Estimation of Performance Variation of ER Cluich
due to Temperature Increase of ER Fluid
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Abstract

ER clutch is a device using ER fluid, so called "intelligent material” and is a
controlled system with electric field strength. Current problem of this device is that
the temperature of ER fluid increases when ER clutch is operating and affects the
performance of ER clutch. This study was undertaken to estimate this performance
variation due to temperature increase of ER fluid. Analytic power transmission
relationships and the temperature increase model using the rheological model of ER
fluid were developed and the dynamic model of proposed ER clutch system was
constructed, also. With this relationships, effects of changing geometric, kinetic
parameters of ER clutch and ER fluid properties were described and performance
variations due to temperature increases of ER fluid were estimated. In conclusion,
compared with neglecting temperature increase effects, a performance of ER clutch
was very differential. Therefore, to achieve uniform performance of ER clutch, we
have to improve thermal stability of ER fluid with a view point of material
development and design carefully ER clutch considering temperature increase effects
with a view point of mechanical design skill.

Key words - ER fluid, ER clutch, Heat ransfer Model, ER fluid temperature,

Performance variation.
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Fig. 3 Typical temperature distributions

(Op =

8:38) 2 wza.

3-3. ER 323x QA s M HA
=

AR HEEATL v 73
st Fig. 2904 AA@ AAZAS =9
stel, UFAAY A=dAGL dAFY
3] 2 ¥ (thermal resistance circuit method)
o & (198 HEdd.

(6~ 6,)

Q.=
mi]

(19)

Yo

2kl

q71M k.= ER 83 A% 44
Eojrt,
3-4. ER 2%z 93AdAZT HHF

th7| Atole| eim g
9% FHAAN BAGAGL gon

Rt gHidAdges
0oz wdAT}

SEEEEE

(6, — 6)

Q.= (20)

Ezian

2209 d4d9 AF L 99%F ¥
Aol o] dFEAY = wet 2R
9, ol g @21 ¥ 4(22)(22a)(22b)
of o9& AEHE Nusselt:d 7] 58
(air stream)®} Reynolds<Fol 2] 3t} [1]
Re < 5x10*

1) For mixed convection :
Nu=0.18[ (0.5R + GHPr ™™ (21

i) For forced convection : Re > 10°

Nu= RePr\/ %1
(22)

+5Pr +5In(3Pr +1) + %;—12

For Rey C; > 950

- 156 -



VIE = —1.828+1.77In(Rey Cyp) (22a)

For Rey C; < 950

7c =-3.680+2.04ln(Rey Cp)  (22b)
o4 714
Re== 4pawo7zs ) Nu 22175
_ 2
Pr= Ck L, Gr= 80e(6, 2600),%% =

Ha

B, 04 te ka ¢ bE AF F
N9 BE, A, DAEE, *‘»’J”‘%»
AR IAFelD g2 TEANEE, C,
T ¥ A< (drag coefficient) o] o,

3-5. ER wHde 25485 29

o

AdE A" 2AA HE@3)9 #
Azt A Est, 2(24a)(24b) s} ol A9

= 2% (temperature ratio)x YA
o}
Q.= Q= T(w,~w)+ER, (23)
6~ 0,
0="5,"6. (24a)
_ 1

Ur, [ 7
. m(ro)ﬂ

T 0,— 6,
1 (24b)
Ur, 7, Ur, |7
- m(n)+ . m(ra)ﬂ

-157-

o) W, 5% ZAY 2= 6 06,

‘7]'! ER ‘%‘iﬂ 25 @ER% %-](25) ~(27)7}'
a4,

o, = @m+—@£@——@‘°— (25)
1
~ 0, 6.
6, = Bu+—ige (26)
_ 8,+6,
O="""7 @7

_ Qe (1
=0t (5t

o

@, ER A9 exgse A
(28)(29)(30a)(30L)E EHH}.

AO= BPgpr— O

47rUrsL[ = ( r:) (28)

enf)od

For Newtontan Fluid

For Bingham Plastics

i) a fully slip zone ;: |z, < |y



Ww,— w)*+ z'y(a)a—-w,-)ln(%J
=
+{f~ a(r+ ro)ZLR,][*kZ- ln(%)

Ay [TV 2
k ln( )+ Ur,

A=

1

(30a)

i) a coexistence of rigid and siip zone ;
ol > |,

A6=[ry;}(wo— -)+‘L27r(r,~+ro)2LR,]
Lroel%)em(3) 2]
(30b)

FEFAA B$, ER #A9 545
& ZgZdo|(active length) Lo F#s}
o, WASPAQN A5, Ao 9
x5 3o] A gdojo JEge B

O

4. 0N B @

NZ‘-'

4-1. ER 332ix 9
EFal

AN A

4-11 37| ¥ ER 79 =24

gFEHdYE  EZ(convection
mode)2] ;AL H3l, FXRYAFES V&
st #AZAA F7Y 2R WE E4
A7y aEHH, olE il AG@HHA ol
AYxle= 9 AAS HId2E(thermal
boundary layer mean temperature)®]
Y4 20C ~ 100Co W&l graph fittingS
°]-8, A% 3t

transfer

(@Z + @oo)

5 (3D

0,=

ER #A¢ Z=se mehr, 244

S(plastic viscosity) 7 E Aot

(yield shear stress) 7,, A% Y E(current

density) J 7} W&atA =59 o] gEe
dAFE7 ER A9 &4 (thermal
stability) & 2437 Avh. E =FdqME
20C ~ 100°Col W& ER A E4x 9
L EAS  3000( Volt/mm) H7]7
A 232 ~BHE ARSI ol Lz
Fig. 4(a)(b)st Ztt.[11]

7,=—0.005 O%x —0.55 O%x +80.3 O + 257
(Pa) (32)
7=—0.0011 O e +0.0941 (Pas) (33)

_0.0052@2ER—005665R+1.6
-2, A
(10 xmz) (34)

J=0.00056%%

4-12 ER 28X =z =&A

Fig. 5(a)% 2 ER Z¥x Alxd
B2E, s|Awgo] wigjoln IHERE
22 TEAS Be FF 3olA Zehold
o] Ax4eiel 0—1 F+7ke] ER A7t
FEFA(AZIF ¥ =25 LA
(AN A7hH AEE & wW(ZH Mode |,
Mode 2), ER €8x A9} Bel #£A#2
2 H71ZS ON/OFF AlZ o2 Fig.
5(Mb)i} e Alo]EE o|FA HY a1 &
z2b WA ZEL Table. 19} BAE uvbe} 7+
o B =394 AAEE FAEF 32 Mode
1, Mode 2= AA ER X9 Sz
oA, B = Qe M FHAEA F

9
}.

—158-



G5 9400,

1o ER ##9 2x4%0 e Jsiss
- joos A8 Y8, Fig.5bm)d HA €
g 0m1o2-30d FZEE s, Felel
! : #®ol 7t&Hy] Wel (-1 TS ER #
: VTR Ak gAY 9dYe sn ka4
: 7hahe,
10 20 40 B0 80
temperature (°C)
(a) yield shear stress( ) N Cutch & UtCh ’
o Motor, Motor
and plastic viscosity(------- ) A
W 1
»or 0 QO . Flywheel "_
- 200 ‘
€ . (a) Layout of ER clutch system
. 2 3
) 150 B Wl ==\ T — e — -
é 100 ¥ Motor A rotation 1
§ \ is positive direclion |
E 0 {‘Lwafel AN i
° angutar Hemem
0= S - ve?ocify 0 ! 4 / b time
0 20 40 60 80 \\ i
temperature (°C) |
N
(b) current density ) o
Fig. 4. Temperature dependancy (b) operating cycle of proposed ER
of ER fluid property and plastic clutch system
viscosity Fig. 5. ER clutch system

Table 1. Operating mechanism of ER clutch system

Operating Stage Mode 1 Mode2
~ Clutch A Clutch B Clutch A Clutch B
OFF OFF ON ON
01+ zero speed (Newtonian) {(Newtonian) (Bingham) (Bingham)
12 runup ON OFF ON OFF
(Bingham) (Newtonian) (Bingham) (Newtonian)
g - g ON OFF ON OFF
- constant sp (Bingham) (Newtonian) (Bingham) (Newtonian)
OFF ON ON ON

3—4 : i
4 : stopping (Newtonian)  (Bingham) (Bingham) (Bingham)
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Table 2. Reference data sheet for heat transfer analysis

Geometrical
parameters

active area of ouput rotor
- active diameter = 30 mm
- electrode gap = 0.5 mm
- active length = 55 mm
outer radius of outer cylinder = 35 mm

Kinetic parameters

angular velocity of input rotor = 2000 rpm
mass moment of inertia of flywheel = 43x10™ kg-m2

(dia X width=10X3 (cm))

conductivities
_ o w
Thermal properties ER fluid © % = 0.16 ( mT )
- outer cylinder : k£, = 170 (_7)7"%_)
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Fig. 7. Temperature variation at ER
clutch according to angular velocity
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