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Theoretical and experimental
study on the thermomechanical
characteristics of double-row
angular contact automotive wheel
bearings

Dong Yanfang'?34>*, He Kai', Qiu Ming*2*, Yan Zibo! & Yu Wei*

The thermodynamic characteristics of double-row angular contact wheel bearings are important for
the bearing operational condition monitoring and structural design. The load distribution and power
consumption distribution of the bearing are obtained by establishing a thermal-force coupling model
of the double-row angular contact wheel bearing. Combining with the thermal network and finite
element analysis method, the steady-state temperature field of the bearing under test conditions

is achieved. Also a box-type encapsulated fiber-optic grating temperature sensor is designed for
investigating the effects of working condition parameters on the axial and circumferential temperature
distributions of the bearing. And a comparative analysis with the predicted results is carried out. The
results show that there are obvious temperature differences in the axial and circumferential direction
of double-row angular contact wheel bearing under combined load. The speed, axial force and radial
force all affect the bearing temperature rise and temperature distribution.

Keywords Double-row angular contact wheel bearings, Thermal coupling, Optical fiber grating sensors,
Circumferential temperature difference, Axial temperature difference

Double-row angular contact wheel bearings bear the load from the axle during movement process, reduce
relative friction, and assist in movement. The temperature field distribution of wheel bearings is complicated
for the harsh service conditions of automobile wheel bearings and the frequent changes in driving conditions.
And the thermo-mechanical characteristics of the bearing are crucial, as it is directly impacting the performance
and service life of the bearing. An increase in temperature leads to thermal expansion, altering the fit tolerances
and affecting load capacity and precision, while also accelerating lubricant degradation, increasing wear,
and reducing bearing service life. Additionally, temperature variations can induce vibrations and noise, alter
load distribution, and cause localized stress concentrations and fatigue damage. Therefore, a comprehensive
understanding the thermo-mechanical properties of bearings are essential for the stability and efficient
operation of mechanical systems. A significant temperature rise of the bearing may lead to (a) changes in
lubricating compoents, (b) deformation, (c) reduction of working clearances between components, (d) increase
of local stress and temperature, (e) initiation and propagation of wear, and (f) reduction of the service life of the
bearings!. These changes may lead to premature obsolescence of the bearing components, such as burnout and
jamming®. Therefore, it is crucial to accurately measure the bearings’ temperature field distribution, which is
important for the thermal design of double-row angular contact wheel bearings.

Most current literature?~!? primarily focuses on the numerical and experimental studies of brake rotors for
passenger carsand high-performance vehicles. However, thereisalack of research on the non-uniform temperature
fields in the bearings under different operating conditions.The core reasons for the complex temperature field
are the non-uniformly distribution of internal contact loads and the frictional power consumption. Wan'! and
Harris!? proposed analytical models for solving the force distribution of a double-row rolling bearing subjected
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to radial and axial loads. Ji-Won J'3. conducted a fatigue analysis considering the rotating flange of automotive
hub bearings. The continuous stress and fatigue analyses were performed by using commercial software. The
fatigue performance of the bearing material was obtained through rotational bending fatigue tests, and the
analysis results were compared with the test results. Xu'* reported an analytical model for a double-row angular
contact ball bearing to analyze the consequence of ring misalignment on the bearing force distribution and
the maximum and average contact forces. Liu'® reported a dynamic model for double-row angular contact ball
bearings to understand the effect of working condition parameters and structural factors on the frictional power
dissipation of bearings by construction. Yang'® established a set of transient thermal equilibrium equations for
the temperature field of the shaft system and the iterative process of coupling deformation by applying static
mechanics and localized heat source methods proposed for bearings. They found that selecting appropriate
clearances, increasing lubricant viscosity, and enhancing air convection can effectively reduce heat generation
and thermal deformation. Wen B!7 developed a heat generation model for cylindrical roller bearings based
on quasi-static mechanics and thermal network methods, incorporating thermal-mechanical coupling. They
analyzed the variations in complex thermo-mechanical characteristics, such as friction torque, contact force,
and temperature, during the wear failure of cylindrical roller bearings. Stancekova D'8. performed a transient
analysis of a new integrated rotor and hub concept by considering the effects of thermal convection, conduction,
and radiation. A testing methodology within a simulated environment is developed for characterization and
validation purposes. Additionally, the impact of different blade designs and rotor-hub arrangements on heat
transfer mechanisms is investigated. Kim!® studied the evolution of temperature rise characteristics of ball
bearings based on a self-developed temperature rise prediction algorithm, which showed that the volume
fraction of the oil phase is an important factor affecting the temperature rise, and better matched with the
results of the fluid dynamics simulation by reconfiguring the thermal boundary conditions of Parker’s model.
Bao? constructed a thermal-fluid coupling model of a lubricated ball bearing under the ring based on the
CLSVOF model and the Palmgren theory of heat generation, and studied the influence of rotational speed and
oil supply speed on the distribution, temperature field evolution and convective heat transfer coeflicient of the
lubricating oil. A thermal-fluid coupling model of lubricated ball bearing is constructed based on CLSVOF
model and Palmgren’s thermal generation theory to study the influence of rotational speed and oil supply rate
on the distribution of lubricating oil, the evolution of temperature field and convective heat transfer coefficient.
Lei?! constructed a thermal network prediction model for the steady-state temperature field of the under-ring
lubricated high-speed ball bearing based on the dynamics and investigated the influence of parameters such
as rotational speed, oil supply rate, ambient temperature and so on on the temperature rise of the bearing, and
verified the reliability of the model through the finite element simulation. Based on modal testing, the natural
frequencies and mode shapes of the main components of the bearings were obtained. To specifically identify
bearing defects, a finite element analysis model is established and the deformations of the bearings under applied
loads were analyzed.

As the demand for timely and accurate monitoring of bearing operational states increases, researchers
are increasingly utilizing advanced sensing technology, such as fiber Bragg gratings for the monitoring and
data acquisition of measured physical quantities. And the monitoring of bearing temperature field has been
increasingly emphasized by researchers. Existing temperature measurement-based studies primarily monitored
the bearing housing or the outer ring of the bearing, which is limited and must be further explored. Jeng??
mounted resistance temperature sensors on the housing and investigated the law of influence of oil volume,
preload, airflow, and speed on bearing temperature. Takabi** mounted standard-type K thermocouples on the
bearings to compute temperature distribution at the outside ring and lubricating oil. Researchers developed
methods to compute multi-point temperature monitoring of bearings for better accuracy. Liu?* experimentally
determined the temperature distribution of the outer ring of a bearing using a Fiber Bragg Grating sensor.
Yan?>2¢ developed quantum dot temperature sensors, which could compute the temperature of components
moving at high speed. However, this process is cumbersome and can only be applied in a controlled environment
like a laboratory. Zhou?”?*conducted a double-row tapered roller multi-measurement point temperature rise
test to investigate the effect of operating conditions on temperature distribution. Gao® proposed a static model
of a double-row tapered roller and obtained the force distribution and kinematic parameters. The temperature
distribution of the bearing was investigated through simulation and testing.

There have been fewer theoretical and experimental studies on the thermal characteristics of the double-
row angular contact wheel bearings. This paper analyzes the differences in the force distribution and power
consumption distribution of the left and right columns of the bearings under different working conditions by
constructing a thermal-force coupling model of the wheel bearings. The model investigates the temperature
distribution of the bearing through numerical calculations, finite element simulations, and experimental
methods.

The innovation of this study is the establishment of a thermodynamic coupling model, which is able to
simultaneously consider the thermal coupling effect of bearings under complex working conditions, and the
model accuracy is significantly improved compared with the traditional method of analyzing heat or force
separately. Meanwhile, in this paper, the fiber grating technology with multiple measurement points is used
for the first time to carry out high-precision temperature monitoring of the bearing, which makes up for
the shortcomings of the traditional measurement technology, as well as the problem of uneven temperature
distribution.

The multi-point fiber Bragg grating measurement technology employed in this study holds significant
promise across various industrial sectors, particularly for devices such as machine tool spindles, electric motors,
and gearboxes that experience uneven temperature distribution. By utilizing multi-point fiber Bragg gratings, it
can optimize equipment performance and facilitate efficient condition monitoring and preventive maintenance.
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This approach not only extends the equipment’s service life, but also enables early detection of potential faults,
thereby minimizing downtime and enhancing overall production efficiency.

Heat-force coupling model of automobile wheel hub bearing

This paper considered a double-row angular contact wheel bearings consisting of an outer and an inner ring with
an inner flange. The preloaded was applied using a locknut. The outer ring is considered fixed, whereas the shaft
is subjected to aload vector F' = {F%, F;, F., M, M, } after preloading (Fig. 1). The displacement of the inner
ring is given by a vector d = {0, 0y, 0> + Opre, 0z, 0y },where 8, and , are the radial displacements along the
x and y axes, respectively, J. is the axial displacement, dp:c is the preload of the locking nut, and 6, and 6, are
the angular displacements of the inner ring due to the torque, respectively.

Influence of temperature on geometrical parameters of the bearing
Thermal expansion of bearing components
Thermal expansion of a rolling body with temperature rise (Atpy) is given as Eq. (1)'2

Upk = VpAtpr Dy (1)

Iy is the coefficient of thermal expansion of the rolling element and D,, is the diameter of the rolling element.
The diameter of the rolling body due to expansion is computed using Eq. (2).

Diuk: = Dy + upk (2)

The thermal deformation of the outer ring raceway groove’s inner diameter (D.) due to a temperature rise Aty
is computed using Eq. (3).

Uek = VeAterDe (3)
Thermal deformation of the inner ring raceway groove’s inner diameter (d;z) and small inner ring’s inner

diameter d due to a temperature rise At;ris given as Eq. (4). ¥;Lis the coeflicient of thermal expansion of the
inner ring.

uiL/ = ﬂiLAtiLdiL,u;/ =9, Atird (4)

Thermal deformation of the inner flange’s outer diameter (dsz.), which is approximately equal to d, due to a
temperature rise Atgr, is given as:

Us = ﬂsAtsL(l + Vs)dsL (5)

¥, and v, are the coefficient of thermal expansion and Poisson’s ratio of the inner flange, respectively.
The radial thermal deformation of the inner ring raceway, when considering the thermal deformation of the
inner flange, is obtained by combining Eqgs. (4) and (5), is given as Eq. (6).
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Fig. 1. A schematic diagram demonstrating the displacement of wheel hub bearing components subjected to
loads and moments in different directions.
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wi, = uir, + (s — u;r)d/dir,

(6)
= Qi Atind; + [9sAtsr, (1 4+ vs) — Yin Atir] d2/diL

The increase in diameter of the groove bottom of the raceway on the inner flange of diameter dsrdue to
temperature rise At;ris given as Eq. (7).

Wir = 195AtsR(1 + Vs)dsR (7)

dsris the diameter of the groove bottom,”s and vsare the coefficient of thermal expansion and Poisson’s ratio
of the inner flange, respectively.

Axial and radial displacement of components due to thermal deformation

The above analysis deduced the displacement due to thermal expansion®. The thermal expansion of the outer
ring causes the rolling body to be displaced, as shown in Fig. 2(a). The radial expansion component along the
normal contact direction is given as Eq. (8). This expansion acts on the rolling body, leading to a relative motion
between the rolling body and the inner ring. The displacement along the contact direction is given as Eq. (9)!2.

Uerk = Uek COS Q0 (8)

Ueink = Uerk COS(O{ik - aok) (9)

The radial and axial displacements of the bearing due to the thermal expansion of the outer ring are given as
Eq. (10).

Fig. 2. (a) Schematic representation of displacement due to thermal expansion of (a) the outer ring and (b) the
rolling elements.

Scientific Reports |

(2025) 15:24131 | https://doi.org/10.1038/s41598-025-08805-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

{Uerrk = Ueink COS O (10)

Uerak = Ueink SiN O

Figure 2 (b) depicts the displacements due to thermal expansion of the rolling elements. The axial and radial
displacements due to thermal expansion of the rolling elements of the bearing are given as Eq. (11).

{Ubrk = Wbk COS a1
Ubak = Ubk SIN O
Accordingly, the axial and radial deformation corrections are computed (Eq. (12)).

Ugk = Ubak + Uerak (12)

Urk = Uik — Ubrk — Uerrk

Internal deformation of bearings under thermal coupling
Figure 3 shows the relative position of the rolling body and the center of curvature of the inner and outer grooves
after loading and thermal deformation.

The radial (Urk;) and axial (Uqr;) distance between the curvature centers of the inner and outer ring grooves
in response to thermal force at the bearing can be computed using Egs. (13) and (14)2, respectively.

Urkj = 0a COS @rj + Oy sin pr; + mi1Lek sin @r; — M1 Lek €08 @ij + Ak €OS ok + Urk (13)

Uakj = m165 + ma8zrpr sin pr; — m10yrpk oS 9rj + Ak sin aok + pre + Uak (14)

¢rj (j=1---Z) denotes the bearing position angle, Aj signifies the center distance of the
bearing, L. symbolizes the axial distance between the center of the rolling element and the geometric center
of the bearing, rpx indicates the radius of the center circle of the inner ring groove of the wheel bearing, and
whenk = L, m1 = lorwhenk = R,m; = —1.

Modeling equilibrium conditions

The rolling body’s local and inner ring equations can model the bearing equilibrium conditions. Equilibrium

conditions due to the rolling body force were first modeled, considering the j, rolling body for force analysis.
where the force on the steel ball is shown in Fig. 4. When the rolling body is in contact with the inner raceway,

it is subjected to (a) the joint action of the inner and outer ring raceway contact force, (b) centrifugal force, and

(c) gyroscopic moment—accordingly, Egs. (15)-(18)!? can express the equilibrium condition of the jth rolling

body.

U akj

Initial position of the |<—aL>'
center of curvature of

. . Oik'
the inner ring groove

ikj
A ;
- _6 rkj

Urk'

Oekj

Fig. 3. Internal deformation of bearings.
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. s Mgk]’
Qikj SN Qikj — Qekj SN Qlekj — T (Aikj COS Qikj — >\ekj COs Otek]') =0
wk
e (1)
Qikj COS Qikj — Qekj COS Qekj — % (Aikj SIn Qikj — Aekj SN Qej) + Ferj = 0
wk
Mgk]' =45 x 10_12Dwk]-2n5kjnmkj sin ﬂk]'. (17)
Foy = 2.26 x 10! Dy Dyining; (18)

Air; and Aex; are the raceway control coefficients. The inner ring raceway control will occur when
Aikj = Aek; = 1. Similarly, the outer ring raceway control will occur when Aix; = 0, Aexj = 2. Dy is the
bearing pitch circle diameter, nmx; denotes the rolling body rotational speed, ns; represents the rolling body
rotation speed, and [ signifies the rolling body rotation attitude angle. When the rolling body gets separated
from the inner raceway due to the centrifugal force, the contact and the centrifugal force form an equilibrium
state, expressed in Eq. (19) for the j, rolling body.

Qir; =0
{Qekj = Fckj (19)

The system for equilibrium of the inner ring has been expressed as Eqgs. (20) and (21)!2 were solved using the
Newton-Raphson method.

z
k=R
P Zka Z (Qikj cos aigj cos pr;) =0
=t
k=R &
Fy — Zk:L Z (Qik; cos aiirj sin pr;) = 0 0
j=1

zZ
k=R
F— Zk:L z; (leik]’ cos aikj) -0
j=

z
k=R

My — E L E Qikj Sin @i (M1 Lek cOS atig; — m1Tpk sin aig; ) = 0
=L

P 21
k=R
My - Zk:L Z Qikj COS Pkj (—m1Lek COS Uik + miTpk sin Ozikj) =0

j=1
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Fig. 5. Arrangement of thermal nodes at the bearing.

Node | Node name Node | Node name

t, Ambient temperature t Left column roller temperature

t, Flange face temperature t, Right column rolling element temperature
t, Flange center temperature ty Grease temperature

t, Inner ring and flange mating surface temperature | t, Outer ring left column temperature

t, Inner ring channel temperature [ Outer ring right column temperature

t, Flange channel temperature

Table 1. Bearing temperature nodes.

type Thermal resistance/(K/W)
Radial conduction thermal resistance Ry = %

Radial conduction thermal resistance of the rolling element | Bx = #LL

Axial conduction thermal resistance Ry = %

Convective thermal resistance Rp = ﬁw

Table 2. Formulae for computing the thermal resistance.

Heat transfer modeling

Arrangement of thermal nodes

Temperature nodes and node distribution at the bearing are shown in Fig. 5. The temperature node Settings of
each bearing component are shown in Table 1.

Calculation of bearing heat generation
The total frictional power consumed by wheel bearings is given as Eq. (22).

Hhub:HE+HS+HD+ngease (22)

Hg, Hs, Hp and Hgrcase denotes the friction power consumption caused by elastic hysteresis, spin slip,
differential motion of the bearing, and bearing grease, respectively.

Heat balance equations
As the temperature considered in this study is below 200 °C, the Effect of thermal radiation is neglected.
Therefore, thermal conduction and convection transfer the heat generated during friction. The thermal resistance
formulation is shown in Table 23133,
k is the thermal conductivity of the corresponding material, L, is the characteristic length, d, and d, are the
inner and outer diameters of the circular structure, S is the cross-sectional area, A is the convective heat transfer
area, and h is the convective heat transfer coefficient. The thermal network model’s ambient temperature (ta)
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is considered constant. The temperature of the ten unknown nodes can be obtained by solving the system of

equilibrium equations given in Eq. (23).
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0.5F; 0.5P.1 =
at 7 05Reor | 0.5Rgar Resn
t7 — tio tr — t5 t7 —tg
0.5P;5 +0.5P.2 =
? > 0.5R7i05 | 0.5R7sk Rrsh
tog — te to — t10 tog —ta to — s
0.5P.1 4+ 0.5Pc2 =
°t >~ 0.5Reox Ro10k Roan Rosn
t1o — t7 tio —to  tio —ta | tio — s
0.5P.1 +0.5Pcs =
! >~ 0.5R7108 Roiok Rioan Riosh
te — ts ty — t3 ta — to
0.5P;1 =
T 0.5Reak Ra3g Raon (23)
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The coupling analysis process of the proposed hydrostatic model of the bearing and its temperature distribution
model is as follows: Firstly, the bearing’s kinematic parameters and load distribution are calculated. The results
reported the frictional heat generation of each part of the bearing. The heat balance equation is used to solve the
temperature of each node. The thermal expansion of the bearing is re-calculated per the calculated temperature
of each node to correct the structural parameters. The process is repeated until convergence is recorded.

Experimental design

Design of fiber bragg grating (FBG) sensor package

A box-type encapsulated FBG sensor suitable for the double-row angular contact wheel bearing temperature
field measurement is designed to improve the temperature sensitivity and anti-interference of bare FBG sensors.
Thermally conductive substrate selection of brass with good thermal conductivity can quickly sense the bearing
temperature. The inner cavity is filled with thermally conductive paste. The components of the package include
the sealing cover (POM material), the bottom box-type encapsulated sensor (same radius as the bearing outer
ring of the arc).

Determination of sensor point distribution

A bearing, with parameters given in Table 3, is modeled using ANSYS software (an FEA modeling package). This
software is used to compute the temperature distribution accurately under test conditions. Material properties,
given in Table 4, are assigned to model components. When the rotational speed is 800 r/min, and the radial and
axial forces are 1000 N each.

The temperature of the column near the inner flange connection (referred to as the right column) is higher
than that of the other column. According to the temperature distribution diagram of the wheel bearing unit, the
temperature rise measurement point will be arranged in the rolling element and the outer ring contact location
above, and the left and right columns will be arranged with six measurement points. The measurement point
interval is 60°. The arrangement of the temperature rise measurement point is shown in Fig. 6.

In the process of collecting and processing the temperature rise data of the bearing by using fiber grating
technology, the collected temperature rise data is processed systematically. In order to get the accurate
temperature rise, the data of 10 min after the temperature of the bearing is stabilized is taken and its average

Parameter name Numerical value
Rolling diameter D+, /mm 15.5

Number of rolling elements Z 12

Distance between the center of the rolling body Ly./mm | 23.5

Initial contact Angle co/° 40

Coefficient of radius of curvature of inner groove f; 0.515

Coefficient of the radius of curvature of the outer groove fo | 0.515

Pitch diameter D ,/mm 65

Table 3. Basic parameters of bearings.
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Structure name Material type
Outer flange 55 steel

Inner flange GCrl5

Steel ball GCrl5

Small inner ring GCrl5
Remaining structure | Structural steel

Table 4. Model material setup.

Chater fing
Inner nng

Bal poatwon

(a) six measurem?btep:oints on the optical (b) Fiber optic point layout

Fig. 6. Distribution of temperature rise measurement points.

value is obtained to improve the reliability and accuracy of the data. Ensure that the temperature rise trend can
truly reflect the working condition of the bearing.

Test setup

The bearing temperature rise test setup is shown in Fig. 7, with two sub-systems: (a) forcing device and (b)
fiber optic sensing multi-point temperature rise monitoring system. Figure 7(a) shows six components: 1-wheel
bearing, 2-package FBG, 3-workpiece connection flange, 4-forcing connection flange, 5-axial forcing force arm,
and 6-radial forcing force arm.

The test environment for the bearing was maintained at 28 °C, with the radial loading arm positioned at a
certain distance from the bearing’s load center to simulate the eccentricity between the tire center and the hub
bearing load center. Additionally, the axial loading arm was offset from the hub bearing axis to replicate a tire
radius of 375 mm.

The specifications of the fiber grating sensors used in this paper are shown in Table 5.

Experimental program
Experimental materials Double-row angular contact ball bearings (material and dimensions are provided in
Tables 3 and 4).

Equipment setup SYJ-LG-NJ bearing life test machine, data converter, fiber Bragg grating, and PC.

Experimental Procedures:

1. Maintain a constant radial load Fr=1000 N and axial load Fa=1000 N, while varying the bearing rotational
speed.

2. Set the rotational speed at #=800 rpm, and keep the radial load Fr=1000 N constant, while varying the
magnitude of the axial load.

3. Maintain the rotational speed at #=800 rpm, and the axial load Fa=1000 N constant, while varying the
magnitude of the radial load.

Data recording The sampling frequency is set to 1 Hz.
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(1.the bearing 2. package FBG 3. workpiece connection flange 4. forceing connection flange

5. axial forcing force arm 6. radial forcing force arm)

(b)

Fig. 7. Wheel-bearing multi-point temperature measurement device.

3dB bandwidth(nm) 0.5-0.6 | Grid spacing(mm) 40

Length of grid area(mm) | 3 Side mode rejection ratio(dB) | >5

Table 5. Fiber optic grating sensor Specifications.

Results and discussion

Influence of working conditions on bearing contact load distribution

Effect of radial force on contact load distribution

The effect of radial force (1000-5000 N) on the contact load distribution between the left and right columns of
the bearing at a constant rotational speed of 800 r/min and the axial load of 1000 N is given in Fig. 8.

As the radial force increases, the contact load distribution in the left and right columns of the bearing
changes. For the left column, the contact load gradually increases with the radial force during 1-4 and 9-12 ball
numbers. The contact load of the remaining rolling elements decreases with the increase of radial force. Contact
load increases with the increase of radial force in the right column during 1-2 and 10-12 rolling elements.

Effect of axial force on contact load distribution
When the rotational speed is 800 r/min, and the radial force is 1000 N, the effect of axial force (1000-4000 N) on
the contact load distribution of the left and right columns of the hub bearing is shown in Fig. 9.

The contact load distribution between the left and right columns of the bearing shows a significant difference
with an increase in axial force. In the left column of the bearing, during 4-8 rolling elements, the body contact
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Fig. 9. Effect of axial force on rolling element contact force.

load gradually increases. No changes were noticed during the 2, 3, and 9 rolling elements. The remaining rolling
body contact load is zero. The right column of bearings 1-2 and 10-12 rolling body contact load gradually

increases; the rest is zero.

Effect of operating conditions on frictional power consumption in left and right columns

Based on the results in 4.1, it is noticed that the difference in working conditions leads to a large difference in the
load distribution of the left and right columns, so it is necessary to analyze the influence of the load conditions

on the heat production of the left and right columns of the bearing.

(1) effect of axial force on frictional power consumption
The effect of axial force on friction power dissipation at a rotational speed of 800 r/min and a radial force of

1000 N is shown in Fig. 10(a).
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Fig. 10. Influence of working condition parameters on friction power consumption.

The heat generation of the bearing increases rapidly, and the rate increases steeply with an increase in axial
force. The heat generation of the right column is higher than that of the left column, and the difference increases
with the increase of axial force.

(2) effect of rotational speed on friction power consumption

The different speed-bearing heat exchange rules are shown in Fig. 10(b) at axial and radial forces of 1000 N each.
An increase in the bearing heat is noticed, following a linear pattern with a relatively high slope, with an

increase in rotational speed. In addition, the power consumption of the right column is higher than that of the

left column.

(3) effect of radial force on frictional power consumption
The effect of radial force on the heat generation of the bearing at a rotational speed of 800 r/min and the axial
force of 1000 N is shown in Fig. 10(c).

The bearing heat generation increases gradually, and the rate steeply rises with an increase in radial force.
The difference between the power consumption of the left and right columns also gradually increases with an
increase in radial force.

Influence of operating parameters on temperature distribution

The above analysis shows that the contact load and friction power consumption of the left and right columns
of bearings are different under different working conditions, which will inevitably lead to the difference in
temperature rise of the left and right columns of bearings. Therefore, the thermodynamic coupling model
predicts the steady-state temperature rise of the bearings’ left and right columns to analyze the difference.

(1) influence of axial force on temperature distribution
The influence of the axial force on the temperature distribution at a rotational speed of 800 r/min and radial force
of 1000 N is shown in Fig. 11(a).

The temperature rise of the left and right columns shows a piecewise linear increase pattern with an increase
in axial load. The slope of linearity increases with an increase in load. The temperature rise of the right column
of the bearing is higher than that of the left column.
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Fig. 11. Influence of working condition parameters on temperature rise.

(2) influence of rotational speed on temperature distribution
The bearing temperature rise rule under different speeds at axial and radial loads of 1000 N each is shown in
Fig. 11(b).

The temperature rise of the left and right columns shows a piecewise linear increase in temperature with an
increase in rotational speed. The temperature rise of the right column of the bearing is higher than that of the left
column, and the temperature difference between the left and right columns gradually increases.

(3) influence of radial force on temperature distribution
The influence of radial load on temperature rise at a speed of 800 r/min and axial load of 1000 N is shown in
Fig. 11(c).

The temperature rise of the left and right columns of the bearing increases gradually with an increase in radial
load. Temperature difference in the right column is relatively higher than in the left.

Experimental test results and analysis of temperature rise

The fiber optic grating sensors are first placed in a temperature control box for calibration. The fiber grating
center wavelength and temperature change have a good linear relationship and can complete the measurement
of the temperature rise of the bearing (Fig. 12).

(1) comparison of theoretical and experimental values
Figure 13(a) shows the theoretically predicted temperature rise under different coaxial loads at a rotational speed
of 800 r/min and a radial load of 1000 N was compared with the experimental values.

The trend of the theoretical predicted value is consistent with the measured value with the change in working
conditions. The error remains within 10%, indicating the accuracy of the theoretical model.

(2) temperature rise distribution characteristics

The temperature measurement of each measuring point (station number) is given in Fig. 13(b). A significant
difference in temperature rise is noticed along the axial and circumferential direction of the bearing in response
to compound loading. Accordingly, studying the influence of working condition parameters on the bearing
temperature rise and distribution in more detail is desirable.
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Fig. 13. Temperature Rise Comparison.

Effect of rotational speed on bearing temperature rise distribution
The temperature rise tests of the bearings at different rotational speeds were carried out at radial and axial forces
of 1000 N.

(1) variation of temperature rise with rotational speed

Figure 14 shows the results of temperature rise of the bearing with rotational speed under the composite load.
The temperature rise of the left and right columns increases rapidly with the increase in rotational speed, and
the average temperature rise of the right column of the bearing is higher than that of the left column (Fig. 14-c).
The speed increases from 400 to 1600 r/min, and the temperature rise of the left and right columns reaches 66 °C
and 76.2 °C, respectively.

(2) variation of circumferential temperature difference with rotational speed
Figure 15(a) shows the maximum circumferential temperature difference is between the maximum and
minimum values of the measurement points in the left and right columns measured in a steady state.

The results of the circumferential temperature difference with rotational speed show that:

a. The circumferential temperature difference of the left column of the bearing is less affected by the rotational
speed. The rotational speed increases from 400 rpm to 1600 rpm, and the circumferential temperature differ-
ence increases to 5.3°C.
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A3)

Average rise in temperature at left and right columns.

The circumferential temperature difference of the right column increases with the rotational speed within a
range of 400-1600 rpm. It increases slowly, holds at a point, and then linearly increases to 21°C.

The right and left column temperature difference reaches 21°C and 5.3°C, respectively, at 1600 rpm. It indi-
cates the necessity of considering the circumferential temperature difference at high speed.

variation of axial temperature difference with rotation speed

The difference between the average value of the right and left columns of measurement points in steady state is
recorded as the average axial temperature difference. The difference between the maximum value of measurement
points in the right column and the minimum value in the left column is recorded as the maximum temperature
difference in the axial direction. The results are shown in Fig. 15(b).

The axial temperature rise with the increase in rotational speed shows the following:

The maximum axial temperature difference will increase following a piecewise linear pattern with increased
rotational speed. The average axial temperature difference increases linearly, holds between 800 and 1200 r/
min, and then increases linearly until 1600 r/min.

The average and maximum axial temperature difference reaches 10.2°C and 27.2°C at the rotational speed
of 1600 rpm. It indicates that the axial temperature difference of double-row angular contact hub bearings
under composite forcing must be considered when the rotational speed is higher.

Effect of axial force on hub bearing temperature rise and distribution
A test was carried out to calculate the rise in temperature on the bearing at a rotational speed of 1000 rpm and
radial force of 1000 N under different axial forces.
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(1) influence of axial force on temperature rise

Figure 16 shows the temperature rise variation of the left and right columns with increased axial force in the
range of 0-3000 N. The temperature rise was constant, followed by an increasing trend in a linear pattern with
increased axial force. With a 3000 N force, the average temperature rise at the left and right columns reaches
64.2°C and 74.3°C, respectively. With the axial force from 0 N to 3000 N, The temperature rise at the left and right
columns increases by 22.9°C and 25.9°C, respectively. The temperature rise in the right column is larger than in
the left column, mainly because the increase of axial force compressed the right column roller. Accordingly, the
right column produces more heat than the left column.

(2) the influence of axial force on circumferential temperature difference

The circumferential temperature difference of the right column position of the bearing is larger than that of the
left column position, as depicted in Fig. 17(a). In addition, with the increase of axial force, the circumferential
temperature difference of the right column has an insignificant change (within 3°C). It shows a zig-zag trend
of increasing and then decreasing and then increasing. The circumferential temperature difference of the left
column shows a decreasing trend and then increasing (within 6°C), indicating that the axial force’s effect on the
circumferential temperature difference is insignificant.

(3) the influence of axial force on the axial temperature difference

Figure 17(b) shows the average and maximum axial temperature differences at axial forces in the 0-3000 N
range. The average axial temperature difference increases with the increase of axial force with increase of axial
force. It leads to the generation of frictional power dissipation in the right column component of the bearing,
which will be higher than that of the left column. It will result in the consequent increase of the average axial
temperature difference of the bearing. The maximum axial temperature difference reaches 27.9°C, when the
axial force is 3000 N, and the axial average error reaches 9.8°C. Therefore, the axial temperature difference of the
wheel bearing at high axial forces must be considered.

Effect of radial force on the hub bearing temperature rise and temperature distribution
Temperature rise tests of the bearing at different radial forces were carried out at the rotational speed of 800 r/
min and axial force of 1000 N.

(1) influence of radial force on temperature rise and distribution

Figure 18 shows the influence of radial force on the rise in bearing temperature. When the radial force increases
from 1000 N to 5000 N, the left and the right columns result in an average temperature rise of 15.98°Cand
14.1°C, respectively. The right column has a higher average temperature rise than the left column.

(2) influence of radial force on the circumferential temperature difference

Different radial force conditions are considered until the temperature reaches a stable result. The left and right
columns of the two fiber strings have respective maximum and minimum values for the difference, the maximum
circumferential temperature difference between the left and right columns of the two positions.

Figure 19(a) shows that when the radial force increases in the left column, the circumferential temperature
difference is insignificant and maintained at about 2.3 C. The circumferential temperature difference at the right
column with increased radial force is relatively complex. The circumferential temperature difference of the outer
ring reaches the maximum of 22.18°C at 4000 N load, indicating the necessity for considering circumferential
temperature difference at high radial force.
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Fig. 15. Comparison of temperature rise between left and right columns.
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Fig. 16. Variation in temperature rises with axial force at measuring points of (a) left and (b) right column. (c)
The average temperature rise at different measuring points.

B

B Right column o
o I & Lol qoduamn a : L‘u F
Tk
o - o ™
F
L] w .
é "k g 20
E 2
N E
e 5
%Ln 3 L g.l i
& =
T [ 3 L
(] 4 & ™ L
B = " I L 1
0 10 My 000 To 1000 2000 200
Axial foree™ Axial foree/™
(a) Curve of cicumferential (D) Curve of axial temperature difference
temperature difference with axial force with axial force
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(3) effect of radial force on axial temperature difference

The difference between the average values of temperature difference at the right and left columns in steady state
is recorded as the average axial temperature difference. The difference between the highest temperature of the
right column measurement point and the lowest temperature of the left column measurement point difference is
recorded as the maximum temperature difference in the axial direction.
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Fig. 18. Temperature rise with radial force at measurement points in (a) left and (b) right columns. (c) average
values of temperature rise in left and right columns.

The variation in radial force has a complex effect on the axial maximum temperature difference, as depicted
in Fig. 19(b). The axial maximum temperature difference ranges between 17.8-26°C with variation of force in
a range of 1000-5000 N. In addition, as the radial force increases, the axial average temperature difference first
increases, then decreases, and finally tends to be flat. This indicates that the radial force increases to a certain
value under the composite force to reduce the axial average temperature difference.

Analysis of influencing factors of temperature rise and distribution

Based on the above analysis, speed and axial and radial loads will affect the rise in temperature and distribution
of hub bearings. Further analysis of influencing factors of the bearing temperature distribution is carried out
to determine which operating conditions dominate the temperature distribution. In this paper, the key factors
affecting the temperature rise of wheel-hub bearings are analyzed by applying the gray correlation degree
analysis model, and the influencing factors that cause changes in the temperature rise of wheel-hub bearings are
compared. The temperature rise of the bearing is selected as the reference sequence to calculate the correlation
degree between different influencing factors and temperature rise. The greater the correlation degree value, the
greater the effect of the factor on bearing temperature rise. The detailed calculation method has been adopted
from the literature®*,

Correlation degree results
The influence of the degree of rotational speed, radial load, and axial load on temperature rise in the left and
right columns, the average temperature rise, the axial temperature difference, and the left and right columns
circumferential temperature difference are analyzed by combining the test data with the grey correlation degree
model.

The grey correlation coefficients of the three factors exceed 0.6, indicating that these factors are the main
factors affecting the rise in temperature and distribution of wheel hub bearings, as depicted in Fig. 20. Under

Scientific Reports |

(2025) 15:24131 | https://doi.org/10.1038/s41598-025-08805-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

u I : a
o
[ I r
a2
i o " - B El
o ¥ ook
2 -2 .
: s [ ] - 2 = e
-
L3 o
b . L3 -
L] L B - " .
[{LL 2000 BORCH0H LLL] MK} " (Lo L] 000 4000 SO0
Radial force™ Radial foree/™
(a) Curve of ciumferential (b) Curve of axial temperature difference
temperature difference with radial force with radial force

Fig. 19. Comparison of temperature rise between left and right columns.

combined loading, the influence degree of speed is highest, followed by axial and then radial force in right and
left columns.

Conclusions

A thermo-mechanical coupling model of double-row angular contact wheel bearing was established to analyze
the influence of operating conditions on load distribution, frictional power dissipation, and temperature
distribution. A box-packaged FBG sensor was designed for the bearing, with thermal simulation used to
determine optimal measurement points. Twelve temperature sensors were arranged to capture the non-uniform
temperature field along axial and circumferential directions, validating theoretical predictions. Experimental
data further investigated the correlation between operating parameters and temperature rise/distribution. The
following conclusions are obtained under compound loading:

(1) Speed, axial, and radial loads will not ignorably impact the temperature difference between double-row
angular contact wheel bearings’ left and right columns.

(2) Under combined loading conditions, rotational speed, axial load, and radial load all significantly influence
the circumferential temperature difference of the bearing. Moreover, a notable disparity exists in the cir-
cumferential temperature distribution between the left and right rows of the bearing.

(3) The order of factors affecting the temperature rise of the bearing, axial temperature difference, and circum-
ferential temperature difference is speed > axial force > radial force under compound loading.

Advantages, limitations, and future directions

This study employs distributed multi-point fiber Bragg grating technology to precisely measure and monitor the
temperature distribution and axial and circumferential temperature differences of double-row angular contact
wheel bearing, addressing the inaccuracies associated with traditional thermocouple measurements. However,
the preprocessing steps for multi-point measurement in practical applications are relatively complex, involving
the encapsulation of the optical fibers and the grooving of the bearings. The encapsulation design must effectively
protect the optical fibers and ensure measurement stability, while the grooving process is necessary to facilitate
the proper functioning of the fibers within dynamic systems.

The future work will focus on simplifying the structure of fiber optic packaging to enhance operational
efficiency. Concurrently, infrared cameras will be employed for comparative experiments on temperature
data collected from fiber Bragg gratings, aiming to refine measurement techniques and improve accuracy.
Furthermore, there are plans to promote distributed multi-point fiber Bragg grating technology in other
mechanical systems, such as electric motors and gearboxes, where temperature distribution is uneven. This will
be achieved through customized layouts to enhance monitoring capabilities. In addition, by integrating big data
analytics, the project seeks to enable real-time monitoring and fault prediction, further enhancing the reliability
and safety of equipment while reducing maintenance costs.
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rise and (b) operating conditions and circumferential temperature difference.

Data availability

The datasets used and analyzed during the current study available from the corresponding author on reasonable
request.
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