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Critical role of flow-modified permittivity in electrorheology: Model and computer simulation
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We propose a model that takes into account the effect of flow-modified permittivity~FMP! on electrorhe-
ology ~ER!. Our computer simulation shows that for Mason numbers less than 0.1, ER effects are mainly
attributable to the deformation of chain structures, in agreement with earlier theoretical and simulation work.
At larger Mason numbers, where chain structures have been destroyed by shear flows, we show that an
FMP-induced misalignment between the particle dipole moments and the applied electric field plays a crucial
role in producing ER effects. We also identify conditions under which negative ER effects are seen at large
Mason numbers.
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I. INTRODUCTION

Electrorheological~ER! fluids are suspensions of sma
particles (0.1–100mm) in insulating fluids. When an exter
nal electric field on the order of 1 kV/mm is applied to an E
fluid, the viscosity of the fluid increases dramatically. T
ER response time is fast~on the order of milliseconds!, and
the effect is reversible. Since it was first discovered by W
slow in the 1940s@1#, electrorheology has attracted the a
tention of scientists in both academia and industry. ER flu
could potentially revolutionize electrically controlled stres
transfer systems, such as active dampers, hydraulic va
clutches, brakes, and actuators@2#. Despite their promise
however, commercially viable ER devices have not beco
widely available due to an absence of high-quality ER flui
Many scientists believe that a fundamental understandin
the mechanism responsible for ER effects is needed in o
to improve ER fluids. Unfortunately, such an understand
has been lacking@3#.

In the absence of an external electric field, ER fluids g
erally behave like Newtonian fluids with the shear strest

proportional to the shear rateġ. This proportionality con-
stant is the viscosity of the fluidh. When an externalE field
is applied to an ER fluid in a direction perpendicular to t
shear flow, the fluid shows Bingham behavior@Eq. ~1!#. The
E field produces an increment in the shear stress (tE) that
remains nearly constant over a large range of shear ra
giving rise to an apparent yield stress. The following eq
tion is commonly used to describe ER effects:

t5tE1h0ġ, ~1!

whereh0 is the viscosity of the fluid in the absence of anE
field. The onset of flow in ER fluids is generally comple
and it is not known whether ER fluids have a true static yi
stress@2#. It has been observed that the shear stress in
fluids can decrease sharply following the onset of flow
still remain larger than the zero-E-field values. When the
shear rate is reduced to zero from nonzero values, the s
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stress shows hysteresis, and the apparent yield stress is
than the value obtained at the onset of flow@2#.

It has been known since Maxwell’s time that when
externalE field is applied to a suspension of small particle
the particles become polarized. For ER fluids, the inter
tions between the polarized particles cause the particle
line up in the direction of the applied field, forming chain
and columns that span the gap between the electrodes w
the fluids are quiescent. Traditionally, ER effects have b
attributed to the additional stress needed to break up th
chains and column structures@4,5#. ~This is called the chain
model.!

The dimensionless quantity that characterizes the rela
importance of the hydrodynamic forces on a particle co
pared to the electrostatic forces between particles is the
son number Mn5hġ/2«0« fb0

2Ea
2 , whereh and « f are the

viscosity and the dielectric constant of the suspending flu
respectively,«0 is the permittivity of the vacuum,b0 is the
Clausius-Mossotti factor, andEa denotes the applied field
strength. When the Mason number is small, hydrodyna
forces are not sufficient to easily break up the chain str
tures in an ER fluid, and this results in strong ER effects.
effects, however, diminish as the Mason number increa
Some model ER fluids show no ER effects for Mn.1 @6#.

The chain model has been successful in predicting
yield stress@7,8# and in determining the microstructure o
model ER fluids with uniform particles and no flow@9#.
Computer simulation work has shown that the chains
critical for ER effects and that theE-field-induced shear
stress goes to zero if the chain structures are destroyed
shear flow, as happens for Mason numbers larger than
@10#. Critics of the chain model, on the other hand, ha
argued that when ER fluids undergo a shear flow, the m
sured ER effects are still appreciable, even when the ch
structures are not maintained@2,11#. For example, some ER
fluids show ER effects at Mason numbers above 10@12,13#.

In most ER measurements, dc electric fields are used.
der dc conditions, the degree of polarization of particles s
pended in a fluid is determined by the conductive proper
of the particles and of the fluid@14#. A conduction model has
©2004 The American Physical Society07-1
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been proposed@15# which takes into account the distortion o
electric field lines within the small gaps between particl
Critics of the conduction model, however, point out that t
conduction model is static and does not consider the dyna
processes of an ER fluid in a shear flow@16#. In addition,
attempts to develop ER fluids using metal particles with
sulator coatings have been unsuccessful@17#.

It is puzzling why maximizing dielectric or conductiv
mismatch between particles and fluids fails to produce g
ER fluids, even though maximum particle polarization is o
tained under these conditions. Experimentally, ER effects
not seem to be particularly sensitive to the details of
particle polarization mechanism, and many different kinds
particles—ionic conductors, semiconductors, and insula
particles with conducting surface layers—have shown
effects@11#. A common feature among many different kind
of ER fluids seems to be an optimal dielectric relaxat
frequency that generally falls within the range
102–105 Hz @2#.

It is not difficult to understand that there should be
lower limit for the optimal dielectric relaxation rate. In

shear flow of shear rateġ, a spherical particle spins at a
angular velocityV5ġ/2 @18#. The effect of this spinning
motion on particle polarization has been carefully studi
both experimentally@19,20# and theoretically@21–23#. In
general, the magnitude of the particle dipole moment
creases as the particle spinning rate increases, becaus
particle spinning motion interferes with the migration of m
bile charge carriers in the particle in response to the app
electric field. There is, however, a resonance peak in
dielectric constant as a function of shear rate and as a f
tion of electric field frequency when the particle spinni
rate and the angular frequency of the applied field exa
match. This flow-modified permittivity~FMP! and the reso-
nance peaks can be used to monitor the particle spin
rate.

The existence of an upper limit for the optimal dielect
relaxation rate, however, is difficult to justify using the cha
model, since the polarization of a particle with a high diele
tric relaxation rate is not appreciably affected by the spinn
motion of the particle. A single-particle model for ER effec
has been proposed@18#. In this model, the spin of a particl
in a shear flow induces a dipole moment misaligned with
applied electric field, and this results in an electric torque
the particle. The electric torque retards and possibly e
halts the spinning motion of the particle and hence crea
additional dissipation.~This is the locking model.! This
model was examined experimentally by measuring F
while applying a large dc field@24#. The particle spinning
rate, however, showed no detectable shift from the fr
particle value in dc fields up to 1 kV/mm, thus demonstrat
that the locking effect was not the main factor contributing
ER effects. Another experiment revealed a slight reductio
the particle spinning rate at field strengths greater tha
kV/mm, although the particles never completely stopp
spinning in fields as strong as 4 kV/mm@25#.

Computer simulations of ER effects have generally be
carried out in the limit of dipole-dipole interactions@26–29#.
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Some simulations have included mutual polarization
tween particles@5,10,30#, but to the best of our knowledge
FMP has not been considered for interparticle interactions
this paper, we propose a model for ER effects in which FM
is taken into account. In particular, we use the results
previous theoretical studies of single-particle FMP to exa
ine the effects of FMP on interactions between particles
on the rheological properties of ER fluids. For small Mas
numbers, we show that our model is consistent with
chain model. At larger Mason numbers—where previous t
oretical studies have shown no ER effect—we obtain
effects, even in the absence of chain structures. In addit
we see negative ER effects under certain conditions, pro
ing theoretical support for previously unexplained expe
mental observations@31,32#. A preliminary computer simu-
lation based on this model is also reported here.

II. MODEL AND SIMULATION

We consider the simple case of a particle of radiusR
immersed in a fluid. The dielectric constants and conduct
ties of the particle and of the fluid are«p , sp and« f , s f ,
respectively@33#. The dipole moment induced by an applie
E field can be described by Maxwell-Wagner polarizati
with a Debye-type relaxation timetMW5«0(«p12« f)/(sp
12s f) @14#.

If a shear flow of shear rateġ is imposed on a fluid, a
particle suspended in the fluid undergoes a spinning mo
with an angular velocityV5ġ/2. This spinning motion af-
fects the motion of charge carriers in the particle. For e
ample, charge carriers~assumed positive! in particlei in Fig.
1 move upward in response to the appliedE field. Because of
the particle spinning motion, charge carriers on the left s
move faster than the charge carriers on the right side, res
ing in an equilibrium charge distribution that is not symme
ric with respect to theE field. In general, the shear flow
induces a complex particle dipole moment in directions b
parallel and perpendicular to the applied electric field.

In an E field of magnitudeEa and angular frequencyv,
the dipole moment for a particle with a Debye-type rela
ation is @21#

mW 54p«0« fR
3EaeivtaW , ~2!

where the components ofaW in directions parallel and perpen
dicular to the applied field are:

FIG. 1. Two particles in a shear flow. The applied electric fie
is in thez direction. The shear flow induces particles to spin ab

the y axis with an angular velocityV5ġ/2.
7-2
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a i5b`1~b02b`!
11 ivtMW

12~v22V2!tMW
2 12ivtMW

, ~3!

a'5~b02b`!
VtMW

12~v22V2!tMW
2 12ivtMW

. ~4!

Here b0 and b` are the low- and high-frequency limits o
the Clausius-Mossotti factor:b05(sp2s f)/(sp12s f) and
b`5(«p2« f)/(«p12« f).

In this paper, we limit our discussion to dc fields (v
50). Furthermore, we assumes f50, because in most ER
fluids the particles are much more conductive than the flu
Figure 2 shows the direction and the magnitude of the
mensionless dipole momentaW calculated as a function o
ġtMW for « f /«p55 using Eqs.~3! and~4!. In the absence o
shear, the dipole moment points in the same direction as
appliedE field, and the magnitude of the dipole moment
determined by the conductive mismatch between the par
and the fluid~maximal mismatch here becauses f50). In
the presence of shear, the dipole moment tilts in the direc
of the flow. At high shear rates, the magnitude of the dip
moment is determined by the dielectric mismatch betw
the particle and the fluid.

In a suspension of many particles, the motion of ea
particle is determined by hydrodynamic forces, electric int
actions (FW ele), and hard-core repulsive forces (FW rep). For
simplicity, we ignore the hydrodynamic interactions betwe
the particles and consider only Stokes forces. In the limit
overdamped motion, the acceleration of the particles can
neglected, and the net force on each particle is zero at
given moment@26#. For computational convenience, we i
troduce the following scaling factors for force, length, a
time: F053p«0« fb0

2R̄2Ea
2/4, l 052R̄, and t053ph l 0

2/F0,

whereR̄ is the mean particle radius andh is the viscosity of
the suspending fluid. In dimensionless units, the equatio
motion for particlei ~with diameterdi* andz coordinatezi* )
in Fig. 1 is @26#

FIG. 2. The direction~tilt angle! and magnitude of the induce
particle dipole moment as a function of shear rate normalized by
Maxwell-Wagner relaxation frequency. The applied field is dc a
is in thez direction. We choose« f /«p55 ands f50.
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drW i*

dt*
5vW f* ~rW i* !1

1

di*
~FW ele* 1FW rep* !, ~5!

where we have used asterisks to denote dimensionless q
tities and wherevW f* (rW i* )5ġ* zi* x̂ is the shear field. We also

point out that our dimensionless shear rateġ* is proportional
to the Mason number. (ġ* 532 Mn here.!

The electric forces between particles are assumed to a
mainly from dipole-dipole interactions, and we ignore mu
tipole moments and mutual polarization. In Fig. 1, the ele
tric force exerted by particlej on particlei is

FW ele, j i* 5~aW •¹!
di*

3dj*
3

3r j i*
3 @3r̂ j i ~aW • r̂ j i !2aW #, ~6!

where r̂ j i is the unit vector pointing from the center of pa
ticle j to the center of particlei, and the components ofaW are
given by Eqs.~3! and ~4! with v50 andb051.

To prevent particle overlapping, we adopt a hard-core
pulsive force similar to the one used by Klingenberg a
co-workers@26#. The repulsive force exerted by particlej on
particle i in Fig. 1 is

FW rep, j i* 5a expF ~di* 1dj* !/22urW i* 2rW j* u
b

G r̂ j i , ~7!

where a52 and b50.01 are constants and the repulsi
force is along the line connecting the centers of the t
particles.

The shear stress can be calculated using the equation@34#

txz* 52
1

V*
(
i 51

N

f x,i* zi* , ~8!

whereV* is the system volume,f x,i* is the x component of
the net electric force and hard-core repulsion on particlei, zi*
is the z coordinate of particlei, and the sum is over allN
particles.

III. SIMULATION RESULTS

The simulation is carried out using an Euler method w
shifted periodic boundary conditions. For each simulati
250 particles are initially placed in an 83838 box, and the
positions of the particles are updated with a fixed time s
of Dt* 5231025. The particle radii have a mean value
0.50 and a standard deviation of 0.14. The particle volu
fraction is 0.32. The shear stress is obtained by averagin
total of 13106 steps and by averaging over two differe
initial configurations.

We first discuss particle configurations during a sh
flow when an electric field is applied. For clarity, we prese
the results of a two-dimensional simulation@35#. Figure 3~a!
shows an initial configuration. Figure 3~b! shows one snap
shot of the particle distribution while the system is bei
sheared at Mn50.03. We can see particle chain structur
stretched by the shear flow. At a higher Mason number o

e
d
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DASSANAYAKE, OFFNER, AND HU PHYSICAL REVIEW E69, 021507 ~2004!
@Fig. 3~c!#, however, the chain structures no longer ex
This change in structure with shear rate can be understoo
terms of the competing effects of electric interactions a
viscous drag: The electric interactions act to align the p
ticles in chains, while the shear drag tries to break th
apart. In this paper we call the region in which chain stru
tures exist ‘‘low shear’’ and the region with no chain stru

FIG. 3. ~a! A typical initial configuration with 45 particles ran
domly placed in a 12312 box. ~b! Particle configuration at Mn
50.03. Chain structures are tilted in the direction of the flow.~c!
Particle configuration at Mn53. Particles do not form chains at th
large Mason number.
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The transition point between the low shear and high sh

regions can be roughly estimated by considering the follo
ing situation. Two identical particles of diameter 1 are pol
ized along the direction of the electric field (a i51 anda'

50) and are initially aligned in the direction of the applie
field with a center-to-center separation ofr * 51. Our simu-
lation shows that it takes a shear flow of Mn>0.1 to pull
these two particles apart, and so we consequently estim
the critical Mason number to be Mnc.0.1. This transition
point is close to the experimentally observed value of M
50.3 for the onset of shear thinning@36#.

To investigate whether it is possible to obtain ER effe
in the high shear region, we first examine a situation
which only two particles of diameter 1 encounter each ot
in a shear flow of Mn51. The initial and final separation
between the particles in the direction parallel to the flow
uDx* u53. Two initial z separations are used:Dz* 50.5 and
0.8. The magnitude of the dipole moment is set to 1, a
only the dipole tilt angle is varied. Figure 4 shows the av
age shear stress for different dipole tilt angles, and th
results are compared with results obtained when the ele
interactions are set to zero.~When the electric interaction
are set to zero, the horizontal axis should be converted
shear rate using the electric field strengthbefore it is set to
zero.! We can clearly see that the tilt angle plays an imp
tant role in producing ER effects. If the tilt angle is zero~i.e.,
if the dipole moment is parallel to the applied field!, a nega-
tive ER effect is obtained. A positive ER effect is achiev
only when the tilt angle falls within the middle range of th
graph.

From Fig. 4 we can also see that if the initialz separation
between the particles approaches the particle diameter
particles spend less time ‘‘climbing’’ over each other, a
consequently the shear stress is much weaker. We thus
two necessary conditions for a positive ER effect at h
shear: The dipole tilt angle must fall within an optimal rang
and particles need to collide and move out of each oth

FIG. 4. Average shear stress for two identical particles collid
with each other as a function of dipole tilt angle. The Mason nu
ber is one, and the initialz separations between the particles are 0
and 0.8. The dotted lines are the shear stresses without the ele
forces.
7-4
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CRITICAL ROLE OF FLOW-MODIFIED PERMITTIVITY . . . PHYSICAL REVIEW E69, 021507 ~2004!
way. The second condition cannot be achieved if the parti
have uniform sizes because the particles quickly settle
horizontal layers@27#. Consequently, we have chosen po
disperse particle sizes for our simulation. The results p
sented below are not sensitive to the details of the part
size distribution.

We now discuss the results of the three-dimensional si
lations. Figure 5 shows the average shear stress for poly
perse particles as a function of dipole tilt angle for M
50.05 and 3.~The magnitude of the dipole moment is aga
set to 1.! We can see that at Mason number 0.05, positive
effects are seen for all tilt angles. This is not surprisin
because ER effects at low shear arise from the deforma
of the chain structures. At Mason number 3, we can see
as in the two-particle situation, the dipole tilt angle plays
crucial role in promoting ER effects. Both positive and neg
tive ER effects occur, depending on the tilt angle.

The next three figures examine the role of particle diel
tric relaxation time. The dipole moment is calculated us
Eqs.~3! and~4! with « f /«p55, s f50, andv50. Figure 6
shows shear stress as a function of Mason number fortMW*
50.02. These parameters give rise to tilt angles in the ra
of 1° –65° for the range of Mason numbers presented. P
tive ER effects are seen only at low shear, while negative
effects are seen only at high shear. In Figure 7, positive
effects are seen in both the low shear and high shear reg
for tMW* 50.2 ~tilt angle range 8°2160°). At Mn'0.3 ~tilt
angle ;15°), however, negative ER effects are seen.
tMW* 52 ~tilt angle range 65° –178°, Fig. 8!, almost no ER
effects appear at high shear because the magnitude o
dipole moment is significantly reduced by the particle sp
ning motion.

IV. DISCUSSION

To see how sensitive our simulation was to the particu
details of the repulsive force we had chosen, we changed
parametera in the repulsive force in Eq.~7! from 2 to 10.
This change only resulted in a 6% increase in the stress
ues in Fig. 4, which seems like a reasonable indication

FIG. 5. Average shear stress for polydisperse particles as a f
tion of dipole tilt angle at Mn50.05 and 3. The dotted lines are th
shear stresses without the electric forces.
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the general conclusions of our model are not particula
sensitive to the exact details of the repulsive force. This a
suggests that if we had considered the lubrication for
which is inversely proportional to the gap distance betwe
the particles, instead of using the somewhat artificial rep
sive force of Eq.~8!, we would not have changed our con
clusions in any significant qualitative way.

The possible effect of mutual polarization on our resu
has been investigated for the simplest case of two parti
approaching each other. We used only the dipole mome
and assumedtMW* 50 andb050.5. ~Errors from using the
dipole approximation become significant forb0.0.5 @37#.!
Figure 9 illustrates a slight reduction in the negative E
effect when mutual particle polarization is taken into a
count, but this does not seem to qualitatively change
results.

The negative ER effects obtained in our simulation

c- FIG. 6. Average shear stress for polydisperse particles as a f
tion of Mason number for dielectric relaxation timetMW* 50.02.
The dielectric mismatch is« f /«p55, and the conductivity of the
fluid s f is set to 0. Positive ER effects occur only for Mn,0.3, and
negative ER effects occur only for Mn.0.3. The solid lines are to
guide the eyes.

FIG. 7. Average shear stress for polydisperse particles as a f
tion of Mason number for dielectric relaxation timetMW* 50.2.
Other parameters are the same as in Fig. 6. Positive ER ef
occur at both low and high shear.
7-5
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DASSANAYAKE, OFFNER, AND HU PHYSICAL REVIEW E69, 021507 ~2004!
large Mason numbers also merit further discussion. In so
cases, experimentally observed negative ER effects h
been attributed to particle migration to one of the electrod
causing a layer of fluid near the other electrode to be
pleted of particles@38#. In other cases, however, the partic
migration explanation is not convincing, because nega
ER effects are observed at high shear rates, while pos
ER effects are seen at low shear rates@31,32#. Our model, on
the other hand, offers an explanation for why positiveand
negative ER effects can both be observed in the same sy
subject only to a variation in the shear rates.

By neglecting multipoles, hydrodynamic interactions, a
mutual polarization between particles, our model is ob
ously simplified. Furthermore, since we expect multipole
teractions and mutual polarization to enhance ER effects,
not surprising that the magnitude of the shear stress obta
in our simulations falls below experimentally observed v
ues. Nevertheless, we hope that our model will provid
starting point for future work that can incorporate more s
phisticated particle-particle and particle-fluid interactions.

In summary, we have proposed a model for ER effe
that takes into account the effect of FMP. At small Mas
numbers, our results agree well with earlier simulation wo
based on the chain model. At large Mason numbers, we
able to overcome the shortcomings of the chain model

FIG. 8. Average shear stress for polydisperse particles as a f
tion of Mason number for dielectric relaxation timetMW* 52. Other
parameters are the same as in Fig. 6. There are almost no ER e
for Mn.1.
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explain how ER effects can exist even when chain structu
are destroyed by shear flow. We identify the tilt angle b
tween the particle dipole moments and the appliedE field as
a critical parameter for ER at high shear rates. Factors aff
ing the tilt angle include the shear rate, particle dielect
relaxation time, and the dielectric and conductive proper
of both particles and fluids. We point out that to enhance
effects, it is necessary to adjust all of these parameters,
just one parameter alone. Finally, we can also explain w
some fluids exhibit positive ER effects at low shear rates
negative ER effects at high shear rates.
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