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a b s t r a c t

To investigate the mechanism of friction-induced vibration and noise of ship water lubricated stern
bearings, a two-degree-of-freedom (2-DOF) nonlinear self-excited vibration model is established. The
novelty of this work lies in the detailed analysis of influence of different parameters on the stability and
nonlinear vibration characteristics of the system, which provides a theoretical basis for the various
friction vibration and noise phenomenon and has a very important directive meaning for low noise
design of water lubricated stern bearings. The results reveal that the change of any parameter, such as
rotating speed of shaft, contact pressure, friction coefficient, system damping and stiffness, has an
important influence on the stability and nonlinear response of the system. The vibration amplitudes of
the system increase as (a) rotating speed of shaft, contact pressure, and the ratio of static friction co-
efficient to dynamic friction coefficient increase and (b) the transmission damping between motor and
shaft decreases. The frequency spectrum of the system is modulated by the first mode natural frequency,
which is continuous multi-harmonics of the first mode natural frequency. The response of the system
presents a quasi-periodic motion.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water lubricated bearings, due to the advantages of simple
structure, low cost and avoidance of water pollution caused by the
leakage of lubricated oil, have become an important aspect of the
development of green ships and have been widely used in ship
propulsion shafting systems (Lin et al., 2020). However, in practical
applications, due to the low viscosity of water, the self-weight of
propeller and complex natural environment, it is sometimes diffi-
cult to form hydrodynamic lubrication. The contact surface be-
tween shaft and bearing are often in boundary lubrication or even
dry friction state, which does not only cause bearing wear, scorch
and shafting fatigue damage but also produces chatter or squeal
noise that seriously affects the stealth and safety of underwater
ships and vehicles (Zhang et al., 2020a; Wang et al., 2016; Huang
rch Center, Wuxi, China.

f Naval Architects of Korea.

rea. Production and hosting by El
et al., 2019; Muzakkir et al., 2014). Therefore, it is of great signifi-
cance to study the mechanism and related laws of friction-induced
vibration and noise of ship water lubricated stern bearings.

Friction-induced vibration and noise is a ubiquitous phenome-
non existing not only in various engineering fields but also in na-
ture and people's daily life. The mechanism of friction-induced
vibration and noise has been studied by a number of researchers. A
variety of mechanism models have been proposed, which fall into
four classes: stick-slip (Yoon et al., 2012; Pilipchuk et al., 2015a; Liu
and Ouyang$, 2019; Marino and Cicirello, 2020), negative friction-
speed slope (Pilipchuk et al., 2015b; Papangelo et al., 2017; Vlajica
et al., 2017; Al-Zughaibi, 2018), mode coupling (Sinou and
Jezequel, 2007a, 2007b; Lin et al., 2019; Celikag et al., 2021) and
sprag-slip (Spurr, 1961). The stick-slip mechanism model is first
proposed to explain this phenomenon. In this model, the friction
noise is usually considered to be caused by the static friction co-
efficient being higher than the dynamic friction coefficient. As early
as 1980, Bhushan (1980) carried out an experimental study by
employing a transparent glass slider rubber against a Buna-N
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rubber section. The results showed that the squeal or chatter was
caused by the stick-slip motion of the contact surface of the shaft-
bearing. The frequency of chatter was determined by the natural
frequency of the supporting elements, and the rough surface was
the essential condition to induce squeal or chatter. Sinou et al.
(2013) studied friction-induced vibrations of lubricated interfaces
by using single-degree-of-freedom stick-slip mechanism model.
The impact of local interfacial friction dynamics on the overall
system behavior was investigated through numerical modelling
that relied on realistic experimental results for lubricated friction.
Both the stability and vibration response of the mechanical system
under different operating conditions were studied, which provided
a theoretical basis for friction-induced vibrations with lubricated
interfaces. Wang et al. (2020) investigated the stick-slip mechanism
of Acrylonitrile Butadiene Styrene (ABS) resin friction noise and the
effect of different lubricants on the friction noise by means of
friction noise test. The results showed that the difference△F of the
static and dynamic friction forces was the key factor for the friction-
induced noise caused by stick-slip. The mechanism models of the
stick-slip and the negative friction-speed slope are basically the
same. In many studies, they are classified as the same mechanism.
Nakano and Maegawa (2009) established a single-degree-of-
freedom stick-slip mechanism model, which included the discon-
tinuity between static and kinetic friction as well as the negative
dependence of the kinetic friction coefficient on the relative ve-
locity. They skillfully employed a non-dimensionalized self-excited
vibration equation, in which the number of safety-design criteria
parameters affecting the self-excited vibration is simplified from
nine to four. Their results provided theoretical guidance for the
control of friction-induced self-excited vibration. Krauter (1981)
designed an experimental apparatus to simulate the dynamic in-
teractions of shaft-bearing, and established a three-degree-of-
freedom numerical model. The numerical results showed that the
slope of the friction-speed curve and the effective structural
damping were the most important parameters for the squeal or
chatter of the shaft-bearing. Considering the nonlinearity of the
friction-speed curve, Simpson and Ibrahim (1996) developed a
nonlinear two-degree-of-freedom friction-induced vibration and
noise model for water-lubricated bearings. Different dynamic
characteristics were predicted from the numerical simulation of the
equation of motions. The results showed that response signals were
modulated by the natural frequencies of shaft and bearing. The on-
off intermittent motion and limit cycle vibration occurred under
certain conditions. It was also found that the value of the slope of
the friction-speed curve was the key factor for the incipient of
squeal. Other parameters such as natural frequencies, damping
ratios, mass ratio, and the initial conditions had less influence on
the incipient of squeal. Zhang et al. (2014) investigated the friction-
induced vibration of a propeller-shaft system supported by the
water-lubricated rubber bearing. They found that the negative
damping was a key parameter through a series of analyses on the
stability and vibration response of the system, and the bearing vi-
bration played a dominant role in the system. Han and Lee (2019)
used a two-degree-of-freedom negative friction-speed slope
mechanism model to describe friction induced vibration in water-
lubricated stern bearings, and reproduced stick-slip nonlinear
friction induced vibration with a test unit. Zhang et al. (2020b)
studied the friction-induced instability and nonlinear dynamic
characteristics of a heavily-loaded slow speed propulsion shafting
subjected to the uninterrupted contact between the shaft and the
water-lubricated rubber bearing. A high-dimensional numerical
model was established to consider the intrinsic interactions among
the torsional and lateral vibrations of the continuous shaft, bearing
vibrations and the friction nonlinearity. A stability analysis based
on the complex eigenvalue calculations was carried out to estimate
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the effects of parameter variations on instabilities. The results
revealed that the nonlinearity of interface friction may induce the
onset of the whirl instability and the bearing mode instability.)

Above all, researchers have paid close attention to the problem
of friction-induced vibration and noise caused by poor lubrication
contact of ship water lubricated stern bearing for many years, and
carried out a lot of theoretical and experimental work on its
mechanism. The form of friction-induced vibration and noise is
various and there are many influencing factors, so it is difficult to
obtain repeatable results in the test. The change of any parameter,
such as rotating speed of shaft, contact pressure, friction coefficient,
system damping and stiffness, may cause unstable friction-induced
self-excited vibration (Butlin and Woodhouse, 2009). However,
there are few literatures on the detailed analysis of the instability
criterion and response characteristics of ship water lubricated stern
bearings under different parameter conditions.

To investigate the mechanism of friction-induced vibration and
noise of ship water lubricated stern bearings, a two-degree-of-
freedom (2-DOF) nonlinear self-excited vibration model is pre-
sented in this paper. The influence of parameter variations such as
rotating speed of shaft, contact pressure, friction coefficient, system
damping and stiffness on the stability and nonlinear vibration
characteristics of the system are investigated in this paper, which
provides a theoretical basis for the various friction vibration and
noise phenomenon and has a very important directive meaning for
low-noise design of water lubricated stern bearings.
2. Mechanical system and analytical model

The schematic diagram of friction contact between the shaft and
the water-lubricated bearing is shown in Fig. 1.

In order to study the mechanism and complex dynamic char-
acteristics of the vibration in the water-lubricated bearing, a two-
degree-of-freedom nonlinear self-excited vibration model (shown
in Fig. 2) is used to study the effects of different parameters on
nonlinear friction-induced vibration characteristics of water lubri-
cated stern bearings. This model is based on the friction-induced
vibration and noise mechanism model proposed in Ref. (Wen and
Huang, 2012). The transmission damping between the motor and
the shaft as well as nonlinear friction coefficient are considered in
the present model.

It is assumed that the shaft is always in contact with the bearing
when the shafting is in operation. The two springs are in the state of
natural length. The speed of the shaft driven by propulsion motor is
v0. According to Newton's second law, the dynamic equations of the
system are

m1 €x1 þ c1 _x1 þ k1x1 ¼ k1v0t þ c1v0 � FðvrÞ (1)

m2 €x2 þ c2 _x2 þ k2x2 ¼ FðvrÞ (2)

where x1 and x2are respectively the displacements of shaft and
bearing in the tangent direction of friction contact. m1 and _x1 are
respectively the mass and velocity of shaft, whilem2 and _x2 are the
mass and velocity of bearing respectively. Fand Fn are the friction
force and contact pressure acting on the contact surface between
shaft and bearing, respectively. The shaft is driven by a spring
whose stiffness is k1. k2 is the stiffness of bearing. vr ¼ _x1 � _x2is the
relative velocity at the bearing-shaft contact point.
c1 ¼ 2x1m1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=m1

p
is the transmission damping coefficient be-

tween motor and shaft, in which x1 is the corresponding damping
ratio. c2 ¼ 2x2m2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2=m2

p
is the damping coefficient of bearing, in

which x2 is the corresponding damping ratio.
Eq. (1) can be rewritten as



Fig. 1. Schematic diagram of friction contact between the shaft and the water-lubricated bearing.

Fig. 2. Two-degree-of-freedom nonlinear self-excited vibration model.
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m1€x1 þ c1ð _x1 � v0Þ _x1 þ k1ðx1 � v0tÞ¼ � FðvrÞ (3)

Letting x1 ¼ x1 � v0t, then x1 ¼ x1 þ v0t, in which x1 is the
vibration displacement of shaft. Substituting x1 ¼ x1 þ v0t into Eq.
(2) and Eq. (3), the dynamic equations of the system can be
expressed as follows:

m1€x1 þ c1 _x1 þ k1x1 ¼ �FðvrÞ (4)

m2€x2 þ c2 _x2 þ k2x2 ¼ FðvrÞ (5)

where vr ¼ _x1 þ v0 � _x2.

Letting X ¼
�
x1
x2

�
, the dynamic equations of the system in

matrix form can be expressed as

M €XþC _X þ KX ¼ F (6)

The expressions of all the matrices and vectors in Eq. (6) are
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M¼
�m1 0

0 m2

�
(7)

C¼
� c1 0

0 c2

�
(8)

K¼
� k1 0

0 k2

�
(9)

F¼
��FðvrÞ
FðvrÞ

�
(10)

The friction force F satisfies Coulomb's law and can be written
as:

FðvrÞ¼mðvrÞFn (11)
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The relationship between friction coefficient m and the relative
velocity vr can be expressed as (Zhang et al., 2014, 2020b; Van De
Vrande et al., 1999):

mðvrÞ¼ 2
p
arctanðεvrÞðm1 þm2 expð � b0jvr jÞÞ (12)

where m1 is the dynamic friction coefficient with no change at high
speed, m2 is the difference of the static and dynamic friction coefficient,
b0 indicates the gradient of m with respect to vr , ε ðε > >1Þ is the
smoothening factor. The friction coefficient-relative velocity curve is
shown in Fig. 3 when m1 ¼ 0:15, m2 ¼ 0:3, b0 ¼ 2, ε ¼ 1000. The
selected gradient coefficient b0 and smoothening factor ε are mainly
based on Ref. (Zhang et al., 2014, 2020b), while the dynamic friction
coefficient m1 and the difference of the static and dynamic friction
coefficient m2 are assumed in Fig. 3.

3. Analysis of stability and nonlinear response characteristics
under different parameters

It can be seen from Eq. (6) that the system is autonomous, so the
Lyapunov stability at equilibrium point is carried out.

An auxiliary equation is introduced as

M _X�M _X ¼ 0 (13)

The combined form of Eq. (13) and Eq. (6) is expressed as

_X¼ZX0 þ F0 (14)

where X0 ¼
�
X
_X

�
, F0 ¼

�
0
M�1F

�
, Z ¼

2
40 I

�M�1 K �M�1C

3
5.

It is assumed that X0
0 are equilibrium points of the system. The

nonlinear state equations of the system can be linearized near the
equilibrium position. The stability of the system can be judged by
solving the eigenvalues of the Jacobian matrix J as follows (Zhang
et al., 2020b; Sinou et al., 2004):

J¼

2
64
0 I

�M�1 K �M�1
�
C� vF

vX0

				
X0

0

�
3
75 (15)

The eigenvalues of the Jacobian matrix J can be written as
Fig. 3. Friction coefficient-relative velocity curve.
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l¼ sþ ui (16)

where s and u are the real and imaginary parts of the eigenvalue,
respectively. The system equilibrium is stable when all the real
parts of l are negative. However, the equilibriumwill be unstable if
one or more real part becomes positive.
3.1. Influence of different rotating speeds

The basic parameters of the model, listed in Table 1, are used to
study the stability and nonlinear response characteristics of the
system in the following.

System stability characteristics under different tangential
driving speeds of rotating shaft are analyzed by numerical calcu-
lation, and the results are shown in Fig. 4. It is not the fact that the
lower the tangential driving speeds of rotating shaft, the easier it is
to generate friction-induced self-excited vibration. The friction-
induced self-excited vibration occurs in a certain speed range.
There are two Hopf bifurcation points of different speeds. The
system is unstable when 0:031< v0 <0:431m/s, and stable when
0 � v0 � 0:031m/s or v0 � 0:431m/s. When v0is equal to 0.081 m/s,
the real part of the eigenvalue reaches a maximum.

The nonlinear response characteristics of the system under
different tangential driving speeds of rotating shaft are studied in
the next.

When v0is equal to 0.1 m/s, through the complex eigenvalue
analysis based on the parameters listed in Table 1, the

eigenvaluesl ¼ sþ ui ¼

8>><
>>:

1:3þ 1581i
1:3� 1581i
�25:9þ 2672:5i
�25:9� 2672:5i

. There exist real parts

greater than zero, so the system is unstable. The natural frequencies

are
�
f1 ¼ 25:2Hz
f2 ¼ 425:3Hz . Assuming X0 ¼

�
X
_X

�
¼ 0 when t ¼ 0. The

vibrational responses of the system derived using Runge-Kutta
method are shown in the following.

It can be seen from Fig. 5 that self-excited vibration with con-
stant amplitude is generated because of the nonlinearity of friction
force when there are positive real parts. The time-history plot of
friction force in Fig. 6 shows that stick-slip phenomenon occurs in
the system. The frequency spectrum of the system is modulated by
the first mode natural frequency, which is continuous multi-
harmonics of the first mode natural frequency, as shown in Fig. 7.
It can be judged from Poincar�e maps in Fig. 8 and Fig. 9 that the
response of the system presents a quasi-periodic motion.

When the system is unstable, it is found that the frequency
spectrum characteristics are all the same, and the responses of the
system are all quasi-periodic motions under different tangential
driving speeds of rotating shaft. However, the vibration amplitudes
of the system are different. The vibration amplitudes of the system
increase as tangential driving speed of rotating shaft increases, as
shown in Fig. 10. As mentioned before, the real part of the eigen-
value is maximumwhen v0 is equal to 0.081 m/s, but the vibration
amplitudes of the system are not maximum. Therefore, vibration
amplitudes of the system can not be determined by the real part of
the eigenvalue, which is consistent with the conclusion in
Ref. (Sinou and Jezequel, 2007a).

The response curves of the system may present different forms
under different tangential driving speeds of rotating shaft. When
v0is equal to 0.045m/s, the response results of bearing are shown in
Fig. 11 and Fig. 12.



Table 1
Basic parameters of the mechanism model.

Parameters description Symbol Value Unit

Tangential driving speed of rotating shaft v0 0.1 m/s
Mass of contact shaft m1 40 kg
Mass of bearing m2 140 kg
Contact pressure Fn 500 N
Stiffness of the driven spring k1 1e6 N/m
Spring of bearing k2 1e9 N/m
Transmission damping ratio between motor and shaft x1 0.01 e

Damping ratio of bearing x2 0.01 e

Dynamic friction coefficient with no change at high speed m1 0.15 e

Difference between the static and dynamic friction coefficient, m2 0.3 e

Gradient coefficient b0 2 s/m
Smoothening factor ε 1000 s/m

Fig. 4. System stability characteristics under different tangential driving speeds of
rotating shaft.

Fig. 6. Time-history plot of friction force Facting on bearing (v0 ¼ 0:1m/s).
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3.2. Influence of different contact pressures

System stability characteristics under different contact
Fig. 5. Time-history plots of vibration accelerations, (a) vibration accele
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pressures are analyzed by numerical calculation, and the results are
shown in Fig. 13. There is one Hopf bifurcation point of different
contact pressures. The system is unstable when Fn >273 N, while
the system is stable when Fn � 273 N.

When the system is unstable, it is found that the frequency
ration of shaft, (b) vibration acceleration of bearing (v0 ¼ 0:1m/s).



Fig. 7. FFT plots of vibration accelerations, (a) vibration acceleration of shaft, (b) vibration acceleration of bearing (v0 ¼ 0:1m/s).

Fig. 8. Phase diagram and Poincar�e map of shaft, (a) phase diagram, (b) Poincar�e map (v0 ¼ 0:1m/s).

Fig. 9. Phase diagram and Poincar�e map of bearing, (a) phase diagram, (b) Poincar�e map (v0 ¼ 0:1m/s).
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spectrum characteristics are all the same, and the responses of the
system are all quasi-periodic motions under contact pressures.
However, the vibration amplitudes of the system are different. The
vibration amplitudes of the system increase as contact pressure
increases, as shown in Fig. 14.

The response curves of the system may present different forms
under contact pressures. When Fn is equal to 20,000 N, the
response results of the system are shown in Fig. 15 and Fig. 16.
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3.3. Influence of different friction coefficients

Stability characteristics under different friction coefficients are
analyzed by numerical calculation, and the results are shown in
Fig. 17. The stable and unstable regions under different friction
coefficients are divided by an inclined line composed of m1 and m2.
Therefore, both m1 and m2 have influence on system stability
characteristics.

When the system is unstable, it is found that the response
curves of the system, the frequency spectrum characteristics are all
the same, and the responses of the system are all quasi-periodic



Fig. 10. Phase diagrams of shaft under different tangential driving speeds of rotating
shaft.

Fig. 11. Time-history plot of vibration acceleration of bearing (v0 ¼ 0:045m/s).

Fig. 12. Phase diagram and Poincar�e map of bearing, (a)

Fig. 13. System stability characteristics under different contact pressures.
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motions under different friction coefficients. However, the vibra-
tion amplitudes of the system are different. It is assumed that the
ratio of static coefficient to dynamic friction coefficient is g, i.e.,
g ¼ ðm1 þm2Þ =m1 ¼ 1þ m2 =m1.The vibration amplitudes of the
system increase as g increases, as shown in Fig. 18.
3.4. Influence of different damping ratios

System stability characteristics under different damping ratios
are analyzed by numerical calculation, and the results are shown in
Fig.19. It can be seen that system stability characteristics depend on
x1. There is one Hopf bifurcation point of different values of x1. The
system is unstable when x1 >0:018, while the system is stable
when 0< x1 � 0:018.

When the system is unstable, it is found that the response
curves of the system, the frequency spectrum characteristics are all
the same, and the responses of the system are all quasi-periodic
motions under different friction coefficients. However, the vibra-
tion amplitudes of the system are different. The vibration ampli-
tudes of the system increase as x1 decreases, as shown in Fig. 20.
phase diagram, (b) Poincar�e map (v0 ¼ 0:045m/s).



Fig. 14. Phase diagrams of shaft under different contact pressures.

Fig. 15. Time-history plots of vibration accelerations, (a) vibration acceleration of shaft, (b) vibration acceleration of bearing (Fn ¼ 20000N).

Fig. 16. Phase diagram and Poincar�e map of bearing, (a) phase diagram, (b) Poincar�e map (Fn ¼ 20000N).

Fig. 17. System stability characteristics under different friction coefficients.
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Fig. 18. Phase diagrams of shaft under different values of g.

Fig. 19. System stability characteristics under different damping ratios.

Fig. 20. Phase diagrams of shaft under different values of x1.
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3.5. Influence of different stiffnesses

System stability characteristics under different values of driving
spring stiffness k1 are analyzed by numerical calculation, and the
results are shown in Fig. 21(a). It can be seen that there is one Hopf
bifurcation point of different values of driving spring stiffness k1.
The system is unstable when 0< k1 � 3:3e6 N/m, while the system
is stable when k1 >3:3e6 N/m. As the value of driving spring stiff-
ness k1 has changed, the natural frequencies of the systemwill also
change, as shown in Fig. 21(b).

When the system is unstable, it is found that the frequency
spectrum characteristics are all the same, and the responses of the
system are all quasi-periodic motions under different values of
driving spring stiffness k1. However, the trends of vibration am-
plitudes of displacement, velocity and acceleration with different
values of driving spring stiffness are different, as shown in Fig. 22.
The vibration amplitudes of displacement and velocity of shaft
754
increase as k1 increases, on the contrary, the vibration amplitudes
of acceleration of shaft decrease as k1 increases. The vibration
amplitudes of bearing increase as k1 decreases.

The response curves of the system may present different forms
under different values of k1, as shown in Fig. 23 and Fig. 24.

System stability characteristics under different values of k2 are
analyzed by numerical calculation, and the results are shown in
Fig. 25(a). It can be seen that the system is unstable under different
values of k2. When k2is equal to 3.5e6 N/m, the natural frequencies
of the system are equal, i.e., f1 ¼ f2 ¼ 25:16Hz. At this time, the real
part of the eigenvalue is maximum.

When the system is unstable, it is found that the frequency
spectrum characteristics are all the same, and the responses of the
system are all quasi-periodic motions under different values of k2.
On the premise that the natural frequency of the shaft is constant,
the vibration amplitude of the bearing increases when the natural
frequency of the bearing is close to natural frequency of the shaft.
When the natural frequencies of shaft and bearing are equal, the
vibration amplitude of the bearing is maximum. Vibration accel-
eration responses of bearing under different values of k2 are shown
in Fig. 26.
4. Conclusion

To investigate the mechanism of friction-induced vibration and
noise of ship water lubricated stern bearings, a two-degree-of-
freedom (2-DOF) nonlinear self-excited vibration model is estab-
lished. The detailed analysis of influence of different parameters on
the stability and nonlinear vibration characteristics of the system
are carried out. The results reveal that the change of any parameter,
such as rotating speed of shaft, contact pressure, friction coefficient,
system damping and stiffness, has an important effect on the sta-
bility and nonlinear responses of the system. The vibration ampli-
tudes of the system increase as (a) rotating speed of shaft, contact
pressure, and the ratio of static coefficient to dynamic friction co-
efficient increase and (b) the transmission damping betweenmotor
and shaft decreases. There exists a Hopf bifurcation point with



Fig. 21. Stability characteristics and natural frequencies of the system under different values of driving spring stiffness k1.

Fig. 22. Vibrational responses of shaft under different values of k1.

Fig. 23. Time-history plots of vibration accelerations, (a) vibration acceleration of shaft, (b) vibration acceleration of bearing (k1 ¼ 1e4 N/m).
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different values of driving spring stiffness. The system is unstable
when the value of driving spring stiffness is less than that at the
Hopf bifurcation point. Due to the nonlinearity of the system, the
trends of vibration amplitudes of displacement, velocity and ac-
celeration with different values of driving spring stiffness are
different. On the premise that the natural frequency of the shaft is
constant, the vibration amplitude of the bearing increases when
the natural frequency of the bearing is close to the natural
755
frequency of the shaft. When the natural frequencies of shaft and
bearing are equal, the vibration amplitude of the bearing is
maximum. The frequency spectrum of the system is modulated by
the first mode natural frequency, which is continuous multi-
harmonics of the first mode natural frequency. The response of
the system presents a quasi-periodic motion. The elaborate studies
about the parameters could provide a theoretical guideline in the
preliminary design stage of the ship water lubricated stern



Fig. 24. Phase diagram and Poincar�e map of bearing, (a) phase diagram, (b) Poincar�e map (k1 ¼ 3e6 N/m).

Fig. 25. Stability characteristics and natural frequencies of the system under different values of k1.

Fig. 26. Vibration acceleration responses of bearing under different values of k2.
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bearings.
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