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ABSTRACT

Timken South Africa manufacture and assemble ARr&aproller bearings which are
used on rail journals. These are also assembladinmerous other facilities worldwide.
The bearings are large and cumbersome to handleh©massembly line there is no
method of detecting the presence of cup (outel) nmicks during the assembly process. A
nick is a displacement of metal of very small ssrethe raceways. High spots of metal
also exist. They are most frequently caused duthiegassembly of bearings. Cup nicks
are known for repeat customer complaints due tghaotation. The presence of the nick
can induce premature fatigue spalling on the ragsywius compromising the life of the
bearing. Accelerometers were mounted on nicked aod-nicked cups and were
analysed by completing Fast Fourier Transforms Rodier Spectral Densities (PSD)
while the assembly was rotated in a Lateral MachiMiben analyzing the results with a
PSD it was found that it was possible to defineasetine for a good defect-free bearing
at different sampling rates. These were then t@sep onto the PSD’s of defective
nicked bearings and it was found that the nickedribgs could be distinguished as
having exceeded baseline limits. The frequencieghath this trigger occurred were not
the associated bearing frequencies calculatedhierbiall pass outer frequencies. The
energy associated with the rollers rotating overrittked portion of the raceway excites
frequencies with sufficient energy to transpose thie machine running frequency range
as well natural frequencies of the bearing comptmehifferent severity nicks were
detectable as well as roller-spaced and non-repf@ced nicks. The nicks with high spots
excited the most energy. Tests were performed davghat a cone (inner ring) nick was
also detectable by exceeding the baseline limstifig performed showed that the limits
were also applicable when the accelerometer wasitedwon a machine component and
not directly on the cup. Recommendations inclugeithplementation of the testing on
the production line to increase the sample sizaagkeptable bearings for the baseline
definition. The data analysis method can be fullioeated to compare measured results
to set limits in a reasonable time frame to not pmmise production output. Nicks are
detectable as long as a whole spectrum of freqasnsiconsidered in the baseline limits

and detection is not reliant on one defined fregyen
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1. INTRODUCTION

1.1 Overview

1.1.1 Introduction to Timken

Timken is an international company that manufactumad supplies various types of
bearings including tapered, spherical, cylindriaald ball bearings. Additionally, they
specialise in a large range of friction managenssiutions. In South Africa they
produce a range of bearings called the All Purgd$® bearing used on railway wagon
axles with sizes ranging from class B to class e Bouth African branch is the only
manufacturer of class C and D bearings. These rigaiare supplied to the local rail
industries, industrial applications as well as castrs in other countries. The AP tapered
roller bearings are assembled in approximately Tiieken locations in the world and
are used worldwide as journal rail bearings in numintries with a rail infrastructure.
The assembly facilities worldwide have similar guuent and the processes involved in
assembly of bearings is mostly identical. The TemiCompany has extensive market
share across the world in the rail industry andstthe bearings are prolific across the
global in most rail applications including high spepassenger trains, underground

railway systems, as well as freight and cargo appbns.

Bearings allow axial and radial loads to be tratdifrom a rotating element such as a
shaft to a non-rotating element such as a wagomybdgearings usually consist of an
outer race (cup), an inner race (cone) and rolélegnents (balls or rollers). They are
designed to tight dimensional tolerances and hawengl surface finishes in order to
ensure a high reliability during operation, whehey are exposed to high loads and

loading cycles.
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A particular problem associated with larger AP begs is “nicks” (small indentations or
gouges) on the bearing races (cups) which ariseglassembly of the bearings which,
in certain processes, involves manual handling adflyf heavy components or sub-

assemblies.

1.1.2 Motivation and problem statement

When nicks are present on a bearing race it resultsugh turning, audible noise, early
fatiguing of raceways, and ultimately results irerpature failure of the bearing. This
results in unsatisfied customers and a poor imdg€imnken. While the problem is a
quality control issue, there are numerous instandese, even with good quality control,
defects of this nature may still occur in the prtthn line. Currently there is no
mechanism for nick detection besides visual methd@dsvisually detect nicks is not
practical as they often occur during the assemtiggss and thus cannot be viewed once

the bearing is assembled.

This research concerns detection of the cup nickmg the bearing assembly stage as a
means of preventing premature bearing failure arsfocner complaints. The proposed
approach will be to assess the feasibility of usingration condition monitoring
techniques applied during one particular stagéefearing assembly process, when the
bearings are tested in the Lateral Machine (in otdeletermine the correct bench end-
play and install a spacer). One particular sizéoedrings is proposed in the research,
namely the All Purpose (AP) bearing, class D. Téidue to its availability as a result of

high production volumes in South Africa.
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1.2 Research Questions

Is it feasible to detect cup nicks in class D ARarbey during the bearing

assembly stage using standard vibration conditionitaring techniques?

Is it feasible to detect cup nicks when the beariage placed in the Lateral
Machine during bench end-play measurement?

If vibration is measureable is there a correlabetween vibration amplitude and
size of the cup nicks?

Is it feasible to detect cup nicks during the adsgmstage rather than when the

bearings are fully assembled (so as to reducamimelte rework)?

1.3 Objectives

The following are the objectives of the researctiantaken in this report.

Set up a vibration condition monitoring system &éused on AP bearings being

tested for bench end-play on the Lateral Machine

Test bearings with and without cup nicks (of knosizes) in order to detect and
identify frequencies of vibration associated witle hicks (if present), and verify

the repeatability of test results.

Determine the effect of sampling parameters (sushtesting duration and

sampling frequency) on the amplitude of vibratidnaonicked and non-nicked

bearing.



#'¥™  UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and AeromzaltEngineering

iv. Determine amplitudes of vibration of bearings withp nicks and determine
whether there is a correlation with nick sizessdf determine what range of nick

sizes are detectable.

v. Determine if different bearing parameters such earibg bench end-play affect

amplitudes of vibration and additional frequencies.

vi. Investigate the effect on frequency and amplitutigiloration of the bearings if
the nicks are roller-spaced or not.

vii. Evaluate the variation in vibration amplitude ob&d for varying transducer

mounting positions on the bearing cup, relativehlocation of known nicks.

viii. Assess the suitability of detection of cup nicks the bearing production

environment on a Lateral Machine.

The introductory chapter has shown the need fordkearch to detect cup nicks on the
assembly line as the presence of nicks could inguemature failure. Nicks occur most
often due to handling damage. AP bearings are esthsively across the world on rail
journals as a result of the extensive market stizaé Timken has in this particular
bearing application and thus there would be langleistry benefit in finding a method to
detect cup nicks. The testing will be conductedha Timken South Africa (Benoni)
assembly plant, and will be conducted on class &ribgs at this time due to the high
availability of this part number within the prodigct facility. The testing will be limited
to the vibration detection possible on the Lat&fathine.
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2 LITERATURE REVIEW

This chapter will discuss the basic bearing nonmegnot and geometry associated with
the AP bearing. This will lead to relevant informat regarding vibration fundamentals
and the use of condition monitoring equipment agchhiques in measuring vibration
within the industry. Specific mention will be given the techniques associated with
bearing fault detection. Case studies will be dssed on how standard bearing vibration
techniques are applied to detect bearing faults. @revious work done on detecting cup
nicks within the Timken assembly environment wik lexplained and discussed to
broaden the understanding of why the undertakeearel is necessary to better

understand cup nick detection within the bearirsgagly line.

2.1 Bearing Nomenclature and Geometry

2.1.1 Bearing nomenclature

Figure 2-1 shows a general arrangement of an APRpose) bearing. This is a pre-

lubricated, preassembled package bearing. AP Bgaane mostly used for rail wheel

journals and also in some industrial applicatiohsnken South Africa manufactures

class B, C, D and E bearings (between four anthstx bores), but assembles most of the
other sizes (bore up to seven inches).



% UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
~Z  school of Mechanical, Industrial and AeromzaltEngineering

Figure 2-1 — General bearing arrangement (The Tin@@mpany)

The assembled bearing consists of an outer ring) (@ which two sets of taper rollers
act. Two inner races (cones) transmit radial anal éoads through the taper rollers to the
outer race or vice versa. A spacer separates thecomes in such a manner that the
desired mounted end-play can be achieved withiratisembly. Assembled bearings also
have seals and ancillary components to retain gresmsd prevent environmental
contamination within the application.

Figure 2-2 shows a cross section of a typical bgamassembly with some basic
nomenclature.
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Backing Ring \
Assembly (with shroud)

1. Cone (Inner Ring ) Race 5. Cup OD (Outer Ring )
2. Cone Large Rib 6. Cup Race

3. Cone Small Rib 7. Track

4,

Cone Spacer

Figure 2-2 - Bearing assembly nomenclature (Thek€mCompany)

2.1.2 Cup nicks

A nick is a defect that occurs in bearings duentpriocess handling damage. They can
occur as a result of a variety of factors withire tmanufacturing facility but most
commonly occur in the assembly process when opsratat the cone into the cup at an
angle and force the cone into the cup (see FigBe Zhis causes a ‘nick’ in the cup
material which is the removal or scraping of matepointed towards the large end of the
race, which can result in raised metal at the &stipoint of the nick in severe cases. Due
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to this action a nick is normally felt by a fingeail and if raised metal is present it is
easily felt by touch. The indented material normélas a shiny appearance. Nicks are
also created by general handling damage and domgtoccur on the raceways. They
can be small, i.e. appear only as a visual debettnot cause any displacement of metal.
In some circumstances it is found that nicks camseoth raised metal. Alternatively the
nick could potentially cause rough ‘jagged’ sheafrsnetal. This is all dependent on the
nature of the handling damage. Nicks are not omgsgnt in isolation but commonly
roller-spaced nicks are found. The exact rollercsgais resembled in the nicks on the
cup raceways, showing that it is caused by theem®llmpacting the cup race during
assembly.

|

!
Aligned Cone T ;
|

74 Misaligned Cone

Cup —>

Spacer D

Figure 2-3 — Typical method in which cup nicks areated

Figure 2-4 shows typical examples of raceway ni¢kss particular bearing was returned
from a customer, opened, washed and cleaned apdciesl. Large nicks have been
encircled and these particular nicks have beenedaas well. Nicks are not always this
dark. The lines in the photograph are not as altre$ grease smearing but due to

another damage mode which is not in the projegtesco
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Figure 2-4 — Nicks in two different cup raceways

The initial consequences of nicks on a bearing@ugh turning and noise when installed
in the application. As previously mentioned thisb&d for the customers as it could
immediately sounds as if the bearing is defecthaditionally with the modern industrial

focus on Noise, Vibration and Harshness monito(iRYH) this is not an acceptable

bearing feature.

When the nick is not detected before installatioto ithe application the high spots,
caused by the nick, can induce high stresses asolllees roll over these points. These
high stress concentration points can lead to premdatigue of the raceway and this will
result in spalling of the raceway. Spalling is th@minant mode of failure of rolling
elements of a bearing. It is caused when a fat@aek appears below the surface and
when it propagates towards the surface a pieceetélnbreaks away to leave a pit or a
spall (Tandon & Choudhury, 1999). Thus spallingthe phenomenon where bearing
material pits or flakes away. Typical spalling tra@tuld occur due to nicks is Point
Surface Origin (PSO) of which photos are shownigufe 2-5.
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Figure 2-5 PSO spalling shown through progressive deterian

Normal occurrences of spalling exist in bearinge to standard fatigue of racews
when the life of the bearing has been overextenttedan also be expected that
bearing can operate with small spalls for a cerf@nod of time. However, it take
millions of revolutions to produce spalling of timagnitude shown idrigure 5. It
should be noted that once severe spalling has bibgurondition of the bearing will sté
deteriorating as the flaked off material from thmalts will remain within the bearin
assembly and is likely to create spalls of a déiferorigin elsewhe in the bearing

Timken Company, 2011)}owever, n practice when nicks are seen the bearing:
mostly scrapped as a matter of co.

10
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2.2 Vibration Fundamentals

2.2.1 Introduction

A simple definition of vibration is the motion of rmachine or its parts back and forth
from a position of rest. Alternatively it is defid as a motion that repeats itself after an
interval of time (Rao, 2004). To be able to extraséful information from a vibration
signal given off by a machine component or beattimgimportant to first understand the

characteristics that define a vibration signal €fdr, 2010).

The simplest example by which to explain vibratisrthat of a system with a spring, a
mass and a damper, such as a dashpot. These tlereentss make up the three
fundamental properties that are present in allatibn scenarios and these are Mag} (
Stiffness k) and Damping@). All vibration systems are made up of a meanstoring
potential energy, a spring, the storage of kinetiergy, through a mass and inertia, and a
means by which the energy is gradually lost, a danfigao, 2004). This is illustrated in
Figure 2-6.

/77777777777

Figure 2-6 — Basic vibrational system

When considering a rotational system with an unimdd mass the vibrational force

produced by the unbalanced mads, is represented by:

= = Mu [T (w? CBin( wt) (2-1)

unbalanced

11
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where
tis the time [s],
w is the angular frequency [rad/s],
r is the fixed radius of the unbalanced mass [m].

The matching restraining force generated by theetfundamental characteristics is then
(Mxa)+(Cxv)+(kxd)=0 (2-2)

wherea is the acceleration  [m%
v is the velocity [m,

dis the displacement. [m].

When the system is in equilibrium the restrainimgl ibrational forces will be equal.
However, conditions are normally changing and asestactors increase others decrease,

resulting in a net variation in the sum of all fesc

The three different types of motion variables: ispment, velocity and acceleration, are
all present in a situation in which vibration ocgufhese three properties are, however,
more prominent at different frequency levels. Fotaraple at lower frequencies
displacement has a more gradual slope in the oektip between displacement and
frequency, i.e. the change in displacement witguency is less (Figure 2-7). At medium
frequencies, 30Hz to 1000Hz velocity is found to aknost constant. At high
frequencies, 1000Hz to 10,000Hz, acceleration istipeonstant (Seippel, 1983). Thus it
is good practice that displacement is used for oreasents at lower frequency ranges
and acceleration is more suited at higher freq@sncMost machinery operates at
frequencies where velocity is most prominent ang trelocity is often the most common

form of vibration measurement and analysis (Scheff010). However, modern

12
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accelerometers have the ability to be responsivesacll frequency ranges when they

are specified correctly for the intended applicatio

FREQUEMCY CP35 (g}
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Figure 2-7 — Vibration classification charts (Seip983)
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2.2.2 Harmonic motion

Vibration is classified as that which repeats ftsegularly such as an unbalanced fan or
the type which is very erratic. When the motiomepetitive within equal periods of time
it is then defined as periodic motion of which thieplest is harmonic motion (Rao,
2004). This typically represents motion in a timave and from this stems many

definitions. The time wave is often sinusoidal asven in Figure 2-8.

From Figure 2-8 it can be seen that a cycle imfeb position of rest through to one
extremity, back through the position of rest, ahdnt to the other extremity and then
finally to the position of rest again. A cycle ispeessed in revolutions per minute, RPM,

cycles per minute, CPM, or Hertz, Hz. Hertz is gqlént to cycles per second and thus:

CPM = RPM = Hzx 60 (2-3)

Amplitude Pr!1al sel Angl@

RMS = 0.707 x Pk

wnt

Cycle

Figure 2-8 — Sinusoidal time wave

14
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The amplitude is the maximum displacement of a ooy the position of equilibrium.
It is an indication of the severity of the vibrati@Mobius Institute, 1999) and is denoted

in displacement, mm, velocity, mm/s or acceleratiom/s.

The frequency of the oscillation is the number sxfibations per unit time, f, measured in
Hertz. The frequency can also be measured cirgudendl is called the angular frequency

omegam, measured in radians per second.

There is another way of describing the cycle, ngntieé period. This is the amount of
time that it takes one cycle to be completed. Berg measured in seconds and is

calculated:

Period = 1/Frequency (2-4)

In Figure 2-8 additionally it can be seen that ¢hare two curveft) andg(t). It can be
said that there is a phase difference betweenwtbevaves of phi@, thusf(t) leadsg(t)
by @ degrees, the phase angle.

2.2.3 Fourier transform and the frequency spectrum

Normally the time waveforms which are acquired frardata acquisition instrument are
far more complex than the harmonic illustrated igufFe 2-8. An example of such a
waveform is shown in Figure 2-9. The complexitytlofse time waveforms can be due to
noise as well as the interaction between diffekéimtating members within the system.
Time waveforms can be very useful to detect cerfaniodic events, such as the
engagement of a broken gear tooth, but more comgyskems and phenomena are
difficult to determine in the time domain.

15
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Figure 2-9 — Time waveform output (Mobius Institut899)

Due to the inability to analyse complex signalgha time waveform, alternative signal
processing techniques could be used. In the faligvsections different methods of
signal processing will be discussed along with riethematical derivation of some of

these techniques.
Fourier Series

Consider the periodic functidtt) in Figure 2-10. It has an amplitudefAdfnd a period of
7 where the function varies linearly from zeroAan timetr and then returns abruptly to

zero, and repeats itself again.

f(t) A

[mm]

7

v

T 2T 3t t[s]

Figure 2-10 — Periodic functidit)
16
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As per Goldman (1948) the fundamental principld¢ tha Fourier series is based upon is
that any functiorf(t) defined in an interval fromxz to # can be expanded in a series of

trigonometric functions.

It can be proven that i{t) has a finite number of discontinuities, and atédmumber of
maxima and minima in the prescribed interval, amat equation (2-5) is finite, then a
Fourier expansion is always possible, i.e. it ig nequired for the function to be
expressed as a single equation in the intervah®mexpansion to be possible (Goldman,
1948).

[] f(tjot (2-5)

The Fourier series can also be expressed as
() =2+ (@ costw) +,sinw) (2-6)
n=1

whereo is the fundamental angular frequency in radiamsspeond and can be expressed
asw=2r/t wherert is the period over whicf{t) exists. The series of sines and cosines on
the right are known as the Fourier series andatrendb, are constants. Thus the basic

function of a Fourier series is that periodic signaan be expressed as a summation of

sinusoidal components (Randall, 2011).

Additionally, by means of mathematical derivatioot rintended for the scope of this

study, the coefficients can be found by

a, = 2 [ " £ (t) cosha)dt (2-7)
T 0

17
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b, =2 [ f ©)sin(an)dt (2-8)
7 0

Thus Equation (2-63hows that any periodic function can be represeat¢ sum of
harmonic functions. Additionally, even a normeriodic function can be treated a:

periodic furction having an infinite perio(Rao, 2004).

The harmonic functions shown irquation (2-6)are called the harmonics of or n of
the period functiorf(t) displayed i1 Figure 2-10. These harmonican be plotted &
vertical lines on a diagram of amplitt versus frequencyfrequency spectru) (Rao,
2004).

This spectrumby means of the Fourier transfc, displays @ime wave form on a aph
according to frequencieand amplitude. To illustrate this pointhe time wavefort,
Figure 2-11, which iwery difficult tc interpret, can be rdisplayed as a neat frequer
spectrum as shown Figure -12.

=

“l

-t | enrtn

0 . 2 3 4 5
t

=

Figure2-11 — Complex time waveform
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Figure 2-12 -Spectrum derived from timeaveform in Figure 21

From this illustrationit can be seen theéa complex waveforntan be simplified b
applying theFFT and viewing the waveform in the frequency domHowever,not all
vibration signals are as clear as afore-mentioned, but the tool a&lvantageous to u

for periodic signals.

Vibration may beclassified as either deterministic or random. Duateistic signals ar
predictable by mathematical relationsl, while random signals are expressed in term
probabilities and statistig®Norton & Karczub, 200:. Deterministi¢ continuou signals
may be transient in nature and thus itbeneficial to analyséhe amount of energy in
transient signal. The power is the energy assedtiaith the wave per unit time and tf
the Power Spectral Dengis are yielded for comuous signal§Norton & Karczub
2003).

The Fourier transform holds true for functions tdatay to zero. Howey, stationary
random signals do not decay to zero and thuanalysingthe correlation function of tr
Fourier tansform this problem is overcome. To explain thigletail is not within th
project scopebut it can be said that the a-spectral density of a random signal car
expressed as a function of frequency. Additior, the area under an autpectrum i the
mean square value of the sig(Norton & Karczub, 2003)One of these forms is wide

referred to as the Power Spectral Der (PSD). Otherwise explaine, the power

19
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spectrum is the power distribution with frequendyaostochastic process of the FFT.
PSD’s are often used in frequency analysis of discdata. It can clearly establish the
frequency composition of the data over a largeuesgy range and can be a powerful
tool to use. The PSD is defined by applying a F&The data and then displaying the
result as (Valentim, 1998):

2 2
PSD, (a) = 22
af 2-9)
1 f
Nf===—=2 )
T N 2
where Af is the frequency line resolution [Hz],

T is the total acquisition time [s],

N is the total number of samples [ ].

There is, however, one negative and this is thetiogiship between bias and variance of
the signal. The bias occurs due to truncation ef Nff point producing a smeared

estimate resulting in spectral leakage. WherNAgoint is increased, however, the error
as a result of the negative effect of noise shawthe standard deviation does not get
influenced by the number of samples and thus instarg results can be produced
(Attivissimo, et al., 1995).

2.3 Condition Monitoring Fundamentals

Vibration amplitude is used as a measure of camditnonitoring. It is effective to use as
every machine, even ones in good condition, haverent vibration. Many of the

vibrations that machines experience are due t@én®mdic events that occur within the

20
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machine such as rotation of shafts and meshingeaf tgeth. Vibration can also occur
due to actions such as pumping of fluids (Randz0il11). Although there are many
different methods for detecting a machine’s hedhib two most used methods are
vibration analysis and lubrication analysis. Thessb because both of these methods
allow the interior of a machine to be “observedbnder to diagnose. They are also both

non-destructive.

The advantage of vibration monitoring over othetedgon methods is that it reacts
immediately to change. This makes it both usefulifivermittent monitoring as well as
continuous monitoring. Vibration analysis is algceely to point to the exact fault. With
wear particle analysis for example, if a bearing/é&aring, the metal debris will be found
in the oil after some time but this will not alwaggactly indicate which bearing is
wearing if multiple components are made of the samaterial (Randall, 2011).
Additionally vibration measurement can be very cament. Sensors can be mounted
permanently to machines where costs and space aladwrocessing instructions can be

applied to the data to simplify analysis and oty fconcerns out of the ordinary.

In machine condition monitoring most attention igegp to monitoring bearing conditions
for two reasons. Firstly, it is one of the most ceom components within machines and
secondly, it has a limited lifespan and is oftehjscted to poor handling and installation
practices (Norton & Karczub, 2003). Additionallyedring failure has very severe
consequences within rotating machinery and couklltein a breakdown if not a

catastrophic failure of a component of machine.

A variety of methods of vibration condition monitoy exists. The scope of this project
does not allow for detailed explanation of thist bean be said that it is not just the data
sampling that is important, but how the data iswed, filtered and analysed. Some
instruments simply give an overall vibration lewgbich has been conveniently broken
down into a good and bad categorization by the rhatgonal Organisation for

Standardisation (ISO). Other methods include tregdiver a period of time to detect a
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change from normal, and yet other methods will reganalysis and data inputs to detect
exactly what type of fault is present and whichnaigire vibration frequency is found.
With the correct instrumentation and knowledge thpe of analysis can direct you to the
exact component which is failing. Conversely, itvisry important to understand the
criteria that affect the results of the readindsetawith appropriate equipment because
when they are interpreted incorrectly or misusesults can be very daunting and

misleading and mostly unclear. This will not aigyanonitoring of equipment.

2.3.1 Data sampling

Before any measurement can take place it is fesessary to determine how the sensor

will be mounted onto the machine or object whiauiees measurement.

Mounting

Factors which will be considered in the type of ming are safety, accessibility,
application and if permanent mounting requiremexist or not. There are four possible
ways of attaching an accelerometer namely adhesmenting, magnet mounting, stud
mounting or using a hand held device such as agpiéch type of mounting has its own
inherent effect on resonance which could magniéyiration that is actually occurring
(Mobius Institute, 1999). Refer to Figure 2-13 whishows the effect that the type of

mounting has on the sensitivity of the readingifi¢nt frequency levels.
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Figure 2-13 — Frequency response of different magrdtyles (Mobius Institute, 1999)

The most stable method of mounting that least &ffdbe measurements of the
accelerometer is stud mounting. It is the one tgpenounting which has the highest
probability of operating effectively within the eat range of the accelerometer. When
mounting via the stud method the sensor should dented onto a block or screw which

is attached to the machine on a paint free smaatiace which is spot faced to a size
larger than that of the sensor footprint areas limportant to take care when mounting
accelerometers as incorrect mounting will resultingorrect readings. Additionally

factors such as mounting by means of glue couldaaca damper and could further
decrease the amplitude of vibration measured. tesing environment it is not always

practical to stud mount and permanently fix theebmometer and thus Figure 2-13

should be considered to ensure that results araffetted too much by the mounting
method.
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Repeatability

It is very important when taking vibration readintsit repeatability in the readings are
obtained or else the differences noted betweenlifferent vibration measurements are
not noteworthy. In a research application thisfiparticular importance as an attempt is
made to determine the upper and lower limits okeptable vibrations. Thus, to ensure

that maximum repeatability is achieved, the follogvpoints must be considered:

- The speed of the rotating machine must be constant

- The position of the sensor must be consistent tweeasurements and, where
it changes, it must be clearly noted so that tHéer@ince in location can be
understood in relation to the difference in reading

- The sensor must be mounted correctly and not Isloo

- The same sensor should be used every time

- The sampling rates should be the same and if hetdifference should be so

noted.

SamplingRate

The definition of the sampling rate is the numbeisamples which are captured in a
second i.e. if 1000 samples are taken in a onendeperiod then the sampling rate is
1000 samples per second or 1000 hertz. It is impbtio note that the sensor records
these samples at a set rate and the data is themsé&ucted back into a waveform and
the time domain is created. When the sampling iat®o slow in comparison to the
frequency of the wave much important informatiomost. To avoid this loss of data the
sampling should thus take place at a rate whicgrésater than the frequency of the
waveform. The Nyquist theory defines that the samgplate should be greater than twice
the expected frequency of the application and themmal important information should
be lost. The maximum frequency expected, is redetoeas Faxand typically in a data

acquisition application the sample rate and thal tmimber of samples can be controlled.
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Aliasing is the phenomenon that occurs when higlgdency signals are sampled too
slowly and they are represented as lower frequeraifier the data has been captured.
The risk with aliasing is that there is no way aoblwing after the data has been converted
from the analogue signal to the digital signal ttha¢ has occurred and thus great care
must be taken when sampling of data is done. Tweptethis phenomenon from
occurring, a low pass filter can be applied whems ghlgnal is still in the analogue form.
The general rule is that no frequencies will betamed that are greater than half the
sampling frequency (Bruel & Kjaer, 1980). This issbkd on the Nyquist cut-off
frequency as previously mentioned (Norton & KarczZ2@03).

The amount of data collected post anti-aliasingnewn as the signal bandwidth. If the
Nyquist principal is applied, then the bandwidthl always be at least twice as small as
the sampling frequency. It is also known that gefilwith a bandwidth oB Hz, takes
approximately the inverse of the bandwidth in timeespond to an applied signal. Thus
the analysed signal must hold true to the relakignthat the bandwidth multiplied by the

duration of the signal processdd,must be greater than unity.

BT >1 (2-11)

If a signal therefore las®®seconds the most ideal bandwidtif$ Hz. Additionally the

user should wait/B before measurement commences (Norton & Karczub3)20

The resolution of the system is defined by the \mllial record lengthT and the
difference between it and the next reading,li/&.(Norton & Karczub, 2003) where N is

the number of samples.

L

Be = T T AN (2-12)

e

=
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It is important to understand the above conceptsviasn deciding on the hardware

required for acquisition in the application thisahl be understood.

2.3.2 Data acquisition hardware

Various types of data acquisition means exist andtrof these are transducers, which
are devices that convert one type of energy intother, e.g. vibration into electric

voltage or current. Two common varieties will beatissed.

Velocity Pickup

It is a transducer used for monitoring vibration mitating machinery. They are
manufactured differently for vertical or horizontgleration due to the way in which they
operate and the effect that gravity has on themeyHrne sensitive to directional mounting
as well as the size of the mounting surface anccasdy dampened by glue mounting.
The specified sensitivity range is applicable witkine given frequency range. Velocity
pickups have internal moving components that abgestito fatigue. This requires them
to be calibrated and verified on an annual bassadvantages are that they are relatively
large compared to alternative transducers, seasiovinput frequency, have a narrow
frequency response and have moving parts. Additignthey are sensitive to magnetic
fields and temperature (Scheffer, 2010). They arsiclered to be less accurate due to
their relatively low signal to noise ratio. Thesensors are only used occasionally
(Mobius Institute, 1999) and are not readily avaga

Accelerometer

A more popular sensor for rotating machinery isliglet, rugged accelerometer that has
a wide frequency response. They are most commos&d un condition monitoring
applications. They operate by converting mecharecedrgy into a voltage signal, i.e.
they are inertial instruments. Internal ElectronRiezoelectric (IEPE) utilize a

piezoelectric crystal which is placed under a Io&kis then vibrates and the crystal is
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compressed and a charge is produced. An ampldi¢hen used to convert the charge
within the crystal to an output voltage and by Navi$ second law an acceleration is
determined from the force required to create thergd (Mobius Institute, 1999). These
IEPE accelerometers are very commonly used anddgoeed operating range. Variable
capacitance accelerometers are used when low fieguesponses’ are required. These
particular types of accelerometers provide a highell of sensitivity at low level
frequencies and are very desirable for measurimgftequency vibration, motion and
steady state acceleration. They are DC respondinghwmeans they have a wide
bandwidth and the frequency response operates dtwrzero hertz (Endevco
Corporation, 2012).

Accelerometers are used in high-frequency vibrat@asurements as they are one of the
only transducer types which have adequate respairtbese frequencies (Seippel, 1983).
An accelerometer cannot be calibrated and it hasnoweing parts, thus no periodic
adjustment is required. Care should be taken ds teigperature and shock can damage
the internal components. Settling time is requide@ to the amplifier in the sensor. It
takes a few seconds to stabilize and if this istakén into account before the readings
are taken then the data collected will be affetigd voltage ramp due to this stabilizing.

Accelerometers are available in different sendiési These are specified in mV/g and
the sensitivity required, depends entirely on tpeliaation of the accelerometer. For
example in a very noisy large machine applicaticemsitivity of approximately 10mV/g
to 100mV/g is most probably appropriate. In a Iqveed, low vibration application a
high sensitivity accelerometer, 1V/g, would be abi¢ (Mobius Institute, 1999). Thus,
due to the sensitivity, an accelerometer is noynsdllected once the desired frequency
range is known and the optimal range can be used.

Amplifiers with Analogue to Digital Converter
Data acquisition hardware must be chosen carefutly knowledge before the purchase
that it is able to fulfill the requirements thaettesting will involve. In order to make this
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decision it is important to understand on what $#se Analogue to digital converters are
specified. The sampling rate that is expected shbel understood before the time of
acquisition to determine if the data acquisitiostinment can provide the correct master
sampling rate and then reduce this to the bandweltibired. The equipment’s ability to
deal with aliasing and have anti-aliasing routifeslt into the logic should also be
understood. Additional considerations would be hifis that the hardware has. Modern
good quality instruments are able to sample asaluéon of 24 bits. It is also important
to understand what sensor types the equipmenmgatble with and further understand
what output the amplifier provides and how the dailh be further analysed once the

data is retrieved in an electronic output.

2.3.3 Signal processing techniques

Windowing

When a sample of data is collected it is not pdsdil know when the vibration is at the
beginning of its cycle or in the middle of it. Thtiee time period chosen over which to
take vibration samples does not necessarily coorespvith a complete cycle and thus
the beginning and the end of the data will not imatp completely as can be expected.
This could cause broadening of the peaks by théiadaf sideband frequencies that do
not actually exist in the signal (Mobius Institui®99) and thus this scenario is not ideal.
To ensure that the data is not modified the apjdinaof windows is used in the data
analysis phase. These tools modulate the signahve an amplitude of approximately
zero at the beginning and the end of the data takenthus various cycles match up on
zero amplitude trailing and leading edges. Windawgically do not change the
frequency information but do change the spectrakpeand amplitude levels of the data
collected (Mobius Institute, 1999). By applying andow to the data the effects of only
having a finite sample length is minimized. The dows are affected by applying a

weighting function forcing the data to zero at #émls. This weighting can be applied in
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different manners yielding different results (Nort& Karczub, 2003). Window Hanning

is one of the most common windows found and useadbiration software.

Time Synchronous Averaging

The background noise in an application is oftemyr&at that it is difficult to analyse the
periodic signal in question. At such times, timendyonous averaging is a good
technique to use to reduce the noise in the syatairin so doing separate noise from the
actual signal (Randall, 2011). This is done by agerg a series of signals corresponding

to one period or revolution of a signal which isci#bed as:
1 N-1
Ya®)=5 2 ¥t +nT) (2-13)
n=0

whereN is the number of samples ahds the periodic time, at tinte

The signal is phase averaged over the time perigaaled by a trigger, such as a
tachometer. The synchronous signals will averagéhér mean value and the noise
within the signal should average to zero (NortoK&czub, 2003). Thus only the signal

remains.

Filtering

After the anti-aliasing filters are applied as paftmost good hardware acquisition
instruments’ standard routine, the user is abléutther apply digital filters after the
acquisition takes place. Some instruments allow fitiering to be selected from the
initial data acquisition. This filtering takes alle signal that is present and either high
pass or low pass filters the remaining frequencigs This means that when using a low
pass filter set at 1000Hz that all frequencies ab®®00Hz will not be present in the
signal when it is analysed. In theory this filtgridoes not happen as accurately as that
because it is a transfer function with a certaspomse mechanism. Figure 2-14 shows
graphically how this transfer function occurs. lmstrepresentation a low pass filter with
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a cut off frequency of 500Hz is specified on a skmgpfrequency of 1200Hz. In this
particular software a particular number of poles ba specified which makes the slope
of the filter transfer function steeper. It can dmen that approximately 40% of 600Hz

frequencies and higher are still let through.

Filter Transfer Function

Filtter Tranzfer Function
14
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Figure 2-14 — lllustration of filter transfer fumm (CMS software)

Fault Detection and Alarm Limits

In the context of this research it would be importeo distinguish good bearings from
nicked bearings. In such cases an alarm limit woudgyer an exception message which
would tell the end user that there is some furtheestigation required on a particular
bearing as it is faulty. To accurately set limitsbaseline of an acceptable bearing

vibration is required. To accurately set a basebhavhat defines a normal running
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condition, many repeatable tests are requiredtebksh this level. Limits could then be

set at given amplitude across a wide range of #equbands to define a good baseline.

Additionally the band or frequency range can beugein such a way that the total power
in the band is measured. Thus if the power levadutside the set point the alarm is
triggered (Mobius Institute, 1999). To further iease the accuracy of the limits multiple
triggers can be defined. This can range from thdttwof a peak, the maximum limit
allowable, minimum limit allowable and offset fromme normal. In theory, if the
frequencies that are limited are directly propardioto running speed, then they could be
adapted for increased running speed as well.

2.3.4 Machine component vibration signatures

As mentioned above vibration analysis aids to ifierthe problem to very close

proximity of the actual root cause. This is possibbecause different vibrating
components have their own unique vibration sigreatas defined by the theory e.g.
characteristic frequencies of bearing defects ar geesh frequency. With analysis of the
system vibrations the exact components can be téetécfaulty. For the purpose of this
report only the particular frequencies that mightfdund in the study will be discussed in

later sections, but a brief explanation of the emts will be explained.

2.3.5 Current situation at Timken

The assembly of AP bearings at Timken is as followse assembled cones are placed
into a cup with a spacer separating the two co8éwe this is a manual process, and
could potentially be challenging when the beariags large sizes (e.g. class GG which
has a seven inch bore with an approximate totalsnws70kg), it is reasonable to

consider that cup nicks and other damage may ahaumg this assembly stage.

31



S

+  UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and AeromzaltEngineering

At this stage of assembly the bearings go to theerahMachine which measures the
bench end-play of the bearings. This is done byrseg the cup to a fixture and then
applying a vertical force in the upwards directenmd then in the downwards direction,
while simultaneously spinning the bearing. Theacensures that the rollers are seated

against the large rib of the cone, which is theetirrunning position.

The seating occurs at approximately 300lbs forc8k(l) to 400lbs force (1.8kN) and
then the two cones are pushed together at a forc@50lbs force (3.8kN). When
considering the included angle of the cup it methad a maximum radial force of
0.655kN can be experienced in the Lateral Machiftge function of the Lateral Machine
is to measure the lateral clearance, bench end-pidlyin the assembly. The manner in
which this is adjusted is by the addition of difet spacer sizes to either decrease or
increase the lateral clearance within the bearsgembly. To ensure that the correct
bench end-play is achieved the operator gets aartappty to replace the inserted spacer
with different width spacers. In this process thmper cone and cup is locked in the
machine’s upper mandrel and the lower cone andespe released for spacer change.
The Lateral Machine and its tooling are shown iguire 2-15.

In normal bearing application the mounting arrangetrof the bearing and the forces of
the system in which it operates will force the le@ato have what is termed a “loaded
zone”. This is the arc (normally about 120 degr@&esyhich the bearings see the full load
of the application. When they enter this loadeddhey undergo maximum contact with
the raceway and when they leave this area theyfragto “rattle” within the cage
boundaries and do not carry any load. This is eslevas the theoretical bearing
frequencies which can be calculated in all theoteimethods as discussed in Section

3.2.1 are dependent in part on the bearing operatithe loaded zone.
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Upper Mandrel

Lower Mandrel
Cup Locks

Figure 2-15 — Lateral Machine and tooling
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In the Lateral Machine the bearing is not placedeurradial load but the rollers are only
loaded enough to be seated on the raceways cgrtedketermine the actual bench end-
play. Additionally, it should be noted that the blerend-play during measurement on the
Lateral Machine has a larger value than end-plagsmed when the bearing is mounted
in its intended application. This reduction is doethe interference fit of the bearing
components and the shaft or housing in whichmasinted. The implication is that in the
Lateral Machine the bearing has no load zone,asdllers are equally loaded around the
circumference of the bearing, and the bearing malleclearance is much more than in the
mounted application in which it will operate. Itligely that this will result in different
measured characteristic defect frequencies as ttadsglated using the theory.

2.3.6 Inherent vibrations in the Lateral Machine

The Lateral Machine is rotated with a cyclonic speeduction motor. The information
and data parameters associated with it are distuss&ppendix A and are presented in
Table 4-5. When the signals are analysed thesadraxes will be noted to see if they are
present or not. It is also possible that the defecfuencies of the bearings can excite the

frequencies of the machine.

2.4 Bearing Vibrations

Noise in bearings could result from surface damaggace-and geometric inaccuracies,
bearing element elasticity, internal clearance, rwéabricant viscosity and housing
design and stiffness. Thus radially loaded bearitigat are considered to be

geometrically ‘perfect’, will generate vibrations.

Tandon and Choudhury (1997) explain that vibratiaresdue to the nature of the rolling

elements in the load zone changing position cotigtdaring a rotation cycle, and that
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only a finite number of rolling elements are in taot with the races. This gives rise to
periodic variation in the total bearing stiffne$his variation generates vibrations known
as varying compliance vibrations (Tandon & Chough999). Additionally, when the

races are assumed as continuous systems, therhdingicg direction of the contact
forces which are applied by the rolling element® @ause ring-mode or flexural

vibration of the races.

A used bearing which does not display any signslashage on the races or rolling
elements, however, will produce greater amplitudeilbrations than a new bearing. This
is due to overall wear, increasing the internabi@dace and thus resulting in overall
displacement of elastic elements. This leads thdrignpact velocities within the system

causing greater amplitudes (Chambers & Bunting1198

During the early stages of bearing failure the ingtanetal contact within the bearing
produces stress waves. These short duration eaemtsharacterized by sharp peaks in

the vibration signal (Pineyro, et al., 2000).

Chambers and Bunting (1981) have clearly defindfér@int types of vibrations which

are summarised as follows:

Sources of acoustic energy in roller bearings amsidered with a ‘pristine’ bearing
packed with the correct amount of grease and rufadi design speed and load. This
type of bearing is far from quiet and produces dewiange of noise throughout a wide
frequency bandwidth. This is due to the followi@hé&mbers & Bunting, 1981):

= As the rollers enter and leave the load zone througrotation, sliding friction
and jerking motion exists. Also sideways motiortté roller exists, resulting in
contact between the rollers and cage. Due to #ielnature of the components
as they are loaded and the bearing geometry chatihgeforce on the components
vary in magnitude due to their varying sizes and ttauses the components to
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vibrate at a frequency equal to a rolling elemexgsing a fixed point on the outer
race.

» Although much is done to prevent contamination inith bearing, it is possible
for dirt to enter the assembly. When the dirt cotsahe rolling elements it
creates an impact and stress waves occur. Thiscimgan reach ultrasonic
frequency ranges. Contamination can also be pregémn a bearing due to its
own wearing components which have sheared off.

» Worn bearings also have a greater noise emissemtbw bearings due to their
wear patterns allowing greater displacement withie system and thus higher

impact velocities.

2.4.1 Theoretical bearing frequencies

Rolling contact bearings such as the tapered roiaring around which this research
project is centered have line contact and bear tautlal and axial load due to the taper
(Norton & Karczub, 2003). Thus each type and siteb@aring produces its own
frequency when rotated. There are four main souoéedbrations present in rotating

bearings (Chambers & Bunting, 1981). These are:

A. Rotating element passage frequencies
These are discrete frequencies dependent on thbarwhimpacts per unit time,
and on bearing geometry and relative angular spéé#te inner to the outer race.
There are eleven types of frequencies. Some euesttal relative running speeds
of the components and not due to defective padmeSof these frequencies are

defined below.

Tandon, and Chodhury (1997) takes the effectivertago consideration and defines the

standard bearing vibrations as follows:
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Cage Frequency:

Ball Spinning Frequency:

Outer Race Defect Frequency:

f, =nf,
Inner Race Defect Frequency:
f, =n(f, - f.)
Rolling Element Defect Frequency:
f. =21,

where

n = number of rollers in the bearing (single row)]|
f, = angular frequency of bearing rotatioft][s

d = roller element diameter [m],

D = pitch diameter of bearing [m],

(2-14)

(2-15)

(2-16)

(2-17)

(2-18)
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a = cup included angle [rad].

Subscripts:
0 = outer race
I = inner race
c =cage

b =roller or ball

B. Bearing Element Resonant frequeng¢@bambers & Bunting, 1981)
This refers to the frequencies of the bearing camepts at which they are
naturally resonant. The formulae for radial ancdil@l modes of vibration are

given below:

In plane flexural modes:

CN(NZ-1) 1 [El
f = = (2-19)
o JUNZ+1 28° I m

Transverse flexural modes:

_ N(N*-D) 1 [El

f = had 2-20
t [Nz +1+0_ 2m2 m ( )

Radial Mode

—— (2-21)
2m \p
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where
E = Young’s Modulus [Pa],
p = Density [kg/ni],
o = Poisson’s Ratio [ ],
N = number associated with mode order e.g. 2, 3-], [

a = radius of neutral axis [m],

3
= % , moment of inertia of assumed bearing shap, [m

b = lateral dimension of the bearing, width [m],
h =% ©D - ID), height [m],

m = pA [kg/m],

A=bh[m?.

These frequencies could possibly be detected thraogpact tests when the
bearing is stationary to understand its signatumet iithe frequencies would be

present in frequency range to be analysed (Nortdfa&zub, 2003).

C. Shock Pulse frequencies
This occurs when one element irregularity impacistiaer element. This results
in short duration stress-waves, resulting in fregies extending well into the
ultrasonic range. Some condition monitoring equiphmaake use of these high

frequencies and the energy associated with thekspatse to detect bearing

defects.

D. Acoustic Emission
As with shock pulse frequencies, similar short torestress-waves are produced

when bearing material undergoes non-elastic chaaegg, during fatigue crack
growth. The frequencies that result are very highti{e kilo hertz to mega hertz
range) and can often assist in identifying earlg advanced damage (Norton &

Karczub, 2003).
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Chambers and Bunting (1981) discuss the transniiggilof acoustics through the
various interfaces within a bearing assembly. Taegmissibility is said to depend on the
contact pressure between the two surfaces andehadncy of the acoustic signal. The
attenuation of the defect will increase with theguency. Chambers and Bunting (1981)
point out, however, that the loaded region of aibgahas large contact pressure between
the elements with a thin film of lubricant in be®vethem acting as an acoustic couplant.
This serves to improve the transmissibility of thbration energy and thus frequency
signal. It is important to understand that the $rarssibility of an interface greatly
depends on the contact pressure between the ssiidadethus dependent on the loading

of a bearing when the frequency signal is measured.

It is also important to note that the amount ofageethat a bearing already has in it will
influence the vibration results achieved (Chami&rBunting, 1981). Although at the
stage of the Lateral Machine the bearings have masg in and are only lightly
lubricated with low viscosity honing oil meaningaththe vibrations should not be
damped too much as a result of the oil. Care ndedse taken to understand if
‘equations’ for typical bearing frequencies are egiy based on output frequencies

achieved with an average complement of greasedledta

Distributed and Local Defects

The presence of any defect on either the racesling elements cause a significant
increase in vibration within the rotating systemh&u balls or rollers or races are
damaged and roughness exists on the running sarflem high frequency transient
vibrations will be produced as a bearing rotatdsaf@bers & Bunting, 1981).

Defects are categorized as distributed or locah@ba & Choudhury, 1999). Distributed
defects could be surface roughness, waviness, ignsal races and off-sizing of rolling
elements. Roughness and waviness, surface deeets;onsidered with regard to the
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Hertzian contact width of the rolling element asnpared to the output wavelength of the
defect. Where the wavelength is of the order ofdatwetact width or less, it is termed as
roughness and if it is longer than the contact idlt is termed waviness (Tandon &
Choudhury, 1999). All of the distributed defect® atue to manufacture error, poor
installation or abrasive wear. The presence of disributed defects increases the
vibration levels. This is due to the variation ontact force between the rolling elements
and the races (Tandon & Choudhury, 1999).

Localized defects include spalls, pits or crackstlom rolling surfaces. These are not
typically associated with poor installation. Althghu vibration analysis has been used
extensively to classify bearing failure, the noatisinary characteristics defined above
are more predictable. However, non-linear factdrat talso disguise these vibration
signals are the changes in loads, clearance actébfriwithin the bearing (Wang, et al.,
2008).

Additionally it has been identified that the biggeifficulty with detecting damage in
bearings is due to the signature frequencies seass a large frequency band and they
can also easily be buried in noise. Additionallghin a system there are normally other
components giving off their own distinct vibratiof@ineyro, et al., 2000). The problems
associated with detecting their vibrations are essalt of the machines in which they are
mounted and the complexity of such. The backgrawigde normally makes it difficult to
detect using time domain studies commonly usedibnation analysis, such as overall
RMS detection, crest factor and kurtosis. Typicaftyethods such as spectral analysis
and power spectrum are used for the detection tdctke on bearings which will be
further explained (Norton & Karczub, 2003).

High Frequency Sensing
When a defect on a member of a bearing makes donttic one of the other members
under load an impulsive vibration is created. Theation of this impulse is very short in

comparison to the time taken between impulses. €prently the energy is filtered into
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very low amplitudes over a wide range of frequendee to the short duration of the
impulse. This wide distribution of energy then makedifficult to detect the bearing

damage with a conventional frequency spectrum.sdmance is normally excited within

the system. This resonance occurs at higher freyuéran other machine elements and
has larger amplitude. Some of this energy assatiatth the resonance is concentrated
in a narrow band making it easier to detect. Thigoulse is referred to as the

Characteristic Defect Frequency and occurs at ampaiely equal intervals due to the

periodic nature of a bearing (McFadden & Smith, A)9%iezoelectric sensors, such as
accelerometers, are typically used for sensing $ugh vibrations as they have a good
response at such frequencies. The characteristectdéequency can be isolated by
applying a band pass filter around the resonauuiEacy or by envelope detection. Both
of these methods remove the damping frequenciesciassd with the resonance and
ideally only the characteristic defect frequenciemain. The frequency range of the
resonance typically lies between 10kHz and 50kHpidally, these resonant frequencies
cannot be calculated very accurately and this etduthe many factors arising from the
actual fit of the bearing in the shaft and housifige sensor should also ideally be fixed
very securely as especially at high frequenciesrtaecuracy can vary greatly if it is not

properly secured.

The location of the sensor with respect to the datealso very important. As shown in
McFadden and Smith (1984), when the sensor is dioshe defect the amplitude is
great, however, 180 degrees away from the sensaartiplitude is lower. At 90 degrees
to the sensor the impact was at its lowest. Thectdon which is best for the sensor is
also dependent on whether the type of bearing wisidieing assessed is able to carry
axial, radial or a combination of loading direcsor-or example, a roller bearing (with
no taper) must have its sensor mounted with its pgrpendicular to the rollers as it can
only transmit a radial load. Best consistent raswiére achieved when the sensor was in
the loaded zone of the bearing. This is becausdirireof contact for the vibration to

travel is the smallest at this point and thus thengjest signal.

42



% UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and Aerom@altEngineering

Bearing Failure in Condition Monitoring Trending

When a bearing defect is detected the bearingideséon normally happens in stages
shown in Figure 2-16 parts (a) and (b). The firslication that the bearing is failing
occurs when high frequency stress waves and naisggg occurs. With time these
frequencies increase in amplitude. When the dartmagige rotating component becomes
evident in the lower frequency ranges then the fidk frequencies are being recognized.
This means that there is physical damage on thealcotating components. If the
bearing is left to run then the amplitude of thesguencies will increase until finally the
bearing is so loose that a noise bed is createchageheral amount of rattling is seen in
the vibration spectrum in the last figure. At tp@int the bearing cannot be repaired and

should probably be replaced (Mobius Institute, 999

Stage One: VERY HIGH FREQUENCY (@) [ LesenD

Shock Pulse, PeakVue, Spike Energy, Envelope
|

|
STRESS NOISE
WAVE ENERGY

1X

=5

0 Hz 1 kH=z 40 kH=z
@ Mobius 2008 www.llearninteractive.com

Stage Two: High Frequency (@) Lecenp |
Envelope, Demodulation and Acceleration Spectrum
|

1X

L

0 Hz 1 kHz 5 kHz 40 kHz

© Mobius 2008 www.ilearninteractive.com

Figure 2-16 (a) — Stage one to four (top to bottoft)earing failure in vibration analysis
(Mobius Institute, 1999)
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Stage Three: Mid Frequency (2 [ LEGeEnD

Spectrum analysis: Outer race fault

1X BPFO 2xBPFO

L

0 Hz 1 kHz 5 kHz 40 kHz
© Mobius 2008 www.ilearninteractive.com

Stage Four: Low Frequency (@) [ Lecenp
Spectrum analysis: Outer race fault e
0 Hz 500 Hz 1 kHz 10 kHz 20 kHz 40 kHz

& Mobius 2008 www.ilearninteractive.com

Figure 2-16 (b) -Stage one to four (top to bottom) of bearing fa
in vibration analysis (Mobius Institute, 1999)

2.5 Applications of Condition Monitoring in Bearing S

In industrial applications bearing faults are pegell using condition monitoring
techniques. Often trending is adopted in industrgmphasize the difference between a
good bearing and a bearing which is deterioratimgr dime. This is evident due to the
increase in amplitudes of vibration as well asitt@eased presence of expected defect
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frequencies as described in Section 2.4.1. In #3® studies, however, the bearings are
normally rotating at high speeds and are subjetieapplication loading. The bearings

are also mounted and have normal clearances asmpeunted bearing design.

Mechefske and Mathew (1992) measure a slow rotaingle row cylindrical bearing
with damage. A vibration signal was measured wittawdt present 1Imm deep x 2mm
wide groove, cut across the full width of a beartnger race. It was rotating at a slow
60rpm and a load was maintained on the bearing@klN2In this instance the vibration
signal of the fault gave a clearly periodic shanipact vibration caused by the rollers
contacting the fault. This vibration is in line Wwithe outer race ball pass frequency as
described in Section 2.4. In the study they coneplethe fault was detectable by use of a
parametric model. This was used so that variouteréifit frequency spectra can be

analysed due to the slow rotation of the sampledispen.

Tandon & Choudhury (1997) showed that a deep grdosi bearing with normal
mounted clearance and an outer race defect preseitéd the expected ball pass outer
frequency. The frequencies were present at diftdoadings of 20kg and 60kg, and the
amplitudes of vibration at these frequencies weagaifscantly less than when the load

was decreased (Figure 2-17).

45



gf 3 g "o,

+  UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and AeromzaltEngineering

0.002
(a)

0.001 —

0.000 — : :
0.005

(b)

Displacement (rmm)

0.004 —

0.003 —

0.002 —

0.001 — ' '
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Frequency (Hz)

Figure 2-17 — Frequency spectrum for an outer datect of load (a) 20kg and (b) 60kg
(Tandon & Choudhury, 1997)

From the case studies it is apparent that althabghoearing defect frequencies can be
used quite accurately in certain applications,gltege however a few criteria that must be
fulfilled. In both case studies bearing loading apéed was shown to have an impact on
the results. When the speed was low special madetse used to analyse the vibration

signal output.
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2.6 Previous Research of Cup Nick Detection at Timk  en

Timken Rail Services in Northampton, UK experiencsVeral customer complaints
regarding noisy bearings. Most of the customer damfs were on class F bearings (ID
of 6.1880" and OD of 9.9250"). The root cause hesnbproven to be nicks on the cup
race. Subsequently the Timken Rail Services teammstigated means by which to detect
nicks on this size bearing. The Timken Noise, Miora and Harshness (NVH)

department conducted various tests to establishihg&haicks can be detected. Testing
equipment chosen was the Lateral Machine as sughesth the proposed study. Its
rotational speed was constant at 138RPM. The cupmireed fixed and both cones
rotated. The measurement duration was approximateleconds. The load was applied

first on the lower and then on the upper cone.

An accelerometer 736T was used with a weight ofirins, a sensitivity of 10.3mV/ni/s
and specified for low frequencies (OHz to 500HZ)e method of mounting was with a

magnet directly onto the cup outer diameter onteclvthe accelerometer was glued.

Tests were performed on two part numbers with artdoat nicks. Of the specimens
with nicks some were artificially made with a hammna@d others were from customer
returns. The geometrical characteristics of theibga influencing the defect frequencies
were the same for all the part numbers (sizes)eduahd included the semi-included cup

and cone angle and the number of rollers.

The spectrum of signal processing was measured thtHollowing parameters (Koch,
2009):

= 0-500 Hz

» 800 Lines ¢; = 625mHz)

»  Window Hanning

=  Overlap of 40%
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= 14 second duration

» Sampling frequencf = 1280Hz

Signal processing techniques used for the expetimene spectral analysis as it was
used on smaller bearings in production in Timkenilifees and the software was

available for use.

The key in using spectral analysis was to defingarashold which could define the
comparison between pieces with and without defdtisas found that in samples with
nicks the main vibration peaks existed on the cefeat sound harmonic of 47.5Hz. An
additional high level was found at 11.88Hz (half thfe fundamental cup defect
frequency). On a cup with no nicks peaks were atddhlin the vicinity of 100Hz (Koch,
2009).

Based on the above findings the NVH team in Eursyggested that a threshold, based
on cup defect frequencies, would be (Koch, 2009):

= 11-13Hz: 3mmfs

= 23-25Hz: 3mmfs

= 46-49Hz : 3mm/s

= 69-73Hz : 7mmfs

= 092-98Hz : none

= Harmonics 5 and 6: 10mni/s

= Harmonics 7-10: 20mnfs

= Harmonics 11-15: 40mnfis

A value over the limit in these defined frequenapges determined the criteria to reject

the bearing. It was still recommended that a visngpection of each rejected bearing

should be done. The values listed above were addddiom a very limited sample size.
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The NVH team concluded that tests have shown s@jeetion and acceptance criteria
ranges for two part numbers. Further study wouldhéeded on other parts. The testing
that is to be performed as part of the currentare$ewould extend this research to an
additional class. Further work needs to be donenierstand if the cycle time of the
Lateral Machine is sufficient to give enough infatmon. They also recommended that

alterations to the current Bearing Signature Arialgsftware would need to be done.

Based on the above tests performed by the NVH tlepat, the TRS UK team decided
to implement a similar solution in the productionel to understand if the theory holds
true and that nicked bearings are detectable. Tdeired a Pocket VibrA Ultra
acquisition instrument from C-Cubed and used ithviie C-Trend Analysis software.
The hardware sampled between 0 Hz and 15 kHz anck#olution was up to 0.3Hz. The
software was able to predict where the bearingugagies would occur based on the
physical geometry as well as the rotating speedhefLateral Machine. The Lateral
Machine that the UK team used for the testing waslder style Lateral Machine which

had a gearbox in it with gear mesh frequencies¢lwhad to be characterized.

The results of the testing were not very conclusiMey ran the system for a period of
three months on the production line with variedcess. Sometimes the nicked bearings
showed lower amplitudes than the non-nicked beariwfen analysed in the normal
frequency domain by means of an FFT. The resuieewaken in the first half of the
Lateral Machine cycle and then the computation pexrformed during the second phase
of the cycle. They only used one accelerometer witlsensitivity of 25mV/g and

magnetically mounted it on the track of the cup.

The team has subsequently discontinued any futdstmg and is, at this stage, not
pursuing a solution. Their recommendations have beeise two accelerometers on both
the lower and upper raceway rather than measunnpetrack position of the cup. They

were also concerned that their gears within thehmmaccaused most of the noise.
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In Chapter 2 the fundamentals concerning the ARitgand the nomenclature of the
parts which will be used throughout the report wemviewed. Basic bearing
fundamentals have been explained to show how tkeryhis used to calculate the
expected frequencies within a system, knowing therating speed and geometry of the
bearing under consideration. Case studies werewed in which bearing fault detection
was conducted revealing speed and loading playealea The work done within the
Timken facility in the United Kingdom on detectiaf cup nicks was explained and it
was shown that there were a few testing processesd which can be improved, and that
more extensive vibrational analysis must be doné&ully determine if the results that

they have achieved were repeatable.
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3 MATERIALS AND METHODS

In this chapter consideration will be given to tlype of testing equipment and data
analysis packages that will be used. It will alevear different data acquisition settings
including sampling and filtering, and how the Pov&grectrum Density method will be
used within the data analysis. The bearings thktbeiused within the investigation will

be detailed including the severity and size ofrtloks associated with each bearing.

3.1 Testing Equipment

The following equipment will be used in the reséarc

3.1.1 Testing Facility

The Lateral Machine will be used to conduct thdingsin the Benoni, South Africa
Timken facility. As discussed in Section 2.3.5 tteteral Machine cycles through an
upward and then downward motion to measure thealatdearance within the bearing
assembly. In order to minimize the variability witithe data acquisition testing and to
ensure that both raceways are seated as much siblpagithin this machine motion, the
testing will only be completed in the second phat¢he Lateral Machine cycle. The
duration of the rotation in the second phase velextended for increased sampling time
by means of a machine override connected to a wéygls installed for the purpose of

testing.
Figure 3-1 shows a bearing in the Lateral Machm#he testing position. The cup locks

are holding the cup in position and securing itiagfathe upper part of the machine. The

lower shaft is holding the cone in position and tigper cone is rotating the whole
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assembly by means of a driven shaft on the top nehntihe accelerometer is mounted

on the upper raceway and not in the track.

s

1. Cup Lock 4. Accelerometer mounted Magnetically

2. Track Location of Cup 5. Upper Collar of Lower Shaft
3. Upper Race Location of Cup 6. Lower Shaft (non-Rotating)

Figure 3-1 — Testing equipment configuration

3.1.2 Data acquisition instrument and software

An instrument from National Instruments, OROS arBMHwas considered. When price,

sampling rate, future flexibility with regard topuat sensors and software programs were
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considered the HBM QuantumX MX440A Universal Amg@ifwas chosen. It is able to
master sample data at 19.2 kHz and applies a njoistatlle anti-aliasing filter to 3.2 kHz
bandwidth. It has a 24 bit resolution. This is reeal per channel with four electrically
independent channels (See Appendix B). Although dguipment was not the cheapest
in its class, it appeared to have the most funatipnwhen in later stages alternative
types of sensors were to be used, other than aiooedéers and velocity pickups. The
software which is supported for the signal analyie HBM nCode GlyphXE, was used
as part of the analysing tools. Additionally Matlalas used to plot information and
Continuous Monitoring System (CMS) software (cosytef TLC Engineering) was also

used to plot information and calculate FFT's andRS

3.1.3 Data acquisition sensor

Due to the potentially large range of frequenciggeeted as a result of the low bearing
signature frequencies of at low rotational spewdt the possible high frequency peaks
which could be generated from a bearing defeatag difficult to narrow the amplitude
range of the sensor down. Thus, based on what isasssed in the literature survey, it
was decided that, due to the overall performancecoélerometers at varying frequencies
as well as their robust design and ease of avéilghthat an accelerometer would be
used. Additionally, it was decided that it would fitable to use an accelerometer for
initial tests with a broad frequency spectrum célfggitas it could cope with the expected
frequencies within a relative measure of accurdéye IEPE accelerometer chosen was
an IMI ICP Accelerometer with a sensitivity of 96rgv Additionally, a variable
capacitance accelerometer, which is able to meagtinggreater sensitivity at low ranges
was used to detect lower frequencies. This acomleter was an Endevco Microtron
7290A-2-100 with a sensitivity of 20mV/g.
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3.1.4 Sensor mounting

As discussed previously in the literature revievs ihot ideal to have sensors mounted by
magnet or glue as there is a loss in the transunitibration as such methods have a
dampening effect on the vibration measured at iceftaquencies, as shown in Figure 2-
13. However, in this particular application and festing purposes it is not possible to
stud mount the sensor as the bearings are chamgettheé tooling does not allow for that.
If, however, the results show that the locatiorthef sensor has an effect, and that it is
feasible to implement the testing in a productiori®nment, then further investigation
can be done to consider permanent mounting of #msacs to extend into the exact,
correct, permanently mounted location. A curved meagvas used which allows the
accelerometer to be attached to the outside diaroétee cups (for the IMI sensor) and

adhesivé mounting was used for the Endevco accelerometer.

3.1.5 Data analysis

During the course of the testing and data analysése of the project, different methods
of data analysis were explored. Time domain anslyss conducted in Matlab, CMS
and Glyph XE. FFT analysis was also done in thessgrams. Additionally, more

complex analysis techniques were used, such asrRpeetral Density (PSD) in CMS.

Data capturing was conducted with and without it and by applying different types
of low pass filters in order to determine the basthod.

! Rapid setting anaerobic ‘superglue’ was used. ®Vhilis would not be feasible in a production
environment it served as a useful comparison iragere both instruments were used simultaneously.

54



S

+  UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and AeromzaltEngineering

3.2 Preparation of Test Pieces

In order to conclusively and accurately derive infation from the testing to be
performed it was important that the bearings thatenbeing tested were understood and
documented well. Cups that had nicks were to beseamdrom the production line, where
available. If cups with nicks did not exist theyrealeliberately made by simulating an
incorrect bearing assembly procedure, or by usid@mamer. Additionally, cups were
chosen that were considered as non-nicked samplasier to determine the frequencies

and amplitudes of vibration against which nickedrivggs would be compared.

In the following section particular nicked bearingsth photos and measurements are

described.

3.2.1 Class D bearings

The most common part number run in the South Afripeoduction facility is a class D
cup and cone, and thus these were the main sizeasing used during testing, based on
availability. A variety of class D bearings wersttx to establish if results were bearing
dependent, or if they were repeatable. The bearamging convention given was D1, D2
etc, where the numeral represents only a sequentimber denoting the bearing number.
Non-nicked production bearings were denoted byrtkerial number. The testing and

results in the remainder of the report will be refd to by these numbers.

The profiles of the nicks were traced on a contorafile tracing machine. This is a

machine that measures accurate change in heightiepith of a surface and plots this
variation against the horizontal distance travetsgthe needle. The cups were placed on
the tracing machine so that the nicks were measageaks the centre of the nick i.e. the
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deepest area. Each bearing was visually examingédhe&ndeepest and largest nicks were

chosen for measurement.

Table 3-1 is a summary of the type of nicks thatenmeasured on the bearings, and the

height and depth thereof. The parameter shadeteiigdicates a bearing that is within

the corporate size specification limits for nickfi¢ Timken Company, 2011).

Table 3-1 : Summary of nicked test bearing damage

Roller- Number | Number
. Raised | Depth | Height | Width | of Nicks | of Nicks
Bearing | spaced Comments
: Surface| [um] | [um] [mm] Top Bottom
Nicks
Raceway| Raceway
D1 N Y 14.487| 10.026 1.17 6 3 Light nicks
D2 Y Y | 28.45| 16513 1.335 8 1 | Twosets of roller-
spaced
D3 Y Y | 1064| 1.46| 152 10 4 | Topracewaysome
depth
D4 Y N 11.78 0 |0.7366 3 1 No real depth
D6 N vy | 1321| 9088 2.311 6 3 Nicks random
distribution
D7 N N | 385 | o0 | 2083 0 1 Chip on edge of
raceway

D1 Nicked bearing

This bearing has approximately six light nicks twe top raceway and approximately

three light nicks randomly spaced on the bottonewaxy. One of the nicks displayed has

a ‘double’ appearance i.e. two small indents al@legeach other as shown in Figure 3-2.

Figure 3-3 shows a trace depicting the depth vepmsition of a nick on bearing D1.

There are further examples in Appendix D. Figw® $hows that there is a high spot

! Although the size of D4 is within corporate spieeifion there is more than one nick in a quadrauk a
thus it is rejected by the specification
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after the nickas well as the depth of the nick. Th-axis denotes the distance that
been travelled and the axis denotes the amount of travel of tracing needle i.e. tF

height and depth of the nick
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Figure 3-3 Profile trace of D1 pper raceway nick with some depth and raised |
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D2 Nicked bearing

In this bearing th bottom race¢has a nick, tangible to touch and locasgproximately
opposite to thepoint chosen for senscdocation during testing. The upper race

multiple roller-spaced nicksach with depth as seen in Figure.3Fey are set virtuall
under the sensor positiamhen the sensor is mounteon top of the itks” position as
will be seen later. There are two “sets” of rc-spaced nicks in this upper ra« Figure
3-5 shows a profile trace of one of tlroller-spacednicks shown in the photograg

There are more pfile traces of the nicks in Appendix

Figure 3-4 -D2 upper racroller-spaced nickéscale in inche:
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Figure 3-5 — Profile trace of deep nick on D2 (niefo of roller-spaced nicks)

D3 Nicked bearing

In this bearing the top raceway has more than edarrspaced nicks with considerable

depth (Figure 3-6). The bottom raceway has a fasksn{approximately four) and these

have some depth. Traces of the nicks are availalA@pendix D.

D4 Nicked bearing

This bearing has three roller-spaced nicks whiehreat very deep on the upper raceway

with some random shallow oddly-spaced nicks. Theobo race has some basic minor

staining with a small nick with negligible depthlraces of these nicks are shown in

Appendix D.
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Figure 3-6 -D3 upper raceway nick with dej (scale in inche:

D5 Non-nicked bearing

This bearing is not nicked and has no visible damag either the bottom or t
raceways. Before every test it was inspected tairenshat this condition had n
changed.In addition to this nc-nicked bearing testeda further seven n¢nicked
bearingswere used throughout the testing and were alwaggeitted for the presence
nicks. These were production bearings and thus Vedxeled by their serial numbers
called production bearings. They were only testéeMatimes and then were sent to
customersD5 was always -used as it was not sent on to customers and this

regularly mentioned.

D6 Nicked bearing

This bearing has a few nicks on ttop raceway which are varied size and dep, and

are randomly distributed. The deepest nicks located approximately 90 degrees fr
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where the sensor would be mounted in the track. @dteom raceway hafewer nicks
and one with shallowlepth but larger si;, as seen in Figure 3-Traces of the nicks a

shown in Appendix D.

Figure 3-7 — D6 nick with depth

3.3 Proposed Testing Methodology

The testingmethodology is as follows. It should be seen asr@ad approach (nc
necessarily sequential) with intermedievaluations made, aratljustments made to tl
test protocol to cover all the necessary facetthefresearch. As the data is gathe
from the testingan iterative approach is implemented t-test certain parameters a
understand better how they <t the resultsThe presentation of results is not necess:i
chronological but results have been grouped acegrthh the general parameters t

were varied.
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a. Establish the parameters of the bearing

This consists of initial testing done on one Latéachine and class D
bearings. The testing would include simple testgicked and non-nicked
bearings. At first the accelerometer would be medrih a neutral position
such as the centre of the double cup on the trackhawn in Figure 3-1.
A few tests would be conducted with the data capfrogram, utilizing
different acquisition settings such as samplingsatnd low pass filters.
The accelerometer would be a general specificafmm fairly good
performance across both low and high frequency ®amtlis phase of
testing is to understand the frequency range ptesehe application.
Analyse the data in the time domain to identifarfy periodic waveforms
are present.

Convert the data to the frequency domain and iflendiominant
frequencies and amplitudes for non-nicked and middearings.

Convert the data to power spectral density and tiiyerdominant
frequencies and amplitude limits for distinguishingcked from non-

nicked bearings.

b. Establish how data acquisition variations affectahesting results

Further steps would be taken to understand howettangs applied within
the data acquisition process affected the consigten the results. This
would include changes in sampling rate of the mesamsants, the use of
filters, the position of the accelerometer relatieethe nicks, different

accelerometer sensitivities and methods of mourtfrtbe accelerometer.

c. Establish the effect of the physical bearing parat@es on vibration amplitude

The variation of depth, size and distribution patseof the nicks on the
outer race would be investigated and the effecsumh on the vibration

amplitude and frequencies determined.
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il. The variation of the bench end-play of the beasagembly and its effect
on the vibration signal will be assessed.
iii. Any other physical defects within the bearing, diieh test pieces are

available, can be tested to see their effect owittration signals.

The methodology that will be applied during thetitegs phase of the research has been
described. It has been shown how the different ipalysharacteristics of the nicks have
been considered and how these have an effect onredearch outcomes. These
characteristics have been measured and definednwtike test bearings to ensure that
they are fully understood when the results areysedl. The settings of the equipment
during testing have also been described and thadhtpereof explained. Furthermore,
the different acquisition parameters such as tgsturation and accelerometer types used

have been considered as well.

63



S

+  UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and AeromzaltEngineering

4 RESULTS

This chapter documents the findings that were éstadal during the testing phase of the
research. The theoretical bearing frequencies ailated and documented. These are
the standard bearing frequencies that would tylyiche associated with defects.
Explanation is given into the preliminary testiiat was completed and techniques that
were used and not considered relevant for furthecudsion. Physical acquisition
parameters such as the testing duration, sevenmitly dastribution of nicks in the test
pieces, and location of transducer, are considered.

4.1 Theoretical Bearing Frequency Determination

The physical characteristics of the relevant Idearings are defined in Table 4-1.

Table 4-1: Class D bearing physical charactessti

a - Half n
2 2 f -
Inner Outer d” D h mclHded Number
Part Number Class | Diameter | Diameter .RO er .P'tc rofler of
Diameter | Diameter centre
. Rollers
line angle
[mm] [mm] [mm] [mm] [°] []
HM127446/HM127415XD D 131.750 207.962 17.6987 167.88134 9.05 23

The different methods of calculating the expecteeotetical defect frequencies were
explained in Section 2.4.1. These are defined inlel4-2, sample calculations of which
are found in Appendix C. These frequencies willhighlighted in the graphs to see if

any particular activity or peaks coincide with thésequencies. Harmonics of the above

! Product knowledge in Table is available on Timi@@mpany internal database systems
2 parameters d and D are calculated by bearing raenuérs and are based on average sizes of a taper
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are also possible and Table 4-3 lists these fasdabearings. The rotation speed of the
Lateral Machine is 135.7 RPM and the defect fregie=nin Table 4-2 and Table 4-3 are
based there on.

Table 4-2 : Expected defect frequencies calculdedssembled bearings at 135.7 RPM

Outer Inner Roller Ball Spin Cage In Plane Transverse Radial
135.7 Defect Defect Defect Fre ueac Fre ugenc Flexural Flexural Flexural
RPM | Frequency | Frequency | Frequency quency quency Mode! Mode! Mode*
Hz Hz Hz Hz Hz Hz Hz Hz
Class D| 23.3049 28.7211 21.2246 10.6123 1.0133 1098 1069 7755
Table 4-3 : Class D bearing harmonic frequencids3&t7 RPM
Frequency Calculated Harmonics [Hz]
and Calculated | Frequency
Method [Hz] 0.25x 0.5x 1x 2X 3X 4x 5x 7X ox
Inner 28.7211 7.18 14.36 28.72  57.44 86.1 114.8313.61L | 201.05| 258.49
Tandon | Outer 23.3049 5.83 11.64 23.30 46.61 69.4 93J22 6.5P1| 163.13| 209.74
Roller 21.2246 5.31 10.61 21.22 4245 63.6 84.9006.12 | 148.57| 191.02

Since the rotating speed of the Lateral Machir3i.7RPM, the fundamental frequency,

which could possibly be significant due to machéxeitation, is approximately 2.262Hz.

The harmonics of the rotating speed are listedahld 4-4. These Frequencies will also

be monitored in the results.

The Lateral Machine has various rotating componeitich allow it to operate. These

also need to be taken into consideration as additifrequencies that could possibly be

measured. The frequencies of the bearings utilinethe speed reduction motor are

given in Table 4-5.

! Bearing element resonant frequencies are calclilfme whole assembly and are calculated for mode
order N=2 per equation 2-19, 2-20 and 2-21
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Table 4-4 ;. Frequencies associated with rotatiepakd of Lateral Machine

Order Frequency

[1] [Hz]

1 2.262

2 4.524

3 6.7860

4 9.048

5 11.310
10 22.620
15 33.930
30 67.860
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Table 4-5 : Rotational frequencies of bearingseishuction motor of Lateral Machine
(NTN-SNR, 2012)

Bearing Rotating Cage Roller Outer Ring Inner Ring
Part Speed Frequency | Frequency | Frequency | Frequency
Number [RPM] [Hz] [Hz] [Hz] [Hz]
Slow Speed Bearings
6306Z 136 0.87 9.3 6.97 11.16
16011 136 1.01 20.45 16.15 20.12
High Speed Bearings
6302RSH2
and 63027 1500 9.13 86.18 63.95 111.03

4.2 Preliminary Results

Tests were conducted with different data acquisiiettings as well as physical bearing
characteristic differences. These will be discugsedetail in the relevant sections. The
testing parameters were chosen in such a way dstemine the ideal combination of
testing criteria in which to detect nicked bearimgthin the Lateral Machine operating
context. In so doing thus exploring various pararseaind evaluate what effect they have
on the vibration signal produced. These result$ kel presented in the most logical

manner and not in chronological order.
With initial testing completed it was difficult tachieve meaningful results. Appendix E

highlights some of the steps that were followed &xhniques that were tried which

were not successful. An example of such a methadsyachronous averaging.
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Certain data packages were also used that did noetde the correct resolution in the

FFT’s to give spectrums which could be analysed.

It was also found that using the Microtron sensdrich had a greater sensitivity at lower
frequencies, yielded better results, and the nigjofithe testing presented hereafter was
done with this device unless stated otherwise. Uibe of the CMS data acquisition
program (courtesy of TLC Engineering) made it eaieunderstand the frequencies that
were present in the system and further manipuksmtusing filters. Matlab was used to
overlay multiple bearing frequencies to accurateympare the differences between

nicked and non-nicked samples.

With most of the results below it will be seen ttiad FFT spectrum is not used but that
the PSD is used. The frequency peaks were clear®S®’s and some of the associated
noise was removed in the PSD (more so than in tR€).FIn most instances the
individual data was examined on the CMS data ad@nsprogram on which manual
limits could be drawn over the whole spectrum. Tdasa was exported and it was then
possible to graphically overlay multiple bearingsMatlab to see the graphs together.
Certain of the spectra were calculated directlilatlab and will be indicated as such.

Particular data acquisition parameters that wetieipated to affect the measured results
include:
I.  The rate at which the data was sampled.
ii.  The filters that were applied during data acquositi
iii.  The type of accelerometer used.

iv.  The duration of the tests.

These four factors will be discussed in more detslilowing how they affected the

results.
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Amplitude [ (m/$)%Hz ]

4.2.1 Sampling rates

As is known from the theory discussed in the litiera survey the sampling rate chosen
for a study is very critical, as having this in@mtly set can either reduce the resolution
of the data, or create a drop in resolution atithesr frequency spectrum. Based on this
the tests will be presented with data sampled @H&01200Hz, 9600Hz and 19200Hz.

600Hz Sampling Rate

Tests were completed with the sampling frequentyas&00Hz. All of these tests on
nicked and non-nicked bearings are presented ireAgig F. No running frequencies of
the machine at 2.262Hz and harmonics thereof wergept. Figure 4-1 shows the PSD
taken of nicked and non-nicked bearings samplegD@Hz. Significant frequencies are
present at 23Hz to 30Hz, 50Hz, 100Hz, 200Hz, 258@ktr 275Hz.

Power Spectral Density Graph
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Figure 4-1 — PSD 600Hz nicked and non-nicked begarin
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1200Hz Sampling Rate

For tests conducted at a sampling frequency of H208 low pass filter of 500Hz was

applied. In Figure 4-2 the PSD’s from CMS are oaierin Matlab for various bearings.

Figure 4-3 and Figure 4-4 are zoomed-in sectionsth& running-speed spaced
frequencies. All of these harmonics are exactly62t® apart (these harmonics were
tabulated in Table 4-4). The running speed frequdramonics displayed between OHz
and 100Hz are more excited in the nicked bearihgs the non-nicked bearings. It can
be noted that Figure 4-3 makes use of a Butterwfdtén and Figure 4-4 makes use of a
Bessel filter. This has been done specifically Hove the results obtained with the two
different filter types has remained similar andtttieey do not have any affect on the

results.

Power Spectral Density Graph

T T I
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Figure 4-2 — Nicked and non-nicked bearings samatekl?00Hz with a Bessel low Pass
filter at 500Hz PSD from the CMS program
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Figure 4-4 — Nicked and non-nicked 1200Hz Bes#telrfbO0Hz
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9600Hz Sampling Rate

Data was sampled at 9600Hz with a low pass Buttehafdter of 2000Hz. When these
results were analysed in the FFT spectrum the teedgtween nicked and non-nicked
bearings were not very distinct as seen in Figue Zhis was similar for the other

sampling frequencies and as a result the PSD’s prexferable to analyse rather than the
FFT.

FFT Overlay
I I

T T T T T
— D2 9600Hz Butterworth 2000Hz BEP26 8 FFT CMS More Points
—— D3 9600Hz Butterworth 2000Hz BEP23.5 FFT CMS More Points ||
— D5 9600Hz Butterworth 2000Hz BEP27.7 FFT CMS More Points
—— D7 9600Hz Butterworth 2000Hz BEP28 4 FFT CMS More Points

0.06 —

005

0.04— —

003

Amplitude [mt‘s?]

|
il

[ | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency[Hz]

Figure 4-5 — 9600Hz Nicked and non-nicked overlaglBT from CMS

When the results were analysed with Power Spebeakity (PSD) in Figure 4-6, trends
do appear between the nicked and non-nicked besarigst nicked bearings have a
greater frequency amplitude at 50Hz and 100Hz ttien non-nicked bearing. The
running frequencies are not seen as in the testerpeed at 1200Hz. There are many
peaks from less than 50Hz all the way to 2000Hzs Bampling rate is providing good
information. The detailed sections in Figure 4-6wlthat at 50Hz and 100Hz the non-
nicked bearings do not have any amplitude but ticsked bearings do. Additionally,

these two frequencies are repeatable, distinct e sufficient amplitude in all the
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nicked bearings. Further more in Figure 4-6 it benseen that D7, the bearing with a

chip on the edge of the raceway has a large amplitesponse at approximately 1400Hz.
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/\ Power Spectral Density Overlay from CMS Software
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19200Hz Sampling Rate

Tests were conducted at the maximum sampling fa©200Hz of the MX440A data

acquisition instrument. The instrument then autacady filtered the data to just under
3.2kHz ensuring that anti-aliasing filtering wasndo The results of the FFT plot
conducted on the CMS program are shown in Figue #he results were then also

analysed using a Power Spectral Density (PSD)Kgpee 4-8).

Power Spectral Density Overlay from CMS Software
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Figure 4-7 — Nicked and non-nicked bearings samated®200Hz FFT from CMS

program

The peaks have become slightly clearer than thawshon the FFT. On Figure 4-8 the
frequencies of 50Hz and 100Hz have been highligtaeshow that these are the common
frequencies. However the non-nicked bearing (D®sdwot have a pertinent acceleration
peak when compared to the nicked bearings at 50H00Hz. There are a lot of high

frequencies which are excited and these may neblgertinent to the work examined.
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Power Spectral Density Overlay from CMS Software
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Figure 4-8 — PSD of Nicked & non-nicked bearingspked at 19200Hz from CMS

program
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4.2.2 Bearing frequencies

The expected frequencies of bearing defects wdmileted and defined in Table 4-2.

Based on the bearing theory that a defect on agr eateway (or any other component)
will give off a distinct frequency it was expecteédat these frequencies would be
prominent in the testing of nicked bearings. Figdr®, sampled at 600Hz, shows that
both the nicked and the non-nicked bearings doshotv peaks at the characteristic
frequency of the cup outer (23.30Hz) but the natked bearings do have peaks at the
roller defect frequency (21.22Hz). Some of the egralso have peaks at the inner ring
defect frequency (28.72Hz). At 22.26Hz bearing Dd @roduction non-nicked bearing

289631, show peaks (which correspond to tHeH&rmonic of running speed).

x10°
12 = T T =
—— PSD D5 600Hz Butterworth 500Hz
——— PSD D& 600Hz Butterworth 500Hz Repeat
— PSD 289631 Mon-Nicked 600Hz Butterworth 500Hz
— D2 600Hz PSD Butterworth
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— D7 600Hz PSD Butterworth

'u‘ g

Pl A,.L /k Al J’e‘»“* J’ ."A"‘!'t
| |
30 32
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Figure 4-9 — PSD at characteristic bearing fregiesnaf nicked and non-nicked bearings
sampled at 600Hz with a Butterworth filter set GOblz
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Figure 4-10 shows clearly the running frequencyrtaarics (20.39Hz, 22.65Hz, 24.92Hz,
27.18Hz and 29.44Hz). The characteristic bearimgjdencies are the frequencies in-
between and these are seen again in the rolleudraxy (21.84Hz) and the inner ring
frequency (28.27Hz). In this figure they are shofwnthe nicked bearing D3 and the
chipped bearing, D7, which has similar amplitudee Duter race defect frequency is not

shown clearly in either of the bearings.
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Figure 4-10 — Nicked and non-nicked 1200Hz chargstie bearing frequency

Figure 4-11 shows the zoomed-in PSD around thepaai outer frequency as per Table
4-2. This test was sampled at 9600Hz with a Bwibeth filter of 2000Hz. The ball pass

outer frequency is expected at approximately 232%Here it can be seen. However, the
non-nicked bearings have this frequency as wellh(the exception of the cone-nicked
test not having this frequency). This shows thatlar the loading conditions provided by
the Lateral Machine, this characteristic frequemines not appear to be reliable in

distinguishing between nicked and non-nicked beggrirAgain, the running frequency
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harmonics are seen. The roller and inner race téfequencies are

<10 Power Spectral Density Overlay from CMS Software
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Figure 4-11 — PSD from CMS for nicked and non-netkearings at 9600Hz with a

equally indistinct.

Butterworth filter at 2000Hz zoomed to show BPFQat37Hz

Figure 4-12 shows the characteristic bearing fraqigs which are visible at a sampling
rate of 19200Hz. The high peaks at 24.91Hz and1Mzlare harmonics of the running
frequency, and 23.3Hz is the outer defect frequembys is not distinct in the resolution

obtained at this sampling rate and the nicked amatmcked frequencies are almost
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x10° Power Spectral Density Overlay from CMS Software
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Figure 4-12 — FFT 19200Hz nicked and non-nickedhwitaracteristic bearing

frequencies

Through the various tests completed, the charatierdefect frequencies were not
distinct nor were they repeatable or always visiblehe nicked samples. This defect
frequency is not consistently reproduced and tlhiaracteristic will not be a reliable

indicator to distinguish between non-nicked (acabl®) and nicked (rejected) bearings.

What can be noted from the figures above in Secti@nl is that the frequency spectra
for nicked bearings do resemble the frequency sypector a damaged bearing in Figure
2-16 parts (a) and (b). The predominant causeeskiape of Figure 2-16 is as a result of
the looseness within the bearing assembly whenffers considerable damage. The
Lateral Machine is measuring the bearings befosy tare installed in their intended

application, and with a very large bench end-pés/compared to that when a bearing is
installed and is within the mounted end-play taheea As a result of this it appears that
the bearings are resembling a loose bearing freyupattern. This could also explain

why the bearing defect frequencies are not domiranthe bearings are not passing
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through a loaded zone which is a requirement ferlibaring defect frequencies to be

pronounced.

4.2.3 Natural frequencies of components

The natural frequency of a cone and cup was medstmedetermine if the measured
bearing frequencies were as a result of cone oresgnance. Figure 4-13 shows the two
peaks associated with the natural frequencies@@H2 and 2116Hz for cones. Figure 4-
14 shows the natural frequencies of a cup with pedk936.5Hz, 1235Hz, 2539Hz and
4463Hz. Other components were not measured assitnwapractical to do so with the
size of accelerometer available. The calculatequieacies in Table 4-2 are similar in
range to the frequencies achieved during the gslihe calculated frequencies were for

the assembly together and not for the componentshars the differences are expected.

It must be noted that the line which is visibleapproximately 4400Hz on Figure 4-13 is

not a frequency peak but a cursor on the graph.

! The natural frequency was measured by gluing aslammeter on the components and suspending them
by string and tapping them with a piece of stebk Tests were repeated and the repeatable fre@sess
shown.
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Figure 4-14 — FFT of a class D cup natural freqygPeaks at 936.5Hz, 1235Hz,
2539Hz and 4463Hz)
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4.3 Non-nicked Bearings Limits

Due to the non-repeatable results obtained frondé#iect frequencies as described in the
previous chapter it was noted that the peaks amsaciwith the nicked bearings were
always larger than those in the non-nicked beayinmg in different parts of the
frequency spectrum. Thus non-nicked bearing measemts were taken for all test
parameters (at similar sampling rates) and wererlaidein Matlab. Based on the
repeatability achieved, as well as the amplitudssoaated with particular frequencies,
that were repetitive in the testing, limits werdiged for an acceptable bearing. Figure
4-15 to Figure 4-18 show the plots for each sangpliequency of non-nicked bearings.
These all have a limit drawn across the frequenmctsum in blue which shows the
frequency and corresponding amplitude limits for ateptable bearing. All of the
individual PSD’s of the non-nicked bearings arevaman Appendix F. The limits
determined in Figure 4-15 to Figure 4-18 were drdama sample of eight non-nicked
bearings and show reasonable repeatability. Thetslirmet were not for average

amplitudes achieved but for the maximum amplitudes.
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Figure 4-16 — PSD at 1200Hz of non-nicked bearimigis limits
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Figure 4-18 — PSD at 19200Hz of non-nicked bearwigs limits

In Figure 4-17, sampled at 9600hz, frequencieupftequency range of 3000Hz can be
seen. On Figure 4-18, sampled at 19200Hz, whichahgreater range the peaks are also
only defined up until 3000Hz. In Figure 4-16, saetpblat 1200Hz more resolution is
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available than in Figure 4-15, sampled at 600HAusTin the following chapters only
information from sampling frequencies 1200Hz an@®2z will be discussed, as these
are the frequencies sampled with the Microtron kecoeneter that give the most
information as compared to the other two sampliegjdencies. There are, however, in
Appendix F, tests which show nicked and non-nicedring frequency plots with limits

applied for all of the sampling frequencies.

4.4 Nicked Bearing Comparisons

As discussed in Section 4.3 limits have been cdefateall non-nicked bearings. This has
been done so that nicked bearings can be measgeedsathese limits to see if the
amplitudes associated with particular frequenciedhe nicked bearings are greater than
those of the non-nicked bearings. In this sectiariqular nicked bearings will be shown
with their measured PSD’s overlaid with the limithiese will be shown at two sampling
frequencies to determine if one of the two samplingquencies provide better

information.

As mentioned in the previous sections tests at Baggrequencies of 600Hz and

19200Hz will not be shown in this section. They available in Appendix F.

D1 Nicked bearing

Bearing D1 was only measured at 9600Hz samplirg (sg¢e Figure 4-19). It is evident
that this nicked bearing does exceed the limitseady the non-nicked bearings sampled
at 9600hz. The most prominent frequencies thatvasible and exceed the limits are
50Hz, 100Hz and a range between 400Hz and 500Hz.
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Figure 4-19 — D1 Nicked 9600Hz Butterworth 2000kating PSD from CMS software

D2 Nicked Bearing

Three sets of tests on Bearing D2 were conductéguré 4-20 shows bearing D2

sampled at 1200Hz, with a Butterworth filter seb@DHz. Figure 4-21 is also sampled at
1200Hz but the filter used is a Bessel filter. bittbthese figures the limits, as defined by
the non-nicked bearings in Figure 4-16, are exagealed especially at 50Hz and 100Hz
frequencies. The Bessel filtered function also edsethe limit at approximately 325Hz.

Figure 4-22 shows bearing D2 sampled at 9600hzagaih the limits are exceeded at
50Hz and 100Hz. It is also noted that the bearsm®pled at 1200Hz have a strong
frequency response at the running speed harmohmsrsfrom OHz to 100Hz. In the

test sampled at 9600Hz it can be seen that thedregies around approximately 1500Hz
are excited and this is very close to the natuesgjifency of the cup. This correlates with
McFadden and Smith’s (1984) theory that defectbearings are excited through the

resonance frequencies of the components.

87




% UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and Aerom@altEngineering

Power Spectral Density Graph

Acceptable Bearing Limits
PSD Signal

Amplitude [(m/d)*/Hz]

a0 100 130 200 230 300 330 400 430 200 a0 BO0

Frequency [Hz]

Figure 4-20 — D2 nicked 1200Hz Butterworth 500HDHR&mM CMS with D5 non-

nicked bearing limit
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Figure 4-21 — D2 Nicked 1200Hz with 500Hz Besdé&tifiPSD from CMS with limits

from non-nicked bearings
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Figure 4-22 — D2 nicked 9600Hz Butterworth 2000keDFrom CMS software

D3 Nicked bearing

Nicked bearing D3 shows running frequencies (2.2626 100Hz) in Figure 4-23 but
amplitudes that do not exceed the defined limitewkler, the limits are exceeded at

approximately 270Hz. In Figure 4-24, sampled at 036f) the limits are strongly
exceeded at 50Hz and 100Hz.
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Figure 4-23 — D3 nicked 1200Hz Butterworth 500HZ"BES.1 PSD from CMS with

limits from non-nicked D5
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Figure 4-24 — D3 nicked PSD 9600Hz Butterworth 280@om CMS software
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D4 Nicked bearing

Bearing D4 shows increased amplitude in the runfrieguencies in Figure 4-25, and the

limits are exceeded. The 50Hz and 100Hz frequeratiesilso prominent. In Figure 4-26,

sampled at 9600Hz, the 50Hz and 100Hz frequenceegraater than the limits as well as

the frequencies at approximately 200Hz.
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Figure 4-25 — D4 nicked 1200Hz Butterworth 500HzfiBEP26.0 PSD from CMS with

limits from non-nicked bearings
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Figure 4-26 — D4 nicked PSD 9600Hz Butterworth 280@om CMS software

D6 Nicked bearing

In Figure 4-27, sampled at 1200Hz, bearing D6 edsete limits at the running
frequencies, 50Hz and 100Hz as well as at apprdei;md75Hz and 325Hz frequencies.
In Figure 4-28, sampled at 9600Hz, the limits axeeeded at 50Hz, 100Hz, 200Hz,
320Hz and 400Hz. Again, the amplitudes are incet@seund the resonance frequency
of the cup at 1500Hz.
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Figure 4-27 — D6 nicked 1200Hz Butterworth filt€0&1z BEP27.4 PSD from CMS

with limits from non-nicked bearings
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Figure 4-28 — D6 nicked PSD 9600Hz Butterworth 280@om CMS software
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D7 Nicked bearing

Bearing D7 is the chipped bearing where most ofdfect is out of the running position
of the roller i.e. the chip is on the edge of theeway. In Figure 4-29 the limits are
greatly exceeded at a few running frequencies disaseat 270Hz. At a sampling rate of
9600Hz, Figure 4-30, the limits are exceeded abuarpositions including the 50Hz and
100Hz location as well as by the natural frequentyhe cup around 1500Hz. At
approximately 320Hz, 500Hz and 700Hz the limitsas® exceeded.

Power Spectral Density Graph

Acceptable Bearing Limits
PSD Signal )

o a0 100 130 200 250 300 330 400 450 200 a0 B00

Frequency [Hz]

Figure 4-29 — D7 Chipped 1200Hz Bessel filter 50@H#EP 28.8 PSD from CMS with

limits from D5 non-nicked bearing
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Figure 4-30 — D7 nicked PSD 9600Hz Butterworth 280&om CMS software

Table 4-6 is a summary of the frequencies with hagiplitudes in each of the bearings
sampled at 1200Hz. The X denotes the frequencyeranghich the amplitudes peak and
if the phenomena of running speed is present orTii additional samples taken of non-
nicked bearings which are in Appendix F are noulkaied above. These however do

have similar peaks to D5 (the non-nicked bearing).

Table 4-6 : Results tabulation of 1200Hz nicked aad-nicked frequencies

Non-nicked Nicked
D5 D2t D3 D4 D6 D7
50Hz & 100Hz X X X
Running Speed X X X X X
200Hz - 250Hz X X X
250Hz - 300Hz X X X
300Hz - 350Hz X X X

! Shaded cells amearings with Roller-spaced Nicks
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Table 4-7 shows a summary of all of the bearing8DR sampled at 9600Hz and the

characteristic frequencies noted in these figufd® non-nicked bearings which were

tested for repeatability purposes and are in AppeRdre not included in the table.

Table 4-7 : Results tabulation of nicked and narked frequencies at 9600Hz

Non-nicked Nicked

Production| D5 D1 D2! D3 D4 D6 D7
50Hz & 100Hz X? X X X X X
Running Speed X
200Hz - 300Hz X X
600Hz - 800Hz X X X X
1200Hz X
1400Hz — 1600Hz X X X

Table 4-8 shows a summary of the frequency peals isethe PSD of bearings sampled

at 19200Hz. This shows that there are frequenci@shnare not triggered by the non-

nicked bearings and which make the nicked bearimgsue from the non-nicked

samples. These figures are in Appendix F and ififiereihce between the nicked and the

non-nicked bearings are not that great, althougi #re there.

Table 4-8 : Tabulated frequency results of nicked aon-nicked bearings at 19200Hz

Non- .
nicked Nicked
D5 Cone
D5 D2 D4 D6 D7 Nicked
50Hz & 100Hz X X X X
Running Speed
200Hz - 300Hz X X X X X
600Hz - 800Hz X X
1200Hz X X X
1400Hz — 1600Hz X X
2000Hz — 3000Hz X X X X

! Shaded Cells are Bearings With Roller-spaced Nicks

2 X denotes that the characteristic is present
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For the sampling rates of 9600Hz and 1200Hz, wimenlimits were applied to the
nicked bearings in the above figures, it can ben gbat the nicked bearings exceed the
limits in every case. This shows that, with furthesting and refinement of the limits,
nicked bearings are distinuishable from non-nickedrings based on the principle that
they are not only examined in one particular freagpuyeband, but that examination occurs
across a wide range of frequencies. As shown ineAgdjx E the limits for the bearings
sampled at 600Hz and 19200Hz show that nicked amdnitked bearings are also
detectable at this sampling rate. However the diffee between the nicked and the non-
nicked samples is not great and thus these samgaieg should preferably not be used.
The advantage of sampling at 9600Hz over 1200Hhas the natural frequency of the
bearing components become visible in the frequespmctrum and the nicked samples
seem to excite these frequencies more than thenioted samples. This is in-line with

the material presented on bearing resonance adilmos in Section 2.4.1.

4.5 Physical Acquisition Parameters

4.5.1 Testing duration

It was considered that the duration of the testbogld possibly result in different

findings. At the early stages of testing only tkenslard time of the Lateral Machine was
used, which was approximately 14 seconds for dothupward and downward motion of
the machine. It was then decided to increase thitnteduration to a maximum of 200
seconds, with intervals shorter in duration thaat ths well. The testing was also only
done in the second half of the Lateral Machine eyehich is when the downward force

is applied.

Measurements sampled at 1200Hz were truncated $se&thd sample lengths in order to
determine if the limits would still be followed asr the full 200 second test duration. In
all test cases the amplitudes varied slightly far same frequencies but did not alter the
outcome. This was checked with nicked and non-nidk@arings of which two examples

are shown in Figure 4-31.
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Figure 4-31 — D4 nicked bearing 1200Hz Bessel 5G2BR2 from CMS with D5 non-
nicked Limits a. 0 — 50 seconds and b. 100 —sEs@nds
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Tests of nicked bearing D2 were taken and differiamte duration intervals were
captured from one signal of long duration. At fitssting was performed at 10s, 20s, 40s
and 80s intervals as seen in Figure 4-32. Theds ptntain the PSD’s of the same data
acquisition signal but truncated for the variousghis as described. The limits were still
exceeded as per the long interval test with sligfdinges in amplitude between the
different durations.
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Figure 4-32 - D2 Nicked 1200Hz Bessel 500Hz fiR&D from CMS with D5 non-
nicked Limits  a. 0-10 Seconds b. 10-30 Seconds
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Figure 4-32 — D2 Nicked 1200Hz Bessel 500Hz fiR&D from CMS with D5 non-
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4.5.2 Accelerometer type

Tests were done at 9600Hz filtered at 2000Hz witBeasel Low pass filter. This was
done with an IMI accelerometer with decreased seitgi as compared with the
Microtron accelerometer (used for all the othetseghere the accelerometer type is not
mentioned). Due to its decreased sensitivity &s fiot a capacitance type accelerometer

it has a greater range and can be regarded aseagaoeral purpose accelerometer.

Figure 4-33 shows the results of the IMI acceleremevith the original limits drawn
from the Microtron accelerometer. The results shbat the IMI accelerometer is more
sensitive in the higher frequencies and that tHéz58nd 100Hz frequencies are no longer

visible on the nicked bearing, D6.
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limits from non-nicked production with Microtron @aerometer
a. D5 non-nicked and b. D6 nicked
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The IMI accelerometer was also tested on more hgarand limits were created for the
non-nicked D5 IMI PSD. These are shown in Figui@4o Figure 4-38. In these PSD’s
it can again be seen that in every nicked beathedimits are exceeded. It is clear from
these figures that with the correct accelerometénecorrect sampling frequencies, that
the limits are indicative of nicks. The frequendieat are excited in these results sampled
at 19.2kHz are greater than the frequencies thateacited when sampled at lower
frequencies but with the accelerometer that is thbccurately measure at this frequency

limits can be created that are repeatable.
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Figure 4-34 — D5 non-nicked 19200Hz IMI PSD withlIMmits
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Figure 4-35 — D7 nicked 19200Hz IMI PSD with IMirlits
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Figure 4-36 — D5 Cone-Nicked 19200Hz IMI PSD withl limits
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Figure 4-37 — D4 nicked 19200Hz IMI PSD with IMirlits
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Figure 4-38 — D2 nicked 19200Hz IMI PSD with IMirlits
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4.5.3 Effect of bearing bench end-play

The Lateral Machine measures the Bench End-PlayP|Bi the bearing in order to
determine a spacer size for use in the particudaribg, in order to align the BEP with
the Timken specifications. Each bearing class hesrain acceptable range of BEP. As
BEP is a direct measure of how loose the bearimgtésnally this could potentially alter
the vibration patterns registered during testingg tb the increased internal noise. Thus
nicked and non-nicked bearings were tested atrdifteBEP’s to understand if the
frequency signal was affected. Figure 4-39 showsranicked bearing measured at two
different BEP settings.

In Figure 4-40 the nicked bearing is shown witHead#nt results at low, medium and high
BEP. The results are very similar for the two B&EBhown as the BEP’s are very similar.
Results were found of bearings which had greafésrdnces in BEP and these correlated

as well.
It is seen from the plots that the BEP does noelagreat effect on the results of the

amplitude vibrations. There are differences butriloked bearings are still in excess of
the limits set and the non-nicked bearings areiwitte limits for different BEP’s.
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Figure 4-39 — D5 non-nicked bearing at 1200Hz BE®.@248” and b. 0.0252"
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Figure 4-40 — D7 nicked bearing at BEP 0.0285” aia®88”
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4 5.4 Location of transducer

Nick position relative to sensor

Based on the information provided by McFadden amitl5(1984) it is expected that the
position of the nick relative to the sensor woulel important. As discussed in the
literature survey when the damage is located 9Oredsgto the location of the
accelerometer it is least likely to be detected amen the accelerometer is mounted
directly on top of the defect the amplitude is ectpd to be greatest. In Figure 4-41 a
PSD is shown of bearing D2 (which is a nicked begpkvith quite deep nicks). For one
of the tests the accelerometer was mounted atatine position as the deepest nick. This
is compared to a normal test where the acceleimtoounted on the track. It can clearly
be seen that the amplitudes of vibration of theibgaare higher when the accelerometer
is located directly over the nick. Bearing D6 hiasnick 90 degrees to the sensor position

and all the results with D6 presented thus far sti@mwit is detectable.

FFT Overlay

0.31— — D2 Nicked 1200Hz No Filter on Top

— D2 Nicked 1200Hz Bessel 500Hz PSD Track ’>

0251

0151

Amplitude [(m/$)%/Hz]

01

0.05+

0 100 200 300 400 500
Frequency[Hz]

Figure 4-41 — PSD of D2 Nicked bearing with theederometer on top of the deepest
nick and on the track of the cup
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Accelerometer position during testing

Tests were performed with the IMI accelerometer megéigally mounted to different parts
of the machine. This is important, as, if this eesh were to be implemented in a
production line, it is not ideal that the acceleeten mounting is the responsibility of the
operator. If it is possible to distinguish accepgabearings from nicked bearings by
mounting the sensor on the machine then a sol@mioproduction is potentially possible.
For this particular test the accelerometer was rtezio the left cup lock, the lower
mandrel, as well as the “upper’ collar of the lowgindrel. The locations described are
labeled in Figure 3-1. The PSD'’s of the tests coted on the Cup lock are shown in
Figure 4-42 through Figure 4-45.

Power Spectral Density Graph
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Figure 4-42 — D5 non-nicked 9600Hz Butterworth 200 SD IMI left cup lock from
CMS
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Figure 4-43 — D4 Nicked 9600Hz Butterworth 2000F&DPIMI left cup lock
from CMS
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Figure 4-44 — D7 Nicked 9600Hz Butterworth 2000FEDPIMI left cup lock from CMS

112



% UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and Aerom@altEngineering

Amplitude [m/d)?/Hz]

Power Spectral Density Graph

0.1

T | . ; ; : ; ; : Acceptable Bearing Limits

L ; ; ; PSD Signal
018 1 . i - -

047
018
015
014
013
04z
'ETE B S
04
007
0.08 P i o o B --H-
005
0.04
003

0.0z

oo

+ + + + + + + + + + + + + + + +
a 200 400 =] 800 1000 1 200 1400 1 600 1800 2000 2200 2400 2600 2800 3000

Frequency [Hz]

Figure 4-45 — D5 cone-nicked 9600Hz Butterworth@@ PSD IMI left cup lock from
CMS

From the results it can be seen that other freqasnare present to the ones seen
previously on the bearing but what is importarthiat the frequencies are repeatable and
by creating limits it is also possible to distingfuithe non-nicked bearings from the

nicked bearings.

Tests were also performed by placing the IMI acosteter on the lower non-rotating
shaft. This shaft is connected to the pneumatimdgl which provides the upward force
in the bearing assembly. By seating the cone agd#es upper rotating elements the
lower cone also rotates. Figure 4-46 through g9 show the PSD’s of the tests
with limits of the non-nicked bearing on the lovetaft.
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Figure 4-46 — D5 non-nicked 9600Hz Butterworth 2080ilter IMI accelerometer PSD
on lower shaft from CMS program with limits from D%n-nicked
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Figure 4-47 — D4 9600hz Butterworth 2000Hz IMI decemeter on lower shaft PSD

from CMS software with D5 non-nicked lower shaffilis
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Figure 4-48 — D7 9600Hz Butterworth 2000Hz filtbtllon lower shaft PSD from CMS

with limits from D5 non-nicked
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Figure 4-49 — D5 cone-nicked 9600Hz Butterworth@a filter IMI lower shaft PSD

from CMS with D5 non-nicked limits
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From the figures it can be seen that limits aratee for the non-nicked bearings but the
nicked bearing frequencies do not seem to be disishable from the non-nicked

bearings.

4.6 Vibration Associated With Defects Other Than Cu p
Nicks

4.6.1 Cone nicks

Although the scope of the project did not inclute testing of any other defects besides
cup nicks, a nicked cone was available and it Wwas subsequently tested within bearing
D5, which is a cup and bearing assembly with n&sii@Below is the PSD of this test,
Figure 4-50. It can be seen that the nicked cometisess noisy than the nicked bearings.
There are one or two vibrations which are moramtisthan with the cup-nicked product.
Detailed extractions are given at 50Hz and 100Hanvehg that the amplitudes of the

nicked cone are not as high as the nicked beaantigese frequencies.
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Figure 4-50 — PSD db5 with nicked-cone at 9600Hz witButterworth 2000Hz fron
CMS overlaid in Matlab
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However in Figure 4-51the limit of the non-nickesbguction bearing PSD shown above
are imposed onto the PSD of the cone nick and dtear that the limits were correctly
triggered at approximately 50Hz, 200Hz and 600H200Hz
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Figure 4-51 — D5 Cone nicked 9600Hz Butterworth@@® PSD with limits from non-
nicked production bearing in CMS

In Figure 4-52 high amplitude smearing can be sm#ween 100Hz and 150Hz. This is
an interesting observation as after this test wadopmed it was realized that the
incorrect tooling was used in the Lateral Machind ghe smearing was created due to
the contact tolerances being too tight betweenrther ring and the rotating tooling. This
is an added observation to show that the analgsisniques can be used for error proof

verification within the production line as well.
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Figure 4-52 — FFT of D5 (non-cup-nicked) with ak&d cone at 1200Hz no filter with

incorrect tooling

In this chapter many graphical results were giveihe various testing runs that were
conducted during the testing phase. The resulte weyuped by themes. In this chapter
the repeatability of non-nicked bearing vibratiovere established and the limits defined
over a wide range of frequencies against whicheddiearings could be assessed. These
limits were then transposed onto the PSD’s of rddkearings and it was shown that the
nicked bearings exceeded these limits in all caBeda was presented for different
acquisition parameters such as testing durationthadeffect that parameters such as
bench end-play, type of sensor, and location o$@enThis indicated that it is possible
to define limits in which acceptable bearing vibvatamplitudes fall within. The nicked
bearings’ amplitude of vibrations are in excesshafse limits. The different parameters
described above do have an impact on the limitf@eacceptable bearings and thus

these are dependent on the data acquisition setting
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5 DISCUSSION

The main objective of the research was to evaltredeasibility of detecting cup nicks
when bearings were tested in the Lateral Machihe. dup nick is a very small defect on
the cup raceway which sometimes has a high spotiadsed with it. These nicks are
most easily created within the assembly processwine cone is incorrectly inserted into
the cup by the operators. Testing was completeahenLateral Machine with nicked and
non-nicked bearings. The nicked specimens wereysa@lfor the quantity, distribution
and severity of nicks. Some of the nicks were tlace a contour tracing machine to
measure their depth and height of the high spotsaécelerometer was mounted to the
outside diameter of the cup and the Lateral Mackieded through its process with an
extended time duration on the second phase ofyitle ce. when the bearing was pushed
downwards. Two different types of accelerometergewased and the testing was
described as such. The data was analysed in betkRR as well as the PSD spectra,
with the latter yielding better results.

5.1 Preliminary Testing

From Table 3-1 and with the knowledge of the comp®Mimken specification on nicks
(The Timken Company, 2011) it was seen that the sfzthe nick measured in bearing
D4 was smaller than the maximum allowed size.dtlthwever have roller-spaced nicks
which were not acceptable (as there should not beerthan one nick in a quadrant).
Thus all the bearings that have been consideradthee nicks present should have been
rejected. The specification also makes mention ti@tnicks with raised metal are
allowed. It was clear that the bearings with raiseztal nicks had vibration amplitude’s
in excess of the limits set for acceptable beariags thus the nicks within the required

size range and type (as per the corporate standave) been detected.
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The initial testing was not successful. The sangpfrequencies were mainly too low and
the analysis took place when the Lateral Machine w@mpleting both cycles (cylinder
pushing upwards and then cylinder pushing downwar@lee motion of the Lateral
Machine is seen in Appendix E, Figure E-2. With kv sampling rates it was difficult
to maintain the required resolution in the FFT that needed to analyse the results. The

IMI sensor was also used which did not have sugh kensitivity at low frequencies.

As a general observation it was noted in Figure 4rfal all the other FFT’s showing the
full frequency spectrum, that the results appeasiedlar to a bearing’s failure in its
different stages (as shown in Figure 2-16). Thiprigbably due to the fact that in the
Lateral Machine the bearing is not mounted (asaul be in application) and it has
large internal clearances and thus is loose. lhtyethe last stages of bearing failure,
when analysed for vibration, also have this loosseras the bearings are worn out and

have large internal clearances, and loose anduiladyg worn components.

5.1.1 Low pass filters

As explored in Chapter 3 it was seen that the HBMadacquisition unit was master
sampling at 19.2 kHz and then the anti-aliasingrfilvould filter the data to a bandwidth
of 3.2 kHz in the analogue domain. Thus all filtdrat are referred to in this context are
filters applied by the user and these are filtarthe digital domain. Filters were applied
to a 2.5 to 5 times ratio where possible. Both Beaad Butterworth filters were used in
the testing and it was found that there was noistindt difference between the results

yielded from both methods. This was shown in Figi#®and Figure 4-4.
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5.1.2 Power spectrum density

The bearings were sampled and the results conveided) Fast Fourier Transforms

(FFT’s). It was found that the FFT’s had a largeoant of noise and this was not helpful
in analysing trends between nicked and non-nickeasribgs. This analysis was used to
distinguish nicked from non-nicked bearings. Thewes no distinct frequency in all of

the sampling rates that was unique only to nickeatings and did not appear in the non-
nicked specimens. Additionally, when a pattern waserved there was always one
bearing that broke the pattern and then the themiynot accurate.

Much of the data was analysed firstly in the FFmdm. With the correct filters applied

and the windows in the FFT set to Hanning and 3@#rlap, there was still sufficient

noise in the system to not always clearly define pleaks. To illustrate this point note
must be taken of Figure 4-5 (which is the FFT) &iglre 4-6 (which is the PSD) of the
same data set. Both were achieved with a windownkgn 30% overlap and a resolution
step of 0.073Hz. The difference is that in the RB® frequencies with energy become
very distinct and the frequencies without that ipatar energy, seen on the FFT, die

away.

As a result of this the data was analysed makimgofishe Power Spectral Density (PSD)
method. When the non-nicked bearings were analystda PSD, the peaks were quite
clear and it was possible to create limits on t&®HRn which the acceptable bearings
vibration amplitudes were contained. When nickedrings were analysed against the
defined limits they were seen to exceed the liraitd were thus able to be distinguished

from non-nicked bearings.

Therefore PSD’s were shown to be more effectivdistgerning nicked from non-nicked

bearings.
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5.1.3 Sampling rates

With different sampling rates used, resolution amihrmation was either lost in the
lower frequencies or was not available in the higheguencies. As a result of this it was
important to determine at what sampling rate thst wesults would be achieved for
detecting cup nicks, and what the differences waeadetween sampling at high rates or
low rates. In order to do this, sampling was sthee600Hz and increased to 19200Hz as
a maximum rate. As per anti-aliasing principles &nel Nyquist theorem the samples
were filtered correctly with the digital filter &ft the anti-aliasing filters were applied by
the acquisition hardware. Because of the slow irggdtequency of the Lateral Machine,
the expected bearing frequencies for defects wetwden 20Hz and 30Hz. It would then
seem reasonable that sampling at 600Hz maximumldhmer more than sufficient.
However, the spectrum was analysed at a high sagpdite first in order to understand

the range of all the frequencies present in theatibn signature.

When comparing Figure 4-25, bearing D4 sampled2@0Hz and filtered with a Bessel
low pass filter at 500Hz, with Figure 4-26, wheeabng D4 was sampled at 9.6 kHz and
filtered to 2kHz, there were frequencies below 5@HEch lost clarity in the latter case.
Some of the frequencies not present at the higlnapked test set are the running speed
harmonics of the inner ring and motor i.e. 135 RPKdditionally, when considering
Figure F-9, bearing D4 sampled at 600Hz with a 500ker frequency applied, it can be
seen that the running frequencies are not presemt, that fewer peaks exist in the
system. Conversely Figure F-26, bearing D4 sampledl9200Hz, has many high
frequency components and less resolution in the fi@guencies. It was therefore
decided that the testing would be concentrated ratdlROOHz and 9600Hz sampling
rates as these yielded the most distinct amplim@ frequency differences between

nicked and non-nicked bearings.
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5.1.4 Bearing frequencies

As discussed in the literature survey and showsample calculations (Appendix C) and
Section 4.1, bearings portray specific frequenasspciated with the rotational speed of
the components, based on the rotational speedec$hhft. When analyzing the bearing
frequencies that were supposed to be present lmsedlculations shown in Table 4-2,
these were all present for nicked and non-nickexdibgs. This is shown in Figure 4-9 for
600Hz, Figure 4-10 for 1200Hz, Figure 4-11 for 9d@0and Figure 4-12 for 19200Hz.
These figures were zoomed to the outer racewayctéfeguency, based on the size of
the bearing, as well as the rotational speed ob#eing. It was expected that this would
be a distinguishing factor to detect cup nicks; aeer, it was shown that both the nicked
and the non-nicked bearings have a vibration pedhkigfrequency, as well as the other
defect frequencies such as inner and roller défequencies. Additionally, in other tests
the frequencies that should have been excited thyrethe roller, inner or outer defect
had not been excited. There are various ways &rpret this, but the most important
point is that the bench end-play of the beariniguigreater than it would be in a mounted
application. Since in the Lateral Machine testéhsrample clearance within the bearing,
the rollers are not forced as hard into the outeeras they would be in practice, and
there is a large amount of lateral end-play wittiia bearing. Additionally, due to the
design of the Lateral Machine, it is known thatréhiss no significant radial loading, and
that the force applied to the bearing is almost%(éxial force, i.e. a full 360 degree
evenly distributed load. However, in practice tbecé would be applied mostly in the
radial direction with a lower axial component, athé bearing would be under its full
loading; thus the rollers would drive hard into theeway as they pass in and out of the
load zone. As discussed in the literature survey thuter and inner race defect
frequencies are largely excited due to the rolperssing into the load zone and then out

of it again. This phenomenon does not occur irLtiteral Machine.

124



.

UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and AeromzaltEngineering

5.1.5 Natural frequencies of components

It does appear from the discussion on the visieseilts that the noise being generated by
the nick within the bearing system is exciting #maplitudes of alternative frequencies.
There are frequencies that are carrying greatetitarde, e.g. 50Hz and 100Hz which are
not directly calculated from expected bearing featgies, but definitely reflect the
severity of the nick in the nicked bearings and arnithe correct testing conditions. In
Section 3.2.1 it was mentioned that Chambers andiBy (1981) showed that acoustics
are transmitted through various bearing interfeanes are dependent on contact pressure
between the two surfaces. Although the bearingoisim a loaded zone there is contact
pressure as the rollers are seated and the Lafa@ine is applying a constant pressure
so the frequencies that are unique between nickedn@n-nicked bearings could be
transmitted acoustics. McFadden and Smith (198dyvell that the presence of defects
could be transmitted to the resonant frequencigbebearing components. Figure 4-13
and Figure 4-14 were plots of the natural frequemaneasured of the cone and cup
respectively. These frequencies were in the orflene excitation experienced with the
samples taken at 9600Hz and 19200Hz and thus hieisryt is plausible. In nicked
bearings the frequencies in the range of the naftequencies were definitely more
excited than in the non-nicked bearings. This erpléhe high frequencies experienced

in a system in which relatively low frequencies expected.

5.2 Non-nicked bearing limits

The reason limits were created was because thawe et distinct frequencies in nicked
bearings that were not present in non-nicked bgarilt was noticed that sometimes the
amplitude of vibration of nicked bearings was geeah the lower frequency spectrum
and sometimes it was larger than non-nicked besaiimghe higher frequency spectrum.

By applying limits it was possible to deal with batcenarios. In Section 6.2 non-nicked
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bearing vibration amplitudes at different sampliingquencies were presented. It was
shown that the non-nicked bearings had repeatabémuéncy patterns with
correspondence in amplitudes. Limits were createdafl frequencies based on non-
nicked bearings. The vibration response of nickearings was overlaid on a graph with
the limits drawn across the frequency spectrum. M/lienits were exceeded by nicked
bearings it indicated a faulty bearing. These Bniitus signified the frequency band in
which a bearing, measured with a particular traneduvas deemed to be acceptable on a
particular Lateral Machine. The limits are seeffrigure 4-15 for 600Hz, Figure 4-16 for
1200Hz, Figure 4-17 for 9600Hz and Figure 4-181f®@200Hz sampling rates.

5.3 Nicked bearing comparison

The nicked bearings were analysed using PSD’s thiéhlimits created for the non-
nicked bearings and it was determined whether theeeded the limits in one of the

frequency bands.

The variety of tests were sampled at 19200Hz, 920&hkt 1200Hz and 600Hz and the
limits are shown in the Section 4.4 and in Appenix In each of these four sampling

rates the nicked bearings were distinguishable fiteemon-nicked bearings, based on the
reject limits determined from the non-nicked spesis

With the tests conducted at 19200Hz the limits wawe clearly triggered at 50Hz and
100Hz but rather by sporadically increased ampéitudt 300Hz, 1200Hz, 2400Hz and
3000Hz, as summarised in Table 4-8. As mentionedékolution was lost in the lower
frequency ranges when the sampling rate was tolo &gl thus the 50Hz, 100Hz and

rotating speed harmonics were not clear.

In the 9600Hz tests all of the limits were exceede80Hz and 100Hz. The limits were

also exceeded between 1250Hz and 1700Hz (rangeatofah frequencies) by some
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bearings, e.g. D7 the chipped bearing, signifigapiiceeded the limits, while D6, D2,
D3 and D1 exceeded the limits slightly, and someentloan others.

With the tests sampled at 1200Hz with the 500HzsBslter the nicked bearings very
clearly excited the running speed and its harmonicse than the non-nicked bearing
did. Additionally, most bearings except for D7 d@rdithe 50Hz and 100Hz frequencies.
This could possibly be due to the fact that D7as micked (as nicks are typically in the
middle of the raceway) but rather chipped on thieeexe outside of the cup raceway, i.e.
the rollers’ line of contact at this part in theeeaay was very limited. Some bearings
excited the 240Hz to 270Hz range and D7 and D6 igxcite the 300Hz range

frequencies. The summarised Table 4-6 clearly shavih bearing excited which

frequencies.

The tests analysed at 600Hz had relatively clesmlugion at lower frequencies but the
difference between nicked and non-nicked bearings mot very distinct. The amplitudes

were generally quite low on most peaks.
It was possible to create good limits for all saimgplrates but it was noted that the

difference between nicked and non-nicked bearinglitmales for 600Hz and 19200Hz
was quite small and thus these frequencies werglpgpsiot considered ideal.

5.4 Physical Acquisition Parameters

5.4.1 Testing duration

At the beginning of the testing the decision waglento increase the testing duration.

Most of the tests for 1200Hz sampling rates werdopmed over a duration of 200
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seconds. For the tests sampled at 9600Hz thewesésa duration of 50 seconds and for
the tests sampled at 19200Hz the tests were aialui@t26 seconds. The normal Lateral
Machine cycle only has a total cycle time (inclyglithe upper cone seated and the lower
cone seated) of about 14 seconds. The time in ¢hensl phase of the machine was
extended to have longer duration during testingFijure 4-31, a 200 second test was
taken and only samples of 50 seconds were analysied a PSD. These were performed
for a nicked bearing and the PSD was analysed nmpeoison to the non-nicked bearing
limits. In both the 50 second duration tests thek nvas detectable when compared to the
defined limits. Figure 4-32 shows a nicked beaang in this example the test duration
was broken down from a 200 second interval intded#int duration lengths with the
shortest duration being 10 seconds. In all of tifierént test durations the nicks were
visible as the amplitudes were greater than thedsmetl by the limits. The amplitudes
from test to test had a slight variation but theswio be expected. Therefore, considering
the potential to conduct such tests on the Latdeadhine in future it would be feasible to

conduct shorter tests without significantly altgrthe Lateral machine cycle times.

5.4.2 Accelerometer type

Two sensors were used during the testing and tvese defined in Chapter 3 and noted
with the results in Chapter 4. The Microtron acomteeter had a greater sensitivity at
lower frequencies due to it being a capacitancee tygrcelerometer. The IMI
accelerometer is less suited to measure at lowgetrencies and gave greater amplitudes
at intermediate frequency ranges. Almost all testre done with the Microtron
accelerometer unless otherwise stated. This wa® dmnthe key frequencies were
expected at a low frequency range, due to the dhieat calculations made (based on the
running speed of the Lateral Machine). In all insts the Microtron was attached to the
cup outer surface by the use of adhesive and theatligelerometer was always mounted
by means of a curved magnet. As per Figure 2-13rthgnetic mounting should be less

accurate than the adhesive mounting. It must bediobwever from the relationship plot
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that at low frequencies (less than 1000Hz) theticelahip between the different
mounting methods makes little difference. It couidwever, become evident when the

frequencies are greater than 1000Hz.

When considering tests taken at a sampling rat@660DHz with the IMI accelerometer
reference was made to Figure 4-33. The limits is fiijure were not defined based on an
IMI accelerometer, but based on the readings tdken the Microtron. It is clear that
the frequencies at a lower frequency range, OH8G0Hz, did not have the same

amplitudes as compared with the Microtron.

When looking at spectra from the IMI accelerometeis clear in the 19200Hz tests,
Figure 4-34 to Figure 4-38, that there are largeplaudes at the higher frequencies than
what is achieved by testing with a Microtron acomfeeter. As a result of this it was
observed that the IMI accelerometer had elevatedliardes in the upper and middle
frequency bands as compared to the Microtron. Tthwas necessary to define a limit set
based on the type of accelerometer being usedne.for the IMI accelerometer and
another for the Microtron accelerometer in the easitest protocols. IMI limits are seen
on the nicked and non-nicked bearings from FiguB2l 40 Figure 4-38. In these figures
the limits have been defined for the non-nicked ¥aring, measured with the IMI
accelerometer. These limits were then applied ¢éonilcked bearings (D5 Cone nicked,
D4, D2 and D7). Analyses of these figures confitrattnone of the lower frequency
reject limits exist as with the 9600Hz samples. BBélz and 100Hz are barely visible
and even absent on some bearings. The lowest lgjets are on approximately 250Hz
and not in every bearing. All the nicked bearipgstray a peak between 600Hz and
700Hz and also various peaks much higher in freqper.g. 1200Hz, 2400Hz and
3000Hz. The fact that these are so much higher tharinformation displayed in the
9600Hz tests is a combination of the type of acoeteter used, as well as the higher
sampling rate. Again it is noted that with a liraét, across the usable frequency range,

the nicks were detectable.
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The nicked bearings sometimes excited differenguemcy bands. The ability to set
limits across the full frequency range of the PSiisted in the software. Thus even
though the excited frequencies in various nickedribgs differ from those expected
from the theoretical requirements, and the fregiesnexcited by the nicked bearings
were not always exactly the same, it was possibladdfine limits across the full

frequency range of the PSD. When a bearing wasrttoked these limits were exceeded
at various frequencies. This amplitude of frequesd@reater than the amplitudes of the
set limits showed that the bearing was suspecttlaaidit needed to be examined before

passing the unit to a customer.

The use of the limits across the full PSD spectismery powerful in the application
within the production environment. This means thdgood signature” of a bearing can
be defined and any deviations from such a pre-ddfisignature during a vibration
analysis routine can detect that there is sometbingf the ordinary and that the bearing
needs to be investigated. The basis of this evaluaheans that in future work the
detection of good versus bad bearings can be atedmia would be worthwhile to select

an accelerometer that is sensitive across allxpeated frequencies, though.

5.4.3 Size, distribution and spacing of nicks

Although tests were not done specifically to see lérger nick size made a difference to
the results it could be deduced from the tests detaq. It was known that the nicks on
D4 are not as deep and numerous in quantity ansl tiner deepest and worst nicked
bearings would be D2, D3 and D6. D7 has a veryelathip but the chip is located
towards the edge of the lower raceway of the cog,this chip was mostly out of the line
contact of the rollers. As per the summary in €®l1 the bearings which have roller-
spaced nicks are D2, D3 and D4. Of these threangsathe ones with the greatest depth

are D2 and D3 while D4 is relatively shallow.
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When analysing the results obtained from the PStD8tows that the bearings exciting

the most running frequency harmonics were D2, Dt26& while D7 was less severe and
D1 had even less. It is definitely clear that wilea nicks are deeper and more of them
occur on the bearings, the greater the runningdsp@emonics resonate. The running
speed harmonics also do not seem to be dependéehé¢ maller-spaced nicks as D4 is not
very deep and has this phenomenon. D6 does exhibiing spaced frequencies too and

it does not have roller-spaced nicks but is deapiked.

Table 3-1 summarises the test bearings nicks. Fnigrtable it can be seen that the stylus
does not only measure depth of the nick but alegtiotrusion of the metal surrounding

the nick. In this table it is evident that D6 an@ Bave the largest amount of protruding
metal on the particular nicks that were measunmaditively it makes sense that when the
roller passes over the high spot an impulse istedeas explained in Section 2.4.1.

Additionally, when the results are observed atdtierent sampling rates it can be seen
that the amplitudes of vibration that are presarthe D2 and D6 bearing are particularly
high. When considering bearing D7, it can be séam there are no high spots and that
there is deformation and removed metal from theweay. It has also been mentioned
that the defect occurs close enough to the edtjfeeafaceway that it should be outside of
the line contact area. Thus it could be concludhed when there is a small void of metal

up to a certain point there is negligible vibratias a result of such. However, when the
void of metal becomes great enough then it canrheatetectable as shown with bearing
D7. Additionally, when a high spot exists, then tinequency is excited more than

without the high spot.

5.4.4 Bearing bench end-play

The effect that different bench end-plays (BEP'a$ lon the vibration analysis has been
illustrated in Figure 4-39 and Figure 4-40. Frora tbsts completed it appeared as though

the results were not greatly affected as a conseguef different BEP readings.

Intuitively, it is expected that the BEP would haae impact because with increasing
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BEP the internal clearance of the bearing is ire@dawhich would result in vibration

associated with looseness. . When the tests warducted the Lateral Machine had
already completed its measurement and the bearasyomly being held at a constant
lateral position and was being rotated. Thus tifecedf various BEP values was negated
slightly as the whole assembly was being pushedaugtsv Additionally, in order to

obtain a good BEP value on the Lateral Machine birings have a tolerance which is
normally between 0.023” to 0.029”", i.e. there idyod.006” difference between upper
and lower specification. Thus with a bearing witspecification on the Lateral Machine
the vibrational tests are possible and should mottiected by the variation between
upper and lower specification of BEP. The diffenathin this tolerance band should

not vary the expected amplitude of vibration measwent results.

5.4.5 Location of transducer

Nick Position Relative to Sensor

The full range of tests were not conducted with dbeelerometers specifically mounted
on the nicks or opposite the nicks, unless it wated as such. With the accelerometer
mounted on the track position both nicks in thedoand upper bearings were detectable.
As stated in Section 3.2.1, McFadden does sayathate defect is most detectable when
the accelerometer is located on top of it, whicimibne with the testing observations. He
then shows that at 180 degrees from the nickl@ss detectable and least detectable at 90
degrees from the nick. Bearing D6 has its deepes#t @0 degrees from the sensor
location and it was still detectable. Additionaligure 4-41 shows that the amplitude is
slightly greater for the tests done where the acoeheter was directly on top of the nick,
and that the results were similar for tests donth Wie accelerometer in the track. All

tests were performed with the accelerometer mountéuk track.
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Mounting Position

As part of the scope of the project an investigati@as done to understand if the distinct
frequencies present in nicked bearings, and nonadn-nicked bearings, could be
monitored from a location on the Lateral Machinenoge from the bearing. The
advantage of finding a result that is distinguisbain a part which is not a bearing
component is that it can be permanently set uphim production line to usefully
distinguish bad from good bearings, without beiegehdent on an operator to mount an

accelerometer.

a. Cup Lock
Results of tests performed with the IMI acceleramen the left cup lock of the machine
are shown in Figure 4-42 to Figure 4-45. In theégerés the frequency pattern occurring
at the cup lock was quite different from that whighs seen on the bearing itself. The
cup lock holds the cup stationary and locked agdivesupper mandrel to ensure that the
cup does not move. The only movement allowed,asstlght movements of the cup lock
arms which must be controlled and verified by nmeriaince and the operators on a
periodic basis. The vibration that was thus expege from the cone rotating within the
stationary cup was transferred through the cup ot® cup locks, where the

accelerometer could measure it.

From these results it is apparent that when the BSe cup locks was taken in the
CMS program (and limits were applied to a non-nithkeearing) and various nicked
bearings were then subjected to the same limid,itheach case the nicked bearing had
exceeded these limits in some way. The amplitudegréenced in the cup locks were
much greater than those in the cup outer. Thaugeges distinguishing nicked and non-
nicked were between 200Hz and 300Hz, 600Hz andH20m these frequencies it was
noted that they were not present in the non-nidkeating, but that the amplitudes were

considerably greater in the nicked bearings and the limits were exceeded.
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b. Lower Shaft
The tests that were performed with the IMI accetegter magnetically mounted to the
lower shaft are shown in Figure 4-46 to Figure 4-48 with the cup lock example the
PSD’s of the tests were taken and then the lingiore was set for the non-nicked
bearings. The nicked bearings did exceed thesknsiet but the amount by which they
were exceeded was not substantial. Additionallg, flequency response was much less
than with the sensor mounted onto the bearing oater or onto the cup locks, and only

frequencies in the range 30Hz to 300Hz are visible.

5.5 Vibration Associated with Defects other than Cu  p Nicks

One bearing with no cup nicks (D5) was tested aadidne cone nick assembly inserted
into the bearing. This was tested in the upperwageof the cup while the sensor was

mounted in the track position, as per all the oftendard tests.

The results are shown in Section 4.6.1 and it agpteat the cone nick is detectable.
When detecting the defect, based on a limit defin@sh a non-nicked bearing frequency

spectrum, the nicked cone was detectable.

However, the defect was not detectable at the 5dlz100Hz frequencies in which the
cup nicked raceways were so clearly noticeable. fféguencies that were noticeable
were between 600Hz and 800Hz and also the 217iqndrecy band.

5.6 Comment on Timken UK NVH Report

The Timken UK (TRS) facility did not have successhvtheir nick detection system in

the production line. It is important to understamlly this happened as it could provide
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valuable information to the future recommendatiafishe proposal of detecting cup
nicks on the production line, whether it is at theteral Machine or if a stand-alone

testing facility is designed and implemented atehd of the lubrication process.

The main differences between the results of the TRSstudy and results from this
research project are as follows:

- The measurement duration was much less in the tlifas$ done for the first half
of the duration of the Lateral Machine cycle whitieans measurements were
taken between 5 seconds and 7 seconds

- The testing was done in the first half of the LatéWlachine cycle which means
that the lower cone was seated and the upper coolkEss were disengaged. Thus
there was rattling occuring in the upper cone’tersl

- The type of Lateral Machine was different companéth the local one. It was
one of the first generation machines which had arlgex instead of a reduction
motor. There must have thus been more gear megbeineies introduced into the
system.

- The analyzing software was looking for the diffexernwithin the FFT results and
not the PSD results as was done locally. Additignahe maximum resolution
that the data capturing system could provide w&H®.vs. the 0.009Hz
obtainable with the local data acquisition system.

- The maximum sampling rate of the acquisition insteat was 15 kHz which
means that the maximum frequency which can be dereil without having
aliasing concerns was between 2500Hz and 3000H¥ |am frequencies were
not clearly distinguished.

- The software was looking for bearing defect frequehmits which were not
apparent in the local testing.

- The magnet was applied by an operator and pertapsaas not taken where the
sensor was mounted.

- The UK tests spanned a period of 3 months, witlpnoaluction line, and thus had

a much larger sample from which to determine whethe results really were
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repeatable or not, and from which representativeliamde limits could be

averaged.

From the above points it is difficult to pinpointaetly what made the UK results seem
unsuccessful and the South African results sucgksEie biggest difference could be
the accuracy and resolution with which the data sampled locally as well as at which
part of the Lateral Machine cycle the data waswa&gkin. Tests in this research were not
done at such a short duration to understand ifwloatid make a difference as well. The
main concern would be that in such a short timehwhe operator applying the
accelerometer to the bearing, that it is possihbg the accelerometer was not given

enough settling time.

The associates from the UK believe that as patheif possible future testing, if ever,
that they would consider using two accelerometeminted on each raceway. They
would also try to investigate if they could useewer technology Lateral Machine on
which to conduct the testing.

5.7 Research Questions

Considering the research questions that were asktte commencement of the research

project the following paragraphs will aim to addréisese.

Based on the research completed, it is believetdiths feasible to detect cup nicks in
class D AP bearings. A representative sample wsteddrom the production line (non-
nicked). Tests were also conducted with simulatettsn and there was a difference
between the non-nicked and nicked test pieces. Sitaedard condition monitoring
techniques associated with bearing defect frequedetection were not used to
distinguish such differences, as both the nicked aon-nicked bearings displayed

vibration amplitudes at the expected ball passueagies. It is believed that this is as a
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result of the loading provided by the Lateral Ma&hiThe standard vibration techniques
associated with bearing fault detection are typjgaidacticed when bearings are installed
and the correct mounted end-play exists within rtf@inted system in the application.
Additionally, the bearings are exposed to loadsilamto their design load rating and
mostly in a radial direction. In the Lateral Mackhimost of the bearing loading that
occurred was in the axial direction. Most importgnbecause of the design of the
machine the rollers were equally loaded along tilddad zone. Thus there was not clear
deformation of the rollers as they entered andeexihe load zone. This feature is part of
the explanation as to why the repetitive ball pfeguencies were created. Thus it is
believed that it is possible to detect the diffeeerbetween nicked and non-nicked
bearings on the Lateral Machine as per the reshitsvn with pre-defined acceptable

limits over the whole frequency range using PSD’s.

The Lateral Machine, however, may not be the mibestli piece of equipment due to the
characteristics described. It is recommended thatentesting should be completed in
high volumes on the production line and that tlehméque described is tested within the

production environment to understand if the linaite truly repeatable.

The vibration amplitude measurement was found teetate with the severity of the cup
nicks as found on the bearing raceways. This wasitr depth, raised metal and amount
of nicks on the raceway. The correlation in phylsitak size such as length was less

noticeable than the other parameters.

Bearings were not tested when they were fully agéemni.e. once they had been
lubricated with grease. The testing was completethé Lateral Machine so that easy
disassembly could occur and the defects could dealgl examinable. To fully understand
the answer to this question extensive testing wdnddrequired once the bearings are
lubricated. A separate test facility would needbéodesigned and sufficient radial loading

would need to be induced.
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In summary the discussions were themed to undetdtamw the different parameters
taken into consideration during data acquisitiomgghinfluenced the results achieved
during data analysis. It was seen that analysiegdéta with the power spectral density
rather than only the frequency spectrum accentugiedibrational amplitude in such a
manner that the differences between the nicked raovdnicked bearings were more
distinct. It was shown that bearings of differeehbh end-play still showed measureable
results, and that the limits prescribed for norkad bearings were exceeded in all cases
where nicks were present on the cup raceways. tidddily, it was shown that nicks that
were present on the cone raceways were also defieckaom the production and nicked
sample of bearings that were analysed it has been that nicks are detectable when
considering the whole frequency spectrum and thay tare not detectable when only
considering the normal bearing defect frequences®@ated with the bearing geometry

and rotational speed of the bearing components.
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6 CONCLUSIONS

The following paragraphs summarise the conclusiassthey relate to the stated

objectives.

I. The system that was set up on the Lateral Maclimemplete the research was
to use the machine in the production environmei &s little modification to
the operating cycle as possible. This was donerderoto apply potential
solutions found in the research project directlythe Lateral Machine in a
production context. The speed of the Lateral Maehiras measured using a
tachometer and verification was done of the repd#ta of the measured
vibrations. The vibration was measured with twofed#nt accelerometer
sensitivities and it was found that the acceleremeiith greater sensitivity (of
capacitance design) that was glued onto the cupw@b the most effective.
Testing was also completed to determine the effesgss of mounting the
accelerometer onto a machine component insteadnathe bearing. It was
possible to use the Lateral Machine in the stateisesd in production and
testing was possible on the bearings. A stand almneautomated method was
used to detect the vibration amplitude and sepg@sétesting data processing

had to be conducted.

ii. With the testing that was completed the frequengyature of a nick-free
bearing on the Lateral Machine produced repeataslelts. A number of nick-
free bearings were tested to form a baseline forpasison. Depending on the
data acquisition sampling rate, different frequeaaivere more prominent than
others, based on the non-nicked bearings testedicht sampling rates. This
baseline was repeatable. It was noted that noredidlearings did depict the
signal of the outer defect frequency as well as nbleer and inner defect

frequencies. This is attributed to the frequencindpeaccurate when defects
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pass in and out of the load zone of a bearing wisictot the case on the Lateral
Machine i.e. the frequencies are not representativéefects on any of these
components. The differences between nicked andnicked bearings were
most clearly seen in a power spectral density spec{PSD) which depicts the
energy associated with frequencies, rather thah thes frequency spectrum
derived from an FFT. It was possible to createitinacross the frequency
spectrum of each sampling rate measured for a freekbearing. Other non-
nicked bearings maintained repeatable results mithis non-nicked limit. The
vibration of the nicked bearings were then measagainst these limits at the
same sampling rates. In every test, these limitevesceeded by the energy
present in certain frequencies within the nickedrivgy specimens. This limit
was exceeded due to the increased vibration andpktof the nicked specimens
at specific frequencies. In certain frequency Isaadd at certain sampling
rates, frequencies were excited in the nicked hgarthat were not present in
the non-nicked specimens. The characteristic fregjes associated with
bearing defects were not beneficial in the testsecBically the ball pass
frequency of an outer defect was present in bottked and non-nicked
bearings. The nicks did however excite frequenttias did not have relevance
to the bearing geometry such as 50Hz and 100H3, ttel energy associated
with the impact of the roller across the nick wasnsmitted into machine
running frequencies and possibly acoustics. Tharakfrequencies of the cone
and cup did coincide with some of the frequencykpdhat were excited by the

nicked bearings.

iii. The different sampling parameters such as sampéitegdid have a significant
affect on the results measured. This was due ttathkeof certain frequencies in
the lower frequency range when sampled at higlsyatethe lack of high range
frequencies at low sampling rates. The 1200Hz sawpplate yielded very
interesting running speed frequencies which wem@tex in amplitude by the

presence of nicks, and specifically roller-spacedks) The 1200Hz sampling
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rate did not have a high frequency range to shosv dffiect of resonance
frequencies of the bearing components. The samphiagg was completed at
9600Hz did have the high resonance frequencieseobéaring components and
it was clear that the presence of nicked cups Hate these frequencies. The
running speed frequencies were not clear in thispsiag rate but the nicked

bearings did exceed the limits of non-nicked begriat 50Hz and 100Hz. The
testing duration was shown to not have a signitiedfect and the difference in
amplitudes between nicked and non-nicked beariaggpked at 200 seconds or
10 seconds was negligible. This is good for detectn the production line as
200 seconds would have slowed the process dowrndasably. Conclusively,

when the tests are sampled at a particular sampditggit is important that the
non-nicked acceptable limits are set per those itond. The limits are not

interchangeable between different sampling rates.

iv. There was a correlation in the results with the iz nicks detectable and the
amplitude of the associated frequencies. With phy@ach taken to set a limit
across the whole frequency spectrum of the regulMas not greatly concerning
if the nicks were not big enough to excite oneipalar frequency as much as
the larger nicks did. This is because in totalihother frequency band was
excited and thus the baseline limits were exceetheaving the presence of a
defect of some size. It was found that the seveftihe nick did play a role in
transposing the energy of the rollers passing dkernicked surface to the
running speed frequency and its associated harmsomicthe tests done, the
presence of roller-spaced nicks did not have arbact on the results and the
depth and presence of raised metal of the nick® wesre noticeable. In all
cases where raised metal existed in the nicks rbatest vibration amplitudes
were measured. In one sample no raised metal veaemirbut the defect was of
much greater size and it also had considerablatdr peaks. A single test was

performed with a cone nick and this too exceededbtiseline set by the non-
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nicked bearing specimens. The cone nick was asmgfl, single nick and thus

its identification shows that nicks of a very snsfle can be detected.

v. It was found that variation in bench end-play (BER) not have a significant
affect on the results of the frequency spectrunit ¥Was a nicked bearing, at
different BEP’s, the limits were exceeded and W#s a non-nicked bearing, at
different BEP’s, the amplitudes were within the itsnset. The tolerance for
acceptable BEP’s at the Lateral Machine will conthas parameter and thus
the BEP’s should not have an affect on the abitiydetect nicks in a

production environment.

vi. The roller-spaced nicks did excite the running dpeequencies more than the
non-roller-spaced nick test pieces. The limits wexeeeded and both roller-
spaced and non-roller-spaced nicks gave greatetitadgs than defined by

non-nicked acceptable bearings.

vii. The accelerometers were mounted both magneticalllyveith adhesion. The
biggest impact on the results was due to usinglaaoeeters with different
sensitivities. With a larger sensitivity certain tfe low frequencies were
neither distinct nor present and with the lowerss@nty instrument certain of
the higher frequencies were not present. Mostefithits that were required to
be exceeded to classify a bearing as non-nicke@ wtthe lower frequency
range and thus the lower frequency accelerometer meommended. Tests
were done where the sensors were mounted acrosse@ wick and the
amplitude of such tests were greater than whemat¢helerometer was mounted
on the track of the bearing. When, however, thelacometer was mounted in
the track it was still possible to distinguish beem nicked and non-nicked test
pieces. Additionally, it was found that when takimgasurements in the second
half of the Lateral Machine cycle, when the bottoome is seated and the top

cone is partially seated, both nicks in the top baottom races are detectable.
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Nicks were also detectable at ninety degrees toatioelerometer attachment
location which theory suggests is the most diffi¢ol detect. Tests were done
with the accelerometer mounted on the cup lock@sag on the lower shaft. It
was found that when the accelerometer was moumetthe cup lock that the
vibration transfers to the cup lock were sufficiémtgive repeatable results to
successfully detect cup nicks from that locatiohe THistinguishing frequencies
and amplitudes between the nicked and non-nickedirigs sampled from the
lower shaft were not very distinct nor were thegeaatable and this location is

not recommended.

viii. As a result of the knowledge gained during thisestigation and the results
that have been achieved it is recommended thadtduvrork be done to develop
this model for implementation within the productifacility. On the Lateral
Machine it has been shown that with all the inheremnse, that the frequencies
from a nicked bearing are still exciting amplitudgeater than that of a non-
nicked bearing, and as they result should be dsitct Further, it has been
found that these frequencies are carrying throwgth¢ cup lock and thus a
sensor could be mounted on this area that doebawa to be handled by the
operator. Further development would be needed wigdgard to the
computational ability of software to automaticalljetect defects in the
production line. This computation would need taéeid enough so that it does
not considerably slow down the production outputiddional consideration
would also have to be given to the impact of daimg testing at the Lateral
Machine or if it would be better to do it at thestlastation before packaging.
This could then become a certificate provided te ttustomer with the
frequency signature of the good bearing which thaye acquired. This would,
however, require a separate testing facility ad aglthe ability to detect the
nicks through the dampening effect that the grezsthe lubricated bearing
would have. Such a testing facility should have ahdity to create a loaded

zone on the bearing such that the characteristecti&equencies are detectable
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in the arrangement. Further work will also incluzteadening the scope of the

project to different modes of bearing defects aodamly nicks.
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7 RECOMMENDATIONS

Further work needs to be done on the South Afrigalution to ensure that the same
problems are not encountered as with the UK tdistgill only become apparent when
the number of samples is considerably increaseensare that the results that have been
achieved are repeatable, and that limits can cenfig be established on good bearings
which become the baseline for all tests. It wilafurther need to be understood at what
sampling rate the repeatability is better and & thorter testing duration is truly
plausible. The importance of having the sensorantea off the bearing components is
crucial as it negates the need for the operatandant the sensor which would affect

repeatability of the results and calibration of se@sor.

Once the repeatability of the baseline is confirnieeh work will need to be done to
analyse the results against the baseline in nea, twithout slowing down the production

line.

Further recommendations exist to explore using nach with less inherent noise than
the Lateral Machine. Most importantly it would beneficial to have a machine that can
create a load zone on the bearing. This could nthkedetection of nicks via the

characteristic defect frequencies easier.

In addition, there may be other bearing defects tbald be detected but research will
need to be conducted to identify these defectsth@dffect that they may have on the

bearing vibration signature.

It is recommended that further work be done on Bnguhat nicks are prevented in both
the production line and assembly lines. This colodd achieved by incorporating an
assembly jig (especially for larger bearings widaWier components). It is important that

operator and inspector awareness is further drigeansure they understand the severity
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of allowing a bearing component with a nick to p#éissough to the customer. An
assessment is also recommended on all machinemggdthre grinding and assembly

process to ensure that nicks are not being crdstéidem.

It will however be greatly valuable if a vibratigamint out of each bearing could be on
record and provided to the customer to show trebtaring has been tested for vibration
patterns and that it passed that requirement ds Wes will further increase the quality
of the product delivered to the customer as wellttas traceability of the bearings
provided to them. This is currently not a compaaguirement but this need may need to

be reviewed if benefit is seen in having such dityueheck in place.
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APPENDIX A — LATERAL MACHINE FREQUENCIES

The single reduction motor that is used in the tat®achine is a Sumitomo SM-Cyclo
part number CNHM S 1 4097 YC 11. This is an olggetof motor which has now been
replaced with the 6095 series model replacing 4i@9the part number. It is a 4 pole
motor which when operated at a 50Hz power suppliyels rotates a motor at 1500RPM
and has an output speed of 136RPM due to its ldstimeduction ability achieved by the

eccentric bearing shown as 3-04 in Figure A-1 (amo Machinery Corportation of
America, 2011).

In the preceding text the vibration frequenciesoeisded with the bearings within this
motor will be defined at the input and output spetthe motor.

¥

-
+ Retaining Ring

- : 3

T s 85 e
Slow Spead Shafl High Speed Shah

Figure A-1 — Bearing arrangement in sumitomo SM{Ggpeed reducer (Sumitomo

Machinery Corporation of America, 2012, pp. Figir8)

As per Figure A-1 the slow speed shaft has twaibgs and the high speed shaft has
two bearings as well as the eccentric bearing shdnvRigure A-2 the bearings used on
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the slow speed shaft are shown and it can be $e#rbearings 6306Z and 16011 are
present. Similarly in Figure A-3 the bearings usadhe high speed shaft are defined.

Frame Size Slow Shaft
Single Reduction Double Reduction Bearing A_Part #1-02 B #1-03
5060, 6065 BOBODA, 60B5DA 6204 5309
6070, 6075 6070DA, 6075DA 62042 6909
6080, 6065 B 63052 5009
6090, 6085 BOY0DA, GUS5DA, 63062 16011
5100, 6105, 610H 6100DA, 6105DA 63062 16011
6110, 6115 - B307Z 6011
6120, 6125, B12H 5120DA, 6125DA, 6120DB, 612508 63082 6013
6130, 8135 6130DA, 6135DA, 613008, 61350B, §130DC, 6135DC 6211NR 6213
6140, 6145614H 40DA, 5145DA, 6140DB, 814508, 6140DC, 6145DC 22211EXNR 6213
6160, 6165 BODA, 6165DA, 616008, 616508, 61600C, 616500 3TM-6213NA 6215011
6170, 6175 70DA, 6175DA, 6170DB, 617508, 6170DC, 61750C 6216NAL 6218011
6180, 6185 51B0DA, 6185DA, 618008, 618508 6218NR 622001
6190, 6195 6190DA, 6195DA. 6190DB, 619508 6221NRA 60261
6205 6205DA, 520508 22220BNRC2 622202
6215 6215DA, 621508 23022BNRAC: 6224C2
8225 6225DA 622508 23024BNRAC: 62262
6235 623504, 623508 23026BNRAC? NUP228C2
B245 6245DA, 624508 23028BNAC2 NUP230C2
6255 625504, 525508 23032BNRC2 NUF234C2
5265 5265DA 23034BNRC2 NUP236C2
B275 62750A 23136BNXA 5340

Figure A-2 — Bearing reference for slow speed s{&imitomo Machinery Corporation
of America, 2012, pp. Table A-21)

Frame Size High Specd Shaf
Bearing C Bearing D Eccentric
Single Reduction Double Reduction Pacteaos | p oy | padson | OW:
6060, 6065 B0BODA, 60B5DA, 6070DA, 6075DA 6301 _!s%_!"m BO7YXX 1
GOG00A, B0350A, 6100DA, 6105DA, 6120DA, 6125DA,
oy §130DA, 6135DA, 6140DA, 6145DA 6301 83012 6O7TYXX | 1
080, 6085 = 63018H 53007 |6004nsHEZZea] 1
512008, 612508, 613008, 613508, 614008, 614508,
6080, 6095 160DA, 61650A, 6170DA, 61750A 6302RSH2 63022 Refer to 4
7300C, 613500, 61400C, 61450C, 616008, 616508, Table A-22
6100, 6105, 610H 17008, 617508, 61800A, 6185DA 6302RSH2 63022
5110,6115 = §302ASHZ 53022 [611V55.611655] 2
B160DC, 616500, 61700C, 6175DC, 6190DA,
6120, 6125, 612H itk SSEO 6304 63052 .
575008, 618508, 619008, 619508, 620508, eler to
6130, 6135 i o 6305 6306 e | 1
8140, 5145, 614H = 53058 5306
8160, 6165, B16H 521508, 62350A, 62450A 6307H 308
6170, 6175 6255DA, 625508 5406 6407 BI7Vex | 2
5180, 6185 23508, 624508 5407 6403 618YSX__| 2
5150, 6195 25508, 6265DA, 627504 6408 6411 819vexX | 2
6205 = NIGI0EVT | 2131iVi 5206XX | 2
215 . NJ311EVIE | 213111 521GXX | 2
8225 = NJS1ZEV1T | 21312V1 622GXK | 2
6335 = NJ31BEVI1 | 213141 8230XX_| 2
5245 = NJAT4EVT | 21316V1 624GKX | 2
255 a NJG1GEVT | 21318V1 625GXX | 2
6265 = NJITTEVI | 21318V1 626GKKX | 2
6275 = NJAT7 23929811 827GXX | 2

Mate: [1] For grease |ubricated models, a sealed bearing should be used, which changes tha lollowing letters in the part number to those shown in
bold: NR (Std.) — ZNR; NXR - ZNXR; None - add Z.

Figure A-3 — High speed shaft bearing selectiofet@®umitomo Machinery Corporation
of America, 2012, pp. Table A-21)
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As seen in Figure A-3 the eccentric bearing usddugd in Figure A-4. All the bearings

have been looked up and the associated frequemavesbeen tabulated in Table 4-5.

Frame Size
High Speed Shatt,
Motor Shaft 5090, 6095 6100, 6105 6120, 6125 6130, 6135 6140, 6145 6160, 6165
Part #3-04
Intermediate
Shaft
Part #5-04 6090DA 6100DA 6120DA, 6125DA | 6130DA, 6135DA | 6140DA, 6145DA | 6160DA, 6165DA
BOB5DA G105DA 612008, 612508 | 613008, 6135DB | 6140DB, 6145DB | 6160DB, 618508
6130DC, 6135DC | 6140DC, 6145DC | 6160DC, 6165DC
Reduction
Ratio
-] BOS06YRX 6100608YRX 6120608YRX 61406-11YSX B61406-11¥YSX 6160608YRX2
8 B0908-15YSX E100808YRX 6120608YRX 61406-11YSX 61406-11YSX 6160608YRX2
11 B0808-15YEX B1011-15YRX B8121115Y8X 81406-11YSX 61406-11YSX B1611-15Y5X
13 B0B0B-15YSX 61011-15YRX _EI213'!?'YSK 61413-17YSX 61413-17YSX 61811-15YSX
15 60808-15YSX 61011-15YRX 8121115YSX B1413-17YSX 61413-17YSX B816811-15Y58X
17 60917YSX B1017YSX 6121317YSX 61413-17YSX B1413-17YSX G1617-25YSX
21 60921Y5X 81021YRAX B1221YRX 6142125Y5X 6142125Y5X B1617-25YSX
25 B092529YSX B102520YRX 6122529Y8X 6142125YSX 6142125Y5X 61617-25YSX
28 6092520YSX 6102528YRX B122529YSX 61420935YSX 6142035YS5X B162335YSX
35 60935Y5X B1035YRX 6_1_?35YF|K B1420835YSX 6142035YSX 6162835YSX
a3 60943YSX 61043YSX 61243YSX 51443-50YS5X 61443-58Y5X 6164351 YSX
51 B80851YRX 61051 YRX 6125159YSX 61443-59YSX 61443-59YSX G164351YS5X
50 BO950YSX BY059YRX _61 25155YSX 61 44{‘:-59\’5! 61443-59Y5X 61659YSX
71 GQQTIYRX' B107T1YRX 6127187YSX B147187YSX 6147187TYSX 61671YRX2
ar B60987YSX G1087YRX 8127187YSX 6147187YSX B147187YSX B16B7YSX
112 G08119YSX 610118YSX - - = -

Figure A-4 — Eccentric bearings described as 3adigure A-1 (Sumitomo Machinery

Corporation of America, 2012, pp. Table A-22)
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APPENDIX B — TESTING EQUIPMENT SPECIFICATIONS
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UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
School of Mechanical, Industrial and AeromzaltEngineering

Microtron 7290A Accelerometer — Sensitivity 20mV/g

Specifications

All values are typical at +75°F [+2£°C] and 15 Vde excitation unlesz otherwise stated, Calibration data, traceable ta the National Institute of Standards, INIST], is supplied

Dynamic charactenstics
Range [1]
Sensitivity
Frequency response [+ 5%] [2]
Mounted resonance freguency
Mon-linearity and hysteresis
Transwerse sensitivity [3]
Zero measurand output
Damping ratio
Damping ratio change
Fram -65°F to +268°F | -55°C to +121°C]
Thermial zero shift |max]
From 32°F to 122°F [0°C to 50°C)
From -13°F to +167°F [-25°C Lo +75°C)
Thermal sensitivity shift [max]
From 32°F to 122°F (0°C to +50°C)
From -139F to +167°F [-25°C to +75°C
Thermal transient error per 154 RP 37 2

Overrange |determined by electncal clipping or mechanical stops, whichever is smaller.]

Electrical cipping
Mechanical stops, typical
Recovery time
Threshold [resolution] [5]
Base strain sensitivity, max
Magnetic susceptibility (@ 100 gauss, 40 Hz|
Warm-up time [to within 1]

Electricat characteristics
Excitation voltage

Current drain

Output impedance/load
Residual noise

Physical characteristics
Case matenal

Electrical connections
Mounting/torgue

Weight

Environmental characteristics
Acceleration limits [in any direction]
Static
Vibration
Shock
Zero shift
Temperature
Dperating
Storage
Humidityfaltitude
ESD sznsitvity

Units T290M-2 -10 -30 -50 -100 -150
0 +2 10 +30 +50 +100 £150
mfg 1000 250 200 +10 bd 24 &0 2 20 21 13.2 20,64
Hz Oto 15 0 ta 500 0 to BOO D0 to. 1000 01o 1000 0 to 1000
Hz 13ca 3000 5500 4000 S000 £000
% FSO typ |max] 2020 |£0.50] +0.20 [+0.50] +0.20 |«0.50) 40,20 |£0.50] +1[£2] £1 [+2]
% |maxl 2 2 2 2 2 :
mv +50 +50 +50 +50 +50 «50

40 0.7 0.7 D& 04 0.4
9/°C +0.08 +0.08 +0.08 +0.08 +0.08 +0.08
% F50 [4] +1.0 +1.0 +1.0 110 +1.0 «1.0
% F50 430 +2 0 210 210 +2.0 20
% +2.0 20 2.0 220 +2.0 2.0
% +3.0 +3.0 3.0 3.0 +3.0 £3.0
Equm. gf°C ¢ 0.001 « 0.001 «0.001 + 0,00 +0.001 « 0.001
g -1.5/+318 1819 -B3/+57 -B7/+%5 -175/+190 -265/+288
g b +30 20 £90 4150 £300
us «10 <10 «10 10 «10 « 10
Equv g's 0.0005 00025 0.0075 0013 0.013 0.013
Equiv. g's om oo oo o.m 0o 0.01
Equiv. g's ¢ 01 <01 v0.1 0.1 «0.1 ¢ 0.1

ms L 1 1 1 1 1

%510 18.0 Vde

B.5 ma typ, 10 mA max

500 ohms max 0K ohms resistance minmerm, 0 oF capacitance maximum
10D p¥ rmis typ, 0.5 te 100 Hz

500 W rms typ, 0.5 Hz to 10 kHz

Anodized aluminum alloy

Integral cable, faur conductor Mo, 28 AWG, Teflan® insulated leads, braided shield, Hyperfles™ jacket
Two holes for £-40 or M3 mounting serews [ & [bf-in [0.48 Nm]

12 grams without cable |cable weighs 9 grams/meter|

200009

100 g sinu=oidal 20 - 2000 Hz / £0 g rms random 20 - 2000 Hz

5000 g 1150 p5 haversine pulse) for -2 and -10; 10000 g [80 45 haversine pulse| for -30, -50, -100 and -150
0.1% F50 typicalat 5000 g

-85°F to +250°F {-55°C to +1217C]

~108"F 1o +300°F [-73°C to + 150°C|

Unaffected. Unit 1s epoxy seated.

Urat meets Class 2 requirements of MIL-5TD-883, Method 3015
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HBM Quantum MX440A

QuaNTUMX
MX440A

Universal amplifier

Data Sheet

Special features

- 4 individually configurable inputs
(electrically isolated)

— Connection of more than 12
transducers technologies

— Data rate: up to 19,200 Hz

— 24-bit A/D converter per channel
for synchronous. parallel
measurements

— Active low pass filter

— TEDS support

— Supply voltage (DC): 10V ... 30V

— Supply voltage for active
transducers (DC): 5V ...24V

Block diagram

Digital platform

F:TD'E Sl Ethemnet

< --I—— Transducer supply
'; Stgna.{ = JLIIL = d: ~ilff—i— Fire\Wire
5] ) . ] § 0] =
8 > o
S DC/CE L ]
e — TEDS =

Connector sockets (D-SUB-15HD)

il FireWire

B2925-1.0 en HBM
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Specifications MX440A

General specifications

Inputs Number 4, electrically isolated from each other and from the supply
voltagE
Transducer technologies Strain gage full and half bridge, inducfive full and half bridge,
piezoresistive full bridge, potentiometric transducers, three
voltage ranges, current; resistance (e. g. PTC, NTG, KTY);
resistance thermometer (PT100, PT1000); thermocouples
(K. N, E, T, 8, ...} with cold junction in the plug
(1-THEAMO-MXBOARD).
Frequency, pulse counting, 33, incremental rotary encoder.
A/D converter 24 Bit Delta Sigma converter
Data rate Hz 0.1 ... 19200, adjustable for each channel
Active low-pass filter (Bessel/Butterworth, can be switched
off) Hz 0.01 ... 3200 (-3 dB)
Transducer identification (TEDS, IEEE 1451.4)
max. distance of the TEDS module m 100
Transducer connection D-3UB-15HD
Supply veltage range (DC) v 10 ... 30 (24 V nominal (rated) voltage)
Supply voltage interruption max. 5 ms at 24 V
Power consumption
without adjustable transducer excitation w <7
with adjustable transducer excitation w <10
Transducer Excitation (active transducers)
Adjustable supply voltage (DC) W & ... 24; adjustable for each channel
Maximum output power w 0.7 each channel / a total of 2
Ethernet (data link}) 10Base-T [ 100Base-TX
Protocol/addressing - TCP/IP (direct IP address or DHGP)
Connection - 8P8C plug (RJ-45) with twisted pair cable (CAT-5)
Max. cable length to module m 100
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FireWire (module synchronization, data link, optional supply
voltage)

IEEE 13%4b (HBM modules only)

Baud rate MBaud 400 (approx. 50 MByte/s)

Max. current from module to meodule A 15

Mex. cable length between the nodes m &

Max. number of modules connected in series (daisy chain) - 12 (=11 Hops)

Max. number of modules in a FireWire system (including

hu: backplane) - 24

Maux. number of hoqsar - 14
Nominal (rated) temperature range °Z[FF] =20 ... +60 [-4 ... +140]
Operating temperature range (no dewing allowad/module
not dew-point proof) "G PR =20 ... +65 [-4 ... +149]
Storage temperature range °G[*F] —40 __ +75 [-40 . +167]
Rel. humidity at 31 °C % 80 (non condensing) lin. reduction to 50 % at 40 °C
Protection class (up to 2000 m height, degree of
contamination £) I
Degree of protection IP20 per EN 60529
Mechanical te

Wibration (30 min) myfs2 50

Shock (6 ms) m/s? 350
EMC requirements per EN 61326
Max. input voltage at transducer socket to ground (Pin 6}

PIN1,2,3,4 5, 7,8 10,13, 15 W 5.5 (no transients)

PIN 14 {voltage) \ 60 (no transients)typ. 500
Dimensions, horizontal (W x H x D) mm 52.5 x 200 » 122 (with case protection)

44 x 174 x 119 (without case protection)

Weight, approx. g 850

1} When the variable transducer supply is used, there is no electrical isolation from the supply voltage.

2 Hub: FireWire node or distributor

3 Hop: Transition from module to module/signal conditioning
&

Mechanical stress is tested according to European Standard ENG0068-2-6 for vibrations and ENG0068-2-27 for shock. The equipment is

subjected to an acceleration of 50 m/s? in a frequency range of 5...65 Hz in all 3 axes. Duration of this vibration test: 30min per axis. The
shock test is performad with a nominal acceleration of 350 m/s? for 6 ms, half sine pulse shape, with 3 shocks in each of the 6 possible

directions.

HEM

B2925-1.0 en
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Specifications MX440A (Continued)

Potentiometrie transducer

Accuracy class 0
Excitation voltage (DC) W 25(+£5%)
Transducers that can be connected potentiometric transducers
Permissible cable length between MX4404
and transducer m 100
Measuring range i/ + 500
Measurement frequency range (-3 dB) kHz 0..32
Transducer impedance Q 300 _.. 5000
Moise at 25 °C (peak to peak)

with filter 1 Hz Bessel uVi < 40

with filter 10 Hz Bessel pV < 100

with filter 100 Hz Bessel uVi < 200

with filter 1 kHz Bassal u\Viv < 700
Linearity error % < 0.02 of full zcale
Zero drift (1 V excitation) % 10K < 0.1 of full scale
Full-scale drift (1 V excitation) % 10K < 0.1 of measurement value
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APPENDIX C — SAMPLE CALCULATIONS

Sample Calculation for a class D HM127646/HM1274D5XP Bearing
The known variables are listed :

n — number of rollers is 23 (single row)
d — Roller diameter which is 17.7mm
D — pitch diameter of the bearing which is 167.9mm

fa_the angular frequency of bearing rotation

The Rotational speed of the Lateral Machine is meslito be 138RPM and thus the

equivalent angular frequency is 2.3Hz

Using the Chambers formulae which do not take auiesideration the included angle of

the bearing the frequencies of the defects caralmelated .

Thus for a single defect on the outer race the eeplefrequency would be calculated as:

f, = lnfa(l—g)
2 D

1 00177
2 (23)(2'3)6‘(1 0.1679j

= 2366Hz
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For a single defect on the inner race the calcutatiould be:

f, = 1nfa(1+ Ej
2 D

:% 23 (2.3)(1+ 0'0177j

0.1679
= 2924Hz

And for a single defect on the roller:

(=D (1—(d)2jfa

"d D
2
_0.1679 1 (0.0177) 23
0.0177 0.1679
= 21575Hz

Using Tandon’s method of calculating the expecteduencies of the defects it can be

seen that the included angles of the bearing &entato consideration.

Cage Frequency as:

= %’ (1——0'01770059.1)j

0.1679
=1.0303Hz
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Ball Spinning Frequency as:

2
fy = DY, (1—Ecos2 aj

2d
_(0167923)(, (0.0177? cog (9.)
2(0.0177) (0.1679 '
=10791Hz

And outer race defect frequency is

f, =nf,
= (23(1.0303
= 2370Hz

Inner race defect frequency is

f=n(f, - f,)
= 2323-1.0303
= 2020Hz

Rolling Element defect frequency

f, =nf,
= 231079)
= 2158Hz
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APPENDIX D — MEASUREMENT OF NICKS

Measurements were taken of nicks across the brbadeson of the nick with a contour
tracing machine. This machine is able with a vémg heedle to probe into the depth of
the nick and thus measure its width and overalytiteiFigure D-1 to Figure D-15 are
screen shots of the measurement values in bothicretd imperial units. They are
presented so that the reader can become familiértive nick’s geometry in the pieces
used. It is clear from the figures that nicks eithre like scratches or have raised metal

on either side of the nick.

[P Profils]

[arm] 19,134

1.250

6.793umlern, x 1472102
4681

28.450

----------------------

s

-1z.497

4 2‘23 [reae] B.445
0.4 rarafere, 222 526

2735 0505 3540

-27.200
o
=
1

Figure D-1 —Bearing D2 upper raceway — one of foller-spaced nicks

[P Profile ]

fare] 10408

4013, 3650 o ke

4 datumicm, x2239.002
5250

_______________________

----------------------

0000 Pt 2as fruze] 4.950
0 e, 138 431
T I

-20.908

2085

Figure D-2 — Bearing D2 upper raceway — one of foller-spaced nicks
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Dleasurement Profile
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& i
g i i
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2.3 e
SES i i
£ B
™ L SRR B
o ; : :
= : : :
=
O 0 oy F A S S o S S S S R S Rt B s S B B
&
L=1Y
g8 —rry
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0 562rarafera, ¥17 787
5305

380 1415

Figure D-3 — Bearing D1 nicks from upper racewaydom nicks

Dleasuremment Profile
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Figure D-4 — Bearing D1 upper raceway random nicks
] Measurerent Profils
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0.75Traralcra, x13.206
8.105 1220 0355

Figure D-5 — Bearing D1 nick, not so deep visualyg hardly high spot to touch
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Figure D-6 — Bearing D6 lower raceway nick
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Figure D-7 — Bearing D6 upper raceway nick withihis depth
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Figure D-8 — Bearing D6 upper raceway scratch typk
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Figure D-9 — Bearing D3 nick upper raceway - deep
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Figure D-10 — Bearing D3 upper raceway one of redfgaced nicks
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Figure D-11 — Bearing D3 upper raceway one of redjgaced nicks — zoomed area of
Figure D-10
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Figure D-12 — Bearing D7 chipped edge of raceway
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Figure D-13 — Bearing D4 lower raceway — large Isahick
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Figure D-14 — Bearing D4 upper raceway — one déralpaced nicks
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Figure D-15 — Bearing D4 upper raceway — nick wigipth outside of roller-spaced area
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APPENDIX E — PRELIMINARY TESTING INFORMATION

Basic testing was performed with an accelerometarnted magnetically on the track of
the cup OD. The testing was performed on the Lihatéral Machine during the normal

Lateral Machine cycle at various sampling frequesci

The results are seen in Figure E-1. This showsassdD bearing sampled at 600 Hz for
15 seconds. The duration of the cycle shows higplifude signal, low amplitude signal
and then the rotation of the bearing stops. Thenge in amplitude during the testing

represents the motion of the Lateral Machine asrded in Section 2.3.5

Time Domain

Amplitude [m/s~2]

T T T T T T T T T
0.1562 0.3124 0.4686 06248 0781 0.8373 1.083 125 1.406
Time [s]

Figure E-1 — Raw time domain plot [D2, 1200Hz]
Many of these tests were done with various sizeatibgs, bearings that had nicks and

ones that did not. The data was analysed usingiBi software and the FFT's were
done to see if any distinct patterns were visitdeshown in Figure E-2. The figure
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depicts D5 which is a non-nicked bearing and D2cWwhis a nicked bearing. Many
different versions of the same FFT’'s were compidth no real distinct information
retrieved from any.

D5 and D2 Top & Bottom on Lateral Two

0.01442
O —+— 2: dEtop_3Convertzd_ini
Amplitude
. ¢~ 2: 20110808_D2 top_3Converted_in2
0.012 — Amplitude
[~ —5— 2 d5bottom_3Converted_in3
- Amplitude
L ~E+ 2: dzbottom_35Convertsd_ind
Lot Ampituds
L 2. d5top_EConverted_inS
0.008 — top_EConverted_ind
C 110808_DE topConverted_inT
0.008 —
L < 2 dEtopCanventzd_ing
C Amplitude
0.004 —
0,00z =
Ll v by b b v P b v by by b Py By i
L] z 4 -] g 10 12 14 16 18 i) 2 24 =

Frequency (Hz)

Figure E-2 — D2 top and bottom on Lateral Machine and two

The FFT’'s were analysed in normal scale as welbgarithmic scale to understand if
there were any differences. Additionally the signalere broken into ‘first half” and

‘second half’ depending on if the Lateral Machinaswn the first or second part of its
cycle to see if there was any distinctive noiset t@uld be removed in that process

(Figure E-3). Still no favorable results were visib
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BEC U g

Figure E-3 +Figure depicting removal of signal (ing data Analysi

Sampling Rates

It was then considered that the resolution of #stiig is not necessarily ideal and 1
sampling at 2400Hz was too fast and possibly thidrmation was being lost in tt
acquisition process. Further testing was dof nicked and nomicked bearings ¢
different sampling rates to see if any more distinequencies were visibliFigure E-4
represents one bearing at multiple sampling ra&tksough it can be seen that resolut

is missing there are no definitive ks visible in either logarithmic or normal sce

lIl!!F!TIIIIIII

Fragueecy (HI)

Figure E-4 FFT of same bearing at different sampling frequex
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Testing Duration

At this stage all the tests were done for the stedhdlateral Machine interval which is a

period of approximately thirteen seconds in whiatuable data is captured for analysis.
Based on this short span of information and althef inherent noise that seemed to be
present within the Lateral Machine it was decidgdt ttime synchronous averaging

should be tried as per the explanation in Secti@m®2In order to do this the amount of

revolutions must be significantly greater thanlisveed in 13 seconds and thus the time
of the experiment was increased to approximatelys¥tonds.

Synchronous Averaging

To reduce variation further until basic results evaechieved, the decision was made to
extend the timing of the Lateral Machine in thecsed phase” of the rotation cycle, i.e.

when the rollers are seated in the lower cone l@ddllers are almost seated in the upper
cone and thus there is less rattling of rollerdhimithe cages. A tachometer was used to
denote a revolution of the bearing and it was fothad the bearings were rotating at a
135.5RPM. All the rotations were overlaid on eatineo and averaged in the hope that
the noise would tend to zero and that the distirejuencies would tend to their mean

value.

At first the results seemed to be very success$fukigure E-5 nicked and non-nicked
bearings sampled at 600Hz were averaged in the diomeain and then the FFT was
plotted. It can be seen that D1, a nicked bearshgwed clear peaks which was not

portrayed in the other bearings.
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i SingleSided Amplitude Spectum of (]
T T :
— D5 Mon-Nicked 600Hz
— D1 Nicked 600Hz
— D6 Nicked 600Hz
Al N
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: '
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Figure E-5— Non-nicked Data 1 (D5), nicked Data@(Bnd nicked Data 3 (D1)

Further work was done to understand if any resuéise achievable without completing

synchronous averaging on the longer tests thatiaéd samples. Figure E-6 shows this.
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Figure E-6 — Average and non-average FFT’s D5,

mLR6 at 1200Hz
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It then became apparent with more testing complatetlsynchronized averaged that the
results of the time averaging was not very sucoéssfd that more of the distinct peaks
were tending to zero and not their mean. So muth was lost that the analysis became
meaningless. Figure E-7 shows the averaged vallmshware almost not visible in

comparison to the non averaged values.
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Figure E-7 — FFT of synchronized average resultsraom-averaged results of data 1 and
2 non-nicked D5, data 3 and 4 Nicked D2 and datadb6 nicked D4
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APPENDIX F — ADDITIONAL TESTING

Repeatability testing has been completed on nokedidearings to show that the limits
defined for various sampling rates hold true areaoplicable. In this appendix tests of
600Hz (nicked and non-nicked), 1200Hz (non-nicke®$00Hz (non-nicked) and
19.2kHz (nicked and non-nicked) are presented.

i. 600Hz sampling rate nicked and non-nicked tests
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Figure F-16 — D5 non-nicked 9600Hz Butterworth 280°SD from CMS
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Figure F-19- Production bearing 288026 non-nicked0Hz Butterworth 2000Hz PSD
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Figure F-20- Production bearing 287461 non-nick&d0¥z Butterworth 2000Hz PSD
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Figure F-21- Production bearing 288050 non-nick&d0¥z Butterworth 2000Hz PSD
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Figure F-22- Production bearing 531425 non-nick&d0¥z Butterworth 2000Hz PSD

iv. 19.2kHz Sampling rate tests nicked and non-nicked
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Figure F-23 — D5 non-nicked 19200Hz PSD from CM&gpam
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Figure F-25 — D6 nicked 19200Hz PSD from CMS praogra

189




é UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

School of Mechanical, Industrial and Aerom@altEngineering

Amplitude [ ]

Amplitude [ ]

Power Spectral Density Graph

[1} 500 1000 1500 2000 2500 3000 3500 4000 4500

Frequency [Hz]
Figure F-26 — D4 nicked 19200Hz PSD from CMS progra
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Figure F-27 — D7 nicked 19200Hz PSD from CMS progra
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Figure F-28 — D5 cone-nicked 19200Hz PSD from CM&)m@m
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