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ABSTRACT

This research presents an analytical model to investigate the stability due to the ball bearing waviness in a rotating system
supported by two ball bearings. The stiffness of a ball bearing changes periodically due to the waviness in the rolling elements as the
rotor rotates, and it can be calculated by differentiating the nonlinear contact forces. The linearized equations of motion can be
represented as a parametrically excited system in the form of Mathieu’s equation, because the stiffness coefficients have time-varying
components due to the waviness. Their solution can be assumed as a Fourier series expansion so that the equations of motion can be
rewritten as the simultaneous algebraic equations with respect to the Fourier coefficients. Then, stability can be determined by
solving the Hill’s infinite determinant of these algebraic equations. The validity of this research is proved by comparing the stability
chart with the time responses of the vibration model suggested by prior researches. This research shows that the waviness in the
rolling elements of a ball bearing generates the time-varying component of the stiffness coefficient, whose frequency is called the
frequency of the parametric excitation. It also shows that the instability takes place from the positions in which the ratio of the natural
frequency to the frequency of the parametric excitation corresponds to i/2 (=1,2,3..).
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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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Table 1 Specification of a rotor system

Parameter Value

Radial mass moment of inertia, /, 3.985x10° [kg-m?)

Polar mass moment of inertia, I, 7.534x10° [kg-m?)
Mass, m 8.6x10" [kg]
Bearing span 8.0x10°2 [m]
Number of bearings 2
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Table 2 Specification of a ball bearing

Parameter Value
Number of balls, Z 16
Ball diameter, D 22.23x10° [m]
Free pitch diameter, d,,, 125.26x10" [m)
Axial preload, P, 10 [kN]
Groove radius of inner race, r; 11.63x107 [m)
Groove radius of outer race, 7, 11.63x10°* [m]
Diametral clearance, P, 0.43x10° {m)
Waviness amplitude, 4 1x10°{m]
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Fig.2 Stiffness coefficients and their frequency spectra in the
case that the left and right bearings have the inner race
waviness of order 16 with 180 ° phase difference
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Fig.3 Radial stiffness coefficient and its frequency spectrum in
the case that the left and right bearings have the inner
race waviness of order 15 with 0° phase difference
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Fig.4 Stiffness coefficients and their frequency spectra in the
case that the ball has the waviness of order 2

Table 3 Principal frequencies of vibration and stiffness
coefficients due to the waviness of the rolling elements (127 :
intger, Z : number of balls, f': rotating frequency of inner race,
[ : cage rotating frequency, f} : ball spinning frequency)

Principal Principal
Typeof  Waviness frequencies Typeof frequencies Typeof
waviness order of vibration  motion  of stiffness  Stiffness
[Hz)"? [Hz]
Outer 1=iZ iZfe axial iZfe Ko KKz
race I=iZt1 iZf. radial 2iZf. Ko Ky
=1 f radial f KK,y
Inner I=iZ 211 axial 2 KeKpKa
race 1=izt] PZ(ER radial  2iZ()22 KK,
Oversize f radial 2f K. K,
Ball 1=2i 2ify axial 2if, KKKz
2if 121, KKy

=2 2ifitf. radial
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