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Abstract
A new type of shear viscous damper for rotating machinery is designed. The new damper with

good stability and reliability can inhibit all kinds of frequency multiplication vibration caused by mis-

alignment in the condition of non-stop machine. It analyzes and discusses the use of the shear vis-

cous damper for misalignment vibration response inhibition with a finite element method, and experi-

ments are extensively carried out with a laboratory test rig. Both the simulation and experimental re-

sults basically agree well in that, the damper can effectively control the misalignment vibration of the

rotor system and improves the stability of the entire rotor system. Experimental results show the am-

plitude of one time running speed component decreases by 30% , and the two time running speed vi-

bration has been basically eliminated.
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0 Introduction

In the practical engineering, shaft misalignment
and rotor unbalance are major concerns in rotating ma-
chinery, which account for rotor system fault by over
60% "''. The vibration due to such sources affects crit-
ical parts of the system such as bearings, gears, mo-
tor, seals, couplings, etc. Even if perfect alignment is
achieved initially, it would not be possibly maintained
during the operation of the machine due to various fac-
tors such as thermal distortion of housing supports of
the bearings, differential thermal growth of machine
parts, piping forces due to variation in pressure and
Thus, a

misalignment condition is virtually always present in

temperature, movement of foundation, etc.

machine-trains and it often needs processing in the

downtime. Many researchers have given attention to
szSJ . .

, vibration charac-
100 the stability
[14-17]

shaft misalignment on its reasons

teristics and dynamic characteristics

HEBEand the diagnostic analysis

of shaft system
Wang, et al. invented a new type of high elevation and
bearing lateral adjustment device for adjusting the bear-

"8 but the device requires higher

ing misalignment
precision. Li, et al. proposed an electromagnetic aux-

iliary support, but it could control the two time running

speed vibration component only, and the one time run-
ning speed vibration component still could not be con-
trolled remarkably'"**’.

Many scholars have done extensive research on
viscous shear vibration damper in controlling bridge
construction vibration since the 1960s"*"**'. Such
damper has good stability , reliability and obvious
damping effect. On such basis, a new type of viscous
dampers for rotating machinery is proposed to inhibit
various frequency components vibration caused by shaft
misalignment. Using the finite element method the
shear viscous dampers damping effect is analyzed for
shaft misalignment, and experiments are carried out for
validation.

1 Designing of the shear viscous damper
and finite element model of rotor mis-
alignment

1.1 Designing and performance of the shear vis-
cous damper

The structure of the shear viscous damper for rota-
ting machinery is shown in Fig. 1. It consists of shear
elements, polymer viscous damping medium and other
components. The rotor vibration passes to the shear el-
ements through the bearing on the damper and dissi-
pates in the damping medium, so achieves suppressing
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the vibration of the rotor system. The damper only acts
as the equivalent of a secondary damping element act-
ing on the shaft, adding few stiffness support, which
does not replace the original bearings.
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Fig.1 Schematic diagram of the damper

The dynamic characteristics of the shear viscous
damper are primarily based on its damping liquid medi-
um, followed by the geometry of the damping device.
The most reasonable model accounting for its behavior
is the Maxwell model'®’ | and the shear stress-strain
relationship in the Maxwell model is

P+ AD'[P] = C,D'[u] (1)

In which D[ P] is the fractional derivative of or-
der r of the time dependent function P. And P is the
damping force; u is the displacement, and D[ u] is
the g-order derivative of u; A is the relaxation time A
=0.3% and r =0. 6 in the modal. For ¢ =1, C, be-
comes the damping constant at zero frequency, which
is determined by the structure of the damper, and gen-
erally it can be calculated as

C, = kuA (2)
where £ is a test trimming coefficient k =1.2; y is the
damping force coefficient; A is the contact area be-
tween the damping fluid and damping device. The
damping coefficient of the model for different speeds is

Col1 + )\w'cos(%n-)]
Clw) = — (3)
1+ 20" + 2)\(»%05(7)

Therefore, the force caused by the driving shear-
ing components of the rotor system to do steady har-
monic motion is

plw,t) = c(o)u(t) (4)

1.2 Mathematical description with the finite ele-
ment method

The finite element model of a single-disc rotor sys-
tem is shown in Fig.2. The rotor-bearing system is dis-
cretized into 13 equal Rayleigh beam finite elements
with 14 nodes. In the present analysis, the shaft is
modeled using 2-noded Rayleigh beam finite element
with 4 degrees of freedom per node. Distributed mass,

moment of inertia, gyroscopic effect and viscous form
of internal material damping are considered along with
the direct bending stiffness of the shaft. Disc is consid-
ered as a rigid element, located at node 7th of the fi-
nite element mesh (seen in Fig.2) with concentrated
inertia properties and mass-unbalance (if any). The
bearings are represented by appropriate linear stiffness
and damping coefficients and the bearing-forces are as-
sumed to act at node 2™ and node 12" ('seen in
Fig.2). The damping force p(w,t) of the shear vis-
cous damper is assumed to act at node 10" with no
stiffness.

Coupling

Fig.2 Finite element model of the rotor system

Shown in Fig. 3, the unit generalized coordinates
of the 2-noded Rayleigh beam finite element unit with 4
degrees of freedom per node are shown as
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Fig.3 Discrete Rayleigh Beam - Axis element model of shaft

The presence of misalignment between the con-
nected shafts deflects the coupling element and imposes
the associated reaction forces and moments at the bear-
ings. Referring to Ref. [24] for the mathematical de-
scription about shaft misalignment, combining the
shaft, bearing and coupling element models, one can
obtain the governing equation for a misaligned rotor
system as
[M]{ut +[D]{ut + [K]{ul =[G] +[F, ] +[F,]

(5)
where [M],[ D] and [ K]are the mass , damping and
stiffness matrices for the rotor system. [ D], the damp-
ing matrices include internal damping of the shaft,
The dis-
placement vector [ u] consists of the bending of the
shaft element. [ G] is the gravity force; [ F, ] is the

bearing damping and gyroscopic moment .

unbalance force; [ F, ] is the misaligned force inclu-
ding reaction forces and moments.

If control action is implored by the shear viscous
damper, the additional control force due to shear vis-
cous damper must be included in the equation. As
seen in Eq. (4), this control force may be expressed
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in terms of the damping coefficients and it is applied at
the nodal location of the shear viscous damper. So the
effect of the shear viscous damper can be implemented
by adding the damping coefficients to the appropriate
elements and [ D] matrices. So considering the action
of shear viscous dampers, Eq. (5) should be the final
form of the system equation of motion that is
[M]{at + [D]{al + [K]{ul + P(w,t)
=[Gl +[F,]+[F,]
(6)

2 Simulated results and discussions

2.1 System details

As shown in Fig. 2, the single-disc rotor shaft sys-
tem ( details of which is given in Table 1) is supported
at the ends on two identical orthotropic bearings the
stiffness and damping coefficients of each are: £, =

xx

8.7eSN/m,k, =2.3e6N/m,C, =1.1e3N.s/m,C =
3.6e3N. s/m.
Table 1 ~ Simulation parameters of the rotor
Parameter Value
Density 7850kg/m’
Modulus of elasticity 210GPa
Mass of disc 674¢
Diameter of the disc 75mm
Thickness of disc 20mm
Diameter moment of inertia 0.000237kg. m’
Polar moment of inertia 0.000474kg. m*
Length of the shaft 505mm
Bearing span 470mm
Diameter of the shaft 10mm

2.2 Comparison between controlled and uncon-
trolled responses

The first critical speed of the rotor system is calcu-
lated to be 2801r/min. This analysis should be carried
out at near half speed of the ecritical speed and
1250r/min is chosen for this analysis. So here vibra-
tion suppression effect of the new shear viscous damper
for rotor misalignment at speed 1250r/min is mainly
analyzed. The simulation parameters are as follows;
applying 0. 15kg. mm unbalance in the early phase of 0
degree at node 7" (seen in Fig.2) ; misalignment; par-
allel = 1mm; angular =0. 12°; the effect of the shear
viscous damper can be implemented by adding the
damping coefficients C, =0.8N. s/mm. Then Eq. (5)
not including shear viscous damping force and Eq. (6)
including shear viscous damping force are integrated
using the Runge Kutta integration scheme with a step

size of 10 s for a whole length of 0. 3s in order to ob-
tain the time responses and spectrum under misalign-
ment and unbalance force at speed of 1250r/min.

Here the time-domain waveform, amplitude spec-
trum and axis orbits of node 3 would be analyzed (dis-
tant from the bearing at node 2 45mm, seen in Fig. 2)
for demonstration. Figs. 4 (a) ~4(c) show compari-
sons between controlled and uncontrolled time-domain
waveform, spectrum and axis orbits by shear viscous
damping force in the y direction. In Fig.4, 1X and 2X
denote frequency of 1 time, 2 times frequency compo-
nents of the operating speed.
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Fig.4 The comparisons of rotor misalignment simulation results

with and without damper

The simulated results in Fig.4 clearly show that
the time-domain waveform appears beat vibration fluc-
tuations( seen in Fig.4(a)) due to the force of unbal-
ance and misalignment without the control of shear vis-
cous dampers. In addition, apart from the 1X vibration
component, the 2X and other multiples vibration com-
ponents of running speed appear in the frequency spec-
trum (seen in Fig. 4(b)); the orbit presents a “ba-
nana” shape due to the misalignment fault . However,
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comparing the feature after adding dampers, the time-
domain waveform of the rotor changes to a stable sine
wave ; the 2X and other multiples vibration components
of running speed almost disappear in the spectrum and
also the 1X vibration component is decreased signifi-
cantly and the axis orbits become stability elliptical or-
bits.

3 Experimental verification

In this section, the theoretical model for mis-
aligned rotor systems in the cases without and with the
control of shear viscous dampers is experimentally veri-
fied. And a rotor test bench is built up , shown in
Fig.5, whose parameters are consistent with the simu-
lation parameters. The rigid disc is located at the mid -
span of the shaft. The rotor is driven by a DC motor,
supported by two sliding bearings at both ends of the
shaft. There are 16 rotary axial threaded holes in the
disc for simulating unbalanced fault. Eddy current sen-
sor is installed on the shaft to measure radial vibration
displacement of shaft.

Bearings

Fig.5 The rotor testing

Simulation of angular and parallel misalignments
with less than 1 mm positioning error is imposed at the
bearing locating near the drive motor, as shown in
Fig. 6. In the experiments, the domain waveforms ,
spectrum and axis orbits of measuring point in the cases
without and with the control of shear viscous dampers
are obtained by data acquisition system. Here also the
running speed 1250r/min is chosen for analysis. The
experimental results are shown in Fig. 7.

Simulating
Misalignment

Fig. 6 Coupling misalignment test diagram
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Fig.7 The comparisons of rotor misalignment experimental re-
sults with and without damper (1250r/min)

The experimental results in Fig.7 illustrate that
without adding the shear viscous damper, the rotor is
obviously in the unbalance and misalignment fault con-
dition; beat vibration fluctuation with M-type appears
at the time-domain waveform; apart from the 1X vibra-
tion component, the 2X and 3X vibration components
of running speed appear in the frequency spectrum;
and the orbit presents “banana” shape. These experi-
mental characteristics are consistent with the simulation
results in Fig. 4. After installing shear viscous damper
on the shaft, the time-domain waveform transforms
from beat vibration fluctuation condition into regular
sine wave, which reduces the magnitude of 35um to
13.5um, with a decline of approximately 61% . In the
frequency spectrum in Fig. 7(b) , the 2X ,3X and oth-
er multiples vibration components of running speed al-
most disappeared. And the amplitude of 1X is reduced
from 14pm to 9. 9um, with a decline of approximately
30% ; the amplitude of 2X is reduced from 13. 6pm to
1. 1um, reduced by 92% . axis trajectory into the ba-
nana-shaped oval. This is consistent with the simula-
tion results , which shows that the shear viscous damp-
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er can suppress the multiple frequency vibration com-
ponents of running speed due to misalignment.

4 Conclusion

This paper analyzes a new-type shear viscous
damper for vibration suppression effect to misaligned
rotor systems. From the simulation and the experimen-
tal analyzed results it may be concluded that the new-
type shear viscous damper provides control of damping
force which significantly reduces the rotor vibration due
to unbalance and misalignment in the case of non-stop
machine. It could not only reduce the 1X vibration
component, but also could eliminate the high multiples
frequency vibration components caused by shaft mis-
alignment . And it may enhance stability of the rotor
system, which has a certain reference value for the ac-
tual project.
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