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Abstract 

Although the field of vibration monitoring is more than thirty years old a review of 

the literature revealed a lack of understanding concerning the form of the source 

of vibrations excited by discrete faults in rolling element bearings. As a rolling 

element passes through a discrete fault a periodic forcing function is produced that 

excites oscillations of the bearing and the structure that surrounds it. This forcing 

function is the source, and the characteristic shape of one period describes the form 

of the source. 

The assumption that the form of the source is an impulse is universal throughout 

the literature; however no studies have been reported that have investigated the 

validity of this assumption. What is more many of the observed properties of the 

oscillations excited by discrete faults are not explained by this assumption. 

The project reported in this dissertation is an experimental study of the form of the 

source and the form of the transient response excited by discrete race faults in a 

ball bearing. Fundamental differences between the observed transient responses 

and those suggested by the literature were identified. These differences result from 

the significant effect the motion of the ball entering the fault has on the observed 

transient response. The properties of the observed response are described and used 

to explain some results from vibration monitoring techniques not explained by the 

assumption that the source is an impulse. Central to these results is the discovery 

that the form of the source is influenced by the width and location of the fault, the 

rotational speed and the magnitude of the applied radial load. 

The results of the experimental investigation are further explained by two original 

kinematic models. These models describe the motion of the outer race, relative to 

the inner race, of the radially loaded ball bearing \vith a discrete fault on the outer 

race. The models demonstrate the influence of the impulse response of the system 

on the generation of the source in addition to the behaviour of the system in 
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response to the source. provide a mechanism to explain the modulating 

influence of the load zone, and demonstrate how the form of the source is 

imluenced by the fault width, the rotational speed and the magnitude of the applied 

radial load. 
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Chapter 

1.0 Introduction 

This dissertation concerns the condition monitoring of discrete faults in rolling 

element bearings via analysis of the vibrations they excite. 

Condition monitoring involves the use of techniques to deduce or observe directly 

the current physical state of a piece of machinery or machine component. 

Condition monitoring may take the form of in-situ examinations while the machine 

is still operating or non-destructive testing during scheduled idle time [40]. As 

referred to in this dissertation, condition monitoring concerns in-situ examinations. 

The objective of condition monitoring is usually Predictive Maintenance. Incipient 

faults may be detected and corrective action planned and undertaken when most 

convenient, principally to minimize cost. These concepts are firmly established in 

industry [24,40,48,67,84,85] and the benefits well documented [7,81,92]. 

Figure 1.1 indicates four activities involved in Predictive Maintenance. Condition 

monitoring encompasses both the detection and the diagnosis of faults: Forrester 

[33] suggests the current state of the art lies somewhere between the two. 

Of the many techniques available to condition monitoring [24], vibration monitoring 

has been the most popular, particularly for rolling element bearings. In fact the 

terms "condition monitoring" and 'vibration monitoring" have almost become 

synonymous [13,47]. 

Fundamentally the concept of vibration monitoring is straightforward; however, in 

reality successful vibration monitoring has proven more difficult. 
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Predictive Maintenance 

Condition Monitoring 

ActIon Prognosis 

Figure 1.1 Four activities in predictive maintenance 

All machines vibrate, either inherently in their operation or due to manufacturing 

imperfections such as surface roughness, waviness and imbalance. Faults within the 

machine may alter these or generate new vibrations. Transducers, usually 

accelerometers, convert these vibrations into electrical signals that may be observed 

and recorded to characterise the current condition of the machine. This 

characteristic information is often referred to as a Signature, a shortening of 

Vibration or Mechanical Signature [3,8,13]. Mechanical signatures may also include 

other forms of information such as temperatures, speeds, pressures and flow rates. 

Signatures may be compared to those previously recorded, any differences or 

difference in a rate of change may indicate a change in condition of the observed 

machine. This is referred to as Trend Analysis. Plotting the amplitude of a peak 

in a frequency spectrum over a period of time is an example of trend analysis. 

The alternative to trend analysis is Absolute Analysis, also referred to as "Single 

Shot" analysis [91]. Relationships are used to associate features of the signature to 

physical phenomena occurring within the machine, phenomena that may be 

indicative of normal or faulty operation. Relationships may be analytically or 

empirically determined. Matching a peak in a frequency spectrum to a known 

periodic source such as the frequency at which a ball passes a point on the outer 

race is an example of absolute analysis. 
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Trend analysis requires many signatures to be examined before useful information 

can be derived whereas absolute analysis requires only one to be examined. For 

this reason absolute analysis is the most desirable. It does not require the storage 

of historical data or suffer the delay before a "trend" becomes apparent. However, 

absolute analysis requires more knowledge about the machine being monitored and 

a deeper understanding of the processes involved in the generation and transmission 

of vibrations. Due to the lack of this understanding current vibration monitoring 

practices largely rely on trend analysis to detect the appearance of faults. Absolute 

analysis is used to aid diagnostics. 

The condition monitoring of rolling element bearings is particularly important. 

Rolling element bearings are crucial to the successful performance of most 

machines, whether as the prime mover or part of critical auxiliary equipment. Their 

failure may not only result in their own destruction but the destruction of associated 

machine elements and/or other plant in the case of critical auxiliaries. In some 

cases machinery faults unrelated to bearing damage may manifest themselves as 

vibrations at the bearings or may initiate a specific mode of bearing failure. Many 

Predictive Maintenance programmes concentrate solely on the analysis of rolling 

element bearing vibrations. 

The causes of bearing failures are perhaps as numerous as bearing installations. 

Tallian [101] and Johruon [58] list the many modes of failure for rolling element 

bearings, all of which are preventable except fatigue [22]. Tallian [102] describes 

an expert system to aid the diagnosis of failure modes in tribo-components. 

Whatever the cause or mode of failure, defects in rolling element bearings will 

appear as changes or irregularities in the rolling surfaces of the bearing [107]. 

Bearing defects may be broadly categorised as Distributed or Discrete defects. 

Distributed defects are faults in which "the magnitude of the ball-race contact force 

varies continuously and periodically as the bearing rotates" [81]. Misalignment, 

eccentricity and geometrical imperfections such as race or element waviness and off

sized rolling elements are distributed defects. Distributed defects will produce 
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sinusoidal vibrations, the frequency and amplitude of which have been investigated 

[81,108,109]. Although not strictly a failure, the presence of distributed defects may 

result in the premature failure of a bearing making their detection important. 

Discrete defects, also known as point defects, are localised areas of damage on 

either race of the bearing or any of the rolling elements. Fatigue spalls, corrosion 

pits, scratches and dents are discrete defects. They are characterised by sharp 

discontinuities in the rolling surface producing impulsive type vibrations. The 

presence of a discrete defect in a rolling element bearing can be indicative of 

incipient failure. As such, many vibration monitoring programmes for rolling 

element bearings are concerned principally with the detection of discrete faults. 

This dissertation takes a fresh view of the vibrations excited by discrete bearing 

faults by focusing on the form of the vibration source. The "form" of the source 

relates to its characteristic shape. The source can be considered periodic and will 

be represented by the function x(t). The characteristic shape of one period of x(t) 

represents the form of the source. As an example, a train of "pulses" may have the 

form of a rectangle, a triangle or some other shape as shown in figure 1.2. 

iUillillJ ~lUL 
TIme 
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Figure Examples of various forms 
of a train of pulses 
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The observed vibration is the measured electrical signal from the transducer and 

is not the source x(t). It cannot be overemphasised that the observed vibration is 

the response of the bearing, its surrounding structure, the transducer and the 

processing instrumentation to the source. Figure 1.3 depicts the source "modified" 

by the transfer function to produce the observed response yet). For this discussion 

the transfer function will be considered independent of the source x(t), 

Figure 1.3 Relationship between the source and the observed response 

Modal analysis is used to determine the dynamic properties of a structure by 

exciting it with a known source and observing the response. The intention is to 

determine the transfer function of the structure. This is referred to as Active 

Vibration Analysis [38]. Referring to figure 1.3, if the source x(t) is known and 

response yet) is measured, the transfer function may be determined. 

Vibration monitoring, as it is considered here, is Passive Vibration Analysis [38]. 

The intention is to determine the source as it is the source that will relate to the 

condition of the bearing. The response yet) can be measured but the transfer 

function is generally unknown. Therefore inferences concerning the source can not 

be made. This reasoning highlights a fundamental problem in vibration monitoring 

that is often overlooked. 
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1.1 Previous Studies 

To date, much of the literature on the vibration monitoring of rolling element 

bearings has concerned the interpretation of the observed response and the 

evaluation of techniques to do so. Remarkably few have addressed in detail the 

form of the source and its relationship to what is happening physically within the 

bearing. 

In one of the earliest reports, Gustafsson and Tallian [39] described the signal 

emitted by a velocity pick-up detecting radial motion of the outer race. As a ball 

passes over a discrete fault a "double amplitude peak (one extreme value in the 

positive direction and another in the negative direction)" is produced. Although 

these peaks will appear cyclically they are not considered precisely periodic, being 

described as "almost periodic". The period between pulses was described as 

"constant plus or minus a (small) finite variation, generally different from zero". 

The repetition frequencies for defects occurring at different locations within the 

bearing, as given in figure 1.4 and referred to hereafter as the characteristic defect 

frequencies, were described as approximations of the average. Several workers have 

reiterated points concerning the lack of periodicity [62,63,87]. 

Interestingly, Gustafsson and Tallian conclude that the character described deems 

"the concept of frequency analysis ... .inappropriate". Deviations from true 

periodicity will continuously introduce phase shifts. In addition, the Fourier 

expansion of a short duration "pulse" is complex and highly influenced by the 

dynamic character of the structure (i.e the transfer function). Braun [13] suggests 

that the continued popularity of frequency analysis in the vibration monitoring of 

rolling element bearings is an example of instrumentation technology leading rather 

than facilitating vibration monitoring. 

In a later work Tallian and Gustafsson [103] present two mechanisms to describe 

how bearings generate vibrations. A rolling element bearing acts as a "displacement 

generator" caused by rolling over its own imperfection'; and as a "time varying 

mechanical impedance, with a constant applied load" caused by the motion of the 
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Figure 1.4 Characteristic defect frequencies (CDF), Palmgren [88] 

elements within the bearing. Vibration caused by changes in the mechanical 

impedance are termed Variable Compliance vibrations or Perret-Meldau vibrations 

(97,104,105]. 

During the mid to late 1960's advances in transducer and signal processing 

technologies increased the upper frequency limit of vibration analysis [20]. This led 

the way to the identification of high frequency vibrations excited by discrete faults. 

Lavoie [66] notes the use of ultrasonic detectors translating vibrations above 20 kHz 

into the audible range of the operator to determine the condition of bearings. 

Balderston [5] details the identification of possible sources for the resonant 

frequencies excited, bal1 and race resonant modes being considered. Martin [68] 

reports a direct relationship between the amplitude of outer race resonance 

vibrations and the severity of the defect. 
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Boto [11] describes the impact action that appears to be the currently accepted 

mechanism through which vibrations are generated by discrete faults [98,106]. Our 

discussion will be limited to faults on either race but not on the rolling elements. 

Referring to figure 1.5, as the rolling element enters the fault it rotates about the 

entry edge, impacts the exit edge with velocity V, then exits by rotation about the 

exit edge. A stress wave, often referred to as the shock wave or shock pulse, 

emanates from the point of impact [11]. Harting [45] suggests what the pulse 

generated at the flaw and its frequency response "probably" look like, see figure 1.6. 

Entry 

Impact 

~ 
~ 

~1 
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1.5 Impact action 
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A large proportion of the energy of the stress wave is reflected at each material 

interface. This results in the excitation of the bearing components and the structure 

as a whole at their natural frequencies [6]. So long as intimate contact is 

maintained between the rolling element and the races of the bearing, the amplitude 

of the stress wave is not a function of load [11,98]. 

Acceleration 

Relative 
Amplitude 

Time 

--4-------------------------~ 

log Frequency 

Figure 1.6 "Probable" form of the impulse, Harting [45] 

The vibration source and the observed response produced by a discrete fault on the 

outer race of a radially loaded rolling element bearing are illustrated in figure 1.7. 

Hereafter it will be assumed that the outer race and any applied load are stationary 

with respect to the transducer and that the inner race rotates. The transducer will 

be assumed to be an accelerometer. As each element passes over the fault an 

impulse is produced; hence the form of the source is considered to be an impulse. 

The height of each impulse increases as the width of the fault increases [11]. 
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Figure 1.7 Outer race fault 

Each impulse excites the bearing and its surrounding structure to vibrate at their 

natural frequencies. Inherent damping causes the amplitude of these vibrations to 

decay exponentially. Providing the decay is sufficiently fast, these transients decay 

before the next impact occurs. The observed response is a series of these transient 

oscillations occurring at the characteristic defect frequency of the fault. 

Faults on the inner race of a radially loaded bearing produce changes in the 

magnitude of the transient oscillations as each rolling element strikes the fault at 

different locations within the load zone, figure 1.8. Modulation may also result 

from the changes in the length of the transmission path from the impact to the 

accelerometer. Modulation of the transients will occur at the rotational frequency 

of the inner race. 
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The literature is unclear on the mechanism through which modulation of the 

transients within the load zone occurs. Boto [11] showed the amplitude of the 

impulse was independent of load. There is no suggestion in the literature that loads 

are insufficient to maintain contact between the rolling elements and the races of 

the bearing. Sections 6.2.3 and 6.4.4 use new models developed as part of this 

investigation to explain how the location of the fault within the load zone modulates 

the transients observed. 

Source 

I 1 I .... -Time 

Response 

Time 

Figure 1.8 Inner race fault 

As noted above, much of the literature on the vibration monitoring of rolling 

element bearings has concentrated on the evaluation of processing techniques. 

Techniques seek to detect either the impulsiveness of the vibration caused by the 

impacts or the periodicity of their repetition. Of the many techniques suggested 

Overall Level, Crest Factor, Frequency Spectrum and Kurtosis have been the most 

popular. Comment on the advantages and disadvantages of these and the many 

other techniques and variations suggested in the literature will be not be given. 

These are aJequately addressed by published reviews and comparative studies 

[1,2,12,21,52,53,70,71] . 



12 

The consensus is that no one technique will be successful in all situations and that 

several may be required to "cover the field". Suggestions to the contrary generally 

appear only in promotional literature. Cempel [21] presents statistical methods to 

minimize the number of techniques required by retaining only those that provide 

unique information. 

Although hundreds of studies have noted the success or failure of techniques, many 

of the results lack portability. The success of a technique in one installation does 

not necessarily suggest the success of the same technique elsewhere. This has lead 

to confusion and apparent contradiction within the literature. 

A possible reason for this relates to the problem noted earlier concerning the fact 

that both the vibration source x(t) and the transfer function are unknown. Between 

two installations, even if the vibration sources are identical the transfer functions 

are likely to differ. Differences in vibrational character have been noted between 

supposedly identical machines. If the transfer functions differ, the observed 

responses will differ. Therefore, unless the technique adequately considers changes 

in the transfer function the success of the technique may be effected. 

McFadden and Smith [79] demonstrate the importance of considering the influence 

of the transfer function. Techniques to remove the influence of the transfer 

function from the observed vibration have been suggested [50,51,83] although their 

usefulness in practice may be limited. 

In the early 1970's a particular group of techniques was formulated based on the 

recovery of low frequency information, concerning the presence of discrete faults, 

from the modulations they produced in high frequency vibrations. These 

techniques are collectively termed High-Frequency Resonance Techniques (HFRT), 

but are also lr.nown as Demodulated Resonance Analysis or Envelope Detection. 

HFRT are widely considered to be "state of the art" in the vibration monitoring of 

rolling element bearings. 

Figure 1.9 shows the principal features of HFRT. Broderick et al [17] describes the 

concept of as similar to receiving AM radio broadcasts. 
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Figure 1.9 Principal features of the High-Frequency Resonance 
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As previously described, impacts excite the vibration of natural frequencies that 

decay to produce transient oscillations. HFRT filter the observed response to 

enhance these transients. This is achieved by either bandpass filtering to select a 

particular natural frequency or highpass filtering to reject noise which is of 

predominantly low frequency. The filtered signal is rectified then demodulated, 

usually by envelope detection, to produce a low frequency signal often referred to 

as the envelope. Subsequent processing of the envelope is where the many HFR T 

begin to differ. McFadden and Smith [73] discuss the practical aspects of 

implementing 

The Shock Pulse Method (SPM) is marketed by the SKF group of companies and 

is the most predominant member of the set of HFRT. It is perhaps the most widely 

used commercially available technique specifically for monitoring bearing damage. 

The SPM technique, described by Boto [11], utilises the natural frequency of an 

accelerometer tuned electronically and mechanically to 32 kHz. The response is 

bandpass filtered at this natural frequency and the maximum amplitude of the 

envelope signal measured. This measure was shown to be proportional to the depth 

of penetration of an element into a fault. The rate at which these shock pulses are 

detected allows the location of the fault to be determined. 

More recently SKF has released an instrument similar in concept to the SPM 

marketed under the commercial name of SEE, an abbreviation of Spectral Emitted 

Energy. SEE technology is described as a High Frequency Acoustic Emission (HF

AE) method and envelope detects the output of an acoustic emissions transducer 

in the range of 250-350 [9]. 

r-.1cFadden and Smith [76] provide a comprehensive review of the HFRT. The 

review includes the major studies of Broderick et al [17], Burchill [17]. Burchill et 

al [20]. Darlow et al [25,26,27], and Board [10] on the detection of bearing faults 

in helicopter gearboxes. The work of Harting [45] is also reviewed: Harting and 

Taylor patented one of the techniques in 1974 [46]. 



McFadden and Smith concluded that although the basic procedure of the HFRT 

is well established, understanding of relationships between the results and the 

phenomena observed is limited. Spectral complexity, spurious spectral components 

and the lack of a measure to represent damage severity adequately were noted. 

A mounted rolling element bearing has many natural and resonant frequencies 

relating to different modes of vibration of the bearing and the structure that houses 

it. Much of the early development work on the sought to determine which 

of these frequencies were excited most by the presence of a discrete fault. 

Experimental analyses indicated that although these frequencies could be predicted 

and identified, the frequencies which were excited most by bearing damage and 

least by intrusive noise, speed and load variation could not be predicted. Darlow 

et al [27] states, "the reasons why certain resonances are excited and others not, are 

not presently well understood", 

Without a knowledge of the form of the source, which modes of vibration are 

excited most by discrete faults cannot be determined. This point will be illustrated 

by an example. Let figure 1.lOa depict the frequency spectrum of the impulse 

response of a hypothetical machine. Obviously the machine would have four 

natural frequencies, denoted fl' f2, f3 and f4. Of these natural frequencies those 

excited by a discrete fault would depend on the form of the source produced by the 

discrete fault. 

Consider the source as show in figure 1.7. The form of the source is an impulse, 

the frequency spectrum of which will have constant non-zero amplitudes for all 

frequencies as shown in figure l.lOb [16]. Using the convolution theorem [16], 

repetition of this form of the source at a frequency of fs can be viewed in the 

frequency domain as multiplication of the frequency response of the system by a 

constant at all integer multiples of fs and by zero at all other frequencies. As 

shuwn by figure 1.lOc, for fs small compared to the natural frequencies, all four 

natural frequencies will be excited. Hence, envelope detection of any of the natural 

frequencies may result in successful HFRT. 
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Figure 1.10 Example of excitation by an impulse 
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McFadden and Smith [74,77] assume the form of the source to be an impulse in the 

development of a model to explain the spectral pattern produced by HFRT. An 

inner race fault in a radially loaded bearing with a stationary outer race was 

considered. This situation represents a general case as the modulating influences 

of load variation through the load zone and transmission path variation due to 

movement of the fault are included. Other publications report extensions of the 

model to include axial loading, outer race and ball faults [75] as well as multiple 

point defects [78]. 

Although the assumption that the form of the source is an impulse is almost 

universal in the literature, particularly by that concerning the HFRT, no studies 

have provided conclusive evidence to show that this is the case. In fact no studies 

specifically addressing this assumption of impulsiveness have been reported. Some 

studies suggest other forms of the source; Kanai et al [63] states that two impulses 

are generated when a ball comes into contact with a flaw, Volker and Martin [107] 

suggests large faults produce at least two "bursts" of vibration and Igarashi and 

Hamada [55] postulate that shock pulses of different widths and shapes may be 

produced. No proof of these suggestions are provided. 

Harting [45] indicates the frequency spectrum of the impact signal "probably" has 

an upper limit, figure 1.6. Hence reconsidering the example given in figure 1.10; 

let the form of the source have a frequency spectrum with an upper limit of fu' as 

shown in figure 1.11b, and let fu be less than f4 but greater than f3' Repeating this 

form of the source at a frequency of fs' where fs is much smaller than the natural 

frequencies, will result in the excitation of all the natural frequencies except f4, see 

figure 1.11c. Therefore the natural frequency f4 would be unsuitable for the HFRT 

as it is not excited by the source. 

Noise will be predominantly low in frequency and may excite the lower natural 

frequencies. For this example f1 will be considered to be excited by noise, hence 

f1 would also be unsuitable for HFRT. 
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Darlow et al [27] notes that natural frequencies which respond the most to bearing 

damage and least to noise needs to be determined experimentally during the 

installation of HFRT. For example, in figure l.11a f2 and f3 would be suitable and 

as f3 is further away from excitation by noise it would most likely be selected for 

envelope detection. 

An important assumption in the consideration of suitable natural frequencies is that 

the form of the source is independent of the size of the fault. Currently it is 

thought that the size of the fault only alters the magnitude of the source [11,98]. 

Igarashi and Hamada [55] postulate that changes in the width and shape of a pulse 

generated by different defects may explain the occurrence of "nodes" or notches in 

the frequency spectrum. McFadden and Smith [78] showed that due to their 

relative phases the oscillations excited by multiple impacts could explain this 

phenomenon. 

Reconsider the example given above where the frequency response of the source 

is bounded by an upper frequency limit as shown in figure 1.11b. Now it will be 

assumed the upper limit fll is a function of the fault size such that as the size of the 

fault increases fll decreases. Evidence of a redistribution of energy in the frequency 

spectrum as a fault progresses, causing low frequency components to increase in 

amplitude more than those of high frequencies, has been observed in practice [54]. 

Clearly if fll becomes less than f3, HFRT based on f3 will become less effective as 

the fault progresses. Even though the magnitude of the excitation may be 

increasing, this increase may not be evident in the envelope signal. McFadden and 

Smith [76] cite Herbert and Gadd in reporting that the amplitude of an envelope 

spectrum component did not show a monotonic increase as damage severity 

increased. 

A similar argument follows if the transfer function of the bearing and its 

surrounding structure is dependent on the fault. However, alteration of the transfer 

function caused by the progression of a discrete fault is far less likely than alteration 

of the source. Structural damage such as cracking may alter the transfer function. 

This is the basis of active non-destructive testing te,chniques such as ultrasonics used 

to detect cracks within a structure. 
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1.2 Objectives and Scope 

Fundamental to the current understanding of the vibrations excited by discrete 

faults in rolling element bearings is that contact with the fault produces an impact. 

The impact is modelled as an impulse, the magnitude of which is a function of the 

impact velocity, which is in turn a function of the defect size. Each impulse excites 

the components of the physical system to vibrate at their natural frequencies 

producing damped transient oscillations. These transients are repeated each time 

the defect is struck and can be observed directly in the vibration signal by a variety 

of techniques or recovered by the envelope detection of high-frequency vibrations 

excited by the impacts. 

This project expands the current understanding by investigating the form of the 

vibration source and its relationship to the discrete defect that produces it. The 

objective was to focus on the form of the source x(t), rather than the form of the 

response y(t), and the evaluation of techniques to interpret it. This has been 

achieved by a detailed experimental examination of the transient oscillations 

produced. 

There are two reasons for such a study. Firstly, it was felt that a detailed 

examination of the transient oscillations produced by different discrete defects may 

lead to a better understanding of the results gained from current monitoring 

techniques and practices. Results such as the redistribution of energy in the 

frequency spectrum as the size of a fault increases [54] and why certain natural 

frequencies are excited by discrete damage and others not [27], were not adequately 

explained by current models of the source. 

Secondly, it was felt the understanding, expressed in the literature, of the impact 

action was inconsistent with results observed. The impact model due to Boto [11] 

suggested that the amplitude of the stress wave produced should be independent of 

1oad. Yet, it is universally accepted that variations in the baUload, due to passage 

through the load zone of a radially loaded bearing, modulate the amplitude of the 

train of impulses produced. These results were inconsistent and required 

c1arifi cation. 
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These questions were addressed by an experimental investigation focusing on the 

form of the transient and how it was influenced by the width of the discrete fault, 

the rotational speed of the inner race and the magnitude of the applied load. Only 

single faults on either the outer race or the inner race of a radially loaded deep 

groove ball bearing were considered. Ball faults were not considered. 

Motivated by the desire to explain more fully the results of the experimental 

investigation two mathematical models were developed. A further reason for their 

derivation was to develop models of the vibration source that were based wholly on 

the kinematics of the passage of a ball through a fault. The models were used to 

compute the movement of the outer race with respect to the inner race in the 

presence of a discrete fault. The first model assumes perfectly rigid bodies in 

contact, the second assumes linearly elastic bodies in contact. Relationships 

between the kinematic results and experimental results were investigated. 

The principal tasks of the project were: 

a) The design and development of a test facility to allow the generation of 

detailed information on the form of the transient produced by discrete 

defects in a ball bearing. 

b) An experimental investigation into the influences of defect width, rotational 

speed and applied load on the transient oscillations. 

c) Analysis of the results to develop relationships between the form of the 

vibration response and the form of the defect 

d) The development of two mathematical models to compute the 

movements generated between the inner and outer race of the ball 

bearing by discrete faults. 

e) To assess the validity of these models in explaining the experimental 

results. 



1.3 Summary 

The area of research addressed in this dissertation has been introduced. Condition 

monitoring is required to provide information on the current status of an operating 

machine to facilitate predictive maintenance. The concept of using vibration 

monitoring to obtain condition information was described. 

Condition monitoring to detect discrete faults in rolling element bearings was noted 

as being of particular importance. Vibration monitoring has been used extensively 

in the condition monitoring of rolling bearings with varying degrees of success. A 

review of previous studies suggested a lack of knowledge concerning the form of the 

vibration source and its relationship to both the physical phenomenon being 

monitored and the vibration signal observed. 

The objectives and scope of the project to address this problem were reported. 

Essentially the project investigated the form of the source and the mechanism 

through which it was generated by a detailed examination of the transient vibrations 

produced. The ultimate goal was to provide more reliable condition monitoring 

through a greater understanding of the vibrational information observed. 



Chapter 

Test Facility 

2.1 Introduction 

In this chapter the test facility used in this investigation is described. Prior to this 

investigation no bearing test facility was available in the Department of Mechanical 

Engineering. The intention was therefore to develop a test facility to fulfil both the 

requirements of the current investigation and those of future research in this area. 

The test facility was designed for two distinct roles, Discrete Testing and Life 

Testing. Discrete testing involves the mounting and running of a test bearing for 

a short period of time under specific conditions of speed and load, to characterise 

the current state of the bearing. Prepared test bearings may have artificially 

induced faults of specific size or location or geometrical errors of known form. 

Preferably, during a discrete test the state of the bearing should not change 

significantly, hence in some cases test brevity may be a priority. Discrete testing 

forms the bulk of the experimental work presented in this dissertation. 

The intention of life testing is to record the progression of the changing state of 

the test bearing over a period of time. Life testing takes the form of an endurance 

test. A faultless bearing is mounted and operated in a state of overload to 

accelerate the progression of normal fatigue failure. Vibrational information at 

stages during the life of the bearing is then recorded to characterise the progression 

of failure. Life testing might involve prepared bearings with artificially induced 

faults or operating conditions conducive to premature failure such as insufficient or 

contaminated lubricant. The degree to which the fatigue life of a faultless bearing 

can be shortened is limited by the static load rating of the test bearing. As such, 

test durations of hundreds of hours might result and unsupervised operation of the 

test facility may be required. Another role relating to life testing is the production 

of fatigue failure specimens as test bearings for discrete testing. 



principal design requirement common to both discrete and life testing is the 

reduction of external noise incident on the test shaft and the housing of the test 

bearing. Ideally the only vibration picked up by transducers on the housing of the 

test bearing should be that generated by the test bearing. 

There are numerous examples in the literature of experimental rigs designed 

specifically or modified for the purpose of analysing the vibrations produced by 

rolling element bearings. Designs based on commercially available spindles 

[3,5,17,27] and modified endurance machines [30,43,86,87] have been reported. 

Loading is applied in a variety of ways including hydraulics [30], pneumatics [17,27], 

springs [43,57,73]. imbalance [112], dead weights [32,86,113] and threaded supports 

[4,98]. Some facilities allow combined radial and axial loads [17,27] whereas most 

generally consider loading in one direction. Smith [95] describes a test rig which 

enables either race of the test bearing to rotate. Darlow et al [27] allow testing of 

bearing housings of variable stiffness. 

With the exception of Ivanov [57] and Wardle [109], most test facilities mount the 

test bearing on a shaft supported by other rolling element bearings. Support 

bearings of a different size or multiple transducers are used to discern between 

vibrational information emanating from the test bearing and that generated by the 

supporting bearings. Ivanov [57] and Wardle [109] both used plain support 

bearings. 

Decoupling of vibrations from the drive source is generally achieved by use of belt 

drives or flexible couplings and rubber mounted electric motors although Babkin 

and Anderson [3] report a coastdown drive using energy stored in a flywheel. Some 

facilities intentionally include or allow the addition of noise sources to make signal 

extraction more difficult [14,32]. 

The design of the test facility for this investigation combined what were considered 

the best features of these facilities that could be provided within the budget 

available. The description of the test facility that follows is presented in two parts, 

the first concerns the mechanical design of the test rig and its auxiliaries, the second 

part describes the operational instrumentation and design of the facility as a system. 



Mechanical Design 

As a first step, specification of the type and magnitude of the load to be applied to 

the test bearing is required. The scope of the current investigation required analysis 

of the vibrational information produced by discrete race faults. One of the 

influences to be considered was the effect of the load zone and this presupposed 

the requirement for radial loading. A combined axial and radial loading capability 

was deemed an unnecessary complication. 

The magnitude of the applied radial load is dictated by the selection of the test 

bearing and the requirement for loading sufficient to minimise the rated life for life 

testing. The size and type of the test bearing must however facilitate preparations 

for the artificial addition of faults for discrete testing. Roller bearings have the 

disadvantage of a superior load rating over ball bearings of a similar size. The ease 

of dismantling self aligning ball bearings is offset by the complication in vibratory 

motion inherent in the two staggered rows of balls. Successful trials on dismantling 

and reconstructing an SKF type 6205 deep groove ball bearing confirmed its 

selection as the test bearing. 

The SKF 6205 is of a manageable size for fault preparation yet small enough to 

allow overloading by moderate radial loads. Table 1 summarizes the Nominal or 

Rated Life (LlO) as calculated for the 6205 ball bearing at various loads and 

speeds [94]. Bearing life is a statistical quantity such that Nominal Life indicates 

the life that 90% of bearings will attain or exceed. The Median Life of a bearing 

(Lso) is the life which 50% of bearings will attain 01' exceed and is approximately 

five times that of the Nominal Life. Hence for life testing durations of less than 

400 hours for 50% of the bearings tested, radial loads in excess of 6 kN at shaft 

speeds upward of 3000 rpm are required. 
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Table 2.1 SKF 6205 Nominal or Rated Life (Hours) 

100~ 2000rpm 3000rpm 4000rpm 

1 kN 45733 22867 15244 11433 

2kN 5717 2858 1906 1429 

3' kN 1694 847 565 423 

4kN 715 357 238 179 

5kN 366 183 122 91 

6kN 212 106 71 53 

7kN 133 66 44 33 

8kN 89 45 30 22 

2.2.1 Description of the Test Rig 

Figure 2.1 shows the general arrangement of the test rig and figure 2.2 shows the 

test rig in position in the laboratory. The test rig consists of four major parts, the 

test shaft unit and its oil supply auxiliaries, the loading arm and the drive motor. 

The rig is mounted on a tee-slotted cast iron base plate fastened to the top surface 

of a 1.5 ton block of concrete. The concrete block can be isolated from the 

laboratory floor by four rubber air springs filled with compressed air. 

a) Test Shaft Unit 

The desire to eliminate a.ll rolling element noise from the test housing other than 

that produced hy the test bearing lead to the specification of plain hydrodynamic 

support bearings. This considerably reduced the generation of noise within the 

structure of the test rig as well as eliminating a major transmission path for external 

sources of noise. 
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Figure 2.2 Layout of the test facility 
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The magnitude of the required loading excluded consideration of hydrostatic 

bearings, principally to avoid the expense of a high pressure fluid supply. The 

magnitude of the load also dictated the use of oil as the working fluid. The excess 

in capacity created by the enormous load carrying capacity of hydrodynamic oil 

bearings produces essentially "soft" supports for the shaft and thus further enhances 

the attenuation of external noise. 

The test shaft is symmetrical and supported by two 0100 mm x 50 mm plain bronze 

bearings, figure 2.3. A double vee-belt pulley is positioned mid-way between the 

support bearings and both shaft ends extend out past the support bearings providing 

mountings for two test bearings. The inner race of the test bearing is located by a 

shoulder on the test shaft and secured by an end screw and washer. Two pins 

prevent the washer from rotating. A top plate and recessed mounting on a rigid 

base plate ensures alignment of the support bearings as well as providing a free 

standing test shaft unit. Axial positioning of the test shaft is provided by ground 

cast iron thrust surfaces on each of the outer end plates. 

Specification of an overhung shaft permits greater access to the test bearing 

although there is a penalty in the asymmetric loading regime produced with 

operating only one test bearing. Appendix A.I details the difficulties encountered 

during the design of the support bearings. 

Oil churning within the support bearings and friction of the lip seals on the test 

shaft generates significant quantities of heat. This necessitated the forced 

circulation and cooling of the oil for the support bearings. Figure 2.4 details the 

oil circuit. An oil pump from a Mini Cooper car engine was procured, a suitable 

housing constructed and mounted on a base plate with a 3/4 horsepower single 

phase electric motor. The pumping unit is placed on the floor beside the test rig 

to limit the transmission of noise to the test bearing. Oil is pumped from a four 

litre reservoir, passed through a diesel filter and supplied to the support bearings 

at a pressure of 20-40 psi. The supply pressure is controlled by a bleed valve 

poshioned at the pump outlet returning the excess flow to the reservoir. Oil enters 

the support bearings from a recessed hollow forward of the loaded area and exits 
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via a tapping on top of the bearing. The oil then passes through a water cooled 

heat exchanger before returning to the reservoir, The addition of cooling fins on 

the test shaft unit and a twin rotor fan above the test shaft supplements cooling of 

the support bearing housings. The support bearing oil supply does not provide 

lubrication to the test bearings. 

b) wading Arm 

The use of dead weights was seen as the most cost effective means by which a 

repeatable and moderately accurate radial load could be applied to the test bearing. 

Such a system does however have the disadvantage that changes in load alter the 

mass of the system and hence the dynamic properties the test rig. 
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The loading arm pivots from one end about a fulcrum positioned behind the test 

shaft and dead weights are hung from the other. The test bearing housing is 

located between the fulcrum and the load such that a radial load ten times that of 

the dead weights acts downwards on the test bearing. The loading arm is of a 

IIsandwich ll construction with two vertical plates the length of the arm separated by 

the test bearing housing and spacers at positions down the arm, see figure 2.5. 

The construction of the loading arm allows access to the circumference of the test 

housing in the plane of the ball track to permit mounting of several transducers. 

Rotation of the test housing is also permitted by this arrangement allowing the 

position and orientation of permanently mounted transducers to be altered with 

respect to the applied load. 

The structural properties of the loading arm can be varied by the addition of mass 

around the test housing, movement of spacers between the plates as well the use 

of plates fabricated from different materials. Two arms were manufactured so that 

two bearings could be mounted and loaded independently at either end of the test 

shaft. 

No attempt was made to impose exact vertical alignment of the test bearing. The 

test shaft is maintained horizontal and the dead weights underhung to minimise 

twisting of the loading arm. The test bearing assumes a constant near vertical 

alignment of its own accord. 

Calibration of the load applied by the arm to the test bearing involved the location 

of the centre of mass of the arm and accurate measurement of the mass and 

location of all the removable components. Seven 20 lb dead weights were 

accurately weighed and numbered. To ensure repeatability of the loading eight 

states of loading were defined and numbered 0 to 7. A loading state of 3 would 

involve use of all dead weights up to and including number 3. Table 2.2 lists the 

radial load applied to the test bearing at each loading state. 
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Figure 2.5 Components of the loading arm 
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Table 2.2 Loading State Radial Loads 

Loading State Applied Radial Applied Load 
Load (N) Increase (N) 

0 649 -
1 1538 889 

2 2428 890 

3 3317 889 

4 4207 890 

5 5096 889 

6 5986 890 

7 6875 889 

c) Test Bearing Mounting 

Figure 2.6 shows detail of the test bearing housing. Both races of the test bearing 

are mounted by axial clamping. A lip seal and Perspex oil cap maintain a reservoir 

of Mobil XHP oil for lubrication and cooling of the test bearing. 

Selection of the appropriate fits for mounting rolling element bearings is almost as 

important as selection of the correct bearing size [88]. Fits and tolerances specified 

for a particular application are dependent on the design of the mountings and 

operating conditions of load, speed and temperature. For the test bearing in this 

investigation an interference fit between the inner race and the shaft should ideally 

be specified, particularly in view of the large radial loads applied during life testing. 

However, an interference fit for the inner race would make mounting and 

dismounting difficult and time consuming particularly during discrete testing. For 

this reason a clearance fit was specified and by use of a case hardened shaft, fine 

ground surface finish and suitable lubrication [88], fretting damage was minimised. 

Almost 1400 hours of operation to date has shown this to be acceptable. 
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Use of a tapered bore mounting was not possible as tapered bore 6205 

bearings were not available. 

d) Drive Motor 

A 4 kW three phase AC electric motor drives the test shaft via a double vee-belt. 

A perspex shield encloses the drive belt, for safety. The motor is mounted on a 

base plate separated from the test bed by a 5 mm rubber mat and secured by bolts 

similarly isolated. Alignment and tension adjustment of the belt drive is achieved 

by a simple screw adjuster anchored to the test bed. During testing the adjuster is 

withdrawn. 
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2.3 Operational Instrumentation Design 

The operational requirements of the test facility involved two functions, control of 

the test rig and its auxiliaries and the acquisition and storage of test data. 

Control requirements principally involve starting and stopping of the drive motor, 

oil pump and cooling fans and setting the speed of the test shaft. The safe 

unmanned operation of the test facility, during life testing, required automation of 

these principal functions as well as a self monitoring capability. As well as 

monitoring the test rig the control instrumentation had to monitor its own 

performance to ensure safe operation of the facility. Discrete testing would be best 

suited to a manual operation of the control functions, although automation of some 

tasks, in particularly shaft speed setting, could reduce the duration of a discrete test. 

This would avoid progression of a fault during a test. Ideally a control facility that 

permitted both automated and manual operation of the test rig was required. 

Life testing requires primarily a constant shaft speed sufficiently high to minimise 

test durations. Discrete testing however requires a variable speed capability which 

must be accurately set and maintained during a test. Speed shifts during testing 

would smear spectral components related to rotation, reducing averaged spectral 

amplitudes and component resolution. Accurate and repeatable speed setting is a 

priority also to allow legitimate comparative analysis between results of different 

tests. 

The acquisition of test data depends entirely on the experimental procedure specific 

to the test series or particular investigation at hand. Chapter Three details the 

programme of testing and eA1Jerimental procedures appropriate to the current 

investigation. The specified programme required the acquisition and storage of 

vibrational information for later examination and post-processing analysis by a 

digital computer. 



38 

Automation of the data acquisition and storage activities is an essential requirement 

for an unmanned life testing facility. Automation of these functions is not essential 

for discrete testing although its use would reduce test durations and operator 

workload during testing. 

2.3.1 Description of the Operational Instrumentation 

Figure 2.7 shows schematically the general arrangement of the operational 

instrumentation for the test facility. The layout of the equipment can be seen in 

figure 2.2. 

The requirement for automation of all operational functions for life testing whilst 

still maintaining sufficient flexibility for discrete testing led to extensive 

computerisation of the test facility. An IBM PC-XT computer provides central 

control of all functional activities of the test facility. An IBM Data Acquisition and 

Control (DAC) board and a National Instruments General Purpose Interface Bus 

(GPIB) interface card provide communications with the test facility. 

The DAC board provides several analog and binary input and output channels. 

Four thermocouples, one on each of the support bearings and one for each test 

bearing, are monitored by analog input channels. Binary inputs provide indications 

of sufficient oil pressure and the current lockout status. Binary outputs provide 

starting and stopping signals for the drive motor controller while an analog voltage 

output is used to control the drive motor speed. Binary outputs trigger a relay to 

operate the oil pump and cooling fans and provide a supervision confirmation pulse 

to the Dead Mans Stop (DMS). See Appendix A.2 for a description of the DMS. 

The GPIB interface provides communications between the PC-XT and a counter 

timer, digital oscilloscope and spectrum analyzer via an IEEE-488 standard 

communications bus. This bus allows the computer to request and receive 

information from each instrument as well as the remote control of the counter timer 

and the spectrum analyzer. 
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Control and data acquisition software written for the test facility allows both fully 

automated and manual operation to be accommodated, details of which are given 

in Appendix A.2 and A.3 respectively. The operational software was written by the 

author in Fortran 77 using the Watcom WATFOR-77 compiler and programming 

environment. 

a) Speed Control 

Variable speed of the 4 kW AC drive motor is provided by a GEC Ranger CCI-340 

Controlled Current Inverter AC Motor Speed Controller. This unit allows speed 

control of the two pole drive motor from rest to twice synchronous speed. As noted 

above the PC-XT remotely controls the drive controller via the DAC board. A 

Philips PM6671 Timer/Counter is used to determine the speed of the test shaft 

using a once per revolution pulse from a photodiode detecting passage of a reflector 

on the centre land of the drive pulley. Software was written to provide closed loop 

speed setting by communicating with both the drive controller and the 

counter/timer, see Appendix A4. Using this system the test shaft speed could be 

set to within ± 0.1 % of the desired speed, as indicated by the counter/timer. 

b) Test Data Acquisition 

Each test bearing housing has one Briiel & Kjaer Type 4335 piezoelectric 

compression accelerometer mounted by isolated stud and mica washer in 

accordance with the manufacturer's instructions [18]. As a consequence of the 

vibration isolation of the drive motor from the test shaft unit, care was taken to 

ensure adequate electrical earthing. Protection of personnel and expensive 

monitoring equipment from electrical faults as well as static build up from the drive 

belts was provided. Clearly it is unacceptable for the accelerometer cable to 

provide thi~ earthing and the avoidance of a ground loop necessitates electrical 

isolation of the accelerometer casing from the test housing [60]. 
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Data acquisition is provided by a Hewlett Packard HP3561a Dynamic Signal 

Analyzer and a Philips PM3302 Dual Channel Digital Storage Oscilloscope. 

Accelerometer signals are passed through a Systel AC3 Dual Channel Charge 

Amplifier before being digitised by both instruments. GPID communications allow 

raw and processed data from both instruments to be downloaded to the PC-XT for 

storage. Additionally, GPIB communications permit full remote control of the 

activities of the HP3561a so that computer control over the entire data acquisition 

process can be achieved. Appendix AS details these activities. 

A second spectrum analyzer, a Nicolet Scientific Corporation 444a Mini Ubiquitous 

FIT Computing Spectrum Analyzer, is used to determine directly the outer race 

ball passing frequency and cage speed of the test bearing. A cage rotation probe 

was constructed and mounted on the test bearing oil cap as shown in figure 2.8. 

This probe uses a spring loaded bar, small enough to fit between the races of the 

test bearing, to extend the range of an Eddy Current Proximity Probe to detect the 

passage of each ball pocket of the cage. The signal produced gives a spectral line 

at the outer race ball passing frequency, which for the SKF 6205 is nine times the 

cage speed. The Mini Ubiquitous has no facility to communicate with the PC-XT. 

On completion of a group of tests, Fastwire communications software enables test 

data to be downloaded from the PC-XT's 20 MB hard disk to a much faster NEC 

Powermate 386/20 computer for post-processing analysis. This PC-386 has a 

140 MB hard disk as well as Thin Ethernet communication via a Netware Novell 

fileserver to another 600 MB of mass storage. 
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2.4 Summary 

The test facility used in this investigation has been described. The facility was 

designed for two distinct roles, life testing and discrete testing. These roles were 

described and design requirements specific to each detailed. 

The mechanical design focused on the elimination of external noise incident on the 

housing of the test bearing by the specification of hydrodynamic support bearings. 

Design of the rig layout, test bearing mounting and loading system required 

operational flexibility and ease of access to facilitate discrete testing. The general 

arrangement of the test rig that resulted was described. 

The operational design of the facility involved consideration of the functional 

requirements for each of the specified roles. The requirement for a high level of 

automation without compromising flexibility led to computerisation of most of the 

functional activities. 

An efficient computerised test facility has been developed that permits the 

controlled creation, acquisition and storage of accurate and reliable vibrational 

information from an operating SKF 6205 deep groove ball bearing. 
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Chapter 

Experimental Procedure 

3.1 Introduction 

This chapter reports the procedures used during the experimental work undertaken 

in this investigation. 

The objective of the experimental programme undertaken was to build a library of 

vibrational information relating to discrete faults in rolling element bearings. This 

library was then used as a data base to investigate the vibrations produced and to 

deduce relationships between them and the controlled variables. 

There were two reasons for this approach. First, the spectrum analyzer used to 

capture the test data was only available for short periods during the project. Also 

noise restrictions in the laboratory housing the test facility meant that testing could 

only be undertaken at night. These limitations on the time available for testing 

meant that test data had to be captured as rapidly as possible and stored for later 

analysis. This would also minimise the duration of discrete tests. Second, it was 

intended that this library of information could be used as a "proving ground" for 

processing techniques proposed to monitor and diagnose the condition of rolling 

element bearings. Different techniques could be tested using signal processing 

software and their performance compared with those of others using the same 

vibration signals retrieved from the test data library. 

The principal variables investigated were the width and location of the fault, speed 

and load. The influence of fault depth was not considered. The faults tested were 

sufficiently deep to ensure a ball passing through the fault made contact only with 

the entry and exit edges of the fault. This was confirmed experimentally because 

there was no change in the appearance of the root of the fault as a result of testing. 

If contact had occurred b~tween the ball and the root of the fault the surface of the 

fault would have been changed from a dull to a shiny appearance. 
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Test information was obtained using prepared test bearings with etched faults. 

Vibrations were also recorded during a limited programme of life testing, although 

principally these tests were undertaken to produce examples of fatigue spalls for 

comparison with the etched faults. 

Discrete testing is the primary source of experimental information reported in this 

dissertation. The following sections report the programme of discrete testing 

undertaken and the procedures used in preparing the test bearings. The signal 

processing software used during the analysis of the test data is described. 
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Preparation of Test Bearings 

Discrete testing required the preparation of test bearings with discrete faults of a 

known width in one of the raceways. For this investigation only single faults on the 

inner or outer races were considered. 

In order to develop the required library of vibration records, a set of bearings with 

faults of differing widths was required. 60 SKF 6205 bearings were donated by SKF 

New Zealand Lhnited: 40 were dismantled and used for discrete testing. To 

increase the number of test bearings available, the inner and outer races of the 

dismantled bearings could be combined to form a larger set of bearings. A test 

bearing was formed by assembling two races with a fault as required. 

3.2.1 Dismantling and Reassembly 

The riveted cage of the test bearings was dismantled using the drilling jig shown in 

figure 3.1. The halves of the jig are located by the rivet heads on each side of the 

cage and are secured by a bolt clamping them axially. There is sufficient clearance 

to ensure that no clamping pressure is exerted on the cage pockets or the balls. 

The assembly was positioned by hand in a drill press and the heads of the nine 

rivets removed using a 1.6 mrn drill guided by the upper half of the jig. The depth 

of drilling was controlled to avoid drilling into the shank of the rivet and thus 

risking possible damage to the cage. On removal of the bolt securing the jig, the 

halves of the cage were separated without damage. 

To assemble a test bearing the cage was reconstructed with BA 12 machine screws 

and nuts by replacing the rivets. The cage screws remained tight during the bearing 

tests. 
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Drill Guide 

Figure 3.1 Cage rivet drilling jig 

3.2.2 Discrete Fault Etching 

A discrete race fault on the test bearing was simulated by etching a line across the 

surface of the raceway. A line was used to ensure the ball makes contact with the 

fault without the requirement for specific alignment to dictate the track of the balls 

[73]. 

Etching, or more correctly chemical machining, was used as opposed to mechanical 

methods principally because the faults produced are more representative of those 

generated by mechanisms of fatigue [27,73]. Also, etching allows a greater 

flexibility in the size of the fault produced without the requirement for multiple 

tooling. Faults from 0.1 mm to 3.0 mm wide were produced. 
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The etching procedure prescribed for this investigation had to afford strict control 

over the fault produced so that a specific width, depth and form could be produced 

as required. The desired form of the fault was a line of constant width and uniform 

depth across the full width of the raceway, perpendicular to the track of the balls. 

Such a fault would ensure that, even with variation in the track of the balls, the 

width of the fault will be known. The motion of each ball through the fault will be 

the same and the period between successive balls striking the fault will be constant. 

These properties would ensured uniformity and consistency in the experimental 

results. 

Normal etching procedures produce depth profiles across the width of the fault 

similar to that shown in figure 3.2a. Such an etch was considered unsuitable for 

the test programme. The limited mobility of the acid and the accumulation of 

bubbles on the surface causes uneven rates of attack over the surface to be etched. 

This was particularly evident for small fault widths. Therefore a specialised etching 

procedure was developed to produce faults of the form required. Appendix B.1 

details this procedure and comments on its development. The procedure used a 

pharmaceutical surfactant called Dioctyl Sodium Sulfosuccinate as an additive to 

enhance the mobility of the etch ant, and vibrated the races ultrasonically during 

etching to aid the removal of the bubbles. Figure 3.2b shows a profile typical of the 

faults produced by this procedure. This type of fault was considered suitable for the 

test programme. Figure 3.3 shows a comparison of the inner race spall created by 

fatigue and four simulated faults produced by etching. 

3.2.3 Bearing Records and Fault Measurement 

On dismantling each bearing the inner and outer races were numbered using an 

engraving pen. Each race is identified by a number fonowed by the letter "i" or "0" 

indicating reference to the inner or outer race respectively. As a rule faults were 

etched in pairs, so for example races #013i and #0130 would have faults of a 

similar width. 



a) Example of a rough etch, inner race 

b) Example of a good etch, outer race 

Figure 3.2 Talysurf traces of etched faults 
(O.lmm/ div hori., O.OO2mm/ div vert.) 
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Figure 3.3 Comparison between etched faults and a fatigue spall 
(from the left, etched O.lmm, etched O.2mm, fatigue spall, 

etched O.8mm, etched 1.9mm) 
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An individual file was maintained on each race and information on all aspects of 

its usage recorded. On assembly of a test bearing both races are inspected for 

surface damage or flaws and notes recorded. After completion of a test the test 

bearing was disassembled and reexamined and notes made recording any changes 

as well as logging details of the test. If significant secondary damage had occurred 

to either race as a result of testing, or the fault had changed size, the race was 

removed from wrther testing. 

After etching and on completion of each test the profile of the fault used was 

measured and recorded using a Rank Taylor Hobson Talysurf 10 Surface Texture 

Measurement Instrument. Although the Talysurf produces a linear trace the 

profiles that resulted gave sufficient detail on the depth, width and form of the fault 

for the purposes of this investigation. 
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3.3 Discrete Testing 

Discrete testing involved the mounting and running of a series of prepared test 

bearings under controlled conditions of speed and load. The vibrations generated 

were recorded to characterise the test bearing at each condition of operation. The 

series of results recorded were stored for later analysis and comparison with data 

produced by other faults and test conditions. 

3.3.1 Standardisation of Results 

It was the intention of the experimental programme to build a library of vibrational 

information from all the tests performed. The library catalogues the influence of 

fault width and location, rotational speed and the magnitude of the applied radial 

load. 

The acquisition and storage of test data in a common format considerably enhanced 

the power of comparative analyses between tests. Standardisation included both 

the type of data recorded and the conditions under which the results were captured. 

Data for a fault of a particular width could be compared directly with that of 

another width as speed and load conditions and the type of data stored would be 

the same for both. The conditions were standardised by defining specific 

"Operational States" and the data recorded was standardised by the use of "Result 

Sets", 

a) Operational States 

Operational States are defined by a specific Speed State and a specific Loading 

State. The number of operational states was limited by allowing only four speed 

states and eight loading states to be used. Table 2.2 showed the available loading 



states as quantised by the dead weights. Table 3.1 lists the available speed states. 

Note that although there are five speed states defined, only four are operational as 

speed state A specifies a stationary test shaft. 

During testing, data were only recorded at the operational states. For convenience 

during the recovef'j of stored test data operational states were referred to by a 

letter indicating the speed state and a number indicating the loading state. As an 

example, an operational state of B6 refers to a test undertaken at 1500 rpm at a 

radial load of 5.99 kN. 

Table 3.1 Speed States 

Speed State Shaft Speed 
(rpm) 

A 0 

B 1500 

C 2000 

D 2500 

3000 

b) Results Sets 

A Results Set is a group of test results made up of several time waveforms and 

frequency spectra that are recorded, ideally simultaneously, to characterise a 

particular operational state. The time waveforms and frequency spectra are termed 

Data Points. Results sets of nine data points were used although some of the early 

tests undertakeno~Jly recorded the first six. Table 3.2 lists the nine data points 

used. The Hewlett Packard HP3561a spectrum analyzer used to capture the test 

data has the capability of storing time waveforms up to 40,960 samples long, 

however to reduce data storage requirements waveform records of only 20,480 

samples were recorded. 
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Table 3.2 Test Data Points 

Data Recorded 
Data Point 

Type Bandwidth Samples 

1 Time 0-100 20480 

2 It 0-10 Khz It 

3 It 0-1 kHz It 

4 cy 0-100 401 

5 It 0-25 kHz II 

6 It 0-2 kHz It 

7 II 0-50 kHz " 

8 It 0-10 kHz " 

9 It 0-4 kHz n 

A Results Cluster is a group of four results sets recorded.at each of the operational 

speed states with the same loading state. Due to the convenience afforded by the 

automated data acquisition system, results clusters were used extensively during 

testing. As such, every results set is bracketed by similar sets at each of the speed 

states. 

A Results Grid is a group of results clusters recorded at several loading states. 

During discrete testing only loading states 1 to 5 were used; hence a grid had a 

maximum of five results clusters. Such a grid was termed a Full Grid and contains 

180 data points and takes almost two hours to capture and store. In some cases a 

discrete test of such duration would result in progression of the fault so that Half 

Grids, recording only three clusters at loading states 1, 3 and 5, were recorded. 

Half grids were also recorded where detailed information relating to the influence 

of load was not required. 



3.3.2 General Procedure 

This section describes the general procedure for discrete testing common to each 

of the test series detailed in section 3.3.3. 

Before each test session the test rig was started and run for several minutes to bring 

the support bearings to their working temperature. Test bearings were mounted in 

the loading arm before being positioned on the test shaft. All mating surfaces, 

particularly the test shaft/inner race surface, were oiled to limit fretting damage. 

Test bearings were assembled and mounted to ensure the direction of rolling for 

each race was the same for each test in which they were used. Once mounted a 

small amount of Mobil Oil was injected into the test bearing cavity and the 

loading arm damper was connected. The process of removing and remounting a 

test bearing took between five and ten minutes to complete. 

The test rig was again started and run, with no load on the test bearing, for a 

period of time sufficient for temperatures to stabilise before recording the results. 

Grids were recorded in ascending order of load and clusters in ascending order of 

speed. The automated data acquisition system ensured that test results were stored 

accurately and uniquely identified by a test and a result number. 

As acquisition of most of the data was automated the operator was free to use 

manual instruments to observe the test in progress and to make appropriate notes. 

An SKF TMED 1 Bearing Fault Detector was lent during the test programme by 

SKF New Zealand Limited. This instrument operates on the SPM principle using 

a hand held probe. During discrete testing results from this instrument were 

manually recorded for later comparison with information from the results sets. 

On completion of a test the test bearing was dismounted and bagged and the next 

test bearing mounted. the support bearings took some time to come to their 

operating temperature, several grids of results for different tests were scheduled 

during each test session. Sessions of four to five hours were the norm. 
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After each test session the stored test data were electronically transferred to bulk 

storage and backup facilities. test bearings were dismantled, inspected for 

secondary damage and the fault profile recorded using the Talysurf. 

3.3.3 Test Programme 

The discrete testing programme consisted of three major test series cataloguing 

results relating to fault width, outer race fault location and accelerometer axis 

orientation. 

a) Fault Width 

This test series formed the backbone of the experimental results recorded during 

this investigation. Faults ranging in width from 0.1 mm to 3.0 mm on the inner and 

outer races were tested. For this series all outer race faults were located at "top 

dead centre" (IDe) in the centre of the load zone. 

In total ten inner race faults and thirteen outer race faults were tested, one of each 

being fatigue spalls created during life testing. As many of these tests were 

undertaken early in the test programme, generally only six data points per results 

sets were recorded. 

b) Outer Race Fault Location 

In this series the position of the outer race fault being tested was varied within the 

load zone. Four fault widths were tested 0.3, 0.7, 1.0 and 1.2 mm at locations of 

± 40, ± 30, ± 20 and ± 10 degrees either side of Note that a negative angular 

location denotes a position before IDe in the direction of rotation. 

Secondary damage occurred for the two larger faults before completion of the tests 

at each of the desired locations. 
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c) Accelerometer Axis 

This series involved rotation of the test housing to alter the angular orientation of 

the sensitive axis of the accelerometer with respect to the applied radial load. The 

housing was rotated about the test shaft so that the accelerometer remained in a 

plane perpendicular to the axis of rotation of the test shaft. 

Six positions were considered including IDC, "bottom dead centre" (BDC) and 

angles of -80, ± 20, + 90 degrees. Due to interference of the accelerometer and the 

spacer at loading arm fulcrum, a position of -90 degrees was unable to be recorded 

and was substituted by one at -80 degrees. Inner and outer race faults of 0.3 mm 

and 1.0 mm wide were tested. 



3.4 Life Testing 

It was not the intention of this investigation to consider questions relating to the 

vibrations produced during the development of rolling contact fatigue. Such a 

project would require detailed analysis of the many modes of failure and the 

mechanisms through which they develop. Due to the statistical nature of rolling 

contact fatigue analyses, a comprehensive life testing programme would require a 

large popUlation of test bearings before conclusions of consequence could be drawn. 

However, three life tests were undertaken, two of which were successful in creating 

fatigue failures. The test bearings were operated at 3000 rpm at a radial load of 

5.99 kN giving a Nominal Life of approximately 70 hours. The two successful tests 

produced an outer race and inner race fatigue spall after 11 hours and 265 hours 

respectively. The third test was terminated after over 800 hours of operation 

without failure. 

Although test data was recorded during these tests they were undertaken principally 

to create fatigue specimens for discrete testing. Fortunately one was generated for 

each race. 



Signal Processing Facility 

This section reports the signal processing facility developed as a tool to examine 

and further process the library of test data accumulated during the test programme. 

The development of an appropriate signal processing facility was an essential part 

of this investigation. To take full advantage of the data stored on computer and to 

provide the range of processing functions required, a software based analysis facility 

was required. The processing flexibility provided by appropriate signal processing 

software would realise the potential and usefulness of the test data library. 

Commercially available signal processing software [64,111] was not considered 

suitable for the purposes of this investigation. Generalised signal processing 

programs were expensive and would have required modification to provide access 

to the test data library and to provide some of the specialist processing techniques 

specific to the vibration monitoring of rolling element bearings. 

The development of appropriate signal processing software was undertaken by the 

author. Similarly to the test facility, the processing software was developed to fulfil 

the requirements of the current investigation and to provide for future research in 

this area. 

The principal reason for developing the signal processing software was so that it 

could be tailored specifically to the requirements of the project. secondary 

reason was that a deeper understanding of the signal processing functions used and 

signal processing in general would be acquired by the author during the 

development of the software. 

The software produced was named an acronym for Rolling Element 

Bearing Analysis Package. REBAP is a collection of generalised signal processing 

programs that provide basic analysis and display tools as well as the specialised 

processing functions used specifically in the vibration analysis of rolling element 



bearings. Appendix B.2 describes the operation and layout of the ","":'L'''' 

and details the processing and display functions it provides. 
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software 

provides access to all the data in the test data library. A particular data 

point may be recovered and displayed at any time by entering the appropriate test 

and result numbers. Multiple displays may be used to display several data points 

on the screen at one time. Once displayed the record may be manipulated by over 

fifty different functions. Appendices B.2.1 and B.2.2 list the functions provided. 

This "toolbox" of processing and display functions may be used as required to 

analysis the recovered test data. Once processed the test data may be stored for 

further analysis at a later date or output to a printer or a plotter. Graphical 

outputs can also be produced in HPGL (Hewlett Packard Graphics Language) to 

allow displays to be imported into a word processor for the production of reports. 
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3.6 Summary 

The procedures and techniques used to obtain the experimental results presented 

in this dissertation have been reported. Detail of the preparation of test bearings 

and the etching techni.ques used to simulate discrete fatigue spalls have been 

presented. 

Standardisation of the test conditions and format of the vibrational information 

stored was addressed and the use of operational states and results sets defined. The 

programme of discrete testing was reported describing each of the three major test 

series undertaken. Life testing for the production of fatigue specimens was also 

reported. 

The signal processing facility used for the analysis of the experimental results has 

been described. Reasons for the development of the REBAP (Rolling Element 

Bearing Analysis Package) software and a brief description were presented. 

In total 1382 hours of testing were logged during the investigation, approximately 

300 hours of which were discrete tests. Over 17,000 data points were recorded 

comprising 11,500 frequency spectra and 5,500 time waveforms. The data base 

created filled nearly 300 MB of storage capacity. 

The library of test data created during the programme of experimentation has 

provided an extensive resource of vibrational information relating to the character 

of discrete race faults in ball bearings. Its use in combination with the REBAP 

software has proven to be an invaluable research tool with applications far beyond 

that of the current investigation. 
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Chapter 

Experimental Results and Discussion 

4.1 Introduction 

This chapter reports and discusses the results of the experimental investigation 

undertaken as part of this study. 

Chapter One introduced the objective of this work; to investigate the source of 

vibrations excited by discrete faults in radially loaded rolling element bearings. The 

importance of the distinction between the sour(;e and the observed response was 

stressed. The vibration observed is the response of the bearing, its surrounding 

structure, the accelerometer and signal processing instrumentation to the source. 

The influence these effects have on the source was represented by the transfer 

function; see figure 1.3. 

Two requirements were fundamental to the success of the experimental work 

undertaken. 

First, was the elimination of all sources of vibration except that of the test bearing 

under examination. These unwanted sources are broadly referred to as noise. 

Clearly relationships between the observed vibration and the fault on the test 

bearing would be more difficult to distinguish in the presence of other sources. 

This requirement was an objective of the design of the test facility and was fulfilled 

principally by the use of plain support bearings. However, the mindful placement 

of auxiliary equipment and the shielding of cables and instrumentation also 

contributed. 

The second requirement was the removal of the influence the transfer function has 

on the observed vibration. Obviously this is not possible. The influence the 
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dynamic character of the structure and the instrumentation has on the observed 

results is unavoidable. However, as will be shown the influence the transfer 

function had on the analysis of the experimental results and the subsequent 

inferences concerning the form of the source was minimal. Techniques to quantify 

and remove the influence of the transfer function were therefore not considered 

necessary. 

This chapter concentrates on the analysis of the transient oscillations produced by 

the discrete faults. To emphasize the fact that the results presented are responses, 

magnitudes are expressed as voltages rather than accelerations. The models 

developed in Chapter Five and discussed in Chapter Six suggest a possible form of 

the source. Only the source will be expressed as accelerations. 

Experimental results indicated that the form of the transient oscillations observed 

differed significantly from that suggested by the literature. The first section of this 

chapter provides a description of the response expected and the response that was 

observed. Factors influencing the form of the transient are then reported and 

discussed induding the effects of fault width, speed and load. The chapter 

concludes by addressing the consequences of the discovered form, how it may affect 

current monitoring practices and how it might be used to improve condition 

assessments. 

Unless otherwise stated it will be assumed that all references to discrete defects in 

this chapter refer to artificial faults introduced by the etching process described in 

section 3.2.2. It will be recalled that this investigation considered only single faults 

on either the inner or outer race of a radially loaded ball bearing. 
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4.2 Description of the Response 

4.2.1 The Response Expected 

Chapter One introduced the responses that discrete faults were expected to 

produce, as suggested by the literature. 

Figure 1.7 indicates the response for a fault on the outer race, occurring within the 

load zone. With each impact an impulse is produced and transient oscillations at 

the natural frequencies of the system are excited. Within the load zone contact 

with the fault is assured so that the fault will be struck and a transient produced 

each time a ball passes the fault. 

Although less likely, an outer race fault may occur outside the load zone. The 

centrifugal force of the balls orbiting the centre of the bearing will ensure that 

contact with the outer race is maintained; however, outside the load zone contact 

with the inner race will cease. Therefore, a fault outside the load zone will be 

struck each time a ball passes but the magnitude of the impact will be small. 

For an inner race fault the train of transients is modulated at the rotational 

frequency, as shown in figure 1.8. As noted above, while outside the load zone, 

contact between the ball and the inner race ceases. Hence, while the fault on the 

inner race is outside the load zone it will not be struck by any balls and no 

transients will be produced. 

Through the load zone, contact between the balls and the inner race is assured. 

The magnitude of the transients generated during passage through the load zone 

is determined by the position of the fault when it was struck. The magnitudes 

appear to be related to the ball load at the time of impact, although the mechanism 

through which this occurs is unclear. 
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Due to the geometry of the contacting bodies, each time the inner race rotates the 

rolling elements will be in a different position. As shown in figure 1.8, successive 

groups of transients will differ with each rotation. As most rolling bearings are 

similar in proportion, the cage speed is usually approximately 40% of the rotational 

speed. Hence, the pattern of transients produced by an inner race fault will be 

repeated roughly every five revolutions of the inner race. 

For clarity the transients shown in figures 1.7 and 1.8 contain only one natural 

frequency. A transient produced by an impulse in a real system would be expected 

to contain several natural frequencies, each of a different magnitude and each 

decaying at a different rate. 

Figure 4.1 shows a transient generated by striking the loading arm of the test rig 

with a metal bar; a transient produced by an impact within the test bearing was 

expected to be of the same form. 

o 

o 1.0 2.0 3.0 4.0 5.0 

Time [msec] 

4.1 Transient excited by striking the loading arm 
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4.2.2 The Train of Transients 

Outwardly the responses observed during the experimental investigation were 

similar in appearance to that suggested by the literature. Figure 4.2 gives examples 

typical of the responses generated by the discrete faults on the inner and outer race. 

The responses show the distinct transient oscillations generated as each ball 

contacts the defect. The magnitude of transients increased with both the width of 

the fault and the speed of rotation. 

For the outer race faults the magnitudes of the transients were essentially uniform 

although a small random variation was evident. Inner race faults showed clearly the 

modulating influence of the load zone. At once per revolution intervals, groups of 

transients were produced, the magnitudes of which varied both within and between 

the groups. 

a) Slippage 

Formulae to compute the characteristic defect frequency (CDF) for faults at 

different locations within a bearing were given in figure 1.4. Fundamental to the 

derivation of these frequencies is the assumption that no slippage occurs between 

the contacting bodies of the bearing. 

The rate at which the transients were generated corresponded to the frequencies 

predicted by these formulae. This was true at all the combinations of speed and 

load considered. From this result it was concluded that no gross slippage of 

significance occurred within the test bearing. 

This conclusion was also supported by the results of the cage rotation probe shown 

in figure 2.8. This probe senses the pass2.ge of each ball pocket of the cage and 

produ.:.:es a spectral line at the CDF for the outer race. The CDF measured 

matched that predicted. 
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b) Periodicity 

Of particular interest was the periodicity of the train of transients. As noted in 

Chapter One, several workers have suggested a lack of periodicity of the impacts 

produced. 

Although agreement between the CDF measured and those predicted was noted 

above, both represent the average repetition frequency. To assess variations in 

periodicity the period of separation between successive impacts was measured. As 

the shaft speed differed between tests, each group of impact periods measured from 

a single test record were normalised by dividing by the mean of the group. As will 

be evident from the discussion in the next section concerning the form of the 

transients, the location of each impact could be accurately determined. The error 

in determining each normalised impact period was less than 0.3%. 

From a population of approximately 1680 measurements the distribution of impact 

periods had a standard deviation of less than 0.7% of the mean. Although there 

was some variation in periodicity, the variation was small. 

This result is more reflective of the type of faults used than a property of discrete 

faults in general. It was the intention of the etching process developed to produce 

a uniform line fault that was perpendicular to the raceway. This minimizes 

variations in the impact period due to changes in the path of the balls, which Kanai 

et al [63] suggest may be responsible for variations in periodicity. During 

experimentation, variations in periodicity were undesirable as they would affect the 

uniformity of the impacts and consistency of the transient oscillations generated. 

4.2.3 The Form of the Transients 

A detailed examination of the individual transients of the measured responses 

revealed that their form differed significantly from that suggested in the literature. 
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Figure 4.3 gives typical examples of the transients produced by outer race faults 0.2, 

0.8 and 1.0 mm wide. Although similar in form, the transients generated by inner 

races faults will be discussed later in section 4.4.3. For the moment our discussion 

will concern only outer race faults. 

Two distinct features distinguished these transients from those expected, the 

direction of first movement and the occurrence of multiple events during passage 

through the fault. 

a) Direction of First Movement 

The direction of first movement (DFM) will be defined as the direction in which 

the first oscillation of a transient vibration moves. For the acceleration responses 

considered here the DFM is given by the sign of the gradient of the leading edge 

of the transient's first oscillation. As an example, the response given in figure 4.1 

has a positive DFM. 

A transient excited by an impulse will have a DFM of the same sign as the impulse. 

At "top dead centre" (IDC), see figure 4.4, the polarity of the accelerometer is such 

that an impulse resulting from an impact with a fault will be positive. Yet, it was 

clear from the recorded transients that the DFM was negative. 

It will be noted that unless stated otherwise, all responses were recorded with the 

accelerometer at IDe. Similarly, unless stated otherwise outer race faults were 

also located at me. 

Further examination of the transients revealed the leading edge of the first 

oscillation to be more of a ramp than the leading edge of an impulse response. 

Comparison with the response given in figure 4.1 clearly shows the difference 

between the responses expected from an impact and the responses observed. 

Comparisons between the transients in figure 4.3 indicates also that the nature of 

the leading edge was influenced by the width of the fault. 
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From these observations it was hypothesised that the leading edge of the transient 

did not result from an impact; rather, the leading edge resulted from the motion of 

the outer race during the ball's entry into the fault. 

Consider figure 4.5. the inner race rotate about a fixed origin and let the outer 

race be constrained to movements only along the x axis. As the ball begins to enter 

the fault the outer race will accelerate in the negative x direction. For the polarity 

of the accelerometer used this acceleration would have a negative Hence, 

it was logical to suggest the negative DFM observed in the transient resulted from 

the entry motion and not from an impact. 



TOC 

x 

OuterRaoo 
MWOOlerrt 

y 
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b) Multiple Events 

Closely related to the above hypothesis is the occurrence of multiple events during 

passage of a ball through a fault. If the leading edge of the transient does not 

result from the impact, the impact must occur at some later time. Volker and 

Martin [107] and Kanai et al [63] suggest the occurrence of multiple events during 

passage through a fault. 

Figure 4.6 indicates the location of two events within the transient gIven III 

figure 4.3b. The first event marks the point of first movement. The above 

hypothesis suggests that this point marks the beginning of the ball's entry into the 

fault and as such was named the Point of It is further suggested that the 

second event marks the point at which the impact occurs; hence it was named the 

Point of Impact. 

The penod of separation between these two events was called the Time to Impact 

Referring once again to figure 4.3, the time between the two events 
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increases as the width of the fault increases. As the width of the fault increases the 

physical distance between the point of entry and the point of impact will increase; 

hence the TTl will also increase. Clearly if the two events are as the hypothesis 

suggests, measurement of the TTL of real vibration signals may provide valuable 

condition monitoring information concerning the width of the fault. 

As the width of the fault increases a low frequency oscillation becomes evident in 

the transient prior to the point of impact. In the examples shown thus far the point 

of impact occurs on the leading edge of the first transient. Figure 4.7 shows the 

transient produced by a fault 3.0 mm wide. In this transient the point of impact 

does not occur on the leading edge of the first oscillation. The TTl is particularly 

large and both events are clearly distinguishable, each apparently producing 

separate transients. 

It will be convenient to consider the transient oscillation observed to be the sum of 

two transients. The first, will be referred to as the Entry Transient and results from 

the entry motion. The second, termed the Impact Transient results from the 

impact. For clarity of language, each of these transients will be referred to as 

component transients. 
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Section 4.4 discusses the importance of the relationship between the two component 

transients and the consequences this may have on the results of vibration 

monitoring. 

The preceding discussion has noted the occurrence of two events during the passage 

of a ball through a fault, the point of entry and the point of impact. Both these 

events are quite distinctly observable in transients recorded. It might be expected 

that a third event should also occur, namely the point of exit, when the ball leaves 

the fault. .A!; it is the inverse of the point of entry, the third event would logically 

produce a low frequency component transient with a positive DFM. However, such 

an event would be less conspicuous than the two events preceding it as it would be 

buried in the component transients produced by them. 

Circumstantial evidence supports the existence of the point of exit in the primary 

transients recorded. It was noted that the maximum point of the observed 

transients often occurred after several oscillations of the impact transient. The 

examples in figure 4.3 show this. This may occur as a result of the third event or 

it may in fact result from the summation of different natural frequencies excited by 

the entry and the impact. The occurrence of the point of exit wili be considered 

further during discussion of the models developed,. 
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c) Application to FatilNe Faults 

Of keen interest was the relationship between the transients produced by etched 

faults and transients produced by real faults, particularly those due to fatigue. 

Further consideration of the hypothesis would have been less important if it had 

been a characteristic specific to etched faults that was being examined. 

Figure 4.8 shows a comparison of two transients generated by faults of similar size, 

one was produced by etching and the other resulted wholly from fatigue. The 

occurrence of the negative DFM and the similarity in the form of the transient is 

evident. These are the features the hypothesis seeks to explain. 

The principal difference between the two is the increased magnitude of the 

response produced by the etched fault. This may result from the finite breadth of 

the fatigue fault limiting both the entry motion and impact severity. As the entry 

edge of the fatigue fault was curved, contact will be made at different points along 

the edge as the element rolls into the fault. This will be accentuated by the 

conformal nature of the ball to race contact perpendicular to the path of the ball. 

The straight edge of the etched fault will however allow the ball to rotate more 

freely about the entry edge during entry. By similar reasoning the "sharper" exit 

edge of the etched fault may produce a more severe impact. 
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4.3 Influences on the Form of the Transient 

This section will examined the hypothesis put forward in section 

the factors which influence the form of the transient observed 

4.3.1 Time to Impact 
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by discussing 

The hypothesis will be satisfied if the relationship between the point of entry and 

the point of impact observed on the transients can be shown to match the physical 

relationship between the entry edge of the fault and the position of the ball when 

it impacts the exit edge. Central to this proof is timing. 

Section 4.2.3b introduced the Time to Impact (TTl) as the period of separation 

between the point of entry and the point of impact as measured from the transient. 

The objective of this discussion is to show that the relationships between the TTl 

and the influences of fault width, speed and load match those expected. 

Measurement of the TTl was made relatively simple by the clarity and uniformity 

of the transients produced. Damping was sufficient to ensure the base of the 

leading edge of the entry transient was not submerged in the tail of the previous 

transient and rose distinctly enough to locate the point of entry. The transients 

given in figure 4.3 are typical of how distinct the point of entry was. However, on 

occasions judgement was required. 

By comparison, the high frequency nature of the impact transient enabled the point 

of impact to be located very accurately, usually within one sample. Only time 

records taken at the maximum sample rate of 256 . were used to collect data on 

the form of the transients, hence the point of impact could be located to within 

± 0.0039 msec. 
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a) Load 

The magnitude of the applied radial load was not expected to alter significantly the 

time a ball takes to strike the exit edge, once it has entered the fault. The 

contacting bodies were essentially rigid; therefore an increased load was not 

expected to change the dimensions of the fault significantly. 

Figure 4.9 shows the effect of load on the measured Tn for faults of various 

widths. As expected the measured Tn was independent of changes in the applied 

load. 
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Figure 4.9 Influence of load on the Tn for various fault widths 

Due to the independence of load, subsequent TIl data points have been averaged 

with load to increase the size of sample from which each data point was derived. 

b) Rotational Speed 

For a given fault the distance a ball travels from the entry edge before striking the 

exit edge is fixed. Hence, it was expected that the Tn would be inversely 

proportional to the rotational speed of the inner race. This is contingent on the 

assumption that the applied load is sufficiently high and that the rotational speed 
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is sufficiently low, to prevent the ball from "flying" across the fault as shown in 

figure 4.10. For the loads and speeds considered here this assumption was 

considered valid. 

No rotation about 

the entry 

4.10 Illustration of a ball Itflyinglt across the fault as 
opposed to rolling into it about the entry edge 

Although closed loop speed control was used, invariably there were slight 

differences in speed between tests recorded at the same speed state. However, as 

each point of impact in a time record could be accurately determined, a measure 

of the actual speed during a test was obtained from the average impact period. 

For a given fault a plot of the TIl against the average impact period was expected 

to be linear. Figure 4.11 shows this was indeed the case indicating that the 

separation between the point of entry and the point of impact did relate to a 

geometrical separation of a fixed distance. 

The linear relationship between the measured and the impact period was used 

again to combine data samples. By dividing each by its associated impact 

period the was normalised for speed'. Averaging over the four speed states 

increased the sample size to approximately 150 transients per point plotted in the 

figures presented in the next section. 

c) Fault Width 

The most important relationship to demonstrate was the relationship between the 

and the width of the fault. As noted above for a given fault the distance a ball 
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travels before striking the exit edge is fixed, hence at constant speed the time the 

ball takes to travel this distance will also be fixed. Using the current understanding 

of the impact action due to Boto [11], as shown in figure 1.5, the relationship 

between the width of the fault and the TIl was expected to be linear. Further, the 

actual separation in time between entry and impact can be predicted from the 

rotational speed and the geometry of the bearing. 

Normalising TIl for speed expresses the as a proportion of the impact period. 

Using the current understanding this could be used to estimate the angular extent 

of the fault and, if the dimensions of the bearing are known, the width of the fault. 

For example, a normalised TIl of 0.01 indicates the transient was generated by a 

fault 0.02 times the angular separation of the balls, hence for the SKF 6205 bearing 

used here, a fault 0.8 degrees or 0.3 mID wide. 

Figure 4.12 plots the width of the fault as estimated from the normalised TIl 

against the actual width measured from a Talysurf trace of the fault. The broken 

line indicates where the line would be if they were equal. The estimated widths 

match well the actual widths although the estimated widths are generally slightly 

larger. As the fault width increases this difference becomes more significant. 

Chapter Six suggests reasons why this may be. 

The actual widths used in figure 4.12 were measured from Talysurf traces recorded 

after testing. As etched the fault has sharp edges from which the width of the fault 

can be determined objectively, figure 4.13a. During the first period of operation 

however the edges of the fault become rounded and the fault effectively becomes 

wider, figure 4.13b. All the tests undertaken ran the test bearing for a period of 

time before results were recorded to allow this "settling in" to occur. Although the 

progression of change slows after the initial rounding, determining the actual width 

of the fault was made difficult as there is no distinct point around which the ball 

rotates during entry. As such, the actual width of the faults was measured with a 

certain amount of subjectivity. 

Combining the results of figure 4.12 with those presented in sections a) and b) 

above and in the absence of other plausible reasons for the existence of the 

observed form of the transient, it was concluded that there was sufficient evidence 

with regard to the timing between the point of entry and the point of impact to 

accept the hypothesis suggested. Relationships observed between the two points on 

the vibration response matched well those expected. 
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Figure 4.13 Talysurf traces of the same fault before and after testing 
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4.3.2 Influences on the Component Transients 

This section reports observations concerning the influence of fault width, speed and 

load on the component transients. Discussion on how these properties relate to 

what is occurring within the bearing requires a greater understanding of the 

kinematics of the ball's passage through the fault. Therefore this discussion will be 

given in Chapter Six. 

The component transients were characterised by the magnitude of the first 

oscillation. As shown in figure 4.14 for faults small enough for the point of impact 

to occur on the leading edge of the entry transient the difference in height between 

the point of entry and the point of impact gives the magnitude of the entry 

transient. For other faults the magnitude of the entry transient is given by the 

difference between the point of entry and the lowest point of the first oscillation. 

For the impact transient the difference between the point of impact and the highest 

point of the first oscillation was used. 

a) Load 

Figure 4.15 shows the influence of load on the magnitude of both component 

transients for faults of various widths. The entry transients show a consistent 

increase in magnitude as the load increases. The impact transients show a similar 

trend; however the 3.0 mrn fault shows a consistent decrease with increased load. 

b) Rotational Speed 

The influence of rotational speed on the magnitude of the entry transient is shown 

in figure 4.16 and the magnitude of the impact transient in figure 4.17. The 

magnitude of both transients increase as the rotational speed of the inner race 

mcreases. 
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c) Fault Width 

Figures 4.18 and 4.19 show the relationship between fault width and the magnitude 

of entry transient and the impact transient respectively. Up to approximately 

1.0 mID both component transients increase with the width of the fault. After this 

point the magnitude of the entry transient appears to converge to an asymptote and 

the magnitude of impact transient appears to decrease. Without more information 

on faults in the range of 1.0 mm to 3.0 mID these trends are not conclusive. 
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4.4 Consequences of the Form 

This section addresses the consequences the suggested form of the transients has 

on the analysis of vibrations from rolling element bearings and the change in 

understanding that results. 

4.4.1 Alteration of the Transient 

Fundamental to the change in the understanding is that not only the magnitude of 

the transient but also the form of the transient are influenced by the width of the 

fault and the speed of rotation and to a lesser degree the magnitude of the applied 

load. Previous studies [11,98] suggested that only the magnitude of the impact will 

increase as the width of a fault increases, hence the form of the transient will 

remain unchanged. Similarly for the influence of rotational speed, the magnitude 

will increase but the form will be constant. No changes were suggested with regard 

to load. 

It has been shown that the portion of the observed transient of interest is made up 

of two component transients, one generated by the entry motion the other by the 

impact motion. Both these transients are influenced by changes in the width of the 

fault, rotational speed and load. However the relationship of most importance is 

the influence the rotational speed and the width of the fault have on the timing 

between the two component transients. 

As an example consider the effect an increase in the width of the fault has on the 

distribution of energy in the frequency spectrum. As can be seen in figure 4.20 the 

frequency spectra for faults of different widths are similar inasmuch as the same 

natural frequencies are being excited, this is particularly evident in the spectrum 

using a logarithmic amplitude scale, figure 4.20a. Although the overall amplitude 

of each frequency spectrum does increase with the width of the fault, it is clear that 
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the lower frequencies show larger increases than the higher frequencies, figure 

4.20b. In fact between the spectrum for the 1.0 mm fault and that of the 3.0 mm 

fault the natural frequencies in the region of 3 to 7 kHz show a decrease in 

amplitude, figure 4.20c. The spectra in figure 4.20 are peak-hold spectra recorded 

while the shaft speed was decreased from 3000 rpm to 1500 rpm. 

This redistribution of energy in the frequency spectrum results from the increased 

dominance of the entry transient as the width of the fault increases and the Tn 

increases. This provides a mechanism to explain the observed redistribution of 

energy in the frequency spectrum as a fault progresses [30,54]. This reasoning may 

also provide an explanation for the lack of ability of the High-Frequency Resonance 

Techniques (HFRT) to follow trends in damage severity [76]. In the above 

example, if a natural frequency in the region of 5 kHz was envelope detected, the 

magnitude of the envelope signal would show a maximum then decrease as the fault 

enlarged. 

4.4.2 Cancellation and Addition 

Another phenomenon resulting from influences on the form of the transient is 

cancellation and addition. The frequency and phase relationships of the vibration 

components excited will determine the magnitude of the resulting transient 

produced. If two components are out of phase their effects may cancel, conversely 

if they are in phase there effects may add. 

Previously it was understood that all the natural frequencies excited resulted from 

a single impact; hence the phase relationships between the components excited 

'Nould be not be altered by changes in the width of the fault or the rotational speed. 

However, under the new understanding it has been shown that the TTl is influenced 

by the width of the fault and the rotational speed and as a result phase relationships 

will be altered. Components excited by the entry motion will change in phase with 

respect to those excited by the impact; thus cancellation or addition may then alter 

the magnitude of the response observed. 
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The possibility then exists that a small increase in the width of a fault may result 

in the large increase in a particular vibration component as two components, one 

resulting from the entry motion and one resulting from the impact, are brought in 

phase. This increase may result in the premature removal of the bearing from 

service. Conversely, a further increase in width may bring them back out of phase 

resulting in the suggestion that the fault has "healed". 

Figure 4.21 demonstrates a particularly good example of the influence of rotational 

speed on cancellation and addition. As a result of a speed decrease from 3000 rpm 

to 2500 rpm the transients show clearly the increased prominence of the impact 

transient; this results in the increased amplitude of the natural frequency in the 

region of 12 kHz, as shown in figure 4.21c. Obviously this is in stark contrast to 

that expected, a decrease in speed would be expected to reduce the impact 

magnitude. Envelope detection techniques based on this natural frequency may 

produce confusing results. 

4.4.3 Effect of the Load Zone 

During passage of an inner race fault through the load zone of a radially loaded 

bearing modulation of the magnitude of the transients is observed. During this 

investigation it was observed that the form of the transient also varied. 

The effect of the load zone was assessed by positioning an outer race fault at 

different locations within the load zone, section 3.3.3b. The effect the location of 

the outer race fault has on the TTl and the magnitude of the component transients 

for two fault widths is given in figure 4.22. All show decreases as the location of 

the fault moves away from the centre of the load zone. For comparison 

figure 4.22d shows the predicted distribution of load through the load zone [59]. 

For this discussion it will be sufficient to demonstrate that the TTl and the 

magnitude of the component transients are influenced by the load zone. From 

previous discussions concerning the effect these have on the form of the transient, 
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it may be concluded that transients produced by impacts in different locations 

within the load zone will differ both in magnitude and in form. For inner race 

faults, if the form of each transient differs through the load zone as well as the 

magnitude, predicting the nature of the frequency spectrum is much more difficult. 

Similarly for outer race faults, faults of the same width in different locations within 

the load zone will have different vibrational characteristics as well as different 

magnitudes. 

4.4.4 Application to Vibration Monitoring 

It has been shown that for the vibration responses produced during this 

investigation the point of entry and the point of impact could be located on the 

transient oscillations observed. The separation in time between these two events, 

termed the TTl could be determined and an estimate of the width of the discrete 

fault that produced the response could be made. 

Clearly the ability to estimate the width of a fault would provided invaluable 

information to a maintenance engineer about the progression of damage. Although 

this information could be used in trending type analysis it is perhaps of far greater 

significance that this measure provides a "single shot" estimate of the width of the 

fault being monitored. In this investigation the width of the fault could be 

determined not only from a single time record but from single transient when the 

rotational speed was known. Further, this measure is not influenced by load 

variations or changes in the dynamic character of the observed machine. Currently 

no vibration monitoring techniques provide an estimate of the width of a fault from 

a single measurement. 

Central to the success of using the TTl as a measure of the width of a fault is that 

the form of the transient must be observed. Similarities between the transients 

produced by the etched faults used in this investigation and fatigue fault has been 

noted. However, far more evidence is required to support the application of these 

results to real monitoring situations. Similarly evidence of the occurrence of this 
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type of transient for bearing types other than the deep groove ball bearings tested 

in this investigation is also required. It is hoped that a separate project involving 

field testing will be undertaken in the near future to assess the ability to determine 

the from vibration signals produced by real faults in real machines as well as 

laboratory testing of different bearing types. 

The effects of other vibration sources, usually referred to as noises, on the results 

is also vitally important. It is likely that noise reduction techniques will be required 

to enhance the form of the transient within the raw signal. Synchronous averaging 

is the most likely technique to be of use although it would require accurate 

synchronisation with the rotation of the cage for outer race faults and both the cage 

and inner race rotations for faults on the inner race. 
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4.5 Summary 

Ibe experimental results of this investigation have been presented and discussed. 

Although outwardly the responses produced by the defects tested appeared to match 

well that suggested by the literature, a detailed examination of their form revealed 

there were significant differences. 

Two fundamental differences between the transients expected and those observed 

during testing were reported. First, the direction of first movement was shown to 

be opposite to that expected and second there was evidence to suggest the 

occurrence of more than one event during the generation of the transient. 

Consideration of the direction of the acceleration resulting from entry of a ball into 

a fault led to the hypothesis that the leading edge of the transient was in fact 

generated by the entry motion and not the impact with the exit edge. 

Influences on the form of the transients were reported. Central to the proof of the 

hypothesis were the influences on the timing between the point of entry and the 

point of impact. Evidence to support the hypothesis based on the time to impact 

was presented and discussed. Influences on the component transients were reported 

although a discussion on them was left to be given in Chapter Six. The influence 

of the location of a fault within the load zone was similarly treated. 

The chapter concluded by discussing how the observed transients may reflect some 

of the properties of current vibration monitoring practices. The significance of 

being able to determine the width of a fault from a single vibration measurement 

was noted and possible techniques to achieve it were suggested. 
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Kinematic Theory 

5.1 Introduction 

In this chapter two kinematic models are derived. Both models describe the 

relative motion between the inner race and the outer race of a rolling element 

bearing in the presence of a single discrete fault on the outer race. The Rigid Body 

Model (RBM) describes motions assuming the contacting bodies are perfectly rigid; 

the Elastic Body Model (EBM) assumes them to be linearly elastic. Principally 

these models were derived to describe qualitatively the geometrical movements 

within a ball bearing as one ball passes through a discrete fault of a given width and 

location. 

There are many examples of models pertaining to rolling element bearings in the 

literature. Texts by Harris [44] and Hamrock and Dowson [42] provide 

fundamental analyses for modelling the general performance of rolling element 

bearings. Chiu et al [22,23], Ioannides and Harris [56] and Tallian [99,100] present 

fatigue life models, de Mul et al [28] and Sayles and Ioannides [93] focus on the 

effects of dents and debris on fatigue. 

Models concerning the vibrations produced by rolling element bearings largely focus 

on enhancing smooth running and reducing noise. Tallian and Gustafsson [103] 

model the rolling element bearing as a vibration generator considering influences 

of variable compliance and geometry on bearing noise. Variable compliance 

models have been further developed [34,97,105], the influence on rotor pelformance 

[35,90,104] and vibration transfer characteristics [110] being considered. Several 

models relating effects of geometrical imperfections such as race waviness 

[81,96,108] anG surface roughness [61] on vibrations generated have been reported. 
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Few theoretical investigations into the vibration produced by discrete faults have 

been reported. A brief analysis of the impact action as a ball rolls into and strikes 

the exit edge of a fault is given by Boto [11] and reiterated by Swans son and 

Favaloro [98]. Using a similar approach Kanai et al [63] report the derivations of 

Noda relating the impulse height resulting from an impact to the width of the fault. 

McFadden and Smith [74,77] model the modulating influences on impulses 

generated by single discrete faults on the inner race of a radially loaded bearing to 

determine the form of the resulting frequency spectrum. The influences of rotation, 

load distribution, transmission path variation and transient exponential decay are 

included. Other publications expand the model to include outer race faults, rolling 

element faults and axial loads [75], and multiple faults [78]. 

No models similar to that presented in this chapter have been located in the 

literature. The relative motion between the inner and outer races of a rolling 

element bearing as an element passes through a discrete fault have not previously 

been investigated. 

The analysis presented here considers the specific case of a non-rotating outer race, 

loaded radially and constrained to move only in the direction of the applied load. 

This one dimensional analysis permits the influence of the width and the location 

of the fault on the movement of the outer race to be assessed. The EBM further 

allows the influence of the load magnitude on the movement of the outer race to 

be assessed. Section 6.4.3 considers the validity of this assumption. 

The contacting bodies are considered to be two dimensional. Although this 

treatment allows the model to apply to other types of rolling element bearings the 

bearing modelled will be assumed to be a deep groove ball bearing. The fault is 

modelled as a region of the outer race bounded by the angles f3 en and f3 ex giving the 

location of the entry and exit edges respectively. Within these limits the fault is 

considered to be sufficiently deep that the ball passing through it does not touch the 

bottom of the fault. Only contacts with the edges of the fault are considered. 
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5.2 Rigid Body Model 

In this analysis the outer and inner races and balls are assumed to be geometrically 

perfect and rigid. It is assumed that the cage is rigid, that the angular separation 

of the ball centres is constant, that the cage rotates at a constant angular velocity 

about the centre of the inner race and that contact is always maintained between 

the inner race and the balls. The rigid body assumption requires a positive bearing 

clearance, that is 

r > r. + 2rb o I 

where ro' ri and rb are the outer race, inner race and ball radii respectively. 

[1] 

The outer race is assumed to be constrained to move only in the direction of the 

radially applied load and will be positioned symmetrically about it. As such, in the 

absence of a fault, the position of the outer race will be given by the angular 

location of the ball currently within ± y /2 of the load line, where y is the angular 

separation of the ball centres within the cage, see figure 5.1. 

As the cage rotates the position of this ball, given by 8, will alter the position of the 

outer race. As the ball enters the fault the geometry of th;s movement will change. 

Likewise as the ball contacts the far edge and starts to exit the fault the geometry 

of the movement will change. Essentially the ball orbiting the inner race acts as a 

cam and the outer race acts as the follower. What results is a locus of outer race 

centre positions given as a function of 8, differentiation of which will give velocity 

and acceleration profiles during passage of a ball through the fault. 

During computation of the outer race locus, care must be taken to ensure that the 

ball at 8 is the only one in contact with the outer race. Balls at 8 ± y could be 

brought into contact by movement of the outer race during passage through the 

fault and could therefore be determining the location of the outer race. This 

phenomenon was termed Ball Interference. 
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Four cases need to be considered in deriving expressions for the motion of the 

outer race, 

Pre-entry Motion: 

Entry Motion: 

Exit Motion: 

Post-exit Motion: 

Normal Race Contact up to entering the fault 

Single Point Contact as the entry edge of the fault 

becomes an instantaneous centre of rotation for the 

ball rolling into the fault 

Single Point Contact as the exit edge of the fault 

becomes an instantaneous centre of rotation for the 

ball rolling out of the fault 

Normal Race Contact after leaving the fault. 

Geometrical similarities between these motions enables the analysis to be grouped 

into Normal Race Contact and Single Point Contact motions, The following 

sections develop the equations relating the displacement of the outer race to 6 for 

both conditions and the limits governing their application, 

Referring to figure 5,1, the centre of the inner race will be taken as the origin with 

the x axis collinear with the load line and positive as shown. The displacement or 
of the outer race along the x axis will always be negative. All angles are taken 

positive clockwise. 
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5.2.1 Normal Race Contact 

Consider figure 5.2, at the ball centre, 

[2] 

[3] 

where f3 is the outer race contact angle measured about the outer race centre. 

Rearranging these, 

[4] 

where, 

[5] 

Equations [4] and [5] describe the locus of outer race centres for Normal Race 

Contact where e :::; ± y, hence both pre-entry and post-exit motions are described. 

Differentiating [4] with respect to time gives, 

[6] 

and for constant cage speed, 

[7] 
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Referring to figure 5.3 the location of the start of the fault on the outer race is 

given by fl ell" Hence using equation [5] the cage angle at which the ball enters the 

fault Sen' can be determined as, 

[8] 

By similar analysis the cage angle at the point of exit Sex will be given as, 

[9] 

where flex is the location of the exit edge of the fault. 

The angular location TI of the contact edge on the ball will be referred to as the 

fau1t~ball contact angle" At the point of entry the fault~ball contact angle TIl will 

equal flell and at the point of exit the fault-ball contact angle Tl2 will equal flex' 

5.2.2 Fault Single Point Contact 

Once the cage angle has exceeded Sen the ball enters the fault and rotates about 

the entry edge. 

Referring to figure 5.4, at the point of contact with the outer race, 

[10] 

[11] 
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Figure 5.4 Entry motion 
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Rearranging these, 

[12] 

where, 

[13] 

As the outer race is constrained to move only in the x direction, f3 en will be constant 

during entry as will f3 ex during exit. Differentiating [12] with respect to time gives, 

[14] 

and for constant cage speed, 

By a similar analysis the exit motion is described by 

where, 

[17] 

As flen and f3ex are constants, equations (14] and [15] are equally valid during the 

exit motion so long as equation [17] is used to determine the fault-ball contact 

angle. 
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5.2.3 Dual Point Contact 

The point at which the ball is in contact with both the entry and exit edges is 

termed the Dual Point and marks the transition between the entry and exit motions. 

The cage angle at the dual point edl must be determined prior to computation of 

the outer race loci. 

Referring to figure 5.5, at the dual point the entry fault-ball contact angle 7]1 and 

the exit fault-ball contact angle 7]2 are related by equating the fault chord about the 

ball centre and outer race centre to give, 

~Tl = Tlz - Tll [18] 

where, 

~Tt 2sm-
1 [::slna 1 [19] 

The angle a is half the angular extent of the fault measured about the outer race 

centre and is given by (f3ex-f3en)/2. Clearly the width of the fault in the REM must 

always be less than the diameter of the ball otherwise equation [19] cannot be 

solved. 

Summing angles about the x axis, 

(\ - '11 + n. 6V - '11 2 ::: 0 
. ell 'II p~ '1 

[20] 

Hence combining this with equation [18], 7] 1 and 7]2 are given by, 

[21] 
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and, 

[22] 

Substituting 1h into equation [10] and rearranging gives, 

e ;:;;: sin -1 0 ... ell rr' '1 

[
' sinA - ,.!':inn 1 

dl ('i + rJ 
[23] 

This result may be checked by similar substitution of '72 into equation [10] and 

replacing f3en with the exit location f3 ex: 

At the dual point both entry and exit motion equations are valid but yield different 

values for velocity and acceleration. This discontinuity represents the impulse at 

the dual point, the magnitude of which will be proportional to the instantaneous 

change in velocity given by, 

6. 5,. 5,.(exit) - 5 ,,(entry) 
[24] 
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5.2.4 Computational Procedure 

A computer program was written to calculate the locus of the outer race centre 

position as 8 varies using the RBM described above. 

a) Ball Interference 

During the computation of the locus the clearance between the outer race and the 

balls located at e ± y was checked to detect the onset of ball interference. When 

one of these balls contacts the outer race, the locus will be governed by that ball 

and not the ball at 8. 

Contacts made with the outer race at 8 ± y will be normal race contacts and as 

such equation [4], where e ± y is substituted for 8, can be used to determine the 

outer race displacement dictated by these balls. If either of these displacements 

exceed 6 r' ball interference will occur and the outer race locus must be adjusted 

accordingly. The program written to implement the RBM enabled consideration 

of ball interference to be maintained or suppressed. 

Although formulae have been derived to determine the velocity and acceleration 

profiles for each of the contact conditions, due to the occurrence of ball 

interference and the convenience of generality, these profiles were calculated by 

numerical differentiation of the displacement locus. This was performed by the 

REBAP signal processing software used to display the results of the modeL 
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5.3 Elastic Theory 

The elastic deformation between the inner and outer races and each point of 

contact with the balls will be considered to be Hertzian. such, the contact force 

F required to produce a normal approach £> betwe~n two elastic bodies is given by, 

[25] 

where K is the load deflection constant and n equals 3/2 for ball bearings and 10/9 

for roller bearings [44]. 

The reader is referred to the texts of Harris [44] and Hamrock and Dowson [42] for 

derivation and discussion of this relationship, which will not be repeated here. 

Johnson [59] presents a review of the history of Hertz's work and progress during 

the hundred years since its publication. 

The load deflection constant is a function only of geometry and material properties 

of the contacting bodies. The approximations reported by Hamrock and Dowson 

[42] were used to determine the load deflection constants for the inner and outer 

race contacts such that, 

[26] 

where, 



k ( 
R)O.6360 

1.0339 ~~ 

1 1 
+ -

R, 

1.0003 + (0.5968) 
RjR,; 

1.5277 • O.6023ln ( ~ 1 
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[27] 

Rx and Ry are the effective radii of the contacting bodies at the point of contact in, 

and perpendicular to, the direction of rolling respectively. E' is the Effective Elastic 

Modulus given by, 

2 

[28] 

where EI and En are the Elastic Moduli and vI and vn Poisson's Ratios for each 

of the contacting bodies. 

The semimajor and semiminor axes of the contact ellipse are given by, 

a = (-----::...Rxy]1/3 
1t EI 

and (
6gF R )113 b = xy 

1t kEI 

[29] 

respectively. 
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5.3.1 Elastic Quarter Space and Zonal Modification 

One of the principal assumptions of the Hertzian analysis is that the contacting 

bodies are considered to be elastic half spaces. Where the size of the contact 

ellipse is small compared to the dimensions of the contacting bodies, this 

assumption can be considered valid [97]. 

In the derivation of the EBM that follows, difficulty in upholding this assumption 

occurs when the ball approaches the edge of the fault. Figure 5.6 shows that as the 

ball approaches the edge of the fault the outer race becomes bounded by the free 

surface of the entry edge. Thus the outer race becomes an elastic quarter space 

and the Hertzian analysis and equation [25] cease to be valid. 

F F 

F F 

Softening due to the free edge of the fault 
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A brief consideration of the literature associated with the analysis of the stress 

distributions and deflections in elastic quarter spaces has indicated the magnitude 

of the problem [29,31,49,65]. Ghosn [36] makes no alteration to the Hertzian 

distribution as a rolling element passes over a crack in the race surface, Hamrock 

and Anderson [41] limit their consideration to avoid overlap of the contact areas 

in an arched outer race. Rigorous consideration of the effects the bounded outer 

race contact would have on equation [25] would constitute a significant investigation 

and consequently was considered outside the scope of the present study. 

However, an intuitive consideration of the effect the elastic quarter space has on 

the movement of the outer race can be obtained by introducing the concept of 

Zonal Modification. 

Zonal modification defines a zone either side of the fault by an angle f3 zn' called 

the Zonal Extent. Within this zone the load deflection constant is modified. The 

effect the quarter space has on the contact deflection will increase as the ball 

approaches the edge, conversely far away from the edge its effect will be minimal. 

The zonal extent defines the distance from the edge of the fault at which the 

quarter space has no effect and equation [25] may be considered valid without 

modification. 

As the size of the Hertzian contact ellipse increases with load the zonal extent 

would also be expected to increase with load. It is likely the depth of the fault will 

also influence the zonal extent. However, for the purpose of this analysis these 

influences will be ignored. 

Within the zone the load deflection constant for the outer race contact Ko is 

modified to give an Effective Load Deflection Constant Ke' such that on entry, 

where (f3 en-f3 zn) < f3 < f3 en, 

[30] 
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and on exit, where f3 ex < {3 < (f3 ex + (3 zn)' 

[31] 

where R is the Reduction Factor and S is the Shape Factor. 

The reduction factor is defined as the proportion reduction in the load deflection 

constant at the edge of the fault due to the free edge of the fault. The reduction 

factor is referenced as a percentage and intuitively it would be expected to be 

greater than 50%. The shape factor is an arbitrary value defining the way in which 

Ke varies as the location of the ball within the zone changes. A shape factor of 1.0 

indicates a linear relation between Ke and the location of the ball. Figure 5.7 

indicates the variation in Ke for various values of the shape factor as the ball 

approaches the entry edge of the fault. 

Where f3 en < f3 < f3 ex the ball is within the fault and Ke will be considered constant 

and given by, 

[32] 

for both entry and exit edges. 

The alteration of equation [25] by the zonal modification of the load deflection 

constant, as described, is arbitrary. The value of n is arbitrarily considered to be 

constant and unchanged from the Hertzian values, although this is unlikely to be the 

case in reality. In the absence of a better understanding of the influence the elastic 

quarter space has on the deflection between contacting bodies, and in an attempt 

to qualify its effect on the motion of the outer race during passage of a ball through 

a fault, the described modification will suffice. 
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5.4 Elastic Body Model 

In this analysis a similar approach as that used in the development of the RBM is 

maintained. The Elastic Body Model (EBM) considers the same situation and uses 

the same assumptions as the RBM with the exception of the rigidity of the 

contacting bodies. In the EBM the contacting bodies are assumed to be linearly 

elastic. 

Although not essential in an elastic analysis, the inequality expressed in equation 

[1] will be maintained so that only positive bearing clearances are considered. 

To compute the displacement of the outer race the deflection of each ball in 

contact with the outer race must be determined. The elastic displacement at a 

particular cage angle e will be such that the sum of the force required to produce 

the deflection at each of point of contact will equal the applied radial load. 

Contact made outside the region of the fault is termed Normal Race Contact and 

is similar in geometry to the rigid body normal race contact. For contact made 

within the region of the fault another ten modes of deflection may occur depending 

on the width of the fault, the geometry of the bearing and the magnitude of the 

applied load. Some of these modes involve a single point of contact with the outer 

race, others involve two points of contact. Each of the eleven deflection modes are 

numbered for ease of reference and listed in Table 5.1. 

Figure 5.8 gives a schematic summary of the eleven deflection modes showing the 

interference between the ball and the outer race associated with each. Interference 

with the inner race is not shown. 

In order to perform the summation of the deflection forces, the mode of deflection 

for each ball in contact with the outer race must be determined. The situation is 

simplified by the assumption that the width of the fault and the zonal extent are 

such that only one ball can be involved with the fault at any time. For reference 



Table Elastic Deflection Mode Summary 

Mode Number Deflection Mode Description 

1 Normal Race Deflection 

2 Entry Zone Normal Race Deflection 

3 Entry Zone Dual Point Deflection 

4 Entry Single Point Deflection 
"" 

5 Entry Dual Point Deflection 

6 Symmetric Dual Point Deflection 

7 Zonal Non-Contact 

8 Exit Dual Point Deflection 

9 Exit Single Point Deflection 

10 Exit Zone Dual Point Deflection 

11 Exit Zone Normal Race Deflection 

this ball will be designated "ball #" and will be located by W Balls ahead of 

ball # will be designated "ball + mIt and balls behind as ''ball -m", where m is an 

integer (Le. ball -2 is the 2nd ball behind ball #). The locations of ball ±m will be 

given by W = e ± my. Limiting the dimensions of the fault means that only ball 

# needs to be considered for deflection modes other than Mode 1. Note that W is 

used to describe the angular location of any of the balls, whereas e describes only 

the location of ball # and hence the location of the cage. 

The following sections will develop each deflection mode, grouped by similarity into 

Normal Race, Dual Point, Single Point and Zonal Dual Point Deflections. Single 

point deflections are derived as a special case of dual point deflections. Each mode 

is derived as a computational unit for which, given an elastic outer race 

displacement 0e and ball location W, the deformation at the inner and outer race 

contact points can be determined. 

As the position of the outer race in the EBM is determined by the distribution of 

load between one or more balls, there is no restriction on the width of the fault 
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Mode 1 

Mode 2 Mode 11 

ModeS 

Mode 4 Mode 9 

ModeS ModeS 

- -
ModeS Mode 7 

Figure 5.8 Elastic body model deflection modes 



similar to that mentioned with respect to equation [19]. Related to this is the 

possibility that, for larger faults, ball # may cease to take any load during passage 

through the fault. This is termed Zonal Non-Contact (Mode 7) where contact with 

the edges of the fault is not maintained. A Mode 7 deflection may also occur if the 

zone of the fault extends outside the load zone of the bearing. Mode 7 has the 

trivial solution of zero deflection. 

Computations required to determine the appropriate deflection mode for ball # are 

presented in section 5.4.5. 

5.4.1 Normal Race Deflection 

Normal Race Deflections will be similar to those reported by Harris [44] and 

Hamrock and Dowson [42]. In their analyses it is assumed that for small clearances 

the total normal approach between races (), will be the algebraic sum of the 

deflections at inner and outer race contact points, 

[33] 

From figure 5.9 it can be seen that where () e is small compared to the race 

dimensions, 6 i and 6
0 

are essentially collinear. However, in the case of large faults 

this assumption may not be legitimate. Therefore this section develops the 

relationships between 6 i' {50' {5 e' ljr and {3 as a general case. 

Consider figure 5.9, at the ball centre, 

[34] 

[35] 

In the absence of friction, the cage will exert a locating force tangential in direction 

to the inner race at each ball, hence summing radial components acting on the ball, 

[36] 
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Figure 5.9 Normal race deflection 
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Substituting equation [25] for the Hertzian contact deflections and rearranging 

gives, 

[37] 

Equations [34], [35] and [37] form a set equations that for known De and 1\1, the 

deflection at inner race contact 6 i' outer race contact 6
0

, and the ball angle fJ, may 

be determined, see Appendix c.l. 

For Zonal Normal Race Deflections (Modes 2 and 11) the same set of equations 

apply; however the load deflection constant for the outer race Ko in equation [37] 

is replaced by Ke, the effective load deflection constant, see section 5.3. As Ke is 

a function of fJ equations [30] and [31] enter the set of equations to be solved. 

5.4.2 Dual Point Deflection 

Dual Point Deflections (Modes 5, 6 and 8) involve simultaneous contact with both 

edges of the fault, where the current angular position of the ball centre fJ is within 

the undeformed limits of the fault (i.e fJ en < fJ < fJ ex)' 

Consider figure 5.10, at the ball centre, 

== 0 [38] 

r rosA + 0 "" 0 o Pen Ie 
[39] 

[40] 

= ;) [41] 
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Summing forces radially, 

[42] 

and substituting equation [25] gives, 

where Ke1 and Ke2 are the effective load deflection constants for the entry and exit 

edges respectively. 

Equations [38], [39], [40], [41] and [43] form a set of equations which, for known 0e 

and W, the deflection at the entry edge 001' exit edge 002 and inner race contact 0i 

as well as the contact angles 171 and Tl2 may be determined, see Appendix C.2. 

As f3 en < f3 < f3 ex for the dual point deflections, the effective load deflection 

constants Ke1 and Ke2 will be independent of f3 during this computation. 

Computationally there is no difference between the three dual point deflection 

modes. However their distinction gives information of the balls passage through the 

fault. Mode 5 indicates the ball is currently entering the fault and Mode 8 indicates 

the ball is currently exiting the fault. Mode 6 indicates the transition from entry to 

exit and is the EBM equivalent of the dual point in the RBM. 

5.4.3 Single Point Deflection 

Single Point Deflections (Modes 4 and 9) involve contact with only one edge of the 

fault, where the current locmion of the ball is within the undeformed limits of the 

fault (i.e f3 en < f3 < f3 ex)' Mode 4 and Mode 9 deflections are the EBM equivalent 

of the entry and exit motion respectively in the RBM. Due to geometrical 

similarity, analysis of single point deflections are considered a special case of the 

dual point deflection analysis. 



130 

For Entry Single Point Deflections (Mode 4) equations [38] and [39] are valid and 

equation [43] is modified by ignoring 8 02 to give, 

[44] 

Similarly for Exit Single Point Deflections (Mode 9) equations [40] and [41] are 

valid and equation [43] is modified by ignoring Sol to give, 

[45] 

Hence, for known se and 1\1, the deflection at the inner race Si and the deflection 

and fault-ball contact angle for the outer race at the particular edge in contact may 

be determined, see Appendix 

5.4.4 Zonal Dual Point Deflection 

Zonal Dual Point Deflections (Modes 3 and 11) involve contact with the opposite 

side of the fault, without the ball actually being within the fault. For Entry Zone 

Dual Point Deflections (Mode 3) the ball contacts the exit edge before f3 exceeds 

the fault starting angle f3 en. For Exit Zone Dual Point Deflections (Mode 11) 

contact with the entry edge is maintained after f3 has exceeded f3 eX' 

Consider Mode 3. Referring to figure 5.11, at the ball centre, 

[46] 

[47] 

[48) 

r COOA {- () = 0 
o P a e 

[49] 



131 

Figure 5.11 Zonal dual point deflection 
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Apart from a subscript change, equations [46] and [47] are the same as those given 

for normal race deflections and equations [48] and [49] are the same as those given 

for the exit edge in dual point deflections. 

Summing forces radially, 

and substituting equation [25] gives, 

Kd(oOl)IICOS(P-W) + Keioo2)lIcos(th-W) 

Ki 

[50] 

[51] 

Equations [46], [47], [48], [49] and [51] form a set of equations which, for known 0e 

and W, the deflection at the entry edge 601, exit edge 602 and the inner race 0 i' as 

well as the ball angle {3 and contact angle 1'12 may be determined, see Appendix C.4. 

As {3 will vary, but will not exceed {3en' Kel will be a variable, hence equation [30] 

enters the set of equations as it did for zonal normal race deflections. Ke2 will 

however be independent of {3. 

By similar analysis the set of equations for 

(Mode 10) may be derived. 

5.4.5 Deflection Mode Limits 

Zone Dual Point Deflections 

The Deflection Mode Limits are boundaries which mark transitions between the 

deflection modes. For a given fault width, location and magnitude of the applied 

load the appropriate deflection mode for ball is uniquely defined. 



a) Zonal Normal Race Deflection Limits 

The limits of the fault edge zones are given by the angles (13 en -13 zn) and (13 ex + 13 zn) 

as described in section 5.3. These angles define the limits for zonal normal race 

deflections. For 13 values exceeding (13 en-f3zn) but not greater than f3 en, Mode 2 

applies, and for fJ values exceeding f3 ex and less than (13 ex + 13 zn), Mode 11 applies. 

During the computation of Mode 1 deflections for ball #, the current f3 value is 

compared to these limits. If the mode changes, the load deflection constant Ko is 

modified to the appropriate value of Ke and the iteration continues. Once a 

solution has been found, the final value of f3 dictates the mode. 

b) Zonal Dual Point Deflection Limits 

Zonal dual point deflections will occur if, during Modes 1, 2 or 11, the distance 

from the centre of the ball to the far edge of the fault is less than the undeformed 

radius of the ball rb' 

Consider Mode 2. Referring to figure 5.12, to avoid contact, 

;?: (r,)2 [52] 

This inequality applies for Mode 11 if f3en replaces fJex' Which inequality to apply 

to Mode 1 depends on whether the ball is approaching or departing the fault. On 

completion of Mode 1, 2 or 11 computations, this inequality is checked to indicate 

the occurrence of Mode 3 or Mode 10. 



x 

Figure Zonal dual point deflection limit 
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c) Single Point Deflection Limits 

For f3 values within the fault (i.e f3 en < f3 < f3 eJ, single or dual point deflections 

apply. Within these limits the appropriate mode will be a function of the elastic 

displacement 6 e' hence limits for these modes are defined as displacement values. 

For single point deflections the mode, whether entry (Mode 4) or exit (Mode 9), 

will be determined by the edge that first comes into contact with the ball in its 

current location as the magnitude of the elastic displacement increases. This is 

determined from rigid body considerations. 

Defining 61 en and 61 ex as the displacements at which contact is first made with the 

entry and exit edges respectively, from equation [12], 

[53] 

where 11 is given by equation [13]. Similarly 61
ex is obtained by substitution of f3 ex 

for f3 en in both equations. 

If 6 1 en> 61 ex, the entry edge will be first to contact the ball and a Mode 4 

deflection will apply (displacements are always negative). When 61 ex > 61 en a 

Mode 9 deflection will occur. If they are equal, contact with both edges will occur 

simultaneously and a Mode 6 deflection will occur. 

For fault widths larger than the diameter of the ball, 81 en and 81 ex may be 

indeterminate for some values of 'ir. At these locations the ball will not make 

contact either edge and a zonal non-contact deflection (Mode 7) will occur. 



136 

d) Dual Point Deflection Limits 

It has gone without note that a Mode 4 or a Mode 9 deflection will only occur if 

° e is less than 01 en or 01 ex respectively. However, if the limits are not equal and 

° e is less than both, it does not mean that contact with both edges has occurred. 

Once one limit has been passed, the second no longer applies as the rigid body 

analysis used to determine it is no longer valid. 

It is necessary to define two further limits, 02 en and 02 ex, as the displacements at 

which contact with the exit or the entry edge occurs, while the ball is under load 

from the opposite edge. These limits are derived by a similar analysis to that of 

dual point deflections, except one of the outer race contact deflections is set to zero 

and the set of equations rearranged to solve for the elastic displacement of the 

outer race. The transition from Mode 4 to Mode 5 is then marked by the elastic 

displacement 0e becoming less than 02en and the Mode 9 to Mode 8 transition by 

° e becoming less than 02 ex. 

Referring to figure 5.10, and setting °
0
2 = 0, at the ball centre, 

[56] 

[57] 

The summation of forces is the same as entry single point deflections hence 

equation [44] applies and together with equations [54], [55], [56] and [57] forms a 

set of equations for which a value of 02 en may be determined, see Appendix C.5. 
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By similar analysis the set of equations necessary to determine {)2
ex may be 

formulated. 

5.4.6 Outer Race Elastic Displacement 

For each deflection mode, sets of equations have been derived that allow the 

deflection at the inner race contact and one or two outer race contact points to be 

calculated as a function of the outer race elastic displacement {) e and ball location 

ljr. To determine 0e' the nett force exerted on the inner race by each of the balls 

within the load zone is equated with the applied radial load Fr' 

Referring to figure 5.13, at each point of contact on the inner the force F Ij.r is given 

by, 

[58] 

where (oi)* is the deflection at the inner race contact at the ball location tV. 

Summing forces in the x direction, 

1: F.costV - Fr = 0 [59] 
t=6±lnY 

and substituting [58] gives, 

= K. 
I 

[60] 

where m is an integer. Hence this summation is calculated at different values of 

{) e until a sufficient solution is obtained. Repeating this at several values of e 
enables the elastic displacement locus to be constructed. 



138 

x 

y 

Figure Summation of force 
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5.4.7 Computational Procedure 

As with the a computer program was written to implement the EBM. 

Computation of the requires iterative solutions at two levels. The first level 

iterates the elastic displacement 0e to solve the summation in equation [60]. The 

second level involves several separate iterations at each ball location W to determine 

the inner race deflection (oi)1j1 at the current value of 0e' 

At the first level, the previously calculated value of ° e is used as a starting point for 

the iteration. The summation of equation (60] is performed for each ball location 

returning a non-zero deflection; a non-zero deflection indicates the ball is within 

the load zone. When a sufficiently accurate solution is obtained the displacement, 

the number of balls in contact and the current mode of deflection for ball # are 

recorded before continuing to the next value of 6. 

At the second level the same iterative approach is used for each of the deflection 

modes. Starting at zero, OJ is incremented until a sufficiently accurate solution to 

the set of equations associated with the specific mode is obtained. For balls ± m, 

only Mode 1 solutions are sought: an indeterminate solution indicating that the ball 

is outside the load zone. For ball # only the appropriate mode is applied as 

prescribed by the mode limits. An indeterminate solution for ball # indicates an 

error in the mode selection. Care was taken in the selection of the initial step size 

for the iterative computations of all the deflection modes to ensure determinance 

where a solution exists. 

The locus of outer race displacements thus formed was numerically differentiated 

using the REBAP software to obtain the velocity and acceleration profiles. On the 

NEC PC-386!20 computer used to implement the EBM computation of a 500 point 

locus required approximately two hours of processing. 
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a) Computational Precision 

Several of the equations presented in Appendix C involve the addition of numbers 

greatly differing in magnitude as the contact deflections are far smaller than the 

race dimensions (i.e (oi)2 <: (A2+ B2) in equation [C.2]). Therefore all 

computations for the EBM were performed in double precision. 



141 

Summary 

The derivations of two kinematic models have been presented. Both models 

describe the one dimensional motion of the outer race with respect to the inner 

race of a ball bearing with a discrete fault on the outer race. Such an analysis has 

not previously been reported in the literature. 

The Rigid Body Model (RBM) assumed the contacting bodies to be perfectly rigid 

and described the motion of the outer race as a piecewise application of four sub

motions. 

The Elastic Body Model (EBM) assumed the contacting bodies to be linearly elastic 

and applied the Hertzian force deflection relationship to derive sets of equations 

describing each of the deflection modes. Zonal modification of the load deflection 

constant was introduced to account for the softening effect near the edges of the 

fault. The derivation and application of the mode limits used to determine the 

appropriate deflection modes were presented. 
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Chapter 

Application of the Kinematic Theory 

6.1 Introduction 

This chapter discusses the results of the two kinematic models and considers their 

application in explaining the results observed during the experimental investigation. 

Chapter Five presented the mathematical derivation of the two models. Common 

to both was the development of relationships between the displacement of the outer 

race and the centre of the inner race during passage of a ball through a discrete 

fault. This treatment considers the bearing to excite vibrations in the structure by 

acting as a "displacement generator" [39]. The two models are original in that no 

other models have been reported in the literature that suggest a form of the source 

based wholly on kinematic considerations. This approach has been used to describe 

the source of vibrations generated by distributed defects such as race and element 

waviness [81,96,108] but has not been applied to those generated by discrete faults. 

Also the models focus on the motion of the outer race rather than the motion of 

the ball. Essentially each locus gives the path of movement of the "hole" as it falls 

onto the passing ball rather than the motion of the ball as it falls into the "hole". 

This understanding is fundamental to interpreting the loci presented. 

The models give the location of the outer race as a function of the cage position e. 
Giving the cage a constant rotational velocity by making e a function of time results 

in a "quasi-static" analysis of the motions of the outer race [96]. As a first step to 

describe qualitatively the motions generated by a fault this approach will suffice; 

however, to consider the situation quantitatively a dynamic analysis would be 

required. 
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This chapter discusses the two models separately. The first section describes the 

form of the displacement loci produced by the Rigid Body Model. Influences of 

fault width, rotational speed and fault location are reported. The results of the 

Elastic Body Model are presented as modifications to the Rigid Body Model, the 

influence of elasticity and magnitude of the applied load being considered. The 

results reported were calculated using the dimensions of the SKF 6205 deep groove 

baH bearing used during the experimental investigation. The chapter concludes by 

relating the results of both models to the experimental results. 
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6.2 Rigid Body Model 

6.2.1 General Form of the Rigid Body Displacement 

Figure 6.1 shows displacement loci calculated using the Rigid Body Model (RBM) 

for faults of various widths. The faults are centred about "top dead centre" (IDe) 

such that Sex -Sen' The similarity in their form is evident. 

Figure 6.2 shows the displacement locus and the associated instantaneous velocity 

and acceleration profiles for a 0.5 mm fault. As the clearance within the bearing 

is small compared with the dimensions of the races, movement of the outer race is 

small in the absence of a fault. Hence, before and after the fault the velocity and 

acceleration are essentially zero. 

At the point of entry the ball enters the fault and the outer race moves toward the 

inner race. The velocity shows a constant rate of decrease giving a step change in 

acceleration at the point of entry. During entry the acceleration is negative and 

approximately constant. 

At the dual point there is a discontinuity in the gradient of the displacement locus. 

This results from the instantaneous change in direction of the outer race as the ball 

changes from entering to exiting the fault. This produces a sharp discontinuity in 

velocity and hence an "impulse" acceleration. The word "impulse" is used to 

described the spike in the acceleration profile. The dual point marks the point of 

impact. 

For faults centred about displacement loci are symmetrical about 8 = O. 

During exit the velocity shows a constant rate of decrease and the acceleration the 

same approximately constant negative value as during entry. At the point of exit 

the acceleration shows a positive step change as both the velocity and acceleration 

return to zero. 
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It is interesting to note the velocity profile suggested by the RBM matches well, 

apart from a change in sign, the velocity profile described by Gustfasson and Tallian 

[39], "one extreme value in the positive direction followed by one extreme value in 

the negative direction", 

a) Direction of First Movement 

Section 423a introduced the direction of first movement (DFM). Experimentally 

it was observed the DFM for the transients excited were negative although they 

were expected to be positive. The RBM shows the direction of the impulse 

produced by the impact to be positive confirming a transient generated by it should 

have a positive DFM. The RBM also shows the acceleration during entry to be 

negative. This supports the hypothesis that the origin of the negative DFM was the 

entry motion and not the impact. 

b) Multiple Events 

The occurrence of multiple events within the transients observed was noted in 

section 4.2.3b. The point of entry and the point of impact were clearly observable 

although the point of exit was less conspicuous. The RBM confirms the existence 

of these three events during passage of a ball through the fault. The point of entry 

was marked by a negative step change in acceleration, the point of impact by a 

positive impulse and the point of exit by a positive step change in acceleration. 

6.2.2 Influences on the Rigid Body Displacement 

This section discusses the influence of fault width, rotational speed and the location 

of the fault on displacement loci given by the RBM. 
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a) Time to Impact 

The RBM assumed the contacting bodies of the bearing were both perfectly shaped 

and perfectly rigid. The resulting impact action was consequently similar to that 

given by Boto [11], figure 1.5. As such, section 4.3.1 has already confirmed the 

observed separation in time between the point of entry and the point of impact, 

termed the Time to Impact (TTl), matches that predicted by the RBM. 

Clearly the period of separation between the entry step and the exit step IS 

governed by the width of the fault. Hence during passage through the fault the 

duration of the negative pulse produced is proportional to the width of the fault. 

Igarashi and Hamada [55] suggested the width of a shock pulse resulting from 

contact with a discrete fault may be proportional to the width of the fault. This was 

postulated to explain the occurrence of nodes in the frequenl.'Y spectrum and their 

relationship to the width of the fault. The RBM provides evidence based on the 

kinematics of the contacting bodies to support this suggestion. 

Igarashi and Hamada [55] further postulated the shape of the fault may alter the 

shape of the shock pulse produced. The RBM considered only sharp edged faults 

and these produced rectangular pulse shapes. As faults with rounded edges or finite 

depth were not modelled, comment on the influence these have on the shape of the 

pulse cannot be made. 

b) Magnitude of the Step Change in Acceleration 

Figure 6.3 shows the influence of fault width on the magnitude of the step change 

in acceleration at the point of entry. The magnitude of the step shows a small 

increase as the fault width increases but can be considered constant. 25 fold 

increase in width results in a 12% increase in the magnitude of the step. 

From equation [15] the magnitude of the entry acceleration is proportional to the 

square of the rotational speed of the cage. 
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c) Magnitude of the Impulse 
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As noted in section 5.2.3 the magnitude of the impulse will be proportional to the 

instantaneous change in velocity at the dual point as given by equation [24]. 

Figure 6.4 plots this change in velocity as the width of the fault increases. 

Kanai et al [63] cite Noda when reporting the height of an impulse produced by a 

discrete fault was proportional to the 6/5th power of the fault width. As shown in 

figure 6.4b the change in velocity at the dual point given by the REM matches well 

a 6/5th power line. 

From equation [24] the magnitude of the impulse is proportional to the rotational 

speed of the cage. 
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d) Influence of Location 

The acceleration profiles described above referred to faults centred about IDC. 

Figure 6.5 details the acceleration profiles for the same fault centred at different 

locations past IDC. For clarity the impulses at the dual point have been omitted. 

As the fault moves away from TDC the magnitude of both the entry and exit steps 

increase and a discontinuity appears at the dual point and becomes more distinct. 

evident is the small movement of the dual point away from the point of entry. 
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Figure 6.S Influence of fault location on the rigid body acceleration 
profile, 1500 rpm (impulses at the dual point not shown) 

For faults before IDC the profiles are mirror images of those given in figure 6.5. 

The effect of locating the faults at the same locations before IDC can be visualised 

by considering the cage angle to be increasing from right to left rather than from 

left to right as shown in the figures given. The asymmetry of the loci suggests that 

geometrically there are differences between the motions produced by identical faults 

at the same locations before and after IDC. 



Figure 6.6 shows variations in the magnitude of the acceleration step, the magnitude 

of the impulse and the TTl as the fault moves further from TDC. All show 

increases although changes in the are smalL The increased magnitude of the 

step and the impulse suggest that geometrically a fault is more "severe!! the further 

it is from TDC. Clearly this is contrary to what is observed. Figure 4.22 shows the 

magnitude of the component transients decrease with movement away from TDC. 

This property of the RBM highlights the influence the balls either side of the ball 

within the fault have on the motion produced. In the RBM this influence was 

termed ball interference. 

6.2.3 Ball Interference 

Figure 6.7 shows the displacement loci given by the ball passing through the fault 

(ball #) and the two balls ahead and behind it (balls ± 1 and ± 2). As explained 

in section 5.2.4a ball interference alters the displacement locus calculated. In 

figure 6.8a no ball interference occurs as the locus for ball # is always greater than 

that of balls ± 1. For the bearing dimensions considered, faults greater than 

0.45 mm wide result in ball interference at IDC. Figure 6.8b shows ball 

interference caused by ball + 1 on entry and ball -1 on exit for a 0.6 mm fault. 

Ball interference at TDC results in the "clipping!! of the displacement locus altering 

the velocity and acceleration profiles as shown in figure 6.9. For comparison the 

broken line in this figure indicates the motions in the absence of ball interference. 

Similarly to outside the fault, during ball interference movement of the outer race 

is small although there is a slight difference in the gradient between the loci of the 

balls ± 1. Hence the velocity falls to approximately zero, and two negative pulses 

and three positive impulses are formed in the acceleration profile. The first 

impulse, referred to as the entry impulse, results from the impact of the ball + 1 

with the outer race. The second, of a much smaller magnitude, results from the 

impact of ball -1 with the outer race. The third impulse results from the impact of 

ball # with the exit edge of the fault and is the same magnitude as the entry 

impulse. The third impulse, termed the exit impulse, corresponds to the point of 

impact. 



~ 

i 
::Ii 

I 
,l;; 

I 
20 

() 
1() 

0 
0 10 20 30 

a) Variation in the acceleration step magnitude 

()'~-T~===r-----,----,-----.-----.--

b) Variation in the impulse magnitude 

~~r----------------------------------~ 

3.5 

~ 3. 

I 2. 
.§ 

~ 2. 

~ 
E 1. 

'" J 1. 
o 

0.& 

I) 

c) Variation in the time to impact 

6.6 Influence of fault location for the 
without ball interference 



E 
oS -c:: 
(I) 

E 

~ 
0. 
en 
is 

0.0 

..0.03 

..0.06 

..0.09 

-0.12 

r_Ball +1 

8all+2 

BaIl·1 
BaIl·2 

-=--i-------.... 

~ 

~ 

~ 

~ 

154 

Ball # 
Ball +1 

Ball +2 

8all.1 1 

/ 

~II# 

-2-=------c--

-
~ ---:------

--3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 

Cage Angle [degs] 

Figure 6.7 Adjacent ball displacement loci 



E 
.§. -c 
(I) 

E 

~ 
Ci 
tJ) 

1:5 

-0.010 

f---

-0.015 

·0.020 ----1 Ball +1 

-0.025 

..Q.03O 
-1.0 

I 

i 
i 

! 

-0.5 

Balltl 

~ ~ 
" / 

0.0 0.5 

Cage Angle [degs] 

a) 0.4 mm fault, no ball interference 

&11-1 J --

1.0 

·0.010 r-------;-------,------.-------, 

-0.015 -----------.-----------j----.. ------------- ---- I----------------------1--------------

Ball +1 ---------j-------"'-,,------------I---- -------/------ &11-1 

-0.030 '---------"-------'-------'--------' 
-1.0 -0.5 0.0 0.5 1.0 

Cage Angle [degs] 

b) 0.6 mm fault, ball interference occurs 

6.8 Ball interference for faults at 

155 



E 
oS 
i 
E 
8 
a:I 
0.. .., 
15 

C;; 

E" 
oS 

~ 
~ 

:2! 
r:: 
0 

~ 
¢l 

§ 
< 

-0.010 

-0.015 

-0.020 

-0.025 

-0.030 

I 
I 
I I I -------------------1-------------------+-------------------r-------------------I I I 
I I I 
I I I 

-------------------~-------------------r-------------------~------------------
I I I 
I I I 
I I I --------------- -1-------------------~-------------------r- ---------------

I 
I I I 
I I I -------------------r------ ------------r----------- ------r------------------
I I I 
I I I 
I I 

-------------------~------------ ------~-----~ ------------r-------------------
I ~ I·" I 

------------------~----------------~~~i~r~~---------------+-------------------
I I I 
I I I -------------------r-------------------r------------------,--------------------
I I I 
I I I 
I I I 

-1.0 -0.5 0.0 0.5 1.0 

Cage Angle [degs] 

a) "Clipped" displacement locus 

100.0 I I 
I', I 

I I " I ___________________ ~ ___________________ 4----Lr-------------~ __________________ _ 
I l ' I 
I I I 

50.0 
I I I 

-------------------~ ___________________ 4------- ---- -----~ __________________ _ 
I I I 
I I I 
I I 

-------------------~-------------------~------I I I 
I I I 

0.0 I-----""""'<:C--------t------------ I ------------t-------",------I 
I I 
I I I ----------- -------t-------------------t-------------------
I I I 

-50.0 
I I I 

-------------------~------ ---- ------~------------------~-------------------I I I 
I I I 
I . I I ___________________ J ______________ ~~ ___ _L __________________ J __________________ _ 

I . , I 
I ',I I 

-100.0 I I I 

-1.0 -0.5 0.0 0.5 1.0 

Cage Angle [degs] 

b) Velocity profile 

100.0 I I 
I I 

I I I 
-------------------+----------- -------~------ -----------~-------------------

50.0 
Entry Impulse ! _ ! .. ! Exit Impulse 

-------------------+----------- -------~------ -----------~-------------------I I I 
I I I -------------------L----------- _______ !______ _ __________ L ___________________ , 
I I I 

0.0 

-50.0 
---------~::::::::f:::::::::- -------\------- ---::::::::f:::::---J----------
--------- ---- -- ------------.~~~~~~~-~~~~~~~----------- --------------------I I I 

I I I 
I I I 

-------------------4-------------------~-------------------~--------------------I I I 
I I I 

-100.0 ~--------------~'--------------~'--------------~'---------------" 
-1.0 -0.5 0.0 0.5 1.0 

CageAngle [degs] 

c) Acceleration profile 

Figure 6.9 Ball interference, 0.6 mm fault, 1500 rpm 

156 



Clearly the occurrence of ball interference moves the point of impact away from the 

dual point and further from the point of entry. As a result the Tn will be greater 

than previously suggested by the impact at the dual point. 

A second consequence of ball interference is the limit it imposes on the penetration 

of ball into the fault. Penetration is measured as the maximum displacement of 

the outer race, relative to the point of entry, during passage through the fault. 

Once a fault is wide enough for ball interference to occur, the outer race moves no 

closer to the inner race as the width increases, see figure 6.10. 

-0.010 

---
-0.015 ----

=\~~~~~ -\\ ~1~t~~~-7~ -------
-\ I 

\. I 
-0.020 

I ---------- -- -r ---- ---
I 

-0.025 I ---------- ---------i ------
3.0mm 2.Omm 1.Omm 

-0.030 
5.0 -2.5 

i 
0.0 

cage Angle [degs) 

I I 

2.5 

Figure 6.10 RBM displacement lad with ball interference 
(centred at mC) 

----

5.0 

The magnitude of exit impulse will be proportional to the instantaneous change in 

gradient of the displacement locus at the point of impact. Hence from the "clipped" 

displacement loci given above it can be seen ball interference markedly reduces the 

magnitUde of the exit impulse compared with that produced when the point of 

impact occurred at the dual point. As fault width increases the magnitude of the 

exit impulse increases (see figure 6.4a) up to the point at which ball interference 

occurs. Thereafter the magnitude of the exit impulse remains approximately 

constant and of a value close to half that immediately prior to the occurrence of 

ball interference. During ball interference the direction of movement of the outer 

race is changed by three impulses rather than a single impulse at the dual point. 
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In summary, ball interference places an upper limit on the magnitude of the exit 

impulse as the width of a fault increases. Also, ball interference produces an entry 

impulse equal in magnitude to that of the exit impulse. 

a) Influence of Location 

As the location of a fault moves away from IDC the effect of ball interference 

increases. At locations after TDC the clearance between the displacement locus 

for ball #, in the absence of a fault and ball -1, decreases with angle from IDC, see 

figure 6.7. Similarly the clearance between the locus for ball # and ball + 1 

decreases with angle before TDe. Figure 6.11 shows loci for a 0.4 mm fault located 

at different angles past IDC; ball interference occurs at each location shown 

although it did not occur at IDC for the same fault, figure 7.8a. Further 

movement of the fault away from IDC increases the influence of ball interference 

to the point where the fault no longer alters the motion of the outer race. This is 

equivalent to the fault moving outside the load zone. 

As the clearance between the loci for ball # and those balls adjacent to it decreases 

with angle away from IDC, the magnitude of the penetration of the outer race 

during ball interference also decreases. This results in a reduction in magnitude of 

the entry and exit impulses; as the instantaneous velocity of the outer race increases 

with movement into the fault, decreasing the penetration reduces the change in 

velocity at the point where ball interference begins and at the point it ceases. 

Figure 6.12 shows acceleration profiles for a 0.6 mm fault at various angular 

locations past IDe. The reduction in the magnitude of the impulses produced is 

evident. In this figure the entry impulses are denoted with an 'n' and the exit 

impulses with an 'x'. At locations away from IDC two rather than three impulses 

are produced as ball interference occurs due to only one ball. 

As the acceleration profiles presented were computed numerically the magnitude 

of the impulses are functions of the sample spacing used during their calculation. 
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The magnitudes given in figure 6.12 and those that follow have significance only in 

comparison to others calculated similarly. All the acceleration profiles presented 

were computed using the same sample spacing; therefore the impulse magnitudes 

may be compared but individually have no absolute significance. 

Also evident from figure 6.12 is the asymmetry of the entry and exit impulse 

magnitudes. This is a consequence of the inclining locus for ball -1 and the 

declining locus for ball # at angles past IDe. As the loci for faults before and 

after IDC are mirror images about IDC, the asymmetry of the two impulses means 

the magnitude of the exit impulse for a fault before IDC would be expected to be 

greater than that for an identical fault after IDe. At the extreme case, a fault 

centred at 20 degrees before IDC will have an exit impulse whereas the same fault 

centred at 20 degrees past IDC, as shown in figure 6.12, will have no exit impulse. 
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6.3 Elastic Body Model 

The above section reported the form of the displacement loci calculated by the 

Rigid Body Model (RBM) and its properties with regard to the width, speed, 

location and ball interference. This section describes how these properties are 

modified by the Elastic Body Model (EBM) under the assumption that the 

contacting bodies are now considered linearly elastic. Influences on the 

displacement loci due to elasticity and to changes in the magnitude of the applied 

load are described. 

Three main effects were identified from the results of the EBM to described how 

the rigid body displacement loci were modified; the distribution of load, the 

stiffening due to dual point contacts and the softening effect near the edges of the 

fault modelled by zonal modification. The following sections describe these effects 

and report how they modify the rigid body loci. 

6.3.1 Distribution of Load 

Ball interference in the RBM demonstrated the significant effect the balls adjacent 

to ball # have on the displacement locus, particularly for large faults. In a real ball 

bearing elasticity of the contacting bodies means the position of the outer race is 

determined by the deformation of all the balls within the load zone. The RBM 

allowed no deformation of the contacting bodies so that essentially all the applied 

load is carried by only one ball at anyone time. During ball interference the ball 

taking the load is located outside the fault. In reality ball interference is a 

continuous process, any motion of the outer race caused by the passage of one ball 

through a fault is influenced by all the balls within the load zone. 

Figure 6.13 compares the displacement loci, velocity and acceleration profiles for 

a 2.0 mm fault given by the EBM at various loads with those of the RBM with ball 

interference. 
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Predictably the principal influence of elasticity is to smooth the displacement loci. 

The EBM reduced the acceleration of the outer race during entry and exit to 

approximately half that given by the RBM; the magnitude of the acceleration step 

remaining nearly independent of fault width. The EBM further showed the 

magnitude of the acceleration step was also independent of the magnitude of the 

applied load. 

Another consequence of the smoothing provided by the EBM was the rounding of 

the leading edge of the entry impulse. As ball # enters the fault, the load it was 

taking is continuously redistributed to the other balls within the load zone. 

Although this take-up of load becomes more rapid closer to the point at which 

ball # looses contact with the outer race, it is far less rapid than an impact. 

Elasticity also reduces the magnitude of the exit impulse from that given by the 

RBM and eliminates the small impulse that occurred at IDe during ball 

interference. 

The form of the motion described by the EBM for faults wider than approximately 

1.5 mm is similar to that described by the RBM with ball interference. Referring· 

to figure 6.13a, the first point of intersection between the elastic locus and the rigid 

locus marks the point at which ball # looses contact with the entry edge. From this 

point ball # will cease to take any load and the outer race will be supported by the 

remainder of the balls within the load zone. The second point of intersection marks 

the point at which ball # resumes contact with the outer race by striking the exit 

edge. This type of locus was termed a Mode 7 locus in reference to the mode of 

deflection that occurred during passage through part of the fault, figure 5.8. A 

Mode 7 locus is the EBM equivalent of ball interference in the 

The delay in the point of impact with the exit edge that resulted from "dipping" of 

the displacement locus has been discussed. For Mode 7 loci the point of impact 

. moves closer to the point of entry as the magnitude of the applied load increases. 

This is shown in figure 6.13c. Hence, an increase in the applied load will result in 

a decrease of the Figure 6.13 also shows penetration and consequently the 

magnitude of the exit impulse both increase with load. 
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6.3.2 Stiffening due to Dual Point Contacts 

Figure 6.14 shows displacement loci, velocity and acceleration profiles similar to 

those given in figure 6.13, for a fault 1.0 mm wide. The loci all tie below the rigid 

body locus indicating that ball # maintains contact with the outer race during 

passage through the fault. 

The "flattening" of the loci in figure 6.14a results from the stiffening effect of ball 

# contacting both the entry and exit edges of the fault during the dual point 

deflection modes. Due to the interference between the elastic bodies in contact, 

ball # contacts the exit edge before the dual point during entry and looses contact 

with the entry edge after the dual point during exit. Hence the first impulse in the 

acceleration profile occurs when ball # strikes the exit edge and the deflection 

mode changes from Mode 4 to Mode 5. This first impulse is the exit impulse and 

corresponds to the point of impact. The second impulse in the acceleration profile 

is the entry impulse. As with the Mode 7 loci, the leading edge of the entry 

impulse has been rounded by the distribution of load. In figure 6.14c the trailing 

edge of the exit impulse merges with the leading edge of the entry impulse. 

During the flat portion of the loci, as cage angle increases, ball # deflects in 

Mode 5 until the occurrence of Mode 6 when the deflection at both edges are 

equal. Mode 6 corresponds to the dual point in the RBM and for the faults centred 

about it occurs at IDC Past IDC ball # deflects in Mode 8 until contact 

with the entry edge ceases and Mode 9 commences. 

This type of locus is the EBM equivalent of the without ball interference and 

was termed a Mode 5 locus. As for the RBM with and without ball interference, 

the entry and exit motions for Mode 5 loci and a Mode 7 loci are similar. 

For Mode 5 loci, as the magnitude of the applied load increases the increased 

interference between the contacting bodies means contact with the exit edge will 

occur sooner. Figure 6.14c shows the point of impact (the first impulse) moves 
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closer to the point of entry as load increases. Therefore, for Mode 5 loci the 

will decrease with increased load, the same conclusion as drawn for the Mode 7 

loci. However, unlike the Mode 7 loci penetration and consequently the magnitude 

of the exit impulse decreases with increase in load. 

From the above discussion it is clear the two types of loci described are 

complementary in that either one or the other must occur, but not both. A Mode 

7 deflection and a Mode 5 deflection cannot occur on the same locus. The 

occurrence of either is dependent on the width of the fault and the magnitude of 

the applied load. Figures 6.13 and 6.14 have already shown that increasing the 

width of a fault from 1.0 mm to 2.0 mm changes the type of the locus produced 

from Mode 5 to Mode 7 at the loads considered. 

Figure 6.15 shows the displacement loci, velocity and acceleration profiles for a 

1.5 mm fault. As the load increases the elastic loci move downwards until they no 

longer intersect the rigid body locus. The transition from a Mode 7 to a Mode 5 

locus occurs at an applied load of around 4000 N for the 1.5 mm fault given in 

figure 6.15. 

Figure 6.15c shows that as the load increases the entry impulse moves to the right 

and the exit impulse moves to the left. As they approach each other their 

magnitudes increase and when they meet their magnitudes combine to a maximum. 

Where they meet marks the transition between the two types of loci. AI;} the load 

increases further the impulses move apart and the magnitude of each decreases. 

Figure 6.16 and 6.17 summarise the above results by plotting the time from the 

point of entry to the entry impulse, the time from the point of entry to the exit 

impulse, the magnitude of the exit impulse and the penetration of the outer race 

as functions of fault width and the magnitude of the applied load respectively. 



:§j 
c 
0 

-..:::; e 
~ 

8 
~ 

167 

o.o.-----------------------------------------------~ 

~0.025 -------------~---:::-s--~-============t=====:!::====:t=;::-z--~---------------
Elastic 1500N 

Elastic 5i00N 
-0.075 1---._---.-----

-0.100 '---------'---------'-----------'---------
-2.0 -1.0 0.0 1.0 2.0 

Cage Angle [degs) 

a) Mode 5 and Mode 7 type displacement loci 

80.0 .--------.....,----------,..-----------------, 

40.0 

0.0 

-40.0 

Ball Interference 
---------+-------------1-------------------- -------'-1- -/-------.. -- ,F---

---------+-------------i---------- ---.-----------

f.======~= Elastic 5i00N 
w--------i-- Elastic 3300N 

~__ ....,Af:-----/---/-i----------f- Elastic i500N 

-80.01-.----
-2.0 0.0 1.0 2.0 

1400 

1200 

1000 

800 

600 

400 

200 

0 

-200 

Cage Angle [degs] 

b) Velocity profiles 

Ball 
Interference 

f------------------------·-j.--- Elastic n 
+-------+--. Elastic 3300N .=i:::==t[7 __ /,~11JJ ~Cf-----------.----~ 

r-------=~~------~----. ~~I_-l---------------~ ----
----·---·--------~I_-------!e------------------- --- 1~--7---

--------------
I , 

- Elastic 1500N --------:-- ',-- 1--

--------------- fI-------+.---------.J--.JI~-:, T iC--I~fI-"__-'------------~--------H--------------< 

-2.0 -1.0 0.0 1.0 2.0 

Figure 

Cage Angle [degs] 

c) Acceleration profiles 

Elastic body model, 1.5 mm fault, 1500 rpm 



'0 
(l) 
(I) 

£ 

~ 
c: 
w 
0 -

i 
fh 

£ 
(l) 
0 
"S 
a. 
E 

~ 
0 -

0.7.---------------------------------------------, 

0.6 
5100 N 

0.5 
3300 N 

0.4 1500 N 
0 

0.3 

0.2~----_,----_,,_----,_----_r----_,------,_----~ 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Fault Width [mm] 

a) Time to the entry impulse 

2.0 

o 1500 N 

+ 3300 N 
1.5 • <) 5100N 

1.0 

0.5 

o.o~-----+------._----._----_.----_,------,_----~ 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Fault Width [mm] 

b) Time to the exit impulse 

Figure 6.16 Summary of the influence of fault width on the 
results from the EBM, 1500 rpm 

3.5 

168 



1200 

1000 

en 800 -0 
:J 

.:t:! 
C 
0) 
«l 600 ::E 

400 

~ 
200 

0 
0.0 0.5 

30 

25 

E 20 
::1. ...... 
c: 
0 15 !R g 
en c: 
en 10 Q. 

5 

0 
0.0 0.5 

1.0 1.5 2.5 2.5 

Fault Width [mm] 

c) Magnitude of the exit impulse 

1.0 1.5 2.0 2.5 

Fault Width [mm] 

d) Penetration of the outer race 

Figure 6.16 (continued) 

o 1500 N 

+ 3300 N 

o 5100 N 

3.0 

5100 N 

3.0 

169 

3.5 

3.5 



<D 
<Ii 
"5 a. 
E 
2:-.... c w 
0 -

U 
<D 
(/) 

§. 
<D 
(/) 

"5 
0-
E 

~ 
B 
<D 
E 
i= 

0.7 

2.0mm 
0.6 

++ I I I 

0.5 

1.0mm 
0.4 

0.3 

0.21-------~------~------,_------,_------~----~ 

1000 2000 

1.2 

1.0 2.0mm 

0.8 

1.Smm 
0.6 

0.4 1.0mm 

0.2 

0.0 

3000 4000 

Radial load [N] 

5000 

a) Time to the entry impulse 

6000 7000 

170 

1000 2000 3000 4000 

Radial Load [N] 

5000 6000 7000 

b) Time to the exit impulse 

Figure 6.17 Summary of the influence of the magnitude of the applied 
radial load on the results from the EBM, 1500 rpm 



1200 

1000 

(i) 

800 "0 
::::I 

;t::: 
t: 
c:» 
(\j 

~ 600 

400 

~ 
200 

0 

1000 

40.0 

35.0 

30.0 

25.0 

c 
0 20.0 1a 
.b 
(i) 
t: 15.0 (l> 

Il.. 

10.0 

5.0 

0 
1000 

1.0mm 

2000 

c) 

2000 

I i 
3000 4000 5000 

Radial load [N] 

Magnitude of the exit impulse 

3000 4000 

Radial load [N] 

5000 

d) Penetration of the outer race 

6.17 (continued) 

171 

1.Smm 

2.0mm 

I 
6000 7000 

2.0mm 

6000 7000 



172 

6.3.3 Zonal Modification 

As described in section 5.3.1, zonal modification was introduced to model the effect 

of the reduced contact stiffness as ball # nears the edge of the fault. Zonal 

modification considered the load deflection constant for the outer race contact to 

be an arbitrary function of cage angle, as given by equations [30] and [31]. 

Figure 6.18 demonstrates the need for the reduced stiffness to be included in the 

EBM at the free edge of the fault. Without zonal modification the stiffening at the 

dual point contacts would result in an outer race contact stiffness greater than that 

of a faultless race. Consequently the outer race would rise as the ball passed 

through fault as shown in figure 6.18a and at 5100 N in figure 6.18b. Also, due to 

the occurrence of Mode 3 deflections, the outer race may start to rise before the 

cage angle exceeds the angular location of the rigid body point of entry, as shown 

in figure 6.18a. Clearly both behaviours are impossible physically. 

Figure 6.19 shows displacement loci calculated with zonal modification for different 

values of the reduction factor, shape factor and zonal extent. As noted in section 

5.3.1, intuitively the reduction factor would be expected to exceed 50%. 

Figure 6.19b shows that with a reduction factor of 60% the calculated displacement 

may still rise due to Mode 3 stiffening prior to entering the fault. This can be 

eliminated by decreasing the shape factor or increasing the zonal extent, as shown 

in figure 6.19c. 

Due to the arbitrary nature of zonal modification little was gained by considering 

further how zonal modification influenced the displacement loci. Without a 

knowledge of how the Hertzian force deflection relationship, equation [25], is 

altered by the free edge of the fault such an analysis would be of little value. A 

separate project has been initiated to investigate this question using finite element 

solid modelling and it is hoped the results will be combined with the EBM at some 

later date. 
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It will be sufficient for this discussion to conclude that softening of the outer race 

contact near the edge of the fault must occur and its influence on the displacement 

loci may be significant, particularly for small faults. This softening will move the 

point of entry and the point of exit away from their respective edges and increase 

the TTL The distance these points move will increase with the magnitude of the 

applied load and possibly with the depth of the fault. The softening will increase 

the magnitude of the displacements that result from passage of a ball through the 

fault and consequently increase the sensitivity of the motions to changes in load. 

Although presented without zonal modification, it should be noted that the effects 

given in the previous two sections (6.3.1 and 6.3.2) could still occur in the presence 

of zonal softening. The Mode 7 loci and Mode 5 loci should have the same 

properties as described, however their sensitivity to load will increase. 

6.3.4 Influence of Location 

The location of the fault within the load zone influences the elastic displacement 

loci in ways similar to that described for the RBM, where the Mode 7 and Mode 

5 loci correspond to motions with and without ball interference respectively. 

Fault width and load conditions for which a Mode 7 loci occurs at IDC show 

monotonic decreases in the magnitude of the exit impulse with increase in angle 

from.IDC, see the 2.0 mm fault in figure 6.20a. The mechanism is similar to that 

described for ball interference in the RBM. However, in the EBM the limiting 

penetration is determined by interference with all the balls within the load zone and 

not simply the clearance between ball # and those adjacent to it. 

Fault width and load conditions for which a Mode 5 locus occurs at IDe may show 

a change to a Mode 7 locus as the location of the fault moves further from IDe. 

As for mode changes caused by increases in width and load, the magnitude of the 

exit impulse shows a maximum at the point of transition. Figure 6.20a shows the 

mode change marked by the maximum at ± 20 degrees for the 1.5 mm fault. The 

location of the point of transition moves further from IDC with increase in load. 
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Prior to the change in mode, impulse magnitudes decrease in a similar way to that 

described above for the Mode 7 loci. Small faults may not show a mode transition 

until near the edge of the load zone where it has little effect, as shown for the 

0.5 mm and 1.0 mm faults in figure 620a. The exit impulse magnitudes decrease 

with increase in angle from IDe. 

Unlike the RBM the magnitude of the acceleration step decreases with angle from 

IDe for the EBM. Figure 620b shows trends opposite to those in figure 6.6a. 

This indicates the significance of the influence of all the balls in the load zone and 

provides a mechanism to describe the modulation in the transients observed as the 

fault location varies in the load zone. 

The asymmetry of the loci noted during the discussion of the RBM results is less 

evident in the results from the EBM. Figure 6.20 shows a slight asymmetry of the 

step and impulse magnitudes. 

The loci show increases in the TIl with angular location of the fault relative to 

IDe, figure 6.20c, which is similar to the predictions from the RBM. 
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6.4 Application to the Experimental Results 

The preceding sections of this chapter have described the results of the two 

kinematic models and discussed their properties and relationships to each other. 

This section uses the models to explain the experimental results. 

The distinction between the source of excitation and the observed response has 

been stressed throughout this dissertation. The results of the models suggest a form 

of the source. How the source excites the physical system encompassing the bearing 

and how the system vibrates in response need to be considered before the 

experimental results can be interpreted. 

To help in the interpretation a mathematical model of the bearing, its housing and 

the loading system of the test rig, figure 6.21, was considered. The source excites 

the system through a spring K# the stiffness of which is related to the contact 

stiffness of ball #. The system is supported by this spring and that of balls ± m 

within the load zone. The foundation of spring m is considered stationary as its 

movement should be small compared with the source x(t). Springs K# and K±m 

can provide no tensile force. 

BIIII# 
Sliffness, K. 

x(t) 

loodingArm 

yet) 

Balls ±m 

6.21 Mathematical model of the system excited by the source xCt) 
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Most of the mass in the system is provided by the dead weights of the loading 

system ML. This mass is supported by a spring KL related to the bending stiffness 

of the loading arm. The mass of the loading arm has been distributed between ML 

and MH the mass of the bearing housing and outer race. It is the motion of MH 

that was observed by the accelerometer. 

Although crude this model should allow a qualitative assessment of the dvnamic 

character of the system particularly relationships between x(t) and observed 

response yet). 

6.4.1 Entry Motion 

The principal feature of the transient vibrations observed during the experimental 

investigation that distinguished them from those expected from the literature was 

the negative direction of first movement (DFM). It was shown experimentally that 

the negative DFM resulted from the motion of the outer race during entry of the 

ball into the fault. This motion occurred prior to the impact with the exit edge. 

For small fault widths the entry motion took the form of a linear ramp that formed 

a triangle at the point of impact, figure 4.3. For larger faults the ramp tailed off 

to form an entry transient that was observed to oscillate before the point of impact, 

figure 4.7. 

At the point of entry the RBM suggested there was a negative step change in 

acceleration. The magnitude of this step was approximately 50g at a shaft speed 

of 1500 rpm. Without zonal modification the gave similar results although 

the magnitudes were roughly halved. With zonal ·modification the form and 

magnitude of the entry acceleration were unknown due to the arbitrary way in 

which the load deflection constant was modified. However, the entry acceleration 

will be negative and it is assumed it will be of a similar if not a higher magnitude 

than those given above. 
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Referring to figure 6.21, due to the magnitude of the entry accelerations suggested 

by the models, dynamic considerations make it reasonable to assume the 

acceleration of y(t) will be far less than x(t). Therefore, as x(t) accelerates away 

from an equilibrium position the elastic potential stored in will be released as 

the exciting force of the system. If x(t) had an infinite acceleration would excite 

the system with an impulse. x(t) had a finite acceleration the system would be 

excited by a ramp function, the area of which would be limited by the elastic 

potential stored in the K#. Both models showed that during entry x(t) had a large 

finite acceleration. 

The ramp function will be assumed linear, as shown in figure 6.22 It will have a 

maximum duration T max and a maximum height F max" T max is the time taken for 

ball # to move from the point of entry to the point of separation from the outer 

race. The area enclosed by the ramp will be a function of both the magnitude of 

the applied load and the rotational speed. At constant speed, both T max and F max 

will increase with the magnitude of the applied load, figure 6.22a. At constant load, 

T max will be inversely proportional to the rotational speed and F max will be 

constant, figure 6.22b. 

The duration of the ramp for a particular fault width will be given by the as 

shown in figure 6.22c. Faults for which the EBM shows ball # does not lose 

contact with the outer race will have TITs less than T max" Where the exceeds 

T max the duration of the ramp will equal T max' This corresponds to a Mode 7 type 

loci where ball # loses contact with the outer race. In such cases the system will 

be in free vibration during the period between the end of the ramp and the point 

of impact. 

The response of a system to a particular exciting force may be estimated using the 

convolution integral [72]. Thus, by constructing a ramp corresponding to a 

particular fault and convolving it with the impulse response of the system, the 

response during the entry motion may be estimated. As convolution in the time 

domain is equivalent to multiplication in the frequency domain [16], the influence 

variations in the ramp have on the entry motion may be assessed by considering the 
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Figure 6.22 Ramp forcing function 
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frequency content of the ramp function. Use of the convolution technique in this 

way is however contingent on the impulse response being independent of changes 

in speed and load. 

Figure 6.23 shows entry responses estimated using convolution for faults the 

experimentally recorded responses of which were given in figure 4.3. The exciting 

functions used were constructed using two identical ramp functions, one negative 

and one positive, separated by a positive impulse of a magnitude ten times dlat of 

the ramps. The negative and positive ramps represent the entry and exit motions 

respectively and the impulse represents the impact. The exciting function was 

numerically convolved with the impulse in figure 4.1. Based on the results of the 

1.0 mm fault the accelerations were scaled by an arbitrary factor to be similar in 

magnitude to figure 4.3. Similarities between the transients in figures 4.3 and 6.23 

are apparent although for the 0.2 mm fault there is a reduction in the magnitude 

of the entry transient. 

a) Fault Width 

Figure 4.18 showed that as the width of the fault increased the measured magnitude 

of the entry transient increased up to a width of approximately 1.0 mm, and that for 

the 3.0 mm fault it had approximately the same magnitude as for 1.0 mm. 

Returning to the model oJ figure 6.21, as the width of a fault increases the duration 

and amplitude of the ramp function increases until the TIl equals T max: thereafter 

the fault width has no influence on the ramp. Hence the magnitude of the entry 

transient would be expected to rise to a maximum then continue unchanged, as fault 

width increased. This is consistent with the experimental trend shown in figure 4.18. 

b) Rotational Speed 

Figure 4.16 showed that the measured magnitude of the entry transient increased 

with increase in rotational speed. 
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As noted above, T max decreases with increase in rotational speed and remains 

constant. Hence in the frequency spectrum of the ramp function the amplitude of 

the higher frequencies will increase and those of the lower frequencies will decrease 

as speed increases. Thus in the dynamic response the resultant magnitude of the 

entry transient will depend on the frequency components of the impulse response 

of the system. If the impulse response has predominantly high frequency 

components the magnitude of the entry transient will increase with rotational speed. 

However if the impulse response has predominantly low frequency components the 

magnitude of the entry transient may decrease. 

The magnitude of entry transient showed a decreasing trend with increase in speed 

when calculated by numerically convolving ramps corresponding to different 

rotational speeds with the impulse response shown in figure 4.1. This is contrary 

to the experimental trends shown in figure 4.16. However where the impulse 

response lacks the higher frequency components a decreasing trend would be 

expected. The impulse response used for the convolution resulted from striking the 

loading arm with a metal bar. It is unlikely that many of the higher frequency 

components of the actual impulse response would be excited by this technique. 

Without these components the magnitude of the entry transient does not increase 

with speed. 

As a consequence the influence rotational speed has on the magnitude of the entry 

transient will depend on the frequency components of the impulse response of the 

system. Different bearing installations may exhibit different trends in the entry 

transient magnitude with changes in rotational speed. 

The influence of rotational speed on the magnitude of the entry transient will also 

depend on the width of the fault. The width of the fault dictates the maximum 

duration of the ramp function and hence its frequency content. A particular 

bearing installation may show different trends with rotational speed as the width of 

the fault changes. 
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c) Load 

Figure 4.15a showed that the magnitude of the entry transient increased with load 

for all the fault widths considered. 

For a given rotational speed the magnitude of the applied load will influence the 

maximum duration T max and the maximum height F max of the ramp function. 

Faults for which the is less than T max (Mode 5 type loci) the ramp function will 

be unaffected by load. Faults for which the TTl exceeds T max (Mode 7 type loci), 

both the duration and height of the ramp function will increase with load. The 

frequency content of the resulting ramp function would be expected to show an 

increase in the magnitude of low frequency components. 

As with rotational speed, the response that will result from these inputs will depend 

on the frequency content of the impulse response of the system. However, as the 

load is applied by dead weights, increasing the load on the test bearing also 

increases the mass of the system. This will alter the impulse response of the system 

and consequently influence the magnitude of the entry transient regardless of any 

changes in the input. Load will influence both the input and the impulse response 

of the system for faults giving a Mode 7 type locus: load will influence only the 

impulse response for a Mode 5 type loci. 

Resonance tests were undertaken, using a sinusoidal shaker, to assess the influence 

changes in load had on the frequency response of the test rig. Although the 

position of the major resonant frequencies were essentially constant their 

amplitudes were influenced by load. Generally load increased the amplitude for 

most resonant frequencies particularly those at low frequencies although there were 

some exceptions. 

As the experimentally recorded magnitude of the entry transient increased for all 

the fault widths considered, including [hose that would be expected to give Mode 5 

loci, it was likely the effect of load on the impulse response of the system was the 
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dominant influence. Comparison with the results of similar tests undertaken on a 

facility where the loading system does not alter the impulse response of the system 

is required to resolve satisfactorily the relative influence of the two effects. As with 

rotational speed, trends in the magnitude of the entry transient with changes in load 

will depend on the particular installation in question and how its impulse response 

changes with load. 

d) Free Vibration 

Fault widths for which the Tn exceeds T max' during the period between the end 

of the ramp and the point of impact, the system will be in free vibration. The RBM 

suggested this would occur for fault widths greater than 0.45 mm and the EBM 

suggested at the loads considered it would occur for fault widths greater than 

approximately 1.5 mm. 

Figure 6.24 shows the results of double integrating the acceleration transients 

recorded for faults 0.8 mm and 3.0 mm wide. The 3.0 mm fault shows the "clipping" 

of the displacement described by the models. Oscillations prior to the point of 

impact are indicative of free vibration. The 0.8 mm fault gives no indication of 

such a change in the displacement prior to the point of impact. 

Figure 6.24 also demonstrates the dynamic influence of increased speed on the 

motion of the outer race. Increased speed increases the tendency for ball # to "fly" 

across the fault, as indicated in figure 4.10, rather the roll into it about the entry 

edge. 

As a consequence of the "clipping", the occurrence of an entry impulse was 

suggested by the models. Although the EBM showed it was not an impact, the 

rapid take-up of the load still gave high positive accelerations. As shown in 

figure 6.25 and to a lesser degree in figure 4.7 evidence of this entry impulse was 

noted in the transients recorded for the 3.0 mm fault. 
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5.0 

The timing between the point of entry and the point of impact was central to 

proving the hypothesis concerning the origins of the transients excited by the 

discrete faults tested. Experimentally the hypothesis was satisfied by demonstrating 

the measured was consistent with the current understanding of the impact 

action. In the light of the new understanding of the impact action provided by the 

two models this section will briefly reexamine the hypothesis. 

Both models suggested the point of impact was unlikely to occur at the dual point 

for all fault widths. The showed that due to ball interference the point of 

impact was delayed significantly for large faults. The EBM showed that for Mode 5 

loci the point of impact occurred before the dual point and for Mode 7 loci it 

occurred after the dual point. For both modes the point of impact was shown to 

move closer to the point of entry as load increased. 

Experimentally it was sho\1m the measured TTl corresponded to a fixed physical 

distance that could be estimated and was found to be close to half the width of the 

discrete fault that produced it. From the above results the models suggested the 
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distance from the point of entry and the point of impact was not always half the 

width of the fault. Further, contrary to figure 4.9 the 

distance should also be a function of load. 

predicted that this 

An explanation for this apparent inconsistency was given by the softening effect of 

the free edge of the fault addressed by zonal modification. As noted in 

section 5.3.1 it is likely the extent of the entry zone will be related to the 

dimensions of the Hertzian contact area given in equation [29]. For Mode 5 loci 

the distance from the point of impact to the dual point may be similarly related. 

Therefore at a given load the point of entry may move a similar distance away from 

its rigid body location as the point of impact moves from the dual point. Hence, 

the TIl would still correspond to approximately half the rigid body width of the 

fault. 

In the case of Mode 7 loci the TIl will always be larger than half the width of the 

fault and the difference will increase with width. This perhaps explains why the 

estimated fault width in figure 4.12 becomes increasingly larger than that given at 

the dual point for faults widths greater than approximately 1.0 mm. 

Where ball # moves from left to right, section 6.3.2 showed that the point of impact 

moved to the left with increased load for both types of loci. As the extent of the 

entry zone increases with load, the point of entry will also move to the left with 

increased load. If the rates of movement of these two points with load are similar 

the TIl will be independent of the magnitUde of the applied load. Figure 4.9 

suggests this is the case. Further knowledge about the effect the free edge of the 

fault has on the extent of the entry zone will be required before the will 

explain this more fully. 

6.4.3 Magnitude of the Impact Transient 

The impulse produced on impact with the exit edge of the fault would be expected 

to have components in both the vertical and horizontal directions. In the one 
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dimensional analysis given by the models only a component in the vertical direction 

was considered. Experimentally it was shown that the magnitude of the horizontal 

component was small compared with that of the vertical component. This was 

demonstrated by positioning the sensitive axis of the accelerometer at angles other 

than TDe. This showed the resulting impact transient magnitudes were 

considerably less than those recorded with the axis aligned with IDe. The 

magnitudes at right angles to IDC were sufficiently small to suggest that the 

influence of the transverse sensitivity of the compression type accelerometers used 

may have been significant. The magnitudes of the transients recorded with the 

accelerometer at "bottom dead centre" were similar to those at TDC although, as 

would be expected, the amplitUdes were inverted. 

a) Fault Width 

Figure 4.19 showed that as the width of a fault increased the measured magnitude 

of the impact transient rose to a maximum at a width of approximately 1.0 mrn. 

For the 3.0 mrn fault the magnitude of the impact transient was considerable less 

than at 1.0 mrn. 

Figure 6.16c showed that the EBM gave similar results. Up to the maximum, Mode 

5 loci show an increase in the magnitude of the exit impulse as penetration 

increases with fault width. During this time the entry and exit impulses move closer 

together. At the transition from Mode 5 to Mode 7 loci both impulses combine to 

give a maximum. Thereafter penetration is independent of the fault width and the 

exit impulse magnitude reduces to a constant value. As described in section 6.2.3 

the RBM predicts a similar trend with fault width as the exit impulse increases in 

magnitude then splits into two impulses with the occurrence of ball interference. 

Therefore both models support the results given in figure 4.19. Further 

experimental results are required to provide greater detail of trends during the 

mode transitions predicted by the models. 
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b) Free Vibration 

Section 6.4.1d has described the free vibration that occurs during Mode 7 loci prior 

to the point of impact. For Mode 7 loci the magnitude of the impact transient may 

vary as the velocity of the outer race, immediately prior to the point of impact, 

depends on the free vibration. 

Figure 6.26 describes how this occurs. Depending on the relationships between the 

fundamental period of the free vibration and the duration of the free vibration, the 

outer race may be stationary (locus A) or may be moving with a positive (locus B) 

or negative (locus C) velocity immediately prior to the impact. In figure 6.24b the 

locus at 1500 rpm shows a negative velocity prior to impact whereas the locus at 

2000 rpm shows a positive velocity. Therefore for large faults the magnitude of the 

impact transient will not only be a function of the response of the system to the exit 

impulse. The response of the system during the free vibration and its relationship 

with the duration of the free vibration will influence the magnitude of the exit 

impulse. 

For Mode 5 loci the velocity of the outer race immediately prior to the point of 

impact will be always be negative and its magnitude will be influenced to a far 

lesser degree by the response of the system. 

c) 

Figure 4.15b showed that the magnitude of the impact transient increases with the 

magnitude of the applied load for all fault widths except the 3.0 mm fault. For the 

3.0 mm the magnitude of the impact transient decreased with load. 

The predicted the magnitude of the exit impulse was influenced by load for 

both types of loci. For Mode 5 loci, the 1.0 mm fault in figure 6.17 showed that as 

penetration decreased with increased load, the magnitude of the exit impulse 

decreased. Conversely for Mode 7 loci (the 2.0 mm fault in figure 6.17), 
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as penetration increased with load the magnitude of the exit impulse increased. 

Without consideration of the influence of load on the impulse response of the 

system these trends are contrary to those observed experimentally. 

Section 6.4.1c noted that an increase in the mass of the system increased the 

amplitude of most of the resonant frequencies. For Mode 5 loci the decrease in 

magnitude of the impact may be offset by the increased amplitude of the 

components of the impulse response of the system. The impact transient that will 

result depends on the complex relationship between the amplitude and frequency 

of the components of the source impulse and the impulse response of the system. 

The experimental results of figure 4.15b suggested that the decreased magnitude 

of the impact was offset by changes in the impulse response of the system. 

The free vibration described in the previous section will be influenced by changes 

in the load. Therefore in addition to the effects noted above the magnitude of the 

exit impulse resulting from a Mode 7 loci will be influenced by the effect of load 

on the free vibration. Although the EBM predicts that the exit impulse will 

increase in magnitude with load, this may be altered by the free vibration of the 

system prior to impact. This could occur due to a change in amplitude of the free 

vibration or a change in the fundamental frequency of oscillation as shown in 

figure 6:26. 

Changes in the mass of the system may alter the free vibration such that the 

magnitude of the exit impulse decreases with load. This decrease may be sufficient 

to offset the increased amplitude of the frequency components of the impulse 

response and result in a decrease in the magnitude of the impact transient observed. 

However this result is system dependent and may vary from one installation to 

another. 
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d) Rotational Speed 

Figure 4.17 showed that the measured magnitude of the impact transient increased 

with rotational speed. As the width of the fault increased the rate of increase with 

speed increased to a maximum. The gradient of the 3.0 mm fault was less than the 

1.0 mm fault. 

As both models were "quasi-static" an increase in rotational speed resulted in 

scaling of the velocity and acceleration profiles. The velocity profiles will increase 

in direct proportion to the rotational speed and the acceleration profiles will 

increase with the square of the rotational speed. As the magnitude of the impulses 

are given by the instantaneous change in the velocity the magnitude of the exit 

impulses will increase in direct proportion to the rotational speed. Clearly this is 

consistent with the experimental results. 

Although changes in rotational speed may alter the stiffness of the hydrodynamic 

support bearings the influence of this on the impulse response of the system should 

be very small. The impulse response of the system was considered independent of 

rotational speed. 

The decreased sensitivity of the magnitude of the impact transient to changes in 

rotational speed shown by the 3.0 mm fault may result from dynamic changes in the 

free vibration of the system prior to the point of impact Figure 6.24b demonstrated 

how the free vibration of the outer race was altered by changes in the rotational 

speed. The decreased sensitivity observed may also be system dependent and may 

vary from one installation to another. 

6.4.4 Influence of Location 

Figure 4.22 showed that the TTl and the magnitude of both component transients 

decreased with angular location from me. The component transients also showed 

an asymmetry in trends before and after me. 
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Experimental results on the effect of location for faults larger than those given in 

figure 4.22 were not available due to the duration of testing required. The available 

test life of large faults is limited by the occurrence of secondary damage which 

changes the dimensions of the fault during a test. A large number of similarly sized 

faults would have had to be tested to accumulate the required data to assess the 

influence of fault location for large faults. 

Both models highlighted the significant role the balls outside the fault play in 

determining the motion of the outer race, particularly when considering the 

influence of fault location. The results given in figure 6.6 bear testimony to this. 

Without ball interference the RBM predicted an increase in the step and impact 

magnitudes with distance from IDe, a result contrary to that observed. 

The EBM predicted that the magnitude of the step change in acceleration at the 

point of entry decreased as the location of the fault moved further from IDe. This 

would cause a reduction in the magnitude of the entry transient, which is consistent 

with the experimental results. This reduction was not a consequence of the reduced 

ball load at the point of entry. The reduction resulted from the increased rate at 

which load was taken by the other balls within the load zone during entry of ball 

# into the fault. 

Similarly the magnitude of the exit impulse was reduced by the influence of the 

balls outside the fault. Both the RBM with ball interference and the EBM showed 

that the magnitude of the exit impulse and consequently the magnitude of the 

impact transient reduced with angular location from 

with the experimental results. 

This too is consistent 

Both models predicted some asymmetry of the impulse magnitudes before and after 

IDe. However, the degree of the asymmetry in figure 4.22a is greater than that 

predicted. It is suggested that the asymmetry observed may have been caused by 

the way the loading arm applies the load to the test bearing. The load zone may 

not have been centred about the IDe mark on the test housing, that was used to 

align the accelerometer. 
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In contrast to observed results, both models predicted that the 1TI would increase 

with angle from IDe. However, as discussed in section 6.4.2, the influence that 

changes in load have on the 1TI requires better modelling of the softening that 

occurs near the edges of a fault. This softening makes the point of entry a function 

load. 

Continuing the example given in section 6.4.2, where ball # moves from left to 

right, as the location of the fault moves further from IDC the point of impact 

moves to the right, away from the point of entry. This occurs for both types of 

elastic loci and causes the increased TTl given by the models. However as the ball 

load at the point of entry decreases with angle from IDC the point of entry will 

move closer to the edge of the fault, hence it too will move to the right. How the 

resulting 1TI is influenced by the location of the fault will depend on the amount 

of movement of these two points with angle from IDe. The results given in figure 

4.22a suggest the point of entry moves further than the point of impact for the fault 

widths shown. 

The distance the point of entry would have to move for the 1TI to decrease is 

comparable to the dimensions of the Hertzian contact area for the fault widths 

shown in figure 6.20. As fault width increases the amount of movement required 

also increases, suggesting that for faults larger than those shown, the TTl may 

increase with angle from IDe. A greater knowledge of the softening effect near 

the edge of the fault would be required to pursue this question further. 
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6.5 Summary 

The results of two kinematic models have been presented. Displacement loci 

predicted by the Rigid Body Model (RBM) were described and their properties 

with regard to the fault width, the rotational speed, the location of the fault and 

ball interference were reported. The importance of ball interference, particularly 

when considering the location of the fault, was noted. 

The results of the Elastic Body Model (EBM) were presented as modifications to 

the rigid body displacement loci; three main effects were described. The need for 

zonal modification was demonstrated. 

A mathematical model of the system was used to help interpret the relationships 

between the source of excitation predicted by the models, and the response 

observed experimentally. The models were then applied to explain the origins of 

the observed transient responses. The mechanisms described demonstrate that the 

impulse response of the system influences the generation of the source in addition 

to the behaviour of the system in response to the source. 

The hypothesis concerning the origins of the observed transients was reexamined 

in the light of the new understanding provided by the models. A lack of knowledge 

concerning the softening effect near the edges of the fault prevented the EBM from 

conclusively explaining the experimental results concerning the time to impact 

(Tn); however, the influence it has was identified and possible explanations for the 

results were suggested. 
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Chapter Seven 

Conclusions and Recommendations 

7.0 Conclusions 

An investigation into the vibrations excited by discrete faults in rolling element 

bearings has been successfully undertaken. 

A review of previous studies in the area of vibration monitoring suggested a lack 

of knowledge concerning the form of the vibration source and its relationship to the 

vibration observed. Many of the observed properties of the vibrations excited by 

discrete faults are not adequately explained by the assumption that the source is an 

impulse. 

A computerised test facility was designed and constructed. The facility permitted 

the controlled creation, acquisition and storage of accurate and reliable vibrational 

information from a radially load SKF 6205 deep groove ball bearing. The use of 

hydrodynamic support bearings was instrumental in eliminating external noise in the 

signals recorded; therefore, vibrations from the test bearing were directly observable 

in the signals without having to consider the presence or influence of other sources. 

An etching procedure was developed to produce discrete faults of a known width 

and form on a race of the test bearing. Attention to detail of the form of the 

discrete faults used, and the development of an etching process to provide control 

over this detail was central to the success of the experimental investigation. 

Accurate, repeatable and comparable data from a range of fault widths was 

produced. 

A library of test data was created and stored on a computer. Sets of frequency 

spectra and time waveforms were recorded at different rotational speeds and 
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applied loads for a range of fault widths on the inner race and a range of fault 

widths and locations on the outer race. The database produced has provided an 

extensive resource of vibrational information relating to the character of discrete 

race faults in a ball bearing. 

A computer software package, named REBAP (Rolling Element Bearing Analysis 

Package) has been written to provide the signal processing and display functions 

required to analysis the test data. Usage of the REBAP software in combination 

with the test data library has proven to be an invaluable research tooL 

Analysis of the test data revealed that although outwardly the response produced 

by the discrete faults was similar to that suggested by the literature, the detailed 

form of the transient oscillations produced were significantly different. Two 

fundamental differences were observed; the direction of first movement of each 

transient was opposite to that of the response expected from an impact with the exit 

edge of the fault, and that more than one event was involved in the generation of 

the transient. 

Two events were identified, the point of entry and the point of impact. The time 

between these events, called the time to impact (TIT) was proven to be consistent 

with the hypothesis that the point of entry marked the point at which the ball starts 

to roll into the fault and that the point of impact was the point at which it struck 

the exit edge of the fault. 

Variations in the width of the fault, the location of the fault, the speed of rotation 

and to a lesser degree the magnitude of the applied radial load all influenced the 

form and the magnitude of the transient oscillations produced. 

Of these influences the effect of fault width is the most significant. Current 

monitoring techniques used in the vibration monitoring of rolling element bearings 

do not provide reliable trending information on the progression of damage. The 

effect fault width has on the form of the transient explains why these techniques 

may fail and provides a phenomenon that may be used to determine the width of 
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the fault. If the point of entry and the point of impact can be located in a transient 

produced by a discrete fault, the Tn may be used to estimate the width of the 

fault. Such information would be invaluable to predictive maintenance personneL 

Also, this information may be obtained from a single vibration record, hence a 

"single shot" estimate of the severity of a fault may be obtained. 

Two original kinematic models describing the motion of the outer race with respect 

to the inner race of a radially loaded ball bearing with a discrete fault on the outer 

race were successfully derived and solved. The Rigid Body Model (RBM) assumed 

the contacting bodies to be perfectly rigid and the Elastic Body Model (EBM) 

assumed them to be linearly elastic. The concept of zonal modification was 

introduced in the EBM to model the softening effect due to the, free edge of the 

fault. 

The results of the kinematic models enabled a greater understanding of the 

behaviour of a ball bearing during the passage of a ball through a discrete fault, and 

the mechanism by which this influences the vibrations observed. The results of the 

models explained many of the properties of the experimental results. 

These properties are influenced significantly by the impulse response of the system. 

In the case of large faults the impulse response of the system influences the 

generation of the source in addition to the behaviour of the system in response to 

the source. 

The significant effect those balls outside the fault have on the generation of 

vibrations was demonstrated by both models and a mechanism was identified to 

explain the modulating influence of the load zone on the transients observed. 

The softening effect due to the free edge of the fault will have an influence on the 

vibrations generated, particularly for small faults. A lack of knowledge concerning 

this effect prevented the EBM from conclusively explaining the experimental results 

concerning the time to impact; however the influence it has, has been identified. 
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7.1 Recommendations for Future Work 

The recommendations for future work in this area are numerous. The new 

understanding of the vibrations excited by discrete faults resulting from this 

investigation has opened many avenues of study that should be very worthwhile 

pursuing. More fundamental knowledge is required for the field of vibration 

monitoring to progress. The benefits of a better understanding of the processes 

involved in the generation and transmission of vibrations excited by discrete faults 

should be enormous; industry requires this information desperately. 

A large proportion of this project has been devoted to the development of test and 

processing facilities to accurately and conveniently assess the vibrations produced 

by rclling element bearings. This facility should enable the following experimental 

investigations to be pursued. 

a) further testing to assess the influence of fault depth, fault shape and different 

bearing types on the form of the transient vibrations produced 

b) evaluation of signal processing techniques to detect the point of entry and 

the point of impact to estimate the time to impact and hence the width of 

the fault 

c) further testing of faults widths in the region of the mode transitions 

predicted by the EBM to assess its validity 

d) more detailed analysis of the influence of location on the transient vibrations 

produced, to assess the validity of the mode changes predicted by the EBM 

and the asymmetry predicted by both the RBM and the 

e) alteration of the structural properties of the test rig to assess the effect 

changes in the impulse response of the system have on the generation of the 

source predicted by the EBM 
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f) modification of the loading system of the test facility to eliminate the change 

in the mass of the system that occurs with changes in load. 

Recommendations for future theoretical work include: 

a) extension of the models to predict the displacement of the outer race 

produced by a discrete fault on the inner race 

b) the inclusion of a more realistic model of the softening effect near the free 

edge of the fault than that provide by zonal modification, this should allow 

small faults to be modelled more realistically and should also allow flaws in 

the race surfaces that have very little geometrical width, such as surface 

cracks, to be modelled 

c) refinement of the EBM with regard to the removal of less significant effects 

and the use of more efficient computational procedures to increase the 

speed with which the displacement loci are calculated 

d) development of a dynamic model of the test bearing and the surrounding 

structure to predict more realistically the dynamic response generated by the 

source. 



203 

References 

1. Alfredson, and Mathew, J. Time Domain Methods for Monitoring the 

Condition of Rolling Element Bearings, Transactions of the of 

Engineers, Australia, MElO(2), July 1985, pp102-107. 

2. Alfredson, R.J. and Mathew, J. Frequency Domain Methods for Monitoring 

the Condition of Rolling Element Bearings, Transactions of the Institution 

of Engineers, Australia, MEI0(2), July 1985, pp108~112. 

3. Babkin, A.S. and Anderson, J.J. Mechanical Signature Analysis of Ball 

Bearings by Real Time Spectrum Analysis, The Journal of Environmental 

Science, 16(1), January-February 1973, pp9-17. 

4. Bagnoli, S., Capitani, R. and Citti, P. Comparison of Accelerometer and 

Acoustic Emission Signals as Diagnostic Tools in Assessing Bearing Damage, 

BHRA Proceedings of the 2nd International on Condition 

Monitoring, London, 24~25 May 1988, Paper 10, pp117~125. 

5. Balderston, H.L. The Detection of Incipient Failure in Bearings, Materials 

Evaluation, June 1969, pp121-128. 

6. Barthel, K The Shock Pulse Method for Determining the Condition of 

Anti-Friction Bearings, Proceedings of the Machinery Vibration Monitoring 

Analysis Seminar, Sponsored by the Vibration Institute, February 1978, 

pp199-204. 

7. Bates, 

Noise 

Condition Monitoring for Cost-Effective Machine Maintenance, 

Vibration Control Worldwide, 18(4), April 1987, pp124-125. 

8. Berry, Diagnostic Evaluation of Machinery Using Vibration Signature 

Analysis, Sound and Vibration, June 1986, pplO-17. 



204 

9. Berryman, Michie, Smulders, A. and Vermeiren, Condition 

Monitoring - A New Approach: A Method of Monitoring Machines Using 

a High Frequency Acoustic Emission Technique, Engineering and 

Research, The Netherlands: presented by John Barclay, 1991 Vibrations 

Association of New """'-." ........... Inc., First Annual Conference, 15-16 May 1991, 

Rotorua, New Zealand. 

10. Board, D.B. Incipient Failure Detection in High-Speed Rotating Machinery, 

Proceedings of the 10th Symposium on Non~Destructive Evaluation, San 

Antonio, Texas, April 1975, pp8-18. 

11. Boto, P.A Detection of Bearing Damage by Shock Pulse Measurement, 

Ball Bearing Journal, 167, The SKF Ball Bearing Co. (NZ) Ltd., June 1971, 

pp1-7. 

12. Braun, S.G. The Signature Analysis of Sonic Bearing Vibrations, IEEE 

Transactions on Sonics and Ultrasonics, SU-27(6), November 1980, 

pp317-328. 

13. Braun, S.G. Mechanical Signature Analysis, Theory and Applications, 

Academic Press Inc. (London) Ltd, 1986. 

14. Braun, S. and Datner, B. Analysis of Roller/Ball Bearing Vibrations, 

Transactions of the ASME, Journal of Mechanical Design, 101(1), January 

1979, pp 118-125. 

15. Braun, S. and Seth, Analysis of Repetitive Mechanism Signatures, 

Journal of Sound Vibration, 70(4), 1980,pp513-526. 

16, Brigham, Fast Fourier Transform, Prentice-Hall, 1974. 

17. Broderick, I.J, Burchill, R.F and Clark, Design and Fabrication of 

Prototype System for Early Warning of Impending Bearing Failure, Design 

Report, NASA-CR-123717, January 1972, 97p. 



205 

18. Brnel and Kja;r Instruments, Inc., Instructions and Applications 4312/4315, 

Reprint July 1969, 80p. 

19. Burchill, R.F. Resonant Structure Techniques for Bearing Fault Analysis, 

roceeCllns!S of the 18th of Mechanical Failures Prevention Group, 

National Bureau of Standards, NBSIR September 1973, pp21~29. 

20. Burchill, R.F., Frarey, J.L. and Wilson, D.S. New Machinery Health 

Diagnostic Techniques Using High~ Frequency Vibration, SAR Paper 730930, 

1973,8p. 

21. Cempel, C. Diagnostically Oriented Measures of Vibroacoustical Processes, 

Journal of Sound and Vibration, 73(4), 1980, pp547-561. 

22. Chiu, Y.P., Tallian, McCool, J.I. and Martin, J.A. A Mathematical 

Model of Spalling Fatigue Failure in Rolling Contact, ASLE Transactions, 

12(2), 1969, pp106-116. 

23. Chiu, Y.P., Tallian, T.R, McCool, J.1. An Engineering Model of Spalling 

Fatigue Failure in Rolling Contact, Wear, 17(5-6), May-June 1971 pp433-446. 

24. Collacott, R.A. Mechanical Fault Diagnosis and Condition Monitoring, 

Chapman and Hill, London, 1977. 

25. Darlow, M.S. and Badgley, R.H. Early Detection of Defects in Rolling 

Element Bearings, Paper 750209, 1975, 12p. 

26. Darlow, M.S. and Badgley, R.H. Applications for Early Detection of Rolling 

Element Bearing Failures Using the High-Frequency Resonance Technique, 

Paper 1975, Sp. 



206 

Darlow, M.S, Badgley, and Hogg, G. Application of High-Frequency 

Resonance Techniques for Bearing Diagnostics in Helicopter Gearboxes, 

Army Air Research Laboratory, 

USAAMRDL-TR-74-77, 1974, 127p. 

28. de Mul, 1.M., Vree, 1.M. and Kuypers, J.C. The Influence of Certain 

Raceway Dent Geometries (3-D) on Contact Stresses and Rating Fatigue 

Life of Rolling Bearings, Transactions of the ASME, Journal of Tribology, 

111(3),luly 1987, pp452-461. 

29. de Mul, J.M., Kalker, J.J. and Fredriksson, The Contact Between 

Arbitrarily Curved Bodies of Finite Dimensions, Transactions of the ASME, 

Journal of Tribology, 108(1), January 1986, pp140-148. 

30. Dyer, D. and Stewart, R.M. Detection of Rolling Element Bearing Damage 

by Statistical Vibration Analysis, Transactions of the ASME, Journal of 

Mechanical Design, 100(2), April 1978, pp229-235. 

31. Efimov, A.B. and Efimov, D.G. Concentrated Actions Applied to An Elastic 

Incompressible Wedge, Mechanics of Solids, 21(6), Allerton Press, Inc., New 

York, 1986, pp83-86. 

32. Ford, R.A.J. A Rig for Demonstrating Vibration-based Condition 

Monitoring of Rolling Bearings, Preprint, Institution of Engineers 

Australia, Vibration and Noise Conference, Melbourne, 18-20 September 

1990, Pub No. 90/9, pp37-40. 

Forrester, B.D. Gear Fault Detection Using the Wigner-Ville Distribution, 

Preprint, The Institution of Engineers Australia, Vibration Noise 

Conference, Melbourne, 18-20 September 1990, Pub No. 90/9, pp296-299. 

34. Fukata, S., Gad, Kondou, T., Ayabe, T. and Tamura, On The 

Radial Vibration of Ball Bearings (Computer Simulation), Bulletin of JSME, 

28(239), May 1985, pp899-904. 



207 

35. Gad, E.H., Kondou, T. and Tamura, H. Spring Property of Ball Bearing, 

Memoirs of Faculty of Engineering, Kyushu University, 43(3), September 

1983, pp243-264. 

36. Ghosn, L.J. Analysis of Crack Propagation in Roller Bearings Using the 

Boundary Integral Equation Method- A Mixed-Mode Loading Problem, 

Transactions of the ASME, Journal of Trlbology, 110(3), July 1988, 

pp408-413. 

37. Goodhew, P.J. Specimen Preparation in Materials Science, North-Holland 

Publishing Co., Amsterdam.London; American Elsevier Publishing Co., Inc., 

New York, 1972. 

38. Gupta, M.M., Chudobiak, J.M., Urainetz, P.R., Nag, R.M. and Viswanathan, 

S. Some Aspects of Mechanical Signature Analysis, Vibration Problems in 

Industry, Proceeding of an International Symposium, Keswick, England, 

10-12 April 1973, Session 6, Paper 225, 22p. 

39. Gustafsson, O.G. and Tallian, T. Detection of Damage in Assembled 

Rolling Element Bearings, ASLE Transactions, 5(1), April 1962, pp197-209. 

40. Haddad, S.D. Optimum Maintenance Approach Using Condition 

Monitoring and Fault Diagnosis, Noise and Vibration Control Worldwide, 

18(6), January 1987, pp200-205. 

41. Hamrock, BJ. and Anderson, WJ. A..TIalysis of an Arched Outer Race Ball 

Bearing Considering Centrifugal Forces, Transactions ofthe ASME, Journal 

of Lubrication Tec·hnology, 95(3), July 1973, pp275-276. 

42. Hamrock, BJ. and Dowson, D. Ball Bearing Lubrication; The 

Elastohydrodynamics of Elliptical Contacts, John Wiley and Sons, N ew York, 

1981. 



208 

43. and Hansen, 1.S. Rolling Element Bearing Monitoring Using 

High Gain Eddy Current Transducers, Transactions of 

of for Gas Turbines and Power, 107(1), lanuary 1985, 

pp160~164. 

44. Harris, T.A. Rolling Bearing Analysis, Second Edition, lohn Wiley and 

Sons, New York, 1966. 

45. Harting, D.R. Incipient Failure Detection by Demodulated Resonance 

Analysis, Instrumentation Technology, 24(9), 1977, pp59-63, (or 

Demodulated Resonance Analysis- A Powerful Incipient Failure Detection 

Technique, ISA Transactions, 17(1), 1978, pp35-40). 

46. Harting, D.R. and Taylor, 1.W. Demodulated Resonance Analysis System, 

3,842,663, 22 Oct 1974, 8p. 

47. Henry, T.A. Improving the Management of Condition Monitoring, CME, 

33(5), May 1986, pp28-31. 

48. Heron, R. Condition Monitoring as a Production Tool, 

December 1985, pp21-23. 

32(12), 

49. Hetenyi, M. A General Solution for the Elastic Quarter Space, Transactions 

of ASME, Journal of Applied Mechanics, 37(1), March 1970, pp70-76. 

50. Houghton, 1.R. Shock Spectrum Ratios Applied to the Comparison of Pulse 

51. 

Signatures, Transactions of the ASME, Journal of 

102(1),lanuary 1980, pp64-76. 

Houghton, 1.R., Townsend, M.A. and Packman, P.P. 

Design, 

Application of a 

Time-Domain Deconvolution Technique for Identification of Experimental 

Acoustic-Emission Signals, Experimental Mechanics, The Journal of the 

Society for Experimental Mechanics, Inc., USA, 18(6), June 1978, pp233-239. 



209 

52. Hundal, M.S. Mechanical Signature Analysis, Shock and Vibration Digest, 

18(12), December 1986, pp3-1O. 

53. Hundal, M.S. Mechanical Signature Analysis, Shock and Vibration Digest, 

15(6), June 1983, pp19-26. 

54. Hurricks, S. Senior Engineering Officer, Performance Section, Huntly Power 

Station, Huntly, New Zealand, (Personal Communication). 

55. Igarashi, T. and Hamada, H. Studies on the Vibration and Sound of 

Defective Rolling Bearings (First Report: Vibration of Ball Bearings with 

One Defect), Bulletin of JSME, 25(204), June 1984, pp994-1001. 

56. Ioannides, E. and Harris, T.A. A New Fatigue Life Model for Rolling 

Bearings, BaH Bearing Journal, 224, SKF NZ Ltd, 1985, pp2-22. 

57. Ivanov, S.V. et al. Diagnostic Methods for Power Bearings, Soviet 

Engineering Research, 6(9), Allerton Press, Inc., New York, September 1987, 

pp24-25. 

58. Johnson, K.L. The Strength of Surfaces in Rolling Contact, Proceedings of 

the Institution of Mechanical Engineers, Journal of Mechanical Engineering 

Science, 203(C3), 1989, pp151-163. 

59. Johnson, K.L. One Hundred Years of Hertz Contact, Proceedings of the 

Institution of Mechanical Engineers, 196, December 1982, pp363-378. 

60. Judd, J.E. Preventing Ground Noise in Vibation Measurement Systems, 

1990 Vibration Sensor User's Handbook, Vibro· Metrics, Inc., Hamden, CT, 

U.S.A, 1989. 

61. Kanai, H., Abe, M. and Kido, K. Estimation of the Surface Roughness on 

the Race or Balls of Ball Bearings by Vibration Analysis, Transactions of the 

ASME, Journal of Vibration, Acoustics, Stress, and Reliability in Design, 

109(1), January 1987, pp60-68. 



210 

62. Kanai, H., Abe, M. and Kido, K. Detection and Discrimination of Flaws in 

Ball Bearings by Vibration Analysis, Journal of the Acoustical Society of 

Japan, E-7(2), 1986, pp121-131. 

63. Kanai, H., Abe, M. and Kido, K. Detection of Slight Defects in Ball 

Bearings by Non-Periodic Analysis, Journal of the Acoustical Society of 

Japan, E-7(4), 1986, pp219-228. 

64. Katzel, J. Microcomputer Applications Software, Plant Engineering 

(Barrington Ill), 41(9), 14 May 1987, pp68-70,90-108. 

65. Keer, L.M., Lee, J.e. and Mura, T. A Contact Problem for The Elastic 

Quarter Space, International Journal of Solids and Structures, 20(5), 1984, 

pp513-524. 

66. Lavoie, F.J. Signature Analysis: Product Early Warning System, Machine 

Design, 23 January 1969, pp151-160. 

67. Laws, W.e. and Muszynska, A. Periodic and Continuous Vibration 

Monitoring for Preventive / Predictive Maintenance of Rotating Machinery, 

Transactions of the ASME, Journal of Engineering for Gas Turbines and 

Power, 109(2), April 1987, pp 159-167. 

68. Martin, R.L. Detection of Ball Bearing Malfunctions, Instruments and 

Control Systems, 43(12), December 1970, pp79-82. 

69. Martin, F.A. and Gamer, D.R. Plain Journal Bearings Under Steady Loads: 

Design Guidance for Safe Operation, First European Trihology Congress, 

Institution of Mechanical Engineers LB371/73, London, 1974, 16p. 

70. Mathew, J. Machine Condition Monitoring Using Vibration Analyses, 

Acoustic Australian, 15(1), April 1987, pp7-13. 



1 

71. Mathew, J. and Alfredson, R.J. The Condition Monitoring of Rolling 

Element Bearings Using Vibration Analysis, Transactions of 

Journal of Vibration, Acoustics, Stress, and Reliability 

July 1984, pp447-453. 

72. McCallion, H. Vibration of Linear Mechanical Systems, Longman, London, 

1973. 

73. McFadden, P.D. and Smith, J.D. Implementing the High-Frequency 

Resonance Technique for the Vibration Monitoring of Rolling Element 

Bearings, Cambridge University Engineering Department Technical Report 

CUED/C-Mech/TR31, 1983,32p. 

74. McFadden, P.D. and Smith, J.D. The Vibration Produced by a Single Point 

Defect on the Inner Race of a Rolling Element Bearing Under Radial Load, 

Cambridge University Engineering Department Technical Report 

CUED/C-Mech/TR32, 1983, 31p. 

75. McFadden, P.D. and Smith, J.D. The Vibration Produced by a Single Point 

Defect on the Inner or Outer Race or Rolling Elements of a Bearing Under 

Radial or Axial Load, Cambridge University Engineering Department 

Technical Report CUED/C-Mech/TR34, 1983, 18p. 

76. McFadden, P.D. and Smith, J.D. Vibration Monitoring of Rolling Element 

Bearings by the High-Frequency Resonance Technique Review, 

Trihology International, 17(1), 1 February 1984, pp3-10, (or Cambridge 

University Engineering Department Technical Report, CUED / C-Mech/TR30, 

1983, 44p.). 

77. McFadden, P.D. and Smith, J.D. Model for the Vibration Produced by a 

Single Point Defect in a Rolling Element Bearing, 

Vibration, 96(1), 1984, pp69-82. 

of Sound and 



212 

78. McFadden, P.D. and Smith, J.D. The Vibration Produced by Multiple Point 

Defects in a Rolling Element Bearing, Journal of Sound and Vibration, 

98(2), 1985, pp263-273. 

79. McFadden, P.D. and Smith, J.D. Effect of Transmission Path on Measured 

Gear Vibration, Transactions of the ASME, Journal of Vibration, Acoustics, 

Stress, and Reliability in Design, 108(3), July 1986, pp377-381. 

80. The Merck Index: An Encylopedia of Chemicals and Drugs, 8th Edition, 

Merck and Co., Inc, USA, 1968, pp382-383. 

81. Meyer, L.D., Ahlgren, F.F. and Weichbrodt, B. An Analytic Model for Ball 

Bearing Vibrations to Predict Vibration Response to Distributed Defects, 

Transactions of the ASME, Journal of Mechanical Design, 102(2), April 

1980, pp205-21O. 

81. Monk, R.G. Vibration Monitoring Reduces Maintenance Costs, Vibration 

and Noise in Pump, Fan and Compressor Installations, The Institution of 

Mechanical Engineers, CP9-197.5, September 1975, pp115-123. 

82. Muszynska, A. Tracking the Mystery of Oil Whirl, Sound and Vibration, 

February 1987, pp8-12. 

83. Nathan, R.J.G. and Norton, M.P. Bowl-roller Mill Top Radial Bearing 

Diagnostic Vibration Trend Analysis Utilising the Inverse Frequency 

Response Function, Preprint, The Institution of Engineers Australia, 

Vibration and Noise Conference, Melbourne 18-20 September 1990, Pub No. 

90/9, pp111-114. 

84. Neale, M.J. Trends in Maintenance and Condition Monitoring, British 

Journal of Non-Destructive Testing, 30(1), January 1988, pp31-34. 

85. Neale, N. and Associates, A Guide to the Condition Monitoring of 

Machinery, Her Majesty's Stationery Office, London, 1979, 163p. 



213 

86. Nishio, K., Hoshiya, S., Miyachi, T. and Matsuki, M. An Investigation of the 

Early Detection of Defects in Ball Bearings by the Vibration Monitoring, 

AS ME Paper 79-DET-45, 1979, 12p. 

87. Osuagwu, c.c. and Thomas, D.W. Effect of Inter-Modulation and 

Quasi-Periodic Instability in the Diagnosis of Rolling Element Incipient 

Defect, Transactions of the ASME, Journal of Mechanical Design, 104(2), 

April 1982, pp296-302. 

88. Palmgren, A. Ball and Roller Bearing Engineering, Second Edition, SKF 

Industries, Inc., Philo delphia, 1946. 

89. Rabiner, L.R., McGonegal, C.A and Paul, D. FIR Windowed Filter Design 

Program - WINDOW, Programs for Digital Signal Processing, Edited by 

Digital Signal Processing Committee IEEE Acoustics, Speech and Signal 

Processing Society, IEEE Press, New York, 1979, pp5.2-1,5.2-19. 

90. Rahnejat, H. and Gohar, R. The Vibrations of Radial Ball Bearings, 

Proceedings of the Institution of Mechanical Engineers, Journal of 

Mechanical Engineering Science, 199(C3), 1985, pp181-193. 

91. Ray, A.G. Monitoring Rolling Contact Bearings Under Adverse Conditions, 

Vibrations in Rotating Machinery, Institution of Mechanical Engineers 

Conference 1980, pp187-194. 

92. Sachs, N.W. Predictive Maintenance Cuts Costs, Power Transmission 

Design, 28(11), November 1986, pp45-48. 

93. Sayles, R.S. and Iaonnides, E. Debris Damage in Rolling Bearings and its 

Effects on Fatigue Life, Transactions of the AS ME, Journal of Tribology, 

110(1), January 1988, pp26-31. 

94. SKF Bearing Maintenance and Replacement Guide, Catalogue 3600 E, 

Sweden, May 1986. 



214 

95. Smith, J.D. Vibration Monitoring of Bearings at Low Speeds, Tribology 

International, 15(3), June 1982, pp139-144. 

96. Sunnersjo, C.S. Rolling Bearing Vibrations - The Effects of Geometrical 

Imperfections and Wear, Journal of Sound and Vibration, 98(4), 22 

February 1985, pp455-474. 

97. Sunnersjo, C.S. Varying Compliance Vibrations of Rolling Bearings, Journal 

of Sound and Vibration, 58(3), 1978, pp363-373. 

98. Swansson, N.S. and Favaloro, S.c. Applications of Vibration Analysis to the 

Condition Monitoring of Rolling Element Bearings, Department of Defence, 

Defence Science and Technology Organisation, Aeronautical Research 

Laboratories, Melbourne, Australia, Aero Propulsion Report 163, 

ARL-AERO-PROP-R-163, January 1984, 28p. 

99. Tallian, T.E. Rolling Bearing Life Prediction. Corrections for Material and 

Operating Conditions. Part 1: General Model and Basic Life, Transactions 

of the ASME, Journal of Tribology, 110(1), January 1988, pp2-6. 

100. Tallian, T.E. Rolling Bearing Life Prediction. Corrections for Material and 

Operating Conditions. Part 2: The Correction Factors, Transactions of the 

ASME, Journal of Tribology, 110(1), January 1988, pp7-12. 

101. Tallian, T.E. On Competing Failure Modes in Rolling Contact, ASLE 

Transactions, 10(4), October 1967, pp418-435. 

102. Tallian, T.E. A Computerized Expert System for Tribological Failure 

Diagnosis, Transactions of the ASME, Journal of Trioology, 111(2), April 

1989, pp238-245. 



215 

103. Tallian, T.E. and Gustafsson, O.G. Progress in Rolling Bearing Vibration 

Research and Control, ASLE Paper 64 LC-27, Lubrication Conference, 13-16 

Oct 1964, 12p. (or ASLE Transactions, 8(3), July 1965, pp19S-209). 

104. Tamura, H., Gad, E.H., Kondu, T., Tsuda, Y. and Sueoka, A The Static 

Running Accuracy of Ball Bearings, Memoirs of the Faculty of Engineering, 

Kyushu University, 43(4), December 1983, pp28S-316. 

lOS. Tamura, H, Kondou, T, Sueoka, A and Tsuda, Y. On the Static Running 

Accuracy of Ball Bearings (2nd Report, Results and Discussion), Bulletin of 

JSME, 29(2S7), November 1986, pp3838-384S. 

106. Teo, S. Condition Monitoring of Rolling Element Bearings, Honours Thesis, 

University of Western Australia, 1986. 

107. Volker, E. and Martin, H.R. Early Detection of Damage III Rolling 

Bearings, ISA Transactions, 23(3), 1984, pp27-32. 

108. Wardle, F.P. Vibration Forces Produced by Waviness of the Rolling 

Surfaces of Thrust Loaded Ball Bearings Part 1: Theory, Proceedings of the 

Institution of Mechanical Engineers, Journal of Mechanical Engineering 

Science, 202( CS), 1988, pp30S-312. 

109. Wardle, F.P. Vibration Forces Produced by Waviness of the Rolling 

Surfaces of Thrust Loaded Ball Bearings Part 2: Experimental Validation, 

Proceedings of the Institution of Mechanical Engineers, Journal of 

Mechanical Engineering Science, 202(CS), 1988, pp313-319. 

110. While, M.F. Rolling Element Bearing Vibration Transfer Characteristics: 

Effect of Stiffness, Transactions of the ASME, Journal of Applied 

Mechanics, 46(3), September 1979, pp677-684. 



111. Wirth, P and Ford, Five Laboratory Interfacing Packages, 

July 1986, pp303-312. 

216 

11(7), 

112. Wu, S.M, Tobin, Jr.T.H and Chow, M.e. Signature Analysis for Mechanical 

Systems via Dynamic Data System (DDS) Monitoring Technique, 

Transactions of the ASME, Journal of Mechanical Design, 102(2), April 

1980, pp217-221. 

113. Yoshioka, and Fujiwara, T. Measurement of Propagation Initiation and 

Propagation Time of Rolling Contact Fatigue Cracks by Observation of 

Acoustic Emission and Vibration, Interface Dynamics: Proceedings of the 

14th Leeds-Lyan Symposium on Tribology, Lyon, France, 8-11 September 

1987, Elsevicer, Amsterdam, 1988, Paper II(l), pp29-33. 



217 

Appendix A.1 

Detailed Design of the Hydrodynamic Support Bearings 

Two distinct problems were associated with the design of the support bearings, 

misalignment and hydrodynamic whirL 

Misalignment 

The load carrying capacity of a hydrodynamic bearing is severely reduced by 

misalignment of the journal [69]. Figure Ala shows schematically the layout of the 

support bearings on the test shaft. In the symmetrically loaded case, where two test 

bearings are mounted and loaded equally, misalignment is produced by deflection 

of the test shaft, figure Alb. An asymmetrical loading regime is produced when 

only one test bearing is mounted or when two are loaded unequally. In this case, 

at the bearing taking the most load, the misalignment due to the deflection is 

augmented by a bulk misalignment caused by the load at the other bearing acting 

in the opposite direction, figure Ale. 

lbe importance of these considerations was illustrated graphically by the failure of 

the first prototype of the test shaft unit shown in figure A.2. Each bearing has an 

aligned load rating of 31 kN at 3000 rpm [69], yet seizure occurred for both 

symmetric and asymmetric loads at around 2 kN, far below the 6 kN desired for life 

testing. Examination of the bearing surfaces and deflection computations confirmed 

the cause of failure as excessive misalignment through deflection of the test shaft. 

Figure 2.3 shows the final test shaft unit. The principal changes included 

considerable stiffening of the test shaft, installation of a double vee-belt pulley and 

a slight increase in the separation between the support bearings by movement of the 

thrust faces to the outer end plates. This unit has a calculated symmetric and 

asymmetric maximum load capacity at 3000 rpm of 11.5 kN and 5.3 kN respectively 

[69]. Commissioning of the final test shaft layout confirmed satisfactory 

performance of the unit with a sustained asymmetric capacity of 5.8 kN. 
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double vee-belt pulley was imtalled on the revised test shaft in anticipation of 

increased drive requirements due to the larger lip seals as well as accommodating 

a shortfall in driving power noted during testing of the first prototype. 

Hydrodynamic Whirl 

Hydrodynamic whirl is a self excited journal oscillation that occurs in lightly loaded 

hydrodynamic bearings as a consequence of fluid circulation around the bearing. 

During commissioning of the facility hydrodynamic whirl was detected as a large 

amplitude vibration at a frequency 40% that of the rotation speed [82]. Derating 

of the support bearings by the use of low viscosity oil (Shell Tellus 20 Hydraulic 

Fluid) and the addition of a recessed hollow in the surface of the bronze bearing 

to reduce the circulation of fluid, reduced but did not eliminate the problem. 

Elimination of the whirl was achieved by the addition of a small pneumatic cylinder 

near the end of each loading arm to act as a damper. The inlet of the cylinder was 

left open to allow free venting of the cylinder. As the whirl contained little energy 

the small amount of damping provided by the pneumatic cylinder was sufficient to 

prevent the whirl from generating into a significant vibration. 
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Appendix 

Unmanned Operation of the Test Facility 

To permit the safe unmanned operation of the test facility the supervising software 

provides seven functions, 

a) starting and stopping of the test rig 

b) setting and maintaining test shaft speed 

c) monitoring and reporting the operating status of the drive controller 

and test shaft unit 

d) monitoring the current condition of the test bearing 

e) monitoring its own performance 

f) providing data acquisition and storage 

g) taking appropriate action when a fault or error occurs and providing 

adequate error reporting 

These functions are provided by the program AUTOTEST which controls of the 

facility during life testing. Table A.1 summarizes the information AUTOTEST 

requires to undertake a life test. 

Table AUTOTEST Program Input Data for Life Testing 

AUTOTEST Input Data 

Test Duration 
Test Shaft Speed 
Reporting Period 
Results Trigger Period 
Results Trigger RMS Level Change 
Shutdown RMS Level 

(Hrs:Mins) 
(rpm) 

(Hrs:Mins) 
(Hrs:Mins) 

(mV) 
(mV) 



AUTOTEST will start the test rig and bring it to the test speed before triggering 

an initial results cluster. Section 3.3.1b details the results cluster stored. This initial 

cluster records the starting condition of the test bearing. 

The program then supervises the continuation of the test, continuously monitoring 

the status of the test rig and test bearing. The temperature of the support and test 

bearings, oil pressure, shaft speed, drive controller status and the RMS level of the 

accelerometer signal from the test bearing are compared to safe levels. If these 

safe levels are exceeded or an error in determining them occurs, AUTOTEST will 

shutdown the facility and report the source of the error both to disk and the printer. 

At intervals of time set by the reporting period the current status of the facility will 

be reported to the printer and the test speed reset. Similarly at intervals set by the 

results period a cluster of results will be periodically recorded. A results cluster can 

also be triggered by a change in the RMS level. This allows more results to be 

recorded during periods of accelerated change, particularly toward the end of the 

test. On completion of the test or if the shutdown RMS level is exceeded, 

AUTOTEST will trigger a final results cluster before performing the shutdown 

activities. 

The consequences of failure to properly supervise the operation of the facility 

necessitated the meticulous consideration of possible faults and errors. 

Programming of AUTOTEST had to ensure these were handled safely and 

correctly. The correct performance of AUTOTEST itself is monitored during 

testing by a device called a Dead Mans Stop (DMS). Similar in concept to a dead 

mans handle on a train the DMS requires confirmation from AUTOTEST that it 

is still in control of the facility. The DMS has hardwire ;;ontrol over the entire 

facility and without its approval the facility cannot operate. During unmanned 

operation the DMS must receive a confirmation pulse from AUTOTEST at least 

every 20 seconds otherwise it will shutdown the facility. Power failure to any part 

of the facility, including the DMS, or failure of the DMS will result in a shutdown. 

During manual operation of the facility the DMS is disabled. 



Hardware lockout and interlock facilities are provided for operator safety. The 

computer cannot start the drive motor unless a switch above the test rig is 

depressed at the same time as the confirmation to start the drive motor is issued 

by the operator. A "panic" switch above the test rig and microswitches detecting 

movement of the loading arms can shutdown and lockout the drive motor at any 

time. 
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Appendix A.3 

Manual Operation of the Test Facility 

Manual operation of the test facility involves the use of several operational 

programmes, a complete list of which is given in Appendix A.3.1. These 

programmes form a "toolbox" of functions that can be requested as and when 

required from the DOS prompt. 

The operational programmes may be run in DOS batch files so that several 

functions may be run as a group by listing them in the order required in a batch 

file. Execution of the batch file will run each function sequentially until completed. 

Time was saved during discrete testing by batch processing commonly used groups 

of functions. 

During manual operation all instruments connected to the computer may be used 

as they would normally be from their panel controls. Operational programmes will 

take remote control of the appropriate pieces of equipment as required and when 

completed the equipment is again free for manual use. 

For discrete testing requiring extended running of the test rig where only manual 

use of instruments is required, two operational programmes, namely MONITOR 

and MONITORR, can be used to provide status monitoring of the test rig. These 

provide similar monitoring to that given by AUTOTEST ensuring temperatures, oil 

pressures etc. ~'emain normaL During manual operation all of the hardwire lockout 

and interlock facilities are still operational, for safety. 



Manual Operation Commands 

~ omrnand Function 

Altspeed Sets current speed as entered 

Alt xxxx Sets current speed to xxxx rpm -
where xxxx = 1500, 2000, 2500 or 3000 

Alt Man Allows manual control of speed, cursor up increases shaft 

speed, cursor down decreases shaft speed 

BrgCalc Displays bearing fundamental frequencies at current test 

speed 

Monitor Continuously monitors status of test rig 

(HP3561a under remote control) 

MonitorR Continuously monitors status of test rig except signal RMS 

(HP3561a not under remote control) 

Result 6 Loads, captures and stores a six data point results set -

Result 9 Loads, captures and stores a nine data point results set -

RunMotor Starts oil pump, cooling fans and drive motor then sets the 

shaft speed as entered 

Run Oil Starts only the oil pump and fans -

Sbuffer Stores the current contents of the HP3561a time buffer to 

the hard disk 

Set Load Loads instrument setup information from hard disk storage 

to the HP3561a 
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-
Command Function 

Set Save Stores instrument setup information from the HP3561a to -
the hard disk 

Shutdown Shuts down the drive motor, oil pump and cooling fans 

Stat Displays current test rig status 

Stop_Oil I Stops only the oil pump and fans 

Strace Stores current trace display from the HP3561a to the hard 

disk 

Warmup Starts the oil pump, fans and drive motor without setting a 

specific shaft speed 
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Appendix 

The GEC Ranger CCI·340 drive controller used in this facility alters the speed of 

the induction motor it controls by varying the frequency of the AC power supplied. 

The shaft speed of the motor that results is dependent on the amount of slip 

between the rotating electromagnetic field and the armature, which is a function of 

the load being driven. As a unit the drive controller provides open loop speed 

control in that it only controls the speed of the rotating electromagnetic field and 

does not know or seek to maintain a particular shaft speed. 

Closed loop speed setting is provided by an operational subroutine called SPEED 

which closes the loop by communicating with both the drive controller and the 

counter timer. The supply frequency provided by the drive controller is controlled 

remotely by a 0-10 volt analog signal from the DAC The current speed of the test 

shaft is requested and received from the counter timer via the sets 

the required test shaft speed by an iterative process altering the supply frequency 

and comparing the resultant shaft speed to that required until the two are 

sufficiently equal. A setting accuracy of the order of ± 0.1 % as indicated by the 

counter timer was achievable. 

It is worthy of note that SPEED only sets the speed. Once set, control over the 

speed of the test shaft is returned to the drive controller. However, when the 

support bearings are at their operating temperatures, variations in the drive load 

are minimal and the shaft speed remains sufficiently constant. As a rough guide, 

during life testing at 3000 rpm, resetting the shaft speed every half hour was 

sufficient to maintain speed control within ± 0.5%. 
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Appendix 

Data Acquisition and Storage 

Section 2.3.2 noted that the data acquisition and storage activities are undertaken 

by the HP3561a spectrum analyzer and the PM3302 digital oscilloscope via GPIB 

communications with the PC-XT computer. 

The HP3561a is the principal input device with the capability of capturing digitised 

time wave forms up to 40,960 samples long at a bandwidth of 100 kHz and to 

download this data via the GPIB for later post-processing and analysis. The 

instrument's real time spectral analysis functions are also taken advantage of during 

testing to download averaged frequency spectra to reduce the processing load and 

speed later analysis. The PM3302 was primarily used for visual analysis during 

testing although downloading was available if required. 

Chapter Three introduced the use of results sets and results clusters to standardise 

the data recorded to facilitate better comparative analysis. A results set consists of 

several time records and frequency spectra, termed Data Points, captured at a 

specific operating state. Each data point has a specific instrument setup that the 

HP3561a must use to correctly capture the data point. 

Although impossible to achieve with one instrument, ideally all data points in a 

results set should be recorded simultaneously. This is approximated by automating 

the recording of a results set by an operational subroutine called RESULT. This 

subroutine successively loads each instrument setup into the HP3561a, triggers the 

capture of the data and downloads the results to the hard disk of the PC-XT. Each 

data point file is stored in a two byte binary format to save disk space and is 

automatically named by test and result number for later access by signal processing 

software. 



A group of four results sets taken at each of the four speed states, termed a results 

cluster, can be automated by combining the operational subroutines SPEED and 

During life testing, AUTOTEST successively calls SPEED and 

at each speed state to record the cluster. Manually the same can be achieved by 

forming a suitable batch file from the operational programmes listed in 

Appendix A.3.1. 
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Appendix B.I 

Test Bearing Etching 

Appendix B.1.l details the procedure developed to etch the desired faults on the 

raceways of the test bearings. The procedure was developed by a series of trials 

testing the performance of a variety of procedures and etchant mixtures. The 

following paragraphs note points considered during this development. The etchant 

mixture used is original. 

Dental wax was used as the mask with a cut, the width of the desired fault, placed 

across raceway. Efforts using lacquer and baked lacquer as the mask where 

unsuccessful as microscopic examination of the cuts showed the film tended to pull 

and rip producing a non-uniform edge to the fault. As the exact track of the balls 

is unknown it was essential that the cut had straight parallel edges that were 

perpendicular to the sides of the raceway to ensure production of a fault of constant 

width across the entire raceway. This was achieved by use of the cutting guide 

shown in figure B.1. The race to be cut was mounted as shown and a blade of the 

required width was guided across the raceway. For very wide faults the race was 

moved slightly sideways and several passes of the blade made. On completion of 

the etching process the dental wax was removed by soaking and washing the race 

in excess white spirit. 

Goodhew [37] stresses the importance of thorough cleaning and removal of grease 

from the surface to be etched to obtain an even attack. Selection of an appropriate 

solution to be used as the etchant proved to be critical to ensure uniformity of 

depth and form of the fault produced. Trials with several solutions indicated that 

the mobility of the aqueous acid solutions limited the access of the etchant to the 

root of the cut, particularly small cuts, it also hampered the release of hydrogen 

bubbles from the surface. Hydrogen bubbles accumulating on or near the surface 

acted to mask certain areas of the surface from further attack and produced large 

variations in the depth within the fault. Pre-wetting the surface with ethanol 

enhanced access of the acid to the root of the cut but did not aid removal of the 

hydrogen. 
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Figure B.l Wax. cutting guide 



The increased mobility of Nital (Nitric Acid in ethanol), due to the lower surface 

tension of the ethanol, greatly enhanced the quality and uniformity of the fault 

produced. However, due to an undesirable reaction between ethanol and Nitric 

acid at concentrations higher than 10%, the rate of metal removal by Nital was 

limited. A similar problem occurred for aqueous solutions with ethanol added to 

reduce the surface tension. 

Ultimately a surfactant called Dioctyl Sodium Sulfosuccinate1 (DSS) was located 

[80] and a quantity obtained. DSS is a wetting agent used in the pharmaceutical 

industry that is stable in acid and was found to enhance significantly the mobility 

of the aqueous acid solution without hampering the metal removal rates. An 

aqueous solution of 35% Nitric acid, 10% Hydrochloric acid and 0.5% DSS was 

found to give the best results. 

Mobility of the solution was further enhanced by the periodic ultrasonic vibration 

of the races during the etching process in an Ultrasonic Washing Bath. A jig was 

constructed to mount the races in the ultrasonic bath without interrupting the 

etching. 

To ensure a uniform rate of attack, sufficient quantities of the etchant must be 

made available to the reaction so that consumption of the acid and addition of 

reaction products do not significantly reduce the acid concentration of the etchant: 

The use of "reservoirs" built using plasticine coated with lacquer supplied sufficient 

etchant for most faults, see figure B.2. For larger faults periodic renewal of the 

etchant in the reservoir was required. Use of the reservoirs eliminated the need to 

mask the entire bearing and to supply the large quantities of etchant required for 

its immersion. 

1 Dioctyl sulfosuccinateNa-salt, [bis(2-ethylhexyl) sodium sulfosuccinate; 
Aerosol OT], CwH370 7SNa, Mr=444.6 
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Figure B.2 Plasticine etchant reservoir 



Test Bearing Etching Procedure 

1) WaSh race thoroughly in excess white spirit (Shellite) 

2) Immerse in a negative detergent solution and ultrasonically wash for 20 

minutes 

3) Rinse in excess ethanol and dry with warm air 

4) Coat selected area of race surface with dental wax 

a) cold dip race into molten wax 

b) flame heat race until wax wets race surface 

c) hot dip race into molten wax 

d) roll race side to side until wax turns opaque 

e) allow to cool 

5) Cut wax to the width required using the cutting guide 

6) Construct an etchant reservoir with plasticine 

7) Lacquer inner surface of plasticine reservoir avoiding lacquer entering the 

cut (invert outer race) and allow to dry 

8) Coat all exposed surfaces of the race with grease 

9) Wet area to be etched with ethanol 

10) Mount race in the ultrasonic wash 

11) Almost fill reservoir with etch ant solution 

(35% HN031 10% HCL, 0.5% DSS in H20) 

12) Vibrate the race ultrasonically for the first 25 minutes of every 100 minutes 

of exposure to the etchant 

13) Refresh etchant solution every 100 minutes 

14) On completion, remove from ultrasonic mounting and remove etch ant 

solution 

15) Post-etch with 10% Nital (HN03 in ethanol) for 10 minutes 

16) Rinse in excess water with periodic ethanol flushing 

17) Manually remove plasticine and excess wax 

18) Soak and wash in excess white spirit to remove all wax 

19) Final wash in clean white spirit, inspect and oil 

20) Store in sealed plastic bag 
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REBAP Signal Processing Software 

The Rolling Element Bearing Analysis Package (REBAP) was written by the author 

in Fortran 77 using the Watcom WATFOR-77 compiler with graphics support 

provided by the Watcom GKS subroutine library. 

is a software package that provides an integrated single channel signal 

display and processing environment. Signal data records up to 40,960 samples long 

can be viewed, manipulated and processed on-screen without the need for 

processing hardware other than an IBM compatible personal computer. 

Primarily the software allows the analysis of the data points stored in the test data 

library, although data from the kinematic models derived in Chapter Five can be 

similarly handled. The architecture of the software enables data from any digital 

source to be analyzed, using interfaces provided in any language. The package also 

has facilities to generate its own signal data in the form of composite sine waves, 

pulse waveforms of different shapes and random noise signals. These synthesised 

signals may be added to test signals or analyzed on their own. 

Figure shows an example of the REBAP display. The display presents the 

signal data in a viewing window with titles and axes units given along the top of the 

screen. The viewing window is vertically auto-scaled to best fit the signal data 

whilst maintaining convenient scale graduations. A movable cursor and position 

marker are provided with coordinate location information given in the fields at the 

bottom of the screen. These fields are also used to display test record information 

such as the time and date of capture and the type of test as well as supplementary 

display information referred to as the Data Block. The contents of the data block 
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convey information to the user concerning the current display or the processing 

recently completed. Information such as colour codes of multiple trace displays and 

processing discriminants are provided as required. 

Operation of the package centres on the display of the signal currently being 

examined. Where processing alters the signal, the new signal is displayed with 

titles, axes units and display information appropriately updated. Processing that 

does not alter the signal but provides additional information, such as the 

computation of discriminants, are undertaken and results displayed without 

disturbing the currently displayed view. 

Control of the display and processmg functions is provided by two modes of 

operation, the Display Mode and the Command Mode. 

In the Display Mode, instructions are issued by specific keystrokes or combinations 

of keystrokes. Valid keystrokes return an immediate response which, depending on 

the associated function, may immediately invoke or request confirmation before 

invoking the selected function. Appendix B.2.1 lists the valid Display Mode 

keystrokes and associated display functions provided by the REBAP software. 

Display Mode functions include many of the general display features supplied by 

modern signal processing hardware and software systems. 

Command Mode instructions are issued on a command line invoked by the Display 

Mode keystroke "c". Command Mode instructions are generally two lettered codes 

although some functions require additional information to be included in the form 

of code extensions. Appendix B.2.2 lists the command codes and processing 

functions currently provided by the REBAP package. This command library forms 

the package's "toolbox" of processing functions. 

Processing functions invoked by the command line provide an almost unlimited 

computational capability for alteration of the signal data. The number of 

processing commands the REBAP architecture allows is limited only by disk storage 

available on the host computer. As such the addition of new processing functions 



to the command library, as proposed in the literature or conceived during analysis, 

is an ongoing process. 

Data Storage Layout 

The test data library comprises several thousand binary data files that are identified 

by two three digit numbers, a test number and a results number. Due to the size 

of the data library, involving hundreds of megabytes of storage capacity on several 

hard disks, organisation of the storage was essential to allow data to be accessed 

readily. 

Data files are grouped by test number into directories on each of the hard disks 

used to store the library. Each directory has a direct access Record File that 

maintains the test record information for each of the data files. This information 

includes the time and date of capture, test titles and codes, data type, quantity and 

scaling information. Naming conventions for the data files, record files and 

directories use the test and result numbers, as indicated in Table B.l, to facilitate 

the immediate location of test information. 

Table B.1 Data Storage Naming Conventions 

Naming Conventions 

Number xxx 

Result Number yyy 

Data Point Filenames TxxxRyyy.DAT 

Record Filenames 'IESTxxx.REC . 
Test Data Directory Name 'IESTxxx 



A Netware Novell fileserver is used to provide the hard disk capacity required to 

store the data library. The PC-386/20 computer, used for signal analysis, 

services requests from the processing software for data from each of the available 

hard disks by Thin Ethernet communications with the fileserver. Which hard disk 

each test directory is on is given by the test number. These operations are invisible 

to the user wi th data retrieval rates comparable to an internal hard disk. 

Program Layout 

As previously noted, the REBAP software is made up of a collection of programs 

each providing a specific processing function. This program layout was dictated by 

the memory requirements for analysis of the data records up to the maximum 

capacity of the HP3561a spectrum analyzer. Processing 40,960 samples of real data 

requires almost 330 kB of random access memory (RAM) to represent the entire 

signaL This consumption severely restricts dynamic memory available for processing 

software in the normal 640 kB DOS environment, particularly for software 

generating graphical outputs. 

As such, REBAP operates by only loading software and signal data into RAM when 

they are required to perform the particular processing activity being undertaken. 

As the WATFOR-77 compiler does not provide chaining or memory overlaying 

support, control of these activities is provided by a batch file chaining technique. 

Appendix B.2.3 shows by example how program chaining is achieved using this 

technique. 

On entry of the test and result number of a data point to be retrieved, recovery 

software locates the appropriate record file and recovers the test record information 

for the data point. The data point file is located and record information used to 

read, convert and scale the binary signal data. The reai arrays are then stored in 

a direct access data file located in extended memory configured as a Virtual Disk. 

Chaining argument lists, display and record information files are stored similarly. 

Processing programs have access to these files by normal file input/output activities. 
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A virtual disk is used to enhance processing speed however, if extended memory is 

not available, the software can be configured to use a hard disk. 

The central program of the package is called ANALYSIS. This program creates the 

graphical displays and handles all Display Mode processing activities. ANALYSIS 

also interprets Command Mode instructions and controls the chaining to the 

appropriate signal processing programs. ANALYSIS involves almost two thousand 

lines of Fortran code and as such can only display a maximum of 5120 samples of 

the signal data at anyone time. By the appropriate use of the command "dm", see 

Appendix B.2.2, the entire signal recorded can be viewed as desired. 

All the signal processing functions are undertaken by autonomous processing 

programs, called· Satellite Programs, chained to as required by ANALYSIS. The 

satellite programs access the signal data and test record information as required to 

perform the particular processing function. On completion of the processing the 

appropriate information on the virtual disk is updated before returning control to 

ANALYSIS to display the results and provide further processing. 

Each of the satellite programs provides one specific processing activity, the reasons 

for which are twofold. Firstly, implementation of the signal processing 

computations can be undertaken faster and more simply when the entire signal 

array is available in dynamic memory. Hence minimisation of the size of the 

satellite programs was required to allow the signal data array to be resident in 

RAM. Secondly, it was desirable that the command library form a toolbox of 

elemental techniques that can be combined as the building blocks of more involved 

analyses. Processing methodologies proposed are formulated from a series of 

elemental techniques to allow analysis of the intermediate results as well as 

flexibility in the processing provided. 

To date, the REBAP software involves fifty four individual programs and more than 

7500 lines of FORTRAN code. Appendix B.2,4 provides a list of the programs that 

make up the package and brief notes on the functions they each provide. 
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Future developments of the REBAP software will include refinement of the current 

operation as well as expansion of the input capabilities and further additions to the 

processing functions. Expansion of the input capabilities will allow application of 

the software during field work and access to data from commercial Predictive 

Maintenance data bases. 



242 

Appendix B.2.1 

REBAP Display Mode Instructions 

I 
Keystroke 

I 
Display Mode Function 

I 
(+- or ~) Cursor Left or Right: 

Moves the cursor one step to the left or right 

Crtl- Fast Cursor Left or Right: 

(+- or ~) Moves the cursor lOx step to the left or right 

Home Home: 

Moves cursor to beginning of signal display 

End End: 

Moves cursor to end of signal display 

Page Up Next Peak: 

Moves cursor to next peak (right of cursor) 

Page Down Previous Peak: 

Moves cursor to previous peak (left of cursor) 

Crtl- Multiple Display Cursor Up: 

Page Up Moves cursor to same x axis position on the next trace of a 

multiple trace display 

CrtI- Multiple Display Cursor Down: 

Page Down Moves cursor to same x axis position on the previous trace of a 

multiple trace display 

(t or .(,) Fast Scale Up or Down: 

Increases or decreases current y axis scale values by two 



Keystroke 

a 
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Display Mode Function 

Bounded Area: 

Calculates the area bounded by the signal between the marker 

and .the cursor 

b Display Block Data: 

Displays current contents of the data block 

c Command Line: 

Invokes the command line for Command Mode instructions 

d Decrease Step: 

Decreases the cursor step size by a multiple of 1/10 to a 

minimum of 1 

e Equivalent Frequency: 

Gives the frequency relating to the period between the marker 

and cursor (time signal displays only) 

f Bearing Fundamental Frequencies: 

Displays marker lines indicating the first five harmonics of the 

each of the four characteristic defect frequencies for an 

SKF 6205 bearing for the entered shaft speed 

(spectral display only) 

g Input (Get) New Data Point: 

Inputs a new test data point for display 

h Harmonic Marker: 

Displays marker lines at the first fifteen harmonics of a 

fundamental frequency given by the cursor position 

(spectral displays only) 

Increase Step: 

Increases the cursor step size by a multiple of 10 up to a 

maximum of 1000 
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Keystroke Display Mode Function 

J Input Data Point Jump: 

Inputs the test data point at the next or previous speed state or 

load state 

m Set Marker: 

Marks the current cursor position with the display marker 

n Input Next Data Point: 

Inputs the next data point in a test, increments the current result 

number by 1 

P Input Previous Data Point: 

Inputs the previous data point in a test, decrements the current 

result number by 1 

q Quit REBAP: 

On confirmation, exits REBAP and goes to DOS 

r Display Resets: 

Resets the current display to the original input state, removes all 

markers and zooms 

s Sideband Marker: 

Displays marker lines at the first seven sideband frequencies 

where the fundamental frequency is given by the marker 

position and the first sideband position by the current cursor 

position (spectral displays only) 

t Display Test Record Data: 

Displays the test record information for the currently displayed 

data point 
-
u Remove Marker (Unmark): 

Removes the currently set display marker 
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w Wipe and Reload: 

current display and reloads the data point as given by 

the current test and result numbers 

y Reply Yes: 

Enters and returns the reply yes only in the Display Mode, any 

other input is taken as no 

z Display Zoom: 

Zooms the display to view only the area of the display between 

the marker and the cursor 

Note: lower case keystrokes only are excepted 
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Appendix B.2.2 

REBAP Command Mode Instructions 

I 
Command 

I 
Command Mode Function 

I 
ac/ww Average Cepstrum: (ww= window code) 

Computes the average cepstrum from the current time signal 

display 

al Anti-Logarithmic Scale Conversion: 

Converts the Y axis scale from logarithmic to linear 

an Add Noise: 

Adds normally, uniformly or exponentially random noise to the 

current time signal 

ap Auto Profile Display: 

Displays a pre-calculated set of signal discriminants called the 

Discriminant Profile for the current time data point, see "pf' 

as/ww Average Spectrum: (ww = window command) 

Computes the average spectrum from the current time signal 

using a Fast Fourier Transform 

cd Change Data Drive/Path: 

Change the hard disk directory information used to locate the 

test data files 

cf Comb Filter: 

Applies a Double Comb Filtering technique as described by 

Braun and Seth [15] 

cl Calibrate Signal: 

Calibrates the acceleration signals stored in "m V" to be displayed 

in "g" 
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I 
Command 

I 
Command Mode Function 

I 
cp/ww Cepstrum: (ww= window code) 

Computes a single cepstrum from the current time signal 

cv/xx Convolution: 

Convolves the current signal with another signal previously 

stored. 

xx= 1 to stored the first signal 

xx = 2 to convolve current signal 

dc/ww Direct Cepstrum: (ww = window code) 

Computes the cepstrum directly from the current spectrum 

dd Delete Stored Data: 

Deletes processed signal data stored by the command "sd" 

df Differentiate: 

Differentiates the current signal 

dm Display Mode: 

Changes the way signal data longer than the display maximum of 

5120 elements are displayed, ALL or COMPRESS modes, the 

number of elements and the starting point are selected 

dp Display Pause (on/off): 

Pauses between writing each trace of a multiple trace display 

ds Displace Signal: 

Adds an entered displacement value to the current signal 

en Envelope: 

Numerically determines an envelope of the current signal by 

I linking peak values over a given period 
il 
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fl/ww/ff 
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Command Mode Function 

F.I.R Filter: (ww= window code) 

Filters the current time signal using a variable length Finite 

Impulse Response Filter designed by the Window Method [89], 

frequency limits are selected, filter type given by; 

ff = h for high pass filter 

ff = I for low pass filter 

ff = b for bandpass filter 

ff = n for notched (bandstop) filter 

Further extension codes; 

Ic = filters the data and returns the filter characteristics in 

the display data blocks 

Ie = returns only the filter elements 

Ir = returns only the frequency response of filter selected 

gf Generalised Periodic Functions: 

Applies the signal averaging technique described by Braun and 

Datner [14] to the current signal 

gn Generate Noise: 

Generates a normally, uniformly or exponentially random noise 

signal, same as "an" except the generated signal is not added to 

but replaces the current signal 

gr Generate Rectangular Pulse: 

Generates a rectangular pulse of the desired height and duration 

gs Generate Composite Sine Wave: 

Generates a composite sine wave of up to six components of 

given frequency, amplitude and phase, same as "ss" except the 

generated signal is not subtracted from but replaces the current 

signal 
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I 
Command 

I 
Command Mode Function 

I 
gt Generate Triangular Pulse: 

Generates a triangular pulse of a desired height and duration, 

increasing or decreasing with time 

id Frequency Identification: 

Identifies the possible origins of a frequency component given by 

the current cursor position on a frequency spectrum, the 

identification compares the given peak to a data base of several 

hundred known resonant frequencies for the test rig as well as 

power supply harmonics, defect fundamental harmonics and 

waviness harmonics 

it Integration: 

Integrates the current signal 

IV Invert: 

Inverts the current signal 

Ig Logarithmic Conversion: 

Converts the Y axis scale from linear to logarithmic 

md Multiple Display Division: 

For a twin multiple trace display (only two traces) the first trace 

is divided by the second, element by element, and the result 

displayed 

mm Multiple Display Mean: 

Computes the average display from all the traces in a multiple I 
trace display 

mr Mirror Image: 

Appends the mirror image of the signal as folded about the last 

display element of the display 
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I 
Command 

I 
Command Mode Function 

I 
ms Manual Scale: 

Manually sets the maximum and minimum y axis scale values for 

the current display 

nd New Data: 

Inputs a new data point for display 

(same as Display Mode keystroke "g") 

pd Probability Density Distribution: 

Computes the Probability Density Distribution of the current 

display, can return Mean, Standard deviation, Skewness and 

Kurtosis values in the data blocks 

pf Discriminant Profile: 

Computes a series of signal discriminant values referred to as the 

Discriminant Profile from the current display, includes 

maximum value, minimum value, peak-peak, RMS level, crest 

and trough Crest Factors, Arithmetic and Geometric Means, 

Standard Deviation, Skewness, Kurtosis and up to the 8th 

Statistical Moment; Discriminant Profiles for the stored time 

data points are pre-calculated and recalled by "ap" or trend 

plotting by "tp" 

pl(/hp) Plot View: 

The currently displayed view is plotted on a Roland DXY-800 

pen plotter; the extension "jhp" generates an HPGL (Hewlett 

Packard Graphics Language) coded plot file for later plotting 

or word processing 

pr Process Register: 

Displays the current contents of the Process Register which 

records a history of the processing undertaken to date on the 

current signal 
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I 
Command 

I 
Command Mode Function 

I 
pv Print View: 

Produces an output of the currently displayed view and 

associated processing information on a dot matrix printer 

pw Signal to the Power: 

Raises the signal by a given power or exponent; i.e. a power of 2, 

squares the current signal 

q Quit REBAP: 

On confirmation, exits REBAP and goes to DOS 

(same as Display Mode keystroke "q") 

rd Recover Processed Data: 

Recovers processed data stored by "sd" 

rf Rectify: 

Full wave rectifies the current signal 

rm Remove Mean: 

Computes the arithmetic mean of the current signal, then 

subtracts it from the signal 

rn Reject Negatives: 

Sets all negative signal values to zero, half wave rectification 

rp Repair Element: 

Allows a single element in the current signal to be modified 

individually 

sc Spectral Comparison: 

Creates a multiple trace display from up to 12 different spectral 

data points 

sd Store Processed Data: 

Stores all the current signal including test record and processing 

information, allows processed data points to be stored for later 

recovery and further processing, see "rd" and "dd" 
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I 
Command 

I 
Command Mode Function 

I 
sf Scale Factor: 

Scales the currently displayed signal whether dividing or 

multiplying by an entered factor 

sl Select Display: 

Selects the currently displayed portion of the signal for individual 

processmg 

sm Select Multiple Trace: 

Selects one trace out of a mUltiple trace display to allow further 

individual processing 

sp/ww Spectrum: (ww= window codes) 

Computes a Fast Fourier Transform spectrum from the current 

time signal 

ss Composite Sine Wave Subtraction: 

Subtracts a composite sine wave made of up to six component 

sine waves of an entered frequency, amplitude and phase from 

the current time signal 

ta Simple Time Averaging: 

Computes a simple time average from the current time signal 

over a given period 

tp Trend Profile: 

. Displays trend graphs of single or multiple discriminant values 

from the pre-calculated Discriminant Profiles of a particular 

test, see "pr' 
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ww Window Code: 

Extension code that specifies the desired window function to be 

zm 

applied; 

rc Rectangular (no window) 

tr == Triangular 

hm == Hamming 

hn = Hanning 

gh == Generalised Hamming 

ka == Kaiser (lo-sinh) 

cb == Chebyshev 

See Rabinar et al [89]. 

Mask: 

Sets a portion of the" current signal to zero 
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Batch File Chaining Example 

Consider the DOS batch file EXAMPLE.BAT given below. EXAMPLE. BAT has 

five lines the first two of which contain the executable programs 

PROGRAM l.EXE and PROGRAM 2.EXE. 

PROGRAM l.EXE 

2 PROGRAM 2.EXE 

When the EXAMPLE.BAT is run, PROGRAM _l.EXE will be loaded into RAM 

and run until completed. On completion, PROGRAM l.EXE is replaced in RAM 

by PROGRAM 2.EXE and run. However, if PROGRAM 2.EXE alters 

EXAMPLE.BAT to that given below, PROGRAM 2.EXE controls what program 

or DOS command is invoked on its completion. In this case the program 

PROGRAM _3.EXE is run on completion of PROGRAM _ 2.EXE. 

EXAMPLE. BAT 

1 

2 PROGRAM 2.EXE 

3 PROGRAM 3.EXE 

4 EXAMPLE.BAT 

5 

On completion of PROGRAM _3.EXE, control is then returned to 

PROGRAM _ 2.EXE by the batch file EXAMPLE.BAT calling itself. 
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Appendix 

REBAP Program List 

Program Related Principal Functions 

Name command (excluding chaining activities) 

ADDRND an I Add Noise: 

ALOGCON al I Anti-Logarithmic Conversion: 

ANALYSIS Analysis Program: 

Central control and display program as 

described in Appendix B.2 

AUTOPF Auto Profile: 

Provides automated computation of 

Discriminant Profiles for all time data points 

of a test, see "ap" 

AVGCEPS ac Average Cepstrum: 

AVGSPEC as Average Spectrum: 

CALIBRTE cl Calibration: 

CEPSTRUM cp Cepstrum: (from a time signal) 

COMBFLT cf Comb Filter: 

CONY 1 evil Convolution: (store signal) -

CONY 2 ev/2 Convolution: (convolve signal) 

DELFREQ Delete Frequency: 

Deletes selected frequency data from the data 

base used for the "id" command, 

see "LOADFREQ" 
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Program Related Principal Functions 

Name command (excluding chaining activities) 

DIFFERTN df Differentiation: 

DIRCEPS dc Direct Cepstrum: (from a spectrum) 

DISPLACE ds Displace: 

DSELECf s1 Select Display: 

ENVELOPE en Envelope: 

FILTER fl F.I.R Filter: 

GENRND gr Generate Random Noise: 

GENSINE , gs I r-. erate Composite Sine Wave: 

~ralised Periodic Functions: GPFUNCf gt 

GRECfANG gr I Generate Rectangular Pulse: 

GTRIANG gt Generate Triangular Pulse: 

IDFREQ id Frequency Identification: 

INVERT IV Invert: 

i INTEGRTE it Integration: 

LOADFREQ Load Frequency: 

Loads frequency data into the data base used 

for the "id" command, see "DELFREQ" 

II LOGCON 19 Logarithmic Conversion: 

MDIVID md Multiple Display Division: 

OR rnr ge: 

~ mm Multiple Display Mean: 

IFELECI sm FIrUltiPle Trace: 
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Program Related Principal Functions 

Name command (excluding chaining activities) 

PLOTIIPGL pl/h t View: (HPGL coded file) 

PLOTVIEW pI Plot View: (Roland DXY~800 plotter) 

POWER pw Signal to the Power: 

PROBD pd 'lity Density Distribution: 

PROFILE pf I r..' nt Profile: 

RAMCLEAR RAM Disk Clear: 

Clear all contents of the RAM Disk 

RAMEXTRA Load Extra RAM Disk: 

Loads remainder of data files longer than 

20,960 samples to the RAM disk 

RAMLOAD Load RAM Disk: 

Loads data files up to 20,960 samples as well 

as test record and chaining information to 

the RAM disk 

RAMSTART Startup RAM Disk: 

Loads startup chaining information to the 

RAM disk 

REBAPSET REBAP Setup: 

Sets REBAP software configuration data for 

screen type, use of extended memory and 

data drive assignments 

RECTIFY rf Rectify: 

REJECfN rn Reject Negatives: 

REMOVE rm Remove Mean: 

REPAIR rp Repair Element: 



258 

Program Related Principal Functions 

Name command (excluding chaining activities) 

SET BAT1 Set Batch File 1: 
-

Creates the startup batch file 

SET BATZ Set Batch File 2: -
Creates the central control/chaining batch file 

SFACTOR sf Scale Factor: 

SHOW PF - ap Auto Profile Display: 

SPECTRM sp Spectrum: 

SUBSINE ss Composite Sine Wave Subtraction: 

TIMEAVG ta 'mple Time Averaging: 

TRENDPF tp Trend Profile: 



Appendix 

Normal Race Contact Deflections 

From section 5.4.1, defining the auxiliary variable, 

and rearranging to eliminate f3, [34]2 + [35]2 gives, 

Xl A2 + B2 2ll i(A simV + B coslJr) 

where, 

A (r/ + r b) sinlJr 

B = (rj + r b) coslJr + () 
II 

Hence, to solve for 0 i' 0
0 

and f3 for known 0 e and W, 

Assume o· = 0 1 

+ (8i 

1) 

2) Compute X from Eqn [C2] and hence 0
0 

from Eqn [CI] 

4) 

5) 

6) 

if 0
0 

< 0: solution indeterminate 

Compute f3 from Eqn [34] 

Compute 0 { from Eqn [37] 

Compare OJ' with 0i: 

if sufficiently equal: stop 

259 

[C.I] 

[C.2] 

[C.3] 

else: modify 0i as required and repeat from 2) 



C.2 

Dual Point Contact Deflections 

From section 5.4.2, defining the auxiliary variables, 

Y = (r - 0 ) b 02 

and rearranging to eliminate 17 1' [38]2 + [39]2 gives, 

and rearranging to eliminate 172' [40]2 + [41f gives, 

where, 

1) 

2) 

3) 

Assume o· = 0 1 

Compute X from Eqn [C.6] and hence 0
0

1 from Eqn [C.4] 

if 601 < 0: solution indeterminate 

Compute from Eqn [C.7] and hence °0 2 from Eqn [C.S] 

if 00 2 < 0: solution indeterminate 

4) Compute 171 from Eqn [38] 
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[C.4] 

[C.S] 

(e.6] 

[C.7] 

[e.S] 
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5) Compute 772 from Eqn [40] 

6) Compute 8 j ' from Eqn [43] 

7) Compare 8/ with 8 j: 

if sufficiently equal: stop 

else: modify 8 j as required and repeat from 2) 



Single Point Contact Deflections 

From section 5.4.3, consider the Entry Single Point Deflection (Mode 4). To solve 

for 0i' °0 1 and 11I for known 0e and lV, using the auxiliary variables and results 

derived in Appendix C.2, 

1) Assume 0i = 0 

2) Compute X from Eqn [C.6] and hence 00 1 from Eqn [C.4] 

if 6 01 < 0: solution indeterminate 

3) Compute TIl from Eqn [38] 

4) Compute o{ from Eqn [44] 

5) Compare 0i' with 0i= 

if sufficiently equal: stop 

else: modify 0i as required and repeat from 2) 

Similarly, consider the Exit Single Point Deflection (Mode 9). To solve for 0 i' °0 2 

and Tl2 for known 0e and lV. 

1) 

2) 

3) 

4) 

5) 

Assume 0' = 0 
I 

Compute Y from Eqn [C.7] and hence 0 0 2 from Eqn [C.5] 

if 00 2 < 0: solution indeterminate 

Compute Tl2 from Eqn [40] 

Co~npute o{ from Eqn [45] 

Compare o{ with 0i: 

if sufficiently equal: stop 

else: modify 0i as required and repeat from 2) 
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C.4 

Zonal Dual Point Contact Deflections 

From section 5.4.4, consider the Entry Zone Dual Point Deflection (Mode 3). 

Defining the auxiliary variables, 

and rearranging to eliminate (3, [46f + [47f gives, 

and rearranging to eliminate TJ2' [48]2 + [49]2 gives, 

y2 = C 2 + D2 + 20i(Csimlr + DcosW) + (o,i 

where, 

A ::: ('j + , b) sinqr 

B = ('/ + 'b) COSW + 0 e 

C = '0 sin P u (r, + 'b) sinqr 

D = '0 cosPu ('j + 'b) COSW °t 

Hence, to solve for 8 i' 80 1> 802, (3 and TJ2 for known () e and qr, 

1) Assume 0i = 0 

2) Compute X from Eqn [e.ll] and hence 601 from Eqn [e.9] 

if 601 < 0: solution indeterminate 

3) Compute Y from Eqn [e.l2] and hence 6 02 from Eqn [e.lO] 

if 0
0

2 < 0: solution indeterminate 

[C.9] 

[C.lO] 

[C.ll] 

[C.12] 

[C.B] 
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4) Compute (3 from Eqn [46] and hence Kel from Eqn [30] 

5) Compute 112 from Eqn [48] 

6) Compute Si' from Eqn 1] 

7) Compare Si' with Si: 

if sufficiently equal: stop 

modify Si as required and repeat from 2) 

The Exit Dual Point Deflection (Mode 10) is solved by a similar analysis. 
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Appendix C.S 

Dual Point Contact Deflection Mode Limits 

From section 5.4.5d, consider the mode limit sen2 marking the transition from an 

Entry Single Point Deflection (Mode 4) to an Entry Dual Point Deflection (Mode 

5). Defining the auxiliary variable, 

x = (r - 0 ) b 01 
[C.14] 

and rearranging to eliminate 71 1' [54]2 + [55f gives, 

where, 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

X2 A2 + B2 + (0;11)2 + (0
1
)2 - 2Bo;1I 

+ 20 j [A simp + (B - 0;;1) COSW] 

Assume o· ::; 0 
1 

Compute 712 from Eqn [56] 

Compute 02en from Eqn [57] 

Compute X from Eqn [C.15] and hence °
0

1 from Eqn [C.14] 

Compute 712 from Eqn [54] 

Compute o{ from Eqn [44] 

Compare o{ with 0i: 

if sufficiently equal: stop 

[C.IS] 

[C.16] 

else: modify 0i as required and repeat from 2) 
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