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A Study on the Multi-Directional Mount
Using Magneto-Rheological Fluid

Dong-Choon Sin

Department of Mechanical Design Engineering,
Graduate School
Pukyong National University

Abstract

This  paper presents the property of the Multi-Directional Mount using
Magneto-Rheological fluid (MR fluid). When the MR fluid is applied to a mount that can
effectively reduce vibrations in a wide range of frequency by control of the applied
magnetic field strength. The shape of the mount is the same as squeeze film
damper(SFD). The damping property of the SFD for a flexible rotor system vary according
to vibration mode. MR fluid is known as a functional fluid with controllable apparent
viscosity of the fluid by applied magnetic field strength. But until now the damping
property of the SFD using MR fluid was not clarified correctly. So this investigation is
useful to detail the damping property of SFD using MR fluid that the Multi-Directional
Mount to support one mass was constructed and its performance was experimentally
investigated in the present study. In this study. Multi-Directional Mount modeling was
separated to viscous damping by Newtonian fluid and Coulomb friction by Bingham fluid.
And then theoretical models were compared with its experimental result.

In this study, Multi-Directional Mount using MR fluid is proposed, and the response
properties of the mount were theoretically and experimentally investigated. The
Multi-Directional Mount using MR fluid can effectively reduced vibrations in a wide range

of excitation frequency by control of the applied magnetic field strength.
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2. MR -+t Al (Magneto-Rheological Fluid)

21 MR RH9 54

2} 7] ZH(magnetic field)S HFst9-S o), FA47} A= FRSHS WA
= A 71 EAFAY MR 35 19481 Jacob Rabinowol] &) HZxZ ®a
e

&, MRF-A = wH& F21-8(permeability)2] g-mloll 3214 (paramagnetic) ¢} &}
S w2 FAE MR FA Ao 3717 ko]l AR o E( pm) A ol Th
Halg n}:gz}oﬂ A7 4L 7held dAEol NF3 SFe] T8 7124 o]

AbZ(chain)y "2 & FA A vk o AETEIT FAo 5 WA 5
o] AxR7| 71‘3’57]' 7 FAlY fFE Age] FrkE &Av)Ae] 7l A A
22 wolx A7 AFEA $E5L 5= Newton FA9 2o 75e v
WA, 2b7] o] R7kAldlE N=3F SHo 2 AlSTxE gAdste Adsn
(shear velocity)”} 2AsHA #Fete FHR=7F dojuls 3 Aol A

a4 H

MR A= 85l A71de A7) met wpA = ohg 23 22 Bingham
frAle Aol vhepdup

r=r(H)+py (2.1

A7IA = fAe] AREHE Yehla, e dusmuey, s {9

AUEEE vedn (A)e A9 $55ES dEhie, He A 2

7He A7 ol MR+ A 2] o] Matehs WFAYFL Fig. 2104 ®
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Sifol A g RAstH MRAGA wFeo H FEAst AARGew
e ko] Fel~Hluster)?t BAH T Ao Aol webs ZesE e @
w7 wgtgnt olgld MRAFAS FF 542 A3 FAHY FdEE w

2} Fig. 229 72 ez 258 4 Ut 1d(@9 2o AR 2EH
wde AF, AU vgAE EFHoE FAkEo] 9l
A7 S F#HEae B L MEAESE AsETRE 4% 1¥@

o MR = (shear mode)= Ha sk Frle] Hu F GFo] HALE IAHE 9l
i, G2 FEFe] Aol o|F& 3w YEeltt. 1¥E(b)e FA HFEERE=
(flow mode)v= F B2 nPHo} dx, nydd Ha A}Oli G4 7} o] =5
sefo|tt. 1B(e)e] ~AFHZRE(squeeze mode)= Ao FE=3 Hato] &

—v—’

i
0o rr

—

of #AF AFor dojut AFs= RG-S YEIHT %E}.‘”

w5 A4 AN MRFAE HEe7] AliME A deeE, W
Sedl, 1= To AEH 54 #d AANHL 4 d9vh s Fad #
otk MR{AE Z7) o] F5-7hA o= Newton -MH S4E vEdARE,
FrhEe A71Fe] 27l wEk fAle] FRSHo| Frhete BA4E Heln
MR {3z 9ol F7h5 = 27136l o af o %V"ﬂ AS 27 el &
o @b Atelel FxhE(permeability)e] o], 1ol AAGE Tl FFyE L

S} 4

H
= oo gux Qb B dtel AgE MRSAE vl LORD Abe)
MRF-126QDo|t}. MRF-126QD2] # £ 92 7x10°%kg/m’e}i, HEE 047 N-s/m
ol c}.



( a) Without magnetic field

( b) Magpnetic field applied

MR effect

2.1

Fig



Magnetic field
(a) Shear mode

Magnetic field
(b) Flow mode

Magnetic field

(c) Squeeze mode

Fig. 2.2 Modes of MR fluid



22 MR RHE 0|88 &#27|2 554

e HARA 2 dein MRAAS ERGAE Robshs A7) el A%
of wapel webd fA9) FESHo] WRsH: Bingham FA HAHE vy

Ak Bingham FA2] 542 7Rt A& MRFA R ERF A Aget
Aol S7kghel mekA Coulomb wh#o] Z7heitt= 715 ofml it

ol fFAE ol &3 FH47]e] SA9] Coulomb uhahe] Sxo] Auwjao =z 1}
ghdbthE Booh otk gl o] F mRelAE 7]y e sEAo
2 AH(Seal)] vwhEdt dYH HWIA HA2E Jlo]= Alolo| A mpzo] dojrjm
St ol whE | digk F&E o} glo] g L Agwslel g viE
2] 57k ols MRFAl 3 ERFAe] SA4wztel o seznk e
ok F, g Ao #F5gHol Milsted Coulomb whzto] &3t AoR 7Hp
ol dvk 1e|v ERFAE o] &8 SFD % MRGHE ol &3 rtEE i

FHel npze] gle Afolmg AFE KIishe] welM Coulomb w# el

B Rolx gian, FAAY 5ol AuHezm vepdde Bavh 9l
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U AN et E el FAsHE 4" RExE &8 #A fEAHE
HYER = dRbERl 2lo)s =(Reynolds)?] Huli: BAAAE FalH A2 4
. o] WA 4E NavierstokesH g A 3 ALk o 2 B ofe}p 2o 7}
4E T3 Asdd

1) FA2 #4HE2 FAAH

2) sretel ATl qbE wzte gl

3y FAle wE FAolz vskEAe)r FHAFIH

4y e fao dxA AR

5) Wz Py vk (FrA-2AF AR Atel)

2 () (-2 ) =6t -G8 ) + 124 9] ) G

@D Aol ¥ g EEAQA vl fA £89 o 2 ol
=S YUENATE AlA &2 Fig 3@ 718 f & T(wedge action)S el
om AHsHes WaEe] WeR A A" FolXlte &2 SAld s &

i m‘n

=4 2 Fig. 3.2(b)4 3 & d(squeeze action)E UEINE Zlez Wi F4
o) glFo WA e £z HITsA Hol §8 dAS GRAZ oz Y=
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Fig. 3.1 Geometry of multi-directional mount
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h=c(l —ecos¢)

(3.3)
w, -
v Ca "#th
i — .,-" ﬁN\'
‘e’/' ’,.a "\L"*
/ .
Fy/
/
>
¢
Fig. 3.3 Coordinate system
o714 & z7IRUE FACIL o =-9) Wt
4332 H@29 ddstd Yenid 4349 2.
0 [y3 0p\_ _ _de
a¢(h a¢) 127152 cos ¢ (3.4)
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‘maw(h‘qai) =— 12/ pweos ¢ (3.5)

gg _ IZ%uhzgsinqS 3.7)

HEB.DN h=c(l—ccosHE HFstE 2(3.8)3 2o] A},

8b _ 12/ pwsing
d¢ c*(1— ecos ¢)° (3-8)

AL goll st H2shd 4(3.8)2 H(3.99 #ol dehfej .

6ur’w +B (3.9)

ec’(—1+ ecos ¢)®

p:

AQEo) o] PI(em0)3HY Gol WAHA Ttk (p=0) B9 B
g 2ol Ak,

B i (3.10)
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2(3.1002 2390 st Aajsd ofehet 2.

Gurw cos¢(2— ecosd)
¢ (—1+ ecos¢)’

p= (3.12)

e slAuas & owgl delel ARasld Y F,S Ted, ofes
2.

zzfoﬂfubpcos ddzrdd (3.13)

A b= & Wge] ololth AG13)E & el thte AR 24
g G149 2ok

_ 1207w, (? cos$(2— ecos ¢) 4
Fy e bfu {(—1+ ecos ¢)* aé (3.14)

A N34 HARE gol disted ARH 43158 2ok

3 -
Fy= lZﬂ;wb, lﬁ—s . (3.15)
(—1+s)\/ 11 e dter

g ERE Adste G152 HG.16)% Zoldn

Ar

C‘B( 2) 2

FHAFE ohehs 2ol EAR A

F 3
Cdzia’:i:lzifj% (3.17)
O I
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3.2 Aitda

gle] #49 F#HAE ofjfdte] 71 HA wae diste FHgAFE 5
ek AbAle] A HAE e, AFY /D, HES BAEFIH A Y ofr,E
ol &atgtt Zzke] AMEe WEY AE D=8mm: TAHI AejolA HEY
AN} vhgE] S e A HAE e=0~0.999 et Fal=] 1
ZZ e

Fig. 3.4 &9 w3 g 5M8] of», o thdld A E eoll wb3 74

A C5 Ae Aol

Fig. 34clA 38 HAE o] 22 HHA
ol Z7tslit HAE o] 0.8 o) gg 2& Aol G338 Frhste A

7t
L2 9l 2= o©)
=

=2 T M

3 9Fe EAN7 AZSE THAsE A dolds B 4 o
ol AT 22 ddE 2ol &89 WEEe] i der d% A
olgt detElty w3 F[Fu| p/pF AAFE FHAT C,5 ML 2 =R

ES
Az dAE E AYY s2EE YWEY #Ee] D=8mmeo|i Fof p
=34mm o] 7]oll b/ D=0.45°] 3| FHT}.
wheb M A E EolA Y YEe TS HIla v E EME £
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4. OB F AIY vz ES 247

MR-&- #(Magneto-Rheological fluid)y= #F7]%2] M7]& WHarzloz
o] Zr7 AEE AT F de 7IeAdFA=R 2 deA dn £ vy
Eo AHEEE FEFUAN MRFAZS HEFory & ye Fis
A Jeg A AYE ol 7hsskA ®d

2 Aol A7) e Wt wEtq MR AlE o] &7
FE9 EAo] oujgkz] ol B7| &k 2717 T 3
ohepiiat BTh mEd, splel dekRs AA s o
wdgstn Prisarct. g¢9Hor A9 I=E
AEZAZ ER £& MRviﬂP«l A8 F4s9d 19
MoAdGEEE vehe dAgE e 09 A He Ak

oz vehdy o 93r Z2 FAE Bingham -

&% SFD 3 MRFAE ©l &% vhE it
47148 H7tgel mebA Coulomb whbe] S41E
=a0] AMH oz LbEhdThE B} g0

MRoj b ERF Aol F7Vats 2oy o] F7hghol| whetA Coulomb 7
HHe] axe Rer wdYste A7 goh WA MREAY ERGAE
o|-§3gt nkF-E<°] £4o] Bingham FAEAdo] YElE For JMAHE sl
olZH FHMHL FAE BEo| ulRro|d. 13d, HAZ MRS ALY} ERGH
g o] &%F "EES 54o| Binghami Ao EA4e] uvetueE Fes J
Suspension?] A $-& AL AL G+ Aoz AGsT o Fa =,

& Eo] Bingham A 7t AFEHUTE AL PHEES 57442 Coulomb #H4 5
A4S e A dot Suspensione] A P-dl= 7] EH O F Sealefl 9% 2wl
o] ZF&3l7] wfFo] MRE-A S Hr7lst= 22AL Z7FA171H Coulomb 7‘:&]5—
9ol WA 0% b Bk 1 99 MR o ERFAE o) 88 vty
SFDe] 4 %-ofi= Coulomb g 5730l &HaA Yehvbes A57F fled= &
Tk MReo|u ERF Al Frbsts Aolu FAo]  Frbghell  whEbA
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w1 2 A6l thdte] A7 o] #HEghel] wie}l Coulomb wh#o] i3}
3t Bingham 2@y 571 FAR 57 HA Halsls RS o &3}
of HAgge WzlE AEdold ok ol E oid AW wE
squeeze modedl| A ¢] MR A Z7)| & 713 W2 MRAAY 5A4E o=
& F ar.

Fig. 420 Me A=, Kv 24445, C,o 44As 283 F,i= Coulomb
RS dedth Fig 42w wHREd A7 HS $oigel met 94 K
S 4 p(E) 7 WEhehe Rl

F=pu(H) y+ K(H)y 4.1

7vgtell wet HA & WEEA @2

=y
s
e
b
2
=
~
s
o
=)
O
Im
=2
b
~
5
o)
o
-z

4888 r(Me] ABshE 2ot

F=r(H+ur (4.2)

shitol "kl AEL AN YT MRAAZ ol 43 thd ANE nl&
E &9 L E Fig. 4.10] eRdch
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% Spring
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% Mass

3 Supporter

Electric Coil
Rubber Plate
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Fig. 4.1  Schematic of multi-direction mount using MR fluid
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(a) Various stiffness and various viscous damping model

M JAX

A
K Cd= Fd

Iy
G A0

(b) Bingham model

Fig. 4.2 Equivalent model of multi-directional mount using MR fluid
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Fig. 4.1e shute] d=kol FAd "o #Agsta, 28l 9 Fo| R
FEo AR Aoy 7ASA Fig. 42(a), (b)Y #Zo] 14w AR mulgs}
o Yetd 4 Uk

Fig. 42(a)el A #7bs = Abae) wste] wa} S7F ddza st 571 2ol
Watstttn 7 d, 1A/ EAE Newton] 25 HAE o &3te] A< %%
WS Feetd e g

Mx+CAH) (x— )+ K(Hx=0 (4.3)

Mx+ C(H) x+ K(H)x= CH) y+ K(H)y (4.4)

HU4E olgstel Wel HBEL FE/ Astel /1A b GAN 19 &
gl x) 2 ohew shy e,

x= Xe Jawt (45)
y= Ye'™ (4.6)

o] 7} A m(=\/ %)—E THAFFo|T, X, YE Z3717 dde 275 UE

W, = v —1oluh A(4.5)F 4.6y A tiE st A7) 2o
A},

(— &' M+ joC+ EK)X=(Caj+RK)Y 4.7

e

AN 99 HEE ()& Bl Fu Fus AFs 82 e

X _ K(K—mo®)+(Cw)? . w’Cm ’ (4.8)
Y (K—ma®)’ +(00)? 7 (K- ma)’ + (wC)? )
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H@8)el SHe) 45 F& Rett 3T S5 T meolwtn s

_ K(K— ma*) + (Ca)*
Re (K— ma®)? + (wC)* @
_ w'Cm
Im= (K— ma®)? + (w0C)* (4.10)
A AgE-2 A@.1h3 2o
X| _ I o35 2 1+(2§CU/CU,1)
|| =V R+ I _\/ (1~ (/o) D+ 2wl ) @D

A41)e] o2 W9 ADES Fig. 440 JeEPGT Aade) Ale® ws
= Table 4.19] YeR T

Table 4.1 Parameters used in model of Fig. 4.2(a)

Description Value

mount mass M 5 kg

“spring coefficient of mount K; 2.8x10° N/m
K> | 30x10° N/m
K; | 35%10° N/m
K: | 50x10° N/m
Ks | 6.0x10° N/m

damping ratio of mount

s 0.1, 0.15,0.2,0.25,0.3
§= C/{2(MK)""}

- 924 -



Fig. 42(b)ell 4 C = Aol H71HA ¥e wol dFel #gohe 24T
Al 4=(damping coefficient), F,o vHEEd| z}7]%e] Wl ooy T

ul9 e o] E2ula#(Coulomb friction force)S Lhebivh A(4.12)9F (4.13)& 1]
Ay o) WA dojuR FAIME olfate] Zt Fubgo ok WSH
HAgS A2 o] nhEE Wi FEvlEe] W] oE Jo
HEES Fig. 440yl ehilgich. Alate] Abgd oi7) W5 Table 4200 o
chiiglieh w7l B ghe A AnE ol8sle] ZAAsgon FAFALS
Newmark g8 S Al &8kl A& Fig. 4300 e AL, Newmark 84 ol

g9 e Meli, ot ATNA, wHE WY, WhE HE, ude e

12 =412 Newton?] &FH 23 olgste] Ao EilydHe

Mx+CAx— W+ F;sgn(x— »+Klx—y) =0 (4.12)

Mx+Cyx+Kx=Cyv+ Ky—Fy sgn( x— y) (4.13)

Table 4.2 Parameters used in Bingham model

Description Value

Mount mass M 5 kg

Spring coefficient of mount K | 2.8 X 10° N/m

Damping 7ratio of mount
U= C,JAME)"™)

Coulomb friction force

(= Fd/( Cdﬂ)))

0.1
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M (H+ Cu' () + Ku(t) = A8 \

W (=M HAD — Co (D — Kuld)

W1+ 8 = 1
M+-3L C+ peK ‘ |

| [ Rt on— O D+ " (0) = K+ om0+ (= ) o' ()] |

w (t+ 8 = u’(t)+—~g-t(u”(t)+ W’ (t+81)

4 .
u(t+ 60 = u(t) + &‘u'(t)-ﬁ-g—ttz W (D+BSE( (t+ 80— u’ (8)
Y |
t=t+ St ‘

Output u

Fig. 4.3 Newmark 4 method for numerical solution
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(b) Bingham model

Fig. 4.4 Transmissibility
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Table 5.1 Principal dimensions of multi-direction mount

inner damper diameter 80 mm
Electric coil turns 410
Electric coil resistance 6.5 Q
Electric coil diameter 0.6 mm
Radial clearance 6 mm
Inner damper width 34 mm
Centering spring diameter 2 mm

Centering Spring MR Fluid
Retainer

Centering
Spring

Mass
Supporter

Electric Coil
Rubber Plate

Fig. 5.1 Schematic of multi-directional mount using MR fluid
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Fig. 5.2 Drawing of multi-directional mount using MR fluid
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(b) Multi-directional mount with a mass

Fig. 5.3 Experimental apparatus of multi-directional mount
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Fig. 5.4 Apparatus of hydraulic type exciter

- 34 -



53 M3 23 9 aF

LS
6t 0A
4 1
2L
0
2L
8
6
24 0.2 A
= 2
%wk
o -2 |
(&) n
o 8
36l
g6 0.5A
34
HE
0
21
8
6
4 1A
2|
oA
2

0 01 02 03 04 05 06 07
Time(s)

Fig. 5.5 Response to impact test with variation of applied magnetic field

Fig. 5.5%= Impact Hammerof 2]3l g}lZFd & o=z X
Compliance 2 “EMN I Ut} Impact Hammer & o B]8]A] =] 2} 7H4] o)
w3 2ol 27) WEe] AN Impactrbdle] 57 T
GE Aem AZhET. 2oy B9 AR 2] med dZo] o}

% % k.

oA
o

_35_



it

Fig. 5.62 71775 o| &3t 23Hz® 41Hzz2 thid Ay sl E

Ven AEEAR ZHE Ao Argwe Vel

SA 1
1.
1.5A |

o o o
N RO

Displacement(mm)
o)
N (w]

-086
0 0.04 0.08 012 0.16
Time (s)
(a) 23Hz
0.2 r -

o
p g g

1.5
1

05
0

! L 1

0.20 0.25 0.30
Time (s)

=

Displacement(mm)
o

S
xS

V
o
N

T

(b) 41Hz

Fig. 5.6 Response to excitation test with variation of applied magnetic field
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Table 5.2 Equivalent viscous damping according to electrical current

Electrical current (A) - | 0 A | 05 A 1A 1.5 A
Area (N *m) ' 0.0027 0.0052 0.0121 0.0214
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Fig 5.13. Equivalent viscous damping according to electrical current
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Table 5.3 Area according to electrical current from F-V figure

Electrical current (A) 0A 05 A 1A 15 A
Area- (N - m/s) 0.0447 0.0449 0.0623 0.2626
Equivalent stiffness (N/m) - | 56625 10" | 56834 x10° | 7.8870<10" | 3.3259> 10"
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Fig. 5.14. Equivalent stiffness according to electrical current
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Fig. 5.16 Relation between force and velocity
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Table 5.4 Equivalent viscous damping according to excitation displacement

Electrical current (A) 05 A
Excitement frequency (Hz) 10 Hz
Excitation displacement
(mm) o 0.3 0.6 1.0
Area (N - m) _ ' 0.0052 0.0210 0.0559
Equivalent viscous damping: -
N 6026585 | 432416 | 3136830

700

E _ « data

é“’ 650 y=390x —920x + 840
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E 550

@ |

S 500 :
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5 |

S 400 |
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o 350
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Fig 5.17. Equivalent viscous damping according to excitation displacement
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Table 5.5 Equivalent stiffness according to excitation displacement

Electrical current (A) 05 A

Excitement frequency (Hz) 10 Hz

Excitation displacement 03

{mm) 0.6 1

Area (N + m) . 0.0449 (.2336 1.2587

‘Equivalent stiffness

. 3 3 3
(Ns/m) 5.1528>107°14.8906 < 107  7.06 <10

14000 = élata

17000 | y=2900x+3900

10000

000
| I
6000 "

4000

Equivalent stiffness (N/m)

2000 ‘

02 03 04 05 06 07 08 09 1

Excitement displacement (mm)

Fig 5.18 Equivalent stiftness according to excitation displacement
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