CIT

UNIVERSITY OF LONDON
EST 1894

! # # 3
" %& $ & ! !
(N !
(I I & " ) 0p | & |
L) " )*)
- % %
& . "
$ /S % .11 ) Sl
! % - % & &



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

CITY, UNIVERSITY OF LONDON

Cavitation in the Cylinder-liner and
Piston-ring Interaction in Internal

Combustion Engines

Doctor of Philosophy Thesis

loannis Vasilakos
December 11h, 2017

UNIVERSITY OF LONDON
EST 1894

This thesis is submitted for the fulfilment of the requirements for the Degree of Doctc

Philosophy



ACKNOWLEDGMENTS

| would like to deeply thank my supervisor Prof Nouri. His expertise, understanding and
support guided m#hrough the course of the PhD. | would also like to express my gratitude to
Dr Yan for her valuable assistance and time. Also, | would like to thank Dr RRégasoro

for his valuable input and tima developing the Matlab algorithm

A big thank you goet Dr Gold, Dr Pearson, Dr Brett and BP Castrol for their continuous
support, motivation and encouragement.

| must also acknowledge the valuable help of our technical stuff Mr R Cherry and J Ford who

played a critical part in the progress of the project.
| would also like to thank Dr Mitroglou for his time and assistance.

| like to thank my family for their unconditional support throughout my studies and |
recognise that without their encouragement and assistance | would have never reached that
far.



DECLARATION

| declare that this thesis is the result of my own w@rkerever contributions have been
made by others every effort has been made to indicate this clearly. Parts of this report where
pieces of work were used that have not h@@aduced by me have been referenced

accordingly.

Mr loannis Vasilakos

LKL K K KKK KL

"DWH « « « « « « « « «



ABSTRACT

The emissions control regulations introduced by governments are set to improve the quality
of the engines and reduce the impaaiomobiles have on the planet. The regulations

imposed on the manufactures have proven very difficult to meet, with some of the leading
names in the industry investing significant part of their funding in research and development.
Their goal is to reducte fuel consumption and exhaust emissions while increasing the
engine performance and durability. The pistorg and cylindediner interaction is the major
source of frictional losses for reciprocating internal combustion engines. The failure of the
piston-rings to effectively control the transportation of oil from the sump onto the cylinder

walls results among others to lubricant consumption.

The objective of this project is to assist with the investigation of phenomena that occur in the
cylinder linerand piston ring interaction under different operating conditions. To achieve
these the following investigations have been carried, flow and cavitation visualisation in a
model lubricant rig, and cavitation visualisation in a newly designed optical efigi@enain

focus of the project was the design, manufacturing and assembly of an optical internal
combustion reciprocating engine. The new engine has been based on the design of a 450cc
Ricardo Hydra, where many parts had to be redesigned or modified. Jihe aras fitted

with a custom cylinder liner designed to accommodate custom made windows that covers
almost the full length of the liner over a width of 25mm); this visibility allows access not only
into the contact point over the entire length of the Jibat also provides access to the
combustion chamber to allow for flow visualisation and flow field measurements. The
cooling system was modified to allow for the accurate control and maintaining of the engine
temperature. The control of the engine is enfed with a new custom engine management
system build in LabView which allowed for the precise control of the engine and of all the
auxiliary systems such as fuel, ignition, sensors and optical equipment. The new control
system and the optical engine wegsted successfully up to 3000 RPM with the same
specification as the unmodified engine in terms of in cylinder pressure and maintaining the
original engine tolerances. The design of the new optical engine was a great success and it
would offer a usefulred valuable testing device that would allow further investigation to be

carried out.

In parallel to the design of the engine, a parametric experimental study was undertaken and

performed on 6 lubricant samples of different formulations at two lubricamtréite of 0.02



and 0.05 L/min, three speeds at 100, 300 and 600 RPM, and two different temperatures at
300C and 700C. The study was performed on an existingdest visualise lubricants

cavitation using two high speed cameras coupled with three ARRIifiiensity light

sources. This optical test device is a quick, efficient and effective way to test different
lubricant samples and compare thetbgtween performance. The captured video images

were processed through a custom build algorithm desigoeddithe lubrication rig. This
algorithm allowed for the extraction of matrices such as cavity length, cavity width, area of
cavitation and number of cavities present in the area between the piston ring and the cylinder
liner interaction. This parametritusly offered a set of valuable results from which the
performance of each lubricant can be assessed and a direct link between the lubricant

formulation and the operating conditions can be established.

Cavitation visualisation of the lubricant in the newicgd engine was performed under
motorised and firing condition up to an engine speed of 300 RPM and produced high quality
images from the usually inaccessible piston ring and cylinder liner interaction. This unique
design allowed to investigate a numbe&pbenomena around that specific area like

cavitation, blowby, fuel spray, flame propagation and oil transportation. The parametric
study results investigated in the teist have been linked with those obtained in the
conventional internal combustion engs while providing a very useful and very powerful

piece of software.
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CHAPTER 1: INTRODUCTION

In themodernworld, internal combustion engines hdeend their way inta wide range of
applicationsThey hold a key rolen the propulsion ofvehiclesand are the main source of
power in many industrial applications. Timernal combustion engine is a machine designed
to convert the chemical energy stored inside a fuel into kinetic energy. The fuel enters the
combustion chamber where in the presencnaixidiser, usually air, it combusts and
releaseenergy There are many types of internal combusgagineshut this report will
mainly focus on automotivgasoline powered reciprocatiegginesThis typeof engineuses
a single or multiple pistoto harness the energy released byatebustinguel. The high
temperature and highressure gassesoducedoy the combustioapply a direct force do

W KH H dmalebfngonentsFollowing the combustiorthe piston anghe other
componentaredesigned in such a way that wilnsformthe chemical eergy into kinetic
energyandwill set the engine into motiocachpistonfeatures aet of rings also known as
thering-pack Thepistonrings seal off the combustion chamlaed restrict the comistion
products from passing down into the engine suhtye pistorringsare alsaesponsiblef
controllingof the oil supplyonto the cylinder walls, a taskital to the correct operation of the
engine Automotive eginescan reaclthousands of revoluti@per minute. The high speeds
and pressures combined with the extréemeperaturemake the interaction between the
pistortring and thecylinderliner one of the most hostile areas inside an endineavoid
critical engine failure tiis important thathis specific area is sufficiently lubricatethe
lubricants used iautomotiveengines aréesigned tmperaé under extreme conditions such
as heavy loads, high temperatures and pressures. The mainadidotants tointerfere
between the slidingurfacesandprovide a fine film which willpreventthe components from
wearingone amwtherwhile minimising friction. The job ofalubricantextends further than
lubrication, Libricants are also responsible fioe cooling and cleaningf the engingf] V
components. It is very important ththe lubricant can maintaiits properties througbut the

H Q J LfQlIFbfaratingrange. Equally important is the ability thepistonringsto control

the amount ofhelubricant preseribetween the pistering andthe cylinderliner interaction.
The cylinderliner andpistontring interaction is the majaourceof frictional losses isidean
internal combustion engine. Lubricants are availablewwda rangeof formulations. Theise
of different additives can havesgnificant effect on theropertiesof a lubricant There is a
wide selection of different additigavailable for automotive applicationfew of themare

listed below
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X Antioxidants

X Anti-Wear

x Detergent

X Metal Deactivators

x Corrosion Inhibitors

x Friction Modifiers

X Extreme Pressure

X Anti-FoamingAgents

X Viscosity Index Improvers
x Depressants

X Pour Point Depressants

Thesufficientcontrol of lubricant supplyithin an enginas crucialto the perforranceand
reliability of thatengine.Low lubricantsupplycouldoffer increased performance and fuel
efficiency but decreased wear protectiBrcess lubricatiomould havea negative impact on
the performance and the output emissioihanenginebut will offer better component
protection.The objectiveof this project is taleliveran internal combustion engine that will
allow for optical access to the area whereplsonring meetshecylinderliner. The study
will thenfocus on the visualisation of the oil film presénthat areavhile the engine
operates at speedseto the onegxperienced bgommercialautomotiveengines. The
opticalenginewill allow forthe study of thgphenomenowf cavitationas thistakes place
insideaninternal combustion engin€avitationis believedto play acrucialpart in the
transportation ofhe lubricationoil from the sumpnto the combustion chamber. It is also
linked to thewear ofinternal componentCavitation is a phenomenon which usually occurs
at high speed flow applicationSew of these applitans arenternal combustion engines,
marine propulsion systems, injector nozzles, jouoearings and hydraulic pumpswitation
hasalso ben GHV FU L EH G . DMirfge®itafildn@héd generated cavities force thé

film to breakandincrease th risk ofmovingengine componentgearing one anotherhe
cavities thatollapsearecapable otausng seriousdamage to theearbymechanical
components. There are many casbgrecavitation was the main cause of severe engine
damageThe cavities created during cavitation might be of a very small scale but the energy
they release when theypllapsecombined with the smalbcusarea can damage even the
tougher of component$heinitial stage of the project involvatie design and nmafacture

of anopticatenginethatallows for the investigatiomf theeffectthatcavitationhas on
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internal combustion engineBhe design and manufactuethe engine run in parallel with a
proposedparametric studylThe parametric studyas beefased on &ubricationtestrig
capable of investigatingavitation at a range of operating conditions. H#trig has been
designedso itcanreplicatethe operation of a reciprocating internal combustion englie
parametric studpfferedabetter understandingf the behaviour of lubricanend how these
are affected byhedifferentlubricantformulations Additionally, the study offered
knowledge that could be directly applied on émgineproject and the testing of tlierther
testing of the lubcants Both theengineprojectandthe parametric studipcusedon the
phenomenowf cavitationand how thiglevelopsn lubricants hat areoperated within
internal combusbn engines. The testing tfe engine and the tesy was finallyconcludel
with the analysis of all the collected datdis was performedith the use of custom
algorithms built inRhouse specifically for theeeds of thg@roject The findingsare presented
and analysed while drawing conclusions and offering suggestions fog &itidies that

would benefit from the knowledge gained though the course of this project.

1.1 Aims and Objectives

x Design, manufacture and assembly of an optical internal combustion engine that would
allow for the investigation of the phenomenohcavitation while this takes place in the
cylinder liner andgistonring interaction.Key feature of the engine needs to be the use of
metalpistontrings similar tothe ones used on automotive production engines.

X Use the optical equipment installed the engine to collect data from the piston ring and

cylinder liner interaction.

X Process the data collected on the optical engine to extract information that would reveal a

link between cavitation and the operating conditions of an engine.

X The completion ofthe parametric study that would use an existing-teggstcurrently
property of City Universityof Londonto test a set of 19 lubricantBhese 19ubricants
were received by BRhile their formulationsverewithheldand protected by a
confidentialityageementKey pointis the investigation of the phenomena of cavitation

and the extraction of information that had not been investigated by the work performed on

thetestrig by previous researchers.

X Thedatafrom the testrig mustbe compared to theatafrom the engine and their-in
between correlatiomustbeinvestigated.

x Finally, a reportmustbe produced that would summarise and disthusgindings of the

projectalong with suggestions for future work
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1.2 Thesis Outline
The thesis is composed Bymain chaptersThe order of the chapters is based solely on their
content under the effort to follow a systematic and coherent structure. The main chapters are

as follows.

CHAPTER1: INTRODUCTION
This Chapter gives an overview of the project as well siglm to some of the aims and

objectivesthat drove the initiative.

CHAPTERZ2: HISTORICAL BACKGROUNDand LITERATURE REVIEW

The second chapter follows with an extensive reference to historic information relevant to the
project. The information is lined t@rious aspects of the project from internal combustion
engines to the history of lubricantsalso contains additionlistoric reference to relevant

work performedn the past. This is an attempt to investigate and gain valuable knowledge by

previous pojecs.

CHAPTERS3: LUBRICATION TEST-RIG

This chapter details and analg$iee setup used for the experiments for both therigsind
the optical enginelhis chapteralsomakes a link between the lubrication tagtand the
optical engine. The link is importaimt order toestablisha correlation between the optical

engine and the lubrication tesg.

CHAPTER 4: OPTICAL ENGINE AND ENGINE DESIGN

This chaptegives informdon in relation to the design of the optical engine and the
modifications that had to be applied so that a conventional internal combustion engine is
given optical access capabilities. The optical access is to the piston ring and cylinder liner

interaction.

CHAPTERS: RESULTSAND DISCUSSION

This chapter is one of the core chapters as it details the data captured during the course of the
project.The data are theamalysedand he results are discuessin order to provide useful
information that will givea better understanding of the cavitation phenomenon with an

internal combustion engine.

CHAPTER6: CONCLUSIONS ANDFURTHER DISCUSSION
The final chapter summarises the conclusions defrogd the experimental data. In this

chapter there is also a revieivthe aims and objectives and suggestions for future work.
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CHAPTER 2: HISTORICAL BACKGROUND and LITERATURE
REVIEW

The nature of the project dictates thasiimportant to investigate the development of
lubricants and internal combustion engines to datbricants are crucial to the operation of
internal combustion engines and should come as no surprise that the development of the
internal combustion engines has greatly been affected by the development of lubricants.

2.1History of Lubricants

Thefirst record of a lubricant dates the birth of civilization, these lubricants were
manufactured out of animal fat or vegetable oils and were used on machinery or in
transportation. As early as the 1400bc, records show examples of lubricants which were used
on chariot wheels and axes. Theselg lubricants were made froralkow and mainly

composed of animal fats. These early discoveries show the importance of lubricants and the
effort to find a way of rducing friction and wear even withose early inventionsn the next

two thousand years and through the middle ages there was a steady development in
lubricants. It was not until the early1@entury though, that the true value of lubricants was
recognised. The 17century and the industrial revolution cregia demand for a new type of
lubricants. Lubricants that would successfully satisfy the needs of this newly invented

machinery (Dowson, D. 1993).

Figure 1 +Castrol Lubricants Range (BP-Castrol, 2015)

In 1859 Edwin Laurentine Drake pioneered a new method of extracting oil from the ground
that made use of piping to prevent the extraction holes from collapsing. This allowed for
GHHSHU SHQHWUDWLRQ LQWR WKH JURXQGtowdsd3hhelfV QHZ P
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use of mineral based lubricants while signalled the birth of the petroleum industry. The first
petroleum based lubricants were not accepted at first as they did not perform as good as the
animal based products available at the time (Dowso@909). With the birth of the

automobile though, the demand for high performance lubricant grew and the newly
introduced petroleum based lubricants started catching up and rapidly replaced the animal
based products. At the beginning of th& 2@ntury lubication manufacturers started
investigating new ways of improving their lubricants by changing their physical properties.
This led the Society of Automotive Engineers to introduce for the first time the classification
of engine oils by viscosity. These Bdubricants had no additives and their performance was
poor compared to modern lubricants. In the 1920s lubricants had to be changes after every
1000 miles of use. In the 1930s lubricant manufacturers started experimenting with the use of
additives to inprove the performance of their lubricants. By the 1940s additives were widely
used by lubricant manufacturers, this change would significantly extend the time between the
oil changing intervals. In the 1950s multi grade oils were first introduced, whjntowed

the cold and hot performance of the lubricants. For the next few decades the lubricant
industry continued to improve the performance of their products with the use of new and
more sophisticated additives. The 1970s and the Arab oil embargo bowehtraomentum

to the development of synthetic engine oils in both passenger and commercial vehicles.
Lubrication companies promoted the use of synthetic oils because these were not depended
upon crude oil resources. Lubricants in the 1950s used additigesaittempt to solve
problemspartially faced even nowadays but modern additives have seen a great advance in
their technology since those early examples. Modern lubricants are formulated from a wide
range of base fluidwith use of additives.ifure 1 shovs a few examples of modern

lubricants for automotive applications. Lubricants undertake several roles inside an engine,
ranging from lubricating and preventing wear to cooling and cleaning the engine parts (Grice,
N. and I. Sherrington. 1993).

2.2 History of Lubrication Systems

Lubrication systems are used in a wide range of applications and their core purpose is to
deliverthe lubricanthat will prevent moving parts from wearing each other to the point of
failure. Modern lubrication systems use pressure fed oil systems with either dry or wed
sumpsthoughthat was not always the case. Back in the 1840s and before the development of
the petroleum based lubricants, lubrication was achieved with the use of animal or vegetable

oils. Early locomotives used animal fat for their lubrication. The animal fat was brushed over
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the axles to keep them irgaodworking order and prevent componentdiad (Dowson, D.
1979). Tallow was used not only on the axles but also on the mechanical parts to reduce
friction. These early machines had to be lubricated by hand and every single part had to be
individually looked after by dedicatedvorker, which madéhe lubrication of those

machines a complicated and thoensuming task.

A few years later as Drake redefined the extraction of crude oil out of the ground and along
with the advances in technology a new generation of lubricants was developed. Henry Ford
industrialised the Automobile and made it available to the masses and along with the
automotive industry and the newly developed petroleum based lubricants came the need for
lubrication systems that would allow the lubrication of the automobiles witheuredd of
dedicated workers. The combination of all these factors later turned the operation of an

automobile vehicle into a ormean job (Dowson, D. 1979).

The Ford T model much like many industrial engines used a splash lubrication system for the
internalcomponents and bearings. This system relies on the rotating motion of the dtanksha
to splash oil on thaternal components. Small groves on the crankshaft and connection rods,
scoop oil from the sump and splash it around the inside of the enginejiagnethat way

the lubrication of all the internal components. These systems were not very effective as the

oil was not targeted on specific areas and lubrication was not effifientson, D. 1979).

The evolution of lubrication systems leads to the graent of pressurised oiling systems

that could guide the lubricants through tubing directly to the affected areas thus, allowing a
more precise metering of the lubricants onto important parts while improving performance,
reliability and longevity. Pressized lubrication systems use power off the crank shaft to
operate a small pump which circulates the oil around the engine. These new systems solved
one of the main problems older systems had where components were faced with oil starvation
when moving uphi, downhill or around corners. Eventually more sophisticated systems
allowed the direct and effective lubrication of more internal components inside an engine.
Grooved bearings and drilled passages made automobiles more powerful, more reliable and
more afordable to the publi(Dowson, D. 1979)

These sophisticated hydraulic circuits lead to the development of new more sophisticated
automotive engines. Pressure fed bearings could operate in a hydrodynamic mode resulting in
increased life span. The additarcooling that these systems offered improved the longevity

of key components such as the pistons, which usually are subjected to high temperatures. In
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addition to the water cooling systems, oil coolers vedseimplemented offeringemore

effective coang. The following years engines were equipped with new and more
sophisticated systems such as-ge€lusting valve tappets, variable timing camshafts and
cylinder deactivation systems, which gave to this new generation of engines improved fuel
economy, pgormance and durability. These engines had reduced maintenance requirements
compared to their predecessors while offering much better overall performance and
efficiency. Despite the latest advances in technology, engines can still face failure under
extrame conditions. Modern engines have become more demanding and lubrication systems

continue to evolve in order to meet the industry requiren{@®uwson, D. 1979)

2.3Internal Combustion Engines
Theinternal combustion engirig a type of heat engine thairwerts the chemical energy
stored in a fuel into mechanical energy though the combustion of the fuel in the presence of

an oxidizer, usually air.

Figure 2 - Internal Combustion Reciprocating Engine (WhatWhen-How, 2015)

Thechemical energy stored in the fuel is converted at first to thermal energy by the means of
combustion. This takes place inside a sealed off charmer similae tme illustrated in

figure2, an automotiverggine as represented iigdire 3 can feature mulple of these

cylinders. The thermal energy raises the temperature and pressure of the gases inside the
chamber and the higgnergy gasses expand against the internal components on the engine.

The main componentze the cylinder and the pistohetpistonis connected though a set of
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Figure 3 - Corvette LT1 6.2-liter V8 450hp with Cylinder Deactivation (Hill, 2015)

mechanical linkages to the crankshaft which delivers the power output of the engine. The
operational range of internabmbustion engines is limited when compared to the variety of
applications they need to béuse. The means of adjusting the same engine to fit a wide
range of applications is made possible with the use of a gearbox. Tikela# is connected
to the gearbox which then delivers the power to the desired application. Gesafinoxtheir
application from ommercial vehicles to lawn mowers. The majority of internal combustion
engines available worldwide are reciprocating ergji@her types of internal combustion
engines are jet enggs and rocket enginegyudre4. These types of engines might not use a
piston, but they still rely on fuel combusting internally to generate power. Internal
combustion engines can feature one, twanultiple cylinders and they are available in

numerous different geometric configurations.

Figure 4 - Jet Engine, Piston less Engine (Sobester, 2015)

They differ according to the type of fuel they use and the way they dielteehe
combustion chamber. They also come in a range of power ratings capable of powering a
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small chain saw up to an oil tanker, weighting hundreds of thousands of tons. The first
commercially successful engine was made availableeir1850s by E. Lemo figureb.

Records show that the history of internal combustion enginesdauich earlier than

/HQRLUYY HQJLQH WKH ILUVW UHFRUGYV GDWH EDFN WR WK
were never practical, nor were fully operational. Internal combustion engines played a

leading part to the way the world is shaped to date.

Figure 5 - The Lenoir Engine (Greene, 2015)

2.4Engine Types

Internal combustions engines come in many different configuralermbst common engine
types are detailed, analysed and explained in the following pages chaipier. The

different engine types are classified by either their primary operating principles or by their

specific operating components.

2.4.1Types of Ignition

There are two ignition systems mainly available in modern engines, these are the Spark
Ignition and the Compre®n Ignition systemsjdure 6. Spark ignition engines ignite the

fuel on each cycle by the use of a spark plug, the spark plug is a device capable of delivering
a high electric currergenerated in thgnition system to the combustichambeiin orderto

ignite the air fuel mixture. The fuel is ignited by the current which is discharged between two
electrodesCompression ignition systems are used with high compression engines such as
Diesel engineshie combustion starts when the-faiel mixture seklignites inside the

combustion chamber due to the pressure generated by the high compression.
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Figure 6 +Spark Ignition VS Compression Ignition (Gitlin, 2015)

2.5Four Stroke Engine Cycles

Most internal combustioangines operate on either a featroke cycle or a twstroke cycle.
These basic cycles are company standard for all engines with slight variations found in
individual designs. This chapter will analyse the operation of fouresgogines as the
projectfocusegnainly on engines operating on that princifleur-stroke engines perform

four piston movements for every two revolutionstmplete one cycleidure7.

2.5.1Four-Stroke Spark Ignition Engine Cycle

a) First Stroke: The Intake Stroke or Inductiofhe piston travels from TDC to BDC with
the intake valves open and the exhaust valves closed. This creates an increasing volume
in the combustion chamber, whigkneratea vacuum. The resulting pressure differential
through the intake system causes air to be sucked into the cylinder. As the air passes
through the intake system, fuel is added to it by either a fuel injector or a carburettor.

b) Second Stroke The CompressioBtroke.When the piston reaches BDC, the intake

valves close anthe piston travels back to TD@jth all the valves closed now. This
compresses the dinel mixture, raising both the pressure and temperature inside the
cylinder. The time required to clofige intake valves means that the actual compression
doesrfstart until ABDC. Near after the end of the compression stroke, the spark plug is
used to ignite the fuel and combustion is initiated.

c) Combustion: The Combustion of the aifuel mixture occurs i very short time with the

piston near TDC (i.e., nearly constarmiume combustion) and it starts at or right after
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d)

f)

the end of the compression stroke. The combustion changes the composition of the fuel
into a highenergy mixture of gas that rapidly inases the temperature and the pressure
inside the cylinder.

Third Stroke : The Expansion Stroke or Power StroWéth all valves closed the high
pressure created by the combusting fuel pushes the piston away from TDC. This is the
stroke which produces the vkooutput of the engine. As the piston travels from TDC to
BDC the cylinder volume increases causing pressure and temperature to drop.

Exhaust Blowdown Late in the power stroke, the exhaust valvepsnedand exhaust

blow down occurs. Pressure and terapgre inside the cylinder are still higlelative to

the surroundings, and a pressure differential is created through the exhaust system which
is open to the atmospheric pressure. This pressure differential causes much of the hot
exhaust gas to be pusheat of the cylinder and through the exhaust system when the
piston is near BDC. This exhaust gas carries away a high amount of enthalpy, which
lowers the cycle thermal efficiency. Opening the exhaust valve before BDC reduces the
work obtained during thegwer stroke but is requiretlie tothe short time available for
exhausting the combustion products.

Fourth Stroke: The Exhaust Strokd&y the time the piston reaches BDC, exhaust

blowdown is complete, but the cylinder still contains exhaust gases at epately
atmospheric pressure. With the exhaust valve open the piston now travels from BDC to
TDC. This pushes most of the remaining exhaust gases out of the cylinder and into the
exhaust system. Near the end of the exhaust stroke at TDC, the intakesteaatvis
open,and the exhaust valves are almost closed. This period when both the intake and

exhaust valves are open is called valve overlap (Heywood, 2004).

2.5.2Four-Stroke Compress Ignition Engine Cycle

a)

First Stroke: The Intake Stroke. The Intake Stroke or Inductiime piston travels from

TDC to BDC with the intake valves open and exhaust valves closed. This creates an
increasing volume in the combustion chamber, whigheratea vacuum. The resulting
pressure difrential through the intake system causes air to be sucked into the cylinder.
This intake stroke is the same between the Sl and CI engines with one major difference:

no fuel is added to the incoming air.
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Figure 7 +Four Stroke Cycle (Moin, 2015)

b) Second Stroke The compression Strok&he air is compresseata very high pressure.

Multiple times higher than a conventional SI engine. This high compression does not only
increase the pressure but also the temperatithén the cylinder Later in the
compression stroke fuel is injected directly into the combustion chamber, where it mixes
with the very hot compresses air. This causes the fuel to evaporate agdiss|f
initiating combustion.

c) Combustion: The @mbustionis fully developed by TDC and continues at about constant
volume until fuel injection is complete and the piston has started moving towards BDC.

d) Third Stroke/Power Stroke: The power stroke continues as combustion ends and the

large cylinder pressure pushes piston towards BDC.

e) Exhaust Blowdown: Later in the power stroke, the exhaust valpensand exhaust

blow down occurs. Pressure and temperature in the cylinder are still high relative to the
surroundings and a pressure differential is created thrimegixhaust system which is

open to atmospheric pressure. This pressure differential causes much of the hot exhaust

gas to be pushed out of the cylinder and through the exhaust system when the piston is

near BDC. This exhaust gas carries away a high atodwemthalpy, which lowers the

F\FOHYV WKHUPDO HIILFLHQF\ 2SHQLQJ WKH H[KDXVW YD
obtained during the power stroke but is required due to the short time available for

exhaust.
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f) Fourth Stroke: The Exhaust Strokdy the timethe piston reaches BDC, exhaust blow

down is complete, but the cylinder still contains exhaust gases at approximately
atmospheric pressure. With the exhaust valve remaining open, the piston now travels

from BDC to TDC in the exhaust stroke. This pushestrobthe remaining exhaust gases

out of the cylinder into the exhaust system at about atmospheric pressure, leaving trapped
only the gasses in the clearance volume when the piston reaches TDC. Near the end of the
exhaust stroke at BTDC, the intake valgmartto open, so that they afaly open by

TDC when the new intake stroke starts in the next cycle. The exhaust valves start to close
near TDC and are fully closed at a point ATDC. This interval when both the intake valve

and exhaust valve are open iflexd valve overlap (Heywood, 2004).

2.6Internal Combustion Engines, Emissions and Air Pollution

The exhaust products of automobiles are a leading cause of the greenhouse effect and a major
contributor to the pollutiolr air. To limit the impact of interl combustion engines to the
environment, governments have introduced emission standards that engine manufacturers
need to comply with. Even with the latest emission regulations the problem is still ongoing

and a core issue that will be fadgadhe yeardo come.This is partially the outcome of the

growing number of vehicles put on the roads. During the early 1900s the automobile

emissions were not recognised as a problem, one of the main reasons was the low number of
vehicles, as the number of vehiclasreased the problem started to surface. The issue was
ILUVW LGHQWLILHG LQ WKH /RV $QJHOHY DUHD LQ WKH 1
of people and automobiles facadair pollutionproblemwhich was first perceived as a

unique weatheFRQGLWLRQ %\ WKH fV DLU SROOXWLRQ ZDV UF
environmental issue, the identification of the problem resulted into new laws that would for

the first time control the output of exhaust emissions of internal combustion engines. These
lawshave been established in most of the industrialized countries, the emission laws and the
continuous development of new more environmental friendly engines has resulted to an
emission reduction of more than 90% since those first laws were introdireegoblem

though is still present and is still a major environmental concern, the four major products of

the internal combustion engines are Hydrocarbons (HC), Carbon Monoxide (CO), Oxides of
Nitrogen (NOx) and Solid Particles (PPM)gére 8 shows the devetment of the emission
standards from 1992 to 2014 4phovo, 2015). Hydrocarbons are fuel molecules which have

not taken part into the combustion or have partially combusted. Carbon monoxide occurs

when not enough oxygen is present to fully react witkhallfuel. Nox emissions do not form
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in significant amounts until flame temperatures reach A500nce that threshold is passed,

any further rise in temperature causes a rapid increase in the raie fofridation.

Figure 8 +Emission standards from 1993 to 2014 (ghnovo, 2015)

Nox production is highest at a futg-air combustion ratio of %% 02 (2545% excess air).

Lower excess air levels starve the reaction of oxygen, and higher excess air levels drive down
the flame temerature, slowing the rate of reaction (Allied Environmental Technologies,

2016). Solid particles are mainly formed in compression ignition engines (diesel engines) and
can be seen out of the exhaust in the form of black smoke. Other emissions thatdie fou

the exhaust products of engines include aldehydes, sulphur, lead and phosphorus. The two
methods used to reduce the harmful engine emissions are to improve the fuels and engines to
achieve better and more complete combustion araddmymproving the aftetreatment. The
aftertreatment usually involves a series of devises such as catalytic converters that promote
chemical reactions within the exhaust to reduce harmful emissions. These chemical reactions

convert the harmful emissions anthe more acceptable CO2, N20 and N2 (Heywood, 2004).

2.7 Internal Combustion Engines and Cavitation

Cavitation was first observed by Newton in 1669. Cavitation is the formation of cavities in a
liquid. The cavities are areas free of liquid zones wherdiqnid separates due to the forces
that act upon it. Cavitation is a phenomenon which usually occurs in high speed flow
applications such as internal combustion engines, marine propulsion systems, injector
nozzles, journal bearings and hydraulic pumpsijtation can also be described dsiling ".

While these two are very similar phenomena, their main difference is that they follow

different thermodynamic paths that lead to the formation of vapour. When the local saturated
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vapour pressure rises above kibeal ambient pressure then the liquid starts to boil. On the

other hand, cavitation occurs when local pressure falls below the saturated vapour pressure of
the liquid at the given temperature. Cavitation is the formation of gas or vapour bubbles

inside he volume of the liquid when the pressure of the liquid falls below the atmospheric
pressure. Whether the formed cavities are gaseous or vaporous depends on the way they are
formed. Vaporous cavitation is a boiling type process that takes place if tHe ublvs

explosively in an unbounded manner as liquid rapidly changes into vapour. This situation
occurs when the pressure drops below the vapour pressure of the liquid. Gaseous cavitation is
a diffusion process that occurs whenever the pressure falls bedcsaturation pressure of

the noncondensable gas dissolved in the liquid. While vaporous cavitation is a rapid process,
gaseous cavitation is much slower, the time it takes depends upon the degree of fluid

circulation (convection).

Figure 9 - Hydraulic pump valve plate damaged by cavitation (hydraulicspneumatics, 2015)

Cavitation has the ability to directly generate wear only under vaporous cavitation, where the
shock waves and the micro jets can erode the surfaces. Gaagitason does not cause
damage to the surface of the material. It only creates noise, generates high temperatures and
affects the chemical composition of the fluid (oxidation). Cavitation wear is also known as
cavitation erosion, vaporous cavitation, itaton pitting, cavitation fatigue, liquid impact

erosion and wir@rawing. Cavitation wear is a fluith-surface type of wear that occurs when

a portion of the fluid is first exposed to tensile stresses that causes the fluid to boil and then
exposed to@mpressive stresses that cause the vapour bubbles to collapse. This collapse
produces a mechanical shock and micro jets that could attack the nearby surfaces. Any
system including internal combustion engines that can repeat this tensile and compressive
stress pattern is subject to cavitation wear and all the complications accompanying such an

activity. Cavitation wear is similar to surface fatigue weaaterials that can resist surface
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fatigue can also resist cavitation damage. Cavitation is a major @bc@mponent wear in

internal combustion engines and contributes to the reduction of performance while increasing
the engines output emissions. The phenomenon of cavitation can occur in two forms. These
WZR IRUPV DUH 3, QH@ANWW OD (' QEEDal taRNCRYIUN isRhe phenomenon
where the formed cavities collapse while releasing significant amounts of energy to their
surroundings. Inertial cavitation is usually initiated by-pxeiting bubbles in the volume of

the liquid. Oil minerals usuilg have 815% by volume of dissolved athese preexisting

bubbles will grow until the point when they will collapd@oness, R. J. and H. M.

Hawthorne, 1995)Nortinertial cavitation follows the same path as inertial cavitation until

the point of collase. This form of cavitation usually causes less damage to the engine
components as the bubbles do not collapse but oscillate, as the energy absorption is not high
enough to cause them to collapse. Cavitation is a phenomenon that finds its use in many
industrial applications. Few of these sectors are Chemical Engineering, Healthcare and the
Cleaning industry. Many industrial mixing machines base their operation on cavitation. One
of many examples is the paint mixing machines which are based on this desigreto

mix or to dissolve paint.

Figure 10 - Cavitation Damage on Propeller of Personal Watercraft (SonicCavitation, 2(8)

Doctors perform lithotripsy on patients with Kidney stones, a method where cavitation is
used for tle distraction of the kidney stones. Cavitation in internal combustion engines is in

most cases but not always an undesirable effect. When cavitation occurs, it causes a great

31



deal of noise, vibration and damage to the engine components. Furthermoremtiefoof

cavities will result to performance loss, as it will negatively interfere with the engines

components. The leading cause of cavitation is the sudden pressure drop at a constant
temperature. The area of the engine that mainly offers great ddccha@mges in pressure is

the pistorring and cylindefliner interaction. Cavitation is a naturally occurring phenomenon

of a lubricant film that is forced through a convergdigerging wedge, one of these areas is

the interface of the pistenng and thecylinder liner interaction. When cavitation bubbles

collapse, they force small volumes of liquid onto the engine components, this results into

many small higkpressure and higtemperature spots. If the force applied at these spots

exceeds the strength tbfe material te component will fail. lgure9 and Figure 10showthe

damage caused on a valve plate of an axial piston pump due to the generation of cavities in
WKH ZRUNLQJ IOXLG (DVLO\ VSRWWHG LV WKH ZD\ WKH PDV
of energetic liquid which were generated by the collapse ohthguid formed cavities.

Cavitation is also related to the eroding of metals and to the wear of components which can
GUDPDWLFDOO\ VKRUWHQ WKH FRPSRQHQWYV OLIH $V VRR
failing the rate that the damage spreads todbeof the components will increase at an

accelerating pace thanks to the formation of pits which increase the turbulence of the fluid

flow, thus increasing the cavity generati@Christopher E, 1995)

2.8 Cavitation in Supersaturated Liquids

There areaumerous industrial applications and natural processes that involve supersaturated
or superheated liquids that promote cavitation. Cavitation or else nucleation involves the
formation and growth of bubbles. A tragic example that came as a result oficavgahe

eruption of Lake Nyos in Cameroon in 1986 which resulted in the loss of more than thousand
lives. The disaster was caused by the carbon dioxide which was dissolved in the waters of the
lake and which suddenly released causing the eruption t#ke&Boness, R. J., S. L.

McBride and M. Sobczyk, 1990Cavitation does not have only negative effects. Cavitation

is important in many commercial applications. Some of them are: Electrolytic Processes,
Carbonated Drinks, Electric Power Generation, lddWaste Treatment etc. Cavities are

formed when a purely homogeneous liquid undergoes a phase change at low levels of super
saturation where prexisting gas causes the formation of cavities. These cavities exist at
various levels of stability and are efted by the changes that occur in the thermodynamic

state of the solution. The term super saturation is used to quantify the tendency of the system
to produce cavities. To help the understanding of the way the term isigseel11 shows
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the saturatiomlata as a function of temperature for a system consisting of carbon dioxide
dissolved inside water at a pressure equal to 1.102Bd.Buper saturation can be achieved

by raising the temperature of the system.

Figure 11 +Solubility of carbon dioxide as a function of temperature, at 105 Pa (Heywood, 1998)

The point {A} in figure11represents a saturated solution at temperatutpdid {Xzg} the

saturation mole fraction for that temperature. If the temperature of theosdhitaised to

{T 8} at the point {B} then the system will reach a supersaturated state wighbeng the

dissolved mole fraction of carbon dioxide inside water. The release of carbon dioxide from
ZDWHU FDXVHV WKH V\VWHP W RvHeR Yhel nél BaRuratishinddeH "%~ WR -
fraction is equal to {}. The saturation ratio as it was defined by Lubetkin and Blackwell is

as follows,

»

RL— 'S;
While the super saturation as,

éL UFs 't
7TKHQ DFFRUGLQJ WR +HQU\YV /DZ

U

*LEU
V

+HQU\TV /DZ VKRZV WKDW WKH YDOXH RI +HQU\YV /DZ FRQV

temperature according to the changes af {#hich is the equilibrium concentration shown

33



infigurell %\ LQWURGXFLQJ WKH +HQU\{V /DZ FRQVWDQW LW

and equation 2 to pressure.

Now at temperature {8} the difference in the contents equilibrium pressure for {B§l a
"%y LV

(2L 2F 2L *1ioF 1 L 206k F sAL 28 (4)

If Py is the equilibrium pressure at {B} of carbon dioxide then the difference in pressure can
be described by Laplace equation,
tU

;2 L— W
é VL 4

:KHUH 59 LV WKH UDGLXV RI WKH FDYLW\ DQG WKH LQWHU
solution. By equatingquation 4 and 5 and by assuming that the vapour pressure of the
solvent is negligiblethe® EXEEOH LQ WKH VROXWLRQ IRU D OHYHO RI

equilibrium with the solution if the radius is equal to the critical radius (Heywood, 2004).

2.9Positive Effects of Cavitation

Contradictory views exist concerning whether the presencavittion has a positive or
negative effect on engine performance, emission or reliability. Cavitation affects more than
one areas within internal combustion engines. Internal combustion engines rely on multiple
working fluids to maintairgoodoperation. Fronthe fuel tothelubricants all these working

fluids are subjected to high pressures and temperatures while they are transported throughout
the engine. Due to the nature of their use thesdsflare subjected to cavitation amml one
sidecavitation in fuel injectors reduces the effective cresstional flow area and

complicates the injection of large massé fuel through small nozzles aad the other,

cavitation enchases mixture formation and cleans the exit of the nozzle holes fasiide

that are caused by carbonisation. In a similar way cavitation of lubricants in internal
combustion engines can have catastrophic effects on the internal components. Collapsing
cavities can damage even the tougher of the components but the présaviies can also
have a positive effect in the performance and efficiency of engines. The cavities can reduce
the amount of lubricant present within the engines sliding surfaces which could reduce their

in-between friction offering benefits to fuel camsption.
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2.10Measuring Techniques

Sherrington and Smith, back in 1985 divided the measuring techniques that can be used in a
scientific research into two major categories; Optical and Electrical. Years later and after the
continuous advance of technology2006, Sherrington and Séchting added one extra

member to the measuring techniques. As of today, the measuring techniques can be divided
into three main categories. These are Optical, Acoustic and Electrical techniques. Only two of
these three measuritgchniques were used the course of thiproject.

2.101 Optical Techniques

Optical techniques rely on visualisation equipment to acquire data. The visualisation is not

possible without the use of a stteough window which allowfor optical access tde area

of interest. Usually engines that are tested with this method are equipped with optical

windows or seg¢hrough cylinders usually made from Fused Silica (Quartz) or Sapphire for

good optical access and increased scratch resistance. Green (19@0)rassgarent

cylinder which he manufactured to the same roughness as the original optical liner of the

engine he modified. He used and applied two optical methods. At first Green applied-an ultra

violet light source to illuminate the oil film and theredsa fluorescence compound mixed in

the oil, which emitted an intense blue fluorescence. The results were cdptarédyh

speed camera at 800 frames per second. The second method involved the use of scattered

light to visualise the behaviour of the lidant onto the cylinder walls. The results Green

derived indicated that the piston and the cyliddesr were separated always by a constantly
changing small film of lubrication oil.

x 1993 Sanda et al used a Laser Induced Fluorescence to captutiengrsional images
of the oil film.

x 1995 Inagaki et al used a Xenon Flash lamp along with a fluorescence dye to capture
images from the oil film lubrication in internal combustion engines. Inagaki et al used
two different cylinders to achieve that. Thégff used a full Quartz liner for the non
firing runs and then they used a cast iron liner with small windows for the firing runs.
Inagaki et al observed and captured oil moving up into the cylinder and passing inside the
combustion chamber.

x 1995 Nakashina et al used a cast iron cylinder equipped with a small Quartz window
along with a red dye which was diluted inside the lubrication oil and with the use of a

video camera they managed to capture the flow of the lubrication oil through the ring
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pack. Lateion, in 1996 Nakashima repeated his tests using greater pressure differences
and speeds and observed that the lubrication oil was flowing through tkgapeg

x 1995 Kim et al decided to manufacture an experimentalrigshat would be able to
simulatethe pistorring/liner lubrication.

x 1998 Thirouard et al used two different types of engines. The first one was a diesel
engine equipped with a Quartz window and the second one a gasoline engine that was
used with a Sapphire window. Both engines weredasseng Laser Induced
Fluorescence and a CQamera. Thirouardt@l confirmed that the lubrication oil fluid
flow is greatly affected by the gasses that flow through the lands and-pisgsn
(Thirouard, B. P., T. Tian and D. P. Hart, 1998).

2.10.2 Electrical Techniques

Capacitance is a technique based on the fundamental principles of the capacitor operation.
Capacitance is the ability of a capacitor to store energy in an electric field. The most common
capacitor is the parallel plate capacitor. ipasallel plate capacitor, the capacitancknised,

and it is directly proportional to the surface area of the conductor plates and inversely
proportional to the distance between these two plates. For a given plate size, the voltage of
the system will cange depending on the distametween the plate§or many years,

capacitance has been the most popular technique for measuring the oil film thickness in
several applications (Thirouard, B. 2001). Hamilton and Moore (1974) measured the oil film
thicknessy mounting capacitance transducers on the cylthder of an engine. They were

able to measure films as small as 10pum. Further modification to therigedlowed for

more accurate measurements close to 0.4 um. One year later Parket et al (19@&)hesed

in the rings of an operational engine and were able to investigate the oil film thickness
WKURXJKRXW WKH HQJLQHYTV F\FOH 'KXQSXQW XVHG W
the oil film thickness of different lubricants on an idealisedigstapable of simulating the
operation oftonventionainternal combustion engines. The capacitance technique is fairly

accurate and easy to implement.

2.11Lubricants

Lubricants are widely used to prevent wear of theremgymponents and to increase the
performance. The first lubricants were organic and were the products of plants, animals or
other organisms through natural metabolic processes. During the Second World War the

limited availability of natural oil to supply the German air force and the asexct
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performance requirements lead to the development of new lubricants that would feature all
the properties of natural oils without the tendency to gel or gum as natural oils did in internal
combustion engines. The first synthetic lubricants were useaaigdine Second World War

by Germany and the United States and its main use was for aircraft engines. Synthetic
lubricants improved cold engine start in the winter while offering an improved and cleaner
operation. The majority of synthetic oils are mineiiéd and are byproducts of the

distillation of petroleum to produce gasoline. Motor oils are composed out of a heavier
petroleum hydrocadn stock derived from crude ofhen with the use of additives it is
possible the enchantment of certain properfiée first and most important property of
lubricants is to maintain a lubrication film between the engines components and especially
the moving parts. Then the additives will improve rimainingof its properties (Care and
H.E.G. Powrie, 2006). Some thfe major additive families are:

X Antioxidants

X Anti-Wear

x Detergent

X Metal Deactivators

x Corrosion Inhibitors

x Friction Modifiers

X Extreme Pressure

X Anti-Foaming Agents

X Viscosity Index Improvers

x Depressants

X Pour Point Depressants

a) Antioxidant Additives

Antioxidants is one of the most important additives in modern lubricants. Mineral oils have
the tendency to react with oxygen and form organic acids. The oxidation of the oil causes an
increase of the oils viscosity, formation of sludge and contributiée toorrosion of metallic

parts. The antioxidants are added in lubricant to reduce sludge formation. The antioxidants
improve the thermal stability, performance and life of the lubricant. They also reduce
thickening and inhibit acid formation. Most widelged antioxidants are;

X Zinc Dithiophosphate

x Alkyl Sulphides

X Aromatic Sulphides
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X Aromatic Amines

X Hindered Phenols

b) Anti-Wear Additives

The main property of the anttear additives if to prevent the metal on metal contact between

the engine parts when the biim is broken down. Antwear additives dramatically increase
the engines life and they provide a higher wear resistance to the components. The way the
antirwear additives work is by reacting with the mé&aurface and form a film, which is

able toredice friction and prevent weabome of the most commonly used additives are;

X Zinc Dithiophoshate

x Zinc Dialkyldithiophosphate

X Tricresylophosphate

c) Detergents
Detergents are mainly used in engit@protectthe carburettor and the injector components

in orderto prevent fouling. Detergent additives in lubricants serve a similar cause. They are
responsible for the neutralisation of strong acids present in the lubricant. Some of these acids

are sulphuric and nitric acids produced in internal combustion engirnestof the

FRPEXVWLRQ SURFHVYVY 6RPH RI WKH GHWHUJHQWYV XVHG LC(
x Phenolates

X Sulphonates

x Calcium (Ca)

X Magnesium (Mg)

x Sodium (Na)

X Barium (Ba)

d) Metal Deactivators

Metal Deactivators also known as Metal Deactivating Agents are uséabibse the
OXEULFDQWY E\ GHDFWLYDWLQJ WKH PHWDOTfV LRQV ZKLFI

oxidation that takes place with the metallic parts of the engine when they come in contact.

e) Corrosion Inhibitors

Corrosion and Rust Inhibitors areeshical compounds that decrease the corrosion rate of
metals or alloys. The inhibitors are also absorbed on the components surface and can form a
layer that will protect the part from oxygen, water and other chemical active substances.

Some corrosion and stiinhibitors are;
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x Alkaline Compounds
x Organic Acids
X Esters

X Amino-acid Derivatives

f) Friction Modifiers

Friction Modifiers are added to lubricants in order to enchase their ability to reduce surface
friction. Friction modifier additives in lubricants have @spive impact on the fuel efficiency

of engines. The following are the most commonly used friction modifiers;

x Graphite

X Molybdenum Disulfide

x Boron Nitride

X Tungsten Disulfide

x Polyterafluroethylene

g) Extreme Pressure Modifiers

Extreme Pressure Additivelecrease the wear of components that are subjected to very high
pressures. They prevent seizure caused by direct metal on metal contact between parts that
experience very high loads. The extreme pressure additives work in the same way as anti

wear additve¥ 7KH DGGLWLYH ZLOO IRUP D FRDWLQJ RYHU WKH
protection and prevent direct contact with other parts. Extreme pressure additives reduce

wear and increase the life cirdéan engineThe following materials are used agieme

Pressure Additives;

x &KORULQDWHG 3DUDIILQYV

Sulphurized Fats

X

X Esters

X

Zinc Dialkyldithiophosphate
X Molybdenum Disulfide

h) Anti-Foaming Agents

The agitation and aeration of the lubricants which occurs in engine oils, gearbox oils and
compressor oils may salt in the formation of air bubbles in the oil. That phenomenon is also
known as foaming. Foaming is capable of decreasing the lubrication properties by causing
starvation while enchasing the oil oxidation. The most commonly usetbanting agent in

lubricants is Dimethylsilicones.
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i) Viscosity Index Improvers

The high operational temperatures of internal combustion engines have a huge impact on the
viscosity of the lubrication oilshie high temperaturetecreas¢he lubricants viscosity. The
viscosity ingex-improvers keep the viscosity of the oil at an acceptable level faotinect
operation of the enging, maintains a stable oil film even at high temperatures. Viscosity

index improvers are used in mudfiade oils, the viscosity of which is specifieoth at low

and high temperatures. The viscosity index also determines the quality of the oil. The higher
the viscosity index (V1) the better the oil. The original VI scale is 0 to 100 with 0 being the
worst and 100 the best. Synthetic oils usually sootke range of 80 to 400 on the VI scale.
Since the VI scale was introduced, the viscosity index additives have improved so much that
the scale had to lextended The most common viscosity ind@xprovers are Acrylate

Polymers.

j) Dispersants
Dispersants éep the foreign particles such as sludge, varnish, dirt, products of oxidation etc.

present in a lubricant finely divided and uniformly dispersed throughout the oil. Long grain
hydrocarbons and succinimides are used as dispersants in lubricants.

k) Pour PoinDepressants

Pour Point is the lowest temperature that the oil can flow. Pour point depressdntshean

lower that temperature. Pour point depressants are polymers that are designed to control the
wax crystal formation that occurs when lubricants atgexted to low temperatures which
reduces the lubricants fluidity. The pour point depressants used in lubrication oils are co

polymers of polyalkyl methacrylates.

2.12Pistonring-pack

The pistorrings found in internal combustion engines are of two typesmpression Rings

and Oil Control Rings. The main function of the compression rings is to seal the compression
chamber from the crank case and prevent combustion gases from moving pass the piston. The
oil control rings are mainly responsible for contirail the amount of oil left on the cylinder

liner by scrapinginyexcess amount. Both compression and control rings are partially
responsible for maintaining the compression inside the cylinder and for controlling the

supplied oilthoughtheir primary fundbn is dictated by the position they hold on giston.

Most of the pistofring types commercially available are shownigufe 19, from those the

most common are analysed bel{$v Hochgrelet al,2001)
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Figure 12 tRectangular Ring (Grant Piston-rings, 2015)

The rectangular ringjdure 12 features the simplest geometrical shape available for a piston
ring. It can perform simple sealing functions under normal operating conditions and is
commonly used in passengerséuelled by either gasoline or diesel. This type of ring due to
its large contact area is commonly equipped with peripheral coating for reduced friction and
increased durability. The rectangular pistorg is one of the first types of metal pistongs

evea used on an internal combustion engine. Its simple design still classes it as one of the

most popular pistonings even in modern applications.

Figure 13 +Taper Faced Ring(Grant Piston-rings, 2015)

The taper faced ringigure 13is similar to the rectangulaing with an angled outer facdais

ring comes in contact witthe cylinder only with its bottom outer edge. These feature offers
reduced friction as tharea of contact is reduced which also impratsasil scraping

capabilities. Taper faced rings are usually positioned at the second grove of aipgston

gasoline and diesel engines. Their design provides a degree of pressure relief as the gas forces
act initially at the angled face. Some engines use #eeatop ringbut ther special design

makes them ideal for performing both-odntrolling and presswgealing functions.

Figure 14 +Internally Bevelled or Stepped Ring(Grant Piston-rings, 2015)
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Internally Bevelled o5tepped Rings indure 14 features an angle corner or a step on the
inside diameter on the top side of the ring. The taper faced rings offer a twist effect without
any gas pressure loading. The angled corner allows the ring to twist and to contact the
cylinderliner with only its outer bottom edge. This helps to improve the oil consumption as
the ring act like a combination of a rectangular aathper faced ring. Plus, under operating
conditions the gasses act on the inside of the ring, thus improsidgriamic behaviour.

This type of rings can be used in diesel or gasoline engines and due to their special design,
they can be placed at both top and second piston groves.

Figure 15 +Tapped Faced Ring with Inside Bottom Bevel or StefGrant Piston-rings, 2015)

Tapped faced ring indgure 15 with an inside bottom bevel or a step is capable of causing a
negative twist opposite to the twist that the internally bevelled or stepped gagTdee ring
contacts the cylinddiner with only its bottom outer edge and ensures minimum oil
consumption. At the same time, its ability to twist brinks its full face in contact with the
cylinderliner to offer better seal. This is often a second growgfor gasoline or diesel

automotive applications.

Figure 16 +Keystone Ring(Grant Piston-rings, 2015)

The keystone ring indure 16is a ring with a wedged cross section. Due to its unique design
WKLV ULQJ DO ZD\V TReESiAZIDNG\HNY irtditieHhe Grovenich prevents
combustion residuals from sticking on it. This type of ring is not very common in passenger

cars and i®nly used in the top grove if ring sticking is an issue.
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Figure 17 tHalf Keystone Ring(Grant Piston-rings, 2015)

Thehalf Keystone Ring inifjure17is a compression ring with only one side tapered. The
geometry of a half keystone ring is similar to the keystone ring with the only difference that
both of its top and bottom sides are angled. The reason for this specific design is the same as
with the aesign of the keystone ring and it is to avoid ring sticking. Half keystone ring is very

common in twestroke engines.

Figure 18 +L-Shaped Compression RingGrant Piston-rings, 2015)

The L-Shapgd Compression Ring imgure18is mainly used in small twetroke engines. L
Shaped Rings are mostly used on the top grove of a piston as compression rings. When
compression gasses act on thsHaped arm they force the ring on the cylinder liner which

offers improved sealing.
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Figure 19 +Commercially available pistonring types (Grant Piston-rings, 2015)
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2.13Lubrication Regimes

Lubricated friction is characterised by the presence of a thin film of lubricant between two

sliding surfaces. The ratio of thedLOP WKLFNQHVYVY 3K WR WKH VXUIDFH L
determines the type of the lubrication regime. There are three major lubrication regimes;
%RXQGDU\ OXEULFDWLRQ ZKHQ K 5D OL[HG OXEULFDWLRQ :
Lubrication when h>Ra. All three regimare explaing and analysed bellowidtre 20

shows the lubrication regimes and the Stribeck curve (S. Séchting, 2006).

Figure 20 *Lubrication Regimes and Stribeck curve (Subtech, 2015)

a) Boundary Lubrication

At boundarylubrication, there is a contact between the high surface points of the two surfaces
that slide on top of each other. This type of regime is highly undésirabutomotive
applications,tiincreases wear and the possibility of component failure. Sevgirgechailures

have been caused by boundary lubrication. Boundary lubrication usually occurs at low engine
speeds while as staup or at very high loads. Modern lubricants use high pressure additives,

to protect the engine components, from metal to metathct, at boundary lubrication.

b) Mixed Lubrication

At mixed lubrication, the contact between the two sliding surfaces occurs only at a very few
high edges. This stage is an intermediate step when moving from the Boundary Lubrication
regime to the Hydrodymaic Lubrication regime
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c) Hydrodynamic Lubrication

The Crankshatft, the crankpin and the crankshaft bearings are only a few components that
operate on hydrodynamic lubrication. It is very important that those components operate in
hydrodynamic lubrication orge they might fail. In this regime, no contact is made between
the two sliding surfaces. The oil film keeps the surfaces apart due to a force known as
hydrodynamic lift and which is generated by the lubricant being squeezed through a narrow

gap between twsliding surfaces.

2.14Lubricants and Internal Combustion Engines

Internal combustion engines rely on pistamgs to seal off the cylinder and maintain the in
cylinder pressure. As the rings slide on the cylinder walls, a lubricantdgaisgnimise
component wear and friction. The pistong and cylindefliner setup is the major source of
frictional loses inside an internal combustion engine. It is important that sufficient lubricant is
supplied at all times between the contact regions and espewall the compression ring

(top ring). It is important to maintain sufficient lubrication émodengine operation. Equally
important is to make sure that the supply does not exceed the minimum amount of lubricant
requiredfor the correct operation. Byptimizing the oil transportation though the ripgck it

is possible to minimize the oil consumption which leads to undesirable side effects such as
increased emissions and oil consumption. Due to the tvayistorrings are designed and
operate, the pisn-ring-liner setup offers various paths from where oil can enter the
combustion chamber. Oil can pass from one side of the piston to the other using the ring
grooves, ringgaps and connections. These gaps open and close following the reciprocating
motionof the piston. Rabute and Tian (2001) investigated the oil transportation mechanisms
for a number of pistons and pistangs at various geometries. They concluded that the oll
consumption is highly affected by the geometry of the piston and theaicigHgure 21

shows the different lubrication regimes along the stroke of the piston (Tian, T. and V. W.
Wong, 2000).

Even though the ringack is responsible of retaining the combustion gasses inside the
combustion chamber there are always gasses thagmémascape into the crank case. There
has been a lot of research in order to determine whether these gasses affect the oil
consumption. The main passages for these gasses are through-tiegpsenthe back of the
rings and the front of the rings whentmo full contact with the cylinder walls. When the
pressurised gasses pass through the topthiagget trapped between the following rings

while the piston isn motion the low incylinder pressure will force the pressurised gasses to
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flow back into he cylinder. This backward flow of gasses will force lubrication oil over the
top ring and into the cylinder. This flow of gasses has been the focus of many research groups

in the attempt to reduce oil consumption in internal combustion engines.

Figure 21 L ubrication engine regimes (Tian, T. and V. W. Wong, 2000)

The engine pistons are usually equipped with three rings. These rings are designed to perform
different and distinct operations by either acting as a seal for theustiorbgasses or by
controlling the oil delivered onto the cylinder walls. The rings and the cylinder walls are
designed with a circular profile. Thmealityis that regardless of how advanced or

sophisticated is a manufacturing technique the finisheduptadll never be ideal and will

deviate from the design. The small inconsistencies on the component geometries might not be
visible in most of the cases but do affect the operation of an engine. When theipgton

are used in an engine they are sulg@co very high speeds which force them to move inside
their groves by either oscillating or rotating. Since the cylinder limedsthe piston rings are

not perfectly circularthe lubrication control will change depending on the movement of the
pistortrings. Min et al (1998) investigated the ring rotation and the way that it affects the oil
consumption inside an engine. Min et al concluded that at low speeds the top ring will rotate
at a rate of 0.3 to 0.4rpm were the other two will just oscillate. Wheetests were repeated

at higher speeds it appeared that all the rings started to oscillate. The results they obtained
were all based on steady speed engine operation. When the tests were repeated in a range of
variable speeds closer to automotive opegationditions the behaviour of the rings was
unpredictable and followed no specific pattern (R. Kai and M. Sato, ZD8@Yig pack is

vital to the operation of an engine. The design of the rings can affect the operation of an
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engine with regards to its germance, reliability and efficiency. A number of studies have
showed that the design of the rpgck can significantly influence the oil consumption and

theblow-by of an engine.

2.141 Oil Transport Mechanisms Forces

There are four main factors thatntobute to the transportation of the oil through the pistons

ring-pack and into the combustion chamlibese areMechanical, Inertia, Pressure or Shear

Stresses.

a) Mechanical The piston follows a reciprocating motion at very high speeds which is
relative to the linar movement of the pistons and the movement of the pratgs inside
their grove which subsequently resuti the displacement of lubricant.

b) Inertia While the piston is moving, the lubricant present on its surface is moving at
relaively the same speed. The rings and the lubricant present on the piston follow an
alternating motion, which involves rapid changethidirection and velocity. As the
piston starts to decelerate towards TDC the inertia of the lubricant will forces@e |
the piston and continue its path into the cylinder.

c) PressureThe significant changes in the@ylinder pressure and the pressure differential
between the crankcase and the combustion chamber may cause rapid exchange of air and
gases between the ckaaseand the combustion chamber. Thesaving gasses are
capable of carrying oil which can enter the combustion chamber.

d) ShearStressesThe flow of gasses through the ripgck causes shear stress at the
interface between the gas and the oil layers. @kagsses are capable of contributing to
the transportation of oil into the combustion chamber.

2.142 Oil Consumption and Emissions

Oil consumption has been the main focus of study among many engine manufacturers and
many research groups. While the emgisin operation, oil can enter the combustion chamber
and take part in the combustion while leaving the system as exhaust esniétarthe

latest emission laws, manufacturers are in a race to find the contributors that raise the exhaust
emissions. Onef the leading factors that contributes to increased carbon dioxide emissions

is the parasitic frictional losses occurring inside the engine. Other areas include:

X The Crankcase breather systems

X The Valve stem seals

X The Turbocharger seals

x The Pistorring / Cylinderliner interactions
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The interaction between the cylinderer and the pistoming is the biggest source of

frictional losses and accounts for approximately 20% of the total mechanical losses that occur
inside an engine. Insufficient lubricationlMallow for the metal surfaces wontactagainst

each other which will affect the engines performance. A thick oil film will reaes,but

the increased oil supply will have a negative impact on the engines output emissions. The
excess oil can enténe cylinder and take part in the combustion. Appropriate control of the
lubricant present between the pistamgs and the cylindeliner is crucial to the operation

and performance of the engine.

2.15Relevant Work

1969 +Greene manufacture a rig to visualise lubrication on the prgtgs at conditions

close to the induction and compression strokes of an engine. His work continued at a range of
operating conditions, which he captured on film. The results obtainecheeseafficient to
document the lubricant transportation mechanisms that take place between the-tigknder

and pistorring assembly.

1995 +Inagaki Modified a single cylinder gasoline engine by installing two sapphire
windows into the liner,ifure22. The windows were glued insidlee liner to prevent
poppingout due to the high taylinder pressures. The engine was tested both under firing
and motoring conditions. The engihad beerequipped with a cylinder head pressure
transducer, an oil film presmitransducer and a shaft encoder. The data acquisiisn

performed with the use of LIF.

1996 +Ostovar manufactured a single ring tegtcapable of simulating the operating
conditions of a pistoming and cylindediner setup under idealised condit®he testig

was developed in such a way that would allow for simultaneous pressure, oil film thickness
and friction measurements. The pressure measurements were obtained through a pressure
transducer installed on the cylindarer near the surface. €loil film thickness was captured
using a capacitance device. A numerical method was developed for the prediction of the
lubricant film parameters based on the S\ificber separation. Ostovar also developed a

dual laser induced fluorescence techniqué ¢bald be used to permit the dynamic

calibration of the oil film thickness in an engine.

1999 +Duszynski used the dual laser induced fluorescence technique developed by Ostovar
on a firing fourstroke diesel engine which was later proved to be unseifabthe

application. The measurements webtained by optic fibres installed the cylindeiliner.
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The measuring equipment was calibrated with a static calibration technique devsjoped
Duszynski Duszynski recorded all the calibration coefficientsthe oils he tested at

different temperature&urthermore, halso constructed a calibration device based on his
measurements. The device was made by fused silica and had a rectangular shape with groves
on its surface. The groves were carefully cut iptde from 2 to 10um in steps of 2um.

Duszynski examined a variety of oils with different concentration of additives at different

viscosities. Duszynski at a later dated to repeahis measurements on a tstyoke engine.

Figure22- ,QDJDNLYV VLQJIOHNGNOLQGHU RSWLFDO

1999 +Takamitsu et al investigated the variation in oil film thickness of a pistgrpack

using the LIF technique. The authors conducted simultaneous measurements of the oil film
thickness at theentre stroke on bothethrust and the anthrust sides of the piston. It was
found that the oil film thickness on the thrust side differs from thetlanist side. All the
measurements were acquired by four optic fibres inserted in the cylineleDuring the

study, it was observed that the amount of lubrication oil around each ring increases greatly

with the decrease in engine load, but the effect on the olil film thickness is small.

2000 tPyke aplied the LIF technique on a testy anda diesel egine in order to measure
the oil film thickness between the cylindarer and the pistoming. The use of LIF on a
diesel engine proved to be difficult as the results were affected by the §ngmperature.
Despite the difficulties, the results showeehds that linked the oil film thickness with the

engines operating conditions. Pyke used an optic iifba@ attempto measure the cavitation
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between the ring and the cylindarer. There was also atherattempt to establish a relation

between theaughness orientation and its effect on friction.

2001 Newaz et al used a bench friction test system to investigate the-prsgaand liner
contact interface. The tegfy had a high stroke length and large contact width. The effects of
the load, the spel, the temperature and the surface roughness were investigated for

conventional cast iron cylinder bores.

2001 £Thirouard tried to address the fundamental aspects of oil transportation in the ring
pack through experiments and modelling. He used adimensional multiple dye Laser

Induced Fluorescence Technique to visualise the pirgtgntcylinderliner interaction for

both a diesel and gasoline enginéd’he outcome was high resolution images of the-ring
SDFNYV RLO GLVWULEXW L Reeatédat aPardde \6Hopeirabng QodiorsH U H
The analysis of the data revealed major oil flow patterns which were identified and
characterised. A theoretical model was developed which offered results that matched those
obtained on the engine. This worker#d a comprehensive investigation of the oil

transportation mechanisms that affect the-pagk inside internal combustion engines.

2004 tBolander et al developed an experimental and analytical model to investigate and
determine the lubrication fricti@h losses at the interface between the pistiog and the
cylinderliner. The testig featured duafibre opticdisplacement sensors to measure the oil

film thickness and a t@axial force transducer to measure the friction. The effects of boundary
and nixed lubrication at the end of the stroke were investigated with the use of an analytical
model that featured the Elrod and Stochastic/Dermisnistic approach for asperity contact. The
final experimental and analytical results were found to be very clogsg.alko accurately
illustrated the transportation of the oil through the different lubrication regimes that the
pistonring and cylindeiliner experience during a stroke.

2005 Hamminen used a fotgtroke diesel engine to determine the gas pressure acting on the
ring-pack area. The experimental part of the study was carried on a firing engine with an
instrumented piston and cylindiner. The experimental results were compamedomputer

simulations. The two methods when later compared found to be a very close match

2006£'HOOLV XVHG zZiy W iReatukefhe dvfithviiickness by adopting both the
capacitance and the LIF techniques. He employed various methodibtateghe LIF
technique. Ending his project Dellis concluded that the most appropriate technique is using a

grove of know depth on a pistaing specimen to achieve dynamic calibration while
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eliminating the uncertainties of the static calibration and @msating for the oil film,

temperature and property variations. The calibrating techniques used were later compared
with the results obtained by the capacitance method and hétmeno proved to be effective.

The testrig was modified to allow optical acggto the pistoming and cylindeifliner

interaction. The metal liner was replaced with an optical one made from quartz and the oil

film behaviour was captured with a CCD camera. Dellis could visualise the behaviour of the
oil film on the pistoAring and apture images of the different stages of cavitation as they
formed. He continued by installing a quartz window on the same engine that Pyke used and
performed tests under motorised conditions. He could capture similar images as he did earlier
on the testig. The only drawback was the lack ofaglinder pressure measurements to

support the optical data.

2008 tDhar et al used the capacitance method to measure the minimum oil film thickness at
the pistorring and cylindefliner interaction. Two probes werequired for the capacitance

to work. The two probes were one on the pigiag and one on the cylindéner. The oll

film thickness was measured on a motorised engine at three different locations. These
locations were the TepeadCentre, the MigStrokeand the BottorDeadCentre. The

lubrication oil film was found to range from 0.2um to 8um. The data on tkstrofe and the

down-stroke stroke showed significant variations due to the tilt of the piston.

Figure 23 - Optical tes-rig as used by Ostovar (Ostovar, 1996)
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2009 £Dhunput used Ostovars teg], figure 23 to develop a methodology to assess the
rheological behaviour of various bagis and additives. Dhunput with a use of high speed
equipment managed to capture the cavitation occurring between the liner and thermmston
specimen. His research contatlon a modified engine on which he installed two optical
windows that would allow access to the inside of the cylinder. Moreover, the engine was
modified in such a way that two pressure transducers were implementedsatoke]

bottom and TDC. The engtests unfortunately did not extract any useable information.

2.16Previous Work on Oil Film Thickness, Pressure, Load and Friction in

Relation to the Cavity Behaviour

Work performed by previous researchiees mainly focused on the investigatenmd
estdlishment ofa link between olil film thickness, pressure and friction in relation to cavity
behaviour. This section summarizes the findings of previessarch projectsnd presents
them in order to give a better understanding of the aspects that haveréeeusly covered
and where the currentgject has contributed towarttse betterunderstanding of the
phenomenon. The findings are presented bellow in bullet points as these have bexh detalil
by previous researchers. @thunput, 2009). All thevork below has been performed on City

8 Q L Y HdoyticsV te%t rig.

¥ Qil film thickness as measure by the capacitance probe decreases with increasing load
and increases with increasing speed.

T Viscosity of the oils found to be an important factor in the chainaateon of the oil
films; the more viscous oil gave rise to a higher oil film thickness.

T Friction results were found to be repeatable with their symmetry during upstroke and
downstroke reflection the design and manufacturing of the test rig.

T Friction resuls close to the dead centres where peaks were recorded have been
validated by the capacitance results.

¥ The frictional force at the ring/liner contact is mainly attributed to asperity contact
and viscous drag; when asperity contact is present, it plagothmant role.

T For the very viscous oils no asperity interaction was noted and hence the friction
measurements have been dominated by viscous drag.
Higher oil film pressure occurs on the smaller curvature side of the ring.
The depletion of the oil film agbtained by the LIF corresponds to the-sub
atmospheric pressure measured locally. This lead to the conclusion that cavitation

occurs in the sulatmospheric pressure region within the diverging section of the ring.
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T Higher speeds and loads increase the ldygramicpressurebut the negative
pressure remains practically unchanged especially in the larger curvature of the ring.

¥ Higher viscosity oil gives rise to higher oil film pressure higher oil temperature
reduces the oil film pressure; the pressure obthi#m is related to the oil film
thickness available between the contacts.

T The higher the load, the earlier in the stroke the fern cavities appear and the smaller
their size and the higher the number of strings.

¥ The higher the viscosity, the later iretbtroke the cavities appear, the larger their size
and the smaller their numbers.

T It has been observed that the higher the load is, the sooner in the stroke the fern
cavities appear and the smaller their size is.

T The number of string cavities increasdsen the applied load increases.
Both load and speed have an influence on the number of string cavities.
The load and speed do influence the number of string cavities quite considerably. At
higher loads, the number of string cavities increases and thle @fithe string
decreases. On the other hand, at higher speeds the number of string cavities decreases

and the width of the string increases.

2.17Critical Review on previous work

This section is dedicated into detiag) and analysing previous researchjects and is
accompanied bg commentary and a critical evaluation. This exercise is a continuation of the
literature and it is not meant as a negative review but as a discussion of the work performed
and where gaps could be bridged with additional itigagon. This is also an assessment of

the strengths and weaknesses of the literature and it is performed in relation to the scope of
the current project. The previous work carried within the research group of City, University
of London has been based atestrig first constructed by Ostovar and developed back in
1996. Theestrig Ostovar developed features a single ring and simulates the lubricating
conditions between the cylinder liner and pistong interaction of a reciprocating engine

under ideabked conditions. Thiestrig allowed for the simultaneous measurement of oil film
thickness and friction, with the usea€apacitanc@robeand a friction transducer. A

numerical method was developed in parallel and proposed for the prediction of the lubricant
film parameters. These include the Svdtieber, Separation, Coyne and Elrod and Flower
boundary conditions. The model was assesgathsat the measurements obtained on the

single ring test rig. A crucial observation was a cavitation delay mechanism that was found to
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be responsible for a thinner filrafter the reversal pointserecompared to the predictions

made by the Reynolds boumglaondition. Another point worth noting is that the roughness
parameters used were found to affect at a very high level the surface roughness models which
proved to be relatively sensitive.

Ostovar also developed a dual Laser Florescence and Interfaooi@etnique that would

permit the dynamic calibration and acquisition of the oil film thickness within an engine. A

few years later in 1999 Duszynski employed the Laser Induced Fluorescence technique

developed by Ostovar in a firing foatroke diesel egine to acquire oil film thickness

measurements. Unfortunately, the technique was proven to be inadequate and no useful data

were extracted. Duszynski installed optical fibres in fused silica blocks and the system was

calibrated at a static state. He penfied a study that quantified the temperature effect on the

calibration coefficients of the engines oils he tested. The way he performed the calibration is

by cutting grooves of known depth and then filling those grooves with oil and taking

measurements fro each individual specimen. Fused silica was chosen for its low thermal

HISDQVLRQ 7KH JURYHV RQ WKH VLGH RI WKH EORFNV ZHU|
P L Q stdpsThe increment and the range chosen was determined in earlier tests

which corcluded that the pisterings within an operating internal combustion engine vary

within that range. Duszynski considered a wide range of lubricants that featured various

additives and viscosities. Following the diesel engine test runs, Duszynski contiauests

on a twestroke engine. The results showed higher oiling rates associated with thicker oil

films.

Following Duszynski the next year Pyke (2000) carried out experiments both on Ostovars
testrig and on a firing diesel engine. The oil film thickaegas measured on the liner with

the use of LIF techniques. The tests were carried out on a plethora of a different operating
conditions. Weight was put on the repeatability of the measurements though this was not
achieved on the diesel engine, white reasurements on thestrig were proven to be

much more consistent. The main issues that Pyke faced were the comparability of the
different samples mainly due to the issues faced with the calibration process of the LIF
technique. Despite all the difficults faced, Pyke was still able to identifye expected

trends. The final part of the project involved the repetition of the tests at cold runs and at
engine start up. The bu#ap of the oil film thickness was identified as a fstage process

and the e#ct of engine speed, cylinder pressure and temperature were all visible only during
WKH ILUVW WZR KXQGUHG F\FOHV 3\NH DOMetigRQWLQXHG \
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inserting an optical fibre on the rigs metal liner where the LIF technique wdsasieasure
the oil film thickness while cavitation occurred for a range of lubricants. Pyke faced many
difficulties when tried to compare the different runs between them. He also carried an
investigation on the surface roughness orientation and itt®ffe friction. Finally,

concluded that the crosswise oriented roughness produces less friction.

, Q '"HOOLV ZDV DQRWKHU RQH R Wt&sHigWdHN\ésigate théed U W KD
oil film thickness between the cylinder liner and pistong interaction. Dellis attempt to add

value to the already rich literature by investigating and comparing the capacitance and the
LIF techniques. He tried to calibrate the LIF method through a series of various techniques. A
dynamic technique was implementbat had many similarities with Duszynski calibration
techniques. This technique made use of a groove of a known depth on aipg&pecimen

which was used for the calibration of different oil samples. The second technique used a
micrometre that alloed for a static calibration. The gap between the two mating surfaces of
the micrometre represented the gap that the oil woeheétrateand the measurement would

then be taken. Deli also took under consideration the power output of the fibres and the
baclground noise generated and the resident voltage of the fluorescence detector. Delis
concluded that none of the investigated techniques proved to be sufficient or satisfactory
when compared with the capacitance technique. Finally, he proceeded by congisiding
research on Ostovaisstrig with the use of the capacitance technique in combination with

the friction sensor and the pressure sensor on the test rig. That allowed him to acquire
measurements related to the phenomenon of cavitation between thilitwgpssirfaces.

Delis also used the installed heater to control the temperature and even went a step further by
performing tests with different ring profiles. Once the tests were competed Delis used a metal
liner with an optical window that had been maaxtfired for the specifiestrig and

continued his measurements with the acquisition of optitadjes For the visualisation,

Delis used a CCD camera which had to be precisely timed with the rotating position of the
test rig. Pyke also tried to modifydeesel engine in order to incorporate an optical window to
allow for visual measurements. The tests were run only under motorised conditions and they

did not feature a pressutransducerthus no pressure measarents were acquired.

After Delis, Dhunput prformed extensive measurements onstémaetest rig. The main
focus was on the oil film thickness and the friction generated when lubricants are tested under
certain conditions. He used a variety of different measuring techniques to achieve his

objectives The project generated a sizable database on the oil film thickness and the friction
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The study has provided a good dataset that supports the link betweerfithretbitkens and
the friction with the lubricant composition.

"KXQSXWIV UHYVH D stegingsibue X YUrti@r €owtirDe and investigate the link
between the lubricant composition and the lubricant performance. As the oil film thickness
and thefriction had been extensively investigated a new approach had to be implemented for
the current project. An approach that would allow for new information had to be extracted
from the tested lubricants. This study made use of the latest advances in gghothoin

optical equipment and computer processing power. A bnamdset of data was captured in

the form of optical data and computer algorithms were compiled in order to assist with the
procesgig. For the first time, physical properties were meassuath as cavity length, cavity
width, cavitating area ahnumber of cavities. These new set of dets beelthe extra stepn

order to get a better insight into the link between lubricant composition and lubricant
performance and to get a better undeditagnof the phenomenon of cavitation. This new
approach opened new paths to the investigation of the phenomena of cavitation. The project
delivered a set of datahich offer a better insight on the way cavities generate and develop in
the pistorring and glinder liner interaction. Theestrig experiments were run in parallel to

the main project. The core of the project involved the desigmufacture and testing of an
operational, fully firingoptical engine. This part of the project took under consibera

previous work done in order tdentify problems and limitations faced before. Tapgproach

of the investigation of cavitation in internal combustion engines offereglder of images

that clearly illustrates the development and behaviour of cavities in the cylinder liner and

pistonring interaction.
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CHAPTERS3: LUBRICATION TEST-RIG

Thetestring and the optical engirexperimental setigare botldocumente@dndanalysedn

the following paragraphs of this chapt€he setup of eackxperimental device was derived
as a result of the experience gained during the course of the project. The settings and the
layout chosen for each of the experiments has been the result of research combined with
testing observation3.he correct setup ismportant to the acquisition of ttotput data. An
incorrect setugouldrender the results unusab$&gnificant part of the project was dedicated
to the identification of the optimum setup considering the available equipment and the

desirable outcome.

Theinvestigaton of the phenomenoif cavitationwas performed with the use of City

8 QLY H U Vhowg&§strig-apd was focused dhe area between tipgstonring and the
cylinderliner interaction Thistestrig offers a simple way dssessinthe behaviour of
different lubricants. Its design makes it easy to test different types of lubricamistiate
operating conditions ia fraction of the time that wouldasually berequired on anengine.
Thetestrig uses a flatylinderliner which slides on a single fixegistonring. Thetestrig is
capable of collecting datalated tahe oil film thickness, the friction, the pressure and the

flow rate of the lubricant.

Thetestrig was designed to function on the same basic princgdesfull sied automotive
engine Thecylinderliner wasmanufactureaut ofa solid block ofpolishedstainlessteel
The lineris cgable of reciprocating over tipgstortring which is unable to moven anyof
the three axes. Théng canrotate along the central line introduce a degree of freedom in
their inbetween interactianThetestrig is powered by an el&@c motorcapable of speeds
up to 1400prm. The speed of the litecontrolled by the voltage supplied to thlectric
motar. An electric pump is responsible for tbentinuousoil supply. Thetestrig operate®n
a closedil supply systemvherethe pump recirculates the ol from the reservoir to the ail
filter, through theheat exchangeilhe heat exchangeaneithermaintin or increase the
temperatureThe oil after the heat exchangentes theinjection nozzle which direct it onto
thepistonring and liner interactiarirhe oil isthencollected in the sump under thiston
ring and isreturnedbackto the oilreservoir. The legth of the stroke is adjustabE50mm).
The strokas adjustablehrough a removablénk locatel in the middle of the connection rod
(Arcoumanis, C., M. Duszynski, H. Flora and P. Ostovar, 199%).oil film thickness

measurementsanbe obtained bgitherLIF or capacitance, whilthe LIF sensors inthe
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middle of thecylinderliner. The stroke lengtban beadjustedoy the use of different length

connection rods.

The injection nozzles are located both sidesf thepistonring. Theseare drilledon two
cylindrical tubes installed in parallahdvery close tdhe ring. Each tube has four injection
nozzles ensuring a constamd uniformoil feed during operatiarOne of the injection tubes
featuresa hollow end where a#ype themocouple is located for accurate oil temperature
monitoring The syst® 1V WHP SHUD W Xdy thehedt &xeh@riyed RiGdam G
maintaina tenperatureof up to 80°C The electric motor which powers thestrig is located

on aflexible couplingto minimise thetransmittedvibratiors. The main shaft that transfers
the power from the electric motor to the connection rod was daEs$igging counterweights,
similar tothe ones used on the crank shaft ofird@rnalcombustion engine. The liner and the
majority of the moving parts is made out of aluminium with the only exception being the
sliding surface which aremade froma heattreatedsteelin orderto increase durability and
scratch resistance. The axial friction is measured with a force transuahicéris located on
the holder of th@istonring. Thecylinderliner is keptin place by two high precision linear
bearings. The linear bearings are located on astatly metal holder which acas the frame
where the liner can reciprocafiehe frame alows for extra weight to be added on its fred

in orderto increase théotal load orthe system. The Load of the rifrgm the additional
weight isa function of the crack angle and the reciprocating speed. Thendad TDC is
greater than the loashthe BDC for the same amount of weight. The force on the ring can be

calculated by the following equation;

. r&zuCErdwCl girdz{F 4pa04p ‘% EWyzUSI’ 4550 ap ‘#00:#;
‘razzErae;$

g = gravity acceleration, g mass applied to the hangipgint, Rranx WKH FUDQN UDGL X\

FUDQN DQJXODU YHORFLW\ E ULQJ ZLGWK % EHDUL

Thetestrig is built in such a way that the following parameters can be contr&jezkd
Temperatur@ndPressureWhile the following can be monitoretlozzle Temperature
System Flow RateOil Film ThicknessFriction, Oil Film PressurandOil Film
Visualisation The need to visualise the behaviour of the oil film betweepistenring and
thecylinderliner interaction lead tathe manufacture of an optiekher thatwould replace
the metal onethe new liner wasnade fromQuartz (Fused SilicaMost optical applications

use Quartz due tits durability and théact that the material behaves in a predictaidaner
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very closeto steel. Thisallowsfor a very smootliinish andsuccessful mating with thether

steel componentQuartz offers much better optical properties than lenses made by common
glass formulas. The optical images were captured with the usagifapeedcamera.
(Arcoumanis, C., M. Duszynski and H. Preston, 1998b)

3.1Testrig Setup

Thetestrig as developed by Arcoumanis et @n be seen ingures 24 and25. It uses a

single ring on a flat surfaced quartz window in an aluminium frame to simulate the principle
operation ofa pistonring andcylinderliner setup. The nowptical liner featured a pressure
transducecapable of measuring the oil film pressure an optic fibrefor LIF

measurements.

Figure 24 +Optical Test-rig, top view of the liner

The nonoptical lineris also capable of providing capacitance measuremirgsious work
performedon thetestrig wasconcludedn two steps. The firgtep was with theseof the
nontoptical liner to acquire pressure, film thickness and friction readumge and second
used the optical liner for the flow visualisation. Thecheefind a way to better linthe

optical measuresnts with the data acquired by the sensors, lead to the modification of the
current optical liner to allovior film -thickness and opticaheasurements to be taken

simultaneously.

The modification included a new capacitance plate that was attached ausieghof the

existing optical liner. The plate was designed is such a way that it would be a direct fit on the
testrig without any addional modifications. Kjure 25 shows the new capacitance plate

fitted on the frame of the apal window. Again, in te sameifjurethe optical linewas

marked with a permanent marker to give a more accurate indicatibe lriersmovement.

After the first set of optical data was acquired it was noticed that the movement of the liner is
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not clear and the TDC and BDCipbcould not be identified. The solution was to mark the
optical liner using a permanent marker at 1mm increments to get a clear view of the liners
movement. The chosen increments were set at 1mm duedarttezasetuphavinga

minimum optical frame ofrhm long,this ensures that when a line from the scale leaves the

ring surface the next one erder

Markers

)

Capacitance
Plate

Figure 25 +Modified optical liner with additional capacitance plate

3.2Testrig Sensors
The testrig through the various projeshad been equipped with a plettaoof sensors. These
sensors wereapable of extracting valuable information out of the tested specimengeand

responsible of generatingostthe data captured.

The friction sensoused on theestrig is the PBC 208B force sensor. The Series 208 general
purpose sensors are designed to measure compression and impact forces from 44.48N to
22.24kNandtension forcesip to 2.224kN. Thisensor is extremely sensitive and capable of
reacting evero the slightest displacement changes. The 208B force series sensors are very
flexible and offermanymounting opions. Hgure 26 shows the mounting possibilities

available for the 208B force ses sensors. The friction sensor was first calibrated by Ostovar
(1996) using a set of weighg&rcoumanis, C., P. Ostovar and R. Mortier, 199 He friction
sensor calibration chart as this was derived by Ostovar is shovguia27.
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The two thousandytses shaft encoder used on the lubricationrigstras mounted on the

base of the electric motor. This type of encoder is equipped with twthonsandoulses
channels. These channels are useful for detecting at which direction the encoder isatotating
any given timeThe channel A and the channel B dependimg/hich one is ahead of the

other will indicate the direction @herotation.

FHgure 27 - Friction sensor calibration chart, derived by Ostovar

Hgure 26 - Friction sensor mountig positions
(PCB Piezotronj2015)

The shaft encoder is connected onto a custom data signal conditioning box which collects the
two channels and addlsem up in order to get a twtbousanepulses per revolution encoder.

The signal from the signal conditioning box is then sent to a 2839 NI (National Instruments)
data acquisition card which translates the analogue signal into digital for the computer to
process it. The rest of the teskLJJV VHQVRUV UHO\ RQ WKH VKDIW HQFRC
Each sensor acquires one measurement for every pulse of the encoder that the NI card
receivesThe capacitance method used for measuring the oil film thickoreige lubrication

testrig is based on theapacitancgrinciple. The capacitance measuring technique uses a

probe placed under the testLJTV OLQHU D Q G e£Kanges bBtide vV tKd lirey W K
probe distance by measuring the voltage fluctuations. The output of the capacitor is sent to a
Capacitec unit wich converts the signal output to a voltage. The analogue signal is read by
the NI data acquisition card which is then translated to a digital signal for the computer to
process it. One of the capacite probes is shown ifgtire 28, when installed on th&estrig

it was placed right next to the ring at around 30 microns lower than its flat surface. The
distance is very small but ideal for the capacitor to take accurate readings.
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Figure 28 - Optical test-rig capacitance probe and setup

The main problem with this arrangement was thatvoilld splash andet in the gap

between the capacitarpeobe and the lineandwould conduct the two terminalghich

would interfere with the readings. Thejor problem was that the tested lubricants at high

speeds would form cavities which interfengith the results as they changibe dielectric

properties of the lubricant (Arcoumanis, C., M. Duszynski, H. Lindenkamp and H. Preston,

1998a). The probasshown in fgure28is mounted onto the powerful Eclipse E909 magnet

which securesitontothetestLJfV EHG XQGHU WKH OLQHUYV FDSDFLWD(
capacitance plate and the area where the magnet is placed have been carefully polished and
levered The capacitance, readings were collected by the NI card from where they could be
recorded and processed to get the oil film thickness. One of the major advantages of this test

rig is that it offers optical access to the area where the ring andié¢ine€dime in contact.

Figure 29 - Capacitance plate for optical and oil film thickness measurements
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One of its disadvantages was that the visual data and the oil film thickness were acquired
using two different liners and the measurements were taken at different instdmseseant

that the correlation between them was not very accurate. The nedtétdible the images
captured by the camera and the data collected by the sensors leadstatizionof a
capacitance plate on the testL J TV R S Wheiev@plété Wald tiesigned in such a way so
thatit could be sed without modifyinghe orighal capabilitiesof thetestrig. Figures 29and

30 showthe new capacitance plate fitted on the optical liner ready for operation. The new
capacitance plate is securely located on the journal bearings on the side of the windows
casing.The bearings haveir holes across their length from where they can be mounted
RQWR WKH ULJYV FDVLQJ $00 WKHVH KROHV FRPH ZLWK FFR
from interfering with any of the moving parts. The new capacitance plate is designed in such
a way thauses two of théour counter sinks to securetorthe current linefThe new setup

allows for simultaneous optical and oil film thickness measurememscapacitance is an
accurate method of measuring the changes in the oil film thickness but incoddethatin

an accurate way needs to be calibrated after every time the capacitance prddedated

The calibration of the capacitance is a simple and straightforward techniguealibnation

is performed withthe calibration screw attached orttee liner andvith a dial gauge capable

of measuringmalldisplacements in microns.

Figure 30 - Optical liner's capacitance plate drawing

The calibration screw is placedthe free end of the line amslcapable of manually lifting
the linerin small intervals The dial is then placed under the capacitance plate and its scale is

set to zero. Then the user lifts the liner at 2um increments by using the calibration screw and
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by monitoring the lift with he dial. The usemustnote the output voltage of the capacitance
for every 2um increments. This process is repeated eleven times to complete a set of
calibration readingsThen each set is repeates more timego successfully perform the
calibration.After all the calibration data are cetited the rest of the process according to
Pyke (2000js to derive a chart thatill provide the equation from which the voltage can be

convertednto length. A supple calibratiarhart can be found ingure 31.

Figure 31 - Capacitance calibrationsamplechart and calibration equation

3.3 Cavity Formation

The cavities as shown imgluire 32 will pass through 4 main stages in their life cycle. These
stages are the following; generation and development of fern cavities, fern growth, fissure
cavities and string or finger cavities. There is one more stage that is related to the point in
time whee the cavities have formed bubbles and are at the end of their lifecycle before they
collapseand which comes after the string cavities stage. In the first stage at generation the
cavities are initiated and start to appear on the pistgnsurface. Thee cavities are related

to subfigureV u$ M W Rguyre3p. After the cavities, have initiated they next pass in the
fern growth stage. These are digureV p,§ W Rgure §2 ID@Qrirg thatstagethe cavities
grow in size up to the point wheresthwill enter the next stage and develop fissure cavities.
SubfigureV p/ 9 W Rigure 2 $hQw ithe schematic of fissure cavities as these appear in
the pistorring and cylinder liner interaction. Finally, the fissure cavities pass into the next
stageand develop string or finger cavities which are the last stage before the cavities start
reducing in size, form bubbles and finally collapse. The st@avgies can be seen ilgtire

32as the sulfigureV p2 DQG u3f
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Generation and
development of fern
cavities

Fern growth

Fissure shaped cavities

Stringor finger cavities

Figure 32 - Development of cavities as they appear on the surface on the ring (Dhunput, 2009)

3.4 Cleaning and FlushingBetween the Test Runs
The lubricationtestrig has been used for the testing of the entire lubrication matrix. Each
lubricant of the matrix has been run throughttstrig and then flushed before the next.

The correct flushing of each lubricant is important to the validity of the results. The
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lubricationtestrig features a reservoir where the lubricant is initially stored before it is
circulated by the pump. The lubricant flows through all the compoonétitetestrig before

it finds its way on th@istonring and liner interaction. Each time a test run finishes the old
lubricant is flushed at of the system following procedure set to eliminate the effect of
lubricant contamination. The first step @sdpen the exit valve located on the return feed and
the pump ighenrununtil all the lubricant is let out of the system. Omloereservoir is

empty the new sample is poured in and the system is run for 30 minutes. After the 30minutes
the exit valve i®openedand the lubricant is léb drainout of the system. The pump is then
switched off and the liner is lifted to allow for access topiséonring surface. The contact
surfaces are cleaned carefully with the use of a solvent and once they hadddeent the
reservoir is filled once more with the sample to be testedtedtdg is left to run once more
for another 30 minutes. Finally, the exit valve is used omoe=,and the lubricant ilashed

out of the system before the reservoir is filginfor one last time before the new test run

begins.The procesbad to beepeated every time a new lubricant was tested on the test rig.

3.5 Piston-ring Profile
Pistorrrings come at a range of shapes and profiles. The ring that equipped the lubrication
testrig features a curved profile and the high contact point is at an offset from its centre line.
Pistorrrings for automotive gasoline commercial engines aredm&2mm. The rings used on
the lubrication testig is more than double this size at 5mm.

o [«

5m 5m

Figure 33 - Piston-ring Profile, Up-Stroke (Left) - Piston-ring Profile, Down-Stroke (Right)

Figure 33 showsthe profile of the ring used on the test. The images show the ring at both
theup-stroke andhe down-stroke while they have been enhanced with markers that draw the
profile of the specimen along the face of the ring. The centre point of the ringno&set

from its centreline and each of g&les follovs a different profile, with one being steeper
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than the other. This has a direct effect to the way lubricants cavitate on each of the sides as

the pressure profile is highly depended on the profikbe ring.

3.6 Processing Software

The highvolume of datacaptured during the testing made ifpossible to manually process
theresults. he processingf the datdhas been performed witligorithmsdeveloped in
Matlaband VBA, whichallowed the translatioof the images into quantified dafehe

algorithm was developed with the help of Dr Repédasoro where the core of the software

is based on his research on cavities occurring within capillary thagkab or else known as
SWKBHQ OXDJH RI W HF K QaatiyRleve Ran@uAgd &ng ihteractive environment
for numerical computation, visuahtionand programming. Matlais capablef analysing

data, develop algorithms, create models and applicatitettab can beusedin a range of
applicationsjncluding signal processingpmmunications, image and video processing,
control systems, test and measurement, computational finance, and computational biology.
The first step to thereation of the software was thet of certai thresholds that would
specifythe parametershichwould be extracted out of the visual dathe physical

properties that the final version of the software has been able to extract are measurements
related to the following:

a) Width of Cavities

b) Length ofCavities

c) Area that the cavities cover

d) Number of cavities present

Some of the extracted values are showngaré 34. The softwareextracts all the information

by treating eachictureasa separate matrix. Eveipagethat is stored in a digital foratis
effectivelya matrixwith each cell containing a distinct colour value for each pixel on the
screen The matrix dimensionand contents vary depended on the ltggm, colour and

format of the image. While thesoftware readesachmatrix, it compares thelaiato a set of
thresholdssetto filter out unwanted informatiorBased on the observatitimat cavitating
areasarerecordedata different contrast timthe rest of the image the algorithm was
developed on the principle of detecting those high intgaseas wherever they appeared

onto the frameSoon it was noted that the reflective properties of steel could pose a risk of
misclassifying high reflective areas of thistonring as cavitating areas. Missification

was rectified with the use of sapticated filters and machine learning techniques that trained

the algorithm into separating cavities from surrounding néifter the filterswere
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successfullyapplied and all the unwanted informatioadbeenfiltered out, the software
could starrecordingand quantifying theisefulinformationout of the raw dataln total the
following metrics wereaptured

a) Relative area of cavitating region

b) Length and width of the cavities

c) Number of cavities.

When all the data have been extracted the software platsshisinto graphs before it

stores them into excel files for post processing. Even with the filters the image processing
software could misread information and fine readjustment were needeacfomdividual
sample. As a failfe mechanism, the software woulse the computer screen to give visual
feedback to the user at real tinide feedback would includsach image with additional

markers over the areas where the algorithm was processmmgation.

Liner Direction

5mm

Figure 34 - Cavity width and Length, down-stroke

This gave the ability to the user to judge whether the software is processing the correct
information or if the filters would nee@-adjusting. Before ending therocessingthe

software saves the feedback is the form of a video for future refereguee 35 shows a
snapshot of the feedback the software provides back to the user. The red cross markers
indicate the individual cavitiemnd the green markers indicate the cavitating areas. The
software does not log all the marked areas as valid datgune 85the software has detected
two areas in the image that meet the software thresholdavaation One on the top and
one on théottom of the imagdn the imaget is noticed that cavitation only takes place on

the top of themage,but the visual feedback indicates that both areas are being logged. This
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is mainly a representation as the software even though it is detecting\itaiing areas, one

on the top and one on the bottom it will only log the top one where cavities exist.

Liner Direction

5mm

Figure 35 - Matlab image processing software

When the softwareuns it firstidentifies an arebetween the two caating regions that
cavitationnever takes pladdensplits each image intivo parts and only logdatain the
half that cavitatioractuallytakes placevhile disregarding the othéWhen the softwares

triggeredone of the first tdsit performs is to identify a centre line where cavitation never

takes place and declares that as acauitating region

Below is a list with the individual steps the software needs to follow to process the visual

data.

o g &

7.

The number of the imagesidentified.

The software finds the area between the cavitating regions where cavitation never
takes place and sets that as the centre line and ascavitating area.

The software compares all the images and finds the shift and tilt between the
images taaccommodate for the vibrations and the movement of the ring.

The filters are applied. Unwanted data and the background are being discarded.
Software processes all the desired data and returns the feedback to the user.
Data are plotted on graphs and thkiga are stored in excel files.

The entire process is saved in a video file for future reference.

The project required more than one methods of extracting information out of the raw data. An

additional algorithm was developed in Visual Basic and was aseald¢ulate the area of

cavitation in still imagesThe software can identify the circumferential area of the cavities

and can calculate the total cavitating area as a percentage of the total ring area as this is
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shown in fgure 36. The main reason areadalculated as a percentage is due to the fact that

the pistorrings and piston follow a circular profile. The approach of calculating the

percentage has been classed as more reliable and valid for direct comparison between the
different testing conditionsT'he vibrations caused by the engine operation have also caused

for a slight shift between the capture images. The software will detect and adjust for that
VKLIW 7KH VSHFLILF DOJRULWKP KDV EHHQ XVHG IRU WKH
(IIHFWG TB@HHG HIIH WIS rspdFEWLRQV

Piston
Direction

15t Pistonring, Cavitating area
VBA detection example.

Figure 36 - Visual Basic algorithm, Cavitating area calculation example, 800RPM, 70C

The images inifure 37 and igure 38 show the correlation between the processing software
and the physical properties of the cavitating lubricants. In total four main physical properties
were extracted and these are the length of the cavities, the width of cavities, tlee alimb
cavities and the area covered. Edghre shows on the left the graphs plotted from the data

that were extracted by the algorithm and on the right the raw data as these were captured by
the highspeed imaging equipment. These images show the wiathéhsoftware extracted

all related properties. The individual frames are compared next to the plotted graphs to assist
with the comparison. It is visible that the algorithm produced results that were very close to

the actual values of the cavities.

71



Figure 37 - Correlation between processing software and raw data, 600RPM, 70G,180 Degrees
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Figure 38- Correlation between processing software and raw data, 600RPM, 70C, 270 & 348 Degrees
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CHAPTER 4:OPTICAL ENGINE AND ENGINE DESIGN

4.1 Optical-Engine and Engine Design

To investigate the oil transportation mechanisms and to capture the phenomenon of cavitation
as it develops on the cylinder walls, an optical engine had to be developed where a part of its
cylinder would have to be replaced with an optical window whichldvallow for full

optical access to the piston ring and cylinder liner interaction. The fo¢hsmfoject has

been the visualisation of the phenomenon of cavitation while this occurs in gasoline internal
combustion engines. Conventional internal combuastngines do not feature an optical

window for incylinder accesdJ) H Dd¥ thé shelf thus one had to be designed and

manufacture.

Figure 39 - Ricardo Hydra engine

The objective of the project is to study the phenomenon of cavitation that occurs in internal
combustion engines between the pistimgs and the cylindeiner interaction. It is believed

that the phenomenon contributes to the transportation of oiliatodmbustion chamber

which results in oil consumption and increased output emissions. Cavitation is dependent on
pressuravhich meanghe effect of cavitation ialsodependent on the speed, the load under
which the engine operates and lubricant properttehas been observed that the bloyv

flow-rate of gasses in a cylinder can vary from zero to many litres per minute when the
engine load increases. Transportation of oil occurs both in gasoline and diesel engines though
this project focuses on the syudf cavitation in gasoline engines under various operating
conditions. Particular focus is given to the investigation of the effect that the engine speed
and the fuel combustion have on the oil film formation and cavitation. The engine used for

the testig is a Hydra model manufactured by Ricardo specifically for lab geeef39. This
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type of engine can operate with gasoline, diesel or evefubis while thisgparticularmodel

can be used as a pamjected or direcinjected engine. The enginised fo the tests waa
gasoline, spark ignition, port injected engine and the cylinder had a capacity of 450cc. The
specific engine comes in two versions out of the factory, thepl@ssure version and the
high-pressure version. The current model is the {piggssure version that can withstand
pressures of up to 160bar. This can be achieved with the use of a forged piston, a forged
connection rod, a forged crankshaft and a forged set of inlet and outlet valves. The engine
was also equipped with the optionalriecouple modified cylinder block which can

perform a full thermal analysis with the use of thermocouples installed on the liner and the

piston as shown ingure 40.

Figure 40 - Model of Thermocouples in Solid Cylinder Block(Ricardo, 2011)

Figure 41 - Schematic of thermocouple locations on Hydra engines cylinder and pistgRicardo, 2011)
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However, this setup could not be utilised due to the malfunction of the acquisition unit which
render the thermocouple system unreliable for kiggire 41 ilustrates the thermocouple

setup as this was installed inside the engine cylinder block and the thermocouples installed on
the piston itself. Due to the operation of the reciprocating engine and the way the piston
moves inside the cylinder the thermoclagoon the piston could only give point

meaurements every time the piston reached the BDC. On the contrarery the thermocouples on
the cylinder block offerd real time readings and could provide a real time temperature
distribution of the cylinder block. Thgossiblity of obtaining real time temprerature

distribution reading&rom the cylidner block has begmoposedater onin Chapter &®f this
reportasa good topic for futures studies. Cavitation is closely related to the variation of
pressure and tempéuae within the engine and a map of the temperature and pressure
distribution along the cylinder profile could give a better understanding of the cavitation
distribution along the stroke of the engifiée engine has been coupled with an electric

motor cajable of rotating the engine at speeds of up to 3500RPM without the use of
combustion. The dynamometer has been used to start, operate and put a load on the engine.
Forcefed engines have seen a great rise in recent years due to the advantages they offer on
efficiency and performance. Due to the fact that the engine was still in the early stages of its
development the use of a forfaeding device was deemed unnecessary, thus no type of
supercharger was used. The effect of turbocharging on cavitationnsaathat could be
investigated as a continuation of this project.

4.2 Relevant Previous Work

Opticalengines have been used by many researchers to investigate phenomena occurring
inside the cylinder of an engine. While there are several different patimiafly accessing

the combustion chamber the most common is by replacing a part of the cylinder with a
transparent window made from Quartz or Sapphire. There have been cases whers window
were manufactured out &erspexbut its pour thermal properties dot allow testing under

firing conditions. Regardless the material used for the windows it is important that optical
engines are equipped with sufficient cooling to avoid unnecessary damage. The windows on
optical engines often requgeonstant cleaningetween the different runs as the combustion
deposits tend to contaminate (fouling) the surface of the optical window and reduce its optical

properties.
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Figure 42 - Thirouard's Kubota diesel optical-engine

The average timbefore cleaninghe windowbetween the runs for a firing engine is usually

40 to 90 seconds, several techniques have been developed to increase the time intervals
between the cleaning of the windows. Some of the most common techniques are the use of
additives, the notfiring operation, the skip firing operation or the use of a leaner air/fuel
mixtures. To design the engirane of the first steps was to investigate past literature and the
work performed by previous researchers. The study of previous prpjesentedaluable
knowledge on difficulties faced and techniques used while it offered a solid background that
could be used as a stepping stone. Unfortunately, the research at the time\@gVimited
literatureanddid not return many successfubpects where part of the cylinder block was

replaced by a window and a full metal ring pack was tséuvestigate cavitation

Figure 43 - Thirouard's Peugeot gasoline Peugeot XUL10Ar opticabngine
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Thirouard in 2001 used tw@tcal internal combustion engines to investigate the oll
transportation mechanisms within an internal combustion engine. The engines used were a
four-stroke Diesel and a fowstroke Gasoline engine. Both of these engines were modified by
replacing partsfaheir cylinder with Quartz and Sapphire. The diesel engine was a Kubota
manufactured EA300 model engine with a capacity of 300cc. This Kubota engine featured a
single window between the mitroke and the BDC also illustrated igure42. The
gasolineengine was a Peugeot manufactured XUL10Ar model engine with a capacity of
500cc. As shown indgure43 the window extended through the full length of the stroke
(Thirouard, B, 2001). It is evident that XUL10Ar optical engine is a better design than that of
Kubota engine providing much more optical access, 12mm wide over the full stroke length
against that of 8.6mmx20mm in Kubota engifidne Kubota window allowed for a better

seal against pressure losses and a better alignment with the cylinder wallsaifiwo m

problems faced with these two particular designs was that each time the windows had to be
cleaned the top part of the engine would have to be disassembled which increased
dramatically the cleaning time between the runs. By haaisgthe windows insged from

the inside of the wall the windows faced the risk of getting sucked into the cylinder where
even the smallest movement would cause the window to protrude thighaylindemwhere

WKH ZLQGRZ ZRXOG 3FDWFK”™ LW ZLW KengibeVi2VnaAMJ RSKLF FRQ)
objective for designing the new optical engine is to provide maximum exposure to not only to
lubricant flow but also optical accesstheflow inside the combusting chamber when the

engine is operating fully under motorised and firingditions at different loads.

4.3 Cylinder Block and Window Design

The design of the cylinder block and of the windows went through various phases. The initial
design was changed numerous times due to upcoming problems until it reached the final
stage whictwas submitted for manufacture. Since the first design, it was clear that the area of
the engine to be modified would have to be the entire cylinder block. It had to be modified in
such a way that it would allow for optical access to the inside of thedeylivhile

maintaining its optical properties and structural integrity. The design also involved the
identification of the material that would be the best fit for the optical window. The most
common material used for optical engine applications is PerBeespex is a transparent

thermoplastic that is often used as an alternative to glass.
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Figure 44 - MOHS hardness scale

Perspex is strong, lightweight, cheap, easy to machine and features a very good optical clarity
for visualisation. Perspex can transmit 92% of the visible light and has a reflective index of
n=1.490. Even though Perspex offers better properties than most other plastics it has a
melting point of 165C. The relatively low melting point makes it unsuitatdeuse on a

firing gasoline engine. The low melting point of plastics lead to the search of alternative
materials that would have the strength, the thermal capacity and the visual clarity required for
the application. igure44 shows the MOHS hardnesslsdar different materials. Two types

of materials were found to match the experimental requirements, and these were Quartz and
SapphireQuartz is a type of glass containing primary Silica and has a reflective index of
n=1.458. Quartz or Fused Silica imnufactured by melting naturally occurring quartz

crystals of high purity at approximately 2000 this process gives a glass of high purity and
improved optical transition. Sapphire is the product of alumina powder processed using flame
fusion, a procesalso known as Bernoulli process, Sapphire has a reflective index of

n=1.762. Bernoulli process is the first commercially successful method used to manufacture
synthetic gemstones. Sapphire has exceptional optical clarity, hardness and thermal capacity,
it scores a nine out of ten on the MOHs hardness scale which makes it the second hardest
mineral after the Diamond. Both Quartz and Sapphire are available in either synthetic or

natural forms. The fabricated versions of the materials are relativelyertoeagpared to
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their naturally extracted versions but due to their increased hardness are very difficult to

machine and that makes them very expensive to order in custom dimensions.

Figure 45 - First design iteration of the cylinder block assembly

The final decision was made to proceed with Quartz, its excellent optical clarity and physical
properties made it an ideal material for use in an optinglne. Another factor that led to the

use ofQuartz instead of Sapphire was the purchasing cost. Sapphire comes at a cost of three
times the amount of Quartz and with the possibility that the engine would use several of them
during the project (due to the damage to the window especially undeohayand firing

conditions) then the Quartz was deemed to be a more viable solution. After the material for

the windows was chosen, the cylinder had to be modified in a way that it would
DFFRPPRGDWH WKH ZLQGRZV LQ D PDQ Qungiplgkr&naingddK H HQ JL

unchanged.

The first approach was to modify the standard engine block that was received with the
engine. kgure45shows the first design of the cylinder block which involved the machining

of material out of the stock block and thedarign of a rectangular optical window that

would extend from the face of the cylinder block to the face of the liner. Though the original
cylinder block is made from cast iron which makes it very durable and easy to machine, there

was a challenge to bedad.The cooling system of the cylinder block was located around the
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with the coolant. The coolant enters the empty space between the cylinder block and the

cylinder liner and while it circulates around them it exits from a set of holes located on the

side of the block.

Figure 46 - Initial Ricardo Hydra optical -engine 2D design

One of the first issues faced was that one of the coolant exit holes was in the path of the
optical window. The solution was to make the window wide enough and machine out the
coolant exit hole while intragting a new set of holes around it to allow for the constant flow
of coolant. This solution offered the advantage that the water would be in contact with the
coolant thus cooling down and protecting the window. After a lot of investigation on the way
thatthe windows would have to be inserted into this arrangement, concerns start arising
regarding the possibility of coolant leaks within the cylinder. The insertion of the window
through the water jacket would offer various areas where the coolant could ascajind

its way within the cylinder or outside the engine. More important, as cavitation is pressure

related then any leakages would have also affected the integrity of the results.

One of the design specification was to create an engine capablestigating the behaviour

of the lubricant in both the thrust and the dhtust sides the engine. For that specifiason,

the engine would have to be equipped with windows on both sides of the block. After the
engine was dismantled it was quickly reatlghat the water channels responsible for the
cooling of the engine were located at the positions where the windows would have to be
placed. The inlet and outlet holes of the cylinder cooling system were exactly in front of the
thrust and the anthrustside of the cylinder block which made the modification a very

difficult task. This problented to another possible solution which offered the next big
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iteration of the engine block design. The next design tried to solve both the leakage and the

thrust andantithrust problems but introducing some additional features.

Figure 47 - Ricardo Hydra optical-engine 3D design

The next designas shown inifure 46, offered a distinct difference when compared with the
first engine design and more specifically where the first design was rectangular this next
design has tapered edges. These edges would allow for a greater matting surface between the
window and the cyhder block which would offer a better seal. This design would use wider
windows that would offer a step around the middle of their length which would ensure that
the window is inserted at the right depth and that it would not protrude inside the cylinder.
The problem of the thrust and atttrust side was solved after the 4 mounting holes of the
cylinder block were measured. It was identified that all the holes were equidistant from the
centre except one. Considering the difficulty of modifying both sifi¢ise cylinder block

and the cost of the windows the idea was derived to modify two of the mounting holes which
would then allow for the 18@egree rotation of the cylinder block. This solution meant that

by having the optical window on one side and altmithe cylinder block to be mounted at a
180-degree rotation, both the thrust and dhntust sides can be investigated by installation of
only one window. This design though came with its own problems. The first and most
important problem was the manufiaie of such a window would be very difficult. Quartz is a
very hard material and very difficult to manufacture, the manufactures found it very difficult
to achieve the required tolerances on the chamfered edges which meant that the design
discrepancies be&een windows would have been that great that even if one window would
have fitted in the cylinder block the other ones would not, without any major leads or
protruding within the cylinder. Though this being another failed design it gave the foundation
to generate the ideas used on the final version of the cylinder block. In brief, the key points

that were identified were that there was no need any more for two windows on the cylinder
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block. One window could besed,and the cylinder block would be rotatedswap between

the thrust and antithrust sides.

Figure 48 - Ricardo Hydra optical-engine 2D second design

The windows could not have chamfered edges and those would have to be replaced with as
many flat surfaces as possible.dkibnally, the windows due to the nature of the material
would never have consistent dimensions with each other. In an engine where the accurate
mating of the windows with the cylinder liner is crucial this is a big limitation that had to be
accounted farFinally, it was realised that the modification of the stock cylinder block due to

the water jacket would be a very difficult, if not an impossible task.

The first Quartz window after a lot of design iterations was found to be unnecessary long.
The initial design had to be significantly longer as it had to pass through the cylinder block,
the water jacket and the cylindiamer. Its shape had a wider bottom aralf its length, to

allow it to properly sit on the cylinder block while the end part was dedigvith a counter

sink to give a better seal with its surrounding walls. The main fault of this design was that
though the two counter sink sides would be perfect for sealing off the cylinder they were also
a big challenge to manufacture. The possibditysing more than one of these windows until
the completion of the project was also another concern as these surfaces would result to
consistency issues between the different windows. The manufacturing inconsistencies
between the windows would make it eethely difficult to manufacture a cylinder block that

would accommodate every window without generating leaks. Another reason the counter sink
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window was rejected is the difficulty that the window manufacturers would face to

manufacture both angled siddgtee same specifications.

Figure 49 - Ricardo Hydra optical-engine 3D final design

At the later stages of the engine design and after a lot of iterations it was clear that the only
way to optically modify the engine without compromising the integrity of the results would

be to manufacture a new cylinder block. The new cylinder blockhi&eriginal onevould
requirean effective cooling system; in this desifpe outlets of the coolant hbsen diverted

from the windovg locationand arenow located on either side of the cylinder block as shown

in figure47. The use of two optical windawvas also considered to be high risk for leakages
and as mentioned earlier,ahwas rejected as an idea. The final design was based on the use
of a single window and the manufacture of the new cylinder block which allowed the use of
that window for boththe thrust and anthrust sides. The next design featured a straight cut
window as this is shown ingure48. Being easier to manufacture the straight cut window
would eliminate the inconsistency problem between the different windows. After a lot of
close communication with the window supplier, the window design was simplified enough

for the manufacturer to be able to reach the required tolerances. The final window compared
with the initial designs featured parallel surfaces and 90 degrees anglefgdh@ss are

much easier to manufactured which ensurbdtterconsistency between the windows.
Experience with other types of internal combustion engine showed that these types of engines
are affected by a common problem of widow fouling. This probletmei€leaning of the

windows after every run due to the combustion residuals that stick on their surface and that
affect their optical properties. These time intervals usuallgegdrom 30 seconds to 2

minutes.This indicated that the windows would haweebe removed and cleaned regularly
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which also meant that the windows could not be glusdi@the cylinder block. To open the
cylinder head for cleaning the window was not an option as this operation was very time
consumingandrequired more than one perstoperform For that reason, a mechanigras
manufacturedand a methodology established which would allow for the safe removal of the
windows. This mechanism should also allow for the reassembly of the windows with the
cylinder block while ensuring th#here would be no pressure loses, damage to the window or

the windows protruding into the cylinder.

Figure 50 - Ricardo Hydra optical-engine 3D final design cubut

Furthermore, an engine with such a limited operation cannot produce enough heat from the
combusting fuel capable of causing sufficient damage to the winddwesmain parameter

that would affect the integrity of the window would be the high pressure amub#sibility of
WKH SLVWRQ ULQJV 3FDWFKLQJ" WKH HGJHV RI WKH ZLQGRZ
operate for short intervals, it was decided that the water jacket of the original engine could be
substituted by a smaller and simpler desigre méw cylinder block inigures 49 and 5Qvas
machined from a single piece of cast iron, the saguedshows the individual water pockets
located on the three sides of the block, opposite and next to the window slot. The new
cylinderliner instead of beig pressed into the cylinder block, it was bored out of the block.
Once the cylinder block was machined and the cylinder itself was bored at the required
diameter, the surface of the cylinder was treated to reach the same surface roughness as the
original cylinder block of the Ricardo Hydra engifiéhe final design as describaioove

instead of a water chacket features three water poldcetied on the sides of the cylinder

block that are responsible for cooling the cylinder block while in operatiavaom it up
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before every run up. One of the water pockets can be seiguie30 on the oposite side of

the window.The windows chamfered edges were removed and the new windows featuered
straight cuts, at the same time the thickness of the new windswedaced by twenty
millimetres (20mm) shorter than the one initially proposed.

Figure 51 - Window imperfections in the first batch of optical windows

This significan reduction could be achieved as the new cylinder block did not feature a full
water jacked and therefore the side where the window was fited could be made 20mm thinner
than the original hydra. The thinner windows has the great advantagelatimg much

better images with higher clarity/resolution since the transmitting and scattering lights needs

to travel a smaller disntance. The shorter window also means that the camera could be

Figure 52 - Ricardo Hydra optical-engine new cylinder block assembly
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mounted at a closed distance to the piston rings which with the right extension camera tubes
would give a much higher magnification. The shorter window will also offer better access for
the light, this is mainly due tihe fact that the camera must be placed directly infront of the
window. Since the camera ocupies the space infront of the windows the light sources need to
be mounted at an offset and would normally aim the spoeciment at an angle. Thus the shorter
the windw the smaller the angle between the window center line and the light SOnoee.

the final design was submitted there was a constant communication with the manufacturer to
make sure the windows were manufactured up to the correct specifications. Ofirea the
products were received these were measured and checked to identify if they met the required
specifications. It was quickly realised that despite the best effords the window tolerances
were not within the expectations and this was not the biggest ispon inspecting the

windows under light in a dark room it was found that the quality of the wind@ssot as
expected either. It was found that the volume of the windows was not consistent and that
there were air bubbles traped in thengufe 51 show an exampe of the first windows

received showing the impurities in its mass. Artificial Quarts needs to follow a very slow
heating process where the windows are heated at a very high temperature for several days
untill all the bubble intially trappeduding manufacture slowly escape. It was obvious that

the manufacturer had not followed the correct procedure which left air bubbles still traped
within the quartz. The windows were classed as unsuitable for use or visualisation but they
were still retainedo use during the intitian engine test runs. The main issue with the air
bubbles trapped in the windows was that the air bubbles would obstruct the view of the

camera and would affect the clarity of the images.

Figure 53 - Wind ow, window housing and flange assembly
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The findings were presented to the supplier and a new set of replacement windows were send.
The new windows were tested and found to be of an excellect optical qulaity but their
dimensions were still not consistenthvthe tolerances that were initially specifi€ice the
manufacturer could not achieve better tolerances the solution was given with the use of
custom window housings. The window inconsistencies was a major concearn since the initial
stages of the prope. Quartz is a very hard material which makes it very difficult to
manufacture. For that reason the manufacturing tolerances that could be achieved were not
ideal. The minor dimensional differences between the different windows can be eliminated
with theuse of custom made housinggyures 32 and 53show examples of those housings
along with the way that the windows were secured inside and how those fit onto the cylinder
block. Steel is an easier material to machine than quartz, for that reason better tolerances can
be achieved in machining steelthQuartz. These housings would be machined internally to

fit each of the individual windows which would accommodate for the windows
inconsistencies and on the outer side they could be made at a very tight tolerance to fit the
cylinder block ensuring no I&a occurred. Since the optical window housings are custom
made for each window that meant that the windows could be glued onto the housings which
would give an extra security against the leaks. ma#ingof the cylinder with the Quarts

was a major issueith the design of the engine, the custom housings through allowed for an
excellent fit. The windows were glued within their housings and they were machined again
with the cylinder block once they were all assembled together ensuring perfect matting of the
window, the housing and the cylinder. The housings alto features a very important step which
prevented the window from sliding into the cylinder while it could be easily removed and
installed for cleaning between the runs. The housings on the four cteaeensd 4

additional holes made for the windows extractor. The windows extractor ensured that the
windows were removed evenly and securely without distorting the window channel and also
assisted with the refittingf the window to avoid damaging them \ehthey are placed back

in. It is known from literature that when internal combustion engines are in operation the
pistontrings located on the piston have the tendency to rotate inside their groves. It is
believed that the rotation of the piston can affkeetvisualisation of the lubricant flow as it

can drag the lubricant at a circular path in the direction of movemtnemtder to preven the
rotationof the pistorrings, these counld be pinned inside their groves. The technique behind
pinning the pistomings is ilustrated iniure54. The pining of the rings had been considered

at the early stages of the design phase but the final engine did not have thenmston

pinned This could be added at a later stage if ring rotation was proven to be an issue
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Figure 54 - Ricardo Hydra optical-engine pistonring modification (Ricardo, 2011)

One of the core objectives of this project was the use of as many of the engine components in
their original form as possible in an attempptoduce results that would be as close as

posible to the operation of an unmodified engine. There are many-pisgsncommercially
available and each is suitable for a variety of different applications. Finally it was decided to
use the ring setup thatas supplied originally with the Hydra engine. The chosen setup is
shown in fgure 55 with the following detailes:

1. Compression Ring Internal Beveled with Negative Twist

2. Midle Ring: Rectangular Ring

3. Oil Control Ring: Spring Loaded

The cylinder block starteas a solid block of steel and the manufacturing was completed in
house, the manufacturing started by first machining the lower part of the cylinder which fits
inside the engine block. The lower part was machined to the exact the same specification as
theoriginal hydra block, before continuing with the manufacturing, then@ groves were

cut on the lower part and the block was fitted onto the engine sump. Once proper fitting was
ensured the mounting holes were drilled and ensured they were in lind@evitiounting

holes of the engine block.

Figure 55 - Ricardo Hydra optical-engine pistonring setup (Ricardo, 2011)
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The next step was to cut the water jackets and test their seal by circulating water through
them, once the water jackets were manufactured the next step was to hone out the cylinder
itself. The cylinder was drilled in steps, the drilling starting in thereeof the block and the

hole was slowly widened. This ensured no distortions were introduce in the block while
machining. Once the cylinder reached close to its final diameter a special honing tools was
used to smoothen out and treat the cylinder atléisged roughens. The cylinder was made at
the exact same specifications as the original cylinder block supplied with the engine by
Ricardo. The final step was to cut out the window channel and ensure all housings were a
perfect fit. Initially the window bannels were scheduled to be manufactured before boring
out the cylinder as their machining could possibly affect the cylinder itself. The main reason
the cylinder wadored before the window chanveis because every window and womd
housing once they we placednto the cylinder block they were-h®ned to ensure perfect
fitting. Following the cylinder block the windows were ordered through a manufacturer at the
United States which could provide optical quality quartz windows at the required
specificatons Fgure56 shows the tool used for the initial machining of the cylinder and the
cylinder block at an intermediary stage. In tiggure, it is observed that the cylinder has
already been honed where the window slot is still to be machingdres57 shows the

finished window and the cylinder block along with the window and housing right before
these were fitted onto the engine for the first time. The sayue=$ clearly show the cylinder
block with the window slot, the water pockets, the cylinder block mounting holes as well as

the cylinder head mounting holes.

Figure 56 - Ricardo Hydra optical-engine manufactured parts
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Figure 57 - Sideand top view of the cylinder block and optical window assembly

4.4Engine Control Software

The engine control unior ECU is responsible for controlling the smooth and correct
operation of an engine. In the case of the optical engine and due to the dasignithe

engine control had to be designed and manufactured for the project as there were no off the
shelf soltions available that would match the project specification. The control of the engine
was based on two National Instruments PCI cards that were installed on a lab desktop
computer. This setup offered one acquisition and one processing cards. The acaquasiti

could only acquire and read signals that came from the sensors while the processing card was
capable of receiving, processing and sending sidrzalk to the enginérhe computer would

use the cards to acquire and send signals from and to the emgirto althe auxiliary
components. The signal processing on the computer was possible with the use of LabView.
LabView is a software supplied by National Instruments and is designed to work with the
supplied cards.igure58 show the 3 pieces of softweathat had to be designed for the needs

of the engine. All the 3 different circuits are part of the same control software and they are
responsible for crucial functions of the engine such are firing and injection. The engine
software was taking input frotvo main sensors, the crank shaft encoder and the cam shaft
encoder. Both of these encoders were responsible for sending signals that would give
information of crank angle and to whether the engine is exhausting or intaking. The signal
from the encoders as collected by the two cards. The signals were then processed, and new
signals were send back to the engine. One of the signals was sent to the ignition control unit,
the ignition control unit was responsible of receiving the 5V pulse generated byd¢hedNI

and activating the ignition driver responsible of sending the charge to the spark plug. The

next signal was send to the throttle control unit, the throttle control unit was a
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servomechanism that controls the butterfly valve in the inlet manifold wsthcts the flow

of air in the engine. One more signal was send to the injector driver, the job of the injector
driver was to receive the 5V signal and operate the fuel injector. The injector driver works in
two stages, the first stage is to send highage to the injector to ensure the injector open
instantaneously but then immediately drops the voltage to ensure the circuit it not damaged.

Usually injectors require a much higher voltage to open than to stay open.

There werethree signals mainlgequired by the engine to operate but the software was
designed to send out another two additional signals that would control the optical equipment.
One of the additional signal was used to trigger the-Bgted camera at a specific crank

angle and the send to drop the intensity of the light source right after the camera would

stop recording. The higbpeed cameras are equipped with a limited internal memory that is
usually enough for a few seconds of continuous recording. The correct timing of tha camer
with the engine has been crucial to the acquisition of the data. High speed cameras require a
lot of light as they operate at very high shatter speeds, the light though used are so powerful
that could set the engine on fire. It was important that orecedimera started recording there
was a way to drop the light intensity to the minimum setting in order to avoid damaging the

engine components.

In addition to the signals responsible for the operation of the engine and the acquisition of the
data the softare provided a range of information to the user. This information which was
crucial for the operation of the engine ranged from the engine speed to the load. The user had
also the option to switch on and off any of the signal mentioned above and weye te e
operation of the engine. All the signals were adjustable and could be set at an offset from the
top dead centre (TDC). The-aylinder pressure was monitored at a separate monitor and did
not go through the NI cards. The computer as well asitj@e were connected on a central
control unit which was responsible of cutting the power and switching off the equipment in
case the computer would crush. This was mainly designed in order to avoid the computer
leaving the injector open while the sparkgpluas firing in the event of a computer failure.

The control unit had also a manual override where the user could activate on demand. The
engine lab was protected against fire by a carbon dioxide fire suppressant mechanism which

operated on a separate ditdor safety reasons.
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Figure 58 - Engine control and acquisition software

4.5Testing

The aim of the project has been to visualise the flow of the lubricant on the cylinder walls of
an internal combustion engine using Mieattering technique. The visualisation was

performed with the use of a higipeed camera and appropriate lighting. Gdmera would

be placed on the thrust side of the engine and would capture images under motorised and
firing conditions. The images were captured with Photron Fastcam SA1.1 camera. Photron is
a highspeed camera manufacturer that has managed to becomseadidiname mainly due

to the innovative and technologically advanced solutions they offer, one of their products can
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be seen inifjure59. The SA1.1 has H-bit dynamic rage with shutter speed down to 1its
provides5,400 fps for the full resolutionf d024x1024pixels,but the faster frame rate can be
achieved for smaller resolutioag a frame rate of 67,500 fps for a resolution of 256x256

pixels. The engine was initially tested under motorised operation. That means that the engine
was not fired dung any cycle and it operated with the use of an electric motor connected

onto the engines crank shaft. Optiealgines are very hard to manufacture and before they
operate for the first time they need to be tested and carefully inspected. Any fautigtitat

have slipped the design phase would normally surface in motorised testing. The motorised
WHVWLQJ RIIHUV D VDIH ZzD\ RI DVVHVVLQJ WKH HQJLQHYV F
operating pressure and temperature will protect the engine from getiagely damaged. If

the engine was initially tested under firing operation the possibility of engine damage or
failure beyond repair would be much higher. Once the engine has been rigorously tested and
finely tuned the next step was to continue testimgen skipfiring operation. Skigfiring

operation is when the fuel is not ignited in every cycle and the engine still requires the
electric motor to operate. Skip firing operation is useful to identify and further assess the
limits of the engine. The testsarted by skipping four cycles for every one that fired and that
continued until the engine reached fully firing operation. Similar path has been followed to

bring the engine at its maximum operational speed.

Figure 59 - Photron Fastcam SA11 high speed camergPhotron, 2015)
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intensity lightsources to capture the changes in the fluid flow. All the sources of lighting

used came from the higbower line of ARRI. The lights used are similatie ones installed

in football stadiums and arenas. Due to their use in stadiums and theatres these lights offer a

very wide focal point. Since the window was only a few centimetres wide the light would

have to be coupled with focussing lenses which cassilst with the guidance of the light

onto the point of interest. More precisely the light sources used were coupled with either one

or two focusing lenses and along with the light source were fixed on an adjustable rail. The
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adjustable rail allowed fohe correct alignment of the light with the lenses and offered the
freedom to adjust the distance between the two lenses and the light source. The entire

assembly was mounted onto a lathe bed weighting 350kg to ensure stability.

The installation of an optal rail was alsanvestigateddesignecand manufacturefibr the

future use of lasers amdser illuminating techniques. The lasers allow for the implementation
of the Laser Induced Fluorescence (LIF) and ParticbgeVelocimetry (PI1V) techniques.

The former can be in order to quantify the oil film thickness and therefore the amount of
lubricant present on the cylindiner, and the latter can be used to measure the instantaneous

lubricant velocitybetween the ring and liner gap.

4.6 Summary

Overall thedesign of the optical engine was a success and provided the means to fulfil the
objectives of the project, the investigation of the phenomenon of cavitation within a fully
firing opticalengine, and beyond. An optical engine that was designed and manedact
specifically for the needs of the project. The new degrgnidesfull access tahevery

hostile area where the pistoimg and the cylindeliner interact with each other and in

addition a good exposure to the combustion chamber where the chartieal, spray
characteristics and combustion can be visualised or quantified using different optical
diagnostics. The design process was very careful anecmg&iming to ensure the new

custom optical engine can stand extreme forces, temperatures antgzessl at the same

time to allow for the thermal expansion and tolerances; specific considerations have been
given to ensure proper matting of the optical window with the cylinder liner and the piston
rings. Theentirecontrol system to operate the ergyimas been redesigned with new software
and the ECU (as explained above) capable of controlling both the operation of the engine as
well as the optical equipment that were later installed. The combined new control system and
the optical engine would offer useful and valuable testing device that would allow further

investigation to be carried out.

Introduction of the optical window that covers the full length of the liner over a width of
25mm provide a great optical access, much greater than that giv@sLAYAr engine. This
allow not only the investigation of lubricants cavitation and flow into the contact point over
the entire length of the liner, but also provide access to combustion chamber to allow flow
visualisation and flow field measurements udiiféerent laser based optical diagnostics like
LDV, PIV, PDA and LIF.
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CHAPTERS: RESULTSAND DISCUSSION

This chapteincludesthe results for both the tesy and the optical engine two different
sectionsThe results for both experimental devices@esented, analysed and discussed
independentlyvithin this chapterFurthermorethere has been an attentptestablish a
correlation between theptical engine and thielbricationtest rig.

5.1 Lubrication TestRig

Thetestrig used for the parametric studgn simulatehe lubricating conditions between the
pistontring and thecylinderliner which occurin a reciprocating enginia anidealised

manner An internal combustion engine operates on the basic principle of a reciprocating
piston moving inside a sealed chamber that convertsrnbryy released by the combusting

fuel into kinetic energy. Theestrig operates on the same principle with theadghce that

the ring isstationaryand the liner reciprocates on top of it. One of the main advantages of
this rig is its simple assembly which provides fultiogl access to the pistaing andthe
cylinderliner interaction. It is a fast way of testidgferent lubricants without the

interference of parameteasd phenomeniat usuallyoccurinside an engine.

In total nineteen lubricants were tested, all the lubricants featured different formulations. The
formulations were specified and suppliggBP and they were kept confidential, relative
information can be found in table 1. Each lubricant veated at three different speeds;
100RPM, 300RPM and 600RPM. These speeds were chosen according to the testing
capabilities of the tegig and they are pportional to the speeds ah automotive engine

The first speed at 100RPM was chosen to simulate engine speeds close to idle. Idle is the
state of the engine where the minimum engine speed is sustained to maintain engine
operation. Usually engines do mabduce any significant amount of power at these operating
conditions but it is a state where the engine can remain in a standby operation and ready to
use when needed. The next speed is at 300RPM. This speed wasashasdntermediate
operatingstate similar to the ones engines experience when cruising on the motorway at
normal speeds. The highest speed used for the tests was 600RPM. This condition was chosen
to represent the engine state whereethginespeed is near the speed limiter. Usually ndrma
engines reach this level of operation at rapid acceleration or when a vehicle is reaching its top
speed. The choice of the operating conditions was such that would represent the operating
conditions found in automotive engin@sanattempt to link theroject to everyday

applications and better understand problems that affect the performance of automotive

engines. Other factors that played a significant\waite choosinghe operating conditions
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was the physical limitations of the lubrication tegt This testrig has been in the possession

of City University for several years and despite the best efforts to update and enhance its
capabilities, there are physical limitations that are directly linked to its original design. The
speed of the testg cannot get past 900RPM. This is not just a design limitation but also the
result of the component limitations available at the time of built. The motor can reach
1000rpm but that has been limited by the weight of the rotating components. There is also a
sakety limiter which ensures that components are not operated close to their limits. The

testing was not based only on a range of speeds but atscaoge oflifferent flowrates.

Table 1 - Full Lubricant Matrix and testing conditions carried out on the Lubrication testrig

Theflowrateis measured abe rae of supply othelubricant in thearea between thaston
ring andthecylinderliner interaction Enginesexperience a plethora of differesperating
conditionsandthey all depend on thepplicationof the engineWhen engines operate under
high load the increasddrceshave a massive impagh the lubrication otheinternal

components. This is thmainreasorwhy there is a need for controlling tHaid flow of the
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supplied lubricant othe opticaltestrig. The control of thélow ratewasachieved wittthe

use of a control valv@ he position of the valveestrict or allows the flow of lubricant
through the difeed. Theoil feed is pointing directly tthearea where thpistonring and the
cylinderliner meet. Theflowrates usel were0.05L/Min and 0.02L/Min. Bth flow rates are

in Litters per Minute. These twélowrates were selecteds a resulbf testing and research in
orderfind two valuesthat wouldcover the majority of the operatimgnditions found in
automotiveengine. Théiigh and the lowWlowrates represent the two main oil supply
conditions that are mogkely to be found in a moderengine. These two states are fully
flooded and starvation. The fully flooded is when there is adequate oil saqppBtarvation

is the statevherethe supply of oil is limited or not sufficiethe option ofcontrollingthe

flow rateof the oil is not only amddon but anecessityThe tests cosred aotal of twelve
operatingconditions these conditions are listéad table 2 The testing of all the different
lubricants under all the operating conditions generated many interestiagyations that
offered a great insight to the better understanding of their behaviour inside an internal
combustion engine environment. The collection of these data was performed witie thie
specialised equipmefit for the projecias this is showim table 3 This equipment includes
high speed¢ameras, high intensity light sources aoghisticated opticg.he visual data

were captured with the use of higheed imaging equipment. This is specialised equipment
capable of recording videos at highrfrarates that allow the observation of phenomena that
are generated and collapse in a fraction of a second and that would normally be impossible to
observe with conventional equipment. These fsgeed cameras have the capability of

recording videos up tb,000,000 frames per second.

Speed Flow rate Temperature
100RPM(@ 12000fps) 0.05L/Min 40C
300RPM(@ 36000fps) 0.02L/Min 70C

600RPM(@ 720001ps)

Table 2 - Test operating conditions. Speedps, Flow-rate and Temperature

3)UDPHV SHU VHFRQG  LMurédtheHecoQihg/épeed of Gegdired IiD
directly linked to theimbility of recordng a high volume of images in the space of a second.
Thecameras that reach 1,000,000fps, walpture 1,000,000 imagesthe length of @econd.

These igures are also directly linked to the resolution and the shutter speed. All these aspects
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are equally important to the quality of the visual data. A high resolution will give much better
image quality and will result tormore solid foundation toards the processing of the data,

where ahigh resolution ensures that the captured imagesiore information rich. The more
information is contained inside a picture the more information will be extracted at the
processing. Duentthe vast amount of data captured the only way to process them accurately
was with the use of sophisticated @lighms that would undertake this long and time

consuming job of extracting all thisformation out of theaw data The better the quality of

the image the easier and more accurate will be the job of the algorithm to process and extract
the data.

Data Acquisition Equipment

High Speed Camera Friction Injection Pressure

Capacitance Flow Meter

Table 3 - Data Collection Equipment

The shutter speed &quallyimportant tothe qualityof the imagesif chosen appropriately it
can produce images that are clear simarp. 1 setincorrectly the images will belurry and
unsuitable for processinyideo recading devicesproduce videos out of sequencef
consecutivemages Whenthese images apayedabove a certain frame rate tinelividual
imagesappear in the form ad video.When theuser ispressinghe record button on a video
recording device the device is capturing a sequence of images at a specific frame rate. The
images in modern digital cameras are captured with the use of a light sensitivempcro
that translates light intdigital data. Tk individual images are captured with the usa of
shutterdocatedin front of the micrachip andevery timeit opens and closes amdividual
image iscapturel. Theshutteris alsocontrollingthe exposure time. The exposure time is
very important tohe quality of the image. Ithe exposure is tolong the excess light will

burn the image and destrail theinformation. Ifthe exposure time is too short the image
will appear dark anthformationempty The main problem faced withdh speed cameras
that operatat high frame rateis that usually the shuttemnovesat a speedhat normalight
sourcesare proven to basufficient During the project the supply of sufficient light was a
constant challengeachopticalsetup came witlifferent light demands. Between the many
attempts to improve the quality of the images was the use of several light sources and
different techniques. The cylindéner and pistorring interaction is located deep inside the

engineit is one of the modtifficult areas tagainaccess anthis is not differentvhen it
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comes to the lubrication tegg. The limited optical access made the supply of light a real
challenge. The problem was tackled with the use of very bright high intensity light sources
specfically designed for filming applications. These types of light sources produce a lot of
high intensitylight, but this comes at a cost.

L/Min

Bar

Figure 60 - Optical test-rig measurements of flow rate vs. supply pressure at 40C

The tradeoff for all thatpower is that these lighemit high levels of heat. The amount of

heat producedan easily damagée nearby equipment. In caselsere the filmed object is

not metallicthe light source&an severely damagieor even set it on fireéThe light sources

were never operated for extended periods of time and there was always sufficient cooling
available. Cooling was provided Bgverakooling fans pointing dirly to the filmed

object. Attimes,even the best counter measures proved insufficient. This is the reason why
temperature was always monitored with the use of laser thermonuedensd critical
component damage and prevent the likelihood of Tilre reslution, the shutter speed and

the frame rat are all equally important to tlsecessful outcome. fe biggest challenge
whensetting up the optical equipmenas to find the perfect balance between the three
Many of the test had to be repeated sevaradito ensure optimum image qualitiis
reportincludesthe visualisatiomataand theoil behaviour for 6 oubf the19 lubricant
formulationsoriginally received by BP. As the formulations of the lubricants received are
confidential they will be refeed to by their code names. This report will present data related
to 6 out of the 19 lubricants for one temperature, one flow rate and two different speeds.
These lubricants are:
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x E1003A_003A

x E1003A_004A

x E1003A_008A

x E1003A_009A

x E1003A_016A

x E1003A_02&

When these lubricants wetestedjt was found that they are of different viscosities. When
the lubricants were first received, BP did pabvideanyinformation related to their
formulation. By the end ohe project the company was reddyshareadditionalinformation
ontheir composition and from whathasbeesnobservedhere were differences mainly in
thar viscosity. In an early attempt tiolentify differences between the sampéesl get and
understanding of the differences between the lahtathe decision was made ientify a
methodologythat would reveakeyfacts relatd of their physical properties, in this attempt
certain modifications had to be made on thetigstOne of the latest additions was the
introduction of &lowmeter thawould givereadings of thélowrate Theadditionof the
flowmeter allowed for the measurement of the injection flowrate which at a constant
temperature could reveal information related to lubricant viscadiy.geometrical setup of
the testrig remaired unchanged and while keeping the temperature steady all samples were
circulatedaroundthe system. This resulted to each lubricant offering a different flowtate
constant temperaturéhe differentflowrates of all the different lubricantsere captureand
the results showeithat the lubricantsid not share the same viscosities. The results are
presentedn Figure 60, for a temperature of 40C.

5.1.1Velocity and Acceleration

Reciprocating engirederivetheir powerfrom theverticalmotion of the pistonThis motion

is then translated intie reciprocating motionhatis the used to drive theshicle The
movemenbf the piston extersfrom theTop DeadCentreto the BottomDead, he velocity
and he acceleration of the piston aliesctly linked to the physical dimensions of the engine
componentsThetestrig may follow the same operating principles as apredating engine
but hasa fundamental difference. In antomotiveengine the piston ishemoving partof

the engineand thecylinderliner is stationarywhere the testig keeps the pisterning

stationary while the linereciprocate®n top of it.

The acceleration and veldgicurves shown inigures 61 and 62epresent the liner velocity

and acceleration throughoufidl testrig cycle for 3 different speeds. The velocity by
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definition is the instantaneous rate of change of position with respect to a reference. The
velocity of the piston is measured by how rapidly the position of the piston is changing. The
velocityis known as the first derivative of the position curve. The velocity of theitelsher

is represented in Meters per Second against the crank angle. The green, red and blue curves
indicate the different speeds. Blue marks the 100RPM, red the 300RPiviesmdthe

600RPM. The curve shows the piston velocity during a full cycle from 0 to 360 degrees. The
velocity is equal to zero at 0, 180 and 360 degrees. This is a fundamental design specification
of internal combustion engines and in extension of thedation testrig which has been

designed along the same principles.

m/s

deg

Figure 61 - lubrication test-rig Optical Liner Velocity

The zero velocity points are the points where the piston momentarilyatdpsC and BDC

In the case of thiestrig the moving part is the liner, thus the curves represent the movement
of the optical lineinstead of the pistomhe TDC and BD(ointsare where théner

changes directions and movesm up-stroketo downstrokeand vice vesa. The velocity
peaksare theequivalentof themid-strokepoints inan internal combustion enginat this

point the liner is at theiddle of its journeybetweerthe TDC andBDC. The piston will

follow the same velocity profile for eveppnsecutiveycle. Figure 62 shows the

acceleration profile fahe optical liner for a fulB60 G H J U H H VIfie R&&l€dton profile

even thoughs related to the velocity profile follows amtirely different patterrithe
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acceleration islsoknown as the second derivative of the position andirstederivative of

the velocity The velocity is represented in meters per second squared.

m/s"2

deg

Figure 62 - lubrication test-rig Optical Liner Acceleration

5.1.2 Data Matrix

Table 4 shows the lubricant matrix receivedthe project and a sample of théricants

providedby BPalong with basic information atmeir formulationsas thee were specified by

the companythese formulations will bkept confidentialintil BP decides to release them.

These lubricants are related to products that BP had not released up to the point of the data
processing as they were in preliminary development stages. Each petroleum company with

the new European re@ilons must plan far ahead of the deadlines. Each lubricant

manufacturer develops several lubricants and treats them all as possible successful candidates
for productionwhich of these lubricants makes it to production depends onittideirdual
performance. In the case of this project a total of 19 lubricants was received all in the

development stages.

In total 50 litters were used from each sample to cover the needs of the project. These 50
OLWWHUYVY FRYHUHG WKH WHVWYVbBiWeehth® @nd X spedifid SIOXVKHYV
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amount of lubricant is used to flush any remaining lubricant before the new one is added. The
flush was accompanied with the cleaning of all therigstomponents with a specific

solvent that would remove any lubricant resildubefore the next run. Then cextditional

flush was performed to remove any solvent residuals. For each test run a total of 2 litters was
required to fill up the lubrication tesig reservoirfor normal operation. Every time the

lubricant had to be cinged the equivalent of two full flips were needed to ensure the
lubrication testrig had been properly flushed. That mean that for every 2 litters used for
testing another 4 litters were used to flastu clearthe experimental setup.

Table 4 - Lubricant Sample Matrix

To complete the testing of the entire matrix a total of &8s of lubricantwereused either
to test orflush the experimental device. The Oliflers of lubricationoil produceda large
amount of dea. After careful consideration and lubricant comparisbwasconsidered as
unnecessarip includethe entire database this report A lot of work has been dedicated

identifying the mostppropriatesamples, which would constructanclusive set of data that
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would illustrate in the best way possible thalings of theproject. Ithas beeronsidered

that the set of dat@ beincludedin this report wouldhaveto represent the entitested

matrix. This samplesvould have to giveonclusive results toward the contribution of this
project to the better understandingloé phenomenomwf cavitation.In conclusionthe
decisionwas taken to narrodown thebatch of 19 lubricants to 6 representative samples
purelybased on theiiormulations Many of the 19ubricantspresentedimilaritiesin regard

to their formulationsand performancd-rom the testingnd the information received by BP

the lubricants wergroupednto 6 categorieas pettheir test resultfOne sample froreat
groupwas chosen to hacludedin this report. Theskibricantswerechoserfor their distinct
behaviour under testing and for the way they represented all the attributes of their group.
These6 lubricants are based om&in baseompositions, th8ase Oil Groud, theBase

Oil Group 2 andheBase Oil Group 3. All these base lubricantsearehantedavith a variety

of additives Someof the lubricants havalsoan additional Viscous Modifier. These are
referredto as VM1, VM2 and VM3. The lubricasmthat use&iscous Modifieronly made

use of VM1. All thelubricantsfeaturedifferent kinematic viscositie$n conclusionthe 6
lubricants used for the purpose of this report aselid representation of the behaviour of the
entire matrixreceived by BP and are considered to be a sample that offers a collective view
and understanding of how different formulations affect the behaviour of cavitation and how

this is depended of thespecificadditives

Thesamplereceived from BP weracconpanied with limited information regarding their
performance and formulatiaas these argresented in Table 1. The information available
presents the Kinematic Viscosity at 40C and at 180dthe HTHS (High Temperature High
Shear) which is the viscosity 850C. The tests presented on the lubricatskrig in this

report are alperformed at 70C which is in betwettre 40C andhe 100C kinematic

viscosities available in the documentation. KV70 is not something that is avaitable
commonly used by lubricant manufacturar&l for that reason it would have to be calculated.
The kinematic viscosity curve is not linedhe use of the two 40C and 100C data points
would make dit line using the Reynolds equatiddowever, he best pproach would be to
introduce a third poirind use the Vogel equation which is the most accurate viscosity
temperature equatiorlTHS can be used as the third point to allow for that calculation. The
HTHS is the viscosity at 150C which is divided by dgnand could give the kinematic
viscosity at 150C. igure 63 shows the trend lines for all the individual lubricants as this is
fitted for 40C, 100C and 150C. The trend ligegen by the Vogel equaticallow for the
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approximate calculati@of KV70. The \alues for KV70 are presented igdre64 and will

be used for the direct comparison of the lubricant samples in the discussion of this report.

Figure 63 - Polynomial trend line and equation fitted for 40, 70 and 150C
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Figure 64 - Kinematic viscosities at 70C

5.1.3Data

This sectiorcontains a set omagescapturedn the course of the projeathile the majority
of the data are in the form afgraphs etracted by the same type ddita Laterthe
phenomena observed are linked to the physical properties of eaicahtbndthe results are

discussedo whetherthesepropertieanfluencethe performance afach lubricant

5.1.3.10ptical Data

Thefirst sample to be analysesllubricantE1003A_003A The data ar@ a set of
consecutive imagesherethe speed is at 300rpm, the temperaati#C, the frame ratat
36000fpsand he lubricant supply flow ratat 0.05L/Min. Thefollowing set of unprocessed
dataoffers a better understanding wehy the fgures plottedthrough the Matlalalgorithms
follow the trendghey do More information on the comparison between the rawthed
processed data are given in earlier parts of this report where the output of the Matlab
algorithm is compared next to the raw inpuitke following imagedlustratethe formation,
developmenaind collapse of caties while testindubricantsample on thetestrig. It is
identifiedthat the cavitiesvhich are generated on the top and the bottom of the ring are of

different lengths. This imainly due to the designfahe ring asthecontact point with the

liner is at an offsefrom the centreline, this @lsodiscussed, Q WKH 35LQJ 3UWRILOH’

this report.The cavitiesshownin figure 65 to 74 passthroughall themain stageof
cavitation The first stage iglentified aghe cavity generationthe cavities generated at this

stage are also known as fern cavities
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0 deg, E1003A_003A, 300rpm, 0.05L/Min. 70C 20 deg,E1003A_003A, 300rpm, 0.05L/Min. 70C]

5mm

Figure 65- E1003A, 300rpm, 0.05L/Min, 70C, e20deg

The next stage after the fern cavitieshe development of tHanger cavities The finger
cavitiesremain developetbr the majority of the strokentil theyare forced taollapse in the
form of bubblesThe last stage before collapse is the formation of a cavitating shiset

sheet is observed gertainframes as inifjlure66 in the form ofa large unified dark ared@he
captured datandicatethatthoughthe cavity behaviour is directly linked with the relative
pistortring andliner movement there is a small delay to the cavity reaction which is directly
linkedto eachHubricaQ Vihflividual viscosity.

40 deg, E1003A_003A, 300rpm, 0.05L/Min. 70¢ 60 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

Figure 66 - E1003A, 300rpm, 0.05L/Min, 70C, 4660deg

Thefollowing imageshave been enhanced witiarkersTheblue arrow indicatgthe liner
movemendirectionin anattemptto give a better understandinfthelink betweenhe
cavity behaviour and thelativeliner movementwhere a blue arrow is not present the liner

is either at the TBC or BDC drits velocity is equal to zero.
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80 deg, E1003A_003A, 300rpm, 0.05L/Min. 70 100 deg, E1003A_003A, 300rpm, 0.05L/Min. 70|

Figure 67 - E1003A, 300rpm, 0.05L/Min, 70C, 8a100deg

The red arrow indicates the length of tireg specimen. Each frame includes a caption at
either the top or the bottom of the frame with information related to the specific conditions
when the frame was capturdithe 0 G H J UfiddeVilf fgure 65 represergthe beginning of a
cycleat BDC this is a point where the liner is at zero velocity relative to the piktdhe

same iigure, even thougtthe liner isstill, and thenew cycleis about to startthere are still
cavitiesthat remairfrom the previouscycle The cavities that are stifiresent seem to

maintain a significant length armghpear to ben the fissure cavity stage.

120 deg, E1003A_003A, 300rpm, 0.05L/Min. 70 140 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

Figure 68 - E1003A, 300rpm, 0.05L/Min, 70C, 12€140deg

This phenomenon is specific to each sample whereavitiesaredepended othe physical
properties of the lubricamindmight not fully collapse before the new cycle begksither
information of the cavity formation and the way tiisffected by lubricant formulation is

given at a later chapter of this report.
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160 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

180 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

Figure 69- E1003A, 300rpm, 0.05L/Min, 70C, 16€.80deg

On the next frame in the samgureand at 20 degrees into the new cycle, the remaining

cavities are either collapsing or on their path to escape the confined space betweemthe pisto
ring and the liner. At the same crank angle but on the opposite side of the ring new cavities

have started to generate. These cavities are still at the early fern cavityl sieggaewly

generatedavities will contirue to develop ithe nextframeat40 degreeas shown irfigure

66. At this point the cavities haygassedhefern cavity stage and hawevelopednto finger

cavitiesthrough theyarenot fully developed/et On the next frame at 60 degrees in the same

figure the cavities are fullgeveloped and have reached a stage where they start to form a

cavitating sheet. The cavities will remain at this state for the nexfrioues andigures 67

and 68 An arrow has been placed on the specific images to indicate the direction of the

opticalliner.

200 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

220 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

Figure 70- E1003A, 300rpm, 0.05L/Min, 70C, 20220deg
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In thesefour frames, the cavities do not show any significant change in their behaviour or
physical propertiesThe onlychange that is worth noting the constant generation and
collapse ofinger cavitiesat the front of the cavitating areatthere isa rehtively small
change in their length, width population Referringagainto figures 61 and & which

present the velocity and acceleratadrthe liner a link is observed. ik noticed that th
describegphenomenon is directly linked to the liner velgand thdiner accelerationMore
precisely he behaviour of the cavitieg any given crank angie the result of the changes in
acceleration and velocitfhis phenomenon is further analysed in the lpéets of this

section Moving orto thenextframein figure 69 andat 160 degrees there is a significant
change in the cavity behaviour and more specificalth¢ovalues arountthe length of the
cavities.The cavitiesat this stagseens that inthe length of a few framdsaverapidly
expan@édupto a length almost double the length they had in the frame Laftre same
figure At this stagethe cavitating sheet covers the majority of the ring and the back of the
cavitating area has reached the edges of thethiagavities are not separatty more by

the lubricant but have all joined into what it seems to be a cavitating sheet.

240 deg, E1003A_003A, 300rpm, 0.05L/Min. 70 260 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

Figure 71- E1003A, 300rpm, 0.05L/Min, 70C, 24260deg

Further investigation is needed to clarify why this phenomenon oatthis particular stage

of the cycleand how that is linked tthe pressurdhe velocity andheacceleratiorbut it can

be assumed that due to the increased length of the cavities the internal tension of the lubricant
has significantly decreased thus forcing the individual cavitieset@einto a uniform cavity

sheet.
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280 deg, E1003A_003A, 300rpm, 0.05M0C

300deg, E1003A_003A, 300rpm, 0.05L/Min. 70

Figure 72- E1003A, 300rpm, 0.05L/Min, 70C, 2800deg

In the next frame at 180 degrees aigaife 69 the cavities have now increased at a length

almost double that of the frame before and the forth front of the cavities is not aligned

anymore with the profile of the ring. The main reason of that uneven front is the profile of the

specificpistonring. To better replicate a conventional internal combustion engine the piston

ring was designed and manufactured with a circular profile. The face of the ring does not

feature a flasurfaceput it follows a curvature along both of its axes. An additiondbfac

that will promote that behaviour is the fact that the ring is also allowed to pivot on a knife

edge along gcentreline.

320 deg, E1003A_003A, 300rpm, 0.05L/Min. 70

340 deg, E1003A_003A, 300rpm, 0.05L/Min. 70,

Figure 73- E1003A, 300rpm, 0.05L/Min, 70C, 32B60deg

That movement along with the uneven profile will also cause extra abnormalities in the gap

between the pistering and the liner. In the next frame igdre 70 the cavities have

increased even further, and they now reach almost three times the length of the earlier
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cavities. The majority of the cavitating area is covered by a cavitating sheet and the total
cavitating area covers the majority of the ring. This phenomenon continudisamtext

frame in sameidureeven though the length of the cavities has already started to det¢mease.
the samdigure it is observed thatwen though the cavities on the top side of the frame have
not fully collapsedthere are new cavities already generating on the lower part of the-piston
ring. These are still at an early fern cavitygethis phenomenoias been alsobserved at

an earlier stage of this cycle where cavities in both sides of the ring coeXis¢edlative
motion of the cylindefiner is highlighted with the blue arrow on the right of the fraiftee
cylinderliner in both frames indure 70 has started moving towards thepogitedirection as

in figure69 and towards thbottom dead centr&€avities are now present on both sides of the
pistonring. If the newly generated cavities are compared with the ones from the previous
stroke obvious differences can be identified. The main reason behind these differences is
once again the profile of ¢hpistonring. The pistorring geometry does not only vary along
the vertical axis, but also along the perpendicular axis. In the neXtamesthe new

cavities have developed fully and have reached their maximum length for this cycle.

360 deg, E10BA_003A, 300rpm, 0.05L/Min. 704

Figure 74 - E1003A, 300rpm, 0.05L/Min, 70C, 36€880deg

At this stage the collapsing cavities on the opposite side, still cover a big part of the ring and
have not fully collapsed at this stage y&t240 degrees, the collapsing cavitating sheet
occupies a larger area than the fully develop cavities on the lower part of the ring. In the next
frame in fgure 72, at the 280 degrees the cavities on the top part of the ring have in their
majority collased and that ones that have not, are escaping the interaction in the form of
bubbles. At the same time, the cavities on the opposite side of the fpigi@re still

developed and still maintain the length and the area they occupied in the previous frames
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These cavities are going to maintain their length and area until the end of the cycle and this
will continue into the next strok&he consecutive frames give an understanding on the
behaviour of the cavities in relation to the velocity, acceleratiorpasition of the liner and

also give an overview of how the cavities pass through all the different cavitating stages and
how these are affected by velocity and acceleration. This knowledge is essential 1o the in
depth understanding of tihenomenon of eétation and gie a good foundation for the tests
that were later performed on the optical engine. It is also important that a correlation is
established between the lubrication 4esy and the opticaénginewith the use of this data

5.1.3.2SoftwareProcessed Data

During thetesting phasef the project a database was createldoldtheacquireddata. The
majority of thosedataarein a visual form ananore specifically irhigh speediideos These
videos arecomposed by series o€onsecutivemages Each video contains thousands of
images, thugprocessing them manuallyould be annefficienttask to undertakd he
decision to use the processing power of a computetheasonsidered as the ongffective
and efficientoptionto successfullyprocessll the dataDue to the nature of the project an
off-the-shelf solution was not availabé¢ a time Thesoftware that would utilise the
processing power @ compuerto analyse the visual daa@quiredwvould have to be written
from the beginningThere is a widaselectionof programmindanguagesvailable that could
fit the purpose. After research basedtmmnatureof the dataand the fact that these were
stored in a matrix formdhe decision was made toaldatlab. Matlab isa multiparadigm
numerical computing environment anébarth-generatiorprogramminganguageMulti-
paradigm programminiganguagesrelanguageshat allow the users to work in a variety of
styles.Fourth-generation programminignguagesre refined languagesuallyaway from
thelow-level 3 “computer languagend theyoffer amore understandable ander
friendly environmentMatlab is a Mathrworks product and is available for a range of
applications. Matlalbffersadditional modules that can bélisedto assiswith taskssuch as
imageor sound processingnitially Matlab wasintendedasa numerical computing language
anduserscome for various backgrounds withe majorityof thembeingengineers,
ecanomiss and scientistsThederivedalgorithm is capablef extracting a number of
information relatedo the phenomenowbseved in the captured images. More importtug
informationcan be quantified argtoredin memoryfor further processinglhe data were
processed using thmewly developedoftwareand theextractions gavenformation regarding

the area that the cavities occuphe length and width of the cavities and the number of
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cavities presenturtherprocessing waperformedwithin Microsoft Exceland graphs were
plottedfor visualisationand comparisompurposesAll the data presented the following
sections are & 70CtemperatureThe tests were carried anumber of different operating
conditions.These conditions inclul two differentemperatures &0C and 70CThe

following chaptergresentata generated from tegterformedat 70Cwhile the oil flow rate

at thesupply through the injectors is constah®@ £5L/Min. The high-speedcamera used for
this experimenbffersshutter speed and frame rate adjustabiliigch video was captured at
a different frame rate whiatlependean the enginepeed. Aull 360 G H J Udyidie\isTequal

to 606 frames and that is for tllethree different speedg&ach of the graphs represents data
derived fromthe physical dimensiorns the generated cavities against the crank angle. The
choserrange is from 0 degrees to 1080 degréésfull cycle is 360 degreegshusthe graphs
present dateelated tahree consecutive cycleBhe data processiitas beemperformed

mainly with Matlab andas with every dataapturingsoftware thegeneratediata were

affected bycertain amountoFQRLVH" 1RLVH LV \tadtbredbPtAdal@ovitiins G D W D
whenprocessing the ra@ata There are a number of techniques and toofsitigate at a
certain extendheseunwanteddata In some of the caséle readingsvere affected by
external noisethe data related tinosereadingshad to be further processed in Matlab or
Excel TheMicrosoft Excelsoftware has the ability of accepting custom fiong and
algorithms and offers to the user a powerful and &asigetool for data processinGome

post processingf the data has begrerformedwith algorithmsimplementedvithin

Microsoft excel angbart of this filtered data apresentedn the folloving sectionsThe
processing of the data has beatifficult andtime-consumingprocedureThe development

of the algorithmhas beebased on a mixturef softwaredevelopmenand experimental trial
and errorDuring the development of the software the lubricants had to be retested multiple
times to achieve the required qualifhe tests wera total repeated 3 timesith the final
results featuring the best possible clarity for the supplied equipeategating of the

tests for the same samples under the same conditions had to be performed in accordance to
the modificationgmplementedvithin the softwaret each different phase of the projéldhe
raw data had to be improved in such a way that wbrttbe the limitation ofthe algorithm.
Due toconfidentiality,the exactformulationsof the lubricanttould notberetrieved To

comply withthe confidentialityagreement the lubricasampleave been masked and
referredto by their productcode namesrhese names were given to them by BP &edsame
appliedto theirformulations All the tested sampldselong to five different bas@il Groups.
These groups ar&roup 1,Group 3 Group 4 and Group 5. Each grougs available with
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threedifferentAdd-Packs. Thesaddpacks ard’ack 1, Pack2 and PackSomelubricants
alsofeatureadditionalViscous ModifiersVM 1, VM 2 and VM 3 The followingsections

present data thétave been process#ttoughMatlab and Excel and are part of the matrix
received byBP. It has to be noted th#te camera recorded the first 3 cycles of every run.

The first 3 runs ensured that all lubricants would have the same number of cycles due to the

limited internal memory of the camera.

Area covered 0.005L/Min 70C 300rpm

The followingfigures preseninformation related t¢éhe area of theng wherecavitation
occurson its surface. They covall thesix lubricantgestedat a temperature Gl0OC anda
flowrate 0of0.005L/Min ata speed 0800rpm. All the datarepresented aspercentage of

the total ring area against thatationalcrank angleFor the first ldricant EL003A_003An
figure 75, the test conditionas mentioned earlier argow rate of 0.005l/min, temperature at
70C and a speed of 300RPM. This specific lubricant belongs to base oil Group 1 with the
addition of adeback 1. This specific lubricatiasno additional Viscous Modifiergigure 75
shows the area of cavitation filvat specific lubricant as a sequence of three consecutive
cycles. The cavitating area behaviour is repeatable on every cycle. Lubricant EL003A_003A
shows a peak of maximum area of cawtatat 180, 540 and 900 degrees, fotladl three
cycles. These arthe middlepoints of every cycle and whetie linerchanges direction. In

the sameifjure it is supported that the area of cavitation is directly linked to the enagik.

Figure 75 +Area Covered, E1003A_003A, 0.005L/Min, 70C, 300RPM

When compare tadure 76 it is noted that the area of cavitation is also linked tduhecant
formulation. kgure 76 in contrast withigure75 SUHVHQWY D PXFK PRUH 3GLVWX
This is mainlydue to their different formulation of each lubricant. Lubricant EL003A_003A

116



is based on Group 1 and E1003A_004A on Group 4 and both of the samples feature an add
pack 2 additiveLubricant 003A was calculated to have a KV7@56tSt and lubricant 004A

of 40 cSt Hgures /6 and 5 show that the lubricant with the higher kinematic viscosity will
also offer a lower area of cavitation throughout the 3 cycles. Both of the lubricants follow the
patterndetailedearlier on where the cavitating area on the ring is grater in the firsifghg
cyclefrom 0 to 180 degrees and lower at the second part from 180 to 360 degrees. The cause
of this distinct behaviour is not based on the lubricant formulation but ghtfgeal design

of the ring specimerSimilar to the comparison of these two lubricants is the direct
comparison between lubricants ELI003A_004A and E1003A_0084ridant EL003A_004A

in figure76is again showing a rougher profile than E1003A_008Aguré 77. Lubricant

E1003A 008A has KV70 of20cSt. The Lower KV will indicate that the lubricant will

present a lower area of cavitation than the previous sample.

Figure 76 +Area Covered, E1003A_004A, 0.005L/Min, 70C, 300RPM

This is also confirmed bydure 77 where despite theudderspikes it offers a generally

smaller area of cavitation. Once more the relation between the different formulations and the
behaviour of the phenomenon of cavitation is supported by the comparit@sefgraphs.
Lubricant EL003A_004A belongs to the base oil Group 4 and lubricant EL003A_008A
belongs to the base oil Group 3. Their different compositions play a crucial role to their in
between performance. They both share the sampagbut their fhysical properties

relatedto Kinematic Viscosityascalculatedare very far aparin fact 004A has double the
kinematic viscosity of 008AThis difference in the physical properties is one of the main
causes behind the differences in their individuablvedur. Despi¢ the random spikes in

figure77it has been noted that the main curve follows a relatively different pattern. The low
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points of the curve are closer to the axes and the total area underneath the curve is smaller
than the total area imgiure 76. This can be linked to the high€¥/70 of EL003A_004A

which promotesigherarea of cavitation and despite both lubricants having the same density,
lubricant 00& has almost Hathe kinematic viscosity at Twhencompared to 004. One
distinct difference is the cavitation overlap that some samples dependke€ir formulation
experience between tlsrokes. The strokes if separated testpke and dowastroke, refer

to the direction of the optical liner and subsequently th&ippnof the ring where cavitation
occurs Cavitation is either generated at the upper or the lower part of the ring. Which area is
affected is directly linked to the movement of the liner in relation to theEiach time the

liner changes direction smés the cavitating side. When cavitation is generated on one side
of the ring, it collapses and disappears on the other one. Despite this general rule there are
some lubricants that escape that pattern. In some cases, when the liner changes direction the
cavities that would normally collapse, do not and in fact continbe foresenéven in the

next stroke. It is not an uncommon phenomenon to see cavitation simultaneously occupying
both sides of the ring. Since the software is capturing the total arasitattion in relation to

the ring, in the case that cavities are present on both of the sides during each cycle the total
area will never reach 0 as the total area of cavitation will be their summation. This feature of

the software is not a design flaw lautlesign specification.

Figure 77 +Area Covered, E1003A_008A, 0.005L/Min, 70C, 300RPM

Figure 78 shows a cavity behaviour that follows an entirely different pattern than the rest of
the lubricant matrix. The area under the curve covers a much larger area than the rest of the
samples. This specific lubricant is affected by cavitation in a complefédyesht way than

the rest of the batch. The graph shows a significant breakage at the end of evewhigile,
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is every 360 degrees. Despite the basic differences presented in relation to the rest of the
samples, lubricant EL003A_009A still shows a réegeaattern which follows a frequency of

360 degrees. Lubricant 0A9s quite a unique sample within the batch, it is a lubricant based
on group 1, a group which included lubricant 808hich has the highe#tV70 within the
groupand whilefeaturing the sae base group and additives, B0%as one of the lowest

KV70 values within the batch, &1 cSt The lowKV70 explains the high cavitating area and

the tendency of the specifigbricant to cavitate. i§ure 79 and fgure80 show lubricants
E1003A_016A and E1003A_020A respectively. These lubricants follow patterns similar to
WKH PDMRULW\ RI WKH OXEULFDQWY HYHQQN KEBXNHWKFM V
shown in fgure 79, lubricant 01& shows no overlap of cavitah between the different runs
where 02@ does. These two lubricants are the only two lubricants in the presented batch that
feature a viscous modifier with the 016 having double the concentration Af TB@se

lubricants are of different base groups With the same atlpack at the same concentration.
Despite these two lubricants having the same viscous modifier a very interesting observation
comes when comparing lubricants 808nd 01\ together inigures 77and ®. These two
lubricants are of the sangeoup, group Zndfeature the same aguhck, with lubricant 014

having an additional viscous modifier. Despite the viscous modifier these two lubricants have
similar KV70 of 19 and D cStwith 008A being slightly higher and density close to 0.85.

This similarity is also reflected in the captured data where they both present similar curves
and similar values with 0@8having a small edge.

Figure 78 +Area Covered, E1003A_09A, 0.005L/Min, 70C, 300RPM

Figures 75 to 80 show the pattern that cavitation follows for the majority of the lubricant

samples when these are tested under the same conditions for the entire matrix of the 19
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lubricantthatwere originally tested. The testing of all the lubricant samples supports that
there is a direct link betwed€inematic Viscosityand cavitationKinematic Viscosityof
engine oils is a critical property that relates to the fuel economy and durabdityinhing
engine. The drivers behind loweriigy viscosity are global regulations to improve fuel
economy and lower greenhouse gaseghicles. Lower KMends to improve fuel economy
and lower emissions but high€¥/ offersbetter wear protection so areéul balance must be
identifiedwhen formulating an engine oil. SufficielV is critical in preventing engine wear
in the critical ring/liner interface area by maintaining a protective oil film betwhezn
moving partsThe kinematic viscosity is measdrat different temperature increments, with
the most widely used one being the HTHS viscosity (High Temperature High Shear) which is
the viscosity at 150C, a temperature closer to engine operating conditions.

Figure 79 +Area Covered, E1003A_016A, 0.005L/Min, 70C, 300RPM

The kinematic viscositis also linked to the way the lubricant cavitates, where a lubricant
with highKV will present a lower total area of cavitation and loW¥®ra higher area of
cavitation. This is @lo depended on the formulation of each lubricant thus why at the end of
this chapter there is an additional lubrichgtlubricant comparison between lubricants of the
same base group where the formulations and their link to the physical properties and
cavtation are further analysed@he patterns that the area of cavitation follows are repeatable
as per the testing conditions, something that is also explained in further detail in the
repeatability chapter of this report. The patterns are also repeatableefg cycle and they
show similar behaviour at each step of the cycle. When all the different lubricants are
compared against each other it is noted that the area covered by cavitation in all the

individual tests is not the same across all the lubrichotsthis depends on their individual
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properties and formulation. The differences become more obvious at the point where the
lubricants are compared against each other. The differences start with the overall lubricant

behaviour and are directly linked tiweir individual formulations.

Figure 80 +Area Covered, E1003A_020A, 0.005L/Min, 70C, 300RPM

Area covered 0.005L/Min 70C 600rpm

The following set ofmages presernhe behaviour of cavitie®r thearea they cover when
tested on the lubricaticiestrig ata speed of 600RPM aradlow rateof 0.005I/minwhile
thetemperaturés at70C. The data are in a percentage of the total ring area against the
rotational crank angle.ifure 81 presents the aaethat the developed cavities occupy at a
flow rate of 0.005l/min for lubricant sample E1003A_003A. This flow rate is the rate at
which the lubricant is fed into the cylindiner and pistorring interaction. The feed is

performed through a number of sirajectors located vergear the interaction.

Figure 81 +Area Covered, E1003A_003A, 0.005L/Min, 70C, 600RPM

121



Lubricant 002\ despite the higher speed presents a very similar curve as it did at the lower
speed. This is an observation that is true for all the lubricants tested in this batch, with one
exception. Lubricant 020 appears as it is following a different pattern thathalower

speed. This is mainly due to the softwpegformance which appears to be better at the lower
than the higher speeiihe higher the speed the greater the oil film between the piston ring
and the cylinder liner as describedAyDhunpunt Thegreater oil film thickness will allow

for a greater area where the light can be reflected thus making it easier for the software to
detect the information.igure 82 shows lubricant E1103A_004A which presents great
similarity with 003A for the same speetdihese two lubricants despite being of a different
base group present a lot of similarities in relation to tk¥ir0, as they are the two lubricants

with the highest KV70 in the entire lubricant matrix

Figure 82 +Area Covered, E1003A_004A, 0.005L/Min, 70C, 600RPM

Lubricant 003A has a KV70 a5 cSt and 004A a KV70 af0cSt They also present

different densities and viscosities with @0Baving VI equal to 104 and Density equal to

0.89 where 004 has VI equal to 144 and Density of 0.85. Thiliiferencesbecome obvious
every 180 degreeshere eacltycle ends. Lubricant 0@3will reach a cavitating area of

about 50% of the total area of the ring and then will gradually collapse until it enters the next
cycle where O0A will also reach a cavitating are of about 50% but then thisstvitlentdrop

until the next cycle where negavities have developed.
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Figure 83 +Area Covered, E1003A_008A, 0.005L/Min, 70C, 600RPM

Even though 004 presents a more disturbed curve it also shares a lot of similarities with
lubricant 002\. The most distinct observation is that they both follow a repeatable pattern
that is directly linked to the position of the liner. In automotive engines, the position of the
piston is measured in degrees of angular crank shaft movement. In the cadatofdaton
testrig the moving part is not the piston but the liner thus, the position at each individual

moment is in relation to the movement of the liner.

Figure 84 +Area Covered, E1003A_009A, 0.005L/Min, 70C, 600RPM

Figure 83 presents sample E1003A_008A #oiotal of 3 consecutive cycles. The behaviour
of cavitationin regard tahe area it occupies is directly linked once again to the position of
the liner. This specific sample presents a profile that is more disturbed than the rest of the
samples. What isbserveds that lubricant 018 shows the same disturbance over its peofi

This is particularly interesting dlsesetwo lubricants are part of the same base group with the
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same adgback. Sample 016 has an additional viscous modifier but their individual
propertiedn regard ta&KV are very close to each other with @&lbaving alower KV70 of 19
cStwhere 008 of 20 cStwhich explains the higher cavitating area of @0B®espite the
repeatability of the behaviowof these two samples, the pattern of the curve is spiking at a
higher rate than samples E1003A_003A or E1003A_004&.specific behaviour of each
lubricant is also linked to the basic formulation of the sample as described earlier on. A
distinct example is lubricant EL003A_009A where it presestagepattern very much
differentto the other lubricants in the batchthvery simlar to the pattern iL24resentdor

the lower speed at 300RPM. It is worth mentioning again that lubricat Ba8e lubricant

with the lowesKV70 in group 1. The area under the graph is much higher than all the other
samples and there is also a greater overlap in the cavities generated on the upstroke and down
stroke. It has been indicated that the basic operation of the lubricatiig issba®d on the
basic principles of a reciprocating internal combustion engine. The motion of the liner
directly affects the generation of cavities at every part ofyok Depended on the

movement and the direction of the liner the cavities will initiateegion the upper or the

lower side of the ring.

Figure 85 +Area Covered, E1003A_016A, 0.005L/Min, 70C, 600RPM

This observation dictates that when cavities are generated on one side of the ring, they have
already collapsed atme other. This is not the case with lubricant EL003®A0 This

specific lubricanshows that there is a point between the cycles where cavities are present on
both sides of the pistering simultaneously. That is mainly due to the fact that detipite

new cavitiegshathavebeengenerated on the upstroke the collapsing cavities odaive

strokehave not fully collapsed yet. This continues to the point where the recently generated
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cavities have fully developed. This is again linked to theK&v 0 thatthis lubricant

presents for this specific group. The |8V suggests that this lubricant will offer reduced
frictional loses and emissions but when it comes to component protection it will not offer the
same level as the second lubricant in the same B888) with thehigherKV. Hgure 85,
presents the area of cavitation for lubricant sample EL003A_016A. This specific lubricant
VKRZV D YHU\ 3 GLVWXUEHG” SURILOH DQG D ORW RI VLPLOD
similarities in their behaviour rdked to cavitation show a very similar profile. This can be

link to their basic formulation as they both belong to base group 3 with the sampackdd
Lubricant 01& has an additional viscous modifier that increases its viscosity to the highest
value in tle group which also explains the higher cavitating area oAJ0Be next lubricant

02QA in figure86is the next lubricant in the matrix that features a viscous modifier & 016
does. Lubricant 020is based on group 4 which is the same group as lubricaAt A0y

both have the same agdck but 028 has an additional viscous modifier.

Figure 86 +Area Covered, E1003A_020A, 0.005L/Min, 70C, 600RPM

Lubricant 004 has one of the high&®V { M the group and where both lubricaB®A and
020Afeature similar densities and viscosities. The lubricant with the hikWiearesents area

of cavitation and pattern that fadlosefor the two tested speeds. When it comdsitboicant

020A this is not the case, the lubricant presents a much higher area of cavitation which comes
close to the one observed with sampleA0Based on that observation it is worth

mentioning that lubricants 08%and 02@ present no fundamental siamitiesin regard to

their formulation except that they both feature the low@&swvithin their individual groups.

The findings support that there is a direct lb&weeriubricants and cavitation with

kinematic viscosity and mainly\K70 asthetestingoccurs at 70C.The comparison becomes
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more apparent when the lubricants comparedased on the same oil group tlample
from different oil groupsvhich can present different behaviours for similar values of the
features mentioned above. For this exaasonthe comparison continues at the end of this

chapter for lubricants within the same group.

Number of Cavities0.005L/Min 70C 300rpm

In this sectiorfigures 87 to 92 presenthe numberof cavitiesas they developt everypartof
the cycle. Themumberof cavities is directly linkedio the formulation of théubricantsas well
as the testing conditienThe extraction of the number of cavities is one of the trickiest
attributesacquiredfrom the data. The detection of cavity length and poessed to ba much
easier task as these features cover a larger area iomaifpeframes thus makinthe job of
theMatlab algorithm easier asgtvesa wider area to detecthe processing software faced
certain limitation that did not allow for the extraction of data along the full dgclis
particular metricPrime examples are lubricants @0&nd 01\ in figures 89and 4 where

the processing software faced difficulties in extracting the full cycle.

Figure 87 tNumber of Cavities, EL003A_003A, 0.005L/Min, 70C, 300RPM

This is a very interesting observation as both of these lubricants are part of the same base
group with the later one featuring an additional viscous modifier. Another interesting
observation is that the lubricant with the added vicious modifier thougjarear it presented

a higher cavitating area it now offessialler but withmore cavities than the one without the
viscous modifier. This might seem confusing but when the width is added to the equation this

difference makes more sense.
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Figure 88 tNumber of Cavities, EL003A_004A, 0.005L/Min, 70C, 300RPM

The sample with the viscous modifier might offer less cavities but these are of a greater
length and cover a greater area on the piston ring. The reasoning thehdiifierence in the
shapds assumetb bedue to internal forces that prevent the generated cavities from merging
togethelin orderto form biggercavities,but this is an area where the calculation of Reynolds
number along with the density would addraater value. Thisonclusion idasedn the

work performed by D. Quere at ESPCI university in Paris in 2005 where they carried out
testing to identify the link between the shape of a cavity and subsequently the length and

width to the physical propeets for the fluid.

Figure 89 tNumber of Cavities, EL003A_008A, 0.005L/Min, 70C, 300RPM

They suggest that there is a direct link between the density and Reynolds number.
Considering this two samples have very similar features and values the calculation of such a

parametewill shed some extra light tehy the lubricant with the additional \aeus modifier
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presented a larger number of cavities. As explained at earlier stages of this report values
related to the pressure, friction and oil film thickness were not extracted for the testing thus
why Reynolds number cannot becuratelycalculated ér each individual sampl&@he

analysis of the remaining lubricarghowedthat the number of cavities particularly

affected if lubricants of different formulations are tested and compared against each other.
The temperature, the flow rate and all thedfic testing conditions play their part and
influencethe total number otie cavities generatedigtre 87 shows the number of cavities
presentdr a total of 3 cyclesp 1 XOO G H Jar dadh/df the\dgrapliahows two high
peaks. Each area der the peak is related to the number of cavities present in each individual
stroke. The first peak ingure 87 shows the number of cavities on one side of the ring and
the second peak is the cavities generated on the opposite side of the ring in sh®kexit

is easily observed that the behaviour follows a repeatable pattern.

Figure 90 tNumber of Cavities, ELI003A_009A, 0.005L/Min, 70C, 300RPM

What is particularly interesting is that while analysing the cavitatingtheegpecific sample
presented an overlap between the cavities on the upstroke and the down stroke. The cavities
at some stage in their collapse and developmenttpassyhthe finger type cavities and

form a cavitating sheet. This cavitating sheet iswa&pkt by the software as a single cavity

thus why the gaps in the number of cavity grapbisallyappear. The same graph shows that

the cavities generate and collapse at the same rate and with the same profile in both the
upstroke and downstroke. Thisalsothe case with the remaining samples in the batch except
the two that werenentionedkarlier on where the processing software failed to capiatee

for afull cycle. In the majority of the tested lubricants the cavities present on the upstroke are
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higher than the number of cavities on the down stroke. Similar behasiobserved in
figure88and lubricant EL003A_004A.

Figure 91 +Number of Cavities, EL003A_016A, 0.005L/Min, 70C, 300RPM

This specific lubricant is part of thé'base group as is sample 020A. In a similar manner, as
with lubricants 008A and 016A where they were both part of the same group but the lubricant
with the viscous modifier presented a lower number of cavities, thiednb with the viscous
modifier once more presents a lower number of cavilies. suggests that there is a direct

link to the number for cavities and the viscous modifier used in the samples. Unfortunately,
due to confidentiality the composition of thiscous modifier has not been made available
something that would have added a great insight to why this viscous modifier has such an

effect on the number of cavities present in the lubricant.

Figure 92 tNumber of Cavities, ELI003A_020A, 0.005L/Min, 70C, 300RPM
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Between lubricants 0@8and 004\, lubricant EL003A_003A presents more cavities in the
up-stroke than the dowstroke where lubricant EL003A_004A shows similar number of
cavities in both the uptroke and the dowsstroke. These two lubricants feature similar

KV70s but very much differentiscosities and densitie$hey are also part of different base
groups group 1 andyroup 4 respectively.igure89 and lubricant EL003A_008A as

described earlier on is a good example of the difficulties that the processing algorithm faced
when processing the raw data. The vast amount of data captured made the manual processing
of the data an impossible manual task treduse of a custoimade algorithm was the only
solution of ensuing accurate and efficient processing. The use of a computer software to
automate the processing of the data comes with a few compromises. One of these
compromises is the certain limitatioteat are related to the specific behaviour of each
lubricant. Some of the tested lubricants feature finer cavities which makes their detection by
the software a challenging task. The smaller the width the harder it is for the software to pick
up the boundaes of the individual cavities. In the specific case of lubricants EL003A_008A
and E1003A_016A inigures 8 and 4 respectively the processing algorithm failed to

capture the number of cavities for the full cycle. There were individual instances winere th
algorithm picked the number of cavities at certain points ofyike,but it could not captur

the full profile of the curvethere is a relation between lubricants of the same group and the
number of cavities. The lubricants presented in this seat®iater on analysed in groups as

per their basic composition and these are compared to the wagatritte

Number of Cavities 0.005L/Min 70C 600rpm

Thefollowing figures represent the number of cavities generated while testing théesaahp

a temperture of 70Ca speed of 600RPM andlaw rateof 0.05l/min. The lubricarg from
figures 93 to 98 have all been tested under the same conditions. All the lubricanteghow
very similar behaviour wit the main differences beinige magnitudén the number of

cavities The higher speed has offered better quality results for all the tested lubricants. Big
contributing factor is the grater with the cavities feature in the higher speed. A distinct
example is lubricants 0@6and 00& where the sdfvare managed to capture data for the full
cycle in comparison to the lower speed where it had only offered sporadic data at different

parts of the cycle.
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Figure 93 tNumber of Cavities, ELI003A_003A, 0.005L/Min, 70C, 600RPM

Figure 93 shows the number of cavities that are generated for lubricant EL003A_003A and
what is immediately observed is the difference in the number of cavities between the up
stroke and the dowstroke. This observation is the same for all the lubricants in tich ba

and when it is compared with the lower speed the comparison shows that despite lubricants
like as 004 showed cavities of similar numbers the higher speed constantly offers greater
number of cavities on the upstroke thatdlogvn strokeor every samm ofevery cycle. This
phenomenon is mainly basedtbé way theestrig has been designed. &leylinder liner is

free from restrictions on its upper part while it pivots on the lower ©he higher the speed

the greater the hydrodynamic effect whichreased the oil film tlwkness as this is supported

by A. Dhunput and the work he did on oil film thicknessthe test rig. One more

observation that A. Dhunput made was that despite the fact that the ring has a curved profile
thatit is not the only factothat contributes to the gap created between the piston ring and the
cylinder liner. Since the cylinder is pivoting on the bottom dead centre and while it is known
that the higher the speed and the higher the lift of the cylinder timewill create driangle
whichwill alwaysintroducea gap on the top side of the riggeater than the lower side of

the ring.Furthermorethe higher the speed the more noticeable the effect. This nsaime

reason behind the noticeable difference between the doske stnd up stroke while the

speed increases.
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Figure 94 tNumber of Cavities, ELI003A_004A, 0.005L/Min, 70C, 600RPM

Despite the number of the cavities generated the profile for all the runs shows great
similarities. Fgure 93 presents the number of cavities generated for 3 consecutive cycles for
the sample E1003A_004A. Lubricant @0#& part of base group 4 which contains also

lubricant 02@\. When comparing these two lubricants it is obvious that at this speed the
number ofcavities and the profile of the curve shows a lot of sintiéi This is something

that hasot been observed at the lower speed. At the lower speed, the number of cavities
between the two lubricants showed a few differences and this came down tditioaald

viscous modifier and the individuKNM70 since the remaining were very close. At this higher
speed, the differences seem to be ironed out and the lubricants come very close to each other.
It will be a useful addition the repetition of the measweets at a higher speed to confirm

that this observation iear,and it increased along with the rotational speed.

Figure 95 tNumber of Cavities, ELI003A_008A, 0.005L/Min, 70C, 600RPM
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This is not thought the case witibricants 003 and 00®\. These lubricants as with 084

and 02@ are of the same base group and they both feature the same viscous modifier. Their
main differences though are with their individual values relaid¢l/70 as Density and

Viscosity are relatigly close. These two lubricants oft€¥70 of 45 cStfor lubricant 002\

and21 cStfor lubricant 00&. When comparing the data for both, lubricant®@®d 00

offer similar number of cavities throughout the cycle, what is different though is the profile of
the curve which relates to how soon these cavities develop. Lubricaht@®2lops the

same number of cavities much sooner thanrAD@8ich eventually will each the same value

but at a later stage. For both lubricants, the upstroke cycle will always offer a greater number
of cavities than down stroke. The similarities between these two lubricants are obvious.
These similarities continue with the rest of thenples at the same test conditions. There is a
predictable behaviowrith lubricans that is presenting a higher number of cavities at the up
stroke rather than the dovatroke.Lubricant EL003A_008A inigure 95 when compared to

the rest of the batch hadeature that differs from all the other samples at the same test
conditions. The peaks of the curves appear to be flatter than all the other samples. The reason
behind this behaviour is the fact that this lubricant maintains a relatively steady number of
cavities once these are fully developed in each stroke. This is an event mainly seen on this
specific sample. This sample is part of base group 3 which also contains lubricantr016
earlier sections, it has been a common observation that the lubrgtmitsthe same group

would offer similar characteristics on the graphs, this is not true for these two lubricants.
Lubricant 00& appears to be developing a greater number of cavities at an earlier stage and
is capable of maintaining them for a longeripe of time within the cycle, where lubricant

016A will develop them much later and will retain them for a much shorter period of time.

Figure 96 tNumber of Cavities, EL003A_009A, 0.005L/Min, 70C, 600RPM
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In general, there is significant difference in the number of cavities between thstigke

and the dowsstrokewherethe number of cavities is significantly smaller in the destnoke
than the upstroke. In fgure 96 lubricant EL003A_009A shows a significant increase to the
number of cavities compared to the previous lubricaniguré95. The cavities are

increasing in number very early in the cycle and maintain their number for a longer period
than n the previous sampleidure 96 shows a less disrupted profile than thevious

lubricant.

Figure 97 +tNumber of Cavities, EL003A_016A, 0.005L/Min, 70C, 600RPM

There are fewer gaps between the spikes and there are cavities present for a longer period
throughout each cycle. All the differences are mainly linked to the physical composition of
each lubricant. It must be noted that these two lubricants are nottfeosame base group

but they both feature simil&\/70 at around21 cSt for 009Aand20 cSt for 008A while
havingsome of the lowe¥Ssin the entire batcHf these findings are compared with the

total area analysed later on it is observed that lubr@@@k havecovered ayreaterarea than
008A. The fgures on the number of cavities paint a similar picture, where the cavities at the
up stroke are very similar between the semnplebut the number at thdown strokeappear
significantly reduced. At a lat stagethe width measurements show that datbricants

present similar cavity widths throughout the cycles. To complete the picture the measurement
of the oil film thickness would have addedr@atevalue in this comparison as this

dimension is missig to conclude anglistinctoutcomes from the behaviour of the lubricants

and the lubricant composition.
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Figure 98 tNumber of Cavities, ELI003A_020A, 0.005L/Min, 70C, 600RPM

The next sample indure97is on the opposite side of the spectrum. E1003A_016A shows a
minimal number of cavities throughout each cythere are less cavities presémnany of

the previous samples. Sample B1i6 a quite special sample within the batch, it is the only
samplethat contains a viscous modifier but at double the concentration of tAevl#6h is

the only other sample with a viscous modifier. For the ssamgplethe curve that represents

the number of cavities throughout the cycle appears more unstable thanewiist of the

batch. The main cause is possibly the addition of an extra viscous modifier which is not
present in most of other samples, EL003A_016A is one of the two lubricants in this batch of
tested oils that has an additional viscous modifier. Therdubricant that uses the additional
viscous modifier is sample E1003A_02@Aough the concentration between the two is
different. More specifically the Viscous Modifier in lubricant EL003A_016A has double the
concentration of luticant EL003A_020A. igure 98 shows lubricant EL003A_020A which

has been tested under the same conditions as the rest of the lubricants in this section. Both
lubricants have the additional ViscoM®difier, but their overall performance is

fundamentally different. That is maintiown to their different basic composition. Each of
these lubricants belongs to a different base Oil Group. Lubricant EL003A_016A is of the base
Oil Group 3 and lubricant EL003A _020A is of the base Oil Group 4.

Cavity Width 0.005L/Min 70C 300rpm

The fllowing graphsfrom figure 99 to figure 104 are presenting information related to the
cavity width for each individudubricantfor a total of 3 consecutive cycleghe profile of
the graphdgor the cavity widthis distinctamong the tested featused isidentified by the two

spikes at th@oint ofgeneration and thegoint of collapseFigure 99 and lubricant
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E1003A_003Apresenthe distinct profilgustdescribedf thegraphsrelated to thevidth of
the cavitieslt has beemotedthat thecavitiesstartat agreatemwidth than the one they

maintain for the majority of each stroke

Figure 99 xCavity Width, EL003A_003A, 0.005L/Min, 70C, 300RPM

This is caused by the way the cavities are generated. The cavities start their lifecycle with the
release of air that is trapped within the lubricant. Air is dissolved in most of the fluids

available and lubricants are not an exception. In average, anativte lubricant contains

20% of air dissolved in its volume. When lubricants are stressed under extreme operating
conditions the air dissolved is released and along with the high energy involved the air

bubbles grow to what can be described as cavitafioese cavities are developed in a few

basic stages that have been described and detailed in earlier chapters of these report. One of

the first stages of the cavity generation is the development of Fern cavities. Unlike the fully
developed cavities thatgsent a finger like shape with their length being significantly larger

than their width the Fern cavities expand towards every direction. This results in cavities

being significantly wider at this stage than when they have fully developed. At the point of
generation and as the cavities expand their width and length increases at similar rates. The

more the cavities progress into the stroke the more they start to take their finger like shape.

The cavities to expand and increase in while they decrease in Widghis the main reason

ZK\ WKH JUDSKV SUHVHQWWR WXHSGRYMWAHK) VWHQ ROQEWKH PDMR
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similar effect. Once the cavities have develoged increased in length while they reduce in

width there is a point in cycle where the cavities start to collapse. The second peak is mainly

the result of the way these cavities are collapsing.

136



Figure 100 *Cavity Width, EL003A_004A, 0.005L/Min, 70C, 300RPM

The cavities are directly affected by the linear motion of the liner. After the liner, has reached
maximum velocity and starts decelerating the cavities will start collapsing. First, the
developing cavitts are expanding in all directions until they fully develop into finger cavities
but that occurs until the liner statb decelerate and this is the point where the cavities start

to collapse. At this point the cavities start to decrease in length and while the liner is
decelerating the cavities start to slowly collapse.

Figure 101 +Cavity Width, E1003A_008A, 0.005L/Min, 70C, 300RPM

The collapse is not instant; the cavities maintain their volume but at the same time they also
decrease in length. While they decrease in length they start to increase in width. This
continues up to the point where the liner has decelerated enough the ttatities are not

able to maintain their volume due to the reduced kinetic energy. At this point the cavities

finally reduce in size and collapse. This collapsing of the cavities and the increase in width is
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the cause of the second spike in the graphilé\analysing the number of cavities for the
lower speed of 300RPM there where two samples that had posed a difficulty for the
processing algorithm to track. These two lubricants were the 008A and 016A. The same
behaviour is observed when these two Iuomte where analysed for their width at the same
speedlt was mentione@arlier onthat the limitation of the software to capture the number of
cavities has been the failure of the software to successfullyreapeiwidth of the cavities,
figures 101 and103 presenthe dataelated to that evermause. The software was able to
capture sporadically the caviyidth, but it failed for the majority of the cycle. Both of the

lubricants in these twadures are of the same base group 3.

Figure 102 +Cavity Width, EL003A_009A, 0.005L/Min, 70C, 300RPM

Figures 99 and 102how another two lubricants of the same group. Both sample 003A and
009A belong to thesibase group and they both feature and additionapad# without a

viscous modifier. It is made obvious by the data that sample 009A is maintaining a higher
width than 003 and features a more disturbed profile throughout the cycle. Sa@RBA

and 009Awhen their kinematic viscosities are obsen@BA has a KV70f 45 cStand the

009A of 21 cSt, The later sample following the observation on the area of cavitation and
number of cavities was expected to be more prone to cavitation a link observed directly from
the data. Lubricants 004A and 020A are also two lubricants of the same group. They both
belong in group 4 and they both feature identical densities. When they are compare against
each other it is noted that sample 020A does not follow the same pattern as the rest of the
lubricants in the group. The same lubricant is one of the two lubricarhdls an additional

viscous modified. The second lubricant that features a viscous modifier is lubricant 016A but

138



unfortunately the software could not extract enough information for the comparison to take

place.

Figure 103 +Cavity Width, EL003A_016A, 0.005L/Min, 70C, 300RPM

When 020A is compared against 004A though it is understood that the additional viscous
modifier has played a crucial role in the behaviour of the lubricant. Sample 020A shows that
is does not cavitate iime same way as the rest of the batch. The fern cavities generated are of
a smaller width and they stay at the initial fern stage much shorter than comparetth

004A. The cavities develop much sooner to finger cavities and once they develop they slow
decrease until they collapse. The viscous modifier has altered the properties of the lubricant
to an extend where it does not behave as the rest in the same base group.

Figure 104 +Cavity Width, EL003A_020A, 0.005L/Min, 70C.300RPM
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Cavity Width 0.005L/Min 70C 600rpm

In thissubsectionthe following igures present the behaviour of the generated cavities

regard taheir width. The test conditiorege 0.®l/min flowrateand 70C at 600RPM.igures

105to 110 presenthe width of all the individual cavitifsom the point of generation up to

the point where they collaps€he data are presented in a tofa8 @onsecutive cycles, which
supportthe repeatability of the behaviour of thecurring phenomme. Figure 105and figure

106 present the first samples of the lubricant maffixesetwo lubricants despitbeingof a

different base group with different basic properties preseatyasimilar curvethis isalso
observed with the remaining lubricants. The only lubricant that presents a different behaviour
is lubricant 018 which is one of the two lubricants with a viscous modifier and the one with

the higher concentration of the additive.

Figure 105 *Cavity Width, EL003A_003A, 0.005L/Min, 70C, 600RPM
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cavitation width for the lower speed. As with the analysis of the number of cavitieig) e

speed offers a much better cufee all the graphs. igures 105and 1@ present lubricants

003A and 009\, these two lubricants are part of the same base group and they both have the

same adgback but none of them has the additioriatwus modifierWhen fgure 108 is

inspectedt is observed that the curve follows a pattern that is repeated every 180 degrees.
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Figure 106 +Cavity Width, EL003A_004A, 0.005L/Min, 70C, 600RPM

This pattern shows that the leading spike ofdineve is of a higher magnitude than the

trailing spike of thesamecurve. When this is compared wiilgdre 105 and lubricant 003A

the differences become obvious. The curve in igigréfollows a different pattern. This

pattern is repeated every 360 dagg and is different for the upstroke and the down stroke. In
this pattern, the initial stroke shows a leading spike of a higher magnitude and a trailing spike
of a lower magnitude. Moving on to the next stroke the pattern issexlen this instance,

the leading spike is of the low magnitude and the trailing spike of the greater one. This spike
is directly linked to the way the lubricant cavitates and how this is linked to the width of the
cavities along the cycle. Lubricant 003A during the first stiadeelops cavities that are

wider during their generation rather their collapse and on the next stroke it develops cavities
that have a smaller width than when they collapse. Lubricant 009A as séegpréri 08 will

always have cavities that are widerta point of generation than the point of collapse.
Considering that these two lubricants have viscosities and densities very close to each other
and since they are part of the same base group the differences come down to the Kinematic
Viscosity. Referringback to the number of cavities present for these two lubricants in an
earlier section the number of cavities for these two lubricants has been relsitiviédr

throughout the cycles buthere they differ is at the area of cavitation.
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Figure 107 +Cavity Width, EL003A_008A, 0.005L/Min, 70C, 600RPM

When the area of cavitation is compares betwee/A @08l 009A at 600RPM the area of

009A is much higher than 003A. To be more precise the area of 003A at its maximum peak
could reach for a short period of time the 40% of the piston ring where the area or 009A
would very early in the cycle develop at 70% avilil remain there for the majty of the

cycle. The different kinematic viscosities as also described in the discussion of the area has
an effect in the way the lubricant cavitates.

Figure 108 +Cavity Width, EL003A_009A, 0.005L/Min, 70C, 600RPM

Anotherobservation inifures 105and 1@ is the gaps between the strokes is the stage of the
cycle where the cavities have collapsed on one side oiintipdut no new cavities have
generated in the opposite side. The cavity behaviour is linked and affedtesl limer

movement but that is not the case with the cavity response a3 heltavities respondith

a delayin regard tahe movement of the liner, meaning that even though the liner has
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changed direction in certain samples the cavities are not imelydadfected by that change.

The majority of the samples showed a small delay when the liner changes direction to the
point where the cavities react to that change. That is more obvious when the point where the
cavities collapse is compare with the paufitere the liner starts moving in the opposite

direction, a good example igfire 108.

Figure 109 +Cavity Width, ELI003A_016A, 0.005L/Min, 70C, 600RPM

Similar to the rest of thedures in this subsection thigylirerepresents the average width of

the cavities at any given poiftr a period of 1080 degre&he attention is drawto the 180
GHJUHHVY PDUN DQG DW WKH SRLQW ZKHUH WKH OLQHU KD
has stopped and changed diretcti®he 180 degrees turning point is a vedtablished fact

and a fundamental design feature of every reciprocating conventional internal combustion

engine that uses a piston and a crankshatft. In the sgnei$ noted that even though the

liner direction has changed the cavities still maintain a certain width. Moreover, the cavities

do not only reduce iwidth, but they also expand further for a short period before they finally

collapse.

Figures 106and 1.0 show another two lubricants that belong in the same group. Lubricants
004A and 020A belong in group 4 with 020A being one of the two lubricants that features a
viscous modifier. e first lubricant inifjure 106 has a quite distinct behaviour where the
cavities seem to beverlappingfrom the first two strokes but not for the first two cyclés.
further explain the observation the lirgtartsmoving from 0 to 180 degrees and then at, 360

at this pointthe profile of the cavity width appears to be corimsibut when the piston
passesurtherthanthe 360 degrees the cavities do not overlap with the next cycle. This exact

same behaviour is observed with lubricant 020A. This lubricant also shows an overlap
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between the two strokes of a cycle but not betviertwo cycles. This phenomenon can be
linkedto the design specification of thestrig and to the piston rings distinct profile. When
these two lubricants are compared closer it is observed that the overlap is more obvious for
lubricant 020A. This is soething that can also be linked to the area of cavitation at earlier
chapter where lubricants 020A and 009A presented the higher cavitation area though the

entire batch, reaching almost 70% of the total ring area.

Figure 110 +Cavity Width, EL003A_020A, 0.005L/Min, 70C, 600RPM

The final base group contains lubricants A@td 01\ in figures 107and 1® respectively.

The 016\ is the second lubricant with a viscous modifier and double the concentration of
020A. Once again as witthe rest of the properties lubricant Bléffers a different curve

thanthe rest of the lubricants. This lubricant not only has the additional viscous modifier but
also the higher viscosity from the entire matrix. The very high viscosity explains vghy thi
lubricant is less prone to cavitation and why this is observed imélasurement of therea,

the numbenpf cavitiesand the width. Lubricant 0@8on the other had offers a much more
consistent curve and a pattern much closer to the rest of the I@bricabricants 014 and

008A have a very special connection within the matrix, they are both of the same base group,
they both have identical densities and values of Kinematic Viscosities very close to each
other for 70C. Their main difference is tigcous modifier and the values of viscosity for

both, where 008 has a viscosity of 139 and QA& viscosity of 161. Their Hyetween

comparison shows that the viscous modifies in this case has affected both the viscosity of the

lubricant and its abilityo resist cavitation compared to @08
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Cavity length 0.005L/Min 70C 300rpm

In this section the followingfigures from 111to 116 presenthe average cavity lengtbr the
up-strokeand thedown-strokefor the 6 tested sampleBhe Cavities generated durittge up-

strokehave beemarkedin 2% OXH" DQG WKH FDYLW doiwtsgték@ HUDWHG G X
S5HG ™ captledength in contrasivith the rest of the graphs presented in this refpast

been recorded separigtéor theup-strokeandseparatly for thedown-strokeside

Figure 111 +Cavity Length, EL003A_003A, 0.005L/Min, 70C, 300RPM

The main reason behind that separation lies with the specification that had been set with the
objectives of the project. When the first iteration of the softwaredeaslopedthe length
trackingmodulewas the first module of the algorithm developed. thi exactreasonthe

cavity length module seats in the core of the software.

Figure 112 +Cavity Length, EI003A_004A, 0.005L/Min, 70C, 300RPM
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It has been understood since the early stages of the project that the cavity length will offer
more value if separated for the dowtnoke and wstroke side, as some of the lubricants

have shown cavity overlap between the strok&éen the initial testeiere carried out it was
found that all the graphs recorded except the cavity length could be successfully represented
as a sequence of 4gtroke and dowastrokesequentiatlata. All the data related to the

lubricants were recorded at a constant rate thr@ugonsecutive cyclethis is not the case

with the cavity length. For the cavity length, the software is treating ts¢rake and the
down-stroke as two separate events and records the behaviour occurring on these areas in a
different manner that with the rest of the dimensid-rom all the parameters extracted from

the samples, the length is one of the more interesting ones.

Figure 113 *Cavity Length, ELI003A_008A, 0.005L/Min, 70C, 300RPM

Figure111 and 12 shows two lubricants that are part of a different base group. Lubricants
003A and 004 are the only two lubricants that present a significant overlap between-the up
stroke and the dowstroke. The overlap means that at some point in the cycle there are
cavities present both on the top side of the ring and the bottom side of the ring. These two
lubricants might not share the same base group but whéfiettelye the highest KV70 in the
group It has been observed that the lubricants with the high&0 will offer a greater

overlap than the rest of the batch. The first lubricant of th(®@8A) is part of base group

1, the other lubricant in that group is @0 figure 114. What is interesting in these two
lubricants is that one features the high€g70 in the batch and the other one of the lowest in
the batch. Lubricant 0@9with the lowKV70 has presented a very small overlap and has
also a much steeper curve that peaks much sooner in the cycle and remains relatively flat for

the majority of the stokbefore collapses. The other lubricant through@aintsa
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completely different picture. The cavities reach a much shorter length for bstholp and
downstoke while they only peak for a short time at the points of maximum acceleration.
What is even more interesting between both samples is that this only affects the cavity length
on the upstroke. During dowstroke the curves appear to be relatively close for these two

lubricants.

Figure 114 +Cavity Length, EL003A_009A, 0.005L/Min, 70C, 300RPM

Other lubricants do not offer that same level of overlap between the strokesgjasat I3

and sample 008. In this fgure the cavities are generated at exactly the same point where
the cavities onhe opposite side collapse. This lubricant along with?0a part of the'3
base group. In this group QAGs one of the two samples that features a viscous modifier at a
very high concentratigrihe other lubricant with a viscous modifier is ®26ut has half the
concentration of 018. When samples 0@8and 01&\ are compared against each other the
differences are immediately noticeable. SampleA04iows cavities that are very close
between the ugtroke and the dowstroke and the same observatlwlds for sample 0@8
What is very interesting is that despite samplefOtiéving the additional viscous modifier
both samples have similkiv70 and density. What is even more interesting is that not only
the curves follow similaprofiles,but their mgnitudes are relatively close. As with the
analysis of the widththe number of cavities and the areslowthat when lubricants of the
same base group are tested under the same conditions the w@luésat good indicator to
whether a lubricant will offr cavities of a greater magnitude or not and to whether they

would start earlier in the cycle or not.
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Figure 115 *Cavity Length, ELI003A_016A, 0.005L/Min, 70C, 300RPM

The next sample in the batch that features a viscous madiSample 028 in figure 116.

This sample is in the same group as lubrican®0dfigure 112. When these two lubricants
arecomparedthey have a lot of similarities as the comparison of lubricanté @o@l 00\,
where 003\ with the higheKV70 presentd smaller cavity length and also maintained that
length for a shorter period of time compared toA0B the same way 0@4with the higher
KV70 offered a smaller overall length than @20Nhat is very interesting is also the
comparison of 008 with 004A and 00® with 020A. Samples 008 and 004 feature some
similarities withO09A and 02@. When these are compared with each other the samples
003A and 004 feature the highest KV70s in the batoidalso similar cavitylength curves
The same is observedfn the comparison or 080 020A with the only differences that
these two lubricants feature KV70s exactly in the midrange of the.baislsupported that
there is a possibly link between the way lubricants cavitat&&ndrhis is stronger in
lubricarts that are based on the same group but even when different groups are compare
against each other there are comparable similarities that are found which further support the

claim.

The cavity lengthifures indicate that the cavity generation is diretitiked and dependent

to the individual formulation of each lubricant. The cavity length is also an important link to

the previous work performed on the tegtby previous researchers. The lubrication-tast

used for the testing of the lubricants hasrba the possession of City University for a

number of years. In these years, many researchers have performed work on it which has
generated a vast database offering an enormous amount of information on the phenomenon of

cavitation. The tests were perfagthin such a way that from all the aspects recoded during
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all the individual project, the length would be the most reliable to extract and correlate with
the formulation of each lubricant. Since the scope of those projects was not the optical
algorithmic pocessing of the data those images do not offer the required resolution for the
software to process thesaccessfullywhich indicates that only the features that are above a
certain threshold would be analysed and these are the cavitating area andatiegcav

length. Moreover, the results show that the lubricant formulation affects at a great degree the
start and the end of each cavitational phenomenon witk\thieeing a very good indicator.

This phenomenon has been linkedinlyto the testing operatg conditions, while another

link could be established between the formulation of the lubricant and the start and finish of
each cavitation event. The formulation affects the way the cavities are geninaiealities
present a certain pattern of behawioelative to the movement of the piston. In addition to

the generation and collapse points, the cavity length data offers highly important information
on the way the cavities behave throughout each cycle and how these are liekel to

lubricant$ physcal properties.

Figure 116 *Cavity Length, EI003A_020A, 0.005L/Min, 70C, 300RPM

As an example, whelgiures 111 and 114are directly compered against each other their in
between differences are obvious. The profile of the cdeiigth curves presents great
differences. If then the attention is directed towards the point where the cavities are generated
and collapse it isnmediately noticed that despite the different cavity behaviour the cavities

are generated and collapse at exactly the same point regardless bledéiveen behaviour.

The information provided bthis observatiomot only establishes a link between theitga
generation/collapse with the lubricant formulation but also links the behaviour of the cavities
when these are fully developed. The different-pddks and viscous modifiers are
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empirically known to have an effeah the lubricant formulation where noeach individual

component can be linked to a specific behaviour.

Cavity length 0.005L/Min 70C 600rpm

The followingfigures 117 to 122present theavity length in a space @hreeconsequence

cycles fora total of 1080 degred@he fgures presentheaveragecavity lengthat each

different degree step for all the three cyskesorded The total of the represented data
supportsan interesting fact directly linked to the formulation of all the lubricants presented in
this report. They show key aspectstee lubricant behaviour that are associated to the way

the lubricant was formulated. The most intriguing part is the effect that the different additives
andKV have on th@erformance of the lubricants, whil@g projectpresents data that

supportacomection between all of them.

Figure 117 +Cavity Length, EI003A_003A, 0.005L/Min, 70C, 600RPM

The way the cavity length reacts to all the different test conditions is veitgrsatween the
300RPM and 60RPM. As anexampleJubricant 00 in figure 117 at 600RPM and
lubricant 002\ at 300RPM inifgure 111show very similar cavity length and profile despite
the increase in speedurthermorethere aressampleghat nd only they did not presnt

similar lengths but the 660PM data offered smaller cavity lengthanthe 300RPM.
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Figure 118 +Cavity Length, ELI003A_004A, 0.005L/Min, 70C, 600RPM

A prime examplef this sort of behaviour is lubricant 009A igtires 114 and 12€or
300RPM and 600 RPM respectively. In this comparison, it is observed that the cavity length
for this lubricant has decreased by 0.5imetweerthe 300RPMand600RPM.

Figure 119 +Cavity Length, ELI003A_008A, 0.005L/Min, 70C, 600RPM

This is also consistent with the comparison of the width earliar tins sectiorfor the two

different speeds where similar behaviour was observed. A possible explanation could be the
increased gap @reater speeds between the liner and the ring. Due to hydrodynamic forces as
observed by ADhunpuntthe lubricants will present a greater oil film thickness than the

lower speed. The higher oil film thickness will also mean a greater gap betweennbdercyli

and the ring. The greater gap can explain why the cavities might offer a smaller length or
width.
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Figure 120 +Cavity Length, EL003A_009A, 0.005L/Min, 70C, 600RPM

In general, the graphs at these higher speeds show a3 {cgegVWDEOH" SURILOH WKDQ
speeds. The increased vibrations along with the forces introduced by the increased velocity of
the liner cause disruptions in the profile of the data. The data follows a fluctuation that is
represented in the graphstheform of a wave. Fgure117and fgure 122 present the two

distinct behaviours that the lubricants can follamvong all samples$n the same way

lubricants E108A_003A, E1003A_004A, E1003A_088and E1003A_016A inifures 117,

118, 119 and 12fespectivelycan be grouped together as tisdpwsimilar profiles. The

second grouping could be lubricants E1003A A@8d E1003A _020A inidures 120 and

122 These lubricants and their formulations dictate whether the lubricant will present a late
cavity generationioa late cavity collapse. They also indicate the way the cavities behave
between those points of generation and collapse. Different formulations result in different
behaviours, one example igtires 119 and 122. Both lubricants are based on the same basic
lubricant and they both have the same-pddk at the same concentration. The only
component they do not share is the Viscous Modifier. Lubricant EL003A_016A features an
additional Viscous Modifier, where lubricant EL003A_008A is missing that additivee. Th
processed data present a completely different picture for these two lubricants. They might
both share the same baBmulation,but that additional Viscous Modifier has made a
massive difference in the total behaviour of the lubricant. The lubricéimthg viscous

Modifier has followed a more settle behaviour by maintaining a lower cavity length.
Wheatears the lubricant without the Viscous Modifier has developed much longer cavities
and in certain parts of the cycle double their length in compalisiso seems that the cavities

in lubricantE1003A_008A maintain their length later in the cycle and they extend in length
even further as they go towards the end of the stroke. It has been observed that not only the
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additives have an effect on the belwawviof the lubricant. One example is tigant

E1003A 003A inigurell7and E1003A 008A inidure 119. These two lubricants feature

the same ad@ack at the same concentration and they also have the same viscous modifier at
the same concentration as w&lihen these two lubricants are compared, they present some
distinct differences. Lubricant EL003A_003A presents a much smoother profile than

lubricant EL003A_008A, also the overlap between the strokes in greater in lubricant
E1003A_003A which means the d@&s are more sable and maintain their length for longer

even in the next stroke.

Figure 121 +Cavity Length, EL003A_016A, 0.005L/Min, 70C, 600RPM

Figure 122 +Cavity Length, EI003A_020A, 0.005L/Min, 70C, 600RPM
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Summary

Theanalyss summaryoutlinesthe behavious of the lubricantanddetaik the basic
differences between the individusemplesagainst their formulations. The results are
compared in pairs geer their base grouwghere the effects dhe different formulationare
highlightedunderthe effectof thevarious test condition3.he data presented in this section
were generated aheCity 8 Q L Y H Uliicativfitéstrig with the use ospecialisedigh
speedand lightingequipment The data wereapturedmainly in the form of visual dathat
were later processed with the help of custom algorittkevelopedn Matlah The data were
further processed in order tittdr outany associatedoiseand the final results were
presented in graphs ftreir directcomparisonin manycases|ubricant name havebeen
shortened from their full code name to the fast characters of that namey example,
E1003A_003Amaybe referred to as 003Ahis comparison only presefit¥sample of the
datageneratedn the course of the projedhe data have been extracfenim the captured
images with the use of a custdiatlabalgorithm The resul have beewnisualisedn graphs
and hese graphs apresentedh figures 75to 122. Later the results have been analysed and
the conclusiongrawnare presented in paidepended otheir formulation.Thesepairs are
grouped into different categories accordiaghe testconditions. Due to confidentiality
issues the lubricant formulatiohave nobeenpublished and the lubricaras well as their
addpacks are referred to ltlgar BP codenames. The codeamesand thé individual
relativeformulationsare listed irtable 4, thefull lubricant matrix cosists of 19 lubricant
samples,heseare divided into dase lubricangroups These basdubricantsin some cases
featurea number of different addacks which can alter thddasicpropertiesThe following
paragraphsletail and discuss the comparison of tdstedubricants into groups according to
their formulation and test conditiorBelow isalsoa summary of the discussion found on
each test condition in the earlier pages of this report. At the end of the summary séhere

direct sample by sample comparisgnouped per base lubricant group.

The first two lubricants of the Matrix, lubricants E180%03A and E1003A_009A are

almost identical, though they both feature a different type of Viscous Modifier. Both of these
lubricants are part of the same lubricant base group with the sarpackd@ut when it

comes down to their individual properties th® samples have very similar densitig®ugh

all the other feates such as Kinematic viscosdye different. During testing, lubricant

E1003A 003A was found to have covered an area of 40% compared to the total area of the

pistonring where lubricant EOO3A_009A covered an area of almost 80%. This observation
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can also be linked to their kinematic viscositiS8ample E1003A_003A has a KV704&fcSt
and when this compared sample E1003A_009A with KV70 @fl cStis observedhat

though the density of éhbase lubricant is the same the additional viscous modifier has
affected the kinematic viscosity &C. Furthermore, for this particular lubricant itneted

that the lower the kinematicsdosity the greater the cavitatiagea. Another important

featue of these two lubricants ke KV70. Kinematicviscosity of engine oils is a critical
property that relates to the fuel economy and durability of a running engine. The drivers
behind loweringkinematicviscosity are new global governmental regulatiansitprove fuel
economy and lower greenhouse gases in new vehicles. kaveenaticviscosity tends to
improve fuel economy and lower greenhogasesbut higherkinematicviscosityprovides
better wear protectigm careful balance must be found when formulating an engine oil.
Kinematicviscosity is critical in preventing engine wear in the critical ring/liner interface
area by maintaining a protective oil film betwegbamoving parts. For the two lubricants
comparison E1003A _003A has KV70 of 45cSt where EL003A_009A has a KV702if

cSt Though the loweKV70 of E1I003A_009A will probably offer better fuel economy and
reduced emissionswill also offerreduced component protectiasat the same operating
conditions it presented double the cavitating are of EL003A_003A. Though E1003A_003A
covered a smaller cavitating area than E1003A _009A, E1003A_009A presented a greater
number of cavities. Which means that EL003A_003¢¥etipped more cavity fingers thame
E1003A_009A though the latest offered double the cavitating area. The viscous modifier in
the case of these two lubricants has affected the behaviour of the cavities inside a lubricant
and this phenomenon was observed in every repetition of the run. BBtdivealthe type

or compositionof the viscous modifiers or the agdcks used withieachsample but
indicatedwhethertwo samples had the same viscous modifies ofpaa#t and the relative
concentration of each. Based this informationit wasfoundthat it is not just the presence

of theviscous modifier that affects the behaviour of the lubricant but also the type that is

used.

Lubricants E1003A_004A and E1003A _020A as with the previously compared
E1003A_003A and E1003A_009A are also of the sarse geoup and they both feature the
same additives as E1003A_020A but with an additional viscous modifier. EL003A_020A
presented a cavitating area that reached 20% of the total area of the ring where

E1003A _004A with no viscous modifiezavitation of 40%Lubricants EL1003A_008A and
E1003A 016A are two samples that fall under the same base group. EL1003A_016A in

155



contrast with E1003A_008A has an additional Viscous Modifier. In fact, EL003A 016A
features the same Viscous Modifier as lubricant EL003A _020A thaiudduble the
concentration. When comparing lubricants ELI003A_008A and E1003A_016A where one of
them has the additional Viscous Modifier but they both show similar kinematic viscosities it
was found that regardless the different formulation they bothred\an area of 20%. This

indicates that kinematic viscosity plays a crucial role to the behaviour of lubricants.

When the speed increased from 300RPM to 600RPM the behaviour of the lubricants for some
sampleshanged. Lubricant EL003A_003A didt show dot of differences irthe area of
cavitation between the 300RPM and 600RPM but the cavitation development curve at
600RPM was steeper andvitiesremained developed for longer. This indicates that while

the speed increases, cavitating area increasebldotitrte they require to develop decreases.

On the contrary E1003A_009A appears to cover a smaller area at 600RPM than it did at
300RPM and while these two lubricants are using different viscous modifiers they possess
very similar formulations. LubricantslBO3A 004A and E1003A_020A are two samples

with the same base formulation and the same add pack while EL003A_020A has an
additional viscous modifier. When E1003A_004A was tested showed roughly the same
cavitating area as at 300rpm. This indicates thatietie increase in speed there was no
change in the percentage of the area the cawtiespiedout while the area stayed the same,

the width and the number of the cavities changed. Cavities at 600rpm had a smaller width and
came at greater numbers tHig00rpm. When lubricant EL003A_020A was tested though the
results showed the opposite behaviour compared to EL003A_004A. Furthermore, while
E1003A _020A cavitatedt covered a greater area at 600rpm than it did at 300rpm and while
the number of cavities hadcreased the width decreased. Also, the cavities at 600rpm stayed
at their maximum length for a longer period than they did at 300rpm. Lubricants

E1003A 008A and E1003A 016A are two lubricants that belong in the same base group. As
with the earlier comp#&son of samples E1003A_004A and E1003A_020A, in the same way
E1003A_016A features an additional Viscous Modifier over sample E1003A_008A. In fact,
E1003A_016A has the same Viscous Modifier as lubricant EL003A_020A but at double the
concentration. LubricarE1003A_008A showed overall a higher cavitating area at 600rpm
than it did at 300rpm. The same effect has been observed with lubricant E1003At016A
600rpm against 300rpm. Both lubricants have showed an increased number of cavities and
width between théwo speeds.
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It has been observed that lubricants are experiencing cavitation when they are subjected to
extreme forces and the findings of these report have indicated that the way cavities are
generated can be altered with the use of addjtwiie KV70 is a good indicator of their
performance while these lubricants are in the same base. gracip additive affects the

cavity behaviour in a different way while equally important to the type of the additive is the
amount of that additive present within tlaericant. The different tests considered more than
the contribution of additives in the behaviour of cavities, it also investigia¢eeffect that

different baseompositions have on lubricants and their behaviour. The collective summary
is that the caities are affected by several factors, these factors range from the temperature of
the lubricant and the speed of the piston to the basic composition of each [udomatameir

physical properties

SamplesD03A vs 0094t 300RPM

Lubricant EL003A_003A anldibricantE1003A_009A are of the sarhaselubricart group
(Group 1)and they botlieaturethe same adgack(addpackl). The lubricans mainly differ

in one parameter, which is th&k70. When these two lubricants were tested under the same
conditions there were significant differences in the way tasytated The main difference

in the results was the area these two covetteehcavitating The lubricant sample 003A
covered an area of 40% of the total area opiknring where lubricant 009A covereth
areaof almost 80%Even though the lubricant 003A covered a smaller area thdnlheant
009A, the 008 presents greater numberaaivities than 003A. Regarding tixadth of the
cavities generated in both lubricatitere were not many differencésth samples showed
similar cavity width At thispointit has to be noted that both lubricants are of the same base
Oil Groups and they bth containthe same adg@ack. Thedifference inKVV70 has contributed

in the behavioural difference observed when their processed results are comared.
suggestedhatKV is a good indicator othe behaviour of cavities inside a lubricant when this
is subjected unddorces that cause it wavitate

Sample9D04A vs 020/at 300RPM

Sample004A and 020Aare two lubricants that fall under the same @s$&roup (Group 4)
These lubricants are not only under the same lubricant growgisodi¢éature thesame add
pack (Add Pack 1)An interesting pointvith this comparisors that despitéoth lubricants
featuringthe same ad@ack andhatare part of the same grauj20A has an added viscous
modifier. Thetestingof thetwo lubricants showed different behaviour. Wenthe 020A was

testedthis lubricant presented cavitation that coveatas maximumthe 70% of the total
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ring area.The addition of th&/iscous Modifierhad a surprising effect on the behaviour of

the lubricantas when the 00 was testeanly stowed cavitation that covered area of
around40% to 50% of the total ring area. At this point though it needs totagithateven
thoughthe 020A reackd areas covered by cavitation7@othis was at the poirwhere the
optical liner was changing direction. This medhat for this lubricarthe collapsing cavities

had not fully collapsed while new aswhere generated on the opposite side of the ring.
Thus,the 70% cavitating area has been the result of §p=otive areas on both sides on the
pistontring. If the graphs areloselyexaminedhe spikes appe&very98 degreesf crank

angle these spikes represent the addition of the cavitateasarn both sides of the rinft

these point cavities are presenm both sides of the ring asmetimesluring testing the

cavities that are collapsing are still present even though the liner has reached TDC or BDC
and has changed directiarile cavities havalready generated on the opposite sidis.

also notedhat the 020A lubricant shows an areaa¥itationthat covers the 20% to 30% of

the total ring aredinally, the total number of cavitieend the width of the cavitider both
lubricants are similar throughtall thecycles andhe same pattern hasdmobservedn all

the tests. The major difference presented here is related to the way the cavities maintained
that width.FurthermoreP20A during a full cycle presentasthorter cavities which reached

their maximum length at a later stage in that cycle.

Sample9D08A vs 016/at 300RPM

The lubricant sample 008A and the lubricant sample 016A are two lubricants that belong in
the same lubricant base group. As with the comparistimeddibricant sample®04A and
020A,sample016A features an additionaiscous Modifier in contrasto sample 008A. In
fact,the 016A has the sanvéscous Modifieras lubricant 0204ut at double the
concentrationDespite one of the lubricants featuringaaditionalViscous Modifierthey

both showvery similar kinematic visosities. These two samples when compared against the
rest of the lubricant matrix thdyoth showedhe lowest values as far as the area, the width
and the length of the cavities are concerfenthermorethe testing showed that regardless
the different formulation they both showed an area of camitdhat covers about the 20% of
the total ring area. In addition to thadintthe length of the cavitidsaspresented another
similarity that these two lubrant samples shar&€hesetwo lubricans proveddifficult for the
Matlab algorithm to proces3he software was not altie extract all the data as the generated
cavitieswere too small fothe software taletect As noted due tthe software limitations

there in not a continuous set of dataegard tahe total number of cavities but all the other
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attributes of the lubricant behaviour have been appropriately capiimesithe values for
the area anthe length of the cavities aaecurate and when compared it is noted that the

Viscous Modifierin this casénas notaffectedthe resulteven thouglt was expected to.

Sample9D03A vs 009/4at 600RPM

SampleO03A does nopresent duge differencevith the maximum area of cavitation
between the 300RPM and 600RPWMhe curve at 600RPM is steeper and stysgher
valuesfor alongerperiod Thisindicatesthat even thougthe speedhcreases thidoes not
calse cavities to expand at a greater area than béfoey do spread at thiseathough

much sooner than when at 300RPM. In contrast 009A appears to cover a smaller area at
600RPM than it did at 300RPM. Both lubricants show about the same nuhdaetites
throughout the three cycles as they do for the width of the cavities. Adté kef the cavities
follows the same pattern as at 300RPM with one in relation to the area of cavitahen. T
cavities reacltheir maximum length much sooner at the higher spdadbricant

E1003A _003A and lubricant EL003A_009A are of the same base lubricant group (Group 1)
and they botlieaturethe same ad@ack (adeback 1). Wherg¢hesetwo lubricants show a
difference in their composition sith the Viscous ModifierThe data spports that the

Viscous Modifiercontributes tdhose differencem the samples behaviour.

SamplesD04A vs Q0OA at 600RPM

Sample 004A and sample 020A are two lubricants that fall under the san@ilb@seup
(Group 4). These lubricants not ofilglongin the same lubricant group but afeature the
same adgback (AddPack 1). Both lubricants feature the same-pack and are part of the
same base lubricant group but the 020A has an added viscalifser. Following the testing
of thesetwo lubricants a600rpmthe data presented two differesgts of resultsVhen
lubricant 004A was tested slied roughly the same area of cavitation as it did at 300rpm.
This means that despite the increased speed themneowhange in the percenagf the area
the cavities wereccupying on the total area of the rifyen thoughhe areaemainedhe
same, this did naiccurwith the width and the number of the cavities. Cavities at 600rpm
appeared thinner and greater in nursilean at 300rpmOn the othethand,when lubricant
020A was tested the results showed the opposite behaviour than what had been wlitberved
lubricant 004A. Furthermore, lubricant 020A asavitatedt covered a greater area at
600rpm than it did at 30Pm andthe numbepf cavities had increased against the width
which before hadlecreased-inally, the cavities at 600rpm stayed at their maximum length

for a longempart of the cyclehan they did at 300rpm.
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Sample9D08A vs 016/at 600RPM

The samples 008A ar@ill6A are two lubricants that belong in the same lubricant base group.
As with the comparison of lubricant samples 004A and 020A the sample 016A features an
additionalViscous Modifieragainstsample 008ASample016A featureghe sameé/iscous
Modifier aslubricant 020A but at double the concentratiombricant 008A overall showed a
greatercavitatng area at 600rpm than it did at 300rprhe same effect has been observed
with lubricant 016A a600rpm against 300rpm. Bolilbricantshave showed an increased
number and width of cavities when comparing the two speeds together. hasdieemade

to point out that this comparison is not considereshtirelyaccurate as the software used to
extract the dataid not pickthe complete nutyer of cavities at 300rpm. This result is mainly
due to limitationsn the capabilities of the software itsdlfespite the efforts tamend this

issue and improve the accuracy of the softwaeee was niba significant improvement to

the way the algorittm captured thehenomenoffor this specific sample-urther work is

needed to either devel@pmoresophisticate@lgorithmin order to better capture the
behaviour of cavities when those are relatively small or repeat the tests with grater
magnificationusing more capable equipmetd higher resolutian

SummaryConclusion

In total 19 lubricant samplegerereceived by BP hese 19 samples completed the fioditrix
of lubricants tested throughout the length of the prof@at.of these 19 samples 6 of them
have beemncluded in this report. These 6 lubricantsre not randomly selectéxdit they
were choseim a wgy thatthesewill represent the entire lubricant matreceived That was
supportedy the fact that some of the likants had similar compositioasid similar
performanceThe lubricants were tested artotal of 12 differentoperatingconditions.These
conditions werg3 different speeds, 2 different temperatures and 2 difféieemtrates. These
were limited down t@ different speeds for the purposetlois report The completéubricant
matrix hal to be analysed in ordéw derivea solid conclusion. There is theedto fully
compareall the sampletestedo painta better picture of the way physical properties affect
cavitation There is also the need ofeedingthe software in order to make it more
SVHQVLWLY H the@wgthf&tiebbs Qith lubricant®08A and 016Avherethere
was a difficulty inidentifyingthoseevents As a conclusiojthe outcome of the project is
successfully giving information related to the performance of the lubricants in thiwags

not been approachéxy previous researcherBhishasoffereda better understanding obw
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different additives and different formulati®affect the cavity behavioandthe propertiesof

the lubricantsand how cavitation can be linked with kinematic viscosity

5.2 Repeatability Test of EL003A _021A

The repeatability of the results is crudialthe outcome for the project. It is important to be

able to repeat the measurements that have been carried out to make sure the results are valid
and are not based on random events. Thewollg set of images indure 123show data

related to the tesstg of lubricant E1003_021A at 600RPM at a temperature of 70C and a
flowrate of 0.05L/Min. The images are at the same crank angle from different test runs which
were captured on different dates. Bellow in table 5 are listed the values extracted and related
to the images ifigure123 As an example, the values show that the runs present a difference
of 2.5% at maximum between that as far as the area is concerned. The values for all the
related properties are very close between the different runs. Theseiplatat that the tests

are repeatable and consistent when these occur in different dates.

Table 5 tRepeatability between different test runs, E1003_021A, 600RPM, 70C, 0.05L/Min

The same observation occurs when the dataampared against differentadgs of the same

run. Hgure 124 shows the Mean and Standard Deviation for the following features; area,

width, number of cavities, upper cavity length and lower cavity length. The conditions are the
same as iniure 123 which are the speed of 600RPM, at the temperature of 70C and at the
flowrate of 0.05L/Min. The lubricant is also the same asgaré 123, with a produtcode of
E1003_201A. lgurel24presents in blue the mean for 8 consecutive cycles for the same run
and inblack the standard deviation at each point of the cycle. FAgiXis in Frames per

data point where 607 frames are equal to a full cycle of 360 degrees. The step is left at frames
per data point and not converted to degrees to maximise the resolutieresults and

calculation for mean and standard deviatiaguFe 124 illustrates that the standard deviation

is relatively small for all the individual properties when the mean values show continuous
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changes with the crank angle which indicates thatdbkelts have similar behaviour cycle by

cycle in those regions.

Figure 123 tRepeatability between different test runs, E1003_021A, 600RPM, 70C, 0.05L/Min

By calculating the standard deviation and the mean the absoicgetainty can be calculated
as the standard deviation multiplied by 1.96 with 95% confidence level and the percentage
uncertainty error can be calculated as the absolute uncertainty divided by the mean, which

ultimately will give the absolute error;
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Figure 124 tMean and Standard Deviation for 8 consecutive cycles E1003_21A, 600RPM, 70C, 0.05L/Min

X Area, The area has an average mean of 53.97mm and an average standard deviation of
2.93mm, this gives an absolute uncertainty ofitnih at 95% confidence and an absolute

error of 10%.
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X Number of Cavities, The Number of cavities have an average mean of 21 cavities and an
average standard deviation of 2 cavities, this gives an absolute uncertainty of
approximately 4 cavities at 95% corditce and an absolute error of 18%.

x Width, The width has an average mean of 0.19mm and an average standard deviation of
0.03mm, this gives an absolute uncertainty of 0.05mm at 95% confidence and an absolute
error of 30%.

X Upper Cavity Length, The Upp&avity Length has an average mean of 1.5mm and an
average standard deviation of 0.16mm, this gives an absolute uncertainty of 0.31mm at
95% confidence and an absolute error of 20%.

x Lower Cavity Length, The Lower Cavity Length has an average mean of 0.6chana
average standard deviation of 0.05mm, this gives an absolute uncertainty of 0.098mm at

95% confidence and an absolute error of 20%.

The values above indicate that on average the area presents an error of 10%, the width of
18%, the number of cavities 30%, the upper cavity length of 20% and the lower cavity

length of 20% for every 8 cycles the testingepeated. These values and the difference refer

to the average difference presented between the different runs for 8 consecutive cycles. These
values are considered to be a very good indication that the results are repeatable within 10%

to 30% for every 8 cycles that are recorded depended on the lubricant property investigated.

It has to be noted that the tests are repeatable when operating corsdéitims same. An

extra parameter and also an operating condition that affected the outcome of these tests has
been the ambient (room) temperature which noticeably influenced cavitation. Fhg test

being open to the environment was affected by atmosptesniperature which eans that,

for example, a 70 run during the summer and a@@during the winter will present

variations ofaround 1615C in room temperature which is difficult to control.

5.3 Optical-Engine and Lubrication TestRig Correlation

The experimentapartof the project was divided into twaections The firstsectionproduced
data generated on the lubrication 4egtand the second produced data generated on the
opticatengine. The focus of the project was the built and test of a fulhg fapticalengine.
The project continued with the tests that where performed on the lubricatioig tegh a

set of 19 samples received from BiPe parametric study gave additional experience with
the use of the optical equipment and the measurirpigees that were later applied on the
opticalengine. The time spend on the lubrication-tesgenerated a large amount of data
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and information on the behaviour of lubricants and how this are linked with their formulation
and additives. One of the obgations was that the behaviour of the lubricant regardless its
formulation, would present similarities between the tested samples, depended on the testing
conditions. When the testing continued on the opecaline, similar patterns were observed

at similar operating conditions between the optieatjine and the lubrication tesg.

Figure 125- Side by Side opticalengine and lubrication testrig Cavity Comparison

Figure 126- Side by Side opticalengine and lubrication testrig Cavity Comparison
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Piston 346° ATDC 346° ATDC
Direction

Liner Direction

Optical Engine Lubrication TesRig

Figure 127- Side by Side opticalengine and lubrication testrig Cavity Comparison

That led to the investigation of a possible correlation that might exist between the-optical
engine and the lubrication test) in an attempt to give an added value to the extended
research done on the lubrication t8gtthroughout the years. The possibility of an existing

link between the lubrication tesg and the opticaéngine would be of high value since the
lubrication testrig is a device that allows for the quick and eefficient testing of lubricant
samples in a simplified manner. The tggtcan produce data linked to the physical

properties of each lubricant that can later be quantified and compared. The lubricatiign test
is accompanied with an extensive literatand work done by a number of researchers and
there is a plethora of data available that would offer important knowledge and a big step
towards the better understanding of the phenomenon of cavitation. The following images
indicate that there is a link tvgeen the lubrication tesig and the opticaéngine at similar

testing conditions. As seen iigfires 125 and 26 both the engine and the lubrication tagt
present similar cavitation structure at similar testing conditions. It has been calculated that
due to the geometrical differences between the engine and the rig the piston speed is equal
between the two devices when the engine operates at 200rpm and-tigeae€800rpm.
Unfortunately, duetothetesd LIV VSHHG OLPLWDW L RoQcdntiueigasi RPSD UL
the 200rpm versus 600rpm for the engine and the rig respectively. Provided that the
appropriate measures have been obtained and the tests are performed in accordance to the

methodology specified, all the data generated on the lubridaséng it is suggested that
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they can be considered as an idealised representation of the behaviour of cavities as these
would occur in the opticagngine. Furthermore, any previous works performed on theigest
should be possibly to link to the optieahgine. flgure 127 shows the cavities at a late stage

of the upstroke and at 346 degrees after top dead centre. The frames compare the optical
engine next to the lubricatidastrig where it shows the formation of a cavity sheet at a point
which is 14 dgrees before the top dead centre and the beginning of the next stroke. The
direct comparison indure126and 12 supports that both the engine and the tigspresent
similar behaviour in the cavity structure at similar testing conditions. This observation
suggests a link between the optiealgine and the tesig and classifies the lubrication test

rig as a relible source of data when the purpose is the investigation of the cavitation
phenomenon that takes place in the pisiog and cylindefliner interaction on internal

combustion engines.
5.4 General Characteristics of the Cavity Flow

5.4.1 Reynolds Number

Reynolds number is an important quantity in fluid mechanics, it is used to predict flow
patterns in different fluid flow situations. Reynolds number is defined as the ratio of inertia to
viscous force and it helps to characterize the type of fluid flow Reynolds number

(Re<2000) will indicate a dominate of viscous force and the flow is referred to as laminar
flow and a high Reynold number is when the inertia force is dominate, and the flow is

referred to as turbulent flow. Reynolds number is defined as

where u and D, are the characteristic velocity and length respectivelfisutice fluid

kinematic viscosity.

Arcoumaniset al. (1997) Richardson and Bormdg®992)and Prieset al.(2000)have
demonstrated that the boundary conditions applied when solving Reynolds equation for the
piston ring/liner interaction can have different results on the analgdishus the prediction

of hydrodynamic pressure profiles, lubricant film boundaries, lubricant film thickness, oil

flow and friction could vary significantly, Dhunput (2009).

The Reynolds number for the tegd is proposed to be estimated using the maxn speed

and the minimum oil film thickness at the rsttoke of the cycle. The current study did not
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focus on the effect of oil film thickness on cavitation, thus information on the oil film
thickness was not captured. Typical values have been taken #0\Q SXW TV WKHVLV ZKF
measured oil film thickness on the same-t&stvhile using a similar experimental setup.

The typical Reynolds number at the rotational speed of 600 rpm for thegtessaround 0.04

indicating a laminar flow inside the fluidm.

Applying similar analysis to an engine running at 2000 rpm, with an expectation of a half of
the lubricant film thickness as what found in the-tegtthe Reynolds number is around 0.2
indicating the viscous force is dominant in the lubricant;fldimd flow of lubricant film can

be treated as a laminar flow.

5.4.2 Weber Number
Weber number (We) is a dimensionless number which is often used in the analysis of fluid

flows, especially where there is an interference of two different fluids.
9AL =°

Weber number can also be expressed as a measure of the relative fluid inertia to its surface
tension. The Weber number indicated whether the kinetic energy or the surface energy is
dominant. Since the Weber Number represents an index of the inertiaidfdheesurface

tension forces acting on a fluid element, it can be usefalysinghin films flows and the
formation of droplets and bubbldsor aspherical droplet the Weber numloan be derived

using the kinetic energy compared to the surface eri2oggqing Li Prof. (2008)

Using the same typical values as in the estimation of the Reynolds number, the Weber
number is found around 0.05 for the tggt The low value of Weber number indicates that
the initial force is much smaller comparing to the aceftension. The disintegration of

lubricant film observed in flow visualization is not a result of the initial force.

5.4.3 Cavitation Number

The cavitation number is a dimensionless number used in fluid flow calculations and is
expressed as the relaighip between the local pressure drop caused by a restriction and the
kinetic energy per volume of tlilww. The cavitation number is also used for the
characterization of the energy loses of the flow. Previous literature on tingtesplains

how the avitation number is the ratio of the injection pressure minus the back pressure over

the back pressure minus the vapor pressure. This equation mainly finds its application in the
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investigation of fluid flow when the fluid is passed through a piezo elattnctor

Arcoumanis et al (1997). Similar study in the university of Valenthia has also expressed the
same relationships as the injection pressure minus the back pressure over the injection
pressure minus the vapor pressure. The literature supporbothahethods of quantifying

the cavitation number are acceptable and it depends on the application it is used, Patouna
(2012).

For the purpose of the test) and optical engine calculations, the cavitation number will be
calculated by using the first i®d with a modification of Pr replacing the injection

pressure.

2NF2>=72G

0,
w0 S SRPR=LKON

In the testrig, the peak pressure of pressure profiles between the cylinder liner and the piston
ring is used as the reference presfuteA typical value oPr was found around 5 bar by

Dhunput (2009), which gives the CN to be around 4. For the engine test, the CN is estimated
using the ircylinder pressure as the reference pressure. The back pressure is approximated to
be 1 atm. Under tls® assumptions, the CN in an engine test will be around 9 when the in

cylinder pressure is 10 bar

In orifice flows such as flows in injectoozzles, theavitation will be initiated at around a
number of 1.5 and its intensity increases as the CN iresedbke Cavitation Number has not
been used in any previous studies of engine lubrication. The comparative analysis above is a
simplified analogy using the existing knowledge in orifice flows for the understanding of the

flow physics in hydrodynamic lubrtion.

5.4.4Young-Laplace

Young Laplace is a nonlinear partial differential equation that describes the capillary pressure
difference sustained across the interface of two static fluids. The Young Laplace equation
related the pressure difference to shape of the surface and it is widely used in the study of
static capillary surfaces. ThéP is the pressure difference across the fluid interface,
considering an interface separating two immiscible fluids that areuilitegum with one

another. igure 128 shows the cross section of a cavity which is equal to 0.16mm. The
pressure difference would be 400 Pa if cavitation fingers were gtidhough above

consideration of Re, We and CN are very useful in analysing the cavitating lubricant flow,

the lack é actual data in their calculation prevents to make a useful and meaningful
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interpretation of the results obtain in this work. For consistency we present and discuss the
current results in both the model rig and optical engine based on their speed mdram a

correlation between the speed in the rig and that of the engine has been established.

Figure 128 - Typical Cavitation of the Model Rig (Dhunput, 2006)

5.5 Optical-Engine

The testing of thepticaltenginegenerated &rgeamount of information in the form of

visual dataFor this repora representative sampdéthis datehas been presentethe

specificatiors of the engindubricant and optal setup are shown in tables 6, 7 anditg&

information used has been chosemiway that it will offer a clear view and an

understanding of the projects ioutcome and its importance to the understanding of

phenomena that take place insideraarnal combustion engin€hese penomendave a

significant impact on the performanadficiency and reliabilityof internal combustion

enginesin addition theyalsohavean impact on the environment and the plafiké engine

emissions are a problem that all modern manufacturers need to address. This chapter will

detail and analyse the phenomena that mainly affect many reciprocating internal combustion
engines regardless their type, use or size. These two phenotddhaW KH SOXEULFDQW FIL
DQG WKHEVE@®XLWDWLRQ LQ OXEULFDQWYV LV WKH SKHQRP|
inside an engine is subjected to extreme conditions which force it to release the air trapped

inside its volume. The air is releasedhe form of bubbles that when collapse they are

followed by a release of energy which can locally damage nearby components. Even though

the initiation of those bubbles is due to the release of the entrapped air they collapse at a stage
where they containrgair/lubricant vapour mixture. In addition to the damage caused by the

collapse of the cavities the phenomenon of cavitation also affects the primary function of the

lubricants.
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Table 6 - optical-engine specifications

Table 7 - Lubricant specification used on opticalengine
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Table 8 - High Speed camera used for the opticaéngine testing

Some ofthe main purposeof the lubricants used in internal combustion engisé&s reduce
friction, wear, coolthepistonand seal the combustion chami@roper lubrication is critical
to interacting component because ek lof lubricant can lead to catastrophic tesurhe
moving engine components could come in contact and wear one ratoothe point of

failure and causireversible damagm the engine.

Table 9 - Motorised Test Conditions

One of the most critical areasside an engine I8V Kpi$tonring and cylindedliner

interaction” ,W LV R Q H héstlila&rkad imsige/awwengine mainly because it is subjected
to high temperatures and the forces generated by the combustion. The engines are design in
such a way that adequate lubrication is guaranteed. The lubricant is pnetbenfiorm of a

very fine film, enough to prevent metal to metal contact but not to splash off into the cylinder
and enter the combustion chamber. When cavities are generated in this fine film the lubricant
is giving its place to the cavitieShesecavitiesmainly being composed laygasare not

capable obffering to the components the protection they requirés Tan lead from poor

operationup to possibly severe engine damage andmesasestotal engine failureEven
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in best designed engineg KH FRQWURO RI WKH O X&ylihdéringfarklQ HVSHFLI
pistonring LQWHUDFWLRQ". This ishdd jusddrR PoinsGfitiBriDengine design but

also poor lubricant performancEhe materials used for modem day lubricants might have
tremendously evolved in the resent years but they still present limitations for the needs of

modern internal combustion engines.

Table 10- Firing Test Conditions

This results into lubricants often entering the cylinder and thighhelp of the piston finding
their way into the combustion chamber where they take part into the combustion. This
SKHQRPHQRQ LV FDOOHG BHJIE ULFBQWHBREORX OLQNHG WR OX
Based on observation by Inagaki (1995) and Dusy{i999) and also on work carried out

for the purposes of this reppbiow-by can occur in two ways.

Figure 129- The Camera Positions used for capturing the visual data

It can either be lubricant passing the pistmgs and entering the combustion chamber or

fuel and combustion products passing down the rings and into the oil sump. Both of these
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scenarios are highly undesirable as they affect the performance anditgliiiie engine.
When the lubricant enters tkembustionjt has a negative impact on the output emissions
while the products of a combusting lubricant can damage the internal components. On the
other hand, when unburnt fuel and exhaust gases pasbermd sump they contaminate the

oil which highly affects its performance (Inagaki, 1995).

H H

800rpm, 70C, Motorised 800rpm, 70C, Firing
Figure 130- Firing vs Motorised operation, 800RPM, 70C

The visual capabilities dhe optical engine built for this project give the opportunity for the
investigation of phenomena that take place in conventional engines in the area between the
pistonrings and the cylindeiner. The focus of the project is on two main areas, the

lubricant cavitation and the lubricant bldwy. The following sections investigate the

behaviour of cavitation at different engine speeds and temperatures. Tests have been
performed for both motorised and firing conditions as shown in Table 9 and Table 10
respetively. The map of the optical windovscation is shown inigure129 The first area

of investigation is the top half of the cylinder and the second area the bottom half. In addition
to the investigation of cavitation there are additional data captphiegomena such as blew

by with lubricants entering the combustion chamber and taking place into the combustion, all
listed, detailed and explained in the Results chapter of this r@pertnotorised tests

followed the entire matxias this is detailed itable 9 This is not the case for the firing
operationand table 10The firing operation was conducted for a selected portion of the

operating condition used for the motorised operation. In the firing operation combustion
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productswould cause the optical window to lose its optical capabilities due to theupuod

combustion residuals.

Figure 131- The opticalengine pressure trace, Motorised, 1000RPM, 70C, 720deg

The effect the combustion residualv@an the optical window affects its visual clarity and
thus the time between the testing dramatically increases due to the fact that the window needs
thorough cleammg before the following runfigure 129 presents the different optical frames

used for the purpose of thigport There were eight frames used in total.

Figure 132- The opticalengine pressure, Firing, 1000RPM, 70C, 720deg

The following figureshows the position @the frame captured by the camera in relatiton
the optical window. lgure130illustrates in blue the optical window and the numbered areas
are the frames captured by thigh-speedccamera. Throughout the test runs it has been

observed that there were no significant differences between the firing and the motorised
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operation as far as the cavity geation is concerne@rigures 133 and 134 show the velocity

and acceleration of the pas for the optical engine.
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Figure 133- Optical Engine Piston Velocity Profile
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Figure 134- Optical Engine Piston Acceleration Profile
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Figure 130is a representative example of that observation where the two fames between the
two operating conditions are compared. The two frames have been captured under firing and
under motorised operation at 800rpm and at a temperature of 70C. The optical feas®re
figure 129 as position number 8ased on this observation the decision was made to present
data mainly related to the motorised testing, when the phenomena of cavitation were
investigated, as the motorised images featured better qUdl#ycombstion residuals would

in some cases affect the clarity of the optical windows which would affect the clattiy of
images capired. fgures 131 132 and B9 show the pressure trace of thecylinder pressure

for both the motorised and the firing condits Fgure 131shows the pressure trace of the
motorised operation. A specific characteristic of this operating condition is that the pressure
has its peak at the TDChis occurs as thedaylinder pressure only increase due to the
movement of the pistoThus, the pressure peak would be at the highest point of the pistons
journey (TDC). kgure 132shows the pressure trace of the firing operation. It is distinct that
the peak of the pressure trace is no longer at the TDC but a few degrees after TDC. This
occurs as the fuel does not fully combust at the TDC. In a firing engicdinder pressure

would reach multiple times the pressure of the motorised after the TDC when fuel has fully
combusted. The engines operating conditions are directly linked actithtecavitation of

the lubricant in the pistering/cylinderliner interaction. The phenomenon of cavitation takes
place when a fluid is subjected under extreme foloethe case of an internal combustion
engine that fluid is the lubrication oil. Onétbe first observations was that cavitation is not
always occurring inside an operating fatroke internal combustion engine. A fesiroke

internal combustion engine operates in four strokes and two cycles. The meaning of that is
that the engine needisur strokes of the piston to complete two cycldsese are the
intake/exhaust cycle and the power cycle. In the intake/exhaust cycle the engine exhausts the
combustion products from the previous cycle and takes in fresh air and fuel for the next
cycle. In the next powarycle,the air/fuel mixture is copressed anijnited,and the process
repeats itself while the engine is in operatibinas been observed that cavitation occurs only
during the power cycle and more specifically when theyimder pressure exceeds the
atmospheric pressure. This obseéiMaremains unclear to whether cavitation is not occurring
or if the cavities were in a magnitude that could not be captured by thegeghd imaging
equipment used. The-tylinder pressure exceeds the atmospheric pressure during the power
cycle when bth intake and exhaust valves are closed while the volume of the cylinder has
decreased. The variation of thedylinder volume depends on the position of the piston thus,
thein F\OLQGHU SUHVVXUH FKDQJHV DUH GL UGhHEEYDOrLQNHG V
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appears in the compressierpansion stroke but that is not the only phenomenon that is
occurring during that specific part of the cycle. It seems that there are more phenomena that
occur inside an engine when thecylinder pressure moves awligm the atmospheric

pressure and those are detailed and described in the paragraphs below. The following
phenomenon mainly occurs under a fully motorised operation, where the engine is driven
with the help of an electric motor. It has been observedithanh the piston is moving

downwards past the TDC the fuel present in the cylinder fully atomises in the form of
aerosol. Under this motorised condition the fuel that enters the cylinder does not burn due to
the lack of ignition. The unburned direl mixture enters the cylinder and is compressed by

the piston in the confined volume of the combustion chamitsedescribed Wwen the piston

is then moving downwards momentarily there is a phenomenon that is observed where there
is the appearance of a fuel aelasused by condensation. After thiston,has travelled
FORVH HQRXJK WR WKH %'& W KHe géxetb@méntbbtRaypghénonan VD S S H I
is illustrated in igures 13 to 13B. In the sameifjures the aerosol appears during the
compression strokand while under motorised operation. The fuel evaporates and appears as
D ZKLWH 3VPRNH" XS W RalVeKdpes &t Qa\pre&skureliddachékatmospheric.

Area where
aerosol appears

Area where
aerosol appears

Figure 135- Aerosol effect, 208rpm, 70C, Motorised
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Area where Area where
aerosol appears aerosol appears

Figure 136- Aerosol effect, 208rpm, 70C, Motorised

Area where

Area whefe
aerosol appears

aerosol a||>pears

Figure 137- Aerosol effect, 208rpm, 70C, Motorised
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Area where Area fhere
aerosol appears aerosql appears

Figure 138- Aerosol effect, 208rpm, 70C, Motorised

During the intake/exhaust cycle and more specifically when toglinder pressure reaches
the atmospheric pressure while a set of valves are open there was no cavitation appearing.
The reason behind this phenoroans considered to be the lack of increasedyimder

pressure during the intake and exhaust cycle.

Figure 139- Exhaust/Intake Cycle VS Power Cycle
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The fundamental operation and design of the pistays is based on the principal that the in
cylinder pressure is acting of the back of the rings forcing them for a better seal. Thus, the
higher the ircylinder pressure the better the seal. This appiedl the rings resulting to

better control of the lubricant film left of the cylinder walls. The force behind the rings causes
the gap between the rings and the liner to decrease significantly. This decrease in the gap
between the rings and the linersisas the lubricant present in the area to pass through a very
narrow and confined space that places the lubricant itself under a high pressure that along
with the surface imperfections causes the lubricant to cavitate. It is observed that the cavity
generdion is highly linked to the changes in theaylinder pressure. Lubricants not only

have tomaintain their properties throughout the engine cycle and provide sufficient
lubrication, they also must withstand extreme forces and the cavitation proce¢akehatce

inside an internal combustion engifiéne continuous search for more sophisticated and

better lubricants is one of the leading factors that contributed to the need for the specific
project. Since cavitation is not observed in every cycle thdteewill only cover the power
cycleincludingthe compression and power strokes. To better understand the difference in the
cavitation of the lubricant between the two cycles the following sequence of images show the
behaviour of the lubricant when traggpbetween the cylinddiner and pistofring

interaction for both the inlet/exhaust and the power stroke

5.5.1 Intake/Exhaust Cycle

During this cycle the following set of imagEem figure 140to figure 145 showthat there is

no cavitation taking place in tloylinderliner andpistonring interaction at either the up

stroke or dowrstroke of the piston. There is also the possibility thag#dresrated cavities

are of size thatannot be captured by the opticatug usedin order to clarify this, further
testing has to be performed with possibly the use of florescence additives. The following
images from{61] to [+71] degrees crank angle have been captured under motorised
operation without fuel injection. Thengine speed is constant at 1000rpm and the
temperature of the lubricant is maintained at 70C with the use of-thelthheaters. The

main reason motorised operation was used to present the cavity behaviour, is due to the fact
that the combustions gassesuld affect the clarity of the images. The effects of the
combustion have been considered later section of this report. The imagessftpio [+71]
degrees clearly show that despite the engine operating at 1000rpm there is no cavitation
taking place. Al three rings show exactly the same behaviour, regardless if the movement is

up-stroke or dowrstroke. The effect is the same. It is concluded that while one set of valves
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is open, cavities do not appear on the surface of the rings. That can be mhrédtythe fact

that the incylinder pressure which is close to the atmospheric pressure does not allow for the
cavities to generate and grow or that the cavities are generated at such a small scale that are
not captured by the setup used. Another cauiei®phenomenon and which is believed to

be the more dominant is the gap between the rings and the liner. Therigtare

designed on the principle that theaylinder pressure assists them in a way that the higher

the incylinder pressure the bettihey seal the combustions chamber.
7N A

D)

-61 deg BTDC, 1000rpm, 70C, Motorised -49 deg BTDC, 1000rpm, 70C, Motorised

Figure 140- BTDC, 1000rpm, 70C, Motorised
This occurs because thecaglinder pressure is acting on the back of the pistogs and

forces them onto the cylinder walls. The higher theyiinder pressure the higher the force
acting behind the pistenings thus, the better they seal. While th&tqm is following, a
reciprocating motion the rings move at the same speed and direction since they act as part of
the piston itself. During engine operation, the piston never comes in contact with the cylinder
walls. In the event that something like thappens the consequences can be catastrophic for
the engine. The basic engine operation principle is that the rings come in contact with the
cylinder walls and they provide a smooth sliding surface between the piston and the liner.
They also provide a wayf sealing off the combustion chamber and preventing combustion
products and ktylinder gasses escaping into the crank case. While the pistgmand the

cylinderwall have been polished at a degree that ensures minimal friction, the direct contact
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need to be avoided at all times. This is where the lubricants are of use. The lubricant
interferes between the sliding surfaces and prevents the metal to metal 8htkecthe

lubricant transport mechanisms have been fully detailed and analysed in yhehapters of

this report, the end result is that there is always a fine film of lubricant present on the cylinder
walls. This film regardless its thickness is crucial to the engine operation.

The piston and the rigns are following a receprocating madiath considering that the pison
rings and the cylindeliner are in contact separated with only by the lubricant interfearing
between them, the oil film is actually forced between the pist@s and the cylindeiner

while the engine is in motion. Theghier the ircylinder pressrue the higher the forces acting
on the back of the piston and the higher theyilinder pressure the smaller the gap that the
lubricant needs to squeez through. The-gag while the engine is at the intake or exhaust
phase is1ot small engough for the lubricant to reach the required pressure for the cavities to
generate and develop. From testing done on aitgigthas been observed that there is a

direct link between caviation, the pistong and the cylindeliner gap.

1 Y,
2 7
3

-37 deg BTDC, 1000rpm, 70C, Motorised -25 deg BTDC, 1000rpm, 70C, Motorised

Figure 141- BTDC, 1000rpm, 70C, Motorised
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(48]

-13 deg BTD@O00rpm, 70C, Motorised -1 deg BTDC, 1000rpm, 70C, Motorised

Figure 142- BTDC, 1000rpm, 70C, Motorised

(8]

+11 deg ATDC, 1000rpm, 70C, Motorised +23 deg ATDC, 1000rpm, 70C, Motorised

Figure 143- ATDC, 1000rpm, 70C, Motorised
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+35 deg ATDC, 1000rpm, 70C, Motorised +47 deg ATDC, 1000rpm, 70C, Motorised

Figure 144- ATDC, 1000rpm, 70C, Motorised

+59 deg ATDC, 1000rpm, 70 torised +71 deg ATDC, 1000rpm, 70C, Motorised

Figure 145- ATDC, 1000rpm, 70C, Motorised
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As aconclusionthe decreased-aylinder pressure allows for a larger gap between the
cylinderliner and thepistonrings that do not allow the lubricant to reach the conditions
needed for the lubricant to cavitate. Usually cavitation is directly linked to the pressure
changes that a fluid is subjected to. The pressure changes along with surface imperfections
result to theaelease of air already trapped inside the fluid in the form of bubblewitdnthe
sudden pressure change and energy generated thesedayrolleand form cavities. These
cavities are the cause of many engine related problems. These range from poor engine
performance to critical engine failure. Going back todhservatiorthat there is no
cavitation on every cycle during the operation of an internal combustion ehigirea step
towards the better understandingtié phenomenowhich up to now wasrdy known
through the assumption that it occurs inside and engine but never tevaujual evidence
whenit does. This discovery is amportant step toward a possible solution that would
minimise the effect of cavitatioon the performance and reliaiyl of internal combustion
enginesThe final conclusion is that lubricaadue to each individual factor detailed above
donot show any signs of cavitation while theaylinder pressure is equal the atmospheric.
Thephenomenois directly linked to tle position of the inlet and outlet valves.

5.5.2 Power Cycle

Duringthe powercycle the following set of imagésom figure 146to figure 151 showthat

there is cavitation taking place-betweerthe cylinderliner andpistontring interaction at

both the upstroke and the dowstroke of the piston. THe61] to [+71] degrees crank angle

images have been captured under motorised conditions witleinjection. The engine

speed is constant at 1000rpm and the temperafuine lubricantis maintained at 76C with

the use of thenginesn-build heatersThere is clear evidence that cavitation is not observed
during the power cycle, where there is a massive increase intlgérider pressure. The

increase is due to the fact thag tin-cylinder volume is decreasing as the result of the
SLVWRQTV XSZDUG PRYHPHQW ,W FDQ EH GHULYHG WKDW \
offer a completely different view when comparred with the results of the inake/exhaust cycle.

In all the capured images it is evident that cavitation occupies a big part of the area of the

ring and it is eminent that the increased incylinder pressure has a direct effect on cavitation. It
has been known that cavity generation is directly linked to pressuré@ulis in lubricants

when these are subjected to extreme pressure changes. These pressure changes with the help
of the surface imperfections present in the surrounding components cause the air trapped

inside the fluid to be released in the form of bubblEhese bubbes after their generation will
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continue to grow due to lubricant evaporating along the bubble boundaries up to the point
where they collapse. While the bubbles collapse they release a large amount of energy is in
the form of a shock wave whieh targeted at a very small area. This can cause significan
damadge even to the toughest nearby components. Finding a solution that will eliminate or
minimise the effect of that phenomenon would be beneficial towards the peformance and
reliability of thoe engines. The images presents that the increasstinder pressure has a
dramatic effect on the behavior of cavitation. It has been noted thattlknder, pressure
changes are causing the lubricat film present on the cylinder walls to cavitat&irheause

of this phenomenon is believed to be the effect that Hoglinder pressure has on the piston
rings. While the ircylinder pressure builds up in relation to the movement of the piston the
pressure forces the rings onto the cylinder wall tegyln a better seal. The better seal
automatically reasults to a finer space between the pigiga and the cylinddiner causing

the lubrican pressent to flow through a confined space. The lubircant under these conditions
starts to cavitate causiniget film to brake and produce the set of visual data presented in this
section. Another phenomenon equally intersting as the phenomenon of cavitation is the effect
the incylinder pressure has on the fuel itself, when the fuel does not combust inside the
cylinder. Fuel have been injected in the motorised tests in order to study the effect of the fuel
on the lubricants. What has been observed is that the fuel would enter the combustion
chamber at the point where the inlet valves open. This is a featurerfainky with port

injection internal combautions engines. The fuel enters the combustion chamber at the same
time as Air. While the fuel enters the cylinder and the inlet valves close the piston would start
moving upwards and would compress the air fueltanéxtill the point it reaches the top dead
center. At the top dead center the piston would stop and would start moving backwards
towards the botom dead centat.this point what is observed is that the fuel that has been
compressed due to the rapid chamythe incylinder pressure it would momentarely

evaporate and would apear in the form of an aerosol until the piston has moved further down
the cylinder where the smoke would dissapear. This is a phenomenon that was observed
during the testings and ippeared on every cycle with fuel present inside the cylinder while

all the port were closed. There is need for further investigation in order to determine the exact
cause of this phenomenon and the effect it has on internal combustion engines. Due to the
fact though that the majority of engines are not motorised the fuel would alsmost never leave
the combustion chamber dourned. It has been indicated that there would be no significant

effect of this phenomenon to the operation of firing engines.
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-61 deg BTDC, 1000rpm, 70C, Motorised

1

D)

-49 deg BTDC, 1000rpm, 70C, Motorised

Figure 146- BTDC, 1000rpm, 70C, Motorised

-37 deg BTD@000rpm, 70C, Motorised

D)

(8]

-25 deg BTDC, 1000rpm, 70C, Motorised

Figure 147- BTDC, 1000rpm, 70C, Motorised
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(48]

-13 deg BTDC, 1000rpm, 70C, Motorised -1 deg BTDC, 1000rpm, 70C, Motorised

Figure 148- BTDC, 1000rpm, 70C,Motorised

(8]

+11 deg ATDC, 1000rpm, 70C, Motorised +23 deg ATDC, 1000rpm, 70C, Motorised

Figure 149- ATDC, 1000rpm, 70C, Motorised
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+35 deg ATDC, 1000rpm, 70C, Motorised +47 deg ATDC, 1000rpm, 70C, Motorised

Figure 150- ATDC, 1000rpm, 70C, Motorised

+59 deg ATDC, 1000rpm, 70C, Motorised +71 deg ATDC, 1000rpm, 70C, Motorised

Figure 151- ATDC, 1000rpm, 70C, Motorised
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On the contrary further investigation is needed as it seems that the pressure difference is
causing the fuel to atomise. Effect highly desirable for the better combustion of the fuel,
especially on port fuel injected engm®ne more aspect that would possibly make use of
such type of research is the possible effetho$e phenomerat certain stages whetteein-
cylinder fuel has not fullgombustednd would possibly still be in the cylinder well into the
expansion stroke. This usually ocswhen fuel has not fullptomisedwvhile entering the
cylinder or at high speed applications where fuel does not have the time to fully cofieust.
final conclwsion has to be the effect that theciylinder pressure has on theenomenoiof
cavitation in internal combustion engsend how the pressure affedis behaviour.

Cavitation is ggphenomenothat is known to affect the performance, efficiency and riitiab

of internal combustion engineBhese findings havgiven a new perspective on the view of
cavitation in relation to the internal combustion engines. The cavities do not seem to affect
the engines on every cycle and possibly this is aatéinding a solution to the negative
effects of cavitation on the engines. The fact that cavitation does not take place on every
cycle and the fact that cavitation is linked to the changes in {tyinder pressure could
possibly be a step towards improved engiasigrs. Finally, the findings of the project are
considered to benportantas he projet gave arinsight to an area of the engirarely
investigated before due to its particular locatiots Bupportedhat cavitation does affect
internal combustion engines and sometimes with catastrophic résulesw is offered to tle
way cavitatiorbehaves inside angine and most importantly that it does not affect every

consecutre cycle agnitially thought

5.5.3 Cavity Generation

The following set of images show how cavities are generated pidturing andcylinder

liner interactionwhen the engine is in operation. Fmnveniencethe affected aream the

three ringshave been noted and highlighted wy#ilow marlers. The images inigures 152

and 153ave been captured under motorised conditions without fuel injection. The engine
speed is constant at 1000rpm and the temperature of the lubricant is maintaingvatty 0
the use of the Hbuild engine heaters. The camera has been focused on the bottom part of the
cylinderliner, window number 4 afie¢se are specified inglire 129. This set of images

present the specific areas in yellow anotation wherever cavigageaerates on the piston
rings. The cavities do not cover the entire area of the rings at all times during every stroke.
This is highly depended on theaylinder pressure, the position, the velocity and the

acceleration of the rings. It has been obethadl cavities heve not been generating at random
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points either. Even though their behavior is slightly unpredictable while they develop, this
becomes more emenent at higred engine speeds, though the point where they generate does

not seem to be random.
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Yellow marks
the area
affected by Yellow marks the areg
cavitation. affected by cavitation.
-72 deg BTDC, 2000rpm, 70C, Motorised -70 deg BTDC, 2000rpm, 70C, Motorised

Figure 152- BTDC, 2000rpm, 70C, Motorised

Cavity generation seems to favor certain parts of the rings. These are believed to be points
where the ring surface has certain imperfections that promote the cavity generation. Cavities
areinitialised by the releash of air already trapped inside a fluid and for the separation to
begin imperfections need to exist on the nearby surfaces. After the fluid has passed over an
imperfection it would cause the air traped inside it to be reseashedadrnis followed by

fluid evaporation through the bubble boundatries that would grow the cavities till the point of
collapse. The cavities that collapse and will release a shock wave capable of damaging even
the tougher engine components. The yellow markeghlight the affected areas. The

affected areas are where cavities have developed. The cavity generation is more distinct in a
video where the concequtive images play at a higher framerate but thagasyod observe

on still imagesFor this purpee the affected areas have been noted and highlighted with
markers to give a better understanding of how cavities areajedeand develop. Ingure

153is noted that even though the piston has passed thpoimtlof the cylinder the cavities

still do not cover the entire suface of the ring. The cavities start to develop at the area of the
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ring where there are surface imperfections. The main causenofstheting at the same side

and more specifically of the left side of the frames is that despite the best effords to make the
joint between the quartz glass and the metal liner as smooth as possible it seems that at a
microscopic level there are surfacepinfecions present due to the transition from the metal

to the quartz window. The cavities would initiate at the left side of the frame and gradually
progress towards the right side of the frame till they cover the entire area of each ring in the
area vidble through the optical window. The cavities would generate and expand through the
rings to the point where they would collapse by either the change in the pistons direction or
they would escape from the area of pitonring and cylindedliner interacton forced by the
blow-by gasses that some times pass though the rings due to the increadediar

pressure. At this point the cavities are forced out of the interaction and are pushed to the area
between the rings where they collapse due to the peeskange. The cavity generation and
collapse are highly depended to the specific speetylinde pressure and postion of the

piston.
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Yellow marks the area Yellow marks the area
affected by cavitation. affected by cavitation.
-68 deg BTDC, 2000rpm, 70C, Motorised -66 deg BTDC, 2000rpm, 70C, Motorised

Figure 153- BTDC, 2000rpm, 70C, Motorised

5.5.4 Temperature Effect
The following set of datpresentshe effect the temperature has on the cavitational behaviour

at a number of different test conditiofifie temperature is referred to and measured at the
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inlet of the coolant before it enters the water jacket in the cylinder Tihese temperature is
maintained with the use of the cooling and heating systems of the engine. The engine is
heated up and then the cooling system is driving down the temperature to the desirdt value.
has beemotedthat cavitation is directly linkedtthe viscosity of lubdants andHhe viscosity

is highly dependedn the temperatur&Jsually, the highethe temperature, tHewerwould

be the viscosity. That is nealid justwith lubricants but with the majority diquids. When

the engine is not fired, the lubricant temgdeare is at the same temperature as the engine

itself. As aresult,the higher temperature willecrease the viscosityhe following images

show the difference in cavitation for a number of different temperatures for the same
lubricant at the same speeti800rpm andat the same crank angle. Tieenperaturesange

from 30¢ to 70 and he lubricant is the same lubricant used in all of the engine tests, the
BP Castrol GTX 10w40. Figure 154 shows the differences between theg3@nd 40¢. The
differences in the area are not evident by naked eye as the area of cavitation has changed
shape from one frame to the next. For this purpose, a script was written in Visual Basic that
would calculate the area of cavitation for each of the diffdrantes.In figure154the area
calculated by the software is in red on the top left corner of the frame. The area is given as a
percentage of the entire ring visible on the same frame. The ring even though it appears to be
of a rectangular, flat shape,dstually not. The ring has a circular profile and the centre of
rotation is along the vertical axis in the middle of the frame. A calculation based on square
meters or square centimetres would not be accurate as there would be a difficulty when
bringing he curvaturef the ringinto the calculationsThe most appropriate representation

that would carry the minimum risk and offer maximum accuracy is to represent the area of
cavitation in a percentage of the total ring visible on the frame. In this wagalthéations

are ensured to be accurate while still maintaining a solid measure of comparison between the
different frames. Inifjure 154it is noted from the values calculated by the software that there
is a difference in the area the cavities occupy. The cavities@tetiver the 62.53% of the

total ring area and at 3P cover the 57.26% of the total ring area. That is more than a 5%
difference and since the speed, crank angle and type of lubricant are the same this difference
is linked to the increase of the lubricant temperatura.similar way igure 155represents a

10 ¢ difference between the two presented frames. That is betiveedO@ and 50€.

Again, the difference in the area covered by cavitation is close to a 4% increase &r a 10

temperature increase, which brings it closer eor#sults observed ifgtire 154. The jump
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from 40¢ to 50 is a crucial one, this is whereethavities start showing uniformity as far

as their shape is concerned.

Figure 154- Temperature Effect 30C VS 40C, 800RPM

Up to 40¢ the cavities change their total shape and seem more unstable after they pass the
50 & mark The cavities form a uniform rectangular aegal his continues to the 6§ and

70 &, both represented iiigure 157. Back to fgure 155 and the 4@f vs 506 the

differences are obvious and clear. The cavities & ®0@ver a uniform rectangular area and
they do not show any of the unevenness seen @ #urthemore, the nextifure, figure

153 shows the 5@ against60 ¢. It is obvious that the cavities have retained a uniform front
and back boundaries and they do not show any break in the area of cavitation. Even though
the entire area of the ring is not covered by cavities, this is the maximum area of cavitation
that will ever be observed throughout the cycle. It is known by previous work done on the
&LW\ 8QLYHUVLW\ %Y addpEcsentedibtheR€3uNs sEvtidh of this report that the
cavities never cover the entire area of the pisiogs. Infact,theyonly cover the side of the
ULQJ WKDW LV IDFLQJ WKH GLUHFWLRQ RI WKH SLVWRQTYV F
the ring if not slightly futher. In the case ofgures 154to 157 the piston is moving upwards.
These observations were made onltieeication testrig and the engine is not an exception.

In a similarway, the cavities do not cover the entire face of the pisitog at any point of the

cycle.
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Figure 155- Temperature Effect 40C VS 50C, 800RPM

Figure 156- Temperature Effect 50C VS 60C, 800RPM

In a change of events the cavitating area will not grow as the temperature indfigases.

157 shows the difference between the@@nd 70f. It is supported bthe area values

calculated that the area at @has decreased from 66.02% down to 57.8%. That is a

decrease of more than 8%. This is higher than the differences seen for lower temperatures and

moreover at this point there is a decrease observed in thefacavitation. This is a very
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interesting phenomenon, the general rule dictates that since the temperature is rising the
viscosity drops which should promote cavitation. Thus, it has been identified and presented
that temperature has an imminent effecicavitation from the point of generation to the

point of collapse, though not in all cases as expected.

Figure 157- Temperature Effect 60C VS 70C, 800RPM

5.5.5 Speed Effect

The piston sped is one of the factothat areproven to affect the behaviour and generation

of cavities. This section details a set of data representing the behaviour of cavitation in a
range of different speeds at the same crank angle and the same tempEratluericant is

the one usedif all the engine testing and is the commercially available BP Castrol GTX
10w40. The way the data are compared with each other is by the area the cavities are
covering as a proportion of the total ring area. The area has been calculated with theuse of a
algorithm composed for the purpose of this report. The software calculated the area the
cavities cover and further calculated the proportion of the total ring area affected. Starting
with figure 158 the differences are obvious. The cavities at 208rpm are barely visible on the
surface of the ring whereas at 1000rpm they already cover the majority of its area. The
difference is a massive 70% and there can be no argument that there is a signifiggnirchan
the cavitation area from 208rpm to 1000rpm. Conventional gasoline engines do not usually
operate at 200rpm speeds as their idle is usually found between 600rpm and 800rpm, but

many diesel engines though idle at such a low speed and that is oneeaisires this low
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range speed was investigated while comparing teetteig results. As mentioned the
differences between the 208rpm and 1000rpm are obvious. This is not the case though with
higher speed, and more specifically 1000rpm and 2000rgigure 159. It seems that there

is little to no effect by the increase in engine speed t660rpm to 2000rpm indure 159.

The area of cavitation between these two speeds is very similar.

1
1
Figure 158- 208RPM VS1000RPM, Speed Effect, 70C
1 1

Figure 159- 1000RPM VS 2000RPM, Speed Effect, 70C
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Figure 160- 2000RPM VS 3000RPM, Speed Effect, 70C

The area of cavitation at 2000rpm is 1% higher than the lower speed of 1000rpm. These
again changes once matethe 3000rpm and imgure 160 Figure 160 show that there is a
big difference at 3000rpm and there is a cavitational area decrease of altwoIh2is in
contrast to what it was initially expected. The initial expectation was that the cavities will
cover higher area at higher speeds. The data extracted from the engine though support
otherwise. Further investigation is needed to identify thise®ehind the decrease of the
cavitating area while the engine speed is increasing.

5.5.6 Blow-by Effect

Blow-by is thephenomenomvherethe combustion gasses and products passghthe
pistortrings and find their way into the crank case. This phenomenamiesirable within an
internal combustion engine, mainly due to the faat the escaped gases resulntaylinder
pressure droplhe pressure loses could significantly affinet performancef an engine
Another drawback of blowy is that the combustion gasses, which are mainly burned
hydrocarbons, can contaminate the internal components located in the crankcase while, the
majority of these products can affect the quality of the engineclritri The combustion
products can build up on the surfaces of internal components such as the bearings with
catastrophic results. The quality of the lubricants can seriously be affected once the
combustion products dissolve in their volume. The combusgtioducts are capable of

altering the lubricants basic characteristics meaning that the lubricant will not perform as
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intended under operating conditions. That might cause poor engine performance and possibly
serious internal component damage.the combuson gasses find their way into the crank

case by passing though the pistorgs the same can occur the oposite way. In the same way

as combustion gasses can pass through the pison rigns down to the crank case, the lubricant

from the crank case can paksough the rings and into the combustion chamber.

Lubricant /O

Droplets/o /'<>
Lubricant
Droplets/O

1
2 1
2
3
3
+59 deg ATDC, 1000rpm, 70C, Motorised +74 deg ATDC, 1000rpm, 70C, Motorised

Figure 161- ATDC, 1000rpm, 70C, Motorised

This isa phenomenon also called bkoy, even though it relates differentside-effects on

the engine itself. The majority of pist@guiped, internal combusion engines that use
lubricants for their operatiowill use a type of oil injector under the piston to constantly feed
lubricant on the pistoit self. The piston is equiped with oil pass holes that deliver the
lubricant onto theyinder walls and with the help of thestonrings, the lubricanis spread
onto the cylinder walls in the form of a very fine film. Excess lubricant would pass through
the pistorrings and would find its way into the combustion chamber. Lubricants andyma
composed of hydrocarbond&/hile thesehydrocarbons entehe conbsustion chamber they

mix with the fuel andake part in the combustiofihe burnt lubricant later exits the
combsution chamber along with the rest of the combustion products. Engine emmissions are
a major issue for car manufacturers. Regulations on emmissions in the recent years have

become very strict and manufacturers neeertsure that their products ardime with the
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latest government regulations, otherwise they might face serious repercussions. The lubricant
inside the engine cylinder takes part in the combustion and later escapes though the exhaust
ports, into the extst system and out in the environment. One of the most critical components
in the exhaust system is the exhaust catalyst. The exhaust catalysts are sensitive engine
components and are highly affected by products that are derived from the combustion of an
air-fuel-lubricant mixture. The burned lubricant would contaminate the catalyst and therefore
singificantly reduce the performance of the exhasut catalysts. The failure of an exhaust
catalyst would usually lead to increased garage bills as catalysts quetgious metals

which make them particularely expensive.

Lubricant O
Droplets/O /
Lubricant

Droplets/O

+89 deg ATDC, 1000rpm, 70C, Motorised +104 deg ATDC, 1000rpm, 70C, Motorised

Figure 162- ATDC, 1000rpm, 70C, Motorised

The burned lubricant would also affect the output emissions of an engine. Since lubricants are
hydrocarbons the addition of such a component into the combustion would significantly
increase the output emissionsaofengine Both are sideffects that are not desirable by the

engine or the lubricant manufactures and need to be addressed through extensive research and
testing Due to the objectives of the project the investigation of these phenomena mainly
focuses on the jouney the lubricant follows from the crankcase, pass the prgigs and

into the combustion chambdrhe majority of research done in the past with similar focus

had onlytargetphenomena taking place inside the cylinder motcthephenomena taking
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placeonto the cylinder walls. This resulted into substituting some of the engines critical
components witltompatiblepartssuch as?VC pistonrings on quartz linerOne exapmple
is the engine used by the Univarsity of Brighton for LI &fie Scaterringneasurements

for fuel in liquid and vapour phases.

Lubricant
DropIets/,O /@
Lubricant

+119 deg ATDC, 1000rpm, 70C, Motorised +134 deg ATDC, 1000rpm, 70C, Motorised

Figure 163- ATDC, 1000rpm, 70C, Motorised

This type of ringgeatureno gaps and offer a much better seal than the rings used in
automotiveinternal combsution engines. Thus these engines do narfiggaressure loss
though the ringsvhile testing The point wherehis project hasdded valués in the use of
original engine components such as an actngipack With the use of an actuahg-packa
variety of phenoena were observed that hatdeenidentified onother experimental

setups.

One of these phenome is the blowby of thelubricant past the pistenings and into the

combustion chamber. It has been observed that-blodoes take place in internal

combustion engines. This outcome is the result of using an actuglaakgor all the test

cases andmg-gaps similar to the ongfound in commercial internal combustion engines.

The sequence of images igures 161to 163 show two lubricant droplets that have escaped

from the crankcase and have passed into the combustion chamber. These two droplets started

their journey through the cylinder at the point where the piston reached the top dead centre.
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Practically the lubricanobserved in these images originally came from the oil sump which is
located in the lower part of the engine. This lubricant used mamigternal engine
componentso offer component protection and friction reduction. The lubricant is delivered
to theindividual internal components through a systertubfngaround the engine. One of
thesetubingguides the lubricant to the bottom or skirt of the piston. Once the oil comes in
contact with the piston it gets absorbed in a series of small holes locatezlamiual piston
skirt. These holeguide the oil from the back of the piston to the front and more precisely on
the front of the skirt and to the back of the oil control rings. The reciprocating motion of the
pistan and the pressure differentfalce te oil through the pistonng gaps and slowly guide

it on top of the first pistoming. Once the oil has reached the top ring it walysn that area

until the piston has reached the top deawtre. Once the piston pasies top dead centre
andstartsmoving in the opposite direction the inertigthe oil still present on top of the first
ring will force it to leave the piston and enter the combustion chamber. This is exactly the
phenomenon observed iglires 161 to 163In figure 161the piston is 859 and 72 after

thetop dead centre and the two droplets can be sdesvelthrough the cylindeThe same
continueanto the next twdrames in igure 162where the two droplets still continue their

path through the cylinder. The speed of the pisschigher than the speed of the droplets and
these two will not meet before the piston has reached the bottom dead centre and the piston is
moving in the opposite direction. That is in the case that the droplets continue moving
towardsBDC and do notollide with the cylinder walls. Iniure 163 the two droplets have
moved apartompared to the previougfireand their in between distance has changed. That
is mainly an effect of vortexes that occur inside the cylinder due to the vacuum created by the
piston. Their relative movement beconoésareronce the consecutive images are played in a
video sequencé.he droplets have been marked with red arrows and properly annotated to

assist with their visualisation.

The path that the lubricatrvels into he combustion chamber has been tracked and

analysedo assist in the further impovement of the design of internal combustions etgyines
minimise or eliminate the lubricant blely. The basic design of the pistionthe engine

allows the lubricant to find its way though the piston skirts, up to the oil pasages, embeded on
the piston itself. The oil would pass though these holes to the back of the scraper ring. The oil
control ring is equiped with slots that allow the lubricanpass though them and onto the
cylinder wall. The oil conrol ring is also responsible of controling the delivetlyeadil onto

the cylinder wall. There are some points in the cycle wheraagkscape the oil control ring
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and would pass in the gap beswn theoil control ringandthe secondcompressioming.
While the lubricant is in this space it wilbntinue to movéorced by the movement of the
pistonuntill the point where iteactesthe gap of the second ring atien itmakes its way up
to the aea between the first and the second ring. From there it follasimilar path and by
passing the gap of the first ring it fimids way on the top of the firstmy. The esaped
lubricantstays there for most of the uproke but when the piston reaches TBDC and
mainly due to the inertia of the lubrinhand the piston the lubricant will fly off the piston
and would find itself traveling through the cylidner

5.5.7 Ring Rap and Blow-By

The following set of images fromgure 164to figure 169 show the blowby though the gaps

of the first and the second and the third piston rings which have been aligned for the purpose
of the project. The main passage of the lubricant was found to be the gaps between the rings
which allowed for the exchange oif between the oil sump and the cylinder. It has been
observed that the lubricant will pass the gaps between the rings and with the kinetic energy
introduced by the piston along with the pressure differential the lubricant will find its way

into the combstion chamber with a plethora of negative effects for the engine itself. This
section further details and illustrates the mechanisms that allows a lubricant to utilise the gaps
as a passage to the combustion chamber. The sequence of images presentteatdence
support the occurrence of blevy where lubricant passes though the 1ijags. The engine

used for the experiment is a custom design with a custom setup, one of those customisations
is the position of the pisterings and their gaps. It has been alied that regardless the

position of the gaps the lubricant will eventually find its way through them and into the
combustion chamber. The effort was made to assist and accelerate that phenomenon which
usually takes a few strokes to complete in eventuladlylength of one stroke. This has been
achieved by placing all the rirgaps in line with each other. By bringing all the ropaps

inline, it has been observed that lubricant would complete the journey from the crankcase to

the combustion chamber in agle stroke.

In the first frame inifjure 164the piston has almost reached the top dead centre as part of the
compressions stroke. During the compressiooke,both of the inlet and outlet valves are
closed,and the combustion chamber is pressurisée. flirther the piston travels towards the

top dead centre the higher thecylinder pressure. A2 degrees before the top dead centre

and considering that the engine is operated under motorised condition the pressure of the
combustion chamber has reaclitsdmaximum value. With a compression ratio of 9.5 to 1
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the volume of the cylinder has reduced by 9.5 times and the pressure has equally increased.
The high pressure is forcing the gases that are trapped into the cylinder to find their ways
down to the smnp through the back of the rings and the ring gaps. While the engine is in
operation and as it can be seeithe second frame afjure164the gaps between the rings

are occupied by lubrication oil. The higinessure gasses while on their way towards the
crankshaft will carry with them parts of the lubricant and will return it in the crankshaft case.
In the event that the engine was in fyimode the higipressure gasses would carry more

than lubrication oil. The combustion products and possibly unburned fuel would follow the
same path and will find their way down the piston, as the lubricatiored oh fgure 165. In

figure 165the pistm has passed the top dead centre and even though the pressure has started
to drop the ircylinder pressure is still atvery high level. Inigures 166and 1G the high

pressure gasses continue to push the lubricant through the ring gaps towards gaftrank
What is particularly interesting is that the gases/lubricant mixture as soon as it leaves the

bottom ring it finds its way down to the sump through the oil feed holes on the skirt of the

piston.
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Figure 164- 1000rpm, 70C, Motorised
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Figure 165- 1000rpm, 70C, Motorised

+6 deg ATDC, 1000rpm, 70C, Motorised
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+8 deg ATDC, 1000rpm, 70C, Motorised

Figure 166- 1000rpm, 70C, Motorised
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Figure 167- 1000rpm, 70C, Motorised
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Figure 168- 1000rpm, 70C, Motorised
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Figure 169- 1000rpm, 70C, Motorised

This can be explained by the fact that this luffers an easier escape towards the sump

rather than the area between the skirts and the cylinder liner. It is alsoenbdetthe

gasses inijure 164 and at O degrees seem to carry with thess lubricant than ingure

167. This indicates that the gasses a few degrees after the top dead centre travel faster than at
the top dead centre, even though theytinder pressure is higher closer to the top dead

centre. This is believed to be due to the way the piston meets tihestoon chamber once

the piston has reached the top dead centre. At the topcdetid the piston is very close to

the cylinder head offering a very small area where the gasses could escape. Once the piston
starts moving downwards the bottom dead cahiegap between the piston and the
combustion chamber increases offering a better route of escape for thepeekayire

gassesThe images above illustrate the journey the lubricant follows from the crankcase to
the combustion chamber. The lubricanttstérom the bottom ring and more specifically the
gaps behind the ring. The oil passes through these gaps and finds itself through the third
bottom pistorring, then the oil escapes and finds its way in the gap between the bottom and
second pistoming. While the second gap between the third and second pistgs is filling

up with oil there is oil already passing the second pigtagnand finds its way to the gap

between the first and second pistamy. While the lubricant is passing though the rgaps

it is creating vortices around the riggp edges. That is an additional indication that the ring
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gaps are the main path of lubricant transportation from the crankcase to the combustion
chamber. The passage of the oil is assisted by thephégsure gses that are moving from

the cylinder to the crank case due to the increasegliimder pressure. The unique setup of

the engine is the reason behind the successful execution of the testing needed for the project
and the fact why the collected set of dagae offered an insight to an area of the engine

usually restricted. The phenomenon of blowis highly important to the engine

manufactures and the lubricant, phenomenon that has been successfully captured and detailed
in the pages of this report.

5.5.8 Firing

After the initial motorisedesting,the tests on the engine continued underfiutig
operation. Duringhefull firing operationthe enginavas igniting the injected fuel on every
cycle.The dynammeterwas used to place a load on the engine. The load appéed
proportion of the total power output of tlgnamometeand itwas applied by using the
dynamaneteras abrake By not letting the engine operate freely the operating conditions
werecloser to tle operating conditionsf automotive enginef\nother use of the dyneas

to start up the engine. As withe majority of the enginethis engine neeedto bestarted
with the use of an electric motor beforeoutd sustain itself into operation. The dyhas
beenused to first brig the engine up to speed beftine fuel systemvasswitched onThe
fuel system was let to run until the pump had reached its operating présseirewitching
onthe fuelpump,the next stages to initiate the ignitionwhile the ignitionis operating the
final stages to switch on the fuel injectors thatovide thefuel needed for the engine to
operate. Once the engirgein operatiorunder its own power the dyn® switchedrom a

starter motomodeto applying thedad on the engine.

Opticatengines are useful instruments when investigating phenomena taking place inside an
engine but unlike the neoptical engines they have a distinct vulnerability. That vulnerability

is also their most important feature, their ogtiwindow. Under firing operation, the load on

the window increases by a great margin while its life expectancy dramatically decreases. The
specific engine has a 9.5 to 1 compression ratio, which increases 5 times when the engine is
fired. In the coursefdhe project four optical windows were consumed in total. That was
mainly due to the fact that the metal rings would come in contact with the quartz window and
wear it to the point where the damage would be of that extend thatdinider pressure

spikes would cause the window to crack. Due to the nature of quartz as a material and due to
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its crystal structure as soon as a small imperfection is introduced on one of its surfaces this

imperfection would propagate into a crack, up to the point whereititow would fail.

Fully Firing optical -engine

Engine Speed 1000rpm
Engine Load 2.1kwW

Air/ Fuel Ratio 14.1

Fuel Type Iso-Octane

Table 11 *Fully firing optical engine test conditions

Time constraints along witthe shorage ofsupply ofthe opticalwindowsmeant thathe

engine did not go through the same amount of testing under firing as it did under motorised
operation After severalW H V W h&3 dd[bé noted that the firing of the engine did not affect
the behaviour ofite cavitiesat a great extenAt this point it is worth also mentioning that

the engine could not operate on full firing mode for prolonged periods of time partially due to
the window needing cleaning in short time intervals and partially due to thercsaiten

towards the safety of the optical windows and the engine itself.

A A
2
1
2 3
3
-37 deg BTDC, 1000rpm, 70C, Firing -25 deg BTDC, 1000rpm, 70C, Firing

Figure 170 £1000rpm, 70C, Firing
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Table 11and the sequence of images frofdi7] to [+71] degrees crank angtefigures 170

to 174show the test conditions and the behaviour of cavitation while the engine is under full

firing operation. During full firing the engine has been igniting the fuehwary cycle

causing the ircylinder pressure to explode at levels much higher than what the engine
experiences under motorise operation. The engine used has a 9.5 to 1 compression ratio.

When the engine was firing, these values increased 5 to 6 timethevaotorised ones.

Under firing operation, the engine would as well experience a shift in the pressure pick,

meaning that the pressure pick would no longer be at TDC but it occurred at a later stage as
VKRZQ DQG H[SODLQHG LQ W KfHhes2sapokth BIIGhdg ihdde®tHE VHFW LR C
effect of cavitatitaion is obvious in the area over the pisitags. During all the runs there

was no significant visual difference between the full firing and the mororised tests as
GHVFULEHG LQ WK Becipisaaliermthis (epadrt. Thiis ‘always refers to the data

between the firing and the motorised operation at similar operating conditions. Two of the

most critical condition that had a significant effect on the behavior of the cavities were the

engine peed and the temperature. Due to the unpredictable and chaotic behavior of the

cavities on the optical engine it has not been possible to apply the software solution
LPSOHPHQWHG RQ WKH LQYHVWLIJDWLRQ RI WkKig. FFDYLWLHV
that reason a separate software was developed in Visaul Basic which is further explained in
WKH 33URFHVVLQJ 6RIWZDUH™ VHFWLRQ RI WKLV UHSRUW I
rig and the opticaéngine followed similar paterns at sinmilgpeeds the tesig capabilities

are quite limited compared to those of the engine. The engine would reach much higher

speeds and at these speeds the cavities would scatter and stop following a clearly visible
patern.There is cleaevidenceof cavitiesoccuring on the face of th@stonrings. As

described irearlie sectiorof this reporthe cavitating oil would leave the face of the rimg a

passn the areas between the pistamgs where it would either escape towards the crank

case or itwould findLWV ZD\ LQWR WKH FR Q-EXd¥ee8QCFKIDPPHU 7KH
figure170shows Ubricant trapped in the area betweengtstonrings. Due to the special

design of the oitontrol ring there is oil also trapped in between the two edges of the ring

itself. Qil control rings can either have a flat face or in the majority of the engines a slot in the
middle of their face running arround theofile of the ring. The specific ring used on this

optical engine features a slot running accross its prdfiies allows for better oil control and

delivery. Due to the protruding edges it is not uncommon to see lubricant trapped in the area
between théwo edges. Unlike the lubricant trapped in the area between the-prsgsnthe

lubricant trapped in the oil contor ring can easily escébe.oil control ring is equipped with
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slots that not only allows for the delivery of fresh oil onto the cylinddls, but also allow
for the drain of the excess oil back into the crank case. It has been observed that the increased
cylinder pressure has a significant effect on the way the cavities are generated aneéhbehave

the motorised tests

4o 4o

-13 deg BTDC, 1000rpm, 70C, Firing -1deg BTDC, 1000rpm, 70C, Firing
Figure 171 £1000rpm, 70C, Firing

In has been also observed that the added pressure caused by the combustion of the fuel has no
significant effect on the cavitation and it does not affect the way it behaves. The project
mainly focused on the investigation of cavitation in the area bettheguistorring and
cylinderliner interaction and not on the effect of combustion on cavitation. Further work is
needed on the investigation of the differences between the effects of combustion on the
cavities generated inside a firing engine and howetlkégger from the case of the motorised
operation At this point it has to be noted that the findings of this specific study do not
indicate a significant difference between the two but for a validity perspective the extra time
has to be invested to reirstgjate the findings. The proposed projects need to take under
consideration the findings of the current project and needs to implement a new approach in
the investigation of how the cavities behave in the two different cases of motorised and firing
operaton and highlight their differences, if any. Additiormagh-speedvisualisation

techniques might reveal more information regarding this phenomenon.
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+11 deg ATDC, 1000rpm, 70C, Firing +23 deg ATDC, 1000rpm, 70C, Firing
Figure 172 +1000rpm, 70C, Firing
2
2
3
3
+35 deg ATDC, 1000rpm, 70C, Firing +47 deg ATDC, 1000rpm, 70C, Firing

Figure 173 £1000rpm, 70C, Firing

213



+59 deg ATD@P00rpm, 70C, Firing +71 deg ATDC, 1000rpm, 70C, Firing
Figure 174 +1000rpm, 70C, Firing

5.6 Error Analysis

This section of the report is focused on errors that might have been introduced during the
testing and which must be taken under consideration when reviewing the results or repeating
the experiments. Below are identified a few of the instruments usedttocdllection and

data extraction and their reading errors are presented to give an understanding of the
magnitude of the error that might have been introduced and what actions might have been
performed to mitigate. The flowmeter used on therigdhasbeen found to have a set

amount of error which has been calculated by the manufacturg¥@of the total flowrate
displayed. The capacitance used on the specifigiteist a device that uses two conductive
plates to measure the oil film thickness. Tisthod requires very careful calibration before
every measurement. The calibration is important to link the change in voltage with the
change in length. The capacitance output is displayed in Volts with an accuracy of the first
decimal place. This resulisto an error while acquiring the measurements of 0.05V which is
0.05% if 1 volt is measured. This will affect both the calibration and the final readings. The
capacitance also relies on a micrometre to measure the change in length and correlate
movemenwith voltage. The micrometre used for the calibration of the capacitance can be

accurate within a0.005mm for measurements of length. Shaft encoders were used to capture
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the rotational movement of the engine and the test rig. The shaft encoder used has a
resolution of 3600 pulses per revolution. This will result at an error of 0.05degrees of crank
angle. This has been a very low measuring error and it would not affect the outcome of the
tests. One of the main challenges has been to synchronise trepledihcamera with the
engines position. For that reason, the keglkeed camera was triggered with the use of digital
signals generated by the crank shaft encoder. Thus, the error introduced would be the same as
the one introduced by the crank shaft encoddrthat would be equal to 0.05 degrees of

crank angle. The vibrations generated by the operation of the single cylinder engine caused
the images to shift and tilt from frame to frame. This was resulting in an error when the
software was calculating some giioal properties of the cavities. The error introduced by the
image processing was accommodated as part of the code and it was implemented when
writing the algorithm. The algorithm would detect the shift and the tilt, and it would

accommodate from one franto the next.

215



CHAPTER 6: CONCLUSIONS AND FURTHER DISCUSSION

Theexperimental investigation of cavitation formation and development at contact point
between the ring and the liner in a lubricant test rig and the newly designed opticalhesgine
beencarried ouiat different operating conditions usitwo high speed cameras coupled with
three ARRI high intensity light sourcés visualise cavitation. The present research project
has beemlivided irto threestagesfirst the measurement the lubricant test rigand therthe
design of thanewoptical engindollowed bythe testingand measurement the optical

engine A summary of the main findings obtained from the results of this research programme are
presented in the following section¥he project continued with the design and testing of the
optical engine. The engine testing provided data that could assist in the better understanding
of how lubricant cavitation can affect certain aspects of the engine in the way they operate
and performSome negative effects that are related to the phenomenon of cavitation are

increased emissions, bleby, lubricant contamination and damage on internal components.

6.1 Summary discussions and conclusions of tesg measurements

A lubrication matrix wasested with the sole purpose of determining the effedifferent

lubricant formulations and operating conditions on the behaviour of damitihe work on

the testrig produced a large amount of unprocessed data, a considerable amount of time was
invested to find the best way that would allow for the most accurate and efficient processing
of those data. The work involved the testing and visual investigation of the cavitation
phenomenon for 28maples, at different speeds ranging from #00 RPM. Tlere was

also an attempt to identify the behaviour of different lubricants and how their formulation
affects cavitation. The results were processed with the use of sophisticated algorithms written
specifically for the project in Matlab. Later the procesdath were grouped and compared to
highlight behavioural differences that could be linked back to their formulation. All 19
lubricants were tested under the same operating conditions but only a representative
population of 6 was chosen for this report; sleéection of these 6 lubricants has been based
mainly on their performance and individual composition. This population featured a number
of base lubricants with the addition of viscous modifiers and extrgpacks. The different
lubricants were subjectdd several tests that would stretch their physical properties to the
point where they would start to cavitate. The data were obtained at different speeds and under
a range of operating conditions, these conditions were 2 different flowrates at 0.02Ldmin an
0.05L/Min, 3 different speeds at 100, 300 and 600 RPM, and two different temperatures at
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30°C and 76C; full details can be found in Table 1 and Table 2. fBlewings are a

summary of major findings:

X The data processing was performed with the usegofighms developed in Matlab.
The structure and logic of this algorithm changed dramatically throughout the
different stages of the project to ensure the accuracy of the end results considering all
the limitations, including the extraction of optical infaation by the software; full
details are provided in Section 2.1.6. The final version of the software offered visual
feedback to the user and gave the ability to override the processing if anomalies were
observed.

X To ensure the presented data are of higidity, all tests were repeated 3 times to
improve the clarity of the images. This involved the sourcing of better quality optics
and higher intensity light sources that would allow for higher frame rates, lower

exposures and brighter images.

The parameic study offered a set of valuable results when all the lubricants were tested on
the lubrication test rig. The 6 out of the 19 lubricants included in this report have offered the

following conclusions.

X The performance of each lubricant is directly linkedhe lubricants formulation and
the operating conditions. Lubricants of the same group show similar behaviour and
the kinematic viscosity is a very good indicator of cavity performance. The data
support that the addition of a viscous modifier can halieeat effect on cavitation.

As an example, lubricants 004A and 020A had the same viscosity and density values
but presented different cavity behaviour. The operating condition also interfere with
the way lubricants cavitate though not always in the wa@geted, the increase of the
speed does not always increase the cavitating area or cavity length.

x Kinematic viscosity is a good indicator to whether lubricants of the same base group
would be more prone to cavitation. Previous literature suggests thagityscan be
directly linked to oil film thickness. A link can be supported between cavitation and
Kinematic Viscosity.

X A viscous modifier can reduce the effect of cavitation. As an example, lubricants
004A and 020A are two lubricants of the same group@f20A has an additional
viscous modifier. The area of cavitation for 004A gdfrom 10 +50% but has a

mean value of 20%while lubricant 020A has an area of cavitation from#A%
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with a mean value of 50% clear reduction in cavitation with thessous modifier

This suggest that theddition of a viscous modifier delays the cavity generation

which appeaslater in the cycle.

Previous literature suggests that when the speed increases the oil film thickness
increases as welhlthough in the presemhvestigation the oil film thickness was not
measured, the observation showed that the increase in speed had not the same effect
on the length of cavity. The length in fact decreased with speed which also supports
the increase in film oil thickness anckthap between the piston ring and the liner.

The Previous literature suggests that when lubricants have different viscosities the one
with the lowest viscosity would have the smallest oil film thickness. This is not the
same for the rest of thmetrics sub as cavity width and cavity length. Furthermore,
kinematic viscosity has a direct effect on cavity formation. The lower the KV the
higher the cavitating area, the length of the cavities and the width of the cavities.
Theconsecutive imagesere processed with the use of a custom algorithms written
in Matlabin order to obtain accurate quantitative informafimncavity length, cavity
width, cavitating area and number of cavities

The algorithm allows for the link of physical propertiestsas cavity length, width,

area and number of cavities with physical properties extensively investigated by
pervious researchers, such as oil film thickness and friction. This could be made
possible by extending the capabilities of the software and incdipg the oil film
thickness and friction in the algorithm which could offer results that would give a
view of the flow on 3 dimensions

The software developed can successfully process the visual data but must be coupled
with appropriate optical setup v can offer the desired quality and optical clarity.
The resolution and magnification of the optical equipment are very important to the
way the software performs. Equally important are the light sources used and the
position these are placed.

One of thecore objectives was to try and establish a bekween the lubrication test

rig and the optical engine. A correlation between the results from thégtesid the
optical engine has been established based on the following conditions:

X The lubricants testeon the testig and the optical engine presented similar

behaviour and structure when both tests were at similar operating conditions.
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X A link between the tegig and the optical engine is supported and has been
observed for testig speeds of 600RPM wth correlates to engine speeds of
208RPM. This correlation is based on piston speed.

6.2 Summary of Design of the Optical Engine

The second part of the project focused on the investigation of cavitation within a fully firing
opticalenginewherethe pistonring and the cylindeliner interact This area is subjected to
extreme forces, temperatures and pressures, thetethedesign of the opticahgine far

more difficult especially on the strength of the optical window, the thermal expansion and the
tolerancesandas a result the design of the engine has been a very careful and time
consuming proceduréull details of the design processes has been given in chapter 4 and

below is a summary of the new design development/outcome.

Thenewoptical engine wabased on a modified Ricardo Hydra single cylinder engine where
many parts such as the cylinder liner had to be redes{grpdctthe ring pack which had to

be identical to the one used on the unmodified enginallow for the optical access to the
pistan ring and cylinder liner interaction. The optical window covers the full length of the
liner over a width of 25mm); this visibility allows access not only into the contact point over
the entire length of the liner, but also provides access to the cormmbeiséimber to allow for

flow visualisation and flow field measurements.

Many considerations have been taken into account as explained in chapter 4 but the
challenging issues were theattingof the optical window with the cylider liner and the
piston rings and he possibility of oil passing from the sump into the combustion chaonber
vice versa, the transfer of the fuel into the surhg O-FE X effect) which can affect the
emission, performance of the lubricamd possible damage to the lubrication syste the
HQJLQHTYV LQWHUQDO FRPSRQHQWYV

Once the design was finalised and the engine was manufaana#te auxiliary
components had to be designed to fit the engine. The engine control software and the ECU
had to be designed and build in such a waywlatid allow for the custom setup and

operation of the engine as well as for the control of the optical equipaleainstalled

Overall the design of the optical engine was a great success and provided the means to fulfil
the objectives of the projedhe investigation of the phenomenon of cavitation within a fully

firing opticalengine, and beyondith the following features:
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The new design provides full accesatery hostile area where the pistong and

the cylindetliner interactand in additio a good exposure to the combustion chamber
covers the full length of the liner over a width of 25mmich providesa great optical
access, much greater than that given by XUL10Ar engine

Thenewengine was successfigloperated withouanyissues up topeeds of
3000RPMfor firing and motorised operation

The newcontrol system to operate the engine with new software and thecE@ble

of controlling both the engingperation a well as the optical equipmentget

combined new control system and the cgitengine would offer a useful and

valuable testing device that would allow further investigation to be carried out
Thenew opticalengine operated at the same specificatgh in cylinder pressure

the same as thenmodified engine. The inylinder presure and the compression

ratio showed that the mating of the window with the cylinder liner and the piston
rings was successful.

With careful and accurate desigonsideration, it was ensur#e insertion of the
optical windowcan work themetal piston mgsassemblyvhile maintaining the

original engine tolerances.

The new optical engine providast onlyaccessnto the contact point over the entire
lengthfor the investigation of lubricants cavitatidnutalsoa great optical access into
the combustion chambwmere the charged motion, spray characteristics and
combustion can be visualised or quantified using different optical diagnlistics

LDV, PIV, PDA and LIF.

The piston rings used were a full metal ringlpsienilar to the one fitted on the
unmodified engineThe piston ring gaps play an important role in the way lubricants
cavitate within an engine. Cavitation is directly linked to pressure and it occurs when
the pressure of a liquid suddenly drops. Thg gaps are a leading factor in cylinder
pressure losses, while cylinder gasses can escape down towards the sump. Leading
piston ring manufacturers are aware of the pressure loss ring gaps cause and they
usually provide a maximum ring gap tolerance withhgawduct. The usual tolerance
is 0.0035cm per cm of cylinder diameter to ensure maximum performance and
appropriate lubrication. The effect piston rings have on the pressure differential
between the cylinder and the sump will affect the pressure priifilg the face of

the piston rings thus affecting the cavity generation.
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6.3 Summary discussions and conclusions of Optical Engine measurements

The final stage of the project involved the testing of the optical engine which would offer
access to the usualiyaccessible area between the cylinder liner and piston ring interaction
under motorised and firing conditions; full details of the operating conditions are given in

section5.5. The followings are the main conclusions:

X The datashowedthat the lubricatin oil from the sump uses the ring gaps to pass into
the combustion chamber. The lubricant pasisesighthe gaprings until it finds
itself onthetop of the top ring where as soon as the piston reaches the top dead centre
and changess direction thdubricant, due to its kinetic energy, will separate itself
from the rings and fly within the cylinder.

X The capturedideoimages showed that the rotation of the piston rings does not affect
the phenomena of cavitation. The same data suggested that caotaturs only in
two of the strokes for a foestroke engine. The phenomenon seems to occur only in
the stroke when the4aylinder pressure is higher than the atmospheric. During this
stroke, the ircylinder pressure puts an extra force behind the prgtgs forcing
them to form a smaller gap with the cylinder wall, something that does not occur
when the valves are open.

X The results showed thaycle after cycle, cavitation occurs on the face of the piston
rings within he gap mainly as a fully develegicavitating sheen both upstroke and
down-stroke.

x Cauvitation takes place on the face of all the 3 rings and not on the face of thelpiston.
hasalsobeen observed that cavitation does not faramiform cavitating sheet along
the face of the ringlhis is due to the fact thaie cylinders as well as the piston rings
do not folow a perfect circular profile.

X While the engine is in operation under motorised conditions with the fuel system on,
it was observed that the injected fuel inside the cylimarrld momentarily atomise
at the first stage of the expansion stroke to form a fuel spray. This suggests that one
can use a PDA diagnostic system to characterise the fuel spray characteristics in terms

of fuel droplets size and velocity distribution sitameously.

6.4 Contribution to knowledge
Optical Internal combustion engines are used for the investigation of phenomena that occur

during engine operation. Many of these engines operate under idealise conditions or key parts
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are replaced in order to protaheir optical windows thus, risking the possibility of deviating
from the exact behaviour of the phenomena compared to an unmodified engine. The design,
manufacture and testing of a fully firing optical engine, that would use a conventional metal
ring-pack would offer both a unique measuring device and optical data of great value to the
better understanding of the phenomenon. The main contributions of the project are presented

bellow;

X The project developed a unique design of a fully firing optical ertieallowed for the
optical visualisation of the piston ring and cylinder liner interaction. The design
succeeded in offering an engine that has been both reliable and fully functional at the
extend of replicating the operation of a conventional samafgjaion engine.

X A lot of weight was given to the use of a metal 3 pisiag, ringpack in combination
with the optical window. This project managed to achieve an ideal matting of the surfaces
between the pistering and the optical liner and ensurédttpressure loses would
interfere with the results.

X The findings support a correlation between the lubricatiorriggsind the optical engine.
This link gives access to all the information that was been generated over the past years
by a different numhreof projects performed on the same test rig.

X The data investigate assumptions and speculations made around the phenomena that take
place in the cylinder liner/pitering area. The contribution of this project was the design
and manufacture of an optieaigine that was very close to the specification of a
conventional internal combustion engine. The majority of the work performed on optical
engines was performed with the use of full optical cylinders and PVC pisigs These
rings do not feature the Hity important ringgaps fount in conventional engines. These
setups though safe and reliable do not fully replicate the behaviour of the phenomena that
take place inside that engine.

X The use of a metal ringack offered the ability to observe the behawimiuubricants
while these cavitate or pass though the-gags. The setup assisted in better
XQGHUVWDQGLQJ DQG REVHUY-EQJ WR P HIKKILQRIP $ QRFEWVR F B
impossible with the full PVC ring setups.

This project has assisted with the eh&tion of phenomena that occur in the cyliAkieer
and pistorring interaction. Moreover, it has produced data that can be used to further study
WKH KLJKO\ LPSRUWDQW SKHQRPHQDKRY RIHMHMDIJW KRKD U (BQ&J
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important piece Dliterature for the future study of these phenomena. There is a lot of
knowledge that has been gained from this project and in addition to the literature there is also
the experience and expertise of building and operating an optical engine that sithalates

same principles and specifications as a conventional internal combustion engine.

6.5 Aims and Objectives Assessment

x Design, manufacture and assembly of an optical internal combustion engine that would
allow for the investigation of the phenomenon a¥itation while this takes place in the
cylinder liner and pistoming interaction. The engine must have as a core feature the use
of a metal pistosrings similar to the ones used on automotive production engiidse
design, manufacture and assemblyhaf engine was successful as the engine operated
correctly, even from the initial test runs. The assessment of its performance was done in
small increments where the operating conditions and load were gradually increased until
the engine was operating as ifull potential, the engine operated successfully at every
increment, giving the confidence to later use it for the extraction of experimental data.
Big success has been the matting of the optical window with the rest of the cylinder and
the piston ringsThe tolerances between the optical and the unmodified conventional
engine have been very close to identical and this can be easily identified from the
comparison of the pressure trace and the compression ratio between the two. This
ensured that the enggroperated to the specifications it was initially designed to. The
optical engine was based on a conventional single cylinder Ricardo Hydra engine. The
original engine made use of arfhig metal ring pack. The piston rings used were the
exact same pistonngs that the engine was equipped before the optical window
modification and the success of the design was to ensure that they came in contact with
the optical window to the extent that they would not damage the optical properties of the
window or its strature and still maintain its original specifications.

X Install, setup and successfully use high speed optical equipment on the engine to collect
data from the piston ring and cylinder liner interactiaiihe installation and setup of the
optical equipmentvas successfully implemented, and it produced high quality images
from the piston ring and cylinder liner interaction which allowed for the further
investigation of the phenomenon. The camera, the lighting and the engine were carefully
setup and timed togieer to offer optimum results. The trickiest part was to guide both the
light and the camera through the narrow window installed on the engine. This posed a lot

of difficulty due to the limited space, but the data confirm the successful implementation.
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X Process the data collected on the optical engine to extract information that would reveal a
link between cavitation and the operating conditions of an engifiee data extracted
were successfully processed and analysed to derive conclusions relatedawitye
behaviour inside an optical engine. Though the processing and analysis of the data has
been successfully achieved additional work could be carried out that would extract more
information from the samples such as lubricant velocity and oil filmrieekthat would
allow for a more detailed analysis of the flow.

X The completion of the parametric study that would use an existinggestirrently
property of City, University of London to test a set of 19 lubricants. These 19 lubricants
were received by BP while their formulations had been withheld and protected by
confidentiality agreement. Key point is the study of the phenomenon of cavitation and the
extraction of information that had not been investigated by the work performed on the
testrig by previous researchersAll the 19 lubricants were tested on thérication rig
with sole purpose the extraction of information that had not been considered by all the
previous researchers who performed similar experiments on the test rig. This project
succeeded into taking a step further than the measurement of titra pressure, the
friction and the oil film thickness, which are metrics extensively investigated before. It
used the visual data that were captured and combined them with sophisticated algorithms
to extract information on the area of cavitation, thegth of cavities, the width of
cavities and the number of cavities.

X The data from the tesiy must be compared to the data from the engine and their in
between correlation must be investigatedhe data extracted from the tegj were
compared to theata extraced from the engine and their-between relation was
investigated. The data presented many similarities to the behaviour of the cavities in
similar operating conditions and though extra work is needed to further investigate that
link the findings successfully support that there is asctasrelation.

x Finally, a report must be produced that would summarise and discuss the findings of the
project along with suggestions for future wotkThe final objective of the report has
been the summation of the findings along with recommendatiofgudoe work. This
part has been successfully completed and the findings as well as all the relevant
information have been included as part of the current report.
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6.6 Critical Assessment of experimental process

During the course of the project the measuents had to be repeated numerous times to
ensure optimum results. The tegf measurements were repeated 3 times in total to improve
the quality of the data. The software used for the processing of thiegtdata was

developed in house for the neadghe project. The first set of the results extracted from the
testrig were captured with a setup similar to the one used by previous researchers and which
was presented as optimum for the visualisation of cavitation. Once all the lubricants were
testedthe captured data were used to develop the Matlab processing algorithm. It soon
became obvious that the software faced limitation that regardless how good its logic was it
could not overcome due to the input data. For that reason, the optical setupp&ad to

adjusted. The solution was given at the time with the use of greater angle lenses and lower
aperture combined with more powerful light sources that would allow for a greater
magnification in order to help the software identify the phenomena with artagberacy.

The result as expected seemed promising as the newly developed software would work much
better with the new set of results and would produce much better data that would track closer
the cavities generated. Once all the lubricants were tested itealised that there was a
possibility of further improving the software and the derived results, an observation that came
with the experience gained. The decision was taken to perform all the tests for a third time in
order to achieve the best possibésults. The tests were repeated once more while the
software was further developed to achieve an even better tracking of the cavitation

phenomena.

Though every effort was made to improve the results there is still potential to improve both
the softwareand the data captured. As the software relies on pixel by pixel tracking, the use
of a camera with a higher resolution would dramatically improve the quality of the results
and the way the software tracks cavitation. Another modification that could Ip@sgtiae

impact would be the use of optical fibres to guide the light into the cylinder liner and piston
ring area and ideally from both sides of the test rig. Theig# made out of stainless steel
which at = 589nmhas a reflective index of n =2where lubrication oil only n = 1.47 (Bor

et all, 1990). As found the tesg has a higher reflective index than the lubrication oil and
since the processing algorithm relays on the light intensity to track the cavities, the reduction
of the reflectiveight on the surrounding components would have allowed for the thresholds
on the algorithm to be adjusted to a more conservative setting that would also allow for an

even better tracking of the cavities. The part of the software that handles and mitigttes f
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reading errors would have to work less to post process the data which would have increased

the accuracy and also reduced the processing time.

The same optical fibre light sources could have also been used on the optical engine. The
illumination ofthe contact point between the cylinder liner and the piston ring was always a
challenge throughout the testing of the engine. The light sources used were coupled with
focussing lenses that would allow for the better focusing of the light beam and theugh th
focusing lenses did a very good job in focusing the light there would be a great benefit to the
use of new light source that would implement optical fibres to better guide the light. The
main problem of the light sources used was not only the fact tthathe addition of the

focusing lenses the setup became bulky and difficult to setup, nor the fact that even with the
lenses the focusing became a constant challenge but the fact that they produced a tremendous
amount of heat that when focused would réisetemperature of the engine thus risking
affecting the behaviour of the lubricants and the integrity of the engine. The optical fibres
could also be used with high intensity light sources such as lasers which would allow for the
measurement of the oilrh thickness on the cylinder walls and between the cylinder liner

and piston ring interaction, which could give an idea of the oil film thickness between the
cylinder wall and the piston rings. The use of lasers would have also given a better tracking
of the lubricant blow by, where a molecule is identified and then tracked throughout its path.
The same technique could be used the calculate the speed of the flow through the cylinder

liner and piston ring gap.

6.7 Recommendations for Future work

Despite thevaluable knowledge gained with throughout the project there is a need for further
work to be carried out in order to achieve a better understanding of the link between the
formulation of the lubricants and the behaviour of cavitation. There are cenpaictathat

need to be further analysed an investigated that would bridge gaps possibly not covered by
the current project. These revolve mainly around the formulation of lubricants and the way
the data were acquired and processed. The tests on the epgoa have only been

performed with an off the shelf lubricant sample that is commercially available and
manufactured from BP. The possibility of composing new samples from base lubricants
where their formulations could be controlled would offer a diffenesight to the way

different lubricant formulations behave inside the engine. Another point where the current
research can be improved is by improving the processing software developed for the project.

The VBA code written for the processing of the @egilata is mainly computing the area of
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the image that is covered by cavitation. It would be of great benefit to develop a more
sophisticated algorithm that would allow for the processing of the data while incorporating
that curvature of the ring into tlealculations. This is one aspect that was not added into the
current software and would be of a great value, as it will increase the accuracy of the results.
The engine as it was originally delivered came with a set of thermocouples installed on its
original cylinder block. These thermocouples were connected on a control unit responsible
for acquiring the readings. This control unit was malfunctioning, but the thermocouple setup
could be a good addition to the newly manufactured cylinder block as it kit &dr

temperature distribution reading simultaneously with the optical data. This setup will unlock
further capabilities of the engine that would allow for the better understanding of how the
temperature distribution on the cylinder and the piston aftbéet cavity behaviour. The

current temperature readings were based on the average temperature of the cylinder block but
since cavitation is a phenomenon directly linked to viscosity and viscosity is depended on the
temperature the uneven temperature ithistion along the cylinder block might have an

effect on the cavity behaviour itself. Another modification that needs to be considered is the
addition of a forcdeed induction that would allow for testing and would simulate the case
where an engine hasdaesupercharged or turbocharged. The need for smaller and more
powerful engines and the current notion among the engine manufactures to turn to
supercharging or turbocharging to achieve that, means that this type of research will add
value to phenomena etkd to those types of engines. Finally, another area that needs to be
further investigated is the improvement of the current Matlab algorithm to make it more
sensitive to fine cavities that currently are not successfully recorded, another possibly
solution would be the reun of the tests to a greater magnification but for these cases the tests

would have to be repeated and new equipment would have to be acquired.
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