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Abstract

Skidding is a phenomenon that frequently occurs in ball-raceway contact areas of bearings and often leads to their early failure. This
paper presents a skidding analysis of angular contact ball bearings (ACBBs) subjected to various boundary conditions. A five degrees-of-
freedom quasi-static model for ACBBs was employed to investigate skidding with ball and race contact forces and inertial loading by
rotational speed. The model provided the internal load distribution of all rolling elements, which was subsequently used for the skidding
prediction. Hirano’s criterion was used as a theoretical basis for the skidding analysis of ACBBs. Simulations were performed to investi-
gate the influence of external loading, rotational speed, and angular misalignment on the bearing skidding. The effects of the preload
method and initial contact angle on the skidding were also considered. As a result, this study provided an in-depth observation of skid-

ding in ACBBs subjected to various operating conditions.
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1. Introduction

Rolling element bearings are essential in rotating machines.
Among others, angular contact ball bearings (ACBBs) have
been extensively used in practice for main spindles of machine
tool systems, gas turbines, engines, electric generators, etc. [1-
4]. The major advantages of ACBBs are the ability to with-
stand combined axial and radial loads, as well as the capability
to operate under high rotational speed with excellent accuracy.
Research on the static and dynamic characteristics of ACBBs
has received significant attention by worldwide researchers
and, consequently, great advances have been attained and
contributed to the design and manufacture of ACBBs.

Skidding is a phenomenon that frequently occurs on ball-
raceway contact areas caused by insufficient traction at the
contact. The skidding in an ACBB may cause unstable cage
speed, increasing operating temperature, and premature failure
of the bearing. Therefore, researchers have made significant
efforts to investigate the skidding problem in order to aid en-
gineers in the practical design and application of ACBBs [5-
10].

The theoretical analysis of skidding in rolling bearings can
be broadly categorized into two groups. The first group at-
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tempted to discover preferable applied loads, beyond which
the skidding phenomenon in ACBBs can be avoided. The
researchers commonly developed empirical formulae, which
identify the required preload to avoid skidding, e.g., the
works of Hirano and Tanoue [5, 6]. Boness [7] also proposed
an empirical equation for the required maximum Hertzian
pressure at the ball and inner race contact. The proposed for-
mula includes the effect of lubricant viscosity at the operating
temperature. Liao and Lin [8] adopted the formula proposed
by Hirano to investigate the skidding of ACBBs considering
axial and radial deformations of the inner ring. Xu et al. [9]
also used Hirano’s approach to determine the proper axial
preload for different speed ranges to avoid skidding in
ACBB:s.

The second group analyzed the motion of bearing compo-
nents, from which the occurrence of skidding can be detected.
In this way, the cage speed was often calculated and compared
with its theoretical value to identify whether or not skidding
occurred. Accordingly, a quite straightforward approach is to
characterize the skidding based on an analytical quasi-static
bearing model [10-14]. Harris [10] outlined an analytical
method to predict skidding in high-speed roller bearings. Later,
he extended this approach to predict the skidding of thrust-
loaded ACBBs [11]. Boness and Gentle [12, 13] also used the
quasi-static approach to formulate a set of eight equilibrium
equations for the balls and races of thrust-loaded ball bearings.
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Then, the equations can be solved to determine the ball orbital
or the cage speed. In addition to the quasi-static model, re-
searchers also developed full dynamic equations of bearings,
which have recently attracted significant attention [15-20]. A
number of bearing dynamic models with varying the degree of
complexity have been proposed. One of the most significant
advantages of this approach is the capability of providing ade-
quate information of the ball and race dynamical characteris-
tics.

From the above literature review, it is observed that most
studies considered thrust-loaded bearings. The effect of com-
bined loading on the skidding of a bearing has rarely been
addressed. In addition, to the authors’ best knowledge, the
skidding behavior in the presence of angular misalignment
has not yet been considered. It is also evident that the effect
of the preload method on the skidding of ball bearings has not
been discussed. To address the aforementioned issues, we
investigate the skidding of ACBBs in consideration of the
effects of various boundary conditions. This paper is struc-
tured as follows: In Sec. 2, we present a quasi-static bearing
model, which provides the internal contact load distribution,
contact angles of the ball and races, and inertial load of the
balls. Then, the Hirano’s method based on a quasi-static
model for analyzing the skidding of ACBBs is outlined. We
also compare the numerical results of minimum preload to
prevent skidding predicted by Hirano’s criterion and experi-
mental data from the literature, which validates the proposed
method used in further skidding analysis. Sec. 3 presents
numerical simulations that were performed to further investi-
gate the skidding behavior of a sample ACBB. We consider
the effect of various operating conditions on the skidding
such as combined loading, rotational speed, and angular mis-
alignment. We also investigate the effect of certain important
factors on the bearing skidding such as the unloaded contact
angle and preload method. Finally, in Sec. 4, the conclusions
of this study are drawn.

2. Determination of skidding in ACBB
2.1 Quasi-static model of ACBB

The ball bearing model proposed by de Mul et al. [21] is
adopted in this study. Fig. 1 shows a five degrees-of-freedom
(DOFs) model of an ACBB with the global coordinates sys-
tem, loading and displacement. The load vector {F}" = {F,, F,
F., M,, M} represents the external load applied to the inner
ring, and the corresponding displacement vector is {d}" = {J,,
Oys Oz Yoo Kb

Fig. 2 describes the overall calculation process of the bear-
ing model. The nonlinear equilibrium equations of the bear-
ing can be iteratively solved to obtain the internal contact
load of bearing. This iterative solution requires a global itera-
tion loop for the equilibrium of inner ring, and the inner itera-
tion loop for the equilibrium of each ball. Detailed descrip-
tion of inner ring and ball equilibrium equations are given in
Appendix.

Input: bearing parameters, speed, {F}.
Assume the inner ring displacements { &}

Local loop

Assume the ball displacements {v} ‘

|
¥

Calculate the ball and races contact forces, contact]
angles, centrifugal force, gyroscopic moment

Solving the ball equilibrium equations |

[ ]

Fig. 2. Calculation process for ball bearing equilibrium.

2.2 ACBB skidding prediction

Skidding, which is defined by the gross sliding of the ball
relative to the raceways in the rolling direction, can cause
significant adverse effects on the performance of the bearing,
such as wear of bearing elements or excessive heat generation
[1, 10, 11]. There have been several analytical formulae for
predicting skidding in ACBBs. Hirano [6] proposed an em-
pirical skidding criterion applicable to ACBBs under thrust
load (referred to as Hirano's criterion). The ball skidding can
be avoided if the following condition is satisfied
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Table 1. Parameters of the simulated ACBB.

Young’s modulus (GPa) 210
Bore diameter d 35
Outer diameter D 62
Pitch diameter d,,, (mm) 48.51
Ball diameter D, (mm) 6.5
Number of balls Z (mm) 15
Inner race curvature ratio & 0.57
Outer race curvature ratio x;, 0.54
Unloaded contact angle o (deg) 15

800

O Experiment (Xu et al. [9])
Simulation

700

Axial preload (N)

4 5 6 7 8 9 10
Rotational speed (103 pm)
Fig. 3. Minimum preloads to avoid skidding as a function of rotational

speed predicted by simulation and experiment [9].

where F, is the centrifugal force acting on the ball, as given in
Eq. (A.7) in Appendix. Q, is the axial component of the ball-
inner-race normal force Q,, determined by

0,=0sing, . @
Substituting Eq. (2) into Eq. (1), one can obtain

O sing,
F,

¢

SF = >10. 3)

Here, SF represents a “skidding factor”, which determines
the occurrence of skidding. The ball-to-inner-race contact
force and contact angle are determined by using the ACBB
model presented in the previous section.

Fig. 3 presents the minimum axial preload to avoid skidding
as a function of rotational speed determined by Hirano’s crite-
rion [6]. The theoretical results are calculated for an ACBB
B7007C with parameters shown in Table 1. Fig. 3 shows that
the minimum axial preloads of an ACBB 7007C predicted by
the theoretical model match well with experimental data. To
further assess the skidding in ACBBs subjected to different
boundary conditions, we perform simulations for a sample
ACBB 7007C. The skidding behavior of the bearing is simu-
lated by MATLAB.
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Fig. 4. Skidding factor of ACBB as a function of axial load and rota-
tional speed.

3. Investigation of the skidding in ACBB

In this section, we present the numerical results of the
analysis of skidding in an ACBB. The effects of various oper-
ating conditions on the skidding behavior are investigated. To
determine whether the skidding of a ball occurs or not, the
skidding factor, defined as Q,/F, is calculated according to
Hirano’s criterion, which was described in Eq. (3).

To investigate the effects of the rotational speed and axial
preload on the skidding of an ACBB, the bearing speed and
axial preload are varied from 5000 rpm to 10000 rpm and
100 N to 700 N, respectively. For the case in which the bear-
ing is axially loaded, all the balls experience identical contact
load conditions. Therefore, the skidding factor of a representa-
tive ball can be calculated to examine the bearing skidding.
The calculated results of the skidding factor are plotted in Fig.
4, which clearly shows two skidding and no-skidding regions
distinguished by a horizontal plane at the threshold value of
10.0. The results in Fig. 4 show that an ACBB running at a
higher rotational speed requires a larger axial preload to pre-
vent the balls from skidding. At a preload below 100 N, skid-
ding occurs over the entire speed range, whereas the skidding
can be completely avoided with a preload of 700 N. Moreover,
the skidding factor manifests a nonlinear variation with re-
spect to applied load and rotational speed.

3.1 Effects of axial preload and rotational speed

According to Eq. (3), there are several internal dynamic
quantities that directly affect the bearing skidding, i.e., the
contact force, contact angle, and centrifugal force. These three
factors are demonstrated in Figs. 5 and 6. It is observed that
increasing the axial load leads to increases in the contact force
and contact angles. As a result, decreasing the skidding possi-
bility can be achieved by increasing the bearing preload.
However, the centrifugal force increases with the rotational
speed as illustrated in Fig. 6(a), which increases the skidding
possibility of the bearing. In addition, with the increase in
centrifugal force, the contact force of the ball and outer race-
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(a) Effect of axial preload and rotational speed on ball loading
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(b) Ball contact forces at preload 100 N

Fig. 6. Ball contact force and centrifugal force.

way would be increased because of the outward centrifugal
force, as shown in Fig. 6(b). At the same time, the contact
force of the ball and inner raceway is reduced, which also
contributes to the increase in the skidding of the bearing at
high speed.

3.2 Effect of combined radial and axial loads

In the case of an ACBB subjected to radial load, the contact

(ﬁ) 500
400

Radial lozé F, (M)

) ° = .
0 45 an 135 130 225 2 N5 380
Location angle (deg)

Fig. 7. Skidding regions under radial load (n = 5000 rpm): (a) F. =
250 N; (b) F.=300 N.

load between the ball and raceway varies depending on its
circumferential angle on the raceway. Therefore, the skidding
factor of the individual ball should be simulated. To investi-
gate the skidding behavior of a radially loaded ACBB, the
radial load is selected from 0 N to 500 N. The bearing is as-
sumed to be properly aligned and preloaded by constant pre-
load of 250 N and 300 N. Fig. 7 displays the effect of radial
load on the skidding behavior of an ACBB operating at the
rotational speed of 5000 rpm. It is observed that when the
applied radial load exceeds a certain limit value, there occurs a
skidding area around circumferential angle 180°, i.e., the top
of the bearing indicated by a shaded-grey area. Increasing the
radial load leads to an enlargement of the skidding area, which
is caused by the decrease in the ball-raceway contact forces at
the corresponding location under radial load. Higher axial
preload can narrow down the skidding area; for example, the
skidding starts occurring at a radial load of 110 N for a 250 N
preload [Fig. 7(a)], whereas the skidding occurs at approxi-
mately 200 N for a 300-N preload [Fig. 7(b)].

To investigate the skidding behavior of an individual ball in
an ACBB under combined radial and axial loads, Figs. 8(a)
and (b) show the critical lines of the balls determined at the
rotational speeds of 5000 and 6000 rpm, respectively. A point
on the critical line defines the applied radial and axial loads at
which the skidding factor of the ball reaches the critical value
of 10.0, as shown in Eq. (3). Consequently, a point located on
the right side of the critical line of a ball will define the ap-
plied loads under which skidding can be avoided for the des-
ignated ball. Owing to the inherent symmetry of the bearing
about the vertical axis, only the critical lines for the balls on
the half of the bearing are plotted, i.e., balls #1 to #9. It is seen
that all the lines converge to a point at zero radial load, be-
cause under no radial load, i.e., pure axial loading, all the balls
have identical loading conditions.

Fig. 8 further shows that with increasing radial load, the re-
quired axial loads for avoiding skidding of the balls at the
bottom of the bearing, such as ball #1, 2 and 3 tend to reduce.
On the contrary, the required axial loads of the balls at the top
of bearing, such as ball #7, 8 and 9 tend to increase. These
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Fig. 8. Critical skidding lines of each ball in ACBB: (a) n = 5000 rpm;
(b) n=6000 rpm.

results agree with the skidding area presented in Fig. 7. In
order to avoid skidding for all the balls, applied loads inside
the region indicated by “A” in Figs. 8(a) and (b) should be
selected. Moreover, the critical lines are shifted to the right
with increasing rotational speed, which implies the reduction
in the skidding-free area, as illustrated in Fig. 8(b).

3.3 Effect of angular misalignment

Misalignment is a common problem in rolling bearing ap-
plications. The initial mounting error is one of the frequent
causes of bearing misalignment. In fact, although a bearing
might be properly mounted, misalignment can still occur dur-
ing operation owing to elastic bending in the shaft under load-
ing. This consequently affects the mechanical performance of
the bearing, such as fatigue life, stiffness, and mechanical
wear. The harmful effect of misalignment on skidding of roll-
ing bearings, however, has rarely been addressed.

3.3.1 Axially loaded bearing

Fig. 9 demonstrates the effect of angular misalignment
varying from 0 to 3 mrad on the skidding of an ACBB. The
bearing is preloaded by constant axial preloads of 250 N and
300 N, and the rotational speed is selected as 5000 rpm. It is
clear that increasing misalignment angle results in increased
skidding in the bearing. This is because the occurrence of
misalignment redistributes the ball contact forces; the problem
has been extensively discussed earlier by the authors [22-24].
Fig. 9 also depicts that with the angular misalignment below
1.0 mrad, the skidding problem can be avoided under the me-
dium preload and rotational speed. This means that a permis-
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Fig. 9. Effect of angular misalignment on the skidding of ACBB load

(1 = 5000 rpm): (a) F. =250 N; (b) F. = 300 N.

Fig. 10. Effect of angular misalignment on the skidding of ACBB with
constant-displacement preload (&, = 15.55 um, n = 5000 rpm).

sible misalignment value of 1.0 mrad, which is provided by
bearing manufactures for the bearing B7007C, [25, 26], can be
used to avoid skidding under average condition. It should be
also noted that increasing preload can reduce the skidding area
as shown in Fig. 9.

The preload method can have a significant effect on the
load distribution of a bearing and thus the skidding behavior,
especially in the case of misaligned bearings. Apart from the
constant-force preload, another preload method commonly
adopted in practice is the rigid or constant-displacement pre-
load method, which creates a certain amount of relative dis-
placement between the inner and outer race of the bearing by
using an inserted shim or locknut. For the purpose of compari-
son with the constant-force preload, the displacement preload
is set at 15.55 pum, which produces the same amount of 250 N
preload in the aligned condition.

Fig. 10 shows the effect of angular misalignment on the
skidding of an ACBB preloaded by the rigid preload method.
It is interesting that the rigid preload method can provide
skidding avoidance even at large misalignment angle. This is
because the rigid preload generates induced axial load and
moment load, as shown in Fig. 11.

3.3.2 Radially loaded bearing
Fig. 12 shows the effect of radial loading and misalignment
angle on the skidding behavior of an ACBB operating at the

il
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Fig. 11. Effect of misalignment angle on induced loads of ACBB with
constant-displacement preload (& = 15.55 um and » = 5000 rpm).
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Fig. 12. Skidding under radial load (n = 5000 rpm): (a) % = 1 mrad; (b)
% =2 mrad; (c) % =3 mrad.

rotational speed of 5000 rpm and the constant axial preload of
300 N. At low misalignment, there exists a skidding region
around the circumferential angle of 180°. The increase in mis-
alignment angle leads to the formation of two skidding regions
around the circumferential angles of 90° and 270°. Because
the rotational speed is kept constant at 5000 rpm, the ball con-
tact force and contact angle are the two major factors causing
the skidding condition to vary. Fig. 13 shows the contact force
between the ball and inner race. The contact forces around the
angles of 90° and 270° are found to reduce with increasing
radial load. This indicates the formation of two corresponding
skidding areas, as demonstrated in Fig. 12.

3.4 Effect of unloaded contact angle

The unloaded (or initial) contact angle is one of the impor-
tant parameters that affect the load-carrying capacity of
ACBBs [1, 27]. To be adopted for a wider range of applica-
tion in practice, even the same ACBB series can be designed

Fig. 13. Contact force between ball and inner race under different
misalignment angles (n = 5000 rpm, £, =300 N, F. =300 N).
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No skidding
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No skidding
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Fig. 14. Effect of unloaded contact angle on the skidding of ACBB
without a radial load: (a) . =250 N; (b) n =5000 rpm.

with different unloaded contact angles. The generally used
values of unloaded contact angles for ACBBs are 15°, 25°,
30° and 40° [25]. The effect of the unloaded contact angle on
the skidding of the ACBB is simulated and the results are
shown in Figs. 14 and 15. Fig. 14 shows the simulated results
for the skidding in the bearing under pure axial load. It is in-
teresting that the unloaded contact angle has a minor influence
on skidding for the entire range of rotational speed and axial
preload without radial loading. However, the effect of the
unloaded contact angle on the bearing skidding is remarkable
in the case of radial loading, as shown in Fig. 15. It is ob-
served that a higher unloaded contact angle would expand the
skidding area. Therefore, a small unloaded contact angle could
be suitable for preventing the skidding of the ACBB under
radial loading.

4. Conclusions

In this paper, we have presented an analytical method for
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Fig. 15. Effect of unloaded contact angle on the skidding of ACBB
under radial loading (» = 5000 rpm, F. = 400 N).

predicting the skidding of ACBBs, by adopting Hirano’s crite-
rion with a quasi-static ACBB model. Based on this method,
we have investigated the skidding of a sample ACBB, consid-
ering the influence of the rotational speed, combined loads,
and angular misalignment. The effects of the unloaded contact
angle and preloading method on the skidding were also ana-
lyzed. Through simulation and analysis, the following conclu-
sions were drawn:

(1) At a certain rotational speed, there exists a minimum ax-
ial preload, under which the skidding phenomenon in ACBBs
does not occur. With increasing rotational speed, the required
axial preload increases nonlinearly. Increasing ball centrifugal
force and decreasing contact force between the ball and inner
race are two major factors leading to the increased skidding in
the bearing with increasing the rotational speed.

(2) In the case of an aligned bearing, an increased radial
load enlarges the skidding area, which occurs around the cir-
cumferential angle 180°.

(3) Angular misalignment can introduce skidding areas in
an ACBB preloaded by the constant-force method. The skid-
ding does not increase owing to angular misalignment when
using the constant-displacement preload method, because an
additional axial load is induced.

(4) When a radial load is applied to a misaligned ACBB,
there exist two more-probable skidding regions around the
circumferential angles of 90° and 270°. Increasing the radial
load will increase the skidding area, which is caused by the
reduction in the ball-inner race contact force at the corre-
sponding location angles.

(5) The unloaded contact angle has little effect on the skid-
ding of an ACBB subjected to axial loading. However, the
unloaded contact angle significantly increases the skidding
areas under radial loading.
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Appendix

The displacements of the inner ring cross-section and con-
tact load are defined, respectively, by (see Fig. A.1(a))

{u}' = {u, u,, 6 (A1)

{0}'=1{0,0.T} (A2)
where {u} depends on the global displacement by

{u} =[R41{5} (A3)
where the transformation matrix is given by

cos¢ sing 0 -—z,sing z,cos¢
[R¢]: 0 0 1 rsing -rcosg]. (A4)
0 0 0 —sing cos¢
The ball center displacement is indicated by
W= v (A5)

Fig. A.1. Equilibrium of a ball: (a) Local coordinate system defined at
a particular ball; (b) free-body diagram of a ball.

The ball loading including the ball-race contact forces, cen-
trifugal force, and gyroscopic moment is shown in Fig. A.1(b).
The equilibrium equations of a ball are given as follows:

AM
Q.cosa,— Q. cosa, + F. ————=sing, + —Esing,
g i e e c D i e
f f
: . g «’Mg
O;sing, - Q,sina, + cosa, — cosa, | (A.6)
’ ’

_Jo

o
where 4; and A, indicate the distribution parameters for the
gyroscopic moment. The effects of gyroscopic moment on
each raceway are assumed equal, i.e., 4; = A, = 1. The cen-

trifugal force and gyroscopic moment of a ball are calculated
by

F = %mdma)f, (A7)
M, =Jo,0,sinf (A.8)

where the pitch angle £ is defined as the angle between the
bearing axis and rolling axis of the ball, which can be calcu-
lated using a simple geometric relationship as

_ai+ae
T

B (A9)

The ball orbital speed and spinning speed can be calculated
by

@, :a{1+

_ —w | cosa,+tanfsina,
® ycosp

(1 +ycosay)(cosa, + tanﬂsina,) .

] (A.10)

(1 —ycosal)(cosaﬁ + tanﬂsinaa)

-1
cosa, + tan fsing,
10) +

1+ ycosa, 1-ycosa,

(A.11)

y=—=. (A.12)
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& — Outer race

Inner race
curvature center (P)

Fig. A.2. Position of ball center, inner and outer race curvature center
before and after loading.

The ball contact forces are calculated by the Hertzian theory

0 =Ks5"
Q :K§3/z

(A.13)
(A.14)

where K; and K, are the contact constants depending on the
material and geometry at the contact [1]. The contact deforma-
tion can be calculated from the geometric relationships shown
in Fig. A.2 as follows:

o, =1-1, (A.15)

S.=1 -1, (A.16)

o, = tan " S SN % TV, U, (A17)
l,cosa, —v, +u,

o, = tan " SN HY. (A18)
l,,cosa, +v,

l!:lolsma'o—vz+uz (A.19)
sing,

/= Ly, sina, +v, (A.20)

sina,

where the subscripts e and i denote the outer and inner race,
respectively, and the subscript 0 indicates the initial value. The
contact load of the inner race is given by

—-Q,cosa, + M, / Dsing,
{Q} =<¢—Qsina, — M,/ Dcosq,
0.5M,/D

(A21)

A summation of the external load and all contact loads act-
ing on the inner ring gives the global equilibrium of bearing as

(A22)

{F}+ I R0T (0}, =10}
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