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A two-dimensional magnetorheological damper is developedfor the engineering
two-dimensional damping need. The velocity and pressure diribution model of the
two-dimensional plate-type damper, and the damping force alculation model are
established based on the Navier-Stokes equation. Severaltaictural and physical
parameters, including the working gap , the length a, and the width a of the middle
slide plate, are analyzed theoretically. The damping penfimance of the two-dimensional
plate-type magnetorheological damper was evaluated using two-dimensional vibration
test-bed, with the effect of the excitation current analyzé. The experimental results
suggest a signi cant in uence of Coulomb damping force on the damping force of
magnetorheological damper when using appropriate magnetdieological uid. As the
excitation current increases, the damping force of magnetdeological damper becomes
larger while the system amplitude decreases gradually in ltl directions, a maximum
reduction of 2.5956 times. It's conrmed that the design of the two-dimensional
plate-type magnetorheological damper is reasonable.

Keywords: magnetorheological uids, two-dimensional plate -type magnetorheological damper, mechanical

modeling, damping experiments, plate-type

INTRODUCTION

Magneterorheological Fluids (MRFs) are one kind of smart mal® which have good rheological
property, and unique rheological e ects. When the MRFs are placettua magnetic eld, the
apparent viscosity of the MRFs can be adjusted by changing theetiageld intensity, even to the
solid state. When the magnetic eld is absent, MRFs will retuomrthe solid state to their original
liquid state, i.e., non-Newtonian uid. This “liquid-saf conversion is continuously and reversibly
controllable. It is also safe and reliable with low energystonption and stable temperaturkifo

et al., 200 The unique rheological properties of MRF have attracted wedsarch interests in
various applications, such as in the automotive industy\(ard et al., 2008; Shiao and Nguyen,
2014; Hema et al., 20, precision polishingJang et al., 2010; Anwesa and Manas, 2018; Luo et al.,
2019 and buildings (uu et al., 2014; Ha et al., 2018; Christie et al., p(QAe of the most popular
applications is the MR damper which replaced the hydraulic oil with MRFs in the cylinder of

the conventional damper. Compared to conventional hydradamper, the damping sti ness of
MR damper can be changed using an embedded control system wéicproduce a controllable
magnetic eld intensity by the coil placed on the piston. The MRrger was widely used in many
elds, such as vehicle suspension systeltsif/en et al., 2014; Yu et al., 2017; Anwesa and Manas,
2019, clutches flema et al., 2017; Topcu et al., 2)1ridges and buildingsMohammad and
Amir, 2018 and the control systems for MR damper have been researétetyet al., 2018; Pang

et al., 201§ by using control system, the damper can be easily conttolle
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Many scholars are devoted to the structural developmergystem using fractional order theory and damping charasties
and mechanical modeling of dampers. Shaju designed a MRhen and Huang, 2009
damper with a two-cylinder structure, conducted experiments Based on the rheological e ect of MRFs, this paper attempts
and test analysisShaju et al., 2008 Yang et al. proposed to develop a planar plate type of MR damper with two
a large-scale MR damper with 200 KN damping force forcontrollable magnetic elds to realize two-dimensional (2D)
vibration mitigation and seismic protection of the buildings vibration reduction in engineering. For example, a vibratory
and established the phenomenological mechanical model amller needs to use vibration energy to compact the road serfa
the symmetrical structure. Simultaneously, some acadeisea while it is working, and at the same time, it is necessary to
genetic algorithm to nd the optimal placement positions and suppress the impact of the vibration rebound on the frame. And
the control e ect for MR dampers in the 9-story seismic the dampers used on the vibratory roller need to reduce vibrati
frame structure {ang et al., 2002; Cha et al., 2piBDavid intwo dimensions.
designed a small-scale MR damper for a tremor attenuation

orthosis, and applied a nite-element approach to resolve thOESIGN FOR 2D PLATE TYPE MR DAMPER

inherent static and dynamic modeling problem3&yvid et al., .

2019. Wang et al. developed a blade type and slit-openetructural Design for 2D Plate Type MR

type MR damper, established the damping torque calculatioDamper

model and analyzed the in uencing factors of the adjustablérhe three-dimensional model of planar MR damper with bipolar
coe cients, with experimental veri cation \(Vang, 2010; Zhang coil is shown inFigure 1 and the main sizes of the MR damper
et al., 2018 Zheng presented a double-loop structure MRare listed inTable 1 The damper is comprised of two parts:
damper applied to the traction of the elevator, to overcome thénner frame and outer frame. The outer frame can move in any
shortcomings of mechanical brakes with large impact andeargdirection relative to the inner frame in the plane. The inner
noise ¢heng et al., 206 Chen et al designed a MR rubber- frame and the outer frame are dynamically connected through
coupled damper, and analyzed the non-linearity of the dampingight guide pillars. The MRFs and the slide plate are placed in a

A Working plate Ironcore  coils MRF Outer frame

Slide plate

external structure internal structure

FIGURE 1 | Structure of bipolar coil 2-D plate-type MRD(A) The diagram of 2D Plate type MR damper(B) External structure.(C) Internal structure.
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TABLE 1 | The main size of the damper.
Name Size z |
—
The length, width and height of the MR damper/mm 230 230 76 mm g
The length and width of the slide plated a)/mm 130 130 mm - -+
e

Thickness of the slide plate/mm 12 mm (0,a) v f f
Inner frame 150 150 mm ]
Working gap 1 mm \ x

i 0.0 o
Number of coils 300 2 (a.0)

FIGURE 3 | Coordinate model of the owing MRF between a gap.

MODELING FOR MR DAMPER

Equation of Motion
The MR e ect of MRFs is a typical characteristic for the MR
damper and it appears when the MRFs are exposed to an external
(- ON-------- L magnetic eld. Since the carbonyl iron particles inside the MRFs
! N T form chains and clusters along the direction of the external
i e magnetic eld, the relative direction of the ow and the exted
R e R EE e : f:‘{irgﬁiﬁg—ééﬁ magnetic eld would a ect the MR e ect largelyGong et al.,
2019. Therefore, the rheological characteristics of the MRFs
depended on the direction of the ow relative to the external
magnetic eld. The behavior of the MRFs can be divided into
three categories according to the relative direction of e
and the external magnetic eld: ow mode, shear mode, exiousi
mode (Liao et al., 2007 and any combination of these three basic
modes. Based on the structural characteristics of the danmper
is paper, the work mode of the MRFs is the composite mode of
w and shear mode. The ow model coordinates are establishe
as shown inFigure 3 The MRFs are regarded as generalized
Newtonian uids. The symbol is the motion velocity of slide
ate, the symbol is the working unilateral clearance of the

FIGURE 2 | Diagram of bipolar magnetic circuit structure.

cavity of the inner frame. The slide plate can move relatively
the inner frame because of the gap and return back by the di
type spring set up outside the guide pillars. The guide pillars are
located in two directions, longitudinal, and horizontah& force
and displacement due to relative motion between outer an@inn
frame can be decomposed into two components and realized

the two subgroups of guide pillars. The slidg plate drives th late, and s the apparent viscosity of MRF. According to the
MRFs to shear movement and .pressure-gradlent ow. The forc avier-Stokes equation, the equation of motion of MRF can be
of MRFs act on the slide plate is the controllable damping forc%btained ie
of the MR damper. T

The relative motion among the components of the 2D plate | Yu
type MR damper is complicated. When the outer frame drives “f rpC by p 2t 1)
the guide pillars, the outer frame slides perpendicular to tkis,a dt
relatively to pillars at the same time. In the same way, therpilla |
drive the slider to move, and the slider slides relativelftte  In Equation (1), , f, p and u mean density, mass force,
pillars. The wide of interval between the slider and the stefaf  pressure, and veloclity of MR uids, respectively, and then

the cavity depends on the height of the copper pillar embeddég, X,y,z D U!x i Cuyj Cuzk.

in the slider. The following assumptions are made: The ow of MR uids
is laminar and non-slip between plates, that is, the velodithe

Structural Design for Magnetic Circuit uid is the same as that on the plate. Mass forces, such astgravi
The structure of the magnetic circuit of the 2D plate MR &€ negligible and MRFs are incompressible. That iB: const.

damper is shown irFigure 2 The magnetic circuit is composed 1he Pressure is constant along thirection, namely%DO.

of two coils with iron cores in the center. By means of The motion is stable, nameI%D%D%DO.

controlling the winding direction of the coil, the superimpake According to the rheological e ect of MRFs, the relationship
magnetic eld can be obtained at the working gap ofbetween shear stressand shear ratePis a power law, and the
the damper. The dash line in the picture is the magnetiapparentviscosity (m?s 1)is only related to the magnetic eld
eld lines produced by the magnetic ux pass through the strength H andP(Wang et al., 200i.e., D kP' D 4Pand
iron core. aD a(H, P.
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FIGURE 4 | MRF pressure distribution in two directions(A) Pressure distribution linep D 1). (B) Pressure distribution lineKp D 0.5).

Based on the structure of 2D MR plate type damper, theonditions for two components of pressure can be written

thickness value of slide plate direction) is much smaller than
that of slide length X direction) and width § direction), sou,
can be neglected, and then:

@x | @x
—D—D D
a @ a@a @

The movement of intermediate slide plate is active, accarttin
the knowledge of uid mechanics, and the boundary condigon
of MRFs can be established for two-dimensional motion.

@y

@y

DO

ux x,¥,0 DO,
uy X,y,0 DO,

Uy Xy, D uxo

Uy XY,

&)

where uxo and uyp are the initial velocities inx and y

D uypo

directions. The two-dimensional components of velocity can

then be obtained.

z 2@z z

UXD *Uxo 27@ 1 -
a
z 2@z z

Pressure Components Under

Two-Dimensional Vibration
Because the motion equation is linear, the presgupey) can be
regarded as a linear combination in two directions:

(4)

When vibration is produced in thex and y directions, the
following boundary conditions are discussed:

pxy D p' xy Cpxy)

pay DO
p.x,a/ DO

pOyDnp

p.x,0 D kpp, (5)

In Equation (5), the dimensionless quantiky represents the
upstream pressure ratio gfdirection andx direction. Boundary

as follows:

pt O,y Dp,pt ay DO, pt.x,0 DO, pt.x,a/ DO
p> 0,y DO,p? ay DO, p?.x,0 D kpp, p*>.x,a/ DO (6)

wherea is the length of the intermediate slide plate. Combining
the method of separation of variables and the uid continuity
equation, the two-component equation of pressure can be
obtained as follows:

X 2p.1 cosn/

il ¢ PR 31
o1 P gpr en

pt x,y D

e ¥)sinLy) ™
R 2p.1 cosn/ y
P xy D [ (@t
nD1 P e
en 1 gl)sin(%x)] ®)
Therefore, the pressure distribution model under

two-dimensional vibration can be expressed as:

pxy Dp'xy Cp* xy
R 2p.1 cosn/

h
P p.1 %/ n.1% oo P
e e g e sin —-y

nD1 i
Chko(@P-1 3 en .13 sin(%x) )
The MRF pressure distribution of the vibration in two direct®n
is simulated and shown ifigure 4. It can be found that when
ko D 1, the value op (x, y) is coordinate symmetric, and obtains
the largest at the initial position, while the distribution p{Xx, y)
shows inhomogeneity wheg, D 0.5.

Velocity and Flow Distribution
Combined with the structural characteristics of the damper,
the two-dimensional velocity component Equation (3), ané th
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damper pressure distribution Equation (9), we can establigh t Thus, according Equation (13k, can be calculated by the
velocity distribution model of the absorber in thxey directions:  following formula:

P
5 D ZuC 2p% (1 cosn) henp.l X/ o1 ECSP g € Ce ™ .1 cosnp/
X “Ta, @p en Cup(E® Ce" 2)]
nD1 kp D P (14)

123 =P [uo €P Ce ™ .1 cosnp/
Cuoe® Ce "  2)]

Y
~

en .1 g/)sin %y kp(enp.l y

[
et %/)COS(EX) E(1 E) _ _ . .
a By substituting Equation (12) into (10p,can be obtained.

25 %
uy D ZueC a—p % Damping Force Calculation
h a8 nbp1 According to the structural characteristics of shock absor
gp.l 3/ gn .1 5/)005 @y the working mode of MR uids is mixing mode of shear
a” and ow. Therefore, in mechanical modeling, only shear torc
kp(é’lp.l i en .1 g/)sin @x z 1 z and damping force formed by dierential pressure ow are
a

considered in this paper. The shear damping fdfgg Fysin the
(10)  direction ofx, y can be obtained by combining Equations (10),

Due to the symmetry of the working clearance of the MR uids(ll)’ and (12). Thatis:

of 2D plate type damper, only one side ow calculation model

N 2
is established to calculate the ow rate. Under two dimension F,s D a@az C dap w
vibrations, the ow rate can be expressed as the ow 1@Qtg x nD1 (np)
and Qg y at one side clearance &$ andyo. The uid motion VANVAN Uyo (1 cosnp)?
eguation can be obtained as follows: Fys D yodxdy D a—a’C kpdap ﬁ

0 o0 nD1 np
39 R
a 11 cosn

Qux D —uxC P P (15)

2 6 anDlHem en

gPCen .1 cosnp/ ky €PCe" 2 The damping force produced by the pressure di erence in the

direction ofx, y can be approximately expressed as:

da R 11
QuyD —uynC P ~ COSﬂnp 2472,
2 6 a, NeEP e Fp D pdxdyD pah,
kp €PCe" .1 cosnp/ €PCe" 2 2.2,
1) Fyp D o o kppdxdyD kppah, (16)

According to the continuity principle of hydrodynamics, the Therefore, the damping forcéy, F, produced by shear and
squeezed ow generated by plate movemegy ahy should pressure can be calculated as follows:
be equal to that of MRF ow from two pairs of parallel plates.

And then: 1 2

3p 11 cosnp .np/
uxoahy D dauyg C 9 o nD1

3 a nD1 n @ e Fy D 2FysC pr
gPCe" .1 cosnp/ kp(e®Ce" 2 ] 2
P ke ) D2 .%%2C dopda TPy pan (17

3p X 11 cosnp o1 -hp!

uyoahoDdauyoC3 @ en
& nD1 The ky and p in Equations (15) (17) are determined by

kp €°Ce" .1 cosnp/ (€PCe" 2) Equation (14) and Equation (12). Regardless of the direction
(12) can see from Equation (17) that the damping force is correlate
with the apparent viscosity of MRFs, the vibration velocity

From Equation (12), we can obtain: uxo and the area of the working surface of the 2-D plate type
MR damper. The damping force increases with a decrease of the
P 101 le]r_lpcosnp [ePCe" .1 cosnp/ clearance of the damper, and/or increase in the intermediate
n n e n . ' .
wo - kp(€® C e " 2)] plate's thickneshy,

P The theoretical analysis indicates that the apparent viscosity
1 11 cosnp
Uyo D1nam e Kp €F [? e .1 cosnp/ a is a function of zero eld dynamic viscosityo, the applied
(ePCe 2)] magnetic eld strengthH and shear strain. It is generally
(13) considered that the apparent viscosity consists of zero eld
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PC
LabVIEW collection

A 4
|Ampliﬁer I—Dl Power |&

Eccentric block
DC(+/-)
2D plate type MRD Bass
Laboratory simplified model Physical photograph

FIGURE 5 | The experimental instrument(A) Laboratory simpli ed model. (B) Physical photograph.

viscosity and magnetic viscosity. The value of magnetaogisy .
is several to dozens of times bigger than that of zero eld One-way excitation
viscosity under the e ect of hysteresis. Therefore, two dargpi
characteristics are presented in the damping force of MR damp
i.e., viscous damping and Coulomb damping. Viscous dampin
is determined by the zero magnetic eld dynamic viscosity o
the MRFs and the structure size of MR damper, independent ¢
the external magnetic eld. However, the Coulomb damping is
dependent on the external magnetic eld, the material propsti
of MRFs, the relative motion velocity and the structure sire. |
general, the value of Coulomb damping force is much bigge
than that of the large viscous damping force. For 2-D platé
type damper, the main geometric factors a ecting the damping
force are the thickneds, of the intermediate slide, the length

of the intermediate slide, and the clearanceetween the two
parallel plates.

TEST BENCH AND EXPERIMENT
PRINCIPLE

The basic structure of the MR vibration test system is shown in "'¢URE 6 | Eccentric block position in 2-D coupled vibration.
Figure 5. The main function of the base is to support and x
the part of the support frame. And the inner part of the frame,
mainly composed of converter motor and eccentric mechanjsms
is an exciting part to start or stimulate the vibration. The MRon LabVIEW virtual instrument control, and the vibration
dampers are used to connect the exciting part and the suppoxtelocity and displacement amplitude are obtained. The vibrati
frame. Through adjusting the meshing position of the gedrs, t absorption performance is further analyzed and studied by
mass centers of two eccentric wheels form a certain angle wisampling data.
respect to their axes, as showrHigure 6. When the angle is 90 In the experiments, the eddy current displacement sensor,
the amplitudes in both longitudinal and transverse diren@re combined with the high-speed data acquisition card PCI-MIO-
the maximum. In this paper, we only discuss the damping e ectLl6E-1, is used for the data acquisition. Signals gathered ar
of the MR damper under the two-dimensional excited vibrationssent to dynamic signal analyzer NI-4552 for processing. The
A photo of 2-D plate type MR damper is shown in whole data acquisition system is under the management of
Figure 7. The experiment process, as illustrated Rigure 5A  programs developed by the software platform LabVIEW. The
is described as follows: the vibration bench displacemer&/D converter has 12 bits. It is written by G language given by
signal and acceleration signal, after denoising, are afelle software LabVIEW and executed with a data sampling frequency
into the computer through the data acquisition card. It isof 1,000 Hz and reading frequency of 500 Hz according to the
analyzed, processed and displayed on the platform baséd/quist sampling theorem.
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FIGURE 7 | Photo of the 2-D plate-type MRD.

FIGURE 9 | Lateral and vertical amplitude at different excitation fouencies.
(A) Transverse amplitude(B) Longitudinal amplitude.

A variety of testing conditions are realized by adjusting the
frequency converter for di erent motor rotations. The rangé
the exciting frequency is 8 32 Hz, and the control current
applied on the excitation coils of the MR damper are 0, 0.5,
1.0, 1.5, and 2.0 A. The amplitude responses of longitudingl an
transverse vibrations of MR damper are obtained, as shown
in Figure 9.

FromFigure 9, it can be seen that when the input currdran
the excitation coilis 0 A, i.e., the zero sum of the viscousapiag
force of the damper and the restoring force of the spring, the
EXPERIMENTAL ANALYSIS OF 2-D PLATE amplitude of the vibration system is the largest at each fraque
TYPE MRD When the input current of the excitation coil gradually increases

to 2A, the amplitude of the system decreases gradually. For

The type of MRF we chose in the experiment is MRF203&xample, wherf D 14Hz, the transverse amplitudes of the
shown in Figure 8 The MRF is mainly composed of non- system are 0.7218, 0.6839, 0.5537, 0.168, and 0.3755mm at th
magnetic liquid-dimethicone and ne soft magnetic partisle excitation current | of 0, 0.5, 1, 1.5, and 2 A, respectivehe T
with high magnetic permeability and low hysteresis uniformlylongitudinal amplitudes were 0.7305, 0.6856, 0.5532, 0,49d4
dispersed therein. The high yield strength of the MRF car©.4208 mm. Wherf D 16 Hz, the transverse and longitudinal
reach 55 kPa. amplitudes of the excitation system reached their maximum

FIGURE 8 | The MRF.
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TABLE 2 | Different excitation frequencyf, lateral amplitude (LA) ratio and vertical amplitude (VAtio ( D 0 A's amplitude, | D 2 As amplitude).

f/Hz 8 9 10 11 12 13 14 15 16
Ratioya 2.2941 2.1030 1.5983 1.7437 1.5050 1.2825 1.7360 2.5956 2.3352
Ratio, o 2.1410 1.8388 1.4767 1.9729 2.1712 1.8247 1.9222 2.3051 2.1089
fIHz 17 18 19 20 21 22 23 24 25
Ratioya 1.2463 1.9027 1.3747 1.7251 1.8147 1.8181 1.8404 1.7837 1.9031
Ratio_a 1.7546 1.3662 1.3450 1.4802 1.4636 1.4667 1.4995 1.6827 1.7627
fiHz 26 27 28 29 30 31 32

Ratioya 1.9340 2.0900 2.0943 1.9961 2.0340 2.0366 2.2408

Ratio_a 1.9067 2.0162 21175 2.1268 2.1953 2.2468 2.1525

values, 1.2088 and 1.4831 mm, respectively. When the frequerlCONCLUSION

was higher than 16 Hz, the amplitude decreased gradually. In

addition, it is found that the transverse amplitude is slightl In this work, the structure of 2D plate type MR damper is

smaller than the longitudinal, which is related to the inaat  designed. The velocity distribution, pressure distributioow

characteristics of the simulator. The resonance frequeritie ~ Model, and damping force have been established based on

System is 16 HZ, when the amp”’[ude obtains the |argest_ T[‘MRFS under bidirectional vibration conditions. The vibratio

amplitude decreases gradually as the frequency increasies wabsorption e ect of dampers is tested on a two-dimensional

unit time. The excitation component has its own gravity, ahd t €Xxciting test bench. Based on the results, the following

longitudinal amplitude is slightly larger when combined nthe ~ conclusions can be drawn:

eccentric wheel. (1) The damping force of 2D plate type MR damper is related to
In the experimental frequency range, with an increase of the clearance between parallel plates, the length and théskne

the current! in the excitation coil, the amplitude decreases, of the intermediate slider, the zero magnetic eld dynamic

indicating that the damping force increases with increase viscosity of MR uid, and the working magnetic eld intensity

of the current. Whenl D 2A, the maximum decrease in(2) The proposed 2-D plate type MR damper has good damping

amplitude is observed dtD 16 Hz. The decrease of transverse performance. The damping force increases with an increase

amplitude is 0.6356, and 0.8480 mm for the longitudinal. Afte  of the control current. The larger the shear rate, the more

calculation, the results show that the shear rate of shock obvious the damping e ect. The maximum damping ratio of

absorber reaches the maximum whénD 16 Hz, suggesting amplitude can reach up to 2.5956.

that the output of damping force is greatly in uenced by large

shear rate. AUTHOR CONTRIBUTIONS

Table 2 shows the ratios of amplitudes (transverse ratio

Ratio.a and longitudinal ratio Ratiga) at di erent excitation BC desiged the plate-type MRD, and DH and CL did
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