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Abstract: The contact characteristics of angular contact ball bearings are closely related to the thermal
failure of high-speed spindle systems. This paper establishes a closed-loop iterative model for analyz-
ing the ball–race contact characteristics of machine tool spindle bearings at different combined loads
and oil supply temperatures, based on a five-degree-of-freedom quasi-static analysis model and the
finite difference method. Additionally, the accuracy of the proposed model is verified by comparing
the measured values of temperature rise with the predicted values. Based on the verification of the
accuracy of the model, the contact characteristics of machine tool spindle bearings under strong
asymmetric loads and high-temperature lubrication oil are discussed in detail. The results show
that at elevated temperatures, the internal loads of angular contact ball bearings operating under
combined loads become concentrated, which will lead to reduced fatigue life of the bearings and
even thermal seizure.

Keywords: angular contact ball bearing; high temperature thermal effects; thermal–structural
coupling; high speed spindle

1. Introduction

The excess operating temperature of spindle bearings caused by the high-speed cutting
directly affects the machining performance of precision machine tools. Furthermore, the
thermal effects caused by high temperature rise are coupled with centrifugal effects and
gyroscopic moments, affecting the performance of the bearing, and in severe cases, leading
to thermal failure problems such as seizures and raceway burns [1]. Therefore, it is essential
to model this complex thermal–structural coupling behavior and study the internal contact
characteristics of the bearing during operation.

The fundamental of thermal analysis is the calculation of bearing heat generation.
The most classic empirical model is proposed by Palmgren [2], but this model does not
take into account the effect of high speed. Harris [3] also calculated the heat production of
bearings more accurately by integrating the bearing dynamics; however, the calculation
process is too complex to be practical. Therefore, most of the current research processed
the calculation of bearing heat production based on quasi-static bearing mechanics. Li [4]
analyzed the dynamic characteristics of bearings under combined loads based on a five-
degree-of-freedom quasi-static model. Zhang [5,6] developed a five-degree-of-freedom
analytical model considering the ball–raceway contact state with a new initial position
assumption for investigating the dynamic characteristics of bearings under combined
loads. These studies provide a detailed analysis of the influence of operating conditions
on the internal load distribution, contact angle, and heat generation rate of bearings from
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a mechanical point of view. Based on the analysis of the internal load distribution of the
bearing, Zhang [7] investigated the thermal characteristics of bearings under high-speed
grease lubrication conditions. Zhang [8] discussed the bearing thermal characteristics and
considered the effect of thermal expansion of the bearing assembly under grease lubrication
conditions. Yu [9] compared the dynamic characteristics of bearings with and without
consideration of thermal expansion. However, the set-up conditions in these studies are
relatively designated, since only the axial load is considered.

On the other hand, the bearing thermal characteristics analysis can be carried out
on the basis of accurate calculation of heat generation. As an important method for the
thermal analysis of bearings, the thermal network method is widely studied by scholars
because of its efficiency and accuracy. Yan [10] proposed a network approach to the spindle
bearing transient analysis, which considered the thermal–structural interactions. Zheng [11]
proposed an enhanced nodal planning scheme, and an optimized thermal mesh model of a
pair of front bearings mounted in a high-speed spindle was developed, also the structural
constraints influences were introduced in a subsequent study [12]. Liu [13] introduced the
temperature variation of the cooling system into a thermal resistance network model and
analyzed the effect of cooling conditions on the temperature rise of the main components
of the spindle system. Than [14] used the more efficient Runge-Kutta method to solve the
non-linear thermal characteristics of high-speed spindle bearings based on the thermal
network method. All these studies bring the thermal analysis of bearings closer to reality.

In recent years, with the continuous progress of science and technology, more and
more scholars have started to study the performance of bearings under severe conditions.
For example, Xia [15] studied the tribological behavior and vibration characteristics of full
ceramic ball bearings under extreme working conditions such as cryogenics, heavy load,
and oil-free lubrication. Wang [16] studied the influence of the thermal effect on the elasto-
hydrodynamic lubrication performances of ball bearings and the vibration characteristics
of bearings with defects under thermal elastohydrodynamic lubrication. Accordingly, the
former analysis is basically carried out under single working conditions. However, in prac-
tical engineering applications, angular contact ball bearings inevitably have to work under
extreme conditions. Therefore, the model for the bearings working under high speeds,
high oil temperatures, and strong asymmetric loads is established in this paper. In the end,
the influence of the high-temperature thermal effect on internal contact characteristics and
fatigue life of bearings is studied in detail.

2. Analysis of the Mechanical Characteristics of Angular Contact Ball Bearings
Considering Thermal Effects

For angular contact ball bearings, the additional forces caused by operation including
centrifugal force, gyro moment, and thermal load direct impact the load distribution in
the bearing and interact with the overall thermal characteristics of the system. At low
and medium speeds, these loads caused by dynamic operation are very small and hardly
react in the assessment of bearing performance. At high speeds, however, the bearing
performance can be very sensitive to these additional forces. Therefore, a mathematical
model is needed to describe the coupling characteristics of centrifugal force, gyro moment,
and thermal load firstly.

2.1. Geometric Analysis

Figure 1a shows the internal geometric relationship of angular contact ball bearings. In
the stationary state, the bearing inner and outer ring raceway curvature center Oi, Oo, and
the center of the ball O are on the same line, this line and bearing radial plane between the
angle is the initial contact angle a0, inner and outer ring groove curvature center between
the distance A is

A = ri + ro − Dw = ( fo + fi − 1) · Dw = BDw (1)
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where fi and fo are the inner and outer ring groove radius of curvature coefficient, ri and ro
are the inner and outer raceway radius of curvature, respectively, Dw is the ball diameter.

rp = dm/2 + (ri − Dw/2) · cos a0 (2)

where rp is the radius of the inner ring raceway curvature center track, dm is the bearing
section circle diameter.
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Figure 1. Angular contact ball bearing models. (a) Rolling bearing construction parameters; (b) the
angular position of the ball.

Additionally, the azimuth angle ψj of the jth ball can be seen in Figure 1b, where Z is
the number of balls.

ψj = 2π/Z× (j− 1)j = 1, 2, · · ·, Z (3)

The centrifugal force and gyroscopic moment generated during the operation of the
bearing will make the center of curvature of the inner and outer raceway of the bearing not
on a straight line. If the inner ring of the bearing is rotating and the outer ring is fixed, the
center of curvature of the outer raceway is considered to be unchanged, but the position
of the center of the steel ball and the center of curvature of the inner raceway changes
from time to time. To facilitate the description of this change, a five-degree-of-freedom
coordinate system located at the center of mass of the bearing is used to represent the
movement of the inner ring. The vector {δ} = [δx δy δz θx θy]T represents the translational
displacement in the three directions X, Y, and Z and the rotational displacement around
the two directions X and Y. The corresponding load is {F} = [F x F y F z Mx My]T, as shown
in Figure 2.
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2.2. Deformation Analysis
2.2.1. Heat-Induced Deformation

The thermal expansion of the bearing components can be derived from the following
equation, which is shown in Table 1

u = ∂ · ∆T · d (4)

where ∂ is the coefficient of thermal expansion, ∆T is the temperature rise, d is the fea-
ture size.

Table 1. Equation for calculating the thermal expansion of bearing components.

Deformation Components Calculation Formula

Thermal expansion of the ball εb = ∂b·∆Tb·Dw/2
Radial heat deformation of the inner ring considering the thermal

effect of the shaft and inner ring εir = ∂i·∆Ti·di + [∂s·∆Ts·(1 + υs) − ∂i·∆Ti] di
2/dig

Thermal expansion of the outer ring considering the outer ring limit
of the bearing housing εor = ∂h·∆Th·(1 + υh)dog

In Table 1, b, s, h for ball, spindle, and housing, respectively, υ is the Poisson’s ratio.

(1) Displacement due to thermal expansion of the outer ring

As shown in Figure 3a, the radial expansion along the direction of normal contact is

εorn = εor cos ao (5)
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inner ring.

So, the displacement of the ball in the direction of contact is

εorin = εorn cos(ai − ao) (6)
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Therefore, the radial and axial displacement of the bearing caused by the thermal
expansion of the outer ring is {

εorr = εorin cos ai

εora = εorin sin ai
(7)

(2) Displacement due to thermal expansion of the ball

As shown in Figure 3b, the radial and axial displacement of the bearing caused by the
thermal expansion of the ball is {

εbr = εb cos ai

εba = εb sin ai
(8)

2.2.2. Centrifugal Deformation

The centrifugal expansion of the inner ring and shaft can be obtained from Timo-
shenko’s equation for the expansion of a rotating disc

ucent =
ρω2

32E
dm

[
dsi

2(3 + υ) + dm
2(1− υ)

]
(9)

where E is the modulus of elasticity, ω is the rotational speed, ρ is the radius of the groove
center, and υ is the Poisson’s ratio.

Considering the above factors together, the deformation relationship between the
center of the ball and the center of curvature of the inner and outer ring raceway can be
obtained, as shown in Figure 4. Where O′, Oi

′ represents the position of the center of
the ball and the center of curvature of the inner ring raceway after deformation; lij and
loj represent the distance between the center of the jth ball and the center of curvature of
the inner and outer ring raceway after deformation; Baj and Brj represent the axial and
radial deformation displacement of the center of curvature of the inner ring raceway at the
position of the jth ball; δij and δoj represent the contact deformation between the jth steel
ball and the inner and outer ring; aij and aoj represent the contact angle between the ball
and the inner and outer raceway, respectively; Aaj and Arj represent the axial and radial
distance between the inner raceway curvature center and the outer raceway curvature
center after deformation; Xaj and Xrj represent the axial and radial distance between the
ball center and the outer raceway curvature center after deformation. From these geometric
relationships, the following expressions can be obtained

lij = ( fi − 0.5) · (Dw + εb) + δij

loj = ( fo − 0.5) · (Dw + εb) + δoj
(10)

Baj = δz + rp
(
θx cos ψj − θy sin ψj

)
+ εba + εora

Brj = δx sin ψj + δy cos ψj + εir + ucent − εbr − εorr
(11)

Aaj = A · sin a0 + Baj

Arj = A · cos a0 + Brj
(12)

sin aij =
Aaj−Xaj

lij
sin aoj =

Xaj
loj

cos aij =
Arj−Xrj

lij
cos aoj =

Xrj
loj

(13)

Then, by Pythagoras’ theorem, we have(
Aaj − Xaj

)2
+
(

Arj − Xrj
)2 − l2

ij = 0
X2

aj + X2
rj − l2

oj = 0
(14)
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2.3. Force Analysis

When the ball and raceway are in contact, the ball of the high-speed bearing is not
only subject to the force of the inner and outer raceway, but also to the gyroscopic moment
and centrifugal force. Figure 5a is the force analysis of the ball in this case.
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The equation of equilibrium of the force on the ball at this point is as follows

Qij sin aij −Qoj sin aoj −
Mgj
Dw

(
λij cos aij − λoj cos aoj

)
= 0

Qij cos aij −Qoj cos aoj −
Mgj
Dw

(
λij sin aij − λoj sin aoj

)
+ Fcj = 0

(15)
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where λij and λoj represents the inner and outer ring raceway control parameters, its value
can be referred to the literature [3], this paper uses the outer ring raceway control, λij = 0,
λoj = 2; Qij and Qoj represents the contact force between the ball and the inner and outer
ring raceway, the following formula calculation{

Qij = Kijδ
1.5
ij

Qoj = Kojδ
1.5
oj

(16)

where Kij and Koj represent the load deformation constants between the jth ball and the inner
and outer rings, for the calculation of the contact deformation δ refer to the literature [17].

In addition, the centrifugal force Fcj and the gyroscopic moment Mgj of the ball can be
expressed as

Fcj =
1
2

mdmω2
mj (17)

Mgj = Jωmjωbj sin β j (18)

where m and J represent the mass and rotational inertia of the ball; ωmj and ωbj represent
the angular velocity of the ball’s revolution and rotation, which can be calculated from the
following equation by assuming no macroscopic sliding in the contact zone [18]

ωmj =
ωi(1−γij) cos(aoj−β j)

(1+γoj) cos(aij−β j)+(1−γij) cos(aoj−β j)

ωbj =
dm
Dw

ωi(1−γij)(1+γoj)
(1+γoj) cos(aij−β j)+(1−γij) cos(aoj−β j)

(19)

The attitude angle βj is determined according to D’Alembert’s principle.

tan β j =
M(N + 1) sin aij + 2 sin aoj

M(N + 1) cos aij + 2
(
cos aoj + Dw/dm

)
+ G

(20)


M =

Qijaij Lij
Qojaoj Loj

G = Dw
dm

M
[
cos
(
aij − aoj

)
− N

]
N =

1+Dw/dm cos aoj
1−cos aij

(21)

where aij and aoj represent the semi-long axis of the ellipse of ball contact with the inner
and outer raceway; Lij and Loj represent the second type of elliptic integral of ball contact
with the inner and outer raceway.

Then, the case where the ball is separated from the inner raceway is discussed. It can
find the judgment criterion of contact state between ball and raceway in references [5,6].
That is, the sum of deformations of the inner and outer ring δk

n is less than 0, the ball and
raceway are separated, as shown in Equation (22).

δk
n=O′iOo −OiOo (22)

Due to the action of centrifugal force, the separation of the ball from the raceway
can only occur on the inner raceway, at this time the ball under the action of centrifugal
force along the outer raceway is “climbing”, until the ball and the outer raceway is vertical
contact to reach a new equilibrium state [6], at this time the steel ball force as shown in
Figure 5b, this state of the ball and the inner raceway separation, its rotation and the
direction of common line, the gyroscopic moment is zero, so the ball force equilibrium
equation becomes {

Qij = 0
Qoj = Fcj

(23)
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In summary, a global mechanical analysis of the inner ring of the bearing, based on a
local ball analysis, leads to

Fx =
Z
∑

j=1

(
Qij cos aij +

λij Mgj
Dw

sin aij

)
sin ψj

Fy =
Z
∑

j=1

(
Qij cos aij +

λij Mgj
Dw

sin aij

)
cos ψj

Fz =
Z
∑

j=1

(
Qij sin aij −

λij Mgj
Dw

cos aij

)
Mx =

Z
∑

j=1

(
Qij sin aij −

λij Mgj
Dw

cos aij

)
rp cos ψj

My =
Z
∑

j=1

(
Qij sin aij −

λij Mgj
Dw

cos aij

)
rp sin ψj

(24)

The dynamic characteristics of the bearing considering thermal effects can be obtained
by solving the above set of equations in conjunction with the displacement coordination
equation and the equilibrium equation for the force on the ball.

3. Thermal Analysis of Spindle Bearing Systems
3.1. Heat Balance Equation and Nodes Planning

In this paper, the thermal network method is also used to calculate the temperature of
the spindle bearing system. The model is based on the spindle system shown in Figure 6,
and the thermal nodes arranged in accordance with the structural characteristics of this
system are shown in Figure 6. Nodes 46 and 47 represent the ambient and oil temperatures,
respectively, while the temperature of node 48 is assumed to be approximately equal to the
oil temperature and the temperature of node 49 to be approximately equal to the ambient
temperature for ease of solution due to the difficulty of monitoring the temperature inside
the box. The material physical parameters of the spindle-related components are shown in
Table 2.
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Table 2. Material properties.

Materials Density
(kg/m3)

Coefficient of
Thermal Expansion

(µm/(◦C))

Young’s Elastic
Modulus

(GPa)
Poisson’s Ratio

Thermal
Conductivity
(W/(m · K))

Specific Heat
Capacity

(J/(kg·◦C))

45#steel 7850 11.6 206 0.26 50.2 486
GCr15 7810 12.5 219 0.3 40.1 450
40Cr 7900 15.5 211 0.28 66.6 460

Assuming that each thermal node is linked to other nodes through thermal resistances
Ra,b, where a and b are the indexes of the linked nodes, the following heat balance equation
is established for each node in Figure 6, according to Kirchhoff’s law and the law of
conservation of energy

n

∑
b=1

Tb − Ta

Ra,b
+ Qa = maCa

∂Ta

∂t
, b = 1, 2, 3, · · ·n (25)

where T is the node temperature; m is the node mass; C is the specific heat capacity; Q is
the heat generated per unit time at node a; and the number of nodes n = 49.

The matrix form of the set of heat balance equations for the entire heat transfer system
created from Equation (25) is

[R][T] + [C]
[ .

T
]
= [Q] (26)

where [R] is the thermal resistance coefficient matrix, [C] is the heat capacity matrix, [Q] is
the heat flow matrix, and [T] is the node temperature matrix.

3.2. Heat Generation

The research object of this paper is a mechanical spindle, the main source of heat that
is the frictional heat of the bearing, and angular contact ball bearings in the following forms
of frictional torque mainly exist.

(1) Frictional torque M1 due to elastic hysteresis

M1 = 0.25dm

(
1− γ2

) Z

∑
j=1

(
ϕoj + ϕij

)
β (27)

(2) Frictional torque M2 due to differential sliding

M2 = 0.5dm

(
1− γ2

)
/Dw ·

Z

∑
j=1

(
M2ij + M2oj

)
fs (28)

(3) Frictional torque M3 due to spin-slip

M3i(o) =
3
8

fs

Z

∑
j=1

(
Qi(o)jai(o)jLi(o)j

)
(29)

(4) Frictional torque M4 caused by contact between ball and cage

M4 = 0.5Dw fcQc (30)

(5) Viscous friction torque M5 of the lubricant

M5 = 6.53α−1
oil S

(
dm

2

) Z

∑
j=1

[(
ho + hi

2

)(
aij + aoj

)]
(31)
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where β is the elastic hysteresis coefficient; fs is the sliding friction coefficient between
ball and raceway; Web is the cage weight; fc is the sliding friction coefficient between
ball and cage; aoil is the lubricant viscous pressure coefficient; S is the lubrication
adequacy coefficient; hi(o) is the oil film thickness; ϕi(o)j, M2i(o)j are calculated in detail
with reference to the literature [19]. The friction torque results for the closed-loop
iterations are shown in Figure 7.
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Figure 7. Frictional torque calculation results.

Bearing heat generation is calculated according to the following formula

W = ω ·M (32)

where ω is the angular velocity, M is the frictional torque and W is the power loss.

3.3. Heat Transfer Analysis

The temperature of the spindle system is influenced not only by the heat generated
by the bearings, but also by the heat transfer from the system (heat conduction and heat
convection), mainly in the following areas.

(1) Heat conduction between the inner ring of the bearing and the shaft
(2) Heat conduction between the ball and the inner and outer rings of the bearing
(3) Heat conduction between bearing outer ring and housing
(4) Heat conduction between bearing housing and spindle housing
(5) Natural convection between spindle housing, end caps, etc., and ambient air
(6) Forced convection between high-speed rotating surfaces and air in the system
(7) Forced convection between the sides of high-speed rotating surfaces and air
(8) Forced convection of coolant, lubricant, and flow-through surfaces

The thermal conductivity thermal resistance and convective thermal resistance for a
one-dimensional steady-state heat transfer process are calculated as

R = Ld/λAm
Rh = 1/hAm

(33)

where λ is the thermal conductivity of the material; Ld is the characteristic length of thermal
conductivity; Am is the heat transfer area; h is the convective heat transfer coefficient. The
radial and axial thermal resistance between the nodes can be obtained by simplifying the
inner and outer rings of the bearing, the shaft, etc., to a hollow cylinder.
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In addition, the convective heat transfer coefficient is

h = Nu · λair/de (34)

where λair is the air thermal conductivity; de is the convective heat transfer characteristic
length; Nu is the Nussle number, which can be found in Table 3.

Table 3. Thermal contact resistance and convective characteristic parameters.

Models Applications Comment

Nu =

{
0.6 + 0.387(Re)1/6[

1+(0.559/Pr)9/16
]8/27

}
Natural convection between the bearing

housing and the air [11]

Re—Reynolds number
Pr—Prandtl number
N—Spindle speed

Nu =

{
0.825 + 0.387(Re)1/6[

1+(0.492/Pr)9/16
]8/27

}
Natural convection between housing, end

caps, etc., and ambient air [11]

Lg—Thickness of the void space between
the two contact surfaces

hring—Outer ring thickness

Nu = 0.119Re2/3 800 ≤ Re ≤ 105 Forced convection between rotating
surfaces and air [20]

So-z—Contact surface area between outer
ring and bearing housing{

Nu = 0.4
√

RePr1/3 Re < 2.5× 105

Nu = 0.238Re0.8Pr0.6 Re > 3.2× 105

Forced convection between the sides of
the rotating surface and the air [11]

hgap—Initial clearance
Tring—Outer ring temperature

Th—Bearing housing temperature

h = 0.0986
{

N
υoil

[
1− γ

dm

]}0.5
kPr1/3

Average convective heat transfer
coefficient between the lubricant and the
original components in the bearing [21]

rh—Inner radius of bearing housing
hcont—Contact conductivity

e—Elliptical eccentricity

Rc1 = 1
πλring

(
Ee(ei ,π/2)

ai
+

Ee(eo ,π/2)
ao

) Thermal contact resistance between ball
and raceway [13]

Ai-s—Contact area between shaft and
inner ring

Ee—First class elliptic integrals

Rc1 = 1
Ai−shcont

=
Lg(λring+λs)

2Ai−s A∗r λringλs

Thermal contact resistance between the
shaft and the inner ring of the

bearing [11]

Ar
*—Dimensionless actual contact area
voil—Lubricant kinematic viscosity

Rc3 =
hring

λringSo−z
+

hgap−(Tring−Th)·∂o ·rh
λairSo−z

Thermal contact resistance between outer
ring and bearing housing [14]

λs—Thermal conductivity of
spindle materials

Based on the analysis in Sections 2 and 3, the general steps of the nonlinear bearing
thermal analysis algorithm proposed in this paper can be obtained, as shown in Figure 8.

Lubricants 2022, 10, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 8. Closed-loop iterative process. 

4. Experiment 
In order to verify the correctness of the thermal–structural coupling model proposed 

above, a bearing high-temperature high-speed testing machine as shown in Figure 9 was 
built. The rotating speed range of the test machine is 2000–36,000 rpm, and the oil supply 
temperature can be adjusted from room temperature to 180 °C. All tests are performed in 
a laboratory with a controlled ambient temperature of 32–34 °C. 

  
Figure 9. Test rig. 

The bearing parameters used for the test are shown in Table 4. The 4050 aviation 
lubricant (−40 °C–203 °C) was used as the lubricant. Temperature measurements were 
recorded on the computer at 0.1 s intervals. The test is continued until the thermal steady 
state condition is stopped and allowed to cool to room temperature before the next set of 
tests is carried out. 

Table 4. Basic structural parameters of angular contact ball bearing 7008. 

Parameter Type Value 
Pitch diameter of the bearing dm/mm 54.007 

Number of balls 19 

Figure 8. Closed-loop iterative process.



Lubricants 2022, 10, 264 12 of 17

4. Experiment

In order to verify the correctness of the thermal–structural coupling model proposed
above, a bearing high-temperature high-speed testing machine as shown in Figure 9 was
built. The rotating speed range of the test machine is 2000–36,000 rpm, and the oil supply
temperature can be adjusted from room temperature to 180 ◦C. All tests are performed in a
laboratory with a controlled ambient temperature of 32–34 ◦C.
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The bearing parameters used for the test are shown in Table 4. The 4050 aviation
lubricant (−40 ◦C–203 ◦C) was used as the lubricant. Temperature measurements were
recorded on the computer at 0.1 s intervals. The test is continued until the thermal steady
state condition is stopped and allowed to cool to room temperature before the next set of
tests is carried out.

Table 4. Basic structural parameters of angular contact ball bearing 7008.

Parameter Type Value

Pitch diameter of the bearing dm/mm 54.007
Number of balls 19

Ball diameter Dw/mm 7.144
Contact angle 15

Radius of curvature of the inner raceway ri/mm 4
Radius of curvature of the outer raceway ro/mm 3.79

Inner raceway diameter dig/mm 46.838
Outer raceway diameter dog/mm 61.176

In practical applications, strong asymmetric loads (pure radial loads or combined loads
under small axial forces) and high rotational speeds [6] can cause the balls to disengage
from the inner raceway. Therefore, the test conditions were set to an axial load of 100 N,
a radial load of 900 N, and a rotational speed of 12,000 rpm. Simulate bearing operation
at different temperatures by controlling the oil supply temperature (heating the oil to the
desired temperature before the spindle rotates).
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5. Discussion
5.1. Validation

The test temperature of the outer surface of the outer ring of the test bearing No. 1
(given in Figure 6) was compared with the calculated results, and the results are shown
in Figure 10. It can be seen that the accuracy of the steady-state results is good, with a
maximum deviation of only 3%. The transient prediction is initially deviated, which is
because the speed is stepped loaded during the test, and the change in spindle speed will
change the oil temperature and convection intensity, but the speed and oil temperature of
the prediction model are ideal values, so this error is within the allowable range. It is easy
to see that the proposed model has a high accuracy, which means that it can be used for the
prediction of other parameters.
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5.2. Effect of Temperature on Contact Characteristics

As shown in Figure 11, at the same speed and load, the temperature rise will increase
the maximum contact force inside the bearing, which is obviously caused by thermal
expansion. Meanwhile, at a temperature difference of 100 ◦C, the contact force between the
ball and the inner and outer raceways increases by about 8%, which also shows that the
thermal effect has a relatively huge impact on the contact force relative to the speed and
load. In addition, it can be seen in Figure 11b that the thermal effect will change the contact
state of the ball and the raceway.
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Figure 12 illustrates the contact characteristics between the balls and raceways in the
load zone. It can be seen that the contact force in the light load region and the heavy load
region tends to be concentrated with the increase in the bearing operating temperature.
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In fact, these phenomena are even more evident in the variation of contact angles, as
shown in Figure 13. As the working temperature increases, the number of balls in the inner
contact zone decreases, the number of balls with a contact angle of 0 degrees in the outer
contact zone increases and the contact angle between the balls and both the inner and outer
raceways increases, which means that fewer balls will carry more load.
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5.3. Effect of Temperature on Theoretical Fatigue Life

These changes in contact characteristics manifest themselves macroscopically as an
effect on fatigue life, and the rated life of a complete set of bearings is estimated by the
following equation

L10 =
(

L−10/9
i + L−10/9

o

)−0.9
(35)

Li,o =

(
Ci,o

Qi,o

)3
(36)
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where L10 is in units of 106 circles and the point contact rated rolling body load Ci,o is
obtained from the following formula

Ci,o = 98.1
(

2 fi,o

2 fi,o − 1

)0.41 (1∓ γ)1.39

(1± γ)1/3

(
γ

cos a0

)0.3
D1.8

w Z−1/3 (37)

In the above equation, the symbols above apply to the inner ring and the symbols
below apply to the outer ring. The equivalent rolling body loads are as follows

Qi =

(
1
Z

Z
∑

j=1
Q3

ij

)1/3

Qo =

(
1
Z

Z
∑

j=1
Q10/3

oj

)3/10 (38)

The results of the fatigue life calculation are shown in Figure 14.
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Figure 14. Relationship between contact characteristics and fatigue life.

Combined with Figures 12 and 14, it can be seen that the low fatigue life of bearings
working at high temperatures may be due to the fact that the number of loaded rolling
elements tends to decrease and the load on rolling elements tends to concentrate. It is not
difficult to infer that when the temperature rises sharply, a very small number of balls will
bear the full applied load, which will also lead to a thermal seizure.

6. Conclusions

(1) Under operating conditions of 12,000 rpm, 900 N radial force, and 100 N axial force,
the thermal effect of a 100 ◦C temperature difference increases the maximum contact
force by 8% and reduces the theoretical fatigue life by 12%, which cannot be taken
into account in purely mechanical analysis.

(2) Under the action of a strong asymmetric load, the temperature rise will tend to reduce
the number of balls in the contact area of the inner raceway.

(3) The temperature rise tends to concentrate the load distribution, which may be one of
the reasons for the reduction in fatigue life.
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