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Abstract: The term “over-skidding” indicates that the cage rotational speed ratio exceeds the theoretical value
as ball purely rolls on the raceway. Different from the skidding phenomenon that occurs in low-load and
high-speed bearing, over-skidding usually occurs in large-size angular contact bearings, and it is still difficult
to suppress under high load conditions. The main forms of damage to the raceway by over-skidding are
spinning and gyro slip. To further explore the vibration characteristics and thermal effects of this phenomenon,
a set of over-skidding tests of an angular contact bearing with a bore diameter of 220 mm were conducted
on an industrial-size test bench. Through the experiment, the influence of axial load, rotational speed, and
lubrication conditions on the occurrence of over-skidding were determined. Based on a previous dynamics
model, the heat generation and thermal network models were integrated in the present study to predict the
over-skidding and its thermal behavior. The model was validated in terms of the measured degree of
over-skidding and temperature rise. The results showed that the degree of over-skidding reaches up to 12% of
the theoretical value, and the friction power loss of the ball-pocket accounts for 30% of the total power loss. The
analysis of the vibration signal showed a strong correlation between the bearing vibration characteristics and
over-skidding behavior, thereby providing a way to indirectly measure the degree of over-skidding.

Keywords: over-skidding; vibration characteristics; dynamic model; power loss; temperature rise

1 Introduction

Rolling element bearings are widely used as core-
supporting components in almost all kinds of rotating
machinery. Angular contact ball bearings are commonly
adopted in applications involving bidirectional axial
load, especially for large-sized heavy load equipment
such as wind turbines and aero-engines [1, 2]. A
representative of bearing operating state, skidding,
and over-skidding model can well reflect the dynamics
and tribological behavior of the bearing as well as
evaluate the smearing damage on the bearing raceways
[3, 4]. Thus, an in-depth study on the vibration and
thermal characteristics of such large rolling element
bearing is highly necessary.

The term “over-skidding” of the bearing was
proposed and theoretically explained for the first
time by the authors in Refs. [3, 5], which stated that
the cage rotational speed is higher than the cage
speed under the rolling element’s pure rolling state.
From the previous studies, the mechanism of over-
skidding occurring in large size angular contact ball
bearing can be explained as: the frictional driving
force in the Hertzian contact area on the raceway
needs to provide a gyroscopic moment to maintain
the rolling elements rolls purely on the raceway with
a nominal contact angle. For large-sized and heavy
rolling elements, even if the axial load is large
enough, the macro-slip disappears and the gyro-slip
still exists. At this time, the self-rotation angle of the
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Nomenclature

FPCB
CSR
j Subscripts for j™ rolling element or cage

Four point contact ball bearing
Cage/rotor speed ratio

segment
i Subscripts for inner ring
0 Subscripts for outer ring
A Characteristic frontal area
a, Hertzian ellipse axis
Cage width
Raceway arc length and inner ring shoulder
length

a

Cage-guide ring clearance

o
o

Drag coefficient

@

Specific heat

s}

Bearing pitch diameter

3

Ball diameter

o

Cage diameter

)

Inner ring shoulder diameter

£

IS

[]

Raceway diameter of contact point

Guide ring surface diameter
Young’s modulus

Axial load

Force between cage and guide ring

v v vNvRe

U'h”m

P’ fbp

Ball-pocket collision force and friction force

Oil churning drag force

Friction force and moment between cage
and guide ring

h Lubricant film thickness

Heat conductivity and heat transfer
coefficient

Number of rolling elements

Reynolds number and Taylor number

Power loss

Relative velocity

Volume

Cage center coordinate

<
n

Ball orientation angle
Density of the lubrication
Cage eccentricity

AR I S O

e

Boundary friction coefficient

m
o?:t

Viscous friction coefficient

=

Lubricant viscosity at a reference

S

temperature
1,(T, p, y) Dynamic viscosity
. Pocket angular position
o, 0, Rotational speed for guide ring and cage
o, Ball self-rotational speed
w, Inner ring rotating speed

rolling element has not yet reached the nominal
contact angle. The phenomenon of over-skidding
appears macroscopically. Although the phenomenon
of over-skidding is rarely involved, the skidding of
rolling bearings and its related dynamic behavior
[6-13] have been experimentally and theoretically
studied. A vibration signal-based method for predicting
faulty rolling bearing skidding rate and enhancing
fault features has been proposed [7, 8], and the bearing
performance degradation is evaluated accordingly.
A 3-D nonlinear dynamic model coupled with a
thermal expansion analysis to discuss the angular
contact ball bearing skidding [4, 5, 10, 14] and cage
stability [9, 15] are presented based on the skidding
test [16], and the results show that the thrust load
and preload can effectively eliminate skidding. In
the bearing skidding test, the degree of skidding of
the cage revolution can be obtained indirectly as the
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eddy current sensor [17] or high-speed photographic
technology [18] is used to measure the whirling
characteristics of the cage in the traditional method.
There are also studies on the application of non-contact
triboelectric nanogenerators [19] on rolling bearings,
which use the changing frequency of the alternating
electrical signal generated by the motion of the cage
to monitor the cage skidding. Further, the studies
on the alternating current generated by the rolling
elements in Ref. [20] can be targeted to the skidding
ratio analysis of a specific rolling element. Liu [21]
and Tu [6] conducted research on the cylindrical
roller bearing vibration responses as skidding occurs,
and discussed the effects of frictional force [11, 13]
and cage pocket type. The results indicate that a
proper cage pocket size (tilt angles of 5° and 10° for
the front and rear walls can attenuate the skidding
degree, and the skidding-induced friction forces are
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strongly related to the vibration level. Cao et al. [22]
investigated the ball bearing cage stability and cage
whirling performance under severe skidding conditions
based on the famous dynamic bearing model [23, 24]
and cage whirling motion model [25], and found
that the whirling stability of the cage decreased
significantly when the force of the ball-driven cage
was insufficient.

Although the efficiency of rolling bearings is
relatively high, for oil-flood-lubricated large-sized
ball bearings with the occurrence of skidding and
over-skidding, oil churning, friction power loss, and
induced temperature rise of the bearing cannot be
neglected [5, 26, 27]. The thermal performance and
temperature distribution of rolling element bearings
under various lubrication conditions were systematically
studied. Examples include grease-lubricated ball
bearings [28], roller bearings [29], spherical roller
bearings [26], oil-air lubricated ball bearings [30], and
oil-flood ball bearings [31]. The thermal network
method and generalized Ohm'’s law are widely applied
to discontinuous multibody dynamic systems. These
studies indicate that a higher grease filling ratio, oil
viscosity, as well as higher speed and load lead to a
larger temperature gradient, as well as thermally
induced stress inside the bearing contact pair [32]. Li
et al. [14] found that the friction heat generation from
the inner and outer raceways and the bearing total
power loss increased as the skidding degree increased,
whereas the friction heat generation of the cage-guide
ring interactions and ball-oil churning presented a
reverse trend. In addition to the frictional effect of the
ball-raceways, researchers have found that the degree
of ball-cage pocket wear [33] significantly reduces the
rotating stability of the cage, and this wear feature
has a slight effect on bearing skidding.

To comprehensively explore the over-skidding
phenomenon of large-sized rolling element bearing,
an advanced rolling bearing dynamic model that
integrates the heat generation calculation and thermal
network model was established in this study. A ball
bearing with a 220 mm bore diameter was tested
using a 15 kW test bench. A variety of operating
parameters, such as rotational speed, lubrication
conditions, temperature, and applied load, which
strongly affect the occurrence of over-skidding behavior,
were experimentally investigated. The influence of

over-skidding on friction power loss was explored
using the verified model. Taking cage over-skidding
as an entry point:

1) The proposed model for temperature rise
and over-skidding prediction was validated by the
experimental results. It comprehensively describes
the friction loss caused by different bearing components
(oil churning or ball-raceway sliding) and the
temperature rise caused by the skidding behavior.

2) A strong correspondence between the bearing
vibration frequency characteristics and the over-skidding
degree was observed. Features such as resonance
frequency bands have also been found to distinguish
bearing skidding, over-skidding, and pure rolling.

3) This work enriches the skidding studies in terms
of vibration correlation, and it verifies the existence
of over-skidding behavior by the two aspects of direct
measurement of cage rotational speed and vibration
characteristic frequency.

2 Dynamic-thermal model

The dynamic-thermal coupled model for predicting
bearing over-skidding and thermal behaviors in this
study can be divided into three parts:

1) Generalized dynamic modeling of angular contact
ball bearing with oil-flood lubrication and ball-cage
interactions.

2) Modular solution for the heat generation of
bearing skidding, friction, oil churning, etc.

3) Transient temperature of the bearing assembly
based on heat generation and thermal network method.

Parts 2 and 3 are wrapped in the dynamic model
and simultaneously solved based on the dynamic
results of Part 1. The corresponding parts are presented
in the following sections.

21 Dynamic model

It should be mentioned that the work of this article is
aimed at an in-depth and comprehensive experimental
study of the over-skidding proposed in Ref. [3]. The
dynamic model for predicting the ball bearing over-
skidding behavior and ball motion analysis can
refer to our group’s previous work on the KH-THD
and KH-TEHD models [5], including bearing load
distribution, raceway driving force calculation, and
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elasto-hydro-dynamic lubrication. The relationship
between cage over-skidding and ball motion state
is presented. In addition, the ball-cage interaction,
cage—guide ring hydrodynamic lubrication, and friction
effect have been further explored to improve the
dynamic model.

A detailed diagram of the cage-guide ring
hydrodynamic lubrication and ball-cage interactions
is shown in Fig. 1. The coordinate system setting was
consistent with that in Ref. [5]. For the oil-flooded
cage—guide ring interaction, as the cage collides with
the guide ring, that is, the gap reaches the critical oil
film thickness /i of Hertzian contact [34], the contact
force, frictional force, and drag moment can be
expressed as follows:

8 10
EB°( 6, )°
= c 8 1)
4 10.39
fcg = luchcg (2)
1
M, =, DF, 3)

where 6 =h, —(Jxi+y? -05¢c.,); (x.,y,) is the cage
center coordinate, ¢, is the cage-guide ring clearance,
B, is the cage width, E is Young’s modulus, x, is the
boundary friction coefficient, and D, is the guide ring
surface diameter. As the gap is larger than k_, the
hydrodynamic lubrication between the cage and guide
rings can be obtained by the equivalent oil film pressure
of the short journal bearing, and the force analysis based
on the Reynolds equation can be expressed as follows:

Dg (a)g +a)c)

2c(1-¢2 )2

n1,D, (a)g +a, ) Ble ‘ 7, B’¢?

F = F =

cg.x 3 7 Tegy

8¢ (1 —é )5

where 7, is the dynamic viscosity of the lubricant,
o, and o, are the rotational speeds of the guide ring
and cage, respectively, and ¢ is the cage eccentricity.
The frictional drag moment of relative sliding is

given by
M, - n7,D; (a)g—a)cl)BC 5
2, (1-¢")?

The mechanism of over-skidding was found to be
closely related to the orientation angle of the ball self-
rotation. The friction force of the ball pocket affected by
the ball self-rotation angle was calculated accordingly.
The position of the contact point L, is also considered.
The force and moment analysis for the cage in the
(x,,y.) direction can be described as follows:

N, )
ch _Z((Fbp_j‘FFmJ Ccos €]+?p]+
=
%
Jops 08y -ein 6]+? tEgy TSy (7)
N,
b D D
M =M_+ (Fb .(_m+Lb ]+Fh,_mJ ®)
c g ' L vi| . i
=1

where N is the number of balls, F, ; is the oil churning
drag force applied to each pocket, & =2n/N,, 6, is
the angular position of the pocket, D _ is the pitch
diameter, Fbp_].
force and friction force, respectively, and g, is the

and f, . are the ball-pocket collision

(4)  ball orientation angle.
@) Cage-guide (b) ©
ring friction Y.
o, Gy iy
Brass cage R e
Flooded oil ~ Fy 3 = % “ Z.
N | | Fe i s
Zp ) 0., e

Hydro-dynamic
pressure

Ball rotati}fg axis

Fig. 1 Schematic diagram for (a) cage—guide ring interaction, (b) ball-cage interaction, and (c) force analysis of ball.
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The ball revolution speed can be obtained by Euler’s
equation as follows:

dw, 1
dt

D D, . D,
Dm 2[ T bp_Fch.b+7fxi’+ 2 fx(’)jS
Jorm| =

)

where m, and ], are the mass and moment of inertia
of the ball, D,,D_ are the raceway diameter of the

inner and outer contact points, and F,, is the oil

ch.b
churning drag force applied to the ball, which can be
expressed by the experimentally determined drag

coefficient c, as follows:
1 2
EF, =Ecdp0ﬂu A (10)

where p_, is the density of the lubrication media, u is
the relative velocity, and A is the characteristic frontal
area of the object.

2.2 Heat generation and temperature rise of
bearing assembly

The temperature signal was obtained during the test
equipment under sufficient lubrication and running
at steady state. Figure 2 shows that the eight oil
injection nozzles are evenly distributed along the
bearing circumferential direction. Meantime, the load
applied on the bearing is pure axial and significantly

‘-Thermocouple -

Eight oil nozzles / [
evenly distributed | I [/

R

Fig.2 Schematic diagram for the placement of oil injection
nozzles.

higher than the weight of rotor. Therefore, the
temperature gradient in the angular direction was
considered to be zero. The heat conduction between
the bearing elements and heat convection with oil
and atmosphere was calculated in the bearing radial
direction. The heat generation of the bearing assembly
is mainly a result of friction on the raceway and
churning between the rotating parts and viscous oil.
The heat generation model included seven modularized
heat sources, as shown in Fig. 3.

2.2.1 Friction heat from ball-raceway relative sliding

The friction power loss between the ball and raceways
can be calculated by the viscosity of the oil film at the
Hertzian contact area and the relative sliding velocity
of the ball raceways. The green marks are shown in
Fig. 3. The shearing heat of ball which generated in
the ball-oil mixing of forward-flow and backward-flow
is classified into the ball-oil churning effect presented
in Section 2.2.2. The ball-raceway shearing heat can
be described as follows:

é=i,o Ny, 1

bW o
Zz .[ j_b 1— y/a )z , T P, ) Alllzdy dx
(11)

where i, o denote the inner and outer raceway contacts,
respectively, (a;,b;) denotes the Hertzian contact ellipse
axis, and 7,(T,p,7) is the dynamic viscosity of the oil
film, which is determined by the temperature, pressure,
and shear rate [35]. AU is the relative sliding velocity,
which can be referred to in Ref. [36].

2.2.2  Heat from oil churning

Owing to the complexity and irregularity of the
lubricant flowing inside the narrow space of the
bearing, an empirical formula [14, 37, 38] is used to
calculate the heat generated by the viscous churning
effect (oil churning on balls, cage, and rotating inner
ring). Two physical quantities (Reynolds number,
N and Taylor number, Np,) describing the fluid
flow state, and the viscous friction coefficient x  can
be determined by the Reynolds number and Taylor
number of the fluid. Three types of flow patterns are
considered:
For laminar flow: N, <2,500 or N, <41:
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M, = H :N_ (12)
Re

For vortex turbulent: N >41:

N 0.539474
1, =13 ( Ta] (13)

41

For Couette turbulent: N, >2,500:

0.85596
N,
U, = 3.0;11( Re J (14)

2500

where N, =Mand N, _ Rex

n n
cage, ball, and inner ring structure parameters, the oil

% . Considering the

churning heat generation for the cage, ball, and inner
ring can be expressed by

3 4
Tcpoi luva)c BCDC
Qch.c= l 64 (15)
313
cymp M. D) D N
Qs = d : 252‘3 b (16)
np i@ (B, +2B,)D;,
Qchs — Ioolll['lv i ( arc Ll) Li (17)

64

where D_ is the cage diameter, B__ is the raceway

arc length, B, and D, are the inner ring shoulder
length and diameter, respectively, and o, is the inner

ring rotating speed.

2.2.3 Friction heat from the interaction of cage surface
and guide ring

The friction heat generated from the cage-guide ring
interaction can be calculated based on the force

Qb i

\ 6 élm

o~

Fig.3 Heat generation analysis model and thermal network model.

analysis described in Section 2.1. The olive marks are
shown in Fig. 3.

g

2

(18)

where p_ is the friction coefficient of hydrodynamic
lubrication.

2.2.4  Friction heat from the interaction of ball-cage pocket

Because the bearing skidding characteristics are
emphasized in this study, the collision and friction
effects between the cage and the balls cannot be
neglected. The total frictional heat generation of the
multiple balls can be obtained, as indicated by the
blue mark in Fig. 3.

Ny
Q, =—Z"']WZDJM 19)
where o, is the ball self-rotational speed and D, is
the ball diameter.
For one bearing assembly, the total friction heat
generation can be calculated by the summation of the
modularized components above.

Qtot = Qbr + Qch.c + Qch.b + Qchs + ch + pr (20)

2.3 Application of thermal network method

Based on the frictional heat calculation in Section 2.2,
the thermal network topology model was applied to
the bearing assembly [26, 27, 32]. Some assumptions
were proposed in the model. Each temperature node
can represent the whole component, and there is no
temperature gradient inside. Due to the irregularity
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of the cage which is infiltrated by lubricating oil, the
oil and the cage are simplified as one temperature
node T, and each node conducts sufficient heat
dissipation by the convection of the atmosphere
temperature T, . The thermal node and the example
for ball heat conduction are presented in Fig. 3, and
the thermal resistance and heat generation rate are
shown accordingly. The heat flow for the k™ node,
which is related to the component temperature
variation, can be expressed by

dT,
Q. = Cp.kpkvk d_tk (21)
where C is the specific heat of the element, p is
the density, and V is the volume of the element. The
thermal balance formula can be expressed based on
energy conservation as

|:Tb_Th +Tb_Toil +Tb_Tsj|

Rbh Rboil Rbs t:(n +l) At
b |r:(n+l)Af T e
Qu +Qy +Qu —Cou Vs Af (22)
|:Th_’1;tm+Th_Toil+Th_Tb:| —
Rhatm Rhoil th f:(n+l)Af
-T
h l=(n+1)A h =,
Qbr.o + ch _Cp.hphvh : ( )Att — (23)
{Ts T LT, T, —Tb}
+ + =
Rsatm Rsoil Rsb l:(nH)At
s lt=(n+1)At _TS t=nAt
Qbr.i + Qch.s - Cp.spsvs At (24)
|:T0i1 ~ T + Ta—T, + T =T, + T =Ty :| —
oilatm Roilb Roils Roilh r:(n +1) At
oil lt=(n+1)At _TOil t=nAt
Qch.c + pr - Cp.oilpoilvoil (25)

At

The thermal resistance mentioned in Egs. (22)—(25)
is analyzed in detail. It is divided into two categories
according to heat conduction and heat transfer. The
heat conduction is related to R, and R, , which can
be simplified as:

— 2Z\]bLao — 2NbLai
bh K.(nLaOLbO),RbS K'(TcLaiLbi) (26)

where L, L, are the axis length of the outer raceway
Lbo
raceway contact area; K is the heat conductivity

contact area; L are the axis length of the inner

coefficient. For the thermal resistance of heat transfer,
it can be expressed as

R, =+ 27)

where L and A are the characteristic length and area
of the element, respectively, and & is the heat transfer
coefficient. The flow state of oil affects the heat transfer
coefficient. The empirical value of heat transfer coefficient
of lubricating oil ranges from 50 to 1,500 W /(m’K) .
Since the eight oil injection nozzles are evenly arranged
on the side of the bearing, it is assumed that the
lubricating oil is in full contact with the raceway
surface and the rolling elements. The characteristic

area A for CaICUIating Rboil’ Rhoil’ Rsoil’Rhatm ’Rsatm’ Roilatm
can be described as:
Aboil =N,- nth); Ahoil = nDLoLh;Asoil =nD L, (28)
n(D? -D?
Apam = M"' nD, Ly;
n(D?-Df,)
Asatm = f’ Aoilatm = Aboil + Ahoil + Asoil (29)

where D, is the outer diameter of bearing house;
DLo
length of bearing house; D, is the diameter of inner

is the outer ring shoulder diameter; L, is the

ring.

The transient temperature rise of each node as a
function of time can be iteratively solved as the initial
temperature distribution is given, and the time step
is defined.

3 Test bench and test procedure description

Figure 4 shows an overview of the test bench used to
conduct the over-skidding experiments on a four
points contact ball bearing. A variable-frequency DC
motor with a maximum rotational speed of 1,470 r/min
and 15 kW power was used to drive two four-point
contact bearings with a bore diameter of 220 mm. The
nominal contact angle of the bearing was 40°. The test
bearings were mounted on a shaft that was linked to
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Hydraulicloading
~ system

Fig.4 Overview of the bearing test rig with hydraulic loading system.

the motor shaft by a speed-increasing pulley to create
a maximum rotational speed of 1,850 r/min.

The axial force of the bearing was applied by
a hydraulic loading system controlled by the
counter weight. The range of the axial force was
0—42 kN, and the loading interval was 2 kN. The test
rotational speed range was 600-1,800 r/min, and the
speed interval was 300 r/min. A group of axial load
conditions were tested at each speed condition, and
the test bench ran stably for 3 min under each load

condition. The experimental procedure is illustrated
in Fig. 5. The cage speed and vibration signal were
measured in a stable state, and the temperature
values were collected every minute. Each group of
load tests took 66 min. Considering the weight of the
drive shaft, each bearing always bore a radial load
of approximately 1 kN.

The sensor placements are shown in Fig. 6. Three
magnetic accelerometers were installed in the radial
direction of the two bearing housings and in the axial

n w N
o o o
T T

Applied load (kN)

-
o
T

0 10 20 30

40 50 60 70

Runing time (min)

Fig. 5 Experimental procedure of applied load for each speed case.

3 %jfhermocguple
e A Y

, Accelerometer

Fig. 6 Placements of three kinds of sensors.
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direction of the non-driving end. Two thermocouples
were installed on top of the outer ring of the bearing.
Figure 7 shows the position of the thermocouple
installation. An eddy current sensor was installed
perpendicular to the side surface of the cage, and a
small steel sheet was pasted on the cage with superglue
as a key phase to measure its rotation speed. Vibration
signals and cage displacement signals were acquired
using the NI CompactDAQ system and NI 9234
modules. The sampling frequency of the vibration
signal and displacement signal was 25,600 Hz. The
acquisition time was 10s.

Fig.7 Oil flood scenes under two oil flow rates (33 and
15 L/min).

To determine the effect of lubrication on over-
skidding behavior and the effect of oil flow rate
on the power loss of oil churning, an experiment
was conducted for two oil supply rates (33 and
15 L/min). The difference in oil overflow is shown
intuitively in Fig. 7. Ten sets of experiments with
different rotational speeds and oil supply rates were
conducted.

4 Discussions on test and model results
41 Over-skidding behavior

This section presents the method used for obtaining
the cage rotational speed based on the cage axial
displacement signal, and a comparison of the cage
speed results of the model simulation and the
experiment. Figure 8 shows the time-domain signal
of the cage axial displacement under three load
conditions of @ =1,800 r/min. Because a thin steel
sheet is pasted on the side surface of the cage
perpendicular to the probe, the time interval between
adjacent pulses of the displacement signal can be used
to determine the rotational speed of the cage.

To set a reasonable pulse threshold line, as shown

16
Point 1: 1,800 r/min 0 kN 15
3 I I I T i i Threshold ling for
E 2 At=0.1723 ‘ Point for cillculatmg |
= - 1 ‘ [ detecti s impul
g . X 0.672344 X 0.844648 C% e speed etecting cage impuise
g Y 2.38288 Y 2.40942 18
1 '}
2 ] N |
a ‘ I Find the adjacent points
0 . . )
0 0.2 0.4 0.6 0.8 1 12 14 1.1 on either side of line
Time (s) 168 17 172 174 176
. Point 2: 1,800 r/min 1 kN
'E\ T At=0[.0.672 .' T T T T T
Ez X 0.756289 X 0.823516 —
[0}
£ Y 2.45521 Y 2.46176 £ % $ $ $ i $ é % $ $ $ $ $ $
§ 1 7\l77ﬁ;_ Y T
- YL A T N M A MY O O N ) 9 PO ) N N 1 O O A g
0, I | I | | |
0 02 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
Time (s)
. Point 3: 1,800 r/min 36 kN
€ T At=0.0732
é ——————— e ° L
€2 X 0.725195 X 0.798398 -
£ y 246192 |
@ D
&1 .
%3
a 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

Fig. 8 Time-domain signal of cage displacement and calculation method of cage rotational speed; three axial load condition

examples: 0, 1, and 36 kN.
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by the red line in Fig. 8, two adjacent data points
are located on either side of the threshold line of the
rising segment of the pulse (shown as the black dot in
the enlarged image of Fig. 8), and linear interpolation
was applied to obtain the intersection of the threshold
line and the pulse line (red dot). The time interval
At is obtained from the time difference between
two adjacent red dots. The time intervals under these
three axial load conditions were At =0.1723,0.06672,
and 0.0732 s, respectively. The three working conditions
correspond to the points marked by the three red
circles in Fig. 10(a), and the bearing states are skidding,
over-skidding, and approaching the pure rolling state,
respectively.

Figure 9 presents the time-varying cage rotor speed
ratio (CSR=w,_ / @, ) under three load conditions based
on the above-mentioned method. This indicator
reflects the stability of the cage rotation, as well as
provides a basis for determining the overall degree
of bearing skidding. Combining the standard error
value of the 10 s time varying CSR under different
working conditions given in Table 1, it can be seen
that the cage has the worst stability at F, =0 kN, and
the CSR fluctuation range is approximately 0.006.

Meanwhile, the CSR fluctuation was less than 0.001
at F =36 kN, and the standard error was only
approximately 1/8 of 0 kN. However, even under the
worst stability condition, the fluctuation range only
accounts for approximately 2.5% of the absolute value.
Therefore, the average value of this indicator in the
time domain was taken as the measured CSR for the
subsequent analysis.

The test results of the CSR as a function of the axial
load are presented in Fig. 10. For the test bearing
QJ1044, the design limit under oil lubrication was
1,800 r/min. Therefore, the experimental speed was
set at 1,800 r/min as the upper limit and 300 r/min as
the interval of decrease. The degrees of cage skidding
at high, middle, and low speeds were analyzed. The
experimental and calculated values for the two oil
flow rates were also compared. The black dotted line
represents the theoretical speed of the cage (CSRy,) as
the rolling element’s pure rolling. Usually, engineers
deem this value as constant [3], but based on the
calculation formula of the characteristic frequency of
the cage, it is significantly affected by the contact
angle of the ball-raceway, especially under varying
axial loads. As the theoretical support for the change
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Fig. 9 Time-varying cage-inner ring speed ratio (CSR) calculated by the method in Fig. 8

Table 1 Examples for the standard error values of the time-varying CSR.

Load conditions (kN) 0 4 8 12 16 20 24 28 32 36 40

Standard error of 1,800 T/min 089 029 033 035 039 036 031 020 0.3 012  0.09
-3

CSR (x107) 900 /min 041 023 0.4 013 016 016 015 014 015 0.6 0.15
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in CSRy, the upper left of Fig.10(a) shows the
distribution of the ball contact angle when the
bearing is subjected to a 1 kN radial load and varying
axial loads.

The experimental results show that the bearing
exhibits obvious over-skidding behavior, especially at
high speeds of 1,800, 1,500, and 1,200 r/min. Compared
with the results of Refs. [3, 39], the skidding range
of this experiment was relatively small. There was
no skidding after F, >1 kN, and the CSR rapidly grew
to an over-skidding state. A possible reason for this
is that the bearing always runs under a radial load
of approximately 1 kN. The degree of over-skidding
reached its peak when F, was approximately 3 kN,

and then slowly weakened with the increase in
load until it disappeared. In order to highlight the
characteristics of over-skidding, the data of CSR less
than 0.4 is shown in the enlarged figure. In terms
of both the value and trend, the model results show
a favorable agreement with the test results. The
maximum degree of over-skidding decreases with the
decrease in rotational speed, from 12% CSRy, > 10% >
8.5% > less than 1%, as the required axial load for the
ball changing from over-skidding to pure rolling is
reduced, i.e., the width of the “bulge” is decreased.
The effect of the oil flow rate reflected in the model
was not as obvious as in the experiment.

The right side of Figs. 10(b) and 10(c) presents the
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Fig. 10 Comparisons of simulated and tested CSR results as a function of load under five rotational speed cases (600, 900, 1,200,
1,500 and 1,800 r/min) and 2 oil injection flow rates (33 and 15 L/min).
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Fig. 10 (Continued)

cage stability characteristics under skidding, over-
skidding, and pure rolling. In general, the cage stability
of over-skidding was significantly lower than that
under pure rolling. Therefore, from the perspective
of the stability of the bearing and the possible
wear and damage of the raceway, the phenomenon
of over-skidding is worthy of attention and should be
avoided.

4.2 Vibration characteristics

To explore the characteristics of the skidding and
over-skidding behavior in the vibration signal, the
acceleration signal collected on the drive-end bearing
house is analyzed in this section. Figure 11 presents
the time domain, FFT frequency spectra, envelope
spectra, and kurtosis diagram of the vibration signal
under the test conditions of @,=1,800 r/min, F, =32 kN,
and q_,=33 L/min. To better capture the skidding
and over-skidding characteristics and ensure the
accuracy of the frequency components, the sampling
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o

time was set to 10 s, but the time-domain signal only
showed the first 1 s for a clear view. Because the
featured frequency of the cage is smaller than the
rotational frequency of the inner ring, a low-frequency
range below 1 kHz is displayed in the frequency
spectra.

The maximum kurtosis value of the kurtogram in
Fig. 11(d) was 1.62, indicating that the bearing had no
obvious impact characteristics. Therefore, the frequency
spectra can exclude the fault feature of bearings with
raceway or ball defects, as discussed in Refs. [40-42].
The vibration features related to skidding and over-
skidding with a lower amplitude are highlighted.
The actual rotational speed of the spindle measured
by the tachometer in this group of experiments was
1,812 r/min, that is, rotating frequency f, =30.2 Hz,
which corresponds to the characteristic frequency
of 30.2734 Hz, as shown in Fig. 11(c). Meanwhile,
the frequency component of 13.574 Hz corresponds
to f,xCSR, (Fig.10(a), CSR, =0.452).
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(a) Vibration in time domain
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Fig. 11  Signal processing of an example working condition (@, =1,800 r/min, F, =32 kN, and ¢, =33 L/min): (a) time domain vibration
signal, (b) FFT frequency spectra of the signal, (c) envelope spectra, and (d) Kurtogram.

The three points marked by the red circle in Fig. 10(a)
are taken as an example to analyze the vibration
characteristics of the bearing under skidding, over-
skidding, and pure rolling conditions. Figures 12(a)-
12(c) present the FFT spectra and envelope spectra
under these three axial load conditions (F, =0, 1, and
36 kN). Similarly, the actual spindle rotating frequency
f,=30.2 Hz.

First, for Point 1 showing obvious skidding, the
CSR=0.22 is shown in Fig. 10(a); thus, the cage rotation
frequency is CSR x f, =6.732 Hz. Correspondingly, the
characteristic frequency of 6.93 Hz appears in Fig. 12(a),
which is very close to the cage rotational frequency
measured by the eddy current sensor. Compared with
the theoretical rotation frequency CRF, =13.6 Hz, the
degree of skidding can be evaluated. The sidebands of
the spindle frequency with the cage rotation frequency
as the interval (such as 2xf, —1xCRF ) appear in the
envelope spectra. For Point 2 showing over-skidding,
the measured CSR=0.501 is shown in Fig. 10(a), the
CRF is 15.13 Hz, which is close to the 14.94 Hz
appearing in Fig. 12(b). The CRF was significantly
larger than CREF, . The harmonic components of (1xCRF,
2xCREF, 3xCRE, etc.) and the sidebands of 2xf, + IxXCRF
are shown in the envelope spectra, indicating that

the over-skidding behavior of the cage can be well
reflected by the vibration signal, and the existence of
the over-skidding phenomenon is verified from the
perspective of indirect measurement. This finding also
provides ideas for equipment that cannot directly
measure the rotational speed of a cage due to being
limited by space.

Comparing the envelope spectra of Point 3, it is
found that the characteristic cage frequency of 13.67 Hz
is close to CRF, , which can be considered to be the
pure rolling state. This is consistent with the measured
data shown in Fig. 10(a). The features of the frequency
spectra were also informative. As skidding and
over-skidding occur at Points 1 and 2, respectively,
the spectral components are complex and messy, as
shown by the red ellipse in Figs. 12(a) and 12(b). This
corresponds to the cage speed stability level shown
in Fig. 9. 0 kN had the worst stability, and the frequency
band was the messiest. In comparison, the frequency
spectra of Point 3 in the pure rolling state were simpler,
and the cage had the best stability.

For the rotational speed conditions where the degree
of over-skidding is less significant, such as 900 r/min,
the same spectrum analysis is shown in Fig. 13. It can
be seen that the featured frequency of the cage in
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Fig. 12 FFT frequency spectra and envelope spectra of vibration signal of three axial load condition. (a) F,=0 kN, (b) F,=1 kN, and (c)

F,=36 kN.

Point 2 is 6.93 Hz, which is slightly higher than
CRF, =6.83 Hz, indicating a low degree of over-
skidding. Similarly, in the FFT spectra, there are
clustered frequency bands in the test at Point 2,

TSINGHUA

UNIVERSITY PRESS

where over-skidding occurs.

In addition to the frequency spectra characteristics
of over-skidding and skidding, the overall vibration
intensity level of each test condition was evaluated.
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Based on the root mean square of the vibration
acceleration, the vibration level indicator can be
expressed as a_=20lga___/a,, where g, is the reference
acceleration. Figure 14 presents the bearing vibration
level for each operating condition under the two oil
injection flow rates. The results show that an increase
in speed has a significant effect on the increase in
the vibration level. In general, the increase in axial
load causes the overall vibration level to increase
slightly, but in ranges where there is over-skidding,
the vibration tends to weaken as the over-skidding is
attenuated, as shown in the figure at the working

condition of ®» =1,800 r/min and F, =0-10 kN.
Comparing the two oil flow rates, the vibration level
at low flow rates was lower. The weakening of the
injection shock to the ball and cage is an important
factor.

4.3 Thermal behavior

In industrial-grade large-sized bearings, rising
temperature and power loss of the bearing due to oil
churning and skidding behavior are considerable.
The thermal behaviors of the bearing are discussed

in this section based on the heat generation model
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Fig. 14  Acceleration level of each test condition: (a) oil flow rate ¢, =33 L/min, and (b) g,, =15 L/min.
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and the bearing temperature rise measured in the
experiment.

Taking the test group of @ =1,800 r/min and g ;=
33 L/min as an example, Fig. 15 shows the power loss
of each component (oil churning, relative sliding, etc.)
calculated by the model. The stacked histograms
represent the total power losses. For the sake of
comparison, the heat generation on the vertical ordinate
is normalized to a percentage based on the largest
value, which is the 3 kN working condition in this
calculation. The power loss of each heat generation
module is expressed in different colors, and the value
in percentage is presented in the attached table of the
figure. From the perspective of the total power loss
level, it is consistent with the trend of the value of
CSR as the axial load increases. The friction loss of
the ball-pocket is close to 30%, which is significant in
the working conditions of over-skidding. Among
these six heat generation modules, the power loss
of oil churning is relatively high, accounting for
approximately 60%-80%; however, the total amount
of oil churning loss does not change significantly with
the disappearance of over-skidding. The power loss
caused by the ball-raceway’s relative sliding and
spinning gradually decreases with the increase in
axial load.

The calculated CSR value is presented in Fig. 15 as
a reference. At the axial load condition of the point
marked by the red circle, from a macro point of view,
the cage speed is equal to the theoretical value of the
cage speed, which means that there is no skidding or
over-skidding. However, both the total power loss and
skidding heat generation are extremely high under
this working condition. The no-skidding state is a
false appearance. This kind of ideal state that appears
to be pure rolling in a macroscopic view is extremely
destructive to the bearing. This is one of the important
reasons why the over-skidding phenomenon should
be noticed and investigated.

Figures 16(a) and 16(b) compare the total power loss
of a single bearing under the two oil injection flow
rates. The values calculated by the heat generation
model under all test conditions are presented as
two histograms. The maximum power loss value was
chosen as the reference. The result shows that the
total power loss of @, =600 r/min is approximately 1/5
of w =1,800 r/min. As shown in Fig. 10, the degree of
over-skidding at low speed is relatively low, and this
feature is also reflected in the power loss. As the axial
load varies, the fluctuation range of the total power
loss at a low rotational speed is far less significant
than that at a high rotational speed. The power loss

e,
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Fig. 15 Example for the total and modular power loss of the bearing, with the CSR result as a reference.
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Fig. 16 Normalized total power loss for test conditions: (a) oil flow rate g, =33 L/min, and (b) ¢

always reaches the maximum when the axial load
conditions are between the skidding and over-skidding
peaks, and then it gradually decreases. The total power
loss under the oil flow rate of g,=15 L/min was
approximately 75% of g_,=33 L/min. This is mainly
because the power loss of oil churning is considerably
reduced after the oil quantity is reduced, considering
that the cage-oil churning, balls-oil churning, and
inner ring-oil churning account for 60%—-80% of the
total power loss.

The contour diagrams of the power loss of the six
components in the heat generation model as a function
of the rotational speed and axial load are shown in
Fig. 17. The two contour diagrams in each red box
are a comparison of the two oil injection flow rates.
The maximum value of the color bar is 25% of the
maximum power loss (reference point in Fig. 16).
Analyzing one by one, the ball-pocket interaction
Q,, and the friction power loss of the cage-guide ring
Q. have the same trend as the change in working
conditions. However, the power loss of the cage-guide
ring interaction Q_ is the lowest among the six
components, accounting for only approximately 1/5
of pr. Because pr and ch are strongly related to
the ball self-rotational speed and the cage rotational
speed, they reach the peak values at the occurrence of
the most severe over-skidding degree.

The heat generation of the ball-raceway interaction
Q,, is strongly related to the relative sliding speed

(b)

Tot.power loss Qun (%)

0 10 20 30 40 50 60 70 80 90 100

=15 L/min.

oil

between the ball and the raceway. Q, reaches its
peak when the axial load is set to zero, and severe
skidding occurs. Because the formation mechanism of
over-skidding comes from the fact that the spinning
speed and orientation angle of the ball self-rotation do
not reach the ideal state, the effect of over-skidding
on Q, is not significant compared to the skidding
caused by linear sliding.

The oil churning power loss on the cage, balls, and
inner ring can be classified into one category. The oil

churning loss of the inner ring Q, mainly depends

ch.s
on the speed of the inner ring. The temperature rise
and oil viscosity thinning caused by the increase in
the axial load slightly reduce the Q, , which is in
agreement with intuitive expectations. The oil churning
power loss of the ball Q,, and cage Q, = mainly
depends on the revolution speed of the ball and the
cage, as well as the viscosity characteristics of the
lubricant; thus, their contours are similar to the
variation trend of pr, both reaching the maximum
value under the most severe over-skidding states.
Under an oil flow rate of g_,=15 L/min, each power
loss component is reduced to a certain degree.

Figure 18 presents the temperature rise comparison
between the experimental results and the calculated
results based on the heat generation and thermal
network models. The tested point is located at the
outer ring surface of the bearing, which corresponds
to T, in the thermal model. The results of the two
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Fig. 17 Normalized power loss contour of six components; the red box shows the comparison of the results of the two oil flow rates.

tested bearings of the motor drive end and non-drive
end under two oil flow rates g ,=33 and 15 L/min are
displayed. The initial temperature values used in the
thermal network model were extracted from the test
results at =0 min. The temperature of the atmosphere
was T, =35 °C. According to these ten groups of
temperature test results, the simulation results show
good agreement with the test, which indicates that the
proposed heat generation model and thermal network
model in this study are correct and reasonable.

The analysis of the temperature results can refer to
the experimental loading procedures shown in Fig. 6.
In general, as the running time increases, the bearing
temperature tends to stabilize, especially at low

speeds ( @, =600 and 900 r/min). This can be explained
by the following two reasons. First, in the later stage
of each group of tests, as the axial load increases, the
generated frictional heat gradually decreases and
stabilizes, as shown in Fig. 16. Second, because the
temperature difference between the bearing assembly
and the external atmosphere (T, —T ) increases at
high temperatures, the heat dissipation rate is higher
than that at low temperatures. Because the initial
temperature of each group of tests is different, the
initial temperature is marked with a dashed line in
Fig. 18 to facilitate the comparison of temperature
rises. It should be noted that in the medium- and
high-speed (@ =1,500 and 1,800 r/min) tests, the
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temperature rises rapidly at the beginning of the test,
as marked by the black ellipse in Fig. 18. This is
because the degree of skidding and over-skidding is
significantly high at this stage. The frictional power
loss shown in Fig. 16 is also the most prominent at
this stage.

Using the experimental results in Fig. 18, Fig. 19
analyzes the maximum temperature and temperature
rise for each rotational speed test. It can be seen that

600 r/min: Drive end

80 S Test 75 Limin
*  Test 33 L/min
%) Model 15 L/min
L
S
£
(0}
'_
80
Running time (min)
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Temp. (°C)

Running time (min)

at the flow rate of oil g, = 33 L/min, the maximum
temperature and the temperature rise are generally
lower than that at g, =15 L/min. Because the initial
temperature of the test is different, it is more reasonable
to analyze the temperature rise value. The temperature
rise shows an approximately linear increasing trend
with an increase in speed. The temperatures of the
bearings at the drive end and the non-drive end are
generally close.
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Fig. 18 Comparison of tested and calculated temperature values by the thermal network method. The test points on the motor drive

end and non-drive end are displayed, respectively.
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Fig. 19 Maximum temperature and temperature rise after running the test bearing for 66 min.

5 Conclusions

Ten groups of tests of an FPCB with a bore diameter
of 220 mm were conducted in this work. The effects
of rotational speed, axial load, and oil injection
flow rate on the occurrence of over-skidding were
theoretically and experimentally discussed. The
integrated heat generation model and the thermal
network model were validated by the test results, and
the heat generation by different bearing components
and the temperature rise were subsequently calculated.
The relationship between over-skidding and vibration
features was first proposed by the author. The following
conclusions were drawn:

1) The maximum degree of over-skidding decreases
with a decrease in rotational speed, and the required
axial load for the ball changing from over-skidding to
pure rolling is reduced.

2) The degrees of over-skidding and skidding are
well reflected by the featured frequency of the envelope
spectra of the vibration signal, providing a way to
indirectly measure the degree of over-skidding.

3) The variation in the total power loss is consistent
with the trend in the value of CSR as the axial load
increases. The friction power loss of the ball-pocket
is close to 30%, which is significant in the working
conditions of over-skidding.
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