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Rolling Bearing Fault Detection in the Range of Ultrasound

Goran SINIKOVIC*, Nenad GUBELJAK, Emil VEG, Miaden REGODIC, Darko JAGARINEC, Ivana MEDOJEVIC, Zorana JELI

Abstract: Acoustic signals have been used widely to detect the integrity of metal parts and the soundness of their contact. Diverse methods are developed to evaluate the
actual quality of metal-to-metal contact having a lubricating layer. These methods are sensitive to the sound waves resulting from the sliding and rolling contact of the
adjacent items. The ongoing research and operational experience created an effective and reliable method for acoustic detection of rolling bearing damage. Sound waves
are detected by an appropriate transducer (sensor). The signal is processed, and the resulting root-mean-square (RMS) voltage is tracked. An increase in the voltage level
indicates deterioration in bearing conditions. In practice, however, such an application almost always involves several considerations, including a significant amount of
interfering background noises, unacceptable sound wave attenuations, and inaccessibility of the desired sensor locations.
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1 INTRODUCTION

Rolling bearings are one of the most critical
components in rotating machinery. According to many
studies [1, 2], about 40% of failures of electric motors are
caused by bearings. Therefore, bearings play one of the
essential roles in condition monitoring.

Methods for bearing quality inspection and monitoring
have been well-known for more than 40 years. World
famous producers of vibro diagnostic equipment, SPM -
Sweden, SKF - Sweden, SCHENCK - Germany, IRD -
USA, developed their specific methodologies and
instrumentation for rolling bearing early fault detection.
All these methods are based on the vibration severity
analysis in the common mechanical frequency range of 0
Hz to 20 kHz, and they have several limitations.

Unfortunately, a rolling bearing that lacks lubricant is
a kind of hidden case from the aspect of vibrations. The
vibration spectrum becomes significantly disturbed when
the last drop of lubricant is lost.

The need for high reliability of industrial machines
dictates a substantial effort to reduce downtime. Early
detection of possible failure is of crucial importance for the
protection of system integrity.

The idea of ultrasonic detection of machine conditions
is a well-known approach. The methodology of signal
refinement to a valid assessment of rolling bearing
conditions and appropriate state prediction is still an
innovative study.

This article describes the system's requirements, where
the analysis of the bearing condition and its diagnosis are
performed locally by an embedded sensor placed near the
monitored motor.

2 MEASUREMENT METHODOLOGY
2.1 High-Frequency Vibration - Ultrasound

Bearings, good or bad, new or old, produce ultrasonic
friction as the internal rolling elements turn against the
inner and outer raceways. A good bearing will produce less
acoustic energy than a bearing with typical wear flaws such
as pitting, spalling, flattening of the balls and scarring of
the raceway. Likewise, the friction-absorbing properties of
grease mean a well-lubricated bearing produces less
friction than a bearing that lacks lubrication. As a

lubricant's viscosity deteriorates and/or the bearing's
material composition stresses and fatigues, the friction and
the corresponding ultrasonic  emissions increase.
Monitoring and trending high-frequency bearing energy
allows us to determine proper lubrication intervals and
predict when the bearing enters its first stages of wear.

Airborne and structure-borne ultrasonic inspection
represents a trending technology with a long resume of
versatile applications for predictive maintenance,
reliability, facility management and lubrication. More
recent technological advancements have expanded the uses
for airborne and structure-borne ultrasound to include
Acoustic  Vibration  Monitoring (AVM), which
encompasses condition monitoring of rotating equipment,
general predictive maintenance inspections of production
machinery and lubrication scheduling [4-7]. Some of those
improvements include enhanced accuracy and
repeatability, built-in route capable data collectors, and the
addition of multi-functional applications and sensors for
applying lubrication to bearings' rolling elements.

Ultrasound is defined as sound waves having a
frequency above the limits of human hearing, or above
20000 Hz. So, by definition, ultrasound is undetectable by
human ears unless aided by instruments capable of
converting ultrasound to audible sound.

The energy of a sound wave diminishes the further it
travels from its source. Because sound waves spread out in
widening spheres, their energy is dispersed over a large
area. This phenomenon is known as attenuation. Audible
sound will propagate further and broader than ultrasound
with the same energy, because an audible sound
wavelength is much longer than an ultrasound wavelength
[8-14]. For this reason, ultrasound is more directional to its
source than lower frequency audible sounds. The
directional characteristics of ultrasound allow a high-
frequency phenomenon that is localised to its source to be
detected without the interference of parasite vibrations.
This directional characteristic makes it easy to pinpoint the
exact source of bearing defects and lubrication failure in
rolling element bearings in very loud and noisy
environments [15].

Acoustic emission measurement (ultrasound levels)
and vibration analysis are very similar methodologies that
provide entirely different information. Measuring
vibrations in the low-frequency domain (vibration speed
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and displacement) can indicate mechanical problems such
as imbalance, misalignment, etc. With this method,
detection of bearing defects is only possible in the later
stage of bearing failure, which shortens the time for
planning machine overhaul significantly.

On the other hand, measuring vibrations in the high-
frequency domain (acoustic emission) enables monitoring
the entire evolution of the bearing, determining optimal
lubrication intervals, the required amount of lubricant, and
detecting the first signs of a bearing being damaged.

2.2 Signal Processing

The ultrasonic transducer (Fig. 1) used in the
experiment uses sensors (Fig. 2) with piezo-electric quartz
crystals excited by the energy of high-frequency acoustic
vibrations.

T

Figure 1 Ultrasonic transducer

Figure 2 Ultrasonic sensor

The sensor measurement range is from 100 to 500 kHz.
The optimal range in bearing detection is in the range of
100-250 kHz. A custom bandpass filter was created
precisely according to this characteristic. It practically
suppresses all signals below 100 kHz and above 250 kHz.
The electronic module also provides a gain of 24 dB and a
low output impedance. A 9 V battery is used to minimise
interference from the power supply, providing more than 4
hours of autonomy. The electronic module has high-
quality, low-noise operational amplifiers NE5532 and
NES5534. They are characterised by a noise density at the
input of 5 nV/\VHz and a GBW (Gain Bandwidth Product)
of 10 MHz.

The filter design is simulated by LTSpice simulator
software. It is based on the 4™ order Butterworth filter,
designed to have a flat frequency response in the bandpass.

X 1 X 1 ¢ :
L X,
1 stage 2™ gtage 3 giage
ES5M NES532 NES532
Fe=80Hz Fe=f Hz Fe=5 Hz
B dB/octave 12 dB/octaee 12 dBloctave
Amg 10% Amp 1X Amp 1X

Figure 3 Amplifier block diagram

The realised amplitude characteristic was measured.
A maximum 24 dB per octave slope was observed in the
range from 1200 Hz to 4000 Hz, which then changed to a
slope of 12 dB per octave up to 12 kHz.
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Figure 4 The transfer characteristic of the high-pass filter

In addition to the bandpass filter, the analogue block
supplies the sensor with a special "Current pump diode",
limiting the supply current to 4.3 mA. Upon output from
the analogue block, the signal is forwarded to a digital
oscilloscope (Fig. 5), which records a time signal with a
defined record density. The degree of damage to the tested
bearing is assessed, based on the image of the recorded
signal in the ultrasound domain.

AMPLIFIER — BUFFER
PASSIVE HP
INPUT FILTER ACTIVE LP FILTER
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PIEZO SENSOR

Figure 5 Block diagram of signal processing
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2.3 Criteria for Assessing the Condition of a Bearing

Setting a general criterion for bearing condition
assessment based on ultrasound emission measurement is
too ambitious a request. The realistic goal is to establish a
series of criteria for different types and dimensions of
bearings, where the general rule will be the same, and will
be based on the logarithmic value of the relative ratio of
the emission energy of the reference bearing (a new one)
and the one being tested. Through experimental testing, it
was determined that the following equation could represent
the optimal form for quantification of ultrasound emission:

USE = 20log 2% 10 )
Veef
where: USE - Ultra Sound Emission.

It was determined experimentally that the optimal
value of the reference voltage is 10 mV.

The constant in the equation depends on the bearing
type, and translates the output value from Eq. (1) into a
corresponding reference domain; green - good, yellow -
acceptable, red - unacceptable. The values given by Eq. (1)
are realistic, and represent a recognisable indicator of
multiple times increased noise in the case of a damaged
bearing.

The parameter determined for the assessment of the
condition of the bearing by the ultrasound emission
measurement method is USE. Limit values for condition
assessment were determined, based on tests performed on
bearings with different degrees of damage, and they are
shown in Tab. 1.

Table 1 Threshold values for bearing condition assessment by measuring
ultrasound emission (USE)

USE Bearing condition

75117

3 TEST AND VERIFICATION
3.1 TestRig

The experiment was conducted using a bearing test rig
which comprised an AC motor and a shaft supported by
one journal bearing and one rolling bearing, which was the
test bearing.

The main parts of the device (Fig. 6) are:

Base plate

AC motor

Pulleys

Timing belt

Shaft

Rolling bearing housing

Rolling bearing (tested bearing)

Journal bearing housing

. Journal bearing

0. Tensioner

1. Mini frequency converter

An ultrasound transducer is located on the bearing
housing. The device simulates the radial load,
misalignment and inadequate internal clearance.

i A i b

Figure 6 Test rig drawing

Radial bearing load is achieved using a special
tensioner and sliding guides. It is possible to simulate the
linear displacement of an electromotor during tension and
keep the axes in a parallel position.

Simulation of a misaligned bearing is performed by
moving the back support in the perpendicular direction
(Fig. 8). This support of the shaft is a journal bearing to
eliminate surrounding noise during the measurement.

Figure 8 Simulation of bearing misalignment

The connection of the inner ring of the bearing and
shafts is established through a specially designed split shaft
cone. This solution allows for easy assembly and
disassembly of the bearing on the shaft (Fig. 9). On the
other hand, a controlled tightening screw generates a force
transmitted over the cone on the inner ring of the bearing.
This way, it is possible to realise the inner ring's strain and
reduce the internal clearance.
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4 RESULTS

The test was performed on 15 bearings of the same
type with different degrees of damage. Before the test, all
the bearings were marked with numbers from 1 to 15.

Tab. 3 shows the results with condition assessment for
four different measurement methods.

Table 3 Measurement results

No I\ﬁ::}?; glsg Value Bearing Cond.
LoV. 1.6 mm/s Good
| Env. Acc 0.6 g Good
SPM 12 dB Good
USE 5.4 Good
LoV 7.9 mm/s Unaccept.
5 Env. Acc 12 gg Unaccept.
SPM 60 dB Unaccept.
USE 30 Unaccept.
Figure 9 Construction of the bearing housing LoV 5.6 mm/s Unaccept.
3 Env. Acc 5.0 ge Unaccept.
3.2 Measuring Procedure SPM 35 dB Unaccept.
USE 17.7 Unaccept.
The experiment was conducted using three LoV 2.2 mm/s Unsatisf.
standardised techniques of a reputable manufacturer and an 4 Ensvéﬁcc ;22 ngE SZEZE
originally developed methodology for rolling bearing fault USE 7 Good/Satisfa.
detection: LoV 1.9 mm/s Unsatisfa.
e Enveloped Acceleration (by SKF) [16] s Env. Acc 0.5 ge Good
e Shock Pulse Meter (by SPM) [17] SPM 27dB Satisfa.
e Level of Vibration (ISO 10816) [18] ‘LJS\E 1 98~1 - :WS?
e Ultrasound Emission (USE). Env? Ao '0.21;1 - gt;i ;1 :
The measurement parameters and limit values for the 6 SPM 10dB Good
standardised methods are shown in Tab. 2. USE 5.7 Good
LoV 2.6 mm/s Unsatisfa. -
Table 2 Threshold values for bearing condition assessment 7 Env. Acc 0.7 ge Good
SPM ENV LoV Stand. Methods SPM 20dB Good
apNy VRMS Measur. Value USE 6.2 Good
dBy gE mm/s Measur. Unit LoV 2.2 mm/s Unsatisfa.
<20 <0.75 <0.7 Good 3 Env. Acc 1.6 g Satisfa.
20-35 0.75-2 0.7-1.8 Satisfactory SPM 22 dB Satisfa.
2-4 1.8-4.5 Unsatisfactory USE 5.7 Good
LoV 2.2 mm/s Unsatisfa.
ENV - Enveloped Acceleration (by SKF) Env. Acc 0.5 g Good
SPM - Shock Pulse Meter (by SPM) 9 SPM 14 dB Good
LoV - Level of Vibration (ISO 10816) USE 45 Good
LoV 2.9 mm/s Unsatisfa.
The experiments utilised bearings used in the conveyor 10 Env. Acc 43 gp Unsatisfa.
belts' rolls in the surface mine "Kostolac", Serbia. All SPM 28dB Satisfa.
bearings were of the same type (6306), by different USE 109 Satisfa.
manufacturers and at different stages of damage (Fig. 10). = LoV 24 mms Unsatisfa.
1 nv. Acc 2 g Saqsfa.
SPM 25 dB Satisfa.
USE 10.3 Satisfa.
LoV 1.9 mm/s Good
12 Env. Acc 0.6 g¢ Good
SPM 14 dB Good
USE 4.8 Good
LoV 2.3 mm/s Unsatisfa.
13 Env. Acc 2.5 g Unsatisfa.
SPM 25 dB Satisfa.
USE 11.7 Satisfa.
LoV 1.9 mm/s Good
14 Env. Acc 0.8 g Good
SPM 20dB Good
USE 7.6 Good/Satisfa.
LoV 2.1 mm/s Unsatisfa.
15 Env. Acc 0.8 g Good
SPM 14 dB Good
USE 5.2 Good

Figure 10 Tested bearing (6306)
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Fig. 11 is a graphic representation of the assessment of
the bearing condition based on four different testing
methodologies. Bearing number 2 is not shown, because

the measurement values are extremely high and out of the
display range.
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Figure 11 Comparative display of the condition assessment

The diagram shows the remarkable alignment of the
ultrasound emission measurement method (USE) results
with the results of other standardised methods. There are
discrepancies in the assessment when comparing the
results obtained by the vibration level measurement
method and other advanced methods for assessing the
condition of the bearing. This is because measuring the
vibration level cannot determine the condition of the
bearing reliably, because the total vibration level also
includes signal components that do not originate from
damage to the bearing (signal components at lower
frequencies). Figs. 12, 13, and 14 show the vibration
spectra for bearings nos. 6, 9, and 13 with the most
significant deviations. The images show that the main
components of the signal are in the low-frequency zone,
which means that they do not originate from bearing
damage.

nnie ime

! MLMW-L i L

W0 200 20 40D SN 600 0 B0 900 1000 1400 1200 1300 1400 1,500 1600 1700 1800 1900 2000

Figure 12 Spectruma;?\;ib”ration for Bearing 6
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Figure 13 Spectrum of vibration for Bearing 9
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Figure 14 Speotrumrgmb;ation for Bearing 13

Figs. 15, 16 and 17 show the ultrasound emission
(USE) signal for the mentioned bearings. The diagrams
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show that the level of ultrasound emission is rather low,
which indicates that the bearings are in good condition.

Figure 15 Signal of USE for Bearing 6

Figure 16 Signal of USE for Bearing 9

' Figure 17 Signal of USE for Bearing 13

An example of a USE diagram for a damaged bearing
is presented in Figs. 18 and 19.

Figure 18 Signal of USE for Bearing 2

Figure 19 Signal of USE for Bearing 3

An extremely high level of USE can be observed on
these bearings, indicating significant damage.

5 CONCLUSION

The paper provides an original methodology for
detecting rolling bearing damage in the ultrasound domain.
It presents an applicable model and a prototype solution of
an electronic block for conditioning source signals. A
simple formulation of the quality criteria is given, allowing
for essential comprehension and differentiation of
dissipated energy due to damage, both in the early and
advanced stages of damage.

A commercial application can be developed and
implemented in diagnostic equipment for vibro diagnostics
and bearing damage detection based on a clearly
formulated methodology.

The laboratory testing included testing bearings with
different degrees of damage and in different operating
modes, with a digital record of the collected emitted
acoustic signal. The signal was analysed in the Time and
Frequency domain, with the optimal frequency range
found, representing the condition of the rolling bearing in
the best way.

A valid comparison and setting of the necessary
parameters for a harmonised assessment of the bearing
condition was performed, thanks to comparative tests and
the use of appropriate equipment from renowned world
manufacturers.

The research applied contemporary hardware solutions
and modern software packages as reference platforms.

A damage detecting method to rolling bearings based
on the measurement of ultrasound emissions enables a
more precise assessment of the condition of the bearing. In
this way, it is possible to improve and simplify the
maintenance processes of rotation equipment, allowing for
timely intervention with a significant cost reduction. The
application of advanced methods for assessing equipment
condition creates preconditions for a significant increase in
the reliability of the operation of key facilities in the energy
sector, petrochemical and process industries, heating plants
and other industries.
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