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Abstract: Temperature has a great influence on the stability of bearing performance. For the study of
bearing steady-state temperature, this paper proposes a test method to quickly predict the steady-
state temperature of the outer ring of a bearing, which solves the problems in traditional theoretical
calculations and simulation analysis methods such as the large number of calculations, complex
models, and large errors. Firstly, a mathematical prediction model is established according to the
bearing temperature-rise law; then, a bearing steady-state temperature detection device is designed;
and finally, the prediction model parameters are solved according to the experimental results, and
experimental verification is carried out. It is shown that the prediction model has high accuracy under
different load and speed conditions, and the error between the predicted steady-state temperature
and the tested steady-state temperature is less than 0.7 ◦C. This prediction method reduces the single
test time of the same speed to 60 min, which greatly improves the efficiency of the temperature
detection test. The steady-state temperature model has important theoretical significance in guiding
the study of the limiting speed of bearings.

Keywords: angular-contact ball bearing; temperature-rise prediction; steady-state temperature; rapid
experiment; grease lubrication

1. Introduction

Bearings, as the main supporting components of electric spindle systems, are often
prone to damage at high speeds due to the heat generated by friction, leading to failures
in the entire electric spindle system. This not only affects work efficiency, but also causes
economic losses. Therefore, studying the limit speed of bearings is crucial. Currently, the
limit speed of bearings is still an approximate value obtained through empirical methods,
and the temperature rise of bearings is negatively correlated with the limit speed. Therefore,
the study of bearing temperature rise is the key to exploring the limiting speed of bearings.

In terms of bearing temperature-rise characteristics, scholars analyze the bearing heat
generation characteristics and distribution law according to the bearing heat generation
mechanism. Yu et al. [1] established a model for the calculation of the heat generation of
angular-contact ball bearings and analyzed the influence of different working conditions
and roundness errors on the thermal characteristics of angular-contact ball bearings. Jin
et al. [2] proposed a new temperature-rise prediction method for high-speed angular-
contact ball bearings, taking into account the interaction between contact parameters and
friction heat generation. A simulation calculation of angular-contact ball bearings was
carried out by using a script program, and experimental verification was carried out,
and the bearing friction heat generation prediction method which is more in line with
the actual working condition was obtained successfully. Zhang et al. [3] used the local
method to study and analyze the frictional heat generation of angular-contact ball bearings
under different working conditions, and determined that the frictional heat generation
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increases with an increase in bearing speed, and the frictional heat generation of bearings
can be reduced when the bearings are subjected to reasonable non-uniform preload. Jin
et al. [4] proposed a method to analyze the frictional heat generation of ball screw bearings
for supporting machine tools, analyzed the effects of different working conditions on
the contact angle, load distribution, and frictional heat generation of the bearings, and
carried out experiments to verify it. The effects of different working conditions on the
contact angle, load distribution, and frictional heat generation were analyzed, and the
frictional moment due to load was analyzed in detail and verified by tests. In a study by
Hu et al. [5], the temperature field of bearings in the feed system of machine tools was
simulated using the finite element analysis software ANSYS. They experimentally verified
the temperature distribution of bearings and axial thermal displacement under different
operating conditions. Zhang et al. [6] investigated the influence of thermal deformation on
the force balance of angular-contact ball bearings under grease lubrication. They used a
multi-node thermal network simulation to predict bearing temperatures and experimentally
validated the reliability of the thermal deformation force balance calculation method for
predicting temperature rises in lubricated high-speed bearings.

In the calculation of the heat generation of bearings, scholars have used the local
method and the overall method. Ma et al. [7] used the local heat generation rate calculation
method to establish a model for calculating the heat generation rate of grease-lubricated
spherical roller bearings and concluded that the heat generated by the contact between
the rollers and the raceways is the main source of the heat generation of the bearings.
Takabi and Khonsari [8] used Stein’s modified overall method of a heat generation rate
formula to calculate the heat generation rate of deep-groove ball bearings, and it was
concluded that the effect of rotational speed on the heat generation of bearings is more
obvious than that of the load. Kim et al. [9] used the overall method of calculating the heat
generation rate of angular-contact ball bearings, and analyzed the effects of radial load and
rotational speed on the frictional torque of the bearings. Lei et al. [10] proposed a calculation
method for determining the differential sliding-friction heat generation rate of high-speed
ball bearings based on elastohydrodynamic lubrication and micro-contact theory, and
calculated the frictional shear stress and differential sliding-friction heat generation rate of
contact between the ball and raceway. The error between the calculated results using this
model and the calculated results based on the towing dynamic test was less than 5%.

Scholars have investigated the factors affecting the temperature rises of bearings by
establishing simulation models. Ma et al. [11] established a thermal mesh calculation
model for determining the transient temperature of grease-lubricated double-row spherical
roller bearings. Ai et al. [12] established a thermal network model for grease-lubricated
double-row tapered roller bearings and analyzed the effects of rotational speed, grease filler
ratio, and roller radius on the temperature of the bearings. Huang et al. [13] established
a temperature calculation model for angular-contact ball bearings by using the thermal
network method, and analyzed the effects of preload and rotational speed on bearing
temperature. Li et al. [14] analyzed the thermodynamic coupling of a mainspar-bearing
system, and the results showed that when the preloading force remained unchanged, the
friction heat generation of the bearing increased with an increase in the bearing speed;
when the preloading force increased, the friction heat generation also increased with an
increase in the preloading force. Dong et al. [15] proposed a transient bearing temperature
field prediction method combining the thermal network method and finite element method,
and designed and implemented an online real-time system for monitoring the transient
temperature of the inner ring of cylindrical roller bearings, which verified the high accuracy
of the simulation method and provided a new method for the thermal characteristics
analysis and testing of high-speed spindle systems.

The ability to accurately predict bearing temperature rises will help prevent accidents
and has a significant impact on economic efficiency. Scholars have mainly conducted
in-depth studies of bearing temperature-rise prediction in terms of combining experimental
and simulation models and machine learning. Han et al. [16] used SSA to reconstruct the
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temperature signal of bearings in phase space. According to the singular spectral properties
of the reconstructed attractor trajectory matrix, the temperature signal was divided into two
independent components, trend and noise. The bearing temperature-rise characteristics
were obtained from the original signal, on the basis of which the bearing temperature-
rise prediction system was developed. Mi et al. [17] utilized a transient thermal network
model with thermal-deformation coupling to monitor real-time temperature rises in key
components in a spindle–axle system, and obtained transient temperature-rise curves
of bearings under different conditions and the transient characteristics of key thermal
parameters of the axle system through programming. Chen et al. [18] established a thermal–
mechanical coupling dynamic model for angular-contact ball bearings considering the
system thermal response and the influence of preloading methods, to predict and control
the thermal performance during the operation of an electric spindle and its impact on the
dynamic characteristics of the spindle. Wang et al. [19] developed a three-dimensional
model for investigating the coupling dynamics of a wheel–rail system. By comparing the
simulation results with the experimental test results, the temperature characteristics of the
axle bearings of cars and trailers were analyzed, and the mathematical model was validated
through long-term field tests.

In the field of machine learning, Li et al. [20] used CNN and Informer and combined
them into a method that can dynamically predict the temperature-rise process of bearings.
Liu et al. [21] applied the empirical wavelet transform method to divide an original axle
temperature sequence into sub-sequences and then utilized Q-learning to optimize the
initial weights and thresholds of a BP neural network. The accuracy of this method
was found to be higher than that of using the BP neural network alone. Man et al. [22]
combined GAT and GAN into a method for predicting long-term axial temperature. The
GRGAT framework was used as a spatio-temporal fusion for temperature prediction, and
the GAN network was used to construct a time-conditional sequence with the GRGAT
framework after analyzing the cyclical changes in axial temperature, and the historical
axial temperature information was fused to improve the long-term prediction accuracy of
the GA-GRGAT model. This method has a long prediction time and high accuracy.

Bearing temperature-rise prediction modeling and validation rely on temperature
data, so the collection of temperature data is also particularly important. In terms of
the bearing temperature-rise test, Harris and Burton applied heat transfer technology to
study the temperature field of bearings [23–25]. And the commonly used temperature
sensors for bearing temperature testing are RTD, infrared thermography, thermocouple,
etc. [26–28]. At present, many scholars use fiber-optic grating sensors to test bearing
temperature [29,30]. Fiber-optic grating sensors have the advantages of high sensitivity,
anti-interference, good corrosion resistance, simple arrangement, etc. Zhou et al. [31,32]
used fiber-optic grating sensors to measure the temperature distribution of the inner and
outer rings in the circumferential direction of a double-row tapered roller bearing and
an angular-contact ball bearing, respectively, and the temperature signal of the rotating
inner ring was measured through the use of a smooth ring to enable the transmission of
temperature signals from the rotating inner ring.

At present, scholars have invested a lot of effort in research on the accuracy of bearing
temperature prediction, and most scholars carry out the research through traditional
theoretical calculations and simulation analysis methods; to overcome the problems of the
above methods, such as long test cycles, large numbers of calculations, complex models,
and large errors, we propose rapid prediction of the steady-state temperature test method
for the outer rings of bearings. In this paper, we design a bearing temperature detection test
device, use PLC as a control signal and test data processing center control system, carry out
its deployment between the test system and the test process data for monitoring, collection,
and temporary storage, and perform real-time monitoring of the test process to ensure the
test operation’s safety; according to the measured data, we analyze the bearing temperature
rise with the law of change over time and establish a predictive mathematical model; and
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finally, we use the measured data to solve the predictive model parameters and verify the
model accuracy, to provide guidance for bearing limiting speed research.

2. Heat Generation and Heat Transfer in Angular-Contact Ball Bearings
2.1. Heat Generation Calculation of Angular-Contact Ball Bearing

Bearing heat generation is mainly generated by friction torque, friction torque Mf
caused by load, viscous friction torque Mv caused by the lubricant, and spin friction
torque Msi caused by ball spin. Palmgren’s empirical formula of bearing friction torque is
adopted [2].

M f = f1P1dm (1){
Mv = 10−7 f (vn)

2
3 d3

m vn ≥ 2000
Mv = 160 × 10−7 fod vn < 2000

(2)

Msi =
3µQiai ∑i

8
(3)

where f 1 is the coefficient related to the type of bearing and the applied load; P1 is the
calculated load used to determine the friction torque; fo is the empirical coefficient related
to bearing type and lubrication method; dm is the diameter of the bearing pitch circle; αi is
the contact Angle; v is the kinematic viscosity of the lubricant at working temperature; n is
the bearing speed; µ is the friction coefficient; and Σi is the second type of elliptic integral.

2.2. Convective Heat Transfer Coefficient Calculation

The heat generated by angular-contact ball bearings is mainly concentrated in the
contact area between the ball and the inner and outer raceway, and the heat generated in
the bearing is mainly transferred by heat conduction and heat convection, so the influence
of thermal radiation is not considered. The heat generated by the friction between the ball
and the raceway of the inner and outer rings of the bearing is transferred to the spindle
and the bearing seat, respectively, through the inner and outer rings, and then, the heat is
exchanged with the air.

h1 = 0.0986[
n
ν1
(1 − D cos α

dm
)]

1
2
kPr

1
3 (4)

h2 =

{
0.3(T − Ta)

0.25 Natural convection
0.3 ka

De Re0.57 Forced convection
(5)

h3 = 0.11
k
d
(0.5Re2Pr)

0.35
(6)

where v1 is the kinematic viscosity of the lubricating oil; D is the diameter of the bearing
ball; α is the initial contact Angle; T is the bearing component temperature; Ta is the ambient
temperature; Rek = uDe/v2, u is the airflow speed, where v2 is the air motion viscosity and De
is the diameter of the bearing outer ring; ka is the thermal conductivity of air; Re = πωd2/v2,
ω and d are the angular speed and diameter of the inner ring rotation, respectively; v2 is
the air motion viscosity; Pr is Prandtl number; and k is the thermal conductivity.

In this test, grease lubrication was used, and the lubricating oil on the inner surface of
the bearing was forced into convection, and the convective heat transfer coefficient h1 [33]
was calculated by Equation (4); the heat transfer coefficient h2 [34] between the surface
of the bearing outer ring and air was calculated by Equation (5); and the heat transfer
coefficient h3 [33] between the surface of the bearing inner ring and air was calculated by
Equation (6). Other surface convective heat transfer coefficients were calculated according
to h1/3 [35].
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3. Rapid Prediction of Steady-State Bearing Temperature
3.1. Temperature-Rise Prediction Model of Angular-Contact Ball Bearing

The preliminary bearing temperature detection test found that in cases where the
bearing speed changes and the other test conditions do not change, the curves of changes
in the measurement of the bearing outer ring temperature with time are similar in Figure 1.
As can be seen from Figure 1, at bearing speeds of 3600 r/min (speed of 3600 r/min
test, temperature collection time and other test conditions are not the same throughout
the day, and the time interval is longer and ambient temperature is higher compared to
the other three conditions), 10,800 r/min, 12,000 r/min, and 13,200 r/min, the speed of
change in the outer ring temperature of the bearing with the increase in time gradually
slows down. At the beginning of the test (the first 60 min), the temperature change in the
bearing is more extreme, and the temperature increase per unit time is larger. After that,
the bearing temperature tends to level off and finally reaches the steady-state temperature.
The regularity of the temperature curve is strong, similar to the exponential function curve
after deformation, which lays a foundation for the establishment of the prediction function
model of the bearing temperature change with time.
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Because there are problems such as initial temperature and curve position adjustment
in the bearing temperature detection test, the function curve of bearing temperature change
with time at the same speed can be obtained by processing the general exponential function:

y = a + b
(

1 − e
−x
c

)
(7)

It can be seen that the above curve is a composite function containing an exponential
function. The data points of bearing temperature and time can be obtained through
experiments, and the temperature change curve function of the bearing can be obtained
through point fitting. In addition, within the 0–60 min timeframe in the graph, the rate
of curve change is relatively large, which has a significant impact on solving the function
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parameters. Therefore, considering only the experimental data from the first 60 min is
sufficient to solve for the parameters.

In order to apply the model to temperature prediction under different speed conditions,
the composite function is further processed, and the mathematical model of bearing outer
ring temperature variation with time is as follows:

T0 = A1 + A2(1 − e
−t
α 1) + A3(1 − e

−t
α 2) (8)

where T0 is the bearing temperature, unit ◦C; t is the time, unit s; A1 is the starting
temperature of the bearing at the rotational speed, and if the corresponding rotational
speed is tested from room temperature, then A1 is room temperature; A2 and A3 control the
high value of the fitted curve to adjust the curve position, and different rotational speeds
correspond to different values; α1 and α2 control the steepness of the curve, so that the
curve is more closely matched to the actual temperature-rise speed; and different rotational
speeds correspond to different values. Through the experimental data, fitting the data
using the least squares method allows for the determination of the actual values of A1, A2,
A3, α1, and α2 at different rotational speeds. This enables the establishment of the functional
relationship between temperature T0 and time t at different rotational speeds. Moreover,
as time approaches infinity, the maximum temperature rise reached by the bearing at that
rotational speed can be determined:

TMax = A1 + A2 + A3 (9)

3.2. Bearing Temperature Detection Test Set Design

To validate the accuracy of the above model, a device for detecting the outer ring
temperature of bearings was designed, as shown in Figure 2. The experimental setup
control system mainly consists of a PLC control system, an electrical control cabinet, a
hydraulic loading system, an electric spindle water-cooling system, an electric spindle
oil and gas lubrication system, a testing machine host, a high-speed electric spindle, a
temperature measurement system, and other components.
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Figure 2. Site layout of test equipment.

The test bearing model was a 7020C angular-contact ball bearing. Hydraulic loading
cylinders with equal angular distribution around the circumference were used to provide
the required test load for the bearings and ensure that the load remained stable and unbiased
during the experiment. An electric spindle and a frequency converter were employed as
the driving system for the bearings, and the electric spindle was equipped with a suitable
oil and gas lubrication system and water-cooling system to ensure its long-term normal
operation. Bearing temperature was determined using three screw-in three-wire contact
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thermal resistance temperature sensors, a temperature transmitter, and a PLC analog input
module, which could completely record the temperature change in the bearing during
the test.

In the control system(as shown in Figure 3), PLC was used as the processing center
of control signals and test data to complete the transmission of test commands from
the host computer to each test system, and to complete the monitoring, collection, and
temporary storage of test data in the process of the bearing limit speed test, so as to carry
out real-time monitoring of the test process and avoid damage to the test equipment caused
by the occurrence of extreme conditions. The PLC control module was installed in the
electrical cabinet, with the electrical cabinet acting as the whole test system for power
transmission, a signal transmission hub, and to protect the premise of power safety, for
the test process to provide sufficient and stable power. The data collected by each sensor
were connected to the terminal block of the electric cabinet and connected to the PLC, and
the signal control line was drawn out by the PLC and connected to the terminal block
and the external test device for connection control. The power supply of each system was
led out after the air switch in the electrical cabinet to ensure the safety of electricity. The
hydraulic loading system ensured that the test bearings were subjected to the required
load during the test. The oil and gas lubrication system was controlled by the PLC in the
electrical cabinet, which could adjust the oil supply interval and the oil supply volume
according to requirements, and provide suitable lubrication conditions for the operation
of the motor spindle. Cooling of the motor spindle depended on the water cooler and
the starting–stopping of the water cooler, and temperature monitoring was accomplished
by the PLC. Temperature measurement was accomplished by three temperature sensors
and three temperature transmitters, which could simultaneously monitor the temperature
change in the stationary parts during the operation of the two test bearings and the ambient
temperature change in the test device.
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cabinet

Industrial 
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Data storage Frequency 
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Figure 3. Testing machine control system diagram.

The test device had the function of precisely controlling the bearing speed, lubricant
spraying quantity, and bearing load, and at the same time, it could monitor and record the
bearing temperature status and equipment operation in real time, and carry out effective
start–stop control according to the program.
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4. Bearing Temperature Test and Model Verification

A model 7020C angular-contact ball bearing was used as a test bearing in this test,
and the bearing parameters and structure are shown in Table 1 and Figure 4. This test was
preset with 6 groups of test parameters, in which the axial loads were 2000 N and 2500 N,
respectively, the rotational speed ranged from low to high, the bearing lubrication was
grease lubrication, and the ambient temperature TX was set to 20 ◦C. The load applied
to the bearing was applied by a hydraulically driven loading cylinder to provide a stable
load that met the test requirements throughout the bearing test. In order to maintain the
relative stability of the ambient temperature, the site where the test device was located was
subjected to constant temperature treatment to ensure that the ambient temperature did
not fluctuate greatly during the test.

Table 1. Main parameters of bearing.

Model
Number

Outside
Diameter
(D/mm)

Inside
Diameter
(d/mm)

Breadth
(B/mm)

Live Load
(Cr/kN)

Static Load
(Cr/kN)

Number of
Spheres

Contact
Angle
(α/◦)

7020C 150 100 24 81.2 103.3 21 15
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Figure 4. Structural diagram of bearing.

First, we set the test steps:

(1) When the axial load was 2000 N, the bearing speed was fixed at 4200 r/min and the
temperature data were collected during steady-state operation;

(2) After 60 min, the axial load was increased to 2500 N and the speed was increased to
4800 r/min;

(3) After 60 min, the axial load was reduced to 2000 N and the speed was increased to
7200 r/min;

(4) After 60 min, the axial load was kept at 2000 N and the speed was increased to
8400 r/min;
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(5) After 60 min, the axial load was increased to 2500 N and the speed was increased to
8600 r/min;

(6) After 60 min, the axial load was reduced to 2000 N and the speed was increased to
9600 r/min.

The test was carried out according to the above steps; the rest of the process parameters
were not varied (as shown in Table 2) and the temperature data of the bearings were
collected for 60 min at different speeds.

Table 2. Preset test parameters.

Serial Number Bearing Speed
(r/min)

Axial Load
(N)

Lubrication
Interval (s) Duration (min)

1 4200 2000 298 60
2 4800 2500 298 60
3 7200 2000 298 60
4 8400 2000 298 60
5 8600 2500 298 60
6 9600 2000 298 60

The data at each fixed speed were then processed and the temperature prediction
model parameters at the same speed were calculated by the least squares method, i.e., six
sets of steady-state bearing temperature prediction models were obtained. Finally, the
steady-state temperature of the bearing at each speed was predicted. This method takes
only 60 min to calculate the steady-state temperature corresponding to the bearing at the
same speed. The test parameters are shown in Table 2; through the parameter presetting
window required test parameters to be entered in advance, the test machine could be set
in accordance with the parameters and automatically complete the test in sequence and
record the test data, so that the test process was programmed and standardized.

The temperature test data under two axial loads at six different speeds for 60 min are
shown in Figure 5, from which it can be seen that the curves fitted by the prediction model
are in good agreement with the test data. The reason for the different starting temperatures
for the different speeds is that only the 4200 r/min speed starts from room temperature, and
the subsequent speeds start from the previous speed, i.e., with a new starting temperature,
which does not affect the results of the fit to the test data.

The steady-state temperatures corresponding to different rotational speeds are differ-
ent, with lower steady-state temperatures at lower rotational speeds and higher steady-state
temperatures at higher rotational speeds. If the time variable t tends to infinity, the pre-
dicted maximum value of the bearing temperature at the corresponding speed can be
obtained, denoted as TMAX. The difference between the predicted temperature T300 and
TMAX at t = 300 min is small, and T300 can be used as the steady-state temperature of the
bearing at different speeds. The results of the comparison are shown in Table 3.

Table 3. Comparison of temperature prediction at different speeds and at different times.

Load
(N)

Rotational
Speed (r/min)

T300
(◦C) TMax Test

2000

4200 30.922 30.923 30.481
7200 40.615 40.616 40.003
8400 45.044 45.045 44.365
9600 50.950 50.951 50.268

2500
4800 34.861 34.862 34.375
8600 47.850 47.851 47.251
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In order to verify the accuracy of the temperature-rise prediction model, the same
rotational speed section was selected for the verification test, and the temperature data
of the above rotational speed section running for 300 min were collected under the same
ambient temperature and working conditions, and the temperature records are shown in
Figure 6.
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The steady-state temperature value of the bearing at t = 300 min is also marked in the
figure, and the accuracy of the prediction result can be assessed by comparing the actual
steady-state temperature of the bearing with the predicted steady-state temperature of the
bearing in Figure 6.
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By fitting the 60 min test data at different rotational speeds, the predicted temperature
at t = 300 min and the actual temperature at 300 min when it reaches the steady state were
obtained (see Table 4 for details). According to the data analysis, the error between the
predicted temperature and the steady-state test temperature at different rotational speeds
is less than 0.7 ◦C, which indicates that the predicted steady-state temperature has a good
consistency with the steady-state test temperature.

Table 4. Comparison between predicted temperature and test steady-state temperature at t = 300 min.

Rotational Speed
(r/min)

Predicted Temperature
(◦C) Test Temperature (◦C) Error

(◦C)

4200 30.922 30.481 0.441
4800 34.861 34.375 0.486
7200 40.615 40.003 0.612
8400 45.044 44.365 0.679
8600 47.850 47.251 0.599
9600 50.950 50.268 0.682

5. Conclusions

In this paper, a steady-state temperature model of a bearing’s outer ring at different
speeds is established according to the temperature-rise characteristics of the bearing, a test
device is designed, and the model is verified. The following conclusions are drawn:

1. A mathematical model containing an exponential function was proposed for predict-
ing the steady-state temperature of bearings. Upon comparing the model outcome
with the experimental results, the prediction model demonstrated an error of less than
0.7 ◦C, indicating a high level of prediction accuracy.

2. The experimental period for determining the parameters of the prediction model was
only 60 min, representing a significant increase in efficiency compared to the previous
300 min.

3. The rapid and high-precision acquisition of the steady-state temperature data of
bearings is important for the study of the limiting speed of bearings.
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