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Abstract.
Dense suspensions of small strongly interacting particles are complex systems, which are rarely

understood on the microscopic level. We investigate properties of dense suspensions and sediments
of small spherical Al2O3 particles in a shear cell by means of a combined Molecular Dynamics
(MD) and Stochastic Rotation Dynamics (SRD) simulation. We study structuring effects and the
dependence of the suspension’s viscosity on the shear rate and shear thinning for systems of varying
salt concentration and pH value. To show the agreement of our results to experimental data, a
relation between bulk pH value and surface charge of spherical colloidal particles is obtained within
Debye-Hückel theory in conjunction with a 2pK charge regulation model.

PACS numbers: 82.70.-y 47.11.+j, 02.70.Ns

I. INTRODUCTION

We simulate clay-like colloids, for which
in many cases the attractive Van-der-Waals
forces are relevant. They are sometimes called
“peloids” (Greek: clay-like). In soil mechan-
ics there is a need to better understand ma-
terials containing particles of µm size and be-
low. As a model system we have chosen a sus-
pension of Al2O3 particles with a diameter of
0.37µm. Al2O3 is not only a cheap testing ma-
terial for investigations related to soil mechan-
ics, but it is also an important material for ce-
ramics. In process engineering one of the basic
questions is, how to obtain components of a pre-
defined shape. Wet processing of suspensions,
followed by a sinter process is a common prac-
tice here. Nevertheless, to optimize the produc-
tion process and to improve the homogeneity
and strength of the fabricated workpiece one
has to understand the complex rheological be-
havior of the suspension and its relation to the
microscopic structure. This knowledge in turn
can be applied to soil mechanics. Shear thin-
ning as observed in our simulations and exper-
iments is a very important mechanism for the
dynamics of landslides making them more dan-
gerous.

In this paper we present our simulation re-
sults of sheared suspensions of Al2O3 particles.
The overall behavior is strongly determined by
the effective interaction potential between the
particles in the suspension. The potentials can
be related to experimental conditions within
Debye-Hückel theory, and thus we can compare

our simulation results to experimental data.
Our paper is organized as follows: first we

shortly describe our MD implementation fol-
lowed by a short sketch of the SRD simula-
tion method, and a description of how we have
implemented our shear cell. The simulation
method is described in detail in ref. [1]. Then
we describe the 2pK model which relates our
simulation parameters with the pH-value ad-
justed in the experiment. A short description
of the simulation setup and of the experiments
carried out follows. After that we present our
simulation results and compare them to the ex-
perimental data. Finally a summary is given.

II. MOLECULAR DYNAMICS

In the MD part of our simulation we in-
clude effective electrostatic interactions and van
der Waals attraction, a lubrication force and
Hertzian contact forces. The electrostatic and
van der Waals potential are usually referred to
as DLVO potentials[2, 3, 4], which capture quite
well the static properties of colloidal particles
in aqueous suspensions. The first component is
the screened Coulomb term

VCoul = πεrε0

[
2+κd
1+κd ·

4kBT
ze tanh

(
zeζ

4kBT

)]2

×d2

r exp(−κ[r − d]),
(1)

where d denotes the particle diameter and r is
the distance between the particle centers. e is
the elementary charge, T the temperature, kB

the Boltzmann constant, and z is the valency
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of the ions of added salt. Within DLVO the-
ory one assumes linear screening, mainly by one
species of ions with valency z (e.g. z = +1 for
NH+

4 ). The first fraction in Eq. 1 is a correction
to the original DLVO potential, which takes the
surface curvature into account and is valid for
spherical particles[5].

The effective surface potential ζ is the elec-
trostatic potential at the border between the
diffuse layer and the compact layer, it may
therefore be identified with the ζ-potential. It
includes the effect of the bare charge of the col-
loidal particle itself, as well as the charge of the
ions in the Stern layer, where the ions are bound
permanently to the colloidal particle. In other
words, DLVO theory uses a renormalized sur-
face charge, which we determine by the model
described in Sec. IV.
κ is the inverse Debye length defined by

κ2 = 8π`BI. The Bjerrum length `B := βe2

4πε0εr

measures the distance at which the electrostatic
interaction of two elementary charges amounts
β−1 = kBT . ε0 is the permittivity of the vac-
uum, εr the relative dielectric constant of the
solvent (we use 81 for water, `B = 7 Å for room
temperature).

The Coulomb term of the DLVO potential
competes with the attractive van der Waals
term

VVdW = −AH
12

[
d2

r2−d2 + d2

r2

+2 ln
(

r2−d2

r2

)]
.

(2)

AH = 4.76 · 10−20 J [6] is the Hamaker constant
which involves the polarizability of the parti-
cles. It is kept constant in our simulations since
it only depends on the material of the particles
and on the solvent.

Long range hydrodynamic interactions are
taken into account in the simulation for the
fluid as described below. This can only repro-
duce interactions correctly down to a certain
level. On shorter distances, a lubrication force
has to be introduced explicitly in the molecu-
lar dynamics simulation. The most dominant
mode, the so-called squeezing mode, is an ad-
ditional force

Flub = −(vrel, r̂)r̂
6πηr2red

r − r1 − r2
, (3)

with rred =
r1r2
r1 + r2

(4)

between two spheres with radii r1, r2 and the
relative velocity vrel. η is the dynamic viscosity
of the fluid. In contrast to the DLVO poten-
tials the lubrication force is a dissipative force.
When two particles approach each other very

closely, this force becomes very large. To en-
sure numerical stability of the simulation, one
has to limit Flub. We do this by introducing a
small cutoff radius rsc. Instead of calculating
Flub(r) we take the value for Flub(r + rsc). In
addition, since the force decays for large par-
ticle distances, we can introduce a large cutoff
radius rlc for which we assume Flub(r) ≡ 0 if
r > rlc. As the intention of Flub is to correct
the finite resolution of the fluid simulation, rsc
and rlc have to be adjusted in a way that the
dynamic properties, i.e. the viscosity of a sim-
ulated particle suspension with weak DLVO in-
teractions fits the measurements. It turnes out
that rsc = 1.05(r1 + r2) and rlc = 2.5(r1 + r2)
work best.

Finally we use a Hertz force described by the
potential

VHertz = K(d− r)5/2 if r < d, (5)

where K is the constant which describes the
elasticity of the particles in the simulation. The
Hertz force avoids that the particles penetrate
each other. It also contains a damping term in
normal direction,

FDamp = −(vrel, r̂)r̂βD

√
r − r1 − r2, (6)

with a damping constant βD.
Since in this work no stress perpendicular to

the shear direction is applied, the tangential
forces at the particle surface are not of essential
importance. To verify this, we have increased
the spacial resolution of the fluid simulation, in-
cluded tangential forces on the particles and al-
lowed particle rotations. Even though the com-
putational effort was considerably higher and
one could expect that more effects on the length
scale below the particle diameter could be cov-
ered. However one could observe only a very
small change in the viscosity and in the veloc-
ity profile. Due to the DLVO potential and the
lubrication force the particles very rarely really
get into contact as long as no confining stress is
applied. The only case, in which particles really
touch each other, would be if the ζ-potential is
close to zero at a certain pH value. This pH
value is called “isoelectric point”. It depends on
the material of the suspended particles and on
the solvent. For our system it is at pH = 8.7[4].
But in the experiment to the isolectric point the
solid fraction immediately flocculates out and
sediments. In the simulation one would end up
with only one big cluster in the simulation vol-
ume, which would correspond to a part of a floc
seen in the experiment.

For this study we do not apply tangential
forces and thus, having only central forces, we
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could neglect rotation of the particles. This re-
duces the computational effort.

III. STOCHASTIC ROTATION
DYNAMICS (SRD): SIMULATION OF

THE FLUID

The stochastic rotation dynamics method
(SRD) was first introduced by Malevanets and
Kapral [7, 8]. It is a promising tool for a
coarse-grained description of a fluctuating sol-
vent. The method is also known as “real-coded
lattice gas” [9] or as “multi-particle-collision dy-
namics” (MPCD) [10, 11]. It is based on so-
called fluid particles with continuous positions
and velocities. Each time step is composed of
two simple steps: One streaming step and one
interaction step. In the streaming step the posi-
tions of the fluid particles are updated as in the
Euler integration scheme known from Molecu-
lar Dynamics simulations:

ri(t+ τ) = ri(t) + τ vi(t), (7)

where ri(t) denotes the position of the particle
i at time t, vi(t) its velocity at time t and τ
is the time step used for the SRD simulation.
After updating the positions of all fluid parti-
cles they interact collectively in an interaction
step which is constructed to preserve momen-
tum, energy and particle number. The fluid
particles are sorted into cubic cells of a regular
lattice and only the particles within the same
cell are involved in the interaction step. First,
their mean velocity uj(t′) = 1

Nj(t′)

∑Nj(t
′)

i=1 vi(t)
is calculated, where uj(t′) denotes the mean ve-
locity of cell j containing Nj fluid particles at
time t′ = t + τ . Then, the velocities of each
fluid particle in cell j are updated as:

vi(t+ τ) = uj(t′)+Ωj(t′) · [vi(t)−uj(t′)]. (8)

Ωj(t′) is a rotation matrix, which is indepen-
dently chosen randomly for each time step and
each cell. We use rotations about one of the
coordinate axes, randomly chosen, by a fixed
angle α, either clockwise or counter clockwise
randomly as well, resulting in 6 possible rota-
tion matrices. The mean velocity uj(t) in the
cell j can be seen as streaming velocity of the
fluid at the position of the cell j at the time t,
whereas the difference [vi(t) − uj(t′)] entering
the interaction step can be interpreted as a con-
tribution to the thermal fluctuations[19]. The
method just described is able to reproduce hy-
drodynamics and thermal fluctuations. To cou-
ple the colloidal particles to the streaming field
of the solvent, we do the following: the colloidal

particles are sorted into the SRD cells as well
and their velocity enters into the calculation of
the mean velocity uj(t) in cell j. Since the mass
of the fluid particles is much smaller[20] than
the mass of the colloidal particles, we have to
use the mass of each particle—colloidal or fluid
particle—as a weight factor when calculating
the mean velocity

uj(t′) =
1

Mj(t′)

Nj(t
′)∑

i=1

vi(t)mi,(9)

with Mj(t′) =
Nj(t

′)∑
i=1

mi, (10)

where we sum over all colloidal and fluid par-
ticles in the cell, so that Nj(t′) is the total
number of both particles together. mk is the
mass of the particle with index i and therefore
Mj(t′) gives the total mass contained in cell j
at the time t′ = t + τ . This method to cou-
ple some embedded material to the SRD simu-
lation is described for different applications in
the literature[12, 13].

In ref. [1] we have described a simple method
to introduce shear at the fluid boundary by
adding a velocity offset to all fluid particles re-
flected at the shear plane. From a constant
velocity offset ∆v one can calculate the mean
shear force

FS =<
L∑

i=1

mi∆
vi(t)
τ

>, (11)

where L denotes the average number of fluid
particles crossing through the shear plane in
one time step and <. . .> stands for a time av-
erage. L can be expressed by the mean free
path and the number density of fluid particles.
This would be a force driven shear, where one
has only indirect control on the shear rate γ̇ or
the shear velocity vS respectively. Therefore,
we modify the mean velocity uj(t′) in the cells
close to the shear plane by changing the veloc-
ity of each fluid particle as well as the veloc-
ity of the colloidal particles contained in that
specific cell by the difference vS − uj(t′). By
construction the mean velocity in these cells is
equal to the shear velocity vS after that step.
At the wall itself we implement no-slip bound-
ary conditions for the fluid and for the colloidal
particles. The boundary in the direction of the
shear profile (direction of the velocity gradient)
is chosen to be non-periodic. By doing so, we
can also observe phenomena like wall-slip, non-
linear velocity profiles or density profiles in our
shear cell. In the case of a non-linear velocity
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profile the viscosity is not well defined. We ex-
tract the central region of the profile where it is
in first approximation linear and estimate there
an averaged viscosity. This is the ratio of the
velocity gradient and the shear force which can
be calculated in analogy to Eq. (11) by carry-
ing out the sum over all velocity changes made.
The region where we estimate the velocity gra-
dient is half the system size.

IV. THE CHARGE REGULATION
MODEL

To determine the effective surface potential
which enters the DLVO potential, we use the
model described in the following. In reality, the
surface charge is achieved by adsorption and
desorption of charge determining ions leading
to an electrostatic potential difference between
surface and bulk which in turn influences ion
adsorption. A full description of this regula-
tion of surface charges requires two parts: the
first part describes the relation between surface
charge density and surface potential due to the
electrolytic environment, whereas the second
part quantifies the ion adsorption depending on
the surface concentration of charge determining
ions.

Concerning the first part, a relation between
the surface charge density σ and the surface po-
tential ζ of a charged spherical colloidal particle
of radius R immersed in an electrolytic environ-
ment of relative dielectric constant εr and ionic
strength I is given within Debye-Hückel theory
[14, 15] by

ζ =
Rσ

ε0εr(1 + κR)
. (12)

As mentioned above, we consider the Stern
layer as a part of the surface charge and thus,
we can identify the effective surface potential in
DLVO theory with the ζ-potential.

In the second part of our model, the adsorp-
tion of charge determining ions on the surface of
the colloidal particle is described by assuming
that the only mechanism of adsorption is that
of protons (H+) on surface sites (−S). It turned
out that this assumption leads to reasonable re-
sults for surfaces made of Al2O3. Adsorption is
described by the two chemical reactions [16]

− S− + H+ 
 −SH, (13)
−SH + H+ 
 −SH+

2 , (14)

with the two reaction constants

K1 :=
[−S−][H+] exp(−βeζ)

[−SH]
, (15)

K2 :=
[−SH][H+] exp(−βeζ)

[−SH+
2 ]

. (16)

In terms of the surface site concentrations,
the total number of surface sites per area
and the surface charge density are given by
NS = [−S−] + [−SH] + [−SH+

2 ] and σ =
−e[−S−] + e[−SH+

2 ], respectively. Defining
pK1 := − log10(K1) and pK2 := − log10(K2)
yields the point of zero charge pHz, i.e., the
pH value of vanishing surface charge, as pHz =
1
2 (pK1 +pK2). The surface site density NS and
the difference ∆pK := pK1 − pK2 are treated
as adjustable parameters.

The above equations lead to the relation

σ

eNS
=

δ sinh(ψN − βeζ)
1 + δ cosh(ψN − βeζ)

(17)

with the Nernst potential ψN := ln(10)(pHz −
pH) and δ := 2 · 10−

∆pK
2 .

Equations (12) and (17) can be solved self-
consistently for ζ as a function of pH. For our
system of Al2O3 particles we find ∆pK = 4.2
and NS = 0.22/nm. With these values the
measured ζ-potential of 52 mV at pH = 6,
I = 0.01 mol/l and up to 120 mV at pH = 4,
I = 0.01 mol/l can be reproduced best.

V. SIMULATION SETUP

The colloidal particles in our simulation are rep-
resented by three dimensional spheres. We sim-
ulate 9241 spheres, each of diameter 0.37µm.
The volume we usually simulate is 17.76µm
long in x-direction, 8.88µm in z-direction, and
4.44µm in y-direction. This results in an av-
erage volume fraction of Φ = 35%. Our
shear direction is the x-direction and the ve-
locity gradient of the shear flow points in z-
direction; in other words we shear the upper
and lower xy-plane with respect to each other
in x-direction. We use periodic boundaries in
x- and y-direction and closed boundaries in z-
direction.

VI. EXPERIMENTAL SETUP

Experiments are carried out with high pu-
rity (99,97%) α-Al2O3 powder (RCHP DBM,
Baikowski Malakoff Industries, Inc., USA).
The powder is suspended in bidistilled water
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(Merck, Germany). The suspension is then dis-
persed with alumina balls in a ceramic con-
tainer for 24 h at a small rotational speed to
keep the abrasion low. Subsequently, the sus-
pension is degassed at 50 mbar under agitation.
Then, in order to reduce the ionic strength
to the desired degree, the suspension is pu-
rified by the dialysis technique. In this way
the majority of ions are removed and a back-
ground electrolyte of a very low salt concen-
tration (5 · 10−4 mol/l) is obtained for suspen-
sions of high solids loading. Starting from this
master suspension, suspensions with increased
ionic strength are obtained by adding differ-
ent amounts of dry ammonium chloride NH4Cl
(Merck, Germany). The pH of the suspensions
is adjusted to pH = 6 with 0.1 and 1 mol/l hy-
drochloric acid HCl (Merck, Germany), if nec-
essary. Thereby the ionic strength and pH are
revised by use of a laboratory pH- and conduc-
tivity meter (inoLab pH/Cond Level 2, WTW
GmbH, Germany). The electrophoretic mo-
bility of dilute suspensions is measured with
a Coulter Delsa 440 SX. The ion concen-
trations of selected ions are measured before
and after dialysis using Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-
OES, Model JY 70 plus, France) The sus-
pensions are characterized using a shear rate
controlled rheometer (Viscolab LC10, Physica,
Germany) with a cup and bob or a double gap
geometry. Shear rate controlled experiments
are performed at a constant temperature of
20◦C. The suspensions are sheared at a con-
stant shear rate of γ̇ = 300/s before starting the
actual ramp measurement. In the experiments
the shear rate is increased up to γ̇ = 4000 /s and
decreased again to zero. When the suspensions
are pre sheared an occurring discrepancy be-
tween the measured viscosity in the increasing
ramp and the decreasing one can be minimized.
A detailed description of the experiments will
be published elsewhere[17].

VII. RESULTS

A. Phase diagram

Depending on the experimental conditions
one can obtain three different phases: A clus-
tered region, a suspended phase and a repul-
sive structure. The charge regulation model
allows us to quantitatively relate the interac-
tion potentials to certain experimental condi-
tions. A schematic picture of the phase dia-
gram is shown in Fig. 1. Close to the isoelectric
point (pH = 8.7), the particles form clusters for

all ionic strengths since they are not charged.
At lower or higher pH values one can prepare
a stable suspension for low ionic strengths be-
cause of the charge, which is carried by the col-
loidal particles. At even more extreme pH val-
ues, one can obtain a repulsive structure due
to very strong electrostatic potentials (up to
ζ = 170 mV for pH = 4 and I = 1 mmol/l, ac-
cording to our model). The repulsive structure
is characterized by an increased shear viscosity.
Three states, on which we focus in the follow-
ing are marked with the symbols A–C: State
A (pH = 6, I = 3 mmol/l) is in the suspended
phase, state B (pH = 6, I = 7 mmol/l) is a
point already in the clustered phase, but still
close to the phase border, and state C (pH = 6,
I = 25 mmol/l) is located well in the clustered
phase.

Some typical examples for the different
phases are shown in Fig. 2. In the suspended
case (a), the particles are mainly coupled by
hydrodynamic interactions. One can find a lin-
ear velocity profile and a slight shear thinning.
If one increases the shear rate γ̇ > 500/s, the
particles arrange in layers. The same can be
observed if the Debye-screening length of the
electrostatic potential is increased (b), which
means that the solvent contains less ions (I <
0.3 mmol/l) to screen the particle charges. On
the other hand, if one increases the salt con-
centration, electrostatic repulsion is screened
even more and attractive van der Waals in-
teraction becomes dominant (I > 4 mmol/l).
Then the particles form clusters (c), and vis-
cosity raises. A special case called “plug flow”
can be observed for high shear rates, where it is
possible to tear the clusters apart and smaller
parts of them follow with the flow of the sol-
vent (d). This happens in our simulations for
I = 25 mmol/l (state C) at a shear rate of
γ̇ > 500/s. However, as long as there are only
one or two big clusters in the system, it is too
small to expect quantitative agreement with ex-
periments. In these cases we have to focus on
state B (I = 7 mmol/l) close to the phase bor-
der.

In our simulations we restrict ourself to the
region around pH = 6 where we find the phase
border between the suspended region and the
clustered regime at about I = 4mmol/l in the
simulations as well as in the experiments. Also
the shear rate dependence of the viscosity is
comparable in simulations and experiments as
discussed in Sec. VIIC.
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FIG. 1: Schematic phase diagram for volume frac-
tion Φ = 35% in terms of pH-value and ionic
strength involving three different phases: A clus-
tering regime due to van der Waals attraction,
stable suspensions where the charge of the col-
loidal particles prevents clustering, and a repulsive
structure for further increased electrostatic repul-
sion. This work concentrates on state A (pH = 6,
I = 3mmol/l) in the suspended phase, state B
(pH = 6, I = 7mmol/l) close to the phase bor-
der, but already in the clustered phase, and state
C (pH = 6, I = 25mmol/l) in the clustered phase.

a) suspended case b) layer formation

c) central cluster d) plug flow

FIG. 2: Images of four different cases. For better
visibility we have chosen smaller systems than we
usually use for the calculation of the viscosity. The
potentials do not correspond exactly to the cases
A–C in Fig. 1, but they show qualitatively the dif-
ferences between the different states:
a) suspension like in state A, at low shear rates,
b) layer formation, which occurs in the repulsive
regime, but also in the suspension (state A) at high
shear rates,
c) strong clustering, like in state C, so that the sin-
gle cluster in the simulation is deformed
d) weak clustering close to the phase border like
in state B, where the cluster can be broken into
pieces, which follow the flow of the fluid (plug flow)

B. Total Energy

In our simulations we calculate the total energy,
because it can be used as a tool to check if the
response of the simulation to the variation of
any parameter is consistent with the expecta-
tions, e.g. a decrease of the surface charge on
the colloidal particles should cause the mini-
mum of the DLVO potential to become deeper
and thus decrease the total energy–but if the to-
tal energy increases, this can be an indication
for numerical instabilities.

Contributions to the total energy are: the ki-
netic energy of the fluid and of the suspended
particles, which includes thermal motion on
the microscopic level, potential energy due to
Coulomb repulsion, van der Waals attraction
or Hertz contact forces. All our simulations are
carried out at room temperature and the vol-
ume fraction is kept constant in all simulations
as well. Supposing a linear velocity profile, the
kinetic energy increases quadratically with the
shear rate γ̇. This can be observed if the elec-
trostatic repulsion is strong enough to prevent
cluster formation due to van der Waals attrac-
tion and as long as the repulsion is screened
short enough, so that the colloidal particles can
move relatively freely without a gel transition
or crystallization occurring in the system.

If the interactions are strongly repulsive, i.e.
in the case of very low salt concentration, where
the Debye-screening length is large, one can see
an extra contribution of the electrostatic repul-
sion to the total energy. If the volume frac-
tion is low, the particles can still find a con-
figuration, in which the mean nearest neighbor
distance is larger than the interaction range of
the repulsion. But, if the volume fraction is in-
creaded, the particles have to be packed closer,
which leads to a constant offset to the total en-
ergy. Itonly depends on the potentials and on
the volume fraction, but not on the shear rate.

Introducing shear forces the particles to ar-
range in layers parallel to the shear plane. In
hard sphere systems one could for large volume
fractions find a point, where shear suddenly
becomes impossible at a sharp phase border,
but in our case of particle suspensions the com-
parable effect would be the increase of viscos-
ity for low salt concentrations (see Sec.VII C).
Strictly speaking there is no sharp phase tran-
sition in the classical sense, but a rather contin-
uous change in the behavior of the suspension
if one only looks closely enough.

In a similar way as for repulsive interactions,
one can understand the negative energy con-
tribution in the case of high salt concentra-
tions: The DLVO potentials contain a min-
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FIG. 3: Total energy depending on the shear rate
γ̇ for the states A (I = 3mmol/l) and C (I =
25mmol/l) of Fig. 1. In state A the system is a sta-
ble suspension, in state C cluster formation reduces
the total energy at low shear rates. At γ̇ = 500/s
the cluster can be broken up into two parts moving
in opposite direction. The two solid bodies have
a larger kinetic energy than the suspension with a
linear velocity profile. This explains the crossover
of the two curves.

imum where attractive Van der Waals inter-
action is stronger than electrostatic repulsion.
Then the particles form clusters and “try” to
minimize their energy. In Fig. 3 for small shear
rates the values for the energy in the clustered
case of state C (I = 25mmol/l) is lower than for
the suspended case of state A (I = 3mmol/l).
In contrast to the repulsive case, clusters can
be broken up. This happens at a shear rate
γ̇ = 500/s where one obtains two clusters mov-
ing in opposite direction. Since in this case the
resistance of the system decreases, the velocity
of the two clusters becomes larger. Since both
clusters are moved as a whole, their energy even
becomes larger than in the suspended case. If
one further increases the shear rate, no (big)
clusters can form anymore and the energies for
both salt concentrations are nearly the same,
and correspond to the kinetic energy of a sus-
pension with a nearly linear velocity profile.

C. Shear Profile and Shear Viscosity

In each of the three phases a typical veloc-
ity profile of the shear flow occurs. In the sus-
pended phase one finds a linear velocity profile
(Fig. 4a)) with nearly Newtonian flow. The par-
ticles are distibuted homogeneously, thus the
density profile is structureless (Fig. 5a)). The
motion of the particles is only weakly coupled
by the hydrodynamic forces. At high enough
shear rates (γ̇ > 500) the particles arrange
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FIG. 4: Velocity profiles: a) linear profile in the
suspended regime, state A of Fig. 1 (I = 3mmol/l)
at γ̇ = 500/s),
One can also see the regions close to the system
borders, where the particle velocity is forced to be
the shear velocity
b) cluster formation in state C (I = 25mmol/l)
at γ̇ = 100/s. In principle one could determine
the viscosity of one single cluster from the central
plateau, but this is not the viscosity found in ex-
periments. There one measures the viscosity of a
paste consisting of many of these clusters
c) same as case b) but with higher shear rate
(500/s). Hydrodynamic forces are large enough to
break the cluster into two pieces.

in layers parallel to the shear plane, as can
be seen in the density profile Fig. 5b), too.
This arrangement minimizes collisions between
the particles. As a result, the shear viscosity
slightly descents as shown in Fig. 6, which we
discuss more in detail below. Shear induced
layer formation has been reported in literature
for different systems. Vermant and Solomon
have reviewed this topic recently[18].

In the clustered phase the clusters move as a
whole in the fluid. They are deformed, but since
the inter-particle forces are stronger than the
hydrodynamic forces, the cluster moves more
like a solid body than like a fluid. Often there
is one big cluster that spans the whole system.
The density profile (Fig. 5c)) then increases in
the central region and decays at the regions
close to the border, since the particles from
there join the central cluster. When averag-
ing the velocity profile in the shear flow, one
finds a very small velocity gradient in the cen-
ter of the shear cell and fast moving particles
close to the wall, where the shear is imposed
(Fig. 4b)). The velocity profile is non-linear
on the length scale of the simulations. In the
experiment the physical dimensions are much
larger and therefore the velocity profile can be-
come approximately linear again if the system
consists of many large clusters. However, due
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FIG. 5: Density profiles: a) suspended case: state A in Fig. 1 (I = 3mmol/l), at low shear rates (γ̇ = 50/s)
the density distribution is homogeneous
b) shear induced layer formation: this is state A as in graph a) of this figure, but for a high shear rate
(γ̇ = 1000/s)
c) strong attractive forces in state C (I = 25mmol/l): for low shear rates (γ̇ = 50/s) only one central
cluster is formed, which is deformed slowly
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FIG. 6: Comparison between simulation and exper-
iment: viscosity in dependence of the shear rate. for
the states A (I = 3mmol/l) and B (I = 7mmol/l)
of Fig. 1. Note: shear thinning is more pronounced
for the slightly attractive interactions in state B
than for the suspended state A. Lines denote ex-
perimental data, points are results from our simu-
lations.

to the computational effort in simulations it is
today impossible to measure the shear viscos-
ity for these strongly inhomogeneous systems.
We have scaled our system by a factor of 2 in
x and z-direction (keeping the volume fraction
Φ = 35% constant), but we still observe one
big cluster after some hundreds of SRD time
steps, i.e. finite size effects are still present in
our simulations.

Closeer to the phase border clusters can then
be broken up into small pieces by the hydro-
dynamic forces at least for high shear rates.
In state C of Fig. 1 this happens for the first
time at γ̇ = 500/s, so that one can find two
clusters in the system moving in opposite direc-
tion. The velocity profile of this case is shown in
Fig. 4c). For even higher shear rates or closer
to the phase border (e.g. state B), the clus-
ters are broken into smaller pieces. Then, they

move in the shear flow with an approximately
linear velocity profile. Due to van der Waals at-
traction the system resists with stronger shear
forces and the viscosity is higher than in the
suspended case (Fig. 6).

In Fig. 6 the simulation results are shown to-
gether with the experimental results, both for
the two cases of a slightly clustered system
in state B (I = 7mmol/l) and a suspension
(state A, I = 3 mmol/l). For the suspension
(state A) the viscosity decreases slightly with
the shear rate (“shear thinning”). The experi-
mental data and the simulation are consistent
within the accuracy of our model. The remain-
ing discrepancy of less than 25 % in the worst
case is relatively small compared to the large
range in which the viscosity changes within the
full phase diagram. There are several reasons
for which our model doesn’t fit exactly the mea-
surements: The most insecure factor which en-
teres into the comparison is the measurement
of the ζ-potential. Starting from this point we
set up our charge regulation model to extrap-
olate to different salt concentrations, assum-
ing two reactions being the only processes that
determines the surface charge of the colloidal
particles. Furthermore we have monodisperse
spheres, which is another simplification in our
model. Then, the lubrication force as a correc-
tion for the finite resolution of the fluid method
can only recover to a certain degree the hydro-
dynamics on smaller length scales than the cell
size of the fluid simulation[21]. Finally one has
to keep in mind that the viscosity of the suspen-
sion can be varied by more than one order of
magnitude e.g. by changing the ionic strength.
In this context the deviations between simula-
tion and experiment are small.

For the slightly clustered case (state B) an
increase of the shear viscosity, compared to the
suspended case, can be observed in the exper-
iment as well as in the simulations. The shear
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thinning becomes more pronounced, because
clusters are broken up, as mentioned above.
However, the shear rate dependence is stronger
in the simulations than in the experiment. This
can be the first indication of finite size effects.
We have studied the dependence of the simu-
lated shear viscosity in dependence of the sys-
tem size. The effect is most important for low
shear rates and thus we have carried out sev-
eral simulations for state A at γ̇ = 20/s and for
state B at γ̇ = 20/s[22]. In Fig. 7 we have plot-
ted the squared relative deviation between sim-
ulation and measurements against the system
size. The deviation becomes smaller for larger
system sizes, but to reach in state B the same
accuracy as in state A one would have at least
to double the system size in each dimension. It
then takes approximately twice as long for the
system to relax to a steady state, resulting in a
factor of 16 in the computational effort. Each
single point of Fig. 6 would need approximately
3000 CPU hours. For smaller shear rates or
even deeper in the clustered regime of the phase
diagram, e.g. in state C (I = 25mmol/l), the
finite size effects become more pronounced—
ending up in the extreme case of having only
one big cluster in the system. For simulations
with good accuracy the effort again increases at
least by the same factor.

Another point are the limitations of the
DLVO theory. DLVO potentials are derived
for dilute suspensions and though large particle
distances. This is not fulfilled in our case–and
even less inside the clusters. Nevertheless, the
overall behavior can be reproduced by the sim-
ulation and even quantitative values can be re-
produced within certain limitations. In the sim-
ulations shear rates up to 2000/s can be realized
before limitations of the simulation method in-
fluence the results.

We have carried out simulations in the repul-
sive region of the phase diagram as well. We
find layers parallel to the shear plane in analogy
to Fig. 5b). In contrast to the suspended phase,
in the repulsive regime the layer structure is
present—at least locally—even if no shear is ap-
plied. If shear flow is present, the shear plane
marks one orientation which the layer struc-
ture adopts. In some cases for very low ionic
strengths one can observe shear bands so that
the velocity gradient and thus the viscosity as
well vary strongly in the system. Again, in
the experiment, physical dimensions are much
larger and on that length scale the velocity pro-
file might be assumed to be linear when enough
shear bands are in the system. The shear force
and though the viscosity raise with respect to
the suspended phase, due to electrostatic repul-
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FIG. 7: Discrepancy between simulated viscosity
and measurement for states A and B of Fig. 1
for different system sizes at low shear rates. The
plot shows squared relative differences against z-
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FIG. 8: Viscosity versus volume fraction for the
repulsive region (pH = 6 and I = 0.3mmol/l).

sion. One can consider the particles together
with the interaction range as soft spheres with
an effective radius of the interaction range of
the electrostatic repulsion. This effective ra-
dius can be in our case about 25% larger than
the particle radius. Because of that, a phase
transition to a repulsive structure occurs in our
systems already between 35% and 40% volume
fraction. Because of the smooth shape of the
exponentially screened coulomb potential it is
not a sharp glass transition as for hard spheres,
but smooth and shear rate dependent as well.
In Fig. 8 we have shown the dependence of the
viscosity on the volume fraction for pH = 6 and
I = 0.3 mmol/l. Starting at Φ = 0.34 the shear
viscosity starts to increase and reaches a value
one decade larger beyond Φ = 0.4.
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VIII. SUMMARY

We have shown how to relate DLVO potentials
to the conditions in a real aqueous suspension
of Al2O3 particles. The behavior of shear vis-
cosity has been studied in experiments and in
simulations. We have found a slight shear thin-
ning due to a layer formation on the microscopic
scale in the case of a suspension. If a clustered
system is sheared, clusters are broken up into
pieces by the imposed shear, which leads to a
stronger shear thinning than in the suspended
case. Close to the phase border we are able
to quantitatively reproduce the measured shear
viscosity in the simulation.
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