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Abstract
When the actual installation center distance between a pair of spur gears is greater than the the-

oretical center distance, backlash increases, leading to increased vibration and noise. The structural

parameters of an integral squeeze film damper (ISFD) were designed with the stiffness of rigid sup-

port as reference to investigate the effect of an ISFD on the dynamic characteristics of a spur gear

transmission system with center-distance installation error. A spur gear test bench with center dis-

tance-error was built to investigate the vibration and noise reduction characteristics of ISFD. The ex-

perimental results indicate that, compared with a rigid support, the ISFD can reduce vibration by

approximately 40% and noise by approximately 5 dB. ISFD can effectively absorb the impact energy

caused by an increase of in backlash, which is conducive to the stable operation of the spur gear

transmission system.

Key words: dynamic backlash, integral squeeze film damper (ISFD) , spur gear transmission

system, vibration and noise control

0 Introduction

Spur gear are one of the most used means of power
transmission, and are used in ships, air crafts machine
tools and other equipment. When the gear installation
center distance is greater than the theoretical center
distance, backlash increases, significantly affecting of

') The resulting vibration and

the transmission system
noise problems also affect the competitiveness, accura-
cy,and service life of the products. To reduce the vi-
bration and noise generated by the operation of spur
gear systems, researchers have proposed methods such
as vibration elimination, vibration isolation, vibration
absorption, and increased damping dissipation sys-
tems' >’

The traditional squirrel-cage squeeze film damper
(SFD) is a typical vibration damping device that can
reduce vibration and noise by increasing support damp-
ing. As it occupies a large amount of space and exhib-
its many nonlinear behavior problems, its application
range is limited'*”). To overcome the defects associat-
ed with squirrel-cage SFDs, researchers have proposed
various types of improved SFDs"*"°'. For example, the

integral squeeze film damper (ISFD) solves the associ-

ated strong nonlinear problem of the SFD-rotor system,
and has the advantages of requiring small space and
easy installation'"". In recent years, the ISFD has also
become a research hotspot in the field of vibration con-
trol in rotating machinery. To study the damping char-
acteristics of an ISFD, Ref. [ 12] conducted an unbal-
anced response experiments on a three-disk rigid rotor
system without an end seal ISFD, and found that the
ISFD had a linear damping force within a large range of
unbalance. Ref. [13] combined a flexible tilting pad
bearing with an ISFD to study the unbalanced response
of a combined supporting-rotor system. The experiment
proved that the installation of the ISFD allowed it to
withstand twice the unbalance compared with the sys-
tem without the ISFD. Based on a mechanical imped-
ance experiment, Ref.[14] studied the influence of
various end-seal clearances, excitation frequencies,
and whirl amplitudes on the ISFD damping coefficient.
Ref. [ 15] calculated the film force generated by an IS-
FD with various boundary conditions based on Navier
Stokes equations and continuity equations, which pro-
vided guidance for using ISFD. Ref. [16] investigated
the vibration suppression of an ISFD for faulty bearings
by building a rotor test rig. The results showed that the
ISFD can reduce the vibration caused by a faulty deep
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groove ball bearing in a wide band. Compared with the
studies of the application of ISFD in the field of rotor
vibration control, studies of its application in gear
transmission systems are relatively limited. Ref. [17]
studied the damping effect of an ISFD on the parallel
misalignment fault of a spur gear system at different
speeds by building a spur gear test bench. Ref. [ 18]
experimentally studied the damping effect of an ISFD
on the meshing excitation of a spur gear at various rota-
tional speeds by building a spur gear test bench.

The above studies on ISFD primarily focused on
different types of rotor systems, and research on gear
systems have mostly focused on the vibration reduction
characteristics of ISFD on fault-free gears through ex-
periments. When studying the backlash dynamic char-
acteristics of gear transmission system, although the
nonlinear characteristics of spur gear systems can be
obtained by using the dynamic model, a large number
of simplifications and assumptions are required for the-
oretical modeling, making the results unsuitable for ap-

19231 To date, there have

plication in real situations
been few experiments on the influence of the center-
distance error on the dynamics of spur gear systems.
Furthermore, ISFD is applied to spur gear system with
center distance error for the first time, which provides
an idea for vibration suppression of spur gear transmis-
sion system with fault. In this study, the vibration and
noise reductions of an ISFD on a gear system with cen-
ter-distance installation error are studied by building a
spur gear test bench.

1 Dynamic model of spur gear

1.1 Backlash
Cylindrical gear transmission systems exhibit rich

nonlinear behaviors, such as backlash, time-varying

mesh stiffness, and friction'®*'. Considering the ma-

chining error and meshing deformation, the backlash
[2425

varies with time !. Based on fractal theory, the dy-

namic backlash function can be expressed as:

21y"t
b,(t) =b, + L| = - (1)
h 0 (L ) foar ’)/(2 D)n

To ensure the formation of a lubricating oil film
between the gear meshing tooth profiles and to avoid
being stuck due to thermal expansion, the gear should
be designed to have a clearance between the tooth pro-
files. The existence of backlash produces an inter-tooth
impact, which is not conducive to the smooth operation
of gears. The size of the backlash is affected by the
machining accuracy and installation center distance. In
other words, when the installation center distance is

greater than the theoretical center distance, the back-
lash increases (Fig.1).
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Fig.1 Backlash of spur gear

When the backlash b, is greater than the allowable
value, the gear transmission system produces an impact
phenomenon, leading to significant vibration, noise,
and dynamic load, thus affecting the stability, reliabil-
ity, and life of the gear transmission system. In this
study, the effect of an ISFD on the dynamic character-
istics of a spur gear transmission system with a center-
distance error was investigated by building a spur gear
test bench.

1.2 ISFD structure design

The ISFD structure is illustrated in Fig. 2. To ver-
ify the vibration and noise reduction effect of the ISFD,
sleeves of the same size were designed for comparison
and static analysis. The results of the static analysis
are shown in Fig. 3.

As shown in Fig.3, the deformation of the rigid
support is smaller than that of the ISFD support. The
stiffness of the ISFD and rigid support are 3.64 x 10" N/m
and 7. 68 x 10" N/m, respectively. By analyzing the
deformation of the ISFD, it is clear that the deforma-

tion at the position of the “S-shaped” spring decreases

Fig.2 ISFD structure diagram
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(b) ISFD support
Fig.3 Contours of rigid support and ISFD support

gradually from inside to outside, which shows that the
vibration energy from the system can be transferred to
the ISFD through deep groove ball bearings. The elas-
tic deformation of the ISFD squeezes the oil film in the
clearance of the S-shaped spring, forming dynamic
pressure oil film to dissipate the vibration energy,
which can reduce the vibration and impact of the gear
system, and realize vibration and noise reduction. The
damping coefficient of the ISFD can be determined
using a mechanical impedance test or computational
fluid mechanics ( CFD) method'"’. Using CFD, the
damping coefficient of the ISFD model used in this
study is founded to be approximately 1 x 10* N + m/s.

1.3 Model building

When considering the effect of the tooth surface
friction, the translational freedom of the spur gear sys-
tem in the direction perpendicular to the line of action
must also be considered. The corresponding system dy-
namics model is shown in Fig. 4",

The system is a two-dimensional plane vibration
system with six degrees of freedom, including four
translational degrees of freedom and two rotational de-
grees of freedom. The generalized displacement matrix

X
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(b) Friction model
Fig.4 Dynamic model of spur gear system

of the system can be expressed as

%6} = {xp’ yp’ep’xg’ yg’eg} (2)

Similar to the case without considering tooth sur-
face friction, the dynamic meshing force can be ex-
pressed as

F, =k, (yp+RO -y, +RO, —e)

+ec,(y, +RO, -y, + RO, —e") (3)

The tooth friction force can be approximately ex-
pressed as

F, = MF, (4)
where f denotes the equivalent friction coefficient, and
A is the direction coefficient of gear friction, F,is +1
in the positive direction of x, otherwise, it is -1.
Thus, the analytical model of the system is described
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as follows.

- y k, kmFD
mx, + (cpx + c,SFDx)xp + | B = F
k k
px + ISFDx

. . ko kg,
m,y, + (pr + CISFDy)yp + (M)% =-F

kpy + kISFDy

16, == F,R ~T, +F/(R g8 - H)
. . k, -k

mx, + (¢, + Cpp )X +(6'-*7’5”’*‘)x =—F,

“F ¢ ¢ kgx + kISFDx ¢

. . k, * k.
my, + (¢, + )y, + (M)yg =F

k o T k ISFDy

10, =-FR, =T, + F,(R,tgB + H)
(5)
As many results have been derived in detail, they
are not repeated here. According to Eq. (5), by in-
creasing the ISFD in the spur gear transmission system,
the damping at the support position is increased, and
vibration and impact energy caused by the time-varying
meshing stiffness and backlash of the spur gear system
are dissipated, causing the transmission system operate
more smoothly; thus, the accuracy and lifetime can be
guaranteed.

2 Spur gear system test bench

2.1 Test bench description

The spur gear system parameters are listed in Ta-
ble 1. The power plant utilizes 1.5 kW direct current
(DC) speed regulating motor with a working speed of
0—10 000 r/min and employs a pulse-width-modula-
tion (PWM) speed regulating device to control its
speed. The layout of the spur gear test bench is shown
in Fig. 5, and the corresponding spur gear test bench is
shown in Fig. 6. A rigid sleeve was designed for com-
parison to investigate the damping characteristics of the
ISFD, based on the model used in the second part.
The structures of the two supports are shown in Fig. 7.

2.2 Test bench debugging
To ensure the correct meshing of the spur gear

Table 1  Critical parameters of spur gear system
Parameters Value
Number of teeth z, =20, z, =30
Module 3 mm
Pressure angle 20 °
Gear mass m, =0.56 kg, m, =1.32 kg
Contact ratio 1.61

Moment of inertia /, =2.52e-4kg + m’, I, =2.52e-4 kg - m’

Normal backlash
Face width

0.04 mm
30 mm

Microphone

!

M+P
VibMOBILE
. NI Sound
[ o0 o0 | Acceleration collector

Support
Fig.5 Layout diagram of spur gear test bench

Deep groove
ball bearing

(b) ISFD support

(a) Rigid support

Fig.7 Comparison of support structure

pair and the controllability of the experimental varia-
bles and reduce the influence of different variables on
the experimental results, the rigid support and ISFD
should be consistent as far as possible with respect to
the installation center distance, circular jump error,
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and end face jump error. The test bench was debugged
using a micrometer and Vernier calipers. The compari-
son results between the installation center distance and
the theoretical center distance of the spur gear pair are
shown in Table 2. The center distance was measured at

the end of the gear.

Table 2 Center distance of spur gear pair

Parameters Value
The oretical center distance C, 75.0 mm
Center distance for rigid support C, 75.1 mm
Center distance for ISFD supportC, 75.1 mm

3 Results and discussion

After debugging the test bench, the vibration and
noise signals of the spur gear transmission system were
collected ; the measurement points are shown in Fig. 8
- Fig. 13. The acquisition of noise data in a semi-ane-
choic room ensured the reliability of the test results.
The vibration acceleration frequency domain and sound
power signals were measured at the rotating speed of
60, 300, 600, 900, 1200, and 1500 r/min. The
broadband vibration and noise reduction effects of the
ISFD were verified.

(1) For working condition 1, the rotating speed is
60 r/min ( rotating frequency of 1 Hz, meshing fre-

quency of 20 Hz).
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Fig.8 Rotational speed n =60 r/min test results

(2) For working condition 2, the rotating speed is
300 r/min ( rotating frequency of 5 Hz, meshing fre-
quency of 100 Hz).

(3) For working condition 3, the rotating speed is
600 r/min ( rotating frequency of 10 Hz, meshing fre-
quency of 200 Hz).

(4) For working condition 4, the rotating speed is
900 r/min ( rotating frequency of 15 Hz, meshing fre-

quency of 300 Hz).
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Fig.9 Rotational speed n =300 r/min test results
0.5 = 60
—e—Without ISFD
° _a—With ISFD
0.4 o~ —e—Without ISED
/ —*=With ISFD__ |7 45
2 03F \ 2]
=
g \ 2
E %30 o
= 02 &)
£ 4
< @
0.1 15
0.0
1 1 1 1 1 0
0 300 600 900 1200 1500
f/Hz
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Fig.11 Rotational speed n =900 r/min test results

(5) For working condition 5, the rotating speed is
1200 r/min ( rotating frequency of 20 Hz, meshing fre-
quency of 400 Hz).

(6) For working condition 6, the rotating speed is
1500 r/min ( rotating frequency of 25 Hz, meshing fre-
quency of 500 Hz).

According to the rigid support spectra shown in Fig. 8
—Fig. 13, the acceleration amplitude was the highest
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Fig.13 Rotational speed n =1500 r/min test results

at frequencies of 120, 330, 420, 650, 1050, and
1450 Hz. After the modal analysis of the components of
the spur gear transmission system, it was determined
that this phenomenon occurred when the impact energy
caused by the increase in the tooth gap leads to the res-
onance of the transmission shaft. In the spectrum dia-
gram, the resonance frequency modulation phenomenon
with the rotational frequency and its double frequency
corresponds to the modulation frequency. It can also be
seen from the spectrum diagram that when the impact
energy caused by backlash is small, the ISFD support
does not have a significant role in vibration and noise
reduction. The reason for this result can be summa-
rized as follows: only when the vibration energy of the
system exceeds a certain value can the ISFD play a role
in vibration absorption; thus, it does not always affect
vibration and noise reduction. With a further increase
in rotational speed, the impact energy of the spur gear
meshing transmission increases, and the ISFD produces
a dynamic pressure oil film effect, which provides
damping for the system and effectively dissipates the
impact energy of the spur gear transmission system. In

addition, by comparing the measured results of vibra-
tion and noise with respect to the rigid support and the
ISFD elastic damping support at various speeds, it was
found that the ISFD can suppress the vibration and
noise of the spur gear over a wide frequency band,
which is conducive to the smooth operation of the sys-

tem.
4 Conclusions

The effect of an ISFD on the dynamic performance
of a spur gear with a center-distance installation error
was experimentally studied by building a test bench for
a spur gear transmission system. The following conclu-
sions were drawn.

A spur gear test bench with a center-distance in-
stallationerror was built to study the broadband vibra-
tion and noise reduction effects of the ISFD. The ex-
perimental results indicate that, compared with a rigid
support, the ISFD reduces the vibration amplitude of
the spur gear system by 40% and the noise by approxi-
mately 5 dB.

By analyzing the modal and experimental results of
the spur gear transmission system, it is clear that the
gap between a pair of gears increases because of the in-
stallation error, and the impact energy generated cau-
ses resonance of the shaft. Therefore, this study pro-
vides a reference for the diagnosis of gear clearance
faults in spur gear transmission systems.

The test results indicate that the ISFD can effec-
tively absorb the impact energy caused by the increase
in the backlash, which is conducive to the stable oper-
ation of the spur gear transmission system.
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