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Dynamic Characteristics Analysis of A

Magneto-Rheological Damper

Hee-Kyung Jeong

Department of Mechanical Design,
The Graduate School.

Pukyong National University

Abstract

MR(Magneto-Rheological) fluid is smart fluid that can change its characteristics when
magnetic fields are applied. Recently, many researches are done on this MR fluid for
applications in a variety of areas including automobile shock absorbers. This paper
describes the design procedure of a MR damper and the analysis results of its
dynamic characteristics. MR fluid in the magnetic field shows initial yield shear stress
and increasing resistive viscousity with final saturation thereafter. Herschel-Bulkley
model is used to simulate the flow characteristics of MR fluid and magnetic analysis
is used to identify the magnetic property of the MR fluid in the orifice of the
damper. Then, dynamic characteristics of the damper was predicted and compared

with the experimantal results for typical sinusoidal excitations.
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Table 2.1 Properties of three different types of MR fluids

(by courtesy of Lord Corporation)

MR Fluid MRF-132LD MRF-240BS MRF-336AG
Base Fluid Synthetic Oil Water Silicon
TZi ::tant)jre 40~ 150°C ~0~70°C -40-150°C
Density 3.0085 g fcc 3.818 g /ce 345 g /ee
Color Dark gray Dark gray Dark gray
Weight Percent Solids 80.74% 83.54% 82.02 %
0.55x107
Coefficeient of (0~50°C)
Thermal Expansion 0.66<107 0.223x107° 0.58 x107
(Unit Volume (50~100°C) (0~70 °C) (0~70°C)
per °C) 0.67x107"
(100~150°C)
Specific Heat{25°C) 0.80J /g °C 098 J /g °C 0.65 7 /g °C
Thermal 0.25-1.06 0.83~-3.68 0.20-1.88
Conductivity(25°C) ( w/m°C) ( w/m°C) { w/m"C )
Flash Point > 150°C > 93°C »>93°C
Particel size Microns Microns Microns
94Pa - s 136 Pa - s
Viscosity (105" 1 (r 170 5 *1‘) 8.5 Pa;f
32Pa - s 50 Pa - s (1058 )
(805 b (505 hH
Not compatible Not compatible Compatible

Compatibility

with nutural
rubber or some
hydrocarbon
based synthetic
rubber.

with aluminum.
Not recomme-
nded for long-
term use with
dynamic seals

with natural

rubber. Not

recommended
for long term
dynamic seals.

Separation
(laboratory

observations)

Develops a clear
layer of approx-
imately 30% (by
volume) in a 1
liter container
after 6 months
storage.(25°C)

Develops a clear
layer of approx—
imately 5% (by
volume) in a 1
liter container
after 6 months
storage.(25°C)

Develops a clear
layer of 12-20%

(by volume) in a 1
liter container
after 4-6months
storage.(25°C)
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Fig. 2.1 Viscosity as a function of shear rate with no magnetic field
applied of MRF 132LD (by courtesy of Lord Corporation)



4C

A
L\

) \

030 50.00 2000 3G.00 40.00 50.00 80.00
Snear Rate {1/e}

Viscosity (Pas)

Fig. 2.2 Viscosity as a function of shear rate with no magnetic field

applied in MRF 240BS (by courtesy of Lord Corporation)



Viscosity (Pas)

16

14

{2

10
8 N
| \\\’—
4
2
0 4 . , . ;
0.00 10.00 20.00 30.00  40.00 50.00 60.00

Shear Rate (1/s)

Fig. 2.3 Viscosity as a function of shear rate with no magnetic field
applied in MRF 336AG (by courtesy of Lord Corporation)



2.2 ™MXI2| &4

MR Ao 2718e] 7taiA e ZRpd QAES FAW 49 A3 F
o #3Fx ZHE(dipole momen)E 7FAAl Hu, ol m QlE IAELD
Fig. 2.1 ¢ Zo] 713 e vkat Al —?—5&% FAdstA Aek 4 Al
FER7Y FAC EEN A WEgFo s PAdd Ay, olAL A S wEls
= Agto] v, fEo] A7) HIAAE o ?ﬂﬁ&% ol 4 e d&E ¥
FastA "o

rO rl

(a) o] gle Z4H (b) ZpAe] 7hallzl el
Fig. 2.4 MR fluid in magnetic field

DA AQ) P27 rEolle FAlY 3E S ZHElE MR fAl9] A7)
54 FA (B-H Fah)e) SAgdep 2PV MR fAlls uFRAE 4 7 4AHE
A 2H A Al BA4E vERiY, 2 fAeia Zuk
g2 veEhdeh g A o2 Fig. 259 MRF 132LD¢] B-H(H g M) M-HZ
A(AgE AA) Fig, 2.69] MREF 132LD 9 & ¢ %’éjfi Yelgich 91 7)

r!o

g 27) o]l Fe AL MR A= 27 E4L M¥E AW $ glon YAS
o) Azl T3 EAlo] vjMs 7] EAL wrEol Ui, ol A2 AU A7)l o
2 g o) Wads 4Ee & & 4 AUtk

_]O_



B (Tesla:

\

-800

600

400 500 8

s £ (@518}
w % «BHoaUss)

1+ et e o o T T v e Tt e 11t V,WW*:S_. T

H { kAmpim}

Fig. 2.5 Typical magnetic properties of MRF-132LD

(by courtesy of Lord Corporation)

._.]‘l.._




Yield Stress (kP a)

50
45
40
35
30
25
20
15
10

T T T T T I

50 100 150 200 250 300

H (kAmp/m)

Fig. 2.6 Tyvypical magnetic properties of MRF-132LD
(by courtesy of Lord Corporation)

350



M 3 & MR >HiH #x
31MR 2 HE WE

2 AFME Fig. 319 28 B FH(mono tube) U3 E AtslRch &
FH A= dhvfel HAAE iAo flon, wBye] o - Al mE A

o A Wale= P20l B AEA Aok 7FAMN(gas chamber)ol= 27 ~ 30
bare} 129F AAMN, )7 FUEHe Qon, 7FA29 MR §4& BaAlz|dA 3

LI
o B
A
=

]

A Ao W 8 BAE 8] A T HAE (free piston)e] Aok 7
2 AsE 2dEse o2E WY (piston valve)?} ¥ 2E ZZ(piston rod)% A
o] glen MR FAI7F Alojurte S XL faE 2o FAHAEE

1
FAA7 7] fHet 2 Jlo]l=(rod guide)7} 21tk #H3 YR MR FAE A9
A glow, HFE FF HAAE ZEE EgA FJAE WHo FFEHW, 9
B!

A2 395 mmelH, A Ad= 160.5mm o]t}

piston rod

Fig. 3.1 Monotube MR damper

_18_



3.2 X7 g2 #+=

MR #ZAE 2 A7) 27] 3 2s fA28 Wi Lo Qlr) Fig., 3.29
ES H GETE el s AE WA= Wy Zo] wEo g 3y 9.8

=,

/
v
19

H2as 7 goe, 483 MR A2 FeS 8 He 9 . ofy I
upper - low plate)dlls 92 #% 97 window?F 9233l vt WindowE ¥
7}ak MR §-A#E 30(core)ot T2 H(flux ring)e] °]FF F 0.6mm, 4ol
4mme} 2709 EAA Aol IZFHAE W A 5‘:}1 8ol WA
Act & 228 53] 3Y( coil doll AF7F A7HEE AR AR ZoE e}
744 (magnetic flux)e] WAE W, 2 J& wet Ar] AEE FAAUH
FAE Lol FHoR FAHA Ga KR FAOR WEAATY] HEH o
FWol gyka) MaE 2o v A, EYa Y2 AR A Enh

Pl
i : ' |‘ hollow rod
P!y
upper
plate i core
i
i
. ik H
coil ik «t— flux ring
low )
Lat —— window
plate
s

Fig. 3.2 Piston valve assembly

_14_.



H 4 & MR FH 7= 6l

4.1 MR 7A Z2H

Q7bel A7 Aol weh g% Seol Walt MR AL T2 WH(Bingham) %
Az Agsel @8 UFel F% el AU WG fA) FEL
fAlel d geol g g urh 2 A4S dodm, o § fAle HER FE

st ol dAscta 7pEE Aol et 23 ellA] AsE nbeh o], MR
FrAE Add WEE(shear rate)O] ZNEFE FAE(W7 Zasts Ag 3
(shear thinning)e] HIFE FA9 548 ez glonz W3 798 A
MR {frAle] A= AFg Jellad 28E 4 ¢ Ao o8 7tgez @y
Ae3 MR #49 A%S 718 7 U s 4-¥ Z(Herschel-Bulkley)
ol &3k 85 Ao ]‘31’5]3}{‘:1‘.99)'30)'3”‘32)'33)'34) Fig. 4.10] S#le] Aot
A @ g HAE, Fig. 4.2 ZA¥ AP W o] AAE dES
Fig. 4.17 Fig. 428 %vﬂ MR fAl9 758 &8s & < vk & %ol
MR f#¢ Asg AA-HIe Edz i f¥ s T3 ¢
FEFaL AL B}

o o]o b
H oo

-‘:i mlo

I3
o
ue ¢

—.15._



Herschel-Bulkiey = Binah
ingham

‘Shear-Thinning

Shear Stress, Pa

Newtonian

. Shear-Thickening

Shear Rate, 1/s

Fig. 4.1 Shear stress versus shear rate curves for typical fluids
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& Z5) qe AR 45 AP Y FE 4F 4L T 7Y 9 &S
Uepich AbE-9 sebo)E gt ® oobdlol JeERT I 8 [ KF
A 2dn #38 FE 4% 4 2 Ao A= d/R. < 02 4 FF
05% , d/R. < 0.4 4 A% 29 olaz AZHAC, W wald Hs) Aw &
% a4l Aokd Bud §% el H4D + dor, B8 f2 4% ddn
t} #HejeA AbgE = o

Table 4.1 Pressure loss comparision between parallel-plate and

axisymmetric models

100 0.120106 0.120112
200 0.169456 0.169463
300 0.207255 0.207261
400 0.239083 0.239091
500 0.267101 0.267120
600 0.292413 0.252419
700 0.315676 0.315687
860 0.337319 0.337326
900 0.357638 0.357645
1000 0.376848 0.376854
oo | 0.395114 0.395121
1200 | 0.412561 0.412570
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Fig. 5.3 Typical B-H curve
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Table 5. 1 Relative permeability of materials

Material Type My
Water Diamagnetic (g, = 1) 0.99999
Copper Diamagnetic (jz, = 1} 0.99999
Silver Diamagnetic (u, = 1} 0.99998 B
Gold Diamagnetic (p, =~ 1) 0.99996
Bismuth Diamagnetic (g, ~ 1) 0.99983
Air - Paramagmetic (p,~ 1) 1.000004
Magnesium Paramagmetic (g, = 1) 1.000012
Aluminum Paramagmetic (p, =~ 1) 1.000021
Titanium Paramagmetic (y, =~ 1) 1.00018
FeO, Paramagmetic (pu, = 1) 1.0014
Cobalt Ferromagnetic (i, . ) 250
Nickel Ferromagnetic (4, p..r) 600
Mild steel Ferromagnetic (i, .., ) 2000
Iron Ferromagnetic (i, . ) 5000
Mumental Ferromagnetic (4, . ) 100000
Superalloy Ferromagnetic {4, ...} 200000
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Fig. 6.2 Curve fitting of shear stress versus magnetic field
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Fig. 6.3 Computation procedure of the damping force
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Table 6.1 Input variables used in simulation with no magnetic field applied &

10 CPM excitation

D_p diameter of piston [mm] 40
D.r diameter of piston rod [mm] 12.5
mean circumference of dmaper's ,
¢ annualr flow path[mm] pix(15.5+14.9)
) d orifice gap width [mml] 0.6
L orifice length [mm] 38
consistency coefficient flow behavior N
K index [MPa - s"] 60528+ 1E70
- n flow behavior index 0.4966
H magnetic field strength [KAmp/m] 0
Cyl_tub_len cylinder tube length [mm] 220
7 P_gi initial gas pressure [MPa] 3
Amp amplitude of excitation [mm] 50
Cpm cycle/min 10
i fric] rebound friction force [N] 180
fricZ compression friction force [N] 320
[a.b] initial interval containing zero [-0.1, 30]
tol allowable tolerance i computed zero 10E-13
max maximum number of iterations 100
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Fig. 6.4 Photograph of the MR damper
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Fig. 6.7 Contro! box & data acquisition equipment

Fig. 6.8 Currnt controller
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Fig. 6.11 Force vs displacement diagram (10 CPM)
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Fig. 6.12 Force vs velocity hysteresis loop (10 CPM)
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% MATLAB code start
function Find_Y=orificel(delta_P)

global VELO

Dp=40;

Dr=12.5;

Ap=(pi*Dp~ 2)/4;
Ar=(pi*Dr"™ 2)/4,
%Q=(Ap-Ar}*Velocity;
Q=(Ap-Ar*VELO;

K= 6.03278498545234*1e-6;
n=0.496601755893605;

aa=1/(n+ 1)
bb=n/(n+ 1),

d=0.6;

L=8;
c=pi*(15.5+ 14.9);

_.80_.



H=0;
Yield_stress=(-1.36129+ (0.35928+H) + (-8.23391%le-4 * H" 2)+
( 4.62969*1e-7+H" 3))*le-3;

ZQ=(2*Q)/(c*d"™ 2);

ZN=(2*n+ 1)/n;

72=(2+L*Yield_stress)/(delta_Pxh);

First=(ZQ*ZN)" n*((2+K)/h);
Find_Y=First=(1/(1-Z)*(1/(1-aa*Z-bb*Z" 2))" n-(delta_P/L);

2. ee|9 a9 ¢t &HE Fotr] 99k Bisection W

% MATLAB code start

function [x, v, kl = Bisect(fun, a, b, tol, max)
global VELO Flag

% Input and out variables

% fun string containing name of function
% [a, b] interval containing zero

%: tol allowable tolerance in computed zero
%o max maximum number of iterations

% X vector of approximations to zero

% v vector of function values, fun(x)
all) = a;

b(1) = b:
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feval(fun, a(1));
feval(fun, b(1));

va(l)
yb(1)

if va(l) = yb(1) >0
error('Function has same sign at end points')
end

for i = 1 ! max
x(i) = (a(i) + bi)/2;
y(1) = feval(fun, x(1));

if ((x()-afi)) < tol)
disp('Bisection method has converged'); break,

end

if yi) == 0.0
disp('exact zero found'); break,
elself y(D=*ya(i) <O

a(i+ 1) = ali); ya(i+ 1) = ya(i);
bi+ 1) = x(i); yb(i+ 1) = v}
else
a(i+ 1) = x(i); va(i+ 1) = y(i)
b(i+ 1) = b(i):; ybh(i+ 1) = yb(i);
end;
iter = 1,

end

if (iter »>= max)

disp('zero not found to desired tolerance'):
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end

if (Flag==1)
X=X

end

= length(x);
kK =1mn
out = [k' a(lm)" blln) x' v'L

-
1

3. 7344

A

T2
% MATLAB code start
close all
clear
cle
format long g

global VELO Flag

load New_Exp_00A_10.txt

Flag=0;

Amp = 50 ; % Amplitude [mm]
Cpm = 10 ; % CPM [ cycle /min ]
Cps = Cpm/60 ; % frequency [ 1/s |

interval = 1/Cps;

t=[0:0.01:interval ];
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Disp=—Amp*cos(2+pi*Cps*t);
Velocity=(2+pi*Cps*Amp#*sin(2xpi+Cps*t);

Cyl_tub_len = 220 ; % cylinder tube length [mm]
D_r=125; % diameter of rod [mm]
D_p = 40 ; % diameter of piston [mm]
P_gi = 30xle-1 ; % initial gas pressure [MPa]
V_gi = ( pi*xD_p” 2)/4 * 46; % initial gas chamber volume [mm”~ 3]
A_r = ( pixD_r" 2)/4; % area of rod [mm”™ 2]
A_p = ( pixD_p"~ 2 )/4; % area of piston [mm” 2]
V_go = V_gi — A_r+Cyl_tub_len/2 % gas chamber volume 1n
id position [mm”™ 3]

P_go = (P_gi*(V_gi® 1.4))/(V_go™ 1.4) | % gas pressure in mid

position [N]
set_zero= P_go*(A_p)- (P_go*(A_p-A_r)) ; % set zero Force
fricl = 180; % rebound friction force
fric2 = 320 % compression friction force

fid=fopen('Simu_10A_50.txt’,'w")

for i=1:length(Velocity)

if (Velocity(i)>0)
VELO=Velocity(i);
Flag=0:

else
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VELQ=abs(Velocity(i)):
Flag=1,
end

a=-0.1;
b=30:
tol=10e-13:
max=100;

[x, v, k] = Bisect(orificel’, a, b, tol, max);
delta_p(i)=x(end);

V_g(i) = V_go + A_r+Disp(i);
P_g(i) = (P_go*V_go)/V_g(i);

pr(i) = delta_p() + P_g(1);

if (P_g() < pr{i))

DF(G) = prii)=(A_p-A_r) - P_g(D*A_p + fricl;
else

DF() = pri*(A_p-A_r) - P_gli)*xA_p - fricZ;

end

data=[Disp(i) Velocity(i) delta_p{i)],
fprintf(fid,'%d %d %dWn' data);

end
fclose(fid)
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ForceData=[t" DF'];

save DampingForce_00A_10.txt —ascii ForceData

figure(1)

plot (Disp, DF+ set_zero,'.~', New_Exp_00A_10(:,2), New_Exp_00A_10(:,4) )
xlabel('Displacement [mm]")

ylabel('Force [N]")

grid

figure(2)

plot{Velocity, DF+set_zero,New_Exp_O0A_10(:,3)x1000,
New_Exp_00A_10(:,4))

xlabel('Velocity [mm/s]')

vlabel('Force [N])

grid
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