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Boundary effect in electrorheological fluids
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The effect of the boundary friction coefficient on the rheological properties of the electrorheological (ER) fluids
in quasistatic and dynamic states is investigated by computer simulation. The relation between the shear stress and

the boundary friction coefficient in quasistatic and dynamic states is discussed qualitatively and quantitatively,
and the trend matches the previously reported experimental results well. The flow curves of ER fluids, under
different friction coefficients, are calculated, and it is found that the friction coefficient affects the flow curves.
In two dimensions, the transitions in structure corresponding to the shear stress variations are presented to

understand the mechanism of ER fluids.
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I. INTRODUCTION

Electrorheological (ER) fluids, typically smart materials,
are composed of microsized or nanosized dielectric particles
dispersed in a liquid with a low dielectric constant [1-4].
When an electric field is applied, the randomly dispersed
particles are rearranged along the field direction and form
complex columnlike structures, dramatically changing the
apparent viscosity. The change is fast (milliseconds) and is
reversible, which makes the ER fluids desirable for techno-
logical and industrial applications. During the past decade,
various inorganic particles, liquid crystals, and polymers were
developed for ER fluids [5,6], and these ER fluids can be
applied in clutches, brakes, damping devices, actuators, fuel
injection valves, hydraulic valves, and robotic controlling
systems [7-9].

Besides the experimental work, theoretical calculations also
are very important for the ER fluids [10,11]. To obtain better
knowledge of the flow behavior of ER fluids, many theoretical
models were developed to discuss the ER phenomenon.
First, the electric double layer and water bridge models
were developed to discuss the hydrous ER fluids. Then, a
polarization model was proposed for anhydrous ER fluids [12].
Hao introduced a dielectric loss model that offers guidance
on how to formulate a high performance conventional ER
fluid [13]. Wen et al. developed the polar molecular model
for giant ER fluids [14]. Various parameters, including the
electric field strength, the frequency of the electric field, the
conductivity, the particle dielectric properties, the particle
volume fraction, the temperature, and the water content,
are considered. However, most of these papers are focused
only on the particle-particle interaction; the particle-boundary
interaction has not been considered thoroughly. It has been
found that the flow behaviors of both the Newtonian liquid [15]
and the non-Newtonian liquid were affected by boundary
conditions [16]. As typical non-Newtonian liquids, the ER
fluids also would largely be dependent on the boundary
conditions. Therefore, more work should be done to clarify
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the relationship between the shear property of the ER fluids
and the boundary conditions.

Recently, a few experiments, which focused on the effect of
boundary conditions on the properties of ER and magnetorhe-
ological (MR) fluids, were reported. The effect of boundary
conditions on the shear behavior is separated into quasistatic
and dynamic states. In the quasistatic state, Lemaire and Bossis
compared the yield stress of experimental and theoretical
results (based on interparticle forces) and found the difference
mainly was caused by the surface roughness [16]. Lee and
Jwo studied the ER effect with grooved electrode surfaces
and found that the denser the rolled grooves on the electrode
surfaces, the more the enhanced ER effect [17]. Based on
these papers, Zhang et al. [18] and Peng er al. [19] found
that the material that has larger interactions with boundary
particles gets greater yield stress. Recently, Wang et al. found
that the boundary sliding weakens the shear stress of the
ER fluids, and this problem could be solved by increasing
the roughness of the boundary [20]. As a result, it can be
concluded that the increased boundary roughness causes the
increased yield stress. In the dynamic state, Hanaoka et al.
used a metallic net to study surface morphology on the ER
effect, and it was shown that an appropriate surface, but not the
greatest amount of roughness, was effective for promoting
the ER effect [21]. By comparing the experiment between
the quasistatic and the dynamic states, it is found that the
as-obtained results do not agree with each other. To date,
the research on the boundary effect on the ER properties
mainly has been experimental testing; no theoretical and
computational discussions have been reported. Previously,
by using the boundary friction assumption, the trembling
shear behavior was studied by our group [22]. Pappas and
Klingenberg also conducted a simulation for the MR fluid
and found that the boundary friction force affects the lamellar
structure formation distinctly [23]. Unfortunately, the reason
why the increased friction coefficient yield increased yield
stress but not dynamic shear stress still is not clear.

In this paper, a computer simulation was conducted to
systematically examine the boundary effect on the properties
of ER fluids. The relations between the shear stress and
the boundary friction coefficient are discussed qualitatively
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and quantitatively, and the tendency matches the previously
reported experimental results. The optimum friction coeffi-
cient, which can lead to the greatest dynamic shear stress,
was obtained by this calculation. To further understand the
mechanism of ER fluids in static and dynamic states, the struc-
ture transformations corresponding to the stress variation were
discussed. Moreover, the charge’s relaxation was considered
in this simulation.

II. MODEL AND SIMULATION

The ER system, which is simulated in this paper, consists
of N spherical particles (the relative dielectric constant is
€,, and the diameter is o) suspended in a silicone oil fluid
whose relative dielectric constant and viscosity are (e <
€p) and ny, respectively. The tested ER fluid, which is
confined between two parallel-plate electrodes, is separated
by a distance L, (Fig. 1). An external electric field is applied
perpendicularly to the parallel plate (the z direction), and a
steady shear rate y is imposed along the x direction (parallel
with the plate). Here, the velocity field is varied linearly
along the z direction (the top electrode moves at a speed of
y L;). Because the particles are much larger than the liquid
molecule, it is thought that slip happens between the particles
and the electrodes but not between the liquid molecules and the
electrodes. Before the application of the electric field, particles
were randomly dispersed in the medium fluid. When the
electric field Ey is applied along the z direction, each particle
gets an induced dipole moment p = (1/2)wfepe fo3E|0c in
the fluid with relative dielectric constant e (in the Systéme
International unit system) where B = (¢, — &7)/(ep + 2¢5)
and Ey,. is the local field, with Ejo. = EpZ if B < 1.

In a shear flow of shear rate y, a spherical sphere spins at an
angular velocity of w =y / 2(w = w¥) [24]. For the rotating
dielectric sphere in an electric field, because of the rotational
motion that leads to a displacement of its polarized charges on
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FIG. 1. Schematic of the simulation model.
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the surface and the relaxation of the surface charges, the rate
of change in the dipole moment is given by [25]

dp/dt = w x p — (p — Po)/Tr. (1

The dipole moment p = p.X + p.Z at the steady state is
expressed as

wTpo P
1+ (@) 7 1+ (01,)?

where 7, is the relaxation time. In the rotational state, there is
a tilt angle ¢ between the dipole moment and the z direction
and 1g¢ = wt,. For the rotational particles, the dipolar force
acting on the ith particle from the particle at r; is given by

©))

Px =

F5; = Fo(o /rip)*{[1 — 3 cos’(6;; — 9)IF — sin[2(6;; — ¢)16}.
3)

where p = |p|, r;; =r; —r; with r;; = [r;;|, 6;; is the angle
between r;; and the z axis, 7 =r;;/r;;, and Fp = 3p?/
A 808_f'04). To simulate interactions between the hard spheres
and the interactions between the hard sphere and the hard wall
(the two electrodes), an exponential short-range repulsive force
between particles i and j is introduced as

F? = 2Fy(0/r;j)" exp[—100(r;; /o — D], “)
and between the particle i and the hard wall,
F = 2Fy(0/z;)* exp[—100(r;; /o — 0.5)]2 — 2F
x [o/(L, —z:)]*exp { — 100[(L. — z;)/o —0.5]} 2.
(&)

For the boundary particles, the friction force between the
boundary particles and the electrodes is introduced as
F = uN;, when

Flfnc =0 ,

Ni > 0,
(0)

when N; <O0.

N; is the normal force acting on the ith boundary particle,
Ni= X (D)
JG#D)
— Z Fel + Frep -z, for the anode.
JG#D)

The dipolar force acting on the ith particle from the image
particle at r; is given by

for the cathode,

@)

N;

Ff}~im = Fy(o/rij)*{[cos2¢ — 3
— @)cos(0;; + )] # —sin20;;0}.  (8)
Then, the forces acting on the ith particles are

F. = Z Fel +FreP + ZFel ,im +Fwall +Ffrlc
JU#D)

x cos(6;;

for boundary particles, (9)
F;, = Z Fel + Frep + ZFEI im F! for the others.
JG#)
The motion of the ith partlcle is described by [26]

md*r;jdt* =F; —3mon, (dr;/dt —yzi2) +R;,  (10)
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where m is the mass of particles and r; is the position of the
ith particle at time z. The first term F; is the interparticle force,
the second is the Stokes drag, and the third is the Brownian
force. The Brownian force R; is determined independently by
a normal distribution with (R;,) = 0 and (R; ,(O)R; 4(1)) =
6kpT onyd,pd(t). kp is the Boltzmann constant, and T is the
absolute temperature. To study the parametric properties of
many different ER fluids, we define dimensionless quantities
to scale Eq. (1): rf =r;/o, t* =t/[3nn;0°/(kpT)], Rf =
R;[(kgT /o) and F; = Fi/[pz/(soa_fa4)], so Eq. (1) can be
rewritten as

Ad’r}/dt*? = QFF —dr}/dt* +8Pe 772 + R, (11)

where Q = p*/(soe0kpT) and Pe = 3mn oy (8kpT).
For the ER fluids, the magnitude of A = mkp T/(37177f02)2
in Eq. (6) is very small (~10719), so this inertial effect is
neglected in the following simulations. Thus, it is simplified
as

drjdr* = QF; 4 8Pez/% + R}. (12)

Equation (7) is integrated with a time step Ar* < 0.01/
(F},. Q) using Euler’s method; F, 1is the dimensionless
maximum interparticle force that acts on particles, thus, the
maximum displacement of particles cannot exceed 0.01o.

In this paper, a system of N = 240 particles (20 stick to the
top electrode, and 20 stick to the bottom electrode) in a box
with Ly = 150, L, =50, and L, = 150 is simulated. The
particle volume fraction is 0.11. Periodic boundary conditions
are imposed in the x and y directions, reflecting boundary
conditions in the z direction.

In the dynamic state, rheological properties are determined
by the effective viscosity 7.¢, which can be calculated from the
stress T,y (et = (Tzx)/Y )T,y 18 the zx component of the stress
tensor, which is an averaged value of the simulations. By using
the Bingham model, t,, is expressed as t,, = tg + 1y, where
1, 18 the viscosity of suspensions (without an electric field). In
order to definitely understand the relationship of the particle
interactions, we focused on the electric field induced shear
stress T, which was calculated by Eq. (14) [27],

1 N
Tp = <_V Z(ri)z (Ffl)x>. (13)
i=1

The dimensionless shear stress is defined as t* = 7/7, and
1, = 3/16me0e ¢ B2 EL.

III. RESULTS AND DISCUSSION

Three-dimensional simulations were carried out in a box
(15 x 5 x 15) with parameters as follows: T =300 K, ¢, =
100, ey =2, 0 =5 um, ny = 0.1 Pa s. Our simulation is
conducted under a lamellar flow, and the relation between
the shear stress and the friction coefficient is studied. About
the boundary effect, Pappas and Klingenberg have studied the
effect of friction force on the velocity distribution [21]. Our
paper is a supplement about the research on the boundary
effect.

Figure 2 shows the relation between the relative shear stress
and the shear strain under different friction coefficients. It
is observed that the pre-yield process is not obvious when
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FIG. 2. (Color online) Relative shear stress vs strain under differ-
ent friction factors in the quasistatic state. y = 0.001s7!, 7, = 1073 s,
and £ = 1200 V/mm.

the friction coefficient is small. It means that the solid state
of the ER fluid with the electric field applied does not
appear when small friction coefficient electrodes are used.
However, the larger friction coefficients show a very obvious
pre-yield process, and the increased friction coefficient leads
to a greater yield stress until the friction coefficient u =
10. Peng et al. measured the yield stress of the MR fluids
with the boundary friction coefficients 0.1 and 0.4 and found
that the boundary friction coefficient 0.4 yielded greater yield
stress [19]. This result also agrees with the other previously
reported experimental results [16—18].

Under the dynamic shear flow, the relation between the
stress and the friction coefficient is different from the qua-
sistatic state. Figure 3 shows the relations between the shear
stress and the friction coefficient under different shear rates
and electric fields. When pu = 0.01, the friction coefficient
is too small so that great slip occurs between the electrodes
and the boundary particles. In this case, the shear stress is
caused mainly by the viscous force, thus, it nearly remains
constant (Fig. 4, when u = 0.01). When the friction coefficient
increases, the friction force acting on the boundary particles
increases, and the shear stress increases. However, the shear
stress decreases when the friction coefficient comes to a critical
value. Here, nearly no slip happens between the electrodes
and the boundary particles. The structures totally appear
as destruction and reformation that correspond to the shear
stress going up and down with the strain as shown in Fig. 4
(when p = 50). So, the average shear stress on large friction
coefficients becomes small. Also, it is found that the greatest
shear stress exists in the middle section (from w = 0.3 to
6, probably). In this section, the boundary particles are not
totally in the slip and no-slip situations. As shown in Fig. 4,
when u = 2, the boundary friction force balances with the
viscous force. In this state, the shear stress is the greatest. It
is observed that the shear stress is nearly constant with only
a little vibration. This means that the structures are stable in
this state. Based on the above discussion, two conclusions of
the relation between the stress and the friction coefficient at
quasistatic and dynamic states can be achieved. The first one

061505-3



GONG, YANG, XUAN, ZONG, ZHU, AND JIANG

PHYSICAL REVIEW E 84, 061505 (2011)

(a) 0.16 1 . . . . (b) 0.20
0.141 1 048] i
0.12 - 0.16 4
0‘10'_ 1 014 _

*, ol . 1 0421 ]

4 y=0.1 ] ]
0.08 x_ 0.10 i
0.04 - —8—E=600 V/imm 1e |
) —@—E=1200V/imm 0.08 d
0.02 —dh— E=2400V/imm ] |
) | —e— E=3600V/mm 0.06 - -
0.00 4 ]
T T T T T 0.04
0.01 0.1 1 10 100
1l
C T L T T T
( ) 0.18 |
0.16 4
0.14 4 _
0.12 izlo _
* 1 -
= 0.10 —— E=600 Vimm -
4 —@—E=1200V/mm
0.08- —dh— E=2400V/imm |
) —he— E=3600V/mm
0.06 1 ;

1 10 100

u

FIG. 3. (Color online) Relative shear stress vs friction factor under different electric fields and shear rates.

is that the yield stress increases with the friction coefficient
until the friction coefficient is large enough. For the second,
the shear stress increases with the friction coefficient at the
small friction coefficient section and decreases with the friction
coefficient at the large friction coefficient section, and the
greatest shear stress is in the middle section, which also can be
supported by the previous experimental results conducted by
Hanaoka et al. [21]. They measured the shear stress with the
boundary covered with a metallic net and found that, not the
tenser and sparser mesh size, but a middle proper mesh size
can yield the greatest shear stress.

In order to get the flow curve, the shear stresses T were
calculated with a series of shear rates from 0.01 to 100 s~!.
The shear rate increases step by step, and each shear stress
date at a certain shear rate in Fig. 5 is calculated separately.
The data are obtained by calculating the average relative shear
stress at a given electric field and shear rate (as shown in Fig. 4).
It is found that different boundary conditions show different
rheological properties. In the small shear rate region (shear
rate from 0.01 to 1 s71), the effect of the boundary friction
coefficient is more obvious than in the other regions. Too small
or too large a friction coefficient cannot lead to great shear
stress in this region. In the middle region (shear rate from 1 to
10 s~ 1), the relative shear stress under four different friction
coefficients is similar to each other. However, the greatest
relative shear stress is found when the friction coefficient is
0.4. The greatest shear stress is shown in this region because
the friction force and the viscous force become parallel; the
chains have the largest tilt angle. Finally, in the large shear rate

region (shear rate greater than 10 s~1), the relative shear stress
drops with increasing the shear rate. This result indicates that
the chain structures are totally destructed.

In order to understand the relations between the rheological
properties and the structures transformation, the simulations
also are conducted in a two-dimensional (2D) situation.
The simulations are conducted in a box (15 x 15), and the
simulations are started when several perfect chains are formed

FIG. 4. (Color online) Relative shear stress vs strain under differ-
ent friction factors in the dynamic state. y = 0.01 s™!, 7, = 1073 s,
and £ = 2400 V/mm.
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FIG. 5. (Color online) The simulation results of flow curves under different friction coefficients.

and this is an ideal simulation. Figure 6 shows the relation
between the relative shear stress and the strain in the quasistatic
state. In Fig. 6(a) (¥ = 10713 s71), when . = 0, 0.04, 0.4, the
yield stress increases with the friction coefficient, whereas,
when 11 = 10, the stress appears to be different. It is because,
when the friction coefficient is small (u = 0, 0.04, 0.4), the
yield is caused by the boundary slip. Slip happens between
the electrodes and the chains at the yield point, and the
chains are not broken. When the friction coefficient is large
enough (u = 10%), the structure’s destruction is the reason
for the yield in the ER effect. However, when the shear rate
gets larger [Figs. 6(b) and 6(c)], the flow curves appear to
be different. The structure’s destruction does not happen in
Figs. 6(a) and 6(c) when u = 10%. It is because, when the
shear rate becomes larger, the chain tilt angle becomes larger,
and the chains are in the stretched state. So, the normal force
is zero, and then, the friction force is zero. A slip happens
between the electrodes and the chains in this state. Compared
with the simulation results conducted in three dimensions, the
structure’s destruction [in Fig. 6(a)] and the intact structure’s
slip along the electrodes [in Figs. 6(a) and 6(b)] coexist in real
situations.

Figure 7 shows that the structure transforms with time at
different concentrations and shear rates in the dynamic shear
state. Under a relatively small shear rate, intact tilted chains
slip along the electrode. When the shear rate is increased to
a moderate value, the structures are relatively intact and just
experience a little destruction and reformation. It is found that

the structures are affected greatly by the viscous force. Thus,
under the large shear rate, the particles next to the electrodes
are still in the chain structure, while the middle particles totally
are disordered. This phenomenon has already been observed
by Klingenberg and Zukoski [28]. Figure 8 is the relative shear
stress vs the strain relation and the corresponding structure
transformation. x stress is the x component of the stress
tensor, and the shear is in the x direction, so x stress is the
shear stress. z stress is the z component of the stress tensor.
The top normal stress is the pressure stress that the boundary
particles act on the top electrode, and the bottom normal stress
is that on the bottom electrode. The structure transformation
can be separated into four regions. Region I corresponds to
the D — E process. In structure D, the shear stress is the
greatest, the chain tilt angle is the largest, and the chains
remain intact. In the D — E process, chains stretch along the
chain direction, and the interval between particles becomes
too large that the chain structures experience destruction. In
this process, x stress decreases, and the normal stress nearly
is zero because chains are stretching. Region I is the structure
destruction region. Then, the structure experiences region II,
the reformation process (from E — G). In region II, the normal
stress increases. As shown in Fig. 8, a chain could be thought
to be a rod. In the A — D process, the rod rotates clockwise
and stretches (the particle interval becomes large). Then, in
the E — G process, the rod rotates anticlockwise. If a long
tilted rod transforms into a short vertical rod, pressure acts on
the electrodes, so the normal stress increases in region II.
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interval. Region IV is a chain tilt region where chains tilt in
the shear direction from structure H — 1. The particle interval
becomes large, and the chains are kept intact. Therefore, the
shear stress increases, and the z stress and the normal stress
decrease.

IV. CONCLUSIONS

The effect of the boundary friction coefficient on the rheo-
logical properties of the ER fluids is investigated by simulating
the properties at quasistatic and dynamic states. The results
match the experimental results reported by other researchers.
In the quasistatic state, the yield stress increases with the
boundary friction coefficient until the friction coefficient is
large enough. While in the dynamic state, the shear stress first
increases with the friction coefficient and then decreases with

PHYSICAL REVIEW E 84, 061505 (2011)

the friction coefficient. A section of the friction coefficient
exists where the greatest shear stress is obtained. The flow
curves of the ER fluids, under different friction coefficients,
are calculated, and it is found that the friction coefficient
affects the flow curves. That may afford the possibility to
design a boundary for the needed flow properties. An ideal 2D
simulation is conducted to observe the relations between the
rheological properties and the structure transformation. The
above paper will be useful for understanding the mechanism
of ER fluids.
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