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Electrorheological, ER, fluids are colloidal dispersions that show an increase in yield stress and viscosity when subjected
to an electric field. In this report, we investigate this phenomenon at a fundamental level by using group theory statistical
mechanics, GTSM, and Brownian dynamics, BD, computer simulation. The effect can be produced by BD using a simple
form for the field-induced colloidal particle interactions. In agreement with recent experimental observations, the simulations
produce electric-field-induced “strings” of particles that span the electrodes. This field-induced aggregation of the particles
is responsible for the major increase in the viscosity. The combination of shear and electric field produces a long-range

microstructure that periodically dévelops and decays, as a result of the competing incompatible effects of electric field and -

shear.rate. Using the symmetry principles of GTSM, we interpret at the molecular level dynamical consequences of applying
an electric field to a sheared liquid. We predict and verify by BD the existence of new time correlation functions in the
laboratory frame (X, Y, Z) induced by the shear flow. The simultaneous application of shearing and an electric field, through
the use of rotating electrodes in the ER experiment has a pronounced effect on the autocorrelation functions and these new
cross. correlation functions. Several new ensemble averages appear in the frame (X, ¥, Z). These predictions of GTSM
are confirmed by these similations. Suggestions are made for future applications of the ER effect.

1. Introduction ;
When certain particles of diameter ~ I um are dispersed in an

insulating liquid and subjected to an electric field of several kV

mm™", a marked increase in the viscosity is observed. This is called
the electrorheological (ER) effect. Following on from the pio-
neering work of Winslow,! who noted that moist silica gel particles
of ~1 um diameter, o, suspended in kerosene at a volume con-
centration of ~50% had a strong ER effect, there have been a

number of experimental,>* and theoretical studies,’ of this phe-

nomenon. In this publication, our contribution to this field is to
show that the essential features of the ER effect can be reproduced
by atomistic computer simulation. We also specify the key sta-
tistical mechanics of the ER effect.

Major advances in two branches of physical chemistry, dielectric
spectroscopy,® and studies of non-Newtonian rheology,” have been
made in the last decade, helped by conventional® and nonequi-
librium’ molecular dynamics computer simulation. The range
of dielectric spectroscopy has also been extended by the devel-
opment of far infrared interpretative methods. The simple the-
ories,>1? with which the experimental data were first interpreted,!!
have given way to a much more detailed and expansive under-

standing, using the principles of group theoretical statistical

mechanics of GTSM.!? This applies the principles of point group
theory, 13-16 ¢ thermodynamic ensemble averages at equilibrium,
in the steady state out of equilibrium, and in the presence of
applied external fields. GTSM describes the symmetry behavior
of all ensemble averages in three simple axioms, or principles,
which may be used to guide the experimentalist and computer
simulator in dealing with the possibilities offered by the application
of arbitrary field combinations to liquids, and related states of
matter. In this paper, these principles are used to explore the ER
effect. This enables us to define more closely, new ensemble
‘averages and observables with new applications. In particular
we are interested in time correlation functions, fluctuation—dis-
sipation theorems and modified Green—Kubo relations,!? caused
by the simultaneous presence of shear and electric field. ‘
The knowledge gathered in dielectric spectroscopy and non-
Newtonian rheology over the past decade has helped us understand
electrorheology. The electroshearing action is already known to
affect the dielectric loss'and dispersion, Kerr relaxation, power
absorption spectra observable in low, radio, and microwave fre-
quency spectroscopies and far infrared spcctroscopy, respectively.'®
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On a much shorter (picosecond) time scale, the effects of
electroshearing could also be studied in nonequilibrium molecular
dynamics computer simulations, ‘which give time correlation
functions, both at equilibrium and in the transient region just after
field application and removal. These simulated ensemble averages
act as a bridge between the point group theory and the experi-
mental observable. Some time cross correlation functions can be
observed experimentally under certain conditions, for example the
Weissenberg effect of non-Newtonian rheology is due to a time
cross correlation function (ccf) between linear velocity compo-
nents.!” At field free equilibrium there is now known to be a set.
of time ccf’s between the fundamental dynamlcal variables of
translation, rotation, and normal mode vibration in a diffusing
molecule, which the conventional theory of diffusion!® assumes
to vanish for all time in all frames of reference. Some members
of this set have been characterized recently by the authors using
nonequilibrium molecular dynamics computer simulation, pro-
ducing results which are now known to be in complete agreement
with the symmetry rules of group theoretical statistical mechanics.
Computer simulation has also shown that the effect of external
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fields is to make the set of nonvanishing pcf’s much larger; i.e.,
the fields induce the existence of ensemble averages which are

normally nonexistent at field-free equilibrium. The early simu- -

lations, using simple static electric fields,>>?* showed a definite
symmetry relation between the field and the induced ccf, a quantity
that conventional theory had considered not to exist. Recently,
comparable computer simulations of atomic liquids subjected to
non-Newtonian strain rates have also shown the same relation!’
between the applied field (in this case a shear) and the induced
ccf’s (between angularly resolved linear velocity components).
These symmetry relations between the applied field and the in-
duced ensemble averages are now embodied in the third principle
of GTSM. This principle is used here to explore the consequences
of a simultaneously applied shear and electric field, both static
and alternating (i.c., time independent and time dependent, re-
spectively).

In the next section,. the three principles of GTSM are stated
after a discussion of general symmetry principles. They are then

applied to an electrosheared molecular ensemble, both for a static -

and alternating applied electric field, by constructing the D rep-
‘resentation in frame (X, Y, Z) or the laboratory frame of the
combination of the electric and shearing fields. In the simulation
details (section 3), we describe the Brownian dynamics (BD) model
applied to electroshearing in the ER effect. The BD technique
is applied to the ER effect.

2. GTSM Theory

The principles of group thcoreucal statnstncal mechanics are
. derived from a consideration of the rotation reflection group R,
of three-dimensional isotropic space, such as that occupied by a
molecular or atomic liquid. The irreducible representations of
this point group are described by the well-known D representations,
D, o ,» Dy ™ and D,©, ..
order of ‘the spherical harmomcs and the subscripts denote gerade
(even) or ungcrade (odd) to parity reversal symmetry, the parity
reversal operation being (X Y, Z) to (=X, -Y, -Z). A D repre-
sentation with superscript 0 is a scalar (subscript g) or pseudoscalar
(subscript ); one with superscript 1 is a vector (u) or psendovector
(g); with superscripts 2 and so on, higher order'g or u tensors.
In this language of D representations, the three principles can be
stated as follows. The first,’ is Neumann’s Principle of 1885,
restated in particularly clear terms by Pierre Curie who stated
that “symmetry determines the phenomenon”.2

Principle 1: Neumann's Principle. The thermodynamic
equilibrium ensemble average ( 4BC...D) over the product ABC...
of scalar, vector, or tensor quantities exists in the laboratory frame
(X, Y, Z) if the product of symmetry representations of A, B, C...
contains the totally symmetric representation, D,®, of the R &)
point group at least once. :

Principle 2. This average exists in the molecule-ﬁxed frame
of the point group character tables, frame (x, y, z), of the product

of representations contains at least once the totally symmetric .

representation of the molecular point group itself.
Principle 3. If an external force field of given D symmetry is
applied to a molecular ensemble, bringing this into a steady state,

then extra ensemble averages are created in frame (X, Y, Z) with
" the same D symmetry as that of the applied field or field com-
bination.

In this paper, we are particularly concerned with the application
of principle 3 in electrorheology, where an electroshearing field
(electric field and shear applied with spinning electrodes) com-
bination is applied to a molecular or atomic ensemble.” An electric
field E is a polar vector of D, symmetry, and a shear has been
shown recently to have the D symmetry D,® + DV + DAY
A combination of the two fields in electroshwnng, applied by using

spinning electrodes, will have the product of these D symmetries,
which is
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E X shear = D,(D,® + D,® + D, )
=DM + (D, © 4+ p,m + D (2)) + (D, + D= ~+ DO
. (1)
Here we have used the Clebsch—Gordan theorem to split the
symmetries into three combinations, each of which may be used
to say something about the symmetry of the applied field com-
bination and thus of the induced ensemble averages according to
principle 3. The overall parity symmetry of the electroshearing
combination is ungerade, meaning that only thermodynamically
averaged quantities with this parity symmetry are allowed in the
frame (X, Y, Z) by the applied field combination. The overall
time reversal symmetry of the combination is dependent on the
product of the individual symmetries of the electric field and shear.
If the former is a static field, its time reversal symmetry is positive,
but the time reversal symmetry of an alternating electric field is
negative. The time reversal symmetry of shear is a product of
that of position, r (+), and linear velocity, v (-), and is therefore
negative. The time reversal symmetries in electroshearing are
therefore as follows: (i) negative overall with a static electric field;
(ii) positive overall with an alternating, or time-dependent, electric
field.

Note that the overall symmetries deduced in (i) and (ii) appear
from the fact that the time reversal (T) symmetry of a static
electric field is positive, and that the T symmetry of a time-varying
electric field can be negative under certain circumstances, for
example when there is a sinusoidal time dependence. The T
symmetry of velocity v is negative, and that of position, r, is
positive, so that T(Evr) is negative for static E and positive for_
sinusoidally time varying E.

The overall parity and D symmetry of electroshearing is given
by eq 1 and the time reversal symmetry has just been given. The
symmetries of the various possible field combinations ¢an now
be discussed in terms of the general triple vector product of the
individual fields involved. This is Evr, made up of the general
product of the electric field E and the product vr of the shear field.
In couette flow, there are no v-r components of the shear field;
i.e., this is made up of off-diagonal elements only. This means

- that in electroshearing with rotating electrodes, there can be no

effective field combination of the type E(v-r). The field combi-
nations available all involve v X r or vi'. From eq 1, the possible
individual field combinations are as follows: (1) The symmetry
product DD, gives the three possible combinations E~(v X

CMEXvXr and E X vrT. (2) The symmetry product D, ("D ?

gives the three further possible combinations E X vrT, E(w")T,
and Evr. Therefore, depending on the relative geometry of the
applied fields, different field D symmetries are possible in general.
If electroshearing is carried out with a simple arrangement of
rotating electrodgs, then the electric field is parallel to the vector
r X v, so that only a few of the combinations in (1) and (2) are
possible. These exclude E(v-r) and E X v X r._However, all the
other possible field combinations may have an effect. For example,
E-(v X r) is maximized in rotating electrodes, both for static and
alternating electric fields. The next section deals with the possible
consequencies of principle 3 applied to the different field com-
bination D symmetnes possible when electroshearing in rotating
electrodes.

We now employ principle 3 to predict the presence of ensemble
averages of D,© symmetry in achiral media induced in elec-
troshearing by a combination of alternating electric field and shear
vorticity of this symmetry.

The rotation of plane polarized light is one possible consequence
of applying the field combination E-(v X r) to the sheared liquid

* by using an alternating electric field. This is because this particular

field combination has positive time reversal symmetry and negative
parity reversal symmetry, with the overall. D symmetry D,™. This
satisfies the requirements for the field combination bemg chiral.?
There is a possibility therefore of a new kind of “Faraday effect”

where the latter’s magnetic field is replaced by a combination of
electric field and shear that satisfies the requirements of overall

(27) Barron, L. D: Chem. Soc. Rev. 1986, 15, 189..
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parity conservation and reversality recently discussed by Barron.?’
In order to see this effect, the electric field vector E must be
parallel to the vector generated by the cross product v X r. In
a liquid being sheared by rotating plates, the latter is perpendicular
to the plane of shear, and thus parallel to an alternating electric
field applied by using the rotating plates as electrodes. If the liquid
is being sheared in the X—Z plane by a simple strain rate, dvy/dZ,
the electric field is applied in the Y axis of the laboratory frame.
In terms of molecular dynamics, the combined irifluence of the
shear and electric field introduces into the laboratory frame new
ccf’s that radically change the nature of dielectric and far infrared
spectra normally observed in a static (nonsheared) liquid. This
.opens up the experimental possibility of studying the nature of
non-Newtonian effects such as shear thickening and thinning with
dielectric and far infrared methods. The dielectric effects,!® would
be especially dramatic when the rate of shear is adjusted to the
range of frequencies of the applied electric field (e.g., radio and
MHz). This is obtainable in the laboratory by using the correct

viscosity range in the sample under investigation. Some exper-

imental evidence for these effects is already available in the lit-
erature,'® but much investigation needs to bé done.

The ccf induced by the D,(").shear of the type duy/dZ has
recently been found by a noncqulhbrlum molecular dynamlcs
simulation'? to be

(wx(t) v(0)) = ~(vx(0) vx(1)) Q)

a time-antisymmetric ccf, which vanishes at ¢ = 0. A static or
alternating electric field has been found by computer simula-
tion,22! to induce similar time ccf’s in the laboratory frame
between a diffusing molecule’s angular velocity, w, and its own
linear velocity, v. If the electric field is applled in the Y axis, the
induced ccf’s are

(0x(0) ©2(0)) = ~(wx(0) v2(1)) 3)

A combination of both electric field and shear vorticity, embodied
in the results, (2) and (3), can result in chiral effects, the rotation
of the plane of polarized radiation across the whole frequency
range of dielectric and far infrared spectroscopy. On a molecular
dynamical level, this is due to the presence of the ccf (w(r)-v(0))
between the velocity and angular velocity of a diffusing molecule.
This ccf is a pseudoscalar of positive time reversal symmetry and
negative parity symmetry, and is induced by electroshearing with
an alternating or otherwise time-dependent electric field. The

ccf's of this type, and of the types shown in (2) and (3), should-

to be observable in a computer simulation of electroshearing in
liquids and colloids. There is therefore much scope for experi-
mental investigation of the chiral influence of electroshearing
across the complete dielectric and far infrared range of about
fourteen frequency decades.

The thermal conductivity, the Green-Kubo integral over the
Irving-Kirkwood heat flux tensor, J, has the D symmetry of eq
1, i.e., the same D symmetry as that of a combination of electric
field and shear. Thus.all possible field combinations in elec-
troshearing contribute in principle to the thermal conductivity.
However, in looking for an experimental effect of this kind, it is
necessary to use a static electric field and an overall negative time
reversal symmetry of the combination of electric field and shear.
This is because the time reversal symmetry of J is itself negative.
Thus, principle 3 predicts that the application of a static electric
field with spinning electrodes to a molecular liquid will result in
measurable changes in the thermal conductivity. In this case, both
the shear-induced votticity and the shear-induced deformation
will contribute to the change in thermal conductivity.

It is also possible to use principle 3 to predict the presence in
- the laboratory frame of individual ensemble averages of the type
{A), i.e. over a single molecular dynamical quantity that may be
related to macroscopic observables. Such averages may exist only
if they have positive time reversal symmetry. Therefore, in order
to see them in clectroshearing, we need the use of an alternating
electric field applied with the spinning electrodes. Examples of
such quantities, which are ungerade to parity reversal symmetry
and which are positive to time reversal symmetry are (M), the
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thermodynamic average of the dipole moment of the collection
of diffusing molecules, and that over the linear acceleration, the
time derivative of v. This means that one or more components
of the dipole auto correlation function exist for all ¢, signaling an
effect of electrorheology on the dielectric complex permittivity.
The existence of a nonvanishing acceleration implies that elec-
troshearing introduces a net body force into the sample.

By the D symmetries of various properties in the laboratory
frame (X, Y, Z), it is possible to anticipate from principle 3 some
other possible effects of electroshearing with overall positive time

" reversal symmetry. For example, the gyration tensor of optical

activity has the symmetry D, + D,® which is included in the
sum in (1). This again leads to the expectation of effects such
as the rotation of the plane of polarized radiation and a Raman
circular intensity- difference, for example, in response to elec-
troshearihg with an alternating electric field. Also, the molecular
hyperpolarizability has the D symmetry D,V + D,®, which is
again included in eq 1. By principle 3, therefore, we expect a
possible nonvanishing hyperpolarizability to appear in frame (X,

" Y, Z) in response to electroshearing with an alternating applied

electric field. The symmetry of electroshearing envelopes that
of the hyperpolarizability tensor in the laboratory frame of ref-
erence. Finally, the D symmetry of piezoelectricity and the
electrooptic Kerr effect is the sum 2D, + D, @ + D), which
appears as part of the D symmetry on the right side of eq 1.
Considerations of symmetry therefore allow an electrooptic Kerr
effect in an electrosheared liquid, involving the rotation of the
polarization of a probe laser. This effect should be especially
interesting in liquid crystals and related functional fluids. With
the right type of material, electroshearing also envelopes the
symmetry of piezoelectricity, the presence of which could be used
to probe the nature of the material between the spinning electrodes.

We have discussed some of the potential -applications of the ER

_effect, in addition to its main effect in the viscosity of the fluid.

In this report, we apply molecular simulation to the ER effect
to gain insights into its molecular origins and in particular the
time correlation functions thereby induced in the fluid.

3 Slmulatlon Method

-In these simulations, we generate the positions of model colloldal ’

particles subject to an electric field in the y direction and to laminar
shear flow, dv,/dy. The molecular configurations are generated
at fixed time intervals, &, by using the BD technique.?® First we

will describe the basics of BD and thén the method of mcludmg

the electric field and shear.

The strict Langevin BD method employed here?® treats the
suspending medium on two independent levels. The background
fluid acts to dampen out the velocities of the colloidal particles.
The force on the particles by the solvent opposes the velocity
through a friction coefficient, 8. The discrete nature of the solvent
is taken into account by a random force R acting upon the colloidal
particles. The value of the random force on each particle changes
with time in order to represent the net effect of the collisions of
the solvent molecules on the colloidal particle. In each time
interval, there is an imbalance on either side of the colloidal
particle, leading to the net force, R. This represents the net effect

of the suspending medium over a fixed time interval (i.c., A):

‘t=F/m+R/m- @t . 4)

where r is the position of an arbitrary macromolecule, F is the
systematic component of the force derived from the pair inter-

actions between the colloidal particles and m is the mass of the’

colloidal particle (assumed all the same here). The algorithm for
updating the particle position is

ro(t + k) = r (1) + (F(8) + R(LR)h/mB + yr,(6) (5)

ry(t + k) = r(0) + (F,(t) + R(t,h))h/mB - (6)

r(t + h) = r(1) + (F () + R,(t,h))h/mp @)

where is the applied shear rate. Sliding (Lecs—Edwards)

(28) Heyes, D. M. J. Non-Newtonian Fluid Mech. 1988, 27, 47.
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boundary conditions are employed at the BD cell boundaries to
maintain continuity of the shear velocity profile across all space.?
The random force is taken from a normal distribution with
standard deviation, (R 2(t,h)), where

(R (t,h)) = 2mkyTB/h ()

where a = x, y, or z. The colloid—colloid partnclc potential, ¢(r),
has the form

¢(ry) = e(a/rp)'* + (uyz/r?,-)(l - 3"3.-,'/",?,-) 9

where the first term represents the core—core repulsion and is called
the soft-sphere potential The y component of the separation
between particles i and j, ry, is ;. The second term is, to first
order, the intermolecular interaction due to the external field
induced dipoles, p,. Therefore

Fy = 12(rg/r)ea'® /el + 3u ra/ ri) (1 = 373 /73) -
6(My2/ ij)(rxrjr;ij/'%) (10)
Yy = 120r,;/r)ea' /el + 3 Hry /i) (1 = 30, /m0) +

~ .
i

6(“y /r%)(ryij/rxzj - r;u/r‘:‘;) (n
F,= lz(rz:j/’u)‘an/r + 3;1.),2(’“]/’?])(1 3':3:;/'-}1) -

The BD simulations were performed on a cubic unit cell of volume
V containing N = 108 macroparticles. To help establish scaling
relationships, the calculations were performed in reduced units,
ie., kgT/e — T, and number density, p = Ng*/V. Time is in
a(m/e)}/?, shear rate is in (¢/m)'/2/ g, viscosity is in (me)'/2/ g2
and stress is in eo”3. Calculated quantities are mostly given in
terms of these units. The effective hard-sphere diameter, aHs/a
of the soft- sphere potential is?®

¢7Hs/o—09359/T‘2 (13)
The fluid density of the hard-sphere fluid at fluid—solid coexistance
is ps = 0.9428 N5/ V. Therefore, the coexistence fluid density
in soft-sphere units is 1.15.%

Most of the simulations reported here were conducted at p =
1.1, e = 298kg, and T = 1.0. The solids volume fraction is ¢ =
(1r/6)pHs, where pys = (0.902)3p, hence ¢ = 0.472, which is a
fluid state close to the phase boundary. Other material parameters
were chosen to be those of an experimental system at the solvent
density and particle density of 1000 kg m3, the viscosity of the
suspending fluid (0.001 P), the temperature (298 K), and the size
of the particle ¢ = 1 um. The time step in the simulation is
equivalent to 1 ms.

It is still not known what the precise effect of the external field

is on the colloidal particles. We have modeled its effect as an
induced point dipole at the center of each macromolecule that
at all time, while the field is applied, points along the direction
of the field (i.e., y, here). When the field is.“turned off”, the dipole
moment is set to zero. We have deliberately kept the model as
simple as possible in this preliminary study, in order to establish
the minimum microscopic requirements for the ER effect. The
value of this dipole moment, n,, that produced a strong ER effect
in the simulations was 4.0 in reduced units. This is reasonable
because experience gained in simulations of other non-Newtonian
phenomena (e.g., shear thinning and thickening®2) has revealed
that a close competition between the hard-core repulsions and the

"perturbing force is required to produce these strongly non-New-

tonian effects.3>3*  For the dipolar interactions to compete suc-

(29) Hammonds, K. D.; Heyes, D. M. J. Chem. Soc., Faraday Trans. 2
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(33) Heyes, D. M.; Kim, J. J; Montrosc,C J.; Litovitz, T. A. J. Chem.
Phys. 1980, 73, 3987.

(34) Heyes, D. M. J. Chem. Soc., Faraday Trans. 2 1986, 82, 1365.
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Figure 1. Projections of the model colloid particle centers on planes. All
N = 108 particles are given at a reduced radius of 0.1 to assist the
presentation. The central square is the real BD cell. The surrounding
eight squares are the image cells, appropriately shifted with Lees—Ed-
wards boundary conditjons in the xy plane. The streaming velocity is in
the x direction. The velocity gradient is in the y direction. Parameters:

=0.001; u, = 4; 5, = 0.02 P; T = 298 K; mass of Brownian particle
= 0 636 X 10 Z kg; o = 75 um; momentum relaxation time 7, =045X
10*s;7, =048 X 1075, h =966 s; Ey =75V/m; p* = 1.0; T* = 1.0.

cessfully with the short-range repulsions, the coefficient of the
dipolar interaction must be of order unity in reduced units. The
point dipole model is clearly a simplification but it is not possible
at present to be more definite as to the charge reorganization
caused by the applied electric field. Nor are practicable alternative
simulation methods at present feasible for dense suspensions.*
The shear rates are normalized by the time scale for local
structural organization, r,, the time it takes a molecule to diffuse
o/2 at extreme dilution.

1, = 3na’y/dk,T (14)

We consider reduced shear rates in terms of the Peclet number,
P, = 7,v/2, of order unity.

Computations were carried out on a MICROVAX 2000 in the
Chemistry Department of Royal Holloway & Bedford New
College Computer Centre.

(35) Ladd, A. J. C. J. Chem. Phys. 1989, 90, 1149.
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4. Results and Dlscusswn

In Figure 1 we show a typical example of the structural changes
in the fluid when subjected to a shear flow and electric field. The
field aligns the particles into bands or “strings™ along the field
lines. Long-range order forms spanning the BD cells. There are
regions of high density and low density that alternate in the shear
(xy) plane. These strings are of approximately one molecule in
diameter, when viewed in plane of the electrode (xz). They are
continually being formed (perpendicular to the plates). They then
tilt in the x direction, become taut,; and then break up. Strings

of particles line up along the applied electric field, perpendicular

to the shearing plates (which also serve as the electrodes). These
resist shear flow as the shear flow tilts them and, as these ma-
croparticles are the stress-carrying components of the suspension,
the strings enhance the viscosity.

In this paper, we are not so much concerned with the general
features of the electrorheological phase diagram, but more with
bringing out new insights into the dynamics of these systems.

However, there are some properties that are routinely calculated
during the simulation as means of monitoring tlic state of the
modeled material. The shear viscosity of %the suspension, 1, is a
useful macroscopic probe of the effect of shear rate and electric

field on the model suspension. It is calculated as a running average -

of the shear stress divided by the shear rate as follows:
T NN : -
Py =(1/V) }ij},_:,lrxury”(d¢7dr) /@2ry) a15)

where V is the (cubic) volume containing the N particles and where

r,; is the x component of the separation between particles i and

Js Ty _
n=-Py/y (16)

~ Let 1, be the viscosity of the pure suspending medihm. The relative
viscosity, #, is defined as

ne=1+n/n 17)

The osmotic pressure, P, of the system is
: N-1N
Po= (1 /6V)};§,‘ru(d¢(r) /dr) (18)
v ]

The normal pressure components, P,,, P,,, and P,, were evaluated
as

" N-LN ‘
Py = (1/V)Ejgl’xu’xu(dd’*/d’)/(zfii) . (19)

with obvious changes for the y and z components.

We have recently demonstrated that a shear rate, dvy/3Y,
induces new time-asymmetric cross correlation functions of velocity
. in the laboratory frame XYZ, which break the Onsager—Casimir
symmetry,'7¢ ie.

(0X(0) o(1)) = (ox(1) 00)) (20)

The theory was described that predicts those time—correlation
function§ existing in (symmetry breaking) simple planar shear
flow, which are trivially zero in the absence of shear flow for
symmetry reasons. The new cross correlation functions of this
type are predicted by the third principle of group theoretical
statistical mechanics, GTSM.

The result of eq 20 is given by the third principlc of GTSM,Y
which states that an applied externat field of given symmetry may
induce new thermodynamic averages in an ensemble at field-
applied steady state. - These averages take the symmetry of the
field itself. The D symmetry of the strain rate was shown to be

r@reE™ = p,Mp,M = p® +pM + DA (21)

(36) Evans, M. W_; Evans, G: J.; Coffey, W. T.; Grigolini, P. Molecular
Dynamics; Wiley/Interscience: New York, 1982.

(37) Evans, M. W. Phys. Leir. A 1989, 134, 409 Phys. Lert. A 1990, 146,

185, 485.
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Figure 2. Force-time autocorrelation functions (a, top) (F,(0) Fx(1)),
(b, center) {(F{0) Fi{(r)), and (c, bottom) (Fz(0) Fx(t)) in reduced units -
for the (O) field-free case and (A) applied field case, uy-= 4, for the
simulation. Parameters: p* = 1.0; T* = 1.0; P, = 10; equivalent
hard-sphere volume fraction =0.472; , = 0.001 P; T = 298 K; mass of
Brownian particle = 0.636 % 107 kg; ¢ = | um; momentum relaxation
time = 0.167 X 10¢s; 7, = 0.57s; h = 0.11 X 1073 s.
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Figure 3. Force cross correlation function for the same system as in
Figure 2 but without an ‘electric field, i.e. uy = 0: (—) (Fy(0) FA1));
(0) (F{0) Fx(1)). This shows statistically significant time asymmetry.

The term, D, represents the trace or the diagonal sum of the
cross correlation tensor, for example for velocity, v

(1) = (¥(0) vT(2)) @

which has the same D symmetry as the strain rate tensor. When
the latter has planar couette shear symmetry, the induced ccf of
eq 22 is traceless. The vector and tensor parts of the symmetry
signature represent, by principle 3, the time-antisymmetric and
time-symmetric cross correlation functions (eq 1)

DV (0x(0) v(1)) = —(vy(0) vx(1)) (23)
DA (00) b)) = (wA0) (D)) (24)
respectively. Although they separately obey Onsager—Casimir

symmetry, a aux/ay field in general produces a weighted sum of '

(23) and (24) to give the asymmctnc result (1). Thls was noted.
in the previous study in this series."” -

If the shear strain rate is ¥ = dvy/dY, the new cross correlations
are of the type (ux(1) vA0)), (Po(t) Por(0)), and (P,,(f) Py(0)),
where v is the atomic velocity in the XYZ frame and P is the
aff component of the pressure tensor. That is, (Pxz(0) Pyz(?)),
(Px{0) Pxx(1)), (Px0) Pyy1)}, Pyy(0) Pz5(t)}, (Pxx(0)
Py{1)), (Pry(0) Py(2)), and (Pzz(0) Pzz(#)). This includes
also these ccf’s with time arguments reversed, which as noted can
be different functions at nonequilibrium. We calculated these
by the BD method. In Figure 2, we show the cartesian component
. force correlation functions, (F 0) Fx(t)) (F\{0) F\(1)), and
(Fz(0) Fz(1)) for the sheared suspensions with and without an
electric field (manifest in uy). These forces here are solely between
the model colloidal particles. We note that in the presence of the

electric field the fluctuations in force increase in the shearing plane,

in both the X and Y directions. There is virtually no effect in the
Z direction. For the system considered, P, = 10,p = 1.1, T =
1.0, N = 108, and dipole moment uy = 0 (4), we find that 5, =

Evans and Heyes

T

200 ' 1

AN
V)
o
3
W 100
=
e
Y

]

Vol

6 - tote 20 30

t .
Figure 4. Same as for Figure 3, except that uy = 4. Note the change
in sign of the functions from those. in Figure 3.

1.74 (1.22), Pyx — Pyy = 0.24 (-38.46), Py, — P2z = 1.33 (44.22),

= 25.95 (34.71).

Wc observe that with shear but with Ey = 0, uy = 0, the ccf
(Fx(0) F{2)) is statistically different from zero and (Fy{(0) Fx(1))
as predicted by GTSM above; see Figure 3. The (Fy(0) Fi{(0))
changes from being <0 to 20 on application of the electric field,
a startling new phenomenon that captures a feature of dynamical
relaxation in combined shear flow and applied electric field. This
is evident in Figure 4.

This work has resemblence to parallel studies in the liquid

‘crystal rheology and hydrodynamic theories of dielectric and

magnctlc colloidal dispersions, examples of which may be found
in refs 38-40.

To summarize, we have successfully simulated the structural

changes associated with the ER effect. We have characterized _

the molecular level dynamics of ER suspended particles, revealing
that certain cross correlation functions are particularly sensitive
to the precise values of electric field and shear rate.
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