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*e dynamic vibration absorbers have been applied to attenuate the rotor unbalance and torsional vibrations. *e major purpose
of this paper is to research the elimination of the fluid-induced vibration in the rotor/seal system using the absorber.*e simplified
rotor model with the absorber is established, and the Muszynska fluid force model is employed for the nonlinear seal force. *e
numerical method is used for the solutions of the nonlinear differential equations. *e nonlinear responses of the rotor/seal
system without and with the absorber are obtained, and then the rotating speed ranges by which the fluid-induced instability can
be eliminated completely and partially are presented, respectively. *e absorber parameters ranges by which the instability
vibration can be eliminated completely and partially are obtained.*e results show that the natural frequency vibration due to the
fluid-induced instability in the rotor/seal system can be eliminated efficiently using the absorber. *e appropriate natural
frequency and damping ratio of the absorber can extend the complete elimination region of the instability vibration and postpone
the occurrence of the instability vibration.

1. Introduction

Too large fluid-induced vibration in the turbomachinery is
unacceptable as it may lead to shut down quickly of the
rotating machinery and then causes huge economic loss [1].
*e instability vibration generates by the oil film force in
the journal bearing and the seal force between the rotor and
seal. *e clearance filled with the fluid between rotor and
stator (bearing or seal) is small. *e pressure difference
arises in the clearance by some unavoidable reasons, such
as the elastic deformation of the shaft and the rotor un-
balance. *en, the fluid-induced force acts on the rotor
system. *e instability vibration appears when the system
damping is insufficient.

*e methods to eliminate the instability vibration are
divided into two kinds: the parameters adjustment of the
fluid force and the vibration control by applying the external
force. *e antiswirl injection was a typical method to
eliminate the instability vibration by disrupting the fluid

flow based on the injection of an additional flow to the seal,
in the tangential direction, opposite to the direction of the
shaft rotation by Muszynska and Bently [2]. Le et al. [3]
proposed that the optimally controlled antiswirl injection
method was applied to eliminate the whirl in the fluid-film
bearings of the rotary machinery using the linear quadratic
regulator method. Sun et al. [4] designed four kinds of the
seals with and without the antiswirl flow. *e theoretical
analysis and experimental research on the seal performances
of the antiswirl flow showed that the antiswirl flow could
effectively reduce the effective stiffness and increase the
effective damping.*e seal configuration such as the annular
honeycomb seal was another typical method to eliminate the
instability vibration by disrupting the fluid flow in the seal by
Childs et al. [5]. Subramanian et al. [6] performed both
centrifugal and thermal growth on the leakage character-
istics of the labyrinth seal in the gas turbine. Ertas et al. [7]
compared the rotordynamic performance for three types of
seals, which include the labyrinth, honeycomb, and fully
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partitioned damper seals. *e instability vibration induced
by the journal bearing is in general prevented using the
multilobed and tilting-pad journal bearing. Chasalevris and
Dohnal [8] presented the adjustable journal bearings to
extend the stability margins of the rotor-fluid film journal
bearings system for the journal bearing-induced instabilities.
*e proposed 2-arc and 3-arc journal bearing configurations
could provide the periodical stiffness and damping variation.
Salazar and Santos [9–11] presented the model of the flexible
rotor-active tilting-pad journal bearing system and designed
and implemented the model-based controller for the system,
to reduce the amplitude of the frequency response at res-
onance. *e instability vibration is also suppressed by
controlling the flow or pressure in the seal or bearing.
Queiroz [12] proposed the active hydrodynamic bearing to
mitigate such vibration in the lightly loaded rotating ma-
chines. A rotating bushing by which the speed could be
controlled was added in the bearing. *e PID-like feedback
control law for the bushing speed was proposed and tested
via the numerical simulations. Applying the external force is
another kind of the method to eliminate the instability vi-
bration. Fan and Pan [13] presented the active electro-
magnetic actuator to raise the threshold of instability of the
rotor-fluid film bearings and eliminate both oil and dry
whips instabilities in the normal, operational range. *e
magnetic actuator was applied to control the oil whip in-
stability vibration using the μ-synthesis control technique, as
shown by Riemann et al. [14].

*e dynamic vibration absorbers (DVAs), as a kind of
the method for eliminating the vibration, have been widely
applied in the structure vibration suppression. Parseh et al.
and Chen et al. [15, 16] presented the nonlinear energy sink
(NES) to suppress the vibration of the linear beam.
Mamaghani et al. [17] presented the NESs to control the
vibration of the pipe conveying the fluid under the external
periodic excitation. Ebrahimzade et al. [18] investigated the
stability properties and nonlinear behaviours of the wing
model attached with the DVA and NES. Recently, the DVAs
have also been applied in the rotor system. *e unbalance
and torsional vibrations have been attenuated using the
DVAs. Yao et al. [19, 20] proposed the negative stiffness
DVA and magnetic NES to attenuate the unbalance vi-
bration in the rotor system. *e negative stiffness DVA and
magnetic NES had better performance over a wider fre-
quency range than the linear DVA. Hu and He [21] pre-
sented the rotor DVAs to online control the critical speed
vibration of the single-span rotor system. *e effect of the
installation position of the rotor DVAs on the vibration
control performance was studied. Bab et al. [22] investigated
the vibration attenuation of the smooth NESs for the rotor
system with mass eccentricity. *ey also investigated the
vibration mitigation ability of the smooth NESs for the rotor
system supported by journal bearings with the nonlinear
suspensions [23]. After that, they located the NESs on the
disk and bearing to investigate the effects of the NES on the
vibration mitigation in the continuous rotor-disk-journal
bearing system with the nonlinear suspensions [24]. Guo
et al. [25] presented the vibration reduction in the un-
balanced hollow rotor system using the NESs.

Besides, the centrifugal pendulum vibration absorbers
(CPVAs), as another typical kind of the DVA, have long
been employed in the torsional vibration attenuation in the
rotating and reciprocating machines [26]. Haddow and
Shaw [27] proposed the dynamic behaviour of the torsional
vibration absorbers by the experimental and theoretical
investigation. Issa and Shaw [28] presented the equivalent
translational system model of the rotor fitted with the
CPVAs to investigate the nonlinear dynamic responses of
the equivalent translational system. *e localization phe-
nomena of the nonlinear torsional vibration suppression in
the rotating shaft system attached with the CPVAs were
investigated by Nishimura et al. [29]. Vidmar et al. [30]
presented the effects of the coulomb friction on the per-
formance of the rotor-CPVAs system by the perturbation
analysis and experimental measurements. Shi and Parker
[31] investigated the natural frequencies, vibration modes,
and stability of the CPVAs system with the equally spaced,
identical absorbers by the analytical model of the rotor-
CPVAs system. *en, the symmetry breaking effects on the
modal properties of the CPVAs systems attached with the
multiple groups of the absorbers were discussed [32]. After
that, they investigated the vibration reduction in the rigid
rotor with the tilting, rotational, and translational motions
using the CPVAs [33].

*e vibration attenuation for the rotor using the DVAs
has been verified by plenty references. However, the research
on the method of the vibration attenuation using the DVAs
for the rotor system is mainly focused on the unbalance and
torsional vibration. To the authors’ knowledge, few papers are
devoted to the fluid-induced instability vibration elimination
for the rotor/seal system using the DVAs. So, the fluid-
induced vibration elimination of the rotor/seal system with
the DVA is proposed in this paper. Firstly, the rotor/seal
system model attached with the DVA is established by the
simplified rotor and Muszynska seal force model. Secondly,
the nonlinear responses of the rotor/seal system without and
with the DVA are studied using the numerical method.
*irdly, the influences of the natural frequency and damping
ratio of the DVA on the fluid-induced vibration elimination
are investigated. Finally, some conclusions are drawn to
summarize the effects of fluid-induced vibration elimination
for the rotor/seal system by the DVA.

2. Model of Rotor/Seal System with DVA

2.1. Structure of Rotor/Seal System with DVA. *e schematic
diagram of the structure of the rotor/seal systemwith the DVA
is shown in Figure 1. A single disk rotor is supported rigidly.
*e rotor/seal system is a two-lateral-mode isotropic rotor with
the fluid interaction in the rotor-to-stationary part clearances.
*eMuszynska fluid force model is used for the nonlinear seal
force [2, 34] and equivalently acts on the disk. *e DVA is
attached on the shaft by the rolling bearing with the frame
[19–21], so it does not rotate with the rotor.*e DVA is added
in the horizontal and vertical directions, respectively. *e
spring and damping elements are connected to the supporting
frame of the rolling bearing. To stop the rotating of the DVA,
the flexible connections exist between the DVA and the rotor
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test bench.*e flexible connections are springs with very weak
stiffness, similar as that of the DVA in References [19, 21].

2.2. Dynamic Model of Rotor/Seal System with DVA. *e
dynamic model of the rotor/seal system with the DVA is
shown in Figure 2. Figures 2(a)–2(c) are the schematic di-
agram of the nonlinear seal force model, the rotor/seal
system with the DVA, and the equivalent model.
*e equations of motion of the system may be expressed
as follows:

m €X + d _X + kX + fX + da
_X− _Xa􏼐 􏼑 + ka X−Xa( 􏼁 � P cosωt,

m €Y + d _Y + kY + fY + da
_Y− _Ya􏼐 􏼑 + ka Y−Ya( 􏼁 � P sinωt,

ma
€Xa + da

_Xa − _X􏼐 􏼑 + ka Xa −X( 􏼁 � 0,

ma
€Ya + da

_Ya − _Y􏼐 􏼑 + ka Ya −Y( 􏼁 � 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

fX � mf
€X + df

_X + 2mfωλ _Y + kf −mfω2λ2􏼐 􏼑X + ωdfλY,

fY � mf
€Y− 2mfωλ _X + df

_Y−ωdfλX + kf −mfω2λ2􏼐 􏼑Y,

⎧⎪⎨

⎪⎩

(2)

P � meω
2
r,

df � d0 1−U
2

􏼐 􏼑
−n

,

kf � k0 1−U
2

􏼐 􏼑
−n

,

kf � k0 1−U
2

􏼐 􏼑
−n

,

λ � λ0(1−U)
b
,

U �

�������
X2 + Y2

√

rf
,

(3)

where m, d, and k denote, respectively, rotor generalized
(modal) mass, lateral isotropic stiffness, and lateral external
damping. me and r are the eccentric mass and eccentricity,
respectively. fX and fY are the nonlinear seal force. mf , df ,
and kf denote, respectively, the fluid inertia, fluid film radial
damping, and stiffness coefficients in the seal. λ is the fluid
circumferential average velocity ratio. d0, k0, λ0, n, and b are
the parameters of the nonlinear fluid force.*ese parameters
of the nonlinear force are described in detail by Muszynska
[34]. rf is the radial clearance of the seal. ω is the rotating
speed. ma, da, and ka are the mass, damping, and stiffness
coefficients of the DVA, respectively. X, Y and Xa, Ya are the
horizontal and vertical displacements of the rotor and the
DVA, respectively. df , kf , and λ are the nonlinear functions
of the displacements X and Y.

DVA

Bearing

Rotor test rig

Disk/seal

Sha�

Flexible connection

(a)

Mass

Rolling bearing
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Spring
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(b)

Figure 1: *e schematic diagram of the structure of the rotor/seal system with the DVA. (a) *e structure of the whole test rig.
(b) *e structure of the DVA.

Fluid film
radial damping 

Fluid film
radial stiffness

Rotor

Seal

Fluid circumferential
average angular velocity 

kf

df

λω

ω

(a)

x

y DVA

Rotor

Disk

BearingfX

fY

rme

ω

(b)

d

k
ma

ka

da

m

Rotor/seal DVA

fX (fY) Pcosωt (Psinωt)

Xa (Ya)X (Y)

(c)

Figure 2: *e model of the rotor/seal system with the DVA. (a) *e nonlinear seal force model. (b) *e rotor/seal system with the DVA.
(c) *e equivalent model.
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*e stiffness of the flexible connections is neglected
since it is very small comparing with ka. So, the stiffness
term of the flexible connections is omitted in Equation
(1).

*e nondimensional transform is as follows:

x �
X

rf
,

y �
Y

rf
,

xa �
Xa

rf
,

ya �
Ya

rf
,

τ � ωt,

(4)

d

dt
� ω

d

dτ
,

d2

dt2
� ω2 d2

dτ2
,

(5)

and is defined as follows:

x′ �
d

dτ
x,

y′ �
d

dτ
y,

x″ �
d2

dτ2
x,

y″ �
d2

dτ2
y,

xa′ �
d

dτ
xa,

ya′ �
d

dτ
ya,

x″a �
d2

dτ2
xa,

y″a �
d2

dτ2
ya.

(6)

By substituting Equations (4)–(6) into Equations
(1)–(3), the original equations become the nondimensional
equations:

x″ + 2ζrωrx′ + ω2
rx + fx + 2εζaωa x′ − xa′( 􏼁 + εω2

a x− xa( 􏼁 � εe cos τ,

y″ + 2ζrωry′ + ω2
ry + fy + 2εζaωa y′ −ya′( 􏼁 + εω2

a y−ya( 􏼁 � εe sin τ,

x″a + 2ζaωa xa′ − x′( 􏼁 + ω2
a xa −x( 􏼁 � 0,

y″a + 2ζaωa ya′ −y′( 􏼁 + ω2
a ya −y( 􏼁 � 0,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

fx � εfx″ + μdx′ + 2εfλy′ + μk − εfλ
2

􏼐 􏼑x + μdλy,

fy � εfy″ − 2εfλx′ + μdy′ − μdλx + μk − εfλ
2

􏼐 􏼑y,

⎧⎪⎨

⎪⎩

df � d0 1− u
2

􏼐 􏼑
−n

,

kf � k0 1− u
2

􏼐 􏼑
−n

,

λ � λ0(1− u)
b
,

u �

������

x2 + y2
􏽱

,

(7)

where ωr �
����
k/m

√
, ζr � d/(2mωr), ε � ma/m, ωa �

�����
ka/ma

􏽰
,

ζa � da/(2maωa), εe � mer/(mrf ), ωr � ωr/ω, ωa � ωa/ω,
εf � mf /m, μd � df /(mω), and μk � kf /(mω2)

3. Numerical Simulations and Discussions

3.1. Parameters Definition and Numerical Method. *e nu-
merical method, Newmark time integration method [35], is
used to solve the complicated nonlinear equations and the
detailed algorithm is introduced in Appendix.*e algorithm
is unconditionally convergent as the values of parameters β ≥
1/4 and δ ≥ 1/2 [36]. *e parameters of the rotor/seal system
are as follows: the rotor mass m � 1 kg, the damping ratio ζr

� 0.025, and the natural frequency ωr � 200 rad/s; the radial
clearance of the seal rf � 10−3m; and the nonlinear seal force
parameters εf � 10−6, d0 � 100Nm/s, k0 � 1N/m, λ0 � 0.48, n
� 2, and b � 0.5. Besides, εe is set as 0.01. *e nonlinear
behaviours of the real rotor/seal system can be described by
the above parameters.

3.2. Nonlinear Characteristics of Rotor/Seal System. *e bi-
furcation diagram and the amplitude-frequency response
curve of the rotor/seal system in the x coordinate are
established, and the results are shown in Figure 3. *e
rotating speed ω as a bifurcation parameter is considered.
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Assuming the nondimensional rotating speed s � ω/ωr. It can
be observed in Figure 3(a) that the vibration response is
periodic at s < 2.31. Only one point is correspondingly shown
in the bifurcation diagram for every rotating speed. �e vi-
bration response is nT periodic or quasiperiodic at s ≥ 2.31
and can be determined by Poincaré map.�e nonlinear terms
in the equations are the reason of the vibration instability in
the rotor system. s � 2.31 is the instability threshold of the
rotor/seal system. Consequently, the vibration responses of
the rotor/seal system in Figure 3(a) can be divided into two
regions: the synchronous response at s < 2.31 and the in-
stability vibration at s ≥ 2.31. Figure 3(b) shows that the
resonance occurs as the rotating speed is close to s � 1. As the
rotating speed exceeds the instability threshold of the
rotor/seal system s � 2.31, the amplitude of the rotor/seal
system increases rapidly, which is caused by the �uid-induced
instability.

�e synchronous response s � 2 and the instability
responses s � 2.35, s � 2.5, s � 2.65, and s � 2.8 are picked,
respectively, in the x coordinate for the following analysis
as shown in Figures 4–8. Figure 4 shows that the 1X
frequency only exists in the frequency spectrum, the orbit
of the rotor is a regular circle, and an isolated point is in
the Poincaré section. �ese results indicate that, in this
case, the rotor has a periodic solution. Figure 5 represents
that the 1X frequency and the natural frequency ωr of the
rotor components exist in the frequency spectrum, the
orbit of the rotor is irregular, and a closed curve formed by
the in�nite points is in the Poincaré section. �ese results
indicate that, in this case, the rotor has a quasiperiodic
solution. Figure 6 represents that the 1X frequency and the
natural frequency ωr of the rotor components exist in the
frequency spectrum, the orbit of the rotor is irregular, and
�ve isolated points are in the Poincaré section. �ese
results indicate that, in this case, the rotor has a 5T-
periodic solution. Figure 7 shows that the 1X frequency
and the natural frequency ωr of the rotor components
exist in the frequency spectrum, the orbit of the rotor is
irregular, and a closed curve formed by the in�nite points
is in the Poincaré section. �ese results indicate that, in
this case, the rotor has also a quasiperiodic solution.
Figure 8 shows that the 1X frequency and the natural
frequency ωr of the rotor components exist in the

frequency spectrum, the orbit of the rotor is irregular, and
the fourteen isolated points are in the Poincaré section.
�ese results indicate that, in this case, the rotor has a
14T-periodic solution. Compared with the frequency
spectrums of the x coordinate in Figures 4(a), 5(a), 6(a),
7(a), and 8(a), the amplitude of the 1X frequency is almost
constant but that of the natural frequency ωr increases as
the rotating speed increases.

3.3. Nonlinear Characteristics of Rotor/Seal System with the
DVA. �e main object of the paper is to eliminate the
natural frequency vibration due to the �uid-induced in-
stability when the rotating speed exceeds the instability
threshold of the rotor/seal system. �e DVA is attached on
the rotor/seal system. �e parameters of the DVA are
considered: picking the mass ratio ε � 0.01 since the DVA
mass ratio is limited for the practical considerations. It is
known that the �uid-induced vibration frequency is almost
equal to the natural frequency of the rotor system, so the
natural frequency of the DVA ωa � ωr is picked. Normally,
the damping ratio is relatively small, so the damping ratio ζa
� 0.05 is picked. �e in�uences of the natural frequency and
damping ratio are discussed in the next section. In the case,
the rotor-DVA system has two natural frequencies: the �rst-
and second-order natural frequencies ωn1 and ωn2,
respectively.

Correspondingly, the synchronous response s � 2 and
the instability responses s � 2.35, s � 2.5, s � 2.65, and s � 2.8
are picked, respectively, in the x coordinate for the e�ect
analysis of the instability vibration elimination as shown in
Figures 9–13. �e blue solid line with the solid circle is the
response of the rotor/seal system, and the red solid line with
the open circle is the response of the rotor/seal system with
the DVA, respectively. Figure 9 shows that the response of
the rotor/seal system with the DVA is the same as that of the
rotor/seal system without the DVA at s � 2. Figure 10
represents that the instability vibration of the rotor natu-
ral frequency ωr is eliminated completely by the DVA and
the 1X frequency has no change in the frequency spectrum,
the orbit of the rotor becomes a regular circle, and an
isolated point instead of a closed curve formed by the
in�nite points is in the Poincaré section. �e quasiperiodic
response becomes the periodic response. Figure 11

0.6

x

0.3

0.0

–0.3

–0.6
0 1 2 3 4

s

s = 2.31

(a)

x

0.6

0.0

0.2

0.4

0 1 2 3 4
s

s = 2.31

(b)

Figure 3: (a) �e bifurcation diagram and (b) the amplitude-frequency response curve of the rotor/seal system in the x coordinate.
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represents that the instability vibration of the rotor natural
frequency ωr is also eliminated completely by the DVA, and
the 1X frequency has no change in the frequency spectrum,

the orbit of the rotor becomes a regular circle, and an
isolated point instead of �ve isolated points is in the
Poincaré section. �e 5T-periodic response becomes the
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Figure 4: �e periodic response of the rotor/seal system at s � 2. (a) �e frequency spectrum of the x coordinate. (b) �e orbit of the rotor.
(c) �e Poincaré map of the x coordinate.
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Figure 9: �e response of the rotor/seal system with the DVA at s � 2. (a) �e frequency spectrum of the x coordinate. (b) �e orbit of the
rotor. (c) �e Poincaré map of the x coordinate.
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the rotor. (c) �e Poincaré map of the x coordinate.

0.05

0.04

0.03

0.02

0.01

0.00
0 1 2 3 4 5

f (ω)

x

1X

ωr

(a)

0.12

0.12

0.06

0.06

0.00

0.00

–0.06

–0.06
–0.12

–0.12
x

y

(b)

0.070.01–0.05–0.11

0.04

0.02

–0.02

0.00

–0.04

x′

x

(c)

Figure 11:�e response of the rotor/seal systemwith the DVA at s � 2.5. (a)�e frequency spectrum of the x coordinate. (b)�e orbit of the
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periodic response. Figure 12 shows that the 1X frequency
and the �rst-order natural frequency ωn1 of the rotor-DVA
system components exist in the frequency spectrum; that is,
the instability vibration frequency changes from the rotor
natural frequency ωr to the rotor-DVA �rst-order natural
frequency ωn1. Note that the instability vibration is not
eliminated completely, but the amplitude of the instability
vibration frequency becomes smaller by the DVA. �e 1X
frequency has no change in the frequency spectrum, the
orbit of the rotor is also irregular, and a closed curve
formed by the in�nite points is also in the Poincaré section.
�e vibration is still quasiperiodic. Figure 13 shows that the
1X frequency and the �rst-order natural frequency ωn1 of
the rotor-DVA system components exist in the frequency
spectrum; that is, the instability vibration frequency also
changes from the rotor natural frequency ωr to the rotor-
DVA �rst-order natural frequency ωn1. Note that the in-
stability vibration is not eliminated completely, but the
amplitude of the instability vibration frequency also be-
comes smaller by the DVA. �e 1X frequency has no
change in the frequency spectrum, and the orbit of the rotor
is also irregular, but a closed curve formed by the in�nite
points instead of fourteen isolated points is in the Poincaré
section. �e 14T periodic response becomes the quasipe-
riodic response.

�e results from Figures 9–13 show the following: (1) the
response away from the resonance region is not a�ected by
the DVA in the synchronous vibration region; (2) the in-
stability vibration frequency can be eliminated completely
by the DVA within a certain rotating speed range in the

instability vibration region; (3) the instability vibration
frequency can be eliminated partially by the DVA within the
other rotating speed range in the instability vibration region;
(4) the 1X frequency vibration is not a�ected by the DVA.

�e bifurcation diagram and the amplitude-frequency
response curve of the rotor/seal system attached with the
DVA are established, and the results are shown in Fig-
ure 14. �e blue solid dot and line are the bifurcation and
amplitude-frequency response curve of the rotor/seal
system, and the red solid dot and line are that of the
rotor/seal system with the DVA, respectively. After adding
the DVA, it can be observed in Figure 14(a) that the vi-
bration response is periodic at s < 2.58. Only one point is
correspondingly shown in the bifurcation diagram for
every rotating speed. �e vibration response is nT periodic
or quasiperiodic at s ≥ 2.58 and can be determined by the
Poincaré map. s � 2.58 is the instability threshold of the
rotor/seal-DVA system.

Compared with the rotor/seal system without the DVA,
the instability threshold of the rotor/seal system with the
DVA increases by about 12%.�e region of the synchronous
response is extended, and the occurrence of the �uid-
induced vibration is postponed by the DVA. �e natural
frequency vibration due to the �uid-induced instability in
the rotor/seal system can be eliminated completely using the
DVA within the rotating speed range between s � 2.31 and s
� 2.58. �is is the rotating speed range of the complete
elimination of the instability vibration.

Figure 14(b) shows that the amplitude of the rotor/seal
system increases rapidly as the rotating speed exceeds the
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the rotor. (c) �e Poincaré map of the x coordinate.
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instability threshold of the rotor/seal system with the DVA s
� 2.58 when the DVA is added. Compared with the
rotor/seal system without the DVA, the amplitude of the
rotor/seal system attached with the DVA is smaller than that
of the rotor/seal system as the rotating speed exceeds s � 2.31.
�e natural frequency vibration due to the �uid-induced
instability in the rotor/seal system can be eliminated partially
using the DVA within the rotating speed range s > 2.58. �is
is the rotating speed range of the partial elimination of the
instability vibration. �e amplitudes of the rotor/seal system
without and with the DVA are closer as the rotating speed
increases.

For the 1X frequency (unbalance) vibration attenuation
of the rotor system, the partial enlarged view in Figure 14(b)
shows that the amplitude of the rotor can be reduced by the
DVA in the resonance region during the vibration process.
However, the DVA is ine�ective when the 1X frequency
(rotating speed) is away from the resonance region. �is is
one of the vibration attenuation characteristics of the DVA.
It is the reason that the 1X frequency has almost no change
in the frequency spectrum in Figures 9–13.

Compared with the NES, �rst, the structure of this DVA
is easy to realize. �e structure of the NES which has an
essentially nonlinear sti�ness is more complex. Second, the
NES is e�ective when the amplitude of the main system is
within a certain range; that is, the NES is ine�ective when
the amplitude of the main system is too large.�is DVA has
no such restriction. For the vibration attenuation of the
unbalance rotor system in the resonance region, it has been
compared between the DVA and NES in Reference [20].
Both DVA and NES can reduce the amplitude of the rotor
system in the resonance region, but the system with the
DVA has two large amplitude areas in the resonance re-
gion, while the system with the NES only has one large
amplitude area which is in the resonance region. In a very
large frequency range, the system with the NES has lower
vibration amplitude than the system with the DVA.
However, near the resonance point, the system with the
DVA has lower vibration amplitude than the system with
the NES. For the �uid-induced vibration attenuation of the
rotor/seal system, the e�ect of this DVA has been discussed
in this paper, but the e�ect of the NES has not been

investigated. It is a very interesting work and will be dis-
cussed in the future.

�e process of the simulation analysis is as follows.
First, the model of the rotor/seal system is established. �e
modi�ed Je�cott rotor and Muszynska nonlinear seal
force models are applied for the simulation analysis. �en,
the numerical method is used due to the nonlinear term.
�e dynamic characteristics of the rotor/seal system are
analysed with the bifurcation diagrams, amplitude-
frequency response curves, frequency spectrum, trajec-
tory diagrams, and Poincaré maps. �ird, the DVA is
attached in the rotor/seal system. �e motion equation of
the rotor/seal-DVA system is established. �e initial
parameters of the DVA are selected. �e numerical
method is also used for the nonlinear characteristic
analysis. Finally, the dynamic characteristics of the
rotor/seal system without and with the DVA are com-
pared. �e e�ect of the DVA on the instability vibration
elimination is obtained.

4. Influences of the Parameters of the DVA on
the Instability Threshold

�e instability threshold is a key parameter for the rotor
instability vibration elimination from the above analysis.�e
rotating speed ranges of the complete and partial elimination
of the instability vibration are determined by the instability
threshold. So, the e�ects of the natural frequency and
damping ratio of the DVA on the instability threshold are
investigated in this section.

4.1. In�uence of the Natural Frequency of the DVA on the
Instability  reshold. �e e�ect of the natural frequency of
the DVA on the instability threshold for the rotor/seal
system with the DVA is considered �rst. Assuming the
nondimensional natural frequency of the DVA σa � ωa/ωr.
Figure 15 represents that the instability threshold of the
rotor/seal system changes with the natural frequency of the
DVA as ζa � 0.05. �e blue solid line is the instability
threshold of the rotor/seal system, and the red solid line is
the instability threshold of the rotor/seal system with the
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Figure 14: (a) �e bifurcation diagram and (b) the amplitude-frequency response curve of the rotor/seal system attached with the DVA in
the x coordinate.
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DVA, respectively. Accordingly, it can be seen that the
instability thresholds of the rotor/seal system with and
without the DVA are equal in the zone of z1, the instability
threshold of the rotor system with the DVA is greater than
that of the system without the DVA in the zone of z2, and the
instability threshold of the rotor/seal system with the DVA is
less than that of the system without the DVA in the zone of
z3. Consequently, the DVA natural frequency ranges by
which the instability vibration can be eliminated completely
and partially is in the zone of z2 (about 0.4 < σa < 1.1). �e
region consisting of the blue and red solid lines is the
complete elimination of the instability vibration. �e region
consisting of the red solid line and two black dash lines is the
partial elimination of the instability vibration.�e instability
threshold of the rotor/seal system attached with the DVA
increases �rst and then decreases as σa increases, and the
maximum is s � 2.7 when σa is about 0.99. So, the rotating
speed range of the complete elimination of the instability
vibration can be extended. �e natural frequency vibration
due to the �uid-induced instability in the rotor/seal system
can be eliminated completely using the DVA within the
maximum rotating speed range between s � 2.31 and s � 2.7.

Case 1. In the maximum case of picking σa � 0.99 and ζa �
0.05 when the natural frequency of the DVA changes in
Figure 15, the bifurcation diagram and the amplitude-
frequency response curve of the rotor/seal system at-
tached with the DVA are established, and the results are
shown in Figure 16. Compared with the rotor/seal system
without the DVA, the instability threshold of the rotor/seal
system with the DVA increases by about 17%.

4.2. In�uence of the Damping Ratio of the DVA on the In-
stability  reshold. �e e�ect of the damping ratio of the
DVA on the instability threshold for the rotor/seal system
with the DVA is considered as follows. Figure 17 represents
that the instability threshold of the rotor/seal system changes
with the damping ratio of the DVA as σa � 1. �e blue and
red solid lines are the instability threshold of the rotor/seal
systemwithout and with the DVA, respectively. It shows that
the instability threshold of the rotor/seal system with the
DVA is less than that of the system without the DVA in the
zone of z1, and the instability threshold of the rotor system

with the DVA is greater than that of the system without the
DVA in the zone of z2. Consequently, the DVA damping
ratio range by which the instability vibration can be elim-
inated completely and partially is in the zone of z2 (about
0.02 < ζa < 1). �e region consisting of the blue and red solid
lines is the complete elimination of the instability vibration.
�e region consisting of the red solid line and the black dash
line is the partial elimination of the instability vibration. �e
instability threshold of the rotor/seal system with the DVA
increases �rst and then decreases as ζa increases, the max-
imum is s � 2.605 when ζa is about 0.06. So, the rotating
speed range of the complete elimination of the instability
vibration can be extended. �e natural frequency vibration
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Figure 15: �e e�ect of the natural frequency of the DVA on the
instability threshold of the rotor/seal system as ζa � 0.05.
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due to the �uid-induced instability in the rotor/seal system
can be eliminated completely using the DVA within the
maximum rotating speed range between s � 2.31 and s �
2.605.

Case 2. In the maximum case of picking ζa � 0.06 and σa � 1
when the damping ratio of the DVA changes in Figure 17,
the bifurcation diagram and the amplitude-frequency re-
sponse curve of the rotor/seal system attached with the DVA
are established and the results are shown in Figure 18.
Compared with the rotor/seal system without the DVA, the
instability threshold of the rotor/seal system with the DVA
increases by about 13%.

Case 3. Especially, picking ζa � 0 and σa � 1 in Figure 17, the
absorber is the undamped DVA. �e bifurcation diagram
and the amplitude-frequency response curve of the
rotor/seal system attached with the undamped DVA are
established and the results are shown in Figure 19. �e blue
solid dot and line are the bifurcation and amplitude-
frequency response curve of the rotor/seal system, and
the red solid dot and line are that of the rotor/seal system
with the DVA, respectively. After adding the DVA, it can be
observed in Figure 19(a) that the instability threshold of the
rotor/seal system with the DVA (s � 2.19) is less than that of
the system without the DVA (s � 2.31); that is, the instability

vibration occurs in advance when the undamped DVA is
mounted on the rotor/seal system. Figure 19(b) shows that
the amplitude of the rotor/seal system increases rapidly as
the rotating speed exceeds s � 2.19 when the undamped
DVA is added. Compared with the rotor/seal system without
the DVA, the amplitude of the rotor/seal system attached
with the DVA is greater than that of the rotor/seal system as
the rotating speed exceeds s � 2.19.

�e results from Figure 19 show that the natural fre-
quency vibration due to the �uid-induced instability in the
rotor/seal system cannot be eliminated using the undamped
DVA. �e instability threshold decreases by about 5%.

Case 4. Especially, picking ζa � 1 and σa � 1 in Figure 17, the
absorber is the DVA with critical damping. �e bifurcation
diagram and the amplitude-frequency response curve of the
rotor/seal system attached with the DVA are established, and
the results are shown in Figure 20. After adding the DVA, it
can be observed that the instability threshold and the am-
plitude of the instability vibration of the rotor/seal system
with the DVA are very close to those of the rotor/seal system
without the DVA.�ere is almost no e�ect on the instability
threshold and the amplitude of the instability vibration of
the rotor/seal system after the DVA is added.

�e instability thresholds of the rotor/seal system under
the above four parameter combinations of the DVA are
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Figure 18: (a) �e bifurcation diagram and (b) the amplitude-frequency response curve of the rotor/seal system attached with the DVA in
the x coordinate when ζa � 0.06 and σa � 1.
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listed as shown in Table 1. �e instability threshold is in-
creased in Cases 1 and 2. Increment of the instability
threshold in Case 1 is greater than that in Case 2. �e in-
stability threshold is decreased in Case 3 and almost constant
in Case 4.

5. Conclusions

�e �uid-induced vibration elimination in the rotor/seal
system attached with the DVA is proposed in this paper. �e
simpli�ed model of the rotor/seal system with the DVA is
established. �e Muszynska �uid force model is used for
the nonlinear seal force. �e Newmark time integration
method is adopted to investigate the nonlinear dynamic
responses of the rotor/seal system without and with the
DVA. �e rotating speed ranges by which the �uid-induced
instability can be eliminated completely and partially are
obtained, respectively. �e e�ects of the natural frequency
and damping ratio of the DVA on the �uid-induced vi-
bration elimination are investigated and the DVA parameter
ranges by which the instability vibration can be eliminated
completely and partially are obtained. �e conclusions are
drawn as follows:

(1) �e proposed method is e�ective to eliminate the
natural frequency vibration due to the �uid-induced
instability of the rotor/seal system. For the certain
rotating speed range, the instability vibration can be
eliminated completely. �e 1X frequency vibration is
not a�ected by the DVA since the rotating speed is
away from the resonance region.

(2) �e amplitude of the instability vibration in the
rotor/seal system can be decreased using the DVA
within the rotating speed range of the partial elim-
ination of the instability vibration.

(3) �e natural frequency and the damping ratio of the
DVA have a greater impact on the instability vi-
bration elimination e�ect when the mass of the DVA
is constant. �e DVA has a higher e¦ciency when
picking (σa � 0.99, ζa � 0.05) or (σa � 1, ζa � 0.06).
Especially, the instability vibration occurs in advance
when picking (σa � 1, ζa � 0), and there is almost no

e�ect on the instability vibration elimination when
picking (σa � 1, ζa � 1).

Further works include the comparison between simu-
lation and experiment for the e�ectiveness of the DVA on
the rotor test rig.

Appendix

�e Newmark time integration method:
�e di�erential equation of the rotor system is given by

M€x + C _x + Kx + f(x) � P, (8)

where f(x) is the nonlinear restoring force.
�e equation at time t is given by

M€xt + C _xt + Kxt + f xt( ) � Pt. (9)

�e equation at time t + Δt is given by

M€xt+Δt + C _xt+Δt + Kxt+Δt + f xt+Δt( ) � Pt+Δt. (10)

If f(x) is di�erentiable in the neighbourhood of x,
f(xt+Δt) can be expanded with respect to xt by the Taylor
series:

f xt+Δt( ) � f xt( ) +
zf
zx

∣∣∣∣∣∣∣∣x�xt
Δx +

1
2!

z2f
zx2

∣∣∣∣∣∣∣∣x�xt
( )Δx2 + · · · ,

(11)

where Δx � xt+Δt − xt are the incremental displacement.
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Figure 20: (a) �e bifurcation diagram and (b) the amplitude-frequency response curve of the rotor/seal system attached with the DVA in
the x coordinate when ζa � 1 and σa � 1.

Table 1: �e instability thresholds of the rotor/seal system under
the four parameter combinations of the DVA.

Case σa ζa
Instability
threshold

Increment of instability
threshold

Rotor without
DVA — — 2.31 —

1 0.99 0.05 2.7 +17%
2 1 0.06 2.605 +13%
3 1 0 2.19 −5%
4 1 1 2.31 0
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*e higher order terms beyond the second derivatives
are neglected; then, Equation (11) can be reduced to

f xt+Δt
􏼐 􏼑 � f xt

􏼐 􏼑 + Kt
TΔx, (12)

where

Kt
T �

zf
zx

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌x�xt

. (13)

Substituting Equation (12) into Equation (10), the
original equation becomes an incremental equation:

M€xt+Δt
+ C _xt+Δt

+ Kxt+Δt
+ Kt

TΔx � Pt+Δt − f xt
􏼐 􏼑. (14)

Assume that

_xt+Δt � _xt + (1− δ)€xt + δ€xt+Δt􏽨 􏽩Δt,

xt+Δt � xt + _xtΔt +
1
2
− β􏼒 􏼓€xt + β€xt+Δt􏼔 􏼕Δt2,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(15)

where δ ≥ 0.5 and β ≥ 0.25 (0.5 + δ)2. *en,

€xt+Δt �
1

βΔt2
xt+Δt − xt

􏼐 􏼑−
1

βΔt
_xt −

1
2β
− 1􏼠 􏼡€xt

,

_xt+Δt �
δ

βΔt
xt+Δt − xt

􏼐 􏼑−
δ
β
− 1􏼠 􏼡 _xt −

δ
2β
− 1􏼠 􏼡Δt€xt

.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(16)

Assume that

a0 �
1

βΔt2
,

a1 �
δ

βΔt
,

a2 �
1

βΔt
,

a3 �
1
2β
− 1,

(17)

a4 �
δ
β
− 1,

a5 �
δ
2β
− 1􏼠 􏼡Δt,

a6 � (1− δ)Δt,
a7 � δΔt.

(18)

Substituting Equations (17) and (18) into Equation (16),
Equation (16) is rewritten as

€xt+Δt � a0Δx − a2 _xt − a3€xt,

_xt+Δt � a1Δx − a4 _xt − a5€xt � _xt + a6€xt + a7€xt+Δt.

⎧⎨

⎩ (19)

Δ _x and Δ€x are written as

Δ _x � _xt+Δt − _xt � a1Δx− a4 + 1( 􏼁 _xt − a5€xt,

Δ€x � €xt+Δt − €xt � a0Δx− a2 _xt − a3 + 1( 􏼁€xt.

⎧⎨

⎩ (20)

Substituting Equations (19) and (20) into the in-
cremental equation, Equation (14) is rewritten as

a0M + a1C + K + Kt
T􏼐 􏼑􏽨 􏽩Δx � Pt+Δt − f xt

􏼐 􏼑−Kxt

+ M a2 _xt
+ a3€xt

􏼐 􏼑

+ C a4 _xt
+ a5€xt

􏼐 􏼑.

(21)

Assume that

􏽢K
t

T � a0M + a1C + K + Kt
T( 􏼁,

􏽢P
t+Δt

� Pt+Δt − f xt( 􏼁−Kxt + M a2 _xt + a3 €xt( 􏼁 + C a4 _xt + a5€xt( 􏼁.

⎧⎪⎨

⎪⎩

(22)

Substituting Equation (22) into Equation (21), Equation
(21) is rewritten as

􏽢K
t

TΔx � 􏽢P
t+Δt

. (23)

*e converge criteria is defined by

‖(i)δx‖

(i)Δxt+Δt
����

����
, (24)

where ‖ · ‖ is the Euclidean norm. *e iteration re-
peats until the above criterion is less than a tolerance. *e
brief procedures of the iteration scheme are stated as
follows:

Initialize x, _x, and €x and solve for the displacement
increment Δx by Equation (23).

(1) i � i + 1

Calculate the (i− 1)th approximation €x, _x, and x
(i−1) €xt + Δt � a

(i−1)
0 Δx − a2 _xt − a3€xt,

(i−1) _xt + Δt � a
(i−1)
1 Δx − a4 _xt − a5€xt,

(i−1)xt + Δt � (i−1)Δx + xt.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(25)

(2) Calculate the (i−1) 􏽢KTt and (i−1)f(xt+Δt)

(i−1) 􏽢KTt � a0M + a1C + K + (i−1)KTt( 􏼁,

(i−1)f xt+Δt( 􏼁 � f (i−1)xt + Δt( 􏼁.

⎧⎨

⎩ (26)

(3) Calculate the (i−1) 􏽢Pt + Δt

(i− 1) 􏽢Pt + Δt � Pt+Δt −M(i− 1)
€xt + Δt −C(i− 1)

_xt

+Δt −K(i− 1)xt + Δt − (i− 1)f xt+Δt
􏼐 􏼑. (27)

Shock and Vibration 13



(4) Calculate the displacement increment δx

(i− 1) 􏽢KTtδx �
(i− 1) 􏽢Pt + Δt. (28)

(5) Calculate the new displacement increment Δx

(i)Δx �
(i− 1)Δx + δx. (29)

(6) Check the convergence criteria. If no convergence,
go to step 1, if convergence, then the €x, _x, and x at
time t + Δt are given by

€xt+Δt � a0Δx− a2 _xt − a3€xt,

_xt+Δt � a1Δx− a4 _xt − a5€xt,

xt+Δt � Δx + xt.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(30)
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