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ABSTRACT

To improve engine operational performance and reliability, this study focuses on the
investigation into the behaviour of tribological conjunction betwerringliner based

on a comprehensive analysis of rAatrusive acoustic emission (AE) measurement.
Particularly, the study will provide more knowledge of using AE for online monitoring

and diagnosing the performances of the conjunction.

To fulfil this study, it intgrates analytical predictiors the theoreticamodelling for

the AE generationmechanismwith extensive experimental evaluations. Moreover,
effective signal processing techniques are implemented with a combinatiomubdieé
basedAE predictions to exact the weak and nonstationary AE contents that correlate

more with the tribological behaviour.

Based orconventional tribological models, tribological AE is modelledbéodue tdwo
main dynamic effectsasperityasperity collision (AAC)and fluid-aspeity interaction
(FAl), which allows measured AE signalsom the tribological conjunctiorio be
explained under differersicenariosespecially under abnormal behaviodal induced
AE is more correlatewvith lubricantsand velocity It presents mainly ithe middle of
engine strokes but is much weaker arderelyinterfered with AEs frormot onlyvalve
landings combustion and fuel injection shodist also the effect of considerable AACs

due to direct contacts asdlid particles in oils

To extractweak AEs foraccurately diagnosing the tribological behavipwsvelet
transformanalysisis applied to AE signals with three novel schemes: 1) hard threshold
based wavelet coefficients selection in which the threshold value and wavelet analysis
parametergare determined using a modified velocity of piston motion which has high
dependence on the AE characteristics predicted by the two models; 2) Adaptive
threshold wavelet coefficients selection in which the threshold is gradually updated to
minimise the disince between the AE envelopes and the predicted dependence; and 3)
wavelet packet transform (WPT) analysis is carried out by an optimised Daubechies
wavelet through a novel approach based on minimising the time and frequency overlaps

in WPT spectrum. Basexzh these optimal analysethe local envelope amplitude (LEA)
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and the average residual wavelet coefficient (ARWC) are developed from AE signals as

novel indicators to reflect the tribological behaviours.

Both the hard threshold based LEA and wavelet gattknsform LEA values allow two
different new lubricants to baafjnosed in accordance withodel predictios whereas
they produce less consistent results differentiating the used oiunder several
operating conditiondNeverthelessARWC can separatine used oil successfully in that

it can highlight the AAC effectsf particle collisiongn used oils

Similarly, LEA shows little impacts of two alternative fuels on the tribological
behaviours. However ARWC shows significantly higher amplitudes inveeal
operating conditions when more particles can be produced dugnstable and
incomplete combusti@of both the biodiesel and FT diesel, compared with pure diesel

indicating they can cause light wear

Keywords: Acoustic Emission; Piston Ring Cylinder Liner; Optimal Wavelet

Basis; Wavelet Packets Transform; Tribological Behaviour; Alternative Fue;
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CHAPTER 1 INTRODUCTION

This chaptempresentghe backgroundandresearch scopef this work It first presents
background and motivatiofor this research work, and then discusses thallenges
for monitoring the tribological behaviour ofthe piston assembly under running
condition Finally, the research scope, maitiology and objectivesof this workare

given.
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1.1 Background and M otivation

1.1.1Necessity forMonitoring the Tribological Behaviour of Piston Assembés

Tribology, as namedy Jost[1] L Q ZDV GHILQHG DV pWKH VFLHQ
LQWHUDFWLQUJ VXU ID F kh\anin@rndl Ha@rbistioéding Byadtdnh® |
tribology behaviouis principally associateavith friction, wear, corrosion, degdation

on the surface, and energy losses as suggestd@]inAs prime power sourcesC
engines are widely employed in different industries such as various means of transport
and power stations. The fuel efficiency, reliability, stabjlliffetime and environmental
sustainability are the ultimate targets of engine induseynarkably, themprovement

of tribological behaviourcan beone ofthe most essential and rewardisgproacheso
accomplish the above targetim addition the recen crises of fuel depletion and
environmental degradation have promoted more investigations into the possibility of
using alternative fuels, instead of fossil fuels, which mehasthe substitute power
source are expected not only to show the better castibn performance with lower
emissions but alsenaintain the acceptable tribological performanoé using pure

diesel.

Among various tribological conjunctions in an IC engife pistonring-cylinder liner
system isthe mostimportant andcomplicatedone. Its performance is decisive to
maintainhigh combustion performancand low emissionsTough working conditiog
with highly varying temperature, pressure, velocity and load cause significant
influences on its lifetimeMoreover, it is suggested thamore than 30% of the
petroleum is used to overcome friction in passenger[8arespeciallythe piston ring
and cylinder linerare demonstrated to account for a substantial portionngine
friction losses[4]. Therefore, lhe tribological behaviour ofhe ring-liner systemhas

been recognised #ise mosimportantaspecto affecttheengineperformancg5].

To gain sufficient understandings of the tribological behaviouhefing-liner system
great deals of research works wearied outon developing more comprehensive
models and detailecsimulations. Considerable @hievements in the tribological
modelling and numerical simulation studies between the rindia@dwere solvedby
the average Reynolds equa{®n7] based oma general understanding of the piston
rings operated in the mixed lubrication reg|Bje More extensively numerous
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sophisticated computing studies were conductedh®mvestigation into a wide range

of practical impacts during ringore contacts such as piston ring profile, piston ring
twist, blow-by, cylinder profile and thermal deformation, lubricant cavitation, and the
conformability of the ring-bore contact These models and findings have providieel
insightful understanding of theperations for piston rings, which can subsequently be
used to improve friction reduction tife piston assemblyrurthermore, aumber ofthe
other researcherf®, 10, 11] had adéd the wearprocessinto the modellingof the
ring-liner systemto give acomprehensiveinderstandingf the tribological process of
rings and linersindergoing progressive weatowever, owing to the sophistication of
engine tribology, it is difficult to combine all the important tribological parameters and
factors in a model. Therefore, tleeperimental studiesorrelated withthe tribological
behaviour of piston rings and cylindemdrs are crucial to reveal the piston tribological
characteristics.

On the other hand, the piston ring lubrication is essential to the opefatiakbility and
lifetime of engines.Due to highly dynamic operating conditions a@he ringliner
system, engie lubricants are subjected to different rates and hence degrees of
deterioration during their service periods. Traditional oil quality monitoring is based on
laboratory oil sample analysis at a given time interval, which is implemented with
considerable eficiencies such as sample contaminations, high costs, andi¢iianged
results. Particularly, théraditional wear investigations gfiston assembly generally

need to dismantle engines for internal inspections after atésnguse.

Although some commercial sensors are designed for the continuous monitoring of the
oil condition or oil quality, most of them are the insertion type which needs to be fixed
in a single location of the system. Particuladychsensors need to submeigto the

oil channel whichis fixed far away from the two sliding surface tife ringliner.
Hence, theesensorswhich arelocated in a specific mtion, cannot give the accurate
and timelyinformationof ring-liner systemunder anonstationaryvorking cordition in

engines.

The complex mechanicabpparatuseoften break downaccidentally without any
relation to their lifecycle period[12, 13]. Wear processesf the ringliner systemare

the most undesired failures of engingbe lubrication condition means the different
states that the lubricant separates the two surfaces from direct contact to reduce the
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friction and consequently weailhe proper lubrication condition helps to reduce
premature failures and diminish the dowmi of machines. To identify the significant
changes which are developing to the faultthmringliner system the online condition
monitoring is a valuable technology for prognosis and condition monitoring based on
health conditions. Particularly, theomintrusive monitoring method can provide the
comprehensive information of the ring and liner contact without any modification.
Specifically, Acoustic emission (AE) is induced by the strain energy which is released
spontaneously and rapidly during theatefiation or fracture of material&4]. The AE
technologyhas beerdevelopedto diagnosethe condition of engines and the friction

wear processof the contact surface Sporadic studies tied to relate theAE

measurementsf enginedo the ringliner wear or frictionprocess.

All of the above investigationand achievementshow a possibility to monitor the
tribological processof the ringliner system However, there are no further
understandings about friction and lubrication characteristics of the pisteoyinder

liner to differ wear process in engindherefore, to monitor the tribological behaviour

of the ringliner online is necessary. Thas imainly because that the rdahe
characteristics of the tribological process of the ring and liner contact can be used to
identify the difference between the normal frictiand lubrication condition and the
early abnormalwear. Further, this is also @ossible onlineapproachto assesshe

tribological impacts ohewalternative fuels on engines.

1.1.2Challengesin Monitoring the Tribological Behaviour of the Piston Assembly

under Running Conditions

Due to the complexity ofhe ringliner tribology, the tribological factors and system
dynamic factors such as contact force, sliding velobigh temperatures and lubricant
rheological properties such ascosity varis nonlinearlyin the engine systenihis
means thathte tribological behaviour of the pgisn assemblys very complicated tdbe
modelledand measured with sufficient accuracy that allows the true behaviours of the
interactions between fluid and surface asperities to be underattmoplatelyHence,
there still some knowledge gaps in monitorthg tibological behaviour of the piston

assembly using AE as shown in the following:
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1. Generation mechanism andmodelling studies for tribological AE between two

lubricated sliding surfaces in the piston assembly system are still ambiguous.

The piston ring work under a tough condition with highly varying
temperature, pressure and velocitpe tribological behaviouof the ringliner
systemis a complicated ncehnear mechanical problenwith regard to
interdisciplinary fields.Although AE technology has lem widely used to
monitor the friction and wedd5, 16, 17, 18]. Most of thesestudies using AE
were based on the experimental investigations gesignlaboratory rigto
reveal the AE generah regimes rather than a reabnd complicated
mechanical systersuch as the enginélence, to decipher the AE generation
mechanisnduring the friction and lubrication process the ringliner system
thetheoreticaimodelling studies fothetribological AE inthe ringliner system

areneeckdto be well studied

Mechefske etl. [19] investigated the wear process and wear situations with
and withoutZDDP additive, the results show the difference between oil with
additive and the base oifhis indicates that AE can detect the presence of the
protective tribofilm [20]. Particularly, Wang et.al[20] studied condition
monitoring of oil lubricated hybrid sliding contactsing AE techniques, the
experimental resultshowed astrong relationship between t#&E RMS and

the coefficient of frictionlevel.

However, there aresporadic investigations focused dhe AE theoretical
model in tribologyprocessesSheng and Liy21] developed the theoretical
model of AE sensing process in the sliders and magnetic rigid disks system to
demonstrate the variations of AE RMS amplitudes correlated to tribological
factors and system dynamics factors such as contact force, sliding valutity
topographic parameterparticularly, the tested AE RMS values correlated to
the lubricant thicknessNeverthelessthe AE theoreticalmodelling analysis of

the AE generation regimesnderthe hydodynamic lubricatiorcondition was

not reportedTo fill this gap, a comprehensive AE theoretiwaldellingfor the

hybrid friction process need to be developed for dnalytical predictions

correlated to the experimental studies.
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2. Effective methods to detect the tribological AEof the ring-liner system for

condition monitoring in engineshave not been conductedsufficiently.

The previousexperimentabtudies suggested jA2] and[23] demonstrated the
possibility to detect the AE signals on the surface of the cylinder. However, the
effective method temonitor the different lubrication and friction condition of
the engine system were not conducteedepth, further,specific condition
monitoringapproabes to detect the tribological impacts of the alternative fuels

on enginesvere lack of theomprehensivenvestigation.

3. Effective signal processing approaches are nakported for extracting the

tribological features from noisy AE signals

Severalsignal processing approachesve been studied basedtbe burst type

of AE signals with large amplitudes according to the signal energy or entropy
for the diagnostics ofaults in valves and injectorsHowever, the AE signals
induced by the tribologicalprocesses are significantly weaker than the
responses to the excitations of valve movement, combustion process and other
key eventsin engines Wavelet techniques are effective in processing the
nonstationeryAE signals.The author{24] investigated the AE signala the
running engine test using different new oils evaluate the friction and
lubrication characteristics of piston assembfsed on wavelet analysigth

selected wavelet parameters

The problem is thathe appropriatevavelet parameters are critically dependent
on reliable and effective determination of the signal featudesce adaptive
wavelet processing method is needed to extract the tribological AE accurately.
However, there are noeffective signal processing @maches reported for
extracting the weak AE signals from the strong background ntiezefore, an
appropriate criterion and along with efficient implementation schemes to select
suitable wavelet analysis parameters is very decisivihis studyto obtan
accurate and effective weak AE signals associated with engine tribological

behaviour.

4. The correlation between the AE signals and different lubrication conditions

need a comprehensive understanding
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The lubrication oil can reflect the healthy state & wWhole system and its key
componentsThe lubrication oilis degraegtd when the oil protective properties
are changd physially or chemically However, most the oil monitoring

sensorsare designed intrusively whiclare costly and sophisticated ithe

measurement process.

AE testing, a special type of ultrasound method is desigm monitoring the
inner generated waves owing to the material changes. viscosity is
usually believed as the one of representative indicator to evaluate the
quality of lubicantg25]. Elamin and the cavorkers[26, 27] reported the
possibilityto predict the quality of engine oil using AE RMS valogsng
to the AE RMS values influenced by oil viscositfhese studies

demonstrated theapabilityto monitorthelubrication condition using AE.

However, the problems should be rbthat he raw AE RMS values in a
running engine contain too much informatisuch asrom valve impacts and
combustion which canna indicate the lubricating condition accurately.
Moreover, the lubrication condition of engines is complicated with varying
speed, load, pressure and temperatdesice there still need a comprehensive
understanding to relate the AE sensing signals todifferent lubrication
regimes and the effect oil degradatitor health condition morning ofhe

engine system.

5. Potential impacts of alternative fuels on engine tribology are not fully

understoodfor online diagnostics

Because of the environmental vulabilities of the fossil fuel such as global
warming, smog and ozone depletion, ample investigations have been done
focused on the emissions amdorking performance ofengines fuelling
alternative fuelsHowever,the tribologcal impacts of alternative fuealre still

vague partly owing there are too many potential types of the alternative fuel
which are hard to give the best choice. Especially, the tribological studies
generally pay attention to the offline studiB¢entyof the researchers focused

on the chemical and physical properties of the alternative fuel investigation,
and the detrimental effect mainbn the teardown test after losigrm useas
reviewed in[28]. However, there is still ldcof online methods toassesshe
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tribological impacts from using a wide range oflternative fuelsin
development so that a quantitative assessment of the impacts can be provided

along with the combustion evaluation process.
1.1.3Potential Signal Processing echniques

To characterisethe tribological processesising AE measurementander strong
background noise in enginegffective signal processing techniqueshould be
investigated to decipher the characteristics d¢he complicatedAE contents in
association with various lubrication regimeRsomthe signal processing point of view,
AE signals from IC engines are typical nonstationary one of which the statistical
properties including amplitudes and frequency valuay with time due to different
sources such as valve impacts and combustion sifi@@ksOn the contrary, thens also
awide range of stabhary signals whosspectral contents are not changing with respect
to time [29]. Based onthis strict definition, nearly all of the condition monitoring
signals from rotating machines are rsiationary. In a wide sense, the signals for a
rotary system can be classified as cyclostationary signals anstatmmary signals in

association witlvarious faults.

The timefrequency analysigs an effective tool to characterie the featuresof
nonstationary signale the joint time-frequency plando reveal thedetailedpatterns
and diagnostic featuresfor achieving more accurate diagstics Classcal
time-frequency analysis methods are the Shtime Fourier transform (STFT) and
WignerVille distribution[31, 32, 33].

Unlike the classical timdrequency representations, the wavelet transform (WS€p a
series of compactly supported waves, rather than the sinusoidal wave in STFT, to
decomposa signalinto different levels which correspond to different frequency bands
Wavelet based analysis has been succesdfaltyonstrated to be particularly useiul

the engine condition monitorin4], asit is more effective and efficientto analyse

nonstationary signalg35] which is the typical features of AE sign&lem IC engines.

The wavelet multi-resolution analysisWMRA), firstly introduced by Millat, is an
efficient implementation of discrete wavelet transformsséparatehe approximation
signalinto two parts withthe differentresolutionby the differentbandpas#ng filters at

each leve[36, 37]. Hence,WMRA revealsgood frequency resolutioaround thdow
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frequengy bands That is beneficialto acquiredAE featuresfrom a huge number of

samples at MHz ranges.

Another more a¢hnced is the wavelet packets transform (WPT) analydigh
developedy Coifman, Meyer and Wickerhaug@8]. WPTis able toexplore the target
signals extensively for &ure extractions by decomposing all the approximation and

detail informationinto the desired levslor frequency bandwidths

Specifically, WT technique arealso widely usedor condition monitoring of many
rotary mechanical systems such as géaB®, 40], bearingptl, 42], diesel enginef3,

44, 45]. Especially, the autheif24] has investigated discrete wavelet transform(DWT)
for the charactesation of the viscous friction using AE sigis. Referenc@6] applied
wavelet packet decomposition deagnosehe failure of tribological systems using AE
signalbased on mukresolution analysis theoryrhese key studies have demonstrated
that wavelet analysis can [@more effective and efficient tool to be based on for

extractng AE features induced by tribological interactions in engine systems.

1.2 ResearchScope, Methodology Aim and Objectives,

The aim & this research is to develom @nline methodto monitor the tribological
behaviourof the ringliner systembased onthe analysis ofAE signals measured
externally The methodcan be applied téhe online reaktime monitoring of lubricity
performancalegradationsuch as changes Iabricant viscosityincluding oil shaotages
and abnormal wearsfor operational engines irthe industry Meanwhile, these
capabilitiescan be based to assdbhe impact of alternative fuels on the tribological

behaviour for aginestested with new fuels

As one of the most important physical properties of lubricah&syiscosity iswidely
adoptedto evaluatethe quality of lubricating of in different offline methods[25].
Recently, researchers have noticed tA& signals from a running engine have
observable ltanges in different frequency bandsrresponding tails with different
viscosites which wasexploredin recentstudiesof the authors and colleagufgst, 26,
27] and regardeds to the interactions betweelubricant and micreasperitiesin the
hydrodynamic lubrication (HL) regimef addition,Douglasand the ceworkers[23]

demonstratetdy a test withoil turning off thatAE is effective to indicate the changes in
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lubrication conditions The changes of increased AdEnplitudes was by the asperity
contacs between the ring and liner owing to oil starvatiorthe boundary lubrication
(BL) regimes These experimental studies show promising results of using AE for

monitoring tribological behaviours.

To consolidate thesebservationsa symmetric study of AE generation mechanisms
will be one of the researdtope. It will allow AE signals to be instgfully interpreted
and characterisenh different lubrication regimes including not ortlye classical HL
and BL regimes but also the mixed lubrication (ML) reginles.address this subject,
the dynamicbehavioursof micro-asperities on two lubricated rgln surfaces will be

investigated based on the primary mechanism of rapid stress release process.

Subsequentlythe researchvill be proceeded tdurtherinvestigated to characterise AE
signals under a wide range of engine operating conditi@s®d on theeneration
mechanismsThis then will provide the fundamentals for developing effective signal
processing methodso extract AE contents relating to tribological behaviours
addition AE technologies are deemed to be sensitive to not only to the gitallo
behaviour of interest but also various interferences such as combustion shocks, valve
impacts and background noise. Principally, these interferences and noise re=d
suppressed or eliminated in order to accurately characterise the AE conterdtiagso

with tribological behaviour. In this perspective, wavelet analysis will be based on to

process the nestationary AE signals.

Having gained sufficient understandings of AE sources and AE signal characteristics, a
symmetric experimental study wille carried out to verify the theoretical understanding
and refine wavelet analysis methods for extracting tribological behaviour related AE
contents. In particular, commonly used engine lubricants including both new and used
ones with different viscositiewill be tested based on a single cylinder engine to
evaluatethe detection sensitivity using AE signals and the performances of improved
signal processing methods. Subsequently, two types of alternative fuels: biodiesel and
F-T fuel which are more abundalocally will be also tested to assess their impacts on

the tribological behaviours.

Therefore, ® achieve the airof this research, both AE generatiomechanismand AE
signature enhancement aregarded astwo essential subjectso be addressed
extensivelywhich will be carried out according to thalowing prioritisedobjectives
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Objective 1. To investigateand developthe AE generation mechanisnier the

tribological effect otthe pistonring-cylinderliner.

Objective 2 To developfrictional AE modes for the AE characterisatiomnalysis of

the tribological behaviousf the ringliner system

Objective 3: To verify and evaluate AE characteristics through experimental studies

based on an operating engine

Objective 4: To develop vaveletbasedde-noising techniqueso suppress interfering

AE events and enhant@ological AE signals.

Objective 5 To develop AE based techniques to diagnose lubrication condlitions

specifically, changes in lubricant viscosities

Objective 6: To develop AE bsed techniques to diagnosay impacts oftypical
alternative fuel®ntribological behaviours

1.3 Organisation of theThesis

Chapter 1- This chaptefirstly presentghe background and motivation dfis research
work, and therdiscusses thehallenges for monitoring thieictional behaviour ofthe
piston assembly under running condisoRinally, the aim and objectivesf this work

are given.

Chapter 2- This chapter introduceshe mechanism and fundamentalsof the
pistorrcylinder linerconunctionsand the acoustic emission from diesel engiasl
the literature review of both the piton tribology and acoustic emissiomonitoring for

engine areelaborated

Chapter 3tBased orthe basic theory amgview information othe mechanism of piston
tribology summarisedn Chapter 2, his chapterdevelopsthe models forring-liner
friction which allowsnumericalresultsto be obtainedor accuratelyunderstanding the

tribological behaviours and predicting AE effects relatinganous frictions.

Chapter4 - Based on micro asperity dynamics and hydrodynamic fotbeschapter
investigatesfurther details of AE mechanisms and develops analytic models for
describing asperitgsperities collisions and aspefftyid interactions that exist

between lubricated rough surfaces under various lubrication regimes. In conjunction
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numerical analysisni Chaptersthese analytic predictiorshow the basiof AE in the
time and frequency domaithe velocity, viscosity and load dependent characteristics
In addition, potential effects of particles are also foreseen, which paves the way for

accurate AE gjnal processing.

Chapter 5+Based on a single cylinder enginbjstdepictstestrig construction AE
measurement systems and methodology for acquiring AE data to verify the models and

thereby to develop techniques of using AE for diagnosing tribologetadviours.

Chapter6 - This chapteroverviews signal processing methodmd evaluate their
suability for analysingAE signalswhich arefound to be very nonstationary and large
volume of dataBy applying commonly used signal processing methods to typieal
signals, it has identified that wavelet can be the most effective one to reflect the weak

AE content with efficient computations.

Chapter 7- Based onWMRA with a hard threshold scheméjd chapterdevelopsan
effectivemothed offeatureextraction fa reflecting tribologicalAE events An optimal
waveletanalysis is implemented based on the velocity dependent characteristics, which
allows the establishment of diagnostic features from both envelope signals and their
correlations with modified velocityof piton motion. Subsequently, the diagnostic
performances of using these features are evaluated based on data sets from lubrication
oil tests and alternative fuel tests, demonstrating that these features allows subtle
changes in tribological behaviourte identified successfully.

Chapter 8 Based onWVMRA with an adaptive threshold scheme, this chagéselops

a novel mothed ofeatureextraction forreflecting tribologicalAE events.An optimal

wavelet analysis is implemented based on the velocity dependent characteristics, which
allows the establishment of improved diagnostic features from both envelope signals
and residual signals of wavelet coefficient. Subsequently, the diagpestoxmances

of using these features are evaluated based on data sets from lubrication oil tests and
alternative fuel tests, demonstrating that these new featllogvs abnormal tribological

behaviour to be identified more accurately.

Chapter9 +This chater detailsoptimal WPT analysis of the A signals to utilise the
narrowband filtration capability for suppressing the influence of random noise and

hence for more accurate diagnostiés.novel scheme is developed to determine
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optimally the decompositionlevel and wavelet orderdased on minimising
time-frequency overlapdlt results in multiple diagnostic features in different narrow
bands, allowingsubtle changes in tribological behaviour to be identified jointly for

higher reliability and more insighisto the changes.

Chapter 10£This chapter summaes the conclusiorsnd contribution®f thisresearch

project andthe future workis given

Finally, a Hock diagram of thisresearchroute is given inFigure 1-1 to show the

relationship between main key methodologies explored in the project.
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CHAPTER 2 MECHANISM S AND FUNDAMENTALS OF
ACOUSTIC EMISSIONS FROM THE PISTON
RING-CYLINDER LINER TRIBODYNAMICS

This chapterreviewsthe basic theoes and previousachievementsn using AE for
monitoring the tribologicabehaviourof the ringliner systemlt starts with a general
analysis of the tribological behaviour. Theiit provides the overview of the
fundamenta for AE generationand the potential AE mechanism$&iappeningin an
internal combustion engine. Finallyt elaborates critical valuations upon current
progress in using AE technologies for engine diagnostics along with works reiating

monitoring otherttribological processes.



2.1 Introduction

The piston assembly the core subsystem of engmdt exhibits a complex dynamic
behaviour.This chapter detailed the basic theory and primary achievements in piston
tribology andAE monitoring to provide theoretical suppdor the further research of

this work.

On one handSection2.2 gives a prelude understandiogthe piston ring modelling
research and analysis of the frictional behaviour betieernng and liner. This section
aims to illustrate the mechanisms behind piston system motion and the fundawfentals
the piston ringcylinder liner system tribology in physics. Thamshort review of some
published works orthe pistorrcylinder system tribagy is given. Finally, potential

impactfor alternative fuels othepistontcylinder system is discussed.

On the other hand, the objectiveS#ction 2.3 to 2.5 elaborates the mechanisms of AE
in friction and discusses the possibility to detect the AHvides induced by
tribological behaviour from engine base on both material laboratory studies and engine

condition monitoring using AE.

2.2 Fundamentals and Mechanisns of the PistonRing-Cylinder Liner

Contact

2.2.1Piston Ringand Cylinder liner Basics

The pistonassembly is théeart of the internal combustiangine [47]. The piston
pack mainly ains to separatethe combustion chamber from the crankcaseahy
effective labyrinth seal state using a series of metal rings.pis$ten packis also
designed to prevent thal splashinginto the combustion chambdimit the amount of

oil on the contactsurface ofthe cylinder, and transfer heat from piston tolinger.
Piston rings ardundamentallycategorisednto two types:the compressing ring arull
control ring (or scraper ringy The piston and ringgeometricalfeatures aregiven in
Figure 2-1. Usually, there are two sets of compression rings for ensuring the seal

performance and one oil control rings for limiting and distributing the oil uniformly
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over the cylinder liners. Howevethe top compression ring operates much extremer

conditions: high temperature and pressure. So it will be concentrated more in this study.
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Figure2-1. Piston and ring geometrical features

2.2.2Piston Motions

In IC engines, theiston assemblymoves up and down to convert the combustion
energy into rotational energy of crankshaft.schematic of crarghaft mechanism is
shown inFigure 2-2., allowing for a better understanding of thmtions betweelthe

piston assempl and cylinder liner with respect to the rotational motions tie
crankshalft Specifically, the pston displaceent andvelocity, given inEquation(2-4)

and Equation(2-5) respectively, can be used to express the basic movement during a

four-stroke engine cyclevhich equad to two revolutions.

Assumethe crankshaftotatesat the constant speedy, the position of the piston can be

calculated as
X rcos | cog (2-1)

where a is the crank anglé is the radiusf thecrank | is the length of comod.

Take the angle betwedine conrod andthe vertical = QJ

Isin rsi® (2-2)

FromEquation(2-2), it can be known thatsin ILSM)
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By usirg the trigonometric identity af

2
cosa +1-sifa /1|£ sinf@ J 1n sm;lz (2-3)

wherethe ratio between the cand and crank radiusi=1 /r .

Substitutingequation(2-1) the piston displacemerg

X rcos Iﬁfl nsim °. (2-4)

Figure2-2. Schematic diagram a@he crankpiston motion

The pistorvelocity x ZLWK UHVSHFW WR WKH FUD&diNeror@al O H FD:
of the piston displacemefrom TDC.

)
AT i %‘;r sin Bos ¥ (2-5)
d 7dt 1 r3sin® e
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2.2.3The Surface Roughness of th&ing and Liner

(@)

(b)

Figure2-3. the epresentativéiner surface (a)a typical plateatonedcylinder, and (b)Laser
microscopy imagery dfner[48, 49]

Surface roghness is an important factor used to specify the state of the machined
surface of componerf&), 51]. Ring and liner surfaces are finished to resist the friction
and weai52]. The cylinder liner surface is usually finishing by honing procddssing

is an abrasive machining process to produce a precision s{bgc&igure2-3 shows

the typical surfaces of the lijdB]. The cylinder liner surface typidgl exhibits the

plateau roughnesd crosshatching for oil preserving arfugh loadbearing capacity.

The sides of piston rings need to maintain a certain level of roughness as they slide
against the cylinder liner, and the roughness of piston ringed to ensure the smooth
movement of the pistons in the cylinder while minimizing the abrasion caused by

friction.
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2.2.4Basic Lubrication Regimes

Before discussing the friction and lubrication characteristicthefpiston assembly,
some fundamentals of lubrication theory are revievagdfurther understandg the
tribological behaviourelating to AE When the specific loads or speeds on theo
contacting surfacewary, four different lubrication situations or regimescan be
formalisedin two fluid-lubricated surfaceswhich areboundarylubrication mixed
lubrication elastohydodynamic lubrication antlydrodynamic lubricatioms illustrated

in Figure2-4 with four schematic diagrams respectively

The boundary lubrication, first introduced by Hardy and Doubleday in 1922 is

where a constant contact occurs at the high points of interact surfaces since the height of
asperity on roughness surface is larger than the film theska¢ the same point.
Komvopoulos and the eaorkers[55] statedthatthe primay steady state of boundary
lubrication is ploughing, in which shear of the lubricant film between the sliding
surfaces and adhesion between the asperities, although may occur, contribute less than
ploughing to the overall friction force. Consequently, tive interfaces will generate

more wear under boundary lubrication than the other three regimes mentioned above.

Figure2-4. Film generation ofubrication regimes

Hydrodynamic lubricationindicatesthat a thick tribofilm generatedat a sufficiently
high velocitycanprevent any surfaceontacteach otherThetheory of hydrodynamic
lubrication was first publishedby Reynolds in 188456]. This occurs between two
surfaces moving relativelpt a sufficient speedto generate dubricating film. The
hydrodynamic pressure generatdsen two contact surfaces moving towards each other

[8], such as the piston rirsgalingsurface moving relativ the cylinder liner surface

DEGREE OFDOCTOR OFPHILOSOPHY (PHD) 6



Elastohydodynamic lubrication is caused Ihwgh loadand high contact pressute

alter the filmthinnessbetweerthe contactsurfacesThe viscosity otribofilm increases
rapidly with the hidp contact pressure, which is also correlated to the materials elastic
properties and relative velocitflastohydrodynamic lubrication interfaces have very

low friction coefficients due to thinner filnmeducing contacts betweasperities.

Finally, the mixed lubrication regime is where boundary and elastohydrodynamic

regimesboth occur in interface

In addition, chemical and physical actions in thiibofilms affect the lubrication
regimes. The chemical actions correlate to additives effects, such as the zinc
dialkyldithophosphate (ZDDP) as one of most commoraatr addives [57]. The
physical actions mainly correlate to the viscosity variation of rguéide lubricants
containing the polymer that is decreased under high shieaamd increase at elevated
pressurg47]. More sophisticated mathematical models have loelopedo depict

the lubricationbehavioursassociaté with the physical actions in the field of engines
[58]. The difficulty is toconfirm thesepredicted behaviourexperimentally because
they occur under extreme conditiomtere existing testing systems are unable to
measure them in reéime. Neverthelss there aresustainingsigns of progress this

area with new emerging testing and analytical techniques.

This work is mainly concerned withlthe pistoncylinder system lubrication.It is
appropriate to have the general understandings of variobgcation regimes
experienced by the piston assem@flie traditional Stribeck cunf{&9] has been proven

to be useful for identifying boundargnixed andhydrodynamidubrication regimegor
contactingsurfacef60]. The ideal contact model e piston ring and cylinder liner is
assumed with a sufficietibofilm for lubrication during the reciprocating motions thie

piston. However, a series of studies reported that boundary lubrication and surface
asperty contact models should incorporate in the piston ring friction moddgbibjgand

simulating of weafl10] .

Therefore, thekey lubricationregimes ofautomobiless shown as a modifie8tribeck
diagramas shown irFigure2-5[57]. The friction coefficient value during hydrodynamic
lubrication alsohasshown obviously ascending tren@®2]. The variation of friction

between two lubricated surfacesn be correlated to titembined parametexf VJ/L,as
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shown onthe abscissaywhere presents the dynamic viscositys specifies the sliding

speed andl, indicates the load applied on to the interagsurface.

Figure2-5. The modifiedStribeckdiagram[61]

2.2.5Friction Loss ofthe Piston-Cylinder Liner System
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iston assembly
44%

M Valvetrai

(b)

Figure2-6. Thepercentag®ef energy consumptioof thesubsystem of theehicle, (a)
powertrain lossesf theengine and (b) engine/transmission friction 10§4&s63]

As thehighest share ofhe total friction loss in modern IC engindsction influences
between ring packral cylinder wall has beedrawn much attention for many years.
McGeehan64] reviewed that about 65% of the mechanical friction loss in an engine
was caused bthe piston and ringn 1978 In recentdecadesthis percentagef friction
loss was declire as thetecmological innovation and improvemenof the engine.
Andersson65] investigate that about 15% of the total energy wased to overcome
the nmechanical losses in the powertraifiung and McMillan [47] reviewed (the
conclusionin the reference[66]) thetotal friction due to pistonassemblycontributes
for 44% in a modern engineand thepie charts inFigure 2-6 [47, 63] displaysThe
percentag®ef energy consumption of the subsystem of a vehidie pie chart oFigure
2-6 (a) depics that nearlyl5% of the energy is used twvercome mechacal losses,
most of which are frictional lossesomparatively the pie chart ofFigure 2-6 (b)
reveat that the pistonassemblyundoubtedly accounts for the most significant
percentage of the friction loss.

Schwaderlapp et dl67] reported that the energy consumptions percentagjeepiston
assembly was 43 % for Sl engines and 31 % for diesel engines, which is the biggest share

of parasitic losses for engir{é3] (displayed inFigure2-7).

DEGREE OFDOCTOR OFPHILOSOPHY (PHD) 9



E Diesel Engine,
Injection pump
17%

O Diesel Engine,
Pistion group,
31%

H Diesel Engine,
Accessorie

E Diesel Engine,

E Diesel Engine Crank train, 28%

Valve train, 4%

[¥] S| Engine,

Accessories, H Sl Engine, Pistic

group, 43%

= Sl Engine, Val
train, 9%

H Sl Engine, Cr
train, 25%

Figure2-7. Distribution of frictionlosses of theliesel engine and Sl engine (engine speed 2000
rpm)[67]
2.2.6A Review of Key Published Works orthe Piston-Cylinder Tribology

The elucidations into the lubrication mdsl@nd friction properties of enginegesially
piston groups in the previous sections are the underpinning supporting an appretiation
the tribology of the piston assembly. Based on these illuminations, this section mainly

reviews the published work othe piston tribology both in the modely and

experimental studies.
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2.2.6.1Predictive Methods fothe PistonCylinder System Tribology

The piston ring pack is subjected to most severe working conditionsthétrapid
variation of velocity, load and temperatuieading to complicated tribologicatgimes.

In the last decadesanyworks have beerlevelopedor an essential understanding of
the tribology in piston groups.

The pioneering theoretical extension of the Reynolds theory from bearing lubrication to
ring lubrication with the consideration ohg face as a convex and uneven shape can be
back to the work of Cattlemaj68] in 1936. AfterwardsGreenwood and Tripp69]
presented a comprehensive asperities contact mbi@delir Patir and Chengg, 7]
proposedhe average Reynolds equation and the average flow nwdeleloped the

investigations of mixed lubrication regimesthe piston groupg/0, 71, 72].

Many investigations intohe piston ring lubricatioomodelling are consideringmore
practical factors, such ahe nonaxisymmetrical propertie$73], the influence on
deformed cylinder Bord34, 75], the effects othesurface texture dhepistoncylinder
system[76, 77], the blowby and ringtwist effect$78] and cavitatiorj79, 80].

It is worth noting that the thermal effectducethe lubricant viscositpf the tribofilm.
Specifically, Radakovic et al. developed the numerical simulations of the performance
of the piston considering the thermal effg®13. Morris et al[71] adopted the transient
thermal into the piston tribology model andncludedto includethe thermal effects in

themodellingof thering-bore contact.

Harigaya[82] established a numerical solution motteinvestigate the temperature and
shear rat®f the film thicknes$or multigrade oils anthe heat transfer between the ring
and the liner in engiree However, the oil viscosity andlibofilm thickness model for
multigrade oilsand the predictions made by these different models stite lack of
experimental verificationdue to the difficulties in measuring the instantaneous

temperatures, pressure anbofilms with highly timevarying characteristics.
2.2.6.2Friction Measurement Techniques for Piste@ylinder System

To develop durtherunderstanding of the mechanismtbé piston assemblyribology
and also tsupportthemodellingstudies othe pistonassemblyasmentioredabove the
experimentalmeasurmentmethodologywas developedo mainly measure thériction

force between the ring and linéFhe method applied to measutiee friction over the
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complete engine cyelcan becategorisednto threeapproacheshe motoringteardown
engine method, the floating liner method and the instantaneous mean effective pressure
(IMEP) method.

Motoring an enginewithout the sealing componentsagyeneramethodto measurehe
engine friction[83]. The enginecrankshaftgenerally motoredo rotateby an electric
motor with a torque recording stdystem. Tomeasurethe total friction forepower
accurately, the sealimgpmponentsvere removed which aims to motor the enggasily
and reduce the neiniction power consumption interferenddence, he tesed torque
represents the frictioof the piston and theonnectingod. Howe\er, it is impossibleto

separatehe piston friction fromthe rod friction because of a number of issuggh

motoring teardown tes{83]:

¥ The effect of high cylinder pressuriesotincluded

% The test will not be operating at realistic temperatures comparde fired
engine.Hence, thdribofilm temperature i®bviously lowwith the motored test

without combustion process.

¥ It is not possible to truly isolate the contribution of emchvidual component.
For example, if one ring is removed, it wdllow more oil to flow to the
remaining rings. This wilthangehe status obveralltribological properties and

friction effect

Consequently, the difference in friction between motored and fired engimedésfrom

the effect ohigh gas pressure arige high temperature of combustiddufti and Priest

[84] reported the friction loss under fired conditions is slightly higher than motored
condition due to the high pressure and temperature of the combustion pAditessyh
motored test could not reveal the piston frictacurately it is still very usefulto
quantify the frictional changesf the piston assembly with a very small modification of
the engine tedtench. Particularly, Douglast al [23] conducteda motored enginéest

with the cylinder head removéadeliminate theAE events from injector and valve, hence,
the remaining AEelatesto the tribological behaviour ahe piston ring/cylinder liner

interaction

Another method probably the most accurate method to quaméfiyictionpowerof the
ring-liner systems the floating linemethod. Théloating liner method utilizeafloating
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cylinder liner supported by load cetsmeasuringhe pistonassembly frictionThe test

rig separates thdéiner from the cylinder head and crankcase by additional elastic
constraintsto provide a free movement ithe axial directionand measuesthe forces
acting on the cylindetiner. Severalstudiesof the floathg liner engine hae been
conductedfor piston rings friction[85], supportingthe validation of a model for the
lubrication of oil control ringg86] and sensitivityto resolve differences in friction
characteristics betweedifferent lubricant oil [87]. However, thesefindings also
represent an abnormal running conditicmmpared with thdiring engine testwhich
sufferedinterferencdrom vibration instability On the other hand, the problem with this
method is that thesophisticateanodification is expensive and hardlalancethe ralial

force and pressure effects acting on the liner.

ThelMEP methods nee@dfor accurateneasurementsf series of parameters which are
cylinderpressureconnecting rod forgeengine speed and crap&sition along with the
calculation of piston acceleration amertial forces Thefriction forceis the evaluated
results subtracted frothe connecting rod forceThe drawback shows thdiet frictional
forceis a small difference between pressure aodnecting rod forcevhich is easily

affectedby the erroiin the pressure measurements.

Overall, thereareno means for online measurements of friction and tribological effects

that can be applicable for condition monitoring.

2.2.6.3Lubrication Condition Monitoring for the Engine System

The lubricantsplay a vital role in the engine system, tprotect themoving partsfrom
friction and weardissipate heat of the components and cleapdrtéle contamination

on the contact surfaces of componemsalysis of lubricating oil is an effective
DSSURDFK LQ MXGJLQJ PDFKLQHYTV KHDsvihgFoRQGLW LI
PDFKLQHTV IDL O[88).lAs Slunmariséty[89], Bh@indicators to evaluate the
degree of the oil dgadation are mainly includg viscosity, water content, number of
particles, total acid number, flash point, spectrometric oil analysis program (SOAP) and
so forth.Generally,the main snsor strategie® monitoring the oil performance can be
classified into two major typg30]: (a) physical detection which giving formation
about oil condition in terms of viscosity, particles and debris, polarity, or dielectric
constant; (b) chemical recognition of aged oil interfered with high temperature,

moisture, fuel contents in engine oil, and other contaminants.
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The online method can perform reamhe information for avoiding the catastrophic
component failure during operation. Henpéenty of studiesand sensor technologies
have been developed online monitoring on lubrication performanceviewedn [88]
and[89]. However, most of the sensors in the lubricatiigneasurement system were
designedas the intrusive system and cannot offer integrated infornmatfor the
remaining lifetime of the lubricants.Moreover, the above lubrication oil health
monitoring sensing technigseare costly in manufacture and maintenance or

complicated in th@perationandinstallation.

Ultrasound method is an attractiverrintrusive methodin condition monitoring
without any invasionThe ultrasonic method has the potential for monitoring the flow
regime owing that this technology is sensitive to both flow velocity and particle size in
the slurry transport systems suggeste@1ir.

The ultrasoundnethod also habeen used to detetlte tribofilm thickness ofbearing
systemasinvestigatedn [92]. Xu et al.[93] reportedthe simulationnvestigations and
physical model analysis results by usirizasonic oildebris sensato identify thesolid
debris and aibubbles Li and Jiang[94] presentedthe theoreticalanalysis of the
ultrasonic sensor to recognise the wear debris in the lubricatinGasticularly, Mills

et.al [95] developed an ultrasonic method to measure the lubricant film thickness
between the ring and liner surface under the running condifibese achievements
demonstrate the possibility detectthe lubrication gerformance by using thactive

ultrasoundechniques

Specifically, because all the basic oil degradation features can be correlated to the
viscosity variation including oxidation, water/particle contamination and fuel dilason
summarisd in [89], the vscosity is usuallytaken as thecomparison standardf
lubricatingoil degradationFurther,AE testing, as a special type ofrakound method,

is actively studiedfor monitoring the engine conditions. To correlate the AE with the
viscosty of the engindubricatingoil, Elamin and the covorkers[26, 27] reported the
possibilityto predict thequality of engine oil using AE RMS values owing to the AE
RMS values influencednore by oil viscosity. Therefore, the AEcan potentiallyoffer

the comprehensive information of thérication condition ira costeffectiveand easy

implementingvay.
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2.2.7The Patential | mpact of Alternative Fuels on the Piston-Cylinder System

Due to the contradiction between the growing demand for petrettesed fuels and the
crisis of petroleum reserves, the alternative fuml®m to producewith acceptable
performance and sustainability of resourdésst of the existing iearch has focused on

economicspower performancand emissionsf alternative fuels.

However, some new potential impacts from alternative fuels, such as the unknown
charges in friction loss due to power performance differences with diesel and unspecified
effect to the lubrication degradation process, have not yet been fully understabeé and
research is still on.

It should be nota that sufficient lubricity of enginecombustion fuelsis essential to
prolong the machine lifeand god lubricity is also important to cut down the energy
consumption by reducing friction of automotive pateh as fuel supply pumps and
injectors [47, 96]. If the lubricity of alternative fuels is poor, it witheneratemore
tribological impacts on the engines than fuelling digSetther,the alternative fuels also
come with someunfavourablefeatures such as poor thermal stability, poor lubricity,

auto-oxidation, corrosionywear etc.

This sectionintroducestwo promising alternatives: FTI (FischefTropsch) fuel and
bio-dieselbasedon the availability of local fuel resources in China. Their physical and
chemical characteristics are revieweddnderstandinghe potential effect othefriction

of thepiston assembly.

2.2.7.1F-T Fuel

Basic Physical and Chemical Characteristics of FFuel

FischerTropsch (FT) fuel is made a type afynthetic gas (CO and Hthrough the
FischerTropsch processes using natural gas or coal as introducgd7,B8]. The
physical characteristics of tHeT fuel arevery similar to diesel, such as the density,
viscosity and content of energy. Hence, it is easy to blend with diesel without any
intermediateMoreover, the FT fuel has high cetane number, low sulphur and aromatic
level, the FT fuel also has better ignition propies and lower NOx and particle than

diesel emissions as discussedQin, 99].

F-T Fuel Potential Impacts orthe Piston Tribology
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many studieg97, 99, 100, 101] reported that the-F diesel has lower emssions than
diesel, the PM emissions are reduced dramatically fuelliigfiel.Sporadicstudies
considered some correlated factors to tribological impaklisang et al.[102]
investigated that the engine fuelingfHuel hasanobviously higher rate of pressure rise

than fueling diesel.

The loss of the lubricity of the lowulfur diesel from the crude oil seemed to indicate that
hydroprocessed sulfdree FT diesel has poor lubricityl 03]. Ajayi and the ceworkers
[104] conducted two groups of scuffing tests on a-balflat test rig using diesel andF
fuel. The FT fuel reveals poor lubricity due to a low scuffing resista@i#.et al.[105]
suggested that the main drawbacks-df éiesel are poor lubricity and density. However,

the tribological impacts of - diesel fiel havestill notbeen studied

Basic Physical and Chemical Characteristics Bio-diesel

The biodiesel can be generally made from plants, animal fat or used cooking oils. The
chemical and physical characteristics of-tiesel are differentiated owing thfferent

raw materials and preparation pro¢@6$§]. The bicdiesel and diesel blends proved to
have progressive effects on the emissiansl power performancgl07, 108]. The
bio-diesel and diesel were showed to have similar thermodynamic propertiestowing
the bieblends witha low percentage of btoil [2]. Moreover, he key properties of the
bio-diesel such as the bulk modulus, heating valuasite and viscosity which were
reported to affect the performance, fuel economy and emissions of the engines as
suggestedh [109, 110].

Bio-dieselPotential Impacts on Engine Components
It should be ware that e different physical properties strongly affette cylinder
pressurgblends fuel lubricityfuel pump performance, injection pressuaedinjection

rate. These effectsill extend toaffectthe performancef the pistontribology.

Qi and the ceauthorg111] investigated that the peak heat release rate and the peak rate
of pressure rise were lower for bittesel than diesel, although the peak pressure and

power output of bialiesel were almost same to that of diesel.

Several studiefl12,113 114]focused on the impactd the fuel pump performance of
bio-diesel fuels, and the fuel injection pressure is demonstrated to increase when fuelling

biodiesel.
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ASMA et al.[115] reported that theurebiodiesel habetterlubricity thandiesel The
lubricity of bio-diesel affect by the ¢iemical composition and its percentaigethe
blends. Hu et al [116] investigatedthat the wrefined biediesels showed higher
lubricity properties than refined bitiesels and the lubricity properties of biediesel
affect by the concentration offree fatty acids, monoglycerides, diglycerides
Furthemore the lubricityof bio-dieselshowsthat coefficient of friction was reduceal

the reference{118] usingthe dluted lubrication oil containing biodies Nevertheless,
thereare still controversies the friction and wear effects on engine fuelled bydiesel
blends.Some researchers reported-tiesel shows good lubricity to decrease the wear
and friction in longterm use for hundreds of houssgarwal et al.[119] identified the
wear, the piston carbon deposits and ring sticking were lower by fuelling 20&telskl
blendsthan diesel after lonterm useFazal et al[96] looked into the friction and wear
characteristics of palm bidiesel by fowball wear machine, and results indicated that

both wear and frictionetrease with the increase of fuli@sel concentration.

On the contrary, other results from-the-road use of bialiesel for many thousands of
miles showed that it is similar to baiesel blends and conventional diesel in wear and
or other issues witlteardown the enginflk20, 121]. Sundus and the eauthors[28]
reviewed different tribological aspects lib-diese] moreover, they also summarised
the downsides ofhe high viscosity of biediesel such as the poor atomizationtiod
injector, plugging of the fuel filterFurthermore, on the chemical view, @sel is a
mixture of methyl or ethyl esters with lompain fatty acids[122], the corrosion
reactions of bialiesel were deliberated and discussed[1g2, 123] and [124] to

investigate the impacts correlated to the wear

2.3 Acoustic Emission Technologes

2.3.1 Introduction

The term acoustic emission is used to describe bagichaique and the phenomenon
upon which the technique ibased[125]. The acoustic emission phenomenon is
spontaneously relatetb the deformation processing of materials. The technigfue
acoustic emission (AEoulddetect the elastic wave generated from the hapeleased
strain energy by usingiezoelectridransducersA prominent meriof AE is that it can be
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used to monitorcondition during running state whereas ther conventioal NDT
methodshave to test the condition of materalinterrupted statusAE hasthe higher

signal to noise ratithan vibration signab restraintheinfluenceof the backgroundoise.

On the other handhe frequency rangef AE isusually from 10&kHz to 1 MHzor even
broaderDepending on the detectability for a wide range of the-fngtpuency band, AE
technology is broadly used to evaluate the material features, structures or condition

monitoring of the mechanical system.

2.3.2General Features of AESignals in Mechanical System

Features ofAE signak are composeaf the amplitude, duration, signal energy, and

counts.Figure2-8 illustrates a typicahE signal and the typicdéatureparameters

During an AE testing, the signal from different source shows different sh@psbarp

shape signal is sourced byimpulse event such as mechanical impact, cause-sbert
and quickdecay signals illustratg asFigure2-9 (a); whereas a long, dravout shape
signal is considered generated a sasfe®nsecutive events or psedcdontinuous events
with very short intervals, such as frictional sliding, shownskswrise, slowdecay

signals inFigure2-9 (b).
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Figure2-8. AE signalfeatureparameters (time donmg[126]
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(a) A Sharp Shape AE Signal
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Figure2-9. Signalshapes ofhedifferent source

2.4 Sources of Acoustic Emissiom a Friction Process

2.4.1Mechanism of Acoustic EmissiorGeneration

In the perspective of materials and solid structures, acoustic emiss$i® short pulse of
kinetic energy sourced from the internal structure variation of the material represented as
an elastic wavdn addition, recently higfirequency acoustic vibrations appearing when
gases and liquids effuse from holes in vesselspgpelines are considered as acoustic

emission as well as the acoustic signals accompanying the friction of[4@]s

At the current stage of studigbe elastic wavesnside thestructural materialsvhich

generateacoustic emission events are due to the following three phenassoeiated
with collectiveatommotions: phase transformationtagtic deformationandcracks.On

the levelof the atom, materialdislocations release elastic wawekich attributeto the

slipping motion betweeratom planes, even théiny displacementcan be testd as

distinguished AE signald.28].
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Another detectable source of acoustic emissionthe elastic deformation The
deformationsof materialare usually accompanied biye suddenly varying stresses or

strains which diffuseelastic waves rapidly with burst type at the high [Ag9].

In addition to that, there are many mechanical processes which give riszsA& orthe
fundamental sources rewed, researchers j#25] and[130] also summarised that the
continuous or pseudcontinuous AE events could be detected in various physical

processes of following types:
— Flow;
— Leaks
— Cavitation;
— Friction and wear;

However, the exact mechanismassuch sources, especialfjpid-lubricated frictions,
have not given yet in association with the primarygeberation regime®evertheless
AE has been found to be very useful for condition monitoring of rotating macmoes

manufacturing proases including pipeline transportations.
2.4.2Sources of Acoustic Emissionin Sliding Contact

The friction and wearwere caused bthe synthesisimpactsof material deformation
adhesionfracture, heat and chemical processing slidirg contac{131]. Friction is a

set of phenomena occurring within the zone of contact between relatively moving solids
resulting in the appearance of contact foft28]. The sliding contact generates AE
signals sourced from the elastic and plastic deform#1i®82]. Benabdallah and Aguilar

[18] reported that the primarily pseudontinuous AE actities are induced by the
friction and wear processes with irregular haghplitude AE busts which are caused by

asperity collision or particle interaction.
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Figure2-10 Possible AEsources from a tribological contft33]

Specifically, Sun and the eauthorg133] summarised the possibiliE sources due to
friction and wear between two metal surfaces (illustrateBigure 2-10). Then, they
demonstrated that AE correlated to the friatievels and wear rates in three distinct

regions which is runningn, delamination/oxidation and oxidati¢h33].

2.5Progress in AEMonitoring of Engines

2.5.1Current Stage in AE Monitoring of Sliding Contact

In theearly condition monitoring and fault diagnosis studies, friction is consideree
unwanted noise in AE testingThen, nost previous studies emphasied on the
tribological behaviour during the manufacturing, for instaraeting [134], turning
[135, 136], milling [137, 138], grinding[139, 140].

Recently, fiction behaviourhas received sustained attention in AE testing and
modelling for health condition monitoringParts of the publications providie
fundamental researchago the AE sourcesf sliding friction and wear processésm

to deted the tribological behaviour betwesliding contact;some researchehave tried

to find the relationships between AE and the tribological behaviour of contact surfaces
by experimental gmoachesLingard et a. [15, 141] conducteda battery of tes on a
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two-disc machingo identify the characteristics of tis#ding friction and wear process
using AE. It is indicatedthat the AE levels are correlatedwith the friction force and

wear rate.

Jiaaetal. [16] investigated the wear process between two sliding swhssed on AE,

the results indicated & AE is the sensitive and effective technique to detect the wear
behaviour.Benabdallah and Aguilafl8] revealed that therés a close relationship
between friction coefficient and AE during the dry sliding procéss. demonstrated

that theAE monitoring towards the slider to disk test rigs reveals that the sliding speed,
acceleration and load can affect the AE RMS valuiég, 143 144], whereas it is ncd

significant difference in AE signals between the smooth and textured s{tfsjes

Particularly, Mechefske et aJ19] demonstrated AE can be used to differ trear
situationsof the lubricated surfacesith and without ZDDP additiveWang et.al[20]
reported the experimental results showed a strong relatiobshiyeen the AE RMS

and the coefficient of friction levellhe author and the ewmorkers[24] conducted a
series of tests to demonstrate that AE signals on the cylinder surface were able to
identify the viscosity variation of lubricdés between the ring and linérhereforethese
experimental results indicatee AEasa potentiatool to detect the different lubrication
regimes.

However, the tribological behaviour of contact surfaces is such complicateel,ishe
still lack of correlation between AE characteristics and the physical models of contact
progressTo fill this gap, sporadic theoretical models aimed to reveal the relationship
between AE and tribological procesSheng and Liu21] establisheda theoretical
model of the sliderslisk interactionto include the major tribological effecting
parameterssuch ascontact forces, sliding velocity, topographic parameters and
lubricant thickness.Baranw et al. [146] reported theoretical and experimental
investigations on modelling AE under contact friction of solids and establishing the
principal statistical properties of rubbing surfaces tffaict the parameters of AEan

et al.[147] developeda theoréical AE model of the dry sliding process to depict the AE
generation regimes during the early stage of the faults which is correlated to the asperity
contacts.

In a real mechanical systertittle changes under steady lubrication condition can
indicate the early fault which may develop to a failudawever, most of the AE

DEGREE OFDOCTOR OFPHILOSOPHY (PHD) 22



modelling investigation in sliding contacts are focused on the friction and wear process
induced by the asperity collisia It should beawarethat the sheang forceinduced by

the viscosity of lubricantss an important part of the total friction force betwetre
contactsurfaces Although Sheng and Li{21] have summarised the film thickness as
the key parameter of AE duag sliding process, thAE generation mechanism under

hydrodynamic lubrication has not been reported.
2.5.2AE Sourcesfrom Physical Processsof Engine Operations

The AE responses fromengines include burst and continuosgnals that can
principally sourcéby the mechanicamotionsand fluidmovementg127]. By following
the primaryAE generatiormechanism®f inner structuralsurface interacteportedin
Section 2.4 the major AE sources in an engiage stimulated bythe movement at
movable connectorsor oscillations due to joint clearancesand fluid-structure
interactions A real engine systemmvolves multiphysicsprocessedn general the AE
sourcesfrom enginecan be summarised into threbaracteristicphysics processes:

friction and wear, rapigressure oscillations and mechanical impacts.
2.5.2.1Friction and Wear

Sincethe AEwasgradually proven tde an effective toolto detectthe friction and wear
behaviourduring manufacturing process&ome resaahers tred to detect tribolagal
behaviour of engines usifE. Mishra et al[148] presented that the main friction losses

of piston graips were caused by the viscous frictiouglas, Robertson and their
co-authors from the research team of Hekidatt University, developed the latest
remarkable investigation of AE mechanisms between the piston ring/cylinder liner
interactions Robertsoret al.[149] aimed to verifythe possility to detect the ring and

liner contacts on the body dfesel engines, andshowedhatthe simulated AE sources

can be detected by AE sensors on the out surface of engine. Based on the above
achievementdf)ouglas et al[23] performed a sequence of experimental tests to relate the
AE RMS to the ring and lineinteraction under lubrication and dry contaonditions
respectively. Thetest results suggested that the asperity contact, -bjovand
hydrodynamic lubrication are the possible sources of the AE events acquired from

engines.
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It should be note that based thre mixed lubrication regimes between ring and cylinder
liner surfaces, the piston ring is mainly subjected to the viscous friction due to the
hydrodynamic lubrication condition. Moreover, the aspeciytacts generally occur
around the TDC anBDC thatare usually at a lower speed near zésecause the hybrid
contact whichmeans the surfaces contacted under lubridaassthe lowest wear rates
under steady state conditi¢28]. Henceaim toidentify the AE generation regimes of
thelubricated interactiosurfacesn the ringliner system this wak mainly focuses on

the friction process induced AE under healthy working conditions.

2.5.2.20scillations due to the pressure variation

Ghamry et al[150] found the AERMS value waswell correlated to the cylinder
pressure signals in both time and frequency doniais. believed thathe in-cylinder
pressure ivaried periodicallywhich led to thecontact forcebetween the ring and liner
varying cyclically The normalforce on the interation surfaces of the piston groyyes

an important AE sourcegre influenced by the oscillations of the cylinder pressure.
Hence, the pressure variation can be takemfactor to influence theAE responsen
engines

2.5.2.3Mechanical Impacts

The mechanical mpacts can be considered as @llision betweentwo or more
components in a mechanical systaihen two rough surfaces are in contact during a
short time under compressions, it will initially generate impulsive shocks due to asperity
collisions. Based orhts mechanism, the AE responses couldrmivatedby engine
componentscollisions with high fore in very short periodh particular,the typical
impactsin an engine ardghe processes ofalves sealingduring the air intake and
exhaust process and theel injections Hence,many studieshave beerdevelopedo
diagnosethe impactsof the valves opening and closifigh2, 153] and the faults of
injection[154, 155].

2.5.3Studied AE Sourcefrom Engine

2.5.3.1The Piston-Cylinder SystemTribological Excitations

The tribological characteristics of interface interaction betweening andliner are
complicated owing to the sophisticated motion process and drastic combustion process.

Generally, the input system energy is equal to the output energy plus dissipated energy.
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most part of the energy tivercomethefriction is transferred into thermahergy based

on the basic theory of tribology, and the other energy lios to deformation of
asperity of interacted surfaces. Besides, the viscous friction under hydrodynamic
lubrication also causes the loss of energy base on the theory of Stribeek cu
Therefore the mechanical processes induced by the friction power can be categorized

into elastic and plastic deformation, wear and viscous friction of etrgfiim.

Shusterand the authors [19] fidgt measured the friction and weaf the ringliner

systemsegments using ARMS to correlate scuffing process to the AE signals.

Afterwards, Douglas et §3] conducted theenginerunning tests talemonstratéhe
semicontinuous AEsignalspossibly soured fromthe asperity contacts between the
ring-pack andcylinder liner after turning of the lubricathg oil supply Subsequently,
[156] in his Ph.D thesis elucidated a novel condition monitoring method for monitoring

extreme oil shortages in diesel engines u#iilegAE RMS values.

These results demonstrated that the AE induced by the aspalisyonsof the piston
assemblycan be identifieadn the engine bodySpecifically, the AE amplitudes between
normal and abnormal lubricating conditi@an be identifiedvhich is hopeful as an

indicating tool to differ the tribology behaviour of the ring and liner.

Gu et al[27] were trying toextractthe meaningfulinformationabout engine lubricating
conditions from the measured AE signals to correlate toithguality, which obtained
results that confirm that it is feasible to use AE for monitoring subtle changes in engine

lubrication conditions.

The authors irf24] further characterised online AE signals based on wavelet analysis
for friction analysis, and also studied thmpactsof engine tribological behaviours
fuelling the substitutéuelsusingAE signalg[157].

2.5.3.2CombustionOscillations

The pressure oscillations induced by combustiontlageessential AE source which
usually exhibits the high amplitudes and long duratériime. The signal mapping
techniques wre developed to identify the combustion AE activities in the engine
automatically in[158]. Cavina[159] reported the AEsignalscan reveal the features of

thecombustion process and even some other impacts such as valves closing.
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2.5.3.3Valvelmpacts

Valve impacs of engineggeneratestrongAE activities with high amplitude 60]. The
valvesopenby pushing the stem with cam or cam follow and return back to the seat
with a spring when the stem is notpdessed. Gu et a[153, 160] explored AE

measurements tmonitorand diagnosene clearance fatd of engine valves.
2.5.3.4Fuel Injection

Another important AE sourcas due to the higispeed fluid flows through nozzle
orifices during the injection procesSharacteristicallyGill et al. [161] deliberatedthe

AE measurements ave superior to vibration tests in detecting thiection process

pump pressure of the needle valMesuben et dl162] reported a detailed study into the
effect injector discharge pressure has on the acoustic emission (AE) response of the

injector body.
2.6 Key Findings of Chapter 2

This chapter has summarisedthe previous investigations f omechanism and
fundamental of AE generatios in enginedocusing on tribological effectsand the

currentadvancesn engine conditioomonitoringanddiagnosingusing AEsignals

The AE technologyhas been demonstratetith laboratory rigs to beeasibde to
diagnog the friction and wear processeloreover,AE monitoring towards the slider

to disk test rigs revealed that the sliding speed, acceleration and load can affect the AE
root means square (RMS) values, whereas there is little difference in AE signals

between the smootind textured surfaces

On the other handa simulated AE source on the liner can be detectedhe liner
surface bthediesel enginsuggested ifil49]. And then, Douglas et d23] developed
a series of test on a motored engine and a running engine respediheinteresting
results showed the continuous AE linked to the asperity collisions of the ring/liner

interaction surfaces when the lutaiing oil supplywerestopped.

Further,the key resultslevelopedby Douglas[23] suggested that the segontinuous
AE signals in the middle of stroke related to the ring and liner contact according to the
AE experimentation on a motored engine without lubrication. Then, a running engine

test was conducted on an engine with lubricationthe engine running test, the
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semicontinuous AE of the midtroke showednanylow amplitudes but a similar trend

as the AE signals in the motored test. Based on the ring and liner friction and lubrication
regimes, the experimental studies indicate@ thng and liner contacts under
well-lubricated condition generate much weaker AE than the dry contacts. Therefore,
these weak AE signals under the health working condition can be mainly attributed to
the friction proces®sf the ringliner interactions In addition, he different levels of the
scuffing phenomenowere demonstrated to relate the AE RMS values reported in
[163].

Further the authorapplied an advanced signal method of discrete wavelet transform
(DWT) to analyse the charactstion of the viscous friction using AE signals, and also
studied the potential impacts of alternative fuels on acoustic emission signals of
cylinder[157], which produced positive results and demonstrated AE signals need to be

processed thoroughly for enhancements of tribology related AE contents .

Hence, these studies provideganeralbackgroundfor expendhg findings into more
accurate diagnostics of engine systems. It also shibat AE signals in line with
adequate signal analytics allow more insight imioological behaviours of engines to

be characterised online in a rotrusive way.
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CHAPTER 3 MODELLING AND SIMULA TING
TRIBOLOGICAL BEHAVIO UR OF A PISTON
ASSEMBLY

This chapter depictghe fluidlubricated models in the conjunction between the
conjunctions formulated byhe ringliner of Cl enginesand conducts a numerical
analysis to understand the frictional characteristibging one of the main tribological
properties, under different operating conditiondt stats with developing relevant
models for predicting the friction forces in the conjunction. Thepresentative

behaviours otribofilms andtwo types of frictional forces due wscous and asperity
effects respectivelgre obtained and examined based the single cylinder diesel
engineunder test The behaviour of thesérces andthe tribofilms distributionin the

conjunction provide basis for developing models fioibological AE events.
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3.1 Introduction

The piston ringcylinder liner system exhibits the most multiplex tribological properties
amongstother subsystems of engine owing to the impacts of combustion oscillation,
unsteady gaoil transportatiorand a complex dynamic behaviour between ring pack
and cylinder liner contact. Numerous investigatiare oftencarried out to gain
sufficient details of the tribological behaviours. It has been widely recognized that the
mixed lubrication regimes are prevailing between the piston rings and cylindeaicher
realised that the less satisfied lubrication conditions often happen around the TDC and
BDC during one engine cycle as the elaboratioBdantion 2.2, resulting in substantial

wear.

This chapter firstly establishes théricationmodels for the pisto ring-cylinder liner
conjunctionaccording tocommonly adpted the average Reynoldguation then the
numerical results are obtained based on the testing engine to understand possible AE
generations and characteristics arisen from viscous and asfratiyns, whichare

well-knowntribological behaviours

3.2 Total Friction of the Piston-Cylinder Liner

Oil film  ~~——

Piston ring

Figure3-1. The friction andubricationcharacteristicef the pistongroups
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Based on the mixellibrication regimes, the total friction foraé the piston assembly
result from the viscous shearing force of the hydrodynamic film and the asperity friction
when the asperities of two horizontal surfaces contact with each aghikrstrated in
Figure3-1.

Yuanzhong[73] and MISHRA[148] conducted the total frictioforce of the ringliner

system is composed of viscous friction and asperity friction force as stated

ff, fa -

Where the faspis asperity frictiorforce (N) which can bebtained by aintegration of

asperity pressures along the external surfateegiston ring:

fasp Pasp $ as;gx (3'2)
And the f\, is the viscous frictiomlue to the gradient of fluid flowbtained as
f, 3lx (3-3)

P.sp is the asperity contact pressure apdis the coefficient of asperity frictiomis
theaverage shear stress.

The viscous force ishe shear stressourced byentrainingprocessof the oil andthe
pressure gradient can be expressed as follow owing to the convergirdivarging
procesdetween the ring and the lind48].

K

h p,
-5 By N
W >w T (3-4)

For the numerical calculatiothe piston ringforce equilibrium condition is applied in

the radial directioraiming tofind a possible constrairs investigated biRahnejat e