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In the time domain diagram, beat vibration characteristic become evident, and
its period undergoes noticeable changes. The amplitude of rotation frequency
increases, while that of multiple frequency decreases gradually and tends to a
constant value. The presence of clearance causes the orbit of the disk center to
become an irregular circle, and the shape of 8 appears. Additionally, collision
and friction of shaft to disk result in apparent serrations in the orbit. As the
rotational speed increases, the speed difference initially increases but
eventually reaches a stable value. The beat vibration characteristic disappears
due to the small speed difference, leading to a small amplitude of the multiple
frequency. The orbit of the disk center tends to become circular, and the
serrated phenomenon weakens and disappears. Finally, the experiments of
rotor systems with disk-shaft clearance are carried out. The results are in good
agreement with the simulations, which verifies the correctness of the dynamic
model. The research results can provide a theoretical basis for understanding
rotor systems with disk-shaft clearance.
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1. Introduction

Loosening in rotating machinery often occurs
due to poor assembly quality or long-term
exposure to vibration and shock [1, 2]. The
loosening of rotor systems has been studied.
Baek et al. [3] conducted numerical analysis on

the vibration loosening of screw fasteners,
proposing a calculation formula for the
loosening process and verifying it by looseness
test. Their experimental results were in good
agreement with the theoretical predictions. The
reduction of clamping force in bolted connection
under cyclic separation load was analyzed by
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experimental and numerical methods [4]. The
results revealed that thread loosening increases
with eccentricity and decreases with the initial
clamping force. A finite element model was
established based on the evolution of wear on the
thread surface [5]. The results demonstrated that
fretting wear resulting from changes in the
distribution and size of contact stress between
threads led to a reduction in clamping force and
an increase in the radial sliding distance of the
thread. A dynamic model was established for the
double-rotor systems with bearing seat
loosening, and the dynamic characteristics of
both the internal and external rotors were
investigated [6]. The research focused on a bolt
connecting a disk and a shaft [7]. The
influencing factors of bolt looseness were
analyzed, and their impact on rotor dynamics
was further studied. A rotor system with
foundation loosening was modeled by
simulation, and the influence of parameters on
the dynamic characteristics of rotor systems was
analyzed [8]. It should be noted that the literature
primarily studied the dynamic characteristics of
non-rotating parts [9]. However, considering that
the disk and shaft are the main power
components of rotor systems, their contact area
is prone to clearance because of rotation speed,
temperature, and wear.

The main factors influencing shaft-hub motion
have been analyzed. Liao et al. [10] conducted
an example using a turbocharger compressor,
examining the impact of rotation speed,
interference amount, and friction factor on the
contact stress of the shaft-hub. The results
revealed that increasing rotational speed led to
the separation of contact points in regions with
high radial values of the impeller, accompanied
by the sliding phenomenon within the middle-
contact area between the impeller and the shaft
sleeve. Investigating the gear hub and shaft
matching failure, Truman et al. [11] elucidated
the cause of motion and slip, employing finite
element methods to simulate faulty systems with
results aligning closely with the experiment.
Xiang et al. [12] delved into the factors
influencing the fatigue of wheel-shaft motion in
high-speed trains. It is found that global slip
happens in the contact area when there is a large
relative displacement between the wheel and
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shaft, severely diminishing fatigue life. Duan et
al. [13] explored in-flight parking caused by
tenon fracture in a four-stage engine compressor,
attributing the fracture to fretting wear fatigue
due to improper contact between tenon and
mortise. The radial fretting in the compressor's
shaft-hub was studied, and the influence of
interference fit and rotational speed was
analyzed [14]. Lu [15] established a finite
element model for shaft-hub under two assembly
modes, evaluating the influence of interference
fit, friction coefficient, rotating speed, and
preloading forces on radial fretting
characteristics. Finite element method was used
to analyze the stress variation and distribution on
the material contact surface subjected to fretting
load [16]. Peng et al. [17] examined the
influence of contact pressure on the fretting
damage of aluminum alloy materials, revealing a
significant increase in damage with elevated
contact pressure. Overall, these studies shed
light on the influence factors governing fretting
and slippage at the interface of shaft-hub contact.
The shaft-hub friction caused by clearance can
lead to system malfunctioning. Considering that
shaft-hub clearance occurs during rotor rotation,
investigating the dynamic characteristics of rotor
systems with shaft-hub loosening is crucial for
early fault detection purposes.

Behzad and Asayesh [18, 19] investigated the
vibration characteristics of shaft-hub loosening.
He established a contact model for disk-shaft
large clearance based on the assumption that the
disk was always in contact with the shaft. He also
studied the nonlinear dynamic behavior of rotors
at different speeds. Subsequent research by Wei
et al. [20, 21] and Li et al. [22-25] focused on
improving the contact model. In these papers, the
shaft-hub clearance was equated to the disk's
eccentricity. However, employing the equivalent
makes it challenging to discern the motion of
friction and sliding accurately.

The present research is focused on the rotor
system featuring a disk-shaft clearance and
establishes the finite element model of the
system. Then, the vibration characteristics of the
rotor system are studied. How the vibration
characteristics evolve is mainly explored. The
validity of the finite element model is verified by
experiments. These obtained outcomes provide
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theoretical support for the fault diagnosis of the
disc-shaft system with a slight loose disc in
engineering practice.

2. Vibration model of rotor systems with disk-
shaft clearance

Due to the fitting failure, disk-shaft clearance is
commonly observed in rotor systems. Fig. 1(a)
shows the rotor system model [26], and Fig. 1(b)
shows the cross-section diagram of disk-shaft
contact [27, 28]. Specifically, O1 and O are the
centers of shaft and disk, respectively. When a
clearance occurs, rubbing occurs
simultaneously, resulting in thermal deformation
and variations in local mass, stiffness, damping,
and friction coefficient within the rotor systems.
As a consequence, the resulting nonlinear factors
become complex. To simplify the study [29],
thermal changes were omitted, and only the
variation characteristics of force and motion
were analyzed.

During the rubbing process, the force at the
contact point can be decomposed into tangential
and radial directions. Tangential force F, and
radial force F, can be expressed as:

{Fnzk-x (0

FT:/J'k'X

where u is the coefficient of disk-shaft friction
and k is the contact stiffness.

According to the translation relationship in rigid
body mechanics, F. is equivalent to a torque M
and a radial force F across the shaft, that is:

@ 4
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where R is the radius of shaft. Assuming that the
relative velocity of shaft to disk at the contact
point is v, it can be obtained:

F =1+ 4% k-x=1+ % -k-v-t 4)
M :R‘ukX:RlukVt
(5)

where t is the time. In regular circumstances, the
disk-shaft friction occurs intermittently. The
separation and contact of disk-shaft appear
alternately. When the friction degree is relatively
high, the shaft always contacts the disk, and the
slip does not occur. As the contact depth
increases, the force at the contact point also
increases. For the research convenience, the
contact variations in this process are regarded as
linear changes. Eq. (6) is the motion equation of
the nodes in the rotor structure [30, 31].

[M{u"}+[C+C{u} +[K+ K, J{u} ={F(t)} (6)

where M, C, C', K, and K; are the matrixs of
mass, damping, contact damping, stiffness, and
contact stiffness of rotor systems, respectively
[32, 33]. u", u" and u are the acceleration,
velocity, and displacement of structure nodes,
respectively.

If damping is ignored, Eg. (6) can be written as:

[MI{u"}+[K+K J{u} = {FO)} 7
(b)

Fig. 1. Model of rotor system with clearance disk-shaft; (a) rotor model of Jeffcott and (b) cross-section diagram

of disk-shaft contact.

125



JCARME

Because the rotor moves with respect to the fixed
coordinate system Ay, the displacement of the
rotor nodes in the x and y directions is ux and uy.

{ux = A cos(W,t +9,) @)

u, = A cos(wt+q,)

The Newmark time integral method is used to
solve the Eq. (7).

U, a = U{At-i—[(l—é')ut"-f- OCU{'+A1]AI )]

ut+At

=, +ut'At+[(%—a)ut"+aut"ﬂt}m2 (10)

where 0 and o are constants related to the
accuracy and stability of the calculation process.
Firstly, the initial calculation is carried out to
determine M, K, and C. Meanwhile, u, u’, and
u” are given, and At, ¢ and « are determined.
K is the effective stiffness matrix.

K=K+c,M+cC (11)
Eq. (12) is the decomposition of K .
K =LDL (12)

Then, the effective payload Q. , displacement

u., , velocity u/,,, and acceleration u/, attime
t+At can be obtained.

LDLTuHAt =Qun (13)
ut,+At = ut' + Ceut” +C ut"mt (14)
ut”mt =G, (ut+At - ut) - Czut' - C3Ut" (15)

The clearances can affect the dynamic
characteristics of rotor systems. Based on finite
element theory, the contact model of disk-shaft
clearance is studied. The geometric model of the
disk-shaft is established in Solidworks. Ansys is
used to mesh the geometric model, impose
constraints, and loads.

The materials of disk and shaft are set as #45
steel, whose parameters are shown in Table 1.
The simplified model of rotor systems is shown
in Fig. 2.

Solid1086 element is used to establish the model
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[34]. There is friction contact between the shaft
and the disk. The clearance can be controlled by
adjusting the offset. Spring-simulated bearings
are applied to both ends of the shaft.

The shaft and disk are meshed by hexahedron
automatically. To simplify the calculation, the
shaft's lateral displacement is constrained, and
all the translational and rotational degrees of
freedom of the disk are released. Meanwhile,
gravity is applied to the system, and the load is
added in the form of shaft velocity.

3. Simulation research

The finite element modeling and simulation of
rotor systems with disk-shaft clearance are
carried out. The characteristics of time-
frequency, the orbit of the disk center, and the
speed difference of the disk-shaft are analyzed
under different clearances and speeds.

3.1. Analysis of time-frequency

Fig. 3 shows the time-frequency diagram of the
rotor system with different clearances when the
shaft velocity is 1800 rpm. When the clearance
is 0 mm, only the normal rotation frequency of
30 Hz appears. The obvious beat vibration
characteristic appears with the increasing
clearance.

Table 1. Performance parameters of materials.
Description Value

Length of shaft (Ls) 422 mm
Radius of shaft (R) 4.75 mm
Thick of disk (tq) 12.5 mm
Inner radius of disk (Riq) 4.75 mm
Outer radius of disk (Roq) 38.1 mm
Density (p) 7890 kg/m?3
Modulus of elasticity (E) 209 GPa
Poisson's ratio (v) 0.269
Spring stiffness (K, ky) 1.3x107N/m
Spring damping (cx, ¢y) 7x10?Ns/m

Fig. 2. Simplified model of rotor systems.
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Fig. 3. Time-frequency diagram of the system with different clearances at 1800 rpm; (a) time-domain diagram and

(b) frequency-domain diagram.

The beat vibration is caused by disk-shaft slip
due to the clearance. While the period of the beat
vibration changes with the clearance. The
normal rotation frequency of 30 Hz and obvious
multiple frequencies occur in the spectrum

diagram when the clearance is 0 mm. One
frequency with a very small difference occurs
when the clearance is 0.02 mm, namely, the
rotation frequency of the shaft is 30 Hz, and that
of the disk is 29.95 Hz.
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Because the two frequencies coincide, the beat
characteristic occurs. The multiple frequency is
mainly caused by the collision of the shaft to the
disk. When the clearance is 0.04 mm, there are
also obvious multiple frequencies and a
frequency of 29.8 Hz. The amplitudes of
multiple frequencies significantly are reduced.
However, the amplitude of the rotating
frequency increases with the clearance. There
are also obvious multiple frequencies and a
frequency of 29.7 Hz when the clearance is 0.05
mm. Through comparison and analysis of Fig. 3,
it can be found that the sliding phenomenon of
the disk-shaft occurs when there is a clearance.
At this point, the rotation frequency of the disk
is close to that of the shaft. After the
superposition of the two frequencies, a beat
vibration characteristic appears, and its period
changes with the clearance. Due to the collision
of shaft-disk, there are obvious multi-frequency
components in the spectrum. The amplitude of
rotating frequency increases with the clearance.
The time-frequency diagram in Fig. 4(a) and Fig.
4(b) represent the vibration characteristics of the
rotor system with a clearance of 0.02 mm at
different shaft speeds. In Fig. 4(a), obvious beat
vibration characteristic appears. The rotation
frequency of the shaft is 35 Hz, and that of the
disk is 34.91 Hz. The amplitudes of multiple
frequencies are small relative to the rotating
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frequency. In Fig. 4(b), there are no beat
vibration characteristics. The rotation frequency
of the shaft is 39.9 Hz, and that of the disk is
39.85 Hz. Meanwhile, the amplitude of multiple
frequencies is very small.

By comparing and analyzing Fig. 3 with Fig. 4,
the beat vibration period changes with the shaft
velocity when the clearance is 0.02 mm. The beat
vibration phenomenon gradually disappears.
The amplitude of multiple frequencies decreases
sharply until it cannot be seen. Therefore, when
there is a clearance, the collision vibration of the
disk-shaft decreases greatly with the shaft speed.

3.2. Analysis of disk center orbit

Fig. 5 shows disk center orbits of rotor system at
different clearances when the shaft speed is 1800
rom. The orbit is a regular circle when the
clearance is 0 mm. When the clearance is 0.02
mm, the orbit is a shape of 8. At the same time,
irregular sawtooth phenomenon appears. The
orbit with obvious serrated phenomenon
becomes more irregular when the clearance is
0.04 mm and 0.05 mm. The sawtooth
phenomenon is mainly caused by the disk-shaft
collision during rotation. Analysis of Fig. 5
shows that the movement of the disk changes
from regular to irregular collision when the
contact clearance of disk-shaft increases within
a certain range.
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Fig. 4. Time-frequency diagram of the system with a clearance of 0.02 mm at different shaft speeds; (a) 2100 rpm

and (b) 2400 rpm.
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Fig. 5. Orbit of disk center at different clearances.

Fig. 6 shows the disk center orbits of the rotor
system at different shaft speeds when the
clearance is 0.02 mm. In Fig. 6(a), the orbit is an
irregular circle with a small sawtooth
phenomenon. In Fig. 6(b), the orbit is a regular
circle without a sawtooth.

Comparing Fig. 5 to Fig. 6, it is not difficult to
find that the orbit of the disk center is deformed
into a regular circle from a shape of 8 when the
shaft speed increases from 1800 rpm to 2400
rpm. And the sawtooth shape disappears,
meaning that the disk-shaft collision decreases.
This result is the same as the analysis results in
the time-frequency domain.

3.3. Speed difference of shaft to disk

In the simulation, the velocity increased from 0
rpm to 1800 rpm at 0-1s. Then, the speed is
maintained at 1800 rpm at 1 to 2 s. Therefore, the
speed difference between 1 s and 2 s is analyzed.
Fig. 7 shows the speed difference diagram of the
shaft to disk under different clearances. The
difference remains unchanged at 0.03 mm/s
when the clearance is 0 mm. As the increase of
the clearance, the speed difference fluctuates
periodically around 0.8, 1, and 1.2 mm/s.

Fig. 8 shows the speed difference of the disk-
shaft under different shaft speeds when the
clearance is 0.02 mm. The speed difference
fluctuates periodically around 1 mm/s when the
shaft speed is 2100 rpm. And the speed
difference fluctuates around 1.1 mm/s. By
comparing Fig. 7 to Fig. 8, it is not difficult to
find that the fluctuation of speed difference
increases first and then decreases with the
increase of shaft speed.

4. Experimental research

To verify the simulation results, a test system
with disk-shaft clearance is designed. Fig. 9
shows the rotor test bench, which contains a
motor, a coupling, a disk-shaft, and bearing
supports. Flexible coupling is used to ensure that
the motor only transfers torque to the shaft and
reduces the vibration signal from the motor. The
motor can realize step-less speed regulation of O-
10000 rpm. The diameter of the shaft is 9.5 mm,
the outer diameter of the disk is 76.2 mm, the
distance between the supports at both ends of the
shaftis 422 mm, and the mass of the disk is 0.612
Kg. Self-lubricating graphite bearings are used
in experiments.
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To analyze the vibration characteristics of the and an outer ring. The two parts are connected
system with disk-shaft clearance, experiments by a thread with a conical surface. The
are carried out by adjusting the clearance. The interference force and disk-shaft clearance are
disk in the experiment consists of an inner ring adjusted by the thread.
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not considered. The displacement signals of the
system were collected using an eddy current
displacement transducer and DH5910A data
acquisition system.

4.1. Analysis of time-frequency
Fig. 10 shows the time-frequency diagram of the

system when the disk-shaft interference fits at
1620 rpm.
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Fig. 10. Time-frequency diagram of the system with different clearances at 27 r/s; (a) time-domain diagram and (b)

frequency-domain diagram.
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Obvious beat vibration characteristic appears
when the clearance is 0.02 mm. There is obvious
beat vibration characteristic in the time-domain
diagram when the clearance is 0.04 mm and 0.05
mm. While the beat vibration period changes.
Only the rotation frequency of 27 Hz is in the
spectrum when the clearance is 0 mm. When the
clearance is 0.02 mm, there are frequencies of 27
Hz and 26.9 Hz. At the same time, there is an
obvious  multiple  frequency.  Multiple
frequencies mainly comes from the disk-shaft
collision vibration, which is the same as the

simulation results. When the clearance is 0.04
mm, the frequencies are 26.5 Hz and 25.75 Hz,
respectively. There are also obvious multiple
frequencies. The maximum amplitude frequency
is 26.5 Hz. When the clearance is 0.05 mm, the
frequencies are 27 Hz and 25.6 Hz. There are
also obvious multiple frequencies. At this time,
the maximum amplitude frequency is 27 Hz.

Comparing the diagrams in Fig. 10, the beat
vibration characteristic appears in the time-
domain diagram of rotor systems when there is a
clearance. As the clearance increases, the beat
vibration period changes. Due to the disk-shaft
collision, there are obvious multi-frequency
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components in the spectrum. The amplitude of
the rotation frequency increases significantly
with the clearance. However, the amplitude of
multi-frequencies decreases slightly. The change
characteristics of this result are the same as those
of the simulation results.

Fig. 11 shows the time-frequency diagram of the
rotor system under different shaft speeds when
the clearance is 0.02 mm. From Fig. 11(a), there
are beat vibration characteristics in the time-
domain diagram. The rotation frequency of the
shaft is 35 Hz, and the rotation frequency of the
disk is 34.8 Hz. The amplitudes of multiple
frequencies are small relative to those of the
rotation frequencies. As can be seen from Fig.
11(b), no beat vibration characteristics appear in
the time-domain diagram. Rotation frequencies
of 42,75 Hz and 42.5 Hz are shown in the
spectrum diagram. The amplitude of multiple
frequencies is small.

By comparing and analyzing Fig. 10 with Fig.
11, the beating vibration phenomenon
disappears with the increase in shaft speed. The
amplitude of multiple frequencies in the
spectrum diagram is almost invisible and
decreases sharply with the shaft speed.
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Fig. 11. Time-frequency diagram of the system with a clearance of 0.02 mm at different shaft speeds; (a) 35 r/s

and (b) 43 r/s.
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4.2. Analysis of disk center orbit

Fig. 12 shows the orbit of the disk center at
different disk-shaft clearances at 1620 rpm.
When the clearance is 0 mm, the orbit is a regular
circle. It was found that the orbit changed from a
regular circle to an irregular triangle as the
clearance increases. Because of the collision, the
orbit has obvious serrated characteristics.

Fig. 13 shows the orbit of the disk center at
different speeds when the clearance is 0.02 mm.
The orbit in Fig. 13(a) is an irregular circular
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when the shaft velocity of 2100 rpm. There
are obvious serrated characteristics in the
orbit. In Fig. 13(b), the orbit shows a regular
circle, and the serrated phenomenon in the
orbit has disappeared.

Comparing Fig. 12 to Fig. 13, when the shaft
velocity increases from 1800 rpm to 2400
rpm, the orbit changes from an irregular
circular with serrated to a regular circle. The
results mean that the disk-shaft collision
decreases, which agrees well with the
simulation results.
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Fig. 12. Orbit of disk center at different clearance.
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Fig. 13. Orbit of disk center at different shaft speeds; (a) 35 rad/s and (b) 40 rad/s.
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5. Conclusions

A finite element model of a rotor system with
disk-shaft clearance is established. The vibration
characteristics of the system are analyzed at
different clearances and rotation speeds. By
finite element simulation, the variations of the
speed difference of disk-shaft, time-frequency
characteristics, and orbits of disk center are
discussed. Furthermore, the rationality of the
finite element model is verified by experiments.
The following conclusions can be drawn.

(@) When the clearance is small, the speed
difference is a stable positive value, and it is not
periodic fluctuant. Due to the close speed
differences, there is an obvious beat vibration
characteristic in the time-domain diagram. The
multiple frequency components in the spectrum
are clear.

(b) As the clearance increases, the speed
difference fluctuates around a value, and the
fluctuation periodicity becomes stronger. The
beat vibration characteristic still exists in the
time-domain, while the period of beat vibration
changes. The amplitude of rotation frequency in
the spectrum increases with the clearance, while
the amplitude of multiple frequency decreases
and finally tends to a constant. The orbit
becomes an irregular shape of 8 with an obvious
serrated characteristic due to the disk-shaft
collision.

(c) With the increase of the shaft speed, the speed
difference remains periodic fluctuation around a
value. The amplitude of the fluctuation increases
first and then decreases. The beat vibration
characteristic ~ gradually  disappears. The
amplitude of the rotation frequency does not
change significantly, and the amplitude of the
multiple frequencies decreases to a very small
value. The orbit tends to be a regular circle. The
serrated characteristic resulting from the disk-
shaft collision disappears.
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