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Abstract

This research presents an analytical model to investigate vibration due to ball bearing waviness in a
rotating system supported by two or more ball bearings, taking account of the centrifugal force and
gyroscopic moment of the ball. The waviness of rolling elements is modelled by the sinusoidal function, and
it is incorporated into the position vectors of the race curvature center. The Hertzian contact theory is
applied to calculate the elastic deflection and non-linear contact force, while the rotor has translational and
angular motions. Both the centrifugal force and gyroscopic moment of the ball and the waviness of the
rolling elements are included in the kinematic constraints and force equilibrium equations of a ball to derive
the non-linear governing equations of the rotor, which are solved by using the Runge—Kutta—Fehlberg
algorithm to determine the new position of the rotor. The proposed model is validated by the comparison
of the results of the prior researchers. This research shows that the centrifugal force and gyroscopic moment
of the ball plays the important role in determining the bearing frequencies, i.c., the principal frequencies,
their harmonics and the sideband frequencies resulting from the waviness of the rolling elements of ball
bearing. It also shows that the bearing vibration frequencies are generated by the waviness interaction not
only between the rolling elements of one ball bearing, but also between those of two or more ball bearings
constrained by the rotor.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Waviness is defined as the geometric imperfection of a ball, inner or outer race in a ball bearing,
and it is considered one of the important sources of machine vibration. It is always included in a
ball bearing to varying degrees through the manufacturing process. Although the rolling elements

*Corresponding author. Tel.: +82-2-2290-0431; fax: + 82-2-2292-3406.
E-mail address: ghjang@hanyang.ac.kr (G. Jang).

0022-460X/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0022-460X(03)00127-5



710 G. Jang, S.-W. Jeong | Journal of Sound and Vibration 269 (2004) 709-726

are perfectly manufactured without waviness, it may be generated by load or operating
conditions. Therefore, it is becoming important to investigate the dynamic characteristics of
rotating systems due to the effect of ball bearing waviness in order to achieve high precision and
sound operation of modern sophisticated rotating machines.

Wardle [1,2] calculated the relations between the amplitude of waviness and the excitation force
of a ball bearing, and his results were validated through experiments. He also predicted the
vibration frequencies due to the load—deflection non-linearity of the ball bearing. However, his
model only included a ball bearing without considering a rotor, so that it could not predict the
waviness interaction between two or more ball bearings to support the same rotor. Yhland [3]
used a linear theory to calculate the stiffness matrix of the ball bearing with waviness, and he
investigated the effect of waviness through his rotor dynamic model. Aktiirk et al. [4,5] proposed a
vibration model of a ball bearing with waviness considering three degrees of freedom. Recently,
Jang and Jeong [6] proposed the excitation model of ball bearing waviness in a rigid rotor
considering five degrees of freedom, and they investigated the vibration frequencies due to non-
linear load—deflection characteristics. However, prior research did not consider the effect of the
waviness considering the centrifugal force and gyroscopic moment of the ball. In addition to
waviness, the centrifugal force and gyroscopic moment of the ball are important parameters to
affect the characteristics of ball bearing vibration, so that, in some cases, the results of the prior
research may be quite different from the results considering both the waviness of rolling elements
and the centrifugal force and gyroscopic moment of the ball.

This research presents an analytical model to investigate vibration due to ball bearing waviness
in a rotating system supported by two or more ball bearings, taking account of the centrifugal
force and gyroscopic moment of the ball. The waviness of rolling elements is modelled by the
sinusoidal function, and the centrifugal force and gyroscopic moment of the ball are included in
the kinematic constraints and force equilibrium equations to produce the non-linear governing
equations, which can be determined by using the Runge—Kutta—Fehlberg algorithm. The
proposed model is validated by the comparison of the results of the prior researchers. This
research characterizes the bearing frequencies, i.e., the principal frequencies, their harmonics and
sideband frequencies, due to the waviness interaction between the rolling elements of two ball
bearings constrained by the rotor as well as the effect of the centrifugal force and gyroscopic
moment of the ball.

2. Method of analysis
2.1. Waviness model
Fig. 1 shows the rigid rotor supported by a pair of ball bearings. The following equations can

represent the radial waviness of the inner and outer race, p;; and p,; , and the axial waviness of the
inner and outer race, ¢; and q,, [6.,9].

0]
Poj = Y Aot cO8[—Hw, — )t + 21l — 1)/ Z + 00y1], (1)
=1
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Fig. 1. (a) Rigid rotor supported by two ball bearings in x—z plane, (b) ball bearing in x—y plane.
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In the above equations, /, Z, w.,w,, and w; are the waviness order, number of balls and the cage,
outer race, and inner race rotating frequencies, respectively, and A4,;, Ay, By, By and oy, o, B,
p; are the amplitudes and initial phase angles of the inner and outer race in contact with the jth
ball.

The phase angle of ball waviness in contact with the outer race is 180° ahead of the ball
waviness in contact with the inner race, so that the ball waviness in contact with the inner and
outer race, w; and w,;, can be expressed as follows:

o
wy =Y Cileos(lant + ;)] ©
=1

0
Wi = Ci [cos{la)b <t+wlb> +VﬂH> (6)
=1

where w;, Cy and yj; are the ball spinning frequency, the amplitude and initial phase angle of the
jth ball with waviness order /, respectively.

2.2. Kinematic constraint and force equilibrium equations of a ball considering waviness

The position vectors of the groove radius center of the inner and outer race in contact
with the jth ball, R; and R,;, can be determined from the mass center of the rotor as shown in
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Fig. 1 [6].
R;j(t) = R; cos %‘74‘ R;sin ‘pjf—i— aik, M

ﬁoj(t) = R, cos lﬁj7+ R, sin z//j7+ ak. (8)

In the above equations, R;, R,, a; and a, are the radial and axial components of the position
vectors of the groove radius center of the inner and outer race, and they can be expressed in terms
of the pitch diameter d,,, the distance between the groove radius centers of inner and outer race d,
and contact angle a. Also, i, is the azimuth angle of the jth ball in the x—y plane, and it can be
expressed in terms of the cage rotating frequency [8,9].

When a ball bearing operates at high speed, the centrifugal force and gyroscopic moment of the
ball are not negligible, so that the contact angles of the inner and outer race are dissimilar and that
the groove radius center of the inner race is not collinear with that of the outer race. Fig. 2 shows
the position of the ball center and the race curvature center with and without including the
centrifugal force and gyroscopic moment of the ball with respect to the same outer race curvature
center. In Fig. 2, X_;, X,;, a;;, o, [ and [,; are the axial and radial components of the position of
the ball center, the contact angles of the inner and outer race, and the distances between the ball
center and the groove radius centers of the inner and outer race, respectively. Considering the
effect of ball waviness in contact with the inner and outer race, w; and w,;, and ball oversize, /;,
the following equations determine /; and /,;:

lij =71 — (D+h])/2 — W!']',
loj =TFo — (D + hj)/2 — Wyj, (9)

where r; and r, are the groove radius of the inner and outer race.
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Fig. 2. Position of ball center and raceway curvature centers.
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In the inner-race rotating type of ball bearing, the inner race has translational and angular
motion, and the outer race is stationary during the rotation of the ball bearing. Under the angular
motions of 0, and 0, and the translational motions of x, y and z, the position vector of the inner
race groove radius center can be determined by transformation using the Euler angle. The
difference between this vector and the position vector of the outer race groove radius center can be
decomposed into the radial and axial directions. Introducing the waviness in Egs. (1)—(4) to the
position vectors of the groove radius centers of the inner and outer race, the distance between the
two position vectors can be expressed as follows [6]:

4,; = (R — R,) + ai(0, cos y; — 0y siny;) + x cosy;
+ ysin; + (i — poj) + qii(0y cosyp; — O sinyp)),
Az =(a; — ao) + Ri(Ox sinyy; — 0, cos ;) + 2 + (g5 — 4o7)
+pyl0s sin ;= 0, cos ), (19

where 4,; and 4.; are the radial and axial component of the distance between the groove radius
centers of the inner and outer race. In the case of the outer-race rotating type of ball bearing, the
outer race has translational and angular motion and the inner race is stationary during the
rotation of the ball bearing. Similar expressions can be derived to determine the distance between
the position vectors of the groove radius center of the inner and outer race. Applying the
Pythagorean theorem to Fig. 2, the following equations can be obtained [7,9]:

(4 = X) "+ (45 — Xp) "= (ly + 05) "= 0,

X2+ X2~ (I +9,)°=0, (11)

where 6; and J,; are the elastic deformation of the contact point between the ball and each race.

Fig. 3 shows the free-body diagram of the ball acted by the contact forces of the inner and outer
race, f;; and f,; and the centrifugal force and gyroscopic moment of a ball, F,; and Mg;. In Fig. 3,
D and ( are the ball diameter and the angle between the spinning axis of the ball and the bearing
centerline, and Z; and 4, are the constants determined by the race control theory [9]. Force
equilibrium of a ball can result in the following equations [7,9]:

i M DM
. . TRALYE) 0 G
Jij sin oy — fo; sin o, — L cos oy + —L—2Lcos oy = 0,
JiMe oM .
Jij €08 0 — fo €08 0ty + —L—2L sin o — % sin o + Foj = 0. (12)

The contact force between the ball and race are expressed by using the Hertzian contact theory as
follows:

ﬁi = Kl]515 foj = Kojél's (13)

i 0j ?

where Kj;, K,;, ;;, and d,; are the load—deflection constants and deflections of the contact point
between the ball and each race.
The centrifugal force and gyroscopic moment of a ball can be expressed as follows [9]:

Fj = 0.5mpd0?, (14)
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Fig. 3. Ball loading at arbitrary azimuth angle, ;.

Mg = I,wpw,sin{, (15)

where my, and I, are the mass and mass moment of inertia of a ball. In the case of the inner-race
rotating type of ball bearing, the pitch diameter, cage rotating frequency and ball spinning
frequency can be expressed as follows [9]:

N dyy 4 D cos o)\ cos(o; — {)
w; +
"\ dy — Dcos ay; ) cos(a; — £)

, = 1
@ - dy, + D cos o\ cos(a; — () (16)
dy — D cos o ) cos(o,; — ()
Wy — W;
a) _ [ 1 , 17
b pl_cosi =) cos(ay; — ) (47
dyp — Dcosoy  dy + D cos
dm = d,/n + 2Xr] - 21()j Cos a, (18)

where d,, is the free pitch diameter and w, and w; are the rotating speeds of the outer and inner
race. Non-linear kinematic constraint equations in Eq. (11) and force equilibrium equations in
Eq. (12) can be solved simultaneously by using the Newton—Raphson iteration method to
determine X, X,;, J;, and J,;,. The sine and cosine of the contact angles are calculated
as follows:

1Yr/' . Xz'
COSO{)Azi-’ SIHOC)Azi-,
Yy + 0y Yy + 0y
4, — Xy . a4 — X
cos oy = "7 sin o = — (19)

lj + 05 lj + 05 -
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According to the race control theory, {, 4;, and 4,; of Egs. (12) and (15) are expressed as follows:

d,,, Sin o,
=tan [ —2— "4 |,
¢ <dm cos oy + D

i =0, Ly =2. (20)
2.3. Equation of rotor motion with ball bearing excitation

In the case of the inner-race rotating type of ball bearing, the forces and moments acting on the
inner race can be calculated by the following equations:

Np [ Z M

Fe=)" Z(fgcosalj—k UD ]sinoci,>cos |,
=1 =1
Ny [ Z 2o Mo

Fy=> Z(ﬁ/ cos aj + LD sin ocg/> sin ,],
=1 =1 D
Ny [ Z Do M o

F. = sina; — 2" Y cosa; ) |,

s ;(fu oij D oij

Vs, | JiMe M

Gj LG

M, = > |/ <,,rl, e, + >s1n s
pg [/ : D D

N

2 AiMg; M

E [E Sitii — 2 G]e,_-,-—kA]DG],,)cosw] (21)
=1 Lj=1

In the above equations, Np is the number of ball bearings, and e; and 7; can be expressed as
follows:

ej = R;cos o+ a;sinoy;, 1; = R;sino; — a; cos a;;. (22)

Applying these forces and moments to the force and moment equilibrium conditions, the
equations of motion can be derived as follows:

mi—+ F.,=0, mj + F, =0, mi+F,=0,
LO,+1,Q0,+M,=0, L0, —1Q0,+ M, =0, (23)

where m, I, I., and Q is the mass of the rotor, the radial mass moment of inertia, the polar mass
moment of inertia and the rotating speed of the rotor, respectively.

3. Results and discussion

3.1. Analysis model and numerical procedure

This research investigates vibration resulting from ball bearing waviness in a rigid rotor
supported by a pair of ball bearings, as shown in Fig. 1. The analysis model has a pair of inner-
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Table 1

Specification of spindle system

Parameter Value

Radial mass moment of inertia, I, 3.985 % 1073 (kg mz)
Polar mass moment of inertia, I, 7.534 x 1073 (kgm?)
Mass, m 8.6 x 107! (kg)
Bearing span 8.0 x 1072 (m)
Number of bearing 2

Table 2

Specification of ball bearing

Parameter Value

Number of ball, Z 16

Ball diameter, D 22.23 x 1073 (m)
Free pitch diameter, d,,, 125.26 x 10~* (m)
Axial preload, P, 10 (kN)

Groove radius of inner race, r; 11.63x 1073 (m)
Groove radius of outer race, r, 11.63 x 1073 (m)
Diametral clearance, P, 0.43 x 1073 (m)
Waviness amplitude, 4 1 %107 (m)

race rotating type ball bearings. Tables 1 and 2 show the specification of the spindle system and
the ball bearing. It is assumed that the radial and axial waviness at the left and right ball bearings
have 0° and 180° phase differences, respectively, and that the mass center of the rotor coincides
with the span center of the ball bearing. Therefore, when two ball bearings have the same waviness
amplitude, the axial force in the pair of ball bearings cancel each other and the axial vibration
does not exist.

Fig. 4 shows the numerical procedure to calculate the ball bearing vibration due to the effect of
waviness. Once the initial contact angles and elastic deformations of each ball are calculated under
the application of preload, the waviness of each race is introduced to the position vectors of the
groove radius center with respect to the mass center of the rotor, and the ball waviness is
introduced by considering the kinematic constraints between the ball and each race. The
simultaneous algebraic equations of the kinematic constraints in Eq.(11) and the force
equilibrium equations in Eq. (12) are solved to calculate the elastic deformation and the position
of each ball by using the Newton—Raphson iteration method. The permissible error of the
Newton—Raphson iteration method is 107'°% and the time step is 10~>s. Then, bearing forces
and moments acting on the rotor are calculated by using Eq. (21), and the equations of motion in
Eq. (23) are solved by using the Runge—Kutta—Fehlberg method. Initial time step is 10~'*s, and
the permissible integration error is 10™°%. Also small numerical damping, which is 107> of the
stiffness, is introduced to the equations of translational motion only in order to prevent the
divergence of the solution [10]. The data with constant time step are obtained through linear
interpolation, and Fourier transformation is performed to investigate the characteristics of
bearing forces and displacements.
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Fig. 4. Numerical procedures to calculate the ball bearing vibration due to the effect of waviness.

The natural frequencies of the analysis model are calculated at the rotating speed of 10000 rpm,
and they are 657, 745, 2361, and 3073 Hz, corresponding to the backward rocking, forward
rocking, radial and axial modes, respectively. Also, the effect of the numerical damping is almost
negligible and it only shifts the natural frequencies by 0.1 Hz (0.01%), 0.1 Hz (0.01%), 1.9 Hz
(0.12%), and 7.3 Hz (0.3%), corresponding to the backward rocking, forward rocking, radial and
axial modes, respectively.

3.2. Bearing vibration due to the centrifugal force and gyroscopic moment of ball

The bearing contact force due to the waviness of the rolling elements produces not only the
principal frequencies but also their harmonics and sideband frequencies due to the non-linear
load—deflection characteristics. Table 3 shows the axial and radial vibration frequencies with the
variation of waviness order presented by prior researchers [1,3]. Table 4 shows the sideband
frequencies due to the waviness interaction between the rolling elements by prior researchers [1],
and Table 5 shows the radial sideband frequencies additionally generated by the interaction
between the waviness to produce the axial and radial vibration by prior researchers [6]. Based on
Tables 3-5, principal frequencies and sideband frequencies are represented as the linear
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Table 3
Principal vibration frequencies (i = 1) and their harmonics (7 > 1) due to the waviness of the rolling elements (i>1:
intger, Z: number of ball, f: rotating frequency of inner race, f.: cage rotating frequency, f;: ball spinning frequency)

Type of waviness Waviness order Principal frequencies and their harmonics (Hz) Type of motion
Outer race =iz iZf. Axial
l=iZ+1 iZf. Radial
Inner race /=1 f Radial
=iz iZ(f = fo) Axial
I=iZ+1 iZ(f —f)xf Radial
Ball Oversize fe Radial
[ =2i 2ify, Axial
[ =2i 2ifp £ fe Radial
Table 4
Sideband frequencies due to the waviness interaction between the rolling elements [1]
Interacting surfaces Sideband frequencies (Hz)
Axial vibration Radial vibration
Outer race iZf. +jfe iZf.tjf.
Ball oversize
Outer race iZf. +j2f iZf.+j2f
Ball
Outer race iZf.+jf iZf.+if
Inner race
Inner race iZ(f —f.) + jf- iZ(f —fo) +f +jfe
Ball oversize
Inner race iZ(f—f) 24 IZ(f =f) £ f £2/f)
Ball

combination of the number of balls, rotating frequency of inner race and cage, and ball spinning
frequency.

Table 6 shows the principal vibration frequencies due to the various waviness of the rolling
element by prior researchers [3], and by this proposed method with or without considering the
centrifugal force and moment of ball. To validate the accuracy of this research, the vibration
frequencies due to the effect of the waviness of the ball bearing without considering the centrifugal
force and gyroscopic moment of the ball are compared with those of the prior researchers as
shown in the third and fourth columns of Table 6. It shows that the proposed model exactly
matches those of prior researchers, and that the centrifugal force and gyroscopic moment of the
ball change the principal frequencies in this model significantly as shown in the fifth column of
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Table 5

Radial sideband frequencies due to the waviness interactions between the waviness of axial and radial vibration [6]

Interacting surfaces

Waviness order

Sideband frequencies (Hz)

Outer race =iz iZf.+2jf £ 1.
Ball [ =2i

Outer race =iz iZfe+jZ(f—f)+f
Inner race l=iZ+1

Outer race I=iZ+1 iZf.+jZ(f = fo)
Inner race =iz

Inner race =iz iZ(f—fo) 2 jfe

Ball oversize

Inner race =iz iZ(f=fo) £ 2jfs tfe
Ball [ =2i

Table 6

Comparisons of principal vibration frequencies due to the waviness of the rolling elements

Type Waviness order Principal frequencies (Hz) Type of motion
Prior Proposed Proposed
model [3] model without model with
Fq‘ and MGj ij and MGj
Cage rotating frequency fe 71.63 72.06 76.72
Ball spinning frequency b 460.30 461.11 500.91
Outer race 15 1146.10 1146.52 1227.60 Radial
16 1146.10 1146.10 1227.60 Axial
17 1146.10 1146.10 1227.60 Radial
Inner race 15 1353.90 1650.47 1272.40 Radial
16 1520.57 1517.15 1439.10 Axial
17 1687.24 1680.81 1605.73 Radial
Ball 848.97 850.07 925.09 Radial
2 920.60 922.23 1001.82 Axial
992.23 994.39 1078.54 Radial

Table 6. The centrifugal force and gyroscopic moment of a ball increase the contact angle of the
inner race, and they decrease the contact angle of the outer race and angle {, so that the cage
rotating frequency and ball spinning frequency increase as shown in Egs. (16) and (17). Therefore,
the principal vibration frequencies due to ball waviness (2f, +f. and 2f;) and outer race waviness
(Zf.) become bigger than those in the case without considering the centrifugal force and
gyroscopic moment of the ball, and the principal vibration frequencies due to inner race waviness
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(Z(f — f.)x+f and Z(f — f.)) become smaller than those in the case without considering the
centrifugal force and gyroscopic moment of the ball. The centrifugal force and gyroscopic
moment of a ball also affect the sideband frequencies, because they are represented as the linear
combination of the cage and ball spinning frequencies as shown in Tables 4 and 5. This research

shows that the centrifugal force and gyroscopic moment of a ball play an important role in
determining the bearing vibration frequencies.

3.3. Bearing vibration due to the waviness interaction of two ball bearings constrained by a rotor

Prior researchers investigated the bearing vibration in a rotor supported by a single ball bearing
or by two ball bearings with the same waviness [1,6]. In most cases, however, a rotor is supported
by two or more ball bearings with different waviness. Even if it is supported by two identical ball
bearings, unsymmetrical load distribution may result in different waviness in each bearing.

Figs. 5-7 show the frequency spectra of the radial force, axial force and moment at each bearing
in the case that the left bearing has the ball waviness of order 2 and the right bearing has the inner
race waviness of order 16. In following figures, the characters C, B, I, O, *, (i,j) and &) denote the
cage rotating frequency, the principal frequencies due to ball waviness, inner race waviness and

76.72(C) 925.09(B) 1926.92(B*) P
1.00E+02 1078.54(B) 208036(B%)  292p-74(B*
3082.18(B**)
—  LOOE+01
%‘ |188,4?(J,3i lm
S LOOEHI0 1545.41(3.3
: [ 320.92(1,1
= LOOEOI
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& 100B0
T r
1.00E-03 . . . . " L , ; L ;
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Fig. 5. Frequency spectra of the radial force at each ball bearing in the case that the left bearing has the ball waviness of
order 2 and the right bearing has the inner race waviness of order 16.
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Fig. 6. Frequency spectra of the axial force at each ball bearing in the case that the left bearing has the ball waviness of
order 2 and the right bearing has the inner race waviness of order 16.

outer race waviness, their harmonics, and the sideband frequencies in Tables 4 and 5, respectively.
In Fig. 5, the radial force has the principal frequencies due to the ball waviness of order 2 and
their harmonics, because the inner race waviness of order 16 does not generate the radial
vibration. It also has the sideband frequencies in Table 5, which result from the waviness
interaction between the ball waviness of the left bearing to generate radial vibration and the inner
race waviness of the right bearing to generate the axial vibration. In Fig. 6, the axial force has the
principal frequencies due to the ball waviness of order 2 and the inner race waviness of order 16,
and their harmonics. They also have the sideband frequencies in Table 4, which result from the
waviness interaction between the ball waviness of the left bearing and inner race waviness of the
right bearing. Fig. 7 shows the frequency spectra of the moment, which has the same frequency
composition as the radial force, because the radial force in each bearing produces the moment.
Figs. 5-7 show that the principal frequencies and their harmonics in the radial force, axial force
and moment resulting from the waviness of one ball bearing, are transferred to the other bearing
through the rotor. They also show that the sideband frequencies due to the load—deflection non-
linearity may be produced through the rotor not only from the waviness interaction between the
rolling elements of a ball bearing, but also from the waviness interaction between the rolling
elements of two ball bearings constrained by a rotor.
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Fig. 7. Frequency spectra of the moment at each ball bearing in the case that the left bearing has the ball waviness of
order 2 and the right bearing has the inner race waviness of order 16.

Fig. 8 shows the frequency spectra of the displacements of the rotor due to the application of
the bearing force and moment in the case that the left bearing has the ball waviness of order 2 and
the right bearing has the inner race waviness of order 16. In Figs. 8(a) and (c¢), the radial and
angular displacement has the principal frequencies due to the ball waviness of order 2, their
harmonics and the sideband frequencies, which are similar to those of Figs. 5 and 7. However, in
Fig. 8(b), the axial displacement does not have the harmonics and sideband frequencies but only
principal frequencies, because the axial forces in the pair of ball bearings cancel each other.
Resonance is observed in the forward rocking and radial vibration modes (745 and 2361 Hz) due
to the excitation of bearing frequencies.

Fig. 9 shows the frequency spectra of the radial force, axial force and moment of the left
bearing in the case that the left bearing has the inner race waviness of order 15 and the right
bearing has the outer race waviness of order 16. The inner race waviness of order 15 generates the
radial vibration, and the outer race waviness of order 16 generates the axial vibration. In Figs.
9(a) and (c), the radial force and moment have the principal frequency and its harmonics due to
the inner race waviness of order 15. Even though the inner race waviness of order 15 at the left
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Fig. 8. Frequency spectra of the displacements of the rotor due to the application of the bearing force and moment in
the case that the left bearing has ball waviness of order 2 and the right bearing has inner race waviness of order 16.

bearing only generates the radial force, the axial force as shown in Fig. 9(b) is generated at the left
bearing through the waviness interaction with the right bearing, which has the outer race waviness
of order 16. However, there exists only the axial force in the right bearing, as shown in Fig. 10,
without the radial force and moment through the waviness interaction of the left bearing with the
inner race waviness of order 15. It can be explained that the axial force is much bigger than the
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Fig. 9. Frequency spectra of the radial force, axial force and moment of the left bearing in the case that the left bearing
has the inner race waviness of order 15 and the right bearing has the outer race waviness of order 16.
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Fig. 10. Frequency spectra of the axial force of the right bearing in the case that the left bearing has the inner race
waviness of order 15 and the right bearing has the outer race waviness of order 16.
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Fig. 11. Frequency spectra of the displacements of the rotor due to the application of the bearing force and moment in
the case that the left bearing has the inner race waviness of order 15 and the right bearing has the outer race waviness of

order 16.

radial force in this axially preloaded ball bearing, so that the waviness interaction is transferred
from the axial force to the radial force, not in the opposite direction. Also, sideband frequencies
are not observed in this case. It can be explained that the inner race waviness at the left bearing
does not directly contact the outer race waviness at the right bearing, so that the effect of the
waviness interaction between the two ball bearings is almost negligible.
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Fig. 11 shows the frequency spectra of the displacements of the rotor due to the application of
the bearing force and moment in the case that the left bearing has the inner race waviness of order
15 and the right bearing has the outer race waviness of order 16. In Figs. 11(a) and (c), the radial
and angular displacement has the principal frequency due to the inner race waviness of order 15,
and its harmonics, which are similar to those of Fig. 9. However, in Fig. 11(b), the axial
displacement does not have the harmonics but only the principal frequency, because the axial
forces in a pair of ball bearings cancel each other. Resonance is observed in the forward rocking
and radial vibration modes (745 and 2361 Hz) due to the excitation of bearing frequencies.

4. Conclusions

1. This research presents an analytical model to investigate vibration due to ball bearing waviness
in a rotating system supported by two or more ball bearings, taking account of the centrifugal
force and gyroscopic moment of the ball.

2. The centrifugal force and gyroscopic moment of the ball play an important role in determining
the bearing vibration frequencies, i.e., the principal frequencies, their harmonics and the
sideband frequencies resulting from the waviness of rolling elements of ball bearing.

3. In a rotor supported by two or more ball bearings, the principal frequencies and their
harmonics of the radial force, axial force and moment resulting from the waviness of one ball
bearing is transferred to those of the other bearing through the rotor.

4. In a rotor supported by two or more ball bearings, the sideband frequencies may be produced
not only from the waviness interaction between the rolling elements of one ball bearing, but
also from the waviness interaction between the rolling elements of two or more ball bearings
constrained by a rotor.
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