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ABSTRACT

A two-dimensional (2-D) explicit dynamics finite element (FE)debof a rolling element bearing was solved

using a commercial FE software package, LS-DYNA. It was found Heartodelled bearing vibration signals

contain a significant amount of numerical noise. This papeviges an explanation of the physical mech-
anism by which the numerical noise is generated. The noise fnetreewere analytically estimated and

filtered out to achieve comparatively clean vibration signat$ @lling element-to-raceway contact forces.

Keywords: Rolling element bearing, Vibrations, LS-DYNA I-INCE &#ification of Subjects Num-
ber(s): 11.1.1, 75.3

1. INTRODUCTION

A 2-D explicit dynamics, non-linear, FE model of a rolling elarhbearing was build and solved using a
commercially available FE software package, LS-DYNA The model comprises the following components:
an outer ring, an inner ring, a cage retaining a total of twenty-folling elements, and an adapter that
distributes a (radial) load to the outer ring, which is also trattemhto the inner ring through the rolling
elements. In addition to the vibration response, contact foreggden the rolling elements and raceways of
the bearing were also modelled. A significant amount of numlenimige was observed in the FE simulation
results, and a hypothesis was developed to explain the céulse noise. The numerical noise frequencies
were analytically estimated and filtered out to achieve contpala clean vibration signals and contact
forces. Favourable comparison between the analytical and ncathedise frequencies justifies the proposed
hypothesis.

2.  FINITE ELEMENT MODEL OF A ROLLING ELEMENT BEARING

2.1 Description of the model

The dimensions of the aforementioned components of the beanérghown in Tablé. 2-D shell elements
were used to model the bearing as a solid structure. A 2-D elemeetimed by four nodes having 2-degrees-
of-freedom at each node: translations in the nodandy-directions. The shell elements were modelled as
plane strain elementd,(pp. 3.25-3.30). The components of the bearing were modeliad tlee material
properties of steel of density= 7850kg'm®, modulus of elasticitf = 200 GPa, and Poisson’s ratic= 0.3.
The isotropic elastic material model was chosen for the curreaiysis.

The bearing was modelled with a localised rectangular-shagkdtthat was located centrally at the top
on the outer raceway. The dimensions of the defect were: circuntferé&engthLy = 10 mm and height (or
depth)Hg = 0.2 mm.

2.2 Discretisation of the model

The discretisation of a model into nodes and elements is aoriaot step in an FE analysis as the accuracy
of the results depends on the quality of the mesh, and size spatratio of the elements. Elements with
poor aspect ratio can lead to severe (elemental) distortidiounglassing (1, pp. 3.4-3.16, 7.6-7.9). All
the components within the rolling element bearing model wershe@ using quadrilateral elements, except
for the rolling elements, which due to their geometry, couldm®meshed with the quadrilateral elements.
Consequently, they were meshed with a mixture of quadrilatexdlti@angular elements. An element mesh
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Table 1 — Dimensions of the components within the FE modei@biearing.

Component namé Description and dimensions (mm)

Outer ring outer race diameter D, = 200 thickness ho =10
Inner ring inner race diameter D; = 16396 | thickness hi =10
Cage outer diameter D. =196 thickness he=4
Rolling element | diameter D, =18 total number N, =24
Adapter width Wy = 160 height (central) Hy =40

size of 0.5 mm was used to uniformly discretise the model. Theoretts choosing such a small element
mesh size is to achieve compliance of the FE simulation iesuith the following two conditions, so as to
simulate a real-scenario of a bearing operation:

1. the surfaces of the bearing raceways and rolling elementshvetné under the influence of load zone

(2, pp. 234-237), should be in contact at all times during the Isitimn, and

2. the rolling elements should predominantly roll and not stideng the simulation.

Fulfilment of the first condition is necessary to achieve the cofoad distribution on the rolling elements
as per the analytical static solutio8)(Accomplishment of the second condition is necessary torataly
acquire the rotational speed of the rolling elements (cageyvhich would eventually result in the correct
prediction of the bearing kinematics; that is, the outer ragededect frequencyppo for the current simulation.
The chosen element mesh size of 0.5 mm corresponds to 97 etepenwvavelength (EPW) (at 40 kHz),
which is nearly 5 times the recommended EPW criterion of 20 EPWtfarsient dynamic structural analysis
(4, Chapter 5). A discussion on the procedure of estimating the E&W¢ based on the bending wave speed
of the outer ring of the bearing is explained in RE¥. (

Figure 1 shows the meshed FE model of the rolling element bearing aecbteth the names of the
components. The geometrical rectangular defect located dgrdatathe top of the outer raceway, which
cannot be seen in Figurks is shown in Figurelb for clarity. The centre of the rolling element located
immediately to the left-hand side of the defect is offset by°ardm they-axis; the rolling elements within
the model are spaced “L&part.

Adapter Rectangular defect
(10mm x 0.2mm)
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Outer ring

Defect

L
U7
i

]
3 1177
LT
i

@

Figure 1 — Images of the 2-D FE model of the defective rolling eldrbearing: (a) the meshed FE bearing
model along with the adapter, and (b) a partially zoomed versidfigure 1a showing the 1-element deep
rectangular defect on the outer raceway, highlighted usingltipse; the centre of the rolling element to the
left-hand side of the defect is offset by ##fom they-axis.

2.3 Boundary conditions and loads
The following boundary conditions were applied to the FE mod¢he rolling element bearing in order
to simulate the real-time operation of a bearing.
A radial loadW of 50 kN on the top edge of the adapter in the downward (negagiedgl cartesian
y-direction was applied so as to radially load the bearing.
e The inner ring was constantly rotated with a uniform angulaoeigy ws of 500 revolutions per minute
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in a clockwise direction.

» The top edge of the adapter was translationally constraimelde global cartesiar-direction, and a
frictional contact with a high coefficient of frictiop,_o = 0.1 between the outer ring and adapter was
implemented. This was done to prevent the outer ring from rotatioing the simulation. It should
be noted that no direct constraints could be applied to ther aintg as this would result in over-
constraining its translations and vibration response, comsgfyuwcausing an incorrect load distribution
on the rolling elements.

« A frictional contact with a low coefficient of frictiomt = 0.005 was defined for the following contact
interfaces: rolling elements—outer ring, rolling elementseinring, and rolling elements—cage. In ad-
dition to modelling the surface-to-surface contact at the afon¢ioreed interfaces, the segment-based
contact formulationq, pp. 26.10) was implemented during the numerical simulation.

» A global (mass-weighted) damping of 2% was applied to the rihode

» The standard Earth’s gravity was also applied to the model.

3. NUMERICALLY MODELLED ACCELERATION TIME-TRACE

The termination time of the numerical simulations was set ton#l-seconds (ms). The results, in the
form of binary text files, were written at an interval of 0.01 ms, vhaorresponds to a sampling rate of
100 kHz.

Figure 2 shows the (unfiltered) time-trace of the numerically obtainealacationay (in the globaly-
direction) for a node located on the outer surface of the outer. filne three consecutive defect-related
impulses, evident in the plot, are separated by approximat@lylGseconds, which corresponds to the outer
raceway defect frequendyy, of 90.91 Hz. The analytical estimation of the nominal BPFgs, is given by

(2, p. 994)
o fs X Nr Dr
fopo = 5 <1 — D—p cosa> (1)

where, fs is the bearing run speed (that is, the rotational speed of shafiher ring),N; is the number of
rolling elementsp; is the rolling element diameteR), is the bearing pitch diameter, amdis the contact
angle. For the bearing modelled here, the analytical estiofatee BPFO, calculated using Equatidl),(is
90.07 Hz, which is 0.9% different from the results of the numericabgation. The slight difference between
the numerical and analytical estimates is because the aalfarmula, shown in Equationl], does not
account for the slippage of the rolling elemeri (vhich was accounted in the explicit FE analysis of the
bearing undertaken here.

Close agreement between the numerical and analytical valties auter raceway defect frequency shows
that the FE model has satisfactorily simulated the basic hg&inematics. However, the acceleration time-
trace has a substantial amount of numerical noise, which igiegal in the following section.

4. NUMERICAL CONTACT NOISE — AN ARTEFACT OF THE MODEL

It can be observed in Figugthat while the instantaneous peak impulsive acceleratimlddor the three
visible defect-related impacts range from 0 to approximatel80 g, the non-impulsive acceleration levels
between the impacts are of the order50 g. In order to seek the frequencies associated with the nurherica
noise, power spectrum of the numerical acceleration signalyisim Figure2, was calculated for a frequency
resolution of 3Hz. The narrow band power spectral density of timeatically modelled accelerati@) signal
is shown in Figure3. A fundamental tone at 4671 Hz, as indicated in the figure, cooredgpto the numerical
noise. There is also an indication of th& Barmonic at approximately 23 kHz in the figure that is associated
with the fundamental tone. In addition to the dominant numéricese at 4671 Hz, another frequency com-
ponent that was intermittently observed in the numerical acagbna, time-trace was 4545 Hz; however, it
is not apparent in the power spectrum.

A development and justification of a novel hypothesis for akphg the cause of the numerical noise
frequencies are described in the next section.

4.1 Hypothesis for explaining the cause of numerical contact no ise

Because the circular rolling elements were discretised intanabeu of finite elements, the edges of the
rolling elements were transformed from circular to multi-point polyg. Figure4 shows a schematic of a
polygonised rolling element. It does not represent an actueldia rolling element, which is included in
the FE model of the rolling element bearing. In the schematily, afiew points, 15, were used to create the
polygon for clarity; however, in the FE model, the rolling elettgewere discretised using the element size of
0.5 mm, which generates a polygon with 113 edgesD, /0.5), whereD, = 18 mm. As they roll during the
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Figure 2 — Numerically modelled, unfiltered, acceleratigtime-trace for a node located on the outer surface
of the outer ring of the FE bearing model for a radial |&8af 50 kN and a rotational speed of 500 RPM.

simulation, thepolygonised rolling elements create small impacts as their points conit@cbuter and inner
raceways. In this case, the frequencies of these impacts wowdduection of the element sidg used to
mesh the rolling elements and the rotational velocity of thingklementsy, = 27tf..

In order to estimate the numerical rolling noise frequency compisna basic equation of motion can be

used as follows 1 omf. % D
mTfe %
fnoise: = C2|f g (2)
e

Tnoise

where s is the distance between two nodes on the (polygonised) edfe oblling elements within the FE
model (mesh element size, 0.5 mm); is the angular velocity with which the rolling elements rollrichg
the simulation, andD4ce Can either be the diameter of the outer racewy-£ 200 mm) or inner raceway
(Di = 16396 mm) which contact the rolling elements. Solving Equat®)rfdr the values 0D aceas 200 mm
and 163.96 mm, the rolling contact noise frequencies equal AZ1&hd 3864 Hz, respectively. From now
onwards, these frequencies will be referred to as itbking element-to-outer raceway’ 3., and rolling
element-to-inner raceway’ an,seroIImg contact noise frequencies, respectively.

The analytically estimated rolling element-to-outer racewdlingcontact noise frequendy ., 4712 Hz,
differs from one of the noisy frequency components, 4671 Hz, obdemnvine numerical acceleration signal
by 0.8% only. This indicates that the presence of the numenigige at 4671 Hz is highly likely due to the
interaction of the rolling elements with the outer raceway. $hght difference between the analytical and
numerical noise frequency estimates is a result of the rollingefes not following a pure rolling movement
during the simulation, indicating a small amount of slip.

Another reason for the difference between the analytical ancerinai estimations of the rolling element-
to-outer raceway rolling contact noise frequerify. . is associated with the interaction between the rolling
elements and corresponding cage slots. It was found that atrcerséances, the rolling elements were drive
(pushed) by the cage slots that consequently results in sgpgirolling elements.

4.2 Beating phenomenon

There is a difference of approximately 17% between the othernnittent numerical noise frequency,
4545 Hz, and the analytically estimated rolling element-teemraceway rolling contact noise frequency
fl e 3864 Hz. As the difference is significant, the analytical ancherical noise frequencies cannot be
related. Therefore, the concept of beatigg. 45) was applied to explain the occasional presence of the
4545 Hz noise frequency component found in the numerical actielerasults.

As mentioned earlier, thpolygonised edges of the rolling elements create small impacts with outdr a

inner raceways as they roll during the simulation. The intevaatif the rolling elements with the raceways
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Figure 3 — Power spectral density of the nodal accelerajdime-trace shown in Figur2, highlighting one
of the dominant numerical noise frequenci&y;,.= 4671 Hz observed in the simulation results.

Figure 4 — A schematic of a polygonised rolling element havig@dges or points (not to scale).

would result in the generation of two sinusoidal waves withighsldifference between their carrier frequen-
cies. The amplitude of the sinusoidal waves would also 8ligtiffer from each other. For the purpose of
verifying the aforementioned hypothesis, and demonstratindp¢la¢ing effect, the sum of two interfering

sinusoidal waves is as follows

A(t) =A Coqznfr?ois ) +A2 Coqzrrfrimiset + (P) (3)

where, the amplitudesy, = A, = 1, t is the time vectorg is the phase shift, an§,;., and f! ., are the
analytically estimated noise frequencies using Equapn (

Figure5ashows the resultant sinusoidal wave, and the same wave aligmgsenvelope, zoomed from
10 ms to 15 ms for clarity, is shown in Figus. The time separation of the two consecutive peaks, whose
data cursors are shown in Figusk, corresponds to 4545 Hz. This frequency exactly matches the rolise
frequency component occasionally observed in the numericatiglefied acceleration results. From now
onwards, this frequency will be referred to as beating noise frequency, and represented d§,2.

The beating effect can also be clearly observed in Fi@uretween the first two defect-related impulses
from approximately 5ms to 16 ms, but not as clearly between thensleand third impulse from approxi-
mately 17 ms to 28 ms. One potential reason for not having a bésting effect is the slippage of the rolling
elements which eventually results in no tonal componenteab#ating noise frequendy 2, in contrast to
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(b) The sinusoidal wave in Figutsaalong with its envelope zoomed for clarity.

Figure 5 — Demonstration of the beating effect due to the interfererf two sinusoidal waves at the two
analytically estimated noise frequencii,,.= 4712 Hz andf ;.= 3864 Hz.

noise

the strong fundamental tone at the rolling element-to-outer ragewise frequencyy.,., as shown in the
power spectrum of the acceleration signal in FigBrénother reason for there being no tonal component
at 4545 Hz could be because the acceleration signal was edrata node located on the outer ring of the
bearing. In other words, the nodal results on the outer ring ardisggntly influenced by the interaction of the
rolling elements and outer raceway, but comparatively lesidydlling elements-to-inner raceway contact
interaction.

The numerical acceleration signal was notch filtered to eliteitlae rolling element-to-outer raceway
rolling contact noise frequend, ... of 4671 Hz using a second-order infinite impulse response fitteinky
a quality factorQ of 15. The notch filtered acceleration time-trace is shown in figi§u For comparison,
the unfiltered acceleration results from Fig@rare also plotted along with the notch filtered results using a
gray-coloured, dashed line. The performance of the filter is eviddfigure6; the instantaneous levels of the
non-impulsive acceleration signals, which prior to the appion of the filter ranged between approximately
+5049, were reduced to approximateh?20 g after filtering the dominant rolling element-to-outer raceway
rolling contact noise frequendy, ... However, there is still some residual noise. Itis likely tiat temaining
noise is due to the sliding (slippage) of the rolling elemesta gesult of their interaction with the cage slots
in addition to the inherent adaptive time-stepping variatidnsThese noise frequencies are stochastic, and
therefore, could not be estimated and filtered without affectiegs/tbration response of the bearing.

The power spectrum of the unfiltered (FiguBeand notch filtered acceleratiay time-traces are com-
pared in Figurd. In order to clearly see the difference between the two powergpeiee results in Figuréa
are zoomed from 4—6 kHz, and the corresponding plots are showntmeH. It can be seen that the tone
at the numerical rolling element-to-outer raceway rolling contaise frequency S, has been attenuated
by approximately 25 dB without affecting the majority of the respe. However, the power spectrum at the
frequencies within the filter bandwidth is affected slightlyclmtrast to the primarily attenuated sharp fun-
damental noise tone df ;.= 4671 Hz, slight attenuation (by 4 dB) of the comparatively wemaie at the
beating noise frequend 2. = 4545 Hz can also be seen as indicated in Figilre

In summary, it can be concluded that the introduction of noislénsimulation results is an artefact of
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Figure 6 — Effect of filtering out the rolling element-to-outer raagwoise frequency?,,.= 4671 Hz on
the numerically modelled acceleratiaptime-trace shown in Figur2.

the numerical modelling. A favourable agreement between theenaal and analytical rolling contact noise
frequencies justifies the proposed hypothesis for explainiegalise of numerical contact noise observed in
the modelled acceleration results.

5.  NUMERICALLY MODELLED CONTACT FORCES

For the FE model of the defective rolling element bearing, Figushows the numerically modelled,
unfiltered and notch filtered, vertichj contact forces between the outer raceway and three rolling etsmen
which traversed through the outer raceway defect during the nuahsiulation.

The contact forces also contained the numerical noise at thagalement-to-outer raceway rolling
contact noise frequendy;. = 4671 Hz. Similar to acceleration time-trace, the numericallgletied rolling
element-to-outer raceway contact forces were also notch filtereth the results in Figur8, it can be seen
that the numerical noise in the contact forces was significaatlyced as a result of filtering. Also indicated in
the figure are four events, namely events #1 to #4. These evergsigond to the variations in the numerically
modelled contact forces as the rolling elements traverse thrdwggbuter raceway defect. Events #1 is the
de-stressing or unloading of the rolling elements as they émtieithe defect, event #2 is the impact of the
rolling elements with the defcetive surface of the outer raceaegnt #3 is the load compenstation by other
rolling elements as a rolling element loses its load while trsing the defect, and event #4 is the re-stressing
of the rolling elements between the outer and inner racewaldrvicinity of the end of the defect due to
which defect-related impulsive acceleration signals are gesterathich are observed in practice and used
for bearing diagnosis. A detailed discussion on these evéortg avith the correlation of the contact forces
with acceleration results is provided in referencgsJ.

From the results presented in Figui®and§, it is evident that the notch filtered acceleration and contact
forces are comparatively cleaner than the corresponding unfiltesests.

6. CONCLUSIONS

A hypothesis was developed to explain the cause of numeraisé menerated in the explicit FE simula-
tion results due to the rolling contact of the ploygonised mgllelements and raceways of a rolling element
bearing. The noise frequencies were analytically estimated¢amgared to those observed in the simulation
results. A favourable comparison between the numerical angitanalestimates of the noise frequencies jus-
tifies the proposed hypothesis. The numerical noise was filreffom the acceleration and contact forces,
and a reasonably cleaner results were achieved.
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(c) Vertical contact force between the third rolling elefnand outer raceway.

Figure 8 — Numerically modelled, unfiltered and notch filteredtioal rolling element-to-outer raceway
contact forcedy, as three rolling elements traverse through the outer raceway defextradial loadV of
50 kN and rotational speed of 500 RPM.
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