Ultrasonic Resonance Approach to Measure Rolling Element Bearing
Raceway Films In-Situ: A Practical Approach

W. Gray*, R. S. Dwyer-Joyce

The Leonardo Centre for Tribology, The University of Sheffield, Sheffield, United Kingdom, S32 3ZA

Keywords: Oil lubrication, Bearing, Starvation, In-situ measurement

Abstract

The lubricant film adhering to a bearing raceway is the primary contributor to developing an adequate inlet meniscus
to avoid starvation and thus premature wear. This paper shows that lubricant films adhering to the raceways of
rolling element bearings are measurable via an in-situ ultrasonic resonance technique, that is applicable to fully metallic
bearings. This work first validates the measurement of free-surface oil films on bearing steel using the ultrasonic
resonance method before applying to a fully metallic, cylindrical roller bearing. Practical considerations are discussed
to optimise the measurement range and accuracy, and limitations are highlighted. Quantifying a dynamic raceway film
into single thickness measurements is discussed, and two oils with a magnitude difference in viscosity are compared.

1 Introduction

Rolling element bearing contacts operate within the elas-
tohydrodynamic (EHL) regime (1), and an exhaustive lit-
erature has developed studying the EHL film thickness
(2, 3). Much of the early EHL work was completed by
Dowson et al. (4,5, 6,7, 8,9, 10) who developed equations
to model EHL central and minimum film thickness, and
assess how parameters such as load, speed, oil viscosity,
bearing materials and inlet fill affect these film heights.
It is known that the EHL inlet conditions, in particular
the viscosity and quantity of lubricant available, are the
primary governors of contact conditions (11, 12).

In classical EHL theory, it is assumed a contact always
has ample lubricant supply, and therefore is fully flooded
(9). However, this has been shown an inaccurate assump-
tion in single contacts (13, 9, 14) and in full operating
bearings with modified transparent raceways which allow
the oil distribution to be monitored (15, 16). This finite
inlet volume of oil, if inadequate, will lead to starvation.
The authors here define starvation as the reduction in EHL
central film thickness, when compared with the theoretical
value, due to a lack of lubricant supply at the inlet. Grease
lubricated bearings are known to operate for the majority
of their lifetime under starved conditions (17, 18).

Within a rolling element bearing the inlet film to a con-
tact is made up of that adhering to the ball/roller and that
adhering to the raceway, as shown in Fig. 1. The distance
from the contact centre to where these two films meet is
the inlet meniscus, denoted as s. The roller film is deter-
mined by the rupture ratio at the outlet from the previous
contact. When in pure rolling, there is a 50-50 split of the
oil film onto the roller and raceway at the outlet (19, 20).
However, EHL films are typically sub-micron, meaning so
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Figure 1: Schematic of the raceway and roller films joining
to form the inlet meniscus to a rolling element bearing
contact.

too is the roller film. Thus, the majority of the inlet film
is fed by the lubricant adhering to the raceway surface.

Damiens et al. (21) investigated starvation in ellipti-
cal contacts experimentally, analytically and numerically,
based on the work of Elrod (22), Moes (23) and Cheva-
lier et al. (14). Findings showed that oil side leakage was
reduced with increasing ellipticity, suggesting that bear-
ing form (ball, cylindrical, spherical) can have different
lubrication phenomenon.

Numerous studies have controlled contact starvation
through altering the thickness of the oil film entering
a contact, which essentially models the raceway film
(14, 21, 22, 24, 25, 26, 27). van Zoelen et al. (28) inves-
tigated oil distribution on a deconstructed raceway film
without rollers, and found that distribution altered be-
tween bearing types when investigating both tapered and
spherical raceways, with non-symmetrical distributions.



Chen et al. (15) and Chennaoui et al. (16) observed race-
way distribution, but again on modified bearings. All of
these works are optical in nature which limits them to a
laboratory. Pramod et al. (29) used a modified capac-
itance method to calculate the inlet meniscus position,
again which is governed by raceway films. Although, this
method is aimed at measuring contact films, with an in-
let condition change being a cause, not the measured ef-
fect. There are currently no other published techniques
for measuring/assessing raceway thickness within metallic
bearings that would be suitable for a laboratory or field
setting.

In the last two decades ultrasonic sensors have been
gaining momentum as an alternative technology to mea-
sure bearing lubricant conditions (30, 31, 32). This is due
largely to their low cost, simplicity, and ability to propa-
gate waves through solid and liquid media, meaning direct
contact access is not required, enabling true in-situ mea-
surements.

Ultrasonic reflections from thin films, that is a film thin-
ner the ultrasonic wavelength, are enriched with informa-
tion on the film thickness. Bearing contact measurements
are difficult due to the spatial resolution of the sensors
which means the Hertzian contact zone being smaller than
the measurement area (33, 34).

However, the film adhering to the raceway, which makes
up the majority of the inlet meniscus, is a much larger tar-
get, greater than the spatial resolution of ultrasonic sen-
sors on larger bearings. When an oil film is within the
magnitude of a quarter of the ultrasonic wavelength, de-
structive interference within the film causes a resonance
phenomenon, the frequency of which, if measured, relates
to the film thickness. The fundamentals of this resonance
approach were conduced by Haines et al. (35) and Pi-
alucha et al. (36, 37).

The resonance approach has been used to measure
plate coatings (38, 39, 40), journal bearing thick films
(41, 42, 43, 44), condensing water films (45, 46) and labo-
ratory based surface films (47). There are three perquisites
for the measurement of an intermediary layer thickness (i)
the layer is within the resonant frequency range (typically
50um to 500pum depending on the frequency of the sensor)
and two given by Pedersen et al. (45); (ii) the layer has a
significantly different acoustic impedance to both bound-
ary media (iii) the layer is of planar thickness over the
measurement area.

In previous work by the authors of this paper (48), ul-
trasonic sensors were successfully used to measure inner
raceway lubricant thickness of an NU2244 bearing in-situ,
using a acoustic resonance approach. This proved that the
layer fully met the criteria (i) and (ii) and that the race-
way films were stable enough that resonant frequencies
were still detectable. This paper builds upon the previous
work by fully validating the measurement of surface films
by acoustic resonance methods on bearing like materials,
exploring the practical post-processing limitations of the
method, and developing a way to quantify raceway film
thickness in-situ, across the rolling axis, allowing lubri-

cant distribution leading into a contact to be appreciated.

2 Experimental Test Equipment

2.1 Cylindrical Bearing Test Rig

Fig. 2 shows the bespoke cylindrical roller bearing (CRB)
test rig used for this work. A detailed description can be
found by Howard (33) who developed the rig for his the-
sis. The rig houses a shaft mounted NU2244 cylindrical
roller bearing, which is representative of a CRB that sup-
ports a low speed shaft in a 2.5MW — 3MW wind turbine
gearbox. The bearing has a bore diameter of 220mm, a
mean diameter of 310mm and has fifteen cylindrical rollers
of 54mm diameter and 82mm length. During testing the
inner raceway remains stationary, the outer raceway be-
ing belt driven up to a maximum of 100 revolutions-per-
minute (rpm). This setup is to specifically test a bearing
within a wind turbine epicyclic gearbox which operates in
this manner. However, the measurement technique pre-
sented in this work is applicable outside of the wind tur-
bine industry, and there is no detrimental impact of this
setup as the necessary bearing rotation is still present.

A hall effect sensor monitored the rotation of the outer
raceway of the test bearing whilst a purely radial load was
applied to the shaft via two linkages. Load cells within
each linkage gave load feedback. A single k-type thermo-
couple was bonded on the inner bore of the inner raceway,
at a position next to the central ultrasonic sensor. Only
one thermocouple could be used due to space restrictions
limiting cable access. This sensor was used to determine
the in-situ lubricant temperature for acoustic-velocity cal-
culation.

During oil testing a hydraulic pump fed lubricant be-
tween the raceways, at 60° from the bottom-dead-centre.
A scavenger pump was used to collect and recirculate this
oil feed so that the bearing had a constant lubricant sup-
ply. A pressure transducer in the inlet to the oil pump
ensured there was lubricant flow during testing. The load,
rotational speed and oil pump were all controlled through
a LabVIEW interface.

The rig design intention was for the bottom, heavy
loaded region to be flooded with oil to provide advanta-
geous lubrication conditions for the contacts in this region.
In actuality, as the rollers rotate they wade through the
oil creating wedges, and recirculation is still needed from
the outlet of one roller contact to the inlet of the next.
The effect is more pronounced at higher bearing speeds
and it means fully flooded conditions cannot be assumed.
However, some level of beneficial side-flow can be assumed
to be present.

As the inner raceway remains stationary, this raceway
was chosen for instrumentation to simplify the cabling.
Fig. 3a shows an array of ultrasonic sensors along the in-
ner bore of the inner raceway of the test bearing. Sensors
were a bespoke instrumentation made of ‘bare’ piezoelec-
tric ceramics cabled and potted, as described in the au-
thors previous work (48). By having seven sensors, the
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Figure 2: Cylindrical roller bearing test rig (a) schematic (b) photograph, taken from (34).

film could be monitored at discrete points along the rolling
axis. More sensors could not be included due to cable
space limitations.

Fig. 3b shows the ultrasonic pulser-receiver (UPR) sys-
tem used to take the ultrasonic measurements. The UPR
was used to both excite sensors and record the data en-
riched reflections in a pulse-echo format. A digitiser and
buffer were used to digitally store the reflections. Control
of the ultrasonic UPR system was done using a LabVIEW
interface. The UPR excited sensors sequentially at a rate
of 9kHz per channel. As the pulse rate is so high it is
assumed a near instantaneous measurement across all ac-
tive sensors. The digitiser sampled reflections at a rate of
100MHz.

A series of short 10s tests were completed. These were
performed from unloaded to 600kN of pure radial load ap-
plied in steps of 100k NV, and at speeds of 20rpm to 100rpm
in 20rpm increments. Incorporating the bearing size, this
calculates as 6,200nd,, to 31,000ndy,.

2.2 The KOVOT Rig

The Known Oil Volume Test Rig (KOVOT) was devel-
oped to validate the ultrasonic resonance method of free
surface oil films. The purpose of the rig is to perform as
an extremely well dimensioned oil bath, of a theoretically
known volume. When a lubricant, of known density and
volume, is deposited into the bath, the film thickness can
be calculated from the dimensions of the rig. The layer
thickness can then be measured using ultrasound, and the
resonance approach validated against the known thickness.
Additionally, a wet film comb gauge can be used as an
extra measurement method. Fig. 4 shows a schematical
representation of the KOVOT, and the raceway film it is
intended to model.

Six ultrasonic sensors were instrumented to the under-

side of the base plate, as shown in Fig. 4. Four were at
90° separations, and two were located at the plate centre.
When the oil layer was stabilised, so long as the plate was
accurately levelled, the readings from all locations should
be the same. These were controlled to take ultrasonic
measurements of the oil film using a Picoscope-Optmux
ultrasonic pulser-receiver data acquisition kit, controlled
via a LabVIEW interface on a laptop personal computer.
Red T symbols represent k-type thermocouples which were
present to monitor temperature during testing.

The intention of the rig was to simulate resonances
in lubricants on a bearing raceway. The base plate,
upon which the oil layer sits and through which ultra-
sonic waves travel, was manufactured from EN31 bear-
ing steel, heat treated to T95HV20 with just a 1.27%
hardness difference from the NU2244 bearing. The base
plate thickness, a crucial dimension as it determines the
set path length of the ultrasonic signal, was measured
as tplate = 19.50mm £ 0.007mm, and therefore agreeable
with the raceway tolerance. The roughness of the lubri-
cant face side of the test plate was investigated using an
optical InfiniteFocus SL Alicona, and measured as mean
Ra = 0.287um + 0.020pum. To ensure the levelness of
the test plate during testing, a CG60 Cromwell Circular
Level, bullseye style gauge was used in combination with
a digital a Laseriner MasterLevel Box Pro. The base was
deemed level when perpendicular axis readings of 0.00°
were achieved.

During tests ultrasonic readings where taken during film
thinning and of the stabilised layer. Once the lubricant
film had stabilised, the theoretical film thickness was cal-
culated from a simple volume by area equation:

hg =V/A (1)

where V is volume in m® = ml x 10~% and A is area calcu-

lated as A = 7D?/4. When the oil film had been allowed
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Figure 3: (a) & (b) Roller bearing inner raceway with a row of ultrasonic piezo elements instrumented on the inner,
non-contact face (c¢) Schematic of ultrasonic pulser-receiver linked with instrumented bearings, adapted from (33).

to fully stabilise, the film height could also be assessed us-
ing a wet film comb gauge, as shown in Fig. 5. The film
height is measured as the average between the last wet
tooth and first dry tooth. Fig. 5¢ shows schematically a
reading of 262.5um £ 12.5um.

2.3 Lubricant Properties

Three oils were used in this work. The VWR Awantor
calibration oil 85095.260 (85095.260) is a standard low
viscosity calibration oil used, used for the bench top ex-
perimental work. Hyspin VG32 (VG32) and Alpha SP 320
(VG320) are machine oils with an order of magnitude dif-
ference in viscosity. Key parameters are shown in Table 1.
The acoustic velocity relationship was determined through
measuring the time-of-flight of an ultrasonic signal over an
oven controlled temperature ramp, as described in (49).

3 The Ultrasonic Resonance Technique

The measurement of lubricant films within rolling element
bearings inlet region is discussed by the authors Gray &
Dwyer-Joyce (48) in which a detailed explanation of the
ultrasonic principle is applied. Here, a brief summary of
that explanation will be given and built upon.

The acoustic impedance z of a material, a product of
its density p and acoustic velocity ¢, signifies the abil-
ity of mechanical wave to transmit. Materials with low z
values suffer from high attenuation, and so wave ampli-
tudes quickly diminish. When a wave strikes a boundary
between two materials with different acoustic impedances,
part of the wave is transmitted and part is reflected. Equa-
tion 2 determines the reflection coefficient R, which is the
proportion of wave amplitude reflected when compared

with the initial wave amplitude.

rR=2_2 2)
zo+ 21

Subscripts 1 and 2 denote the materials either side of
the boundary. The greater the mismatch the more re-
flection occurs, for example between steel (zgpee; = 4.7 X
107kg/m?s) and air (244 ~ 0.4 x 10%kg/m?s) a majority of
wave energy would be reflected, Rgieei—qir = 0.9999872 ~
1. However, Equation 2 assumes material bodies long
enough that the wave can fully form and propagate. When
boundaries exist close together, within a proximity less
than an ultrasonic wavelength, waves overlap and the in-
dividual boundaries act as a single point of reflection. The
reflected wave is then a summation of the constructive
and destructive wave interferences between boundaries.
Fig. 6a shows a two-boundary system of a solid steel layer,
an oil layer and an air layer.

The p;, pr and p; represent the incident, reflected and
transmitted pressure waves respectively. The p, wave rep-
resents the wave transmitted from the steel-oil bound-
ary and p, the wave reflected from the oil-air boundary.
Kinsler et al. (50) explains that transmitted and incident
waves across a boundary are always in phase regardless
of acoustic impedances at a boundary. Also, when a wave
travelling through an acoustically soft material reaches the
boundary with an acoustically harder material z; < 2z
the reflected portion of the wave is still perfectly in phase
with the incident wave. However, when z; > 25 the re-
flected wave is 180°out of phase with the incident wave.
Referring to Fig. 6a, as there is an impedance gradient as
z1 > 29 > 23, the p, and p, waves are inherently 180°out
of phase. However, this phase change is also dependent
on the distance between the steel-oil and oil-air bound-
aries i.e. the thickness of the middle layer. Because of the
phase difference causing destructive interference of waves
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Figure 4: Schematic of the KOVOT rig, and the model representation of a lubricated raceway. The red T symbols show
where thermocouples are temporarily bonded during testing. A picture of the instrumented underside of the base plate

is also shown.

within the middle layer, Haines et al. (35) showed that
when z7 > 25 > 23 the middle layer resonates at odd inte-
ger multiples of the fundamental frequency (fo, 3f0, 5fo,
etc.). The case of the complex reflection coefficient from
a dual-boundary as in Fig. 6a, in terms of pressure, was
given by (51):

Ros3 + Rgf{m h)

R=——=_
1+ RmR%mzh)

3)

where Rio and Rz are the reflection coefficients at the first
and second media boundaries. as is a coeflicient referring
to the second medium, defined as:

ag =ko +1if (4)

where 3 is the attenuation coefficient and co is the wave
velocity through the middle layer, k5 is the wave number

calculated as: on f
™
ko = — (5)
2

where f is frequency and cs is acoustic velocity in the
second medium. Although Equation 3 is complex, incor-
porating amplitude and phase, Haines et al. (35) gave an
equation for the real, amplitude portion:

(Roz + Rize™2P")2 — 4R15 Roge~2%" sin? koh 1'/°

R =
| | (1 + R12R236_2f6h)2 — 4R12R23€_2[3h sin? koh

(6)
Fig. 6b shows the modelled real amplitude portion of the
reflection coefficient calculated from Equation 6 for four
different oil film thicknesses. The resonant frequencies are
calculated by the following:

(2n 4 1)co

2 Vfo=——"" 7
(2n+1)fp = L 7)
where n is any integer value (n = 0,1,2,3,...). At these
particular frequencies, p, and p; interfere to create a short
duration standing wave, greatly reducing the amplitude of
pr. This is then observed by a drop in the reflection coeffi-



Table 1: Lubricant properties.

Oil Viscosity at 40°C, cSt Viscosity at 40°C, cSt Acoustic Velocity, m/s
85095.260 2.9 24 1502.6-2.7817T
VG32 32 5.3 1531.3-3.4270T
VG320 328 24 1576.3-2.9586T
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Figure 5: a & b show pictures of the comb gauge being
dipped into a stationary oil layer. Oil is present on the
250pm tooth but not the 275um tooth, giving a reading
of 262.5um £ 12.5um. A schematic representation is given
in c.

cient. The first of these resonances is the fundamental fre-
quency, fo. To find the relationship between fundamental
frequency fy and film thickness, Equation 5 is used with
f = f,, multiplied by the thickness of the middle body h,
and equalled to the phase change when n = 0:

@h:@n+ng

C2nfoh ow (®)
. Co - 2
And so: o
h= 17, (9)

Swapping ¢z for terms in the general wave equation ¢ = Af
into Equation 9 shows that the middle layer resonates at
its fundamental frequency when its thickness is a quarter
of that of the ultrasonic wave:

A
h=— 10
- (10)
This resonance occurring in media at a quarter of the in-

teracting wavelength is seen in other wave interactions,

such as coupling piezoelectric elements to water and air
(52), and coupling ultrasonic matching-layers with metals
in ultrasonic viscometers (53).

Equation 9 shows that h « 1/f, and so the thicker
films have smaller fundamental frequencies and thinner
films have larger fundamental frequencies. This is shown
in Fig. 6b, which compares model data of films between
1pm and 200pm. The 1pm film shows no detectable reduc-
tion in R across the presented frequency spectrum, demon-
strating that there is a lower limitation of the resonance
method. In reality, a resonance would occur if the layer
could be excited by a high enough frequency, but an in-
creased frequency leads to more attenuation, and thus a
diminishing reflection amplitude.

The 20pum fundamental frequency occurs at =
18.75MHz. The thicker films have lower fundamental fre-
quencies; for the 200um film fy; ~ 1.8MHz, and further res-
onant dips are seen within the shown frequency spectrum
at approximately 5.4, 9, 12.6MHz which are the higher
order odd harmonics. For a metal-lubricant-air contact,
resonances occur at odd integer multiples of the funda-
mental frequency due to the acoustic impedance gradient
of the materials.

When practically measuring resonant frequencies, it can
be difficult knowing which harmonic is detected if only one
dip is present within the sensor bandwidth. However, if
multiple resonances are detected, knowing the frequency
difference is Af = 2f, between harmonics, the following
relationship can be made where Af is the mean measured
frequency difference between dips:

h=-2 (11)
2Af
This can be a much more practical measurement approach,
especially with a limited frequency bandwidth.

3.1 Acoustic Velocity Calibration

Equations 9 and 11 show that the thickness measurement
is dependent not only on the measured fy value, but also
on the acoustic velocity through the lubricant which can
be altered by stress fields (54, 55), temperature (56, 57,
43, 48) and potentially degradation via a change of bulk
modulus or from inclusion of debris particles affecting the
homogeneity of the lubricant.

For all tests run in this work fresh, non-degraded lu-
bricants were used as surface-films, meaning they are un-
constrained and therefore unstressed. Consequently, the
acoustic velocity-temperature relationship is what governs
the change in the speed of sound. With an increase in oil
temperature, there is a decrease in the speed of sound.
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This has been shown to be very repeatable, and linear in
natural oils (56, 57), and a very similar relationship is seen
in synthetic oil, as seen for example by Beamish (43).

To determine the acoustic velocity of lubricants, a be-
spoke ultrasonic test rig was used. The measurement prin-
ciple was to take ultrasonic time-of-flight measurements
across a well defined chamber length full of oil, whilst the
lubricant underwent a reverse temperature ramp. Ther-
mocouples monitored the lubricant and ambient temper-
ature. Acoustic velocity was calculated by dividing the
distance of wave travel by the time of reflection return,
and plotted against temperature to determine the acous-
tic velocity-temperature relationship. Rig calibration was
performed using a distilled water test, of which the acous-
tic velocity-temperature relationship is very well docu-
mented (58, 59). The determined relationship of acoustic
velocity to temperature for the oils used in this work are
shown in Table 1, in the form:

c=y+aT

Where ¢ is acoustic velocity in m/s, y is the y-intercept
in degrees °C, x is the velocity-temperature gradient in
m-s~1°C™! and T is the temperature of the oil in de-
grees °C.

4 Signal Processing Considerations

When measuring resonance phenomenon, the reflection co-
efficient is calculated from recorded signals as:

Ames(f)
Arer(f)

Where A(f) refers to the Fast Fourier Transform (FFT)
amplitude and subscripts ref and mes refer to a reference
steel-air reflection and free-surface oil film reflection signal

R= (12)

respectively, taken during testing. More detail about fun-
damental signal capture and data processing is given in the
authors previous work (48). For this work, a live modal
reference was generated from reflections of the raceway-air
boundary, between roller passes.

4.1 Reflection Time Duration

The measurement range of the resonance approach is in-
fluenced with post-processing operations. Before transfer-
ring a time-domain signal into the frequency domain, a
user decision must be made on the duration of reflection
on which to analyse. Fig. 7 shows a typical ultrasonic re-
flection, divided into three sections: the nose, the body
and the tail:
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Figure 7: Different sections of a typical ultrasonic reflec-
tion.



Nose Section before the actual signal starts which does
not contain any film data as it is the recording before
the wave hits the sensor face. However, it must be dis-
tinguishable from the body of the wave, to eliminate
signal cropping.

Body The reflection body is the main portion of the sig-
nal, which is similar to a classic sinusoidal wave, and
this region contains the majority of the film thickness
data within the signal. In the vast majority of all ul-
trasonic post processing, it is the body of the signal
which is used.

Tail The tail of the signal proceeds the body, but is less
a defined length, and more an area where oscillations
in the signal are clear, but have amplitudes orders of
magnitude smaller than those of the body.

Fig. 8 compares thickness measurements of an nl0 cali-
bration oil droplet landing and then spreading on an alu-
minium plate, taken using the ultrasonic resonance ap-
proach from a sensor mounted on the underside of the
plate, and thus not in contact with the oil. During the
test, the oil droplet thinned and thus the resonant fre-
quency of the layer increased. The analysed reflection du-
ration was altered in the time domain by clipping data
from the reflection tail before performing performing an
FFT and then completing the resonance analysis. The
four measurements given are therefore all from a single
recorded data set.
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Figure 8: Thickness measurements of a spreading oil

droplet, taken using the resonance approach, of a single
data set, with varying reflection durations. Adapted from
(48).

The longest reflection analysed was 0 < ¢ < 3.2us shown
in red, where ¢ is the analysed reflection time. This in-
corporates a large tail and had the largest measurement
range. The shortest was 0 < ¢ < 1us shown in green,
which ignores all of the tail and only incorporates the nose
and body in post-processing.

Results show that as the tail of the signal is clipped,
shortening the capture window, the measurement sensitiv-
ity to thicker films at the start of the test is lost, but the
signal is still sensitive to the thinner films below < 250um.
The longest reflection analysed (0 < t < 3.2us) gives
the most stable film measurement across the entire thick-
ness spectrum of the test. Therefore, the result suggests
the signal tail contains resonance information relating to
thicker films. Measurement sensitivity is related to the
number of resonating echoes (60). By reducing the signal
duration in post-processing, the echo number is synthet-
ically reduced, hindering measurement sensitivity, and so
the measurement range is reduced. This result suggests
the measurement range of the resonance approach can be
finitely improved upon by increasing the duration of signal
capture.

4.2 Usable Bandwidth for Resonance Measure-
ments

Fig. 9a shows the first 30MHz of the frequency spectrum of
an example in-situ resonance bearing measurement. Two
large dips in R occur at 5MHz (green) and 15MHz (yel-
low), near the transition regions between frequency lobes,
which are governed by the central frequency of the piezo
element and the pulse width applied. If there is some form
of general decrease or lateral frequency shift in the FFT
amplitude of the measurement reflection, due to sensor
age, temperature, pressure or some other effect, these two
points will naturally show a drop in R, but not due to res-
onance, and therefore these points determine the absolute
frequency boundaries of resonance analysis.

The defined bandwidth should be constrained between
these two frequencies, and outside of this bandwidth the
signal is unusable due to its susceptibility to noise influ-
ence. This is clear from the spectral plot shown in Fig. 9b,
generated from stacking multiple resonance spectra over
time, which shows straight bands of noise above and be-
low these transition frequencies, but within is a resonant
frequency pattern indicative of a raceway film, as discussed
in the authors previous work (48).

For the in-situ tests a conservative —6db bandwidth was
applied, highlighted in the blue region of Fig. 9a, within
which there are clear dips in R to =~ 0.95 due to the pres-
ence of an oil film. The dip amplitudes are more subtle
than the resonances seen within the validation tests. This
reduction in amplitude is theorised to be due to more beam
spread due to the curved nature of the raceway, the use of
a live modal-reference as opposed to an air reference, and
the relatively thick raceway films that are measured, which
are towards the upper limit for the resonance approach.

4.3 Rules to Determine the Order of a Single Res-
onant Dip

When using the resonant measurement method, it is ben-
eficial to measure at least two dips. Doing so reduces drift
error that may occur from measuring a dynamic film, as
discussed by Chen (46) and in the thesis by Gray (49), and
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Figure 9: Example resonance plot from an in-situ raceway film measurement. Shown is the FFT plots of the reference
and measurement signal, and from this the calculated reflection coefficient. Also shown is a spectral plot with a moving
resonance pattern within the bandwidth, indicative of a present raceway lubricating film.

if only a single resonant dip is measured, there can be am-
biguity regarding whether it is the resonant frequency or
a higher order harmonic leading to potential measurement
inaccuracies (48).

In Fig. 6 the blue zone represents a typical —6db band-
width (BW). Take for example the 100pm film, where only
the higher order 3fy is detected within this bandwidth.
Incorrectly identifying 3fy as fo is the biggest threat to
using a single resonance dip, and if this occurs the calcu-
lated film thickness will be out by a factor of more than
2.

Three independent rules are presented in Table 2, the
first two of which were previously determined by Gray &
Dwyer-Joyce (48), to assess whether a single resonance f,
is in fact the fundamental frequency.

If any of the conditions in Table 2 are met, the band-
width is deemed large enough to detect other odd har-
monics and therefore if not present it is assumed f, = fy.
However, if the conditions cannot be satisfied, the assump-
tion cannot be made, and at least 2 resonances must be
recorded and Af calculated and used in Equation 11 to
make a thickness calculation. The rules in Table 2 are
applicable to a free surface film only. For trapped film
analysis, where resonances do not occur at just odd har-
monics, an altered analysis approach is required.

5 Ultrasonic Resonance Method Precision

As Equation 9 shows, measurement precision is governed
by the fundamental frequency of the film, and the acous-
tic velocity through the lubricant, which is in turn gov-
erned primarily by temperature when referring to raceway
films. Fig. 10 is taken from Gray & Dwyer-Joyce where
the coloured bars represent the measurement error for a

given resonant frequency.

Fig. 10a shows an increasing resonant frequency with a
reducing film thickness for the VG320 oil with a conserva-
tive —6db bandwidth applied. Measurement error reduces
with increasing fj as the fixed frequency precision becomes
a smaller percentage of the measured fy. Using Equation
11, the minimum detectable film is 141pm at 20°C and
119pm at 100°C. This discrepancy is due to the change
in acoustic velocity with a temperature change. A thicker
film corresponds with a lower fundamental frequency and
therefore tightly banded resonances. Thus, the frequency
discretisation determines the upper limit of measurable
film thickness. This plot will look similar for most oils
and greases as the speed of sound value is a similar mag-
nitude across all grades tested.

Fig. 10b shows that the measurement error and mea-
surement thickness limitation can both be improved upon
by increasing the measurement precision within the fre-
quency domain, either via improved hardware or up to a
point, zero-padding (61).

6 Validation of the Resonance Method

When using the KOVOT rig to validate the resonance
method, VWR Avantor calibration oil 85095.260 was used
which has a viscosity v = 4.4cSt at 20 °C, and was found
to flow across the entire plate surface and stabilise within
1 hour. Four different volumes of oil were used for the val-
idation tests; 4ml, 5ml, 6ml and 7ml which should form
theoretical film thicknesses of 264pm, 283um, 339um and
396um respectively, if the layer formed is perfectly stable
and level. Before applying the oil, a thin layer of Polysor-
bate 80, a non-ionic surfactant, was rubbed onto the plate
surface to improve the surface wettability.



Table 2: Bandwidth rules to determine appropriate use of a single resonant frequency.

Rule

Reasoning
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If a single resonance is detected, and is assumed as 3 fj, the rule determines a
bandwidth range adequate to detect either fy or 5fy above or below f,. respectively.
If this condition is met and only a single resonance is present then f, = fj.

If the bandwidth minimum is less than a third of the frequency of the detected
resonance, and only one resonance is detected, then it is confirmed that the
detected frequency is not a higher order harmonic and thus f, = fg.

This rule suggests a single resonance measured is 3 fo, and from this calculates the

fundamental frequency and thus suggests where 5f, will occur in the bandwidth.

Then, if BW,,q. is greater than this predicted 5fy frequency, and no resonance is
present, the single resonance is proven to not be 3fy and must instead be fj.
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Joyce (48).

During the oil thinning, the film resonance was moni-
tored on a single sensor located at the plate centre, over
a 60 minute duration. Fig. 11, formed by stacking indi-
vidual R vs. frequency plots to form time and frequency
axes, where R is plot intensity, shows a spectral analysis
of the thinning oil layers, with the contrast limited to the
theoretical R < 1. There are clear bands of resonance due
to oil film presence, and the frequency of these resonance
increases over time with oil spread due to the inversely
proportional relationship between fundamental frequency
and film thickness.

At the start of each test, there is an initial parched
period where R = 1 at all frequencies as there is no oil
present, and so the wave is fully reflected from the steel-
air interface. The oil is then applied and initially the film
is relatively thick, meaning fj is low, and the higher order
harmonic fringes are tightly packed in the frequency axis.

As an oil spread, the fundamental frequency increased,
as did the frequency between harmonics. Towards the end
of the test the oil layer had spread over the entirety of the
plate, forming a stable film, which is why the frequency
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differences between resonances become fixed and parallel
for a short duration before the test end.

As the deposition volume increased, the time taken to
achieve a stable layer, defined by the resonant fringes be-
coming parallel, shortened as a larger oil volume can cover
the test plate quicker and thus achieve stability sooner.
The final frequency difference between resonant fringes at
the end of each test is related to the thickness of the sta-
bilised layer. Larger oil deposits formed thicker films and
thus resonant fringes that were more tightly banded.

Interestingly, thinner films are observed to have reso-
nances of lower R values. This is shown by the decrease
in R of resonances in one test as the film thins, and also
between the stabilised layers of decreasing oil volume de-
posits. For the 7ml case the stabilised resonant amplitude
R =~ 0.5. However, for the 4ml case R ~ 0.2. Dou et
al. (60) showed that as echo number reduces, so too does
the magnitude of the resonance amplitude. With thicker
films, the signal attenuates more, thus reducing the po-
tential number of echoes recorded and so the minima is
reduced. This is not observed when using Equation 6
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Figure 11: Spectral plots of 4ml, 5ml, 6ml and 7ml oil volumes deposited on the KOVOT test rig.

plotted in Fig. 6 as echo number is not considered and
the wave is assumed continuos.

Fig. 12 shows the ultrasonically measured film thickness
at the plate centre, calculated from the resonances shown
in Fig. 11. Initially, there is a large scattering for all tests
when the oil is first supplied as the film is thicker than the
upper measurable limit via the resonance method. This
then stops, and all tests show a clear reduction in the
film thickness. As expected, the lower volume depositions
formed thinner films, and take a longer time to stabilise.
This is because the internal forces oppose the wetting ac-
tion of the oil, whereas when the deposition is increased,
these forces become somewhat irrelevant as the increased
volume means the oil has more inertia and so spreads eas-
ier.

For each test, the stabilised film thickness was calcu-
lated /measured three ways; the theoretical height calcu-
lated from the deposited oil volume, the ultrasonically
measured film thickness from six locations around the
plate, and film comb measurements from five locations
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around the plate. Fig. 13 shows how the measurement
techniques compare. The error bar for the volume method
is calculated from the precision of calliper used to measure
the internal diameter of the bath wall, and the precision
of the syringe used to deposit the oil. The ultrasonic mea-
surement and film comb measurement error bars are the
standard deviation across the different locations. The fact
that the ultrasonic method and film comb method have an
error bar at all shows that the film formed was not per-
fectly level. Between ultrasonic measurements there was
a maximum deviation of 11um from the plate centre to an
edge measurement. The film comb measured a maximum
deviation of 50um from the centre to edge, but the rela-
tively low precision of the instrument makes this deviation
understandable.

Across the four volumes tested, there is very good agree-
ment between the mean film thickness measured via the
ultrasonic method and film comb method. However, the
theoretical deposited film, calculated from the bath wall
dimensions, is larger than the other two methods, even
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when considering what the minimum film may be due to
the deposition precision. The % difference between the
mean ultrasonically measured film thickness and calcu-
lated film thickness from the oil volume is 32%, 22%, 16%
and 11% from 4ml to 7ml respectively; that is to say, as
the volume of oil increases the agreement between mea-
surement techniques and the calculated volume improves.

The most rational explanation for this is a meniscus
rim forming around the layer circumference, which wicks
up the bath wall due to capillary action, making the de-
posited film formed thinner than the theoretical predic-
tion. However, if the capillary action is independent on
the volume of oil deposited, so long as there is ample oil
to wick from, the % difference change would decrease with
larger oil deposits, which is seen in the tests. If larger
oil deposits were used then it is expected that agreement
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would improve, but the deposited layer would no longer be
representative of a raceway film, and for this reason was
not performed.

7 Measuring and Quantifying Raceway
Thickness In-Situ

Ultrasonic reflections recorded from a raceway-oil film con-
tact can be processed to calculate film thickness (48).
Fig. 14 shows a visualisation of the raceway film at a single
location along the rolling axis, as a single element passes
over the sensor location. The film is around 400um at
both the inlet and outlet for this particular test case. Ar-
eas of scatter are highlighted in red showing an algorithm
breakdown, due to an absence or instability of an oil film
in the parched regions between contacts, where the refer-
ence reflections are taken. At the inlet, there is a small
thickening up to the inlet meniscus position. At the con-
tact exit, there is an outlet film, similar in thickness to
the inlet but shorter, surviving only 20mm from the con-
tact centre. Although this plot allows the visualisation of
the raceway film, it is qualitative in nature, and only at a
single sensor location, giving a limited benefit.

A moving variance method was developed to automate
the detection of inlet and outlet films, thus allowing for
the large-scale quantification of raceway film thickness.
Fig. 15a shows a single inlet film divided into three re-
gions of stability. The green region shows a clearly stable
raceway film. The red region has large scatter suggesting
there is no film present. In the yellow region there is some
ambiguity about where the film forms and transitions to a
stable one. To standardise the detection of the stable race-
way film across roller passes, a moving standard variance
window was used.

A window of a set number of reflections was selected;
a trial and error approach deemed 20 reflections gave re-
peatable results. Fig. 15b shows an example plot of the
moving variance window of the film in Fig. 15a. From
analysing different roller patterns, a variance threshold of
2000 was deemed acceptable to define a stable raceway
film. The acoustic velocity of a lubricant influences the
precision of the thickness measurement, and therefore by
extension the variance in films. As the acoustic velocities
of all lubricants tested were very similar, a single threshold
value could be used across all tests.

Once the variance value falls below this threshold, a
stable film is assumed to be formed, and the mean is taken
of all values after to determine the mean film thickness for
that roller pass and sensor position. Before this value,
the raceway film is too thin/non-present and the scatter
values are ignored. This gives a single mean thickness
value to represent the raceway lubrication condition at
a single position along the rolling axis, allowing for film
quantification.

Fig. 16a shows the mean raceway thickness up to around
10mm away from the contact centre, which is the limit of
the measurement area, as shown by Fig. 14 and Fig. 15.
The region closer to the contact is subjected to complex
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wave interference because of the convex roller and raceway
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geometries, making measurements in that region impossi-
ble. Fig. 16b is a schematic, as if looking head-on at a
roller, to help visualise the film shape leading into the
contact, and how this varies across the axis of a roller.

Although the bearing rollers do have crowning, the sen-
sors central positions lie within the middle 66mm of the
82mm long roller, and so deviations from flat at the outer
sensors are not considered. Error bars are standard error
for the sensor at that axial location.

For this test case, both the VG320 and VG32 oils show
thicker bands of oil towards the roller end faces, and a
thinner film in the central region. The presence of oil
bands and a depleted centre within the contact area have
been observed both experimentally and theoretically for
starved contacts (14, 15, 62), but this work shows that
a ‘U’ shape distribution occurs under fully flooded condi-
tions. This has many implications, such as churning losses
not being equal across the rolling axis, and affects on roller
skew, that must be explored in future work.

The more viscous VG320 forms a thicker film than the
VG32 right across the rolling axis. The mean tempera-
ture was calculated from readings from the inner-raceway
mounted thermocouple over the test capture, a duration
of 10s. There is a deviation of just 0.43 °CC between the
tests using the two different oils at the same operating
conditions. This then suggests the thicker inlet film de-
veloped by the VG320 oil is a direct result of its increased
viscosity; most likely it has a stronger capillary effect and
is therefore able to form thicker films easier.

8 Conclusions

This paper has presented the validation that oil films ad-
hering to a bearing raceway are sensitive to ultrasonic reso-
nance measurement techniques. Practical processing con-
siderations such as signal duration, acoustic velocity and
usable bandwidth have been discussed. The validation has
been novelly applied to measure raceway films in-situ of
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an operating, metallic rolling element bearing. The tech-
nique developed in this work will allow for new insights
into rolling element bearing lubrication mechanisms, oil
flow, and ultimately bearing health. Key conclusions and
novelties are as follows:

e Oil films on bearing raceways are sensitive to ultra-
sonic resonances.

e Including more of the signal tail in analysis can in-
crease the maximum film measurable, and measure-
ment accuracy, of the resonance method.

e Defining a usable signal bandwidth is critical in erad-
icating false positive resonance readings. A conserva-
tive —6db is recommended for bearing applications.

e Ideally, multiple resonances should be recorded and
fo calculated from the frequency difference. If this
is not possible, a set of three rules are proposed to
ensure a single resonance is fy and not a higher order
harmonic.
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e A moving variance method has been developed to
quantify large raceway oil film data into a compa-
rable, mean thickness value.
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