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Abstract

Acoustic emission (AE) is a condition monitoring technigged forrotating
machinery components that is gaining groundha industrial fielddue to its
sensitivity to high frequency range, which makes it advantageouspared

with traditional vibration techniques in the detection of incipient damage at
the early stages of failure. This thesis presents an investigasorgthree

types of similady-sized cylindrical roller bearings, yet with different
characteristics and qualitiem a high speed test rig, with maximum rotational
speed set at 598Pm. The bearings urat investigation ar@ormal clearance

SKF Types NU202E@R] NU202EM budget bearinlU202ECP/C3 with
higher radial clearancelhis work aims to investigate the healthy bearings
characterisation tests to deliver a weléfined foundation of the AE signal
results, as well their operational lubrication regimes. Secondly, to investigate
the underlying early stages and presence ofunally propagated damage
within a rolling element bearing under heavily loaded operational conditions.
Lastly, to compare the results from the 3 types of bearingke healthy
bearing characterisation tests identified that load and speed influenced the
generated AE signal, with speed having a greater impact on the AE signal. It
has also shown that the higher radial cleararssaring generated lower
levels of energy excitation. The experiments principally operated within the
hydrodynamic lubrication regime for both SKF bearinghile within the
mixed lubrication regiméor the budget bearingThe Run to Failure tests were
then conducted to replicate natural failures in an accelerated yet controlled
manner, by reducing the life expectancy of a roller beatimgugh exceeding

the specified operatinal limits. It was shown that as the damage propagates,
the AE signal levels increaBased upon the 3 types of bearings adopted for
the test, maximum AE activities indicating failure emerged into the life span
of 66 hours for SKF NU202ECP, 88 hours for SKF NU202ECP/C3 and 22 hours
for NU202EMIt is concluded that the data analysis process characteristically
showed that the AE RMS signal is a robust technique and capable of perceiving

present damage within the ratig element bearing.
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Introduction 1

1 Introduction

Condition monitorindhas developed into a kagol within a range ofndustry sectos,
where underproductivity due tainplanned maintenance or machinery breakdown
would cause loss ofevenue and in some cases worse as human lives are
endangered.Many dominant sectors in the industry have implemented online
ConditionBased Maintenanc€CBM)for critical components within a system as
standardised practice. Rolling element beasdrgea key component in the industrial
machinery field, where it is imperative that they operateam efficient and reliable
manner.As a result, the manufacturing industries continue to adopt prognostics and
health management(PHM) strategies to avoid undertaking costlynplanned
maintenancegJardine et al. 20Q@Rastegar2014; Cahill 2018

Over the years, vibration monitoring techniques have beedely developed and
form the backbone of monitoring the conditions @hachinery In recent years,
acoustic emission has been introduced in the monitoring field and has gained
significant attention from researcherlforjani and Mba 20%0Cockerill 2015;
Naumman 2016Alsadoon et al. 2019; Patil et al. 202@foustic emissionsare
transient high frequency waves that are spontaneously releagsedolid materiad
instigated by rapid release of strain energnsuing irreversible changes as the
deformation propagates through a surface.The early applications of thecoustic
emission approach were primarily for nondestructive testing of materials.
Subsequentlyits applicationwas expandedh the field ofcondition monitoringfor a

broadassortmentof rotating machinery such dsearingsgearboxes, pumps, etc.

Researchers have established thadoustic emission is generated by coniagt
surfacesin relative motion however the frequency and amplitude levels differ
depending on thesurfaces ircontact. For rolling element bearings, where rotational
speed and loads can be excessive, subject to the operational conditions proper
lubrication is deemed cruciaastragic damagethreatensthe bearing components
Elastohydrodynamic Lubrication is a particular regime of lubrication mechanism that

appears in concentratedontacts that are heavily loaded. The crucial element of
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Elastohydrodynamic regime is that theelative motion and geometry of the
contactingbodiesentrains a thin film of highly pressurised oil inte contactzone
generatedby means oflastic deformation of the surfaces. In normal operaabn
conditions, this film thicknesscould significantlychangeas it hinges onseveral
variable parameters, such atemperature load and speedbut is typically of the
order of a few microns at beswWhilst much research has been performed to
corroborate the advantages @fcoustic emission over vibration, substantial efforts

were conducted with emphasign artificially seeded defects.

1.1 Aims of the study

Thiswork ainmsto perform healthy bearing signaharacterisatiortests under normal
operational conditions and investigate the AE signals, as well as the consequential
impact of lubrication regimes. As the majority of previous research focused on
artificial defects as opposed to natural damage propagatiba,second aim of this
work was to investigatehe underlying early stages and presence of naturally
propagated damage within a rolling element bearing under heavily loaded
operational conditiongarrying out life testsThis thesis also aims to demonstrate the
benefis of using AE as a condition monitoring techniquea variety of test bearings,
each incorporating unique qualitiegn additionto determine if the support bearing

AE signals would aid in the perceiving naturally failed bearings from the test bearing.

1.2 Objectives

This thesis aims to expand on the research topic of condition monitoring of roller

bearings through:

- Investigaingthe generation and characteristics of B§performing healthy bearing
characterisation test onhree different types of bearings on a modified high speed

test rig, each bearing incorporating different qualitigst similar size
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- Demonstratehe AEsensitivity as a technique, determining the effecopkrational
condition such aspeedjoad, lubrication regimesegliability and repeatabilityon the
high speed test rigset up procedureas well as the response of AE to a variety of

naturaldefects.

- Createa meaningfuldata base from which further analysis work canpgesformed

in future analysis.

1.3 NoveltyStatement

This research presents novelty in the following areas:

- Contributes to the discussion of how spedohd and Lambda rati@ontribute to
the generation of AEas well aincreases the knowledgairrounding these variables

throughextensive tests on theharacterisation of a healthy bearing.

- Draws comparisons between the AE signals between the test bearing and the
support bearingas the majority of previous investigations focused solely on the test

bearing results.

- Demonstrates how the frequency analysis of AE can be used in the analysisrof
bearingin the detection of damage growjlas the majority of previous investigations

focused on artificially seeded defects.

- Demonstrates thesensitivity of AEin detecting changes caused by natural and

progressive damag@ naturally failed bearings

- Demonstrates that the increasing complexity of test rigs introduces a number of

challenges and obstacles that may affect the application of AE to wider industries.
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1.4 Thesis Structure

The thesis is structured as follows. Chaptelistusses the surrounding literature of
the aforementioned topics in more detail. Chapter 3 focusses on the relevant
experimental equipment usetbr the research, as well as the derivation of applied
equations to define the tribological conditions of the mechanical components
investigated. Chapter 4 describes the test rig set up and the experimental procedure
for the healthy bearing characterisati experimentsChapter 5 presemstthe healthy
characterisatiorexperiments results and discussion distinct to each type of bearing.
Chapter 6 presents the Run to Failure Testtbacks, further modificatiato the

test rig, further specific results for each bearing. Chaptesri€ludes with a summary

of the critical findings, the novelty of the researah well as offering proposals for

future work within the subject.
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2 Literature Review

2.1 Chapter Overview

This Chapter reviews the literature surrounding this thesis. It begins with the history
of tribology and how itevolved. Then the reader will be introduced to the
fundamental components of rolling element bearings, including a brief explanation
of their development along with common applications where knowledgea-vis

their condition is considered as criticdollowing this, discussion on the various
methods of condition monitoring and how essential they are in modern industry are
reviewed with the focus oAE The chapter wilcarry ondiscussinghe current
progressive techniques of condition monitoring used to detect damage within such

bearingsand a brief history of AE techniques and applications

2.2 Unfolding Tribology

Theword We¢ NA G 2f 238Q 2NAIAYIFGSR FTNBY | DNBS|
(Bhushan 2013)ost (992)stated that tribology, as a term and concept, was initially
enunciated in a British Government report as early as 1966 published in the journal

of Industrial lubrication and tribolog where the department of education and
science reported that tribology is wéll S T A Yy ke stieiice and technology of
AYOSNFIIOAY3I Adz2NFIFOSa Ay NBEFGABS Y20A2y |
the simplified scientific interpretation would be the science of rubbing. In modern
days, it is acknowledged as thieidy and science of friction, lubrication, and wear.
Bhushan (2013lso described tribology as the art of employing operational analysis

to matters related to economic consequences, maintenance, reliability, and
principally wear of technical equipment; the scope of tribology is tremendously vast

right from domestic equiment to the highest end of modern machineries. To
comprehend tribology and its remarkably complex surface interaction entails
knowledge of diverse discipling@scludingmaterials science, heat transfer, rheology,
thermodynamics, solid and fluid mechaniapplied mathematics, physics, chemistry,

machine design, lubrication, consistency and performance.
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Dowson (1998)eported that the term tribology is quite novel, nevertheless the study

or practices of tribology is of an earlier time than the records suggest. Throughout
the Palaeolithic age which deg&om over 2 million years ago, tools matte drilling

holes were fixed with bearings, typically these bearings were made from either
FyGt SNE 2N 62ySad {AYAfFNIe& (GKS dzasS 27
wheelsnecessitatedsome type of bearing arrangemegidavidson 1957)n addition,

a ball thrust bearing was discovered in Rome near Lake Nemi, which approximately
dates to 40 AD. Apparently, our predecessors used wheels since 3500 BC and that the

reduction of friction throughout translationary motion was a concern sirtant

Ancient awareness dfiction and lubricatiorwasconfirmed by devices such as sleds
lubricated with water utilised to transport large blocks of stones intended for
substantial structuregrigure2-1 shows a sledgeperated circa 1880 BC, to transport

a massive statue by prehistoric Egyptians. In additibowson (1998)made a

remarkable calculatiorthe painting from EBershehwhich illustratesl72 men who

he assumeaould exertthe average force of 800 Njiving atotal draggingforce of

172 x 800 Nor137.6 kN. Assuming the weight of the colossus is 600 kN, he calculated

GKS O2S7TTAOAS ¢¥37.6 /2600 =D.RFAacanthafadiiti thatof wWet
woodong22R 0> [ noH0uX O2yOfdzZRAY3I (KIFG aiK
f dZoNAOFGSR L Fyla 2F 622REPd | g2NJ SNI | &:
or guiding the monumentwho couldhavebeen one of the most primitive lubricant
employers, as another seems to pour some kind of liquid lubricant in front of the sled.

The confirmation of lubricant usage ages ago was found in an Egyptian Tomb, as

animal fat substances were used as lubricantinlabldA 2 1 Q& 6.KSSf 0S|I N

A

L

P

IBEN Jm"ff\} DI AIE

- 4

= ..0
] r )
‘Axtt !(-l

S T =k | ’, Y e <x~1<h~ I TSP Sy 8
KA r o i AAAAEAAMARS

Flgure2 1: Egyptians moving colossus by usmg LubrlcatlerBdeisheh C|rca 1880 EBhushan 2013)
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Tribological principles were also used by military engineers to design war machinery
along with methods of reinforcements during and after The Roman Empire. A
systematic approach towards friction was primarily proposed by Leonardo da Vinci
(14521519). Leonardo da Vinci deduced the guidelines governing the motion of a
rectangular block sliding over flat surface. He also introduced the ratio of friction
force to normal load whichis the core concept ofthe friction coefficient.
Paradoxically, there is no eting significant indication of influence from his theory

to tribologists until halfway through the twentieth century, the reason could be that
the work of da Vinci was unpublished for many yeg@tsitchings 2016)In 1699,
French physicist Guillaume Amontons revived the laws of friction through the analysis
of sliding two flat dry surface@montons 1699)He inferred that frictional force is
directly proportionalto the normal load and displays resistance at a sliding interface.
He correspondingly proposed that the summation of friction force does not rely on
the apparent or visible contact area. Charles Augustine Couylatsb a French
physicist likewise confirmed the observation noted by Guillaume Amontons.
Coulomb also contributed to the third law of friction, which claims that when motion
starts then the force of friction is independent of velocity. Coulomb henceforth

differentiated between sitic and kinetic frictiofCoulomb 1785)

2.3 Lubricatiorand its essence

According toSchey (1984)friction as well as wear concerning two or more moving
contact surfaces that are relative to each other could be reduced by means of
appropriatelubrication with the correct propertieotherwise resulting in defects or
damage. There is a significant difference betwégstion and wearas frictionis an
acting force opposite to the direction of relative motiorhe friction force ithe force
required to break theadhesive bonds betweesurface micreasperities and the
deformation (or ploughing)force required to make possible grooves when solid
bodiesof different hardnessnove against each other. Frictional force is related

heat production and energy consumption. In contrast, the process of ongoing loss of
surface material caused by motion of the two surfaces is well known as wear. This is

due to numerous reasons, such as adhesion, abrasion, tearing of asperities, fatigue,
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poor lubrications, and corrosion etc. These may influence or cause the surface

structure, dimensions, alignment and mass of the body to be reluctantly modified.

Friction and wear are not advised to be reduced in all conditions, occasionally
reducing wear alone may be beneficial for instance in oil bath clutches or perhaps
friction requires reduction and not wear in such circumstances like polishing and
grinding operations. The desire to reduce both friction and wear in numerous
applications can be realised by means of lubrication. Appropriate lubrication benefits
equipment, machinery and mechanisms to function suitably with enhanced
performances, optimized energyilisation and decreaskwear. On the other hand,
consequences of poor lubrication will effectively lead to deterioration of the
interacting surfaces and eventually components, leading to premature breakdown of
parts, equipment or the entire systenThesedamages wouldeducethe running
hours of factories, military machinery, railway systems, wind turbines and so on.
Financial benefits can bgraspedwhen the lubricants are correctly applied which
results in preservation of materials, energy saving, lesser maintenance in addition

a positive effect on the environmerf¥Vilson 1998)

Original practices of the lubrication process have been recognised since ancient times
also found during archaeological studies. Modern lubrication arose since the second
half of the 19th century due to rapid industrialisation, as the first governing egust

of hydrodynamic lubrication were defined during this period. Since then, extensive
investigative efforts and research have been carried out endlessly to comprehend
and develop the knowledge on lubrication. During modern analysis it was found that
different areas are yet to be studied with capable probable applications. It is obvious
that the field of lubrication requests an ongoing research due to its vast scope

(Reeves and Menezes 2016)

2.4 Rotating Machinery

Rotating machinery isnaextensivephrase covering a widerange of mechanical
systems utilised within numeral industrial sectors. Althoughmachines differ

individually in their overall designn this case bearings and geathe common
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presence ofundamentalcomponentsexists to facilitatearansmission of power and

energy duringelative motion.

2.4.1 Rolling Element Bearings

Rolling element bearings are among the most frequently encountered and principal
components in the vast majority of rotating machinery, their reliability and load
capacity beingimportant for the overall machine performance(Tandon and
Choudhury 1999Bearings are manufactured in a wide range of sizes and shapes, as
their fundamental design is tailored to their specific applications. In general, bearings
are categorised into two categories, plain bearings and rolling element bearings. The
former, also known as sliding bearing thesimplest type of bearingas the name
suggests plain. It is formed when two conformal contact areas are used to move
relatively to one another, habitually with a liner or sacrificial bush between them.
These bearings areteh used in locations such as oscillating roles e.g. door hinges or
more complex usage such as suspension rod ends, where it is difficult to provide
lubrication. Either hydrostaticaHgenerated or hydrodynamicatyenerated
lubricant films are used for some forms of plain bearings to separate the two
conformal bodieqLin 1996)In addition, layers of dry lubricants such as PTFE are

often applied to one of the contacting surfaces where liquid lubrication is difficult.

Rolling element bearings, on the other hand, ammposed of an inner and outer
raceway, separated by mumber of rolling elements e.g. bslr rollers that are in

most cases constrained within a cagigure2-2. In theabsence of a cage, generally
NEFSNNBR (2 | heatpgsdze ddditioraNspdteSoletgsifiudher balls

or rollers to be added, hence the load capacity of the bearing increases. The rolling
elements within the bearing are various in shapech adalsor cylindrical tapered,

or spherical rollers. The arrangement of the rolling elements can be in a single or
double row, whether they are caged or not to accommodate higher radial loads, as
well as being angled or tapered to be able to sustain and adapt to axial force or

displacemenh

Typical SKF bearings are manufactured to the specification of ISOY§3314)from

through-hardened carbon chromium steel (100Cr6pntaining approximately 1%
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carbon and 1,5% chromiunkor some of the applications, the surface can be coated
with Diamond Like Carbon (DLC) coatings that may improve the friction and wear
properties of the bearing, or ceramic materials could be used where high

temperatures or speeds are potentially encountered.

Outer Raceway ———7,

Inner Raceway

Figure2-2: Single Row Cylindrical Bearing (SKF, 2018)

2.4.2 Gears

TheAntikytheramechanism ign ancient mechanical Greek device which calculates
the lunar and solar calendarandis one of the oldest known uses of geffseeth et

al. 2006) Despite the2000 yearold device,and the innovations made through all
fields of modern engineering, gears are sdaikey mechanisnusedto control and
transfer mechanical powein modern machineryOver and over again gears are
found within rotating machinery as well as roller bearings. The common use of gears
is to enable the transmission of power and rotation between shafts, convert a form
of energy or paired together in ratios to increase or ase torque and speed
governed by its application. Comably to bearings, gears also come in a variety of

designs and are capable to transmit power between both perpendicular and parallel
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shafts. Typical gear types, as showrFigure2-3, include spur gears, helical gears,

bevel gears and worm gears.

Figure2-3: Types of geara) Spur Gear, b) Helical Gear, ¢) Worm @edrd) bevel gear.

2.5 Tribology of Rolling Elements Bearings

The study and science of friction, lubrication amdar known as tribology, reveals
that metallic surfaces are certainly ngerfectly smooth and that they possess
numerous peakgasperities) andsalleys.Roling element bearings depend on the
relative sliding anar rolling of twointeractingbodies and when these bodies sustain
an applied forceconsideration of the contact mechanics shows tsperities create

the initial contact leading tglastic deformation due to the degree of stresses
involved resulingin impending fractures or failure¥he actual surfaces tend toave

a variedtopography across a wide range of scalBiserefore the surface features

are characterised in three lengthsaes: form, wavinessand roughness. Théasic
shape is expressed by tli@erm, in some casesphericalor cylindrical the waviness
depictsi KS RSGALFGA2Y 6AGKAY (KS T2tdranddR Y
and thefine texture or surface finksis defined by theoughnessFigure2-4 illustrates

the form, waviness and roughness of a simulasedface.In terms of wavelengths,

the form is the wavelengths which are of a similar scale to the dimensions of the
component being measured.The roughness is usually separated from the
measurement using a filter with a coff length chosen based on the likelyrgace
finish. For the surfaces seen in these bearings, this would typically be 0.8 or 0.25 mm

¢ meaning that the roughness is all wavelengths shorter than these lengths.
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Simulated surface
(broadband
topography)

Form / shape
(Long wavelengths)

Waviness \/\/\/\—/\/\
(Medium wavelengths)

Roughness
(Short wavelengths)

Figure2-4: Simulated surfaceoughnessamplerepresentingorm, waviness and roughness

2.5.1 Elastohydrodynamic Lubrication (EHL)

To defy excessive wear, a form of oil lubricant is requifeaning a thin film toaid

the separation of the two bodies in contact with relative motion against one another.
As the oil is driven into the converging gap amidst the bodiesomes to be
pressurised, establishing a thin film (a few microns in thickness) to separate the two
bodies. According tZhu and Wang (2013/arious lubricated machine parts, where
the contactng surfaces do not coefrmally fit to one another havemall butvery
highly-pressurised lubricated areas carrying the entire Itkabugh the formed oll

film. Some settings of neoonformal surfaces are cam and followers, gear teeth
transmitting load and rolling elements bearing$ie concentrated loads ledd great
contact pressures typically-A GPa, resulting in an elastic deformation of the two
surfaces which is noteworthy as it promotes the generation of a suitable oil film. This
lubrication phenomena ignown aselastohydrodynamic lubrication (EHDowson

and Higginson (195@hieved thdirst numericalelastohydrodynamic solution for a
line contact.They then fitted a regression equation to their numerical results to

enable the rapid calculation of minimum film thickness without recourse to
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computers which were, at the time, of low power and scareenceforth, the
minimum thickness of this oil film between a smooth idealised raceway and a

cylindrical roller is calculated by the Dowson and Higginson formula, Equation (2.1),

0 8

Q (2.1)

where’Q A& GKS YAYAYdzy 7T daoRNAFOdefsurgMkcbsiy] v S & 4 :
coefficient (PVC),oA & GKS f dzo NA Ol y i Qa Onisitiieamedni & | @
speed within the contact of the two bodie3,Q the relative modulus of elasticity,

is the load per unit length anRis the relative radii othe contacting bodiesThe

formula includes the pressurgependerce of ', the oil viscositywhich escalates
exponentially with pressurpz ¢ K SNB "1 B®VQakKdsis thiedzscoshy@t: vy (i

atmospheric pressure and calculated by thdBarus law as follows in Equation (2.2),
- =10 (2.2

¢CKS ¢FffAlFyYy LMliay B67HsIcdmmafyduset to determine the
lubrication regime and represents the relationshigpetween the minimum film
GKAOlYySaa I obRpoditesitfaced BuUgtinéss WwherRg and Rg, are the
root mean squared roughness of the twarfacesiscalculated in Equation (2.3),
0

= N N 2.3
As the value ofQ escalates, the two surfaces are forced away from one other,
resulting in reduced asperity corda Figure2-5 clarifies the different categories of
lubrication regimes for contacting bodies along with the related change in friction,
demonstrated by the Stribeck curve. Lambda is usually used to define the lubrication
regimespresentthat describethe amount of friction and the capability of contacting
bodies to be separated, which influences directly the wear behaviour of any specific

lubricated system.

Characteristically, the lufzation regimes, by use of thgparameter, are constructed

as follows(Bowden and Tabor 1950Qord and Larsson 200%pikes and Olver 2003
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Hamrock et al. 20045tachowiak and Batchelor 2008alme and Andersson 2040d

Balanetal. 201 F2 NJ 0 2 dzy Rl NB <NibiNerySow<andthermiga ¢ K S NJ
large amount of asperities in contact and very high friction rate, as there is not
enough lubricant film to effectively separate the two surfacéle load is entirely

carried by direct asperity contacfThe second regime is known as the mixed
lubrication regime, where the enlargement of fluid film thickness develops to be
0SG6SSYy M f < § 03I ¢KisooBactiaro®erglodz¥ficieNI 2 F |
are reduced significantly. The load in the mixed regime is carried by both a partial
lubricant film and direct asperity contact. The third regime is known as EHL regime
YR 200dz2NE 6 KSY o f withinfthispeBimethat thé fliid filnk Sy 02
thickness issufficient to force and separate the two surfaces apart eimguno

asperity contact. However, the friction level rises due to the shearing of the fluid

within the contact area. Finally, during the hydrodynamic lubrication regime the
surfaces are separated completely by the full fluid film, as the film is thick inagintr

G2 GKS adaNFIF OS NRdzZAKySaa yR Aa GKAOT SN
during rolling bearings contact within the caged rolling elements and betwelée ro

ends. The oil film thickness in hydrodynamically lubricated regime provides

tribosystemswith a significant amount of damping for dynamically loaded machinery.

|Additives important herel Valve Train S Piston Rings 2>
P2
* Rolling bearings/gears
~ Journal bearings/lightly loaded gears
——f

} Constant velocity joints

Hydrodynamic
lubrication

=
@
2
kS
Q
o
o
o
B
T

Viscosity important here

Elastohydrodynamic
lubrication

Boundary lubrication

Mixed lubrication

Oil Film Thickness/Surface Roughness (or nN/P)

Figure2-5: Stribeck Cunvlustratingthe lubrication regimes present within lubricated conta@sne Wang
and Chung 2013)
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2.5.2 Rolling Contact Fatigue Failure

GCl Af dzNBa zauseSbyklassical yollirgietieni fatigue are considered
avoidable if the component is properly designed, handled, installed, and not
2QP0SNI 21 RSR¢

- (Zaretsky et al. 1996)

Principalaspectsthat determine a bearin@ fatigue life(Liu et al. 1975)spallingis

the result of subsurface or surface fatigue, where thaterial is physically detached

following crack initiation below the contact are&palling is caused by surface
irregularities and due to distress produced by inadequate lubrication or surface
roughness.Spalling is predominantly a plastic deformation procés#hen these

fractures are formed in the running surfaces, the rolling elements travel over these
cracks,and pieces, or flakes, of material break away. Spalling is also known as
GLIEBSYAES NENYEEAGOGAYTeEd ¢KAA (@LIS 2F FlAf o
inner raceways and is progressive and once initiaiedill spread as @outcomeof

further operatioral conditiongDing 1997.

Rolling contact fatigue (RCF) is responsible for the failure of rolling element bearings,
camshafts, gears and identified as cracking or pitting limited to the-sedace layer

of bodies in rolling/sliding contact. There is an increased demand for iregrbfe,
reliability and load bearing capacity of bearing materials and future applications call
for their use in more hostile environments (Stewart 20REFnay also be defined

as damage process of contact surface or subsurface of rotating componeatg)dp

long term alternatingstress(Li2013) RCHs a classical failure mode in rolling element
bearings, set off by the cyclic loading and plastic deformatimneaththe material
surface as the rollers roll over a raceway within the loaded &nesale 1995)The
plastic deformation materialises at a typical deptlqual to the position ofthe
maximum shear stress in a Hertzian contact, which is roughly 0.7 times the contact
dimensionbelowthe surface. RCF is regarded as a balanced diffusion of flaking across
the loaded area of the race with a rippte conchoidal patternas can be seen in
Figure2-6. Throughout repeated loads and boundary dislocations, subsurface cracks

start to form and as the cracks stretch to the surface, material comes to be dislodged.
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The dislodged material may well owenll, growing the stress concentrations on the
raceway and hence producing an accelerated wear process, if not swiftly flushed out

by lubrication.

Figure2-6 Progression of Fatigue Flake Damage of Rolling BegfQRALEESPEJEL and GABELLI 2015)

Lundberg & Palmgren (194Had completed an abundant amount of statistical
analysis orlargedata sets of natural failures of rolling element bearings, and these
studies were used to produd&O 281 (1990a recognised standard to calculate the
dynamic load ratings and rating life of a roller bearing. The most direct method to
calculate bearing life is thé life, which solely depends diead and speed, where

the 0 is the number of cyclesf bearing rotation in millions of revolutions and
assuming 90% reliability, and also where 10% of the roller bearings would
theoretically fail. Of note, thed Life calculation does not consider lubrication,
temperature and other key factomhich can substantially affect bearing liferoper
handling, maintenance, treatment and installation are all simply assumed. That is
why it is exceptionally difficult to foresee bearing fatigue and why less than 10% of
roller bearings ever meet or surpass their calculated fatigue(Rignearson 2022)

Yet, both practical experience and laboratory tests demonstrate considerable
variations in the fatigue life of identical beags operating under similar conditions
(SKF 2012)n some cases even when having identical roller bearings operating in the
same operational conditions i.e., temperature, speed and load. It is possible to get

different results of failuresThe0 Life Calculation isssentiallyobtained through
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an extensive and repetitivaests on a large number of bearing® reach such

assumptionThe0 basic rating life is assesseddbghEquation (2.4),

(2.4)

c
C4 Os

wherethe basic dynamic load rating@the equivalent bearing load Ki.e. the load
applied to the bearing during the investigati@nd ¢ is an exponent of the life
equation with two different values, for roller bearings= 10/3 and for ball bearings

¢ = 3 whichwasdetermined when the original rule was fitted and introduced (SKF
2012; Cockerill 2017)The basic dynamic load rating, C, is determined through
SEGSyargS oSIENAy3a (§SadAy3a FyR OFly 068
Ever since 194 continuous researchnd investigationinto the effects of material
properties, lubrication purity andtresses have established better bases for the now
improved life modification factore: and isimplemented inISO 281 (2007 SKFa
leader in bearing manufacturirendis the world's largegbearing manufacture(SKF
2017) As well as being the largest industrial distributor network in the industry with
various locations encompassing 130 countiBKF 2022)n addition, SKF is one of
the top 5 vendors in the Wind Turbine Bearing Market from 2016 to Z0&06hnavio
Research 2016)Respectively, SKifas the certainty in their bearing products to
likewise provide their own modification factor knownas , which similarly tdSO
281 (2007)akes account othe lubrication conditiondut applies a superior safety
factor founded on their manufactured bearing properti€SKF 2012)Accordingly,
the latest life calculation for an SKF bearing is Equation (2.5),

(RN @9

Cq Os

2.5.3 Other Failure Modes

According toFitch (2003)n Silent Assumptions of Bearing Reliabilibhere is an old
aleAy3a GKIFIG ao0SENARYIaA REhigQ éssedtiddy due it hsS =
bearind? operational conditions and includes the following, as well as their failure

conditions illustrated ifFigure2-7:

T 2 d:

K.



Literature Review 18

1 Excessive vibration, mechanicalverloads on the bearing due to the
misalignment

1 Exceeding tb bearings dynamic load rating, known as overload

1 Overheating, oistarvation, moisture, incompatible lubricants,
contamination due to debrig essentially changes ifufd properties

1 Inappropriate interferencedoose or tight fits regardig raceways, shaft and

housing tolerances

Figure2-7: Bearing Failure Modes) Tight Fitb) Loose Fit) Contaminationd) Lubricant Failure e) Overheating f)
Normal Fatigue g) Misalignment h) Excessive Load i) Cage Failure and j) axial crack ¢Wg#eclci and
Feest 1997; NSK 2009)
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Figure2-7 demonstrates a range of bearing failures that are frequently found in the
industry such as spalling or flaking of metal from surface, indentation or discoloration
of raceway, roller cracking, cage failure and smearing of the raceway. Inadequate
lubricationresults in severe spalling on the raceway, in addition to an axialingack

of the roller which might be a result of overloading the bearing or inclusions within
the steel itself. Some bearings, such as spherical roller bearings, are capable of
operating effectively with misalignment due to the conformity between the raceway
andits rollers. On the other hand, if the bearing is a cylindrical roller bearing and it is
exposed to unnecessary misalignment, the radial load capacity is acutely reduced as
the load becomes further concentrated near the end of the cylindrical roller. As this
lessens the area of contact, the pressure (and therefore subsurface stresses) at the

contact intensifies significantly.

One of the widespread failures in bearing raceways is white structure flaking (WSF)
due to the formation ofwhite etching cracks (WEE typically~1 mm below the
contact surfaceWECs are networks of microcracks associated mvitmostructural
transformatiors or alterationcalled white etching area@VEA)(Evans 2012WECs

are simply found recurrently in slow operating, heavily loaded bearings
corresponding to those in wind turbine roller bearin@KF 2018Previous research
proposed that the initiation and propagation mechanisms for WSF and WECs are due
to: Surfaceinstigationthrough two opposing mechanisms, subsurface initiation by
non-metallic inclusionsadiabatic shear banding independent or including defects
through impact events, cracks forming after microstructural changes oceur,
multistage initiation of WECs as an effect of movement of carbon under shear stress
and high localised enerdegner2011; Evans 2018 uyckx 201Bruce 2015¢Gould

2016) ThisoccurstypicallyaticH £z 2 F G KOS life, @heielhg\iArd turbine
lifetime is reduced from the anticipated 3@ars to<2 years (Richardson 2018)
Figure 28 demonstrates 5 sections and how WEA spreads across the component,

where the middle section is the origin of the WEA failure.
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Figure2-8: lllustrationdemonstrating the methodology of WEA volumeasurementgRichardson 2018).

WEGhas been exposed ase of thecore cause of failure in numerous wind turbines
roller bearings,and can be considered to be one of the most expensive technical
failure modes for a wind turbire (Keller 2021)WECs islsoa common cause of
bearing failure in the gearboxes of wind turbines: around 60% of the industry's high
speed bearing premature failures are caused by the phenomgiwwobil 2020)
Nevertheless, WECs have proven challenging to recreate at a benchtop scale; to date,
no benchtop test hastated to recreate WECs using commercially available field
lubricants (Gould 2019). This phenomenon basn investigatedor yearswithout

yet reaching a justified cause of its occurrence (LéprHKiuela 2021).

Owing totribological knowledge of friction and wear the following section will
emphasie the motivationfor undertakingcondition monitoring and the essence of

it.
2.6 Condition Monitoring and ifdecessity

All products or systems are subject to failure or deterioration throughbetr life
cycle. A scheduled maintenance objectist® replace or overhaul components after
their failure and keep a system or equipment in a condition in which it can accomplish
its necessary functions by carrying out routine actions. For that reason, implementing

a proficient maintenance strategy could lal industries to achieve their
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requirements such as maximum availability, enhance safety, high reliability and
minimise the ass@ life cyclecostsas maintenance is a key factor of a systems
lifetime. In order to achieve thisan adaptive strategy for these requirements in the
form of CBMcan beimplemented. In fact, CBM is a maintenance platform based on
the use of real time primary data collected to prioritise and optimise the upkeep of
resources, in which tasks are arranged apropos to the @sketlth statugJardine

et al. 2006)

With the dawn ofthe Digital Revolution, the world has reached unprecedented
advanced leaps in terms of both existing technology and enhanced understanding of
the sciences surrounding it. As further research and developnsardnducted, the
present mechanical machinery continuesit@rease in complexityinevitably with
advanced complexity pushing towards component longdeiyls togreater costs, in

both the required starting capitas well asoperational and maintenance costis.

light of ever increasg requirements for system performanceondition monitoring
emerged into a subject of extreme importance in recent decades, as industries
attempt to improve reliability andeduce maintenanceand downtime. Nowalays,
engineers are able to harpick and tailor precisely what is neededtearms of a
material® properties and characteristics, in ways such as exploiting surface coatings
and toughnessreatments andthus leading to sturdier and advanced capabilities of
the surfaces and materials. With the aim of further improving the components
design, use is made of Computer Aided Engineering (CAE) to simulate how a
component could react to variable operating conalits. As well as empowering
SYaAySSNR (G2 2LIWAYAAS GKS O2YU#RuwyeSGAE Qa RS
simplifies the process afalculatingg O2 YLy Sy i Qa GKS2NBGAOI €
prospect of premature failure to the component. Nonetheless, as it is only a
simulation through the use of CAE, the results are only accurate if the modelled
parameters correspond to real life, even thenaldre during the process is still
possible from inherent randomness, mostly due to manufacturing variability and

human error.

Condition monitoring as a whole is fundamental to energy generation industries,

where notonly is the demand growing but extraordinary pressure for the move to
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renewable and sustainable energy sources with the attempt to curb climate change
with respect to global regulatory issues. The Compound Annual Growth Rate for
onshore wind turbines in the next five years is 12%. Expected average annual
installations are 1@ GW, with a total of 550 GW likely to be built in 262327 .
Growth in China, Europe and the US will be the backbone of global onshore wind
development in the next five years (GWEC 2023). Aareunt and size of the wind
turbines escalates, the signéicce of reducing inspection and maintenance expenses
has become extremely criticebarcia Marquez et al. 201&2)d because of the access
challenges and tough operating environments present for offshore wind turbines,
greater reliability is a must when comparing them to their onshore counterparts
(Yang et al. 2011)

A mechanical compone&failure in a wind turbine is never small noexpensiveo
restore. Not only would it influence the overall kilowditbur expenses but it calls for
transporting engineers and technicians to the offshore site and dealing with repairs
while offshore or, in worst casgsequiring to take out several tons from the massive
wind turbine from the highly elevated stanchigHau and von Renouard 2008)o
diminish the likelihood ofunexpected failures, many higralue assets utilise a
maintenance strategy set out with focus on maximising the assets life
(Wiggelinkhuizen et al. 2008 Advanced methods of CBM gradually led to the
emergence of PHM, wita broader framework and the use of new techniques, to
extend remaining useful life (RUL) of a system, increase safety and maximise

operations.

Principally, with compliance t¢SO/TR 13881:2000 200@jognostics in the field of
AYRdAzZZAGNE NBFSNAR (2 aGKS GAYS SadAyYlas
FdzidzNBE Fl Af dzZNBE S @Sy (3 it discussés the 2edkidn Sakingl K
competency to intelligently carry out logistics activities and maintenance based on
diagnostics and prognostics recoidaved et al. 2015 urthermore, it can be looked
upon as an engineering discipline encompassing methods and technologies to
evaluate the reliability of a compone®treal life cycle conditions to determine the
materialisation of a failure and alleviate system (iglathew et al. 2012)Concerning

these definitions, PHM can be deemed as an empowering discipline for the CBM and

T2

al
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it is commonly described with (OS¥BM) architecture, the Open System
Architecture for ConditiorBased Maintenanc@.ebold et al. 2002which is set up of

seven stages, as illustrated in tRegure2-9:

- Gather monitoring data from

Data Acquisition
Health Indicator

- Data cleaning, denoising, feature Extraction
extraction and selection

Data Manipulation

- Detect abnormalities and asses
the current condition

Health Indicator
Processing

Prognostics - Estimate the RUL_and associate
a confidence interval.
- Generate recommendations,
actions for maintenance / logistic Health
Manogement

e - Manage different layers of the
PHM

Figure2-9: PHM architecture adapted from the ISO 133Ektracted from{Brahimi and Leouatni 2016)

Diagnostics - Detect, isolate and identify faults

Implementation of PHM hebeen made in a many industrial cases targeting a
maintenance revolution. In the Military and Aerospace systems, for instance, PHM
has beenpracticedfor over 20 years with systems applications. During this past
decade, the railway industry concentrated on maintenance matters and expressed a
distinct interestin PHM systems. Similarly to wind turbines, railway maintenance,
aerospace and military systems requires a large budget and extensive resources

(Brahimi and Leouatni 2016)

Using the measuresf RUL of a system or component acquired by the PHM, it is
promising to change the maintenance plan away from corrective and towards a
preventative plan. Originally the majority of industries utitlse corrective strategy
if unplanned then this strategy unfortunatelyigentified as runto-break or failure

based maintenance. The details of different strategies can bed Table2-1.
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Table2-1 Distinct types of maintenance strategi@dopted from(Cockerill 20L,7Cahill 2018).

Scheduled maintenance based upon the estimation of the

Calendar Based .
components RUL, regardless of the components condition.

Preventative
Monitored parameters revealing the components health

Condition Based condition over a period of time, actions are taken once a pre-

determined level of deterioration is reached.

Periodic advanced replacement of an identified components life

Planned
cycle.

Corrective

Immediate repair or replacement of a component due to

Reactive )
premature or sudden failure.

Inaccessible assets suchafshore wind turbines are one of the gravest, also other
forms of critical conditions during a failure in helitepwould potentially endanger
human life (Bashir et al. 1999)As a result, a vast majority of industrsgctors
implement a planned maintenance routine consisting of two preventative
maintenance strategiesondition and calendar based. Executing these inspestion
on a routine basis allows the inspector to capture any damage or irregularities in
advance, permitting planned maintenance to be taken care of in due c§Gaeia
Marquez et al. 2012) Nearly all sectors, where planned maintenance is an
indispensable process to reduce unforeseen potential expenses, are keen on the
progression of condition monitoring techniques as their capability to determine the
componenf? conditions accurately, the odds of sudden or catastrophic failure
jeopardising the industry or worse human lives occurring before awareness is
doubtful and seriously reduced. Moreover, accumulative information of the
component or machinery conditions cée analysed and used to infa the precise

timings on the calendabased maintenances, further decreasing overheads.
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2.6.1 Condition Monitoring Techniques

Presentday machinery is often equipped with an important number of gauges and
sensors, to constantly monitor and measurdaheir conditions against their
predetermined thresholds. Using wind turbines as an example, the environmental

data and operating systems acquired data often contains,islhg no means limited

to, oil temperature, ambient air, individual componefstational speed, torque,

wind speed, power consumption and generation and so on. These gathered statistics

are usually represented as Supisory Control and Data Acquisition (SCADA) data, as

Al Aa £233SR Ay LISNRA2RAOFffe F2NJ Fylfead

fault occurs.

As an exceptional holistic procedure of monitoring a system, alarms triggered by
adzN1J aaAy3a | LI NFYSGISNRAE GKNBaK2ft R @gKAOK
source of damage, however, fails to distinguish which component is at fault for the

alarm besides indicating the fault severity. In order to rectify and adjust this issue,

further condition monitoring techniques are available, such as: vibration and AE as
these renowned techniques record waveforms over an arranged time period, where

the acquireddata are subjected to further analysis and processing to provide the

identification and the potential source of a defect.

2.6.2 VibrationMonitoring

Vibration exists in all machinery due to the moving elements, which will inherently
produce an undesired motion caused by insignificant faults or inadechaéancing
Despite the fact that the extent of vibration can be offset dhgh dynamic
counterbalancing and accuratgesigns, engineers need to anticipate that vibrations
will persist within any machineryAs variations of vibration are potentially heard or
noticed by experienced machine operators through either sound or touch, the next
reasonable steps using sensors to imitate this ability. These sensors are generally
known as accelerometers, which measure the acceleration of a surface or body.

Acceleration is generally measureddwv dt (delta velocity over delta time) or by
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Newton's2"d law of motion.Most accelerometersise quartz or ceramic crystals to

generate a piezoelectric effect that is converted into an electrical output.

In order to convert mechanical motion into an electrical energy the majority of
present accelerometer sensors enclose a small masgositioned on top of a
piezoelectric microscopic crystal structusich, when stressed biertial forces, F,

generates a small electrical chardais electrical charge is generated as the location

of both negative and positivensare altered, building a spike sharge illustrated

further in Figure 2-10. A signatonditionerconvertsthe high impedance charge

output into a usable voltage sign@leevagan etal. 2014SEOAGSR A GKAY |
2LISNI GA2y L+t FNBIjdzSyOe NI y 3 STlawiokndtiod idz( LIdzi &
Equation (2.6), where the applied fordeis proportional to the acceleratioaand a

constant mase.
O ao (2.6)

Their application is broad and varied, stretching from monitoring seismic activity to

imbalance detection in motors and fans.

Applied Acceleration (a)

!

Housing
\ Mass (m)
s, B s
e oa—1
L e e e Signals
Piezoelectric > e -
Material I T I Loads

Figure2-10: Basic accelerometer construction, enhanced fdeevagan et al. 2014)

2.6.3 Acoustic Emission Monitoring

1 9Q& LIKSyY 2 YS ydpedKihc&tBe 1868sSwherditNuas first developed for
detecting cracks in pressure vessels. ARtignsient elastic waves generated by a

rapid release of strain energy prompted by damage or deformation from localised
a2dzNDSa 2y 2N g A (K IMathewkK 1983 FcrubySIBgFolloka & dzNJA
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1989 ASTM E13163a 2004 Miller et al. 2005) The generation of AE can be related
to numeroussources, including impagctsrack growth, turbulence, the movement of
dislocations, cyclic fatigue, leakage and cavitatidaiple, C. R and Carpenter 1987
Mba and Rao 2006)

¢tKSasS Stlradaado ¢ @Sa LINRLI IFGS | ONRraa GK
displacementvhich isthen measured by the AE sensor, not dissimilar in functionality

to the vibration sensors. AE sensors also employ the properties of a piezoelectric
crystal to transfer mechanical motion into electrical energy. Mat|ike an
accelerometer, AE sensors do not enclose a sprung mass, thus their sensitivity is able

to reach higher frequency ranges, ranging between 20&khktt1MHz.A classic AE
arrangement illustratd in Figure2-11, where anAE sensor is mounted on the
investigated structure to detect any displacement of the surface, thus converting any

tiny movement to an electric signal by the piezoelectric cryJtaé measured signal

is preamplified and thertransmitted to the mainnstrument, where it is filtered,

amplifiedand digitised

AE
Transducer
Signal
- Conditioner
- &
o— Event
Parametric Detector

Inputs

Computer
Data Storage

* * * Post-Processor

Figure2-11: Typical AE setufHuang et al1998)

For many years AE has been considered to be a primary candidate fdestrnctive
testing (NDT) examination or monitoring of structural failure or material faults and

has established extensive applications in these fields, as AE has the potential to
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06S02YS | a3t 20!l t ¢ (DoBA 1B NAfofdBandACArEeilNgeY S v (i
Qi 2000 Nair and Cai 20)0Advanced AE applications in modern days include
monitoring the structural health of bridges, vessels, aircrafts, microseismic activity
and other static structures where an intensification of AE activity is attributed to the
plastic deformation of materiaJscrack initiation and propagation along with other
possible sources determined by their applicat{dtase et al. 203, Zrivelli and Bland

2016)

A typical technique to simulate an AE source in a research facility or a laboratory
environment is by pencil lead break, which emits a transient wave from the source
usually referred to as the Haielson Source. When the lead is broken on an infinitely

large elastic body,propagation of elastic waves are formed in onef two
O2YLRySyda GKIG GNY @St Fft2y3 SAGKEN | &

0 NI yagdSNE S Figuiek 12 latNdompeeksidrbwaves reaches the surface of a

solid media, a further wave form may occur and is referred to as a surface wave or
Rayleigh wave as shown kigure2-13. In some defect cases such as scratches and
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Figure2-12: Forms of wave propagation in solid bodiBindorf 1981)
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Surface wave propagation
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Figure2-13: Passage of B&eigh wave (Rindorf 1981)

For AE sourcasvestigatedon a thin platetest specimer(Holland and Sachse 2006
Aggelis et al. 20)1the propagated waves in thfsrm of structure are calledPlate
or Lamb waves anthey existin two different modes symmetric Sandasymmetric

Ao mode also referred to extensional and flexural madespectively displayed in

Figure2-14.

Symmetric mode

Figure2-14: Lamb wave mode propagation in platesdaptedfrom (Rindorf 1981; Naumann 2016)

Travelling with differentvelocities, his is down to the fact that velocity of Lamb
waves, are dependent on plate thickness and wave frequethcy is typically found

in plate structures such as aircraft structur@$is phenomenon is defined as wave

dispersion(Torkamani et al. 2014)

The waves emitted at the source location are bulk waBesk acoustic waves can be
characterized in terms of three modal types of mechanical excitation. One of these is

acompressional wave, termed tHengitudinal bulk wave, that is polarized in the
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direction of the acoustic wave propagation vector. The other two wave components,
termstransverseor shear waves, have their vibrational modes (i.e., their

polarizationsperpendicular to the acoustic propagation axis (Campbell 1989).

Bulk waves are nondispersive, i.e., all waves have a constant veBglkywaves
attenuate quickly and can only be useful in very small specir(idaiier 202). As

the investigation for the intended research is on a test bearing rig and the acquired
AE data is from bearing housingsyich is themain difference as the structure in use

is a 3 dimensional piece of metdhus consideration of only bulk waves are to be
produced for the researclas lulk wavesare predominant in gears and bearings.

Demonstraion of the two types of bulk waves are seen in Figuib2

Direction of acoustic
wave propagation

#*

Fatticle displacement direction

(b)

Direction of acoustic
wave propagation

Farticle displacement
direction

Figure2-15: The two main types of bulk acoustic waves. a)thlekness shear modBustrating particle
displacement normal to the direction of wave propagation through the thickness ofytetal and b) the
longitudinal bulk mode illustrating particle displacement parallel to wave propagé&fiorso 2008).

Therefore differences in velocity, causing different arrival times at the sensor, can be
realised in the raw waveform of a pencil lead brefakgure2-16illustrates a recorded
example of an AE wavestream as a pencil lead is broken near an AE sensor.
Observations just after the initial peak, a following transient wave with a much higher
amplitude is recorded by the AE sensor. The arrival time variance gsttre two

peaks is very short, and it is possible to detect reflections of thadéle within a

waveform as it reflects from the boundaries of the material.
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Figure2-16: Example of an AE wavestream generated by a pencil lead break.

AdefecB &ASOSNRARGE Aa UGNryatlradSR FNRBY |y 19
recorded raw signal by the user, correlating any increatieeisignal features directly

with an increase in signal length and amplitude. preventunwatnedhits that may

not have any relationto the damage,a predetermined levethreshold or a Hit

Definition Time (HDTis set which enablesi KS &de&aiSyQa dzaSNJ (2
closure of an event or hithen store the signa®@ measured attributegUnnpo6rsson

2013) Within an AEaw signalthe most widely used parameters for signal features
analysis areAmplitude,Rise ime, Counts, Duration, anthe measured area under

the rectified signal envelopéMARSERIso known as energgounts describedin

Figure2-17.

Figure2-17: Description o& recorded AE signal featuresxtracted from(NDT Resource Center 2018)





















































































































































































































































































































































































































































































































