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Abstract

The three-parameter fluid viscous damper is used to isolate micro-vibration produced by control torque
gyro (CMGQG) in satellite. In this paper, the damper is simplified by a single tube fluid viscous damper and
two springs connected to the damping piston. With consideration of the principal stiffness of the bellows
and the contraction and expansion effect of the damping orifice, the approximate analytical nonlinear
model of the damper is established and verified by the computation fluid mechanics (CFD) method.
Based on this analytical model, the displacement response of the damper and correction coefficient of
hydraulic resistance are analyzed, the nonlinear characteristics in the frequency domain are also revealed.
Furthermore, the energy consumptions of the nonlinear model and linear model are researched. The
results show that the damper has an obvious amplitude at the first resonance peak, but not obvious at the
second resonance peak. The vibration amplitude of the damping piston is only um level in the high-
frequency domain. The correction coefficient of the hydraulic resistance at the resonance peak is much

higher than other frequencies, which causes a significant nonlinear behavior. In addition, the energy
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consumption of the nonlinear model is larger than that of the linear model at the resonance peak, and the
larger the resonance peak, the more obvious the phenomenon is. This means that the nonlinear damping
can be used to further improve the suppression of the resonance peak of the three-parameter fluid viscous

damper.

Keywords: Nonlinear characteristics - Three-parameter fluid viscous

damper - principal stiffness - hydraulic stiffness

1. Introduction

The control torque gyro and reaction flywheel are the actuators on the spacecraft,
whose output moment is used to control the attitude of the spacecraft. Due to the static
and dynamic unbalance of the rotor, micro-vibration is easy to occur at high speed.
Micro-vibration has characteristics of small amplitude and high frequency [1]. If not
suppressed, it will cause a serious influence on the high-precision payload on
spacecraft. The research shows that the installation of a vibration damper on the
propagation path of micro-vibration is an effective means to suppress micro-vibration
[1].

At present, micro-vibration isolation devices are divided into passive vibration
isolation devices, active vibration isolation devices, hybrid vibration isolation devices,
and semi-active vibration isolation devices [1]. Among the passive vibration isolation
devices, one kind of vibration damper is widely used, namely a three-parameter fluid
viscous damper. This kind of vibration damper was first proposed in the 1990s for the
vibration isolation of reaction flywheel on the Hubble Space Telescope, and the
vibration isolation effect is perfect after on-orbit verification [2]. Later, it was widely
used to isolate the vibration of the control moment gyroscope and reaction flywheel on
conventional satellites. When a three-parameter fluid viscous damper is used to
suppress micro-vibration, it is usually assembled as a vibration isolation platform to

achieve six degrees of freedom vibration isolation. For example, the Fengyun-4 satellite



uses three three-parameter fluid viscous dampers to constitute a vibration isolation
platform to suppress the micro-vibration generated by the reaction flywheel. Through
testing, the attenuation rate can reach more than 75% [3]. To further improve the
performance of the damper, an elastic damper and a three-parameter fluid viscous
damper can be installed in parallel. The main function of the elastic damper is to reduce
the fundamental frequency of the system, to obtain better vibration isolation
performance in the high-frequency band [4]. Besides, a three-parameter fluid viscous
damper can also be combined with an active vibration isolator to realize hybrid
vibration isolation, which will increase the performance and reliability of the system
[51[6].

The modeling methods of a three-parameter fluid viscous damper can be divided
into two categories, one belongs to lumped parameter modeling method. The other
belongs to the approximate analytical method. The lumped parameter modeling method
is very simple in form and can also consider the influence of nonlinear damping, but it
can not establish the relationship with the specific design parameters of the damper, so
it can only be used for the design of stiffness coefficient and damping coefficient
[2][3][7]. The approximate analytical method can establish the relationship with the
specific design parameters of the damper [9][10][11]. The three-parameter fluid viscous
damper uses the damping produced when the fluid flows through the damping orifice
to mitigate the vibration energy. Due to the special configuration of damping orifice
[12], the fluid will produce a contraction effect and expansion effect when flowing
through the damping orifice, which will cause nonlinear damping and stiffness. For the
convenience of modeling, most scholars did not consider the influence of nonlinear
characteristics when using approximate analytical methods [3][4][8][11]. In describing
the flow state in the damping orifice, they used the uncorrected hydraulic resistance,
therefore the damping and hydraulic obtained are linear [13]. Shi [9] linearized the
nonlinear damping according to the energy consumption, which is a linearized

modeling method. Jiao's research points out that the reason for the nonlinear stiffness
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and damping of this damper is that the corrected hydraulic resistance is used when
considering the contraction and expansion effect of damping orifice, and the nonlinear
velocity term in the corrected hydraulic resistance leads to the nonlinear stiffness and
damping [14]. The linear model is suitable for high viscosity fluid and the damping
orifice has a large length-diameter ratio, but it is not accurate for low viscosity fluid.
However, the influence of the principal stiffness of bellows was not considered in his
research, so it is impossible to evaluate the influence of nonlinear stiffness and damping
on vibration isolation performance.

In general, there are still some unsolved problems in the researches of nonlinear
characteristics of the three-parameter fluid viscous damper. Most scholars have adopted
the linearization model, ignoring the influence of nonlinear stiffness and damping, and
ignoring the effect of principal stiffness when considering the nonlinear behavior of
this damper [15], so it is unable to accurately evaluate the influence of nonlinear
characteristics on this damper. In this paper, an approximate analytical modeling
method is proposed to establish a nonlinear dynamic model of the three-parameter fluid
viscous damper. In this model, the principal stiffness of bellows, the contraction and
expansion effect of the damping orifice are considered. The nonlinear dynamic
characteristics of the damper under sine force excitation are analyzed. At the same time,
the differences between the linear model and the nonlinear model in predicting the
performance of the damper are compared. The results show that the proposed model
can be used to analyze the influence of nonlinear characteristics on the performance of

the damper.



2. Modeling of three-parameter fluid viscous damper

under displacement excitation and force excitation

The three-parameter fluid viscous damper can work in force excitation mode and
displacement excitation mode. In this section, the model of these two modes will be

derived.

2.1. Dynamic modeling of the damper under displacement excitation

mode

The three-parameter fluid viscous damper can be described in Fig.1(a). The main
components of the damper consist of two bellows and a damping piston. Bellows have
two functions, one is to provide principal stiffness, the other is to accommodate silicone
oil. The damping piston is used to produce damping. Micro-vibrations have small
amplitude, usually in the range of 10 g to 107 g [16]. So the displacement amplitude
of micro-vibration will be very small. Under the small displacement excitation, the
displacement amplitude of the damping piston will be very small. At this time, the
volume change of the cavity is very limited. Before modeling, we assumed that the
volume of the cavity would not change, and the change of internal pressure is also
limited. Therefore, this paper does not consider the fluid-structure coupling effect
between bellows and fluid. The effective diameter of the bellows should be used to
calculate the internal pressure of the fluid-filled bellows [17]. Therefore, the bellows
can be replaced by a single tube, and the area of cross-section is equal to the effective
area of the bellows. In addition, the bellows also plays the role of providing stiffness,
so the spring element can be used to replace the stiffness of bellows. In this way, the
damper can be simplified by a single tube fluid viscous damper with two springs
connected to the damping piston. The simplified model is shown in Fig.1(c). According

to the Standards of the Expansion Joint Manufacturers Association standard [17], The



effective area of the bellows can be calculated by the average diameter, and the
calculation equation of the average diameter is

D =D, +h+mo (1)

D denotes the average diameter of bellows. D, denotes the inner diameter of the

straight section of bellows, the value is 25 mm. A denotes the height of bellows, the

value is 6.3 mm. m, denotes the number of layers of bellows with thickness o,

because the bellows used in this paper are single-layer bellows, m, =1. & denotes

the thickness of bellows, the value is 0.2 mm. After calculation, the average diameter

of the bellows is 31.5 mm.
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Fig.1 Simplified model of a three-parameter fluid viscous damper

By analyzing the force on the damping piston, the force balance equation can be

written as
Mo+(R-P)(A,-A)+RAQ=F )
F-Mo-F,,—F,-R,AQ=0 (3)
F, =2kx (4)

M denotes the mass of the damping piston. v denotes the velocity of the damping

piston. B denotes pressure in the left chamber. P, denotes pressure in the right



chamber. A denotes the effective area of bellows. A, denotes the area of the cross-
section of the damping orifice. R, denotes hydraulic resistance. Q denotes flow
rate. F denotes external force acting on the damping piston. F, denotes pressure
differential force on the damping piston. F, denotes elastic force due to the
compression of bellows. In Fig.1 (c), V; denotes the volume of the left chamber. V,
denotes the volume of the right volume chamber. k, denotes equivalent stiffness of
left bellows. k, denotes equivalent stiffness of right bellows. F,, denotes pressure on

the left damping piston. F,, denotes pressure on the right damping piston. Fp,

denotes pressure differential force acting on the liquid column, Fy, = R, A, Q. Because

the liquid column and the damping orifice interact through friction, Fy, will also act

on the damping piston. The three-parameter fluid viscous damper can work in
displacement excitation mode, or force excitation mode. When the damping piston
moves under the displacement excitation, the displacement amplitude of the damping
piston does not change, but under different frequencies, the force required to produce
the same amplitude displacement is quite different. This is mainly because the external
force acting on the damping piston needs to overcome the pressure differential force
inside the damper. This pressure differential force changes with frequencies [14], which
leads to the changing external force. For constant amplitude force excitation, the
displacement of the damping piston will vary with frequencies. This is mainly due to
the difference in pressure at different frequencies. Under low-frequency excitation, the
internal pressure of the damper is very small, part of the external excitation force is
used to overcome the pressure differential force, and the other part is used to overcome
the elastic force of the bellows. At this time, the damping piston has small displacement.

In the high-frequency domain, the internal pressure increases obviously, and almost all



external excitation force needs to be used to overcome the pressure inside the damper,
so the displacement of the damping piston will decrease.

By analyzing the forces acting on the three-parameter fluid viscous damper, it can
be found that the forces transmitted to the base include the pressure differential force

and the elastic force of the spring. The pressure differential force can be written as

Fy=(R-P)A, ©)
According to the conservation of flow, the next equation can be obtained.

~0+Av=V,P/p

lovei s

£ denotes bulk modulus of silicone oil. According to the force balance equation
of the liquid column in the damping orifice, the following equation can be obtained
pLgQ+RhQAg = (Pl _PZ)Ag

128 ulL (7)
R = H

h 4
' d

p denotes the density of the fluid. R, denotes hydraulic resistance with

consideration of contraction and expansion effect of damping orifice. ¢’ denotes

correction factor.  denote viscosity of the fluid. L, denotes the length of the

damping orifice. d denotes the diameter of the damping orifice. The sharp edge
damping orifice is used in this paper, according to Langhaar’s experiment [18], the

correction hydraulic resistance can be written as

1| RS o

¢, =¢+¢,-2m’B,, ¢, denotes the resistance coefficient of the inlet, ¢,

denotes the resistance coefficient due to the jet-flow. Redenotes Reynolds number.
When Re<30 , {=¢,+4,=0.042 , when Re>2000 , { =¢,+¢,=0.49 . When the

Reynolds number is between 30 and 2000, ¢ changes linearly. m denotes the



diameter ratio, m=d/D , D denotes the diameter of the damper. £, denotes the

momentum correction coefficient at the outlet of the damping orifice. & denotes
correction factor. According to Langhaar’s experiment [18], & can be written as

£=1+2.62(L, /Red)" L, /Red <0.058
£=228,L, [Red >0.058

)

h

. [nR., L, /Red <0.058
V>R, L, /Red >0.058

ratio

2.62 ‘$ 33
n=l+ro’ +,0,7,=1+70, 7,= 0 (Lj dxd_,*

64 | uL,
2 2
L= (1 + CC) pd dmtia’ = (228 + C?) pd dratio’ dmtio = d/D
64uL, 64uL,

It can be seen from the above equation that the corrected hydraulic resistance
contains the first-order term of velocity, which indicates that the hydraulic resistance
changes with the fluid velocity in the damping orifice.

Because the displacement of the damping piston is very small under the micro-

vibration excitation, the volume of the cavity changes little, V, =V, =V, . According to

equations (5), (6), and (7), the transfer function of pressure differential force relative to

displacement can be obtained.

2.2. Dynamic modeling of the damper under force excitation

When the damper working under the sinusoidal force excitation, the solution of
the pressure differential force is still consistent with the previous. However, the
displacement of the damping piston is needed when establishing the transfer function
of pressure differential force relative to displacement. Sinusoidal excitation force can

be written as

F = Fysinwt (10)



F, denotes the amplitude of sinusoidal force. @ denotes frequency. ¢ denotes
time. By using Laplace transform, external force in the complex domain can be
expressed as
2A, | pLV, + i

4 3
(R oL )s +LﬂAP(AP—Ag)/MVO+k/M P

2BR,A,A,° /M pLV,+
R,Ak/MpL,
s’+R,A, /pL,s+2BA, |pLYV,

Js+2ﬂAgk /M pLY,

F(s)=M X (s)(D)

Flow rate Q can be written as

Q(s)

According to equations (2) and (3), the transfer function can be obtained.

B 2BAA,s
 pLYV,s* +R,AV,s+2A,

X (s) (12)

F 2
AP(S) =G - 3 S +131S (13)
F(s) STHAS A HASHA,

2
pL, pLY, MV, M MpLV, MpL,
C2pAk . 2PA, | 2BA(A-A)
Y MpLV,”” pLYV,’ MV,

Pressure differential force in the complex domain can be written as

GF,0 s*+As
FAP(S): PR 3 3 (14)
ST+ s+ AS+HAST+HAS+HA,
Displacement of damping piston in the complex domain can be written as
Fo 1 s*+As+
X(s)="=2 S+ 4 (15)

M s+ s*+As+ A’ +As+A,

Make the denominator of equation (15) equal to zero to obtain characteristic roots.
s*HAS A+ ASs+A, =0 (16)

Characteristic equation (16) has four roots. Therefore, the pressure differential

force will be different due to the different forms of characteristic roots. Characteristic

roots of the equation (16) depending on the damping orifice diameter, length, and

viscosity of silicone oil. According to the different forms of characteristic roots,

pressure differential force can be divide into two cases to discuss.
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1) Equation (16) has a pair of unequal real roots and a pair of conjugate complex
roots. The characteristic roots can be expressed as
S| =X,8, =Xy, 8, =my + jn, s, =m — jn, 17)
Taking inverse Laplace to transform to the equation (15), pressure differential

force in the time domain can be obtained.

F,(t)= GFOa){

2U cos wt —2V sin wt + c,e™ +c,e™ +
(18)

2¢™ (X cosmt—Y sinn)

B = Z[a)(xl +x2)(m12 +n’ —w2)+ 2mla)(xlx2 -’ )}

B, = 2[—2m1a)2 (% +x,)+ (xlx2 —a)z)(ml2 +n’ -’ )]

B,=-w,B,=A,U=(BB,+B,B,)/(B’+B,),V =(B,B,~B,B,)/(B’ +B,’)
X+ AX, ~ X"+ AX,

() (50 ) (x=m) = | (=) (6 + 0 )[(va=m ) +n |

D, =20 {(m? ~n}+@) (2m, —x, ~x,)+ 2m [ (m,~x )(m —x,) - )

D, =2n, {(m]2 —n’+ wz)[(m] - X, )(m1 - X, ) —nlz} —-2mn’ (2m] - X, — X, )}
D,=m’-n’+Am,D, =2mn, +An,
X =(D,D,+D,D,)/(D} +D,*).Y =(D,D,-D,D;) /(D] +D,")

Cl:

When L, /Red <0.058, because the hydraulic resistance contains the nonlinear

term of velocity, the pressure differential force contains the nonlinear component.

Nonlinear damping force can be written as

F, (t) =2GF,U wcos wt

{4602 [mz (x32 —o + y32)+ X, (m22 — o +n,’ )}}(—a)) +

2GFy { a)[ o s )( e _w2+n22)—4m2x3a)2:|}.(R”lAg]

(x
2[(0 x1+x2 m1 +n’-o )+2m1a)<x1x2—a)2ﬂ} +

2

11



-

2GF {40)2[’"2()%2—@ +y3 )+x3( 2—a)2+n22):|}~ )
—V

(
{2[(0 x1+x2 m1 +n’—o )+2m1 (x1x2 2 }

2

{260[()632_(02-{-)732)(”122_(02 —|—n2 4m2x3 } { Ai J
/20 d R
{2[(0(Xl+x2)(m12 +n12_a)2)+2m1 (xlxz_wzﬂ} N

e -2me <o) oo

+

=A4v+ LRV
:ﬂ1u+22(1+rlu3/4+rzu)Rhu
i 2GF, {460 [mz(x32 @ + v, )+x3( o’ +n2 } (o)
Yo {2[ ()c1+xz)(m1 +n’— +2m1 xlx 2)}}2+
{2[—2mla)2(xl+x2)+(xlx2 m1 +n —a)z)}}
A
{Za)[(x32—a)2+y32)( ~0° +n2 —dm,x;0° [ z J
2, = g
{2[w(x1+x2)(mlz+nl2—a) +2mla) XXy — }} +

{2[—2m1a)2(x1+xz)+<x1x2 ml tn _wz)}}

The nonlinear elastic force can be written as

F,(t)=-2GFV wsin ot

{2[&)(x1+x2)(m12+n1 +2m1 xlx2 } (RhAgJ—

pL,
:_ZGFOa).{2[—2mla)2(x1+x2)+(x1x2 m1 +n’ -’ } ( 0)) N
Xo {Z[a)(xl+x2)(m1 +n’ -’ +2ml X, — }}
{2[—2mla)2(xl+x2)+(xx2 m1 +n’ -’ }}

12



A
a6r0 {Z[w(xl +x2)(m12 +n’ —w2)+ 2mla)(x1x2 - * )]} ng ] )

X {2_a)(xl +x2)(m12 +n’ —(02)+ 2mla)(xlx2 - )]} +

[}

{2:—2mla)2 (x1 +x2)+(x1x2 —a)z)(m1 +n" -

)
N —2GF,0 ' {2[_2mlw2 (xl +x2)+(xlx2 _a)z)(m]2 +nl2 -’ :|}
=LR x+A,x=1R, (1 +r o7+ z'zu)x +A,x

ot e Wi

2:0)()(1 +x2)(m12 +7’l12 _w2)+ 2m1a)(x1x2 @’ )}}2 +

2:—2m,a)2 (x, +x2)+(x,x2 —w2)<m12 +n’ -’ )]}2

/L:—ZGFOa) P
S prPveS v vew )
{2[—2m1w2<x1+x2>+(x1x2 )(m? 7 -a?) ]}
z:;acaw{ PQ%w“M+%)+ﬁﬁz )+ 0’|} -(-0)
! %o { xl+x2 ml +”1 ~’ +2m1 x1x2 2)}}
{2 2’,”10) x1+x2 (xlxz I’l’l1 +n a)z :|}

When L, /Red >0.058, the nonlinear damping force can be written as

F, (t) =2GF,U wcos wt

{4(02 [mz (x32 —o + y32)+ X, (m22 — o +n,’ )}}(—a)) +

o[ =07 )-8 00 -ama

(x
Xo {2[(0 (x+x,) m] +n’ - )+2mla)<x1x2—602ﬂ}
-

_2GF,

_l_

2
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2GFO {4602 m, X3 _a) +y3 +X3 _a) +l’l22)} a)

(-
{2[60 (x+x,) m1 +n’ -0’ +2m1 P }}2+
o[-

2
2 2m1 x1 + x2 x1x2 m1 + ”1 g )}}
{260[ _C() + y3 - +n2 4’712)63 }
ZGFO pLg i
2 nt
X0 {2[0)(X1+X2)(m1 +n1 — 2)+2m10)<x1x2—a)2)}} +

{2[_2’"@2 (3 +x2)+(x1xz _a’z)(mlz +n’ —602)}}2

= A0+ AR, = A0 + ARy, (1+ 730)

2GFy {4‘02 [mz (x32 —o’ + y32)+ X (m22 —0* + nzz) } (-

N—"

As = :
X0 {2|:a)(x1+x2)(m12+n12_a)2)+2mla)(x1x2_w2)}} +
{2[—217110)2 (x1 +x2)+(x1x2 _wz)(mlz +n12 Wl )J}z
et et 1117
X0 {2|:a)(x1 +X2)(m12 +n12 _(02)+ 2m10)()€1x2 Y ):|}2 .\

SN——
(3]

{2[—217110)2 (xl +Xz)+(x1x2 _a)Z)(mlz +n12 s )}

The nonlinear elastic force can be written as

F,(t)=-2GFV wsin ot

[l e x)(m 40} 2mo (-

.
/;\
=
5

}
_ -2GF,w . {2[—2mla)2 (xl +x2)+(x1x2 _0)2)(mlz +n12 _a)z) }(—a))

Xo

i

(o[-2m (54 )+ (15 02—

{2[60()61 +X2)<m12 )’ _w2)+2mla)(x1-x2 -

14
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e {2[w(xl+x2)(ml 0~ @)+ 2mo(xx, - (p J
o {2[60(x1+x2)(mﬁ+n1 )+ 2mo(xx, - ]}2 i
{2[—2m,a)2(xl+x2)+(xlx2 )(m? +n} ~ o }
+_2GFOw‘{2[—2mla)2(xl+x2)+(x1x2 )+ =) ]} (-0)
X {2[(0(x,+x2)(ml +n? — )+ 2mo(xx, - 2)]}
{2[—2mla)2(xl+x2)+(xlx2 )(m?+n - 2)]}

=L, Rix+Ax =4, (1+70) x+ Ax

R

-2GF,w P
A = .
Yo {2 @ )c1+x2 ml +n’ - )+2m1 XX, — ]}
{2 -2me’ x1+x2)+(x1x2 m1 +n’ -’ ]}
2GR0 {2[ —2m, X1+X2 (x1x2 a) m1 +n’ a)z)}}

A= X, {2 (x,+x,) m] Yin’ -0 )+2ml (xlxz 2)}}
el

~2me’ x1+x2)+(x1x2 a))(m o 2)}}

2) Equation (16) has two pairs of conjugate complex roots. Characteristic roots
can be expressed as
S =X+ Y38, = Xy = Vs, 85 =My + iy, 8, =m, = jn, (19)
Taking inverse Laplace to transform to the equation (14), pressure differential

force in the time domain can be obtained.

U cos ot —V sin wt +¢e™ (M cos y,t — N sin yg)} 20)

F.,(t)=2GF,w
(1) ’ {’”Z’(Xcosnzt Ysinn,r)

B =40’ |:m2 (xg2 -’ + y32)+x3 (m22 —wttn’ )]
B, —Zw[( —w’ +y, )( a,2+n22)_4m2x3a)2]

B,=-o",B,=wA,U =(BB,+B,B,)/(B’+B,).V =(BB,-B,B,)/(B’ +B,’)
D, =—4y/’ {(X3 _mz)(x32 + o’ - y32)+x3 [(x3 -m, )2 -y’ +n22J}
D, =2y, {()532 -y, +a)2)[(x3 —m, )2 — y32 +nzz}—4x3y32 (x3 —m, )}

15



D, = x32 - )’32 +Ax,
D, =2x,y,+ Ay,
M =(D,D,+D,D,)/(D;’ +D,’),N =(D.D, - D,D;)/(D;’ + D,")

E =—4n) {(m2 —363)(m22 -n’+ a)2)+m2 [(m2 - X )2 —n,’ + yf}}

E, =2n, {(mz2 -n’+ 0)2)[(m2 — X, )2 -n’+ y;} —4m,n,’ (m2 — X, )}
E,=m,’ —n +mA

E, =2mn, +n,A

X =(EE,+EE,)/(E’+E,).Y =(EE, - E,E,)/(E’ +E,)

When L, /Red <0.058, the nonlinear damping force can be written as

F,(1)=2GFU wcos ot

{4(02 [mz (x32 0’ + y32)+ X3 (m22 —w” +n,” )}} -(—(02 ) +

I e e 1
Yo {4(02[m2(x32—a)2+y3 )+x3(m2 - +n22)}} +( @ )

_ 2GF, {4602 [mz (x32—a)2+y3 )+xg m2 o’ +n2 }} a)z)
Yo {4a)2 [mz (x32 o+ y32>+ X (m2 — o +n,” )}} Jr(—ao2 )2

I e et 1
o {4(()2 [mz (x32 —w* +y;° ) + X, (m22 — o +n,’ )}}2 +(—a)2 )2

=AU+ 4 R0 =0+ AR, (1+ 1103/4 + Z'ZU)U

v

v

2GF, {4a)2 [mz (x32 —0” +y, )+x3 (m22 - +n22) } (—a)z)
Yo {40)2 [mz (x32 o+ ygz)er3 (m22 — o +n,’ )}}2 + (—0)2 )2
e | )

o {4(02 [mz (x32 —w” + y32)+ X (m22 — 0 +n,’ )}}2 +(—a)2 )2

The nonlinear elastic force can be written as

ﬂ():

Ao =
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F,(t)=-2GF\V wsin wt

{4a)z|:m2(x32_a)2+)’3 )+x3 - +I’L2 [zig J

_2GF0a).{2a’[(x32_a’2+)’3 )(mz -’ +n2 —4m,x,0° } ( o’

Xo {4a)2[m2(x32—a) T )+x3 m’ - +”2 ]}2
_ 2GRo {4“’2 510t 3T (! =+ |- (P ]Rx
{4 2 — o + Y, )+x3 m2 - +n22)]}2+(

+2GF060 { [ -’ +y3 m2 -’ +n2 —4m,x,0 z}}( e
Xy {4(0 [m2(x3 -’ + )+x3(m2 — +n, )}} +(_w2)2

=A,Rx+2A,x=2,R, (1+TIU3/4 +Tzu)x+/112x

{4(02 [mz (x32 —w’ + y32)+x3 (mz2 -’ +n,’ )]} .{wAg ]
2

/11 _ 2GFo pL,
T [l ot ) e e )] + ()
A 2GFw {Zw[(xgz—a)2+y3 )<m2 —-w +n22) 4m,x,0 J} (_wz)

2 = : -

When L, /Red >0.058, damping force can be written as
F,(t)=2GF,Uwcos wt

{4a)2 [mz (x32 —a’ + y32 ) + X, (m22 —w*+ n22 )J} —a)2)+

(
267, {2&)[(}@2 0 +y, )(m22 —w’ + nzz)—4m2x3a)2}}- Zig R,'ZJ

X0

L1
———
(S
+
—_
S
[\
S—"
S

{40)2 [mz (x32 —o + y32)+ X3 (m22 o+ nzz)
2GR, {4502 [mz(xf —0” +y, )+x3(m22 - +n22) } (—wz) )

R {40)2 [mz (x32 0 +y, ) + X, (m22 — o +n,’ )}}2 +

(
s L7 50N s (2]
%o {4(02 [mz (x32 0 +y, ) + X, (mz2 — o +n,’ )J}Z +(—a)2 )2
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= Q30+ A R0 = 430+ AR, (1+730) 0

sr, ()l - ond) (o)

Xo {4(02 [mz <x32 —0’+y, ) +x, (m22 o’ +n) )}}2 + (—a)2 )2

A
O e it 1
4= . :

2
Xo {46()2 [mz (x32 —w’+y) ) +x, (m22 -’ +n,’ )]} + (—a)z)
Elastic force can be written as

F,(t)=-2GFV wsin ot

s

A R
{4(02 |:m2 (X32 —’ + y32)+ X3 (WZZ2 —o'+ 7’122 ):|}2 +(

2GF,
o |

Zw[(xf —0 )(m22 -~ + ”22)_4’”2’63“’2}} ’ (_a)z)
(10 [ (17 =" 32 (om0 ) |+ (-0
= AsR, (1+730) x+ A ox

, —ZGfo’w.{4a)2 [mz (x32 —w’ + y32)+x3 (m22 -’ +n) )]} (22’ j
5= 2

{4(02 [mz (x32 -0+ y32)+ X3 (m22 ~@'+n)’ )}} + (_0)2 )2
R e
(10 [m, (7 =0+ 32) 5 (m =0 on7) |+ (o)

Similarly, the displacement of the damping piston can be calculated by the same

A =

method. The discussion is still divided into two cases.

1) Equation (15) has a pair of unequal real roots and a pair of conjugate complex

roots. Displacement of the damping piston can be expressed as

x(t)=H {ZU cos of =2V sin ot +¢,e™ +c,e™ +2e™ (X cosmt —Y sin nlt)} 21)

D, =-2n} {(ml2 -n’ Jra)z)(Zm1 - X —x2)+ 2m, [(m1 —xl)(m1 —xz)—nf]}

D, =2n, {(ml2 -n’+ a)z)[(m1 - X, )(ml —xz)—n,ﬂ —2mn,’ (2m1 —X, =X, )}
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D, =m’—n’+Am +A;,D, =2mn, + An,
X =(D,Dy+D,D,)/(D} +D;’).Y =(D,D,-D,D,)/(D} +D,")

o = X7+ Ax, + A

! 2, 2 2, 2
(x—x) (x> +o )[(xl—ml) tn, ]

o - X, +AX, + A

)=

(r =) (x4 0" (= m )+

2) Equation (15) has two pairs of conjugate complex roots. Displacement of the

damping piston can be expressed as
2U cos wt —2V sinwt +2¢™ (M cos y,t — N sin y;t ) +
x(t) =H

(24)
2e™' (X cosnyt —Y sinn,t)

H = Fo/M B, =40’ m, (x) =@ +y))+x,(m’ -0’ +n,’) |

B, = 26{)[()%2 -0+ y32)(m22 -’ + nzz)—4m2x3a)2]

B,=A - ,B,=Aw,U=(B,B,+B,B,)/(B’ +B,’).V =(B,B, - B,B,)/(B’ +B,)
D, =4y, {(x3 —m,) (%) @’ =) )+ xy [(x3 —m,) -y, +n22}}

D, =2y, {(x32 20t =2 ) (v, =yt et |4y (- m, )}

D, =x" -y +Ax, +A;,D, = y,A +2x,y,

M =(D,D,+D,D,)/(D} +D,’),N =(D,D, - D,D;) /(D + D,

E =-4n’ {(m2 —x3)(m22 -n’+ a))+ m, [(m2 — X, )2 -n’+ yf}}

E,=2n, {(m; 4@ ) (= =t | A (my — x, )}

E,=m, —n," + Am, + A,

E, =n,A +2m,n,

X =(EE,+EE,)/(E’+E’).Y =(EE,-EE)/(E’ +E,)

2.3. Model validation

To verify the theoretical model established in the previous section, the CFD model
is established by using the finite element software ADINA. According to the discussion
in Section 1.1, the damper can be simplified by a single tube fluid viscous damper and
two springs connected to the damping piston. The fluid model is shown in Fig.2. The

structure model is shown in Fig.3, in which the spring element in ADINA is used on
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both sides of the damping piston. The stiffness of the spring element is 2.4 X 10* N/m,
which is equal to the stiffness of the bellows in Fig.1. The principal stiffness of the
damper is 4.8 X 10* N/m. To save calculation time, a 1/4 model is used. Symmetric
boundary conditions are used in the model to meet the flow conditions. After the
calculation, when the pressure differential force is extracted, it needs to be multiplied
by 4 to obtain the final pressure differential force. The simulation parameters of the
model are shown in Table 1. The damping fluid is silicone oil. In the calculation
process, we assumed that the viscosity of the silicone oil remains constant. Usually, the
temperature of silicone oil will rise after the damper working for a long time, but the
viscosity will decrease after the temperature rises, which will lead to the reduction of
energy consumption and the temperature of silicone oil will further decrease. In
addition, the damper itself will dissipate heat to the external environment, so it is a
dynamic balance process. Therefore, the influence of temperature on viscosity is not

considered in this paper. In the model, the external excitation force is sinusoidal and

the amplitude is 48 N.
Table 1 Simulation parameters
Parameter Value
Diameter d/mm 2
Length I/mm 30
Stiffness of spring k/(N/m) 2.4x104N/m
Viscosity v/cst 100
Bulk modulus p/MPa 100
Density p/(Kg/m3) 903
Mass of damping piston M/ Kg 1
Diameter of chamber D/mm 31.5
Length of chamber L/mm 50
Frequency f/Hz 10/50/100/200
Amplitude of force F/ N 48
AZ S D ‘Z
Y X Y X
C
\
2.8
A
\
Fig.2 Mesh of fluid Fig.3 Mesh of structure
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Fig.4 is the comparison of the pressure differential force at different frequencies
when the viscosity is 100 cst. Fig.4 (a), (b), (c), and (d) correspond to the pressure
differential forces at frequencies of 10 Hz, 50 Hz, 100 Hz, and 200 Hz. It can be seen
that the results of the theoretical model are consistent with those of the CFD model.
Fig.5 is the comparison of displacement of damping piston at different frequencies
when the viscosity is 100 cst. Fig.5 (a), (b), (c), and (d) correspond to the displacement
of the damping piston at 10 Hz, 50 Hz, 100 Hz, and 200 Hz. It can be seen that the
results of the theoretical model are consistent with those calculated by the CFD model.
Table 2 is the comparison between the amplitude of pressure differential force and
displacement, the theoretical model and CFD model are consistent. However, when the

frequency is 50 Hz, the results have some differences, the reason is being analyzed at

present.
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Fig.4 Comparison of pressure differential forces at different frequencies when viscosity is 100 cst
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Fig.5 Comparison of displacement of damping piston at different frequencies when viscosity is 100

cst

Table 2 Comparison of amplitude of pressure differential force and displacement

Frequency / Theoretical .
Hy CFD Model Model Relative error
10Hz 683 753 10.2%
d,f;;essui? | 50Hz 880 877 0.3%
1rrerentia
force /N 100Hz 848 896 5.7%
200Hz 889 950 6.9%
) 10Hz 3.03 2.64 12.9%
Dlifgacemem 50Hz 0.74 0.59 20.3%
of damping
biston /mm 100Hz 0.51 0.47 7.8%
200Hz 0.5 0.45 10%

3. Nonlinear characteristics analysis

3.1. Analysis of hydraulic resistance correction coefficient

As has been mentioned, the hydraulic resistance correction coefficient can

influence the nonlinear component in pressure differential force. In this section, the
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hydraulic resistance correction coefficients at different damping orifice diameters,

lengths, and viscosities are analyzed. Simulation parameters are shown in Table 3.

Table 3 Simulation parameters

Cases Parameters Value
Damping orifice diameter/ mm 1/1.5/2/2.5/3/3.5/4/4.5/5
Case 1 Damping orifice length/ mm 30
Viscosity/ cst 100
Damping orifice diameter/ mm 5
Case 2 Damping orifice length/ mm 30/35/40/45/50/55/60
Viscosity/ cst 100
Damping orifice diameter/ mm 5
Case 3 Damping orifice length/ mm 30
Viscosity/ cst 100/200/400/600/800/1000

The outer diameter of the damper D is 31.5 mm. The bulk modulus of silicone oil
is 100 MPa. Silicone oil density p is 903 Kg/m®. The amplitude of external force F
is 48 N.

Fig.6 shows the displacement of the damping piston at different damping orifice
diameters. It can be seen from the figure that there is a resonance peak in the
displacement curve. When the damping orifice diameter is 5 mm, the resonance peak
occurs at 7 Hz, and the amplitude of damping piston displacement is 0.00416 m, which
is much larger than the static displacement of the damping piston. As the damping
orifice diameter decreases, the resonance peak decreases gradually. When the damping
orifice diameter decreases smaller than 3 mm, the frequency of resonance peak
increases obviously. When the damping orifice diameter decreases to 1 mm, there is a
high-order resonance peak at 100 Hz, and the displacement of the damping piston is
7.81X10”° m. Fig.7 shows the hydraulic resistance correction coefficient at different
damping orifice diameters. If the hydraulic resistance is not corrected, the coefficient
of hydraulic resistance should be 1. The nonlinear term of velocity is included in the
correction coefficient, which leads to nonlinear stiffness and damping. The larger the
correction coefficient is, the more obvious the nonlinearity is. Corresponding to Fig.6,
when the damping orifice diameter is 5 mm, the correction coefficient of hydraulic
resistance increases significantly at the same resonance frequency, and the maximum
value is 2.83, which indicates that the nonlinearity of the damper will be significant at
7 Hz. The reason is that when the damping piston resonates, it moves very fast, which
will accelerate the flow speed in the damping orifice, resulting in a larger nonlinear

term of velocity. With the decrease of damping orifice diameter, the correction
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coefficient at resonance frequency decreases gradually, but it increases at a higher-order
resonance peak. When the damping orifice diameter is 1 mm and the frequency is 90
Hz, the correction coefficient is 1.52, which means the damper still has nonlinearity. In
general, when the diameter of the damping orifice changes, the correction coefficient is
only greater than 1 near the resonance peak but close to 1 at most other frequencies.
This is mainly due to the fast movement speed of the damping piston near the resonance
peak. However, at higher frequencies, the correction coefficient is smaller because the
movement amplitude of the damping piston is very small and the movement speed is
relatively small. That means that for the three-parameter fluid viscous damper
considering the principal stiffness, the nonlinearity of the damper will be significant
near the resonance peak.

Fig.8 shows the displacement of the damping piston at different damping orifice
lengths. Similarly, it can be seen from the figure that the displacement curve has an
obvious first-order resonance peak and second-order resonance peak. The first
resonance peak occurs near 7 Hz. When the damping orifice length is 30 mm, the
displacement of the damping piston can reach 4.16 X 10* m. When the damping orifice
length increases to 60 mm, this displacement can reach 2.27 X 10 m. The second
resonance peak occurs in the range of 237 Hz to 279 Hz. At the second resonance peak,
the maximum displacement of the damping piston is only 2.12 X 10°® m. In the
frequency band between the first and second resonance peaks, the displacement is
nearly the same. Fig.9 shows the hydraulic resistance correction factor at different
orifice lengths. In Fig.9, the correction coefficient curve also has a resonance peak at 7
Hz. When the damping orifice length is 30 mm, the correction coefficient can reach
2.83, which indicates the damper has significant nonlinearity. When the damping
orifice length is 60 mm, the correction coefficient is only 1.53. The reason is that the
larger the displacement resonance peak is, the faster the velocity of the fluid in the
damping orifice will be, resulting in the larger nonlinear term of velocity and the larger
correction coefficient. However, the increase of the correction coefficient is not obvious
at the high-order resonance peak. This is mainly due to the displacement amplitude of
the high-order resonance peak is only 10 m, and the fluid velocity in the damping
orifice is very small. This also indicates that the nonlinearity of the damper is obvious

if the resonance peak is obvious.
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Fig.10 shows displacement of the damping piston at different viscosities. It can be
seen from the figure that there is a significant first-order formant in the displacement
curve, but the higher-order resonance peak is not obvious. Besides, the displacement
curve is nearly the same above 20 Hz. When the viscosity is 100 cst, the displacement
at the resonance peak is 4.16 X 10° m. When the viscosity is 1000 cst, there is no
obvious resonance peak in the displacement curve, which indicates that the damper has
a significant suppression on the resonance peak. Fig.11 shows the hydraulic resistance
correction coefficient at different viscosities. It can be seen that the correction
coefficient reaches the maximum value at the resonance frequency. When the viscosity
is 100 cst, the correction coefficient is 2.83, because the correction coefficient
determines the strength of nonlinearity, it means that the nonlinearity at resonance peak
will be significant. When the viscosity is 1000 cst, the correction coefficient is only
1.022. When the frequency is greater than 30 Hz, there exists a high-order resonance
peak, but not obvious, so the correction coefficient is still close to 1 at most frequencies

beyond 30 Hz, which indicates the nonlinearity is not obvious at these frequencies.
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3.2. Nonlinear characteristics of pressure differential force and

hysteresis loop

In this section, nonlinear characteristics of the pressure differential force and
hysteresis loop at the resonance peak will be analyzed. Table 4 shows the frequencies
and amplitudes of the first-order and the second-order resonance peak at different
damping orifice diameters. Since there is no first-order resonance peak when the
damping orifice diameter is 5 mm, the second-order resonance frequency and amplitude
are not given and are represented by "None" in the table. Table 5 shows the frequencies
and amplitudes of the first-order and the second-order resonance peak at different
damping orifice lengths. Table 6 shows the frequencies and amplitudes of the first-order
and the second-order resonance peak at different viscosities. Since there are no second-
order resonance peaks when damping orifice lengths are 30 mm and 35 mm, the second-
order resonance frequencies and amplitudes are not given, and are represented by
"None". Fig.12 shows the pressure differential force at the first-order resonance peak.
If the uncorrected hydraulic resistance is used, the curve of pressure differential force
should be sine or cosine curve. It can be seen from the enlarged diagram that the
pressure difference force curve exists local distortion, which indicates there exists a
nonlinear component in pressure differential force. The nonlinearity of the pressure
differential force tends to decrease with the decrease of the damping orifice diameter.

Fig.13 shows the pressure differential force at the second-order resonance peak. It can
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be seen that the pressure differential force is a complete sine curve, and there is no local
distortion, which indicates the nonlinearity of the damper at the second-order resonance
peak is not obvious. The reason is that the damper has huge hydraulic stiffness in the
high-frequency domain, which will hinder the movement of the damping piston, and
resulting in a significant decrease of damping piston displacement. From Table 4, it can
be seen that the displacement of the second-order resonance peak is only um, so the
nonlinearity of the damper is not obvious at this time. Fig.14 shows the pressure
differential force at the first-order resonance peak for different damping orifice lengths.
It can be seen from the local enlarged diagram that the curve exists distortion, indicating
that there exist nonlinear components at this time. However, with the increase of orifice
length, the nonlinearity of the damper decreases. Fig.15 shows the pressure differential
force at the second-order resonance peak for the different orifice lengths. It can be seen
from the figure that the curve is a complete sine curve, which indicates there is no
nonlinear component in pressure differential force at this time. Fig.16 shows the
pressure differential force at the first resonance peak for different viscosities. It can be
seen from the local enlarged diagram that the curve is not a complete sine curve at this
time, indicating that there is also a nonlinear component in pressure differential force.

Table 4 Resonance frequencies and amplitudes of the first-order and second-order resonance peak at

different damping orifice diameters

Diameter /mm 1st resonance peak 2nd resonance peak

35 Frequency /Hz 5.0 236.5

' Amplitude /m 1.217X10-3 1.449X10-6
40 Frequency /Hz 6.2 265.5

' Amplitude /m 1.884X10-3 1.208 X10-6
45 Frequency /Hz 6.6 294.2

) Amplitude /m 2911X10-3 1.031X10-6
50 Frequency /Hz 6.8 None

) Amplitude /m 4.353X10-3 None

Table 5 Resonance frequencies and amplitudes f the first-order and second-order resonance peak at

different damping orifice lengths

Length /mm 1% resonance peak 2™ resonance peak
30 Frequency /Hz 6.8 None
Amplitude /m 4.353 X107 None
35 Frequency /Hz 6.7 None
Amplitude /m 3.769 X103 None
40 Frequency /Hz 6.6 283.2
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Amplitude /m 3.327X10% 1.277X10¢
45 Frequency /Hz 6.5 268.5
Amplitude /m 2.983 %1073 1.479X 10
50 Frequency /Hz 6.4 256.2
Amplitude /m 2.709 X107 1.688 X 10
55 Frequency /Hz 6.4 245.6
Amplitude /m 2.485%107 1.906 X106
60 Frequency /Hz 6.3 236.5
Amplitude /m 2.301 %103 2.126 X106

Table 6 Resonance frequencies and amplitudes f the first-order and second-order resonance peak at

different viscosities

Viscosity /cst Ist resonance peak 2nd resonance peak
100 Frequency /Hz 6.8 None
Amplitude /m 4.353X10-3 None
200 Frequency /Hz 6.5 None
Amplitude /m 2.225X10-3 None
400 Frequency /Hz 5.2 None
Amplitude /m 1.219X10-3 None
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Fig.16 Pressure differential force of the first-order resonance peak at different viscosities

Fig.17 shows the hysteresis loop of the first-order resonance peak at different
damping orifice diameters. Since the corrected hydraulic resistance contains the
nonlinear term of velocity, the model using the corrected hydraulic resistance is the
nonlinear model. To study the nonlinear characteristics, we compare it with the linear
model. It can be seen from the figure that the hysteresis loop has some differences
between the nonlinear model and linear model. Because the linear model does not
contain the nonlinear term of velocity, the hysteresis loop is a standard ellipse.
However, the hysteresis loop of the nonlinear model exists local distortion. The
inclination of the ellipse is caused by the hydraulic stiffness of the damper.

Fig.18 shows the hysteresis loop at the second-order resonance peak. It can be seen
that the hysteresis loops of the two models are nearly the same, which is different from
the hysteresis loop at the first-order resonance peak. That means the nonlinearity at the
second-order resonance peak is not obvious. The main reason is that at the second-order
resonance peak, the displacement amplitude of damping piston is only um level, the
velocity of the fluid in the damping orifice will be smaller, which leads to a small
nonlinear term of velocity in the corrected hydraulic resistance, so the nonlinearity of
the damper is not obvious.

Table 7 shows the energy consumption of the damper at the first-order and second-
order resonance peaks. It can be seen from the table that the energy consumption
calculated by the nonlinear model at the first resonant peak is slightly larger than that

calculated by the linear model, which indicates that the nonlinear characteristics can
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help to enhance the energy consumption of the damper at the resonance peak. However,
at the second-order resonant peak, the energy consumption calculated by the nonlinear

model is slightly smaller than that calculated by the linear model.
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Table 7 Energy consumption of the first-order and second-order resonance peak at different damping

orifice

Energy consumption at the first-order =~ Energy consumption at the second-

Diameter /mm resonance peak /J order resonance peak /J
Linear model Nonlinear model  Linear model = Nonlinear model
3.5 0.1931 0.2069 1.4279X10-4 1.4021 X 10-4
4.0 0.3355 0.3458 1.2150X10-4 1.1998 X 10-4
4.5 0.5302 0.5385 1.0739X10-4 1.0642 X 10-4
5.0 0.7979 0.8017 None None

3.3. Energy consumption

The energy consumption of the damper can reflect the performance of suppressing
the resonance peak. In this section, the energy consumption of the damper is analyzed
at different damping orifice diameters, lengths, and viscosities. The simulation
parameters are shown in Table 8. The damping energy consumptions calculated by the
linear model and nonlinear model are compared.

Fig.19 shows the energy consumption at different damping orifice diameters. It
can be seen from the figure that the results have some differences between the linear
model and the nonlinear model at the resonance peak. The energy consumption
calculated by the nonlinear model is larger than that calculated by the linear model.
That means nonlinear characteristics can increase the energy consumption of the

damper near the resonance peak, which is beneficial to the suppression of the resonance
31



peak. In the high-frequency domain, the energy consumption of these two models is
nearly the same. This is mainly due to the small displacement amplitude of the damping
piston in the high-frequency domain, only um level. This will lead to the small velocity
of the fluid in the damping orifice, therefore the nonlinear velocity term in hydraulic
resistance will be small. At this time, it can be concluded that the nonlinear damping is
almost equal to the linear damping, which means that in the high-frequency domain,
the nonlinear model and linear model have no obvious difference. According to the
results of the four cases in Fig.19, the amplitude of resonance peak increases obviously
with the increase of the damping orifice diameter, but the energy consumption of the
damper calculated by the nonlinear model is still greater than that calculated by the
linear model.

Fig.20 shows the comparison of energy consumption at different damping orifice
lengths. When damping orifice length is 20 mm and 40 mm, energy consumption
calculated by the nonlinear model near the resonance peak is greater than that of the
linear model. However, when damping orifice lengths are 60 mm and 80 mm, energy
consumption calculated by the nonlinear model is near the same as the linear model.
This is mainly because when the resonance peak is large, the movement of the damping
piston will be strong, and the nonlinear velocity term in the hydraulic resistance can not
be ignored, more vibration energy will be consumed by nonlinear damping. However,
the reason is opposite when has a small resonance peak. Besides, it can be seen from
Fig.20 that when the orifice lengths are 60 mm and 80 mm, the second-order resonance
peak appears, but the energy consumptions of the nonlinear model and linear model are
nearly the same at the second resonance peak. It mainly because the displacement
amplitude of the damping piston is very small at the second-order resonance peak,
which leads to a small nonlinear velocity term in the hydraulic resistance, it makes the

nonlinear model and linear model tend to be consistent.

Table 8 Simulation parameters

Cases Parameters Value
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Damping orifice diameter/ mm 1/5/8/10
Case 1 Damping orifice length/ mm 30
Viscosity/ cst 100
Damping orifice diameter/ mm 5
Case 2 Damping orifice length/ mm 20/40/60/80
Viscosity/ cst 100
Damping orifice diameter/ mm 5
Case 3 Damping orifice length/ mm 20
Viscosity/ cst 200/400/600/1000
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Fig.20 Energy consumption at different damping orifice lengths

Fig.21 shows the comparison of energy consumptions at different viscosities. It
can be seen that when the viscosity is 200 cst, the damping energy consumption
calculated by the nonlinear model is greater than that calculated by the linear model.
But in the high-frequency domain, the energy consumption of nonlinear damping is
slightly larger than linear damping. When viscosities are 200 cst, 600 cst, and 1000 cst,
the energy consumption of nonlinear damping and linear damping is nearly the same
both at the resonance peak and high-frequency domain. It can be concluded that the
energy consumption of nonlinear damping at the first-order resonance peak is larger
than that of linear damping at a low viscosity. This is mainly because of the high flow
velocity in the damping orifice at low viscosity, which leads to large nonlinear velocity
terms and nonlinear damping. When the viscosity is high, the velocity of the fluid in
the damping orifice is relatively slow, which leads to a small nonlinear velocity term.

At this time, the energy consumption of nonlinear damping is nearly the same as linear

damping.
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Fig.21 Energy consumption at different damping orifice viscosities

4. Conclusion

In this paper, a nonlinear model of a three-parameter fluid viscous damper
considering the principal stiffness and hydraulic stiffness is proposed. Based on this
model, the displacement response and the hydraulic resistance correction coefficient of
the damper are analyzed. Besides, the energy consumption of nonlinear damping and
linear damping at different damping orifice diameters, lengths, and viscosities are
compared. The results show that there exist first-order and second-order resonance
peaks when considering the principal stiffness and hydraulic stiffness. Near the
resonance peak, the correction coefficient of hydraulic resistance is greater than 1,
while in the high-frequency domain, the correction coefficient of hydraulic resistance
is almost 1. This means that the nonlinearity is obvious near the resonance peak.
Besides, in the region near the first-order resonance peak, the energy consumption of
nonlinear damping is greater than that of linear damping. The larger the resonance peak
is, the more obvious this phenomenon is. However, in the high-frequency domain, the
energy consumption of nonlinear damping is almost the same as linear damping. It can
be concluded that the resonance peak of the damper can be suppressed by increasing
the nonlinear damping at the resonance peak without changing the isolation

performance in the high-frequency domain. By choosing reasonable damping orifice
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parameters and fluid viscosities, suppression performance of resonance peak will be
better. Besides, we have found that the energy consumption of nonlinear damping at
the resonance peak is better than that of linear damping, but this advantage is not very
obvious. In the future, through further research, the design parameters of the damper
can be optimized, and the nonlinear stiffness and damping can be reasonably selected

to achieve more ideal suppression performance at the resonance peak.
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