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Abstract:

The article developed a methodological basis for implementing automatic
diagnostics based on thermal analysis of bearing assemblies. The diagnostic
criteria of the technical operation condition and the procedure for
determining the temperature ratio inside and outside the bearing unit
based on the finite element analysis (FEA) of stable thermal conductivity
have proven to be justified. Method of simulation of stable thermal
conductivity of bearing units using KOMPAS-3D software and APM FEM
finite element analysis module is proposed. The developed method was
tested in practice and verified based on the results of theoretical and
experimental studies. The developed method enables the determination of
the relationship between the observed temperature on the surface of the

ARTICLE HISTORY
Received: 31 March 2023
Revised: 4 June 2023
Accepted: 20 June 2023
Published: 30 June 2023

KEYWORDS

Technical diagnostics,
reliability, mechanical
transmission, FEA, FEM,
thermal diagnostics, bearing

bearing units and the friction temperature in the wear zone.

1. INTRODUCTION

Data on the heat release of friction units can
serve as an indicator of their technical condition
and a combination of effective methods,
techniques and technical means for diagnosing
mechanical transmission units will provide
increased reliability [1-5]. For bearing assemblies,
measuring not the amount of heat released but
the friction temperature in the wear zone is
advisable. When diagnosing the bearing, the
measured temperature is compared with the limit
value of 250°C [6]. The use of automatic
temperature control allows the use of two
diagnostic criteria - friction temperature in the
wear zone and the rate of change of friction
temperature in the wear zone [7-10]. The speed of
temperature change in the friction zone can be the
most important technical indicator of the change
in the working state of the bearing units. In the
process of operation of agricultural machines with
mechanical transmissions, the following modes of
thermal loads of bearing units are observed: 1)

establishment of stable temperature; 2) quasi-
steady temperature rise; 3) temperature jump
after establishing a stable temperature [11-13].

The first mode - is characterized by an increase
in the temperature of the bearing assembly; the
temperature growth rate is high at the beginning
of its operation, at which and then the speed
decreases. The temperature practically does not
change, which is an indicator of the onset of heat
balance - the amount of heat generated by the
bearing is equal to the amount of heat discharged
to the environment (Fig. 1). In this thermal load
mode, the temperature does not reach the limit
value, and a short-term jump is observed at the
temperature growth rate, which is not an indicator
of the critical state.

The quasi-steady temperature rise s
characteristic of the normal operation mode, in
which the rate of temperature change does not
take critical values, and the temperature value can
reach the limit value, for example, due to uniform
mechanical wear. In this mode, the temperature is
the diagnostic criterion (see Fig. 2).

*CONTACT: A. Pastukhov, e-mail: pastukhov_ag@mail.ru



mailto:pastukhov_ag@mail.ru
https://orcid.org/0000-0001-8249-8970
https://orcid.org/0000-0003-0740-8714

A. Pastukhov and E. Timashov / Advanced Engineering Letters Vol.2, No.2, 58-63 (2023)

Temperature, (°C)
™\

Time, (min)

Temperature change graph

Temperature, (°C)

d

ya

~

Vs

/

Time, (min)

Temperature change graph

Speed, (°C-min‘t)
\

Time, (min)

Graph of temperature velocity change

Fig. 1. Establishment of steady-state temperature

The third way of thermal load - s
characterized by a temperature jump after
establishing a stable temperature when reaching
the limit state of the bearing assembly during
mechanical wear, deterioration of lubrication
conditions or emergency excess of permissible
mechanical loads. In this case, the diagnostic
criterion can be both the achievement of the
limit temperature and the achievement of the
limit rate of temperature growth (Fig. 3).

Thus, the use of automatic temperature
control means of bearing assemblies should be
based on the development of measuring
equipment based on microcontrollers and
software that allows measuring and comparing
not only the temperature value but also the rate
of its change [14-20]. It is necessary to develop
an appropriate subroutine in the software
algorithm to eliminate errors of the second kind
when setting a stable temperature.
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Fig. 2. Quasi-steady temperature rise
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Fig. 3. Temperature jump after the establishment of
stable temperature
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To solve this problem, two methods are used:
1) calculation according to the heat balance
equation; 2) FEA numerical method of stable
thermal conductivity. Using special software, the
second method is the most acceptable. This
work presents the results of developing and
implementing the methodology for modeling the
stable thermal conductivity of bearing
assemblies. The results of the procedure testing
were confirmed by laboratory bench and
operational tests.

2. MATERIALS AND METHODS

Currently, a large amount of software allows
simulating physical processes. Our study uses
KOMPAS-3D software (manufacturer: ZAO
ASCON, Russia) with APM FEM finite element
analysis module (Scientific & Technical Center
“APM”, Russian Federation). This module is
limited to stable calculations only for thermal
conductivity, sufficient for diagnostics bearings
since the technical condition is monitored at the
steady-state operation mode when a thermal
balance with the environment occurs. A
significant limitation in using the module is the
impossibility of considering convective heat
exchange with the environment.

Study objects - bearing
mechanical gears used in
transport and process machines.

Loading modes of bearing units are determined
based on kinematic schemes of transmissions and
nominal and maximum power flows.

Digital thermometers, pyrometer and thermal
camera carried out temperature measurements
during tests.

assemblies on
transmissions of

3. RESULTS AND DISCUSSION

Based on the conducted theoretical and
experimental research, the dependencies
between the friction temperature in the wear
zone and the temperature on the surface of
bearing units were determined based on the
method of modeling stable thermal conductivity
(Table 1).

The convergence between the theoretical and
experimental temperature values in the friction
zone proves the method’s practical validity
(applicability).

Table 1. Results of application on the method of
modeling stable thermal conductivity
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When establishing the connection between the
temperature in the measurement zone and the
friction temperature in the wear zone, the linear
nature of the relationship was discovered, which is
called - the coefficient of proportionality of the
finite element model, Eq. 1:

k = (@D—@o)’ (1)
OF
where are:
v' k - coefficient of proportionality of finite
element model;
v Op - the diagnostic operating friction
temperature in the wear zone, °C;
v Oy - ambient temperature, °C;
v’ OF - friction temperature in the wear zone,
°C.

Using this factor, it is possible to calculate the
friction temperature in the wear zone from the
results of measurements of temperature in the
measurement zone and air temperature.

Based on the research, recommendations were
developed for creating three-dimensional models,
applying temperature loads and analyzing the
results obtained.

The following rules must be followed when
creating the model of the node under
investigation:

1) maximum simplification of design, removal of
insignificant  structural elements of parts
(chamfers, rounds, grooves, grooves etc.) to
reduce the calculation time using the FEA method,;

2) the mass of parts adjacent to the tested
bearing should exceed its mass by 3-4 times to
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increase the accuracy of calculating the coefficient
k;

3) all assembly parts must be assigned the
appropriate material.

Application of temperature loads shall be
carried out in the following order:

1) the value of the friction temperature in the
wear zone to load the rolling bodies of the
bearing (s);

2) surfaces, through which heat is transferred
to the environment, are loaded with
temperature 0°C;

3) do not load two types of surfaces with
temperature: inside the body parts and the
surface/zone for thermal measurement.

In this case, the structure diagram of the
finite element model (FEM) will be as follows
(Fig. 4).

After dividing the model into a finite element
grid and performing the calculation, the next
step is to analyze the results. In doing so, do the
following:

1) in the temperature measurement zone,
obtain several values at different points with the
calculation of the average value;

2) repeat the analysis for several temperature
values in the friction zone;

3) based on the analysis results’ approximation,
calculate the FEM — k coefficient.
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Fig. 4. Block diagram of a finite element model

Fig. 5 shows an example of a FEM of a bearing
assembly made considering the developed
recommendations.
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Fig. 5. Finite element model

This example shows a model of the bearing
assembly of the power takeoff shaft gearbox of
Belarus - 82.1 tractor. In addition to the bearing,
the model includes a shaft and a fragment of the
gearbox housing. Bearing balls are loaded with
temperature in friction zone, outer surfaces are
loaded with a temperature of 0°C, and inner
surfaces and temperature measuring zone (outer
surface of reduction gear housing around bearing)
are not loaded.

Fig. 6 shows the map of temperature fields - the
result of finite element analysis.

As recommended, the Leader tool determines
the temperature at multiple points (less than ten
points) in the temperature area. The average
values of the diagnostic operating temperature at
the preset friction temperature in the wear zone
are calculated based on the measured values.

Then, the friction temperature in the wear zone
is changed in the model, and the finite elements
are divided into a grid and calculated. Using the
obtained new map of temperature fields value of
the diagnostic operating temperature is calculated.

Fig. 6. Map of temperature field

Based on the results of the analysis of different
friction temperatures in the wear zone, Fig. 7
shows the diagram of the diagnostic operating
temperature in relation to the temperature of the
friction zone.

61



A. Pastukhov and E. Timashov / Advanced Engineering Letters Vol.2, No.2, 58-63 (2023)

~
o

D
o

w1
o
I

y =0.27x o
R?=0.96 $ (3

D
o
I

N
o

[
o

o

Diagnostic temperature, °C
w
o

0 30 60 90 120 150 180 210 240
Friction zone temperature, ° C

Fig. 7. Diagram of diagnostic operating temperature
versus friction zone temperature

In this example, the coefficient of the trend line
equation is 0.27 and is the desired coefficient of
proportionality of the FEM - k.

4. CONCLUSION

The most important results of the conducted
research were:

1. The developed and presented method of
simulating the stable thermal conductivity of
bearing units is necessary for their diagnostics and
applies to the automatic monitoring of technical
conditions.

2. Based on the research results,
recommendations were developed for creating
three-dimensional models, applying temperature
loads and analyzing the results obtained to
determine the proportionality coefficient of finite
element models.

3. It is recommended that further research
consider possible heat exchange with the
environment with the help of software.

4. Perspectives for improving the technology of
technical diagnostics regarding the digitalization of
the process for evaluating the friction temperature
in the wear zone should be based on developing an
electronic control system for mechanical
transmissions on agricultural equipment.

REFERENCES

[1] A. Yu, H.-Z. Huang, H. Li, Y.-F. Li, S. Bai,
Reliability analysis of rolling bearings
considering internal clearance. Journal of
Mechanical Science and Technology, 34, 2020:
3963-397.
https://doi.org/10.1007/s12206-020-2206-9

[2] A.A. Wahab, N.F. Abdullah, M.A. Hizami,
Mechanical Fault Detection on Electrical

Machine: Thermal Analysis of Small Brushed
DC Motor with Faulty Bearing. MATEC Web of
Conferences, Vol.225, 2019: 05012.
https://doi.org/10.1051/matecconf/20182250
5012

[3] B. Ambrozkiewicz, A. Gassner, N. Meier, G.
Litak, A. Georgiadis, Effect of Thermal
Expansion on the Dynamics of Rolling-element
Bearing. Procedia CIRP, 112, 2022: 151-155.
https://doi.org/10.1016/j.procir.2022.09.064

[4] . Gabitov, A. Negovora, S. Nigmatullin, A.
Kozeev, M. Razyapov, Development of a
method for diagnosing injectors of diesel
engines. Communications - Scientific Letters of
the University of Zilina, 23(1), 2021, B46-B57.
https://doi.org/10.26552/com.C.2021.1.B46-
B57

[5] T. Russell, A. Shafiee, B. Conley, F. Sadeghi,
Evaluating Load Distribution at the Bearing-
Housing Interface Using Thin Film Pressure
Sensors. Tribology International, 165, 2022:
107293.
https://doi.org/10.1016/]j.triboint.2021.10729
3

[6] Rolling bearings for industrial machinery, CAT.
No. E1103. NSK Ltd., Japan, 2016, p.455.

[7]1 A.G. Pastukhov, E.P. Timashov, T. Parnikova,
Monitoring of reliability of agricultural
machinery on the basis of methods of
thermos diagnostics of drive lines. Tractors
and Powers Machines, 22(1-2), 2017: 31-38.

[8] A.G. Pastukhov, E.P. Timashov, Method of
diagnostics of cardan joints transport and
technological machines. Tractors and Powers
Machines, 18(2), 2013: 29-35.

[9] A.G. Pastukhov, E.P. Timashov, Analytical
model of temperature condition elementary
interface of the cardan joint. Tractors and
Powers Machine, 23(1-2), 2018: 43-50.

[10] A.G. Pastukhov, E.P. Timashov, Numerical
modelling of temperature condition the
cardan joint at bench tests. Tractors and
Powers Machines, 24(1-2), 2019: 39-47.

[11] Z.Z. Migkovié, R.M. Mitrovi¢, Z.V. Stameni¢,
Analysis of grease contamination influence on
the internal radial clearance of ball bearings
by thermographic inspection. Thermal
Science, 20(1), 2016: 255-265.
https://doi.org/10.2298/TSCI150319083 M

[12] J. Tian, Y. Wu, J. Sun, Z. Xia, K. Ren, H. Wang,
S. Li, J. Yao, Thermal Dynamic Exploration of
Full-Ceramic Ball Bearings under the Self-
Lubrication Condition. Lubricants, 10(9), 2022:
213.

62


https://doi.org/10.1007/s12206-020-2206-9
https://doi.org/10.1051/matecconf/201822505012
https://doi.org/10.1051/matecconf/201822505012
https://doi.org/10.1016/j.procir.2022.09.064
https://doi.org/10.26552/com.C.2021.1.B46-B57
https://doi.org/10.26552/com.C.2021.1.B46-B57
https://doi.org/10.1016/j.triboint.2021.107293
https://doi.org/10.1016/j.triboint.2021.107293
https://doi.org/10.2298/TSCI150319083M

A. Pastukhov and E. Timashov / Advanced Engineering Letters Vol.2, No.2, 58-63 (2023)

https://doi.org/10.3390/lubricants10090213
[13] S. Gao, Q. Han, P. Pennacchi, S. Chatterton,
Dynamic, thermal, and vibrational analysis of
ball bearings with over-skidding behavior.
Friction, 11, 2023: 580-601.
https://doi.org/10.1007/s40544-022-0622-9
[14] L. Merkle, M. Baumann, F. Bauer, Influence of
alternating temperature levels on the wear
behavior of radial lip seals: test rig design and
wear analysis. Applied Engineering Letters,
6(3), 2021: 111-123.
https://doi.org/10.18485/aeletters.2021.6.3.4
[15] ILA. Zverev, A.R. Maslov, Thermal model of
spindles on rolling bearings. Russian
Engineering Research, 37, 2017: 189-194.
https://doi.org/10.3103/51068798X17030224
[16] A.S. Ivanov, S.V. Murkin, Refined Working-
Temperature Calculation of Gears, Taking
Account of Contact Thermal Conductivity.
Russian Engineering Research, 41, 202: 994-
998.
https://doi.org/10.3103/51068798X21110101
[17] S.N.  Yakovlev, V.L. Mazurin, Contact
Temperature of a Cuff and a Rotating Shaft.

Russian Engineering Research, 39, 2019: 279-
282.
https://doi.org/10.3103/51068798X19040191

[18] H. Lu, V.P. Nemani, V. Barzegar, C. Allen, C.
Hu, S. Laflamme, S. Sarkar, A.T. Zimmerman, A
physics-informed feature weighting method
for bearing fault diagnostics. Mechanical
Systems and Signal Processing, 191, 2023:
110171.
https://doi.org/10.1016/j.ymssp.2023.110171

[19] S.R. Saufi, Z.A.B. Ahmad, M.S. Leong, M.H Lim,
An intelligent bearing fault diagnosis system:
A review. MATEC Web of Conferences,
Vol.225, 2019: 06005.
https://doi.org/10.1051/matecconf/20192550
6005

[20] J. J. Seo, H. Yoon, H. Ha, D.P. Hong, W. Kim.
Infrared Thermographic Diagnosis Mechnism
for Fault Detection of Ball Bearing under

Dynamic Loading Conditions. Advanced
Materials Research, 295-297, 2011: 1544-
1547.

https://doi.org/10.4028/www.scientific.net/a
mr.295-297.154

63

© 2023 by the authors. This work is licensed under a Ceative Commons Attribution-Non Commercial
NC

4.0 International License (CC BY-NC 4.0).


https://doi.org/10.3390/lubricants10090213
https://doi.org/10.1007/s40544-022-0622-9
https://doi.org/10.18485/aeletters.2021.6.3.4
https://doi.org/10.3103/S1068798X17030224
https://doi.org/10.3103/S1068798X21110101
https://doi.org/10.3103/S1068798X19040191
https://doi.org/10.1016/j.ymssp.2023.110171
https://doi.org/10.1051/matecconf/201925506005
https://doi.org/10.1051/matecconf/201925506005
https://doi.org/10.4028/www.scientific.net/amr.295-297.154
https://doi.org/10.4028/www.scientific.net/amr.295-297.154

