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Abstract

Dynamic equipments, in their vast majority, have rolling bearings in their components.
Measurement and analysis of the values of rolling bearings vibration, on time, represent a safe and
effective measure for identifying the state of wear of bearings, and to predict the evolution of their
technical condition and of the entire equipment. This paper presents the detection of causes which
lead to the damage of rolling bearing by using FFT (Fast Fourier Transformation) and BCS
(Bearing Condition Signature) spectrums, by measuring its housing vibrations (self-aligning ball
bearing, ZKL 1205K type) mounted in a test rig. The results presents the analysis mode of FFT
and BCS spectrums in order to obtain beneficial information for the detection of that unbalance
caused by loading, of the implemented defect on rolling bearing raceway and of bearing damage

mode under the action of these causes.
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1. INTRODUCTION

Rolling bearings are the most common and
critical components of dynamic equipment. Many
predictive maintenance programs use modern
methods for monitoring of rolling bearing during
the exploring operation, in order to detect failures
and diagnosis of rolling bearing, but also to avoid
the disuse of it and of equipment. The most
common causes that lead to vibrations in rolling
bearings are: improper design, incorrect mounting,
misalignment, unbalance, improper choice of
rolling bearing type, long duration of use, improper
lubrication, use of equipments to other parameters
than those for which they were designed and others
[1, 6]. Therefore it is important that the rolling
bearings to be measured and analyzed and, when
necessary, any defects identified by vibration
analysis to be corrected in a predictive maintenance
program [2].

The diagnosis by using the envelope technique
is the processing of vibration signal in order to
identify defects of rolling bearings and to extract
characteristic defect frequencies. By using this
analysis it is possible both to identify the defects
within rolling bearings and their location (outer
raceway, inner raceway, rolling elements, cage) [3,
4, 6].

When the rolling bearings are damaged the
characteristic defect frequencies can be observed in
vibration spectrums. The occurrence of these
frequencies in vibration spectrums depend the
faulty component of rolling bearing [5, 7, 8].
Defects in rolling bearings can be identified by
vibration analysis, if the spectral components with

typical defect frequencies (and their harmonics) are
detects.

The FFT spectrums are obtained by using
envelope technique of the modulating signal. These
spectrums give information on the various causes
that lead to the deterioration of rolling bearings
(unbalance, misalignment, mechanical looseness
and others). The BCS spectrums are obtained by
using the amplitude demodulation technique from
the amplitude modulated signal. These spectrums
give us information on the condition of rolling
bearing [9]. The characteristic defect frequencies of
rolling bearings can be analyzed both in the FFT
and BCS spectrums.

There are five defect characteristic frequencies
of rolling bearings which can occur in the FFT and
BCS spectrums [8]: cage ball-pass frequency (F.);
outer-raceway ball-pass frequency (Fpp;); inner-
raceway ball-pass frequency (Fpp); rolling-element
rotational frequency (Fyg); rolling-element ball-pass
frequency (Fppre = 2x Fgrg). These frequencies can
be calculated as:

E=1Ra -2 (M)
Fop = TRE(1 + 2550 @
Faro NTE@'CI - = :'3 5 3
Fe= ZRO-250

where: Fj is the fundamental frequency (rotating
speed) of the shaft; D, — the diameter ball; 6 — the
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contact angle; D — the pitch diameter of the rolling
bearing; N, — the number of balls.

2. EXPERIMENTAL RESEARCH
2.1. Test rig description

This experimental research has proposed the
analysis of FFT and BCS spectrums in order to
diagnose and predict failure of rolling bearings.
Thus, the test rig consisted of a base on which the
electric motor-gearbox-coupling-shaft assembly
was mounted, as can be seen in Fig. 1. The electric
motor has a power of 0.25 kW and a rotating speed
of 2760 rpm. Since the gearbox ratio is 2.8 the shaft
speed used is 1000 rpm. The shaft is supported by
two rolling bearings, ZKL 1205K type. These are
self-aligning ball bearing with tapered bore (taper
1:12) which are mounted on the shaft by means of
adapter sleeves. The measurements were performed
in the horizontal, vertical and axial directions of the
rolling bearing housing from left side of the test rig.

third loading, the bearing was cleaned by using
petrol and then it was re-lubricated. The vibration
signals were collected in the frequency domain in
order to analyze: overall vibration trend, overall
BCU (Bearing Condition Unit) trend, FFT and BCS
spectrum. The appearance and evolution mode of
the characteristic defect frequencies’ amplitude,
their harmonics and the side bands of these
frequencies and harmonics were analyzed in FFT
and BCS spectrums.
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Fig. 2. Acquisition system of vibration from Bruel
& Kjaer Vibro: a. — accelerometer, AS-065 type; b.
— VIBROTEST 60 device; ¢. — PC-card

Fig. 1. Test rig

2.2. Vibration measuring devices

The acquisition of vibration measurements was
performed by using a piezoelectric accelerometer
(Fig. 2a) connected to the VIBROTEST 60 device
(Fig. 2b) from Bruel & Kjaer Vibro. Measurements
were recorded in the PC-card of VIBROTEST 60
device (Fig. 2¢), then transferred for their analysis
in the XMS software (extended monitoring
software). The frequency range of the sensor is
between 4 Hz and 10 kHz, and the resonance
frequency is 35 kHz.

For the vibrations’ analysis, an artificial defect
was implemented on the outer raceway of the
rolling bearing (Fig. 3), with its size given in Table
1. The rolling bearing worked under three loadings:
14 N, 24 N and 42 N (three steel discs of 1.4 kg
each). The rolling bearing worked for 10 hours
under each loading. The first measurement was
acquired at the beginning of the experiment then
another 5 measurements at intervals of two hours.
Before each operation, between the second and

Fig. 3. Self-aligning ball bearing with tapered bore,
ZKL 1205K type: a. - technical drawing; b. - photo
with location of the artificial defect on rolling
bearing outer raceway

The geometrical characteristics of this type of
bearing are shown in Table 2.

Table 1. Sizes of the artificial defect on rolling
bearing outer raceway

Defect Length Width Depth
cod [mm] [mm] [mm]
DIE 7 0.5 0.1

Table 2. Sizes of self-aligning ball bearing with
tapered bore, ZKL 1205K type

Sizes Values

D, - outer diameter 52 mm
d - inner diameter 25 mm
B - thickness 15 mm

D, - ball diameter 7.2 mm
N, - number of balls 24 balls
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The FFT spectrum was divided into a number of
six bands, each band is specific of some causes
leading to dynamic equipment failure. Thus, Band
No. 2 is specific for the unbalances of the
equipment, Band No. 3 for the misalignments, Band
No. 4 for the clearances and looseness, Band No. 5
for the possible defects of rolling bearings, and
Band No. 6 confirms the advanced condition of
defects in rolling bearings by detecting the so-
called "haystacks" [10].

The limits’ calculation of these bands is done as
follows:

Band No. 1: 0 + 0.8x F;

Band No. 2: 0.8 x F,+1.2 X F;
Band No.3: 1.2 x F, =25 % F;
Band No. 4: 2.5 x F,+=55 % F;
Band No. 5: 5.5 x Fy+ 0.5 X Fs
Band No. 6: 0.5 X F0c = Fopan

A

where: F,, is the maximum frequency that is
chosen depending on the type of equipment, the
rotating speed and the type of used bearing. For this
experiment will be F,,,, = 1000 Hz.

Thus, the limits’ values of these bands
calculated in this experiment will be:

1. BandNo. 1:0+13.33 Hz;

2. Band No. 2: 13.33 +19.99 Hz;

3. Band No. 3: 19,99 ~41.65 Hz;

4.  Band No. 4:41.65 +91.63 Hz;

5. Band No. 5:91.63 ~ 500 Hz;

6. Band No. 6: 500 + 1000 Hz.

Based on expressions (1) + (4) from first

Section, the characteristic defect frequencies of this
type of bearing have the following values: F. = 6.81
HZ, FBPO = 81.45 HZ, FBP] = 118.55 HZ, FRE =
43.39 Hz, Fprp = 86.78 Hz. Knowing that the
rotating speed is 1000 rpm, the fundamental
frequency will be: Fy=16.67 Hz.

3. EXPERIMENTAL RESULTS AND
INTERPRETATIONS

3.1. FFT and BCS spectrums analysis of the
rolling bearing which worked with an
artificial defect on the outer raceway under
loading of 14 N

In FFT spectrum analysis for all measuring
directions (Fig. 3) the harmonics of Fpo frequency
were detected. Also, the fundamental frequency
(F;) predominating in Band No. 2 and its harmonics

in Bands No. 3 and 4 were observed. These
observations give information regarding the
existence of an unbalance which is developed by
loading of 14 N. Because on the horizontal FFT
spectrum the F and its harmonics are predominant,
the harmonics amplitudes of Fpo (4 x Fpo + 9 x
Fgpo) are much lower compared to them, which
makes it difficult to interpret the existence of a
defect on the outer raceway. Better clarity of
harmonics’ amplitudes of Fzpp can be obtained only
by using the Zoom function of XMS software.
During the experiment (Fig. 4a and 4b) in this
direction the harmonics’ amplitudes of Fzpp haven't
had significant increases.

In vertical direction the 3 x F; harmonic that
predominates in the first measurement (Fig. 4c) and
the Fy that predominates in the 6th measurement
(Fig. 4d) were observed. Also, in FFT spectrums
the harmonics of Fpo (3 x Fppo ~ 9 x Fppp) were
observed, that are much clearer than those in the
horizontal direction and also the appearance of the
harmonic 3 x Fppp. During the experiment in this
direction the harmonics’ amplitudes of Fzpp haven't
had significant increases.

In axial direction the 3 x F, harmonic that
predominates in spectrums (Fig. 4e and 4f) were
observed as well as the harmonics’ amplitudes of
Fgpo (3 x Fpo + 12 x Fypp) that are much clearer.
During the experiment in this direction the
harmonics’ amplitudes of Fppp haven't had
significant increases.

In BCS spectrums analysis for all measuring
directions, the Fppo frequency and its harmonics,
with much clearer amplitudes than the FFT
spectrums, were detected. Also, the / x F (-1 and
1) and 2 x F; (-2 and 2) sidebands, which confirm
the existence an unbalance developed by loading of
14 N, were detected. In horizontal and vertical
directions during the experiment the amplitudes of
Fppo and its harmonics were more obvious than
those in the axial direction (in horizontal and
vertical directions the highest values occurring in
the 4th measurement and in axial direction in the
6th measurement) as can be observed in Fig. 5.

Although the amplitudes of Fppp and its
harmonics increased during the experiment in all
directions of the measurement, when the rolling
bearing was dismounted (Fig. 6) it didn't have any
damage caused by the implementation of the defect
on the outer raceway.
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Fig. 4. FFT spectrums of bearing operating under loading of 14 N: a. - in horizontal direction for the 1st

measurement; b. - in horizontal direction for the 6th measurement; c. — in vertical direction for the 1st
measurement; d. — in vertical direction for the 6th measurement; €. -in axial direction for the 1st measurement; f.

- in axial direction for the 6th measurement
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Fig. 5. BCS spectrums of bearing operating under loading of 14 N: a. - in horizontal direction for the 1st

measurement; b. - in horizontal direction for the 6th measurement; c. - in vertical direction for the 1st
measurement; d. - in vertical direction for the 6th measurement; e. - in axial direction for the 1st measurement; f.

- in axial direction for the 6th measurement
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Fig.6. Evolution of rolling bearing degradation with
artificial defect on the outer raceway after its
operation under loading of 14 N

3.2. FFT and BCS spectrums analysis of the
rolling bearings which worked with an
artificial defect on the outer raceway under
loading of 28 N

During this experiment in FFT spectrums it was
observed that by increasing of loading the
harmonics’ amplitudes of Fppp increased and the /x
F. (-1'and [') sidebands appeared. Also, it was
observed that the F; frequency and its harmonics
predominate in spectrums. In horizontal direction
(Fig. 7), the number of harmonics of Fpp increased
from 4 x Fppo ~ 9 x Fpgo to 3 x Fpgo +~ 12 x Fpgp and
their amplitudes are much clearer. In vertical
direction (Fig. 8) the number of harmonics of Fpgo
increased from 3 x Fpgo ~ 9 x Fppot0 3 x Fppo+~ 12 x
Fppo.

In axial direction (Fig. 9) it was observed that by
increasing of loading the & x Fppp and 9 x Fppo
harmonics have high amplitudes (even higher than
the F frequency and its harmonics). The increases
of Fppo amplitudes during the experiment can
confirm the existence of rolling bearing damage due
to implemented defect on the outer raceway.

During this experiment in BCS spectrums
analysis (Fig. 10, 11 and 12) for all measuring
directions it was observed that by increasing the
loading, the amplitudes of Fppp and of its harmonics
increased. Also, the / x F (-1 and 1), 2 x F (-2 and
2)and I x F. (-1’ and /°) sidebands were observed.

These amplitudes increases of the harmonics of
Fppo from FFT spectrums and of the Fppp frequency
and of its harmonics from BCS spectrums, as well as
the appearance mode of the sidebands give the
evolution mode of the artificial defect on the outer
raceway when loading is increased from 14 N to 28
N. At the dismounting of the rolling bearing (Fig.
13) these observations are confirmed by establishing
the evolution mode of the artificial defect on the
outer raceway (a groove of about 8 mm, along the
outer raceway in area of the artificial defect and a
thermal wear on the balls from the row that is it in
contact with the artificial defect were developed).
Thermal wear in this bearing is present by a color

changing (a blackening) of the superficial layer of
the balls’ material.
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Fig. 13. Evolution of rolling bearing degradation
with artificial defect on the outer raceway after its
operation under loading of 28 N

3.3. FFT and BCS spectrums analysis of the
rolling bearings which worked with an
artificial defect on the outer raceway under
loading of 42 N

In FFT spectrums it was observed that by
increasing of loading, the harmonics’ amplitudes of
Fppo and the Ix F. (-1 and 1) sidebands are much
clearer in all measuring directions. Also, the F;
frequency and its harmonics that predominate in
spectrums, were observed. In horizontal direction
(Fig.14) at the 6th measurement the harmonics’
amplitudes of Fippp were observed, which confirms
the damage of the rolling bearing’s ball. In vertical
and axial directions this defect characteristic
frequency was observed even from the 5th
measurement as can be seen in Fig. 15 and 16.

In BCS spectrums for all measuring directions
was observed that by increasing of loading, the
amplitudes of Fpp and of its harmonics increased.

Thus, in horizontal and vertical directions these
amplitudes increased until the 4th measurement,
then at the 5th measurement the amplitudes of Fprz
and Frp frequencies were observed. At the 6th
measurement, the amplitudes of Fppry and Fpg
frequencies and of its harmonics are much higher
than Fpp frequency and its harmonics that are more
difficult to observe. In axial direction the amplitudes
of Fppp and of its harmonics are difficult to observe
even from the S5th measurement. These higher
amplitudes of Fpprr and Fgi frequencies suggest that
the balls’ damage is more extensive than the outer
raceway damage. These observations were
confirmed at the dismounting of the rolling bearing
(Fig. 20). Thus, along the outer raceway the groove
expanded from 8 mm to 41 mm (Fig. 20b), in
addition to the thermal wear of the balls there was
also a removal of material from the surface layer
(Fig. 20a) and inner raceway has a thermal wear
with small dimples (small removal of material - fig.
20c).
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loading of 42 N in the axial direction for the 4th

Fig. 16. FFT spectrum of bearing operating under
loading of 42 N in the axial direction for the 5th

measurement

measurement
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Fig. 20. Evolution of rolling bearing degradation with artificial defect on the outer raceway after its operation
under loading of 42 N: a. — on ball; b. — on outer raceway; c. — on inner raceway

4. CONCLUSIONS

Measurement and analysis of vibrations, over
time, in different points of dynamic equipments’
rolling bearings represent a safe and effective
measure for the diagnosis and prediction of their
technical state as well as of the entire equipment.
The FFT and BCS spectrums analysis give the most
effective information on the causes of rolling
bearings deterioration during the time passing, but
they also give prediction on their remaining lifetime.
Thus, the FFT spectrums of this experimental
research give information by the appearance of
rotation speed amplitudes, Fy, and its harmonics on
the existence of an unbalance created by the used
loadings, and by the appearance of characteristic
defect frequencies’ harmonics (Fizpo, Fppre and Frg)
on the presence of defects from rolling bearing
components. These harmonics of characteristic
defect frequencies have random variations in their
amplitude both in time and spectrum width. These
random  variations don't provide sufficient
information regarding the evolution mode of rolling
bearing deterioration both due to unbalance and
when faults occur in their components. On the other
hand, in BCS spectrums, amplitudes of characteristic
defect frequencies and of its harmonics decrease
asymptotically from characteristic defect frequencies
to the last harmonic. The BCS spectrums give
information regarding the existence of unbalance by
the appearance of /x F; and 2x F; sidebands of
characteristic defect frequencies, as well as the
existence of different diameters of the rolling
elements by /x F. and 2x F, sidebands. Also, by the
appearance and evolution mode of characteristic
defect frequencies amplitudes and of its harmonics,
BCS spectrums give beneficial information
regarding the evolution mode of bearing degradation
during the time passing. Thus, in order to have
efficiency of the diagnosis and of the prediction of
rolling bearings, it is necessary to use FFT and BCS
spectrums analysis. For detecting of characteristic
defect frequencies, the knowledge of rolling bearing
geometrical characteristics is also necessary, but in
order to have an effective diagnosis and prediction,

it is required to have an experienced and responsible
staff.
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