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Abstract

Purpose — Under fix-position preload, the high rotation speed of the angular contact ball bearing exacerbates the frictional heat generation, which
causes the increase of the bearing temperature and the thermal expansion. The high rotation speed also leads to the centrifugal expansion of the
bearing. Under the thermal and centrifugal effect, the structural parameters of the bearing change, affecting the mechanical properties of the
bearing. The mechanical properties of the bearing determine its heat generation mechanism and thermal boundary conditions. The purpose of
this paper is to study the effect of centrifugal and thermal effects on the thermo-mechanical characteristics of an angular contact ball bearing with
fix-position preload.

Design/methodology/approach — Because of operating conditions, elastic deformation occurs between the ball and the raceway. Assuming that
the surfaces of the ball and channel are absolutely smooth and the material is isotropic, quasi-static theory and thermal network method are used to
establish the thermo-mechanical coupling model of the bearing, which is solved by Newton—Raphson iterative method.

Findings — The higher the rotation speed, the greater the influence of centrifugal and thermal effects on the bearing dynamic parameters,
temperature rise and actual axial force. The calculation results show that the effects of thermal field on bearing dynamic parameters are more
significant than the centrifugal effect. The temperature rise and actual axial force of the bearing are measured. Comparing the calculation and the
experimental results, it is found that the temperature rise and the actual axial force of the bearing are closer to reality considering thermal and
centrifugal effects.

Originality/value — In the past studies, the thermo-mechanical coupling characteristics research and experimental verification of angular contact
ball bearing with fix-position preload are not concerned. Research findings of this paper provide theoretical guidance for spindle design.

Keywords Newton—Raphson method, Thermal-mechanical coupling, Centrifugal and thermal expansion, Fix-position preload

Paper type Research paper

Nomenclature D,  =housing outer diameter (mm);
D = bearing outer diameter (mm);
A° = distance between centers of curvature of inner and d = bearing inner diameter (mm);
outer race groove under initial conditions (mm); dy = ball diameter (mm);
A? = distance between centers of curvature of inner and d; = inside diameter (mm);
outer race groove under assembly stress and initial d, = pitch diameter (mm);
preload (mm); d, = outside diameter (mm);
A = contact ellipse area; d, = the inner diameter of the shaft (mm);
a = semi-major width of contact area (mm); E = Young’s modulus (GPa);
b = semi-minor width of contact area (mm); F,; = centrifugal force (N);
B =innerring width (mm); f = groove curvature coefficient;
C = outer ring width (mm); h = heat transfer coefficient W/(mm?*K);
C, = Specific heat (J/kg-K); H = the frictional heat generation (W);
k = thermal conductivity W/(mm-K);
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K, =load-deflection parameter (N/mm'-);
L,  =inital center lengths (mm);

M;; = the spin friction torque (N-m);

n = rotation speed (r/min);

M, =lubrication drag friction torque (N'm);

Qi) = the contact load between the jth ball and the inner
(outer) raceway (N);

R = thermal resistance (W/K);
T = node temperature (°C);
AT = the temperature rise (°C);
T, = air temperature (°C);

A = balls number;

Ti; = the friction between the jth ball and the inner
(outer) raceway (N);

Vi) = the sliding speed along the major axis of the contact
ellipse in the inner(outer) sliding contact region

(m/s);

Vg = the kinematic viscosity of grease (mm?/s);

a® = initial contact angle (°);

ay = thermal expansion coefficient of the ball;

1o = contact angle under assembly stress and initial
preload (°);

;) = contact angle between the jth ball and the inner
(outer) raceway under operating conditions (°);
B;  =pitchangle (°);

w = angular velocity of the spindle (rad/s);
w;; = spinangular velocity (rad/s);

w; = angular velocity of the inner ring (rad/s);
wp = angular velocity of the ball (rad/s);

p = density (kg/m>);

s = friction coefficient;

¢, = Poisson ratio of the bearing;

& = Poisson ratio of the spindle;

r = Second type elliptic integral;

Tioyy = tangential stress along the major axis of the contact
ellipse in the inner(outer) sliding contact region
(MPa); and

8w = contact deformation between the jth ball and the
inner(outer) raceway under (mm).

Subscripts
b = the jth ball;
7 = inner ring;
0 = outer ring;
b = ball;
h = housing;
s = spindle;
g = grease; and
1, 2,...7 =node number.

Superscripts
0 = initial; and
1 = interference fit.

1. Introduction

Angular contact ball bearings are widely used in machine tools
because of their high reliability and low power consumption
(Hwang and Lee, 2010; Wang and Wang, 2015; Cao ez al.,
2017). When the spindle runs at high speed, a great amount of

heat will be produced in the bearing, which will lead to the
thermal deformation of the spindle and will reduce the motion
accuracy of the spindle. The thermal characteristics of the
bearing will significantly change its mechanical properties.
However, thermal boundary conditions are determined by the
mechanical properties. Therefore, it is important and urgent to
establish an accurate thermo-mechanical coupling model of the
bearing.

Jones (1959) first studied the motion and a partial sliding
friction of the angular contact ball bearing by quasi-static
analysis method. Palmgren (1959) summered the empirical
formula of friction torque for rolling bearings through a large
number of experiments on various types and sizes of bearings.
Harris (1971) deduced the calculation method of frictional
power consumption in different parts of rolling bearings to
estimate the heat generation of the bearing. Harris (1991)
analyzed the temperature distribution of bearing system with
the heat network method. Bossmanns and Tu (1999) referred
to Harris’s research results on the heating mechanism of ball
bearings. A qualitative power flow model is proposed to
describe the temperature field distribution of high-speed
motorized spindle (Bossmanns and Tu, 2001). Jiang er al
(2000) put forward a method for calculating the internal heat
generation of the rolling bearing with spin friction torque. The
above studies mainly focus on the heat generation model and
temperature field distribution of the bearing, the thermo-
mechanical coupling effect of the bearing is not considered in
the calculation process.

The finite element method is used by Lin er al. (2003) to
solve the thermo-mechanical coupling equation of the spindle.
Li and Shin (2004) developed a comprehensive thermo-
mechanical model for predicting the thermal and dynamic
responses of spindle systems based on the finite element
method. The finite element analysis model of the motorized
spindle was established by Xiao er al. (2008) based on thermal-
structural coupling. Holkup (2010) presented a calculation
model to predict the influence of the temperature distribution
in the spindle system. Taking into account the centrifugal effect
of the spindle, the gyro torque and the softening effect of the
bearing stiffness, Tian er al. (2008) designed a thermo-
mechanical coupling model of the spindle-bearing system. Hu
et al. (2014) proposed a thermo-mechanical coupling analysis
method of angular contact ball bearings utilizing multi-software
collaborative computing platform. The thermo- mechanical
model of the high speed spindle is established by Zivkovic
(2015) to determine the change of the static stiffness of the
spindle and the effect of the thermal expansion on the
machining precision according to the prediction of the bearing
characteristics. The transient thermal analysis equation on the
basis of the steady state network method was deduced by Yan
and Hong (2016). Than and Huang (2016) predicted
nonlinear thermal characteristics of a high-speed spindle
bearing in according with a quasi-static model and finite
difference method. The above researches mainly focus on the
thermo-mechanical coupling model of the spindle. At present,
front bearings of most spindles are greased and fix-position
preloaded. A comparison model is built to analyze the stiffness
of angular contact ball bearings under different preload
mechanisms by Zhang er al. (2017a, 2017b). However, the
theoretical research and experimental verification of the
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thermo-mechanical characteristics of the bearing with grease
lubrication and fix-position preload are rarely reported.

In this paper, the deformation of the bearing caused by
centrifugal and thermal expansion is considered. Based on
quasi-static theory and thermal network method, the thermo-
mechanical coupling model of angular contact ball bearing with
grease lubrication and fix-position preload is established. The
Newton—Raphson method is used to solve this model.

2. Thermo-mechanical coupling model

Assuming that the surfaces of the ball and channel are
absolutely smooth, the material is isotropic, and elastic
deformation occurs between the ball and the raceway, the
thermo-mechanical coupling model of the bearing will be
established.

2.1 Deformation of angle contact ball bearing under
static load

Interference fit is used usually when bearing inner ring and
rotation shaft are installed. The variation of curvature center of
inner and outer raceways and bearing contact angle under the
action of assembly stress and initial preload is shown in
Figure 1. The radial displacement #; of the inner ring caused by
interference fit I can be expressed as (Zhang er al, 2017a,
2017b):

According to the geometric relationship between the center of
curvature of the inner and the outer groove, the contact angle
a! under assembly stress is:

Asina®
1
=at T — 2
“« atan (Acosa + uL.) @

The distance A’ between centers of curvature of inner and
outer race groove under assembly stress is:

Figure 1 Schematic diagram of bearing under initial preload and
assembly stress

Y
R

2930
5

|

A = A%ina® /sina’ 3)

Here, A° = (f; + f, — 1)d.

Under initial preload F,°% the curvature center of outer ring
groove moves from C, to C,;, The relationship between the
contact angles o' and « is as follows (Harris and Kotzalas,
20006):

FO° cosal e
= = sina -1 (4)
ZKn(Al) . cosa

Here, K, represents the Hertz contact stiffness.

The equation (4) is solved numerically using the Newton—
Raphson iterative method, the actual contact angle « under the
initial preload can be obtained.

Therefore, the axial displacement &, of the outer ring under
static state is:

5, = A'(cosa'tana — sina!) 5)

2.2 Thermo-mechanical coupling model of angular
contact ball bearing

The centrifugal expansion of the inner ring is caused by the
inertia load at high speed. According to the elastic theory of
Timoshenko beam, the expression &, of the radial displacement
of the inner ring at d; is (Harris and Kotzalas, 2006):

2

3
d  C 1-¢ 2(di)
= =C,— + = -
6.,=26 % C12 <£> SE pw 2 (6)
2

Here, C,, C, are constants.

Under the operating conditions, the thermal expansion is
because of the bearing heat generated, as shown in Figure 2. Its
corresponding thermal expansion model is referred to the work
of (Lin ez al., 2003).

When the bearing temperature increases, the expansion
difference 6, of inner ring and outer ring in the radial direction
is:

8, = 0.5a,(&AT; — d,AT,) )

The thermal expansion 6, of the ball can be expressed as:

Figure 2 Thermal deformations of the bearing
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5[, = abdbA Tb (8)

It is assumed that the curvature center position of bearing outer
raceway is unchanged, the center position of the ball and the
displacement of the curvature center of the inner raceway is
further changed because of the centrifugal and thermal effect as
shown in Figure 3.
The geometric equation of the raceway curvature center and
the center of the ball is:
{Alj = lujsinaoj + l,jsina,-j
©)
Ay = lyjcosay; + licosa;
HCI'C, lij = (f, - 05)d1, + 51‘]', lgj = (fg - OS)db + 50j~
Under the combined action of centrifugal load, thermal load
and preload, the geometric relationship between the curvature
center of the raceway and the center of the ball is:
{Alj = Asina + 8,

(10
Ay = Acosa+ 6, + 5,

The force of analysis the ball is shown in Figure 4. The
equilibrium equation for each ball j G = 1, ..., Z) can be
established as follows:
Qjicosay; — Qyicosa,; — Tysinay; + Tosinay + Fej = 0
Qjsinay; — Qysinay,; + Tiicosay — T,cosa, =0

an

Above parameters are explained in detail (Zhang et al., 2017a,
2017b).

Under the fix-position preload, the actual axial load of the
bearing can be written as:

Figure 3 Position of the center of the curvature before and after
centrifugal and thermal expansion

Figure 4 The force diagram on the rolling element

Z

F, =) (Qysinay) (12)

J=1

2.3 Heat generation

The heat generated in the bearing mainly derived from the
friction between the ball and the raceway. For grease lubricated
angular contact ball bearing, the frictional heat mainly includes
the heat generated by the differential sliding of the contact area
between the ball and the raceway, the heat by spin sliding of the
ball, the heat by the lubrication drag friction, the heat by the
gyroscopic motion, and the heat by sliding between the ball and
the cage. In engineering practice, the gyroscopic motion is
almost negligible because of the preload force. The heat
resulted from sliding between the ball and the cage is minimal
and can be ignored for most of the time (Wang, 2013).

2.3.1 Differential sliding friction between the ball and the raceway
Surface contact between ball and raceway will cause differential
slip between these two surfaces. Under the action of the slip
speed and friction, the frictional heat generation Hy;,,; along
the short axis of the contact ellipse in the inner(outer) contact
sliding regions of the jth ball is expressed as (Wang, 2013):

x 2 v 2
Hioj = / / Tio Vitopjdd, Q - (ai@).) * (bl-((,)‘) =1
Q J J

13)

2.3.2 Ball spin friction heat generation

Spin friction is another source of bearing heat generation.
According to the assumption of raceway control, the ball and
the outer ring have pure rolling without spin motion. The spin
friction heat generation H; of the jth ball is expressed as
(Zivkovic, 2015):

}izij = luisjwisj (14)
3uQja;l”
Here, Misj = 78] =,

wWp . wp . .
Wi = (— Zcosﬁjsmaij + ;smﬂjcosaij + smaij) w;
t i

2.3.3 Lubricating and dragging friction heat
Because of the viscosity drag generated by the viscosity of the
grease, the heat generation is (Than and Huang, 2016):

H; = M,w, (15)
Here,

1077y (vgn) A3, vgn > 2000
160 x 107fod>  vgn < 2000

w,=wd,,/dp

The frictional heat of inner and outer raceway of the bearing
can be expressed as:

4 Z H3
m:;HUyﬁ;HMJr > (16)
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7z H,
H, = E;Hl,,yj + an
=

2.4 Thermal network model
In this paper, the thermal network method is used to analyze
the temperature field of the bearing, and the thermal nodes are
arranged in the bearing, and connected to form a thermal
network with different forms of thermal resistance. The bearing
seven-node model (Yan and Hong, 2016) is shown in Figure 5.
Based on the Kirchhoff's law of electricity, the heat
network diagram is used, which ignores the influence of the
lubricating grease convection, the heat balance equations of
each node of the grease lubricated bearing system are set up
as equation (17).

To— T, N To—Ta:O
RS—SO RsO—a

T, — Ty n T1—T2:0
RS—SO Ri—s

T, —-T n TZ_T4:H¢
Rifx Rifg

Ty — T Ty — T

4 2 + 4 3 -0
R, Ro,

(18)

L-T , Ti-T5
Ry, Ry

T5 — Ty n T5—T6:Ho
Rg—o Ro—h

Te — T Te —

6 5 + 6 T7 -0
Rop Ry—n7

7 — T, 7 —

7 6 + 7 Ta -0
Ry-m Ry1-a

Here, the calculation of R;_, R;_g, R;_¢, Rp_g R, ;and R,_j, are
detailed in the literature (Yan and Hong, 2016):

Zln (%) z

Riw= 52 Riga= 57—,
h=h 2kh7TC P 2hh7TDth

Figure 5 Bearing system nodes distribution

1

=}

(%] |J“-

| &

SIEN

Figure 6 Flow chart for solving thermo-mechanical model

<
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Figure 7 The testing bearing system

motorized spindle it acquisition instrument

mechanical spindle loading device
(a)

test bearing housing thermocouple

Platmum thermal resistance  force sensor
(b)
Notes: (a) Test platform;
(b) sensor arrangement
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Table | Parameters of the bearing system

Parameter Figure

B 15 mm

C 15 mm

D 40 mm

dp 7.5mm

dn 53.6 mm

d, 57.3mm

d; 50.6 mm
68 mm

Dy, 120 mm

f; 0.52

f, 0.52

V4 19

E 206 GPa

P 7,810 kg/m®

e 15°

&b 0.3

Figure 8 Radial deformation under rotation speed

6

—— Centrifugal effect

5 —— Thermal deformation /
E /—"'/

Radial deformation {pm)
b e

0
2.000 4000 6,000 5000 10,000 12,000
Rotation speed (r‘min)

Figure 9 Dynamic parameters under different speeds
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3
£V ..pf—"f——;—' —
| e ...,
.
16 ST SO
- o +
Wit
15 *

2000 4.000 6000 B000 10,000
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()

without thermal and centrifugal | ™
0.60F with centrifugal
with thermal and centrifugal

ipse (mm)
|
|
LRSS

=
=
n

=
e
=]

o

2000 4000 6000 R000 10,000
Rotation speed (rpm)

(c)

The semi-major axis of contact ell

2Z 4ZL Az
R o= 2 Ry g= = 4 22
O kewB T kewd? | hywd?
The calculation process of thermo-mechanical coupling model
of the bearing is shown in Figure 6.

3. Experiment and discussion

3.1 Experimental equipment

The test platform is shown in Figure 7(a). FAG B7008C
bearing and special grease(NLGI:2-3, working temperature
range: —40~120°C, the viscosity of base oil at 40°C is 25
mm?/s) are used, the initial interference fit between the shaft
and the inner ring is 5 wm, and the structural and material
parameters of the bearing system are shown in Table I.

During the testing process, the sensor layout is shown in
Figure 7(b). A three-component force sensor TR3D-A-1K is
used to monitor actual axial load of the bearing. Three platinum
thermal resistors PT100 are mounted in the holes which are
uniform distributed in the circumferential direction of the
bearing housing surface matched with the outer ring. The
thermocouple is attached to the surface of the bearing housing,
and is in a circumference with the platinum thermal resistors.
The sensors’ data are obtained by multi-channel data logger
HIOKI.

3.2 Results and discussion

3.2.1 Bearing deformation and dynamic parameters curves.

The initial preload of the bearing is 200 N. According to the
flow chart in Figure 6, the radial displacement of the inner ring
considering the centrifugal effect or the thermal effect is
calculated by a MATLAB program. The radial deformation of
the inner ring at different rotation speeds is shown in Figure 8.

o8
without thermal and centrifugal | —— -
120} with centrifugal =g
with thermal and centrifugal ==

T~

o
=
.\

Contact load (N)
»

-
=

0 2000 4000 6000  E000 10,000
Rotation speed (rpm)

(b)

=
=

=4
=
k=)

with centrifugal
with thermal and centrifugal

=
=]
=

=
=
=1

=
=
&

2
=
&

=
=
&=

0 2000 4000 6000 BON0  10.000
Rotation speed {rpm}

(d)

The semi-minor axis of contact ellipse (mm)

Notes: (a) Contact angle curves under different rotation speeds; (b) contact
load curves under different rotation speeds; (c) the semi-major axis of
contact ellipse curves; (d) the semi-minor axis of contact ellipse curves
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About these two effects, the thermal effect contributes the most
deformation of the inner ring.

The effects of thermal and centrifugal effects on the contact

angle, contact load and other parameters of the bearing at different
rotation speeds are calculated as shown in Figure 9 (a)-(d).
It can be seen from Figure 9 that as the rotation speed increases,
the internal contact angle rises up and the external contact angle
decreases gradually. At 9,000 rpm, compared to contact status
without considering the thermal and the centrifugal effect, the
internal contact angle reduces by 1.5°, the external contact angle
increased with 0.8°, and the internal and external contact loads
increased to 107.9 and 118.5 per cent, respectively, when both of
them are considered. When the centrifugal and the thermal effect
are not considered, the internal contact load gradually decreases
with the increase of the speed, and the external contact load
increases. The trend of the elliptical contact semi-major(minor)
axis is similar to the inner(outer) contact load. As compared to
the centrifugal effect, the thermal effect has a greater impact on
dynamic parameters.

Table Il Temperature rise of bearing nodes

Temperature rise (°C)

Node no. 3,000 rpm 5,000 rpm 7,000 rpm 9,000 rpm
1 5.3 7.9 1.1 16.7

2 6.3 9.1 12.5 18.2

3 5.8 85 11.6 17

4 6.1 8.8 12 17.5

5 6 8.6 1.7 17.2

6 5.7 8.2 1.3 16.6

7 5.3 1.1 10.7 15.8

Figure 10 Comparison of experimental and calculation results

21 1= 9,000
g
2 14
.% o= 5,000rpm
= L
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5
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- *
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£ 15 /
m ;
2 12 Sy

il g

3 -
2,000 4.000 6,000 8.000 10.000
Rotation speed (rpm)

(c)

Actual axial load (N)

Actual axial load (N)

3.2.2 Bearing temperature rise and actual axial force curves
Calculation results with bearing heat network model are shown in
Table II applied by an initial preload of 200 N, ambient
temperature 24°C and the rotational speed range from 3,000 to
9,000 rpm. To verify the model proposed in this paper, the
temperature rise of the outer ring of the experimental bearing and
the actual preload of the bearing are measured under the same
condition as the calculation, as shown in Figure 10 (a) and (b).

The temperature rise and the actual axial load obtained the
experiment, the proposed method and Harris’ (1971) method
are compared as shown in Figure 10 (c) and (d), respectively. It
can be seen that at 9,000 rpm, the temperature rise obtained
the proposed method and Harris’s method is 16.8°C and
11.2°C, respectively, the actual axial load is 432.9 N and 213
N, respectively. It can be found the temperature rise and the
actual axial load obtained the proposed method considering
centrifugal and thermal effects match the experiment well. As
compared with the calculation results, the maximum error
obtained the proposed method of temperature rise and actual
axial load is 12.56 and 8.3 per cent, respectively.

The thermal deformation of the bearing causes a significant
change in the actual axial load, makes the bearing to further
generate heat and thermal deformation. The higher the rotation
speed, the more significant the temperature rise of the bearing,
the greater the actual axial load.

4. Conclusion

A thermal coupling model of angular contact ball bearing with
grease lubrication and fix-position preload is established based
on quasi-static theory and thermal network method.
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Notes: (a) Temperature rise-speed curves of outer ring; (b) actual axial
load-speed curves; (¢) comparison of temperature rise of outer ring;

(d) comparison of actual axial load
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The speed has a significant effect on bearing dynamic
parameters. The higher the rotation speed, the greater the
influence of thermal and centrifugal effect on the dynamic
parameters of the bearing. Thermal expansion is the main factor.
Under fix-position preloaded, temperature rise and the actual
axial force of the bearing rise up sharply as the speed increases
with thermal and centrifugal effect. Therefore, it is necessary to
consider thermal and centrifugal expansion to analyze the
thermo-mechanical characteristics of the bearing during the
design and optimization phase of the spindle.
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