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Computer Simulation of Microstructure of Particle Sediment
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Partiecle settling behavior was studied hy the computer simulation using simultaneous particle condensation and re-
laxzation. This three-dimensional settling algorithmn includes the estimation of powder sediment density. Density
distribution through the powder sediment was compared and was agreed well with the experimental findings. Set-
tling density depended strongly on the degree of particle relaxation. Sediment strength and isotropy also depended
on the degree of parlicle relaxation. Severe particle bridging was found near sharp eorners.
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1. Introduction

he settling of particles in liquid media and the mi-

crostructural characteristics of the resulting sediments
are studied frequently because of their great importance
in the ceramic processing.”” There are mainly three
forces acting upon a particle in a concentrated suspen-
sion: gravitational force, Brownian force and surface
foree. Settling rates can be determined by plotling the
height of the interfacial plane belween the concentrated
suspension and the supernatant as a function of time.”
In the case of very dilute suspensions the settling shows
steady decrease in the height of the interface between
the slurry and the supernatant. The Richardson and
Zaki equation for the group setiling rate for uniform,
gpherical particles is as follows and works well for hard
colloidal particles "

Q=Va.e'™ (L

where Vs, is Strokes settling velocity in ecm/hr and e is a
void {raction.

In the case of the intermediate concentrations the set-
tling rate shows steady increase initially and a maximum
value. During the early stage of the settling period there
is a constant density zone which equals to the density of
the initial suspension.

Tiller and Khatib" clasgified the settling process into
induction period, constant density period and variable
density period depending on the behavior of gettling par-
ticles. At high concentration, particles form aggregates
and these aggregates form networks with each other.
The aggregate networks extend to the walls and bottom
of the container. These networks have a mechanical
strength and the total volume is supported by under-
lying material and by shear forces at the walls. In dilute
suspensions aggregation leads to the formation discrete

clusters which sediment more ot lass independently. The
clusters form networks above a critical value of particle
concentration. This critical concentration depends upon
the particle size, particle shape, the strength of aggre-
gation and upon the previous history of the suspension.
The network setiles or even consolidates depending upon
its strength. Thiz gelation was observed even at ~5 volume
percent when spherical particles were under rapid perik-
inetic coagulation.”

Powder settling involves irrevergible consolidation of
the network under its own weight. The driving force is
the compression stress arising from the accumulated
weight of the particles. Stress can he transmitted dirvect-
ly throughout the network structure abhove the gel point.
The particulate network has a static strength and it can
be characterized hy the compressive and the shear vield
stress. The static stress at the bottom column is as fal-
lows without considering the wall support.

P=ApgHo (2

where Ap ig the density difference between the pariicle
and the water, H, the initial height and &, the mean
voluane fraction of solids in the column.

In order for consolidation to occur the static pressure
should be preater than the compressive vield siress of
ithe particulate network. Settling affects the microstrue-
ture of particle sediments. A dense and uniform particle
sediment is important because of itg rasultant high sinter-
ing density and low sintering temperatures. Most of the
research on the particle settling has been concentrated
on the continuum approaches where it is difficult to con-
sider the properties of individual particles. There are so
many complex assumptiong in such modeling and it is
hard to understand and visnalize the individual particle
effects. Complex molecular dynamics or Monte Carlo com-
putational approaches®” to this problem have been tried.
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In this research we increased the efficiency of modeling
nsing two simple concepts; condensation and relaxation ®**
We developed a program on a PC using FORTRAN 90.
The settling process was visually displayed as the com-
putation proceeded to help understand the basic mechan-
isms of particle sediment.

2. Modeling

We used Richardson and Zaki equation for the group
settling rate for uniform and spherical particles in equa-
tion (1) because this equation works well for hard col-
loidal particles.” In this equation, settling rate is deter-
mined by Strokes settling velocity and the void fraction.
We fized the solid volume concentration in order to com-
pare simulated result with the experimental results re-
ported by Shilling et al."" As a conseguence, settling velo-
city is linearly proportional to the Strokes settling velo-
city. Settling distanee can be calculated by multiplying
the settling rate [Q] by time as follows,

R(t, At)=R(t)+1Q]At (3

where Il is the position and t is time.

Particles were settled unit distance at a time and this
process was repeated until they touched other particles.
Unit settling distance was decided to be a quarter of par-
ticle radiug to make this computation very efficient. In a
monosize particle settling, all particles will settle at the
same speed unless parlicles hit the bottom or other par-
ticles. Bugeall” reported that particles settle more or less
independently in dilute suspensions, The particles may
form networks above a certain value of particle concen-
tration where this concentration depends upon particle
properties. Buscall et al.” reported that the particles can
rearrange as a result of thermal diffusion during sed-
imentation under weak binding forces. There are several
different types of setiling behavior in reversibly floc-
culated systems. In this research, we emplayed the sim-
plified geometric relaxation concept introduced by Kim
and Martin® to represent Buscall's idea. When particles
touched other particles, they were assumed to be relaxed
by upper particles rotating around lower particles. Fig. 1
shows a general flow chari of the total settling algorithm.
The relaxation process starts to run by checking the coor-
dination number (CN) of each particle. If CN is 1, the
particle rotates over its neighboring particle in an arbit-
rary downward direction and if CN ig 2, the partiele ro-
tates around the line joining the centers of the particles
it touches, and when CN is 3, the particla is fixed. Fig. 2
shows how relaxation varies with CN.

3. Results and Discussion

For comparison with experimental results the sediment
study done by Schilling and Aksay™ was used. We used
the agglomerate approach® where particle is an agglo-
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merate composed of basic particles. The radius of basic
particle is 0.4 p and the size of agglomerate was caleul-
ated based on the pore size reported by Schilling and
Aksay.'" Details in this approximation is explained else-
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Fig. 3. Vertical density distribution of particle sediments re-
laxed and not relaxed during settling in a compartment.

where.”” Our simulation conditions follow:

Basic particle, agglomerated particle radius=0.4 u, 10.0 p

Volume concentration of basic particle, agglomerated
particle=3.9%, 10.8%

Default values of the unit settling distance were 2.5
im

No. of compartments=1, 10

Total number of movements=100 and 1,000 for 403
and 4,030 particles, respectively.

In the case of particle settling with relaxation, particles
were allowed to relax 5 times by 5 degrees in a random
direction. Relaxation more than this amount did not show
much change in sediment density by previous study. Sim-
ple settling of particles without relaxation showed a low
density sediment occupying about 4/5 of the compart-
ment height as shown in Fig. 3. Fig. 3(a) is the one com-
partment, settling and Fig. 3{(h) is the 10 compartments
settling arranged in a vertical direction. Settling of par-
ticles with relaxation resulted in a dense sediment in
Fig. 3(a) and (b). This was in good agreement with the
corresponding experimental results reported by Schilling
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et al.™ The settled layer can he divided into four regions
after settling. The upper repion is empty of particles
(region 1 in Fig. 3). The second region is a transition
zone (region 2 in Fig. 3) which shows a steep increase in
the volume densily. This surface layer is rough and has
many vacant sites available for additional particles. The
third is a region of constant deunsity (region 3 in Fig. 3)
where particles are sediment. The last is an interfacial
region between the settled particles and the bottom of
the box (region 4 in Fig. 3) where settling density was
guite higher than inside the region of constant density due
to the nature of the 2-dimensional settling {the particles
were settled onto a geometrically flat plane.). The den-
sity profiles in Fig. 3 show the difference hetween layers
gettled with and without relaxation; these correspond to
Schilling and Aksay's results™ for layers of freshly settled
(no relaxation) and aged (relaxation). This suggests that
the transition from an “attached-particle network” to the
“compressed network” (in their terminology) depends on
the relaxation. Even though the number of compart-
ments and particles increaged 10 times with same solid
volume concentration, Fig. 3{(b) shows basically the same
volume density distribution. This proves that our model
can be applied to bigger particle system.

Sediment strength was estimated on the planes with
various orientations, Sediment strength andfor fracture
energy is important to subsequent processing.”” Strength
was estimated using the following formula.

Sediment Strength=
Bonding Energy per Contact * No. of Bonds Crossing Plane
Arca of Plane x 2

where bonding energy is the interparticle potential energy
between two particle and was fixed at 100 kT for con-
venience in this paper.

Fracture energy depends on the direction at the bot-
tom of the box which is shown in Fig. 4. The fracture en-
ergy is a maximum in the vertical direction at the bot-
tom of the sediment. Relaxed particles showed a higher
and more isotropic fracture energy than those of the not
relaxed as shown in Fig. 4. This was because particles
formed more bonds with neighboring particles after re-
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Fig. 4. Radial change in fracture energy of relaxed and un-
telaxed particles measured at the bottom of the packed bed
(radius=2.5 pm and energy unil=J/m?x 10™").
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Fig. 5. Projection of packed particles with vertical and hor-
izonlal planes for {racture energy caleulation in a tilted box.

Fig. 6. Radial change in fracture energy of unrelaxed par-
ticles measured at the different locations in different box
shapes. {span x=2.0, span y=2.0, radius=2.0 and energy unit
=J/m®x 10"%).

laxation. Relaxation also caused strength to increase and
to become more isotropic.

Different shapes were used to see how angular frac-
ture energy depended on the settling direction and hox
geometry in Fig. 5. Radial anisotropic distributions of the
fracture energy were measured at three different locations
as shown in Fig. 5. Fracture energies at side location B
and C clearly showed the maxima in the settling direc-
tion in the case of unrelaxed particles as shown in Fig. 6.
The maxima shifted towards the normal to the box sides
after relaxation as shown in Fig. 7. A minimum at lo-
cation C appearad in the settling direction in hoth re-
laxed and unrelaxed cases; this was mainly due to the
low fracture energy region at the corner of the box.
There were several cylindrically shaped low fracture en-
ergy regions in addition to the one at the corner in the
particle sediment in Fig. 5. The settling of particles in a
carner caused bridge formation and resultant low frac-
ture energy regions in the particle sediment. The same
measurements were done in the case of lower degree of
tilt; the results were similar as shown in Fig. 7 except
that the fracture energy at location A was larger. This
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Fig. 7. Radial change in fracture energy of relaxed particles
measured at the different locations in different box shapes.
{span x=2.0, span y=2.0, radius=2.0 and energy unit=d/m?®»
1079,

was because there is less bridging between particles dur-
ing settling.

4, Conclusions

A new three-dimensional settling algorithm was de-
veloped which incorporated metastable states. Full re-
laxation inereased the settling dengity by ahout 50% and
tripled the fracture energy compared to settling without
relaxation, which was in quite good agresment with ex-
perimental results. There was a radial anisotropy of frac-
ture energy in most sediments of unrelaxed particles and
the fracture energy hecame more isotropic with relaxa-
tion. The changes in orientation of fracture energy max-
ima in a tilted box are explained by the change in par-
ticle network structure. Particles settled at the corner of
a tilted box exhibit the bridging and low fracture energy
regions in the particle sediment due to geometrical con-
straints caused by the corner. Such low fracture energy
regions are probably unavoeidable if the radius of curva-
ture of an acute corner is comparable to particle radius.
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