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SUMMARY

Highly-loaded low-speed roller bearings form crucial connections in offshore struc-
tures, such as heavy-lifting vessels, single-point mooring systems, and wind turbines.
In order to safeguard the integrity and reliability of these assets and their operations,
a quantitative methodology for condition monitoring of the bearings can be of
substantial value. To date, a number of assessment methods have been proposed to
for this purpose, e.g. based on strain, vibration, lubrication, and acoustic emission
(AE) monitoring. Despite their demonstrated potential for medium- and high-speed
bearings (>600 rpm), no notable success has yet been reported in the assessment of
low-speed bearings subjected to naturally-developing degradation. In this disser-
tation, a novel methodology for the analysis of damage-induced AE and inferring
the bearing condition has been proposed. Acoustic emissions in this context are
ultrasonic signals generated by the release of elastic energy in a material. In solid
media, these signals propagate as stress waves and can be recorded by dedicated
transducers.

A mathematical framework to describe the generation, propagation, transmis-
sion, and detection of transient ultrasonic waves in complex geometries has been
presented. An assessment of inter-component stress-wave transmission has been
performed utilising this framework. For a representative sheave bearing, results
indicate that a transmission loss in the order of 15 dB is to be expected in the amp-
litude of the AE waves for a single rolling contact arrangement. In conjunction with
a preliminary field trial regarding the ultrasonic background noise in representative
operational conditions, this evaluation has shown that it is feasible to detect damage
initiated AE signals from each of the rolling elements upon field implementations.

A waveform-similarity based clustering algorithm has been proposed for the
identification of damage-induced AE source mechanisms. Consistency in the source
mechanism is theorised to indicate gradual progressive failure, such as crack growth.
Through the descriptive framework, it has been shown that high similarity of the
recorded signal must be the result of high similarity in the emitted source. Additional
numerical verification of this assumptions on transfer path similarity has been
performed, confirming the equivalence derived from the descriptive framework.

A low-speed run-to-failure test was performed with a purpose-built linear bearing
segment, representative of the main bearing of a mooring turret, to assess the
performance of the clustering algorithm. Intermediate and final visual inspections
report the development of wear comprising erosion, surface roughening, pitting and
surface initiated fatigue. In independent analysis of the recorded AE signals, several
highly-consistent structures of clusters were identified over multiple measurement
channels. The nose raceway could be identified as the source of these structures
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of clusters, which matched the observed evolution of localised damage during the
inspections.

Based on the source-identified AE activity, a novel quantitative indicator has
been proposed to infer bearing condition. The bearing condition index (BCI) adopts
a value of 1 when the bearing is in good condition. The BCI drops in value as
the bearing degrades, as represented by a more significant detection of clusters of
similar AE signals within the normalised period of a load cycle over a multitude of
measurement frequencies.

Run-to-failure experiments have been conducted to assess the proposed BCI. Inter-
mediate and final inspections report the progressive erosion and surface roughening.
Additional lubrication samples collected during these inspections contained high
levels of particle contamination. A direct correlation between the AE hit-rate and the
particle contamination of the lubricant was observed. Utilising progressive scaling
based on cluster size, the excessive influence of lubrication contamination-induced
AE signals on the BCI could be reduced, while still providing a timely warning.

In review, it is concluded that the proposed methodology can effectively describe
the complex generation and propagation of AE due to damage evolution in highly-
loaded low-speed roller bearings. The developed clustering method has shown
to effectively identify patterns and trends in the AE signals at different stages
of degradation, and provide the basis for filtering out noise-related signals. The
formulated BCI can subsequently provide an intuitive indication of the condition
of a low-speed roller bearing in an in-situ non-intrusive manner. As such, the
methodology is believed to offer promising potential to contribute to the safe and
continued operation of the offshore energy infrastructure.



SAMENVATTING

Hoogbelaste langzaamdraaiende rollagers vormen cruciale verbindingen in afland-
ige constructies, zoals zware-last kraanschepen, enkelpunts-afmeersystemen, en
windturbines. Om de integriteit en betrouwbaarheid van deze objecten en hun
werkzaamheden te waarborgen, kan een kwantitatieve methodologie om de conditie
van deze lagers te bewaken van aanzienlijke waarde zijn. Tot op heden zijn verschil-
lende beoordelingsmethoden voorgesteld voor dit doel, bijvoorbeeld gebaseerd op
het bewaken belasting, trilling, smering en akoestische emissie (AE). Ondanks hun
aangetoonde potentieel voor gemiddeld- en sneldraaiende lagers (>600 rpm), is er
nog geen noemenswaardig succes gerapporteerd voor de beoordeling van langzaam-
draaiende lagers die onderhevig zijn aan natuurlijke degradatie. In dit proefschrift
is een nieuwe methodologie voor de analyse van door schade veroorzaakte AE en
het afleiden van de conditie van het lager voorgesteld. In deze context zijn akoes-
tische emissies ultrasone signalen die worden gegenereerd door het vrijkomen van
elastische energie in een materiaal. In vaste stoffen planten deze signalen zich voort
als spanningsgolven en kunnen zij worden opgevangen door speciale opnemers.

Een wiskundig kader om de opwekking, voortplanting, transmissie, en detectie
van lopende ultrasone golven in complexe geometrieén te beschrijven is gepresent-
eerd. Gebruikmakend van dit kader is een beschouwing van spanningsgolftrans-
missie tussen componenten uitgevoerd. Voor representatieve schijflagers wijzen de
resultaten erop dat een transmissieverlies in de orde van 15 dB te verwachten is
in de amplitude van de AE golven in een opstelling met een enkelvoudig rollend
contact. In samenhang met een inleidende veldproef aangaande de ultrasone achter-
grondruis in representatieve operationele omstandigheden, heeft deze beschouwing
aangetoond dat het haalbaar is om door schade opgewekte AE signalen uit elk van
de rollende elementen te detecteren bij toepassing in het veld.

Een algoritme voor clustervorming gebaseerd op golfvormgelijkenis is voorgesteld
om door schade opgewerkte AE bronmechanismen te identificeren. De consistentie
van het bronmechanisme wordt verondersteld te wijzen op geleidelijk toenemende
schade, zoals scheurgroei. Met behulp van het beschrijvende kader is er aangetoond
dat hoge gelijkenis van de opgenomen signalen het gevolg moet zijn van hoge
gelijkenis in de uitgezonden bron. Aanvullende numerieke verificaties van deze
aannames over de gelijkenis van het overdrachtspad zijn uitgevoerd, welke de uit
het beschrijvende kader afgeleide gelijkwaardigheid bevestigen.

Een duurtest tot falen is uitgevoerd op lage snelheid met een voor deze toepassing
gemaakt rechtvormig lagersegment, representatief voor het hoofdlager van een
afmeertoren, om de prestaties van het clustervormingsalgoritme te beoordelen. Bij
visuele inspecties, zowel tussentijds als achteraf, zijn de ontwikkeling van slijtage
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waargenomen, bestaande uit erosie, toename van oppervlakteruwheid, putvorming,
en vermoeiing van het oppervlak. Bij onafhankelijke analyse van de opgenomen AE-
signalen zijn enkele sterk overeenkomende structuren van clusters geidentificeerd
over meerdere meetkanalen. De dynamische loopbaan van het lager kon worden
geidentificeerd als de bron van deze structuren van clusters, welke verband houden
met de waargenomen toename van plaatselijke schade tijdens de inspecties.

Op basis van de AE activiteit waarvan de bron geidentificeerd is, is een nieuwe
kwantitatieve indicator voorgesteld om de staat van het lager uit af te leiden. De
lagerconditie-index (BCI) neemt de waarde 1 aan als het lager in goede staat verkeert.
De BCI daalt in waarde naarmate het lager degradeert, wat wordt weerspiegeld in
een aanzienlijkere waarneming van groepen van gelijkende AE signalen binnen de
genormaliseerde periode van een belastingcyclus over een veelheid van meetfre-
quenties.

Duurtesten tot falen zijn uitgevoerd om de voorgestelde BCI te beoordelen. Bij
tussentijdse en eindinspecties werden toenemende erosie en oppervlakteruwheid
waargenomen. Aanvullende smeermonsters die tijdens deze inspecties werden
verzameld, bevatten hoge niveaus van deeltjesverontreiniging. Een direct verband
tussen het AE-detectietempo en deeltjesverontreiniging van het smeermiddel is
waargenomen. Door gebruik te maken van progressieve schaling op basis van
clusteromvang kon de overmatige invloed van AE-signalen veroorzaakt door smeer-
middelverontreiniging op de BCI worden verminderd, terwijl nog steeds tijdige
waarschuwingen werden gegeven.

Resumerend wordt geconcludeerd dat de voorgestelde methodologie de com-
plexe generatie en voortplanting van AE als gevolg van schade-ontwikkeling in
hoogbelaste traagdraaiende lagers effectief kan beschrijven. De ontwikkelde clus-
teringmethode heeft aangetoond dat het patronen en tendensen in de AE-signalen
effectief kan identificeren tijdens verschillende degradatiestadia en de basis kan
vormen voor het filteren van signalen gerelateerd aan ruis. De geformuleerde BCI
kan vervolgens op een intuitieve manier een indicatie geven van de conditie van
een traagdraaiend lager op locatie zonder ingreep. Hierdoor wordt verwacht dat
de methode een veelbelovend potentieel biedt om bij te dragen aan de veilige en
voortdurende werking van de aflandige energie-infrastructuur.
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INTRODUCTION

The integrity of highly-loaded low-speed roller bearings is essential to the safe and
continued operation of the offshore energy infrastructure and its associated activit-
ies. Notable applications of these bearings include slew bearings of heavy-lifting
cranes (Figure 1.1a), turntables in single-point mooring systems (Figure 1.1b), and
nacelle-slew or blade-pitch bearings in wind turbines, and as such comprise both
installations for the oil and gas and renewables industry, as well as equipment sup-
porting the energy transition. In these offshore applications, bearings are subjected
to an unpredictable interaction of operational and motion-induced loading while
also suffering from the harsh seawater environment. This combination of high loads
and intermittent movement are generally unfavourable operational conditions from
the perspective of lubrication, as they may lead to a reduced or broken lubrication

™

Figure 1.1: Typical examples of highly-loaded low-speed roller bearings in the offshore
industry; (a) the offshore mast crane on deepwater construction vessel “Aegir”
containing a slew bearing to yaw the boom and sheave bearings to guide the
hoisting wire ropes, and (b) the single point mooring turret of “Aoka Mizu”
FPSO containing a toothless slew bearing to allow for rotation of the vessel
around the seafloor-fixed mooring chains. Courtesy of (a) Heerema Marine
Contractors, and (b) Bluewater Energy Services.
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INTRODUCTION

film, which has a significant impact on wear. Since these structures are held to the
highest standards of safety and reliability, due to the remote nature of the offshore
environment, assurance of the integrity of those critical roller bearings is of special
concern. Manufacturers’ standards prescribe regular inspections, typically on a
yearly basis or every few thousands running hours. Though only a limited range
of methods are defined to perform said inspections [1], [2]. For slew bearings for
example, these are lubrication sampling and analysis, tilting clearance measurement,
and visual inspection through endoscopy. For other bearings, these methods may be
expanded to full internal inspection, that requires disassembly of bearing in part
or in full. Other than in-line grease analysis, no monitoring methods are currently
recommended for low-speed roller bearings. In order to assure the integrity of these
large-scale low-speed roller bearings, more robust methodologies for their condition
monitoring are required.

1.1 FAILURE MODES IN BEARINGS

Development of wear in rolling element bearings is a complex process of mul-
tiple interconnected degradation mechanisms [3]. These may generally be grouped
into fatigue cracking, adhesive wear, and abrasive wear. Rolling elements that are
starved of lubrication, either due to improper maintenance or unfavourable oper-
ation, operate in a regime of high friction, and are thus particularly susceptible
to adhesive wear. The resulting surface degradation induces stress concentrations,
which could lead to pitting and micro-cracking. In contrast, sufficient lubrication
provides a regime of low friction, which under repeated loading inevitably leads
to subsurface crack initiation and the eventual development of spalls. In particu-
lar case-hardened raceways are susceptible to subsurface damage on the interface
between the hardened material and the softer substrate [4]. All of these degradation
mechanisms eventually produce debris particles, and together with particles that
may be introduced through improper maintenance, these act as the asperities that
initiate abrasive wear.

Regarding wear, in a critique on common experimental practice, Bhadeshia [4]
remarks that increasing contact stresses as a means to accelerate wear, likely influ-
ences the interaction of the interconnected degradation mechanisms, resulting in a
different damage evolution process compared to the nominal design life. A similar
remark may be extended to the common practice in bearing condition monitoring
research of introducing artificial damage, as such simulated damage does not cover
the interconnected nature of wear in rolling element bearings.

1.2 STATE-OF-THE-ART METHODS FOR CONDITION MONITORING OF LOW-
SPEED ROLLER BEARINGS

To monitor degradation in rolling element bearings, several techniques have been
suggested to date such as strain and vibration monitoring, lubrication analysis,
electrostatic monitoring, temperature monitoring, and acoustic emission monitoring
[5]-[8]. These techniques are reviewed for their potential to assess rolling element
bearings under the particular operational conditions of the considered applications.
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Most conventional in both research and practice are strain and vibration monit-
oring [9]-[11], which aim at detecting changes in the dynamic structural response
of the bearing due to possible defects or imbalance. Analysis focuses on detecting
cyclostationary frequencies, i.e. particular predefined frequencies associated with
damages in particular components of the bearing [12], [13]. As such, vibration and
strain monitoring are highly suitable for high-speed bearings with a consistent
operational profile. More complex methods to account for variable speeds have
been proposed [14], however, due to the limited change in the structural response
associated with defects in low-speed bearings, these methods suffer from severely
decreased detectability for the considered applications.

Lubrication analysis refers to a variety of techniques aiming to quantify the
composition of the lubricant, in particular with regards to solid contaminants, i.e.
wear debris. Typical means of analysis include spectroscopy, magnetic field detec-
tion, or filtration. Regarding effectiveness, a distinction is made between oil- and
grease-based lubrication. Successful implementations of lubrication monitoring have
been reported for oil-based systems [15]-[17], which may be attributed to the high
flow-rate in such systems, stimulating homogeneous distribution of contaminants
throughout the lubrication. For grease-based lubrication, i.e. the type of lubrication
in the considered applications, due to the higher viscosity and the associated pres-
ence of partially stagnant pockets of lubrication in between the different components
of a bearing, a more uneven distribution of the contaminants is encountered. As
such, the performance of lubrication analysis is considered strongly dependent on
the sampling quality [17], [18]. A final general critique with lubrication analysis
is the delay that exists between the formation of degradation, and the detection
of the resulting wear particles, giving rise to a period of increased abrasive wear
and unmitigated risks to structural integrity. In a monitoring strategy, lubrication
analysis seems to be most suited to the role of a complementary confirmation
technique.

Electrostatic monitoring refers to techniques aiming to detect electric charge
differences associated with surface interaction (e.g. contact charging), chemistry
(e.g. oxidation), and topology alteration (e.g. caused by cracking and wear debris)
[19]. A strong correlation to on-line lubrication monitoring is observed [20], [21].
The directional sensitivity of the sensor is strongly dependent on the distance to
the charged particles [22], limiting the detection of charged particles to a localised
zone directly in front of the sensor. The extension of these insights to possible
implementation in a low-speed grease-lubricated roller bearing suggests that electro-
static monitoring provides limited advantage over lubrication analysis. Furthermore,
when an integrated electrostatic monitoring system is considered, selection of the
right instrumentation points in a low flow-rate environment remains challenging.

Temperature monitoring refers to techniques aiming to detect variation in the tem-
perature of the different components of a bearing that may result from imbalance,
friction, or other damage mechanisms. While it requires relatively simple instru-
mentation, common critiques with temperature monitoring concern the difficulty
of interpreting changes for broadly varying operational conditions [23] and late
detection — typically demonstrated in comparison to vibration monitoring [20], [24].
Hence, the method is not considered suitable for assessment of low-speed bearings
in variable operational conditions.
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Passively generated acoustic emissions (AE) have been investigated for their
potential to detect early-stage degradation. AE refers to sudden release of energy in
a material when the microstructure of said material is irreversibly altered due to
damage (e.g. crack growth, or dislocation movement). The principle is graphically
represented in Figure 1.2. Various applications of AE for monitoring damage in
different fields have been reported so far, e.g. for the detection of fatigue cracks in
steel bridges [25]-[27], cracking and rebar corrosion in concrete structures [28]-[31],
and various degradation mechanisms in composite laminates [32]-[34]. This broad-
scope experience with AE techniques in other domains demonstrates a general lower
susceptibility of AE to operational and environmental conditions, high sensitivity to
different degradation mechanisms from early stages of development, and a typical
non-requirement of a baseline response. While these features are missing in the
state-of-the-art for non-destructive evaluation of low-speed roller bearings, herein,
AE offers the potential to bridge the gaps.

In roller bearings, AE signals radiate from the source event inside or on the
interfaces of rolling elements, propagate through the bearing components and
interfaces, e.g. between the rollers and raceways, and also partly through the
lubricant. They get reflected, scattered, and diffracted, and finally, if the waves
retain sufficient energy, they can be detected and measured on a surface that is
accessible for instrumentation. All while the local geometry of the rolling elements,
and possibly the attached sensors system, continuously shift in the operation of
the bearing, imposing a dynamic transmission path between the source signal
and detection thereof. This makes the analysis of AE signals in a roller bearing a
non-trivial challenge [35].

A comprehensive review of the state-of-the-art on condition monitoring of roller
bearings utilising AE methodologies is provided in the next section.

1.3 ACOUSTIC EMISSION MONITORING FOR CONDITION ASSESSMENT OF LOW-
SPEED ROLLER BEARINGS

The prior art on the application of AE techniques for bearing condition monitoring
seems to originate in 1969 with Balderston [36], who successfully demonstrated the
potential for detecting defects prior to failure in a laboratory environment. A decade
later, Rogers [37] pioneered the application of the technique on an asset in the field
— on the slew bearing of an offshore crane. In his paper, Rogers discusses one of the
primary challenges of interpreting field measurements; detecting no damage when
there most likely is none, defining the crucial intersection between a false alarm and
a missed detection.

In the subsequent decades other investigations have been reported, describing
experimental studies of AE bearing condition monitoring, each within their own
niche of operational conditions and targeted defect. Amongst these, of primary
interest is the combination of naturally-introduced damage and very-low speed
(<20 rpm), for which literature is limited due to the practical challenges associated
with developing the degradation. In some early studies, this problem is mitigated
by performing in-situ tests [37], [38], or by evaluating naturally pre-worn bearings
from industry applications in the lab [39]. A downside of these approaches, is
the loss of information on the progression on the damage, however, these studies
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Recorded AE signals

%
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Figure 1.2: Illustration of the acoustic emission phenomenon.

have successfully demonstrated a greater sensitivity of AE compared to vibration
monitoring at low speeds. In a field study, Mba et al. [38] observed that the recorded
waveforms are specific to the propagation path between source and receiver. And
Sako and Yoshie [40] identified naturally-developed flaking in a small-scale bearing
at speeds between 1-10 rpm. However, the induced damage was the result of
running for 98% of the lifetime at 400 rpm while overloading the bearing in the
range of plastic deformation. Liu et al. [41] applied cyclostationary frequencies
to evaluate a naturally worn bearing from a 15 year-old wind turbine at speeds
ranging o0.5-5 rpm, while using discrete/random separation-based cepstrum editing
liftering to amplify weak fault features from the AE signal. Finally, Caesarendra
et al. [42] studied the development of degradation in a run-to-failure experiment
lasting nearly 300 days, and identified a significant change in the bearing condition
through conventional AE features.

Regarding studies on naturally-induced damage at higher speeds (>60 rpm), Li et
al. [43] successfully differentiated between minor and major wear through evaluation
of waveform features. Elforjani and Mba observed a correlation between increasing
AE energy and the evolution of cracks and spalls in bearings [44]-[49] and made
an attempt to estimate the size of surface defects from the AE signal duration [50].
Elforjani also applied artificial neural networks to predict the remaining useful life of
a grease-starved bearing [51]. With further increasing speed, studies on applications
of cyclostationary techniques become of note [52]-[55], which also propose down-
sampling of continuous AE data to ease data handling [56]. The correlation between
AE energy and damage evolution and severity is further explored [57], [58]. Hidle
et al. propose a detector for subsurface cracks based on the pulse integration
method [59]. And in comparative studies also involving vibration monitoring, AE
demonstrates earlier damage detection [60] — particularly when combined with
spectral kurtosis [55], [61] — and fusion of vibration and AE data has shown to
increase the reliability with respect to either method separately [62]. Besides these,
k-means clustering of AE waveform features has been applied to identify crack
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initiation and propagation [63], a correlation has been observed between lubrication
film thickness and AE energy [64], [65]. Furthermore, in a fundamental study on
rolling contacts, a correlation has been reported between evolving surface damage
and the AE hit-rate [66].

Although experiments involving artificially-introduced damage are not considered
representative of those involving naturally-developed degradation, these studies
may still provide informative insights regarding the effectiveness of the explored sig-
nal processing techniques. Broad speed-range (10-1800 rpm) assessments have been
performed by Smith [10] and McFadden and Smith [67]. For very-low speeds (~1
rpm), later studies implemented classification through autoregressive coefficients to
differentiate between the unique transmission paths of several artificially-introduced
damages [68], and ensemble empirical mode decomposition with multiscale prin-
ciple component analysis [69] or multiscale wavelet decomposition [70] to identify
the damaged component through characteristic frequencies. The applicability of
multiscale wavelet decomposition was also demonstrated at a somewhat higher
speed representative of the main bearing of a wind turbine [71]. For a similar speed-
range (20-80 rpm), in comparisons between relevance vector machine (RVM) and
support vector machine (SVM), RVM was demonstrated to be effective at classifying
several damages in different components [72], [73]. In high-noise environments, both
artificial surface and sub-surface defects were identified by applying probabilistic
techniques (Gaussian mixture model) to differentiate between damage-initiated
energy and background noise [74].

With further increasing speed, again cyclostationary techniques are explored
for localised defects [75]-[77], with studies reporting improved early detection
through the application of short-time techniques [78], [79], spectral correlation
[80], and spectral kurtosis [81], and studies reporting improved performance in
a high-noise environment by applying self-adaptive noise cancellation [82], least
mean squares filtering [83]-[85], or wavelet based filtering [86]-[88]. Additionally,
machine learning techniques, such as neural networks, have been suggested and
implemented to identify characteristic defect frequencies from spectrograms [89],
[90]. Alternative to cyclostationary techniques, time-of-arrival-based localisation is
demonstrated for the detection of localised defects in static raceways [91], and the
fusion of AE and vibration based multi-feature entropy distance is proposed for
damaged-component identification [92]. In the same context the sensitivity of several
AE features to various operational conditions has been evaluated [93]-[96]. Also a
correlation between defect size and the AE burst duration and amplitude is reported
[97]-[100]. Synonymous to the burst duration, this correlation has been observed for
ringdown counts [101], and the time difference between double bursts as well [87],
[102]. Concluding, material protrusions above the mean surface roughness were
identified as the AE source mechanism of artificially-introduced defects [103].

Regarding lubrication contamination, literature typically describes experiments
involving highly-controlled contaminated lubrication samples, which should be
classified as artificial damage. However, the processes that generates the stress waves
from the presence of the contaminated particles may remain comparable to the one
for naturally-contaminated lubrication, provided that the contaminated samples
are sufficiently representative of actual contamination. Studies have shown that
the size, weight, and hardness of the particles are correlated to the amplitude of
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AE signals [98], [104]-[107]. Also, the number of particles seems to correlate to the
hit-rate of the contamination initiated signals [98], [104]. Besides these conventional
characterisation approaches, machine learning algorithms — such as sparse dictionary
learning [108] and a convolutional neural network [109] — have also been applied
in early-stage studies to differentiate between contaminated and uncontaminated
lubrication.

The prior art on AE bearing condition monitoring predominantly focuses on mid-
and high-speed bearings. Furthermore, naturally-developed degradation also seems
under-investigated. Particularly for this cumbersome combination, a framework
aimed at proper description and interpretation of the propagation and transmission
of AE source signals from different degradation types is needed and yet to be
proposed.

1.4 RESEARCH OBJECTIVES

This dissertation presents a quantitative methodology for condition monitoring
of highly-loaded low-speed roller bearings through passively generated acoustic
emissions, with a particular focus of such bearings that are commonly used in the
offshore industry. Specifically sheave bearings of heavy-lifting cranes and turret
bearings in the single point mooring systems of floating production storage and
offloading (FPSO) units are mentioned (Figure 1.1), which are illustrative for the
size and speed range under consideration. Sheave bearings are radial bearings
with a typical diameter in the order of half a metre, depending on the load they
may run at up to 40 rpm. Their operational profile consists of intermittent periods
of multiple rotations with varying speed in either direction. Turret bearings are
three-race bearings restricting both radial and axial loads. Their sizes vary within a
typical range of 8-30 metres, while they operate at a speed so low it is not effectively
communicated in revolutions per minute. Referring to the relative movement of the
outer ring compared to the inner ring, turrets bearings operate below speeds of
1 m-s™, gradually moving in either direction to mitigate the tides and wind, with
irregularities in those events superimposing a two-directional flutter.

From the review of the literature, it is clear that the combination of low-speed and
varying operation poses a challenge for the commonly applied techniques. Therefore,
an alternative is proposed that utilises two basic principles of acoustic emission; (i)
if consistently evolving damage is present, stress waves will be consistently emitted,
and (ii) the generation, propagation and transmission of stress waves are governed
by deterministic processes.

It is hypothesised that consistency in detection of similar AE signals indicates
consistency in an AE source mechanism, and that consistency in an AE source
mechanism indicates evolving degradation, such as crack growth. And also that
the shape of the recorded AE signal may be used to determine the approximate
origin of the signal. A first challenge for this approach may be the inter-component
transmissibility of the ultrasonic stress waves, as it governs whether AE sources may
be detectable at particular sensor locations. A second challenge for this approach
may be the presence of equally consistent sources of noise, which may obfuscate
the identification of degradation induced AE signals.
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Towards the development of the aforementioned methodology, the following
objectives are addressed in this dissertation:

1. Development of a framework to describe and analyse the propagation and
transmission of ultrasonic stress waves in bearing geometries.

2. Quantification of inter-component transmission of ultrasonic stress waves in
low-speed roller bearings.

3. Development of a framework to identify similarity in acoustic emission source
mechanisms.

4. Identification of probable degradation-induced acoustic emission signals in a
low-speed run-to-failure experiments at representative scales.

5. Development of a robust condition indicator for low-speed roller bearings.

1.5 STRUCTURE OF THE THESIS

The remainder of this dissertation is structured around three main chapters that
address the four objectives listed in the previous section. Chapter 2 introduces the
descriptive framework (Objective 1) and utilises it to assess the transmissibility of
ultrasonic signals in an unloaded static bearing (Objective 2) through an experiment
involving simulated AE signals. Chapter 3 expands on the descriptive framework
(Objective 1) and utilises it to propose the identification framework (Objective 3).
Subsequently the framework is applied to a run-to-failure experiment performed
with a turret bearing mock-up (Objective 4). Chapter 4 proposes the bearing con-
dition index (BCI) as an indicator (Objective 5), and applies this indicator to a
run-to-failure experiment performed with a pre-worn bogie wheel bearing from the
industry (Objective 4). Finally, Chapter 5 unites the separate parts in a review to
conclude on the progress made towards the goal of this dissertation, also denoting
recommendations for further research.



TRANSMISSION OF ULTRASONIC STRESS WAVES IN ROLLING
ELEMENTS

This chapter is reproduced from [110]:

B. Scheeren, M. L. Kaminski and L. Pahlavan, ‘Evaluation of ultrasonic stress
wave transmission in cylindrical roller bearings for acoustic emission condition
monitoring’, Sensors, vol. 22, p. 1500, 2022. DOI: 10.3390/522041500

ABSTRACT

This chapter presents an approach to experimentally evaluate transmission in low-speed
roller bearings for application in passive ultrasound monitoring. The results suggest that low-
to mid-frequency signals (<200 kHz), when passing through the rollers and their interfaces
from one raceway to the other, can retain enough energy to be potentially detected.

In condition monitoring of bearings using acoustic emission (AE), the restriction
to solely instrument one of the two rings is generally considered a limitation for
detecting signals originating from defects on the opposing non-instrumented ring
or its interface with the rollers due to the particular balance between transmission
and reflection of the signals [35]. In the present chapter, an analytical framework to
describe transmission and propagation of ultrasonic waves through the geometry
and interfaces of a roller bearing is introduced. Using this framework, stress wave
transmission in a sheave bearing — from one raceway through the rollers to the
other raceway — is experimentally investigated, making use of simulated sources.
Transmission coefficients are extracted from time-frequency representations of the
recorded waveforms. Tests are performed with a static bearing, as the dynamic
state of the considered bearings (<20 rpm) is quasi-static from the perspective of
stress wave propagation. Through these results, the feasibility of passive ultrasonic
condition monitoring of low-speed roller bearings by single ring instrumentation is
quantitatively evaluated.
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2.1 A FRAMEWORK TO DESCRIBE ULTRASONIC STRESS WAVE TRANSMISSION

The detectability of developing degradation on different components of a bearing
is governed by the transmission of elastic stress waves across the interfaces and
through the components of that bearing. To describe and quantify this transmission,
a framework is proposed to analyse the propagation of elastic stress waves in
complex geometries. This framework approaches propagation, transmission, and
detection of a signal as a series of transformations applied to the emitted source
signal. The notation is motivated by the work of Berkhout [111] and Pahlavan et al.
[112], [113].

Limited by the geometry of the assembled bearing and non-technical constraints
for possible consideration of disassembly, the simulated stress waves could not be
generated at internal locations, where degradation would be occurring in practice
(illustrated in Figure 2.1a). Instead, the proposed framework allows for extraction
of the transmission coefficients using simulated sources on the external surfaces of
the bearing (illustrated in Figure 2.1b). These coefficients are expected to provide a
conservative estimate of the feasibility.

Figure 2.1: Representation of the wave propagation paths, showing: (a) The propagation
paths associated with a natural sub-surface defect originating on the inner
raceway, and (b) the propagation paths as simulated in the experiment. In both,
the primary path is represented by a continuous line, and an alternative path as
a dashed line.

For stress waves propagating directly from the source on the inner raceway to the
receiver on that same inner raceway, the transmitted signal may be described in the
frequency domain as

A

Pri(spr,ss1, w) = Di(w)Wi(spr, scr, w)Wi(scy, ssi, w)S1(w) + Py. (2.1)

Wherein, Pj; represents the response recorded at the receiver located on the inner
raceway of the source emitted on the inner raceway, D the coupling transfer function
of the receiver on the inner raceway, W; the wave propagation function of the inner
raceway, S; the source function on the inner raceway, and Dy all neglected paths,
mode conversions, and scattering of the transmitted response, and the background
noise. Furthermore, s denotes a spatial location, e.g. the position of a receiver on
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the inner raceway (spr), a source on the inner raceway (ss;), and the contact point
between the roller and inner raceway (scy). Finally, w denotes the angular frequency.

In this formulation, wave propagation inside of the raceway is split into two
contributions, a part from the source to the roller-raceway contact spot sc;, and
the continuation from that spot to the receiver. Note that the wavelengths of the
dominant wave modes are generally larger than (or comparable to) the thickness
of the raceway, hence they are expected to propagate as guided waves. With wave
propagation only taking place along the raceway, the propagation function in the
raceway can be expressed as:

WI(SDI,SSI) ~ WI(SDI/ SCI)WI(SCI/ Ssz)- (2.2)

Stress waves propagating from the same source on the inner raceway to a receiver
on the opposing outer raceway may be described by

Por(spo, ssi, w) =Do(w)Wo(spo,sco, w)Tro(F, w)Wr(sco, sc1, w)
T]R(F,CU)W[(SC[, SSI,W)gj(w) + pN- (23)

Wherein, Po; represents the response recorded at the receiver located on the outer
raceway of the source emitted on the inner raceway, Do the coupling transfer
function of the receiver on the outer raceway, Trr, and Tro the transmission functions
for the interfaces between the inner raceway and roller, and the roller and outer
raceway respectively, and W, and Wy the wave propagation functions of the roller,
and outer raceway respectively. Furthermore, additional points in space are defined,
which denote the position of a receiver on the outer raceway (spp), and the contact
point between the roller and outer raceway (sco). Finally F denotes the contact force
between the roller and raceways.

This formulation uses a similar structure to Equation (2.1), for describing wave
propagation from source to contact point and from contact point to receiver. The
major difference in Equation (2.3) with respect to Equation (2.1) is the inclusion of
the transmission into, propagation over, and transmission out of the roller. Using the
similarity between Equations (2.1) and (2.3), a formulation may be established that
expresses the recording on the outer raceway as a transformation of the recording
on the inner raceway. For this, it is assumed that the receivers have similar transfer
functions, and that coupling variation is either negligible or accounted for in pre-
processing, such that Do ~ D;. Additionally, wave propagation in the raceways
is assumed to be comparable, i.e. Wi(spr1,scr) =~ Wo(spo,sco). Then transmission
from one raceway to the other is given by

Poi(spo, ssi, F,w) = Tro(F, w)Wr(sco,scr, w)Tir(F,w) Prir(spr, ssp,w).  (2.4)

AR

It shows that the relative amplitude A R is composed of transmission functions Tir
and Trp, and propagation through the roller Wg.

If attenuation of waves in the roller is considered to be reasonably small due to the
relatively short propagation path with respect to the wavelength (| Wr(sco, scr) |~ 1),
under the assumption of negligible phase shift, and transmission over the interfaces
is assumed to be independent of the propagation direction (Tro ~ Tjr), then repres-
ents about twice the value for transmission over a single interface in the dB-scale.
This quantity may be experimentally investigated.
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2.1.1  Simulated Acoustic Emissions in a Sheave Bearing

A cylindrical roller bearing of type F 566437.NNT by MTK Bearings was instru-
mented on the exterior of the inner and outer ring with standard piezoelectric AE
sensors. The bearing had been in service in a sheave of a 4,000 mT heavy-lifting crane
on a deep-water construction vessel. During the tests, the bearing was positioned
horizontally to omit self-loading with no external loads applied. These conditions
were used to obtain a conservative estimate of the worst transfer characteristics. A
picture and an illustration of the set-up are shown in Figure 2.2.

Ch2 - VS600-72
Ch8 - R3I-AST Ch4 - WDI-AST
Chl0 - R6I-AST Ch6 - RISI-AST

S1 S26

Ch7 - R3I-AST Chl  -VS600-72
Ch9 - R6I-AST Ch3 - WDI-AST

ChS - RISI-AST
(b)

Figure 2.2: The top view of the transmission test set-up, showing: (a) A picture of the
instrumented bearing, and (b) a to-scale illustration indicating the sensor and
source positions. Note that the roller positions in the illustration are purely
indicative, and unknown in the actual experiment.

The utilised type F 566437.NNT of MTK Bearings is a double row full complement
cylindrical roller bearing. It has an outer diameter of 500 mm, an inner diameter
of 360 mm, and a width of 175 mm. The inner ring is split in two segments of
half width. Both inner rings and the outer ring act as raceways. The two rows each
contain a compliment of 30 rollers with a diameter of 44.8 mm and a width of 55
mm. The rings and raceways are all made out of GCr15 bearing steel. It has the
respective static and dynamic load ratings of 6,200 kN and 2,800 kN.

A bearing segment of 30 degrees had been selected for source excitation to
guarantee the presence of at least two rollers within the segment. Pencil lead
breaks were performed in 45 regularly-spaced source locations on the inner and
outer raceway to excite stress waves. In accordance with ASTM-E9g76 [114], 10 Hsu-
Nielsen excitations were performed at each 5 mm spaced source location using 0.5
mm 2H pencil leads.

Transmission of the excited waves through the bearing components has been
recorded in the frequency range of 30-650 kHz. For this purpose, five types of
commercial piezoelectric AE sensor were used, i.e. (i) 30 kHz resonant R3I-AST, (ii)
60 kHz resonant R6I-AST, (iii) 150 kHz resonant R15I-AST, (iv) wideband WDI-AST,
and (v) 600 kHz resonant VS600-Z2. The first four (i-iv) have been sourced from
Physical Acoustics Corporation, and contain an integral pre-amplifier with a gain of
4o dB. The fifth (v) has been sourced from Vallen Systeme, and was amplified using
an external AEP5H pre amplifier set to the same gain of 40 dB. A Vallen Systeme
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AMSY-6 system was used to sample the detected waveforms with 40 MHz for both
feature- and transient-data whenever a 40 dB threshold was crossed. This sample
includes a 200 ps pre-trigger recording before the threshold crossing. No additional
digital band-pass filters were applied prior to storing the waveforms.

2.1.2  The Wavelet Transform

In order to estimate the frequency-dependent characteristics of wave propagation
of roller bearings, the recorded time-series were converted to the time-frequency
domain using the wavelet transform. The procedure for this transform can be
described as a series of cross-correlations with rescaled and translated versions of a
reference signal, i.e. the wavelet function. In the time domain this transformation is

defined as
wy(T,5) = /oo 11,[)* <t — T> x(t)dt. (2.5)

—o0 S S

Wherein, wy represents the wavelet transform of signal x(t) with wavelet function
P(t), and Pp* denotes the complex conjugate of the wavelet . Furthermore, T denotes
the translation of the wavelet function in time, and s the scale of the wavelet. In this

study a Morse wavelet is used [115]-[118], which is defined in the frequency domain.

The time domain representation of this wavelet is obtained using the inverse Fourier
transform,

1 [ . ‘
Ppy(t) = oy Lw ¥ “dw, (2.6)

with the Morse wavelet defined as

1 w >0,
Yoy (w) = agpPe ' x § 1 w=0o, (27)
0 w <0,
wherein
B/
e
ag, =2 <g> . (2.8)

In Equations (2.6), (2.7), and (2.8), ‘T’m and g, denote the respective frequency
and time domain representations of the Morse wavelet, with ag, representing
a normalising constant. Furthermore, e is Euler’s number, and  and y denote
the respective order and family of the wavelet, which control the low-frequency
behaviour and high-frequency decay.

This procedure transforms the time domain signal into the translation-scale
domain, which is synonymous with the time-frequency domain. To express the
former in the latter, one must first consider that translation space is representative of
the temporal space, such that t; = 7. Then, to express scale in terms of frequency, one
must consider that three meaningful frequencies may be defined for a wavelet; (i) the
peak frequency, where the wavelet amplitude is maximised, (ii) the energy frequency,
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where the centroid of the wavelet energy is situated, and (iii) the instantaneous
frequency evaluated at the centre of the wavelet, where t = 0.

Since each of these frequencies is considered to be a valid interpretation of the
frequency of the wavelet, a definite mapping of scale to frequency can only be
obtained if these three frequencies coincide. This is nearly the case for a Morse
wavelet with v = 3 [115]. As this is the family of Morse wavelet used in this study,
the wavelet frequency is approximated using the peak frequency, which is given by

1/
Wpy = <,[i> , (2.9)

in which wg,, denotes the peak frequency. Subsequently, the scale frequency is
linked to the peak frequency through the scale, as

ws = —1, (2.10)

wherein w; denotes the scale frequency.

For each sensor type a frequency window has been selected for which Equation
(2.4) is evaluated. Making reference to the same numbering as used before for the
sensor types, these window are (i) 30-55 kHz, (ii) 55-80 kHz, (iii) 80-180 kHz, (iv)
180-550 kHz, (v) 550-650 kHz. For each sensor pair on the opposing raceways,
the experimental relative amplitude is determined as the difference between the
logarithmic peak value of the first arrival of the windowed wavelet transformed
signals.

2.1.3 Correction for Coupling Variation

In pre-processing, a procedure for coupling variation correction has been implemen-
ted to compensate for possible differences in the coupling between receiver pairs
(as discussed with the assumptions under which Equation (2.4) holds). For each
receiver pair, assuming that the coupling variation predominantly manifest itself in
signal amplification variation (and not phase), a scaling factor has been applied to
the signals recorded on the inner raceway.

The scaling factors have been determined by comparing direct recordings at
fixed distances from each sensor on the outer raceway, to the corresponding direct
recordings on the inner raceway. The mean difference in logarithmic peak amplitudes
of the frequency-windowed time frequency representation of the signals determines
the correction factor.

Since only the relative amplitudes for each receiver pair are used throughout the
analysis, the signal amplitudes do not need to be corrected individually to obtain
absolute values.

2.1.4 QOverview of Transmission Processing Approach

An overview of the full processing procedure is included in Figure 2.3.
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Figure 2.3: Overview of the procedure for transmission data processing.
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For the combined 45 source locations, a total of 475 events have been recorded that
surpass the minimal requirement of being detected by at least three of the five sensor
pairs, each with a threshold of 40 dB. Out of these 475 events, 419 contain recordings
for all channels. The events that are not recorded by all channels, typically originate
from an outer raceway source, and miss a recording for one of the R15I-AST sensors,
due to an insufficiently low threshold for some of the weaker source excitations.
An overview of several recorded waveforms for a select few source locations is
presented in Figure 2.4 for outer raceway sources and Figure 2.5 for inner raceway
sources.

Time-frequency representations of the recorded waveforms are obtained through
the continuous wavelet transform. Herein, the used wavelet is a Morse wavelet
with ¢ = 3 (family) and B = 20 (order). The family has been selected to obtain
a unambiguous wavelet frequency, whereas the order has been tuned to obtain
sufficiently narrow frequency-localisation, while retaining ample time-localisation.
Slight adjustments to these empirically-tuned values are not expected to influence
the results of this study.

A randomly-selected event is illustrated in more detail to better explain the
processing procedure. This event originated from source location S22 on the outer
ring (indicated in Figure 2.2b by the mark directly right of S21). The time traces and
time-frequency representations for all five sensor pairs of this randomly selected
event are shown in Figure 2.6 (VS600-Z2), Figure 2.7 (WDI-AST), Figure 2.8 (R15I-
AST), Figure 2.9 (R3I-AST), and Figure 2.10 (R6I-AST). For the rest of this section
when the subfigures are mentioned, it is meant to refer back to those figures
collectively.
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Figure 2.4: Overview of recorded waveforms for several outer raceway sources. Each block
depicts a 250 ps sample of two waveforms that have been normalised with their
respective peak amplitudes.
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Figure 2.5: Overview of recorded waveforms for several inner raceway sources. Each block
depicts a 250 ps sample of two waveforms that have been normalised with their
respective peak amplitudes.
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Figure 2.6: Randomly selected event recorded by VS600-Z2 sensors, originating from a
source location S22, showing: the time traces recorded on the outer raceway (chzi,
top left) and on the inner raceway (ch2, top right), and the time-frequency repres-
entation of the recorded signals on the outer (bottom left) and the inner (bottom
right) raceways. The detected magnitude in the time-frequency representations
of the signals are indicated by the intersection of the dotted lines, the dashed
lines indicate the frequency range of interest (550—-650 kHz).
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Figure 2.7: Randomly selected event recorded by WDI-AST sensors, originating from a
source location S22, showing: the time traces recorded on the outer raceway (chs,
top left) and on the inner raceway (chg4, top right), and the time-frequency repres-
entation of the recorded signals on the outer (bottom left) and the inner (bottom
right) raceways. The detected magnitude in the time-frequency representations
of the signals are indicated by the intersection of the dotted lines, the dashed
lines indicate the frequency range of interest (180-550 kHz).
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Figure 2.8: Randomly selected event recorded by Ri5I-AST sensors, originating from a
source location S22, showing: the time traces recorded on the outer raceway (chs,
top left) and on the inner raceway (ché, top right), and the time-frequency repres-
entation of the recorded signals on the outer (bottom left) and the inner (bottom
right) raceways. The detected magnitude in the time-frequency representations
of the signals are indicated by the intersection of the dotted lines, the dashed
lines indicate the frequency range of interest (8o—180 kHz).
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Figure 2.9: Randomly selected event recorded by R3I-AST sensors, originating from a source
location S22, showing: the time traces recorded on the outer raceway (chy, top left)
and on the inner raceway (ch8, top right), and the time-frequency representation
of the recorded signals on the outer (bottom left) and the inner (bottom right)
raceways. The detected magnitude in the time-frequency representations of the
signals are indicated by the intersection of the dotted lines, the dashed lines
indicate the frequency range of interest (30-60 kHz).
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Figure 2.10: Randomly selected event recorded by R6I-AST sensors, originating from a
source location S22, showing: the time traces recorded on the outer raceway
(chg, top left) and on the inner raceway (ch1o, top right), and the time-frequency
representation of the recorded signals on the outer (bottom left) and the inner
(bottom right) raceways. The detected magnitude in the time-frequency repres-
entations of the signals are indicated by the intersection of the dotted lines, the
dashed lines indicate the frequency range of interest (55-8o kHz).

Initial observation of the time traces in the top subfigures show the odd channels
to detect the signal earlier and with higher peak-amplitude. These observations
indicate the source signal originates from the same ring the odd numbered channels
are located on, i.e. the outer raceway. As such, this event evaluates transmission
from the outer raceway to the inner raceway. It must be noted that this propagation
direction is opposing to the transmission explicitly denoted in Equation (2.4).

For the time-frequency representations of the signal recorded on the source side,
shown in the bottom left subfigure, the peak magnitude of the wavelet transform
within the considered frequency range is selected as the reference magnitude of the
source signal. This peak is indicated by the intersection of the dotted lines.

On the opposing raceway, shown in the bottom right subfigure, the reference
magnitude for the transmitted signal is obtained by selecting the peak magnitude
within the considered frequency band that occurs in the range of 50250 ps following
on the selected reference magnitude of the source signal. This selection is made
to avoid picking a maximum resulting from interacting reflections. This approach,
however, is not fault proof, as it may be susceptible to interacting arrivals from
different transfer paths of similar length. This effect is partly mitigated by averaging
over multiple source locations.

From the two selected reference magnitudes, the relative amplitude of the transmit-
ted signal is obtained by determining the difference between their logarithmic-scale
values.

A noteworthy observation may be that the detection of the peak magnitudes for
the WDI-AST type sensors, as shown in Figure 2.7, occurred at the lower end of the
selected frequency range. This may place the results for this sensor type closer to
the mid-frequency range, than the high-frequency range.

For each source excitation, on each source location, the same procedure is applied
for each sensor type. An overview of all relative amplitudes is shown in Figure 2.11.
In this figure the relative amplitude for each sensor type and transmission direction
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is depicted as an individual boxplot. Signal transmission from the outer to the inner
raceway, i.e. the direction of the selected example event, is indicated by the label
O-I, and presented on the right side for each sensor group. Signal transmission from
the inner to the outer raceway, i.e. the direction for which Equations (2.1), (2.3), and
(2.4) have been established, is indicated by the label I-O, and presented on the left
side for each sensor group.
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Figure 2.11: Overview of relative amplitudes for different frequency ranges and transmission
directions, where I-O refers to transmission from the inner ring to the outer ring,
and O-I to transmission from the outer ring to the inner ring. The shaded box
denotes the median and the range between the lower and the upper quartile,
the circles represent outliers, and the whiskers indicate the non-outlier minima
and maxima.

The results indicate that (i) transmission is most favourable in the range of 80-180
kHz (as recorded by R15I-AST), (ii) for this frequency range, a mean amplitude drop
of 2025 dB is to be expected, (iii) the general performance of WDI-AST resembles
R15I-AST, indicating consistent near mid-frequency selection from the broadband
window, (iv) for lower frequencies, mean transmission losses are slightly higher,
ranging between 25-30 dB, and (v) higher frequencies suffer from significant mean
transmission losses (>35 dB).

Increased transmission losses at higher frequencies are expected to be partly
related to non-negligible attenuation in the roller. For a frequency of 600 kHz the
wavelength is notably smaller than the diameter of the roller, which could give rise
to spreading and increased attenuation. Mid- and low-frequency results show that
the assumption of negligible attenuation is reasonable for this geometry below 200
kHz, representing wavelengths in the same order of magnitude as the diameter of
the roller.

Note that the presented transmission losses are in terms of the relative amplitude
Ag as defined by Equation (2.4), and thus include transmission into, through,
and out of the roller. Considering the aforementioned assumptions of negligible
attenuation inside rollers and directional independence, it may generally be stated
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the transmission loss for a single interface at mid-frequency is in the order of 10-13
dB.

Also, the presented relative amplitude has been obtained for a bearing in hori-
zontal position, thus without applied loading or self-weight. It is assumed that this
position provides a conservative estimate on transmission, when compared to a
loaded bearing in operation.

2.3 CONCLUSIONS

A framework to describe and assess the transmission of ultrasonic waves through
the geometry and interfaces of a roller bearing is presented. Combined with ex-
perimental data, this framework is used to quantify stress wave transmission from
one raceway, through a roller, to the other raceway. The experiments make use of
a statistically large sample of Hsu-Nielsen sources, and multiple AE sensors to
cover a frequency range from 30-650 kHz. Quantitative analysis of the recorded
signals suggests that (i) the transmission of AE signals through rollers and their
interfaces is potentially of sufficient strength to be recorded and distinguished from
the background noise, (ii) transmission is most favourable in the mid-frequency
range (80180 kHz), (iii) for mid frequencies, a transmission loss of 10-13 dB is to
be expected per interface, (iv) for lower frequencies, transmission is slightly less
favourable (12—15 dB per interface), and (v) for higher frequencies, transmission
degrades significantly (17—-20 dB per interface).

The presented study demonstrates the principle feasibility of single ring in-
strumentation in bearing condition monitoring, when rotation may be considered
quasi-static relative to stress wave propagation. However, since only static tests have
been performed, influences of dynamic effects on the ultrasonic noise are to be
assessed and quantified.



ASSESSMENT OF ACOUSTIC EMISSIONS DUE TO
NATURALLY-DEVELOPING DEGRADATION IN A LOW-SPEED
ROLLER BEARING

This chapter is reproduced from [119]:

B. Scheeren, M. L. Kaminski and L. Pahlavan, “Acoustic emission monitoring of
naturally developed damage in large-scale low-speed roller bearings’, Structural
Health Monitoring, vol. OnlineFirst, 2023. por: 10.1177/14759217231164912

ABSTRACT

This chapter presents an approach to identify naturally-developed degradation in low-speed
roller bearings using waveform-similarity-based clustering of acoustic emissions under
fatigue loading. The results highlight that the proposed cross-correlation-based clustering
of AE waveforms and identification of multi-channel formations in said clusters compose a
suitable methodology for assessment of damage in low-speed roller bearings.

In the present chapter, detection and identification of degradation-induced ultra-
sonic signals in low-speed roller bearings have been experimentally investigated. A
similarity-based clustering approach for the identification of consistent AE sources
is implemented for detection of consistent degradation modes (e.g. crack growth).
This approach is motivated by the notation that each recorded AE signal from a
particular degradation is defined by the convolution of the source signal, transfer
function of the propagation path, and transfer function of the utilised sensor, and
may thusly be used to identify consistent AE sources. It is applied to an experimental
evaluation of naturally developing degradation in a large-scale highly-loaded low-
speed roller bearing. First the framework and identification approach are discussed.
Subsequently, the test set-up, instrumentation and experimental procedures are
described. Through a discussion of the results of the run-to-failure experiment,
the framework and identification approach are evaluated. Finally the last section
provides the conclusions of this study:.
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ASSESSMENT OF AE DUE TO NATURALLY-DEVELOPING DEGRADATION IN A BEARING

3.1 THE IDENTIFICATION OF CONSISTENCY IN ACOUSTIC EMISSION SOURCE
MECHANISMS

Identification of developing degradation in rolling elements may follow directly
from the identification of AE source signals. In an idealised situation, instrumenta-
tion is situated close to the source of emission, i.e. where damage is evolving. There,
the recorded signal is nearest in form to the original source signal, and therefore,
the task of identifying the mechanism of emission is most apparent. In practice,
instrumentation on the raceway can typically not be realised, and therefore general-
isation to the external surface of a bearing — or the substructure — is necessary. This
generalisation is demonstrated analytically in this work. Experimentally, the concept
is applied to identify naturally-evolving damage in a bearing. A purpose-built linear
bearing is used in the experiment, as depicted in Figure 3.1, which is designed to
provide the ability to instrument both the raceways and substructure, to assess the
identification procedure for both instrumentation scenarios. Dimensions used in
this research are given in Table 3.1.
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Figure 3.1: [llustrations of the turret bearing test set-up (to scale, top section), showing; (a)
a cross-section of the bearing with component identifiers, and (b) a front view
of the bearing without the cover-plate. Indicated components are the roller (R),
the nose raceway (L), the support raceway (U), the nose substructure (B), the
support substructure (A), and the sensor arrays (D).
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For the rolling elements of a bearing, three main regions may be considered for
degradation-induced sources. Figure 3.2 illustrates these, which are, (a) subsurface
in the raceway, (b) subsurface in the roller, and (c) the interface of roller and raceway.
Evading the challenges of instrumenting a roller, the closest instrumentation could
at best be situated directly on the raceway. However, in practice instrumentation
on the raceway is often not feasible, and therefore sensors are often situated on the
support structure — further away from the source. The effect of this extra distance on
the transformation on the source signal, is discussed in detail for the three identified
cases. Herein the notation proposed in Chapter 2 is used, which was inspired by
work of Berkhout [111] and Pahlavan et al. [112], [113].
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Figure 3.2: Three alternative source configurations with primary transfer paths, showing;
(a) a subsurface source in the raceway, (b) a subsurface source in the roller, and
(c) a source on the interface between roller and raceway.

Considering a subsurface-crack that is propagating in the nose raceway;, as illus-
trated by Figure 3.2a, a recording from a receiver on that same raceway may be
described in the frequency domain as

pLL(SDL; SsL) = DLWL(SDL/SSL)gL + Py. (3.1)

Herein, P;; represents the recorded response at a receiver on the nose raceway
(L in Figure 3.1) of a source signal originating from the nose raceway, D; the
coupling transfer function of the receiver on the nose raceway, W; the propagation
function of the nose raceway, S the source function on the nose raceway, and Dy all
neglected paths, mode conversions and scattering of the transmitted response, and
the background noise. Furthermore, ss;, and sp;, denote points in space where the
respective source and receiver — both on the nose raceway — are located. Note that
in this chapter the denotion of the angular frequency (w) is omitted for conciseness.

That same source signal will also be transmitted over the interfaces, through the
roller, into the opposing raceway. If in transmission it retains sufficient energy to
surpass the ultrasonic background noise, and to be detectable by a receiver on that
opposing raceway, the recorded signal may be described by

Pur(spu, sst, F) =DuWu(spu, Tur) Tru(F)Wr (Tur, Tir) Ter (F)WL (TR, s51)S1
+ Py. (3.2)

Herein, Py represents the recorded response at a receiver on the support raceway
(U in Figure 3.1) of a source signal originating from the nose raceway, Dy; the
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coupling transfer function of the receiver on the support raceway, Wg, and Wy; the
propagation functions of the respective roller, and support raceway, and Trr, and
Tru the transmission functions for the interfaces between the nose raceway and
roller, and between the roller and support raceway respectively. Note that for the
transmission function the order of the subscripted domains implies directionality.
Furthermore, the additional point in space sp;; indicates the location of a receiver
on the support raceway, while I'rg, and I'yjr denote the boundaries that describes
the interface between the nose raceway and roller, and support raceway and roller,
respectively. Finally, F denotes the external force applied through the bearing.

The propagation and transmission captured in Equations (3.1) and (3.2) describe
cases where instrumentation may be realised close to the expected source location.
If this is not the case, sensors might be situated further away, and as in this case,
possibly on a substructure. Herein, a recorded signal on the substructure of the nose
ring essentially represents an extension of Equation (3.1), and may be characterised

by
Py (spp,ssi, F) = DeWg(spp, T1p) Tra(F)WL(Ts,851)S1 + P (3.3)

Herein, P represents the recorded response at a receiver on the nose substructure
(B in Figure 3.1) of a source signal originating from the nose raceway, Dy the coup-
ling transfer function of the receiver on the nose substructure, Wy the propagation
function of the nose substructure, and T} the transmission function for the interface
between the nose raceway and nose substructure. Furthermore, additional point in
space spp indicates the location of a receiver on the nose substructure, while I';p
denotes the boundary that describes the interface between the nose raceway and
nose substructure.

Similarly, a recording on the substructure of the support ring essentially represents
an extension of Equation (3.2), and this signal may be characterised by

Par(spa,ssi, F) =DaWa(spa, Tua)Tua(F)Wu(Tua, Tur) Tru (F)
Wr (Tur, Tir) Tor (F)WL(T LR, 8s1)SL + P (3.4)

Herein, P4, represents the recorded response at a receiver on the support sub-
structure (A in Figure 3.1) of a source signal originating from the nose raceway,
D4 the coupling transfer function of the receiver on the support substructure, W,
the propagation function of the support substructure, and Ti;4 the transmission
function for the interface between the support raceway and support substructure.
Furthermore, additional point in space sp 4 indicates the location of a receiver on the
support substructure, while I';;4 denotes the boundary that describes the interface
between the support raceway and support substructure.

When comparing the signals on both raceways, it may be noted the relative
difference between these signals is primarily the result of transmission through the
roller, as long as the propagation functions for the raceways may be considered
similar (W, ~ Wy;). The same holds for the relative difference between the signals
recorded on the substructures. The similarity of transmission into the substructure
(Trg ~ Tya) results from geometrical similarity of the interface. Furthermore,
propagation in the substructure is characterised by bulk waves, as for mid- to high-
frequency signals the wavelength is relatively short in comparison to the dimensions
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of the nose and support substructures. Therefore, assuming that the reflections do
not significantly interfere with the primary wave path, and excluding low-frequency
signals, propagation in the substructures could be considered similar (Wp a~ W,).

Under these assumptions, it is expected that the relative difference in the energy
retained by the signal when comparing Equations (3.1) and (3.2) is in the same order
as the loss for Equations (3.3) and (3.4), and for both this difference is primarily
characterised by the transmission through the roller. This specific pattern may be
used to identify the raceway as the origin of a source signal.

Alternatively, a sub-surface crack may be propagating in the roller, as depicted in
Figure 3.2b. For this source mechanism, the detected signals at the same four sensor
locations may be described as

Prr(spr,ssr, F) =DiWi(spr, Tir) Tre (F)Wr(TLr, ssr)Sk + Py, (3-5)
Pur(spu, ssr, F) =DuWu(spu, Tur) Tru (F)Wr (Tur, ssr) Sk + Py, (3-6)
Pyr(sps, ssr, F) =DsWg(spp, Trp) Trp(F)W(T1s, Tir) Tre (F)Wr(TLr, Ssr) SR
+ Py, and (3.7)
Par(spa, ssr, F) =DaWa(spa, Tua)Tua(F)Wu(Tua, Tur) Tru(F)Wr(Tur, ssr)Sr
+ Py. (3.8)

Herein, Prr, Pur, Per, and Pag represent the recorded responses at receivers on the
components identified by their first subscripts in Figure 3.1 of a source function on
the roller, denoted by Skr. Note Tx; represents the reverse directional form of Tigr.
Furthermore sgg indicates the location of the source signal.

Apparent for this source is the shift towards a more symmetrical set of equations,
in comparison to those for the source in the raceway. Regarding the transformations
that make up the primary transmission path, Equations (3.5) and (3.6), and Equa-
tions (3.7) and (3.8) show resemblance. The geometry contains a similar symmetry
in dimensioning, as depicted to-scale in Figure 3.1. This symmetry in primary
transmission paths is expected to provide a basis for identifying degradation in
rollers.

Lastly, for a source on the contact interface between the roller and raceway, as
illustrated in Figure 3.2¢c, that may be due to contamination of the lubricant, the
recorded signals may be described as

Prc(spr,ssc, F) =DiWi(spr, ssc) Ti (F)Sc + Pu, (3.9)
Puc(spu, ssc, F) =DuWu(spu, Tur) Tru(F)Wr (Tur, ssc) Tir (F)Sc + Py, (3.10)
Ppc(sps,ssc, F) =DsWg(sps, Trs) Tre(F) Wi (T, ssc) Ti (F)Sc + Py, and  (3.11)
Pac( F) =DaWa(spa,Tua)Tua(F)Wu(Tua, Tur) Tru(F)

Wr(Tur, ssc) Tir (F)Sc + Py. (3-12)

Herein, Pc, Pyc, Ppc, and Pac represent the recorded responses at receivers on the
components identified by their first subscripts in Figure 3.1 of a source function,
denoted by S¢, on the interface between the roller and nose raceway. Note T7; and
Tir represent the transmission functions for the interface source to the respective
nose raceway and roller. Furthermore sgc indicates the location of the source signal.

The resulting set of equations is characterised as being in between the sets with the
source signal in the roller or raceway, with the difference being how it incorporates
transmission through the roller.

SDA/,SSC,
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These three systems of equation show that from a combination of recordings
from two sensors, of which one on the nose ring and one of the support ring, the
component where the source signal originates from may be identified.

3.1.1  Sequential Waveform-similarity Clustering

To identify mechanisms that consistently emit elastic stress waves, such as crack
growth, consistency in the source signals must be sought for. Implementation of
this procedure is based on clustering signals by cross-correlation, which is defined
in the time domain as

(sixsi)(T) = /_ sj (t)s;(t — T)dt. (3.13)
Wherein, (s; xs;)(T) represents the cross-correlation of generic source signals s;(t)
and s;(t) for a specific time shift 7. Note that s* denotes the complex conjugate of s.

The similarity index may be obtained by taking the normalised absolute maximum
of the cross-correlation, i.e.

51*51)( )

\/sl*s (s;*5;)(0)

Herein, g;; denotes the similarity between source signals s;(t) and s;(t). Note that
the denominator of the fraction is composed of the product of the autocorrelations
of the individual signals evaluated at T = 0, and that the autocorrelation at zero
time shift is essentially the energy of the signal. The latter may also be expressed as

Gij = max (3.14)

(si%50(0) = [ I (.15)

The result of Equation (3.14) is a similarity value that is contained within the
closed interval [0, 1], where the extreme values represent the cases of exactly identical
or polar opposite signals (¢;; = 1), or no similarity at all (g;; = 0).

In line with Equations (3.1)—(3.12), the procedure for cross-correlation may also
be expressed in the frequency domain as

F [(sixsj) ()] = SiS;, (3.16)
with F [...] denoting the Fourier transform.

This cross-correlation is determined based on the emitted source signals, whereas
in monitoring, the recorded response at locations other than the source is obtained.
The source signal is the deconvolution from the recorded response, and may be
represented as

$; = 2:Y(sp,ss, F)P:(sp,ss, F). (3-17)

Wherein Z denotes the consolidation of all propagation, transmission and coupling
transfer functions on the primary path from generic source location sgs to generic
receiver location sp, and Z~! indicates its inverse. For a consistent source location,
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variation in transfer path Z can be assumed negligible for consecutive source signal
emissions.

Using this, the cross-correlation of source signals may also be expressed as
s g1, (zflp)* — 71 (zfl)* PP, (3.18)
] i ) i j y
Here the distributive property in convolution of the complex conjugate, and the
associative and commutative properties of the convolution, allow for reorganisation
of the cross-correlation into the convolution of the individual cross-correlations of
the inverse transfer paths and the recorded responses.

Also considering associativity with scalar multiplication, and Plancherel’s theorem
on the equivalence of the integral of a function’s squared modulus in the time- and
frequency-domain, the normalisation may be expressed by

$iS;
\/fjooo gz‘ 2dwffooo g] Zdw
z:! <Z]f1)* 151-15].*

= : (3.19)
Iz o g7 |27 o VB e [ [B e

The similarity is defined as the absolute maximum of the normalised cross-
correlation in the time domain. Therefore the inverse Fourier transform is used to
return to the time-domain. Herein, the convolution theorem allows for the separation
of the Z and P terms in separate inverse transformations, as

-1 SAiSA}k
18P dewo [ |8 dw
VIS8 deo [, 15
o Zz_l (Z]._l) *
Iz e g |2
Pipj*
x F (3.20)

P dw s \Pj\zdw

VI

with * denoting the convolution operator.

Under the assumption of near-identical transfer paths (Zlf1 ~ 7 ]fl), causality
imposes that the argument of the maximum cross/auto-correlation (i.e. the time
shift) of the inverse transfer paths is the same as the argument of the maximum
cross-correlation of the source signals and as the argument of the maximum cross-
correlation of the recorded signals. Since only the maximum is of concern for the
similarity index, the cross-correlation of the transfer paths may be omitted from
the equation, as the maximum of its normalised cross-correlation is equal to one,

29
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due to it being an auto-correlation in case of near identical transfer paths. Then the
similarity index may be expressed as

s?ﬁ;

VI (8 deo [ 18 deo

Gij = max F1

D.pr
~max | |[F! = J = (3.21)
VI P e [, 1By o
From the similarity between signals, the dissimilarity may be defined as
(51',]' =1- gi,j- (3.22)

This dissimilarity J;; represents the virtual distance in the clustering algorithm.

To identify structure in signal (dis)similarity, a particularly suitable approach
is agglomerative hierarchical clustering (AHC), of which implementations by Van
Steen et al. [29] and Huijer et al. [34] are illustrative. This bottom-up approach
links signals by increasing dissimilarity, to generate a dendrogram that shows the
connectivity of all elements of the dataset. From the dendrogram, clusters may
be obtained — amongst other procedures — by cutting the branches at a certain
dissimilarity threshold.

A downside of AHC — and many other clustering approaches — is the requirement
to have all of the data known at the beginning of the procedure, hindering on-line
implementation. Also the requirement to know the distances between all data points,
makes it less suitable for large data-sets. Alternative sequential, or incremental,
algorithms have been proposed, for which the general procedure is to compare each
new signal to the already formed clusters, and to assign said signal to either one of
those clusters or assign it as a new cluster [120]-[123].

A basic sequential clustering algorithm is implemented that is particularly aimed
at clustering highly-similar signals. The following procedure is adopted: In order of
detection, each signal is first compared to all already identified clusters — in case
there are none yet, this step is omitted. If the dissimilarity between the evaluated
waveform and any existing cluster is lower than a predetermined threshold, the
waveforms gets associated with the cluster of lowest dissimilarity. If no cluster of
sufficiently-low dissimilarity is identified, a second comparison to the sample of
other non-clustered waveforms takes place. If in this second comparison a sufficiently
low dissimilarity is observed, the waveforms with the lowest similarity will together
form a new cluster. If in no comparison the dissimilarity threshold is met, the
evaluated waveform gets assigned to the sample of non-clustered waveforms. This
procedure is graphically illustrated in Figure 3.3.

To reduce the computational burden, only a limited sample of waveforms is
compared for each cluster and for the non-clustered waveforms. In case of the
latter, a moving window is utilised that only considers the last 250 signals that were
assigned non-clustered. The reasoning being that more recent signals are more likely
to meaningfully correlate to each other. The same reasoning has also been used
to implement a procedure that declares clusters as dormant after 250 consecutive
unsuccessful comparisons, to eliminate needless comparisons to a significant portion
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Figure 3.3: Overview of the procedure for AE signal clustering.

of insignificant clusters composed of only a few hits. Clusters larger than 50 hits
are excluded from the dormancy check. For each cluster, a sample of up to nine
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