film on
the LDS liner is thicker than on the GG liner.
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3.3 Chapter conclusions

Via LIF through a sapphire piston ring segment and a periscope-like mirror arrangement in a
rotational tribometer, the OFT on a production cylinder liner was imaged with high resolution.
The influence of load, sliding speed, and liner surface structure on the oil film and its minimum
thickness within the contact area was studied. The effect of the stray fluorescence light from
the surrounding oil, which can cause a positive bias on the minimum OFT, was investigated
as well. Key observations are:

e With increasing sliding speed, the leading edge of the oil-filled zone at the inlet area
came closer to the contact area and the minimum OFT generally increased.

o A “reverse oil stream” in the inlet region as well as a cavitation pattern due to the
pressure drop in the outlet region was observed.

e With increasing normal load, the minimum OFT decreased, and the mixed regime
became more dominant in the Stribeck curves.

¢ The minimum OFT on the LDS liner was overall thicker than that on the GG liner. The
LDS liner showed better friction performance especially at high loads and low sliding
speeds. When increasing the load from 30 to 60 N, the OFT on the GG liner decreased
severely, but that on the LDS liner was nearly constant. The corresponding Stribeck
curves also showed an earlier transition between the mixed and hydrodynamic regime
with the LDS liner. Presumably, the unconnected pores on the LDS liner act as micro-
reservoir system to generate additional hydrodynamic pressure under the high load.
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4 Oil film around a cylindrical micropore visualized by
fluorescence microscopy

The chapter presents the oil film near a single surface texture (micropore) in an optically
accessible sliding contact reproducing the piston-ring/cylinder-liner contact in an engine. The
LIF results show that the pore carries oil to the starved outlet, creating a downstream “oil tail”,
whose morphology and volume are analyzed. Specifically, at low speed, the pore has a wider
tail containing a higher oil volume than at high speeds.

Some parts of this chapter were published as “Cheong J, Wigger S, Fuler H-J, Kaiser S. The
oil film around a cylindrical micropore in a sliding contact visualized by fluorescence
microscopy on a tribometer. Tribol Int 2022; 165: 107309”. Additional results are presented in
sections 4.2.5 and 4.3. | designed the surface textures, performed the LIF experiments, post-
processed, visualized and evaluated the results of the LIF data, wrote the original draft and
reviewed it. | redesigned the experimental apparatus supervising the student theses, “Florian
Botzenhart, Entwicklung einer Kalibriervorrichtung fiir ein Rotations-Reibverschleil3-
Tribometer, Bachelor’'s thesis, 2019” and “Erkan Akbas, Adaption eines hochauflésenden
optischen Messsystems an ein Kolbenring-Tribometer, Master’s thesis, 2019”.

4.1 Methods

4.1.1 90° rotated tribometer and redesign

In this chapter, the RRV tribometer is employed as modified for optical access by Wigger [18],
where the conventional metal liner in the initial setup (see Figure 3.1) is substituted with a
guartz one as shown in Figure 4.1.

Piston ring
segment holder

Metal piston
| Emission g ring segmen

Figure 4.1: Optical RRV tribometer which substitutes the conventional metal liner in the initial setup with
a quartz one.
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As described in more detail below, single micropores were laser-textured onto the inside of the
rotating quartz-glass liner with enough distance, representing a single feature in the porosity
on an LDS liner with an arc-wire spray coating.

Figure 4.2a shows the tribometer and optic setup in chapter 3. With this setup, the mirror had
to be installed on the post to redirect the light, since the post in the tribometer was in the way
of directly illuminating the optical access. It also did not allow a shorter working distance than
410 mm. However, an adoption of a long-distance microscope required a working distance of
97-122 mm for a high magnification. For this purpose, the PRS and its relevant parts were 90 °
rotated as shown in Figure 4.2b. The camera could be then positioned directly opposite the
PR/CL contact without the redirection mirror to detect the fluorescence signal. In order to avoid
the damage of the microscope lens, the laser light entered the region of interest not coaxially,
but at an angle of about 20 ° with respect to the surface normal. The rest of the reflected laser
beam was absorbed by the beam dump for safety. With this reconstruction, the working
distance of 122 mm could be achieved, which is enough for the required condition of the
microscope lens.

a) 310 mm Sl|t aperture
]
' PR/CL \ PR/CL
- = Excitation '
Emission
CMOS
<—> Working || Camera Mlcroscope
distance {
Beam - !
splitter * [100 mm 689«\
O

CMOS A ______
Camera %_ B

I Post — » Excitation P /.

. Emission ost

Laser| Mirror <—> Working distance

Figure 4.2: a) Schematic design of the RRV tribometer setup in chapter 3 with the redirection mirror on
the post and longer working distance. b) Schematic design of the 90 ° rotated RRYV tribometer setup
without the redirection mirror and shorter working distance.

In Figure 4.3, CAD models of the previous- and 90 ° rotated tribometer are shown. The
redesign and the adjustment procedures are described in more details in the appendix A.
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Figure 4.3: CAD model of the previous RRV tribometer setup (left) and 90 ° rotated RRV tribometer
setup with newly designed supplemental parts (right).
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4.1.2 Contact surfaces

Laser surface texturing was carried out on the polished inside surface of the quartz liner by the
Institute of Advanced Materials at the Karlsruhe Institute of Technology. This created micro-
size cylindrical pockets (pores) with a controlled topology, that is, with given diameter and
depth. On the liner, the pores were spaced at least 90° in rotational angle apart as shown in
Figure 4.4.

Polished Textured pore
inside surface

Running trace (inside) Quartz cylinder liner

Figure 4.4: Schematic sketch of the pore-textured quartz cylinder liner.

Figure 4.5 shows their topographies measured by confocal microscopy (uSurf, Nanofocus®).
Two pore diameters (D) were examined, 200 and 500 um, each with a depth (h) of about
40 um. The smaller pore represents those found on an LDS liner as shown in the previous
chapter 3, while the larger one is exaggerated in size and intended to provide a generic
comparison. Also, a variation in depth was considered with h = 2, 20, 40, and 80 um, all with
a diameter of 200 um. The pores in Figure 4.5a and b were on the same liner while those in
Figure 4.5c-e were on another liner.

A photograph of a PRS is shown in Figure 4.6 (left). The segment has a radius of 20 mm on
the contacting side, a typical top piston ring’s width of 2 mm, and a height of 10 mm. The
contact surface is coated with diamond-like carbon (DLC), like many conventional top piston
rings in an IC engine, and is essentially polished. Figure 4.6 (right) shows a surface topography
of the PRS measured by confocal microscopy. The red rectangle indicates the field of view
(FOV) in the fluorescence microscopy described next.
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Figure 4.5: Surface topography of the pores measured by confocal microscopy with nhominal diameter
(D) and depth (hdep) indicated. Each bottom graph shows a horizontal scan intersecting the pore’s center.
Note that the color scales and the depth scales vary between the sub-figures.

Figure 4.6: Photo of the metal piston ring segment (left) and its DLC-coated surface topography with the
field of view (FOV) (right).

4.1.3 Experimental parameters and procedures

Load and speed in the tribometer were set based on the values encountered in a typical
passenger-car sized IC engine, as described in chapter 3.1.4. Since this work focuses on the
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effect of the porosity near the piston reversal points, the experiments are performed at low
sliding speeds, from 0.1 to 4 m/s. Normal loads (Fn) are set to 10 and 30 N. OW-20 “first fill”
engine oil is sprayed onto the inside of the liner with a flow of 0.1 mm?2 per rotation at room
temperature (24 °C) with a kinematic viscosity of about 73 mm?/s. Figure 4.7 shows a Stribeck-
type curve measured in the tribometer using these operating parameters. It shows that the
mixed regime is up to about 0.3 m/s at 10 N and 0.5 m/s at 30 N.
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0.00
Sliding speed / m/s

Figure 4.7: Stribeck-type curves with a quartz liner and a metal piston ring segment for two different
loads.

4.1.4 Image acquisition

In order to image the micro-size pore with a useful magnification and working distance, a
refractive long-distance microscope from Infinity Co. (USA), was used (Figure 4.8).

Mounting clamp
CF-3 Objective

\

K2 main body

Figure 4.8: Long-distance microscope, model K2 DistaMax from Infinity Co. (USA).

The combination of K2 DistaMax and CF-3 objective (CF: close focus) allows a maximum
working distance of 122 mm. In order to achieve a higher magnification while maintaining the
working distance, a 2x teleconverter was mounted as well. The overall optic setup including
the long-distance microscope is shown in Figure 4.9 and Figure 4.10 .

73



4. Qil film around a cylindrical micropore visualized by fluorescence microscopy

Beam - p Excitation
splitter — Emission
‘‘‘‘‘‘ Beam
/ 4 expansion g aperture

Oil supply
20° TH '{bjective
(i

\ é'\r/]lj?j’a B Microscope | B
BP 572/25

2x Teleconverter ! :
66-3‘(“ i
aus Worki ’ Quartz
vorking cylinder liner
distance

Figure 4.9: Plan view of the optical path layout with RRV tribometer, laser, camera, long-distance
fluorescence microscope and working distance.

Figure 4.10: Photo of the optic setup. (1) CMOS camera, (2) long-distance microscope, (3) laser guiding
arm, (4) laser beam expansion, (5) slit aperture, (6) PR/CL assembly and (7) beam dump.

In this chapter 4, the basic optical system (laser, dye, filter, camera, phase coupling) follows
that in chapter 3 as already described in chapter 3.1.5. As shown in Figure 4.9, the excited
laser beam at 532 nm with a laser fluence of about 13 mJ/cm? and about 10 ns pulse duration
is partly reflected to an energy monitor to correct shot-to-shot energy fluctuations, and the
remainder is guided to the experiment and formatted to illuminate only the PRS. Light enters
the liner at an angle of about 20° with respect to the central axis of the microscope. The dye in
the oil absorbs part of the laser light and emits red-shifted fluorescence. The fluorescence
passes through the quartz liner and is imaged on a CMOS camera (LaVision Imager sCMOS)
by a long-distance microscope (Infinity K2) with the objective lens CF-3 [162]. The working
distance from the front face of the lens to the oil film is about 120 mm. A band-pass (BP) filter
with a center wavelength of 572 nm and a full width at half-maximum bandwidth of 25 nm
suppresses scattered laser light. A rotary encoder synchronizes the optical system with the
liner's rotational angle for stroboscopic illumination. At a given angle, series of 20 images are
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recorded. Successively incrementing that image acquisition angle allows assembling pseudo-
time series of the pore passing through the contact zone. The pixel size is calculated with the
same method used for Figure 3.21 and is 1.28 pm/pixel. The corresponding image
magnification is 5.1 with the 2x teleconverter.

Image resolution test with MTF (modulation transfer function)

In order to analyze the performance of optical systems, the modulation transfer function (MTF)
is commonly used. The MTF is a measurement of its ability to transfer contrast at a particular
resolution from the object to the image. In other words, MTF is a way to incorporate resolution
and contrast into a single specification. Among many different methods to measure the MTF,
a slanted-edge method specified in ISO Standard 12233 [163] measures the MTF of a digital
image acquisition device by analyzing the image data of a simple knife-edge target captured
by the device. The estimated MTF is not multidirectional, that is a function of the horizontal or
vertical spatial frequencies [164]. In this work, a high precision stainless-steel foil, which has a
sharp edge, is placed between the PRS and the quartz cylinder liner at a standstill. The oil/dye
mixture is filled in a wedge-like gap and the slightly tilted PRS is loaded against the liner. This
in-situ MTF measurement procedure is basically same as the in-situ absolute calibration
method suggested in Figure 4.13a. The only difference is the angle of the slanted and placed
precision foil that is larger than 0°. The precision foil is placed in both orthogonal directions as
shown in Figure 4.11a and c. Scott et al. [165] and Jones [166] argued that the edge slanting
is to obtain phase offsets in different cross-sections of the same edge. These phase offsets
are used to calculate an oversampled edge profile, allowing for detection of frequencies near
and above Nyquist. Thus, the slant angle is enough when it passes across a minimum number
of sampling pixels to obtain the phase offset. In general, a slant angle of about 5° is often used
[167]. However, in this work, it was not possible to capture an image with an edge close to 5°,
since the inserting and positioning of the small piece of the precision foil on the PRS was
challenging. As a result, larger slant angles than the typical ones were adopted as shown in
Figure 4.11a and c.
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Figure 4.11: In-situ MTF analysis using slanted-edge method in orthogonal directions. a) LIF image with
the first direction of the precision foil. b) MTF curve from the red box in a. ¢) LIF image with the second
direction of the precision foil. d) MTF curve from the red box in c.

Each LIF image used for the MTF analysis (Figure 4.11a and c) was the ensemble average of
100 single shots, background- and flat-field corrected. The analysis was performed in an open-
source code [168] via Matlab. On the images, a small region (red box), which covers the
slanted edge and near the lateral center, was selected for the MTF analysis. The latter
condition allowed choosing an area that the oil/dye possibly did not exist between the liner—
foil-barrel shaped PRS while being loaded (see Figure 4.13b). The size of the selected region
was about 30 x 25 pixels. The computed MTF results are shown in Figure 4.11b and d; each
MTF50 value (the frequency, where MTF is equal to 50 %) was calculated as 0.12 cycle per
pixel (cy/pixel) for the first slanted direction and 0.14 cy/pixel for another direction. In addition,
the frequency associated with the 10 % MTF response point (MTF10) can be understood as a
limiting resolution of an optical system [163]. In this work, we obtained the first direction’s
MTF10 value of 0.24 cy/pixel that is a spatial resolution limit of 5.3 um to distinguish a pair of
white/black lines (5.3 um/cy), since the pixel size is 1.28 um/pixel (chapter 4.1.4). The other
direction showed the MTF10 of 0.29 cy/pixel, which is equivalent to 4.3 um spatial resolution
limit. The region (red box) for the MTF analysis was determined by the visual inspection and
the repeatability of the region selection caused about 2.7 % inaccuracy over three individual
selections for the MTF 50 value.
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4.1.5 Image processing

As discussed in chapter 3.1.7, the OFT is calculated from the recorded raw LIF image Is via
equation (3.2). This section focuses on additional aspects and modifications relevant for the
chapter 4: the specific method for obtaining the “flat field”, the absolute OFT calibration,
morphological image processing to extract relevant image features, and an assessment of
inaccuracies caused by the inevitable strong stray light.

Flat-field correction

The flat-field correction accounts for inhomogeneity of the instrument sensitivity across the
image. Figure 4.12 shows the flat-field image acquisition. An oil bath of 20 mm depth is
attached to the inner side of the quartz liner with a silicon adhesive (Figure 4.12a and b).

a) Oil bath c) 1.3

1.2

Black paint

Silicon Oil+dye 1.1
seal
0.9
Quartz : 0.8
liner Iy 1 mm

a1 §0.7

Normalized LIF intensity / -

Excitation Emission

Figure 4.12: a) Schematic sketch and b) photo of the experiment for the flat-field acquisition. c) Flat-field
image normalized with respect to its average intensity.

To ensure complete absorption, the dye concentration is here increased to 1.0 mmol/L. The
laser energy is decreased to 30 % by an attenuator to keep the camera sensor from saturating,
while minimizing the change in the spatial laser energy distribution (less than 3 % with respect
to the full-energy one). For convenience, the recorded flat-field image is normalized with
respect to its average intensity. This <Izp,,r-n> IS shown in Figure 4.12c. To assess the
accuracy of the flat-field correction, averaged flat-field images from two individual recordings
were divided by each other. This ratio image had a standard deviation of 2 % across the field
of view. Fluctuations in the energy of the laser shots are removed based on the ratio of each
shot’'s measured energy e pcqsureq t0 the reference energy e,..¢. It then remains to calibrate

the field-corrected images in absolute OFT.
Absolute calibration

Figure 4.13a shows the method used for that. A small piece of 20 um thick precision shim foil
was inserted near the top end of the PRS, the gap between the PRS and liner was filled with
oil/dye mixture, and the PRS is slightly pressed against the liner. Because of the pivot point in
the PRS holder (see Figure 4.1), the PRS can tilt and create a wedge-like gap whose
background and flat-field corrected LIF image is shown in Figure 4.13b.
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Figure 4.13: a) Schematic sketch of the in-situ absolute calibration. b) LIF image from the absolute
calibration experiment. c¢) Relationship between the measured LIF intensity (solid line) and the
theoretical OFT. The slope of the linear fit (dashed line) corresponds to the calibration factor.

The LIF intensity was plotted against the computed gap height (i.e., OFT) along the center line
indicated in Figure 4.13b. At the high magnification used here, only the area near the top end
of the PRS was imaged. Six individual measurements were carried out. The results are shown
in Figure 4.13c and Table 4.1.

Table 4.1: Measured calibration factors (tca)) from the measurements in Figure 4.13c.

Remeasurement | Slope (tca) / cts/um Offset / cts
1 83.5 -89.7

2 79.8 -7.5

3 78.3 28.6

4 80.0 68.0

5 77.0 60.4

6 83.0 -38.4
Average 80.3 cts/um 3.6 cts
Standard deviation | 3.2 % 61.0 cts

In Figure 4.13c, each data series (solid line) was least-squares fitted with a linear function
(dashed line), yielding a slope that is the calibration factor t., . The average is t.q, =
80.3 cts/um. The standard deviation over the repeated measurements is 3.2 %. The average
offset in LIF intensity is 3.6 cts, which corresponds to 0.04 um, with a standard deviation of
61.0 cts, or about 0.8 pm.

Oil tail segmentation and net volume calculation

Figure 4.14a shows a typical LIF image of the OFT in the PR/CL contact with a pore. As will
be discussed in more detail in chapter 4.2, oil is sucked out of the pore due to the sub-ambient
pressure in the diverging outlet region and deposited downstream, a phenomenon we call “oil
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tail’. The oil tail means more oil is behind the pore than in the regions above and below it that
are notinfluenced by the pore. To quantify this additional volume of oil — the “net oil tail volume”
(nOTV) —, a combination of morphological and photometric image processing was employed.
Figure 4.14 presents this post-processing with example images.

a) b) Oil tail ROI
Sliding direction

e) Segmentation

L f) Net oil tail
0 10 20 30 40

Oil film thickness / ym

/ mm

Figure 4.14: Image segmentation of the oil tail. a) Typical LIF image of the OFT in the PR/CL contact
with a pore and the extracted oil tail, b) cropped region of interest including the entire oil tail, c) gross olil
tail image with the pore masked out, d) example cavitation strings formed without pore, €) segmentation
of the oil tail image, f) net oil tail image.

First, a small region of interest (ROI, red solid box in Figure 4.14a and Figure 4.14b) that
includes the entire oil tail is selected by visual inspection. Horizontally (in x-direction), the ROI
extends from the PR/CL gap minimum (dash-dotted line in Figure 4.14a) to where the oil tail
emanates from the pore. Second, the edge of the pore and thereby the pore’s position is
determined more accurately from the intensity along the horizontal ROI centerline indicated in
Figure 4.14b (white dotted line). With the pore position and the known pore diameter, the image
area corresponding to the pore itself can be masked out (Figure 4.14c). Since the bright
fluorescence light scattered from oil in the pore causes a bright and falsely bigger pore
boundary, the masks were chosen 50 um larger in diameter than the pores. Third, the average
OFT in ROIs directly above (as shown in Figure 4.14d) and below the pore is subtracted from
Figure 4.14c. This accounts for the oil that would have been present without the pore. Next, a
segmentation of the image isolates the oil tail from the background, as shown in Figure 4.14e.
For that, a threshold is found based on clustering the pixel histogram into two Gaussian
distributions as proposed by Bo et al. [169]. Figure 4.14f shows the resulting foreground image,
from which the nOTV can be calculated by area-integration of the OFT multiplied with the
projected pixel size (1.28 um x1.28 um). Similarly, the gross oil tail volume (gOTV) and a
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corresponding cavitation string volume can be calculated by multiplying the foreground mask
with Figure 4.14c and d, respectively.

4.1.6 Assessment of the stray light effect

Adjacent regions of high fluorescence intensity can falsely add signal to the region of interest
[77] [154] [155]. This is termed “stray light effect” here. (Note that this is fluorescence. Stray
light at the laser wavelength, i.e., elastic scattering, is completely blocked by the filter in front
of the camera).

The oil gathered on the PRS holder and at both edges of the PRS (Figure 4.15a and Figure
4.16a, features labeled (i) and (ii)) can cause stray light due to its much greater thickness.

- | b) PRS holder

| iI gathered
Polished Gathered

on PRS holder i (i . __— Gathered
quartz liner e il 3 oil (ii)
Quartz \\\ i‘\
liner \ E N\ Black
‘\\ : \ A ducttape
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Piston ring ==» Excitation \ ! s LY
segment -==» Unwanted/ \ Feature (v)

- \Wanted emission in Figure 4.16¢

Figure 4.15: a) Photo of the in-situ stray light measurement using a black tape on the liner to block part
of the laser beam. b) Schematic sketch of this measurement showing the unwanted residual emission
remaining when the laser illuminating the oil gathered at (ii) is blocked.

We assessed the contribution from this stray light by shielding the two sides, i.e., the regions
() and (ii), with black tape on the quartz liner in two separate experiments. This yields the
images in Figure 4.16b and c, where the tape-covered regions are indicated by (iii). Despite
the tape cover, some unwanted stray light was still detected, as shown in Figure 4.16b-(iv) and
Figure 4.16c¢-(v). This is due to the non-coaxial illumination, as illustrated schematically in
Figure 4.15b for the residual fluorescence feature labeled (v) in Figure 4.16c.
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Figure 4.16: In-situ measurement of the stray light effect. a) None of the gathered oil is covered. b-c)
The oil gathered at (i) or (ii) is shielded from laser illumination. d-e) OFT differences between a and b or
a and c. Note that the color scale is different from that used in a-c. f) Total stray light effect by sum of d
and e. Below the image is average profile along the x-axis. Sliding speed is 0.5 m/s and normal load is
10 N.

Nevertheless, this residual light is less than 10 % of that detected in the same region without
the tape cover. Figure 4.16d and e show the result of subtracting these images from that with
complete illumination. The sum of these, shown in Figure 4.16f, is an estimate of the total
excess OFT due to stray light from both outer sides of the PRS. The vertical average of the
excess OFT is shown in the line plot below the image in Figure 4.16f. According to that, the
left-most 0.50 mm and the right-most 0.15 mm are considerably affected by stray light, while
the region inside of these limits, which is of most interest for an analysis of the oil tail in the
contact zone, has a systematic error in the OFT of about maximum +0.3 um. In principle, it
would be possible to correct for the stray light based on the results shown in Figure 4.16f, but
in practice the oil accumulation upstream and downstream of the PRS varies, and with that the
exact value of the bias introduced by the stray light also varies. We thus refrain from such a
correction but use the insights from the stray light analysis to guard against possible errors in
interpreting the OFT images.
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4.2 Results

First, the results from the pores with 40 um depth and 200 and 500 um diameter are presented.
The image timing, i.e., the position of the pore with respect to the PR/CL gap minimum, the
sliding speed, and the load were varied for both pore diameters. In addition to a qualitative
comparison of the images within each variation, the main quantitative metric of interest is the
oil tail volume. For the variation in pore depth — 2, 20, 40, and 80 pum — at a diameter of 200 pm,
only data at a single load and speed are considered.

4.2.1 Spatiotemporal evolution of the oil tail

Figure 4.17 presents the typical oil film behavior in and around a pore with diameters of 200 um
(top row) and 500 um (bottom row) as it slides through the region under the PRS. Here, the
sliding speed is 0.5 m/s and the normal load is 10 N. The liner with the pore moves from the
left to the right. p indicates the pore position, i.e., the distance of the pore center from the
PR/CL gap minimum.

40

Outlet

a) D200
S
Oil film thickness / pm

+0.1 mm +0.7 mm +1.1 mm +1.3 mm

b) D500
Oil film thickness / um

Figure 4.17: Spatiotemporal evolution of the oil tail. p indicates the pore position from the dash-dotted
PR/CL gap minimum. The dotted lines in the top row’s right-most image exemplarily indicate the regions
near the PRS edge where the measurement accuracy is significantly reduced by stray light, as shown
in Figure 4.16f. Sliding speed = 0.5 m/s, normal load = 10 N. Pore diameter x depth = a) 200 x 40 pm,
b) 500 x 40 pm.

The overall film behavior was discussed in the previous chapter 3. Here, with higher-resolution
images available, we focus on the area near the pore. In the top row of Figure 4.17 the pore is
0.7 mm upstream of the PR/CL gap minimum (p = -0.7 mm) and just enters the region under
the PRS. QOil is being drawn into the pore (i). This corresponds to the “inlet suction” mechanism
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[98] [99]. The relative sliding motion of the surfaces yields a sub-ambient pressure in pores
that are under the inlet edge, and more oil can be brought into the contact region than would
be without the pores. At p = -0.1 mm, the pore almost reaches the minimum PR/CL gap (dash-
dotted line). The entire pore is now fully filled with oil (ii), since the LIF-measured OFT inside
the pore matches its depth (see Figure 4.5a). At p = +0.7 mm, the pore has left the contact
area and enters the outlet region in the diverging PR/CL gap with its typical cavitation strings
(iii). Oil is being extracted from the pore due to the pressure drop and deposited downstream
of the pore in the form of an oil tail (iv). In this oil tail, the oil fully fills the space between the
PR/CL surfaces. The streamwise pressure distribution in this situation has been simulated by
Profito et al. [127]. More noticeable development of the oil tail (v) happens at p =+1.0 mm, and
the pore is being emptied. We can now see more clearly that the tail tapers downstream and
ends in a fan of cavitation strings. The contiguous full-film part of the tail does not reach all the
way downstream to the minimum gap location anymore. In final image of this stroboscopic
sequence, the pore has just left the region under the PRS (vi) at p = +1.3 mm (in the full FOV
it is still visible, thus its center position can be precisely assigned). The oil tail is now separated
from the pore. The white dotted lines in this image indicate the regions near the PRS edge
where due to stray light the measurement is expected to significantly overestimate the OFT,
as shown in Figure 4.16f. Conversely, inside these boundaries, the OFT — in particular that in
the oil tail — can be quantified accurately. Fortuitously, the detachment of the oil tail from the
pore as it leaves the region under the PRS means that very little of the oil tail is in this lower-
accuracy region.

The bottom row in Figure 4.17 shows a sequence with a pore with a diameter of 500 um. At
p = -0.5 mm, the oil being dragged into the pore is seen collecting along the pore’s edge (i). At
p = +0.1 mm, the pore center is almost under the gap minimum, but apparently due to the
pore’s larger size it is not fully filled with the oil. The oil is accumulated in the pore in the
opposite direction of the liner movement (ii) because of the shear. In the outlet region, the
spatiotemporal evolution is qualitatively similar to that for the smaller pore in the top row. The
oil tail develops (iii) until the pore leaves the region under the PRS. Compared to the case with
200 pm pore diameter, for 500 um the absolute width of the oil tail is greater but its width
relative to the pore diameter is less. We attribute this to the fact that in the converging zone
the larger pore is not completely filled, such that subsequently the oil tail does not emanate
from the pore’s entire diameter but only from the smaller chord near the trailing edge of the
pore.

4.2.2 Influence of sliding speed on the evolution of oil tail volume

Figure 4.18 presents the spatiotemporal evolution of the nOTV as a function of the pore
position for a normal load of 10 N, varying the sliding speed and pore diameter. The slightly

83



4. Qil film around a cylindrical micropore visualized by fluorescence microscopy

different positions of the pore for each data point (determined from the images) stem from
temporal jitter in the stroboscopic image acquisition.

For both pore diameters and all sliding speeds, with increasing pore position from the PR/CL
gap minimum the nOTYV first increases very little, but beyond about p = +0.3 mm the increase
is much greater until the pore approaches the outlet edge of the PRS at p = +1.2 mm. Except
for the last 0.1 or 0.2 mm before the PRS edge, the increase in volume for p > +0.3 mm is
approximately linear in all data series. This corresponds to a constant volume flow out of the
pore per sliding distance.
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Figure 4.18: Spatiotemporal evolution of the net oil tail volume (nOTV) when the sliding speed is varied
from 0.1 to 4 m/s. a) Pore diameter x depth = 200 x 40 um, b) 500 x 40 um. Normal load = 10 N. Note
that the scaling of the ordinate differs between a) and b).

We now consider the results for the two pore diameters in more detail, starting with the 200 um
pore (Figure 4.18a). Here, for sliding speeds between 0.5 and 4 m/s, the volume flow is similar
with about 8x10* L/m, but at 0.1 m/s it is 12x10* L/m. The volume of the 200 um pore is
7.5x10°% um?® calculated from the topography shown in Figure 4.5a. However, for 0.1 m/s Figure
4.18a shows a group of (grey-colored) data points near p = +1.1 mm that are above that
volume. This is physically implausible, since it implies that more oil came out of the pore than
it could have held. In fact, for 0.1 m/s, the oil tail detaches from the pore very late (this can be
seen in Figure 4.19), which means that some of it is in the near-edge region where stray light
leads to an overestimation of the measured OFT. Nevertheless, the outflow from the pore at
0.1 m/s is significantly greater than at the higher speeds. At a normal load of 10 N, 0.1 m/s is
in the mixed lubrication regime (see Figure 4.7). Based on results from numerical modelling,
Profito et al. [127] argued that the mixed regime can generate higher hydrodynamic pressure
in such a pore than the hydrodynamic regime. Since the pressure difference between the pore
and the surrounding outlet region drives the oil extraction [75], this would be consistent with
the greater oil tail volume for 0.1 m/s. On the other end of the speed range examined here, the
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data for 4 m/s scatter much more than the lower-speed ones. This implies that the oil-tall
formation is less stable at this speed.

For the 500 um pore (Figure 4.18b), the general trends in sliding speed are the same: the
nearly linear increase in nOTV is similar for all sliding speeds but significantly greater for
0.1 m/s, and the data scatter much more for 4 m/s than for the lower speeds. However, in the
case of the larger pore, even the largest nOTV found in Figure 4.18b, 13x10° um?, is still much
less than the pore volume of 70x10° um3. This is consistent with the images in Figure 4.17 that
show that the pore is never fully filled. Finally, Figure 4.18b shows the linear trend in nOTV to
continue all the way to p = +1.2 mm, whereas Figure 4.18a shows a decrease in slope near
the PRS edge. However, this is because even when the pore center has left the area under
the PRS, for the larger pore, some parts of it are still under the PRS, and in particular in the
region that shows positive bias in OFT due to stray light. Thus, the partial flattening of the data
series towards the PRS edge seen for in Figure 4.18a is taken to be more accurate than the
steeper continuation seen in Figure 4.18b. Finally, we note that the data for a normal load of
30 N (not shown here) are very similar to those for 10 N.

4.2.3 Influence of sliding speed and load

Figure 4.19 shows single-shot images of the oil film around a pore at a fixed pore position for
variations in load, speed, and pore diameter. The horizontal width of each image is the entire
width of the PRS. A pore position of p=+1.0 mm was selected since the oil tail is well-
developed at this position, but not yet influenced much by the edge of the PRS.
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Figure 4.19: Cropped single shot images of the oil tail at about p = +1.0 mm with sliding speeds between
0.1 and 4 m/s. Normal load and pore sizes as indicated above each column. Pore depths are 40 um.

Overall, the trends in the morphology of the oil tail as a function of sliding speed are similar for
all combinations of load and speed. The oil tail is wider and less ruptured by cavitation at lower
sliding speeds. The amount of oil remaining inside the pore increases with increasing speed.
In particular for the lower load, 10 N, it is obvious that the oil film under the PRS is much thinner
for 0.1 m/s than for the next faster speed, 0.5 m/s. This makes the oil tail visually stand out
much more than at the higher speeds. The oil distribution inside the pore at 0.1 m/s also
appears qualitatively different in that very little oil remains, and all of it is found near the trailing
edge of the pore. The tail itself is wider than at faster speeds, while the OFT in the tail appears
similar, which means that the marked difference in nOTV with sliding speed, quantified in
Figure 4.18 and Figure 4.20, is due to the difference in lateral morphology. Concerning the
influence of load on the oil tail, the detachment of the tail from the pore seen at higher speeds
is slightly more pronounced at the higher load. Aside from that, there are only slight
morphological differences between 10 and 30 N that can be discerned in these example single-
shot images. However, for 30 N load, the oil film in the outlet region remains very thin up to
1 m/s speed, while at 10 N this is only the case for 0.1 m/s. In other words, the contact is more
lubricant-starved at higher load. Thus, we can expect that the relative benefit from the pore
distributing oil into the contact zone is greater in the case of 30 N.

Figure 4.20 plots the three oil volumes determined according to the procedure described in
Section 4.1.5: gOTV (represented by the bar’s total height), the volume in the cavitation strings
in an area of the same size but vertically neighboring the oil tail (top section of the bar), and
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nOTV (bottom section of the bar). The nOTV is the difference between cavitation-string volume
and gOTV and should be equal to the volume extracted from the pore. Error bars indicate the
standard deviation in nOTV across 20 single shots.
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Figure 4.20: Oil volumes at about p = +1.0 mm, i.e., the position also shown in Figure 4.19, with different
pore sizes and normal loads. The gross oil tail volume corresponds to the entire bar height that is divided
into neighboring cavitation string volume (top, gray) and net oil tail volume (bottom, blue). The error bars
indicate one standard deviation across the 20 images acquired with the stroboscopic timing set for p =
+1.0 mm.

With few exceptions, Figure 4.20 shows that the nOTV decreases with increasing sliding speed
for both loads, while the gOTV does not show any clear trend. Thus, the net effect of the pore
is greatest at the lowest speed, where it increases the local amount of oil by a factor of 5.3 -
7.9 with respect to the cavitation string volume. At 4 m/s the presence of the pore barely
doubles the locally available oil volume. These observed results are consistent with the
previously reported enhanced tribological performance with textured pockets in the reversal
zone in reciprocating contacts and the finding that the friction reduction due to the micro-scale
surface texture (pocket) occurs only in the boundary and mixed regimes [74] [170] [171] [172],
although through a different mechanism, macro-scale texture can reduce the friction in the
hydrodynamic regime [173]. The errors bars, representing the standard deviation across each
20-shot data set, are mostly largest for the highest speed. Part of this is due to the fact that the
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spatiotemporal jitter is greatest at the highest speed, since each bar in Figure 4.20 represents
the measurements at one particular stroboscopic image timing that actually results in certain
spread in the pore position p. Nevertheless, Figure 4.18 shows that the real scatter in at 4 m/s
is in fact significantly larger than at all other speeds. Consistent with the qualitative
observations in the single shots in Figure 4.19, also the multi-shot means in Figure 4.20 show
that the higher load of 30 N does not correspond to a significant difference in the nOTV. Also
consistent with the picture that has emerged thus far, Figure 4.20 shows sub-linear scaling of
the nOTV with the pore diameter. Averaged over all sliding speeds, the nOTV from the 500 pum
pore is only about 1.8 and 2.0 times greater than that from the 200 pm one for 10 and 30 N
normal load, respectively.

4.2.4 Influence of pore depth

In Figure 4.21, the influence of the different pore depths from h = 2 - 80 um on the oil tail is
shown at a fixed pore position, as in Figure 4.19, for a speed of 0.5 m/s and a load of 10 N.
The 2 um deep pore has very little effect on the oil film. The single shot presented here shows
slightly wider cavitation strings near the contact zone. Apparently, the oil volume in this pore is
too small. In contrast, all deeper pores yield a distinct oil tail. For the 20 um deep pore, the tail
is partially detached, while for 40 and 80 um it is completely attached, even though (due to
jitter) in the particular single shots shown for these latter two depths the pore happens to be
slightly further from the contact zone than for the 20 um shot. The tail from the 80 um pore is
the most contiguous, least ruptured one, but the general morphology of the oil tails from the
40 and 80 um deep pores is very similar. Figure 4.21 also shows that from h = 20 to 40 to 80
pim the pore contains an increasing amount of residual oil. The close-up in the bottom-right of
Figure 4.21, where the color scale has been adjusted to avoid clipping, shows that also for h
= 80 um this residual oil is in an arc near the downstream edge of the pore. If we assume that
the ideal “100% efficient” pore would be fully filled in the converging zone, and exactly fully
emptied in the diverging part, the increasing amount of residual oil means decreasing efficiency
of the pore with increasing depth. However, the 20 um deep pore is already empty at p =
+1.0 mm even though another 0.2 mm remain to the outlet edge. To quantify some of these
observations, the ensemble-average oil volumes are shown in Figure 4.22.
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Figure 4.21: Cropped single shot images of the oil tail at about p = +1.0 mm with different pore depths
as indicated. Sliding speed = 0.5 m/s, normal load = 10 N, pore diameter D = 200 um. The square
images on the right each show the region with the pore at higher magnification and adjusted ranges of
the color scale.
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Figure 4.22: Oil volumes at about p = +1.0 mm, i.e., the position also shown in Figure 4.21, with different
pore depths. The gross oil tail volume corresponds to the entire bar height that is divided into neighboring
cavitation string volume (top, gray) and net oil tail volume (bottom, blue). The error bars indicate one
standard deviation across the 20 images acquired with the stroboscopic timing set for p = +1.0 mm. See
text concerning the missing data point at a pore depth of 2 pm.

Figure 4.22 shows that the nOTV induced by the pore monotonically increases with pore depth,
but with decreasing slope. The nOTV from the 2 um deep pore shown in Figure 4.21 was not
evaluated here, since the segmentation of the oil tail via thresholding could not be performed
in a meaningful and reliable fashion. This is because for the 2 um deep pore at this position,
the morphological features of the cavitation strings dominate the oil tail, as Figure 4.21 shows.
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Nevertheless, because of this apparent lack of influence of the pore on the oil film, we may
gualitatively assign to the 2 um deep pore a near-zero nOTV and a cavitation string volume
similar to that of larger pores. With this qualitative assignment for the shallowest pore in mind,
the nOTV shows an asymptotic trend with the most substantial increase from 2 to 20 um depth,
while that from 40 to 80 um is insignificant. In the literature, there are works that investigated
the influence of the depth-over-diameter (DOD) ratio of surface textures as a design parameter
for improving lubrication [111] [174]. A DOD ratio of 0.10 - 0.18 was found to maximize the fluid
pressure in contact zone. In our case, that would be a depth between 20 and 36 um. This is
consistent with the results shown in Figure 4.22 in that this is in fact the range where on one
hand the nOTV is still sensitive to changes in pore depth, and on the other the pore contains
enough oil to generate a continuous oil tail throughout almost the entire contact zone.

4.2.5 Comparison to total internal reflection fluorescence (TIRF)

In order to distinguish the oil film on the liner from that adhering to the PRS surface, imaging
with total internal reflection fluorescence (TIRF) was additionally performed. This method has
been used also by some authors [18] [78] to visualize the oil adhering to the cylinder liner wall.

Figure 4.23a shows the optical path layout using TIRF with a long-distance microscope. To
achieve TIR, compared to the layout shown in Figure 4.9, the laser beam direction was
changed to an indirect illumination, which resulted in a decreased laser energy illuminating the
oil in the PR/CL contact.
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Figure 4.23: Indirect illumination using a total internal reflection method. a) Its optical path layout with a
laser, long-distance microscope, camera and RRV tribometer. b) Schematic sketch of the total reflection
principle showing an excited/detected- as well as non-excited/non-detected oil.

Thus, a tenfold increased dye concentration of 1.0 mmol/L was used to obtain a sufficient
fluorescence intensity. Except for that, the setup and operating conditions are same
maintained as shown in Figure 4.9 and Figure 4.10. The laser light enters the quartz liner. The
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angle of the incident laser beam is adjusted such that total internal reflection occurs: where the
beam encounters a glass/air interface at an incidence angle, 6, greater than the critical angle
6., the light is completely reflected within the glass. The critical angle given by Snell’'s law is
6. = sin~(n,/n,), where, n; and n, are the refractive indices of quartz glass and air, which
are 1.45[175] and 1.00, respectively. As shown in Figure 4.23b, in some regions the laser light
encounters the glass/oil interface. In this case, it can mostly penetrate into the oil, because the
refractive indices of quartz glass and oil (1.4 - 1.5 [176]) are very similar. However, the oil film
only adhering to the piston ring surface cannot be excited and detected, since the beam is
again completely reflected at the oil/air interface.

Figure 4.24 shows LIF images analogous to those in Figure 4.17, but now imaged via TIRF.
These images qualitatively evaluated because they are neither background nor flat-field
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Figure 4.24: Total internal reflection fluorescence (TIRF) images of the oil film behavior and the temporal
evolution of the oil tail. Operating conditions are the same as Figure 4.17: sliding speed = 0.5 m/s,
normal load = 10 N. Pore diameter x depth = a) 200 x 40 um, b) 500 x 40 pum.

Overall, the oil film behavior around the pore is comparable to that seen from “standard” LIF.
One of the most dissimilar features is the area near the cavitation strings (Figure 4.24a-(i)).
The random oil attached and collected on the PRS surface, not on the liner, is not visible, while
it is observed in the back of the cavitation strings as a blurred oil film in Figure 4.17 and Figure
4.19. This confirms that TIRF is working as intended. The other dissimilar feature in
comparison to Figure 4.17 is the oil inside of the pore. In Figure 4.24a-(ii), it seems like the
pore is never fully filled by the oil, which disagrees with Figure 4.17a. For the pore with a bigger
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diameter, this disagreement is observed in Figure 4.24b-(i) and (iii) as well. This is not a
physical phenomenon but could stem from the direction of the indirect laser beam, its relatively
weak energy per area, and the increased dye concentration. As shown in Figure 4.23b, the
internally reflected laser beam enters the region under the PRS from the PR/CL diverging side,
i.e., outlet. Thus, the oil in the pore absorbs the laser light mostly from the outlet to the inlet.
However, the combination of the low laser energy and the high dye concentration can yield
nearly complete absorption. The laser light cannot reach the oil that lies more in the inlet
direction in the pore. The results with the larger pore are consistent with this. In that case, the
laser beam first enters the very thin oil film adhering on the outlet side’s inner wall of the pore
in Figure 4.24b-(ii) or (iv). It is mostly reflected at the oil/air interface since the pore is not fully
filled, as shown in Figure 4.17b. Nevertheless, a small portion of the laser light reaches the oil
in Figure 4.24b-(i) and (iii), but it can excite only the oil near the interface and is mostly
absorbed due to its weak energy. It is thought that the actual oil distribution in the pore is
identical in Figure 4.24b-(i) to (iv) and in Figure 4.17b. Finally, the features of the oil tail are
very similarly in Figure 4.24a-(iii) and Figure 4.24b-(v) and in Figure 4.17. This indicates that
the oil in the oil tail fully fills the space between the PR/CL surfaces and thus, simple Couette
flow with shear occurs here.
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4.3 Application in a single-cylinder optical engine
4.3.1 Experimental set-up

The measurement method using the fluorescence long-distance microscope is applied to an
optically accessible single cylinder research engine (Figure 4.25). The engine is based on the
2.01 version of the Mercedes-Benz M274 gasoline engine. Relevant engine parameters are
listed in Table 4.2.

Figure 4.25: Photo of the optically accessible single cylinder research engine [18]. a) Front and b) side
view.

Table 4.2 Engine parameters

Displacement [cm?] 498
Compression ratio 9.8
Bore [mm] 83
Stroke [mm] 92

Fuel injection Piezo DI
Max. speed [min-] 6000
Max. load (IMEP) [bar] 14

For optical access, parts of the cylinder on the thrust and anti-thrust side were replaced with
two honed sapphire windows (height: 105 mm, width: 16 mm) as shown in Figure 4.26 and
described in more detail in [42]. Previous and concurrent experiments in our group used
fluorescence imaging over all or a large portion of these windows to investigate the behavior
of oil and fuel and their interaction with the gas phase [90] [91] [177] [178] [179]. Now that we
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have established LIF microscopy in the RRV tribometer, it may be interesting to see what oil-
film features these previous investigations with lower magnification might have missed.

Figure 4.26: Photo of the sapphire window for an optical access on the thrust side and piston rings in a
single cylinder optical engine (left). Honing structure on the sapphire window (enlarged). Inside view of
its cylinder liner, where a part was replaced with a honed sapphire window, shown without a piston
(right). [42]

The honing structure was measured by confocal microscopy and is presented in Figure 4.27.
The surface structures are intermittently connected showing a groove-like formation; however
also present are some non-connected micropore-like characteristics in like on the honing
structure on the conventional GG liner shown in Figure 3.9.

pm

Figure 4.27: Surface topography of the honing structure on the sapphire window in a single cylinder
optical engine measured by confocal microscopy, uSurf (Nanofocus®).

Figure 4.28 shows a side view of the optical path and Figure 4.29 a photo of the experiment
setup. The detection method using LIF and the long-distance microscope is the same as
discussed in chapter 4.1 and 4.2. Thus, the magnification and pixel size are almost the same,
but the result images in chapter 4.3.2 are not cropped, since the ROI is equal to the whole
FOV. Here, the laser fluence is changed to about 140 mJ/cm? and a dye concentration of about
0.07 mmol/L is used. The lubricant is a non-fluorescent, low-additive poly-alpha-olefin (PAO)
with a HTHS viscosity of 3.61 mPa*s. The temperature of this oil is 50 °C. One image is
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acquired per cycle, with the vertical elevation of the imaging train and the crank angle of the
engine determining the position of the 2.7 x 3.2 mm field of view relative to the piston and its

rings.

— o EXcitation

Figure 4.28: Side view of the optical path layout with optical engine, laser, camera and long-distance

O

fluorescence microscope.

Figure 4.29: Photo of the optical setup with optical engine. (1) Laser guiding arm, (2) laser beam shaping,
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(3) sapphire window, (4) long-distance microscope, and (5) CMOS camera.
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4.3.2 Results

Figure 4.30a shows a typical LIF image from the previous work in our group [42] with a field of
view covering the whole window. Figure 4.30b and c are example LIF images recorded in this
work with a long-distance microscope at a similar crank angle and with similar engine operating
conditions. Figure 4.30b and ¢ each were acquired in separate experiments.
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Figure 4.30: LIF images of the oil film in the optical engine. a) Typical image from the previous work [42]
showing the entire window length (110 °CA bTDC, 2200 min, fired engine operation, anti-thrust side,
compression stroke IMEP =7.2 bar). Oil film measured in this work. b) Near the top ring region (103 °CA
bTDC) and c) near the oil control ring region (89 °CA bTDC) with a high magnification (2000 min-, fired
engine operation, thrust side, compression stroke, injection pressure = 250 bar, IMEP = 5 bar).

For Figure 4.30a, the entire length of the sapphire window was detected with low image
magnification, which enabled investigating the macroscopic oil film behavior. On the other
hand, Figure 4.30b and c resolve details of the oil film behavior near each piston ring. Note
that Figure 4.30b and c are on a different color scale (the latter image being actually much
brighter), and that a background correction was performed, not a full quantification. In these
images from the compressions stroke, the piston is moving upward as indicated by the arrow
in sub-figures b and c.

In Figure 4.30b, a sort of “blowby” effect is detected (i), showing the downward oil movement
from the first land to the top ring towards the second land as reported in [42]. The cavitation
strings in the outlet region are also observed (ii), as detected in the PR/CL contact of the RRV
tribometer. Figure 4.30c shows details of the shape of the expander and the two rails of the oil
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control ring. Over the course of the experiment, the ring shows a slight rotation, translating
features along the piston diameter, here in a leftward direction. The oil scraped off the liner is
pushed downwards during the upwards piston motion and thus the accumulated oil in the
expander (iii) is also seen.

The LIF image in Figure 4.31 was recorded at lower sliding speed (i.e., slower engine rpms)
and higher normal load (caused by higher in-cylinder pressure). Note that the color scale differs
from Figure 4.30b. The red dashed lines indicate the directionality of the surface texture on the
sapphire window, which is similar to honed, but mostly non-connected (see Figure 4.27). The
oil tails’ starting points are along these red dashed lines, although they are relatively short due
to the structures’ shallow depth. Nevertheless, we can see that the ail is carried from inlet to
the outlet via the surface textures and extracted in the outlet region, just as observed in the
tribometer. The consistency of the results between the different experiments — engine and
tribometer — confirms the wide range of applicability of the high-resolution LIF imaging

developed here.
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Figure 4.31: LIF image of the oil film near the top ring region in a single cylinder optical engine.
(1000 min-1, 119 °CA aTDC, fired engine operation, thrust-side, expansion stroke, IMEP = 10 bar)
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4.4 Chapter conclusions

This work presents quantitative fluorescence microscopy imaging of the oil film around a single
cylindrical micropore on a quartz liner pressed against a metal piston ring segment in a
rotational tribometer. Each laser-made micropore was meant to be a single generic
representation of the many irregular surface features on spray-coated cylinder liners. Two
different pore diameters were compared, both with a pore depth of 40 um. 200 um diameter
are more representative of the characteristic dimensions of pores in spray coatings, while
500 um are larger. For a diameter of 200 um, the pore depth was varied from 2 to 80 um.

In the images, an “oil tail”’, extracted from the pore and deposited downstream of it in the
diverging PR/CL gap, was detected. Its spatiotemporal evolution as well as net volume under
varied conditions, such as different pore diameters, sliding speeds, and normal loads, was
studied. The measurement bias from fluorescence stray light from oil accumulated at the PRS
edges was evaluated. Significant observations can be summarized as follows:

e When the pore enters the region under the PRS, the oil is drawn into the pore, which
might represent the ‘inlet suction’” mechanism that can increase the overall load
carrying capacity. After the pore passes through the minimum PR/CL gap, the oil is
extracted from the pore due to the pressure drop in the diverging gap and the oil tail is
developed by the lubricant shear.

e The extracted oil tail volume increases with increasing sliding distance of the pore from
the PR/CL gap minimum. The initial increment, when the pore just passes the gap
minimum, is very small, but the increment becomes much greater and approximately
linear until the pore approaches the outlet edge of the PRS. The lowest speed
corresponding to the mixed regime shows the largest oil volume flow per sliding
distance.

e Lower sliding speed results in a wider and less ruptured oil tail. Its net volume after the
same sliding distance shows the tendency that the lower the speed is, the more the oll
is extracted from the pore. This trend is very gradual for sliding speeds of 0.5 m/s and
above, but the lowest sliding speed of 0.1 m/s resulted in a marked increase in oil
extraction.

e Increasing the load from 10 to 30 N does not yield a significant difference in the
morphological features of the oil tail nor its volume. However, since for higher load the
mixed lubrication regime visibly persists to higher speeds, the pore may be particularly
beneficial over a wider range of conditions.

e For a depth of 40 um, the pore with a diameter of 200 um is fully filled by the oil under
the minimum PR/CL gap, while with a diameter of 500 um the pore is not fully filled,
and subsequently oil is not extracted from the full width of the pore, but rather from a
section of its trailing edge. The oil tail from the bigger pore is wider in absolute width
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and has a greater volume than that from the smaller one, but neither increase is
proportional to the characteristic dimensions of the pore. In particular, the oil tail volume
increases by a factor of 1.8 to 2.0, which is less than the 2.5-fold increase in diameter
and much less than the than the 6-fold increase in volume. This sub-linear scaling is
attributed to the differences amount and location of oil in the pore. The decreasing trend
of the oil tail volume with increasing speed is similar for both pore diameters.

e For pores with a diameter of 200 um, the oil tail volume increases with increasing depth
up to a depth of 40 um, while an 80 um deep pore retains much of its oil fill and does
not yield any further increase in tail volume.

o Forthe geometry and among the cases investigated here, a pore with 200 um diameter
and 20 - 40 um depth is close to ideal at 10 N load and 0.1 m/s sliding speed. However,
because of experimental limitations (for example, the spatial resolution of the imaging
system and the texturing capabilities), this optimum parameter set is also in part at the
limits of the investigated parameter space.

e Given that the 200 um pore is more representative of the microscopic texture of a spray
coated liner, the results suggest that the surface porosity created by such a coating
might work best near the piston reversal points (top and bottom dead center in an
engine). In fact, this is also where an improvement in lubrication would be most
beneficial, since it is here that the reciprocal motion necessarily causes mixed-regime
friction.

e The detection system with the fluorescence long-distance microscope was applied to
an optical single-cylinder engine. The results were consistent with those in the RRV
tribometer. This approach allows imaging the microscopic oil film behavior within the
piston assembly group from the top piston ring to the OCR with high magnification and
resolution.
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5 Temperature imaging in the oil film by a ratiometric two-
color, two-dye fluorescence scheme

The chapter presents the initial development of a technique for two-dimensional temperature
measurements in oil films by means of a two-color, two-dye fluorescence ratiometric method.
The oil doped with two dyes is excited by a blue LED, and the dyes’ fluorescence, whose
temperature dependencies are different, is detected by a long-distance microscope in two
separate spectral bands. The intensity ratio between the two bands is independent of the oll
film thickness, while the temperature is indicated by the intensity ratio. An initial demonstration
with the heated, thin oil film in the sliding PR/CL contact is presented.

This chapter has not been published previously elsewhere. The dye selection is based on a
spectral investigation at the Institute for Energy and Materials Processes (EMPI, formerly IVG)
— Reactive Fluids, some of which is reported in the Master’s thesis of Heimrath [180].

5.1 Methods

5.1.1 Fluorescence excitation and detection for LED-based temperature
measurements

LED

In chapter 5, a RGB-LED (LZ4-00MCO00 from LED Engin) is chosen as a light source instead
of the 532 nm Nd:YAG laser in chapters 3 and 4. This is because one of the dyes, Lumilux CD
345, cannot be excited by the 532 nm light and also the high energy of the laser can damage
the front objective in the long-distance microscope in coaxial illumination (see chapter 5.1.2).
Thus, a blue chip in the LED, which shows the highest peak of the spectral power at around
460 nm, is employed. It is operated continuously, i.e., not pulsed, to obtain the maximum light
output, with a forward voltage of 3.4 V yielding a current of 0.6 A. A camera exposure time of
100 ms is set.

Dye and filter

Preliminary work [180] suggested that a suitable dye combination for the aforementioned LED
is lumilux CD 345 and pyr 597 with a dye concentration of 0.5 mmol/L for each dye.

CD 345 absorbs the blue LED excitation (at around 460 nm) as shown in Figure 5.1a and emits
fluorescence, while the absorption spectrum of pyr 597 and the LED excitation overlap only in
a narrow spectral region (Figure 5.1b).
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Figure 5.1: Absorption spectra of Lumilux CD 345 and pyrromethene 597 at different temperatures
measured by EMPI, Duisburg-Essen University with a spectrofluorometer.

Little reabsorption by the pyr 597 occurs in this work, since our experimental results in chapter
5.1.3 show the characteristics of an optically thin system. Nevertheless, the detected emission
intensity of the pyr 597 is comparable to that from the CD 345, presumably due to the following
reasons: first, the molar absorptivity of the pyr 597 is generally much higher than that of the
CD 345. Thus, the absorption of the pyr 597, which occurs only in the small overlap region with
the LED, could be substantial and the emission from that would be sufficiently high. Second,
as shown in Figure 5.2, the filter for the pyr 597 (red channel) covers much wider spectral
region than that for the CD 345 (blue channel) and the sum of the fluorescence intensity of the
pyr 597 might be comparable to that of the CD 345. Figure 5.1 also shows that the absorptivity
of both dyes decreases slightly with increasing temperature.

The emission spectra of the selected dye combination at different temperatures are shown in
Figure 5.2. To separate the temperature-insensitive and temperature-sensitive regions, a
band-pass (BP) 520/40 nm and a long-pass (LP) 550 nm filter were employed in the blue and
red spectral channel, respectively. In the red channel, the fluorescence intensity at the peak
wavelength decreases from 30 to 60 °C by about 35 %, while it is almost constant in the blue
channel. A beam splitter at LP 458 nm was chosen, since a blue LED with peak emission at
443 nm was initially to be used. However, a brighter blue LED with a peak emission at 460 nm
as shown in Figure 5.2 were finally employed, because the detected LIF signal was
insufficient. To avoid a possible scattered light from this LED in the blue channel, a BP
460/60 nm was additionally used on the excitation side.
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Figure 5.2: Spectral features of excitation, filter, beam splitter, fluorescence emission of the dye mixture
with Lumilux CD 345 and pyrromethene 597 (dye concentration of 0.5 mmol/L for each dye) at different
temperatures and two detection channels.

Photobleaching

As discussed in chapter 3.1.5.2, a dye can permanently lose its fluorescing ability when it is
exposed to high-intensity light for a long time. Thus, a photobleaching test was carried out.

1 01 T [ T " T ] T ] T | T
B —— Recording rate 8.333 Hz

1.00

Rel. fluorescence intensity / -

099 1 | 1 | 1 | 1 1 1 | 1
0O 20 40 60 80 100

Time / sec

120

Figure 5.3: Photobleaching test of a dye mixture (pyr 597 and CD 345 with a concentration of 0.5 mmol/L
for each) within 120 sec (i.e., recording of 1000 images with 8.333 Hz recording rate) with continuous
operating condition of the LED 460 nm.

As depicted in Figure 4.13, a precision foil with a thickness of 20 um is inserted near the top
end of the PRS and the oil between the PR/CL gap at a standstill is illuminated continuously
by the LED 460 nm. At 8.333 Hz, 1000 images were recorded in 120 sec. The detected
fluorescence intensities in the small area near the top end of the PRS, which has a film
thickness about 20 um, were evaluated and normalized by their initial value. The result is
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plotted in Figure 5.3. Degradation or photobleaching did not occur, and Figure 5.3 shows the

fluctuation of the LIF intensity is only £0.2 % in time.

5.1.2 Experimental arrangement and parameters

The experiment is conducted in the RRV tribometer as described in chapter 4. The system
with its optical path is presented in Figure 5.4, and Figure 5.5 shows a photo of that.
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Figure 5.4: Top view of the optical path of the imaging system with LED, tribometer, and long-distance
microscope in coaxial illumination.

Figure 5.5: Photo of the optic setup. (1) CMOS camera, (2) long-distance microscope, (3) filter wheel,
(4) PR/CL assembly, (5) heater, (6) LED, lenses and apertures.

The LED light at about 460 nm is formatted in Kohler-illumination, as typical in low-coherence
microscopy. After passing through BP2 (460/60 nm clean-up filter in Figure 5.2), it is reflected
towards the oil film by the 45° beam splitter (LP 458 nm, spectral feature in Figure 5.2). It
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passes through the front objective (CF-3, Infinity USA), the heater window, and reaches the oil
film in the tribometer. This test rig will be discussed below. The fluorescence light from the oil
passes through the beam splitter, a filter wheel, the main body of the long-distance microscope
(K2, Infinity USA) and a 2x teleconverter and is detected by a CMOS camera (Imager sCMOS,
LaVision). The projected pixel size is 1.18 pum/pixel and only the area near the top end of the
PRS (about 2.5 mm height) is imaged due to the high magnification with fluorescence
microscopy. A single camera captures two series of fluorescence images sequentially while
the BP (blue channel) and LP (red channel) filters are changed in the filter wheel. Each series
of images (100 for the calibration and 500 for the results) — one image per liner rotation — is
acquired for averaging and further processing. Thus, this system is limited to examine steady-
state flows.

The optical RRV tribometer is placed in the heater as shown in Figure 5.4. The configuration
of the tribometer is the same as discussed in chapter 4 (Figure 4.1), but only the inner surface
of the quartz liner is polished, without pores. The sliding speed is varied from 1 to 2 m/s and
the normal load (Fn) is maintained at 5 N. The lubricant oil used in this chapter is PAO, and it
is sprayed onto the inside of the liner at 0.1 mm? per liner rotation. Hot air is supplied in the
heater box and the temperature is controlled with a thermocouple embedded in the PRS near
its surface. The temperature is gradually increased from the room temperature (24 °C) to
60 °C.

5.1.3 Image processing including stray light correction and calibration

The image processing carried out prior to the temperature calibration is described by:

1
{(< Igp > — <lggr >) m} “(1 = Xstray,r) (5.1)

Ratio = 1
{(< Isp > — <lpgp >) m} (1= Xstray,p)

where capital letters indicate two-dimensional images and brackets < > average over a series
of 500 (for Is) or 100 (for the rest) single shots. The terms in equation (5.1) are discussed in
the following.

Background and flat-field correction

I; indicates the recorded raw LIF image, and the background image I, recorded without oil
and dye but with LED excitation is subtracted from that. As a second step, it is divided by the
flat-field image Iz (see chapters 3.1.7 and 4.1.5).

In order to acquire the flat-field image, the same method using an oil bath was employed as in
Figure 4.12, but the incident light from the LED illuminated the ROI coaxially (Figure 5.6a).
Comparing to Figure 4.12, the dye concentration and the illuminating energy are not
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specifically adjusted for the flat-field acquisition and I is not normalized. Figure 5.6b and c
present the recorded flat-field images in each blue and red channel.
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Figure 5.6: Flat-field image acquisition. a) Schematic sketch, b) flat-field image in blue channel and c)
in red channel.

Stray light correction

The next step is to correct the stray light from the high fluorescence intensity in adjacent
regions to the ROI. The in-situ measurement method of the stray light is very similar to that
described in chapter 4.1.6 and will be here only briefly described focusing on the modified parts
and results (Figure 5.7).
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Figure 5.7: Stray light correction at standstill. a) Non-blocked image. b) Measured stray light intensity.
c) Proportional stray light effect (b divided by a) in blue channel. d) Proportional stray light effect in red
channel.

For Figure 5.7b, a black tape on the liner blocks the gathered oil at both edges of the PRS (like
the regions (i),(ii) in Figure 4.16) from the LED illumination. We note that this was performed
in current work at standstill, since the maximum exposure time of the camera (100 ms) to
collect enough fluorescence intensity is too long to capture the edge of the black tape with a
typical sliding speed of the liner of 1 or 2 m/s. The intensity difference in the ROI between the
non-blocked (Figure 5.7a) and blocked images can be considered as the stray light (Figure
5.7b). To correct this, a proportion of the stray light across the field, Xsuay, is calculated in Figure
5.7c (Figure 5.7b divided by Figure 5.7a). By multiplying 1- Xsray With each result image as in
equation (5.1), the stray light is corrected and the discrepancy of the gathered oil amount
between standstill (stray light measurement) and rotation (result image with oil flow) can be
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also minimized. Figure 5.7a-c show the examples in the blue channel (B subscript in the
equation (5.1)). The same process is also performed in the red channel (R subscript in the
equation (5.1)), and its stray-light proportion is shown in Figure 5.7d. Finally, the stray-light
corrected image in the red channel is divided pixelwise by that in the blue channel for the
Ratio. Here, a slight image coordinate discrepancy between the two channels caused by a
physical offset between the BP and LP filter setup in the filter wheel is corrected in DaVis 8.4.0
(LaVision) program with a 3rd order polynomial function. In comparison with Figure 5.7c (blue
channel), the area near the minimum gap in Figure 5.7d (red channel) shows a stronger stray
light effect. This is probably caused by near-region-reabsorption, similar to Figure 3.27c. The
unwanted emission from the regions (i) and (ii) in Figure 4.16 (stray light) plays the role of an
external excitation light source in addition to the LED. Here, the mixture of the CD 345 and pyr
597 emits the light, and as the emission spectrum of the CD 345 overlaps the absorption
spectrum of the pyr 597, only the pyr 597 is excited. The closer the area is to the minimum gap
region, the stronger this near-region-reabsorption effect is due to the PR/CL gap geometry, as
will be shown in Figure 5.8b.
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Temperature calibration

To convert the ratio distribution into the temperature distribution by the equation (2.17), it was
first examined whether our system is optically thin or thick according to Figure 2.13, Figure
2.14, and [38] [52], using the vertical and horizontal PR/CL gap geometries at standstill.

In Figure 5.8a, we employ the vertical gap at the lateral center of the PRS. As shown in Figure
4.13, the PRS is tilted by a precision shim foil with 20 um thickness as well as by a pivot motion
of its holder and pressed against the liner. The fluorescence intensity along the lateral
centerline from the filled oil is plotted with the computed gap height (theoretical OFT). The
measured data and its linear fit curve show linearity, which denotes that our system is optically
thin in the sense of the Beer-Lambert law.
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Figure 5.8: Verification of an optically thin system. a) Vertical PR/CL gap with a tilted PRS and the
linearity of the fluorescence intensity against OFT in the blue channel. b) Ratio along the horizontal
PR/CL gap at different temperatures. Solid lines are measured, and dashed lines are the average ratio
in the area over 2.5 um thickness.

Again, the intensity ratio along the horizontal PR/CL gap (Figure 5.8b) also shows the
characteristic of the optically thin system. Here, for the temperature calibration, oil film images
are recorded at standstill, with the film uniformly heated for each set point temperature between
24 and 60 °C and the images processed with the equation (5.1). The averaged ratios across
the PRS length are filtered and plotted in Figure 5.8b from the minimum gap height (determined
by Figure 5.7a) to the gap of 10 um thickness (calculated by the radius difference of the
PR/CL), i.e., within the red box in Figure 5.8b. The intensity ratios mostly show an
independence on the OFT in the area over 2.5 pm thickness, while the area where the OFT is
less than 2.5 um presents OFT-dependent and higher ratios than the aforementioned area.
This may originate from the following factor: As already shown in Figure 5.7c and d, the outer
stray light effect on the region where the OFT is extremely thin (near the PR/CL minimum gap)
appears more in the red channel than the blue one. We note that the outer stray light is from
the gathered oil in the adjacent regions of the ROI (the regions (i) and (ii) in Figure 4.16).
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Although we corrected this outer stray light according to the equation (5.1) and Figure 5.7,
considering only the area under the PRS, the extremely thin oil film under the minimum gap
(less than 2.5 um) is additionally affected by the inner stray light and its near-region-
reabsorption as in Figure 3.27c. We define here that the inner stray light is from the fully filled
oil film near the PRS edge at a standstill. This might result in the falsely higher intensity
additionally in the red channel than the blue one and thus the higher intensity ratios (Ir/lg)
around the minimum gap. This is not a physical phenomenon and this area will not be
considered for the temperature calibration. In the measurements in chapter 5.2, this effect
would be negligible, since the outlet area is not fully filled by the oil due to the cavitation strings
and the inner stray light effect would be insignificant. Thus, it can be concluded that the
intensity ratio (Ir/lg) shows in general an independency on the OFT as in the OFT area over
2.5 um thickness, and it implies that our system is optically thin according to [38].

Figure 5.9 shows the temperature calibration curve. It was calculated from Figure 5.8b in the
area where the OFT is over 2.5 um as discussed.
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Figure 5.9: Fluorescence intensity ratio (red channel/blue channel) as a function of the temperature and
its linear fit curve.

The fluorescence intensity ratio as a function of the temperature follows the expected linear
behavior with the equation (2.17) and the temperature dependency (sensitivity) of the ratio is
about 0.6 %/K. A linear data fit (R?>= 0.99) results in

Ratio = 0.2189 — 0.0011 - T. (5.2)

Using an inverse function of the equation (5.2), the temperature distribution can be calculated
from the channel ratio. The temperature measurement uncertainty related to the calibration is
+2.2 °C, which corresponds to the largest standard deviation, i.e., error bar in Figure 5.9. In
addition, the thermocouple embedded in the PRS has an uncertainty of £0.8 %, which is
+0.5 °C at the highest temperature of 60 °C in this work. The uncertainty in the temperature
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control by the hot-air heater contributes +0.2 °C. Assuming square-root addition, the total
measurement uncertainty is £2.3 °C.

Examples from the image processing are shown in Figure 5.10. A pair of images recorded
successively in the red and blue channels with an oil flow is shown in Figure 5.10a and b.
These are background, flat-field and stray light corrected. Figure 5.10c presents the ratio
distribution and from that converted temperature distribution by the equation (5.2) is shown in
Figure 5.10d, which went also through the 2-by-2 binning operation for reducing the random
noise [134] at the expense of reduced spatial resolution.
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Figure 5.10: Typical intermediate results in image processing. Background, flat-field and stray light
corrected image detected in the a) red channel and b) the blue channel. c) Fluorescence intensity ratio
distribution (red/blue channel). d) Resulting temperature distribution. Set point temperature 60 °C,
sliding speed 1 m/s, normal load 5 N.
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5.2 Results

Figure 5.11 shows the temperature distribution of the oil film in the PR/CL contact during the
liner's rotation with sliding speeds of 1 m/s (a) and 2 m/s (b). Here, the liner moves from the
left to the right. The normal load is 5 N and the set point temperature increases from room
temperature (24 °C) to 60 °C.
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Figure 5.11: Temperature distribution of the oil film in PR/CL contact measured by two-dye fluorescence
ratiometric scheme. Sliding speed 1 m/s (a) and 2 m/s (b), normal load 5 N, and the set point temperature
is varied from the room temperature (24 °C) to 60 °C.

The overall features of the oil film development are the same as discussed in chapter 4. Here,
only the inlet oil film temperature will be discussed, since the stripe pattern in the outlet
(cavitation strings) was not steady during the liner rotation, while the inlet oil film was (see
chapter 5.1.2). The optically measured temperature is increasing with increasing set point
temperature except for the first two temperatures. Between the set points of 24-30 °C, itis hard
to distinguish the measured temperature difference due to the precision of the measurable
temperature suggested in chapter 5.1.3. The increase in sliding speed from 1 to 2 m/s does
not affect much the result, since the expected temperature increase (note that both speeds
correspond to the hydrodynamic regime) might be again smaller than the measurement
precision. Locally, the temperature around the vertical center (i) is higher than its upper- and
lower neighbor fields. The longitudinal surface profile of the PRS (Figure 5.12a, right), which
is slightly wavy, may account for that. This was undesired but generated during the finishing
process. In the contact, the higher part of the profile coincident to the region (i) could yield a
local higher friction force and following frictional heat. At some high temperatures, a horizontal
boundary (iv), which divides the lower (ii) and higher temperature region (iii), is observed. We
think that the edge of the PRS holder (Figure 5.12b-(iv)) might be physically responsible for

110



5. Temperature imaging in the oil film by a ratiometric two-color, two-dye fluorescence scheme

this observation. As shown in Figure 5.12b right, the fresh sprayed oil on the liner (blue) may
flow more in the region (ii) and its temperature is relatively low due to the insufficient time to
be heated in the heater. While the oil that could not pass the small PR/CL gap and gathered
on the PRS holder could be heated enough (red) and flow more in the region (iii). The
measured temperature distributions at room temperature (Figure 5.11) are consistent with this
interpretation, since the boundary (iv) is here inconspicuous.

a
) e (iv)
] 3 (ii)
pm ’
' 10 }
[ d 3 (iii)
10
|‘2° _ - PRS
-30
5 o W holder

0 2 mm

Figure 5.12: a) Contact surface topography of the PRS measured by confocal microscopy (uSurf,
NanoFocus) and the vertical scan along the center line (black dotted line) in the ROI (red dashed box).
b) Photo of the PRS and its holder in the optical tribometer during the experiment (left) and its schematic
sketch — front view — with different temperatures of oil flows (right).
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5.3 Chapter conclusions

In this chapter, proof-of-concept experiments with two-dye fluorescence thermometry using
lumilux CD 345/pyrromethene 597 as a dye combination and a blue LED (excitation at around
460 nm) as a light source are discussed. The method is based on the temperature dependency
of the intensity ratio detected in the two spectral channels. With the assumption of the optically
thin system, this method nullifies the dependence of the intensity ratio on the OFT. In addition,
the necessary image processing including the stray light correction was discussed. The
temperature sensitivity of the intensity ratio was 0.6 %/K and the estimated measurement
uncertaintly was +2.3 °C.

The experiments on a rotational tribometer, which reproduces the PR/CL sliding contact in an
engine, were conducted with a long-distance microscope. The results demonstrate that this
method can be employed to visualize the temperature distribution of the oil film in such contact
at high magnification even without laser, since the LED has been used as a good alternative
light source instead of more expensive and complex lasers, although the emitted light from the
LED is incoherent, its output pattern is wider, and its light power is relatively low. Despite some
limitations, the result of this chapter has its importance as a proof of the concept, and it offers
a possibility of investigating the temperature distribution of a fluid with a relatively
uncomplicated experimental setup.
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6 Conclusion and future work

This thesis describes quantitative imaging of lubricating oil film thickness and temperature in
the sliding contact of the piston-ring/cylinder liner using a laser- (or LED) induced fluorescence
technique to better understand the frictional behavior near the top piston ring in a combustion
engine. The contact geometry was reproduced in an optical rotational tribometer, in which the
oil film was investigated at constant sliding speed while the cylinder liner rotated against a
static piston-ring segment. Through a transparent material — either a piston-ring segment or
the cylinder liner — the light incident from the light source reached the dyed oil film and its red-
shifted fluorescence was detected by a CMOS camera. This LIF image went through a chain
of image processing, including flat-field correction, in-situ calibration and stray light estimation,
to yield the local oil film thickness. Prior experiments were conducted to characterize each
optic system using a laser of 532 nm wavelength with pyrromethene 567 dye and a blue LED
of about 460 nm with a dye combination of lumilux CD 345/pyrromethene 597, the latter
combination for temperature imaging.

First, a new optical arrangement was developed, where the metal piston ring segment was
replaced with a sapphire one, and this allowed imaging the oil film interacting with the surface
texture on conventional cylinder liners, such as microgrooves on a honed gray cast-iron liner
and fine pores on a spray-coated liner. Several phenomena in oil lubrication were observed on
both liners, for example, the cavitation pattern in the diverging part of the contact gap, and the
reverse oil stream adhering only to the piston ring face and flowing in the opposite direction to
the liner’s sliding direction. From the full-field image of the oil behavior under different operating
conditions, i.e., normal load and sliding speed, a smaller contact area for calculating the
minimum oil film thickness (OFT) was extracted. The trend showed that the minimum OFT
increased with increasing sliding speed. Overall, the OFT on the spray-coated liner was thicker
and its decrease with increasing load was less than that with the honed liner. Subsequently
measured Stribeck curves also showed an earlier transition between the mixed- and
hydrodynamic regime with the spray-coated liner than with the honed one. As other authors
have argued [107] [108], this might be because the unconnected pores on the spray-coated
liner can retain oil and yield additional hydrodynamic pressure under high load, while the oil in
the interconnected, open grooves is more easily displaced.

The second part of this work focused more closely on the effect of fine pores in the liner
surface. To figure out the lubrication mechanisms near an individual pore, a quartz liner was
laser-textured with a cylindrical pocket representing the pore on the spray-coated liner that
rotated against a metal piston ring segment in the tribometer, while a fluorescence microscope
allowed imaging the micropore with a high magnification. The results showed the beneficial
function of the pore, i.e., it carried oil from the inlet to the starved outlet, creating a downstream
“oil tail” whose morphology and volume were analyzed under different sliding speeds and
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loads. Specifically, at low speed, the pore produced a wider tail containing a higher oil volume
than at high speeds. These results suggest that in a reciprocating piston engine, porosity on
the liner can lead to advantageous tribological behavior in particular around the piston-motion
reversal points. The effect of different diameters and depths of the pore was studied, which
showed that there exists an optimum geometry for the cylindrical pore for the best
effectiveness. A subsequent measurement via total internal reflection (TIR) fluorescence
supported the results above. The fluorescence microscope was additionally applied to an
optical research engine in fired operation. This enabled imaging of the phenomena of the oil
film in selected areas from the first land to the piston skirt with high magnification and
resolution.

The last part of this thesis work employed an LED as a light source to visualize the temperature
in the oil film in the PR/CL contact using a two-color/two-dye ratiometric scheme. The
fluorescence intensities from the selected dye combination has different temperature
dependencies in two separate spectral bands. The intensity ratio between the spectral bands
was linear in temperature with about 0.6 %/K sensitivity and independent from the oil film
thickness, since the oil-dye mixture was optically thin. The maximum measurement uncertainty
was *2.3 °C. The results from the measurement in the heated tribometer showed local
differences in the temperature throughout the contact, which were attributed to the interplay of
friction heat and cooling by the circulating oil.

With the developed optical measurement method and numerous interesting results in this
work, some possibilities arise to extend this research. In the case of the textured micropore on
the quartz liner, the optimum geometric parameter set of the pore happened to be at the
boundary of the available parameter variations due to the texturing capabilities. More variation
beyond this limit would be interesting to investigate the different oil film behaviors over this
optimum region and obtain more general insight into how to optimize a surface texture for a
given circumstance. Furthermore, the application of the fluorescence microscopy to the optical
single-cylinder engine and its initial results with the high spatial resolution suggest a number
of uses, such as a not only qualitative, but also quantitative imaging of the microscopic oil film
behaviors with various piston rings. For example, for the oil control ring, a detailed view of the
oil film in the rail-liner interface for the whole cycle and that in the rail/groove clearance would
be helpful for simulation model verification and better understanding of the dynamics of the
rails and expander. In addition, for the temperature imaging, a single camera captured two
series of fluorescence images sequentially while the BP (blue channel) and LP (red channel)
filters are changed in the filter wheel. With the reason, this system was limited to examine
steady state flows, however, the employment of two cameras would allow the simultaneous
image acquisition in two channels and enable studying transient flows as well.
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8 Appendix

8.1 Redesign, adjustment, and calibration of the 90°-rotated
tribometer

In chapter 4.1.1, Figure 4.3, CAD models of the previous- and 90° rotated tribometer are
shown. The PRS and its relevant parts (mainly the bottom parts) were rotated, but the cylinder
liner and its spindle adapter remained as a reference axis. In order to fasten and to adjust the
bottom housing precisely after redesign, some supplemental parts were designed. As shown
in Figure 4.3b and Figure 8.1, a steel precision plate with the flatness in a tolerance range of
+10 um was placed under the bottom housing to support the rotated system. The mounting
brackets link the precision plate to the remaining posts. For an accurate adjustment of the
housing and the piston ring segment’s position in a few ym region, lateral and back-and-forth
adjustment adapters were used. Each adapter’'s main plate was fixed to the steel precision
plate and the fine adjustment screw pushed the housing. Here, a screw’s rotation of 360 °
corresponded to the 1 mm movement. After a rough fix of the housing, the FaroArm®, which
is described below, measured the precise position of the PRS on the housing and then the
housing’s position was modified by the adjustment adapter. This procedure could be repeated
if necessary and is discussed in more detail below.

a)

(4)
)
)
(M

L
g !
L.

Figure 8.1: a) CAD model (side view) and b) photo of the 90 ° rotated tribometer. (1) Steel precision
plate, (2) Lateral adjustment adapter, (3) Mounting bracket, (4) Back-and-forth adjustment adapter, (5)
Bottom housing.

Precise adjustment with FaroArm®

FaroArm® (Gage plus, ©FARO Technologies Inc.), shown in Figure 8.2, is a portable 3D-
coordinate measuring system with a spherical working distance of 1.2 m and with an accuracy
of 0.018 mm [181].
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Figure 8.2: FaroArm® setup nearby the RRV tribometer and the virtual coordinate system.

At the end of the gage, a probe takes measurement points on command and there is a rotary
encoder at each joint. The user clicks a button to record a point, the encoders compute the
exact position of the probe in three-dimensional space and this point is recorded in the
software. Faro’s software, CAM2GAGE, measures basic geometry and building dimensions. It
allows measuring geometric features on the part and setting the user-defined, virtual 3D-

coordinate based on the measured features.

With this FaroArm®, the rotated and reconstructed parts of the tribometer were precisely
adjusted in a few micrometer range to achieve a line contact between the PR/CL and to ensure
the lateral centrality of the contact line on the piston ring segment’s surface. We note that the
spindle adapter holding the cylinder liner was not rebuilt; therefore, it is able to act as a
standard coordinate. Figure 8.3 shows the process of the adjustment.
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Figure 8.3: Mechanical adjustment process with FaroArm®, setting a virtual coordinate system
on the tribometer.

Step 1: As shown in Figure 8.3, first image, three points on the bottom surface of the spindle
adapter were measured to create a virtual XY-plane as a datum plane. After that, another
virtual plane on the steel precision plate was measured with three points on it to control the
parallelism of the two surfaces. The precision plate was then adjusted by the mounting screws
so that the control surface (precision plate) lied within the acceptable tolerance zone. The
measured tolerance was 18 um, which corresponds to the accuracy of the FaroArm® Gage
itself.

Step 2: In order to create a Z-axis, the cylinder form of the spindle adapter was measured with
6 points as shown in the second image in Figure 8.3. The Z-axis was then given as the
centerline of this cylinder and is perpendicular to the XY-plane.

Step 3: Next step is to create an YZ-plane. In order to set the Y-axis in the direction of the
piston ring segment’s movement, the outer surface plane (green) of the red mounting bracket
in the third image in Figure 8.3 was measured with three points on it. Based on this plane, a
parallel virtual YZ-plane was determined, which included the Z-axis and was naturally
perpendicular to the XY-plane. Consequently, the complete standard coordinate system was
placed at the bottom surface and at the centerline of the spindle adapter.

Step 4: In this step, the standard coordinate system on the spindle adapter was selected as a
reference. Based on that, the piston ring segment’s position was corrected using the lateral
adjustment adapters and the bottom mounting screws, which fix the bottom housing to the
precision plate. For this, the PRS within its holder was pulled back to its start-position
(unloaded) with the tribometer control system, which means that there exists no contact
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between the PR/CL, if the liner were mounted. After that, the distance between the YZ-plane
and a point on one of the sides of the PRS was repeatedly measured, while adjusting to ensure
that the central plane of the PRS lay on the YZ-plane. Ideally, the distance ought to be
1.000 mm. As a result, the PRS was centered with a tolerance of 16 um by the repeated
measurements.

Step 5: Finally, the PRS and its holder moved forward in y-direction and at different positions,
the same measuring process in the step 4 was repeated. The accuracy of the PRS’s lateral
centrality in this step was within the tolerance range of 8 um.

Calibration of the sensors

After the mechanical adjustment, it is also necessary to calibrate the normal- and friction force
sensors to avoid a possible improper zero reference or a shift in sensor’s range during the
reconstruction of the tribometer. For that, a sensor calibration device was newly designed for
the RRV tribometer, which will be discussed more in detail below.

The calibration is conducted as following: first, an external force is given by the system (by the
tribometer in the case of normal force, and by a linear actuator in the case of friction force) to
the external calibration sensor and the internal sensors equipped in the tribometer
simultaneously. The force signal from the external sensor is recorded and compared to that
from the internal sensor. These characteristic curves of the signals are evaluated and the
optimized correction values from the deviations are determined in a Matlab script. The offset-
values are corrected via various potentiometers in the measurement amplifier. Here, the goal
is to adapt the force signal from the internal sensors equipped in the tribometer to the target
force signal from the external calibration sensors. Finally, the same procedure with the new
calibrated values is repeatedly performed to check the minimal deviations. If necessary, it can
be repeated multiple times. The procedure is similarly described in DKD-R 3-3 [182] and DKD-
R 3-9 [183] guideline.

Figure 8.4 and Figure 8.5 show the newly designed set of the sensor calibration device. In
Figure 8.4a, a motor mount was constructed to hold the linear actuator shown in Figure 8.5.
The linear actuator gives a friction force through the rocker arm and this can be detected
simultaneously by the external friction force sensor mounted on the rocker arm and by the
internal friction force sensors inside of the tribometer through the calibration segment shown
in Figure 8.4b. On the other hand, the normal force (load) is given by the tribometer control
system as moving the calibration segment forward and this is simultaneously detected by the
internal normal force sensors, which lie inside of the tribometer and by the external normal
force sensor mounted on the fastened part in Figure 8.4a.
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Figure 8.4: a) Newly designed sensor calibration devices. b) Newly designed calibration segment in the
position of the piston ring segment.
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Figure 8.5: Assembled sensor calibration devices on the tribometer. (1) Linear actuator, (2) rocker arm,
(3) external friction force sensor, (4) external normal force sensor, (5) calibration segment and (6)
internal friction force sensors

The comparison procedure of the internal/external detected force signals is described in Figure
8.6a with the characteristic curves after some adjustments. The varied normal forces were
given gradually in i), the internal detected force signal was described in ii) and each detected
voltage from the two internal normal force sensors was compared in iii). As mentioned, the
normal force is internally measured by two individual sensors (see Figure 3.4), expected to be
split evenly (the internal friction force is the same). Overall, not only the internal- and external
normal force signals, but also each voltage signal detected by the two internal normal force
sensors was in close agreement with each other. Additionally, Figure 8.6b shows a best-fit of
the internal/external measured normal forces and the blue dashed target line with the
calculated correction points. It shows that the deviation between the internal force signal and
the target signal is negligible. The calibration of the friction force sensors was carried out
through the same process.
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8. Appendix

i) External Fy i) Internal Fy iii) Sensor voltage
(Calibration system) (Tribometer system) — Sensor1 — Sensor2
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Figure 8.6: a) Example characteristic curves during the calibration procedure of the normal force
sensors. b) Best-fit of the internal/external detected normal forces and the blue dashed target line with
the calculated correction points in Matlab.
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