
JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 7 15 FEBRUARY 2001

Downl
Response to ‘‘Comment on ‘The viscoelastic response of Brownian
suspensions’ ’’ †J. Chem. Phys. 114, 3339 „2001…‡

C. P. Lowe
Computational Physics, Faculty of Applied Physics Delft University of Technology, Lorentzweg 1,
2628 CJ Delft, The Netherlands

A. J. Masters
Department of Chemistry, University of Manchester, Manchester M13 9PL, United Kingdom

~Received 27 September 2000; accepted 14 November 2000!

@DOI: 10.1063/1.1338510#
in
is
on
ha
e
y

th
e
er
he
h
a

he
tr
i
a
e

is
pr
e
n
re
or
rth
u
d
p

de

si
a
in

o

cal
ion

ys-

lu-
til,
re-
. 3,
s–

-
he
rg
e

e
ge
fi-

-
tion
ss
,
t is
in-

on
on
re

be-
is

de-
ot
t, if
e

om
ent

As
est
r-
In this comment, Felderhof highlights several interest
points raised by our computer simulation results for the v
coelastic response of a simple model colloidal suspensi1

In the model, the particles making up the suspension are
spheres diffusing independently while simultaneously und
going direct collisions with each other. The complex man
body hydrodynamic interactions between the particles,
are present in a real suspension, are not explicitly includ
Their effect only enters, in a simplified and indirect mann
if we interpret the diffusion coefficient, characterising t
diffusive motion of the particles between collisions, as t
short time diffusion coefficient. In such a way, the addition
friction experienced by particles, due to the presence of t
neighbors, is captured in an approximate fashion. Our cen
aim was to establish just how good this model is. Despite
simplicity, it forms the basis for theories which predict
viscoelastic response that is in remarkably good agreem
with experiment.2,3 This would suggest that the model
quite adequate, thus providing a convenient means for
dicting, either theoretically or numerically, the long tim
properties of suspensions. However, in order to obtain a
lytic results for the simple model further simplifications a
required. Our results showed that the reason these the
agree with experiment is because, having made these fu
approximations, they fail to describe the model itself. Th
the agreement between theories based on the model an
periment is fortuitous. The model itself is quite a poor re
resentation of reality.

In our paper, we made a comparison with the mo
coupling theory of Verberget al.3 Their approach basically
involves substituting a wave vector,k, and volume fraction,
f, dependent ‘‘cage’’ diffusion coefficient,Dc(k,f), into
the two particle Smoluchowski equation, valid at low den
ties. The cage diffusion coefficient they approximate by an
ogy with the hard sphere fluid. The precise form is given
Eq. ~13! of Ref. 3. Having done so, the result they obtain f
the Brownian contribution to the viscosity,hB , can be ex-
pressed as a Pade´ approximation,

hB5
kBT

3pD0s F 1.44f2g~s!3

120.1241f110.46f2G , ~1!

where g(s) is the radial distribution at contact,s is the
particle diameter,T is the temperature, andkB is Boltz-
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mann’s constant. In order to compare this with our numeri
simulations, we need to relate the Stokes–Einstein diffus
coefficient appearing in Eq.~1! to the diffusion coefficient
characterizing the motion of the particles in our model s
tem, D in . In their paper,3 Verberget al. do not specifically
interpret the diffusion coefficient appearing in the Smo
chowski equation as the short time diffusion coefficient un
in Sec. VI, they consider the high frequency viscoelastic
sponse. In the basic equations, outlined in Sec. II of Ref
the diffusion coefficient appearing is clearly the Stoke
Einstein value@Eq. ~9!#. Thus, our interpretation of the
theory is thatD in5D0 and on this basis we made our com
parison. However, in order to construct a solution to t
Smoluchowski equation valid at higher densities, Verbe
et al. substitute their cage diffusion coefficient. For larg
wave vectors this is constructed to have a valueD0 /g(s),
coinciding with the approximation they later make for th
short time diffusion coefficient. Thus if we matched the lar
wave vector diffusion coefficient to the the diffusion coef
cient in the model we would haveD in5D0 /g(s). Substitut-
ing this in Eq.~1! gives a result of the form Felderhof sug
gests as appropriate. We did not make this interpreta
because Verberget al. stated that the cage diffusion proce
applies for times the order of the Pe´clet time scale. That is
the time scale on which particles collide with each other. I
meant to take into account the effect of these collisions h
dering particle motion. On the other hand, our input diffusi
coefficient,D in , characterizes the motion of the particles
the much shorter Brownian time scale. This is well befo
there are any particle collisions and, we concluded, well
fore cage diffusion is relevant. We would agree that there
at least some scope for ambiguity in interpreting the mo
coupling theory. In the interests of brevity this point was n
discussed in Ref. 1. Nonetheless, as Felderhof points ou
we use either result of the theory it fails at high volum
fractions. With our interpretation, thatD in5D0 , the theory
does give good results at low volume fraction.

Turning to the high frequency response calculated fr
the simulations, at low volume fractions we found agreem
with the result derived by Cichocki and Felderhof.4 This was
the case in either the frequency domain or time domain.
we pointed out, this is surprising because even the low
volume fraction studied in our simulation work does not co
1 © 2001 American Institute of Physics
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respond to the limit of zero volume fraction considered
Cichocki and Felderhof. The radial distribution function
contact is significantly different from unity. Verberget al.5

argue that the Cichocki and Felderhof result should be m
tiplied by a factor ofg(s) and that this result is then exac
Our statement that no factor ofg(s) was required at low
volume fractions was somewhat misleading. We sho
more accurately have stated that neglecting the facto
g(s) gave a better approximation to the simulation resu
under these conditions. It was clear from the results at hig
densities that it could not be concluded that the low den
result simply applies at any volume fraction. Thus a corr
tion is required but, as Felderhof points out, even at a volu
fraction of 10% the required multiplying factor is not simp
equal to the radial distribution function at contact. This co
tradicts the theory of Verberget al. The origin of this dis-
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crepancy is the subject of ongoing research. We conclude
concurring with Felderhof that, despite the simplicity of th
model we studied, current theories for the viscoelastic
sponse over the full range of volume fractions are seriou
inadequate. More simulations and new theoretical insig
are indeed required before we can claim a complete un
standing of the dynamic processes giving rise to the obse
viscoelastic response.
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