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Abstract

Internal combustion engines are undisputedly one of the most impactful en-
gineering achievements and are the predominant power source for a range of
industries. Modern developments focus on producing cleaner and greener en-
gines in part to meet emission legislation and growing customer demand for
more environmentally friendly options. Large sections of engine research fo-
cus on raising the mechanical efficiency by reducing frictional losses. The
greatest contributing factor to frictional losses is the contact between the pis-
ton and piston ring pack with the cylinder liner. This is due to the reciprocating
motion of the piston in which the piston rings form a seal between the high tem-
perature/pressure combustion chamber and the engine crankcase. Optimisation
of the interaction between the piston and liner, therefore, has the potential to
reduce engine emissions whilst simultaneously reducing frictional losses, rais-

ing the efficiency of the engine.

This thesis developed novel ways to use ultrasound to monitor the lubricating
oil film between the piston/piston rings and the cylinder liner in engines from
various sectors (passenger, marine and agricultural). The ultrasonic method is
based on studying the portion of an ultrasonic wave that is reflected from a
boundary which can be correlated to oil film thickness. A new data processing
technique has been created to define the reflection coefficient from the Hilbert
envelope, this novel technique simultaneously removed several undesired fac-
tors in the results, and revealed trends hidden by the previous data processing
technique. The novel data processing technique calculated oil films typically
20% greater than those from the previous technique as it was subject to ultra-
sonic reflections from an unaligned piston ring leading to an underestimation
of the lubricant film thickness. In addition to this, spectrograms and B-scans
have been applied to ultrasonic piston ring reflections for the first time and
were able to identify a series of trends, such as the detection of a piston ring

outside of the alignment zone.



The ultrasonic sensors have successfully been used to quantify the piston ring
lubricant film thickness in a series of engine conditions not previously studied.
These include: during start-up and shut-down of an engine, residual oil films
on the cylinder liner, live variation in the film thickness with varying engine
loading/lubricant feed rate etc. and the detection of metal-metal contact be-
tween the piston ring and liner. The sensors have also been used for the first
time in the design phase of an engine. In the marine diesel engine, ultrasonic
sensors were used to evaluate a series of lubricant injector configurations and
led to the identification of a configuration that consistently produced thicker

lubricant films.
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Chapter 1

Introduction

The first chapter provides the reader with a brief introduction to the project and covers the
development of internal combustion engines alongside the current research directions. The
legislative motivation behind the research is detailed and the chapter closes by introducing

the aim and objectives of the project as well as a summary of each chapter.

1.1 The internal combustion engine

Internal combustion engines (ICEs) have been the driving force behind transportation since
the late 1800s. The first successful variant of the modern internal combustion engine is at-
tributed to Nikolaus Otto in 1867. Starting from this first ICE, engine manufacturers have
developed countless engine variants each with its progressive line of technological advance-
ments. Twenty-first century ICE research is focused around improving engine efficiency

whilst reducing engine emissions. A limited number of engine research fields include:

1. Engine downsizing - obtaining the same power output from an engine of a smaller

size.
2. Reducing weight - a lighter engine requires less power output to run the vehicle.

3. Greener fuels - burning a greener fuel that produces fewer emissions per unit of burnt

fuel.

The main components of a typical four-stroke spark-ignition engine and a two-stroke large

diesel marine engine are identified in Figure 1.1.
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Figure 1.1: Main components of a typical four-stroke spark-ignition engine and a
two-stroke large diesel marine engine.

The overall efficiency of an ICE is subject to a series of inefficiencies attributable to dif-
ferent aspects of the engine, such as those covered in Figure 1.2. Typical efficiency levels
have not been provided due to the efficiency levels varying significantly between engines
and engine operating conditions. To limit mechanical friction and reduce wear, a lubricant
is supplied between mating surfaces to prevent solid contact. Even with a lubricant, the
parasitic losses that occur consume up to 9.5-20% of the energy content in the fuel in a
passenger engine [1, 2, 3]. Research to minimise the parasitic losses provides a route to
raise the overall engine efficiency whilst improving the interaction between components

reducing the likelihood of wear and raising the required engine maintenance interval.



Fuel energy

Combustion efficiency — chemical
energy remaining in exhausted fluid

Thermodynamic efficiency — heat
transfer and losses from the
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Figure 1.2: Inefficiencies in an ICE.

The passenger vehicle industry in the UK alone is worth an estimated £82 billion [4],
therefore even minor mechanical frictional improvements by ensuring all mating surfaces
in an engine are sufficiently lubricated to prevent metal-metal contact may provide size-
able benefits. Studying the lubricating oil film between two mating components without
compromising the tribological properties of the surfaces is a desirable route for technolog-
ical advancements but is inherently difficult. Research into this field is commonly invasive
leading to the findings of the study often not being a true representation of the real-life
application. This work studied potential mechanical frictional improvements by examining
three ICEs of varying sizes and applications, as shown in Figures 1.3 and 1.4. The defining

features of each engine are as follows:

* Figure 1.3a, AJ200 - A Jaguar Land Rover petrol Ingenium engine, a 4 cylinder

four-stroke, 2 litre.

* Figure 1.3b, YTRC2110D - A YTO engine, typically used in tractors, a 2 cylinder

four-stroke, 2 litre.

* Figure 1.4, RTX-6 - A Winterthur Gas & Diesel engine, a 6 cylinder two-stroke,
16000 litre.



(a) AJ200 engine [5]. (b) YTRC2110D engine.

Figure 1.3: The AJ200 and YTRC2110D engines.
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Figure 1.4: RTX-6 engine [6] © SAE International.



1.2 Powertrain frictional improvement

There are many lubricated contacts in an engine, each contributing to frictional losses. Al-
though it is difficult to deduce the amount each contact contributes to the frictional losses.
Research into ICE frictional losses typically categorises the cause of the losses into three
groups; valve train, piston assembly and engine bearings. With the relative contribution of
each group varying with oil temperature/classification and engine load. Detailed models
have been developed to replicate the frictional losses of major engine components in gaso-
line engines, the reader is referred to Sandoval and Heywood [7] for a model on the three

main groups.

These frictional losses have been measured experimentally in a single-cylinder four-valve
Ricardo Hydra gasoline engine [8]. This research ultimately found that at low speeds and
oil temperature (similar to cold start) the engine bearings contributed the greatest amount
to mechanical friction (52%). Whilst after cold start, with increased oil temperature, the
frictional loss from the piston assembly contributed the greatest factor and increased further
with greater engine speed, peaking at 44%. With the peak friction contribution from the
piston assembly arising at the start of the power stroke due to a combination of boundary
lubrication and peak combustion pressure [3]. Over steady-state operation, the piston as-
sembly was the greatest contributing factor in the system to frictional losses in this engine.
Interestingly, as [8] was performed on a single-cylinder engine, this gave a cylinder to main
bearing ratio of 1:2, whilst, in multi-cylinder engines, like those considered in this work,
this ratio reduces. Therefore, the engine bearing contribution is likely overstated in this
work when considering multi-cylinder engines. Alternative works have found the piston

assembly frictional losses to range between 40-65% in engines of varying size [2, 9, 10].

Of the 9.5-20% [1, 2, 3] of energy contained in the fuel that is wasted due to friction,
25% of that is directly attributable to the ring pack [11]. Indicating that the ring pack
wastes roughly 3-4% of energy in the fuel with the rest of the piston contributing a further
2% [2]. With current prices of petrol and diesel being £1.27 and £1.30 per litre (2021)
respectively, the friction from the piston and ring pack wastes 7p per litre of fuel. In 2019
an estimated 46.9 bn litres of fuel was consumed in the UK [12] providing a rough value
of £3.2 bn spent on fuel that was wasted overcoming friction due to the piston assembly.
Through optimisation of the piston ring oil film thickness this amount has the potential to

be significantly reduced.



1.3 Engine development and legislation

Over the past few decades the mechanical friction in ICEs is believed to have decreased by
15—20% [7, 10]. Even with these sizeable improvements, further research is required to
achieve the legislative criteria of future engines. For example, light commercial vehicles
in the EU are responsible for 14.5% [13] of CO; emissions in the EU. This has led to
the implementation of Euro Standard Regulation (EU) 2019/631 which aims to reach a
net reduction of CO, by 55% by 2030 through a series of increasingly stringent targets
for engine manufacturers which the UK largely continues to follow [14]. The legislative

targets are:

* 2020-2024: Average fleet-wide CO; emissions of 95 g CO,/km and 147 g CO,/km

for cars and vans respectively.

e 2025-2030: A CO; reduction relative to 2021 levels of 15% from 2025 and 37.5%/31%
for cars/vans by 2030.

Although these targets only refer to CO; levels, the Euro Standards also set acceptable
levels of NO,, hydrocarbons and particulate matter in engine emissions. From Euro 1
(1992) to Euro 6 (2015) acceptable levels of NO, and hydrocarbons have reduced by 83%.
Whereas particulate emission standards were introduced in Euro 5 (2009). In [15, 16] a
locomotive engine was studied and found 40-60% of particulate emissions were due to pis-
ton ring lubricating oil being thrown off into the combustion chamber and exhausted from
the engine. This lubricated contact evidently has a major impact on both engine emissions

and mechanical friction.

The legislation also contains an incentive mechanism for manufactures to produce zero-
and low-emission vehicles through an enhanced contribution towards their fleet CO, levels
and a penalty per newly registered vehicle of €95 per g/km for exceeding their targets. Fur-
ther premiums are applied in the UK through the addition of road tax, which is an annual
rate which the vehicle owner pays, the size of which is dependent on CO, emission levels.
For example, a petrol car that produces 100 g CO,/km costs £140 [17] annually leading to

emissions levels being a consideration for the customer.

Marine engines are subject to a similar emission approach as international shipping con-
tributes 2.2% of anthropogenic CO, emissions [18]. This field is regulated by the In-
ternational Maritime Organization (IMO), whose strategy aims to reduce greenhouse gas
emissions from this sector by 40% by 2030 relative to 2008 levels [18].
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1.4 Motivation

The emission legislation that engine manufacturers are required to meet is becoming ever
more stringent. To meet these regulations novel technologies are required to refine engine
design. The piston is the largest contributing factor to an engines mechanical friction and
in some engines lubricant throw off causes the majority of particulate emissions. There-
fore, a greater understanding of this lubricated contact has the potential to raise engine
efficiency by reducing powertrain friction, (via a reduction in boundary lubrication) whilst

also reducing emissions to meet emission targets.

1.5 Aim and objectives

The project aimed to develop an ultrasonic transducer system to quantify and evaluate the
oil film thickness between piston rings and cylinder liner, at a range of engine operating

conditions in engines of varying sizes. To achieve this the objectives were thus:
1. Design and production of a motored AJ200 test rig.

2. Refinement of ultrasonic instrumentation capable of withstanding the harsh opera-

tional environments close to ICE combustion chambers.
3. Instrument ultrasonic transducers on the three engines selected for the project.
4. Refine data processing techniques to improve the oil film thickness calculation.

5. Study the relative similarities and differences in oil film thickness data between the

various engines to evaluate the applicability of the technique in each engine.

1.6 Expected novelty

The expected novelty to be produced from this thesis can be summarised as follows:

1. Refine the ultrasonic instrumentation technique such that it is specialised for piston

ring oil film thickness measurements.

2. Increase the resolution of piston ring lubricant film thickness measurements beyond

those hitherto seen, to enable a closer examination of anomalies in previous research.

3. Use ultrasonic sensors to study a series of engine phases currently not studied in

other works (start-up and shut-down, engine slow-down, piston ring scuffing).



4. To move away from purely using ultrasound as a research tool to study the operation
of a fired engine and use the technology to aid in the design phase of an engine by

evaluating how novel designs affect the piston ring oil film thickness.

1.7 Thesis layout

Chapter 1: Introduction
Chapter One provides the reader with a generic background to the research field stating the
motivation behind the project, introducing key regions for thought and the greater picture

of this research in respect to modern ICE development.

Chapter 2: Internal combustion engines

The second chapter introduces the reader to the operation of internal combustion engines,
this develops to show lubricant formulation and classification. This is followed by a lit-
erature review of previous works performed to study oil films in engines using a whole
range of methodologies. Attention is given to the ultrasonic approach due to its ability to
provide non-invasive measurements of the oil films, therefore, leading to its selection for

the appropriate route for further study.

Chapter 3: Ultrasound

The third chapter starts from the definition of ultrasound and leads the reader through to
different methodologies currently used in the field to study oil films. This chapter also in-
troduces piezoelectric transducers that are used to generate and receive sound waves. The
chapter includes a review of previous ultrasonic transducer test rigs developed to study the
oil films between pistons and cylinder liners. The closing section of the chapter provides
an overview to k-Wave, a MATLAB toolbox to model ultrasonic wave propagation and

highlights key features of the toolbox.

Chapter 4: Motored rig design

Chapter four is an overview of the design methodology of the motored AJ200 test rig
developed and it explains the process behind the main sections of the test rig. Key trou-
bleshooting regions are identified to aid the future design of a similar test rig. The chapter
concludes by showing the reader the test rig produced to study the piston ring oil films in
the AJ200 engine.



Chapter 5: Motored gasoline automotive engine
The fifth chapter covers the instrumentation and motored engine testing on the AJ200 en-

gine. The reader is led through the data processing required to replicate such results.

Chapters 6: Lubricant injector comparison in a fired marine diesel engine
Chapter sixth is the first chapter on the fired diesel marine engine and compares the oil film
thickness from two different lubricant injector designs at a range of engine loadings levels

and oil feed rates.

Chapters 7 and 8: Fired marine engine advanced analysis and shear analysis
Chapters 7 and 8 develop additional data processing steps to the longitudinal and shear
sensor results from the fired marine engine to provide a more in-depth view of the piston

ring oil film thickness.

Chapter 9: Fired diesel tractor engine

The ninth chapter uses the advancements in data processing found in Chapter 7 and applies
them to a fired diesel tractor engine. The engine features a wet removable liner enabling
more complex instrumentation than seen on the AJ200 with minimal modifications. The
chapter covers the instrumentation and testing of the fired tractor engine at a range of en-

gine loadings and engine speeds as well as start-up and shut-down testing.

Chapter 10: Conclusions
The final chapter concludes the refinement of the data processing and key findings from the
work. The closing remarks cover potential future directions of ultrasonic measurements of

piston ring oil film thickness.



Chapter 2

Internal combustion engines

This chapter leads the reader from the basic operation of two-stroke and four-stroke engines
through to the design and operation of the piston ring pack. The closing portion provides a

review of a broad range of research on piston ring oil film thickness measurements.

2.1 Basic concepts

A internal combustion engine can be described as a device that converts energy from one
form to another. In this case, chemical energy in the fuel into useful work in the form
of a mechanical force leading to vehicular motion. This operation is achieved by the com-

bustion of the hydrocarbon fuel in the presence of oxygen located in a combustion chamber.

The two main types of internal combustion engines are spark-ignition and compression-
ignition. In spark-ignition (SI) engines, combustion is initiated via a spark that ignites
the fuel/air mixture. Whereas in compression-ignition (CI) engines the compression of
the mixture of fuel/air raises the temperature and pressure in the combustion chamber and

causes the mixture to spontaneously ignite.

There are variants within both SI and CI engines such as depending on the number of
strokes for one complete cycle of the engine. Of the three engines considered in this project
the smaller engines (AJ200 (SI) and YTRC2110D (CI)) are four-stroke engines whilst the
RTX-6 (CI) is a two-stroke engine. Therefore, the engines have distinct differences in their

design and operation, the basics of which are covered here.
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2.1.1 Automotive four-stroke engine

The four-stroke ICE was first prototyped by Nikolaus Otto in 1876 and is the predominant
engine type in the automotive industry. As the name implies, there are four stages in a
four-stroke engine that occurs over two distinct engine cycles. The four strokes are shown

in Figure 2.1 and are detailed below:

Intake Compression Power Exhaust

@

Figure 2.1: The four strokes in a four-stroke reciprocating piston engine.

1. Intake stroke: Fluid is drawn into the combustion chamber by the opening of the inlet
valves. In SI engines fuel/air mixture is drawn in whereas in CI engines only air is

drawn in.

2. Compression stroke: The valves close and the piston runs up the cylinder compress-

ing the mixture. The compression of the fluid raises the temperature and pressure.

3. Power stroke: Combustion of the fluid occurs further raising the temperature and
pressure of the mixture forcing the piston down and turning the crankshaft. In SI
engines a spark ignites the fluid, in CI engines fuel is injected which auto-ignites in

the high temperature/pressure.

4. Exhaust stroke: The combusted mixture is removed from the combustion chamber

by the opening of the exhaust valves.
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2.1.2 Marine two-stroke engine

Following the development of the four-stroke, two-stroke engines were established with the
primary advantages over a four-stroke being greater thermal efficiency and greater power
density due to combustion occurring every engine cycle. The first two-stroke engines were
attributed to Dugald Clerk, James Robson and Karl Benz in the 1880s with common mod-
ern applications being in motorcycles and large marine engines. The two stages in marine

diesel two-stroke engines cycle are shown in Figure 2.2 and detailed below.

Up stroke Down stroke

e

[
AN

Figure 2.2: The two strokes in a two-stroke marine diesel engine.

1. First stroke: Piston moves up the liner. Cross flow scavenging allows air to be drawn
into the cylinder whilst expelling combustion products. After the piston moves past

the air intake the valve closes and then compresses the fluid in the cylinder.

2. Second stroke: The fluid combusts pushing the piston down the liner. After the piston

moves past the air intake the valve opens are cross-flow scavenging begins.
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2.2 Piston assembly

The piston is arguably the most challenging part of an ICE to design as its primary function
is a moving wall of the combustion chamber. Therefore, it is exposed to severe pressures
and temperatures the magnitude of which depends on the stroke of the engine. The piston
is also the component that transfers energy from the combustion products to the mechanical
movement of the engines drivetrain. This is achieved whilst the piston assembly provides a
seal between the combustion chamber and crankcase to enable an efficient energy transfer.
The four key areas of the piston assembly are: crown, pin, skirt and ring pack and are
highlighted in Figure 2.3. Each of the four key areas is discussed in the following section.

Crown

First compression ring

Ring pack Second compression ring

Oil control ring

Skirt Oil port

Piston pin / gudeon pin

Figure 2.3: Labelled areas of an automotive piston.

2.2.1 Piston

Small automotive pistons are commonly produced from an aluminium alloy that is cast or
forged whilst larger automotive pistons are commonly made from cast iron. A coating is
often applied to improve the sliding of the piston and to reduce friction, typical coatings
include tin, lead or phenolic resin graphite coatings. The key areas of an automotive piston

are described below:

* Crown: The piston crown is the moving wall of the combustion chamber and is
typically either a bowl (diesel) or flat design (gasoline). Automotive engines also
often have the addition of reliefs for the valves. The crown is commonly has a coating

(e.g. zinc) to raise high-temperature performance as an automotive piston crowns
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may reach temperatures of 325 °C with variations across the face of the crown up to
+ 50°C [19].

* Pin: The piston pin/gudgeon pin connects the piston assembly to the connecting
rod and enables rotation of the piston through the course of an engine stroke. The
centreline of the pin can be offset from the centreline of the crankshaft to counteract

the piston tilt in the power stroke.

 Skirt: The asymmetric loading of the piston assembly and connecting rod leads to a
lateral force between the cylinder and piston. The skirt provides a large surface area

for this force to act over whilst also preventing excessive tilt of the piston.

* Ring grooves: The ring grooves locate the piston rings. The groove for the oil control
ring contains a series of ports to route excessive lubricant on the liner down into the

crankcase.

The temperature gradient down the piston leads to the majority of the mass being centred
around the piston crown, see Figure 2.4. This mass distribution causes the skirt to be less
stiff and is subject to a greater thermal distortion than that of the crown. To minimise the
effect of the distortion on blow-by the radius of the piston varies down its length. Therefore,
as the engine runs, raising the temperature of the piston, the thermal expansion leads to the
piston having a more desirable shape at working conditions. The piston is prevented from
reaching undesired temperatures by forced cooling in which lubricant jets are directed at

the piston undercrown to cool the piston from underneath.

Piston

~

Piston rings

Figure 2.4: Cross-section of an automotive piston.

Marine diesel engine pistons are largely similar to automotive pistons as their primary
purposes remain the same; although there are minor differences in the piston design, due to
the significantly increased engine size. The piston crown is often flat and it does not have
a pin, instead the piston is rigidly connected to the piston rod preventing relative motion

between the two.

14



2.2.2 Ring pack

The ring pack consists of a series of piston rings that form a seal between the combustion
chamber and crankcase to prevent blow-by of combustion products. The rings also control
the quantity of lubricating oil film left on the liner and a compromise is achieved between
forming a sufficient oil film to prevent friction and wear. Whilst not establishing an ex-
cessively thick film that leads to greater oil thrown off in the combustion chamber and,

therefore, raises engine emissions.

Conventional rings are manufactured from cast iron or steel/stainless steel and with coat-
ings such as chromium-ceramic. High-performance automotive engines may have piston
rings widths of less than 0.9 mm whilst in marine engines their widths may be in the order

of 15 mm.

There are three types of piston rings: first compression ring, secondary compression ring/scraper
ring and oil control ring. The number of piston rings depends upon a multitude of factors
such as bore shape, ring stiffness, ring tension, surface textures, oil control/management
through the rings. A typical ring pack usually consist of two to five rings with at least one

first compression ring and one oil control ring.

Each piston ring contains a gap to locate the ring in its groove. The tolerance of the cylinder

liner tensions the piston ring to conform to the shape of the liner and reduce the size of the

ring gap.

2.2.2.1 First compression ring

The first compression ring forms the primary seal to prevent combustion products from
escaping from the combustion chamber into the crankcase which would significantly limit
the efficiency of an engine. The combustion pressure in the power stroke acts on the top
and back face of the piston ring and forces the ring to conform to the cylinder bore provid-
ing a greater seal and preventing lateral movement of the ring in its groove (ring flutter).
A schematic of the combustion pressure acting upon a piston ring is shown in Figure 2.5.
The common profile types for first compression rings are barrel, rectangular, bevelled rect-

angular, and tapered. The cross-section of each is shown in Figure 2.6.
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Figure 2.5: Combustion pressure acting upon the first ring.

Barrel Rectangle Bevelled Tapered Napier tapered

) d w

Figure 2.6: Cross-section of common compression ring designs.

. Barrel - The barrel profile helps to aid the formation of a hydrodynamic lubricant
film whilst providing an effective seal. The radius of ring curvature is a compromise
between; how quickly the ring picks up oil, the formation of hydrodynamic oil film

and how quickly the film collapses near the ends of the piston stroke.

. Rectangular - The simplest and low-cost compression ring design. The large face
causes a greater contact to the liner than any other ring profile leading to greater fric-
tional losses. An advantage of this design is the greater contact aids in heat transfer
to the cylinder thus limiting the maximum temperature reached by the piston ring

and the thermal expansion.

. Bevelled rectangular - An advancement on the rectangular design by being notched
on the inner edge of the ring. The notch enables ring twist during low-pressure
strokes, therefore, reducing liner contact and friction. The angled ring enables oil
to be scraped down the liner more effectively. Whereas in high-pressure strokes,
the notch provides a greater resultant force outwards on the ring leading to a greater

sealing force. The bevelled ring provides a route to prevent ring flutter.

. Tapered - The profile is tapered, this controls the thickness of the lubricating film by

forming a line contact around the circumference of the liner. The narrow point of
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contact enables greater conformability between the ring and the cylinder and reduces
the running in interval. The taper provides a surface for the combustion pressure to

act over reducing ring friction and loading.

2.2.2.2 Secondary compression rings

The second compression ring (scraper ring) further helps to seal the combustion chamber
and prevents excessive amounts of oil from reaching the first compression ring. The second
ring is seen to provide a buffer between the high pressure (combustion chamber) and low
pressure (crankcase) regions. The common types of second rings are tapered and napier

tapered (a cross-section is shown in Figure 2.6).

» Tapered - The same function as defined above.

» Napier taper - Similar to the tapered design with the addition of a hook-shaped notch
on the lower edge of the ring. This improves the rings ability to scrape away excessive

amounts of oil.

2.2.2.3 Control ring

The oil control ring is designed to control the quantity of oil that is in the ring pack. With-
out this ring, large amounts of oil would be entrained through the ring pack and into the
combustion chamber by the high velocities of the piston raising particulate emissions. The
control ring is combined with ports in the piston to enable excess oil to be directed back
down into the crankcase. This ring often operates in starved lubricated conditions as oil in
this area is directed away leading to this ring being a large contributor to ring pack friction.
Automotive oil control rings usually contain two rails (< 0.4 mm each) and are either a

single piece, two-piece or a three-piece set-up, see Figure 2.7 and summarised below:

* Single piece - A single piece of cast iron that has two distinct rails and is held against

the cylinder liner under its natural tension.

* Two-piece - A similar design to a single piece with the addition of a spring on the
inner edge forcing the rail against the cylinder. Therefore, the two-piece has a greater

scraping capability than the single piece.

» Three-piece - A development on the two-piece, that the two rails are separate rings
that are separated by a flexible spacer. The spacer maintains a standard separation

between the two rings and aids in sealing the ring against the cylinder.
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Figure 2.7: Cross-section of oil control ring designs.

The piston rings studied across the three engines in this work are summarised in Table 2.1.

Table 2.1: Piston rings studied.

Ring AJ200 RTX-6 YTRC2110D
First Barrel Barrel Barrel
Second Tapered Barrel  Barrel

Third  Three piece Barrel One piece

2.3 Piston dynamics

A piston undergoes linear motion that contains a reversal point at the end of every stroke.
Standard automotive engines run at several thousand revolutions per minute leading to the
piston being subject to high velocities and accelerations. Under the assumption that the
piston assembly is rigid, a piston is capable of two distinct types of motion, see Figure
2.8. The primary motion of the piston is the desired motion, in which the piston is moving
parallel to the cylinder wall. Secondary motion is the motion that is perpendicular to the
liner, this occurs due to the geometry of the system and causes a rotation about the piston

pin. This may potentially cause metal-metal contact between the piston and liner.

18



D rimary motion D

Pri £y|n|

Secondary
motion O

i

Figure 2.8: Primary and secondary motions of a piston.

2.3.1 Primary motion

The primary motion is defined by the cylinder liner walls and the rotation of the crankshaft
as shown in Figure 2.9. The constraints of the system allow the displacement, velocity and
acceleration of the piston assembly to be defined parametrically. The top of the stroke is

termed the top dead centre (TDC) and the bottom is the bottom dead centre (BDC).
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TDC

BDC

Figure 2.9: Geometry of the cylinder, piston, connecting rod and crankshaft.

R, 1s the ratio of the connecting rod length, 1, to crank radius, a (Equation 2.1).

[
Rye = — (2.1
a

The movement of the piston can be defined by its position relative to the TDC. The dis-
placement of the piston, s, is summarised in Equation 2.2.

s = acos(0) + (1> — a*sin*(6))" (2.2)
The mean piston velocity, S_p is defined in Equation 2.3, in which L, is the stroke length
(twice the crank radius) and N, is the rotational speed of the crank.

S, = 2LN, 2.3)

The instantaneous piston velocity, S, is zero at the TDC and BDC and reaches a maximum
near the middle of the stroke. The piston velocity is defined by differentiating Equation 2.2
and through several stages of rearrangements Equation 2.4 is defined. See Figure 2.10 for

an example of piston velocity at three engine speeds.

cos(0)
(R —sin? (@))%

S, = g 7sin(6) |1+ (2.4)
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Figure 2.10: Piston velocities for a range of crankshaft rotational speeds using Equation

24.

Differentiating Equation 2.4, provides Equation 2.5 for the acceleration of the piston. An

example of piston accelerations for three engines speeds are shown in Figure 2.11.

d?%s .
dr?

R2.cos(20) + sin*(0)

’N,.S, | cos(8) +
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Figure 2.11: Piston accelerations for a range of crankshaft rotational speeds using
Equation 2.5.

Equations 2.4 and 2.5 should not be seen as a complete representation of the linear motion
of the piston assembly. Factors such as combustion pressure or dynamic effects from other
components interacting with the piston assembly in the form of component deformation or

clearances will affect these profiles.

2.3.2 Secondary motion

The secondary motion relates to the piston rotation about the piston pin by the side force
that is generated through the motion of the piston. This rotation may cause the piston to
impact the liner. The magnitude of this motion varies through each stroke with the great-
est secondary motion often in the early stages of the power stroke. An example of piston
secondary motion in a four-stroke engine is shown in Figure 2.12. This motion primarily
affects the lubricating film between the two and affects the blow-by of combustion gases.
The portion of the skirt exposed to the greater force is the major thrust side and the oppo-
site side is the minor thrust side. The secondary motion of the piston can be reduced by
offsetting the piston pin centre relative to the crankshaft centreline to create a torque that

counteracts the piston tilt or offsetting the centreline of the crankshaft from the cylinder.
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Figure 2.12: Secondary motion in a four-stroke engine, reproduced from [19].

2.4 Piston loading

The asymmetric loading of the piston leads to a differential loading on the piston depending
on whether it is rising or falling in the cylinder. A third force is required to balance the
system which is applied by the liner resisting the rotation of the piston about the piston pin.
A free-body diagram of the forces is shown in Figure 2.13 for the two types of loading.
In the compression stroke, one side of the cylinder is loaded, termed the anti-thrust side.
Whereas in the power stroke the opposite side of the cylinder is loaded and to a much
greater extent, termed the thrust side. Piston loading occurs in all four engine strokes
although it is significantly larger in the power stroke due to the combustion process. Factors

such as the inertia of the piston itself also add to the lateral loading in each stroke.



Compression Power

Thrust side

Anti-thrust side

Figure 2.13: The thrust and anti-thrust side of an engine.
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The piston loading in Figure 2.13 relies on the cylinder pressure acting upon the piston. In
a motored engine, such as the AJ200 rig covered in Chapter 5, there is no compression or
combustion as the cylinder head is removed from the engine. Instead of the piston driving
the crankshaft the crankshaft is now driving the piston. This, therefore, reverses a force in
the free body diagram so that the lateral force always acts on the same side of the piston,

as shown in Figure 2.14.

Compression Power

Figure 2.14: Forces acting upon a motored piston.

2.5 Cylinder liner design

Upon initial consideration, the reader may think the ideal cylinder liner design may be
perfectly smooth, although this would not necessarily reduce the friction as it may cause
greater contact (as well as being unfeasible to manufacture). This would also lead to is-
sues with oil retention between strokes and wear transportation. In the compression and
exhaust strokes, the only oil present to form a lubricating film is that which was left during
the previous downward stroke. Therefore, the oil must be able to sufficiently adhere to the
liner surface and not run down towards the sump. To retain oil, grooves are machined in
the liner which vary in depth from 1.5 um to 8 um with the spread of the groove depths
related to the wear expected in different portions of the engines lifetime. For example, the

shallowest grooves (1.5 um) provide additional lubrication during the running-in of the
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engine limiting the excessive wear during this period.

The cylinder liners considered in this work are cast iron, however, this is not always the
case. A range of materials may be used for the liners, some engines use aluminium liners
to save weight which has a spray coating to provide the desired surface properties. Similar
to the oval machining of the piston, the liner may be angled down the length of its profile
leading to the bottom of the liner having a marginally greater radius. This machining is
performed as when the engine is at normal operating conditions the top section of liner is
exposed to greater temperatures and, therefore, thermally distorts greater than the lower
section of the liner. This angled honing, therefore, allows for a greater cylindricity of the
liner at elevated temperatures. In addition, an angled profile of the liner aids in routing oil

and debris down into the crankcase.

The liner grooves are frequently cross-hatched (see Figure 2.15a) commonly 15°-35° from
the horizontal. The honing operation consists of two sub-operations, an initial hone to
produce the grooves of desired depth followed by a finer hone to remove the peaks of the
asperities. This creates a smooth operating surface whilst leaving the valleys on the surface
which allows for oil retention, named a plateau honed surface, see Figure 2.15b. This
dual honing process increases machining costs but significantly reduces the wear during

running-in of the engine and enables for more rapid ring seating.

Honed surface Plateau honed surface
Oil
marks
(b) Profile of a honed liner versus a plateau
(a) A honed cylinder liner [20]. honed liner.

Figure 2.15: Honed cylinder liners.
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2.6 Engine oil composition

Automotive oil consists of a mixture of base oil and added components (such as viscosity
modifiers and additives). The lubricant mixture is typically 75 —85% base oil and 15 —25%
additive package. This helps the oil to achieve its desired properties, primarily to reduce
friction although it provides secondary benefits of; component cooling and sealing, pro-
tection against corrosion, cleaning surfaces from debris and carrying this debris to the oil
filter. Modern automotive oil provides these benefits whilst the price is low enough to be

commercially viable and with extended periods between oil changes.

The base oil consists of hydrocarbon chains which provide the starting point for the prop-
erties of the oil and can be made either directly from crude oil or synthetic hydrocarbons.
There are variations in the composition of hydrocarbons in base oils but the major vari-
ations in automotive lubrications arise from the additives. There is a range of additives

added to base oils with the most common additives and their functions shown in Table 2.2.

Table 2.2: Lubricant additives.

Additive Function Example
Dispersants To hold debris in suspension  Alkaline-earth soaps
Detergents Aids removing dirt and Calcium / Sulfonic acid

deposits from component

surfaces
Overbase additives Neutralises acidic combustion Modified alkaline-earth
products soaps
Anitwear and Adsorb onto the surface to Zinc dialkyl-dithio-
Anticorrosion additives prevent surface damage -phosphates / ZDTPs

Viscosity Index improvers Reduces change in viscosity ~ Polymethacrylate esters

with temperature

Antioxidants Prevents surface oxidisation Aromatic amines
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2.7 Viscosity

Viscosity is defined as a fluid’s resistance to deformation by a shear stress and can be
described as either a dynamic or kinematic viscosity. The dynamic viscosity is defined in
Equation 2.6, this equation is based on two infinitely long parallel plates separated by a
fluid film. The force required, F', to shear a fluid is proportional to the wetted area, A,
the fluid velocity, u and separation of the plates, 4. The proportional factor linking these

parameters together is the dynamic viscosity, 17, and is measured in Pascal-Second, Pa.s.

_FJ/A
" um

The viscosity of a fluid is highly dependent on the temperature of the fluid, in some cases,

(2.6)

the viscosity of an oil falls by 80% with a temperature increase of only 25°C. Throughout
engine operation (cold start to full load) the oil temperature may vary by over 100°C, lead-
ing to significant changes in the oil properties. Therefore, knowledge of the oil properties
over this whole range is required for efficient operation. Viscosity also varies with the pres-
sure of the fluid, with an increased pressure leading to a rise in viscosity. This effect can
be described by the Barus Equation (Equation 2.7) in which 7, and 7y is the viscosity and
pressure and atmospheric respectively. o, is the pressure-viscosity coefficient and p, is the
pressure. This equation is often applied to contacts in the elast-hydrodynamic regime. Ad-
ditional factors such as fuel dilution in the engine lubricant and water content (significantly

higher during cold start) may have a significant impact on the oil viscosity.

Np = noe*n? 2.7)

The selection and quantity of the lubricating oil is key to engine operation. An oil of
low viscosity requires less energy to shear, this causes less heat generation but the oil has
a lower load-carrying capacity, increasing friction. Conversely, a high viscosity oil can
support greater loads and reduces wear but requires a greater force to shear, limiting the
efficiency. Overall, a greater viscosity decreases the likelihood of boundary lubrication
but with increased shear losses [19, 21]. Automotive oil viscosity is categorised by the
SAE J300 standard [22] which separates oils based on their shear rate viscosity and low-

temperature viscosity. The engine oils defined in this standard are shown in Table 2.7.
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Table 2.3: Standard engine oils as outlined in the J300, 2021 [22].

SAE Low Tem-  Low Tem- Low Shear  Low Shear  High Shear
Viscosity perature perature Rate Rate Rate
Grade cO) °O) Kinematic Kinematic Viscosity
Cranking Pumping Viscosity Viscosity (mPas) at
Viscosity Viscosity (mm?/s)at  (mm?/s)at  150°C Min

(mPas) (mPas) 100°C 100°C Max
ow 6200 at 60000 at 3.8 - -
-35°C -40°C
5W 6600 at 60000 at 3.8 - -
-30°C -35°C
10W 7000 at 60000 at 4.1 - -
-25°C -30°C
I15W 7000 at 60000 at 5.6 - -
-20°C -25°C
20W 9500 at 60000 at 5.6 - -
-15°C -20°C
25W 13000 at 60000 at 9.3 - -
-10°C -15°C
8 - - 4.0 <6.1 1.7
12 - - 5.0 <7.1 2.0
16 - - 6.1 <8.2 2.3
20 - - 6.9 <93 2.6
30 - - 9.3 <125 2.9
40 - - 12.5 <16.3 3.5
40 - - 12.5 <16.3 3.7
50 - - 16.3 <21.9 3.7
60 - - 21.9 <26.1 3.7
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Table 2.7 consists of two types of oil grades, multigrade and monograde oils. Multi-
grade oils contain "W’ (typically denotes “winter”) following the numerical value, these
oils are desirable for their cold start properties. For example, SAE OW30 is a multigrade

oil whereas SAE 30 is a monograde oil.

The SAE J300 [22] standard is revised sporadically every few years with the latest being
April 2021. The later J300 standards have seen additional monograde oils added that op-
erate with more desirable properties over a greater range of temperatures. The variation
in dynamic viscosity for a selection of these oils is shown in Figure 2.16. In the engines
covered in this work the AJ200 uses Castrol GTX OW-20 [23], whilst the RTX-6 used a
standard marine engine oil and YTRC2110D used CF-4 15W40.

n [cP]

15 000

SAE 20W/50

SAE 10W /50

Dynamic viscosity
—
wl

-18 100

Temperature [°C]

Figure 2.16: Viscosity temperature graph for monograde and multigrade engine oils
reproduced from [24].

The requirements of diesel marine engine lubricants are largely the same as in automotive
engines as the oil provides the same function. The current focus of the marine sector is a
reduction in sulphur content in both the fuel oil and lubricant used to 0.5% [25] from the
start of 2020.
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2.8 Lubrication regimes

2.8.1 Stribeck curve

The Stribeck Curve provides a measure of a systems coefficient of friction depending on the
parameters of the system (such as viscosity, surface sliding velocity and load on the con-
tact). A Stribeck Curve is shown in Figure 2.17 with the addition of the regions applicable
to various automotive contacts. There are three regions of this curve each corresponding to
a different type of interaction; surface contact, a mix of asperities touching and pockets of
lubricant and an excessively thick oil film. Each case leads to a different lubrication regime
named; boundary, mixed and hydrodynamic lubrication respectively. These regions can be

characterised by their friction coefficient as shown in the Stribeck Curve.
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Figure 2.17: The Stribeck Curve reproduced from [26].

The boundary lubrication regime has the greatest friction coefficient. This is because a
lubricating layer is not formed and the surface asperities are in contact. The load is trans-
mitted by the solid asperities instead of a lubricating layer. This is therefore, linked to the
cold start conditions of engines as this occurs before a fully formed lubricating film has

been able to form and is the time in which the greatest wear occurs.

The next regime is mixed lubrication, a combination of boundary lubrication and hydro-

dynamic lubrication. In this region, there is partial contact between asperities and pockets
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of a lubricant film partially separates the two surfaces. Thus, greatly reducing the friction

coefficient as the load is supported by both the asperities and the lubricant.

The final zone of the Stribeck Curve is the hydrodynamic lubrication region in which a
complete oil film is formed between the two surfaces and the asperities are not in contact.
The friction coefficient increases in this region due to excessive shearing of the lubricating

oil.

The lambda ratio (A,) is the ratio of the lubricant film thickness, A, to the composite surface
roughness, o. This ratio, as seen in Equation 2.8, can be used to suggest which region
of the Stribeck Curve a contact operating in. According to [27], boundary lubrication is
defined by A, < 1, mixed by 1 < 4, < 5 and hydrodynamic by 5 < 4,.

Ar = ﬁ = # (2.8)
(0

/'p.2 2
Rai + Ra;

2.9 Piston ring and liner lubrication

Most piston rings covered in this work have a barrel profile, leading to the contact between
the ring and liner being that of a flat and a converging-diverging section. A lubricated
piston ring and pressure profile is shown in Figure 2.18. This ring is a buffer between
higher (combustion chamber) and lower (crankcase) pressure regions so there is a complex

pressure profile across the contact.

Combustion chamber 4/ Cylinder liner

P
P, ressure
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Piston ring >
P
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Crank case

Figure 2.18: Piston ring pressure profile.
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The high relative velocity mid-stroke between the piston ring and cylinder liner entrains
oil between the two generating a hydrodynamic pressure that maintains separation of the
two. Although through the course of each engine stroke the piston velocity varies, with
low ring velocity regions at the start and end of each stroke and an instant of zero velocity
at the TDC and BDC. A lack of relative velocity between the two leads to there being no
ability to form a fluid pressure that can support the ring tension forcing the ring outwards.
At this point, the lubricant is forced out of the contact leading to the breakdown of the hy-
drodynamic regime, changing to either mixed or boundary lubrication. In both mixed and
boundary, there are asperities in contact between the two media leading to greater friction
and wear of both components. The lubricating film also varies depending on the engine
stroke with the power stroke having an elevated combustion chamber pressure, this causes

the lubricant film between the ring and liner to be thinner during this stroke than others.

The greatest frictional regime is that of boundary lubrication, this has led to most previ-
ous piston ring lubricant film thickness works studying the film at or close to the TDC
[28, 29, 30, 31, 32, 33, 34, 35, 36]. Itis believed that boundary lubrication only occurs near

the ends of strokes, due to the lower piston velocities although this may not be the case.

The amount of lubricant present has a major impact on the formation of the lubricant film.
A combination of factors affects the quantity of lubricant present: the oil control ring di-
rects excess oil on the liner down to the oil sump and the lubricant to form an oil film on an
up-stroke is that which was left by the previous down-stroke. This causes oil rings to often

operate under starved conditions [37].

Cavitation can occur in the lubricant at or around contact points between the ring and liner.
This may occur if the lubricant pressure is below saturated pressure as it passes through the
ring-liner contact which can initiate a phase change process producing lubricant vapour. In
addition, cavitation can occur when dissolved gases are released from the lubricant after a
reduction in pressure [38]. Cavitation is aimed to be avoided where possible as the process

can damage components exposed to it.

2.10 Oil film thickness measurement techniques

In recent years numerous techniques have been developed to study the oil film thickness

(OFT) of a lubricated contact, with many of those applicable to the interaction between
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piston/piston rings and cylinder liners. In the following section, the techniques for quan-
tifying the oil film thickness between pistons and cylinder liners have been evaluated and

reviewed.

2.10.1 Capacitance

Capacitance probes are based upon the principle, that when two electrodes of different
electric potentials are separated by an insulator, a charge is stored on the surface of both
electrodes which forms a capacitance. The capacitance, C, between two plates follows
Equation 2.9.

o K;.€A

C
d

2.9)

In which &, is the permittivity of free space, A, is the area of the plates, d, is the separation
between the ring and liner and K}, is the dielectric constant. A capacitance can be formed
between a piston ring and an electrode that is mounted flush with the liner. This has been
achieve in numerous works [35, 36, 39, 40, 41, 42, 43] a schematic is shown in Figure
2.19. This technique has provided film thicknesses ranging from 0.2 to 9 um. Although
the methodology is prone to breakdown from excessively thin films (< 1 um) as shorting
of the circuit may occur (metal-metal contact).
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Figure 2.19: Schematic of capacitance probes mounted flush in the liner.

A key assumption with this method is that the region between the two plates is fully flooded
with oil, if there is any cavitation then the dielectric constant of the intermediate region (lu-
bricant in this case) varies. This can affect the calculated value of the oil film thickness by
up to a factor of two [44]. This assumption causes the technique to often not be suitable

for the oil film thickness over the whole ring but for the point of minimum film thickness
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(in which it can be assumed fully flooded at this point). The presence of metallic wear
particles in the lubricant also has an impact on the recorded capacitance. Another limita-
tion of this technique is the size of the capacitance probes. The probes are often several
millimetres wide, significantly wider than piston rings (ring width defined in Figure 2.19)
that are typically less than 1 mm in automotive engines, this therefore, may provide a poor

spatial resolution.

To form the capacitor, it requires the transducer to be mounted flush with the inner surface
of the liner by honing the liner post sensor installation. The electrode material often has a
greater wear rate than that of cast iron liners, therefore, the electrode is worn away through
the course of testing affecting the calibration of the probe as the separation distance in-
creases over time. The value for the dielectric constant also varies with temperature so this
approach is only suitable for steady-state testing. Although capacitance probes themselves

are seen to have good thermal stability and robustness.

A noteworthy instrumentation was performed by Takiguchi et al. [39] on a six-cylinder
diesel engine. Capacitance transducers were instrumented behind the first compression
ring (barrel-faced) and the scraper ring (napier tapered). The fired testing at a range of
engine speeds (1200-2400 rpm) measured oil films ranging from 1.5-9 um over the full
stroke of the piston. Their results showed minimal cyclic variation with the film thickness
increasing with greater engine speed. The novelty arose from the instrumentation behind

the piston rings, greatly increasing the complexity of routing the cables out of the engine.

A more standard capacitance instrumentation is shown in Dhar et al. [36] in which trans-
ducers were instrumented flush on the internal surface of the liner in an adapted motored
diesel CVR-5 at 1400 rpm. The testing provided oil films ranging from 0.2-8 um with their
being relatively small differences between the up and down strokes of the engine, thought
to be due to the motored operation of the engine. The work is expanded on in [35] study-
ing the same single-cylinder engine at the TDC, mid-stroke and BDC to provide a greater

picture of the oil film through the stroke.

Capacitance transducers have also been implemented for in-situ measurements of oil de-
terioration such as to indicate oil viscosity in [45, 46] or to show when an oil change was
required in [47]. For an in-depth study into the design of capacitance probes, the reader is

recommended to read Ducu et al. [40].
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2.10.2 Laser induced fluorescence

Laser induced fluorescence (LIF) is the most common type of optical measurement tech-
nique used for measuring oil film thickness between piston rings and cylinder liners. Other
optical techniques include replacing the liner with Perspex glass, glass or using ultraviolet
fluorescence. The LIF approach uses the natural fluorescence of an oil, or has an additive
to enable such measurements. A wavelength of light (typically blue lasers of wavelength
400 — 500 nm) is shone on the oil film which excites specific bonds on the fluorescent
components causing electrons to move to a higher energy state. Upon their return to their
original state, radiation of a smaller wavelength is emitted. The emitted light is filtered
and processed to quantify the oil film thickness. The technique is calibrated by perform-
ing measurements on a series of known gap sizes and applying a scaling function to the

measurement signals. A schematic of the LIF system is shown in Figure 2.20.
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Figure 2.20: Schematic of laser induced fluorescence with optical path through to the oil
film.

The technique originates from Ting [48] and has led to numerous works capable of mea-
suring oil films ranging between 0.4 um to 24 um [33, 34, 49, 50, 51] for the first piston
ring. A key advantage of this technique is the spatial resolution, with it being an order of
magnitude less than the width of piston rings. This technique can be used for measurements
over the full stroke of the piston as it does not require the piston to be aligned with the laser
to record meaningful results. This can, therefore, be used to show the oil film retained by
the liner and the bow wave of oil ahead of the piston. This overcomes a limitation of the
capacitance technique as data can be recorded during the whole piston stroke. LIF is also
not limited to oil film thickness measurements in [52, 53] the degradation state of the oil

was studied using this technology.
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In [50] LIF was applied to a single-cylinder Ricardo Hydra gasoline engine to study the ring
pack film thickness at a series of degradation states of the oil. Three states of oil were tested
in motored and fired conditions at a range of engine speeds (1000-4000 rpm). It was shown
that as the lubricant degrades, it leads to thicker oil films for the complete ring pack. The
minimum oil film thickness for the first compression ring using fresh oil ranged from 0.5-
10.5 um whilst degraded oil under the same conditions ranged from 0.5-24 um. The work

found a greater lubricant throw-oil and engine emissions were associated with degraded oil.

LIF was applied at four locations down the liner in [34] on the thrust side of a single-
cylinder diesel engine at 1500 and 2000 rpm, 75% load. The piston had three piston rings
(barrel-faced, napier and two-piece control ring), in the testing three different types of oil
control rings were used. A reduction in engine load was found to produce negligible dif-
ferences in the control ring oil film thickness. However, as LIF is capable of measuring
residual oil film levels, this load reduction showed a significant increase in residual oil lev-
els with a reduction in engine load and thus provided a greater amount of lubricant available

for the compression ring.

The oil distribution and film thickness has been studied at a range of starvation conditions
in [54] using a tribometer. The work used LIF and was capable of measuring film thick-
nesses down to 0.05 um. This indicates the sensitivity of the method although it is not
necessarily applicable to engine testing as plateau honed grooves on a cylinder liner may

be up to two orders of magnitude greater than this.

There are unavoidable drawbacks related to LIF, as the technique is hindered by the visible
light produced from the combustion process. Along with the requirement of a pathway
for the laser to enter the oil film producing discontinuities on the internal surface of the
liner and changing the one of the boundaries of the lubricating film. There is also an
extensive calibration and data processing requirement. The build up of wear particles or
combustion products in the oil film will also affect the lubricants fluorescence thus limiting

the applicability of the calibration.

2.10.3 Inductance

The inductance approach is based upon the electromagnetic coupling between a wire coil
and a target material. The wire is exposed to a high-frequency alternating current, this cre-
ates an oscillating magnetic field in neighbouring conductive material. The eddy current

formed generates an electromagnetic field, the strength of which depends on the separation
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between the two. The spatial resolution of this approach makes it is more commonly used
for piston skirt clearance measurements or piston secondary motion than for oil film thick-

ness measurements.

Inductance has been applied in several ways to measure piston ring film thickness. In [55]
a motored test rig was developed and an inductance probe was mounted in the end of a
piston ring to measure the ring gap. A schematic of this instrumentation is shown in Figure
2.21. The size of the gap was then used to infer an average film thickness around the
circumference of the liner. The test rig ran up to 1000 rpm providing films ranging from
2-8 pum.
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Piston ring

Inductance
transducer

Figure 2.21: Schematic of the inductance approach to measure the ring gap.

In [56] four eddy current sensors covering the TDC, the BDC on the thrust/anti-thrust side
were tested. The engine was a six-cylinder diesel engine fired at 900 rpm. The results for
the first compression ring show the film thickness to increase with engine load for each
engine stroke with either the compression or expansion stroke providing the thickest films.
Whilst the thinnest film was during the exhaust stroke when a large quantity of the oil that
remained on the liner was thought to have evaporated or been expelled into the combustion
chamber. The oil film thickness values provided were all relative to the thinnest point in-

stead of the absolute value of film thickness.

In [51] eddy current transducers were mounted in the top and bottom of the piston skirt

in a single-cylinder CAT 1Y73 diesel engine. These sensors were used to study piston tilt
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and clearance of the piston skirt. The tilt of the piston peaked at 200 pum at the start of the

power stroke and varied significantly in each engine stroke, see Figure 2.22.
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Figure 2.22: Piston clearance reproduced from [51] ATU/ATL refers to anti-thrust
upper/lower respectively and TU/TL is thrust upper/lower respectively.

There are evidently many routes to apply the inductance method each with varying levels
of complexity to study lubricant film thickness. Inductance has even been used to study
bore distortion from either the liner or piston side in [57, 58, 59, 60, 61]. An overall
summary of inductance can be stated as having extensive data processing requirements and
the presence of ferromagnetic material add to the difficulty by its impact on the magnetic
field. The transducers themselves are also prone to a non-linear response and are difficult

to calibrate as temperature drift has a large impact on the measurements.

2.10.4 Resistance

Provided that the ring and liner are conductive, they can form part of an electric circuit. The
circuit utilises the dielectric nature of the engine oil to deduce the lubricant film thickness.

By measuring the resistance across the oil film its magnitude can be correlated to lubricant
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film thickness. If the ring and liner are in close proximity there is greater asperity contact
causing greater conductivity, versus the opposite trend for a sufficiently thick lubricant film.

A schematic of this method is shown in Figure 2.23.
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Figure 2.23: Schematic of the resistance technique that has two electrodes mounted flush
in the liner.

The resistance approach is another invasive technique that has electrodes mounted flush
with the inner surface of the liner. In [62] a single-cylinder AVL diesel engine was mod-
ified with two insulated grooves down the liner surface to enable 5 pairs of electrodes
covering the TDC to the BDC. The fired testing covered a range of loads and engine speeds
up to 2200 rpm. The thickest films were found mid-stroke when the piston velocity was
greatest aiding to form a hydrodynamic film although the instrumentation was only able to

provide a single discrete measurement from a ring passage.

The resistance method requires a high degree of modification to the engine to electrically
isolate the piston rings which is difficult to achieve over the complete stroke to avoid short-
ing the circuit. The state of the oil also limits the technique as the presence of third body
particles from either component wear or soot can have an impact on the conductivity of the

oil film, affecting the measured lubricant film thickness.

2.10.5 Strain gauge

A less explored route to quantify the oil film thickness is to use a strain gauge mounted
behind the rings, as shown in Figure 2.24. The oil film thickness is determined by the
difference in the strain values from running the piston in lubricated and unlubricated con-
ditions. Although the use of strain gauges in this way is only suitable for unfired testing. In
[63] a motored single-cylinder engine was spun up to 1500 rpm to provide oil film thickness
measurements up to 5 um. A series of bore diameter measurements were required to offset

any cylindricity in the bore to remove its impact on the film thickness. The requirement of
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a reference bore measurement at each location and temperature studied provides a practical

flaw in this method due to the quantity of calibration needed.
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Figure 2.24: Schematic of a strain gauge mounted in the piston to monitor ring deflection.

2.10.6 Ultrasound

A final approach is to use ultrasonic transducers placed on the outside of the cylinder liner
to pulse sound waves through the liner to quantify the oil film, shown schematically in
Figure 2.25. This has a key advantage over the previously mentioned routes as this is

non-invasive and can provide results in real-time.
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Figure 2.25: Schematic of an ultrasonic transducer mounted on the outer surface of the
liner.

In [28] a single-cylinder engine was ran under motored and fired conditions at a series of
speeds (850, 1800 and 6000 rpm). A 7 mm diameter transducer was instrumented onto the
external surface of the liner to quantity the piston skirt film thickness. The motored tests

provided a film thickness ranging from 9-21 um whilst the fired tests gave measurements
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down to 2 yum.

The method has since been developed in [32] in which motored tests were performed on a
four-cylinder Perkins 1100 series engine at 600, 720 and 840 rpm. An increased sensitivity
enabled the method to detect piston ring passage over the transducer with the film thickness
ranging from 5-10 um from a single transducer on the neutral side of an end cylinder. A
non-permanently bonded sensor was used on this engine which enabled one sensor to study

the piston rings at a series of locations.

Ultrasonic transducers have also been applied to fired engines, in [30, 64] a single-cylinder
Briggs and Stratton Quantum engine was used and in [29, 31, 64, 65] a single-cylinder
Honda CRF450R. The single-cylinder engines enabled complex instrumentation of a series
of ultrasonic transducers on the thrust, anti-thrust and neutral sides of the engine, as shown
in Figure 2.26. The instrumentation used transducers with a width of 1 mm, a similar size
to the width of the first compression ring in the engine. The reduction in transducer size
provided an increased resolution on the film thickness measurements for both the piston
skirt and rings. Ultrasonic transducers provide an average measurement over the complete
sensing surface, therefore, the measurements in this engine will have a closer representation
to the true film thickness than those in [32] where an overestimation of the film thickness
will have been measured. This is shown in the film thickness measurements in the Briggs
and Stratton Quantum and Honda CRF450R engines with oil films as thin as 0.5 um. An
interesting result was found in [31] where the applied model indicated oil films of -0.1
um in the early stages of the power stroke, this implies the ring has penetrated the liner
which is obviously not practically possible. In the method applied it was assumed that a
fully formed hydrodynamic film was maintained for the whole piston stroke inferring no
asperity contact. This negative film thickness, therefore, suggests potential asperity contact
between the ring and liner and that the Spring Model may no longer be appropriate for that

sensor as the model is for a solid-oil-solid system.
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Figure 2.26: Ultrasonic instrumentation on a Honda CRF450R reproduced from [31].
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2.10.7 Method comparison

In review of the previous sections on alternative routes to quantify piston ring film thick-
ness, the measured oil films from the articles reviewed (including other key factors from
the testing such as the engine rpm, whether the test was motored or fired) are summarised
in Table 2.4. The ultrasonic measurement articles are highlighted in red. Similarly, the

relative advantages and disadvantages of each technique is detailed in Table 2.5.
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Table 2.4: Summary of the outlined techniques to measure oil film thickness for ring-liner
contacts. The ultrasonic measurement articles are highlighted in red. *film thickness
relative to thinnest point.

Method Oil Film  Engine Speed Diesel / Motored / Reference

Thickness (rpm) Gasoline Fired
(1m)
0.2-8 1300-1400 Diesel M [35]
02-8 1400 Diesel M [36]
Capacitance 1.5-9 1600-2800 Diesel F [39]
2-4 1300 Diesel F [40]
5-25 2000 & 3000 Gasoline F [42]
5-23 2000 Diesel F [43]
14-5 1000 Diesel F [51]
Inductance 1-8 200-800 Diesel M [55]
up to 10* 900 Diesel F [56]
0.6-3.5 1000-2000 Diesel F [33]
04-5 1500 & 2000 Diesel F [34]
LIF 5-18 1200 Gasoline M [49]
2-24 1000-4000 Gasoline F [50]
1.5-15 1000-1800 Diesel F [51]
Resistance 0.5-15 1400 & 2200 Diesel F [62]
Strain Upto5 500 Diesel M [63]
Gauge

2-21 850-6000 - M+F [28]
3-15 4000 Gasoline M+F [29]
32->15 2230 Gasoline F [30]
Ultrasound 05-15 3200 Diesel F [31]
5-10 600-840 Diesel M [32]
23-17 3200 Gasoline F [65]
6-22 114 Diesel F [66]
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Table 2.5: A summary of the advantages and disadvantages of the various piston ring oil
film thickness techniques.

Method Advantages Disadvantages
* Can perform complex instru- | * Metallic wear particles affects the
mentation oils capacitance
C . * Can study oil deterioration * Assumes liner is fully flooded
apacitance
* Sensors can be instrumented | Temperature affects dielectric constant
at a range of locations
* Spatial resolution issues
* [nvasive
* Can study bore distortion * Extensive data process requirements
* Can study piston secondary | e Difficult to calibrate and sensors are
Inductance | .. :
tilt prone to non-linear response
* A number of potential in- | ¢ Presence of ferromagnetic material
strumentation routes affects sensor response
* Invasive
* Can study residual oil films | * Hindered by radiation produced
and bow waves of oil from combustion process
LIF * Good spatial resolution * [nvasive
* Can study oil deterioration » Extensive data processing require-
ments
*Built up of wear parti-
cles/combustion products in the
oil affects the lubricants fluorescence
* Extensive data process requirements
* Difficult to insulate sensors to avoid
Resistance shorting the circuit

e Invasive

» Wear particles/soot impacts the lu-
bricants conductivity

Strain gauge

* Only suitable for motored testing
* Extensive referencing requirements

e Invasive
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Method Advantages Disadvantages

* Non-invasive * Spatial resolution issues
Ultrasound * Can provide results in real * Assumes region is fully flooded
time with lubricant
* Relative simple data pro- * Provides an average measurement
cessing and calibration require- | over complete sensing area
ments

* Can instrument complex
Sensor arrays

Study of Table 2.4 displays that there are numerous techniques available to measure the oil
films formed between piston rings and liners in motored and fired engines each of which
find a similar film thickness at a range of engine speeds. Arguably, the key difference in
the methods (Table 2.5) is the amount of modification to the engine required, with most
techniques requiring transducers to be mounted flush with the inner surface of the liner.
The invasive nature of this undoubtedly affects the oil films formed. The literature survey
performed shows ultrasound to be the clear approach to monitor the contact due to its non-
invasive capabilities enabling the closest representation of the real-world lubricant film.
Combined with the robust nature of piezoelectric transducers this allows the potential for
motored and fired testing. From the reviewed literature ultrasound has been selected as the
route for further analysis into all areas required for this work and is the technique discussed

from this point.

2.11 Conclusions

Internal combustion engines are a prime example of engineering achievement in which each
aspect of the engine is under constant review for minuscule refinements of its operation.
This chapter has provided a brief introduction to ICEs and the research into piston ring
oil film thickness measurements. The main points from this chapter are summarised as

follows:

* The piston assembly is a moving wall of the combustion chamber that is subject to
a complex velocity trace that leads to the piston rings moving through all regimes of

the Stribeck curve in each engine stroke.
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* The lubricant film thickness between the piston rings and cylinder liner has been
measured using a series of techniques, each with relative merits and flaws. The most

common methodologies are based around capacitance, LIF and ultrasound.

* The most distinguishable difference in capacitance, LIF and ultrasound is the level
of modification required to the engine to perform the testing. Both capacitance and
LIF require replacing a portion of the liner with either a transducer or optical window
whilst for the ultrasonic method, transducers are positioned on the external surface
of the liner. In addition, the ultrasonic method arguably requires less calibration and

data processing than the two other approaches.
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Chapter 3

Ultrasound

The third chapter begins with the definition of ultrasound and leads the reader through to
methodologies applied in the field of tribology to study the thickness of lubricant films.
This chapter also introduces piezoelectric transducers used to pulse and receive the ultra-

sonic signals and previously developed test rigs to study the piston ring oil film thickness.

3.1 Definition

Sound waves propagate through solid, liquid and gaseous media by the elastic deforma-
tions of particles due to an initial external mechanical displacement. These sound waves
are audible for humans up to 20 kHz, after which they surpass the limit of human hearing

and are defined as ultrasonic.

Ultrasound is used in various fields such as; sonar systems, non-destructive testing, seis-
mology or medical imaging. These waves even occur naturally in nature, bats and frogs use
ultrasound to aid in communication and foraging for food. These applications work on the
base principle that after an ultrasonic wave is emitted from a source the wave propagates
through a media until a boundary is reached. Depending on the contact formed between
the two media a portion of the wave is reflected and a portion is transmitted, this occurs at

each boundary.
The propagation of ultrasonic waves follows the one-dimensional wave equation. In carte-

sian coordinates this is defined as Equation 3.1, in which u, is the wave displacement, c,

the wave velocity and t, is time.
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Ultrasonic waves propagate through media due to a pressure being exerted on a particle
and as each particle is interlinked to adjacent particles by electrostatic forces, this enables
wave propagation. One possible analogy is to assume the media is a series of masses
held together by springs that are not deformed beyond their elastic limit, see Figure 3.1.
Therefore, the displacement of a mass and spring leads to the adjacent masses displacing
accordingly. This process repeats to allow the wave to propagate through. The stiffness of
the springs, therefore, dictates the rate at which the wave propagates through the body and

the efficiency of the energy transfer between masses.

Figure 3.1: A series of particles connected via springs.

There are several modes of vibration that can be experienced in solid media. This work
considers pressure and shear waves which are both plane waves meaning that the wave has

a constant frequency and whose wavefront acts as a parallel wave.

3.2 Ultrasonic wave properties

3.2.1 Longitudinal and transverse waves

The propagation of longitudinal and transverse waves can be explained by the expansion
of the wave equation into three dimensions, see Equation 3.2 in which x, y and z refer to
three perpendicular axes.
czd—zu CZ@ czd—zu = ld_zu (3.2)
Tdxr o Vdy?  tdzr et di?
Consider a wave that is propagating in the x-direction, whose particles are also oscillating
in the same direction, a longitudinal/pressure wave. A cross-section of this type of propa-

gation is shown in Figure 3.2a. This wave experiences a series of compressions (series of
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particle planes in close proximity) and rarefactions (series of particles planes spread apart).

Alternatively, a wave propagating in the x-direction with particles oscillating in either the
y- or z-direction is termed a transverse/shear wave. A cross-section for this type of wave
is shown in Figure 3.2b. This wave type produces a cross-section that has an overall sinu-
soidal shape. Two sub-types of transverse waves are possible, with the oscillations in either

the y or z directions that are independent of each other.
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Figure 3.2: Wave propagation for longitudinal and transverse waves.

Both longitudinal and transverse waves can be supported in solids, however, as fluids have
negligible shear strength they do not support transverse waves. For greater detail, the reader
is referred to Pain [67].

3.2.2 Ultrasonic wave velocity

The rate of transmission of a wave through a media depends upon the stiffness of the in-
terparticle bonds. In relation to the mass-spring analogy (Figure 3.1), the stiffness of the

springs. A stiffer spring increases the transmission speed of the wave. It is also worth
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noting that the frequency of an ultrasonic wave is unchanged from that of the source (non-

dispersive wave).

The wave velocity, c, or the "speed of sound’ through a media depends on the density, p, the
elastic modulus, E of the medium and the Poisson’s ratio, v. Longitudinal and transverse
waves have differing wave velocities as shown in Equations 3.3 and 3.4 in which ¢; is the
longitudinal wave velocity and c¢g the shear wave velocity. The speed of sound through
a medium is also dependent on the temperature, pressure and stress acting upon it. The
temperature has a significant impact on the wave velocity, with an increase in temperature
reducing the wave velocity. Whereas the pressure and stress only have a significant impact
on the wave velocity when each factor is in the order of giga pascals and, therefore, a minor

concern in the piston ring and cylinder liner interaction.

E 1-v
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The wave velocity relates to the wavelength, A and the vibrational frequency, f, as defined

in Equation 3.5.

c=fA (3.5)

Knowledge of the longitudinal wave velocity through a media combined with the time
taken for the wave to travel from an ultrasonic pulser to an ultrasonic receiver can be used
to determine the distance travelled or often the thickness of a component and is the basis for
non-destructive testing (NDT). Commonly, the ultrasonic wave is pulsed and received from
the same transducer, therefore, the distance travelled is twice the thickness of the compo-
nent. This analysis is referred to as time-of-flight analysis in which d, is the component

thickness and t, is the time of flight as shown in Equation 3.6.

d= o) (3.6)

3.2.3 Acoustic impedance

The acoustic impedance, Z, is a measure of the acoustic pressure generated as a wave
propagates through a media. The equation for this is shown in Equation 3.7, which displays

that it is purely dependant on the density of the medium, p, and the wave velocity, c. An
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alternative definition uses P, the acoustic pressure and the longitudinal wave velocity. The
acoustic impedance is commonly measured in Pa.s/m?.

I=pc=— (3.7)

C
The acoustic impedance also indicates how an ultrasonic wave interacts at a boundary be-

tween two media of different material by defining the proportion of energy that is trans-
mitted and reflected at the boundary. Two materials with a similar acoustic impedance
will cause less of a hindrance to the wave and, therefore, a greater amount is transmitted.
Whilst for two acoustically dissimilar materials a greater portion of the wave is reflected.

The acoustic impedance for a series of typical engineering materials is shown in Table 3.1.

Table 3.1: Acoustic impedance of various media [68].

Media Acoustic Impedance (MRayls)

Steel 46.00

Aluminium 17.33
Lead 7.83
SAE 20 1.51
Water (20°C) 1.48
Acetone 1.07
Gasoline 1.00

It can be seen in Table 3.1 that the acoustic impedance of solids is much greater than those
for fluids. Referring to the mass-spring analogy used to describe wave propagation (Figure
3.1), in solids the masses are more compact than those in fluids this allows smaller energy

losses between individual masses and, therefore, in solids the acoustic pressure is much
greater than that in fluids.

3.2.4 Attenuation

Attenuation is a measure of the rate at which the amplitude of an ultrasonic wave is lost

as the wave propagates through a media. The major causes of attenuation are radiation,
scattering and absorption.
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» Radiation - Related to the energy density, as a wave propagates further from its source
the energy distribution is reduced resulting in a reduction in amplitude. Radiation

attenuation is therefore mainly concerned with beam spreading.

* Scattering - Occurs due to inhomogeneities in a media, such as foreign inclusions,
gaseous pores or an anisotropic material. Any of these causes micro-variations in
the acoustic impedance and acts the same as a boundary between two media leading
to a portion of the ultrasonic wave being reflected at each imperfection. Scattering
becomes a significant factor when the size of an imperfection/discontinuity is similar
to (or greater than) the wavelength of the sound wave. This is often a significant

factor in cylinder liners due to them typically being made from cast iron.

* Absorption - Absorption is concerned with particle vibration, this causes friction that
converts the sound energy into thermal energy. This factor is frequency dependent,
a greater frequency causes greater particle velocity which leads to more frictional
heating taking place.

A combined measure of these phenomena can be quantified in Equation 3.8.

Ay =Ayel =) (3.8)

In which d is the distance from the source of the ultrasonic wavefront, ¢ is the attenuation
coefficient and A, /A, are the amplitudes of the wave at the origin and wavefront distance
respectively. This equation can therefore be used to quantify the attenuation after any dis-
tance through a medium. The attenuation in a medium can be shown experimentally via
the use of an A-scan. This is a time-domain plot that displays the magnitude of a series of
ultrasonic reflections. An A-scan can be used to display attenuation if the back surface of
the medium is free (air is used as it is considered a perfect reflection of the ultrasonic wave).
Therefore, if there is no attenuation in a body, successive peaks would have the same am-
plitude. An example A-scan is shown in Figure 3.3 in which three consecutive reflections

are shown, each successive reflection has a reduced amplitude due to wave attenuation.
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Figure 3.3: A-scan displaying multiple ultrasonic reflection from an air boundary,
highlighting the attenuation in a medium.

3.2.5 Wave propagation at boundaries

The interaction that an ultrasonic wave has with a boundary depends upon the materials
on either side and the contact between the two media. Under the assumption that two
media are perfectly bonded (no air gaps, see Figure 3.4) when an ultrasonic wave strikes a
boundary between two dissimilar materials (significantly different acoustic impedances) a

portion of the wave is transmitted and a portion is reflected.

Medium 1 Medium 2
Incident wave Transmitted wave
ﬁ >
Reflected wave

Figure 3.4: The interaction of an ultrasonic wave at a perfect solid-solid interface.

There is also continuity of the wave pressure (Equation 3.9) and wave velocity (Equation
3.10). Note the subscripts are defined as follows: 1 — incident, r — reflected and t — trans-

mitted.
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F,=P-+h (3.9)

ci=crta (3.10)

Manipulation of Equations 3.9 and 3.10 along with the acoustic impedance defined in Equa-
tion 3.7 produces Equation 3.11. By also applying knowledge that the wave is propagating
from Medium 1 to Medium 2, therefore, the acoustic impedance of the reflected portion of

the wave is in the negative direction.

Z _P+P,
Z P—P

The reflected portion of the wave can be expressed in terms of the acoustic pressure inci-

(3.11)

dent to the boundary compared to the reflected acoustic pressure, shown in Equation 3.12.
Substituting this equation into Equation 3.11 gives an equation to quantify the amount of
an ultrasonic wave that is reflected at a boundary and is termed the reflection coefficient,
see Equation 3.13. This is purely dependent on the acoustic impedances of the two media.
The value of the reflection coefficient varies between —1 < R < 1, in which R = 0 shows
perfect contact as there is no reflection of the wave. The positive or negative sign of the
reflection coefficient value denotes the phase of the wave.

R= (3.12)

™|

Zr— 7y
R—
ZH+7

(3.13)

3.3 Ultrasound generation

To instigate an ultrasonic wave in a material a line of particles must be displaced such
that they vibrate at the desired frequency. There are several routes to transmit and receive
ultrasonic signals; mechanical, thermal, electrostatic, piezoelectric and optical to name a

few [69]. This work generates ultrasound via the piezoelectric effect.

3.3.1 Piezoelectric effect

The principle of piezoelectricity is shown in certain materials when subject to an electrical
charge, this causes a mechanical deformation in the order of nanometers. These materials

also experience the opposite effect when subject to a mechanical displacement. Therefore,
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an alternating current can generate a mechanical stress that induces a sound wave and vice
versa enabling the piezoelectric effect to be capable of instigating and measuring ultrasonic

signals.

3.3.2 Transducers

A large range of ultrasonic transducers are available, specialised to different aspects of NDT
such as crack detection or acoustic emission. A series of typical ultrasonic transducers are

shown in Figure 3.5a. The components of such transducers are labelled in Figure 3.5b.

’—<—‘— Connector

Grounding ’7 +— Housing

Damping material Live

/ Piezoelectric element

Electrodes

Protective coating

(a) Typical ultrasonic transducers [70]. (b) Transducer components.

Figure 3.5: Typical ultrasonic transducers and components.

The generic configuration is for a piezoelectric element such as lead zirconate titanate
(PZT) or bismuth titanate to have an electrode on either side with a damping material
on the back face of the transducer to damp vibrations after the initial pulse. The unit is
encased in a housing that has a protective coating on the front face to protect the electrode.
Ultrasonic transducers can either be probed onto a surface with ultrasonic transmission gel
or permanently bonded if extended use is required. The relatively simple configuration of
the transducer allows there to be freedom in size and shape of the transducer enabling po-

tentially complex transducer arrays to be built up if required.

For a material to maintain its piezoelectricity, it must remain below its Curie temperature
which ranges from 120-1000+-°C depending on the material [69]. Therefore, for some
applications such as cylinder liners in fired engines whose temperatures are often greater
than 120°C specially manufactured transducers may be required to provide transducers that

can operate for an extended time.

3.3.3 Transducer characteristics

A piezoelectric element is characterised by its centre frequency, amplitude and bandwidth.

The centre frequency, f,, of the transducer is determined by the thickness of the element,
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h, and the speed of sound through the element, see Equation 3.14. The equation shows
that shear elements are thinner than longitudinal elements as the speed of shear waves is

roughly half that of longitudinal waves.

_c
2f
The bandwidth is dependent on the level of damping of the piezoelectric element and is

h (3.14)

characterised by the value of the bandwidth after a 6 dB (or 50%) decrease in the original
signal amplitude in the frequency domain (see Figure 3.6b) as defined in E1065 ASTM
Standard [71]. Transducers can also be characterised in terms of their bandwidth percent-
age as calculated in Equation 3.15.

Bandwidth
Bandwidth (%) = ~21EWEn (3.15)

fe

An example of a typical ultrasonic reflection in the time domain and the frequency domain
by applying a fast Fourier Transform (FFT) is shown in Figure 3.6 with the main factors
labelled. The shape of the waveform is controlled by the frequency and the damping ap-
plied. Transducer damping controls the frequency response of the waveform by affecting
the initial excitation after the ultrasonic pulse (ringing). Through the ability to attenuate
the signal by applying damping material to the rear face of the active element it is possible

to control the duration of the signal in the time domain.

1 —Reflection fc
ra —Envelope

6 dB drop

—

Bandwidth

Amplitude
Amplitude

Peak to peak
Time (us) Frequency (MHz)
(a) Time domain ultrasonic reflection. (b) Frequency domain of an ultrasonic reflection.

Figure 3.6: Time and frequency domain views of an ultrasonic reflection.

Highly damped ultrasonic transducers produce a short signal in the time domain whilst
having a broadband signal in the frequency domain. Whereas poorly damped transducers

produce a long duration signal in the time domain and a narrowband frequency domain.

58



3.3.4 Near field effect

Piezoelectric transducers follow Huygens’ Principle of Diffraction when a sound wave is
emitted from a transducer. The wave is instigated from a series of discrete points on the
surface. Close to the transducer, these signals interact constructively and destructively
which, therefore, leads to fluctuations in the overall signal produced in this region. This
effect is defined as the near field effect. The fluctuation in the signal causes difficulties in
identifying the desired reflections/regions in the signal in this region as shown in Figure
3.7, the near field is the region denoted by N.

MAXIMUM

Figure 3.7: A schematic displaying the near field and far field regions [72].

Following the near field, is the far field in which the sound waves have sufficiently spread
out such that there is a significantly lower level of variation in the output signal. The wave
is now equivalent to a sound wave produced from a single-point source in the centre of the
transducer. The length of the near field, N, can be calculated by using Equation 3.16 where
D; is the diameter of the transducer and A is the wavelength of the signal used. Ideally, the
transducer should be sized such that the near field ends just before the signal is captured as

this has the maximum amplitude of the signal with minimal noise interference.

_ D

N=m

(3.16)

3.3.5 Transducer measurements

There are two configurations for ultrasonic transducers; pulse transmission and pulse re-

flection, see Figure 3.8. Pulse transmission measurements have a transducer on either side
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of the medium and can show discontinuities in a material due to the lack of signal be-
ing sensed from the receiver. Although this technique does not allow for the depth of the

imperfection to be identified.

Receiver
A 4
Medium Medium
Pulser Pulser/ Receiver
(a) Pulse transmission. (b) Pulse reflection.

Figure 3.8: Pulse transmission and pulse reflection.

Alternatively, pulse reflection has the pulser and receiver on the same side of the specimen.
The transmitter generates the ultrasonic wave which is propagated into the media. This
wave is then reflected from the back surface of the media, in addition to any reflections
from an imperfection in the media. The reflected wave is detected by the receiver, this
combined with knowledge of the speed of sound through the media, the thickness of the
component and the location of cracks/discontinuities can be found by time-of-flight analy-

sis.

Pulse reflection analysis can be split into two subgroups; pulse-echo and pitch-catch, see
Figure 3.9. Pulse-echo uses one transducer to both pulse and receive the signal whereas
pitch-catch has a separate pulser and receiver. Whilst both techniques enable a similar
analysis to be performed, the pitch-catch approach can be used for analysis such as how the
ultrasonic wave propagates along/around a component by the spacing set between the two

piezoelectric elements.
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Medium Medium
| ;
Pulser/ Receiver Pulser Receiver
(a) Pulse-echo. (b) Pitch-catch.

Figure 3.9: Pulse-echo and pitch-catch configurations.

3.4 Reflections at real boundaries

The reflection of an ultrasonic wave at an idealised perfect boundary can be improved to
account for two real engineering surfaces, such as those seen in Figure 3.10 with each
surface having a degree of roughness preventing complete contact. This results in only the

asperities of the surfaces touching whilst the rest of the ’contact area’ consists of air gaps.

Medium 1 Medium 2

Incident wave Transmitted wave

4
>

&
<

Reflected wave

Figure 3.10: Two real engineering surfaces.

To improve the model, the interfacial stiffness needs to be considered as modelled using
the Quasi-static spring model as developed in [73]. This model treats the two bodies as if
they are connected via a series of springs (Figure 3.11) with the stiffness of K, defined in

Equation 3.17 where P, is the contact pressure and u, is the deflection.
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Figure 3.11: Spring model surface approximation.

dP
— 3.17
T (3.17)

The interfacial stiffness replicates the asperities that are in contact, as the two surfaces get
closer and the surface deformation increases, the interfacial stiffness tends to infinity. By
incorporating the interfacial stiffness into Equation 3.13 a new equation for the reflection

coefficient can be defined, in Equation 3.18.

R_@—a+m@%)
L+ 7 +io(42)

(3.18)

Equation 3.18 contains an imaginary component providing the vector and phase of the
reflection coefficient. The magnitude of the reflection coefficient is shown in Equation
3.19.

(Zo— 7))+ (242

IR[ =
(Zz + Zl)z + (—wZIéZZ )2

(3.19)

A common simplification can be made if the two media are made of the same material (thus
same acoustic impedance, Z; = Z;). This simplifies Equation 3.19 to Equation 3.20.

Rl= (3.20)

]+(%)2

oz

3.4.1 Reflections at boundaries with lubricant films

The reflection coefficient in Equation 3.19 is only applicable to two real unlubricated solid
surfaces in contact. Additional steps can be applied to study two real surfaces separated by a
thin lubricant film. This adapts the model to consider three media (Figure 3.12) each media

has its own respective acoustic impedances, therefore, there is a partial reflection/partial
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transmittance occurs when the wave interacts with the boundary between Medium 1 and
Medium 2 as well as the boundary between Medium 2 and Medium 3. This leads to the
transducer receiving a second ultrasonic reflection marginally after the first. This causes
difficulties in thin films (less than 100 um), to identify which reflections are from which
boundary. To overcome this, higher frequencies of ultrasound must be used although this
increases the attenuation of the wave. In general, if the wavelength of the signal is large
compared to the fluid film thickness then the two boundaries can be treated as a single

reflector.

Medium 1 Medium 2 Medium 3

Incident wave Transmitted wave

‘— >

F Y

Reflected wave

Figure 3.12: The interaction of an ultrasonic wave at a solid-liquid-solid interface.

The stiffness of the separating lubricant layer can be defined by the bulk modulus, B, and
the layer thickness, h, shown in Equation 3.21.

B
K=— 3.21
A (3.21)

The bulk modulus of a fluid can be rewritten in terms of the product of its density, p and

wave velocity, ¢ (Equation 3.22).

K="5- (3.22)

Incorporating Equation 3.22 into Equation 3.19 with several stages of rearrangement gives

an equation for the thickness of a thin oil film between two real bodies, Equation 3.23, [74].

2 2 2 _(Zy—7)2
pe \/!RI (Z2a+2))*— (Za—2n) (3.23)

T WZiZ, 1—|RP
Similar to Equation 3.20, the same simplification can be applied if the two solid media have

the same acoustic impedances, providing Equation 3.24.

2pc? IR|?
h = 24
oZ \| 1—-|RP (3:24)
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Previously, Equation 3.23 [74] was used to show the expected oil film thickness over a range
of frequencies for hydrodynamically lubricated machine elements, the resulting reflection

coefficients and corresponding film thickness are shown in Figure 3.13.
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Figure 3.13: Reflection coefficients for a range of oil film thickness at various transducer
frequencies, reproduced from [74].

In Section 2.10, a review of techniques to measure piston ring oil film thickness highlighted
the expected oil films to range from 0.5um to 20um (Table 2.4). Therefore, using Figure
3.13 it shows that there is a large range of suitable transducer centre frequencies available
to study this oil film with the most applicable being up to 10 MHz.

There are several assumptions made so that the spring model is applicable, these include:

* The region between Medium 1 and Medium 3 is fully flooded with fluid, therefore,

no cavitation occurs.

* The fluid film completely separates Medium 1 and 3 such that no asperities are in

contact.

* The two surfaces are parallel.
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* The interaction between the two surfaces is equivalent to a series of springs such that
when the loading on the springs increases this changes the deformation between the

two and this deformation remains within the elastic region at all times.

3.4.2 Experimentally measuring the reflection coefficient

The reflection coefficient can be experimentally defined by measuring and normalising the
ultrasonic reflection relative to a reference reflection. The reference reflection is taken when
the back surface of the contact is free and unloaded i.e. an air contact. Air reflections can
be used as a reference reflection as 99.998% of the signal is reflected, thus this reflection is

a near equivalent to the incident wave input to the medium. This defines another definition

of the reflection coefficient, Equation 3.25.

Ring Aligned Reflection
~ Incident Signal /Air Re ference
The difference in the two reflections is visible in the A-scan via a change in amplitude
between the reference and piston ring aligned reflection, see Figure 3.14. In the case of

piston ring and liner studies, the reference is often defined when the piston is significantly

(3.25)

far away from the sensor. The enables a representative reference to be recorded for each

data capture.

2000

—Reference
—Aligned Piston Ring

Amplitude (bits)

0 0.4 0.8 1.2 1.6
Time (us)

Figure 3.14: A reference reflection versus a piston ring aligned reflection.

The reflection coefficient parameter is defined by indexing the signal in the frequency do-

main at the transducer central frequency and comparing that to the reference reflection. See
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Figure 3.15 for a visualisation of this of a sensor whose central frequency in 1 MHz. In
Figure 3.15b the reflection coefficient is shown over the complete frequency domain. This
technique has been used in previous ultrasonic piston ring oil film thickness research. The
test rigs from these previous studies are discussed in Section 3.7.
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(a) Frequency domain. (b) Normalised frequency domain.

Figure 3.15: A typical reference and piston ring aligned reflection in the frequency
domain.

In Chapter 7, an alternative route to define the reflection coefficient is used. This is based
upon the peak of envelope in the time domain signal using the Hilbert function. The time

domain signal can be normalised relative to the reference envelope.
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Figure 3.16: A reference reflection versus a piston ring aligned reflection with the Hilbert
envelope overlaid.

The Hilbert envelope definition of the reflection coefficient primarily benefits over the fre-

quency domain definition as it avoids difficulties in defining the start and end of a reflection
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and it is not subject to undesired ultrasonic reflections that are combined into the main body
of the reflection when using the frequency index approach. This is covered extensively in
Chapter 7.

3.5 Method validation

The ultrasonic methodology has previously been validated in [75, 76] by using ultrasonic
transducers that were immersed in a water tank and positioned above a liquid wedge. The
wedge was formed by using two glass sheets that were separated at one side by a ranges of

shims of known thickness. The setup is shown in Figure 3.17.

Transducer
Positioning scale

\ .

Glass sheet — [t

§ <« Shim
N

Figure 3.17: The ultrasonic method validation experiment setup performed in [75, 76].
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The results show a good alignment between the ultrasonic measurement and the geomet-
rical prediction of the lubricant film thickness within the range applicable to the Spring
Model (up to 25 um). Above 25 um the resonance approach (explored in Section 6.3.2)

was used which also showed good agreement with the experimental and geometric results.

A similar methodology was also performed in [75] to validate ultrasonic film thickness
measurements between: a ring and shaft, elastohydrodynamic lubricated contacts (ball on
disc, also covered in [76]) and for a roller bearing lubricant film. The results from all four
of the scenarios studied provided good agreement between the measured and predicted
results. In [75] the measurement between the glass plates (3.17) showed the greatest align-

ment between the shim thickness and ultrasonically measured results.
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In the case of journal bearings, further validation has been performed in works such as
[74, 77] as the ultrasonic results have been compared to the Raimondi-Boyd prediction
[78], which showed good alignment to the experimental results, as the experimental results

remained within the prediction boundaries.

3.6 Shear waves at solid-liquid boundaries

The previous section covers ultrasonic wave interaction at real engineering surfaces sepa-
rated by a thin fluid film, this can only be applied to longitudinal transducers as shear waves
are unable to support shear stresses and, therefore, do not propagate through fluids. Shear
waves are only able to penetrate short distances into fluids, the penetration depth can be

calculated using Equation 3.26, [79].

1 | 45x10-5
0=\ zrm ~ \ Tx 10108 pm (3:26)

In which 7, is the dynamic viscosity, p;, is the density of the fluid and, f., is the centre

frequency of the transducer. In the example shown above, using a transducer with a centre
frequency of 10 MHz, the shear wave only propagates 1.2 pm into the oil film. However,
the oil films between piston rings and cylinder liners typically reaches up to 20 um, thus
showing in most cases shear waves would not propagate through the film. As these high-
frequency ultrasonic waves propagate a short distance into to oil film is enables the scenario

to be treated as a semi-infinite half-space [80].

The fact that shear waves are unable to penetrate through a fully formed lubricant film in
the orders expected for the piston ring-cylinder liner contact provides the potential for other
parameters to be studied. An example of this is asperity contact between the ring and liner,
hence showing a break down of the lubricant film. At any point where the oil film breaks
down and boundary lubrication occurs (solid-solid contact) shear waves would then be able
to propagate into the piston ring instead of being reflected at the boundary. Therefore, shear

transducers provide a viable route to measure metal-metal contact.

3.7 Ultrasonic reflection piston ring rig design

In the several ultrasound sensing based piston ring oil film thickness works discussed in

Section 2.10.6, a range of test rigs were manufactured to enable such measurements. This
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section provides a brief overview of the main features of those test rigs.

An early test rig for motored and fired testing was developed in [28] using a single-cylinder
four-stroke engine on a dynamometer test platform. The barrel of the engine was modified
to allow for wet liners to be used so that ultrasonic transducers could be instrumented on
the external surface of the liner aligned with the piston skirt at the TDC. The TDC pulse

was obtained using a digital rotary encoder to trigger the data acquisition system.

In [81] a four-cylinder Perkins 1100 series engine was driven by a 7.5 kW three-phase
motor. The engine was run without the cylinder head/valves, therefore, a top plate was pro-
duced to seal the top of the water jacket and oil feeds. A shaft encoder was used to monitor
crankshaft speed and position using a National Instruments USB-6009. Thermocouples
were located at various points around the engine such as to monitor the temperature of the
coolant and ultrasonic transducers. Slots were machined through the engine block to ex-
pose the back surface of the steel cylinder wall to enable ultrasonic instrumentation. Plates
were machined to seal the coolant jacket post instrumentation. Bare piezoelectric transduc-
ers with a delay line, contact transducers and focusing transducers were all implemented
onto the engine with varying degrees of success to measure the piston skirt. The test rig
was also used in [32] with a 5 MHz contact transducer to measure the oil film thickness of
each piston ring on the neutral side of the engine. As the contact transducer was not per-
manently bonded to the liner, this enabled the transducer to be used at a range of locations

down the length of the piston stroke.

A single-cylinder Briggs and Stratton Quantum engine as used in [30] in which a hydraulic
disc brake was coupled to a load cell to apply loading on the engine. The lawn-mower en-
gine had side-valve aspiration limiting ultrasonic instrumentation to the anti-thrust side of
the engine. Cooling fins on this side of the cylinder were removed to provide a flat area to
instrument the transducers. An array of 7 transducers were instrumented, each with a width
of 1.5 mm, a similar size to the thickness of the compression rings, the instrumented trans-
ducers are shown in Figure 3.18. The reduction in transducer size enabled measurements

of all three piston rings and the piston skirt in each stroke of the engine.
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Figure 3.18: Ultrasonic instrumentation applied in [30].

Further works by Mills in [29, 31, 65] used a single-cylinder Honda CRF450R gasoline
engine for motored and fired testing. A small flat was machined on the thrust, anti-thrust
and neutral side of the engine to enable complex arrays of 15 transducers to be instrumented
on each side of 7 mm x 1 mm. The coolant jacket was sealed post instrumentation and used
in motored and fired testing to produce a significantly more detailed picture of the lubricant
film than previous works. In addition, as measurements were recorded on multiple sides of

the liner piston secondary motion could be inferred from the ultrasonic measurements.

Exterior
cylinder surface

Piezo elements

Water jacket
sealing cover

Figure 3.19: Ultrasonic instrumentation applied in [65].
From the literature surveyed, most test engines used with the ultrasonic approach or those
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using alternative techniques mentioned in Section 2.10 use single-cylinder engines except
for a small range [32, 39, 81] who used a four-cylinder and six-cylinder engines respec-
tively. A sizeable portion of the ultrasonic research was based upon single transducers or
measurements from one side of the liner. To enable ultrasonic transducers on the AJ200
engine, a tailored rig was designed that was inspired upon the previous works such as
[29, 31, 32, 65].

3.8 Ultrasonic testing equipment

Specialised equipment is required to perform ultrasonic analysis, a generic set-up is shown
in Figure 3.20.

Piezoelectric
transducer

PC Ultrasonic Test
equipment specimnen

Figure 3.20: A typical ultrasonic set-up for basic data acquisition with the major
components labelled.

The main functions of the system are detailed as follows:

* Pulser - Generates the voltage pulses that are used to actuate the ultrasonic sensor.
The system used had 8 channels that could: pulse up to 200 V with pulse rates up to
80 kHz.

* Receiver - Receives the voltages from the ultrasonic transducer and directs the volt-
age to the digitiser. The system allows for the specification of the recorded waveform.
Variable parameters include: gain of the signal, filter to remove noise from the raw
signal, delay to focus the recorded signal on the time range of interest, and overall
range of the recorded signal as a reduced time recording enables greater pulse rates

to be used.

* Digitiser - Converts the received analogue signal to a digital signal.
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* PC - A LabVIEW programme controls the system to enable optimisation of the input

signal and recorded ultrasonic reflections.

* Piezoelectric sensor - Bonded to the test specimen and receives the voltages from the
pulser. The piezoelectric element converts the voltage to an ultrasonic wave in the
test specimen. The reflections in the test specimen are converted back to a voltage by

the piezoelectric material and the voltage is sent to the receiver.

In this project an FMS100 PC was used. This unit houses a UPR (ultrasonic pulser/receiver)

and a digitiser as well as a PC to run the system.

3.9 Ultrasonic wave propagation simulations

There are numerous systems to simulate ultrasonic wave propagation, this work used k-
Wave [82, 83] an open-source, third-party, MATLAB toolbox that is capable of simulating
ultrasonic waves in the time domain for 1D, 2D and 3D simulations. The toolbox works
by defining a grid of nodes and solving a series of first-order partial differential equations,
momentum conservation Equation 3.27, mass conservation Equation 3.28 and pressure-
density relation Equation 3.29 for each node in the grid. The particle velocity is u, p is
the acoustic pressure, p is the density and c is the speed of sound. The boundary of the
media is surrounded by an anisotropic layer (perfectly matched layer) to attenuate a wave

impacting the layer and to prevent reflections back into the medium.

u 1

dp

S, = —PoVu (3.28)
P = cop (3.29)

A comprehensive guide and numerous examples using the toolbox can be found at [82].

The toolbox has been applied to a range of ultrasonic applications including:

* Reconstruction of 3D photoacoustic imaging of vascular networks in pregnant female

mice in [84].

» Simulating photoacoustic wave propagation in heterogeneous media (human tissue)
in [85].
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* In [86] k-Wave simulations were validated against acoustic pressure measurements
in water and layered absorbing fluids with some simulations agreeing within 3% of

the experimental results.

3.9.1 Toolbox overview

The set-up for k-Wave simulations can be split into four areas each of which must be de-
fined: computational grid, acoustic medium, acoustic source and sensor. A brief summary

of these areas is provided for the reader.

Computation grid

This defines the grid of discrete nodes used for the simulation in which the governing
equations are solved for each node in the grid. Therefore, an increased grid size has ex-
ponentially greater requirements to timely run the simulation. The grid size is dependent
upon the required domain size and the maximum frequency, for linear simulations it is rec-

ommended to use at least four grid points per wavelength.

Acoustic medium
The acoustic properties at each grid point must be defined. These include the speed of
sound, density for lossless simulations. The addition of the power-law absorption coeffi-

cient/exponent and a non-linearity parameter enables system losses to be simulated.

Acoustic source
The properties and location of the source in the medium can be defined in three ways either;
initial pressure distribution, time-varying pressure source (mass source in mass conserva-

tion) or a time-varying particle velocity source (force source in momentum conservation).

Sensor

The properties and location of the sensor nodes are defined within the computational grid
and record the acoustic field at each time step. In a 3D grid, a transducer can be defined
to replace the source and sensor definition. The additional parameters in the transducer
function such as the focus distance or steering angle enable realistic input signals to be

replicated.

To use the toolbox the following parameters are required:

¢ Domain size
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* Medium properties (speed of sound and density)
* Source (location, type and size)
* Sensor (location, type and size)

These are the minimum input requirements although a much more exhaustive list of input

parameters can be provided for more complex models.

The toolbox comes with a series of predefined examples. One example, “defining an ul-
trasonic transducer” from [82] is summarised here for visualisation of the function of the
toolbox. This simulation defines a transducer along the top of the domain which initiates
a 1 MHz ultrasonic wave and there are 3 sensors at discrete nodes along the x-axis. In
Figure 3.21 the wave propagation at three-time intervals as the simulation runs is shown.

The transducer and sensor numbering convention is labelled in the figure.
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Figure 3.21: k-Wave ultrasonic wave propagation along the X-Y and X-Z planes from the
example simulations in the k-Wave toolbox [82].

The k-Wave toolbox provides a real-time output of the visualisation of the wave propaga-

tion through the medium. The A-scan and FFT for each sensor in this example are shown

in Figure 3.22.
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(a) A-scan from the three sensors. (b) FFT of the reflection from each sensor.

Figure 3.22: A-scan and FFT from an example simulation in the k-Wave toolbox [82].

The example results shown in Figure 3.22a shows for a sensing location further from the
transducer a longer time of flight is recorded, as the wave is propagating a greater distance.
The FFT shown in Figure 3.22b, shows that a greater propagation distance results in greater

attenuation of the wave indicated by a reduction in FFT amplitude.

3.10 Conclusions

This chapter has provided an introduction to ultrasound, the basics of ultrasonic wave prop-
agation and sensors. In addition, it has detailed a review of how ultrasonic sensors have
been used to measure piston ring oil film thickness. A concluding summary of this chapter

is as follows:

» Ultrasound is used in various engineering fields and nature, these are all based on the
principle that a ultrasonic wave which is propagating through a medium has a partial
reflection partial transmittance at each boundary. This reflection provides a measure

of the contact between the two media.

 Ultrasonic waves can be instigated in a medium by a material that experiences piezo-
electricity and these materials can be used to pulse and receive ultrasonic signals. A

range of instrumentation routes of ultrasonic sensors has also been covered.

* The Quasi-static spring model provides a measure of the contact between real engi-
neering surfaces. This model has been further refined to provide a measure of the
reflection from two engineering surfaces that are separated by a thin lubricant film (<
25 um).
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* Previous piston ring film thickness research has produced a series of test rigs capable
of ultrasonic research, these have been reviewed concerning their applicability to the

test rig required in this project.

* k-Wave provides a simple, reliable toolbox to simulate ultrasonic wave propagation
through a medium. A brief overview of this MATLAB toolbox has been defined.
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Chapter 4

Motored rig design

This chapter provides the reader with a brief overview of the motored AJ200 engine test rig
that was designed and built for the project. The main design aspects of the rig have been
identified and discussed to aid in the design of a similar test rig. The closing section of the

chapter shows the reader the final assembled version of the AJ200 rig.

4.1 Engine block test rig

The engine selected for the motored test rig was a Jaguar Land Rover AJ200 Ingenium
engine, specifically an 14, a 2-litre four-cylinder gasoline engine. This engine model is
used in Jaguar Land Rover XE and XF models. The engine block bore is 83 mm with a

piston stroke of 92 mm and the engine block itself is shown in Figure 4.1.

Figure 4.1: Engine block from the AJ200 I4.

The motored test rig was based upon previous similar ultrasonic OFT piston ring test rigs
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discussed in Section 3.7. This led to the overall design shown in Figure 4.2 in which a
cross-section across the test rig is shown to highlight the key features of the test rig. The

rig casing and inverter is excluded for visualisation purposes.

Electric motor Bellow coupling AJ200 14 engine

Ultrasonic sensor  Cylinder 4| Cylinder 1
and thermocouple Shaft encoder

© cables to FMS cable to FMS

Motor cable Shaft encoder
to inverter
| 7 ] |
Motor mounting table Bell housing Clutch T-slot test bed

Figure 4.2: Cross-section of the motored AJ200 test rig.

The AJ200 engine block is driven by an 18.5 kW Baldor electric motor that is raised above
a T-slot testbed by a custom mounting table. The motor is coupled by a bellow coupling
to an intermediate shaft that is mounted onto the rear flange of the AJ200 bell housing
which in connected to the crankshaft. The standard engine components have been used
where possible to run the oil system with the cylinder head removed. Several oil and
coolant pathways have been blocked to enable the test rig to be run in this state. The engine
block itself is mounted using the standard engine mounts and fixed to the T-slot testbed
by four mounting legs. The engine block is rigidly connected to the testbed removing the
requirement for vibration isolation. The system is controlled by an ABB ACS580 inverter
that allows simple control of the motor rotational speed. This test rig design enables the
engine rotational speed and crank angle to be recorded in conjunction with the ultrasonic
data from piezoelectric transducers. Ultrasonic reflections from the piston rings can be
recorded as minor slots were machined into the engine block to expose the backface of the

liner. An isometric view of the test rig using Solidworks is shown in Figure 4.3.
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Figure 4.3: Solidworks of the motored AJ200 test rig.

4.2 Design features and constraints

Through the design of the motored test rig, there have been numerous constraints and de-
sign iterations that have adjusted the test rig to its final design. This section highlights some

of those key features.

4.2.1 Engine block modifications

The primary design feature of the motored test rig was to enable ultrasonic measurements
of the AJ200 piston ring oil film thickness. The piezoelectric ceramic in the sensor is brit-
tle and therefore, is unable to support a bending stress without shattering. To enable these
measurements, a flat on the external surface of the liner had to be exposed to enable ultra-
sonic instrumentation like those detailed in Chapter 3. From the literature review outlined
in Chapter 2 the region close to the TDC has the largest contribution to; oil throw off, fric-
tion and has the thinnest oil film thickness with the potential of lubricant film breakdown
(metal-metal contact). Therefore, any modifications made to the engine block were to en-
able the oil film to be studied close to the TDC. A series of potential engine modifications
were considered, see Figure 4.4. Each modification was machined on a large CNC milling

machine with a specialised long series slot drill.
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Figure 4.4: Three engine block modifications considered.

The three modifications can be summarised as:

1. Modification 1 - Slot machined through the water jacket at two points exposing a
relatively large flat surface on the back face of the liner. The slot would lead to
difficulties resealing the coolant jacket but the fired face of the block is unaffected.
Limitations in slot drill availability led this modification to be performed on Cylinder

3 instead of an end cylinder.

2. Modification 2 - Corner segment machined off an end cylinder. This machining cut
through the water jacket and removed a section of the fired face of the block. A 5
mm wide gap was exposed on the liner. The modification would hinder sealing of

the coolant jacket and sealing the fired face.

3. Modification 3 - The slot machined through through the fired face also affecting the
water jacket. Similar to Modification 2, a 5 mm flat on the liner was exposed. This
modification although only machining on the fired face affects both the sealing of the

fired face and the coolant jacket.

Each machined slot was subject to a series of ultrasonic sensor instrumentation to evaluate
the feasibility of high-quality sensor arrays being instrumented using each modification.
The modification shown in Figure 4.4a was ultimately selected as the ideal machining
route. Even though this modification led to more limited access to the liner, as the fired
face of the block was unaffected this enabled the potential of fired operation of the block in
the future. As each modification considered removes a portion of the material around the

cylinder liner, the distortions of the block will have likely been altered by this machining.

81



Although a degree of modification is required to enable ultrasonic instrumentation on the
back surface of the liner. It is worth noting though, that the modifications to the block here

are significantly less than those required for other techniques outlined in Section 2.10.

Cylinder 4 (see Figure 4.2) was selected as the ideal cylinder for machining as it is an end
cylinder providing the potential to study the neutral side in addition to the thrust/anti-thrust
sides. Cylinder 1 was omitted as the coolant pump is located next to this cylinder and it is
believed it would lead to greater complications if the coolant pump was set to be used with
the test rig. A lip was also added around the circumference of the slot so that the coolant
jacket could be re-sealed post instrumentation if the coolant jacket was required to heat or

cool the test rig. The locations of the machined slots are shown in Figure 4.5.

b

/-
{1

Figure 4.5: Engine block cross-section highlighting the three machined slots on Cylinder
4.

The machined slots dictate the position of the piezoelectric transducers. The block modi-
fications exposed an 18 mm flat on the outside of the cylinder liner from 7 mm to 25 mm

from the fire face of the block, see Figure 4.6. The design of this was based upon the lead-
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ing edge of the rings at their TDC position. The first compression ring peaks at 7.6 mm
from the fire face of the block whilst the oil control ring peaks at 20.7 mm. Therefore, the
machined slots are capable of studying all piston rings at their TDC positions and on the
approach to the TDC as the machining extends down to 25 mm from the fired face. The
engine stroke length is 92 mm and this allows for the entry of the first compression ring to
be close to its maximum velocity when it initially passes over the exposed region. There-
fore, the lubrication regime should vary from a fully formed hydrodynamic film potentially

down to boundary lubrication over the exposed region.

4 -',m. N % : 5 " ¢ E g
Outer liner : : Outer liner
surface Frpe R surface

(a) Thrust side. (b) Anti-thrust side.

Figure 4.6: Machined slots on the thrust and anti-thrust sides.

The size of the piezoelectric transducers themselves is a compromise between being large
enough to instrument to a high standard whilst being small enough to provide results with
a suitable spatial resolution. To achieve this, the height of the transducers should not be
greater than the thickness of the ring being studied as the ultrasonic reflections recorded
are an average over the whole measurement area. The piezoelectric transducers used on
this test rig were therefore, deemed to be no larger than 0.9 mm in height as the width of
the first compression ring is 0.9 mm. The width of the transducer is dictated by the width
of the exposed surface of 5 mm. The ultrasonic elements were chosen to be no greater than

4 mm in width to ease instrumentation whilst limiting the impact of piston ring curvature.
The cylinder liners are press fit into the engine block which enables the transducers to be

ground on the block itself and to locate the thermocouples here providing greater room for
additional transducers.
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4.2.2 Oil system

The oil system is largely unchanged from that of standard operation for the engine even
whilst the cylinder head is removed from the engine. The absence of the cylinder head
causes some of the oil pathways to be obsolete, therefore, to prevent major leaks these have
been plugged. The plug sites have been highlighted in red in Figure 4.7 and the overall oil
route is shown in brown. The AJ200 engine uses a solenoid driven oil pump which causes
the oil pressure in the engine to remain at the required level with several oil routes blocked.
Although as the motored test rig is run without the engine control unit the oil pump is

purely ran by the crankshaft. The oil filter, oil cooler, and oil pump have been incorporated

into the test rig and the standard oil for this commercial engine is used (OW-20 Castrol
GTX SynBlend).

Figure 4.7: AJ200 oil routes highlighting required blockage points. The oil route is shown
in brown with flow direction indicated by the yellow arrows.

4.2.3 Rig set up and usability

The electric motor is a Baldor 1044M, 18.5 kW motor with the main parameters shown
in Table 4.1. This motor was selected due to the availability, the maximum rotational
speed (2900 rpm) and full load torque (60 Nm) being greater than required for the desired
operation of the partially assembled AJ200 engine. The maximum motor speed of 2900
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rpm was deemed satisfactory for the test rig by study of Table 2.4 and previous ultrasonic
piston ring test rigs outlined in Section 3.7. These areas showed the Baldor motor enabled
ultrasonic testing at similar engine speeds to other works and would support an improved
resolution of data points captured per piston ring passage. The motor is run by an ABB
ACS580 inverter, this set-up enables the engine to be spun at a set engine rotational speed
up to the maximum for the motor enabling steady-state operation of the engine and allows

dynamic state operation for start-up and shut-down tests.

Table 4.1: Main parameters of the Baldor 1044M motor.

Parameter Value Unit
Horsepower 25 -
Voltage 400 \Y

Rotational speed 2900 rpm
No. of poles 2 -
Full load torque 60 Nm

The design of the motored engine test rig is such that the rotational speed of the motor is
set on the inverter and parameters such as; engine revolution count, transducer tempera-
ture, recorded ultrasonic reflections and reflection coefficient are displayed in a LabVIEW
programme on a PC that is connected to the rig. This gives a real-time representation of

how the rig is running and allows for quick modification of the running parameters.

4.2.4 Coupling

The coupling between the motor and the engine block is key to the running of the test rig for
the transmission of torque and smooth operation of the motored engine. A bellow coupling
was deemed appropriate as the coupling gives zero-backlash and has large flexibility allow-
ing for up to 5° of angular misalignment or 0.9 mm parallel misalignment. The main flaw
in this coupling is the attachment method to the shaft as it must be tight enough to prevent
the slip and backlash. A Mayr 3/932.333 coupling was selected as the transmittable torques
are up to 200 Nm which is relatively low for couplings but significantly greater than those
required for the test rig (80 Nm at highest speed under motored conditions). This bellow
coupling also has split hubs enabling it to be clamped to the shafts to prevent any possible

slip or backlash.
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4.2.5 Shaft alignment

The alignment of the test rig is key to preventing uneven operation or damaging of test rig
components. Therefore, the test rig required aligning in both the vertical and horizontal
planes as well as angularly aligning, see axes system on Figure 4.3. From Figure 4.3 the
reader can see that the test rig can be split into two halves, the engine side and the motor
side which interconnect via the bellow coupling. To reduce the difficulty in shaft alignment
of the two sections it was clear to assemble and mount the engine side of the test rig at a
fixed height and levelled to within 0.1 mm in each plane. Following this, the height of the
motor side of the rig was finalised hence reducing the potential cause of error in the design
of this half.

The alignment procedure between the two halves used dial indicators at a range of locations
on the test rig with a series of shims with the final alignment being within 0.1 mm in both
the vertical and horizontal planes and within 1° of angular misalignment. These values are

within the coupling misalignment tolerances to enable smooth operation of the test rig.

4.3 Final rig assembly

The final assembled version of the motored AJ200 test rig can be seen in Figure 4.8.

= Bell

I/E
L ===——20

housing |

Figure 4.8: The fully assembled motored AJ200 test rig.

86



4.3.1 Instrumentation

The ACS580 inverter allows for the rotational speed of the motor to be set and monitored
using a closed-loop feedback system to provide steady-state operation of the engine. This
allows for precise control of the rotational speed to a suitable level required for this thesis.

The inverter and controller are shown in Figure 4.9a.

Controller
unit

&

(a) ACS580 inverter and controller unit. (b) Mounted DFS60B encoder.

Figure 4.9: The inverter, controller and encoder of the AJ200 rig.

The crankshaft rotational speed is measured by a Sick DFS60B encoder (Figure 4.9b) that
is mounted to the front of the engine. The encoder is programmable and enables up to
10,000 pulses per revolution which is excessively higher than any requirements for this
project. For this test rig, the encoder was programmed to produce 1000 pulses per revolu-

tion and a single tick per every revolution of the crankshaft.

The temperature next to the transducers was monitored using K-Type thermocouples that
were connected to a TC-08. The TC-08, ultrasonic transducers and shaft encoder were all
connected to the FMS100 PC and through the use of an in-house LabVIEW programme all

measurements were captured.

4.4 Test rig further work

The motored engine block test rig was initially designed with an exhaustive testing regime

in mind. Here, a brief outline of the considered test rig advancements are discussed:
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1. Adding a dynamometer - A dynamometer was planned to be added to the motored

rig so that load could be tested on the engine.

2. Heated coolant jacket - Due to the motored operation of the block, the sole heating
source was due to frictional heating. Therefore, the engine block did not achieve
temperatures like those from fired operation of the engine. The engine block modifi-
cations were designed such that the coolant jacket could be resealed post instrumen-
tation. Then, through the use of an external heating reservoir, the coolant jacket could
have been used to heat the block to temperatures like those of fired operation leading

to the test rig being at temperatures more similar to those from fired operation.

3. Oil deterioration - The motored engine block was planned to be run with fresh and
aged lubricants. This would enable ultrasonic sensors to study how the state of the

lubricant affects the piston ring oil film thickness.

4. Complex transducer arrays - The three-block modifications exposed a portion of the
liner covering the piston rings at their TDC positions on the thrust, anti-thrust and
neutral sides. A more complex instrumentation of ultrasonic sensors would have
provided a greater value of ultrasonic result, such as visualising how the piston ring

oil films varied as they approached the TDC.

5. Fired operation - The block modifications to instrument the ultrasonic sensors were
designed so that the fired face of the block was unaffected. This was to enable the
block to be used in fired testing in the future so a comparison between fired and

unfired operation could be studied.

4.5 Conclusions

This chapter has detailed the design, assembly and instrumentation of the key aspects of
the motored AJ200 test rig designed for this thesis. The main points of the chapter are

summarised as:

* A bespoke motored test rig for the AJ200 14 engine has been designed and manufac-
tured to enable quantification of the piston ring and liner oil film thickness using an

ultrasonic methodology.

* The design process has been outlined detailing the minor modifications to the engine

block to provide a route for piezoelectric sensor instrumentation.
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* The closing section of the chapter shows the assembled test rig and summaries the

additional instrumentation on the test rig to enable data acquisition.
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Chapter 5

Motored gasoline automotive engine

This chapter uses the motored test rig whose design and assembly was covered in Chapter
4. The test rig was instrumented with ultrasonic transducers and the data was processed to
produce piston ring oil film thickness measurements from the motored engine block at a

range of engine speeds.

5.1 Engine summary

The motored test rig uses the engine block from a AJ200, a four-stroke gasoline Jaguar
Land Rover engine. Although, the block is driven with the cylinder head removed, this
effectively makes the engine only have two strokes (up and down stroke). The main pa-
rameters of this engine are shown in Table 5.1. The engine block has four cylinders and
as outlined in the previous chapter the instrumentation was set to be focused on Cylinder
4 in the machined slots shown in Figure 4.6. The ring pack of the AJ200 includes three
piston rings; two compression rings and a three-piece oil control ring. The cylinder liner
and piston ring surface roughness values are similar to other automotive engines, in the low

order of microns.
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Table 5.1: Main engine parameters for the AJ200 engine.

Engine parameter  Value  Unit

Maximum power 184 [87] kW

Cylinder bore 83 mm

Piston stroke 92 mm
No. of cylinders 4 -
No. of piston rings 3 -

The engine block is cast aluminium whilst the cylinder liner itself is cast iron. The body
of the piston is also made from an aluminium alloy whilst the piston rings are a steel alloy.

The standard acoustic properties of these materials are shown in Table 5.2.

Table 5.2: Acoustic impedance of AJ200 engine components.

Engine component Material Acoustic impedance (MRayl)
Cylinder liner Cast iron 36
Piston Aluminium alloy 17.3
Piston ring Steel alloy 46

The equation for oil film thickness (Equation 3.23), requires the speed of sound and density
of the oil. In the AJ200 engine the standard engine oil is Castrol GTX SynBlend OW-20,
this oil was used in the motored rig. To measure the longitudinal wave velocity in the oil
the Speed of Sound’ rig was used, see Figure 5.1. The rig is made from invar due to the
material’s low thermal expansion coefficient and instrumented with a 10 MHz longitudinal
transducer to record the time of flight between two successive reflections over a know path
length (100 mm). Measurements of the time-of-flight of the ultrasonic wave as the oil was
heated and cooled in an oven provided a measure of the longitudinal wave velocity variation

with temperature, see Equation 5.1.

91



bi
10 MHz ultrasonic sensor

‘ ‘/;'13

Mk

Thermocouples

(a) Speed of sound test rig. (b) Instrumented ’Speed of Sound’ rig.

Figure 5.1: Lubricant speed of sound test rig.

Path length
Time of flight(T)
Equation 5.1 was used to define the speed of sound in the OW-20 oil for heating and cool-

Speed of sound(c) = (5.1

ing for the temperature range applied as shown in Figure 5.2. The density variation over
this temperature range is included in this plot, whilst this temperature variation data was
provided by Jaguar Land Rover.
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Figure 5.2: Speed of sound and density variation of OW-20 over a temperature range.

Applying a linear regression to the data for OW-20 density and speed of sound provides
Equations 5.2 and 5.3 for the density and speed of sound respectively.
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p =—0.624T + 854 (5.2)

¢ = —3.350T + 1500 (5.3)

The pressure effect on the oils density and acoustic wave velocity can also be accounted for.
Although, because the engine block is driven with the cylinder head removed the pressure

variation is not considered here.

5.2 Ultrasonic instrumentation

The piezoelectric transducers were located on the back surface of the cylinder liner that
was exposed during the CNC machining on the engine block as outlined in Section 4.2.1.
A range of varying central frequency transducers were instrumented onto the liner to eval-
uate their response through cast iron. The ideal sensor selection was based upon optimal
transducer response and instrumentation success, this resulted in 5 MHz DL-10 (curie tem-
perature: 350°C) transducers being selected for instrumentation arrays. As previously con-
sidered in Section 3.7, to provide a suitable spatial resolution of the ultrasonic transducers
the transducer width should be less than the piston ring width. The final dimensions of the
transducers were 1 mm x 4 mm, equal to the thickness of the thinnest ring (when consider-

ing the overall dimensions of the oil control ring), see the ring dimensions in Figure 5.3.

The machined slots that were sufficient to enable fired engine testing in the future restricted
access to the liner, this limited instrumentation to four sensors in the machined slots on the
thrust and anti-thrust side of the engines. The location of the sensors and numbering con-
vention are defined in Figure 5.3. The spread of ultrasonic transducers over this range was
defined such that it was capable of studying each piston ring close to its TDC position and

for measurements of the upper portion of the piston skirt.

The sensors were bonded using M-Bond 610, an industrial adhesive that was cured at ele-
vated temperatures using a hot air gun directed onto the sensor area for a two hour interval.
Ideally, the sensors would have been cured in a thermostatic oven, although the size of the
engine block prevented this possibility. The cured sensors with a protective layer of kapton
tape can be seen in Figure 5.4a. A coaxial cable was connected to the live of each sensor
using a silver epoxy and ground onto the engine block. Figure 5.4b shows the sensors post

one sensor having a cable connected. Following cabling, the sensors were covered with an
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Figure 5.3: Sensor instrumentation in the slot on the thrust and anti-thrust side of Cylinder
4.

epoxy potting compound to protect the transducers from damage and seal against coolant

if the coolant circuit was to be used in the future.
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(a) Instrumented piezoelectric sensors. (b) Cabled piezoelectric sensor.

Figure 5.4: Bonded and cabled piezoelectric sensors on the anti-thrust side.

5.3 Test conditions

The motored engine block test rig was capable of steady-state and dynamic testing. This
led to the testing program as outlined in Table 5.3. The speed variation testing was all
performed at steady-state operation, this was defined by running the test rig for extended
intervals and monitoring the thermocouple variation over time. A comprehensive plan of
future proposed testing conditions on the test rig was shown in Section 4.4. In between each
engine speed, the test rig was turned off, this provided start-up and shut-down intervals of

the engine to record further data.

Table 5.3: Matrix of tests performed.

Test type Test conditions Units

Speed variation 360, 540, 800, 900, 1000 rpm

Start-up At each speed -
Shut-down At each speed -

The speed variation included two speeds below idling speeds of the fired engine (360,
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540 rpm) during which the oil pump would not have been fully engaged during normal
operation. As the engine control unit was not used in the test rig, the oil pump was purely
run from the crankshaft and, therefore, the pump ran at full operating conditions at each
engine speed. This was done to access the difference in the build-up of the lubricant film

during non-standard engine block operation.

5.4 Data acquisition

An FMS100 PC was used to perform the ultrasonic analysis. This unit contains a PC that
runs an in-house built LabVIEW programme that controls various factors of how the ul-
trasonic wave was initiated and recorded. Furthermore, within the UPR there is a wave
generation card to generate short voltage pulses that are sent to the sensors. The reflected
waves are received by the oscilloscope that is digitised and fed into the LabVIEW program.
The FMS also enables the encoder output from the Sick shaft encoder to be fed directly into
the PC and the thermocouples located next to the transducers were connected to the PC via

a TC-08. A summary of the ultrasonic setup is shown in Figure 5.5.

Engine block Liner

LabView programme

Wave generation ==

Thermocouple
output

Oscilloscope

<

-

A 4

Sensor 1
Sensor 2
Sensor 3

Sensor 4

Encoder output

Figure 5.5: Summary of the ultrasonic equipment for the motored AJ200 testing.

The ultrasonic recordings lasted for 3 seconds for the steady-state captures at all tested
speeds, whilst any start-up/shut-down tests lasted for an extended time interval (up to 30
seconds) to cover the initial build-up or breakdown of the lubricant film. Typical settings
for the ultrasonic transducers are shown in Table 5.4. These settings were set such that the

ultrasonic reflection was optimised within the captured window. This utilised the FMS100
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PC resolution for a greater recorded reflection amplitude and purely the ultrasonic reflection

of interest was captured, see Figure 5.6¢ for a series of captured reflections.

Table 5.4: Typical settings of the piezoelectric sensors.

Setting Value Units

Gain 230 -
Pulse width 5 ns
Range 8 ns
Filter 4 -

Voltage 75 \"
Pulse rate 75 kHz

5.5 Data processing

A series of data processing steps were performed to the raw ultrasonic reflections to pro-
vide the oil film thickness, these stages are shown in Figure 5.6. The raw data consisted
of a continuous series of the time domain reflections of the ultrasonic wave as shown in
Figure 5.6a. The reflections across a ring pack passage are shown in Figure 5.6b and the
stream of sequential reflections can be seen in Figure 5.6c. To determine the reflection
coefficient each reflection was isolated and converted to the frequency domain, see Figure
5.6d, the central frequency and bandwidth are overlayed figure. The ring alignment signal
was normalised relative to the reference signal to define the reflection coefficient in Figure
5.6e. The reference signal was defined by the mean reflection from the region where the
ring pack was significantly far from the sensor, the area where there is no variation in the
recorded reflection, see the green region in Figure 5.6a. It can be seen in Figure 5.6¢ that
there are large variations in the reflection coefficient outside of the bandwidth whilst in the
bandwidth there is a reduced variety in the reflection coefficient. The oil film thickness
over the frequency range is shown in Figure 5.6f that was determined by the application
of Equation 5.4 with the addition of the equations for the oil’s density and speed of sound
as seen in Equations 5.2 and 5.3. The temperature used in those equations was set by the

thermocouple measurements from next to the ultrasonic sensors.

(5.4)

_ P R+ 20) — (2~ 21)?
0Z1 2, 1—|RP
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The crank angle (CA) at which a piston ring was aligned with a sensor was calculated
from the location of the sensor position relative to the piston at the TDC and the piston
displacement through the piston stroke such as that seen in Section 2.3. Therefore, the
figures are presented in terms of CA after TDC (aTDC).
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a) Raw recorded data

b) Zoomed in view of a
ring pack passage

¢) Series of reflections

d)  Frequency domain view
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5.6 Reflection coefficient

The reflection coefficient used for the OFT measurements was defined using the central
frequency of the sensor, isolating this reflection coefficient from each signal for each re-
flection provided the variation as the ring pack moves past the sensor. The reflection coef-
ficient from a typical ring pack passage from a slow crankshaft revolution can be observed

in Figure 5.7.
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Figure 5.7: Reflection coefficient from slow test rig spin highlighting each piston ring.

The reflection coefficient for Sensor 3 on the anti-thrust side is shown in Figure 5.7. This
sensor covers all three piston rings and all the rings are identifiable in the reflection coef-
ficient, including the two rails of the oil control ring. The piston skirt was aligned with
the sensor at the TDC and is, therefore, in-between the ring pack passage on the up- and

down-stroke.

The variation in reflection coefficient in Figure 5.7 displays a few factors that are common

in ultrasonic reflection coefficient results:

* The alignment of a piston ring leads to a reduction in reflection coefficient as a por-

tion of the wave was transmitted into the piston ring.

* A anomalous fringe effect was seen on either side of the ring passage (anomalous as

reflection coefficients greater than R=1 are unexpected).
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* A unity reflection (R=1) was seen at all points outside of the ring pack passage and

any variations in this region are anticipated to be due to noise in the system.

5.7 Oil film thickness

The oil film thickness for the regions of ring/skirt alignment with the sensors were calcu-
lated according to Equation 5.4 with the refinement from the density and speed of sound
measurements of the oil. Two sensors are focused on during this section, selected for their

optimal location and results, Sensor 1 on the thrust side and Sensor 3 on the anti-thrust side.

The oil film thickness over Sensor 1 on the thrust side is shown in Figure 5.8 for a range
of test rig speeds at steady-state. Four differing regions of lubricant film thickness are

highlighted via the orange vertical lines.

15 T T T T T

Qil film thickness (xm)

-30 -20 -10 0 10 20 30
Crank Angle (°aTDC)

Figure 5.8: Oil film thickness for a series of steady-state test rig speeds over Sensor 1.

In Figure 5.8, oil films of a similar magnitude (up to 12 um) are seen for all speeds con-
sidered although some unexpected trends are observed. Firstly, at 1000 rpm, significantly
differing OFT values and trends are seen. The Spring Model only rendered appropriate
lubricant film thickness measurements over a narrower CA range (-3° to 5° CA) than ex-
pected. Therefore, this speed should be treated as erroneous for this sensor. The cause of

which is unknown as the test rig was given the same time to achieve steady-state operation
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for each speed. Furthermore, it was expected to see an increase in the lubricant film thick-
ness as the engine speed increased due to greater entrainment of lubricant. Therefore, the

cause of these trends requires further study.

Inspection of the OFT for the four remaining test rig speeds highlights several regions of

OFT variation (orange lines in Figure 5.8):

1. -13° to -10° CA: Sharp reduction in OFT as the piston ring initially moves over
the sensor. The averaging effect of piezoelectric transducers will have led to an
overestimation of the film thickness here due to minor alignment of piston ring and

sensor. This is also discussed in Section 6.5.

2. -10° to 0° CA: Each speed has a stable OFT (< 1 um variation at each speed) with
the unexpected general trend of an increased speed producing a thinner lubricant
film thickness. Due to the engine block being motored, the differences in film thick-
ness may have arisen from the steady-state temperature variation at different engine
speeds. At 900 rpm the steady-state temperature was greater than that at 360 rpm
leading to differing oil properties (viscosity, density and speed of sound) and thus

differing OFT values were calculated from Equation 5.4.

3. 0° to 10° CA: After the TDC of the piston there was a reversal in the OFT trends. A
sharp rise in the film thickness is seen that has an inflexion point at 5°-7° CA before
the film thickness decreases again. The cause of these trends in the preliminary work

is unknown and requires further study.

4. 10° to 13° CA: A sharp rise in the OFT, the opposite of -13° to -10° CA. The film is

thicker than that in Region 1 as more oil is being entrained into the contact.

The lubricant film thickness is plotted for Sensor 3 on the anti-thrust side for a range of
steady-state test rig speeds in Figure 5.9. This sensor covers all three piston rings and the
piston skirt and, therefore, has a greater level of complexity than the previous OFT figure.
The different piston rings and the skirt are highlighted in Figure 5.9 via the varying shaded

regions.
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Figure 5.9: Oil film thickness for a series of steady-state test rig speeds over Sensor 3.

It can be seen in Figure 5.9 that each piston ring and the skirt is identifiable over Sensor 3
at each steady-state level as highlighted in the various CA ranges. The erroneous 1000 rpm
for Sensor 1 (Figure 5.8) does not appear clearly anomalous for Sensor 3 as similar trends

to the other engine speeds are seen.

Overall, the same trends are shown as with Sensor 1, that a sharp rise in the OFT on either
side of a ring passage is seen. Furthermore, a narrower measurement of the OFT is seen as
the piston rings moved over the sensing region at greater velocities than for Sensor 1. Sen-
sor 3 does not display the peculiar inflexion trend that was seen by Sensor 1 in Figure 5.8
although this may be due to no piston ring being aligned with this sensor at the TDC. In-
stead, the piston skirt was aligned with this sensor at the TDC, which for all engine speeds
excluding 800 rpm provided relatively level film thickness values (standard deviations of
+0.4 pm). Whilst 800 rpm displayed a build-up (13 to 14 um) and reduction (14 to 12.5

©m) in film thickness, reversing at 1° CA.

Similar to Figure 5.8, a greater test rig speed led to a reduced minimum lubricant film
thickness for the majority of piston rings and skirt, which is observed for all speeds, even
with 1000 rpm which produced erroneous results over Sensor 1. The starkest deviation
from this trend was for the second ring on its upward stroke, in which 1000 rpm produced
lubricant films of 10.2 um whilst at 800/900 rpm measurements of 7.5 um were recorded.
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In theory it would have been expected that a greater lubricant film thickness was seen at
higher engine speeds due to greater lubricant entrainment, therefore, the cause of these

trends requires further study.

At each test rig speed, Ring 1, the first piston ring had the greatest lubricant film thickness
which is not typically expected in a fired engine as this ring forms the primary buffer be-
tween high and low pressure during the combustion process and lubricant film breakdown
of the piston rings close to the TDC is not unexpected. Instead, in the motored test rig,
the lack of combustion pressure did not expel lubricant down the liner leading to more oil
remaining at the top of the liner. This led to an excessive amount of oil being retained
at the top of the liner which is directly reflected in terms of thicker lubricant films being
measured for the first piston ring. A likewise trend is observed for the other piston rings as

thick films were measured for all rings.

A reduction in the film thickness is seen for the downstrokes relative to the upstrokes for all
piston rings. For example, the first ring shows a 30% reduction between the up and down
stroke for 800 and 900 rpm. This reduction is an indicator of the piston ring pack operating
as designed, that between the two passages of the compression ring, the oil control ring
passes twice. Each control ring passage removes an amount of excess oil leading to a
reduction in film thickness. This trend is expected to be enhanced during fired operation

due to combustion pressure and combustion of lubricant.

5.8 Minimum oil film thickness

The minimum oil film thickness (MOFT) has been isolated for each piston ring and the
skirt for each ring pack passage. The mean of these values has been used to produce the
MOFT for each ring in each data capture with the addition of the standard deviation. The
MOFT for the first compression ring over Sensor 1 at each test rig speed is shown in Figure

5.10. Note 1000 rpm has been removed due to the anomalous results in Figure 5.8.
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Figure 5.10: Minimum oil film thickness for Sensor 1 at a range of test rig speeds, 1000
rpm has been excluded due to erroneous results in Figure 5.8.

Observation of the MOFT over Sensor 1 at steady-state shows the two speeds below typi-
cal idling of the engine (360 and 540 rpm) produced similar MOFT values around 4.5 um
with similar standard deviations (£0.3 and +£0.4 um for the speeds respectively). Above
the idling speeds of the engine, an increase in the test rig speed is shown to reduce the
MOFT. At 800 rpm, the MOFT is 3.9 um £0.2 and at 900 rpm 3.5 um £0.2. Minor re-
ductions in the standard deviations are also seen as the engine speed increased (£ 0.40 to
0.22 to 0.18 for 540 to 900 rpm).

The sensor on the anti-thrust side (Sensor 3) enables a comparison between the up and

down strokes of each piston ring. Figure 5.11 shows the MOFT and standard deviation for

the first and second ring at steady-state.
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Figure 5.11: MOFT variation for Sensor 3 between up- and down- strokes for two piston
rings at steady-state operation.

Both figures within Figure 5.11 clearly show the difference between the MOFT on the up
and down strokes of the piston. The downstroke is consistently thinner, typically in the
order of a 20% reduction in the MOFT and a reduced variation in the standard deviation.
Between the two passages of each of these piston rings the oil control ring moved over
the sensing region twice, removing excess oil. For both piston rings a reduced standard
deviation is seen on the downwards stroke, this indicates that following the oil control ring
a more consistent lubricant film remains on the liner. Whilst on the upstroke, excessive

pooling of lubricant led to greater variety in the minimum film thickness measured.

Similar to the general OFT trend seen in Figure 5.9 a greater MOFT is seen for the first
ring than the second. This is primarily anticipated to be due to the motored operation of the
engine with the cylinder head removed. Therefore, the lack of combustion pressure did not
expel lubricant down the liner, leading to more being retained at the top near the TDC of
the piston rings. Therefore, significantly more lubricant was present here than would have
been expected under fired operation of the engine. Due to this, the trends between the first

and second ring are likely unrepresentative of those of fired operation of the engine.

The lambda ratio ranged from 2.5 to 3.2 over Sensor 1, indicating that the first compression
ring was under mixed mode lubrication when the ring was close to the TDC. Whereas when
the ring moved over Sensor 3, the lambda ratio was 5.7 to 7.8, which is in the hydrodynamic
regime. Therefore, when the piston ring velocity was reduced, the film thickness decreased

sufficiently to change the lubrication regime of the piston ring.
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5.9 Conclusions

The OFT measurements from the motor-driven AJ200 engine have demonstrated how the
lubricant film varies with engine speed. However, through the course of this testing, several

factors have limited the magnitude of substantive results.

The machined slots were designed to enable minimal modification to the engine block to in-
strument the dry liner with ultrasonic transducers. Whilst enabling the potential for either a
driven engine with the coolant circuit running or for full fired operation in the future. These
requirements hindered the complexity of transducer arrays that could be instrumented onto
the liner to a high-quality standard, leading to arrays of four ultrasonic transducers in the

slots on the thrust and anti-thrust sides of the block.

The piezoelectric transducers have successfully measured the OFT variation as a ring
moved past the sensing region and the MOFT for each ring at each speed has been de-
fined. However, due to the inability to measure the temperature of the oil in the contact, all
measurements will have a temperature shift (and, therefore, a speed of sound and density
shift) shifting the calculated OFT from the true OFT. The nearest practically achievable
temperature measurements were from the thermocouples located next to the transducers,
which will have been cooler than the oil in the contact by an unknown factor. However,
as a consistent temperature sensing location was used, the trends between test rig speeds
should remain unchanged. Further to this, the averaging effect of ultrasonic transducers
will have led to overestimations in the lubricant film thickness, especially in the regions of
major misalignment between the piston ring and sensor. Therefore, the true lubricant film

thickness will have been thinner than those shown here.

The trends in the driven engine block are also inconclusive at points, with Sensors 1 and 3
showing opposing indications of engine operation at the top end of the speed range. Sensor
1 indicated a potential engine block issue at 1000 rpm preventing the test rig from achieving
steady-state operation whilst Sensor 3 provided more anticipated results. Furthermore, the
top piston ring was found to have a thicker lubricant film than the other piston rings which
opposes the expected trends. The pooling of excess lubricant led to a greater film thickness
being measured for the first ring (and likely to impact the other piston rings to a lesser
extent) than would have been seen under fired operation of the engine. Therefore, the
results presented here are likely unrepresentative of the engine under fired operation. A

summary of the concluding findings from this chapter can be condensed to the following:
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Ultrasonic transducers have been instrumented onto the thrust and anti-thrust side
of the cylinder liner in a motored AJ200 engine. The press-fit liner increased the
difficulty in ultrasonic instrumentation limiting the complexity of possible transducer

arrays.

The piezoelectric transducers have been capable of identifying each piston ring and
the piston skirt at a range of speeds. Although the trends found in the preliminary
results require further study for conclusive findings.

The first piston ring has been found to consistently produce thicker films than the
other piston rings. This result is expected due to the lack of combustion pressure.
Therefore, the lubricant is not expelled down the liner leading to more oil being re-
tained close to the TDC position of the piston rings. In addition, upstrokes produced

thicker films than the downstrokes.

The motored AJ200 block has enabled high-resolution measurements of the oil film
thickness between the piston ring and liner. Although some of the identified trends
are unexpected and applicability of the results to those of fired engine operation are
limited. In addition to a number of practicality limitations hindering the quantity
and quality of results measured. Therefore, application to a fired ICE with either
an already exposed liner or removable liner has the potential for more substantive

results.
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Chapter 6

Lubricant injector comparison in a fired
marine diesel

This chapter furthers the piston ring oil film thickness measurements applied to the AJ200
motored engine block in Chapter 5 onto a fired marine diesel engine, an RTX-6 Winterthur
Gas and Diesel (WinGD) engine. Marine engines are much larger and operate at signifi-
cantly slower rotational speeds than their automotive counterparts. Therefore, giving the
potential for greater resolution in oil film thickness measurements at a cost of a greater path
length for the ultrasonic wave to spread over. This chapter summarises and expands upon

the findings shown by the author in [6].

6.1 Test engine

Following the ultrasonic instrumentation and motored engine block testing on the AJ200,
it was desired to apply a similar instrumentation route to a larger engine. This was aimed
to provide several benefits: the larger engine size was likely to reduce the complexity in
ultrasonic instrumentation, the slower engine operation allows for a higher resolution of
ultrasonic result and little research had been performed on piston ring oil films in marine
engines from an ultrasonics perspective. This led to the selection of a large two-stroke
diesel marine engine, an RTX-6 WinGD engine seen in Figure 6.1. This engine is a test
engine of the same design that is typically used in cargo vessels. The test engine is located
at a WinGD test site in Winterthur. The main engine parameters are shown in Table 6.1 and
all three piston rings are barrel-faced single pieces of steel coated with chromium-ceramic.
The R, of all the piston rings was less than 1 ym and a similar roughness was achieved on

the cylinder liner.
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Figure 6.1: RTX-6 engine [6]. © SAE International
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Table 6.1: Main engine parameters for the RTX-6 engine [6]. © SAE International

Engine parameter Value Unit

Maximum power 6470 kW
Cylinder bore 500 mm

Piston stroke 2250 mm

The piston stroke in a marine engine is significantly larger than its automotive counterpart,
in the case of the RTX-6 engine the piston stroke is 2250 mm. Marine engines are generally
two-stroke and significantly larger, this is due the increased efficiency relative to four-
strokes and a greater power density as combustion occurs every TDC of the piston. The
RTX-6 test engine is fitted with two lubricant injector rails, the upper and lower injection
systems are located 400 mm and 800 mm from the TDC of the piston, as shown in Figure
6.2. A complex distribution system is required to provide lubricant over the whole piston
stroke. The standard lubricant distribution in this engine is to inject 80% of oil above the

ring pack, 10% into, and 10% below the ring pack.

Ring pack

Upper injection
system

t~—_ Lower injection
system

NN

== s - - s

Figure 6.2: Lubricant injection rail locations relative to the piston at the TDC [6]. © SAE
International

In this study two different injector designs were tested, pulse jet (PJ) injectors and needle

lift type (NLT) injectors. PJ injectors are a more traditional technique implemented in
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marine engines. This system consists of the lubricant oil injectors, lubricant tank, filter
system, and lubricant oil dosage pumps; the lubricant system’s main components and a
schematic of the injector system is shown in Figure 6.3 (a) and (b) respectively. The dosage
pump delivers lubricant to the injectors, powered by pressurized servo oil from the engine’s
oil circuit. The lube oil feed rate and timing are electronically controlled by a solenoid valve
in the dosage pump, providing full flexibility in setting the injection timing over the full

load range of the engine.
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(a) Pulse jet injector components [6]. © SAE  (b) Schematic of the complete PJ system [66]. ©
International SAE International

Figure 6.3: Pulse Jet oil injection system.

A shortcoming of the PJ injector system is found in significant variations of the lubricant
spray pattern. The necessity to control the spray characteristics, to optimise lubricant util-
isation led to the development of a needle lift type injection system in conjunction with a
common rail approach. NLT injectors are a prototype design that reduces lubricant atomi-
sation and thus provides greater control over lubricant consumption relative to PJ injectors.

The NLT injection system is shown in Figure 6.4.
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Figure 6.4: Needle lift type injector system [6]. © SAE International

These two injection systems were used to make up three injector configurations as shown
in Table 6.2. In Configuration 3, the lower lubricant injection system consisted of modified

PJ injectors to provide a more comparable injector nozzle design to NLT injectors.

Table 6.2: Lubricant injector setup summary [6]. © SAE International

Parameter Value Unit

Upper System PJ
Configuration 1 PPErSy

Lower System NLT

Upper System NLT
Configuration 2 PPErSY

Lower System PJ

Upper System PJ
Configuration 3 PPEr Sy

Lower System PJ-Modified

6.1.1 Ultrasonic instrumentation

In this work, seven 1 MHz (curie temperature: 350°C) piezoelectric transducers were in-
strumented onto the liner. This chapter covers 4 of those sensors that were instrumented for
oil film thickness measurements, each sensor had a 14 mm active element diameter. The
additional sensors are covered in Chapters 7 and 8. Lower frequency ultrasonic sensors
were used on the RTX-6 than the AJ200 due to the cylinder liner being significantly greater
on the RTX-6. As higher frequency ultrasonic waves attenuate more, lower frequencies
were required to be able to detect a reflection from the internal surface of the liner/piston
ring. The sensors were coupled to the external surface of the liner by applying an indus-

trial adhesive and curing overnight at room temperature. Limitations in access to the liners
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external surface caused the instrumentation to be restricted to the neutral side of the end
cylinder of the RTX-6. To avoid any transducer being aligned with a cooling channel within
the liner, the sensors were positioned at a series of locations on the liner centred around the
neutral axis of the engine, as shown in Figure 6.5a. Critically, no modifications were made

to the engine to perform this work.

Piston _
at TDC Liner
Sensor 1 .
oot Sensor
Sensor 2 |
Second numbers
Ring .
Sensor 3
(a) Instrumented sensors. (b) Sensor numbering convention.

Figure 6.5: Instrumented transducers and transducer notation [6]. © SAE International

One transducer was aligned with each piston ring (first ring, second ring, and third ring)
when at their respective TDC positions. Whilst the fourth transducer was positioned be-
tween the top two rings at the TDC, as shown in Figure 6.5b. Each transducer was circular,
with the active element diameter less than the thickness of the piston rings; minimising the
averaging effect of piezoelectric transducers when the rings were at the TDC. The crank
angle corresponding to each piston ring being aligned with a transducer is summarised in
Table 6.3.

6.1.2 Data acquisition

The same data acquisition system as discussed in Section 5.4 was applied to record the
ultrasonic measurements. The ultrasonic pulses were controlled via an in-house LabVIEW
program. Each data capture duration lasted for 5 seconds, this enabled multiple engine
cycles to be covered during one capture and averaging of the oil film data. Through the
course of the engine testing the ultrasonic pulse rate was varied; with some tests capturing
ultrasonic reflections at 1.05 kHz per channel whilst other data captures focused on each
transducer in turn at higher pulse rates of 12.4 kHz. At full engine load, single-channel

measurements enabled ultrasonic reflections to be recorded up to a rate of one capture per
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Table 6.3: Piston ring and sensor alignment crank angle [6]. © SAE International

Piston ring Sensor Piston ring alignment crank angle (“°aTDC)

First

1

-8.5t0 8.5

-12.6to-3.5and 3.5to0 12.6
-15.6t0-9.9 and 9.9 to 15.6
-21to-17 and 17 to 21

Second

-8t0 8§

-16to-11and 11 to 16

Third

4
2
3
2
3
3

-9.2109.2

0.05° CA. The data was aligned to the engine crank angle using an encoder which produced

a tick count from every TDC and every degree rotation of the crankshaft. A summary of

the ultrasonic equipment used is shown in Figure 6.6.

LabView Programme

Liner

Sensor 1

Wave Generation

Sensor 4

N Sensor 2
Y ¢ ¢
I N Sensor 3
Oscilloscope - =
hl Encoder Output
Inside UPR

Figure 6.6: Summary of data acquisition equipment used to record ultrasonic data [6]. ©
SAE International

6.1.3 Speed of sound and density

To define the speed of sound and density relations of the oil, the speed of sound test rig,

as previously shown in Figure 5.1 and a pressure calibration rig was used. This enabled

the definition of a speed of sound and density relationship that accounted for pressure and
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temperature measurements. The raw measurements of the speed of sound variation with

temperature and pressure are shown in Figure 6.7.
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Figure 6.7: Speed of sound variation with temperature and pressure, reworked from [88].

A second order fit for the speed of sound relation with temperature is shown in Equation

6.1. A first order fit for the speed of sound relation with pressure as shown in Equation 6.2

o(T,p = 0) =0.0039T2 —3.39T + 1555.2 6.1)

¢(T = 20, p) =4.13x 107%p 4 1488.8 (6.2)

Combining Equations 6.1 and 6.2 and through a series of rearrangements, a speed of sound
equation accounting for both temperature and pressure variations was defined, Equation

6.3. The speed of sound variation with pressure at a series of temperatures is shown in
Figure 6.8a.

¢(T,p) = 0.0039T% —3.39T +4.13 x 10 ®p +1555.2 (6.3)

o

Speed of sound (m/

Pressure (MPa) Pressure (MPa)

(a) Speed of sound. (b) Density.

Figure 6.8: Speed of sound and density change with pressure at a range of temperatures,
reworked from [88].
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To define the density relationship, the definition of the bulk modulus as shown in Equation
6.4 was used. A series of rearrangements and substitutions led to Equation 6.5 to account
for density variation with temperature and pressure. The derivation of Equation 6.4 is
covered in Appendix B. Figure 6.8b provides a visualisation of density variation with

pressure at a range of temperatures.

dp 2
B=po0-%X = 6.4
P dp pc (6.4)
888 5.88 x 1010
p(T,p) = 162.85 + - - 6.5)

1+0.007(T —20) p+3.61x108
Through the combination of Equations 6.3 and 6.5 with temperature and pressure measure-
ments from the internal surface of the liner, accurate measurements of the lubricating oil

properties are capable of being defined at all operating conditions.

6.1.4 Test conditions

The engine testing took place at three fired loading levels (100%, 50%, and 25%) each
related to a different engine speed (105.5, 83.6, and 66.2 rpm respectively). The three load-
ing steps are each associated with a different torque demand levels. Figure 6.9a shows the

engine loading sequence over 8 hours (length of testing on each engine configuration).

Once the engine had achieved steady-state operation, the oil feed rate was varied from a
nominal rate of 0.8 g/lkWh to a low flow case of 0.6 g/kWh and then a high flow case of 1.2
g/kWh over the course of 20 minutes. This oil feed rate variation is summarised in Figure
6.9b and was repeated at each engine load and for each of the three engine configurations

as previously shown in Table 6.2.
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Figure 6.9: Testing loading cycle for each engine configuration and the oil feed rate
variation within each steady-state loading period [6]. © SAE International

6.2 Signal Processing

The same data processing technique as applied to the driven AJ200 engine was applied to
the RTX-6. A summary of the data processing technique is outlined in Figure 6.10. The
raw data was captured as a series of isolated ultrasonic reflections see, Figure 6.10 (a) and
(b). To convert this into oil film thickness measurements the preceding steps of Figure 6.10

were required.
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Figure 6.10: Signal processing summary [6]. © SAE International
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The ultrasonic reflection was isolated (Figure 6.10c)) and converted into the frequency do-
main using an FFT (Figure 6.10d)). Each signal was normalized relative to the modal
signal to provide the reflection coefficient (Figure 6.10e)). The reflection coefficient was
input into Equation 6.6, to output the oil film thickness (Figure 6.10f)). The oil film thick-
ness calculation was refined by the application of Equations 6.3 and 6.5 from temperature

and pressure measurements from the liner’s internal surface.

. |R|2 Z2 +Z1 (Zz —Zl)z
(1)Z1Zz 1— ’R|2

(6.6)

The same method as previously applied to the AJ200 engine has been implemented to pro-
vide a reference for ultrasonic measurements. By defining the modal reference waveform,

when the piston is significantly far away from the transducer.

6.3 Determination of reflection coefficient

The technique outlined in the signal processing section has been applied to the ultrasonic
reflections captured for the three injector configurations. In the case of Sensor 2, this expe-
rienced the first ring on its upstroke followed by the second ring at the TDC and finally the
first ring again on the downward stroke of the engine. These three stages are summarised

in Figure 6.11.

Second Ring Up /
Second Ring Down
Piston Liner Piston Liner Piston Liner

First Ring Up First Ring Down

Second
Ring

Figure 6.11: Piston ring passage over Sensor 2 [6]. © SAE International
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A labelled breakdown of the variation in reflection coefficient over Sensor 2 for a steady-
state capture at 100% loading for all engine configurations is shown in Figure 6.12. Equiv-
alent reflection coefficient variations are shown for Sensors 1, 3, and 4 in Figures 6.13-6.15
respectively. The crank angle measurement at the transducer location has been determined
by calculation of piston ring displacement relative to its TDC location for the whole engine
stroke. The crank angle corresponding to each piston ring moving over a transducer is high-
lighted in Figures 6.12-6.15 by the shaded regions and is presented in terms of CA after
TDC (previously shown in Table 6.3). This breaks down complex variations in reflection
coefficients into simpler trends.

1.3 i { I

R1Up | R2Up Rf D RID First Ring
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Pre/post < Configuration 3
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o
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Unity reflection
(R=1)

Prolonged return

0.8 “W” shaped double to R=1
dip variation
0.7 : ‘ L 1 | 1 | | 1
-50 -40 -30 -20 -10 0 10 20 30 40 50

Crank Angle (°aTDC)

Figure 6.12: Reflection coefficient over Sensor 2, highlighting the two rings passing over
the transducer [6]. © SAE International

Figure 6.12 covers Sensor 2 over a 100° CA range centred about the TDC. On the piston
approach to the TDC, the first ring passes at -15.6° to -9.9° CA, this corresponds to the
R1 Up highlighted region in this figure. The reflection coefficient decreases from unity
when the ultrasonic wave is partially transmitted through the oil film to the piston ring,
with a greater reduction in reflection coefficient indicating greater transmission. Therefore,

a lower value of reflection coefficient indicates a thinner lubricating film.

The green highlighted section signifies when the second ring is over Sensor 2, spanning
from -8° to 8° CA, which is for the upward stroke of the second ring (R2 Up), the ring at
the TDC, and the preceding downward stroke of the ring (R2 D). As the piston is close to
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the TDC in this region it is moving at a lower velocity leading to the second ring being po-
sitioned over Sensor 2 for a greater CA range. The ring is shown to be over this transducer

at the TDC as there is no increase in reflection coefficient at 0° CA.

The final region is the first ring moving over this transducer on the downward stroke (R1
D). The piston is at a greater velocity here leading to the ring moving over the transducer
in a shorter CA range, leading to a narrower dip in reflection coefficient. With the increase
in cylinder pressure typically leading to a greater reduction in reflection coefficient for this

downward stroke than the upward stroke of the first ring (R1 Up).

In addition to major variations in the reflection coefficient due to the rings moving over
the sensing area of Sensor 2, there are other trends displayed in Figure 6.12. Outside of
the measurement region of the piston rings the reflection coefficient largely remains around
unity as this shows the complete reflection of the ultrasonic wave from the internal surface
of the cylinder liner (i.e. no contact and no expected residual oil film). Whilst the reflection
coefficients from when a piston ring was aligned with the transducer dips to 0.7 in some

cases.

The general trend in the reflection coefficient was the same for each engine configuration
with the most prominent variations being from either; the magnitude of the dip, leading
to changes in oil film thickness determined from the Spring Model (Equation 6.6) or the
variation in reflection coefficient after the last ring passed on the downward stroke for an
extended crank angle range (> 20° CA). This may be an indication that an excessive oil film
was left on the liner after the last ring passed, which dissipates as the reflection coefficient

returns to unity. This is explored further in Section 6.3.2 and Chapter 9.

For the regions of piston ring and sensor alignment, Configurations 1 and 3 provide near-
identical reflection coefficient values whilst Configuration 2 is consistently higher. The
upper rail injection system for Configuration 1 and 3 was the PJ injector whilst the NLT in-
jector was used for Configuration 2. Displaying that the NLT injectors, with a reduced rate
of lubricant atomisation, led to a greater reflection of the ultrasonic signal and, therefore,

thicker lubricating film.
Immediately before and after a piston ring moved over a transducer there was a sharp peak

in the reflection coefficient above unity. These peaks are to a greater amplitude than was

previously seen on the driven AJ200 in Section 5.6. The cause of these peaks requires
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further study (See Section 7.5) but there are a few potential causes; a leading/trailing oil
wave, stress in the liner induced by the piston ring, the piston ring marginally outside of
the measurement region causing a greater amount of ultrasonic energy to reflected towards
to the sensor [89, 90].

The micro variations within the dips in the reflection coefficient are also noteworthy as in
most cases there is a double-dip within each dip, leading to a "W’ shape. The cause of this
variation is unknown but may be due to several reasons; the movement of the piston ring
traversing the piston ring groove, the piston ring itself tilting, or lateral movement of the
ring towards and away from the liner on the neutral side [42]. For Sensor 2 this "W’ shape
is also more prominent in the upward stroke than downstroke, although this is not always
the case, see Figure 6.14, Sensor 3. This pattern has been found in several other ultrasonic
applications; piston skirt [64], roller bearing [89], and cold rolling [90]. Each of these ap-
plications differ from each other in geometry, lubricant presence, and speed of component
displacement suggesting the cause of this is related to ultrasonic wave propagation instead

of a geometric parameter of the engine.

The decrease in reflection coefficient is consistently greater for a ring on the downward
stroke than the upward stroke, this is true for Sensor 2 (Figure 6.12) and the other sensors
(Figures 6.13-6.15). This is likely due to a combination of the two passes of the control ring
directing oil down the liner and the combustion process leading to an increased pressure in
the cylinder thus causing the piston rings to conform more to the liner. This trend was also
observed in the driven AJ200 engine block in which the sole factor was the oil control ring

removing excess oil from the liner.

Similar variations are also seen for the other sensors, the same test case as Sensor 2 in
Figure 6.12 is shown for Sensors 1, 3, and 4 in Figures 6.13-6.15 respectively. Note the
differing highlighted regions for the sensors as each sensor experienced the piston rings

moving over the sensing area at varying CA ranges as previously shown in Table 6.3.
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Figure 6.13: Reflection coefficient over Sensor 1, highlighting the first ring passing over
the transducer [6]. © SAE International

The first ring was aligned with Sensor 1 at the TDC, see Figure 6.13, this piston ring
had a greater width than the other two piston rings and was, therefore, over the sensing
area for a marginally greater range (-8.5° to 8.5° CA). In this plot, an additional trend is
more pronounced, primarily as only one ring transversed this sensor. Further to the single
peak in the reflection coefficient pre/post ring observed in Figure 6.12, there is a series of
cyclic peaks in the reflection coefficient, highlighted in Figure 6.13. This pattern is more
comparable to those seen in roller bearings [89] in which the cyclic peaks were shown to be
independent of loading and occurred due to a roller approaching the sensing area leading

to a greater amount of energy being directed back to the sensor.
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Figure 6.14: Reflection coefficient over Sensor 3, highlighting all three rings passing over
the transducer [6]. © SAE International

The third sensor, Figure 6.14, has the most complex variation in the reflection coefficient as
all three piston rings moved past this sensor with the third ring aligned with it at the TDC.
The first ring moved over this sensor at -21° to -17.1° CA followed by the second ring at
-16° to -11° CA. The two have largely similar trends in reflection coefficient over a com-
parable sized CA range although the second ring experienced the "W’ shape highlighted
for Figure 6.12 yet the first ring did not. The third sensor was aligned with the third ring
over a large range (-9.2° to 9.2° CA) covering the TDC. Although the reflection coefficient
returns to near unity over -5° to 5° CA. This may indicate the transducer was positioned

marginally too far down the liner and is beneath the third ring at the TDC.
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Figure 6.15: Reflection coefficient over Sensor 4, highlighting the first ring passing over
the transducer [6]. © SAE International

Sensor 4, seen in Figure 6.15, was positioned between the first and second ring at the TDC.
This led to the first ring moving past this transducer shortly before and after the TDC,
hence two dips in the reflection coefficient. This sensor displays a deviation on the "W’ dip
variation experienced by other transducers, with the inner edge (edge closer to the TDC)
having a lower reflection coefficient. This may indicate the ring is tilted with the lower
section of the piston ring closer to the liner. The cause of this is further explored in Section
7.5.

6.3.1 Effect of changing pulse rate

Through the course of this work, there were two different methods to record ultrasonic
reflections, recording all channels (sensors) at once at a lower pulse rate of 1.05 kHz, or
focusing on a single channel to allow a higher pulse rate of 12.4 kHz. This is detailed
in Section 6.1.2. Figure 6.16 shows the variation in reflection coefficient for Sensors 1-4
for the two different pulse rates used at 50% engine loading. Each pulse rate considered
here, is significantly higher than the rate at which a piston ring moves past a sensor, there-
fore, the higher rate is not necessarily required for OFT measurements. The higher pulse
rates were tested in order to highlight any micro-variations that would have been otherwise

misrepresented.
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Figure 6.16: Reflection coefficient variation for changing pulse rate [6]. © SAE
International

A pulse rate of 1.05 kHz led to an ultrasonic reflection every 0.6° CA whereas using 12.4
kHz provides a measurement every 0.05° CA but limited the data to be recorded on each
channel in turn. The effect of increasing the pulse rate on the reflection coefficient is only
clear for Sensors 1 and 4 which provided a significant reduction in the reflection coefficient.
The large reduction in reflection coefficient post ring pack passage is thought to be due to
the higher pulse rate capture being marginally outside of steady-state leading to a differing

residual oil film on the liner surface.

Figure 6.15, Sensor 4, previously displayed a lower reflection coefficient at the inner edge
of the ring implying ring tilt. However, the increased pulse rate has removed this trend for

Sensor 4 and it now displayed a "W’ shape such as seen for the other sensors.

Observation of the plots for Sensors 2 and 3 show minor differences between the two pulse
rates with the most prominent change arising close to the TDC with the increased pulse
rate leading to a lower reflection coefficient value. Note, the single-channel measurements
were taken over a short period of 50% loading marginally outside of the steady-state testing

period whilst the slower pulse rate was within the steady-state operation period.
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6.3.2 Spectrograms and residual oil film thickness

Observation of the reflection coefficient over the whole bandwidth of the transducers pro-
vides a more complete view of the variation in the reflection coefficient over an engine
cycle. This is shown in Figure 6.17 for Sensor 1 for the three engine configurations at
100% loading. In these plots, 1 MHz has been highlighted with a dashed line as this is the
frequency used previously in Figure 6.12-6.16, in addition to being used for oil film thick-
ness calculations in the following section. The spectrograms have been limited to the range
of 0.9 < Reflection coefficient < 1.1, this has been done for visualisation purposes to cen-
tre the reflection coefficient around unity (R=1) and to display the trends in the reflection

coefficient clearer.
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Figure 6.17: Reflection coefficient over the transducer bandwidth for Sensor 1 for all three
configurations. Plots a-c correspond to Configurations 1-3 respectively. 1 MHz is
highlighted as this frequency was used for oil film thickness calculation [6]. © SAE
International

The spectrograms for the three engine configurations over the bandwidth of Sensor 1, Fig-
ure 6.17, largely show a consistent decrease in reflection coefficient beyond 0.9 reflection
coefficient across the whole bandwidth for -8.5° to 8.5° CA which corresponds to when the

first ring was aligned with this transducer.

Outside of the region corresponding to the first ring, there are bands of increased and de-

creased reflection coefficient which vary with frequency across the bandwidth of the trans-
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ducer, see the black rectangles in Figure 6.17c. The trends are more identifiable on the
YTR engine in Section 9.6.2. Along the 1 MHz line the band of increased/decreased re-
flection coefficient post ring is the same as the ’Prolonged return to R=1" section seen in
Figure 6.13. The cause of these frequency-dependent bands of reflection coefficient varia-
tion is unknown but may be an indication of the residual oil film left on the liner post ring.
The OFT of these resonant bands can be defined using the resonant dip technique [77], in
which the equation and calculation are shown in Equation 6.7 in which f,,, is denoted as the
frequency range between two resonant bands (white horizontal lines in Configuration 3 of
Figure 6.17).

_cam 1007
C2Af, 2(1.1x 10°—0.75 x 100)

The resonant dip technique implies a lubricating film thickness of over 1000 um on the

h

= 1400 um (6.7)

liner in the regions that see the frequency-dependent bands. The residual film calculation is
based upon the two upper bands (0.75 MHz and 1.1 MHz) whilst the two lower bands (0.55
and 0.75 MHz) imply a residual film of 2000 um. These film thicknesses are obviously
significantly greater than the film thicknesses measured from the Spring Model when a pis-
ton ring was aligned with the sensor which was in the order of 10 um. Residual films of
this magnitude are unexpected due to minimal lubricating oil adhering to the liner surface
although not infeasible. Resonant oil levels have only previously been quantified in auto-
motive engines and, therefore, their levels are not necessarily applicable for comparison to
marine engines. As 10% of the oil is injected into the ring pack in the RTX-6 test engine,
the sensor may well be exposed to a large portion of that injected lubricant. The band-
width of the transducer only provides a useful measurement range of 0.7 MHz leading to
only three resonances being found in this range, higher centre frequency transducers would
have provided additional resonances potentially capable of improving the resonant dip cal-
culation. Unfortunately, the thickness of the liner and it being made of cast iron prevented
higher frequency transducers from being capable of providing these measurements. This
is due to higher frequency ultrasonic waves being attenuated more over a greater propa-
gation distance than lower frequencies, limiting these measurements to a relatively lower
frequency range. This measurement is applied to the YTR engine in Section 9.6.2 in which

a greater bandwidth enables a measurement over a greater CA range.

Observation of Figure 6.17(a) and (b) which resembles Configurations 1 and 2 shows a
near-identical variation in the reflection coefficient across the whole bandwidth. Yet the
third configuration displays significantly different patterns outside of the first piston ring

zone. This may be an indication of transducer deterioration over time or a largely differing

129



residual oil film left from the third configuration which is unexpected due to the upper rail

for Configuration 1 and 3 being the same.

For the preceding work, a frequency index of 1 MHz was used, this was primarily due to the
centre frequency of these transducers being 1 MHz, although it is clear from Figure 6.17
that the selection of this frequency index has an effect on the resulting reflection coefficient

and thus oil film thickness.

6.4 Oil film thickness

The reflection coefficient of Figures 6.12-6.15 has been used to determine the OFT between
the piston ring and cylinder liner using Equation 6.6. The same 100% loading test case as
shown in Figure 6.12 is shown in Figure 6.18 which refers to Sensor 2. Whilst Figures

6.19-6.21 show Sensors 1, 3, and 4 respectively.
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Figure 6.18: Oil film thickness measurements over Sensor 2 for 100% engine loading
steady-state operation [6]. © SAE International

The oil film thickness shown in Figure 6.18, for Sensor 2, is of the same order of magni-
tude for each engine configuration. The upper rail in the second configuration was the NLT
injector (the injector design that reduced atomisation of the lubricant) reducing lubricant

presence in the exhaust manifold. This is directly reflected in the OFT, with Configuration
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2 providing thicker lubricating films, roughly 4 pum thicker at the TDC than the other con-
figurations. Whilst Configurations 1 and 3, both with PJ injectors on the upper rail provided

near identical film thicknesses.

The "W’ shaped double-dip present in the R1 Up reflection coefficient of Sensor 2 (Figure
6.12) remains present in the OFT over this sensor. Whilst the second ring (R2 Up and R2
D) now displayed an exaggerated version of the double-dip, with a "W’ at either side of the
ring passage. No double-dip is displayed for R1 D, instead, the OFT decreases over the
passage of the ring with minimum oil film thickness at 14.5° CA, once the ring has almost
moved completely past the transducer. This is shortly after the maximum combustion pres-
sure and, therefore, may be due to the cylinder pressure causing the ring to conform more

to the liner, potentially with the addition of ring tilt or ring lateral movement.

The OFT greatly increases either side of all the rings, Takiguchi [33] and Seki et al. [34]
argued this was likely a bow wave pre-and post- ring passage. Yet works such as Garcia-
Atance Fatijo et al. [42] who used capacitance transducers, showed the rings operated
under starved conditions and indicated potential flow detachment, therefore, it is unlikely

to be a bow wave of lubricant.
The same general trends in oil film thickness are observed for Sensors 1, 3, and 4 as shown

in Figures 6.19-6.21 respectively. Note the differing highlighted regions for each sensor as

each experienced piston rings moving over the sensing area at varying CA ranges.
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Figure 6.19: Oil film thickness measurements over Sensor 1 for 100% engine loading
steady-state operation [6]. © SAE International
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Figure 6.20: Oil film thickness measurements over Sensor 3 for 100% engine loading
steady-state operation [6]. © SAE International
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Figure 6.21: Oil film thickness measurements over Sensor 4 for 100% engine loading
steady-state operation [6]. © SAE International

Similar trends are shown for the three engine configurations for all piston rings in Figures
6.18-6.21, except for the third configuration in Sensor 3 Ring 3 (Figure 6.20) and Sensor 4
Ring 1 (Figure 6.21) which shows significantly differing patterns. This is thought to have
been due to either the sensors having moved or malfunctioned after extended use as Con-

figuration 3 was the last to be tested.

The OFT in Figures 6.18-6.21 shows the rings further up the liner (Sensors 1 and 4) to have
minimum OFT values of significantly less than 10 um, typically around 7 gm whereas
sensors further down the liner (Sensors 2 and 3) have minimum OFT values around 10 ym.
This is likely the case as the first ring can be seen as a buffer ring between high and low
pressure regions and this ring moved over Sensors 1 and 4 closer to the TDC when the
combustion chamber experienced greater pressures. The high pressure of the combustion
chamber causes the ring to conform to the liner more leading to a thinner oil film between
the two. The combustion pressure also affects Sensors 1, 3, and 4 as previously mentioned
for Sensor 2 (Figure 6.18) causing the downstrokes for each ring to be thinner than their

respective upward strokes.

Comparable to Sensor 2 (Figure 6.18) double dips in the OFT are displayed for Sensor

3 (Figure 6.20) although they are not prevalent for the first ring moving over this trans-
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ducer for either the up or the downstroke. This piston ring moved over the sensing area
of Sensor 3 at a greater velocity, therefore, there were fewer reflections captured in this
timeframe, potentially leading to there not be enough data points to show the double-dip.
Whilst Sensor 4 (Figure 6.21), like its reflection coefficient, shows the inner edge OFT to
be the thinnest point.

The first sensor (Figure 6.19) shows a similar trend in OFT pre- and post-TDC, unlike the
sensor that was aligned with the first ring on the driven AJ200 (Figure 5.8). The motored
operation of the AJ200 which led to lubricant pooling on the top of the liner and greater
fluctuations in the film thickness post TDC. Whilst the excess lubricant at the top on the
liner in the RTX-6 will have been fed down the liner by the combustion pressure or com-
busted. Therefore, the OFT trends seen for the RTX-6 are more representative of engine

operation than those from the AJ200.

Sensors 1-3 are aligned with the first, second, and third piston rings respectively at the
TDC. At this location in Figures 6.18-6.20, Configuration 2 consistently provided a thicker
lubricant film than the other two configurations, excluding Configuration 3 for Sensor 3 as

the sensor is thought to have moved or malfunctioned here.

6.4.1 Minimum oil film thickness

The minimum oil film thickness for each data capture has been determined by isolating the
minimum OFT of each piston ring recorded in each engine revolution and averaging the
data. Comparison of the MOFT for the three engine configurations for the first piston ring
at the TDC is shown in Figure 6.22 with the corresponding engine speed for that capture.
The repeatability of the MOFT measurements is explored in Section 6.4.4. There is no data
presented for Configuration 3 at 50% loading as no ultrasonic data was captured in this

period.
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Figure 6.22: Minimum oil film thickness of Ring 1 over Sensor 1 plotted for the three
configurations and all engine speed levels. The three steady-state operation periods are
highlighted via dashed boxes [6]. © SAE International

Across all three engine configurations, the trend of increased lubricant film thickness with
decreased engine load is observed. For example, Configuration 1 steady-state MOFT val-
ues are 6.3 um, 6.7 um, and 7.3 um for 100%, 50%, and 25% loading respectively. There
are several contributing factors to this trend, at higher engine loading, the combustion pres-
sure is greater, leading to greater ring conformity to the liner. In addition to this, the higher
internal liner temperature and pressure results in a lower oil speed of sound and oil density
(Equations 6.3 and 6.5), reducing the lubricant film thickness. The increased liner tempera-
ture also causes an increased rate of lubricant evaporation, therefore, there is less lubricant
present to form an oil film at higher engine loads. The MSDS of the lubricant quotes the
lubricant flash temperature to be 220 °C and at 100% engine loading the liner’s internal sur-
face temperature is 216 °C at the location of Sensor 1. The piston ring surface temperature
is likely higher than this leading to lubricant potentially igniting at 100% engine loading.
All of these factors compound to results in a thinner lubricant film at higher engine loading.

Figure 6.22 shows that the MOFT of the first ring over Sensor 1 is greater for Configura-
tion 2 than Configurations 1 and 3, during steady-state operation, except at the end of the
25% loading period. A greater MOFT consequently reduces the likelihood of boundary

lubrication (metal-metal contact) occurring between the piston ring and cylinder liner. For
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steady-state testing at 100% and 50% loading, Configuration 2 provided a film that was
consistently at least 17.5% thicker than the two other engine configurations. This config-
uration was the lubricating system with a reduced rate of lubricant atomisation, ultimately
reducing lubricant losses to the exhaust manifold. This led to a greater amount of injected
oil remaining within the cylinder which was directly reflected in terms of a greater MOFT
for Configuration 2.

Outside of steady-state operation (i.e. outside the dashed boxes in Figure 6.22), the MOFT
for Configuration 2 is greater than that of the other two configurations at all points except
a short period of Configuration 3 during 100% loading where the MOFT increased. In
general, the MOFT is relatively consistent outside of steady-state loading except for brief
instances for Configuration 3 100% loading and Configuration 2 25% loading the cause of

which is unknown.

6.4.2 Effect of change in oil feed rate

The RTX-6 engine experienced a 20-minute steady-state operation period for each engine
loading step for each injector configuration. Within these steady-state periods, the oil feed
rate (OFR) was varied as shown previously in Figure 6.9b. The MOFT values measured
during this period are shown in Figure 6.23 for the first piston ring moving over the four
sensors in CA order, with the change in OFR plotted in green. For example, the order
the first piston ring passed the sensors is 3, 2, 4, 1 (TDC), 4, 2, 3, hence left to right for
upstrokes followed by the right to left for downstrokes. The equivalent plots for the second

and third piston rings moving over their respective transducers are shown in Figure 6.24.
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Figure 6.23: MOFT of the first piston ring over Sensors 1-4 for up and down strokes for
all configurations at 100% loading with the addition of oil feed rate change [6]. © SAE
International

All four plots in Figure 6.23 display no clear variation in the MOFT with the change in OFR
for the first piston ring, this was also demonstrated for the 50% and 25% loading. It is not
clear why there is no definitive variation in MOFT with OFR. Possibly the thickness of the
film formed is simply not sensitive to the amount of oil present, provided a certain threshold
volume is supplied; and testing was all carried out above that threshold. Additionally, the
OFR steps were in intervals of 5 minutes which may not have been a significant enough
time to lead to a change in the lubricating film thickness. Based on the Engine slowdown
testing (Section 6.4.3) an interval of at least 20 minutes is required for definitive changes

in the reflection coefficient.
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Figure 6.24: MOFT of the second and third piston ring over Sensors 2-3 for up and down
strokes for all configurations at 100% loading with the addition of oil feed rate change [6].
© SAE International

Figure 6.24 (a) and (b) show the change in MOFT with OFR for the second ring moving
over Sensors 3 and 2, respectively. Whilst Figure 6.24c is for the third ring over Sensor 3.
Similar to the results for the first ring (Figure 6.23) there is no clear change in MOFT with
OFR for either of the other two piston rings.

6.4.3 Engine slowdown

The RTX-6 engine was operating continuously for each engine configuration covering all
loading steps, as shown in Figure 6.9a. This provided a period in which the engine changed
loading and rotational speed, capable of providing incremental changes between two load-
ing levels. In the case for Configuration 2 between 50% and 25% loading, interval data was
recorded for a 44-minute duration. This involved capturing data at a pulse rate of 1.05 kHz
for 5 seconds every minute. The minimum reflection coefficient for each engine cycle of
the first piston ring over Sensor 1 is shown over the engine slowing period in Figure 6.25,
the slowing engine speed interval is highlighted in the blue dashed box. The results are not
plotted in terms of MOFT as there was insufficient temperature and pressure measurements

from this transient period to reasonably determine the MOFT.
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Figure 6.25: Sensor 1 minimum reflection coefficient over the 44-minute engine slowing
period from 50% to 25% engine loading. The slowing engine speed interval is highlighted
in the blue dashed box.

The progression of the minimum reflection coefficient over time shows a graduation reduc-
tion throughout the recording interval as the engine slowed to 25% loading. Observation
of the engine speed variation over this period indicates that the engine speed varied over 10
minutes (Minute 10 - Minute 20). Although the slowing of the engine is not immediately
reflected in terms of a change in the minimum reflection coefficient. The reflection coef-
ficient remains near constant for the Minute 10 to Minute 25 until it then begins a gradual

reduction to the lower loading level.

The oil feed rate is dependent on engine speed this, therefore, suggests that after the engine
had slowed (Minute 20), sufficient oil remained in the cylinder to provide the same lubri-
cant film for an additional 5 minutes before a noted marked change in film thickness. This
further adds to the results in the previous section covering the change in MOFT as the oil
feed rate was varied, as no discernible change was identifiable over the 5-minute intervals.
Therefore, indicating that the change in oil feed rate time intervals were not sufficient to
study the change in the quantity of oil on the liner. The delayed response in the reflection
coefficient is not consistently observed by all sensors. Consider the same piston ring pass-
ing Sensor 2 in both the up and downstroke, the reflection coefficient for these two cases is
plotted in Figure 6.26 respectively. The engine slowing interval is highlighted in the blue
dashed box.
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Figure 6.26: Sensor 2 reflection coefficient as the engine slowed from 50% to 25%
loading for both strokes of Ring 1. The slowing engine speed interval is highlighted in the
blue dashed box.

In both strokes shown in Figure 6.26 the reflection coefficient appears to have a more im-
mediate change. Figure 6.26a shows a drop post Minute 18 whilst Figure 6.26b shows a

brief increase at Minute 15 before starting a consistent decrease from Minute 19.

Both Figure 6.25 and Figure 6.26 display that a decrease in engine loading leads to a reduc-
tion in the minimum reflection coefficient for the first ring moving over a sensor. Although
this reduction is not immediately displayed, this may be due to the engine being in tran-
sient operation as the marine engine takes time to move between steady-state operation at

differing loading levels.

It is worth noting that a reduction in reflection coefficient does not necessarily represent a
reduction in the MOFT, see Figure 6.22 which shows the MOFT to increase with reduced
engine loading. As when the engine is at steady-state, the lower loading conditions leads to
the lubricant being subject to a lower temperature and pressure leading to different lubricant

properties as previously shown in Equations 6.3 and 6.5.

6.4.4 Measurement repeatability

In Section 6.4.3 the MOFT across the steady-state period for 100% engine loading was
studied. The change in the MOFT over this interval is explored in greater detail for all
engine loading levels in Figures 6.27-6.29. These figures show the mean MOFT over this

period for each engine configuration and loading with the addition of the standard deviation.
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Figure 6.27: MOFT of 100% engine loading for the first ring moving across the sensors
with the standard deviation of the MOFT. Note, there are no standard deviations for
Configuration 1 as there was only one measurement taken within this steady-state period
[6]. © SAE International
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Figure 6.28: MOFT of 50% engine loading for the first ring moving across the sensors
with the standard deviation of the MOFT [6]. © SAE International
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Figure 6.29: MOFT of 25% engine loading for the first ring moving across the sensors
with the standard deviation of the MOFT [6]. © SAE International
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Across all engine configurations and loading levels in Figures 6.27-6.29, the first piston
ring has the thinnest oil film when the ring is at the TDC, with Configuration 1 providing a
thinner film than the other two configurations. The standard deviation of the MOFT across
the steady-state period varies from +0.07 um up to £1.3 um with the least variation con-

sistently occurring at the TDC.

Sensor 2 often provided a thicker MOFT than the sensors on either side. With this sensor
having the greatest standard deviation in results (£1.3 um), it can be seen in Figure 6.23
and Figure 6.24 that this increased variation in results is no indication of a greater variety
of the MOFT with OFR. This sensor may be providing thicker MOFT measurements with
a greater variation due to a potential transducer issue such as a marginal error in transducer
placement leading to a coolant channel being partially over the measurement area or in-
sufficient bonding between the sensor and external liner surface. Alternatively, the second
ring may fluctuate in its groove more leading to greater variability in the measured MOFT.
Excluding Sensor 2, the maximum standard deviation over steady-state operation is +0.9
um across all rings traversing all sensors, further indicating there is no definitive change in
the MOFT with OFR.

The lambda ratios of the three engine configurations at 100% loading range from 2.9 to
3.5 indicating a mixed lubrication regime when the first piston ring is at the TDC, there-
fore, metal-metal contact may be occurring. This is explored in greater detail in Chapter
8. Whereas further down the liner lambda ratios of up to 5.2 are achieved, indicative of a
hydrodynamic lubricant film. Furthermore, at lower loading levels, as the film thickness
increases, the lambda ratio increases, expanding the presence of hydrodynamic lubrication

over the sensing region, although mixed lubrication still occurs over Sensor 1 (4, up to 4).
The MOFT is numerically shown in Tables 6.4-6.6 for the first piston ring moving across

all sensors for the three engine configurations and loading levels. These tables include the

addition of the coefficient of variance (COV) over the steady-state period.
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Table 6.4: Steady-state MOFT across 100% loading for all configurations for the first
piston ring passing all transducers. Note, there are no coefficients of variance values for

Configuration 1 as there was only one measurement taken within this steady-state period
[6]. © SAE International

Dist to TDC (mm) -80 -40 -20 0 20 40 80
Configuration Sensor S3 S2 S4 S1 S4 S22 S3
Up/Down Stroke U U U - D D D

MOFT (um) 95 92 67 63 61 94 6.1

COV (%) - - - - - - -
5 MOFT (um) 92 111 70 74 63 138 6.5

COV (%) 23 26 12 46 15 45 14
3 MOFT (um) 94 93 104 6.6 11.8 80 8.6

COV (%) 29 20 33 23 54 20 23

Table 6.5: Steady-state MOFT across 50% loading for all configurations for the first
piston ring passing all transducers [6]. © SAE International

Distto TDC (mm) -80 -40 -20 0 20 40 80
Configuration Sensor S3 S2 S4 S1 S4 S22 S3
Up/Down Stroke U U U - D D D

MOFT (um) 102 229 11.0 6.7 10.8 188 7.7

COV (%) 12 65 25 30 29 70 09
5 MOFT (um) 10.8 21.2 109 81 93 169 78
COV (%) 14 31 21 24 16 31 1.2
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Table 6.6: Steady-state MOFT across 25% loading for all configurations for the first
piston ring passing all transducers [6]. © SAE International

Distto TDC (mm) -80 -40 -20 0 20 40 80
Configuration Sensor S3 S2 S4 S1 S4 82 S3
Up/Down Stroke U U U - D D D
. MOFT (um) 147 163 157 73 12,6 13.1 11.0
COV (%) 29 22 13 1.8 13 24 14
5 MOFT (um) 140 147 139 79 107 123 104
COV (%) 1.1 1.7 15 104 35 1.7 21
3 MOFT (um) 152 158 145 85 13.1 11.0 122
COV (%) 15 12 15 15 19 12 25

6.5 Discussion

Ultrasonic reflectometry has been applied to a fired two-stroke RTX-6 engine to quantify
the oil film thickness for three piston rings moving across four piezoelectric transducers.
With MOFT values for the first piston ring ranging from 6-22 um. To provide these values
several assumptions have been made and limitations identified which are discussed in the
following section. In addition, the MOFT from the RTX-6 is compared to oil film thickness

measurements from alternative engines in this section.

6.5.1 Assumptions and limitations

The temperature used to define the oil speed of sound and density was determined from
temperature measurements from the internal surface of the liner. It was assumed that the
temperature of the oil in the contact was the same as this surface temperature. The flash
temperature of the ring will have likely been significantly higher and vary with engine CA
especially during the early stages of the power stroke. For 100% loading, all piston rings
were assumed to be at 216 °C, however, an increase of 10 °C reduces the oil film thickness
calculated by 0.3 um. This factor will have affected all measurements equally, therefore,

the trends in results remain unchanged.

The ultrasonic transducers have provided OFT measurements that are similar to previous

works with some of the same trends identified from alternative techniques, highlighting
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their robustness. Yet potential issues with either bonding, placement or damage, may have
led to different trends in reflection coefficient to be seen for the third testing configuration.
Sensor 2 for example provided consistently greater film thickness measurements than trans-
ducers on either side of the sensor indicating that the transducer may have been positioned

incorrectly.

The spatial resolution of the sensors in this work was notably improved from previous
ultrasonic ring-liner measurements [28, 29, 30, 31, 32, 64, 65]. As most of the previous
research used piezoelectric transducers equal to or greater than the size of the first piston
ring (piston ring to sensor size ratio of 1) yet this work used transducers smaller than any of
the rings (14 mm active element diameter, piston ring to sensor size ratio of 1.2). Therefore,
the averaging effect of the ultrasonic transducers was minimized when the sensing area was
completely encompassed by a piston ring, aided further by the barrelled profile of the rings
with the edges having small radii curvatures. However, the Spring Model applied in this
work is only applicable for a solid-oil-solid system, therefore, it is only applicable when
the piston ring is over the sensor. When the piston ring is marginally over the contact there
is a combination of a partial solid-oil-solid system and a solid-oil system which inhibits the
applicability of the Spring Model. The averaging effect of the ultrasonic transducers will
have led to an overestimation of the lubricant film thickness in this region due to higher
reflection coefficients being measured than caused purely by the piston ring itself. The

averaging effect is summarised in Figure 6.30, through the use of three cases:

1. Case 1 No ring alignment: A complete reflection from the internal surface leading to

a unity reflection, R=1.

2. Case 2 Partial ring alignment: The region not aligned with the piston ring experiences
a reference reflection (same as Case 1). Whilst the region that is aligned with the
piston ring has a reduced proportion that is reflected as a partial transmittance to the
piston ring occurs. The resulting reflection coefficient recorded is an average over
the whole surface, therefore, in the case shown R=0.85 due to half ring alignment

and half reference reflection.

3. Case 3 Full ring alignment: The piston ring is completely aligned with the transducer
leading to a partial transmittance over the whole alignment zone. This leads to a
significant reduction in reflection coefficient such as those seen in Figure 6.12 from
-6° to 6° CA.
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Figure 6.30: Ultrasonic averaging effect summary.

It has been assumed that any changes in the reflection coefficient were purely from a piston
ring moving over a transducer. For this to be the case the region between the piston ring and
liner must be fully flooded with lubricating oil. Yet piston rings often operate under starved
conditions or cavitation may occur in the lubricating film. Either of these factors would
have led to a higher reflection coefficient than if the region were fully flooded with oil.
Therefore, the OFT presented here is likely an overestimation of the true OFT especially
for OFT values significantly far from the MOFT.

6.5.2 Comparison to other works

The oil film thickness between a piston ring and cylinder liner has been the focus of nu-
merous works, with most of that research focusing on smaller engines. Due to this, their
comparison to a large diesel marine engine is somewhat limited. The MOFT from previous
research typically varies from 0.2-20 um across all techniques [28, 29, 30, 31, 32, 33, 34,
35, 36, 39, 41, 42, 43, 44, 49, 50, 64, 65] with ultrasound providing measurements from
2-20 um [28, 29, 30, 31, 32, 64, 65]. The OFT from the RTX-6 is thinnest for the first
ring at the TDC (6.3 um Configuration 1), which is close to the MOFT from a Winterthur
Gas & Diesel RTX-4 engine of 6 um [66]. These values are a factor of 3 larger than their
automotive counterpart minimums which may partially be from a larger engine operating
at much greater loads and partially from this work being on the neutral side of the engine

as most previous works study the thrust or anti thrust side.
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6.6 Conclusions

The lubricating film between a piston ring and cylinder liner in a large diesel marine engine
has been quantified using ultrasonic reflectometry by positioning piezoelectric transducers
close to the TDC on the outer surface of an RTX-6 liner. This oil film is a key contributor to
engine emissions with lubricant thrown off into the combustion chamber raising particulate
emissions and wasting oil. However, if the lubricating film is too thin it leads to metal-metal
contact and damage to engine components. The findings from this work can be summarised

as follows:

* The thickness of the piston ring lubricating film has been quantified for three engine
loadings across three different cylinder injection configurations each with varying
rates of lubricant atomisation. Across all three injection configurations, the oil film
thickness increases with decreased engine loading. These findings agree with other

research into piston ring film thickness using other techniques on a range of engines.

* Configuration 2 provided a thicker minimum oil film thickness for the first ring at
the TDC than either of the other two engine configurations (7.4 um instead of 6.3
um and 6.6 um). This engine configuration used a needle lift type injector on the
upper rail which reduced the rate of lubricant atomisation reducing lubricant losses
to the exhaust manifold whilst it also increased the thickness of the lubricating film.
It is, therefore, reasonable to conclude that this engine configuration reduces engine
emissions, by a smaller loss of lubricant whilst also improving the lubrication regime

of the piston rings close to the TDC aiding to avoid boundary lubrication.

» Within each loading and engine configuration the oil feed rate was varied from its
nominal rate to an upper and lower rate in 5-minute intervals. Measurements of the
minimum oil film thickness during this time display no clear trend between minimum
oil film thickness and oil feed rate. This is expected to be the case due to the short
time intervals of the change in the oil feed rate. This is also represented in a delayed
discernible change in minimum reflection coefficient from the engine slowdown re-

sults.
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Chapter 7

Fired marine engine advanced analysis

The previous chapter (Chapter 6) covers the measurement of oil film thickness for multi-
ple piston rings at four locations close to the TDC in an RTX-6 marine diesel engine to
compare three lubricant injector configurations. The data processing presented was equiv-
alent to that used in previous research in the field. This chapter expands upon the previous
chapter to cover an additional sensor not previously considered and to evaluate various ad-

vancements in the data processing.

In total seven ultrasonic transducers were instrumented, all of which are detailed in Figure
7.1 with the additional sensors highlighted. The additional longitudinal transducer is high-
lighted in green and shear transducers in blue. The opening section of this chapter covers
frequency index data processing (such as seen in Figure 6.6) for Sensor 5, a sensor above
any piston ring at their TDC position before developing onto alternative data processing

techniques. The shear sensors shown in blue are considered in Chapter 8.
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a) b)
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First
Ring
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Ring

Figure 7.1: Full set of instrumented ultrasonic transducers on the RTX-6 liner. a)
Photograph of the sensors. b) Side profile of the sensors showing the position relative to
the piston rings at their TDC positions. Note, only the longitudinal sensors appear for
visualisation purposes. ¢) The sensor numbering convention of all seven sensors; red were
covered in Chapter 6, green is an additional longitudinal sensor, blue are two shear sensors
and covered in Chapter 8.

7.1 Longitudinal transducer above first ring

The additional longitudinal sensor, Sensor 5, is of key interest as it is noticeably different
from the other four longitudinal transducers. Like the other longitudinal sensors it is a 1
MHz sensor with a 14 mm active element diameter although in this case it was instrumented
20 mm above the first ring at the TDC. Therefore, no piston ring transverses this transducer
at any point in the engines’ cycle. In theory there would be no variations in the recorded
ultrasonic reflections for this sensor and, therefore, the reflection coefficient would not vary

at any crank angle.

By applying the same data processing technique as outlined in Figure 6.10 the reflection
coefficient has been defined from a frequency index at the central frequency. The reflection
coefficient variation over a 100° CA range centred at the TDC for 100% loading steady-

state operation for Sensor 5 is shown in Figure 7.2 for all three engine configurations.
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Figure 7.2: Reflection coefficient variation over Sensor 5 at steady-state 100% loading for
all engine configurations.

Counter intuitively, Figure 7.2 shows that there is a significant change in reflection coef-
ficient over the 100° CA range, with a decrease seen for the majority of the CA range,
even with no piston ring aligning with this sensor. Noticeably the trend in variation is very
different from those seen in the previous chapter for the other in-contact longitudinal trans-
ducers. All three configurations display the same trend in reflection coefficient, although in
Configuration 3 there appears to be a vertical shift in the reflection coefficient typically in
the order of 0.15 close to the TDC. The cause of the drop in reflection coefficient over the
large CA range is currently unknown. The presence of this variation without a piston ring
indicates a more complex interaction between a piston ring and sensor is occurring than

previously considered.

It is theorised that the increase in reflection coefficient immediately before and after the
TDC may be caused by the fringe effects of the approaching transducer. The fringes seen
here are similar in magnitude to those seen in the previous chapter in Figure 6.12 however,
in this case, the fringe effects are adjoined immediately before and after the TDC as a ring
never reaches this transducer so no sharp reduction in reflection coefficient is seen. The
concept of the ultrasonic wave reflecting outside of the alignment zone is shown in Figure

7.3 through three different reflection cases.
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Figure 7.3: Theorised fringe effect interference.

In summary, as the ultrasonic wave propagates through the liner the beam spreads, part of
that wave interacts with the approaching piston ring significantly far from the alignment
zone. The magnitude of the wave that interacts with the piston ring outside the alignment
zone increases as the piston ring moves up the liner leading to the peaks above unity reflec-
tion coefficient (R>1). These peaks were seen immediately before and after the rings for
Sensor 1-4 and from -7° to 7° CA for Sensor 5 as the piston ring is close to the alignment

zone for a greater CA range for this sensor.

7.1.1 Wave reflection simulation

To justify these theorisations, a k-Wave simulation (introduced in Section 3.9) equivalent
to Sensor 5 has been developed. The developed model consists of pulsing an ultrasonic
wave through a medium and recording the reflection from the other side that has a full
lubricant film. The simulation is run multiple times (> 750) with each simulation moving
the ’piston ring’ across the domain, equivalent to a piston ring moving up the cylinder liner.
In k-Wave, a domain is defined and the speed of sound and density at each node is set. In
the case of a piston ring and cylinder liner example, the model parameters are defined in
Table 7.1.
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Table 7.1: k-Wave model parameters.

Model parameter Value Unit
o 640x2560 -
Domain size
4x20 mm
Input signal 1 MHz
) 5000 m/s
Liner
7300  kg/m’
. 1007 m/s
Oil
781 kg/m?
. ) 6000 m/s
Piston ring
7850  kg/m’

An example of the domain for two simulations is shown in Figure 7.4 in which the upper
plots show a simulation with the piston ring significantly far from the sensor, whilst the
lower plots are for a near aligned piston ring. The solid mediums are shown in black,
whilst the liquid (engine oil) is shown in white. The speed of sound plot for the near
aligned piston ring case is highlighted for visualisation of the thin lubricant film between

the solid media.
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Figure 7.4: Domain of two simulation examples.

The series of simulations produces an ultrasonic reflection from each piston ring position.
By processing these reflections to convert them to the frequency domain and defining the

reflection coefficient at 1 MHz the reflection coefficient for the simulation is produced, as

shown in Figure 7.5.
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Figure 7.5: A simulation equivalent for Sensor 5.

The sharp rise and dip in the reflection coefficient immediately before and after the TDC
similar to that previously shown in the experimental results in Figure 7.2 can be seen in
Figure 7.5. Further indicating that the approaching ring combined with the spreading of
the ultrasonic wavefront leads to additional energy to be reflected towards the sensor. All
longitudinal transducers were located in vertical increments (up to 20 mm) from the next
transducer it is, therefore, reasonable to conclude that each of the sensors will have been
impacted by this effect when a piston ring was aligned with a different sensor. The mag-
nitude of the effect being proportional to the CA range in which a ring was close to the
sensor, therefore, the impact is reduced on rings further down the liner as the piston moved
faster here.

Notably, there is no reduction in the reflection coefficient over an extended range in the

simulation. There are several potential causes for this:

1. The model is entirely based on wave propagation, therefore, it does not consider
engine factors impacting the sensor, such as the impact of cylinder pressure or com-

bustion products.

2. Potential error in transducer instrumentation placement leading to the experimental

transducer experiencing unanticipated reflections.
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3. The liner is assumed to be an anisotropic elastic solid which is not the case in cast

iron.

4. The model used a "perfect" 1 MHz input and assumes the ring is a constant distance
from the liner of 12 um. Both of these differ from the experimental results due to
noise in the system and the piston rings relative freedom to vary the distance from

the liner surface.

Sensor 5 is above all three piston rings at their TDC positions, this prevents any oil film
thickness analysis using the results from this transducer. The analysis is purely focused
on the reflection coefficient whose trends still provide informative information to deduce

factors hidden in results for the other transducers.

7.2 Reflection window optimisation

Initial analysis in Chapter 6 studied the complete recorded reflection, primarily as from base
analysis the length of the studied signal should be independent of the results providing that
only the reflection of interest is within that captured window. In this section, the effect of
varying the A-scan window length is studied further to optimise how a reflection is defined
to minimise the effect of undesired reflections/noise in the system. A typical reflection from
Sensor 1, Configuration 1 100% loading is shown in Figure 7.6. Each ultrasonic reflection
consisted of a 1.6 us recording although this section presents the data in terms of raw data
points for ease of comparison of differing portions of the signal (one data point captured

every 2 ns).
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Figure 7.6: Full reflection window for Sensor 1 Configuration 1 100% loading.

The effect of the A-scan window size on the reflection coefficient was studied by defining
the central zero crossing point of a reflection (Data Point 320, marked with the red cross
in Figure 7.6) and incrementally reducing the window size studied to towards that central
point. The reflection is treated as symmetrical about the zero-cross point, due to this the
window was initially incrementally reduced from Data Points 1-800 to 1-640 leading to the
central zero point being the centre of the reflection window. The reflection coefficient from
using a frequency index of 1 MHz at a range of window sizes is shown in Figure 7.7a with

a smaller CA range shown in Figure 7.7b.
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(a) Reflection coefficient variation. (b) Smaller CA range view of Figure 7.7a.

Figure 7.7: Frequency index reflection coefficient from varying window length.

Figure 7.7 clearly shows that the window size has a major effect on the reflection coef-

ficient on both when the ring was aligned and outside of the alignment zone. A greater
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window length considered produced a greater reduction in the reflection coefficient as the
piston ring moved over the sensor and a greater reduction post ring. Figure 7.7 indicates
that selection of the window size has an impact on the reflection coefficient and, therefore,
the calculated OFT.

The frequency domain representation of the signal that produced these reflection coefficient
variations are shown in Figure 7.8a. One route to define which window size to use is to
identify when the maximum amplitude of the signal in the frequency domain and study
when that becomes independent of window size. Observation of Figure 7.8a indicates that
as the window size was reduced the overall amplitude of the signal reduced (as energy in
the reflection was removed) and the peak of the signal in the frequency domain shifts to
a lower frequency. The frequency of the maximum amplitude in the frequency domain

variation with A-scan window size is shown in Figure 7.8b.
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Figure 7.8: The frequency domain view of a signal and isolated frequency of maximum
amplitude from varying window sizes.

Figure 7.8b indicates that the frequency of the maximum amplitude is independent of A-
scan window size beyond 1-640. Therefore, the window of the reflection could be reduced
to 1-640 with minimal effect in the frequency domain. Beneath this window, a progres-
sively increased impact on peak amplitude frequency is seen. The reduced window size
has now been used for further data processing as it removes some energy from the consid-
ered window with minimal effect in the frequency domain. This method is not to be used
as a reliable approach as there is likely to be some energy in the reflection not from the

piston ring still included in the reflection from Data points 1-640.
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7.2.1 Optimised window spectrograms

The impact the reflection window size has on the spectrogram is shown for a range of win-
dow lengths in Figures 7.9a - 7.12a for four window lengths. The case shown is for Sensor
1, Configuration 3 for a high-speed data capture. The case shown is outside of steady-
state engine operation as no high-speed captures were recorded at steady-state. Due to
this section comparing one test with differing analyses, the need for steady-state operation
is deemed to be not an impacting factor on the results. In addition to the spectrograms,
reflection coefficient plots are shown for each window considered at a range of frequen-
cies to provide a visualisation of frequency variation in Figures 7.9b-7.12b. Note the data

processing for Figure 7.9 is equivalent to the spectrograms shown in Chapter 6.
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Figure 7.9: Spectrogram and frequency variation for window: 1-800.

1

'“MMW‘
‘)

W
[ MMW o

Crank Angle (°aTDC)

Frequency (MHz)
)
o
Reflection Coefficient
Reflection Coefficient

]

L L L L L L
-25 -20 -15 -10 0 15 20 25 -50 -40 -30 -20 10 20 30 40 50

-10 0
Crank Angle (°aTDC)

(a) High speed spectrogram. (b) Reflection coefficient at various frequencies.

Figure 7.10: Spectrogram and frequency variation for window: 1-640.
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Figure 7.11: Spectrogram and frequency variation for window: 120-520.
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Figure 7.12: Spectrogram and frequency variation for window: 260-380.

The reduction of the window size modifies several trends that were initially observed in Fig-
ure 6.17. The fringe effects initially displayed as an off-vertical pattern whose CA tends
towards the TDC at higher frequencies becomes frequency independent at a reduced win-
dow size with the multiple bands simplifying to a single peak, such as those in the Hilbert

envelope method (see Section 7.5).

The central pattern in the spectrogram (that was previously seen as a double dip at a re-
flection coefficient of 1 MHz) is even more pronounced at the lower frequencies for the
greatest window size (Figure 7.9a). However, it is nearly completely removed at all fre-
quencies by the smallest window size considered here (Figure 7.12a). All frequencies dis-
play a marginal increase of roughly 0.05 reflection coefficient shortly after the TDC even

for the smallest window in Figure 7.12.

The windowing also completely removes the pattern outside of the piston ring alignment
region, initially believed to be a measure of residual oil on the liner. This factor is clearly

shown to be in the spectrograms due to the later portion of the signal that is removed from

159



the smaller window sizes.

Frequency variation over the bandwidth of the transducer is shown in Figures 7.9b - 7.12b
for six frequencies over the observable bandwidth. These plots clearly show, similar to
their respective spectrograms, that as the window size is reduced the frequency variation
is reduced until the final window (260-380, Figure 7.12b), the reflection coefficient is fre-
quency independent. Notably, the reflection coefficient at all frequencies tends towards that

of the Hilbert envelope for Sensor 1 (see Section 7.5).

The measurable bandwidth of the transducer is also increased with reduced window size,
for the full window (1-800) the measurable bandwidth is 0.6-1.2 MHz whilst for a smaller
window (260-380) the range increases to 0.1-1.7 MHz (see Figure 7.13).
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Figure 7.13: Spectrogram with greater bandwidth for varying A-scan window length.

The spectrograms produced in this work are initially comparable to those in other ultrasonic
works, [89, 90], with some similar patterns highlighted, such as the off-vertical fringe effect
patterns. Although it is clear that depending on how their reflection was defined, it would

have had a significant effect on the spectrogram pattern produced.

This section is not to be used separately from the previous section which studied how the
minimum reflection coefficient was affected by the ultrasonic reflection window length but
used in conjunction and to visualise its effect on the spectrograms produced. Therefore,
although it is not the ’simplest’ spectrogram produced, the spectrogram shown in Figure
7.10a is deemed the appropriate spectrogram for this test case due to it having a reduced
effect from the extremities of the recorded reflection with an unaffected minimum reflection

coefficient.
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7.3 Spectrograms

This section advances on single reflection window optimisation (Section 7.2) by using the
optimised reflection window length to produce spectrograms at steady-state loading for all

engine configurations and engine loading levels.

7.3.1 Configuration variation

The spectrograms for the first engine cycle of Sensor 1 at steady-state 100% engine load-
ing of all three configurations are shown in Figures 7.14a-7.16a. The spectrograms have
been limited from 0.9 < R < 1.1 for visualisation of the effect outside of the ring align-
ment. Whilst the spectrogram for the 5 second capture duration is shown for the three
configurations in Figures 7.14b-7.16b respectively.
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Figure 7.14: Optimised spectrograms for Sensor 1 100% loading Configuration 1.
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Figure 7.15: Optimised spectrograms for Sensor 1 100% loading Configuration 2.
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Figure 7.16: Optimised spectrograms for Sensor 1 100% loading Configuration 3.

Having optimised the A-scan window length from Figures 6.17, the patterns outside of
ring alignment are largely unchanged with the region post ring pack passage leading to a
major change in reflection coefficient. In the case of Configurations 1 and 2, two bands of
decreased reflection coefficient centring at 0.7 MHz and 1 MHz which tend towards each
other as CA increases. Whereas Configuration 3, as often the case, shows differing results

with one band of increased and decreased reflection coefficient.

The consistency of these patterns is displayed in Figures 7.14b-7.16b with each configu-
ration having identical patterns produced for at least 8 consecutive cycles at steady-state
operation. It is also noted that these patterns are only present on a small CA range imme-
diately before or after the piston rings. No other region differs significantly from a unity
reflection coefficient. The horizontal bands on the optimised window spectrograms still are
indicative of a residual film in the order of 1500 um which is observable for a short CA

post ring as seen in Section 6.3.2.

The Spring Model (Equation 3.23) can be applied to the ring alignment region (-8.5° to
8.5° CA) of the optimised spectrograms to provide oil film thickness measurements over
the complete bandwidth of the transducer. This has been done for the three configurations in
Figures 7.17a-7.19a. To aid visualisation, frequency comparison plots of OFT at four spe-
cific frequencies are plotted in Figures 7.17b-7.19b with the transducer central frequency
in black.
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Figure 7.17: Optimised oil film thickness spectrograms for 100% loading Configuration 1.
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Figure 7.18: Optimised oil film thickness spectrograms for 100% loading Configuration 2.
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Figure 7.19: Optimised oil film thickness spectrograms for 100% loading Configuration 3.

The lubricant film thickness is frequency independent, so within the bandwidth of the sen-
sor a uniform film thickness should be observed, see Figure 6.10. This is evidently not the
case for Sensor 1 as across all engine configurations the oil film thickness spectrograms
display the same peculiar trend as was seen in the reflection coefficient spectrograms (Fig-
ures 7.14a -7.16a, that the lower half of the frequency range produces a significantly higher
oil film thickness (up to twice at thick) than the higher frequency range half for -3° to 3°
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CA. The extent of the frequency variation can be seen in Figures 7.17b-7.19b. The OFT

plots display that above the inflexion in the OFT spectrograms (0.85 MHz), near frequency

independence is seen for all three configurations above 1 MHz. The cause of this inflexion

is unknown and should, therefore, be avoided for any OFT measurements.

7.3.2 Loading variation

Optimised spectrograms have been processed for Sensor 1 Configuration 1 at the three

engine loading levels. The first engine cycle of the steady-state recording is shown for

100% to 25% loading in Figures 7.20a-7.22a respectively. Spectrograms for the whole

capture duration is shown in Figures 7.20b-7.22b.
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Figure 7.20: Optimised spectrograms for 100% loading Configuration 1.
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Figure 7.21: Optimised spectrograms for 50% loading Configuration 1.
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Figure 7.22: Optimised spectrograms for 25% loading Configuration 1.

The extended change in reflection coefficient post piston ring seen for all engine configura-
tions at 100% loading (Figure 7.20a) is nearly completely removed by a reduction to 25%
engine loading (Figure 7.22b). This is also consistent for every engine cycle in the data
recording as shown in the spectrograms in Figures 7.20b-7.22b. Note a reduced number
of engine cycles are seen at lower engine loading levels as the engine speed was also re-
duced. The reduction in the horizontal bands at lower engine loading, therefore, indicates
that these prolonged changes in reflection coefficient are loading dependent. In this RTX-
6, the standard oil feed rate in the engine (0.8 g/kWh) is dependent upon engine loading.
Therefore, at lower engine load, less oil was sprayed onto the liner which has resulted in
less pronounced horizontal bands, therefore, they indeed may be a measure of the residual

oil levels.

The fringe effects become more pronounced for the optimised spectrograms at lower en-
gine loading, this is likely due to the reduction in presence of the extended horizontal bands
of reflection coefficient variation as opposed to a greater presence of the fringe effects. In
Section 7.4, the fringe effects are explored further and the B-scans for differing engine
loading levels in Figures 7.29 and 7.32 show a reduction in time delay of the fringes effect

at lower loading levels but they remain equally prevalent in the results.

Oil film thickness spectrograms have been produced for the three engine loading levels of
Configuration 1 in Figures 7.23a-7.25a for 100% to 25% respectively. To aid in visualisa-
tion four frequencies from the oil film thickness spectrograms have been plotted in Figures
7.23b-7.25b with the transducer central frequency in black. OFT values above 25 yum have

been removed due to the spring model only being applicable up to 25 microns.
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Figure 7.25: Optimised oil film thickness spectrograms for 25% loading Configuration 1.

The lower engine loading oil film thickness spectrograms in Figure 7.24a and Figure 7.25a
overall display the same trend as for the 100% loading case (Figure 7.23a). Whilst the
lower loading levels provide a greater OFT, as expected for a reduction in engine loading
levels. All loading levels still display the same inflexion in OFT at 0.85 MHz to move
from a thicker film to a much thinner film at higher frequencies. The cause of the inflexion

requires further research as above this frequency there is near frequency independence of
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the oil film thickness across all engine configurations and loading levels.

7.3.3 Sensor 2 spectrogram

The spectrograms shown in this section focus on Sensor 1, primarily as it is the simplest
transducer with the most discernible trends. An example of a spectrogram from Sensor
2 is shown in Figure 7.26. The increase in complexity of the spectrogram is evident and
remains present with an optimised reflection window. Due to Sensor 2 covering two piston
rings, this also enables the potential of reflections from adjacent piston rings which are not

aligned with the sensor. This is further explored in the section on B-scans (Section 7.4).
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Figure 7.26: Spectrogram for Sensor 2 using Configuration 3 100% loading.

7.4 B-scan analysis

Analysis of the reflection window length and optimised spectrograms indicated that the
delayed portions of the reflection (beyond when the reflection is visually observable) have
an impact on the overall reflection coefficient. This section studies B-scans in an attempt
to visualise these delayed factors impacting the reflection coefficient plots. A B-scan is
an alternative viewpoint of the raw data, to stack the raw A-scans together. This has the
potential to highlight factors that were previously hidden in the time domain data. A B-
scan for a 50° CA range centred around the TDC for Sensor 1 at 100% loading is shown in
Figure 7.27.
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Figure 7.27: B-scan for Sensor 1 high speed testing.

The predominant visual pattern in Figure 7.27 is the decrease in amplitude of the large
peaks seen between time 0.4-0.8 us. With this section of the recorded data being the
driving force of the frequency amplitude and Hilbert envelope analysis (see Section 7.5).
Following on from the decayed amplitude of successive peaks (after time 0.8 ts) there
is also a pattern between the A-scans which was previously unnoticed. This pattern is
displayed clearer from a top down view of the B-scan, see Figure 7.28a for the whole time
domain length. The trailing portion of the B-scan is shown in Figure 7.28b with a reduced

amplitude range to highlight any minor patterns in the results.
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Figure 7.28: Top view of the B-scan for Sensor 1.

The trailing edge of the B-scan displayed in Figure 7.28b shows a complex pattern of waves
that were previously hidden when analysis studied each time domain reflection individu-
ally. This B-scan shows a pattern that extends from -16° to 16° CA. However, geometric
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analysis on the piston indicated that the first piston ring was aligned with Sensor 1 from
-8.5° to 8.5° CA. Therefore, a significant portion of this B-scan pattern is outside of the

ring alignment zone.

To aid in the visualisation of this effect the mean reference A-scan has been removed from
each reflection (A(f) — Ay f(t)) so that the B-scan shows the change in amplitude from the

reference reflection at each data point, this is shown in Figure 7.29.
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Figure 7.29: B-scan for Sensor 1 having removed the reference A-scan.

The time-domain reflection example in Figure 7.6 indicated the main body of the reflec-
tion used in the previous analysis could typically be defined between time 0.3 and 0.9 us,
represented in Figure 7.29 by the large change in amplitude from the reference at these
points. In addition to the main body reflection, the true extent of the time-delayed pattern

previously hidden in the B-scan is shown.

The prominent pattern in the time-delayed interference is the curved constructive and de-
structive interference pattern that extends from -16° to 16° CA (indicated via the vertical
red lines in Figure 7.29). A significantly greater range than when the ring was aligned with
this transducer (-8.5° to 8.5° CA shown via the vertical pink lines). The curved pattern is
not present over the whole range from -16° to 16° CA, as from -3° to 3° CA (vertical blue

lines) the time-delayed variation is no longer observed. This was when the piston ring was

169



near full alignment (95% alignment) with the sensor, suggesting that outside of this range
it may be unsuitable for oil film thickness calculation using the frequency index approach,
as other factors are impacting the reflection which would have a significant effect in the

frequency domain.

The test case shown is for Configuration 3, which typically has an extensive variation in
the reflection coefficient post piston ring, see Figure 7.16a. The same effect is displayed in
this B-scan as there is a change in amplitude from the reference reflection for 16° to 50°
CA which was not seen before the ring (-50° to -16° CA).

In a preceding section (Section 7.2) on optimising the reflection window length, for this
sensor, a length of 1-640 (up to 1.28 us) was selected due to its minimal effect on the
minimum reflection coefficient from a fully aligned piston ring. Observation of the trailing
portion of the B-scan (Figure 7.29 post 1.28 us) does show that a portion of the construc-
tive/destructive interference is removed from window optimisation although a significant
portion would remain in the studied reflection using this data processing method. One route

to completely remove this factor is seen by applying the Hilbert envelope (Section 7.5).

The analysis in Chapter 6 is based upon the concept that a reflected wave from the piston
ring is only detected when the ring was aligned with the transducer. This was indicated to
not be the case in Section 7.1 and further shown in Figure 7.29 by the time-delayed change
in the reflected wave whose time delay decreases as the piston ring approached the sensor.
The pattern is symmetric about the TDC and observed pre and post ring alignment. To
add to the theory shown in Section 7.1, this pattern is believed to be due to the time delay
from the wavefront spreading and reaching a piston ring outside of the alignment zone that
is reflected towards the transducer. When the piston ring is further from the sensor the
ultrasonic wave is travelling a greater distance to reflect to the transducer, which causes
a greater time delay before being recorded. The time delay reduces as the piston ring
approached leading to the curved pattern as seen in Figure 7.29. The pattern is observed
until there is no delay, when the ring is suitably aligned. See Figure 7.30 for a visualisation
of this.
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Figure 7.30: Wave propagation through the liner.

The four cases in Figure 7.30 are summarised as follows:

* Case 1: Piston ring not aligned and significantly far away - The only portion of the

reflected wave reaching the sensor is from the alignment zone.

 Case 2: Piston ring moves up the liner - The ultrasonic wave outside of the alignment
region starts to reflect from the piston ring with a portion being reflected towards
the sensor. The reflections from outside the alignment zone are first detected at -
16° CA and the time delay reduces as the piston ring approaches. As the piston
ring is not aligned with the sensor the constructive/destructive interference from the
ring reflections causes fluctuations in the reflection coefficient (fringe effects) centred

about unity (R=1).

* Case 3: Partial alignment of the piston ring - The partial alignment causes a drop in
reflection coefficient however, there are still reflections from outside the alignment
zone being recorded. The combination of constructive/destructive interference and
partial alignment causes a drop in reflection coefficient that fluctuates, equivalent to
-8.5° to -3° CA and 3° to 8.5° CA.

* Case 4: Full ring alignment - A significant drop in the reflection coefficient as the
piston ring is fully aligned. No reflections from outside of the alignment zone are
directed to the sensor, therefore, no time delayed factors are seen, equivalent to -3°
to 3° CA.

In Chapter 6, Figure 6.13, displayed the reflection coefficient for the three engine configu-
rations at 100% loading. The figure highlighted multiple peaks pre/post rings which were
initially theorised to be fringe effects due to a piston ring being marginally outside of the
measurement range. The reflection coefficient of these peaks was greater than unity re-

flection which posed a worrying result, that a greater response was detected than initially
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propagated into the medium. These peaks were in the frequency index data at -16° to -9°
and 9° to 16° CA providing a near-identical alignment with the time-delayed response seen
here in the B-scans. Therefore, the B-scans add significant evidence of the measurement of

the piston ring outside of the alignment region.

The four cases outlined in Figure 7.30 are overlayed onto the reflection coefficient for

Sensor 1 at 100% loading for the three engine configurations in Figure 7.31.
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Figure 7.31: Alignment stages overlayed over the reflection coefficient from the frequency
index method.

From Figure 7.31 the four cases identified align near perfectly with the trends seen in the
reflection coefficient from the frequency index. The reflection coefficient is, therefore, only
unhindered from the constructive/destructive interface from -3° to 3° CA. At -3° CA this
corresponds to 95% alignment between the piston ring and sensor before the trailing pat-

tern is no longer measurable.
The equivalent B-scans having removed the mean reference reflection for 50% and 25%

loading are shown in Figures 7.32a-7.32b respectively. Note these lower loading cases are

for Configuration 2 as no high speed 100% test cases were recorded for Configuration 3.
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Figure 7.32: B-scan of Sensor 1 at 50% and 25% loading.

Comparison of these Figures, relative to the 100% loading case in Figure 7.29 shows that
the time-varying response is present at all loading levels. Although by 25% loading there
is a smaller time delay as at -16° CA there is no clear constructive/destructive interference
post 1.2 us. Whilst for 100% it is clear for the whole time range recorded. This is theorised
to be the case as at lower engine loading the liner temperature is lower, leading to a greater
speed of sound of the ultrasonic wave reducing the time delay caused by the greater path

length.

A k-Wave model, similar to that outlined in Section 7.1 has been produced to simulate a
piston ring fully aligning with a sensor to produce B-scans similar to the experimental B-
scans previously shown. The simulated B-scan is plotted in Figure 7.33a and the B-scan
with the reference removed in Figure 7.33b. The same system parameters as outlined in
Table 7.1 and Figure 7.4 have been applied here.
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Figure 7.33: B-scans from the k-Wave simulation.

The simulation B-scans further indicate that these delayed reflections are not from an en-

gine parameter such as cylinder pressure as the simulation purely focuses on ultrasonic
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aspects. The model has resulted in the same delayed curve of reflections as the experimen-
tal B-scans. Whilst the extended change in the B-scan post ring (>16° CA) is not present in
the simulation which indicates that this may be due to a parameter of the engine. The sim-
ulation assumes the liner is fully flooded with oil, representative of an excess residual film,

therefore, residual oil film levels are not capable of being simulated with the k-Wave model.

The B-scans indicate that the data analysis method considered needs to be applied to spe-
cific CA ranges so that the reflection is purely from when the piston ring was aligned with
the sensor. Prior analysis used the range -8.5° to 8.5° CA for Sensor 1 however, B-scan
analysis has indicated that the range -3° to 3° CA is appropriate for a more representative
view of the oil film. This will also have had an impact on the other longitudinal transduc-
ers, whose B-scans are extensively more complex than that of Sensor 1 as the other sensors
cover multiple piston rings. An example of the B-scan from Sensor 2 for 100% loading is
shown in Figure 7.34.
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Figure 7.34: B-scan for Sensor 2 having removed the reference reflection.

The B-scan for Sensor 2 has a greater level of complexity than Sensor 1, as it experienced
two piston rings, therefore, 3 alignment zones in each revolution of the engine. Some like-
wise factors can be identified for Sensor 2, such as the curved pattern pre/post ring pack
(-22° to -16° and 16° to 22° CA) which lines up with the fringes seen in the frequency
index reflection coefficient for Sensor 2 in Figure 6.12. Although this plot shows no iden-
tifiable CA range clearly corresponds to each piston ring. As when the first ring was fully

aligned with Sensor 2, it will have already being subject to a fringe effect from Ring 2. The
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ultrasonic instrumentation on the RTX-6 marine engine improved upon previous ultrasonic
piston ring research to use transducers of smaller width than the piston rings. However, the
B-scans indicate that a smaller ratio between the two is required to provide truly indepen-
dent recordings from each piston ring. This B-scan also shows a limitation of the frequency
indexing approach as for Sensor 2, Ring 1 was detected whilst Ring 2 was aligned and the

factors are not discernible in the time or frequency domain.

7.5 Hilbert envelope

The data presented up to this section used a frequency index of the signal in the frequency
domain at the central frequency of the transducer. This has been used extensively in ul-
trasonic tribological research in combination with the Spring Model for analysis on thin
oil films (< 20 um). The thin film allows the reflection from either side of the oil film to
be treated as a single reflector. By studying the central frequency in the frequency domain,
plots of the reflection coefficient can be defined as shown extensively throughout this work.
The frequency domain view produces a measure of the energy distribution at different fre-
quencies, therefore, ensuring that only the desired reflection is studied is of key importance
but potentially difficult to practically and scientifically achieve as shown in the section on

Reflection Windowing, Section 7.2.

A typical ultrasonic reflection is plotted in Figure 7.35, upon visual inspection of the re-
flection it is reasonable to conclude that between 0.3 and 0.9 us the significant amplitude
is clearly part of a reflected wave. It is also reasonable to decide that by 1.4 us the reflec-
tion has passed the sensor. However, at what point is the reflection deemed to have started
and ended remains troublesome to deduce. One could argue to study the complete recorded
timespan (providing no other significant reflections are recorded) to ensure no valuable data
is ignored, like previous ultrasonic analysis. Although, reflections from other surfaces may
be included in the studied timespan (such as seen in the B-scans), a methodology to study
purely the reflection of interest was shown in Section 7.2. Alternatively, this section studies
the peak of the reflection in the time domain using the Hilbert envelope, this methodology
avoids issues of defining where a reflection starts and ends and focuses on the instant that
had the greatest amount of reflected energy. The Hilbert envelope of a typical reflection is

shown in Figure 7.35 in red.
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Figure 7.35: Typical ultrasonic reflection with its respective Hilbert envelope.

The frequency index and Hilbert envelope provides two different methods to define the

reflection coefficient. The reflection coefficient using both methods is plotted in Figures

7.36a - 7.39a for all longitudinal sensors for engine Configuration 1 at steady-state opera-

tion, 100% loading. The cylinder pressure is overlayed on these figures. Whilst in Figures

7.36b - 7.39b a comparison of the three engine configurations using the Hilbert envelope

peak at 100% loading is shown.
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Figure 7.36: Reflection coefficient for Sensor 1 from the frequency index and Hilbert

envelope methods.
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Figure 7.37: Reflection coefficient for Sensor 2 from the frequency index and Hilbert
envelope methods.

1.2 T T
First Ring
12 || | ] 180 115+ Second Ring
—R Frequency Index Third Rin
115 —R Hilbert Envelope Peak/| 160 — cont '5‘ 4
—Cylinder Pressure 11 _CZ:'E::‘:Z: ;
11 First Ri
» Second Aing 1140 . z1o0st — Coniguration 3/
g 1.05 Third Ring U8 2 .
e 1 2 8
Q 100 @ © o5}
o 2 c
2095 2 s
S 80 T G oor
B 09 g <
g 0 2 Eoss
& 085 5 085
08 140 08
0.75 20 075 4
0.7 - L 0 0.7
‘50 40 30 20 10 0 10 20 30 40 50 50 40 30 20 -10 0 10 20 30 40 50
Crank Angle (°aTDC) Crank Angle (°aTDC)
(a) Frequency index vs Hilbert envelope. (b) Hilbert envelope configuration comparison.

Figure 7.38: Reflection coefficient for Sensor 3 from the frequency index and Hilbert
envelope methods.
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Figure 7.39: Reflection coefficient for Sensor 4 from the frequency index and Hilbert
envelope methods.

Chapter 6 considered longitudinal Sensors 1-4, and displayed a series of trends in the fre-
quency index data that were shown for all engine configurations. Whilst the Hilbert en-
velope peak method is not exposed to a number of these, indicating that those trends are

merely present due to the data processing method as opposed to a factor from the marine
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engine itself.

From Figures 7.36a - 7.39a the Hilbert envelope reduces the presence of a prolonged change
in reflection coefficient before/after the ring pack for each transducer. Leading to a less un-
usual result, that the reflection coefficient remains at unity when there is no piston ring over

the transducer.

The fringe effects immediately before and after the ring pack that is displayed clearest in
Figure 7.36a is reduced by the Hilbert envelope to a single peak, which is also seen to some
extent in the other sensors (Figures 7.37a-7.39a). This fringe effect is also no longer seen
between piston rings passing for Sensors 2 and 3 in Figure 7.37a and Figure 7.38a respec-

tively.

The "W’ shape that has been seen in numerous ultrasound research of varying applications
([64, 89, 90]) is also minimised and often completely removed from the application of the

Hilbert envelope.

The same trends shown from applying the Hilbert envelope to Configuration 1 are dis-
played for Configurations 2 and 3 in Figures 7.36b - 7.39b. The key variation between
the two methods is the timespan they are considering as the frequency index provides a
summary of the summation of the whole reflection plus to some extent response from other
microvariations due to difficulties identifying the start and end of the reflection. Whilst
the Hilbert envelope purely studies the maximum amplitude portion of the reflection. This,
therefore, indicates that the factors that lead to; prolonged reflection coefficient variation,
fringe effects and the "W’ double-dip are not from the peak of the reflection but factors
that arise from the summation of frequencies over a greater time span, as was also seen in
the reflection windowing (Section 7.2) and B-scans (Section 7.4). Interestingly, this also
affects the dips for Sensor 4 as the frequency index showed a greater dip at the edge closer

to the TDC whilst the Hilbert envelope displays a flat dip now, as seen by the other sensors.

The extent of the impact different parts of the ultrasonic reflection has on the reflection
coefficient trends can be implied from studying the Hilbert envelope at a series of different
points. This has been applied to Sensor 1 for Configuration 1 100% loading at four differing
points in the Hilbert envelope.
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Figure 7.40: The reflection coefficient from the Hilbert envelope using a series of
timesteps for Sensor 1 Configuration 1 at 100% loading. The Data points are defined in
Figure 7.35.

There are major differences in the reflection coefficient from indexing at differing points of
the Hilbert envelope as shown in Figure 7.40. The figure indicates that the trends that were
present in the frequency index method, yet not shown via the Hilbert envelope peak are
present in the later indexes of the Hilbert envelope. The impact of those trends increase at
later points in the Hilbert envelope (shown at times 0.8 and 1.1 us), as the frequency index
studied the complete reflection this, therefore, indicates that the cause of these variations
are not from the peak of the reflection, rather the initial or trailing section of the reflection,

as was also seen in the B-scans.

The equivalent comparisons between the two processing techniques can be produced for

the longitudinal sensor (Sensor 5) above the piston rings in Figure 7.41.
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Figure 7.41: Reflection coefficient for Sensor 5 from the frequency index and Hilbert
envelope methods.

Arguably the most complex reflection coefficient variation is for Sensor 5 and the com-
parison between the two data processing techniques shows drastically different reflection
coefficients in Figure 7.41a. The Hilbert envelope peak method completely removes the
major decrease in reflection coefficient pre/post-TDC the cause of which was unknown and
seen in Figure 7.2. There is now the emergence of a peak in reflection coefficient at the
peak combustion pressure (13° CA). The adjoining fringe effects from -8° to 8° CA are still
present in the Hilbert envelope data as this is believed to be caused by a combination of the
approaching piston ring in conjunction with heightened cylinder pressure. The Hilbert en-

velope approach leads to much greater alignment with the k-Wave model seen in Figure 7.5.

The Hilbert envelope peak analysis leads to the same trends in the reflection coefficient
for all engine configurations (Figure 7.41b). Configuration 3 experienced a vertical shift
in the order of 0.15 reflection coefficient, this is thought to be due to deterioration of the
transducer as operation of Configuration 1 and 3 are largely the same. A similar trend was
also seen in Figures 7.36b - 7.41b for Configuration 3, this is thought to have arisen due to
potential deterioration of the sensors after an exhaustive testing regime and is like that seen

in the frequency index analysis in the previous chapter.

The figures in this section indicate that the Hilbert envelope is capable of providing a com-
parison between the lubricant injection systems. The comparison is achieved whilst re-
moving several trends in the results that arose from the delayed portion of the reflection

and highlights other findings that were previously hidden in the frequency index analysis.

The frequency index and Hilbert envelope methods can be compared to the smallest win-

dow size considered (central cycle) in Section 7.2, see Figure 7.42.
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Figure 7.42: Frequency index vs Hilbert envelope vs shortest window size (260-380 data
points).

Inspection of the shortest A-scan window considered (260-380) shows that as the window
was shortened the frequency index reflection coefficient tends towards that of the Hilbert
envelope. Further agreeing with the previous findings that the cause of several trends in the
reflection coefficient has arisen from the later portions of the reflection which are poten-
tially not from the piston ring or the piston ring when it is not aligned with the transducer.
The independence study to optimise the reflection window size provided one methodology
to remove reflected energy from other surfaces being considered although a more consis-
tent result for the various sensors may be achieved in a timely manner from the Hilbert

envelope.

7.5.1.1 Oil film thickness comparison

Application of the Spring Model to the reflection coefficient from both data processing
techniques provides a comparison between the OFT from the two methods. This has been
done for the reflection coefficient of Sensors 1-4 in Figures 7.36-7.39 to show the oil film
thickness in Figures 7.43-7.46.
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(b) Hilbert envelope peak method.

Figure 7.43: Oil film thickness over Sensor 1 for all Configurations using both data
processing methods.
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(a) OFT Frequency index vs Hilbert envelope. (b) Hilbert envelope peak method.
Figure 7.44: Oil film thickness over Sensor 2 for all Configurations using both data
processing methods.
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Figure 7.45: Oil film thickness over Sensor 3 for all Configurations using both data
processing methods.
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Figure 7.46: Oil film thickness over Sensor 4 for all Configurations using both data
processing methods.
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Similar to the reflection coefficient figures, the Hilbert envelope OFT is not prone to several
factors the frequency index is subject to. There are no double dips in the oil film thickness
present for any sensor. Furthermore, the Hilbert envelope produced less anomalous results;
Configuration 2 in Figure 7.44 and Configuration 3 in Figure 7.45/Figure 7.46 no longer
produce wildly differing trends to the other configurations.

The two processing techniques lead to similar OFT measurements with the clearest differ-
ence seen for Sensor 1. In which the Hilbert envelope produced a film 2 pum thicker, equiv-
alent to a 35% increase. The removal of several trends from the Hilbert envelope also leads
to a smoother, more consistent variation in the OFT over the alignment regions, indicative

of less fluctuation in the piston ring lateral position/greater consistency in engine operation.

It is more difficult to identify which engine configuration led to a greater film thickness
from the Hilbert envelope, with Sensor 1 still indicating that Configuration 2 has a greater
film thickness although this is not always the case for the other Sensors. In the majority of
cases, the thinnest film is caused by either Configuration 1 or Configuration 3 which was
anticipated due to the increased rate of lubricant atomisation for these configurations. The
key characteristic in film thickness is its minimum value, this is discussed in Section 7.6 to

provide a closing comparison between processing techniques considered.

7.5.2 Load variation

The reflection coefficient and oil film thickness can be defined at each steady-state loading
level enabling a loading comparison. A typical reflection from the first piston ring at the
TDC over Sensor 1 and respective Hilbert envelope from each loading level is shown in
Figure 7.47.
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Figure 7.47: Typical loaded ultrasonic reflection using Sensor 1 Engine Configuration 2.

The time-domain reflections in Figure 7.47 show that as the engine loading was decreased
this resulted in a timeshift of the reflection. A reduction in loading reduced the time taken
for the wave to be reflected to the sensor and the signal had a reduction in amplitude with
loading. The reflection shifts to the left as the engine load was reduced, this is due to re-
duction in oil temperature leading to an increase in the speed of sound and, therefore, the

reflection travels back to the sensor in a shorter time.

The reflection coefficient at these loading levels for the 5 sensors is shown using a frequency
index at 1 MHz in subplots (a) and the Hilbert envelope peak in subplots (b) in Figures 7.48
- 7.52 respectively.
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(a) Frequency index. (b) Hilbert envelope.
Figure 7.48: Reflection coefficient loading comparison for Sensor 1 using both processing

methods.
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Figure 7.49: Reflection coefficient loading comparison for Sensor 2 using both processing

methods.
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Figure 7.50: Reflection coefficient loading comparison for Sensor 3 using both processing

methods.
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Figure 7.51: Reflection coefficient loading comparison for Sensor 4 using both processing
methods.

Initial observation upon Figures 7.48a - 7.51a shows an almost a random order of magni-
tude of dip for the three loading levels. In Sensor 1, Figure 7.48a, the order from smallest
to largest dip is: 100%, 50%, 25%. Whereas in Sensor 2, Figure 7.49a, the order is: 50%,
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25%, 100%. Whereas for the Hilbert envelope plots in Figures 7.48b - 7.51b, all transduc-
ers bar Sensor 1 provide the same magnitude of dip order (25%, 50%, 100%). It is expected
that Sensor 1 experienced a different order due to this sensor being exposed to significantly
harsher conditions relative to the other sensors. The removal of the 'randomness’ from the
Hilbert envelope, therefore, enables this method to provide a greater indication of loading

variation from this stage of data processing.

The micro-variations detailed in Chapter 6 using the frequency index at 100% loading are
shown to occur at all loading levels with typically the same trends occurring. Except for
the post ring section of Sensor 1, Figure 7.48a where each loading level has a differing
trend. Conversely, the Hilbert envelope removed the bulk of these factors at all loading
levels leading to greater consistency. The only variation to remain is the prolonged return
to unity reflection coefficient, which is believed to be from a residual oil film that is present
for both methods and as the oil injection rate is dependent upon engine load, the residual

film levels will vary with engine load.

The equivalent comparison between loading conditions for Sensor 5, which was above all

piston rings at the TDC using the two data processing methods is shown in Figure 7.52.
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Figure 7.52: Reflection coefficient loading comparison for Sensor 5 using both processing
methods.

Similar to the other sensors, the Hilbert envelope simplifies the reflection coefficient at all
loading levels and produces a more consistent trend between the loading levels. The large
reduction in reflection coefficient is completely removed, showing the combustion pressure
peak at 13° CA that is also removed at lower engine loading levels. Interestingly, in Figure
7.52b a reduction in engine loading leads to a greater drop in reflection coefficient at the

TDC. The cause of which is unknown and requires further study.
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7.5.2.1 Oil film thickness loading comparison

The Spring Model has been applied to the reflection coefficient from both data processing
techniques from the previous section for varying engine loading levels. The oil film thick-
ness is shown for Sensors 1-4 in Figures 7.53-7.56 respectively. The frequency index oil
film thickness is plotted in subplots (a) with the oil film thickness from the Hilbert envelope
shown in subplots (b).
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Figure 7.53: Oil film thickness loading comparison for Sensor 1 for both data processing
methods.
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Figure 7.54: Oil film thickness loading comparison for Sensor 2 for both data processing
methods.
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Figure 7.55: Oil film thickness loading comparison for Sensor 3 for both data processing
methods.
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Figure 7.56: Oil film thickness loading comparison for Sensor 4 for both data processing
methods.

The application of the Spring Model combined with the temperature and pressure measure-
ments at each engine loading remove the almost random order of the reflection coefficient
dip magnitude for the frequency index approach in subplots (a). Leading to each plot and
subplot, excluding Figure 7.54a, showing 100% loading to have the thinnest oil films and
the film thickness increases with reduced engine loading. Whilst the Hilbert envelope oil
film thickness results display the same order as their respective reflection coefficient plots
and a more consistent result over the CA range. This provides an indication that the Hilbert

envelope provides a better insight of the OFT from the reflection coefficient.

The overall trend in the OFT results displays the same trends between loading levels irrel-
evant to the data analysis method applied. The Hilbert envelope method calculated thicker
films, although both techniques provide OFT values in the typical thickness ranges ex-
pected for a piston ring contact. However, the application of the Hilbert envelope has the

potential to reveal trends, especially at lower engine loadings, that were previously hidden
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in when using the frequency index method.

7.6 Minimum oil film thickness

The key defining factor of piston ring oil film thickness measurements is the minimum
oil film thickness measurement. This chapter has provided additional routes to define the
reflection coefficient whilst this closing section provides a final summary between the anal-

yses applied to indicate their effect on the overall steady-state MOFT.

The MOFT has been calculated using the optimised frequency domain index and the Hilbert
envelope peak. Although this chapter has shown that this is not a comprehensive compar-
ison. The B-scans have shown that only Sensor 1 appears to have a small CA range unaf-
fected by the time-delayed minor variations that are still present in the optimised A-scan
windows. The optimised spectrograms show a near frequency independence for the higher
frequency region of the transducer bandwidth however frequency selection remains a fac-
tor that affects the oil film thickness value. There are also several additional techniques to
define the reflection coefficient such as; phase change [91, 92] or exact model - complex’
[93] both have been considered but deemed inappropriate to the thin nature of piston ring

film thickness.

The MOFT for each data capture is plotted in Figure 7.57 for Configuration 2. Note the op-
timised window frequency index MOFT is the same as that from the MOFT data presented
in Chapter 6 as the optimised window was defined as having not affected the minimum
reflection coefficient, thus no effect on the MOFT. Configuration 2 has been used here as a
greater number of data captures were taken over the steady-state loading periods. The mean
MOFT across steady-state at all loading levels for each processing method is presented in
Table 7.2 in addition to the COV.
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Figure 7.57: MOFT for Sensor 1 Configuration 2 using the Hilbert envelope and the
frequency index.
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Table 7.2: Steady-state MOFT across all loading levels for engine Configuration 2 for the

first piston ring aligned with Sensor 1 from the frequency index and Hilbert envelope

analysis.
Frequency Index Hilbert Envelope
Engine Loading
MOFT Lambda COV MOFT Lambda COV

(um) ratio (%) (um) ratio (%)
100% 7.4 34 4.6 8.9 4.1 3.7
50% 8.1 3.8 2.4 9.8 4.6 7.5
25% 7.9 3.7 10.4 10.4 4.8 1.9

Both data analysis methods presented in Figure 7.57 show the same overall trends in

MOFT, with the MOFT increasing as engine load decreased. Although the MOFT ranges

are different for each method; the frequency index approach ranged from 6.2-9.1 um whilst

the Hilbert envelope ranges from 7.0-11.0 um. This represents a typical increase in MOFT
of 20% for the Hilbert envelope which is visible for the majority of data captures both

within and outside of steady-state testing. The increase in MOFT from the application of

the Hilbert envelope method, therefore, also increases the lambda ratio at each engine load-

ing. This moves the ratios closer to indicating a full hydrodynamic film but remains within
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the mixed regime.

From observation of purely the steady-state engine loading, the same trend in the MOFT
is shown as the averaged steady-state data presented in Table 7.2. However, the coefficient
of variance over this steady-state period is affected by the data processing technique. The
frequency index method has a greater average and peak COV value indicating a greater
consistency between captures is shown from the Hilbert envelope method for Configura-

tion 2.

The MOFT for Sensor 1 across all configurations and loading levels from the Hilbert enve-
lope is plotted in Figure 7.58. The MOFT and COV from the first piston ring passing each

sensor for each engine configuration presented in Tables 7.3-7.5 for loadings 100% - 25%

respectively.
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Figure 7.58: MOFT for Sensor 1 at all loading conditions and engine configurations using
the Hilbert envelope.
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Table 7.3: Steady-state MOFT across 100% loading for all engine configurations for the
first piston ring. Note there are no COV values for Configuration 1 as there was only one
measurement within this region.

Distto TDC (mm) -80 -40 -20 0 20 40 80
Configuration Sensor S3 S2 S4 S1 S4 S2 S3
Up/Down Stroke U U U - D D D

MOFT (um) 60 72 64 84 78 89 83

COV (%) - .o
, MOFT (um) 6.2 7.7 82 89 69 89 84
COV (%) 12 1.1 18 37 16 16 08
\ MOFT (um) 9.0 9.7 102 7.3 95 79 79
COV (%) 1.8 1.1 30 43 20 11 14

Table 7.4: Steady-state MOFT across 50% loading for all engine configurations for the
first piston ring.

Distto TDC (mm) -80 -40 -20 0 20 40 80
Configuration Sensor S3 S2 S4 S1 S4 S22 S3
Up/Down Stroke U U U - D D D

MOFT (um) 11.8 155 11.1 9.7 107 127 8.6

COV (%) 13 13 12 54 19 13 038
5 MOFT (um) 124 164 123 98 105 13.1 94
COV (%) 07 09 06 75 07 09 0.6
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Table 7.5: Steady-state MOFT across 25% loading for all engine configurations for the
first piston ring.

Distto TDC (mm) -80 -40 -20 0 20 40 80

Configuration Sensor S3 S2 S4 S1 S4 82 S3
Up/Down Stroke U U U - D D D

. MOFT (um) 143 165 13.7 10.7 10.8 154 103

COV (%) 20 07 07 13 09 08 14

5 MOFT (um) 148 165 142 104 11.7 133 113

COV (%) 13 1.8 24 19 20 18 1.8

3 MOFT (um) 163 17.0 146 103 113 125 122

COV (%) 12 09 05 09 09 09 10

Similar trends to those for the Hilbert envelope peak of Configuration 2 in Figure 7.57
are present for the other two engine configurations in Figure 7.58. Whilst the comparison
of the MOFT is not initially clear in the figure, Tables 7.3-7.5 indicate that the MOFT
is greater for Configuration 2 at 100% and 50% loading with all configurations having a
similar MOFT at 25% loading. The coefficient of variance is significantly lower from the
Hilbert envelope method with only four steady-state loading COV values greater than 3.0%
whilst the equivalent from the frequency index in Tables 6.4-6.6 had eleven COV values
greater than 3.0%. All four of the greatest COV values from the Hilbert envelope also

occurred over Sensor 1 from either 100% or 50% loading.

7.7 Conclusions

This chapter has considered several advanced data processing techniques to interpret the
ultrasonic data from additional routes on top of those presented in the previous chapter,
which were equivalent to previous ultrasonic research in this field. These advancements in

this chapter can be summarised in the following conclusions:

* A sensor located above the first piston ring at the TDC should in theory have ex-
perienced no discernible change in the reflection coefficient from an approaching
piston ring. This is evidently not the case, with a significant change in the reflection
coefficient recorded. This sensor has been modelled in k-Wave from an ultrasonic

perspective that did not consider any transient engine parameters and it successfully

194



identified similar trends to the experimental results. Observation of a B-scan for Sen-
sor 1 has shown a similar effect of recording a partial reflection from the piston ring
outside of the alignment zone which corresponded to the fringe effect seen in some
sensors. A likewise effect has, therefore, occurred for this upper transducer with only

these fringe effects being experienced.

The reflection window length has been optimised to reduce the size of the reflection
considered for the frequency index method whilst not affecting the minimum reflec-
tion coefficient. The optimised windows have been used to produce spectrograms of
the reflection coefficient and oil film thickness. The oil film thickness spectrograms
show a major variation over the transducer bandwidth. The variation is predomi-
nantly in the lower portion of the frequency range, whilst the upper portion of the
bandwidth (0.9-1.1 MHz) is near frequency independent.

The peak of the Hilbert envelope has also been used to define the reflection coeffi-
cient with this method removing several minor trends present in the frequency index
approach such as; the fringe effect, "W’ double-dip, and prolonged return to unity
reflection coefficient. These trends were removed whilst also revealing factors that
were hidden in the beforehand analysis such as the pressure effect on the reflection

coefficient for Sensor 5.

The key parameter for piston ring oil film thickness measurements is the MOFT.
The optimised frequency index has been evaluated against the Hilbert envelope. The
Hilbert envelope provided MOFT values typically 20% thicker than those from the
frequency index approach which is arguably a more accurate representation of the
oil film as the Hilbert envelope is subject to fewer micro-variations in the reflection.
The coefficient of variance across steady-state engine loading is also reduced from

the Hilbert envelope method indicating a greater consistency of measurement.

Overall, from the analyses performed the Hilbert envelope method provides a route
to calculate the reflection coefficient and thus OFT in a more accurate and consistent
manner. The removal of the impact from reflections of the piston ring outside of the
alignment zone and a more consistent steady-state result leads to this method being

more appropriate for piston ring OFT measurement in marine diesel engines.
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Chapter 8

Fired marine engine shear analysis

Chapter 7 considered several alternative routes to process ultrasonic data from the lon-
gitudinal sensors on the RTX-6 marine engine. This chapter applies the additional data
processing to the final two sensors instrumented on the RTX-6. The transducers are shear
sensors with a 1 MHz central frequency and 14 mm active element diameter that were

aligned with the first piston ring at the TDC. These sensors are shown in Figure 8.1 in blue.

a) b) C)

Piston  Liner Liner

First
Ring

Second
Ring

Third
Ring

Polarised Polarised
axially circumferentially

Figure 8.1: Full set of instrumented ultrasonic transducers on the RTX-6 liner. The shear
sensors are highlighted in blue. a) Photograph of the sensors. b) Side profile of the shear
sensors showing the position relative to the piston rings at their TDC positions. ¢) The
sensor numbering convention of all seven sensors; red were longitudinal sensors covered
in Chapters 6 and 7.

Shear sensors operate in the same way as longitudinal sensors, the sensor contains a piezo-

electric experiencing material. Although the piezoelectric material is orientated differently
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than in longitudinal sensors so that the wave oscillation is in a different axis to the wave
propagation. Liquids are unable to support shear waves, therefore, shear waves only prop-
agate in solid media. In theory, therefore, a fully lubricated piston ring aligned with a shear
ultrasonic sensor should see no discernible change in the reflected waves as the piston ring

aligns.

8.1 Frequency index method

The traditional frequency index method has been applied to the ultrasonic reflections recorded
from the two shear sensors, using the same data processing as outlined in Chapter 6 (Figure
6.10). The reflection coefficient variation for 100% engine loading steady-state engine op-
eration for the three engine configurations is shown in Figure 8.2 for Sensor 6 and Figure
8.3 for Sensor 7, the CA corresponding to the first piston ring being aligned with the sen-
sors has been overlayed. There is no data for Sensor 7 from Configuration 3 as the sensor
malfunctioned shortly before the steady-state operation of this configuration. Due to the
level of complexity in the experimental setup, the malfunction was unable to be rectified in

a timely manner.
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Figure 8.2: Reflection coefficient variation over Sensor 6 at steady-state 100% loading for
all engine configurations.
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Figure 8.3: Reflection coefficient variation over Sensor 7 at steady-state 100% loading for
all engine configurations.

Both Sensors 6 and 7 experience the same extended reduction in reflection coefficient that
was present in Sensor 5 (Figure 7.2). The cause of this extended reduction is unknown but
was shown to be due to the data processing technique instead of an engine factor as it was
removed by the Hilbert envelope in Figure 7.41a. Therefore, it is expected that this factor

will have also arisen due to the data processing.

In the piston ring alignment region (-8.5° to 8.5° CA) the two shear sensors show oppos-
ing trends. Sensor 6 (Figure 8.2) shows an increase in reflection coefficient as the piston
ring becomes more aligned with the sensor, whilst Sensor 7 (Figure 8.3) has a progres-
sive reduction. Two potential causes of this are theorised, the shear sensors are polarised
in opposing directions (Sensor 6 polarised axially, Sensor 7 polarised circumferentially)
and, therefore, are experiencing differing acoustic elastic effects due to each sensor os-
cillating in perpendicular directions. This may potentially enable multi-directional stress
measurements, expanding on the stress measurements seen during cold rolling in [90]. Al-
ternatively, the lubricating film may be different over the two sensors as the sensors are
positioned in slightly different circumferential positions, see Figure 8.1. Over Sensor 6,
there may be a fully lubricating film leading to reflection coefficients near R=1 whilst over
Sensor 7 there may be a breakdown in the lubricant film, seen via the sharp reduction in

reflection coefficient.
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Shear waves do not propagate through liquids, therefore, the sharp reduction seen for Sen-
sor 7 (Figure 8.3) for both configurations shortly before the piston TDC is of particular
interest. The sharp dip is indicative of either metal-metal contact, a shear wave penetrating
through an extremely thin liquid layer, lubricant solidification or piston ring tilt. A minor
reduction in the reflection coefficient can also be seen in Figure 8.2 (green circle) for Con-
figuration 3 at 0.25° CA whilst it is not visible identifiable for the two other configurations.
In Chapter 6 it was assumed that the region between the piston ring and liner was fully

flooded with oil without any metal-metal contact although this may not be the case.

In high-pressure contacts, solidification of the lubricant can lead to shear waves propagat-
ing through as the lubricant is no longer fluid. It has been assumed that the lubricant did
not solidify on the liner when exposed to the combustion pressure (peaking at less than
200 bar). Therefore, to discern between metal-metal contact and a shear wave penetrating
through to the piston ring the shear wave penetration depth is required. This penetration

depth is calculated in Section 8.1.1.

Observation of Figure 8.3 shows the second engine configuration provided a significantly
smaller reduction in the reflection coefficient. This engine configuration was also the con-
figuration that had the NLT injectors on the upper lubricant rail, which refined how the
lubricant was sprayed onto the liner. Ultimately, this configuration reduced the rate of lu-
bricant atomisation and, therefore, led to more oil remaining on the cylinder liner. Under
the assumption that the reduction in reflection coefficient is a measure of metal-metal con-
tact, this, therefore, shows Configuration 2 to have led to less metal-metal contact (piston
ring scuffing) between the first piston ring and cylinder liner at the TDC. A closer inspec-
tion of each engine cycle that comprises the reflection coefficients shown in Figure 8.3 is

shown for Configurations 1 and 2 in Figure 8.4a and Figure 8.4b respectively.
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Figure 8.4: Reflection coefficient variation over the complete recording for Configuration
1 and 2.

The differing rates of lubricant atomisation are directly visible in the raw reflection coeffi-
cient data. For Configuration 1 (high atomisation), in Figure 8.4a a sharp reduction in the
reflection coefficient is seen every engine cycle with the dips of minimum reflection coeffi-
cient varying between 0.84 to 0.88. Whilst for Configuration 2 (low atomisation), in Figure
8.4b the dip minimum varies between 0.89 to 0.91 with two of the engine cycles recorded
showing no sharp reduction at all. The sharp reductions in the reflection coefficient, there-
fore, indicate that either metal-metal contact of ring-liner or a shear wave penetration is
occurring in each engine revolution for Configuration 1. Whereas for Configuration 2 it is
occurring to a reduced extent with some engine cycles have a significant reduction. Sensor
7 adds more confirmatory evidence to what was shown in Chapter 6, that the second engine
configuration led to a more desirable lubrication regime for the first piston ring at the TDC

through more lubricant remaining on the liner surface.

8.1.1 Shear wave penetration depth

To discern whether metal-metal contact or a shear wave is penetrating through a very film
lubricant film the shear wave penetration depth is required as detailed in Section 3.6. This
calculation requires the engine oils viscosity. To provide more applicable measurements
for this, oil was scavenged from the RTX-6 engine during 100% loading of Configuration
1. The scavenged oil provides a greater representation of the lubricant in the ring liner
contact during the steady-state loading period and the oil will have likely been degraded and
contain contaminants such as combustion products. The engine lubricant has been tested
in a Brookfield viscometer to provide viscosity measurements at a range of temperatures, a

plot of the dynamic viscosity against oil temperature is shown in Figure 8.5.
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Figure 8.5: Viscosity temperature relation for the scavenged engine oil.

The Vogel Equation (Equation 8.1) has been calculated for the viscosity measurements in
Figure 8.5. The equation can be used to provide a value for the engine oil viscosity in the
piston-liner contact during engine operation. The calculated Vogel Equation coefficients
are shown in Table 8.1.

B

Table 8.1: Vogel equation coefficients.

Coefficient Value

A 5.04x 101
B 1395.3
C -423.0

Applying the Vogel Equation with the coefficients in Table 8.1 and the cylinder liner in-
ternal surface temperature at 100% loading provides a value for the engine oil viscosity
during steady-state operation.

1395.3

—5.04x 1011 S
n=>504x10"" xexp(5 =53

) =0.15cP (8.2)
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The Vogel Equation provides a dynamic viscosity of 0.15 cP. This oil viscosity can be used

to calculate the shear wave penetration depth as mentioned in Section 3.6 using Equation

8.3,
s— .1 _ LSX1072 os um (8.3)
"V Vaxixiodxzsr M ‘

The shear wave penetration depth was calculated to be 0.25 um, more than an order of

magnitude lower than the minimum oil film thickness recorded for Sensor 1 of 6.3 um
using the frequency index method (the thinnest MOFT from either data processing tech-
nique). As the penetration depth is significantly less than the MOFT, this shows that the
shear waves would not have been able to penetrate through a fully formed lubricant film to
a parallel piston ring, see Figure 8.6a.

Sensor
Sensor

(a) Parallel piston ring film thickness. (b) Angled piston ring film thickness

Figure 8.6: Piston ring film thickness scenarios.

A significant rotation of the piston and/or ring enables the possibility of a fully formed lu-
bricating film that has a true minimum film thickness of less than 0.25 ym with an average
MOFT of 6.3 um as ultrasonic transducers provide an average over the whole alignment
zone. A visualisation of this is shown in Figure 8.6b. However, a film thickness of 0.25
um is the thickness required for initial penetration of the wave. In Figure 8.3 for example,
reflection coefficients of 0.85 were recorded. Therefore, a 15% transmission of the shear
ultrasonic wave. For 15% of the sensing area to be below 0.25 pum, whilst the midpoint

was 6.3 um, the true minimum film thickness becomes -2.3 pm, assuming the shape of the
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barrelled ring is unaltered, see Figure 8.7. This is geometrically unattainable and further-
more, shows that 15% of the shear wave could not have penetrated through a fully formed

oil film without metal-metal contact also occurring.

Piston Ring

Sensor

Figure 8.7: Rotation of the piston ring with 15% of the ring face less at 0.25 um film
thickness

It can now be concluded that lubricant solidification or solely penetration of the shear waves
through a fully formed oil layer did not occur during the engine testing on the RTX-6. This,
therefore, indicates that to achieve the sharp reductions in the reflection coefficient seen in
Figure 8.3, metal-metal contact was occurring between the piston ring and liner close to
the TDC over Sensor 7.

8.1.2 Pulse rate variation

Ultrasonic data was captured at varying pulse rates (1.05 kHz and 12.4 kHz), this was only
achieved for Sensor 6 due to the malfunction of Sensor 7. The reflection coefficient for the
two pulse rates is plotted in Figure 8.8 for Sensor 6 at 100% engine loading during the third

configuration.
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Figure 8.8: Reflection coefficient variation for different levels of pulse rate for Sensor 6.
Metal-metal contact for the two pulse rates is highlighted in the red and green circles.

Similar to the pulse rate variations shown for the longitudinal sensors (Section 6.3.1) the
two pulse rates show largely similar trends with a large reduction in reflection coefficient
pre/post piston ring. The differing reflection coefficients post piston ring is anticipated to

have arisen due to the high pulse rate captures being outside of the steady-state operation.

The single data point reduction at 0.25° CA for the 1.05 kHz (red circle) which indicates
metal-metal contact is displayed clearer at the higher pulse rate with 10 data points now
spanning the sharper reduction in reflection coefficient (green circle). In the slower cap-
tures, a data point was recorded every 0.6° CA, whilst in the higher pulse rate it was 0.05°
CA and the dip occurred over a 0.5° CA range showing that the slower pulse rates could
have completely missed the metal-metal contact. Therefore, the true extent of the ring-liner
contact was missed in the lower pulse rate capture due to the metal-metal contact likely to
have primarily occurred between two data points. The higher pulse rate capture also shows
the dip 2° CA later indicating that the piston ring scuffing may not occur at the same CA
each engine cycle. This highlights the requirement to pulse at high pulse rates in complex
systems such as internal combustion engines as factors may occur over extremely short
timespans, therefore, they may be missed. In this testing, there were no other instances in
which pulse rates of 12.4 kHz indicated significant trends that were missed in the 1.05 kHz

pulse rate recordings. Although it remains possible that other factors may have occurred
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over CA ranges smaller than 0.05° CA preventing them from being shown in the high pulse

rate plots.

8.1.3 Oil feed rate variation

During each steady-state loading period, the oil feed rate was varied from its nominal rate
of 0.8 g/lkWh to a high flow (1.2 g/kWh) and low flow (0.6 g/kWh) rate in five-minute
intervals. The effect of this change in oil feed rate was previously considered for the lon-
gitudinal Sensors 1-4 in Section 6.4.2. Here the same time interval of testing is studied
from the shear sensors perspective with a focus on Sensor 7, as Sensor 6 provided no clear
change in reflection coefficient indicative of metal-metal contact during steady-state oper-
ation at the lower pulse rate. In this case, each individual engine cycle for the central test
case for each oil feed rate is considered for Configuration 2 instead of averaging each cycle
over the recording interval. This produces Figure 8.9a with an enhanced version for -5° to
5° CA shown in Figure 8.9b.
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(a) Three oil feed rates. (b) Enchanced version of Figure 8.9a.

Figure 8.9: Sensor 7 reflection coefficient variation with oil feed rate variation for
Configuration 2.

Initial observation for Figure 8.9a shows no clear change in the reflection coefficient at the
three differing oil feed rates. Although closer inspection upon the TDC region in Figure
8.9b indicates that the engine cycles with a greater oil feed rate produced a higher reflec-
tion coefficient than those of the nominal or low flow rate cases for the majority of engine
cycles. This provides an indication that there was less metal-metal contact between the
piston ring and cylinder liner when there was more lubricant fed into the contact. Due to
the longitudinal transducers providing no such change in reflection coefficient for a change
in oil feed rate this suggests that shear transducers are more sensitive to the quantity of lu-
bricant in a contact as shear waves are only supported by solids. It was previously shown in
Section 6.4.3 that a greater time interval than 5S-minutes was required to often see a change
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in reflection coefficient as the engine slowed. Therefore, it is likely that a greater duration
of each lubricant feed rate would have provided more discernible variations between feed

rates.

8.2 Hilbert envelope

The Hilbert envelope method has been evaluated for the shear sensors, the comparison
between the two processing techniques is shown in Figure 8.10a and 8.11a for Sensors 6
and 7 respectively. The three engine configurations for Sensors 6 and 7 using the Hilbert

envelope are compared in Figures 8.10b and 8.11b.
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Figure 8.10: Reflection Coefficient for Sensor 6 from the frequency index and Hilbert
envelope methods.
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Figure 8.11: Reflection Coefficient for Sensor 7 from the frequency index and Hilbert
envelope methods.

Upon initial observation of Figures 8.10a and 8.11a for the shear sensors, a somewhat sim-
ilar trend to Sensor 5 is observed that the Hilbert envelope method. The processing method

removes a large portion of the extended reduction yet it remains present, the cause of which
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is unknown.

Analysis upon Sensor 6 using the frequency index, shown in Figure 8.2, showed a minor
dip at 0.25° CA for Configuration 3 whilst the two other configurations showed no dip.
Providing an initial indication that there was no metal-metal contact for Configurations
1 and 2 and marginal contact for Configuration 3. Although this may not be the case,
as the Hilbert envelope plotted in 8.10a now displays a sizeable dip that is now likewise
seen for Sensor 7. The presence of this dip for all engine configurations gives greater
confidence to early analysis on Sensor 7 as Configuration 2 continues to provide a smaller
decrease in reflection coefficient than the two other configurations for both sensors. Further
indicating that less metal-metal contact occurs from the injection system with a reduced rate

of lubricant atomisation.

8.2.1 Loading variation

A loading comparison at the three engine loads for the two data processing techniques is

shown in Figures 8.12 and 8.13 for Sensors 6 and 7 respectively.
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(a) Frequency index. (b) Hilbert envelope.

Figure 8.12: Reflection Coefficient Loading Comparison for Sensor 6 from the two
processing methods.
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Figure 8.13: Reflection Coefficient Loading Comparison for Sensor 7 from the two
processing methods.

The frequency index method for Sensor 6 (Figure 8.12a) provides no identifiable change
with engine loading and as was previously seen for 100% loading, no identifiable metal-
metal contact. Similarly, Sensor 7 (Figure 8.13a) shows metal-metal contact at 100% load-
ing but the two lower loading levels show a peculiar trend of an increased reflection coeffi-
cient towards the TDC, the cause of which is unknown. Once again, the Hilbert envelope
(Sensor 6 in Figure 8.12b and Sensor 7 in Figure 8.13b) visualises trends hidden via the fre-
quency index. Metal-metal contact can be seen in both sensors at all loading levels and be
seen to decrease as the load was reduced. This is an expected result due to a load reduction
leading to greater OFT and, therefore, a reduced likelihood of lubricant film breakdown.
By 25% loading over both sensors only a minor reduction in reflection coefficient is seen,
likely showing only minor levels of metal-metal contact at this point. This, therefore, shows
the novelty of this work, as shear ultrasonic transducers have the ability to provide a mea-
surement of metal-metal contact and could be used as a viable tool to minimise wear of the

piston rings and liner.

8.2.2 Engine slowdown

There were two engine slow-down periods, from 100% to 50% loading and from 50% to
25%. The reflection coefficient variation for these two time periods for Sensor 7 are shown
in Figure 8.14 and Figure 8.15 respectively. The two plots differ in terms of how the data
was recorded leading to different visualisation of the plots. From 100% to 50% loading
(Figure 8.14) a continuous recording for two minutes was captured, in which the encoder

experienced an error. Therefore, no engine speed values are provided.
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Figure 8.14: Reflection coefficient variation for Sensor 7 as the engine was slowing down
from 100% loading to 50% loading testing.

The slowdown from 50% to 25% loading in Figure 8.15 was an interval recording spanning
a 44-minute interval in which a 5-second sample was recorded every minute. An example
of the first recording interval for the slowdown from 50% to 25% loading is shown in Figure
8.15a with the minimum reflection coefficient from each cycle shown in Figure 8.15b with

the engine speed overlayed on the plot.
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(a) The first interval capture. (b) All intervals in 44 minute period.

Figure 8.15: Reflection coefficient from engine slowdown from 50% to 25% loading over
Sensor 7. The engine slow down interval is highlighted in the blue dashed box.

Comparison between the two engine slow-down plots should be limited to the trend in
the reflection coefficient, as engine conditions such as temperature and pressures will have
been transient and significantly different between the two slow-down tests, therefore, mag-

nitude of the dip may not be representative. Nevertheless, the variation in engine loading in
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each figure is shown by a change in magnitude of the dip in the reflection coefficient, that
a reduction in each individual figure shows a real-time measure of the reduction in engine
load, shown clearest in Figure 8.15b. Towards the end of the 44-minute recording period,
the dip magnitude begins to stabilise as the engine approaches steady-state operation at the

lower loading level.

Figures 8.14 and 8.15b provide a real-time measure of how metal-metal contact changes
over the course of engine loading and speed reduction. In the case of 50% to 25% loading
(Figure 8.15b) the halving of engine loading from Minute 10 to Minute 20 is reflected in a
near halving of reflection coefficient dip magnitude of typically 0.93 to 0.97.

8.2.3 Engine shut-down

The tests covering the RTX-6 shut-down should be considered separately from those of
changing engine loading as the engine will have experienced different variations. Primarily,
when the engine moved from 100% to 50% loading, the load on the piston rings and factors
such as oil feed rate proportionally reduce but are still operating. Whilst the shut-down tests
cover the region where the lubricant system is shutting down leading to less lubricant being
injected onto the liner. The reflection coefficient for a shut-down test for Sensor 7 is shown
in Figure 8.16 for Configuration 2. For this shut-down test, ultrasonic reflections were

recorded for 20 seconds.
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Figure 8.16: Reflection coefficient variation for Sensor 7 as the engine shut-down after
25% loading for Configuration 2.
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Throughout the engine shut-down, each cycle leads to a progressively greater reduction in
the reflection coefficient than the previous (0.98 to 0.97 over the last 16 seconds of engine
operation). This reduction is seen as the lubricant injection system shuts down, therefore,
less lubricant is injected onto the liner preventing a fully lubricated oil film between the
ring and liner leading to greater amount of metal-metal contact. The reduction in the re-
flection coefficient in each individual cycle also happens over a greater timespan in each

successive engine cycle, reflecting the reduced engine speed.

A combination of the slow-down and shut-down tests in terms of metal-metal contact can
be summarised as; A reduction in engine loading reduces metal-metal contact between the
piston ring and liner until the lubricant injection system begins to shut off. Following this,

the metal-metal contact increases until the engine stops rotating.

8.3 Conclusions

This chapter has detailed the results from the shear ultrasonic sensors instrumented onto
the RTX-6 engine. There have been a number of novel findings from these sensors, the key

points are summarised as follows:

* Two shear sensors were instrumented onto the external surface of the liner and aligned
with the first piston ring at the TDC. Data processing using the frequency index
method identified a sharp reduction in reflection coefficient close to the TDC, indica-
tive of either metal-metal contact, shear wave penetration or lubricant solidification.
The latter two have been ruled out, indicating this dip was at least partly due to

metal-metal contact.

* The piston ring-liner metal-metal contact was present for both Configuration 1 and 2
over Sensor 7. A consistent level of metal-metal contact was seen for Configuration
1, whilst Configuration 2, with a reduced rate of lubricant atomisation, had a less-
ened amount of metal-metal contact which was significantly less during some engine

cycles.

* The frequency index method results of Sensor 6 initially only indicated a single data
point reduction in the reflection coefficient for Configuration 3 and was not seen
in the other engine configurations. Higher pulse rate captures have shown the dip
indicative of metal-metal contact clearer. The higher pulse rates showed the dip to

occur over a 0.5° CA range, whilst the lower pulse rates captured data every 0.6°
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CA. Therefore, it is likely that the metal-metal contact could have been completely

missed in Configurations 1 and 2 at the lower pulse rate.

Analysis of the longitudinal sensors in Chapter 6 displayed no clear change in re-
flection coefficient/OFT with oil feed rate. It has been shown for Sensor 7 that the
higher flow rate cases led to a smaller reduction in reflection coefficient, implying
less metal-metal contact due to a more lubricated piston ring. This implies that shear

sensors are more sensitive to the quantity of lubricant present.

The Hilbert envelope has been evaluated for the shear sensors, this data processing
technique has removed a significant portion of the reduction in reflection coefficient
pre/post piston ring. In addition, the Hilbert envelope method shows a clear dip due
to metal-metal contact in each engine configuration that was previously hidden via
the frequency index. Similar findings were seen in a loading comparison between the
two methods. The frequency index method displayed no piston ring-liner contact at
50% or 25% loading for either sensor, whilst the Hilbert envelope method does. The
magnitude of the reduction in the reflection coefficient also decreases with engine
loading. This shows that the metal-metal contact reduced as engine loading was

reduced.

Engine slow-down and shut-down tests have provided a real-time visualisation of
how metal-metal contact changed with loading. The findings can be summarised as a
reduction in loading leads to less piston ring-liner contact until the lubricant system
begins to shut down. Following this, the magnitude of the reflection coefficient dip
increases as an insufficient amount of lubricant is present to prevent metal-metal

contact which was amplified each cycle until the engine stopped rotating.
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Chapter 9

Fired diesel tractor engine

In this Chapter, a fired diesel YTRC2110D engine that is typically used in tractors was
considered. The engine features a wet removable liner which enabled a complex array of
transducers to be bonded to the liner with minimal modification to the engine. A range of
engine speeds and loading levels were tested including studying the start-up and shut-down

of the engine.

9.1 Test engine

In the previous three chapters on the RTX-6 engine, a range of advancements have been
achieved in the data processing of ultrasonic piston ring film thickness data. These were
likely achieved due to the research being performed on a large diesel marine engine. Fol-
lowing these advancements, it was desired to implement the novel data processing tech-
niques onto a smaller fired engine to see if likewise data processing advancements had
been achieved and to study engine phases not previously studied with this technology.
The smaller engine selected was a YTR engine, specifically a YTRC2110D, a 2-cylinder
diesel engine that is typically used in tractor engines. The fired engine connected to a dy-
namometer is shown in Figure 9.1. The test engine is located at the College of Power and
Energy Engineering at Harbin Engineering University. The main engine parameters are
summarised in Table 9.1. In the YTR engine there are three piston rings, two barrel rings

and a one piece oil control ring.
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Figure 9.1: YTRC2110D test engine.

Table 9.1: Main engine parameters for the YTRC2110D engine.

Engine parameter Value Unit

Maximum power 21-24 kW
Operating speed range  1000-1500 1/min

Compression ratio 17:1 -
Cylinder bore 110 mm
Piston stroke 125 mm

No. of cylinders 2 -
Cylinder liner roughness 3 um

No. of rings 3 -
Piston ring roughness 0.8 um

9.1.1 Lubricant details

The engine was lubricated with a standard 15W/40 mineral engine oil. As shown exten-
sively for the previous chapters, Section 5.1 for the AJ200 and Section 6.1.3 for the RTX-6,
the speed of sound in the oil and the density are required for the determination of oil film

thickness. Both are functions of temperature and need to be determined.

The acoustic velocity of this oil has previously been measured experimentally in [64] using
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the time-of-flight of an ultrasonic pulse through a sample of oil in a vessel of known path
length in a test rig similar to that shown in Figure 5.1. This experiment was conducted at
a range of temperatures in a thermostatically controlled oven. The speed varied approxi-
mately linearly with temperature; a curve fit to the data is given in Table 9.2. The lubricant

density was also provided by the supplier, see Table 9.2.

Table 9.2: Properties of the YTRC2110D engine oil.

0Oil Density (kg/m>) Speed of sound (m/s) Reference

15W/40 890 -3.328T(°C)+1519 [64]

9.2 Ultrasonic instrumentation

The YTRC2110D engine uses a wet liner, therefore, to enable ultrasonic instrumentation
the liner was removed from the engine and a small flat was machined on the external sur-
face of the liner. The machining removed 3 mm of liner material at the central point of the
machining. This flat was to locate the transducers and to enable the liner external diame-
ter to remain the same post instrumentation. A total of nineteen high temperature 5 MHz
(curie temperature: 350°C) transducer elements (13 longitudinal and 6 shear sensors) were
adhesively bonded to the liner. The longitudinal sensors each had a length of 5 mm and
width of either 0.8 mm or 1.3 mm, whilst the shear sensors were 3 mm square. For the
engine testing, the six best performing transducers of the 19 were used. As the YTR engine
has a much thinner liner than the RTX-6 engine, this enabled higher frequency transducers

to be instrumented enabling a greater useable bandwidth.

The transducers were bonded to the liner by an industrial adhesive (M-Bond 610) that was
curved at elevated temperature in an oven, Figure 9.2a shows the full set of instrumented
transducers. Micro coaxial wires were bonded to each sensor and ground onto the liner
with a silver epoxy. The sensors were protected by a series of layers of an epoxy potting
compound to seal against coolant potentially damaging or shorting the sensors. The instru-
mented liner post final layer of protective epoxy is shown in Figure 9.2b (under a layer of

Kapton tape).
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Figure 9.2: Ultrasonic instrumentation on the YTRC2110D liner.

The liner was inserted into the engine block with the sensors on the neutral side of the liner
and the wiring loom was fed out through a pre-existing coolant channel that was not in use.
Figure 9.3 shows photographs of the liner during the installation process. Once the liner
was safely in the engine block, the liner was rotated 90 degrees to position the sensors on the
thrust side of the engine. The complete installation process required minimal modification
to the engine, the only modification to the engine was the flat machined onto the external
surface of the liner, see Figure 9.2a.
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(a) Inserted orientation of the liner (sensors on (b) Final orientation of the liner (sensors on
neutral side). thrust side).

Figure 9.3: Liner installation to the engine.
The location and sensor numbering convention of the six optimal transducers are shown

in Figure 9.4. The position of the selected sensors (all longitudinal) and piston ring loca-

tions/skirt length relative to the piston crown at the TDC is shown.
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Figure 9.4: Optimal sensor positions and numbering convention.
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The same UPR unit as used for the AJ200 and RTX-6 engines was used for the YTRC2110D
engine. All recorded parameters (ultrasonic signals, thermocouples, and encoder output)
was fed into a in-house produced LabVIEW program to capture the data. A summary of

this equipment used is shown in Figure 9.5.
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Figure 9.5: Schematic diagram of sensor layout, DAQ, and signal processing equipment.

9.3 Test conditions

The engine was run at a series of loading levels and engine speeds as summarised in Table
9.3. For each engine speed and load combination, the engine was left to reach steady-state
operation and then a high-speed data capture was performed lasting 2 seconds on each
selected sensor. Steady-state of the engine was defined by a combination of monitoring
the thermocouple temperature next to the ultrasonic sensors and from the collaborating
partners engine instrumentation. The crankshaft rotational position was captured using a
shaft encoder mounted on the end of the crankshaft. In addition to steady-state testing, data
were recorded for each start-up and shut-down of the engine with these recordings typically
lasting for 10 seconds.

219



Table 9.3: Test conditions considered on the YTRC2110D engine.

Test type Test conditions Units

Speed variation 1000, 1100, 1300, 1500 rpm
Load variation 0, 343, 765, 1630 Nm
Start-up tests At each speed/load combination.

Shut-down tests At each speed/load combination.

9.4 Signal processing

The advancements in signal processing developed in Chapter 7 have been applied to this
engine such that the peak of the Hilbert envelope was considered instead of a frequency
index of the signal in the frequency domain. A typical reflection from the reference and an
aligned piston ring is shown in Figure 9.6a with the addition of the Hilbert envelope used
for the reflection coefficient. For completeness, the additional steps that are required for
the frequency index method are shown in the layer figures in Figure 9.6. This is shown to
display the remarkable frequency independence of the oil film thickness in 9.6d indicating
the validity of Equation 9.1.
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Figure 9.6: (a) Reference and ring aligned reflection; (b) Reference and ring aligned
signal in the frequency domain; (c) Reflection coefficient with respect to frequency; (d)
Oil film thickness and reflection coefficient with respect to frequency.
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Similar to the previous engines, the reference signal was defined when the piston was sig-
nificantly far from the sensors. This reflection coefficient was input in Equation 9.1 in
combination with the speed of sound and density data for the oil to output the oil film

thickness between the piston ring and liner.

The engine dynamometer and controller unit provided excessive levels of electrical noise
in tests where a load was applied to the engine, an example of which is seen in Figure 9.7.
The noise from these components was cyclic with some portions being unaffected by the
noise whilst others were rendered unusable. The loaded tests included an additional step of
data processing so that only the regions unaffected by excessive noise were used in the data
analysis. The unloaded testing providing minor noise levels, like those seen in the ’Normal

noise levels’ region of Figure 9.7.
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Figure 9.7: Noise from dynamometer during loaded engine captures.

In the data captures, reflected pulses were recorded continuously for 2 seconds, therefore,
the four-stroke engine experienced multiple compression and exhaust cycles (0-720° CA)
in each capture. Figure 9.8 shows the reflection coefficient over Sensor 1 during part of

a compression stroke (270-360° CA) in which the data was averaged from the multiple
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cycles. The regions where the piston rings and the piston skirt were aligned with a sensor
have been highlighted.
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Figure 9.8: Reflection coefficient as the ring pack passes over Sensor 1 during a
compression stroke.

Similar to the AJ200 and the RTX-6, when the piston is remote from the sensor, a unity
reflection coefficient is maintained (R=1), versus an aligned piston ring reduces the reflec-
tion coefficient to 0.8 in some cases. Note that the Hilbert envelope peak is used for this
engine, as it was shown in Chapter 7 that this data processing method was not subject to
reflections from outside of the alignment zone. The fringe effect for this engine is signifi-
cantly reduced relative to the previous engines. The RTX-6 fringe effect was typically 1.05
to 1.10 for each piston ring whilst the YTRC2110D the effect is only clearly identifiable
for the Second Ring and peaks at 1.02.

The stroke shown in Figure 9.8 is a compression stroke, therefore, the first ring to pass
the sensor is the compression ring (First Ring) followed by the scraper ring (Second Ring).
Next, the oil control ring (Third Ring) as this ring has two rails each rail passage is detected.
Lastly, the skirt of the piston moves over the sensor over an extended CA range leading to
a prolonged reduction in the reflection coefficient. This drop in reflection coefficient in-
creases over the course of the stroke suggesting tilting of the piston towards the sensor as it
moves up the liner, with a lower value of reflection coefficient indicates a thinner lubricant

film so the lower portion of the skirt is in closer proximity to the liner.
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The reflection coefficient data was converted into OFT using Equation 9.1. The materials
of the ring and liner are steel and cast iron respectively, whilst the piston is made from
aluminium. The speed of sound and density are defined in Table 9.2. The resulting oil film

thickness variation over the compression stroke of Sensor 1 is shown in Figure 9.9.
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Figure 9.9: Oil film thickness as the ring pack passed over Sensor 1 during a compression
stroke.

The oil film thickness of the three rings and piston skirt can clearly be identified for this
compression stroke, in Figure 9.9. In this example, the oil film is thinnest for the first com-
pression ring (2 um) and gets progressively thicker for the scraper ring, oil control ring (2.5
um) and is thickest for the skirt (4-9 um). This is the opposite to the peculiar trend of the
AJ200, which showed the First ring to have the greatest OFT, although that was thought to
be due to the motored operation of the engine. Whereas, in the YTR, the compression ring
had the thinnest film as lubricant will not have pooled at the top of the liner and the combus-
tion pressure leads to this ring acting as a buffer between the high and low pressure regions.
The ring is expected to be located at the bottom of the ring groove at this point in the stroke,
therefore, enabling gases in the combustion chamber behind the ring leading to the ring to
conform more to the liner, producing a thinner lubricant film. The thickest film is over the
piston skirt and shows a progressive thinning of the film as the piston moves up the liner,
this suggests tilting of the piston with the lower edge of the skirt being in closer proximity
to the liner. This trend is clear from 330°-350° CA until a sudden increase in the OFT as the

piston is nearing its TDC position, suggesting the tilting of the piston may be reversed here.
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The anticipated piston ring alignment region for each ring is considerably greater than the
OFT measurements indicate. This may be due to the averaging effect of the ultrasonic
transducers, as the extremities of these alignment regions cover the instant that a piston
ring starts to move over the sensor. In these cases (minor alignment, major misalignment),
the averaging effect of ultrasonic sensors will have led to significant over predications of
the OFT to the extent that the calculated film is not within the range shown in Figure 9.9.
However, the sensors in this work were 0.8 mm or 1.3 mm wide, whilst the piston rings
were up to 3.5 mm thick. Therefore, the work will have an improved spatial resolution rel-
ative to previous automotive ultrasonic based piston ring work reducing the impact of the
averaging effect when the ring and sensor were largely aligned. Although this effect still

evidently has an impact on the OFT measurements on the edges of the alignment regions.

Measurements of the reflection coefficient were recorded for all sensors covering the four
strokes (0-720° CA) for each of the combinations in the test matrix Table 9.3. Results were

processed in the same way to provide oil film thickness.

9.5 Fired testing results

9.5.1 Steady-state operation

The OFT during steady-state operation over each sensor is shown in Figure 9.10 for each
stroke of the engine. The regions corresponding to the intake, compression, power, and

exhaust strokes are indicated on the plot.
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Figure 9.10: Oil film thickness for Sensor 1 (top) to Sensor 6 (bottom) over the four

strokes.
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In each plot, four sequences of oil film readings can be seen as the ring pack passes over
the sensor location for each of the strokes. Sensor 1 is located closest to the TDC, so the
CA range between the ring pack passage during the compression and power strokes is the
shortest. Whilst for Sensor 6 the CA range between the compression and power strokes
is the greatest. Reading the plots from left to right, as the engine rotates also indicates
whether the piston is in an up-/down-stroke as in an up-stroke, the first ring to move over
the sensing region is the first compression ring, whilst in a down-stroke, it is the oil control

ring/piston skirt.

Observation of all sensors indicates the extent to which the cylinder pressure is affecting the
first compression ring. For Sensor 1, the sensor closest to the TDC, the first compression
ring typically produced a thinner OFT (2 um = 0.3 pum) than the oil control ring (3 um =+
0.4 um). Whilst for Sensor 6, the sensor closest to the BDC, each piston ring produced a
near-identical lubricant film thickness when the pressure in each stroke is relatively negli-
gible 3 um + 0.4 um).

Interestingly, the piston skirt is only measured over a sensor in the compression stroke
and for Sensors 1 and 2. This suggests several findings; piston secondary motion is not
discernible close to the BDC, as the sensors are on the thrust side any tilting in the early
stages of the power stroke is towards the anti-thrust side and during the other up-stroke

(exhaust stroke) there is no tilting like that seen during the compression stroke.

9.5.2 Effect of speed on oil film thickness

The MOFT has been extracted by isolating the minimum values each piston ring experi-
enced in each stroke for every engine revolution recorded over the 2 second time interval.
These values have been used to define the average MOFT and a standard deviation. The
MOFT for the compression ring over each sensor is plotted at each engine speed in the four

strokes in Figure 9.11.
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Figure 9.11: Lubricant film thickness for the first compression ring (Ring 1) over multiple
strokes. (a) intake, (b) compression, (c) power, (d) exhaust.

The first point to note is that there is not a great deal of difference between the MOFT in ei-
ther location or with engine speed. Across the first piston ring at all locations, the minimum
oil film thickness varies between 1-3 tm with the maximum standard deviation being 0.8
um (at 1000 rpm, 33 engine revolutions were covered in each data capture). The MOFT
values provide lambda ratios of up to 1.5, indicating that over the sensors, either boundary

or mixed mode lubrication is occurring.

Secondly, there is a general trend for thicker oil films to form at higher engine speeds (1000
rpm: 1 um £ 0.3 um vs 1500 rpm: 2um £ 0.5 um). At higher engine speeds, a greater
rate of lubricant entrainment aids to form thicker lubricant films. The standard deviation is
generally greatest for the 1500 rpm engine speed, this may be occurring due to the engine
having not achieved steady-state operation at this speed, or as 1500 rpm is the maximum

speed of the engine this may have led to excessive vibration.

The piston ring oil films are slightly thicker down the engine liner in each engine stroke.
Sensor 1 typically had a MOFT of 1 um whilst for Sensor 6 it was 2 um. The cylinder
pressure will have been a significant contributing factor to this, with the compression ring

exposed to greater pressures whilst it is aligned with a transducer further up the liner.
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9.5.3 Speed effect for each sensor

A closer inspection of the MOFT for the compression ring over Sensors 4 and 6 is shown

in Figure 9.12 to provide a comparison of the MOFT in each stroke at each engine speed.
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Figure 9.12: MOFT for the first compression ring (Ring 1) in different engine strokes (a)
Sensor 4, (b) Sensor 6.

Figure 9.12 shows the peculiar trend that Sensor 4 consistently led to a marginally thicker
lubricant film during the compression and exhaust strokes whilst for Sensor 6, a marginally
thicker MOFT is generally present in the intake and power strokes. The compression ring
experiences complex motion through each engine stroke and as the sixth sensor is signif-
icantly closer to the BDC than Sensor 4 this may have caused the opposing trends as the
piston ring motion will have varied by the last sensor. In general an up-stroke at mid-stroke
is expected to produce a thicker lubricant film, as during an up-stroke the first ring is the
first to pass the sensing region. This may be due to a bow wave of oil or an excessive quan-
tity of lubricant left on the liner. Alternatively, on a downward stroke, the compression
ring is the final ring over this sensing area post the oil control ring that will have directed
excess oil into the crankcase. These factors indicate the trend like those seen for Sensor 4.

Therefore, it is unforeseen why Sensor 6 displays the opposite trends.

This stroke-wise view of the MOFT provides a clearer observation that a greater engine
speed leads to a marginally thicker MOFT in each engine stroke with 1500 rpm consistently

showing greater engine cycle-to-cycle variation in the lubricant film thickness.

9.5.4 Effect of load on oil film thickness

The engine testing covered a range of engine loading levels at the four rotational speeds,
the MOFT for the compression ring in each stroke at each loading level is shown in Figure
9.13.
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Figure 9.13: MOFT for the first compression ring (Ring 1) in each engine stroke at various
engine loading levels over Sensor 6 (a) intake, (b) compression, (c¢) power, (d) exhaust.

The engine loading comparison in Figure 9.13 shows in each engine stroke zero loading

led to a thicker lubricant film (1.75-3 pum), in some cases such as the exhaust stroke at

1500 rpm the MOFT was double the thickness at no loading compared to a loaded value.

Whilst the trend in the MOFT as loading continues to increase is less clear for the loaded

test cases, with the general trend of full load (1630 Nm) typically having a greater MOFT

than that from low load (343 Nm) although the increase is a fraction of a micron (up to 0.4

um).

A contrast of the MOFT in each stroke at the four loading levels is shown in Figure 9.14

for two engine speeds, 1100 rpm and 1500 rpm.
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Figure 9.14: MOFT for the first compression (Ring 1) in each engine stroke at various
loading levels for Sensor 6 (a) 1100 rpm, (b) 1500 rpm.

It is clear again that the zero loading test cases produced a greater MOFT than at any load-
ing level with the film thickness halving from an increase from 0 Nm to 343 Nm loading at
1500 rpm. Although further increasing of the engine loading has a marginal effect on the
MOFT.

The unloaded MOFT in each stroke of Sensor 6, Figure 9.12, showed the down-strokes to
have a marginally thicker film, this trend is not maintained at an increased engine load-
ing. For testing at 1100 rpm, no discernible trend is definable between the loading levels,
versus at 1500 rpm, during the intake stroke a thicker film was produced with only minor

differences between the other strokes.

9.5.5 Film thickness during start-up and shut-down

The engine was shut off between each set of steady-state testing, this enabled start-up
and shut-down ultrasonic testing for each speed and load combination. The MOFT was
extracted for the compression ring using the same methodology as the previous section.
Figure 9.15 shows the MOFT during engine start-up (a) and shut-down (b) for the four
different engine strokes with the addition of the engine rotational speed. Note, in the start-
up tests the data recording began at time zero and, therefore, there may be a time delay

before the first time a piston ring was recorded.
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Figure 9.15: MOFT for the first compression ring (Ring 1) in (a) start-up and (b)
shut-down, for Sensor 6 at 1300 rpm and (a) 343 Nm, (b) 765 Nm loading. The four
strokes are identified in various colours.

The start-up test case in Figure 9.15 reveals that it took 2 seconds between the first detected
ring passage and a consistent MOFT being achieved whilst a consistent engine speed was
not achieved for a further 1.5 seconds. A steady build-up of the lubricant film thickness is
shown over this period with the four strokes diverging, leading to the intake stroke having
the thickest film whilst the thinnest is consistently seen in the power stroke which is sim-
ilar to the steady-state MOFT for these conditions in Figure 9.13. The absolute minimum
MOFT recorded in either the start-up or shut-down was 0.6 um. This MOFT provides a
lambda ratio of 0.3, indicating boundary lubrication is occurring, which increases to 0.7

over the 10-second start-up data recording shown.

The shut-down of the engine over this sensor (Figure 9.15b) produced a less consistent
change in the MOFT for the four strokes. Even though each stroke, excluding the exhaust
stroke, showed a reduction in the MOFT as the engine shut down. The variation in the
MOFT is more pronounced in the start-up of the engine than shut-down, this may be due
to only minor levels of oil remaining on the liner before engine start-up, then once the oil
pump is engaged a build-up of the MOFT is seen. Whilst for shut-down the oil pump is al-
ready engaged with a greater level of oil retained on the liner surface, therefore, the MOFT
is less sensitive to engine speed providing a certain threshold of lubricant is maintained as

the engine slows.
The MOFT for the compression ring during start-up and shut-down in the power stroke is

shown in Figure 9.16 and the intake stroke in Figure 9.17 for a range of engine speeds over

Sensor 6.
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Figure 9.16: MOFT for the first compression ring (Ring 1) at constant loading for a range
of engine speeds during the power stroke. (a) start-up, (b) shut-down.
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Figure 9.17: MOFT for the first compression ring (Ring 1) at constant loading for a range
of engine speeds during the intake stroke. (a) start-up, (b) shut-down.

The steady-state testing indicated that a greater MOFT was achieved at higher engine
speeds in each engine stroke, which is consistent with the engine start-up in Figure 9.16,
and somewhat consistent in the shut-down tests in Figure 9.16 and Figure 9.17. However,
the opposing trend is observed in the start-up test for the intake stroke in Figure 9.17. Al-

though these increases are all minor was the greatest variation being around 0.75 pym.

The variation in the MOFT is significantly clearer during the intake stroke than the power
stroke for both start-up and shut-down with the absolute MOFT in the intake stroke being
0.5 um ranging up to 2 um versus 0.75 um to 1.5 um in the power stroke. This leads to
more defined trends being shown for the intake stroke with a clear build-up and reduction
in the lubricant film thickness as the operation of the engine changes. This may be because
the combustion pressure causes more piston ring conformity in the power stroke leading
to a thinner film. The compression ring is exposed to this for the whole operation of the

engine whilst the piston ring has relatively more freedom in the intake stroke to vary with
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engine operation.

9.6 Additional data processing areas

9.6.1 B-scans

B-scans showing the relative change from the reference for steady-state captures of the
YTRC2110D have been produced using the same data processing steps as shown in Section
7.4. A B-scan for Sensor 6 at 1300 rpm is shown in Figure 9.18. The B-scans shown focus
on unloaded testing, this is due to the B-scans from loaded test cases presented no additional

trends but were hindered by the supplementary noise in the system.
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Figure 9.18: B-scan of Sensor 6, unloaded at 1300 rpm having removed the reference
reflection.

Upon first inspection, the B-scan for the YTRC2110D is significantly more complex than
those previously seen for the RTX-6 (Figure 7.29). This is a combination of the YTRC2110D
being a four-stroke engine and the sensor being at a lower relative position down the liner.
The ring pack passage in each stroke is highlighted via the black boxes. In addition, there
is a large CA range with a prolonged change in the B-scan that occurs close to each TDC
(red and yellow boxes, show whether is skirt is over the sensor or not). Whereas when the

piston is at the BDC there is no respective B-scan change.
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A closer view of the B-scan from the piston rings and the extended pattern close to the

combustion TDC is shown in Figure 9.19.
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Figure 9.19: Highlighted areas of Figure 9.18.

The two piston rings shown in Figure 9.19a reveal that unlike the RTX-6 (Figure 7.34),
the reflections from each piston ring are not impacted by delayed reflections from differ-
ent piston rings. This, therefore, shows the reflection coefficient for the YTRC2110D is
arguably a truer representation of the contact than those that were seen for the sensors on
the RTX-6 that covered multiple piston rings. The cause of this is expected to be due to the
liner thickness being >100 mm in the RTX-6 whilst in the YTRC2110D the liner is several
mm thick. The RTX-6 provided a much greater distance for the ultrasonic waves to spread
over, leading to the RTX-6 being able to detect the piston rings at a further distance down

the liner from the sensor.

The CA ranges that correspond to the reduction in the reflection coefficient seen in Figure
9.8 are overlayed in Figure 9.19a in black. This shows that the majority of the reflection
is seen within the CA range with a relatively minor portion outside of this region, such
as in the white ovals. Therefore, the piston ring is only measurement roughly 1° CA be-
fore/preceding the piston ring begins to move over the sensor. The minor measurement
outside of this window is shown via the minor single peak on either side of the ring passage
in Figure 9.8.

The horizontal bands, such as those in Figure 9.19b are partially from when the piston is
above the sensor and partially from the piston skirt aligning with the sensor. The pattern
starts at 324° CA when the piston moves above the sensor and a minor reduction in the time
delay is initially seen. This pattern is likely indicative of an oil film over the sensor in the

crankcase as it only occurs when the piston is above the sensor, not below (does not happen
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when this piston is at the BDC). It also likely indicates that the lubricant film reduces as
the CA increases until the skirt moved over the sensor (at 396° CA), the OFT from this is

calculated in the following section.

9.6.2 Unloaded spectrograms

The reflection window size was optimised using the route shown in Section 7.2. Unfortu-
nately, the maximum amplitude in the frequency domain did not become frequency inde-
pendent of the reflection window size, indicating that a greater window size should have
been selected for independence. Therefore, the spectrograms for the YTRC2110D should
not be considered optimised. To achieve independence a greater window size would have
been required which would have limited the ultrasonic pulse rate, reducing the resolution
of the ultrasonic data. The lack of independence highlights an additional benefit of the
Hilbert envelope as the window size is of less importance when using this method than the
frequency index method, providing that the peak of the reflection is recorded, thus enabling

a higher pulse rate/resolution of result.

The spectrograms for the YTRC2110D engine, like the B-scans, are more complex than
those of the RTX-6 (Figure 6.17), this is due to the sensor location and four-stroke en-
gine operation. A spectrogram for Sensor 6 at 1300 rpm is shown in Figure 9.20. The

spectrogram is limited to 0.9 < R < 1.1 for visualisation purposes.
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Figure 9.20: Spectrogram for Sensor 6 at 1300 rpm.

Similar to the B-scan, each piston ring pack (black boxes) is visible in the spectrogram
with the addition of the pattern close to the combustion TDC (red and yellow box). Inter-
estingly, the pattern is no longer present centred around the intake/exhaust TDC, the cause
of which is unknown. The combustion TDC pattern now appears more similar to those
from the RTX-6 which were indicative of a 1400 um residual oil film. The frequency vary-
ing resonant dips vary with CA indicating a residual oil film that changes as the crankshaft
rotates. A closer inspection of the spectrogram from a ring pack and the pattern covering
the combustion TDC from Figure 9.20 are highlighted in Figure 9.21.
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Figure 9.21: Highlighted areas of Figure 9.20.
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Figure 9.21a highlights that similar to the B-scans, the spectrogram from each piston ring is
unaffected by the other piston rings. Only the two rails of the oil control ring have adjoining
patterns, which is not unexpected due to their close proximity. There is minor spreading of
the ultrasonic wave as only a single peak of the fringe effect is detected on either side of
the ring instead of the multiple cycles like those seen for the RTX-6. This is another factor
expected to have been reduced by the reduction in liner thickness relative to the marine

engine.

Previously for the marine engine, the extended pattern in the spectrograms was immediately
following the first piston ring. Whereas for the YTRC2110D there is no pattern shortly fol-
lowing any piston ring. Whilst a similar pattern begins at 324° CA, immediately following
the piston moving completely above the sensor. This shows this factor has not arisen due
to piston tilt (the YTRC2110D had nothing aligned and in the RTX-6 the piston is rigidly
connected to the piston rod) and further suggests the pattern is a measure of the residual
oil film. The size of the engine and location of injectors/lubricant spray dictates when the
sensor alignment region becomes exposed to the excess lubricant following a piston ring
and, therefore, the resonances in the frequency domain forms at different CAs in the two

engines.

The thickness of the residual film can be calculated by the resonant dip technique, see
Section 6.3.2. A typical calculation is shown in Equation 9.2 for using the frequency bands
at 325° CA, in which the selected frequencies from the resonant bands are marked on
Figure 9.21b by the red crosses. The residual OFT at a series of crank angles is shown in
Table 9.4.

cm 1187

h prm— prm—
20fi 2(5.4x 100 —4.3 x 10)

= 540 um (9.2)

237



Table 9.4: Residual oil film thickness variation with crank angle.

Crank angle (°) Residual OFT (um)

325 540
335 310
345 350
355 340
365 290
375 290
385 320
395 340

The unloaded test case shows a thick residual oil film on the liner when it is initially ex-
posed to the crankcase oil that dissipates over time (shown by the diverging nature of the
frequency bands). The bands are seen over a large CA range although residual films are
calculated up to 395° CA as beyond this the upper band moves out of the usable frequency
bandwidth of the transducers, although relatively stable residual OFT measurements are

seen for the majority of the range.

9.6.3 Loaded spectrograms

A spectrogram from a 343 Nm loading test case is shown in Figure 9.22. The loaded
spectrograms focus on the 343 Nm loading level as some trends in the spectrograms are
more pronounced under engine loading however, at higher levels there is a greater impact
of system noise on the spectrogram due to the dynamometer producing greater noise levels

at higher engine loading.
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Figure 9.22: Loaded spectrogram Sensor 6 from 1100 rpm 343 Nm loading.

The addition of load on the engine has little impact on the presence of the piston rings (see
Figure 9.23a) in the spectrogram as all rings were visible in the unloaded spectrograms.
The major difference is seen in the pattern close to the combustion TDC being significantly
clearer and the reintroduction of a pattern centred about the intake/exhaust TDC that was
only previously seen in the B-scans. Therefore, the residual oil film appears load dependent.

The loaded spectrogram from a ring pack and the pattern covering the combustion TDC is
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(a) Compression stroke ring pack. (b) Pattern close to the combustion TDC.

Figure 9.23: Highlighted areas of Figure 9.22.

The true extent of the frequency bands are shown in Figure 9.23b, their respective residual
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oil film thickness according to the resonant dip method is shown in Table 9.5.

Table 9.5: Residual oil film thickness variation with crank angle from loaded testing at
343 Nm.

Crank angle (°) Residual OFT (um)

325 440
335 360
345 350
355 360
365 350
375 350
385 340
395 340

Similarly to the unloaded test case, the residual OFT is thicker immediately following the
piston moving above the sensor. Following this, the residual OFT is stable over the large
CA range even with the frequency bands diverging. The addition of load on the engine
leads to a thinner OFT at 325° CA (540 um unloaded, 440 um loaded) further indicating
that the residual lubricant film may be load-dependent with it decreasing with increased

engine load.

9.7 Conclusions

The penultimate chapter has followed the ultrasonic instrumentation and testing upon a
fired agricultural engine using the advancements developed in Chapter 7. This has enabled
novel measurements such as start-up, shut-down and a more comprehensive study into

residual oil levels. The principal findings from this chapter are as follows:

* A series of ultrasonic sensors have been instrumented onto the wet liner of the
YTRC2110D at a range of locations down the liner outer surface. The advance-
ments in data processing found on the RTX-6 have been applied to this engine to

produce measurements of the oil film thickness.

* The six optimal sensors have shown how the lubricant film thickness changes down

the liner surface. The sensors further up the liner were impacted by combustion

240



pressure and experienced piston tilt, whilst all piston rings produce near identical
film close to the BDC.

In each stroke, the MOFT and cyclic variation was found to increase with engine
speed. The addition of load on the engine led to a large reduction in the MOFT,
although further increases in the load resulted in minor increases in the minimum

film thickness.

The series of start-up tests revealed a 2 second time interval for the build-up of the
lubricant film, whilst a further 1.5 seconds was required for a consistent engine speed.
The four strokes each began at a similar MOFT value but diverged as the engine
speed increased with the power stroke consistently experiencing the thinnest film
whilst the thickest was seen in the intake stroke. The shut-down tests provided a less
clear decrease in the lubricant film thickness, this is thought to be due to minor levels
of oil being retained before engine start-up. Therefore, after the engine is turned on
a large build-up of the film thickness is observed, whilst for the shut-down tests, the

oil pump is already engaged with lubricant on the liner so a less defined trend is seen.

The B-scans and spectrograms for the YTRC2110D are significantly more complex
than those of the RTX-6 due to the sensors being mid-stroke and the engine being a
four-stroke. Both analyses show minor detection of the piston rings outside of the
expected region, a large reduction relative to the RTX-6 (leading to a smaller fringe
effect). The B-scans and spectrograms both show an extended pattern close to the
combustion TDC beginning at 324° CA, immediately following the piston moving
above the sensor. Resonant dips in this region indicate a residual oil film in the
order of 300-500 um that is load-dependent, decreasing with an increase in engine
loading, that is relatively stable for the remaining CA range while the piston is above

the sensor.
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Chapter 10

Conclusions

This thesis has presented various routes to quantify the lubricant film thickness between
piston rings and the cylinder liner in a range of different sized ICEs. The work has focused
on ultrasonic sensors for in-situ oil film thickness measurements and is one of numerous
technologies engine manufacturers are using to propel themselves towards meeting emis-
sion regulations. In this thesis engines from automotive, marine and agricultural sectors
have been considered at a range of engine conditions both in motored and fired operation.

This concluding chapter provides a summary of the novelty and main findings of the thesis.

10.1 Aim and objectives review

In the first chapter, the aim and objectives of the thesis were outlined. The overarching aim
of the work was to develop a system to quantify piston ring lubricant film thickness in a
range of engines, under a range of operating conditions. The aim of the project has been
achieved by instrumenting ultrasonic sensors onto three different sized internal combustion
engines for motored and fired testing. The testing performed has quantified the film thick-
ness in a broad range of engine conditions with a number of them being quantified for the

first time in this work. There were five objectives outlined in the project:

1. Design and production of a motored AJ200 test rig - A test rig has been produced,
although due to the impact of the COVID-19 pandemic the research on the AJ200

engine was to a lesser extent than would have been anticipated

2. Refinement of ultrasonic instrumentation capable of withstanding the harsh opera-
tional environments close to ICE combustion chambers - The instrumentation tech-
nique has been refined to use smaller more robust sensors that have enabled a higher

resolution measurement of each piston ring.
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3. Instrument ultrasonic transducers on the three engines selected for the project - Three

different sized engines have been studied across various engine operating conditions.

4. Refine data processing techniques to improve the oil film thickness calculation -
The data processing technique has been refined by applying several novel techniques
(Section 10.4).

5. Study the relative similarities and differences in oil film thickness data between the
various engines to evaluate the applicability of the technique in each engine - As
the RTX-6 is significantly larger than the YTR, the applicability of the ultrasonic
technique can be evaluated in different sized engines. In larger engines a higher
resolution of measurement can be achieved due to slower engine operation, enabling
trends to be identified that are over a narrow CA range. However, the greater liner
thickness (and path length of the ultrasonic signal) leads to a greater spreading of the
wavefront and, therefore, multiple piston rings may be detected at once. Whilst in the
smaller YTR engine, due to the greater engine speed and thinner liner, the opposing

trends are seen.

10.2 Measuring lubricant film thickness

A series of techniques have been developed to quantify the lubricant film thickness between
piston rings and the cylinder liner in different types of ICEs. Techniques such as; capac-
itance, laser induced fluorescence, ultrasound and inductance. Each technique is based
upon a differing scientific principle but provides relatively similar MOFTs ranging from
0.2 to 20 um. The key measurement contrast arises from the amount of modification to the
engine required to perform the research. Capacitance, inductance and laser induced fluores-
cence all require replacing the internal surface of the liner with either a sensor or perspex
window. This ultimately affects one of the bounding surfaces of the lubricant film and,
therefore, may impact the lubricant film formation or thickness. Ultrasound is a favourable
technique due to its non-invasive nature as sensors are mounted on the outer surface of the

liner enabling the potential of a truer lubricant film thickness measurement.

10.2.1 Ultrasonic lubricant film thickness

Piezoelectric sensors have been used for a range of film thickness measurements in appli-
cations, such as; various bearings, cold rolling, piston skirt and piston rings. By studying
the amount of an ultrasonic wave reflected relative to a reference reflection and assuming

the contact between two surfaces to act like that of a spring within its elastic region, the
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oil film thickness can be calculated. This can be combined with the acoustic properties
of the lubricant and bounding materials to refine the measurement. Previous piston skirt
and especially piston ring measurements have been limited by the ultrasonic pulse rates
hindering the resolution of the measurements. Through a combination of further developed
hardware/software and specifically in the RTX-6 a slower engine operation, a significantly

higher resolution of measurement has been achieved.

10.3 Ultrasonic piston ring measurement findings

The project has involved testing three different sized ICEs, each with varying levels of

complexity of results produced. The main findings from these engines are summarised as:

* The longitudinal sensors on the RTX-6 showed that a reduction in load/speed led to
an increase in the MOFT for all engine configurations and thinner lubricant films
were seen closer to the TDC. Within steady-state engine operation, the OFR was var-
ied to three different levels in 5-minute intervals. This produced the unanticipated
result, that no variation in the MOFT with OFR was found. Analysis of the en-
gine slowdown captures showed that after the engine load/speed was reduced, often
longer than 5 minutes was required before a change was observed in the reflection
coefficient. Therefore, it is likely that the 5-minute intervals were not long enough to
measure a change in the MOFT with OFR. The application of ultrasonic sensors in
the design phase of the RTX-6 enabled the needle-lift type injectors to be identified
as consistently producing thicker lubricant films (17% increase relative to the pulse
jet injectors) reducing the likelihood of lubricant film breakdown whilst a reduction

in engine emissions were seen.

* Previous ultrasonic piston ring analysis was based upon the theory that a piston ring
was only detected once it was aligned with the sensor. However, a sensor above the
first ring at the TDC has shown a fringe effect, similar to those seen by other sensors.
A k-Wave simulation was developed modelling the ultrasonic wave propagation and
a likewise trend was observed, displaying that a piston ring was detected outside
of the alignment zone. This led to the Hilbert envelope peak being used to define
the reflection coefficient as this removed the impact of reflections from an unaligned
piston ring. The Hilbert envelope method had a greater deviation from the frequency
index approach in the RTX-6 than in the YTR engine, this is expected to be the
case due to the significantly greater liner thickness in the RTX-6 providing a greater

ultrasonic path length for the wavefront to spread over.
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» Spectrograms have shown horizontal diverging resonant bands in the reflection co-
efficient. At 100% loading in the RTX-6, these bands are indicative of a 1400 um
residual oil film that is reduced at lower engine loading levels. Whereas in the YTR,
the thinner liner led to a clearer identification of the resonant bands and calculated
residual films that were in the order of 300-500 pum. These residual films were first

seen at 324° CA, when the piston skirt moved above the sensor.

* The shear sensors have been shown to measure the lubricant film breakdown over the
first piston ring at its TDC position in the RTX-6. A trend that was defined clearer by
the Hilbert envelope method. The needle-lift type injectors were shown to reduce the
amount of metal-metal contact occurring and it was further reduced by a reduction
in engine loading. An increase in the OFR was also found to result in a marginal re-
duction in metal-metal contact. This indicates that shear sensors may provide a more
sensitive measure of the amount of lubricant in the piston ring-liner contact. Engine
slow-down and shut-down tests for the shear sensors have visualised the ability of
shear sensors to show a real-time measure of metal-metal contact with a reduction in
load leading to less piston ring-liner contact. Whereas, when the engine was shutting
down an increase in metal-metal contact was seen as the lubricant injection system

stopped injecting lubricant.

* The YTR engine showed the MOFT and cyclic variation to increase with engine
speed in each stroke of the engine. Furthermore, once the engine was subject to a
load, there was a significant reduction in the MOFT. Although further increases in

loading resulted in minor increases in the minimum film thickness.

* The YTR engine was shut down after each set of testing parameters, therefore, a se-
ries of start-up and shut-down combinations were studied in each of the four strokes.
In the case of start-up tests, a 2-second time interval was seen for the lubricant film to
build up to a consistent level. Whilst a further 1.5 seconds was required for a consis-
tent engine speed. Each stroke initially provided a similar MOFT but diverged as the
engine speed increased, this led to the intake stroke having the thickest film whilst the
thinnest was in the power stroke. A less clear trend was seen in the shut-down tests
with each stroke showing a minor reduction in film thickness. This is thought to be
the case as when the engine was initially turned on, minor levels of oil will have been
retained on the liner and the increase in engine speed resulted in a greater quantity of
lubricant being delivered to the piston ring zone. Whereas, during the shut-down of
the engine the oil pump was already engaged with more oil on the liner, leading to

these MOFT measurements being less sensitive to the reduction in engine speed.
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10.3.1 Engine comparison

The three ICEs considered in this project each differ in size and complexity of the ultrasonic
instrumentation. A summary of the absolute MOFT for each engine is presented in Figure
10.1. The figure uses the MOFT from the first piston ring as it passed each ultrasonic sensor

used at each loading level.
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Figure 10.1: A summary of the absolute MOFT from each studied ICE. The figure
considers the first piston ring as it passed each sensor. The engine conditions covered are;
the AJ200 at 800 rpm, the RTX-6 for Configuration 1 and the YTRC2110D at 1100 rpm.
The distances to the TDC are presented in mm for each specific engine, as each engine has

a different stroke length, a vertical comparison of the MOFT is not representative.

Figure 10.1 visualises the relative film thickness values from each engine. The AJ200
and YTRC2110D are similar sizes and tested at similar engine speeds. However, the
fired YTRC2110D at all conditions produced a thinner MOFT than the AJ200. This was
achieved whilst the sensors were at a lower respective position in the YTR engine. This is
expected to be due to the motored operation of the AJ200, therefore, a lack of combustion
led to significantly thicker films in the AJ200. The thickest films are seen by the RTX-6,
the diesel marine engine has a similar peak combustion pressure to the smaller engines.
However, the greater lubricant injection rate and power of the engine lead to thicker lubri-

cant films seen at all loading levels.

The B-scans and spectrograms from the RTX-6 and YTRC2110D have shown the thinner
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liner of the YTRC2110D to reduce the impact of adjacent piston rings on both data pro-
cessing methods. This led to each piston ring being differentiable in the YTRC2110D and
a smaller CA range in which delayed partial reflections were seen. This was seen whilst the
B-scans and spectrograms were more complex due to the four strokes of the YTRC2110D

engine.

10.4 Thesis novelty

In previous piston ring oil film thickness research from an ultrasonic perspective, the re-
flection coefficient has been defined by indexing the reflection in the frequency domain at
either the sensor central frequency or maximum amplitude of the reflection and comparing
it to a reference signal (frequency index method). This has been applied to the motored
AJ200 engine block in Chapter 5 and RTX-6 in Chapter 6 producing OFT measurements
in the expected order of magnitude and producing similar trends to those from previous
works. However, a series of novel data processing routes beyond those of indexing the

frequency domain view of the signal have been considered:

* The frequency index method has been refined by optimising the reflection window
to improve the definition of the start- and end-point of the reflection. The refinement
reduced the reflection window to the point at which a significant impact on the reflec-
tion in the frequency domain is seen. This removes a portion of reflected energy that
is not from the piston ring. This method has shown minor improvements in the OFT
calculated with the clearest changes seen for the spectrograms by the ’smoothening’

of trends.

* By observing the reflection coefficient over the whole bandwidth of the sensor a spec-
trogram can be produced. The spectrograms have shown the reflection coefficient to
decrease due to ring alignment over the complete bandwidth, indicating a range of
frequencies may be suitable for OFT measurements. The spectrograms also revealed
extended diverging horizontal bands in the frequency domain, indicative of a residual

oil film that reduces over time.

* Analysis of stacking the time domain reflections (B-scan) highlighted a pattern in
the trailing portion of the reflection. The pattern was found to align with the fringe
effects seen in the frequency index reflection coefficient results. In addition, the trend
was found to begin when the piston ring was significantly far from the sensor and the
time delay reduced as the piston ring approached the sensor. This further indicates

the pattern is a measure of the piston ring before it was aligned with the ultrasonic
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sensor. The time delay of the pattern was reduced by a reduction in engine loading,
as at lower loading levels the speed of sound is greater leading to a reduction in
the time-of-flight of the ultrasonic reflections. The pattern was present until 95%
alignment between sensor and piston ring, indicating the frequency index method
is subject to reflections from outside the alignment zone when a sensor is partially

aligned, except for a small CA range of near complete alignment.

The reflection coefficient from the Hilbert envelope peak has also been evaluated, this
method considers the peak of the reflection envelope in the time domain. Therefore,
it is not subject to the reflections from outside the piston ring alignment zone that is
seen in the frequency index method and the B-scans. This data processing method
reduced the impact of the fringe effects, the "W’ double-dip, the peak between rings
and the prolonged change in reflection coefficient before/after the rings. The Hilbert
envelope method was found to reveal trends that were hidden in the frequency index
method for both longitudinal and shear sensors, such as piston ring-liner metal-metal
contact at various loading levels. The removal of reflections from an unaligned piston
ring led to the method typically producing MOFT values 20% thicker than those from
the frequency index.

Experimental ultrasonic piston ring trends have been evaluated against modelling of
ultrasonic wave propagation through k-Wave, an open-source toolbox in MATLAB.
The modelling of wave propagation has revealed the driving factor behind trends that

were observed in the experimental reflection coefficients.

Ultrasonic sensors have been used outside of the operational phase of an engine for
the first time. In the RTX-6, the sensors were used as a design tool to evaluate
different lubricant injector designs showing the usefulness of these sensors in the
design phase. The piezoelectric sensors showed that a novel lubricant injector design
successfully increased the lubricant film thickness, improving the lubrication regime
of the piston rings. This was achieved whilst less lubricant was lost to the exhaust

manifold and, therefore, a reduction in engine emissions.

Several novel measurements have been performed using the piezoelectric sensors.
The lubricant film thickness has been quantified during previously unexplored oper-
ational phases: start-up, shut-down, varying oil feed rates and a measure of residual
oil levels on the liner when the piston was above the sensing region. Shear sensors
have also been used for the detection of metal-metal contact between the piston ring

and liner.
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10.5 Future work

This thesis has demonstrated the ability of ultrasonic sensors to monitor the lubricant film
between piston rings and the cylinder liner. In addition to being able to provide a quan-
titative evaluation of the film thickness in different stages of engine operation or different
system designs. This has been achieved with minimal modification to the engine high-
lighting the benefits of this sensing approach. The advancements made have shown several

areas for further research that may enhance the findings of this work.

* The piston ring to sensor width ratio has been improved in this work with sensors
either being the same width or thinner than the piston rings, increasing the spatial
resolution. The B-scans on the RTX-6 highlighted even with this improved ratio
only a small portion of the piston ring alignment zone was unaffected by delayed
reflections (-3° to 3° CA instead of -8.5° to 8.5° CA). Although this flaw was over-
come by using the Hilbert envelope method, further improvements in this ratio would
lessen the impact of delayed reflections on the B-scans/spectrograms, this could be
combined with a greater complexity in the ultrasonic sensor array increasing the
number of sensors. This would lead to a greater representation of how the lubricant
film develops/breakdowns as the piston rings approach the TDC. A greater number
of sensors may lead to difficulties in maintaining a sufficiently high pulse rate for a
high resolution of reflections captured. Therefore, a sequencing table to set the order
in which sensors are studied may be required. The continuation of using the Hilbert
envelope to define the reflection coefficient may provide a route to maintain high
pulse rates. This is because only the peak of the envelope is required for this data

processing, therefore, a smaller capture range of the reflection could be used.

* The spectrograms for both the RTX-6 and YTRC2110D have shown resonant bands
in the reflection coefficient indicative of a residual oil film on the cylinder liner. A
more in-depth study into expected residual films on the liner in ICEs is required as
the results presented in this work are orders of magnitudes greater than the piston ring
film thickness (partially expected due to the rings themselves limiting the achievable
thickness of the lubricant film). However, little current research exists to quantify the

amount of oil on the liner outside of piston ring alignment in fired engines.

* The shear sensors on the RTX-6 have shown the lubricant film to break down close
to the TDC of the piston. This indicates that the OFT values calculated from the
Spring Model in this region are not applicable, due to the condition of a fully formed

lubricant film not being met. Therefore, a mixed-mode modification to the calculated
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OFT is required to provide a closer measure of the oil film thickness in the pockets
of the lubricant film.

The presented work, and the majority of the historical ultrasonic piston ring research
have instrumented sensors on the cylinder liner side. This provides a measure of
the lubricant film at discrete points as a piston ring/skirt moves over the sensing
region. Research has focused on this side, predominately as less modification to
the engine is required. However, the instrumentation of ultrasonic sensors onto the
piston side, ideally behind the piston rings, would provide OFT measurements over
the whole stroke of the piston. This would provide a significant increase to the quality
of results captured as the complete build-up/breakdown of the lubricant film could

be quantified.

250



Appendix A
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doi:10.4271/03-14-06-0053.

J. Rooke, X. Li, and R. Dwyer-Joyce, "Applying the Hilbert Envelope Method to Refine
the Ultrasonic Technique for Piston Ring Oil Film Thickness Measurements in a Marine
Diesel Engine," SAE Int. J. Engines, vol. 16, no. 2, 2022, doi:10.4271/03-16-02-0011.

J. Rooke, H. Brunskill, X. Li, S. Taghizadeh, A. Hunter, S. He, X. Lu, and R. S. Dwyer-
Joyce, "Piston Ring Oil Film Thickness Measurements in a Four-Stroke Diesel Engine
during Steady-State, Start-up and Shut-Down." International Journal of Engine Research,
2022. doi:10.1177/14680874221088547.
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Appendix B

Density relation derivation

The following section covers the derivation of the density relation seen in Section 6.1.3.

The derivation is reproduced from [88].
The bulk modulus of a liquid can be described by the Equation B.1.

d
B:,o£2pc2 (B.1)

When equating the two definitions (Equation B.2) the density term cancels out.

dp 2
= = B.2
P > pc (B.2)
Both sides of the equation can be integrated:
1
/1a’p:/c—2dp (B.3)

In Equation 6.3 the speed of sound under constant pressure was expressed as:

c(T = 20,p) = 4.13x10%p + 1.49 x 10° (B.4)

Substituting Equation B.4 into Equation B.3 gives:

1

T =20, p) = dP B.5

Pl P /(4.13 < 10-6p + 1.49 x 103)2 ®-5)
—5.88 x 1010

T = 20, p) = B.6

p( P) = 6T < 108 8.6

The constant A can be found be substituting a known value of density for a specific tem-
perature and pressure. At a temperature of 20°C and a pressure of 0 MPa the density is 888
kg/m?>. This shows constant A to be 1050.84.
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5.88 x 1010

A=p(T =20.p =0 B.7
p( P =0 T 108 ®B.7)
5.88 x 1010
A = 888 B.8
+O+3.61><108 (B.8)
A = 1050.84 (B.9)
Therefore, Equation B.6 becomes:

5.88 x 1010
T =20 = 1050.84 B.10
Pl P) = a6k 108 T (B.10)

The relationship between temperature and density is defined in Equation B.11. The values

of B and pg are defined in Equations B.12 and B.13 respectively.

Po
= B.11
Pr="17 B(T1 —T>) 1D
0.0007m°
p=——"cC (B.12)
m
888k, ire
po = —=2 ar 20°C, 0 MPa (B.13)
m
Inputting 3 and pg into Equation B.11 gives:
888
T,p=0) = B.14
PP =0) = 5 0007(T = 20) (B.14)
Combining Equation B.10 and B.14 provides:
888 5.88 x 100
p(T,p) = a+ ~ (B.15)

1 + 0.0007(T —20) p + 3.61 x 108
The constant a can be found be substituting a known value of density for a specific temper-

ature and pressure. This shows constant a to be 162.85.

888 5.88 x 1010
T =20,p=0) = - — 888 (B.16
Pl P =0) = @ TG00 T =20) ~ 5 % 3.61 X 108 (B.16)
5.88 x 101
- B.17
4 3.61x108 ®.17
a = 162.85 (B.18)
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Substituting a into Equation B.15 gives the density relation accounting for temperature and
pressure:
888 5.88 x 1019

T, p) = 162.85 - B.1
p(T. p) T T 00007(T=20)  p + 360 x 10° ®.19)
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