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Prediction of suspension rheology 
through particle motion simulation 
Martti 0. Toivakka and Dan E. Eklund 

ABSTRACT: A modified Stokesian dynamics technique models 
the motion of suspensions of spherical particles in shear and 
pressure driven flows. In bidisperse and polydisperse suspensions 
under shear, small particles reduce suspension viscosity by 
breaking stress chains. Small particles near boundaries can force 
large particles into the bulk of the suspension. In pressure-driven 
flow, particles concentrate at the low shear rate regions giving 
nonuniform particle concentrations and thixotropic suspension 
behavior. High viscosity levels of short-duration that are 
characteristic for monodisperse suspensions are absent in 
polydisperse suspensions. 
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A n understandingoftherheologi­
.11..cal properties of coating colors 
and their subsequent control are es­
sential for successful paper coating 
and acceptable quality of the final 
product. The reasons for behavior 
that is not Newtonian in simple 
(monodisperse) suspensions are 
common knowledge. Complicated, 
concentrated suspensions such as 
coating colors challenge the mill 
practitioner and the theoretician, 
however. 

The inconsistency of data col­
lected with various conventional rhe-

ometers and interpretation of these 
data complicate the prediction of the 
rheological behavior of complex sus­
pensions. When developing macro­
scopic models to describe coating 
color rheology, assumptions about 
the micromechanics of the suspen­
sion are necessary. An understand­
ing of the suspension microstructure 
is clearly necessary to understand 
fully the rheology of concentrated 
suspensions. 

The change in suspension micro­
structure results from particle-to­
particle and particle-to-boundary 
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interactions which cause the par­
ticles to redistribute themselves in 
the suspending liquid. Depending on 
the microstructure, the suspension 
can dissipate various amounts of en­
ergy. In coating colors, two factors 
determine the rheological behavior. 
Liquid phase properties play an im­
portant role as does the balance be­
tween the hydrodynamic forces and 
nonhydrodynamic forces-electro­
static, steric, and van der Waals 
forces. 

Recent years have seen the im­
provement of experimental methods 
to measure directly the microstruc­
tures of suspensions under defor­
mation. Light scattering and nuclear 
magnetic resonance imaging tech­
niques can determine particle and 
velocity distributions in particulate 
suspensions (1-4). The results only 
apply, however, to averages over 
time or to particle sizes much larger 
than those used for paper coating­
particle radius greater than 100 µm. 
Freezing techniques combined with 
electron microscopy have character­
ized dynamic microstructures of 
coating colors (5). 

Rapid advances in computational 
resources allow description of sus­
pension microstructures in detail 
through the dynamic simulation of 
particle motion. One can consider 
the simulations as "experiments" to 
eliminate instrumental errors and 
obtain results directly in numeric 
form. The results provide insight into 
the microscopic mechanics that de­
termine the macroscopic properties 
of coating colors. An understanding 
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4. Instantaneous microstructures of a bimo- 5. The mechanism that leads to concentration of small particles at boundaries in shear flow 
dal suspension as a function of time in a 
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becomes very inefficient when using 
many particles, since the time to ex­
amine all pair separations is propor­
tional to the square of the number of 
particles, O(NP2). For this reason, 
we applied a so-called neighbor list 
technique. Here one maintains a list 
of neighboring particles to an indi­
vidual particle and updates the list 
at regular intervals. Between the 
updates, it is only necessary to con­
sider interactions resulting from any 
particle on the list (33) . This method 
is applicable because the forces re­
sulting from the pairwise interac­
tions tend toward zero at large 
interparticle separations. In concen­
trated suspensions, the near par­
ticles rather than the distant ones 
determine the motion of a particular 
particle. 

Using the neighbor list technique, 
the computing time necessary to 
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complete a simulation increases lin­
early with the number of particles, 
[O(NP)], rather than quadratically 
as with the algorithm in earlier work. 

Sparse matrix technique. When 
using many particles in a simula­
tion, the size of the linear equation 
system solved at each time step be­
comes very large. For a monolayer 
of particles, the dimension of the re­
sistance matrix R in Eq. 3 is 3NP x 
3NP, where NP is the number of 
particles. In a simulation with 500 
particles, there are therefore 1500 
unknowns for solution. The resis­
tance matrix has dimensions of 1500 
x 1500 resulting in 2.25 xl06 ele­
ments. Only about 1 % or less of the 
elements are not equal to zero, how­
ever. It is possible to exploit this 
fact by using a sparse matrix tech­
nique that operates only on the non­
zero elements of the matrix (34). This 

t*= 160 

procedure reduces the computa­
tional and memory requirements of 
the simulations. 

Viscosity calculation 

One can calculate the relative vis­
cosity (apparent viscosity of the sus­
pension divided by the liquid phase 
viscosity) for a suspension undergo­
ing shear in narrow gap using the 
data obtained from a simulation. For 
a monolayer of particles, one divides 
the total net force that resists the 
movement of the boundaries by the 
area exposed to shear and shear rate: 

where 
'llr = relative viscosity 

F
110

t"'"11 ' = total net force 

a* = particle radius 
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