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Abstract; Magnetorheological (MR ) dampers with fixed damping gaps and short damping lengths have
the disadvantages of small damping force, single dynamic performance and low adaptability. To overcome
these shortcomings, a MR damper with adjustable damping gaps was proposed and designed. The MR
damper had annular and conical fluid flow channels, and four segments of effective damping lengths in
the annular and conical fluid flow channels. By adjusting the position of the valve core controlled by the
locking nut, the relative positions between the valve core and the left and right yokes would be changed,
so the damping gaps in the conical fluid flow channel can be adjusted continuously. The magnetic circuit
of the proposed MR damper was studied and its mechanical model was also established. ANSYS was used
to simulate the change of the electromagnetic field in the MR damper. A prototype was manufactured,
and its dynamic performance was tested experimentally. The results showed that the damping force of the
proposed MR damper was increased with the decrease of the damping gaps, and the maximum damping
force can reach 7.2 kN at the damping gap of 0.6 mm. Moreover, the adjustable coefficient was
decreased with the decrease of damping gaps, and the maximum adjustable coefficient can reach 13. 6 at
the damping gap of 1.6 mm. In addition, the damping force was ranged from 0.2 kN to 7.2 kN with
different damping gaps, and the maximum adjustable coefficient can reach 33. The dynamic performance
of the developed MR damper can be greatly enhanced, and the traditional MR dampers with its
application in fixed situations can be possibly replaced.
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different damping gaps

G5 KA A AN B0 45 AR RO R 2 25 = ) Y I B

&, AEBHJE [ i [ 5 Y (5 B 380 8 TE FY) Al R

152 9 L 368 3, A S i K U 7 B JE A 1A AR R e
K T EL A A 25 B e 18] B 34 252 mT 4

T AR EEJE &% iy T 52 2 Sh SR Bl i 0 ZEATAE R

B3l 1 IERT R ATIE SR, B 2B B e . FH
L R (VAR (A S N A G [ T L 1
P 2 v 7S o Dl T 4 Vi A Dl L WG 7 A i, L h
2 MRSt e, ek IR 0 D A 7 R B T P O
ME A S A BB, e T2 TR R A
i 3 25 30 5 o (B8] e Y A 30 3 P JBR] A R0 O 2 1 T
4 BrA R e Bl LRIV o 7 78 90 228 12 1) Bt
K HE S BN, 7 HE S AR 5G4 9 D) i AR L

AT el 7 722 BEL JE i i s AT 4B . R 1 R BHE
Vi) A 37 i 3 A BELJE #8814 SR 45 h S 80
#1 MRD XBEHSY
Tab.1 Key structure parameters of MRD
28 K fH
A B W/ mm 50
ZEREHEK B w, /mm 10
5w A w,/mm 10
G ZEFF AR 1y /mm 12.5
TSR A2 ry/mm 26
98 T P42 ry/mm 19. 86
LE AR E T/mm 8
HMEL ) BEJE D/ mm 10
37 A BHLJE #8242 r/mm 50
B3] 27 BELJE (8] Bt Ay /mm 1
[] 4 25 % BHJE [ B 7, /mm 1
AT T L HE A 6/ () 5

1.2 ®EEgiit
P 3 g Tk 6 s 7 TR o 36T W 6 R B E A, T B
BRI RN

NI = %HdL:Rm¢ (3)
Hrh ¢ =BS (4)
A N——Jih i 4 1 it %k

I——Jil s 2 Pl v 1) i Bl Hi O
H—{ Y98 1

w 1 w

K3 kR 2IE

Fig.3  Simplified magnetic circuit



434 £l #HL

L

2022 4

L— N & K
R, — 1 ¥ S G BH
d— ki
B——T [V 5
S——TH 1 2 % 3 X ek m AR
WERE R I 7R
L
R =4S (5)
A p—— MR R R
HIIE 3 AT, SORERE R, A > T 4% 0 43 Rk BELAK K
HRI, AT RN N
R,=R,+R, +(R,, +R,) +R, +
R, +R,+ (R, +R,,) +R; (6)
FLIAREREL Ry A
W-0.5(w, +w,)
wlrt = (r=hy/cos0)” T ps
A 0 0N 5 7 1 0 1) £ BELJE T8) B G BEL R,

hl
R, = (8)

! 1
2m (r—D _Thl )wzﬂzl%

W ZEFREE R, 5 A REPERERH R, Z F1
r-D-h,

R, = (7)

Ral+Rhl:"T(r_D_h1)wzl-LuU*3 )
Zr e 5 18 2 1) BELJE TR BR R, Sy
h,
R, :2frr(r3 +0.5h, +0. 5w,tanf) w,p, s (10)
WS HE R Ry N
W-0.5(w, +w,)
R, = m (11)
Fals 0.5 (w, +w,)
A7 HEHE T e A O [ BHLE TR B R,
h,
R, :2’1T(r2 —-0.5h, +0. 5w, tanf) w, i, (12)
WSt A7 FRERE R, 5 A EHEREFH R, Z 1A
r-D-h,
R,+R, = (13)

w(r-D - h, )W1M|M3
ST A A 0 55 A 1 ) 1Y) BELJE [] B BEL Ry
h‘l

“2m(r =D -0.5h,) w,mps (14)
Ao VI AR

oy — LO#HR 9 FH ) 5 5

oy T U 728 R ) A X T

oy — EL 25 i N 3 R

2 hEEE

P 4 Sy B 18] Bl 3] =X A BELJE 4 1) T g
TR B &, S EHJE A% Ak T Hr RS I, i T A R

Ry

G0 N et 15 S O L G v et B K e S U e
BELJE s A I Jil 1 2% 1) e A H 30 0 A% (5 Y O 3
T I8 R i 3 T IV Ak v e 7 W K A T
T ABRIONE , BT 7 A ] 42 T Ik o i B JE i Y A A
AN B AR 3, e s I O 4500 0 s e 2 A, D

Ap =Ap, +Ap, + Ap; + Ap, (15)
KEP A[)I\A])zxAp} \AP4 ﬁ%ﬁ?&”ﬁ@]ﬁ | \H
BN R R A | I
IV &b i He F%
Ap, Ap,
—
) -
v v it v

Ap

1

B4 R RS R

Fig.4 Schematic of distribution of pressure drop

P T [58 A 908 9 38 A T IV A X il s £ P o)k i
o3 A A ), 5P Ak s I AR 45 B
Ap, =Ap, (16)
HE4E Bingham 527 | [5] BF i 37t 38 38 10 4 149 6 %
Ap, A
Apy =Ap,; +Ap; =

12nAv CT;
i (w1+w2)+hl(w,+w2) (17)
Kb Ap, I8 B i 3 LAk )l e o
Ap [GIBZRT i BIER | BN L= AP N 2
n— G L W R
A—1F FE T
v——HE I AL Wz By
b——— i 7L W T 98
BIESH, 3
[5E] A ¥ i e 1 T Ak 2 O 7 %) B U0
JIz i 3
W HEJE W it T T R T, LT R R 2 B,
KIS Frm ol M o ATER7R
o =2sinf (18)

c

T3

PSR o 4

Fig.5 Equivalent schematic of conical fluid flow



%13

7 A FEJE A BT R R AL BELJE AR i 5 8 I PR RESL g 435

I8 ffE R AR P s Ap,
6nAv . R, crw,

Ap, =Ap,, +Ap,, msinfh) ! R, N h,cos0 )
K Ap, (] £ Y it A A T Ak () RN T e

Ap., (] 4 9 g Sl T A 1) I R R

R, .R,—[BIHE/NEFIKAR

(58] 2300 30 3 T8 T AL 9 7 1) 59 D) iR

JIz ¥z 3

[] 2 [52)4fE A RBELJE ) B 11 4 1) R R Ap, R
Ap, =Ap,, +Ap,, =

T

6nAv | R, —cryw,

n— +
mwsingh, R,  h,cosf

(20)

SR Ap,,—— WAL A I RS W T
Ap,,—— I 4 T 32 1T Ak 9 5

I8 7 980 3 208 1 I Ak 9t 22 T4 B V)
Hie 1% 71

MG (15) ~ (20) a) 45 BH e 8] Bt T 38 =X 74 R
AR B JE 2% ) SRR Ap

247A
Ap = Ul

Ta

2cry
¥E (wl+w2)+7h (w, +w,) +
1 1

Ao ) Ry elmw, trwe) )y
ﬂsinohi R, h,cosf
ke BELJ 1] i T 308 =X i 22 BH e 25 19 % L1 BELJE )

F

F=ApA=F +F, (22)
R P, KSR
AT R K E OB LR S F SR L2
9y P H A B

=1+ (23)

3 BEEEESHN

S Bk e B 19 BELJE 8] B AT 9 X8 i A B e A
ZER S HUL A A B, 5] B B 2 A A KR e Ta) B Ak
BFUT e RS T, T ANSY'S SR Xof 1 U 72 W) 11 285 4
HEATRLRE S 07 B o A8 PRIESK RS T B9 H 42 T, AR 4l
o 22 4 LA o P RO 172 S T A R 3 AT
B 16 Dyl A A AT BROCAEE L, 2 AL 18 AN 55
B L0 | Jih 1 2 el I i A8 o Ly, TO#0 Rl
VAL 90 v S5 T B R R 5 5 W B R L R
WG B — H i 245 th 5 AN 55 B0 R il i 26 18 o A =
R R AR B N 1 o

PRk e R A 2 I I i M A |
W W 2 B E A AE BN AU B T A
1ok 154 B A IR 18] It 0[50 A 25k BELJE [) Bt 5 i ) 2%
B o3 A1 A Tl T 2 Pl T L R B0 Dl i 4 L ) D7

W AEH [Eo#y R e RER
Pl 6 i i A2 IR AT KR ST A A
Fig. 6  Finite element model of MR valve

Path4 Path3

Pathl Path2
IV k-4 S

Fig.7  Distribution of magnetic flux lines

T ) R A 5 T W B ) LT TR L L R SR A
B T It A0 153 A 258 BEL T ] it , 2 50422 3 Dl i 2
Pl Ak B4y i 3 2 O oK 3 L5 G A AR JE TR B, 3
THLA e GL A ZE A R S R AR 8
A2 R ) SR O 9 EE A BTy P8 MR [ B A
R8T T B A 154 A 28 L Je Tl B A F) e o 5 2 52
R 5 T TN 53 JEE e KL 7 A A (5 4 A7 2% BHLJE 1] i

min

1.97x10* 1.746
0.218383 0.654756 1.091 1.528 1.964

0.436569 0.872942 1.309

P8 i S 5 B 43 A

Fig.8 Contours of magnetic flux density

(521 BB 368 A PP 0 A X il s £ Pl o i, b 141 7.8
AL, B R A SR JE [A] BE Path3 &5 Pathd i i) 1 18 N
SR AH A o iy T [ AT AL BE JE 1] B Pathl 5 Path2
N5 AR A (XY S ZYESER As bRl ), R
K Jm Ak PRAS B W SN 9 AL B, B oy il O T ELA S
RELJE (8] B2 B4 1 B N 5tk B2 B, 5 - 47 A7 R4 BHLJE 18] B2 1Y
LSRN SR E B, , W] om

B, =B, cosf - B sing (24)
B, =B sinf + B cosf (25)

P 9a iy 51 £ A7 R BE JE [B] B Pathl 4 Jg% 17 o J32
syAn e . w3 A R8E JE T B Y G R N
SRIE B HEATEEE - 0.52 T, 915 (R B RV 5 B
7 1) 55 E T7 1) AR B 5 A7 A7 28 BEL T 1 B2 14 0 SR
SRIZ B AEAR 00 f T 0 ARV, 7E AR IE BHLJE 8] Bt AT
PA R B T AT % ) 2R AT AR 2 B 5 A A S8R e 1]



436 &l #Hl

L

2022 4

B, 534h,Pathl £ 0,13 mm &b @7 8% 58 B 48 1k 55
pNIS S e R R A o N = R a1 <
JE B . B 9b Sy 8] 4 A5 2 B JE 18] B Path2 # J&% 1
SRS 2. S 9a 2L, T A RLBH JE B B Y
BEIE N S B B EARFEEAE 0. 51 T, S 4774 R4 BHLJE 8]
Wit B SRR R R B B, HE A 0, Pathl (1% 3 B A % FH
JE 18] Bt 0 TG J2% 7 5 B B, % K T Path2, iX & iy T
Pathl [t Path2 B 5¢ 3T Jif 4 £k 1

0.2

TGRSR EEBIT

O 4 6 8 10 12 14
L /mm
(a) Pathl
0.6
o
04r —&—B
E B
£
=02}
)
g O_ = — )t
_021 I | | | | I |
0 2 4 6 8 10 12 14
A7 B /mm
(b) Path2

1O ANIR] B A T 8 e B 4 A it 4%
Fig.9 Distribution of magnetic flux density along

different paths

(=
o
o
o

[ —=—0.6 mm —=—(0.6 mm

S8
i

DR AR 3] R 5 A S RELJE T B A BT D) R I8 T Y
BOer R A R AR B R A% 5T RN 9 R R AT R A3 OF
B DL AR R, 49 31 BH e 1 Bt vl 34 Xm0 A2 BHLJE A%
T L3R BE B

. fB(x)dx

fdx

(26)

A B(w) —— A8 b & i I %N 58 32
x—— B AR K

10a ., 10b Sy /A [a] BHL J& ] Bt [58 kW I 3
Pathl [ Path2 {1 % J8% 0 5 3 5 i 0 i 26, 7643 2B e
[ B 0.6 ~ 1.6 mm Py, % J8% 0 8 JiE B A5 24 BHLJE (7]
Bt 1) /DN T 385 O, 9 HLAE B JE TRV BRE R 1 mm B} 3 728
AR BA 5 22 BELJE 18] B R QL 3 AS AR 15, Path1 &b # 8% 57
S EE R T Path2 Ab % J% 0 5 B 5 LM 1 A B, R[]
FHJE BT Pathl /8% N7 58 B 43 A #F 0. 41 ~0.52 T
Z 0], i Path2 ff J&& 3 3 B 4> A5 76 0.39 ~0.51 T
] o [l 10c g[8 R 8 B Path3 ( Pathd ) (14 f# 8% )i
SREEARfb i 2k, B BRI AL, BN 1A B, Path3
(Pathd ) (¥ R JE % 3 B K 0. 43 T, W& /N T BHLJE 8] Bt
1 mm H} 53 4 9 3 3B Pathl | Path2 5 8% 0 58 &

i 72 VR P B A RLBIE 5 BT B4, 25 Dl MRF —
JOIT, JLBY D) J AR ) = 5 86 8% N 3R B B 1 5C &= 1]
Fom N

[ ——0.8 mm - 05k 0.8 mm
= —4—1.0 mm 5= = | *+10mm
[ g4p v 1.2mm F g4f v 1.2mm
% 1.4 mm i} 1.4 mm
“’.,_'}'.,103,—4—1A6mm ;‘3‘;03,+1.6mm
] i)

; 0.2F ] ; 0.2
= Z e
0.1 0.1
0 0.2 0.4 0.6 0.8 1.0 0 B2
HLIRIA
(a) Path1

HLFEIA
(b) Path2

r=a,B +a,B> +a,B +a, (27)
KXh a,.a,.a5.a, EAIERIESE 20
B a, = -984.27 kPa/T’ , a, = 865.39 kPa/T", a, =
—-48.46 kPa/T Fla, =0.018 kPa,
0.6
&
@ 04r
b
’g 0.2
016 018 110 0 012 OI.4 016 0‘.8 1‘.0
HLFLIA
(c) Path3(Path4)

B10  ASTR) R AR vy o B 78 1 i 2

Fig. 10 Magnetic flux density along different paths

3 (27) FlE 10 n] 2 5T UL AR ) 7 S
W TG ZR AR (22) 1 3 A2 BHL e 45 19 7~ A 7
Wl USRI BE e 05 r i i 2Rk o i hn 43 B
AR 1 Hz JR0E N 15 mm @IE 52055, & 11 A
FIFHJERIBE SR e 1 F BER R T B2 it 2. i
L1 AL, 5 F 9 [ 5 15 BELJE 7 16 BEL e T8 Bt i /)
T3 O, L3 B i bl A 5 >4 B e [a] Bt [
I, B 7 Bl R A R T K S AR

FHJE T B F BHJE J1 2 0.2 ~9. 6 kN,

12 Sy ] I 22 80 K B BEL e [ B 1 745 b il 2%
YL 12 w] 0, m] i ZR B KB BE 2 ] B 1 8 AT R
K AEE S F4 7 25 B [ BR R 1.6 mm B, £z K
AJHRECK M 14.4,

4 MK S
P13 Sy in T #¢9 BELJE 8] Bt m] 3 =X it A2 BELJE



%13 7 A FEJE A BT R R AL BELJE AR i 5 8 I PR RESL g 437
101
8 =
=
S of
5
-
2
1 ) . . ! ;
0 0.2 0.4 0.6 0.8 1.0
HLIA
BT TR BELJE 1) BT BELJE g B v O #2822 TEF LA Eﬁﬁi}@% HIRAIE
Fig. 11 Relationship between damping force and -

current under different damping gaps

1.0 1i2 1I.4 1I.6
FELJE. 7] B/ mm
P 12 2R L 1 g A b 2

Fig. 12 Relationship between adjustable coefficient

0.6 0.8

and damping gap

(a) RHEELF () AL
P13 BHJE I B a3 =R i A BH e #R AL

Fig. 13 Prototype of MR damper with adjustable gaps
FEHL. WAL BHJE 4 L B X R Gean 18] 14 fros , &=
B B R 57 P DL U A B e e B R
R LA AL Foh 5% 57 B L™ A A TR 1Y
A B2l Aol i A B JE i 1 52 B gl 5 LU HL IR N /g
UL BEL e 75 13 v 5 52 57 S A AL b e A 0 A% A% B 2
T3 I A5, R AR B A A5 5 1 o M R 4 R A% i 3
THRAL . S A bR e C 4 1 BELJE 18] Bt T 9 =R
Ui AE BHLJE % 72 i B2 I A3 55 i b BIL Y 3 0 AT I
A HARR A FF AL TAE S B E AR
A7 % PO I A 1) L O R D A Tl i £ e A HRL R,
ol i 72 BEL Je Ti] B w38 X 3 A2 B JE i A BEL T 1] it ik
T sl R Se g .

B1S PR B B 1 mm 3005 R (. 4 mm 05 R
0.4 Hz I, A [a) i 45 v i T 79 BEL ) 1 — 2 % 742 1 il
2o MR, BLJE O 45 0 B8 A8 Ak il £ 5 1] R
16 Jg AN R in 8 B i 1 9 BHLJE ) — 3 8 5 &R il 2k

14 % i 2 BELJE 4 52 3 I ik R 458
Fig. 14 Experiment test rig of proposed MR damper
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displacement under different currents
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Fig. 16 Relationship curves of damping force and

velocity under different currents
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Fig. 17 Relationship curves of damping force and

displacement under different amplitudes of excitation
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Fig. 19 Relationship curves of damping force and

displacement with different adjustable gaps
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damping gaps
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