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ABSTRACT:

Multiple defects are introduced on the outer race of vehicle gearboxes. The effect of the number of outer race defects in
deep groove ball bearings are investigated using experimental and numerical methods. A three-dimensional model of
the housing and outer race is developed using ABAQUS. Firstly, single defect located at 0°and two defects located at 0°
and 67.5° are analyzed. Then the number of defects Was increased to three and the locations of the local defects are 0°,
67.5° and 225°. Finally the model with four defects located on the outer race at the angular positions 0°, 67.5° 225°
and 270°, was investigated. The simulated data were also used to validate the experimental results.
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1. Introduction

Vibration analysis is widely used in the condition
monitoring applications since a defect produces
successive impulses at every contact of defect and the
rolling element, and the housing structure is forced to
vibrate at its natural modes. The vibration pattern of a
damaged  bearing includes the low-frequency
components related to the impacts and the high-
frequency components. The structural information of the
bearing structure is stored. A complex filter for Hilbert
transformation is proposed to apply in the real-time
vibration signal demodulation. A finite waveform
interval of the proposed filter could be possibly applied
in the vibration signal demodulation [1]. Experimental
data were used to verify the validity of the developed
algorithms. Both inner and outer race defects were
artificially introduced to the bearing using electrical
discharge machining [2]. The partial correlation integral
algorithm is used to analyze the machine vibration data
obtained throughout the life testing of a rolling element
bearing [3]. A simple time series method for bearing
fault feature extraction using singular spectrum analysis
of the vibration signal is proposed [4].

A mathematical model for the ball bearing
vibrations due to defect on the bearing race has been
developed [5-6]. The effect of local defects on the nodal
excitation functions is modelled. Simulated vibration
signals are obtained [7-9]. Root mean square (RMS)
values are obtained in the time domain and the high
frequency resonance technique is used in the frequency
domain [10-11]. Statistical properties of the vibration
signals for healthy and defected structures are compared
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[12-14]. Time domain analysis, frequency domain
analysis and spike energy analysis have been employed
to identify different defects in bearings [15]. The defect
was detected using off the shelf portable vibration
analysis hardware and software [16]. The detection of
local defects existing on the races of deep groove ball
bearing was investigated using envelope analysis and
Duffing oscillator [17]. The resonance frequency in the
first vibration mode of mechanical system was studied
[18]. Finite element model can be effectively used to
differentiate between vibration signatures for defects of
different sizes in the bearing [19]. The vibrations
generated by deep groove ball bearings having multiple
defects on races were studied [20]. Wavelet transform
provides a variable resolution time-frequency
distribution from which periodic structural ringing due to
repetitive force impulses were detected [21]. The
discrete wavelet transform can be used as an effective
tool for detecting single and multiple faults in the ball
bearings [22]. Furthermore, discrete wavelet transform
has been proposed for measuring outer race defect width
of taper roller bearing. Experiments were carried out on
a customized test setup [23].

Vibration signals from ball bearings having single
and multiple defects on inner race, outer race, ball fault
and combination of these faults have been considered for
analysis [24]. The decomposed signal evidently splits the
peak corresponding to the ball entry into and exit from
the fault, enabling in an estimation of the defect size
present in the bearing [25]. Wavelet packet analysis is a
much better option than discrete wavelet transform. The
method is designed in such a way that it can exploit the
underlying physical concepts of the modulation
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mechanism [26]. The experimental results indicate that,
the wavelet packet analysis is a very reliable time-
frequency domain approach capable of capturing high
frequency transients in bearing signals [27]. Wavelet
packet analysis is used as a powerful diagnostic method
for the detection of initial bearing failures via stator
current analysis [28]. The generated scalogram is used to
identify and measure the seeded defects in bearing and
gears [29]. The generated continuous wavelet transform
coefficients are compared with the standard wavelet
based scalogram. The scalogram generated from
continuous wavelet transform is used to measure the
duration that the roller takes to roll over the defect [30].

The aim of this study is to create a deep groove ball
bearing model. Simulated vibration signals are obtained.
The effect of the defects number on time and frequency
domain parameters is investigated. The vibration
monitoring methods are examined by using statistical
parameters such as RMS, crest factor, kurtosis and
skewness.

2. Experimental set-up

An experimental setup is employed to collect the
vibration signals generated by incipient bearing defects.
A schematic of test setup including the assembly and
measurement equipments is shown in Fig. 1. The power
unit of the testing rig is a three-phase asynchronous
motor with variable speed up to 6000 rpm. The change
of the shaft rotating direction and the adjustment of the
shaft running speed can be achieved by means of a
control unit which is mounted between the driving motor
and the rotating shaft. An electronic wireless sensor is
used for the measurement of the shaft speed. This
arrangement is also equipped with an elastic claw
coupling to damp out the high-frequency vibration
generated by the motor.

Fig. 1: Photograph of experimental test setup

3. Finite element model

A single row deep groove ball bearing SKF 6004 has
been used in this study. The bearing geometry is shown
in Fig. 2 and dimensions are given in Table 1. It is
assumed that the contact between the outer surface of the
outer ring and its mating surface on the casing structure
is perfect meaning that no relative motion is permitted
on the contact surface. The three-dimensional models of
the housing and outer ring are modelled using
ABAQUS. The housing model is created as per the

dimensions shown in Fig. 3. The bearing material is
assumed as isotropic and linear-elastic with modulus of
elasticity "E" of 203 GPa, Poisson's ratio "v" of 0.29 and
density "p" of 7850 kg/m®. For the housing, the material
is assumed to be isotropic and linear-elastic with
modulus of elasticity "E" of 195 GPa, Poisson's ratio "v"
of 0.26 and density "p" of 7300 kg/m>. The loads carried
by the ball and roller bearings are transmitted through
the rolling elements from one ring to the other [31].
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Fig. 2: Geometry of the deep groove ball bearing 6004 [31]

Table 1: Fluid and wind tunnel conditions

Dimension Value

Outer diameter, D, 42mm

Bore diameter, D; 20mm

Pitch diameter, d, 31mm

Raceway width, B 12mm
Ball diameter, D 6.35mm

Contact angle, a 0°

Raceway diameter of outer race, d, 34.8mm
Raceway diameter of inner race, d; 27.2mm
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Fig. 3: Dimensions (mm) of the housing structure
The relationship between load and deflection is:
Q=Ks" (1)

where, "n" = 1.5 for ball bearings and "n" = 1.11 for
roller bearings, "Q" is the ball or roller normal load, "5"
is deformation, and "K" is load-deflection factor. For a
rigidly supported bearing subjected to a radial load, the
radial deflection at any rolling element angular position
is given by:

5:// = 5max|:l_ i(:I'_ cos l//):| (2)
2
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E = 1 1— i (3)
2 25,
where, "8," is the race radial shift, occurring at y = 0°,
"Pg" is the diametric clearance, "¢" is the load
distribution factor. The angular extent of the load zone is
determined by,
P
=cost —4 4
4 25, 4)
For ball bearings having zero clearance and subjected to
a simple radial load determined that:

Q, = Qmax[l— —21 (1—cos 1//)} (5)
&<
Q. - 4.37F, (6)
Zcosa

where, "F," is radial load and "Z" is number of balls. One
of the simpler detection and diagnostic approaches is to
analyze the measured vibration signal in the time
domain. Whilst this can be as simple as visually looking
at the wvibration signal, other more sophisticated
approaches can be used such as trending time domain
statistical parameters. A number of statistical parameters
can be defined as root mean square (RMS), crest factor,
kurtosis, and skewness based upon the beta distribution.

RMS = /%ﬁ;[x(t)—f] @)
Crest factor = [_max~(X)—min~(X)]/ RMS (8)
Kurtosis:%%“[x(t)—yr/RMS“ ©)
Skewness =%%[x ©-x / RMS® (10)

where X denotes the mean value of the discrete time
signal X(t) having N data points. Time domain statistical
parameters have been used as one-off and trend
parameters in an attempt to detect the presence of
incipient bearing damage. The ratio between the RMS of
the defected bearing to that of the healthy one "Rgms".
The ratio between the crest factor parameter "CF" of the
defected bearing to that of the healthy one "Cce". The
ratio between the kurtosis parameter "K" of the defected
bearing to that of the healthy one "Kg". The ratio
between skewness parameter "S" of the defected bearing
to that of the healthy one "Sg".

The vibration data are calculated for vertical and
horizontal directions for a broad range of rotational
speed ranging from 1500 to 3500 rpm. The magnitude
and the duration of the impulse force are related with the
radial load carried by the outer race defect and the
velocity of the rolling elements. A local defect is
modelled by amplifying the magnitudes of the radial
forces defined for the nodes which are in the defected
area. The amplification constant of 3.58 is chosen. The
frequency due to defect on outer race is given by,

f = Z—fs(l—dRcos a)

0T 11)

m
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4. Validation between the experimental and
simulation results

The boundary conditions of the simulation process have
been chosen to satisfy an acceptable correlation between
the experimental set up and the simulated model. Fig. 4
shows an experimental acceleration signal for a healthy
bearing and a bearing with a defected outer race, while
the corresponding signal; that obtained from the
simulation process; is shown in Fig. 5. It is observed
from Figs. 4(a) and 5(a) that the dynamic response of the
healthy bearing is approximately similar for the
experimental and theoretical cases. Furthermore, it is
noticed for the case of bearing with defected outer race
that, the experimental results in Fig. 4(b) confirm that of
the defected bearing simulation in Fig. 5(b). The
difference between the experimental and simulation
signals may be due to the interval time (0.0001sec) used
in the dynamic model. These results indicated that the
proposed method of simulation can be used to produce
vibration data for condition monitoring applications.
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Fig. 4(b): Bearing with defected outer race
Fig. 4: Experimental acceleration signals for bearings
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Fig. 5(b): Bearing with defected outer race
Fig. 5: Acceleration response at horizontal point, 1500 rpm
Fig. 6 illustrates the RMS-ratio of the acceleration

"Rrms" for bearing with outer race defect versus the shaft
speed. The RMS-ratio in the vertical direction displays
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higher values than that of the horizontal direction. The
value of the RMS-ratio decreases with the increase of the
shaft speed. It is important to notice that, the higher
values of the RMS-ratio on the vertical direction is
connected to the position of the defect of the outer race,
which means that the RMS-ratio increases at the position
of the outer race defect. The analytical results describe
the alteration of the bearing acceleration, velocity and
displacement. Fig. 7 illustrates the variation of the RMS-
ratio of the acceleration versus the shaft speed. The value
of the RMS-ratio at point "P,", i.e. in the vertical
direction; is small in comparison to the horizontal one.
Also, the RMS-ratio decreases with the increase of the
shaft speed. Therefore, it is easier to detect the bearing
defect at low speeds than that by high speeds which can
be due to the reduction of the pulse interval. The
comparison between the simulation and experiment
results shows a good agreement between the results.
However, the variation between the experimental and the
simulation values may be due to the inequality of the
defect size in both cases.
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Fig. 6: Experimental variation of the acceleration RMS-ratio vs.
Shaft speed for bearing with outer race defect
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Fig. 7: Analytical variation of the acceleration RMS-ratio vs. Shaft
speed for bearing model with outer race defect

5. Effect of defect number on the outer race

The number of defects on the outer race is increased step
by step to show the effect of the defect number on time
and frequency domain parameters. Multiple defects are
introduced on the outer race. Firstly, single defect
located at 0°and two defects located at 0° and 67.5° are
analyzed. Then the number of defect increased to three
and the locations of the local defects are 0°, 67.5° and
225°. Finally four defects are located on the outer race at
the angular positions 0°, 67.5°, 225° and 270° as shown
in Fig. 8. The RMS-ratio of the acceleration "Rgys" for
the case of multiple defects on the outer race at point
"P,", i.e. in the vertical direction and point "P2", i.e. in
the horizontal direction are displayed in Figs. 9 and 10
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respectively. It can be seen that the RMS-ratio for four
defects case gave high values at relatively low speeds.
The same observation is valid for the vertical and
horizontal directions.

" Defect at 67.5°

" Defectat 0’

Defectat 225 <

Y- axis

L,

X- axis

N - )
Defect at 270

Fig. 8: Multiple defects on outer race
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Fig. 9: Acceleration RMS-ratio of multiple defects at point *'P,"*
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Fig. 10: Acceleration RMS-ratio of multiple defects at point *'P,"

It can observed from Fig. 11(a) that the crest factor
ratio for acceleration "Cc" of the one defect and two
defects cases have no effect while the three defect and
four defects cases show a greater effect. Fig. 11(b)
illustrates the kurtosis ratio of the acceleration "K" at
point "P,". It can be observed that the kurtosis ratio is
very small for all speeds except 1500 rpm with the three
defects and four defects cases. It can be concluded that
the multiple defects are difficult to monitor by using the
kurtosis ratios for acceleration at point "P,". It can be
seen from Fig. 11(c) that the skewness ratio for
acceleration "Sg" gave high values at four defects case. It
can be concluded that the skewness ratio for acceleration
"Sg" increases due to the increases in the number of
defects. It can be noticed from Fig. 12(a) and Fig. 12(b)
that the ratio between the time domain parameters of the
defected and healthy bearings is very small for all speeds
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by using the crest factor and kurtosis results. It can be
concluded that the point "P," is not suitable during defect
detection for the crest factor and kurtosis ratios. The
three defects case gave high result at the point "P,", for
skewness ratio as shown in Fig. 12(c).
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Fig. 11: Acceleration ratios of multiple defects at point *'P;"*
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Fig. 12: Acceleration ratios of multiple defects at point *'P,""

The RMS-ratio of the displacement "Rgms™ at point
"P," is shown in Fig. 13. It can be noticed that the RMS-
ratio gave high values and at relatively low speeds for
the four defects case. The three defects and two defects
cases have the same results at all speeds especially
between 1500 rpm and 2500 rpm. Fig. 14 illustrates the
RMS-ratio of the displacement "Rrms” at point "P,". It
can be seen that the four defects case gave high values
while the three defects case gave low values. It can be
seen from Fig. 15(a) and Fig. 15(b) that the crest factor
and kurtosis ratios at point "P;" are very small for all
speeds. It can be concluded that the defects detection is
difficult by using the crest factor and kurtosis ratios. It
can be observed from Fig. 15(c) that the skewness ratio
"Sg" is very small for all speeds except 3500 rpm. Fig.
16(a) illustrates the crest factor ratio of the displacement
at point "P,". It can be concluded that the multiple
defects gave no effect for all speeds except 3000 rpm.
The same observation is valid at vertical and horizontal
directions for the kurtosis and skewness ratios.
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Fig. 13: Displacement RMS-ratio of multiple defects at point *'P,"*
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Fig. 15: Displacement ratios of multiple defects at point **P;"*

1.04
1.02 e
— il =
e S — <>
NH ] A 1
0.98 e
dlﬁ 0.96
' —e— One defect
0.94 —a—Two defects
0.92 --4=--Three defects
Four defects
0.9
1500 2000 2500 3000 3500

Speed [rpm]
Fig. 16(a): Crest factor

1.1;\‘“—/—_{“‘(___."
) RS R S————

0.9
08
¥ o7

—&— One defect
0.6 —=— Two defects
— &~ Three defects

05 Four defects

0.4
1500 2000 2500 3000 3500
Speed [rpm]

Fig. 16(b): Kurtosis

0.3
0.25 —e— One defect
’ —&— Two defects
0.2 — &~ Three defects
& ’ Four defects
0.15
Al aliadiad i, Tl JE I
0.1
0.05
0
1500 2000 2500 3000 3500

Speed [rpm]
Fig. 16(c): Skewness

Fig. 16 Displacement ratios of multiple defects at point *'P,"

The RMS-ratio of the velocity "Rgys"” at point "P;"
is shown in Fig. 17. The same observation is valid for
displacement, and velocity responses for the RMS-ratio
while the three defects case gave low values. Fig. 18
illustrates the RMS-ratio of the velocity "Rgrus" at point
"P,". It can be observed that the four defects case give
high values at all speeds except at 3000 rpm and 3500
rpm. It can observed from Fig. 18(a) that the crest factor
of the velocity "Cc" at point "P," is very small for all
speeds and it is difficult to detect a defect. It can be
noticed that the same observation is valid for the crest
factor ratio at the point "P,"and point "P,". The same
observation is valid for the kurtosis and crest factor
ratios. It can be observed from Fig. 19(c) that the
skewness ratio "Sg" is very small for all speeds at
vertical direction. It can be concluded that the skewness
ratios for the all defects cases gave very low results due
to increase of speeds. Furthermore, it can be noticed
from Fig. 20(c) that the skewness ratio "Sg" is very small
for all speeds at point "P," except 2000 rpm & 3500 rpm.
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Fig. 17: Velocity RMS-ratio of multiple defects at point "'P,"*
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Conclusions

this paper, time domain statistical parameters

extracted from simulation through dynamic models of
gearbox ball bearing were used to detect the number of
defects on the outer race of the bearing. The simulated
data were also used to validate the performance of the
experimental results. The statistical parameters ratio
between of the defected and healthy bearings increase
due to the increases in the number of defect on the outer
race of the bearing. The multiple defects are difficult to
monitor by using the crest factor, kurtosis and skewness
ratios for displacement and velocity responses.
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