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Abstract

The performance of rolling element bearings is one of the machine quality measures in industry. The fatigue life and performance of
rolling element bearings depends mainly on the dynamic characteristics of those bearings. This paper studied the effect of the internal
radial clearance on the damping characteristics, natural modes of vibration, and fatigue life of rolling element bearings. Vibration modal
analysis was performed on rolling bearings of the same size and type to measure their dynamic characteristics. These dynamic character-
istics include the natural frequency of the first mode of vibration, damping, and amplitude of frequency response function at resonance.
The internal radial clearances of these bearings were measured. A statistical analysis was performed to study the correlation between the
internal radial clearance and the dynamic characteristics of rolling bearings. It was found that the damping ratio of the bearing assembly
increased by reducing the internal radial clearance of the bearing. Similarly, rolling bearings that have large internal clearances showed
short predicted fatigue life. It is concluded that the dynamic characteristics, and consequently the dynamic performance, of rolling bear-

ings are significantly affected by the internal radial clearance.
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1. Introduction

The performance of various machinery systems depends
mainly on the dynamic characteristics of the rotating compo-
nents (e.g., rolling element bearings), because most of those
systems are subjected to dynamic cyclic loads while providing
a relative rotational motion. The selection of rolling bearings
is one of the challenges in many applications, especially cer-
tain critical applications in the aerospace industry that require
high performance [1-3]. According to the literature, rolling
bearings of the same type and size do not exhibit the same
performance under similar operating conditions. Manufactur-
ing and assembly errors, which are the main source of error in
rolling bearings, have a strong influence on the fatigue life of
rolling bearings [4-9]. The internal radial clearance affects the
load distribution, and consequently the fatigue life of rolling
bearings. Zero radial clearance bearings generally have the
highest fatigue life. The fatigue life of rolling bearings de-
creases by increasing the internal radial clearance [10-13]. The
performance and life of rolling element bearings are affected
by damping and stiffness of bearing assembly [13]. Although

“Corresponding author. Tel.: +1 905 979 4509

E-mail address: mohamemy(@mcmaster.ca; yakout _mostafa@yahoo.com
TRecommended by Associate Editor Gyuhae Park
© KSME & Springer 2019

the bearing manufacturers provide a formula to calculate the
fatigue life of rolling bearings, predicting the actual fatigue
life of those bearings is still one of the main challenges in
bearing research [14-17]. The Lundberg-Palmgren life theory
provides the same fatigue life index for bearings of the same
size and type. However, the dynamic response of rolling bear-
ings is affected by any variations in lubrication, clearances,
and any other assembly error [16-24]. Experimental modal
analysis has been recently used for determining the dynamic
characteristics of complex structures and for predicting the
fatigue life of single components and assembly structures [9,
25-34]. Previous research stated that these dynamic character-
istics act as the deoxyribonucleic acid (DNA) characteristics
of rolling element bearings, and represent a quality tool for
predicting the performance and operating life of those bear-
ings [9, 15, 27, 35]. Since the internal radial clearance has a
strong influence on the fatigue life of rolling bearings [20], it
is potentially expected that the internal clearance affects the
dynamic characteristics of rolling bearings. It has been re-
ported that the estimated bearing life can be enhanced by re-
ducing the internal clearance. This estimated bearing life con-
siders the rolling element size and static load (Stribeck factor)
parameters only [20]. Also, the bearing life and dynamic load
rating are affected by any variations in the dynamic character-
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istics [9, 15, 27]. The present work studied the correlation
between the internal radial clearance and dynamic characteris-
tics of rolling element bearings, as well as their influence on
fatigue life.

2. Experimental procedures

Experimental modal analysis and internal clearance meas-
urements were conducted on ten rolling element bearings from
the same manufacturer (i.e., NSK Ltd.) and of the same type
and size (i.e., bearings with the same bearing code 6006zz).
Table 1 shows the specifications of the deep groove ball bear-
ing 6006zz as provided by the bearing manufacturer.

An impact hammer was used to apply impulses on the
tested bearing in the radial direction and the corresponding
impulse signal was measured with a force transducer. The
bearing response was measured by using a piezoelectric uni-
axial accelerometer mounted by wax on the outer ring of the
bearing as shown in Fig. 1. Both impulse and response signals
were analyzed by a front-end data acquisition unit. The signals
were recorded in PULSE labshop© software to obtain the
frequency response function (FRF) of each bearing. Arithme-
tic average of four impulses was calculated for each bearing to
ensure test repeatability. The experimental modal analysis
could be used to determine both flexible and rigid body modes
of vibration. The developed setup, shown in Fig. 1, counted
only the flexible body modes of vibration. Using elastic cords
allowed the cancelation of the rigid body modes of vibration
during the analysis. The setup was calibrated, and the weight
of the accelerometer was less than 10 % of the weight of the
bearing. Anti-aliasing filter and least squares curve fitter were
used to avoid aliasing and truncations of signals. The FRF and
coherence function of each bearing were recorded. Transient
and exponential windowing functions were selected for exci-
tation and response signals, respectively. During the selection
of bearing modes, only vibration modes with high coherence
values (higher than 0.99) were considered for analysis. The
fixation points of the setup were kept the same during the
testing of all bearings to avoid any discrepancies.

The second test in this study was measuring the radial clear-
ance of each bearing. The test setup used for measuring the
radial clearance of each individual bearing separately is shown
in Fig. 2. Each bearing was mounted on a mandrel that was
fixed between two lathe centers. These centers were located
on slideways that allow guided movements in the axial direc-
tion. A dial indicator with a scale value of 1 um was located
on the outer ring of the bearing in the radial (i.e., vertical)
direction. Two clamps were mounted in the axial direction to
secure the position of the centers on the slideways. The test
setup was calibrated, and the parallelism error of the carriage
movement and the coaxiality error of the mandrel rotation
were minimized. Four radial displacement readings were
taken and averaged from four different positions on the outer

ring of the bearing, by rotating the bearing around the mandrel.

Two measurements (R; and R,) were taken: With and without

Table 1. Specifications of bearing 6006zz provided by manufacturer.

Dimensions d D B r
(mm) 30 55 13 1 . 5-
Mass (kg) 0.116
Dynamic load
rating, Cp (N) 13200
Static load
. 8300
rating, C, (N) Shithec Type
2 | cN| 3| 4| cs -
Clearances (pm)|
1-11 | 520 | 13-28 | 2341 | 30-53

(1) Impact hammer, (2) Bearing under test, (3) Elastic cord, (4) Accel-
erometer, (5) Rigid support, (6) Front-end acquisition unit, (7) Process-
ing unit

Fig. 1. The experimental modal analysis test setup.

(1) Lathe center, (2) Test mandrel, (3) Dial indicator, (4) Bearing under
test, (5) Loading lever for applying force

Fig. 2. The radial clearance measurement setup.

applying force on the radial direction as shown in Fig. 3. Each
displacement reading was repeated three times to ensure the
repeatability of the dial indicator readings. The radial clear-
ance (C,) was calculated for each individual bearing. The per-
pendicularity between the dial indicator axis and the bearing
axis was initially checked to ensure accurate measurements.

3. Experimental results and discussion

Figs. 4 and 5 show both the impulse force and acceleration
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Fig. 3. Radial clearance measurement.
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Fig. 4. Force signal in (a) time; (b) frequency domains.

response signals in time and frequency domains. Using fast
Fourier transformation (FFT), the signals were implied to
determine the FRF shown in Fig. 6(a). Auto and cross correla-
tions of signals were used to determine the corresponding
coherence function shown in Fig. 6(b). The frequency range
was set between 0 to 8 kHz to determine the first mode of
vibration for each rolling bearing. The first natural frequency
(), damping ratio (£), FRF amplitude (H), and corresponding
coherence value at the first resonant mode of vibration were
recorded for each bearing. Table 2 lists the measured radial
clearance values for the ten bearings tested. The radial clear-
ances of these bearings varied between 13 um to 33 um,
which are within the specified range of radial clearances pro-
vided by the bearing manufacturer (see Table 1).
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Fig. 5. Vibration response signal in (a) time; (b) frequency domains.
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Fig. 6. (a) Frequency response function (FRF); (b) coherence function
in frequency domain.

Fig. 7 shows the relationship between the damping ratio and
radial clearance of rolling bearings. The damping ratio of roll-
ing bearings drastically decreased with the increase of the
radial clearance. This could be attributed to the size of the
lubricant film between rolling elements and races of inner and
outer rings. The overall damping of rolling bearings depends
on the material damping of rolling elements and bearing rings,
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Table 2. Radial clearance values of the tested bearings.

Table 3. Calculated fatigue life of the bearings under test.

Bearing no. 1 2 3 4 5 Bearing no. 1 2 3 4 5
Radial clearance, C; (um) 33 29.8 32.7 31.8 | 28.16 6L1fe, Ll[? 1817 2122 1977 2220 2472
Bearing no. 6 7 8 9 10 (10° revolutions)
Radial clearance, C, (um) | 15.88 | 24.75 | 13.6 | 1838 | 13 Bearing no. 6 7 8 9 10
Life, Lo 4963 | 8428 | 15389 | 3892 | 15928
025 (10° revolutions)
0.20 4 ‘&pM Table 4. Correlation matrix between the radial clearance and dynamic
= Tl characteristics.
- a ™t o
015 4 &
2 N Radial clearance
% s ATml s . Dynamic property Pearson correlation | Spearman correlation
é s r p-value p p-value
UELSE Damping ratio -0.706 0.023 -0.903 0.000
Natural frequency 0.751 0.012 0.827 0.003
0.00 f f f . f t
i} 5 10 15 20 25 30 35 FRF amplitude 0.845 0.002 0.879 0.001
Radial clearance, Ct (un) Calculated bearing life | -0.803 |  0.005 0.952 0.000

Fig. 7. Relationship between the radial clearance and damping ratio of
the bearings tested.
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Fig. 8. Relationship between the radial clearance and natural frequency
of the bearings tested.

as well as the damping of the lubricant film [20]. The damping
of the lubricant film depends on the radial clearance of the
bearing. The inverse correlation between the damping ratio
and radial clearance could be attributed to the size of the oil
film. The size of the oil film increases by increasing the radial
clearance, which allows higher vibration under dynamic load-
ing condition (lower system damping). The relationship be-
tween the natural frequency and radial clearance of rolling
bearings is shown in Fig. 8. As observed, the natural fre-
quency of rolling bearings increased by increasing the radial
clearance. This could be attributed to the dynamic stiffness of
the bearing. The natural frequency of machinery elements
depends on mass and stiffness of those elements. Since the
mass of the bearing does not change when increasing the ra-
dial clearance, then the increase in the natural frequency could
be attributed to an increase in the dynamic stiffness of the
bearing.

A modified equation is reported in the Ref. [9] for calculat-
ing the dynamic load rating (Cp) of each individual bearing

based on the dynamic characteristics of the first mode of vi-
bration for this bearing (&/f,.H). This equation was used to
calculate the dynamic load rating of each individual bearing
tested in this study. By substituting the calculated dynamic
load rating in Lundberg-Palmgren model, the absolute fatigue
life of each individual bearing was determined as listed in
Table 3. This modified equation predicts the fatigue life of
each individual bearing based on the results of the modal
analysis. An experimental modal analysis was performed at
room temperature and atmospheric pressure while the bearing
under test was hanging free. These boundary conditions
should be applied in order to use the model developed in Ref.
[9] for evaluating the fatigue life of each individual bearing
nondestructively.

Pearson and Spearman correlation tests were performed be-
tween the radial clearance and dynamic characteristics (i.e.,
damping ratio, natural frequency, FRF amplitude, and calcu-
lated bearing life) of rolling bearings. Table 4 shows the corre-
lation matrix between the radial clearance and each dynamic
characteristic, where r represents the Pearson correlation coef-
ficient and p represents the Spearman correlation coefficient.
It was observed that the correlation between the radial clear-
ance and the dynamic characteristics were significant. The p-
value of all factors was less than the significance level (o =
0.05) and the correlation coefficients were approaching +1 (+1
means positive correlation, 0 means no correlation, and -1
means negative correlation). The correlations between the
radial clearance and the dynamic characteristics are consid-
ered statistically significant. The damping ratio and bearing
life were inversely (negatively) correlated with radial clear-
ance, but the natural frequency and FRF amplitude were di-
rectly (positively) correlated with radial clearance.

Fig. 9 illustrates the influence of the internal radial clear-
ance on rolling element bearing life. The calculated bearing
life decreased when the internal radial clearance increased. It
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Fig. 9. Relationship between the radial clearance and calculated bear-
ing life.

is reported in the Refs. [12, 20, 23, 24] that the internal radial
clearance has a strong influence on the load distribution and
bearing life in which bearing life decreases when the radial
clearance increases. The main reason is that the load is not
evenly distributed on all rolling elements when having a large
internal radial clearance. In comparison with the damping
results shown in Fig. 7, the calculated bearing life showed a
quite similar trend with the internal radial clearance.

4. Conclusions

Individual ball bearings of the same type and size showed
various internal radial clearances and dynamic characteristics.
This may be potentially attributed to variations in the inherent
dynamic characteristics of these identical rolling bearings.
This paper examined the relationship between the dynamic
characteristics and internal radial clearance of rolling bearings
from the same manufacturer with the same bearing code. An
inverse correlation between the damping ratio and internal
radial clearance was found. The experimental results showed
that the bearing with the largest radial clearance had the low-
est damping ratio, highest natural frequency, and shortest
bearing life. The developed procedure could be used to mod-
ify the calculated bearing life provided by the bearing manu-
facturer based on the internal radial clearance measurements.
Validating these findings for other types of rolling element
bearings is considered for future work.
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