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Vibration and Temperature Measurement Based Indicator of Journal Bearing Malfunction

Ranko ANTUNOVIC, Amir HALEP, Mihael BUCKO, Sreten PERIC, Nikola VUCETIC

Abstract: This paper aims to present the development and implementation of the new malfunction indicator in journal bearings, based on vibrational and thermal records,
called DFJB-Defect Factor Journal Bearing. Briefly, the indicator contains the specifically processed information about the bearing vibrations and temperature, on the basis
of which the DFJB is calculated using fuzzy logic, and thus the state of the journal bearing may be determined. It should be pointed out that the DFJB is developed in a
manner that besides the temperature and the total number of absolute vibrations, it may also integrate following parameters of monitoring: the parameters of rotating
vibrations, vibrations spectrum, the thickness of oil film in the journal bearing, the intensity of the ultrasound emission of the bearing etc. These parameters may in certain
cases offer more reliable malfunction identification. Experimental investigations conducted in this work, on real machine equipment and in real exploitation conditions, have
shown this method to be reliable in the identification of malfunctions in journal bearings. As a result of implementation of DFJB, the time necessary to collect measuring data
is significantly shortened, whereas the diagnosis procedure for journal bearings is highly simplified. This is particularly important in complex technical systems with a vast

number of measuring points, which often result in the overload of the operator.
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1 INTRODUCTION

Journal bearings have found a great application in
heavy machines, for instance in mills, turbines, grinders, in
rolling and minting machinery, presses etc. Crucial
advantages of this type of bearings are their high loading
capacity and long lifetime. Therefore, the study and
development of prediction methods of failure in journal
bearings is very important scientific and technical issue
nowadays [1].

Main causes of the damage and failure of journal
bearings, include construction aspects, material selection,
material imperfections, as well as the production,
processing, assembly, control, examination, storage,
transportation and maintenance procedures, where the
bearings may suffer unexpected overload, mechanical or
chemical damage [1].

The failure and damage are commonly manifested as
wear, fracture and material plastic deformation, and these
failure types may be classified, according to the material
characteristics, into two categories. One is related to and
dependent upon the material strength, while the other is a
function of tribological processes on coupled surfaces of a
bearing housing and a sleeve. So that the fracture and
plastic deformation are the failures dependent on the
material strength, while the wear in its various
manifestations, is related to the tribological processes [2,
3]

The two most important indicators for failure
prediction in journal bearings are the analysis of the
dynamic behaviour of the bearing, i.e. the vibrations
analysis, and the analysis of bearing temperature, i.e.
thermal analysis [4-7]. The analysis based on vibrations
monitoring is the most reliable method of technical
diagnostics [8-14].

On the other hand, the increased friction in a bearing
is a result of inadequate lubrication or a defect, and so the
bearing temperature is an indicator of the bearing
lubrication, damaging, but also this parameter may tell us
if the loading and the rotation rate are adequate.
Furthermore, the temperature records may give useful data

regarding the function of the cooling system or the
presence of unpredicted external heat sources [15, 16].

By using fuzzy logic, it is possible to process the
indications from temperature measurements in parallel
with indications from vibration measurements, and
integrate them into a unique, integrated indicator of journal
bearing malfunctions. This can be accomplished in a way
that the signals from the temperature and vibration
recording will be processed with disjunctive-probabilistic
fuzzy operator. The final result is a signal which contains
the information on both the bearing temperature and
vibrations [4].

Finally, it has been shown that fuzzy logic gives good
results in the analysis of the state of mechanical elements
and technical systems [17, 18].

Fuzzy logic is also proving itself to be a powerful tool
when used for knowledge modelling [ 19] particularly when
used in condition monitoring and diagnostics applications
[20-24].

2 THE DEVELOPMENT OF VIBRATIONS-TEMPERATURE
INDICATOR OF MALFUNCTIONS IN JOURNAL
BEARING

Fuzzy sets are, briefly, sets with gradually placed
limitations, which means that the variables possess the
possibility to belong with a certain percentage to a certain
set of data [21]. Oppositely, in classic sets, defined in 1874
by German mathematician Georg Cantor, variables may or
may not totally belong to a certain set, i.e. classical sets
have solid limits. The need for defining fuzzy sets appeared
because in a real world, things are rarely black and white.

Additionally, for each variable in a fuzzy set, ¢, a
membership function x(¢) is defined, where the x(#) may
have values in the range between 0 and 1. The functions
may be given in an analytical or tabular form, and their
shapes may be different, such as triangular, trapezoidal,
Gaussian or sigmoid, as presented in Fig. 1.

Fig. 2 shows the case of the membership function x(¢)
for the temperature of the journal bearing, which belongs
to the fuzzy set named "overheated bearing".

It is seen from the figure that the bearing temperature
is satisfying if it is below 60 °C, while at higher
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temperature, a fuzzy area "warning" appears between 60
and 100 °C, and finally the fuzzy area "overheated bearing"
above 100 °C.
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Figure 1 Membership function shape examples

It is important to bear in mind that one variable may be
assigned with more than one membership function. For
instance, the bearing temperature may be assigned, besides
with the function "overheated bearing", also with a
function named "bearing optimally heated" or with some
other function.

By using membership function, we are able to perform
the so-called fuzzification, where real numbers are
transformed into fuzzy values. For instance, 80 °C may be
converted into the value 0.5, as Fig. 2 depicts.
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Figure 2 A membership function belonging to the fuzzy set "overheated

bearing"
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Figure 3 A membership function of the fuzzy set called "excessive bearing
vibrations"

In the same manner, a membership function "excessive
vibrations" w(v) may be assigned to the fuzzy set named
"bearing excessive vibrations" as illustrated in Fig. 3.

The vibrations level is satisfying in the domain up to
the value v,, then the warning area is in the range v, and vq,
and excessive vibrations are marked with an area above a
value vq. To conclude, the vibration limitations are v, and
v4, Whereas the temperature limitations are 6, and 6.

Analytical expressions of the functions "overheated
bearing" and "excessive bearing vibrations" are given by
the set of Egs. (1) and (2) respectively:

0 for v<v,

w(v):v_va for v, <v<yy (1)

Va ~Va

1 for vg<v

0 for 6<0,
0-0
0)= L for 6,<0<6 2
05— L <0<0; @)
1 for 6,<6

A disjunctive-probabilistic fuzzy operator is calculated
by using Eq. (3), where x and y are variables having values
between 0 and 1.

z = probor(x,y)=(x+y)—x-y 3)

With the application of the calculated fuzzy operator,
one may define a defect factor of journal bearing, DFJB,
the indicator based on vibration and temperature measured
data, as:

DFJB = (x(0) + w(v)) — x(0) - w(v) 4)

It is understandable that DFJB is an integrated defect
indicator, because it contains the information on both the
bearing vibrations and temperature.

If the temperature and vibrations are in the permissible
limits, i.e. below the "warning area", then the DFJB = 0,
while, if at least one of the variables is above the dangerous
limit (excessive vibrations or overheated), then the DFJB
=1, which is in accordance with disjunction rules.

Finally, if any of the two parameters has the value,
which is in the "warning area", then the DFJB is placed in
the fuzzy domain.

To take a concrete example, if the value of the bearing
temperature is in the permitted limitations, then the fuzzy
variable has the value x(6) = 0, and the fuzzy variable w(v)
has the value 0.3 as a consequence of a slight increase in
vibrations intensity.

Then the calculation gives DFJB = (0 +0.3) - 0-0.3 =
0.3. In the second example, when both fuzzy variables hold
value 0.5, we get DFJB = (0.5 + 0.5) - 0.5-0.5 =0.75.

In previous research [23], vibrations of a bearing body
were monitored, but the procedure is the same if the
rotating vibrations are taken into account, measured
through the shifting of the journal or the bearing shaft.

The analysis may be expanded with the inclusion of
the vibrations frequency range, but it should be born in
mind that the failure of a journal bearing in the vibrations
frequency range is manifested in the form of complex
higher harmonics of the basic angular frequency 2®, 3 @,
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4w etc., and that the amplitudes of these harmonics are
assigned with the limitations v, and vq, in the same way as
when the limits were assigned to the total vibrations (Fig.
4) [23].
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Figure 4 Vibrations limits defined for the harmonics

A basic harmonic component of the angular frequency
@ is not taken into consideration due to the fact that the
imbalance of a rotor, which is always present to a greater
or lesser extent, leads to the appearance of this harmonic
component in a spectrum, with significantly high
amplitude.

A frequency range may be obtained by the processing
of harmonics with disjunctive-probabilistic fuzzy operator,
and on the basis of this range, a much more precise
diagnosis may be delivered, because the interference
signals are eliminated. Fig. 5 illustrates the example of the
frequency range of DFJB.

»
>

— DFJB(®)

20 30 4w 5w 60 T
Figure 5 Frequency range of DFJB

The DFJB indicator defined by Eq. (4) contains the
information about a bearing temperature and vibrations,
but in some applications, it may include other parameters
like the lubrication oil thickness film, which will be used
in the indication of the bearing state.

Of course, in these cases, the additional parameter will
be incorporated into the calculation of the factor DFJB.

3 EXPERIMENTAL PART
3.1 Apparatus for Measurement of DFJB

An instrument for measuring the integrated indicator
DFJB may be operated in an analogue or digital mode. In
this work (Fig. 6), a design of the instrument operated in an
analogue technique is presented because it is simple to use
and also the functionality of the machine element is
presented in a transparent manner.

In may be noticed from the block diagram that the
vibrations signal v and temperature signal 6 undergo the
fuzzification procedure, further the signals are processed in
the addition and multiplication compartments, and an
output is an indicator signal DFJB, displayed on the
instrument.

=
[y

Figure 6 Block diagram of the DFJB measuring instrument

When it is necessary to analyze a frequency range, then
a spectrum analyzer has to be used, and the vibrations
signal processing is performed after the spectrum analysis.

The instrument scheme is given in Fig. 7. Bearing
vibration measurement is carried out by a piezoelectric
accelerometer with 100 mV/g sensitivity and a built-in
amplifier.

+18VDC

VS

100mVig

P1100

3
+18VDC o Ape33  fo-18vDC
7

Figure 7 The scheme of the instrument foerJB measurement

The IEPE - Integrated Electronic PiezoElectric
accelerometer is used, powered via the CCD diode of a
constant 2 mA current.

A vibration acceleration signal is allocated using filters
and then integrated in order to be converted to the vibration
velocity signal, which is further rectified and filtered.

At the same time, the bearing temperature is measured
by a Pt100 sensor, powered via a resistor 560 Q.

Such obtained signals are then subjected to the process
of amplification and fuzzification using the limiter
supplied with amplifier.
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For vibration signal, the circuit amplification is
adjusted by the trimmer potentiometer 200k, while for the
temperature signal by the trimmer potentiometer 2.7k.

The multiplication of the vibration and temperature
signal is done using a set of integrated circuit AD633, and
then the result is inverted.

The summation of the signals is carried out using
traditional non-inverting assembly. A final signal, i.e. a
defect indicator is also created in a non-inverting
summation assembly.

The indication is done using galvanometer or a digital
voltmeter.

3.2 Experimental Results on Practical Equipment

In the following section, three practical examples of
the application of DFJB method for the diagnostics of the
state of heavy machinery equipment in cement plant in
Kakanj, Bosnia and Herzegovina, will be demonstrated.

In the first case, a 1.6 MW power electromotor
operating in raw material mill, will be considered. Journal
bearings are installed in the motor, with the diameter sleeve
of 180 mm, as shown in Fig. 8.

Figure 8 The 1.6 MW power electromotor in the cement plant Kakanj

The temperature and the absolute vibrations in vertical
direction were measured on bearing bodies. At first
bearing, the absolute vibrations were v = 9.3 mm/s and
temperature 6 = 66 °C.

For this specific case, the limiting values were v,= 4
mm/s and v4= 12 mm/s for vibrations, and 6,= 60 °C and
64=90 °C for temperature. The fuzzification procedure of
the listed values gives the result:

x(6) = (66 — 60) / (90 — 60) = 0.20 and
w(v) = (9.3 -4)/ (12 —4) = 0.66
DFJB = (0.20 + 0.66) — 0.20-0.66 = 0.73

After the bearing was dismantled, significant damages
were detected on the lower hemisphere of the body, as
indicated in Fig. 9.

The frequency spectrum of absolute vibrations of the
bearing body is given in Fig. 10, and it may be noticed that
the spectrum has the shape characteristic of worn bearing,
which is in accordance with DF.JB calculated value and the
photograph observations.

In addition, a frequency spectrum of DFJB defect
indicator was obtained by the analysis of vibration
harmonic components, using disjunctive-probabilistic
fuzzy operator, and its values are presented in Fig. 11.

Figure 9 Photograph of the damaging of the lower hemisphere of the journal
bearing body in the cement plant Kakanj
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Figure 10 The frequency spectrum of absolute vibrations measured on the
bearing body
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Figure 11 Frequency spectrum of DFJB indicator

The spectrum shape complies to that given in Fig. 10,
and this shape indicates a failure of the journal bearing.

To conclude, both the frequency spectrum of absolute
vibrations and the DFJB defect indicator may be
successfully applied to identify the damage type on journal
bearing during its exploitation.

Figure 12 The18.5 kW electromotor in the cement plant Kakanj
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The second case dealt with 18.5 kW electromotor used
to power a pollinator, with a nominal rotation rate of 1456
rpm. The motor contained journal bearings with 50 mm
diameter sleeve (Fig. 12).

The measured absolute vibrations of the bearing body
had value v = 2.8 mm/s and the temperature was 6 =35 °C,
while for this bearing, limiting values were v,= 1.5 mm/s,
va= 4 mm/s, 8,= 40 °C and 63= 60 °C. The fuzzification
procedure gave:

x(0) =0 and w(v) = (2.8 — 1.5) / (4 — 1.5) = 0.52
DFJB = (0 +0.52) — 0-0.52=0.52.

The inspection of the disassembled bearing revealed
that a material of the bearing bushing was significantly
frayed, proving again that an indicator based on the
simultaneous vibration and temperature monitoring is a
reliable tool to predict a journal bearing failure.

Cement mill

Figure 13 Cement mill in the cement plant Kakan]

The third example describes the monitoring of the
journal bearings with 1554 mm diameter sleeve and the
nominal rotation rate of 15.7 rpm, installed in the 4.1 m
diameter cement mill, as shown in Fig. 13.

The lubrication of the bearing during the starting
process was performed hydrostatically, using high-
pressure (200 bar) pump, while after the starting, a low
pressure (2 bar) pump was used for hydrodynamic
lubrication mode. Monitoring of the bearing under the
scope gave the following raw data: the absolute vibrations
in horizontal direction of the bearing body were v = 16
mm/s and the temperature § = 81 °C, while the limiting
values were v,= 18 mm/s, vq= 30 mm/s, #,= 50 °C and 64
=90 °C.

The calculation gives:

x(6) = (81 —50) / (90 - 50) = 0.77 and w(v) = 0,
DFJB = (0.77+0) - 0.77-0 = 0.77.

The analysis of the cause of the overheating revealed
that the pressure of the oil pump was lower than required,
due to the pump rotor deterioration. It is also evident that
even in this case, the defect indicator based on vibrations
and temperature measurement, pointed out to the
malfunction.

4 CONCLUSION

A diagnostics procedure for journal bearings is
significantly simplified by the application of a defined
indicator, which is based on the simultaneous vibrations
and temperature monitoring. The reason for this is the fact
that the two most important technical indicators are
integrated in an intelligent way into a unique technical
malfunction indicator. This is particularly important in
complex systems with high number of monitoring points,
which may cause the overload of the operator.

Experimental research in this work on equipment
installed in a cement plant lead to the conclusion that in all
investigated cases, the unique indicator based on vibrations
and temperature measuring, was a reliable method for the
evaluation of the journal bearing exploitation state.

Besides the processed data on the vibrations and
temperature, the unique factor DFJB may, in certain
applications, contain and integrate data about other
parameters, such as the lubricating oil film thickness or the
intensity of the ultrasound emission of the bearing. So, the
future studies should be directed to the optimization of the
integrated parameters. In addition, future work may be
expanded to the choice of different membership functions,
because in this investigation, only the linear function was
used.

Finally, this work proves that the fuzzy logic is very
useful in the technical diagnostics, and so new results are
expected to emerge in this area.
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