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Dielectric and conduction effects in non-Ohmic electrorheological fluids
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Dielectric and conduction effects in electrorheologi®R) suspensions with non-Ohmic conductivity of the
host liquid and with ac applied electric field are investigated. It is found that the conductivityltatidhe
non-Ohmic conductivity parametefsandE, of the host oil, the dielectric constant rafig , and the applied
field frequency are important parameters that determine ER response. The effects of these parameters are more
complex than in the case of host liquids with simple Ohmic conductivity. If the ac field frequency is high, the
conductivity effect disappears; if the frequency is low the dielectric effect disappears. The current density is
independent of the frequency below a critical value, but it increases with frequency beyond the critical value.
The critical frequency is larger for ER suspensions having non-Ohmic conductivity of the host liquid than with
Ohmic conductivity. Good agreement occurs between experimental measurements of the current density and
attractive force between particlesincluding shear yield stressand predictions by our model.
[S1063-651%97)12511-9

PACS numbegps): 83.80.Gv, 47.50+d

I. INTRODUCTION Recent studief9—11] on the conductivity of the host lig-
uid show that most oils used in ER suspensions are non-
Early studieq1-5] on the interaction force between two Ohmic, in that the electric field dependence of the conduc-
adjacent particles in an electrorheologi¢&R) suspension tivity has a form in accord with Onsager's thedr2] for
assumed that both the conductivity and dielectric constant ofionpolar liquids. This theory ascribes the increase in conduc-
the materials(particles and host liquidare independent of tjvity with electric field to an increase of the ionic dissocia-
the electric field, and thus predicted the interaction fdrge tion constant. Felici, Foulc, and Att¢8] gave the following
to be proportional to the square of the product of the polarsimpiified expression for Onsager's theory for the depen-
izability 8 and the applied field,, i.e., dence of the conductivity on electric field:

fax(ﬁEO)Z! (1)

where o¢(E)=]/E=0(0)[1-A+A exp(VE/EL)], (4)

=(K,—Kp/(K,+2Ks) at high frequency ac field
A= (Kp=KnI(K, ) g quency (2 Wherej is the current density flowing through the liqui,

the electric field A a constant, ané; a characteristic elec-
and tric field, both depending on the liquid. It has been verified
that Eq.(4) is a good approximation of Onsager’s theoretical
B=(o,—0op)l(op+20%) treatment 11].
Using Eg.(4) a number of worker§13—16 developed
conduction models for the ER response of suspensions with

For any other frequency of ac electric field it is suggestecg gztjo;g?sgmgnr:%t& ngécpiggiliggvé% J:ﬁas;:‘mr? ggiilzlgave
giatﬁsmply be replaced by the complex polarizabiliey- and that measured. For example, Tang, Wu, and Conrad

[13,14 and subsequently Wu and Conrfdd] predicted that
B* = (KE—KE)I(KE+2K¥), (3  the shear yield stress is proportional g~ at Eg=0.5
—5 kV/mm for zeolite-silicone oil and glass beads-silicone
where the relative complex permittivitg* =K —iK”. K is  0il suspensions, in accord with experimental results. Futher,
the real componenK”=o/we, the loss component, and  Davis and Gindef16] using a simplified analysis predicted
the conductivity; the subscripfs andf refer to the particles ~that the shear yield stress of ER fluids is proportiondi§g.
and host liquids, respectively. Davis [17] subsequently gave the same prediction using an
integral equation method.
In this paper we develop a general approximate method
*On leave from Research Institute of Engineering Mechanicsfor predicting the ER response any frequency of the elec-
Dalian University of Technology, Dalian 116024, People’s Repub-tric field for ER suspensions with non-Ohmic conductivity of
lic of China. the host liquid

at dc field or low frequency ac field. (2b)
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y the conductivity of the host liquid is non-Ohmic and is de-
scribed by Eq(4) with the electric fieldE being replaced by

£ O a the rms value of the local field in the host liquid. Since no
exact field dependence of the oil conductivity has been re-
ported for ac field, we will assume that it has the same rela-
1 h(x) R tion as given for a dc fieldlEq. (4)].

% |Eocosot The complex amplitude of the current density is

J*zﬁthﬁEhbgﬁiﬂL (10)
PP UEES ZaO'?-i-SO';'

Letting Q=27fK;eq/0:(0) (wheref is the frequency of

the applied electric field I',=¢p/e, I'y=0p/0¢(0), S
FIG. 1. Geometry of two conducting half spheres immersed in a= s/2a, we obtain

host liquid.a is the radius of the particleb(x) is the gap between

two particles at locatiorx, s=h(0) is the minimum gapE, . (1+9E; (1+9)E,
=V,/(2a+s) is the magnitude of the applied field, is conduc- f _g;*/g-; +S  (p+iMI(,+iQT,)+S’ (19
tivity, and ¢ is permittivity. The subscriptp and f refer to the
particles and the host liquid. whereEq,=V,/(2a+s) is the amplitude of the applied elec-
tric field, and
Il. BASIC THEORY
y=1—A+A ex |EF|(V2E)]Y2 (12

Consider a single chain with an infinite number of spheri-
cal particles aligned in the direction of the applied electric
field and surrounded by a nonpolar liquid. Two half sphere
in such a chain are shown in Fig. 1. Assume the applie

In the casex>0, an equation similar to Edq11) is still
sed to estimate the local electric field distribution between
he two adjacent particles. Howevaands in Egs.(8)—(11)

voltage is should be replaced by’ =a\1—(x/a)? ands’=s+2a[1
V(t)=V,cosmt=ReVye' ), 5 V1—(x/a)?]. The normalized separatid® should be re-
placed byS' =(S+1)/\1—(x/a)?—1.
where o is the annular frequency andthe time. LetE* Having obtained the distributio&} (x) of the complex
denote the complex amplitude of the electric field. amplitude of the local electric field, we can get the electric

Because we consider a very complex situation where corfield in the host liquid layer:
trasts in both dielectric constant and non-Ohmic conductivity ,
must be taken into, it is too difficult to use an exact theoret- Ef(x,t)=Re(Ef €'“)=v2E(x)cod wt+ O(x)], (13
ical treatment(even a numerical methodHere we use the
same assumption proposed by Taetgl. [13], i.e., a uni- WhereE(x)=|Ef|/v2 is the rms value oE(x,t) and
form distribution of the axial field in the particles and host
oil. This assumption gave a good estimate for non-Ohmic ER
respons¢9,13—183. Based on this assumption we have along
they axis in Fig. 1 the following approximate equations:

Im(E)
Re(E7)

fe=tan 1

(14)

is the phase angle shift from the applied field and is a func-

2aEy +sEf =V, (6)  tion of the locatiorx and the normalized separati@of the
particles. It should be pointed out that the local electric field
o Ey =07 Ef . (7)  E(x) is also a function ofS. But for simplification we will
_ _ o - useE(x) instead ofE(S,x).
Equation(6) is a voltage continuity condition and E() the The complex amplitude of current density is
current density continuity condition. In the “contact center”
(x=0), the complex amplitudes of the local electric field in j(X)* =0f (X)EF (x) (15
the liquid layer and in the particles are, respectividge
Fig. 1) and the current density at locationat any timet is
AL (optiwey)Vo @ j(x=v2j(x)cod wt+ 6;(x)], (16)
f = == " - ]
2acf +sop  2a(oitiwer) +s(optivey) wherej(x)=|j(x)*|/v2 is the rms value of (x,t) and
of Vo (os+iwes)V Im[j(x)*
;=2 S ! 2 , (9) sztan*1M (17)
aof +so; 2a(oitiweg)+s(optinep) Rej(X)*]

wheree* is the complex permittivite* =e + o/iw, o* the is the phase angle of the current density shift from the ap-
complex conductivityoc* =iwe*=0c+iwe, o and ¢ the plied electric field, which is a function of the locatiomand
conductivity and permittivity. The subscrippsandf referto  the normalized separatidd of the particles. The rms value
particles and host liquid, respectively. It should be noted thaof the average current density over a chain of particles is
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w 2mlw| 1 a 20— T

J=1{-— J — J 2mxv2j(x) ]

2m Jo ma 0 2 Present Model: — — -Sszzg..(;ZS .
Chen et al[4]: _-g_-_" Szgézs

2 1/2 m"
X cog wt+ ;(x)]dx dt] . (18 =
=

If the local field in the liquid layer is much larger than that
in the particle, which occurs usually in ER suspensions, the

PN ORNY DU S T A T T WO O T W

attractive force between two particles is approximated by 0 02 04 06 08 1
x/a
1 a )
fa(t)= > 8°Kffo 27|E4(x)*|*cosT wt + fe(x)x dx FIG. 2. Comparison of the local field distributions predicted by
our model on the midplane between two adjacent particles )
=goma’K(E2 F(St), (190  and those predicted by Chen al.[4] on the particle surface for an

ER chain. See text for assumptions in the calculations.

3 ) 27w
J—zd’lz J

X cog wt+ 6;(x)]dx

where the normalized force(S,t) is

1 a )
e Jo 27xv2j(X)

1
F(St)= fo 2L E(£)/Emd2coS] wt+ 0g(£)1¢ dE.
(20

2
dt

12
+(1-3¢)i(a), (29

Here ¢{=x/a andE,is the rms value of the applied electric
field. The rms value of the normalized attractive force is  wherej(a) is the current densitgrms valug of the pure host
liquid under the applied electric field:
4

27w
_ 2
Frms_(zﬂ_ fo F(St)<dt (219 j(a)=ErmS\/0'$+(27Tf8f)2. (25)

With dc field j(a) is very small compared to the current
density in the chains, but at high ac field it should be con-
o (27 sidered. It should be pointed out that H4l) is a strong
Fmean=2— J F(S,t)dt. (21b nonlinear complex equation that can be numerically solved
™Jo by a computer. In all calculations the radius of the partieles
is divided into 40 elements.

12

and the mean value d¢i(S;t) is

The shear yield stress should be

¥ Ill. COMPUTED RESULTS

_ 2

TErms_stfmSmaX( Frmd 7) m) (223 To check the accuracy of our approximate analytical
method, Fig. 2 compares the computed local field distribu-

or tion by Chenet al.[4] for an Ohmic ER suspension with our

approximate method by takirg=0 in Eq. (4). Chenet al.
y did not give the local field distribution in the midplane in the
TEmean=str2msma>< Fmeat ) \/:2) _ (22  gap between two spheres but only the local field distribution
1+y on the sphere surface, so only a rough comparison is given in
Fig. 2. In our calculation we takd',=10, I',=0.1, o}
In most experiments, the measuring meters give the rms-2 4x 1012 g/m, K;=2.5, andf=1000 Hz, so that the
value of the ac signal, but some meters may give the meagonduction effect disappears. At small separaprour ap-
Since in a real ER fluid there are many chains spanning thgroximate method gives a slightly lower estimate than Chen
two electrodes, Eq$19)—(22) should therefore be multiplied et g, [4] for the local distribution in the liquid gap near the
by a factor; ¢ [13-17, where ¢ is the volume fraction of  chain axis(smallx), but gives a little higher value than Chen
the particles in the E_R susper)sion. If thg curre_nt passingt al. far from the chain axis(large x). The reason our
through both the chain and fluid phases is considered, thgethod gives a lower estimate for the local field near the axis
current density is is mainly due to our assumption mentioned above. Assuming
w [2ml0 Ohmic conduction of the host liquid the linear numerical
J= { 2 Jo

1 Ja37r¢X1/§j (x)cog ot + 0;(x)]dx solutions[2,18,19 of the field distributions indicate that with
i
+(1-3¢)v2j(a)cod wt+6;(a)]

a? Jo small separatio® and highl",, (at high frequency ac fiejdr
2 112 highT",, (at dc or low frequency ac fieldhigh fields in the
gap between spheres are restricted to a small region near the
dt (23 : . e
symmetry axis. As a result, much of the potential drop inside
a sphere is concentrated into small volumes adjacent to the
or roughly estimated by omitting the phase angle effects ofpoints of closest approach to other spheres. According to Eq.
the current passing through the chains and the pure liquid: (7) the local field in the liquid near the sphere surface is high.
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FIG. 3. Comparison of the measured shear yield sti2821] I u ]
and those predicted by the present mo@eking A=0) and by < 10 2 3(b)
Ginder and Davi§21] vs the dielectric constant of particles with 2 F ]
applied ac field(f=400 Hz, K;=2, ¢=0.2, I',=10, and oy - 107 ¢
=10 S/m). The open symbols are the experimental data taken F
from Garinoet al.[21] and the solid circle is the experimental value 10! T e oy ST B L
reported by Ginder and Davj20]. The solid curves are predicted 0 0.2 0>4x/a0'6 0.8 1

by the present model and the dashed by Ginder and [)20is

However, this is a purely theoretical prediction with the im-
portant assumption o®hmic conductivity In practice, the

local field in the host oil cannot increase infinitely. On the
one hand, the host oil has a breakdown field limit, and on the

FIG. 5. The local current density distributigrms value in the

liquid layer between the two particldd’,=10°, S=0.005®R/a
=2.01), E;me=3 kV/mm: (a) f=10 Hz and(b) f=10° Hz.

other, the host oil is usually strongly non-Ohmic at high field[9:10]. For example, Davi§17] using the finite element ap-
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FIG. 4. (a) The local electric field distributiofrms valug in the
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proach(FEA) predicted the maximum local field in the oll
gap is ~100(E, whenT',=100 andS=5x10"* with the
assumption of Ohmic conductivity. This means that the
maximum local field may reach the order of MV/mm, which
is clearly impossible. Finally, for the application of ER flu-
ids, since we are more interested in the shear yield stress
(which usually occurs in the rangg=0.02—0.07[3]), the
so-called exact theoretical calculation of local field in a very
small oil gap using the Ohmic conductivity assumption is not
very important. This is especially the case when the dielec-
tric constant ratid”, (at high frequency ac fie)dr the con-
ductivity ratioI"; (at dc or low frequency ac fields high.

Figure 3 gives a further comparison of the predicted shear
yield stress by our approximate methoéd=0) and by
Ginder and Daviq20]; also given are some experimental
data[21]. This indicates that our approximate method gives a
more reasonable estimate for the ER shear yield stress than
the so-called exact theoretical analysis. When the dielectric
constant ratiqor conductivity ratio at dc fieldis less than 10
our approximate model gives almost the same estimate as
Ginder and Davi$20]. However, Andersofil9] gave at high
dielectric ratio a higher predicted yield stress than Ginder
and Davis[20] and our model.

In most of the following calculations we will take Dow
Corning 200 silicon oil as an example of a host liquid with
non-Ohmic conductivity. Experimental measuremefit§]
give for this oil the non-Ohmic conductivity parameters of
Eq. (4): 04(0)=2.4x1012S/m, A=0.007, E.=0.21
kv/mm.

Figure 4a) gives the ratiorms valueg of the local elec-

liquid layer between the two particles arfk) the corresponding

phase angle with respect to the applied fi€k=0.005, i.e.,R/a
=2.01, I',=1). (1) I',=10°, f=10®Hz; (2) I',=10, f
=10Hz; 3) I',=5, f=10Hz; (4) I',=5, =10 Hz.

tric field in the liquid gap between two particles to the ap-
plied field with different frequencies and for several dielec-
tric and conductivity ratios. The magnitude of the local field
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@ 2 h
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oL F IR I Loy o] 0:........1 il --1:0
0 0.2 04 06 0.8 1 0.001 0.01 S 0.1 0.5
x/a
100 T FIG. 8. The normalized attractive force between two particles vs
the normalized separation for various frequencies and taking
_8op =5 andIl',=10.
$o0 L E .
5 r r=10° 1(b) ““contact zone” at low frequency, but this is not so clear at
= 40 [ f=10°Hz ] high frequency(especially with small’,). Figures 6a) and
= | A §=0.005 3 6(b) give the phase angle shift xéa. Of interest is that now
20 T =5 Eg=3kVimm 4 the corresponding phase angle distribution of the local cur-
N T rent density is not the same as that in an Ohmic lidsiee
0 02 04 06 08 1 Fig. 2(b) in Ref.[22]]. The strange shape of the phase angle
x/a distribution in Figs. 6a) and &b) is due to the non-Ohmic

conductivity of the host oil. The phase angle of the current

FIG. 6. The phase angle of the electric current with respect t¢1€nsity ; is the sum the phase angles of the local field and
the applied field corresponding to Fig. &) f=10 Hz and(b) f the complex conductivity of the host liquid. The complex
=10° Hz. conductivity of the liquid isof =iwef =o¢(E)+iwes. In

the “contact zone” (small x), the conductivityo;(E) in-

depends of",, T, , Q=2mfKe/04(0), A, andE.. We  Creases to a few orders of magnitude higher thafE), N
cannot easily conclude when the dielectric effect comparedhich makes the phase angle of the complex conductivity
to the conduction effect dominates the ER behavior. Howdecrease quicklyminimum to Q with decrease ix. Outside
ever, if [,>T,, the non-Ohmic conduction effect will the “contact zone” o((E) decreases quickly withx to
dominate the ER behaviofhere T', is defined asI',  @+(Eo), which makes the phase angle of the complex con-
=o,/0¢(0)>0,/o¢(E)]. If T,<T,, the opposite occurs. ductivity increase rapidlymaximum to 90¥. In contrast, the
Further, a high local electric field occurs mainly in the “con- Phase angle of the local field decreases rapifinimum to
tact zone” of the two particles, which is also predicted for an0°) With x [see Fig. 4o)]. . .
Ohmic host oil with ac field22] and for a non-Ohmic oil Figures 7 and 8 show, respectively, how the attractive
with dc field [13—17. Another characteristic of the local force changes with the normalized separation of the particles
field in a non-Ohmic conduction liquid is that there exists aand with the frequency of the applied field for a single chain
saturation regime near the contact zone. of particles. IfI',>T",, the non-Ohmic conduction effect

Figure 4b) shows the shifted phase angle of the localdominates the ER strength and gives a higher attractive force
electric field from the applied field corresponding to Fig.at low frequency than at high frequend¥ig. 7). If ',
4(a). It should be noted that the magnitude of the phase angle-l'., but they are of the same order of magnitude, little
does not relate directly to the magnitude of the local electridifference is observed for different frequenci€sg. 8).
field. Figure 9 gives the rms values of the attractive force versus

Figures %a) and 5b) give the rms value of the local cur- the normalized separation wheh,=10 andI',=10°. A

rent density. The local current density occurs mainly in thestronger ER response occurs at high frequency than at low
frequency. It should be pointed out that in the case of non-

Ohmic conductivity of the host oil the rms value of the at-

W ——rr g 32 : : ;
E L E,,,,=3kV/mm 3 tractive forceF,,s is not equal to\3/2F ca, €Specially at
30E r=5 3 2 high ', . Usually F = (1.1— y3/2)F peanr The reason the
3 r =106 3 curves in Figs. 7, 8, and 9 tend to decrease to the same value
290 E ¢ 1. = asS becomes large is that the non-Ohmic conductivity effect
=1 F = 16 ] . .
= B ofeHg ERRE disappears and the frequency has little effect on the ER re-
10 3 3 8 = sponse. The point-dipole approximation givé€s,=0.3
E10¢ E when S=0.5 andIl’',=1000 compared t&,,+~2 predicted
0 Jlos e 3 0 by our model.
0.001 0.01 0.1 0.5 Figures 10 and 11 show the average current density along

§ a chain for different magnitudes &f, andI', . The current
FIG. 7. The normalized attractive force between two particles vslensity in general has a larger value at high frequency than at

the normalized separation for various frequencies and taking low frequency. Wher§<0.1 the current density shows only
=5 andl',=1CF. little change with separation of the particles.
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FIG. 9. The normalized attractive for¢ens valug between two
particles vs the normalized separation for various frequencies and
taking",=10% andI" ,=10.

S

FIG. 11. The average current density of a single chain of par-

. . . ticles vs the normalized separation for various frequendgs.
Figures 12a) and 12b) give the shear yield stress and -1 1 =10, andE, =3 kv/mm.

current density versus the frequency for different values of

I';andl',. If I',>T",, a higher shear yield stress occurs atFig. 13a), Fig. 13b) gives the case when the dielectric ef-
low than at high frequency; iIF ,<I',, the opposite occurs. fect is larger than the non-Ohmic conductivity effect, even
The rms value of_ the_ she_ar yield_stress is about 1.2 time_s théough ' ,= oploi(0)>T',=e,/e¢. This gives a weaker
mean value, which is slightly different from the attractive ER response at low frequency than that at high frequency

force. Of interest is that, if the dielectric effect is larger thanand the shear yield stress has a field dependendg’f,
the conductivity effect, the transition regime from the Con'ElﬁfS?’, and Erlrhsﬁ for the frequencyf=0, 50, and 18 Hz,

ductivity domain to the dielectric domain is larger than in thererspectively.
case of Ohmic conductivity of the host liqui@2]. The rea-
son for this is that with an increase in frequency, the dielec-
tric influence increases; i.e., the local field increases. How-
ever, due to the non-Ohmic conductivity of the host liquid, Figure 14 compares the predicted value of the attractive
its conductivity increases with the increase in the local fieldforce (taking S=10"°) and that measured by Boissy, Foulc,
Obviously, the stronger the non-Ohmic character of the host

IV. COMPARISON OF THEORY WITH EXPERIMENT

fluid, the less will be the increase in local field. However, if 2T T T T T T T T 24
the dielectric effect is smaller than the conductivity effect [ L [=5T~10% 2 [=10% I =105 ]
[Fig. 12a), case ], the transition regime is of the same order 1.5 [ 3 T=10% T=10% 4. T,=10%, T=10. 2
as that for Ohmic conductivity. The reason curves 2, 3, and 4 i 16 ®
converge in Figs. 1) and 12b) at a high frequency is that & [ :
these three curves have the same dielectric constant ratio but = I 1.2 <
have different conductivity ratios. s r £
Figure 13a) shows the shear yield stre@sns value de- & 0.5 |- E._ =3kV/mm 0.8
pendence on the applied field when the dielectric ratio is ¥ "K=2.5 1 0.4
smaller than the conductivity ratiol'(<T",). The ER re- 0 LT fl L]
sponse at low frequencyf € 10% Hz) is stronger than that at 107 105 10° 10' 100 10° 10 (a)
high frequency and has a field dependencEfqi. At high f (Hz)
frequency (=10° Hz) the shear yield stress has a field de-
pendence of2 . It is interesting that, although=10° Hz T T T T T T
is in the transition regimg¢see Fig. 18)] the shear yield 105 |- 1 T=5, T =107 2. T=10, D10
stress still shows a field dependenceEgf,. In contrast to 3 o0 Lm0 4 Tl 1210
& 108 -
106 N —— \é = 1,2 -
B i S} -
10 f=10°Hz | = B i
« 04 _ 3 _
£ 7] o S,
<10 E e | 4 s
= 10-3 I T TR S T R IO R (b)
—10° | =5 T =106 - 105 103 10t 100 1% 109
— E,=3kV/mm s f (Hz)
102 EEETTT R EETIT B R
0.001 001 ¢ 0.1 1 FIG. 12. The ER response in the transition region, conductivity

domain, and dielectric domain for a single chain of partidi8s
FIG. 10. The average current density of a single chain of par=0.005, E,,s==3 kV/mm): (a) the shear yield stress arth) the
ticles vs the normalized separation for various frequendies:5, average current densityl) I',=5, I',=1¢; (2) I',=10°, T,
I',=10, andE, =3 kv/mm. =10, 3y I',=T,=1C; (4 I',=1C, I',=10.
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104 = T T — FIG. 15. Comparison of the electric field dependence of the
- — ] predicted attractive forcérms value between two polymer par-
- [ 10°Hz 1 ticles immersed in mineral oflElf TF50) with those measured by
é: L T=10° fngZ . Boissy, Foulc, and Attefi23] (experimental: open symbols; theo-
108 | 4(b) retical: solid curves foS=10"° and dashed curves f@&=0.001
) F ] Radius of the particlea=7 mm. Note that whefi=50 and 200 Hz
s the solid curves folS=10° and the dashed curves f&=0.001
I i come together.
102 1 L ) L L ) ) )
0.8 1 2 3 45 Figure 15 gives the dependence of the attractive force on
E . (KV/mm) the applied fieldagain takingS=10"°). At ac field frequen-

ciesf=50 and 200 Hz, our model predicts that the attractive

FIG. 13. The shear yield stregsns value dependence on the force is proportional tdE7,s in good agreement with experi-
applied field at various frequencies for a single chain of particlesnent. With dc field the predicted attractive force is propor-
@Tr,=5T,=10 and(b) I',=10%, T',=1C". tional to EL3 (S=10"5) compared to the experimental

FmeELS. If we take S=10"2 our model predicts that
and Atten[23]. The radius of the two half-sphere particles is F, < E*° (dashed line in Fig. 25 which is in better agree-
7 mm (the distance between the electrodes is 14)nithe  ment with experiment. With ac fields the predicted force has
conductivity of the particles given in Ref23] is ,=1.7  no dependence o8 in this range of particle separation. The
X 10~® S/m. The non-Ohmic conductivity parameters of thereason the dependence of the attractive force on dc field var-
oil are obtained by fitting the experimental détairve 1 in  jes only slightly withS is that at high field saturation of the
Fig. 6 of Ref [24]) to Eq. (4. They are 0¢(0)=3 |ocal field occurs for a large range 8f At low field, how-
X107** S/m, A=1.35, andE.= 1.49 kv/mm. The dielectric  ever, only in a small range & does saturation occur. Hence,
constant of the oil is<;=2.2. The dielectric constant of the increasingS leads to a slight increase in the attractive force
particles decreases with the frequerf@g], i.e., when the (see the dashed line in Fig. 15 detailed investigation of
frequencyf =10, 50, and 1000 Hz, the dielectric constant offield saturation is given in Ref§9—-11,15.
the particles i< ,= 34, 24, and 18, respectively. Evident in  Figure 16 compares the predicted gain-frequency charac-
Fig. 14 is that the attractive force predicted by the presenteristic of the system of two polymer particles in mineral oil
model is in good agreement with that measured. The reason
the measured force at low field and high frequency is slightly 120
smaller than predicted is probably that the force is too small
to be measured accuratdlgs].

-160 ETheoretical:

> 3
— =
& 3
Q ]
[ — = F-Non-ohmic 3
—Present model Experiment[23]: ; «Q - _E
10-1g a 8%@/’%% E 1 riment[23]:3
—_ 0.4kV/mm 3 =] . 3
5 029 i E 3
] E = =
- ] o E
10-3 u & .
o E 104 103 102 10! 10° 10! 102 10° 107
104 Ll vl v sl SO98D 4 11 f (Hz)
10-1 10 101 102 100 104 . . .
Hz) FIG. 16. Comparison of the predicted gain of two polymer par-

ticles immersed in mineral oil vs the frequency with that measured
FIG. 14. Comparison of the frequency dependence of the preby Boissy, Foulc, and Atte[23] (experimental: open symbols; the-
dicted attractive forcérms value between two polymer particles oretical: solid curves for non-Ohmic conductivity and dashed curve
immersed in mineral oi(Elf TF50) with that measured by Boissy, for Ohmic conductivity. Radius of the particlea=7 mm, S
Foulc, and Atten[23] (experimental: open symbols; theoretical: =0.10 . Gain is defined as It{V), wherel is the output current
solid curve$. Radius of the particlea=7 mm, S=10"5. andV the applied field.
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103 —————— — the calculateg3* (w)2. Although we did not include the De-
A BaTiO, - dodecane[20], $=0.2, f=20Hz ] bye effect in our calculations, it can be easily included. How-
[ @ BaTiO, - silicone oil[27], $=0.1, f=60Hz ] ever, in practice the frequency of the applied field is usually

<10* Hz and only a few materials exhibit a Debye fre-
guency within this rangg29].

| Present model:
— BaTiO,;~dodecane

T (Pa)

102 :—""BaTiO3—silicone oil 5§ =
- { ] ]
- ’ ] VI. SUMMARY AND CONCLUSIONS
- 4 1 Combined dielectric and conduction effects in ER
10! L i fluids with non-Ohmic conductivity of the host liquid
0.1 1 10 were investigated for ac electric field. The following is a
E (kV/mm) summary of the results obtained and conclusions derived
rms therefrom:
FIG. 17. Comparison of the predicted shear yield stiess (1) Important parameters affecting ER behavior are

value with that measured by Miller, Randall, and BhaJer] for ~ the conductivity ratio at low field",=o,/0¢(0), the di-
BaTiOy—silicone oil suspensioff=60Hz and¢=0.1, K;=2.8,  €electric permittivity ratiol'.=&,/e¢, the normalized fre-
Kp=2000, 0,=10"'S/m, 0¢(0)=2.4x10"*2S/m, A=0.007, quencyQ)=2mfeK:/0o(0), and thenon-Ohmic conductiv-
E.=0.21kV/mm and by Ginder and Davis[20] for ity parameterdA andE. of the host oil. If' ;>T",, the ER
BaTiO;—dodecane suspensipfi=20 Hz and$=0.2,K(=2.0,K,  fluid has a high shear yield stress at low frequency;
=2000, 0,=10"°S/m, 0¢(0)=2.4<10 *S/m, A=0.007,E;  if I',<I',, the opposite occurs. The combined effect of
=0.21 kv/mm. these parameters on the ER behavior is more complicated
than in the case of simply Ohmic conductivity of the host
and that measured, where gaim(l/V), | is the measured liquid.
output current and the applied voltagérms valug. At high (2) In the conductivity domair(dc or low frequency ac
frequency the predicted value is in good agreement with exelectric field, the shear yield stress is proportionalBg;
periment [23]. At low frequency, although the predicted in the dielectric domairthigh frequency ac fieldthe shear
value is smaller than that measured, the general trend of thﬁekj stress is proportional tEerS In the transition regime,
gain is to increase with the applied voltage, similar to thethe sjtuation is complex. If the dielectric ratio is greater than
experiments. The possible reasons for the difference at loye conductivity ratio, the shear yield stress exhibits B>,
frequency 25,26 are(a)_(lasxpenmental error antb) the con-  genendence on the applied field over most of the transition
ductivity o1(0)=3X10""" S/m of the oil at low field used regime. However, if the dielectric ratio is smaller than the
in the experiment is slightly higher than given in RE3]. If ¢nqyction ratio, the shear yield stress exhibiE2a, depen-
we take o;(0)=10"12 S/m, the predicted gain is in good dence over most of the transition regime.
agre_ement with experiment over the entire frequency range. (3) The current density of an ER fluid is proportional to
_Figure 17 compares the dependence of the shear gye  |n the conductivity domairilow frequency, the
yield stress on the ac fapplled f!eld pred|cteq by the presentrent density is independent of the frequency. However, in
model for BaTiQ-silicone oil and BaTi@dodecane o ielectric domain and the transition regime, the current
suspensions and that measured by Milral. [27] and  ensity increases with frequency at slightly less than the first
by Ginder and Davig20]. Again, there is good agree- ower (i.e., roughly proportional
ment between the predicted and measured values for boﬁ1 (4) Goc;d agreement occurs between the predicted and
suspensions. measured attractive force of two nearly touching polymer
spheres immersed in mineral oil and between the predicted
V. DISCUSSION and measured shear yield stress of a BaTilicone oil sus-
d)ension. Also, good agreement occurs between the predicted
gurrent density and that measured for the two polymer
Spheres in mineral oil.

This paper investigates combined effects of dielectric an
conduction in the ER response of suspensions with ac fiel
assuming that the conductivity of the host liquid is non-
Ohmic. The derived model predicts that the shear yield stress
of an ER fluid is proportional to the square of the applied
electric field in the dielectric domaifi.e., at high frequengy
and to about thé power in the conductivity domaifdc or This research was sponsored jointly by the NSF Engineer-
low frequency ac field The agreement with experiment is ing Directorate under Grant CTS-9313897 with Dr. M. C.
better than when the conductivity of host liquid is assumedRoco as technical monitor and by the NCSU/Industry Con-
to be Ohmic[22]. sortium on ER Fluids with membership by Bridgestone,

Whittle et al. [28] included a Debye-type relation in their Ford, Paar-Physica, and Texaco. The authors acknowledge
expression of the complex dielectric constant and comparefelpful discussions with Dr. C. Boissy. Dr. C. W. Wu wishes
their experimental results of the pressure drop in an ER valvéo express his appreciation to the China NSF and BSDF for
versus frequency with the real and imaginary components oheir support during his visit to NCSU.
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