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Abstract

Misalignment faults in gear systems lead to violent vibration and noise, shortening the life of
equipment. The aim of this work is the demonstration of vibration suppression of parallel-misaligned
gear shafts using an integral squeeze film damper (ISFD). Using a first grade spur gear in engineer-
ing for reference, an open first-grade spur gear system is built and the vibration characteristics of the
gear system with rigid supports and ISFD elastic damping supports are studied under different de-
grees of misalignment. The experimental results show that ISFD supports have excellent damping and
vibration attenuation characteristics, which have improved control of the gear system vibration in hor-
izontal , vertical and axial directions under different degrees of misalignment. This work shows that
an ISFD structure can effectively suppress vibration of characteristic frequency components and reso-
nance modulation frequency components. The test results provide evidence for the application of IS-

FD in vibration control of gear shaft misalignment faults in engineering.

Key words: gear shaft, parallel misalignment, integral squeeze film damper (ISFD) , vibra-

tion suppression

0 Introduction

Shaft misalignment is one of the main forms of
faults of rotating machineries, and accounts for more
than 60% of rotor system faults. Rotor misalignment
refers to the scenario where the axes of two adjacent ro-
tors are not in line. This results in additional bending
moment and torsional moment in the rotor system, and
subsequently leads to a series of vibrations, which can
damage the equipment when the situation is serious'"".
The reasons for misalignment include design and manu-
facturing errors, installation errors, and operating fac-
tors. Some forms of misalignment can be easily correc-
ted. For instance, if the misalignment is caused by un-
even quality of components, measurement errors, ma-
chining accuracy error, differences in bolt tightness,
foundation subsidence, or coupling dislocation caused
by uneven heating in the process of mechanical assem-
bly, the misalignment can usually be readjusted when
the machine is not running. However, misalignments
caused by various kinds of complex scenarios in the op-
erating process are related to the operation of the ma-

chine, and therefore are difficult to be eliminated.
Many scholars have studied rotating machinery by focu-
sing on the causes of misalignment'?’ | dynamic charac-
teristics*’ and the influence of misalignment on the sta-
bility of shafting'**’. However, most of the work is
aimed at the diagnosis and analysis of misalignment
faults. The existing research regarding rotor misalign-
ment is primarily focused on the rotor coupling bearing
system. Actual machinery usually contains several gear
systems, such as reducers, transmission, engine power
transmission devices, and so on. As an important part
of the engine transmission system, the gear assembly
operates with a large transmission power and complex
structural features because of its special purpose'®’.
The misalignment of the gear system occurs mainly in
the couplings between the gear system and other com-

ponents:” .

Gear shaft misalignment causes tooth pro-
file error of a distributed type, which results in vibra-
tion and noise of the gear system. Online vibration con-
trol methods of gear system misalignment have been
seldom studied. In engineering, parallel misalignment
is common when there is an improper installation of the

]

gearbox' ). This paper mainly discusses the parallel
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misalignment of gear shafts.

Reduction of rotor vibration is very important for
safe and efficient functioning of these rotating ma-
chines. Applying damping to rotor supports is a popu-
lar technique for vibration reduction'®’. Squeeze film
dampers (SFD) have been used for decades in both
aerospace and ground based turbomachinery!'*"*’. The
improved integral squeeze film damper (ISFD) pro-
vides viscous damping to rotating structures, allowing
the reduction of rotor-bearing lateral vibration ampli-
tudes and providing safe isolation to other structural
31 The specific structure of ISFD has al-
lowed many problems with traditional squeeze film

components

dampers to be resolved™*'. Problems such as nonlinear
oil film, complex structure, large occupation space,
difficult assembly, high-accumulated error and nonlin-
ear change of the stiffness and damping characteristics
can be solved. ISFD has been applied in many rotating
machines such as compressors, turbines, and engines,
for the purpose of reducing vibration of the rotor at crit-
ical speeds and improving stability of the rotor sys-
tem' "',

The present work examines the effect of ISFD on
vibration suppression of rotor misalignment faults, and
illustrates that ISFD can effectively reduce the vibration
') In addition, the vi-

bration control law of gear shafts with ISFD and its in-

caused by misalignment faults'

stallation position is studied. It is shown that ISFD elas-
tic damping support can suppress impact vibration due
to gear meshing and has excellent damping and vibra-

. . .o 17,18
tion reduction characteristics''7""®.

Parallel misalign-
ment faults usually occur in gearboxes when the instal-
lation is improper, and can cause severe noise and vi-
bration, resulting in equipment damage.

In this paper, the effect of ISFD on the suppres-
sion of vibrations caused by parallel-misaligned gear
shafts is studied. Four sets of experimental ISFD elas-
tic damping support structures have been designed and
manufactured. Taking the first-grade spur gear trans-
mission in engineering as reference, an open first-grade
spur gear system has been set up to result in misalign-
ment fault. By comparing the vibrations of the gear
shaft equipped with rigid support and ISFD elastic
damping support, the effectiveness of ISFD for sup-
pressing the misalignment vibration of gear shafts is
studied.

1 Integral squeeze film damper

1.1 Structural features of ISFD
ISFD is a bearing damper, made via wire cutting
manufacturing, rendering its structure simple and com-

pact. The most important feature is that it has the abili-
ty to function as bearing support, but also provide
damping for the rotor system. The ISFD designed for ex-
periments used in this work is shown in Fig. 1. Table 1
gives the basic structural parameters of the damper.
The structure consists of an outer rim and inner rim.
The outer rim and inner rim are connected by a fixed
number of S-shaped spring structures. S-shaped springs
allow pressure to be distributed evenly and can absorb
shock load effectively. The radial static stiffness of the
bearing support system is determined by these S-shaped
elastic structures. Between the inner and outer rim is
the gap, which serves as the main squeeze film area.
The gap is 0.2 mm wide and the fluid is squeezed in
this gap, thereby providing damping required by the

system.
S-shaped springs Outer rim
NS
Squeeze film \J
area :’-o-; Inner rim

Fig.1 ISFD designed for experiments

Table 1 Basic structural parameters of ISFD
Item Value
Axial length ( mm) 10
Radial height (mm) 20.3
Radial thickness (mm) 4.9
Oil film clearance ( mm) 0.2
Distribution angle of S-shaped spring (°) 52
Inner diameter (mm) 30
Outer diameter ( mm) 60

1.2 Working mechanism

The rotor system under different working condi-
tions has its own optimal damping and stiffness values.
Stiffness and damping in the new ISFD structure are
relatively independent, such that stiffness and damping
in the support system don’t have a direct relationship.
Therefore, the stiffness and damping of the structure
are decoupled.

The S-shaped springs in the ISFD are the only
major contributors to the radial bearing support stiff-
ness' . Fig. 2 shows the displacement clouds of ISFD
under a loading of 2 000 N. By changing the structural
size of the S-shaped springs, a specific radial stiffness
can be obtained. This allows for good predictability and
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Fig.2 Displacement clouds of ISFD under a loading of 2000 N

S-springs

Conventional SFD

Stationary outer rim

precise placement of critical speeds and rotor modes.
The energy dissipation mechanism of the conven-
tional squeeze film damper (SFD) is based on genera-
ting fluid pressure Ap by squeezing the oil film. This
increased pressure promotes movement of lubricating
oil along the circumference. Flow friction due to cir-
cumferential motion (AQs) of the fluid produces damp-
ing that dissipates the vibration energy. There is obvi-
ously significant non-linearity as a result of this ap-
proach. Compared to SFD, the energy dissipation
mechanism of the ISFD is unique. Fig.3 shows the
flow model comparison between a conventional SFD
and an ISFD'"®. Unlike the conventional SFD 2 oil
film, the circumferentially distributed S-shaped springs
of ISFD divide the circumferential flow of the oil film
into several local regions. As well, they do not allow
circumferential flow of the fluid (AQs =0) , which pro-
vides a different fluid flow boundary condition. The
squeeze film effect of each compartment and the piston
effect of the S-springs are used to provide damping for
the rotor system and eliminate the generation and influ-

ence of nonlinearity over a wide range.

ISFD

Fig.3 Damping mechanism: conventional SFD versus ISFD

Fig.4 shows mechanical models of a traditional
bearing support system and an ISFD bearing support
system. By comparing with the two models, it can be
seen that the stiffness of the ISFD structure is several
orders of magnitude lower than that of the bearing. In
this way, vibrational deformation during transmission is
mainly concentrated on the elastic support, which can
absorb the vibration energy. In addition, the oil film
damping provided by ISFD can dissipate vibration ener-
gy'®'. As a result, an ISFD can provide relatively low
stiffness through the S-type structure while providing
greater damping in the squeeze film damper, effectively

increasing damping ratio of the system' >’

Cp | Bearing

Kp Cp | Bearing K 1Cs | ISFD
Kp Cr | Foundation Kp Cp | Foundation
Kg<<Kp
(a) Traditional bearing (b) ISFD bearing
support system support system

Fig.4 Mechanical models of traditional bearing support system
and the ISFD bearing support system
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2  Dynamic model of parallel-misaligned
rotor with ISFD

In analyzing the ISFD vibration damping mecha-
nism, the bearing-rotor-ISFD can be transformed into
the model shown in Fig.5. The ISFD designed for this
study is concentric. It is assumed that the static
equilibrium point of the integral squeeze film damper
coincides with the rotor center. For convenience, the
rotor system is assumed to be a continuous system and,
consequently, the concentrated mass method is utilized
to solve the equation of motion.

x
— Disk
o | .
d Bearing
/\ /\ O z
Shaft
ISFD ISFD

Fig.5 Dynamic model of parallel-misaligned rotor with ISFD

As shown in Fig.5, when there is a parallel mis-
alignment in the axis, the radial alternating force acting
on the shaft is Fr.

F. =K-d(l + co2wt) /4 (1)
where, d stands for the eccentricity of the two axes, K
is the radial stiffness of the coupling, w is the speed of
the shaft.

For the rotor disk, the equation of motion is

{méc'm = k(%) —x,) +F,

my,, = k(y, —y,) + qu
For the shaft, the equation of motion is
{mok.o = k(x, —x) —Af, - F, (3)
moj}o = k(y, = %) - Afly - Fry
For the bearings, the equation of motion is
{mséc'A = Af, - kv, — Af,, (4)
my, = Afy, = k,y, = Af,
The bearing force increment can be expressed as
Ay = k(2 —x) +k, (v = y,)
FenCiy = i) ve, Gy =3) s)
Afl) = k}'x(x() -x,) + k”<9’0 -,)
+c, (% —x) + ¢, (% —y,)
The squeeze film damping oil film force increment

(2)

can be expressed as
{Afh = ko, +kox + cm/oés + cw-ys (6)
Af 2y = kﬂ/xs + k}’).f'xs + cw‘x.s + C}’).f'ys
where , m stands for the mass of the disk; x,, and y,, are
the displacement of the disk in the x and y directions,
respectively ; m, stands for the mass of the rotor; x, and
y, are the displacements of the rotor in the x and y di-

rections, respectively; m, is the bearing quality; x, and

y, are the displacement of the bearing in the x and y di-
rections, respectively;k is the stiffness of the rotor; &,
represents the stiffness of the elastic support; Af,, and
Af,, are the bearing force increment in the x and y di-
rection of the component; Af, and Af, are the damping
oil film incremental force in the x and y direction com-
ponents; ¢ and ¢, are the damping of the oil film and
the damping of the squeeze oil film, respectively; F is
the unbalanced force.

In the above equations, the eight dynamic coeffi-
cients of the oil film damper are replaced with the in-
stantaneous oil film coefficient, and Eq. (4) — Eq. (6)
are substituted into Eq. (2) and Eq. (3) to find the
solution of rotor displacement using Runge-Kutta inte-
gration.

When using the rigid support structure, equations
of motion of the system without squeezing oil film
damping are given:

mx, = k(x, —«x,) + F,
my, = k(yo =y,) +F, (7)
n %) —AF,
meYo = k(y, =) - AF,
Using the above equations, the response of the ro-

myx, = k(x

tor is calculated for two cases: with ISFD and without
ISFD. It can be determined by theoretical calculation
that the amplitude of the misaligned rotor is greatly re-
duced after using ISFD.

3 Introduction of experimental devices

3.1 Support structure

To investigate the vibration reduction characteris-
tics of gear shafts with ISFD under parallel misalign-
ment conditions, two supporting structures are designed
according to the test bench: rigid support and ISFD
elastic damping support, as shown in Fig. 6. The rigid
support structure consists of a bearing block, a sleeve
and a rolling bearing. The elastic damping support
structure consists of a bearing block, an ISFD, a roll-
ing bearing, and sealed end covers. Fig.6(c) is the
ISFD support without sealed end covers and Fig. 6(d)
is a sealed end cover composed of sealing cap and
O-type rubber rings. The outer race of the ISFD is a
transition fit with the bearing block. The inner race of
the ISFD has an interference fit with the outer race of
the ball bearing. The vibration amplitudes of the two
types of supported gear systems under different degrees
of parallel misalignment are examined. Results can be
used to illustrate the vibration reduction characteristics
of gear shafts with ISFD under different degrees of par-
allel misalignment.
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Rolling bearing

Rigid sleeve

Bearing block

(¢) ISFD without sealed end covers

End cover I Grease hole

Bearing block

(b) ISFD elastic damping support

Big O-type rubber ring

(d) Sealed end cover with O-type rubber rings

Fig.6 Two kinds of experimental support structures

3.2 Test rig description

The test rig for the gear system is a first-grade
spur gear system and is shown in Fig. 7. After determi-
ning the transmission ratio, the standard parts such as
gears and bearings are selected to determine the exact
meshing position of the gear. The main parameters of
the gear system are listed in Table 2. The diameter of
the two shafts is 10 mm. The drive and driven shaft
spans are 400 mm and 180 mm respectively. The drive
shaft is driven by a permanent magnet DC servomotor.
By adjusting the speed controller, the output speed can
be controlled in the range of 0 — 10 000 r/min. The
components of test rig are secured to the base plate
with bolts. The gear pair is lubricated using the drip
method during the experiments.

1 2 3 4 5 6 7

16 15 14 13 12 11 10 9 8
1 — Motor; 2 — Photoelectric sensors; 3 — Acceleration sensor 1; 4 — Ac-
celeration sensor 2; 5 — Acceleration sensor 33 6 — Drive shaft; 7 — Drive

gear; 8 — ISFD elastic damping support; 9 — Driven gear; 10 — Accelera-
tion sensor 4; 11 — Acceleration sensor 5; 12 — Acceleration sensor 6; 13 —
Driven shaft; 14 — Base plate; 15 — Copper sheet; 16 — Coupling

Fig.7 Test rig of gear system
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Table 2 Parameters of the gear pair

Gear parameters Value

Number of tooth of the drive gear 30
Number of tooth of the driven gear 20
Gear ratio 2/3

Gear modulus( mm ) 3

Pressure angle(°) 20

Tooth thickness of the driven gear( mm) 30
Tooth thickness of the drive gear(mm) 28
Theoretical center distance( mm) 75

3.3 Data acquisition setting

During the experiment, the LC-8008 vibration
monitoring and diagnosis system is used. This system
includes 8 input channels, which can collect, store
and analyze vibration in time and frequency domains
along with other real-time data during operation of the
gear system.

The vibration caused by shaft misalignment is
mainly observed on the bearing block, and therefore
the vibration signal should be measured on the bearing
block /.

sensors. Six acceleration sensors attached to the drive

Fig. 8 shows the spatial distribution of the

and driven bearing blocks are used to collect the vibra-
tion signal. The horizontal, vertical and axial vibra-
tions of the drive and driven bearing blocks are all
measured. Photoelectric sensors are used to measure
the rotating speed.

Axial direction

Fig.8 Distribution of sensors

3.4 Fault setting

Gear shaft misalignment mainly occurs in cou-
pling. As is shown in Fig. 9, the drive motor is tight-
ened to the base plate with 2 bolts on each side of the
motor. To simulate misalignment, 0.2 mm copper is
added to both sides of the motor to set the parallel mis-

alignment fault. The degree of misalignment is directly
related to the amount of copper. When more copper is
added, the greater is the misalignment.

Misalignment simulation

Fig.9 Misalignment simulation
4 Results and discussion

Frequency is determined as 2 kHz with a total
number of 1 024 sampling points being analyzed using
the data acquisition system LC-8008. The rotating
speed of the drive shaft is measured as n, =1200 r/min
by adjusting the speed controller. Next, a rotating
speed of the driven shaft is determined to be n, =n,/i
=1800 r/min. There is a certain level of speed fluctu-
ation ( =5 r/min) presented in the experiment.

4.1 Vibration control analysis under different de-
grees of misalignment

By changing the number of copper sheets, the mis-
alignment is set at 0.2 mm, 0.4 mm and 0.6 mm. Vi-
brations of bearing blocks are collected for gear shafts
installed with a rigid support and an ISFD elastic
damping support. Fig. 10 and Fig. 11 show the peak
acceleration of the horizontal, vertical and axial meas-
urement points on the drive and driven shafts under dif-
ferent degrees of misalignment, respectively. The re-
sults for the shafts with rigid support and ISFD support
are both shown.

As seen from the experimental results shown in
Fig. 10 and Fig. 11, the level of vibration of each of the
measuring points reduces when the support is changed
from the rigid support to the ISFD elastic damping sup-
port. Under different degrees of misalignment, the max-
imum amplitude of vibration reduction for the drive and
driven shafts in the horizontal direction is 33.6% and
43.5% , respectively. In the vertical direction the re-
ductions are 46.7% and 43.3% for the drive and driv-
en shafts, respectively. Finally, in the axial direction
the observed reductions in vibration are 35.9% and
42.8% for the drive and driven shafis, respectively.



HIGH TECHNOLOGY LETTERSIVol.25 No. 1[Mar. 2019

1.6
—®— Rigid supprot
—A— ISFD
o 14
RJ n ]
&
=
-8
F12
Q
8
] A
&
o
10
[
A
0.8
0.2 04 0.6
Degtree of misalignment (mm)
(a) Horizontal measuring point
3.5
—®— Rigid supprot
—4A— ISFD L]
3.0 /
% .
€ s /
g .
&
2
Q
§ 2.0
3
& A
15 A/
A/
1.0
0.2 0.4 0.6
Degtree of misalignment (mm)
(b) Vertical measuring point
1.6
—H®— Rigid support
—A— ISFD
- "
o 14 g A
&
g
g12
3
£
&
o
~ 1.0
'
0.8
0.2 04 0.6
Degree of misalignment (mm)

Fig.10 Comparison of vibration of drive shaft measuring points

4.2 Vibration control analysis of characteristic
frequency components under parallel mis-
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alignment

To further understand the effectiveness of ISFD for
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Fig.11 Comparison of vibration of driven shaft measuring points

suppressing misalignment vibrations of gear shafts,
time domain and frequency spectra for the vibrational
acceleration of each measuring point with a misalign-
ment of 0.4 mm is analyzed and presented.

First, the time domain waveform of each measur-
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ing point is analyzed. According to the sampling theo-

rem, the sampling period of the LC-8008 is ¢t =
1024

2.56 x2000

ness of the ISFD in suppressing the misalignment vibra-

=0.2 s. In order to prove the effective-

tion, three groups of sampling period data were selected
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Fig.12 Comparison of time domain waveform of drive

shaft horizontal measuring point

for analysis at each measuring point. Because of the
similarity of the waveform, comparisons of time domain
waveforms of the horizontal measuring points of the gear
shafts under the two supports are shown in Fig. 12 and
Fig. 13 due to space limitations.
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Fig.13 Comparison of time domain waveform of driven
shaft horizontal measuring point
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From Figs12 to 13,
alignment changes the meshing condition of the gear,

it can be seen that shaft mis-

resulting in an obvious impact vibration in the gear
meshing transmission process. Comparing the rigid
it can be seen
clearly from the diagram that the impact vibration has

been reduced.

support and the ISFD support cases,

Next, the frequency spectrum of the measuring
point is analyzed. Fig. 14 shows the comparison of fre-
vertical and axial
measuring points of the drive shaft under the two sup-
ports.

quency spectra of the horizontal,

The following observations can be made from the
frequency spectra above :

(1) The observed vibration frequency shows that
the carrier frequency is gear meshing frequency and the
modulation frequency is the rotational frequency of the
fault gear shaft.

(2) Since the acceleration signal of the bearing
block is measured, multiple frequency components ex-
ist in the spectra. The characteristic frequency compo-
nents of the rotating frequency X, second harmonic fre-
quency 2X and meshing frequency X, appear in the re-
sults. From the transmission parameters, it is known
=20 Hz, and the mes-
=600 Hz. The
meshing frequency X, in the frequency spectrum has a
noticeable offset relative to 600 Hz. This is likely be-
cause of the fluctuation of the motor speed during the

that the rotating frequency is X
hing frequency of the gear pair is X,

experiment. Relatively large vibration values can be ob-
served in the vicinity of 150 Hz, 350 Hz and 1370 Hz.
This may be due to the fact that the natural frequencies
of some components are excited by external conditions.

(3) It can be concluded that the vibration at the
frequency components with relatively large vibration
amplitude are significantly attenuated when the support
is changed from rigid support to ISFD elastic damping
support.

(4) High vibration at the rotating frequency X,
second harmonic frequency 2X, and meshing frequency
X, of the horizontal and vertical measuring points are
as shown in Fig. 14(a) and Fig. 14(b). The

vibration at the rotating frequency X and meshing fre-

clear,

quency X, of the axial measuring point are noticeable,
whereas the second harmonic frequency 2X is not obvi-
ous, as shown in Fig. 14(c¢). Due to the coupling of
the shafis,
the driven shaft are the same as the measuring points of
the drive shaft.

the characteristic frequency components of
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Fig.14 Comparison of frequency spectra of drive shaft

measuring points

As the misalignment fault is set between the motor

and the base plate, this paper mainly analyzes the

characteristic frequency components of measuring

points of the drive shaft, and studies the suppression
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effect of the ISFD elastic damping support on the vibra- 0.30
tion control of characteristic frequency components un- —— Rigidgugport i
der misalignment. To carry out an unambiguous com- 0251 x e
parison, Fig. 15 shows the spectra of the drive shaft g5 oo
over the range of 0 —700 Hz for each measuring point. £
In addition, Tables 3 =5 show the vibration values of é 015
the characteristic frequency components of the measur- é.
ing points. < 010§ 12x ‘ ,‘
It can be seen that the vibration at the characteris- | {\/ " \ \
tic frequency components under misalignment is signifi- 0.05}( \ ol A‘ ] W
cantly reduced when the gear system utilizes the ISFD y "‘ \P\ A ) Mkl
support compared to a rigid support. In particular, the 0 100 200 300 400 500 600 700
meshing frequency component is decreased by over Frequency (Hz)
70% , and resonance modulation of the gear shaft is (a) Horizontal measuring point
obviously improved.
0.8
Rigid support

5 Conclusions

ISFD support has excellent damping vibration at-
tenuation characteristics, which can suppress the vibra-
tion caused by parallel misalignment faults in gear sys-
tems effectively.

Amplitude (m/s?)

(1) ISFD support can reduce the vibration of gear
shafts under different degrees of misalignment.

(2) ISFD has better control of gear system vibra-

tion compared to rigid supports in the horizontal , verti-

— ISFD

cal and axial directions under different degrees of mis-

300 400 500
alignment. Frequency (Hz)
(3) Complex frequency components appear in the (b) Vertical measuring point
vibration of gear systems with misalignment fault, in-
cluding characteristic frequency components and reso- 035
nance modulation frequency components. It has been 030l — Risidsupport
shown that ISFD can suppress vibration at these fre- _—
quencies effectively. o 025
(4) ISFD has the advantages of a simple struc- g -
ture, small occupation space, simple assembly, excel- "é
lent damping performance, and great engineering ap- E‘ 0.15
plication value. The test results given here provide a < e
reference for the application of ISFD in vibration con-
trol of gear shaft misalignment faults in engineering. 0.05

0 100 200 300 400 500

Frequency (Hz)

(¢) Axial measuring point

600 700

Fig.15 Comparison of data in the range of 0 —700 Hz

Table 3 Vibration values of the characteristic frequency components of horizontal measuring point

Characteristic frequency Rigid support(m/s®)  ISFD support(m/s”) Decreasing( % )
X 0.235 0.220 6.4
2X 0.088 0.059 33.0

X, 0.271 0.036 86.7
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Table 4  Vibration values of the characteristic frequency components of vertical measuring point

Characteristic frequency

Rigid support(m/s”)

ISFD support(m/s”)

Decreasing( % )

X 0.467
2X 0.115
X, 0.183

0.241 48. 4
0.067 41.7
0.042 77.0

Table 5  Vibration values of the characteristic frequency components of axial measuring point

Characteristic frequency

Rigid support(m/s”)

ISFD support( m/s”)

Decreasing( % )

X 0.090
X, 0.331

0.072 20
0.062 81.3
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