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Clarifying the disintegration mechanism of aggregates in multiphase fluid flow coupled with beads and particulates is
important for the optimum design of a wet dispersion process using a stirred media mill. Thus, we develop a numerical
method for simulating multiphase flow with beads and particulates using a discrete element method and computational
fluid dynamics, and we use the four-way coupling simulation to study the fluid-bead-particulate-coupled phenomenon
that occurs in a simple shear box. The results show that the dominant force causing aggregate disintegration is the fluid
force, rather than the bead contact force, because aggregates rarely collide with beads, contact force of which is too
small to disintegrate aggregates. Furthermore, aggregates with strong aggregation force are effectively disintegrated by
the fluid flow with a dominant high pure-shear rate induced near the bead surfaces by the expansive force, rather than
the compressive force. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 4076–4085, 2014
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Introduction

Although many new and advanced nanoparticle-based
functional materials have been developed, the high surface
energy of nanoparticles induces the formation of aggregates
that hinders the achievement of the target performance of
the material. Disintegration of nanoparticle aggregates is
thus a key process and is typically realized with a wet dis-
persion process. Wet dispersion is normally carried out using
a stirred media mill in which rapidly rotating disks agitate a
bed of grinding media (beads) that disperse the added partic-
ulate suspension. Aggregates are disintegrated by the shear
flow of the suspension and collision with the beads. To opti-
mize the dispersion process, we require a thorough under-
standing of the dispersion force applied to the aggregates
from the fluid flow and bead collisions in such a shear flow.
Such information will facilitate precise control of the disper-
sion state of the particulate suspension.

Empirical optimization of the dispersion process1–4 is typi-
cally conducted because microscopic measurements of the
fluid flow and bead motion or evaluation of the effective dis-
persion force on the disintegration of aggregates from exper-
imental observations alone is extremely difficult. Numerical
simulations are a useful tool for obtaining detailed informa-
tion about the forces dominating the dispersion process or

the bead behavior and fluid flow. However, these simulations
have been based on simplifications that either neglect a cal-
culation of the fluid flow and focus primarily on the bead
behavior using the discrete element method (DEM5,6)7,8 or,
conversely, estimate the bead behavior from a calculation of
the viscous energy dissipated by turbulent flow in the
absence of beads.9,10 Even though there have been some
studies that have treated both the bead behavior and fluid
flow, they relied on one-way coupling, which neglects the
forces acting on the fluid from the particle.11–13 Accordingly,
the present authors have simulated both the bead behavior
and turbulent flow in a stirred media mill by considering
bead–fluid interactions. In our earlier study, the power of the
fluid shear, bead collisions, and friction were calculated, and
the high power domain that develops in the mill was visually
represented and quantified by using the DEM coupled with a
large eddy simulation (LES).14,15 However, in past studies,
the interspatial fluid flow of the bead layer and the motion
of the aggregates were not solved as a whole. Therefore, the
actual force acting on aggregates in the dispersion process
has not been evaluated exactly and the disintegration mecha-
nism remains unclear.

Calculating the interspatial flow of the bead layer requires
the use of a numerical method with a heavy computational
cost such as direct numerical simulation (DNS). In addition,
a fast numerical method is required to calculate the aggre-
gate motion because there are a significantly larger number
of particulates than beads in a stirred media mill. The limita-
tions of the computational costs demand that the computa-
tional system used to calculate the aggregate motion is
simplified. For example, there have been fundamental
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numerical studies of the aggregate disintegration process in
simple shear flow,16–19 but these studies did not consider the
bead motion. We believe that the bead motion should be
considered, even under simplified simple shear conditions, so
that the influence of the complex shear flow induced by the
bead motion can be investigated.

We have investigated the aggregate motion in the bead
layer under simple shear flow to clarify the fundamental
aggregate disintegration mechanism in a stirred media mill.
The motion of the beads and particulates was calculated
using the DEM, and the fluid flow around a bead was calcu-
lated exactly using a DNS model.20 The particulate–fluid
interactions were accounted for by using locally averaged
Navier–Stokes equations and a two-phase flow model.21,22

However, the excessive computational cost of these methods
prevents a simulation of the aggregate disintegration process,
and so to overcome this problem, we implemented a multi-
grid method23 for the Poisson solver of the fluid flow that
achieves near-optimal computational efficiency. For the par-
ticle motion, a highly efficient searching algorithm using a
sort technique for pairs of particles in contact24 was imple-
mented in the DEM. The simulation program was completely
parallelized on shared memory by using the OpenMP
libraries.

Using this highly efficient simulation method, the fluid
shear intensity was investigated, and the high-shear domain
that develops around a bead was visually represented and
quantified. The effect of bead collisions on the dispersion
process was also investigated, and the probability of colli-
sions between a bead and an aggregate was evaluated. In
addition, the forces of the fluid shear and bead collision act-
ing on the aggregates were investigated in detail, and an
attempt was made to quantitatively evaluate the dominating
force of the dispersion.

Numerical Method

The numerical method was developed to solve the multi-
phase flow in a box containing both the beads and particu-
lates under simple shear conditions. To numerically evaluate
the forces acting on the aggregates, we attempted to include
a description of the interaction forces that was exact as pos-
sible. The bead and particulate motion was calculated using
the DEM by taking into account the interactions between
particles (e.g., bead to bead, bead to particulate, and particu-
late to particulate) and the interactions between the particles
and the fluid. The interactions between the beads and the
fluid were treated using the DNS model on a Cartesian grid

(see Figure 1) that enables the turbulent flow around a bead
to be reproduced if the grid size D is one-eighth of the bead
size Db.20 We set Db=D to 64 to exactly reproduce the par-
ticulate motion in the fluid flow around a bead. The interac-
tions between the particulates and fluid, however, were
treated using the locally averaged model21 on the same Car-
tesian grid. In this study, it was not possible to use the DNS
model to calculate the particulate–fluid interaction because
of the huge computational cost owing to the sizes of the par-
ticulates, which are 1000 times smaller than a bead. How-
ever, we assumed that it was not necessary to calculate the
particulate–fluid interaction at a high resolution using the
DNS method because under the conditions considered here
the particulate suspension is dilute and the Stokes number is
very small (Oð1026Þ). Thus, the particulate motion has a
negligibly small effect on the fluid flow. Details of our
numerical method are explained in the following
subsections.

Fluid flow

The governing equations for the flow of a fluid containing
beads and particulates are the continuity equation
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velocity and
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is the stress tensor, p is the static pressure, I is the unit ten-
sor, e is the fluid volume fraction, qf is the fluid density, lf

is the fluid viscosity, fb is the bead–fluid interaction term,
and fp is the particulate–fluid interaction term. These equa-
tions are solved in a three-dimensional Cartesian geometry
(i; j 2 f1; 2; 3g) using the simplified marker and cell (SMAC)
method. To solve for the fluid pressure efficiently, the multi-
grid Poisson solver23 was implemented as a convergence
acceleration method. In addition, the Poisson solver was par-
allelized using the Red-Black successive over relaxation
(SOR) method.25

Particle motion

The governing equations for the individual particles are
Newton’s equations of motion
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where v, x, M, and J are the particle translational velocity,
angular velocity, mass, and moment of inertia, respectively,
and R and T are the torque and translational force, respec-
tively, resulting from two-particle interactions such as bead–
bead, bead–particulate, and particulate–particulate interac-
tions. One interaction is a contact force represented by the
Voigt model26,27 that is generally used in the DEM, and
another is the Derjaguin–Landau–Verwey–Overbeek (DLVO)

Figure 1. Computational geometry showing the particle
location and grid used in the fluid calculation.
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interaction,28 which is an important force that determines the
dispersion state of the particulates. Thus, in addition to the
contact force, the van der Waals attraction force FV and
electrostatic repulsion force FE according to DLVO theory
were considered for the particulate motion as the particu-
late–particulate interaction

FV52
ADp
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where the univalent ion concentration q1 and temperature
T1 of the bulk solution were constants of 0.01 mol/L and
298 K, respectively. Here, A, kb, e, w, Le, and L are the
Hamaker constant, Boltzmann constant, elementary charge,
zeta potential, Debye length, and surface distance between
particulates, respectively. Conversely, the DEM simulation is
able to handle the viscoelastic force in multibody contact by
using the Voigt model with a friction slider. In this model,
the elastic spring force is based on the Hertz-Mindlin contact
theory.26,27 In addition, the viscous damping force is calcu-
lated using the damping coefficient analytically obtained by
Tsuji et al.29 The external forces F and W generated by the
fluid flow are represented by different models depending on
whether the particle is a bead or particulate. In consideration
of these interaction forces, the motion of an individual parti-
cle was tracked by the numerical integration of Eqs. 3a and
3b using the leap-frog method. In addition, we implemented
speed-up algorithms using a sort technique in the calculation
of the pairwise interactions24 because searching for interact-
ing particle pairs and calculating the interaction force is
computationally expensive.

Bead–fluid interaction model

To investigate the effect of the fluid flow around a bead
on the aggregate disintegration, the bead–fluid interaction
should be calculated to a high resolution using the surface
integral of the fluid stress for momentum exchange at the
bead–fluid interface rather than using an empirical model
such as the locally averaged model used for the particulates.
However, calculating the surface integral is computationally
demanding, and so to improve the efficiency, we replace the
surface integral of s with a volume integral of the interacting
force fb.20 The translational and rotational components of the
interaction force acting on a bead are then
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where the integral domain Vb is for all the grid elements
including the bead, and the vector rb is the relative position
from the rotational center of the bead to the center of the
corresponding grid element. We consider here the interacting
force fb as the force that modifies the velocity inside the
computational grid element including the bead to be the
volume-weighted average velocity

ui5 12að Þu0i1aUi (7)

where a is the volume fraction of the bead in a grid element,
U is the velocity inside the bead, defined as

Ui5vi1 x3rbð Þi (8)

and u0 is the predicted velocity if the entire computational
field was occupied by fluid. Thus, to satisfy the velocity field
in Eq. 7, fb is
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Particulate–fluid interaction model

On the basis of a locally averaged model, the particulate–
fluid interaction force was obtained from the drag force
correlation21

fpi5b �vi2uið Þ=qf (10)

which is applicable to a wide range of particulate concentra-
tions. Here, �vi is the average velocity of the particulates
within the computational grid element, and b is a drag coef-
ficient that is dependent on the particle concentration. The
drag coefficient is generally computed using an empirical
model with the Ergun equation30 for high concentrations and
the Wen and Yu equation31 for low concentrations. Note that
the Ergun equation for the dense regime is necessary for cal-
culating the particulate–fluid interaction, even though the
particulate suspension is dilute in the entire system because
the particulates can be locally consolidated when they are
sandwiched between two beads or the aggregates become
large. The fluid resistance force acting on the particulates is
related to the opposing reactions of the interaction force fp
and fluid stress s of Eq. 2 and can be expressed as
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The force should depend on the location of individual par-
ticulates in the computational grid element; however, the
effect of fluid flow on the particulate motion is equal for all
particulates within the same grid element because the physi-
cal quantities at the center of the grid element are used to
calculate the fluid force for all particulates in the grid ele-
ment. Therefore, to improve the accuracy of the fluid force
calculation, the fluid velocity and stress at the location of an
individual particulate were linearly interpolated between
adjacent grid elements, and these interpolated quantities
were used in Eq. 11.

Note that the fluid force acting on the rotational compo-
nent of the particulate motion is ignored in this study
because a model for the rotational force has not yet been
constructed in the regime of a locally averaged model.

Computational procedure

An overview of the time-marching procedure for our
numerical simulation is shown in Figure 2. The fluid field
(velocity and pressure) is solved using the parallelized
SMAC method with the multigrid SOR solver assuming that
there are no beads in the field; Eq. 1b without fb is solved to
satisfy the continuity of Eq. 1a. The obtained velocity is
then modified to satisfy the velocity given in Eq. 7 using the
interaction force fb of Eq. 9, and the time marching for the
fluid calculation is completed. After this, the particle motion
(velocity and position) is calculated using the parallelized
DEM. The fluid force defined in Eqs. 6a and 6b for a bead
or Eq. 11 for a particulate and the interparticle force are cal-
culated, and the motion equation is numerically integrated
using the leap-frog method. These steps are iterated in
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constant discrete time units until the simulation reaches the
intended result. Note that the discrete time step of the fluid
calculation is set to a value that is 100 times larger than that
of the particle calculation in the DEM because of the differ-
ences in the Courant–Friedrichs–Lewy condition of the fluid
calculation method and DEM. Therefore, the particle calcu-
lation is iterated 100 times during one time iteration of the
fluid calculation.

Simulation settings for the dispersion process in a
simple shear box

Our numerical simulation is carried out in a simple shear
box containing beads and particulates, as shown in Figure 3.
Periodic boundary conditions are set in the horizontal (x-
and y-axes) directions against the shear plane. For the
boundary of the vertical (z-axis) direction, nonslip and non-
permeable boundary conditions are set for the fluid flow cal-
culation, and a friction wall is set for the DEM calculation
of the particle motion. A simple shear field is induced by lat-
eral movement in the x-direction of the upper and lower wall
boundaries, whose velocities are equal and opposite.

As a preprocessing step, only the beads are placed at regu-
lar locations and simulated inside the shear box. This creates
a steady-state condition, and aggregates of a homogeneous
size and shape are placed regularly into the voids of the
bead layer in the shear box. A single aggregate is modeled
as a spherical, hexagonal-close-packed assemblage of 57 par-
ticulates. The diameter of an aggregate is thus five times
larger than that of a single particulate. The surface distance
between neighboring particulates is set to 0.4 nm, and we set
the DLVO force to be constant, even if the particulates are
closer than 0.4 nm, so as to avoid an infinite van der Waals
attractive force. In the practical wet dispersion process for

nanoparticles using a stirred media mill, the effects of grav-
ity and centrifugal force on the bead motion do not appear
to be negligible, because the bead layer is densely packed in
the gravitational and centrifugal directions. This means the
gravity and centrifugal force can potentially influence the
probability of bead–bead contact and the velocity of the
interspatial flow in the bead layer. However, in this simula-
tion, gravity and centrifugal force are not considered to con-
duct a simple investigation of the effects of bead motion and
fluid flow on the disintegration of aggregates in the uniform
simple shear system, in which deviations in particle concen-
tration and interaction forces are rare.

The physical properties of the fluid and particles are listed
in Table 1, and the simulation conditions are listed in Table 2.
The physical properties of the bead and particulate are based
on the measured values for ZrO2 bead and BaTiO3 particulate,
respectively. However, the Young’s modulus used for the sim-
ulation is less than that of real materials because of the limita-
tion in discretizing the time integration in DEM. The Young’s
modulus significantly influences the amount of overlap
between particles in contact but hardly influences the bead
motion and the aggregate disintegration because the elastic
spring force is correctly calculated. Moreover, for simplicity,
the dissipation term of particulate–particulate contact due to
viscous damping and friction is not considered, because the
interaction force between particulates is dominated by the
DLVO force, rather than the contact force. Therefore, the time
step size in discretizing the time integration for particulate cal-
culation in DEM depends on not only the Voigt model but
also the DLVO model. We carefully choose the time step size
in DEM to calculate the force in the potential curve of DLVO
theory with sufficient time resolution. For the fluid, the density
and viscosity are based on the measured values for BaTiO3

suspensions of 30 vol %. Here, only the motions of some rep-
resentative particulates in the 30 vol % suspension are calcu-
lated in the simulation; the motion of the entire dense
suspension cannot be calculated because of the computational
cost involved. The computational time for one execution (the

Figure 2. Flowchart of the numerical simulation.

Figure 3. Overview of the simple shear box used in the
numerical simulations.
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real physical time is 0.625 ms) was about 2 weeks when using
two CPUs (Intel Xeon E7-4870).

Analysis of Wet Dispersion Process

In this section, we discuss the overall aspects of the bead-
particulate-fluid-coupled phenomenon induced by simple
shear and investigate the detailed disintegration process by
varying the DLVO-interaction-dependent aggregation force.
We clarify the extent to which the fluid flow and bead colli-
sions are able to disintegrate aggregates, and the degrees of
the fluid force and bead contact force acting on aggregates
are investigated. The dominant force for aggregate disinte-
gration in a simple shear system is determined, and the role
of the beads in the wet dispersion process is also discussed.

Overall aspects of the simple shear system

To understand the overall phenomenon revealed in the
simulated simple shear box, snapshots of the fluid flow at a
shear rate of 4000 s21 are shown in Figure 4 (also see Sup-
porting Information Video 1). Figure 4b confirms that the
pure-shear rate developed in the (xy-) plane parallel to the
shear but that there was also some slight shearing in the ver-
tical (z-) direction. The localization of the pure shear in the
parallel and vertical directions is due to the translational and
rotational motion of the beads, respectively, induced by the
shear field. In particular, the rotational motion, with an aver-
age velocity of about 300 rad/s, enhances the large pure
shear around the bead surface (Figure 4a). This trend is also
quantitatively represented in Figure 5, which shows that the
pure-shear rate is highly closer to the bead surface. Note that
the pure-shear rate shown in Figure 5 should be a maximum
at the bead surface, but this was not recreated in our simula-
tions because we used a Cartesian grid of approximately
1.6 lm elements in the fluid calculation; rotational motion
within the bead affects the pure-shear rate to a distance of
approximately 1.6 mm from the surface of the bead.

A snapshot of the bead and particulate motion and details
near three beads are shown in Figure 6 (also see Supporting
Information Video 2). In Figure 6a (Supporting Information

Table 1. Material Properties

Bead Particulate Wall Fluid

Density [kg/m3] 6000 6000 6000 1238
Viscosity [mPa s] – – – 7.5
Diameter [lm] 100 0.1 – –
Young’s modulus [MPa] 21 0.01 21 –
Poisson’s ratio [-] 0.32 0.2 0.32 –

Bead–Bead (–Wall) Particulate–Particulate Particulate–Bead (–Wall)

Coefficient of restitution [-] 0.9 1.0 0.2
Coefficient of friction [-] 0.5 0.0 0.2
Zeta potential [mV] – 32.2 –
Debye length [nm] – 3.21 –

Table 2. Simulation Conditions

Test Sample No. Run 1 Run 2 Run 3 Run 4

Hamaker constant [10220 J] 0.63 1.12 1.99 6.30
Shear rate [s21] 4000
Shear box size (wx 3 wy 3 wz) [mm] 0.4 3 0.346 3 0.4
Number of grids in CFD [-] 256 3 256 3 256
Number of beads [-] 64
Number of particulates [-] 2,220,207
Time step of DEM [ns] 0.05
Time step of CFD [ns] 5.0

Figure 4. Spatial distribution of the rate of pure-shear
strain in the simple shear box: (a) cross sec-
tions and (b) overall view where the change
in the contour color from black to white rep-
resents an increasing strain rate from 1000
to 5000 s21.
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Video 2a), the large grey objects are beads and the small
black objects are the particulates. We were able to confirm
that the beads were shifted in the shear direction by the
global fluid flow and that the local fluid flow induced by the
bead motion complicates the particulate motion. In the
detailed view in Figure 6b (Supporting Information Video
2b), aggregates, which are shown in gold, appear to have
disintegrated around the local bead surface because of the
effect of the fluid flow or bead collisions (note that in this
figure and video, shadows of the objects are rendered to
enhance the sense of distance between the bead and aggre-
gate). The aggregates around the bead surface appear to be
well disintegrated. However, the details of the aggregate dis-
integration mechanism cannot be clarified from these pic-
tures and animations. Note that the aggregates around the
upper and lower walls shown in Figure 6a have disintegrated
to a larger extent; however, this is due to wall effects and is
not of interest for this study. We thus limit the following
investigation to internal regions of the box.

Influence of bead collisions and fluid shear flow

To investigate the influence of bead collisions and fluid
shear flow on the aggregate disintegration, we defined the
degree of disintegration St at time t as

St5
st

s0
; st5

X
a

dt
a (12)

where a labels a single particulate in the aggregate, and da is
the distance between the center of particulate a and the cen-
ter of the aggregate. If the value of S is larger than 1.1, then
the aggregate is deemed to have disintegrated. This corre-
sponds to the surface distance between the nearest-neighbor
particulates in the aggregate being larger than 0.01 mm,
which is one-tenth of the particulate diameter. Note that two
particles separated by a surface distance of 0.01 mm have
fully overcome the potential energy barrier of the DLVO
interaction for all test conditions as shown in Figure 7.

The number ratio of disintegrated aggregates with S > 1:1
after a shearing time of 0.625 ms (i.e., a shear strain of 2.5)
is shown in Table 3. The DLVO force between particulates
aggregated at the primary minimum point (0.4 nm) of the
potential energy curve is listed as the aggregation force.
The simple shear system disintegrates fewer aggregates as the

aggregation force increases in Runs 1 to 4, and no aggregate
disintegration takes place in Run 4. For these disintegrated
aggregates, we investigated the effect of bead collisions, and
Table 4 shows the number ratio of disintegrated aggregates
(S > 1:1) colliding with a bead at the time of the aggregate
disintegration. Aggregates are rarely sandwiched between
two beads, and even for the collision with one bead, the ratio
is lower than 4% in all test cases. Note that it is possible

Figure 5. Relationship between the distance from the
bead surface to a computational grid ele-
ment and the pure-shear rate.

Figure 6. Bead and particulate motion induced by the
simple shear field: (a) overall and (b) detailed
views.

Figure 7. Potential energy curve of the DLVO interac-
tion between particulates for each test
sample.
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that this ratio is slightly overestimated because our simulation
cannot take into account a lubrication force32,33 between beads
and aggregates because of the lack of spatial resolution in the
fluid calculation. It seems that the effect of bead collisions on
the aggregate disintegration is negligibly small; nevertheless,
the number ratio of aggregates colliding with beads increases
with increasing aggregation force. We could conclude from
this result that aggregates with a strong aggregation force are
disintegrated by the effect of bead collisions, but the effect of
bead collisions on intact aggregates, shown in Table 5, reveals
that the number ratio of aggregates that have collided with a
bead during a simulation time of 0.625 ms also increases with
increasing aggregation force. Therefore, we doubt that aggre-
gates are effectively disintegrated by colliding with beads.

To clarify the effect of the fluid shear flow on the aggre-
gate disintegration, the (relative frequency) density distribu-
tions of the pure-shear rates at the locations of the
aggregates are shown in Figure 8. The relative frequency
density is defined as the number ratio of the aggregates in a
bin divided by the bin width. Note that we are interested in
only the pure-shear flow that removes the rotational compo-
nent from the simple shear flow because the rotational flow
does not deform aggregates in shear flow. For the disinte-
grated aggregates in Figure 8a, the distribution shifts to
larger pure-shear rates with increasing aggregation force
(Run 1 to Run 3). This trend is also seen for the intact
aggregates (Figure 8b), but the differences in the distribu-
tions of Runs 2, 3, and 4 are small. However, in comparison
with the distributions for disintegrated aggregates, the distri-
butions of the intact aggregates all peak at lower pure-shear
rates. These results, therefore, suggest that aggregates are
effectively disintegrated by the fluid flow shear stress
because aggregates with a strong aggregation force are disin-
tegrated in fluid flow with a high pure-shear rate.

Figure 9 shows the density distributions of the distance
between an aggregate and the surface of the nearest bead.
The distributions in the initial state of the simulation are
shown for reference. We can confirm from Figure 9a that
disintegrated aggregates are located at positions closer to the
bead when the aggregation force increases. In contrast, the
number of intact aggregates near a bead decreases in com-
parison with the number in the initial state (Figure 9b).
These results are consistent with those in Figure 8 because

the fluid shear flow develops around the bead surface as
shown in Figure 5. As a result, strongly bonded aggregates
are disintegrated by the strong shear flow induced in the
near bead surface. In addition, the probability of a collision
between a bead and an aggregate increases as the aggrega-
tion force increases because aggregates are closer to the
beads. We believe that this results in an increase in the num-
ber ratio of aggregates that have collided with a bead, as
shown in Tables 4 and 5.

Consequently, we can conclude that the effect of fluid
shear flow on the aggregate disintegration is larger than that
of bead collisions.

Effective force for aggregate disintegration

To determine the most effective force for aggregate disin-
tegration, we investigated the forces acting on the aggregates

Table 3. Number Ratio of Disintegrated Aggregates (Disinte-

gration Ratio) and Aggregation Force for each Test

Condition

Test Sample No. Run 1 Run 2 Run 3 Run 4

Disintegration ratio [%] 76.6 19.4 2.4 0.0
Aggregation force [nN] 0.099 0.227 0.453 1.580

Table 4. Number Ratio of Disintegrated Aggregates (with

S > 1:1) Colliding with Beads at the Time of the Aggregate

Disintegration

Test Sample No.

Number Ratio of Aggregates [%]

Run 1 Run 2 Run 3 Run 4

Sandwiched between
two beads

0.04 0.18 0.00 N/A

In a collision with
only one bead

0.52 1.05 3.78 N/A

Total 0.56 1.23 3.78 N/A

Table 5. Number Ratio of Intact Aggregates (with S < 1:1 at

t50:625 ms) that have Collided with a Bead During the

First 0.625 ms

Test Sample No.

Number Ratio of Aggregates [%]

Run 1 Run 2 Run 3 Run 4

Sandwiched between
two beads

0.00 0.04 0.12 0.21

In a collision with
only one bead

0.81 0.94 1.29 1.52

Total 0.81 0.98 1.41 1.73

Figure 8. Density distribution of the pure-shear rate of
the fluid flow at the aggregate locations: (a)
disintegrated aggregates and (b) intact
aggregates.
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due to bead collisions and fluid flow. The normal force FN

and tangential force FT are calculated as

FN5
X

a

fa � na (13a)

FT5
X

a

fa2ð jfa � najnaÞ (13b)

where na is the normalized unit vector from the center of an
aggregate to the position of particulate a, and fa is the force
vector acting on particulate a. For example, fa is defined as
Fi in Eq. 11 for the fluid force and as Ti in Eq. 3a for the
contact force between a particulate and bead. The contact
force distributions are shown in Figure 10. Because there is
not enough data for statistics to be calculated for the other
conditions, that is, the low numbers of aggregates that had
collided with a bead (see Tables 4 and 5), only the data
from Run 1 are shown. However, the contact force distribu-
tion will be almost the same in all test cases because it does
not depend on the aggregation force. From Figure 10, we
can see that the distributions of the disintegrated and intact
aggregates are similar for both the tangential and normal
components. However, if the contact force is effective in
disintegrating aggregates, then we would expect that the
force distribution for disintegrated aggregates is shifted to
higher force values with respect to that for intact aggregates.
In contrast, for the fluid force (Figure 11), the force distribu-

tion for the disintegrated aggregates is remarkably different
from that for the intact aggregates. Note that because the dis-
tribution for intact aggregates was almost the same in all test
cases, only the data of Run 1 are shown in the figure. In
addition, the distribution of the tangential force shifts to
larger forces with increasing aggregation force. Therefore,
strongly bonded aggregates are disintegrated by a stronger
tangential force of the fluid flow. The most interesting thing
is that the distribution of the normal force in Figure 11b
shifts from a negative (compression) region to a positive
(expansion) region with increasing aggregation force. This
means that the expansive force is more dominant than the
compressive force in affecting the disintegration of aggre-
gates with a strong aggregation force. From these results, we
expect that the aggregate disintegration mechanism in the
wet dispersion process using media beads can be understood
as follows:

1. Aggregates are essentially disintegrated by the fluid
force due to the strong shear flow around bead surfaces.

2. For the disintegration of weakly bonded aggregates, the
compressive fluid force is dominant when the aggregates are
close to beads or when aggregates enter the narrow channels
between beads.

3. For the disintegration of strongly bonded aggregates,
the expansive fluid force is dominant when the aggregates
are away from the beads or when the aggregates leave the
narrow channels between beads.

Figure 9. Density distribution of the distance between
an aggregate and the nearest bead surface:
(a) disintegrated aggregates and (b) intact
aggregates.

Figure 10. Density distribution of the bead contact
force acting on aggregates under the con-
ditions of Run 1: (a) tangential and (b) nor-
mal components.
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According to this mechanism, the disintegration of
strongly bonded aggregates by the bead contact force is diffi-
cult because the contact force only has the capability to
compress aggregates, as shown in Figure 10b. In addition,
under such conditions, there are few contact forces stronger
than 0.1 nN (tangential) and 20.2 nN (normal), and this is
similar to the tendency of the distribution for the fluid force
acting on intact aggregates (Figure 11). Moreover, in Figure
10, it should be noted that even if the data used in the con-
tact force distribution is that of disintegrated aggregates, the
data is influenced by not only the contact force but also the
fluid force because both these forces act on the aggregates at
the same time. Thus, there is a high possibility that aggre-
gates are disintegrated by the strong fluid force around the
bead surface when aggregates are close to the beads and
contact occurs. Therefore, the role of the beads is to induce
the strong fluid force that disintegrates stronger aggregates.
This confirms that the effective force for aggregate disinte-
gration is the fluid force and not the contact force.

For the optimum design of the practical disintegration pro-
cess of nanoparticles using a stirred media mill, the clarified
disintegration mechanism indicates the importance of pro-
ducing a bead motion and fluid flow in the mill that
increases the fluid force, rather than the bead contact force,
although the control of the bead contact force is significant
for a comminution process design.34 In practice, the bead
size, stirring rate, and geometry of the mill significantly
influence the bead motion and fluid flow. However, the

precise nature of the effects of these parameters on the force
applied to aggregates is unclear. Within these parameters,
the stirring rate in the mill can be associated with the shear
rate used in this simulation, and thus, the simulation can be
used to investigate the effects of stirring rate and bead size
on the force applied to aggregates, which will help us obtain
a clear and more detailed mechanism of the disintegration
process in a future study. Conversely, the effect of the mill
geometry cannot be considered using a simple shear simula-
tion; the coupled DEM–LES simulation used in our past
study14,15 that takes the mill geometry into account appeared
to be an effective tool for designing the mill geometry in
such a manner that the bead motion and fluid flow in the
mill become desirable.

Conclusions

We have developed a numerical method for simulating the
motion of beads and particulates (with a size ratio of
1000:1) coupled with fluid flow in a simple shear box. We
were able to clarify the aggregate disintegration mechanism
by using this simulation method to investigate different con-
ditions and aggregation forces.

The simulation results confirmed that aggregates rarely
collide with beads and revealed that the number ratio of dis-
integrated aggregates in collisions with beads was lower than
4%. In addition, the magnitude of the bead contact force act-
ing on aggregates was too small to disintegrate aggregates
under our simulation conditions. However, aggregates were
effectively disintegrated by the effect of fluid flow with a
high pure-shear rate around the bead surfaces. Aggregates
with a strong aggregation force were disintegrated by the
strong fluid force induced near the bead surface and also
dominantly disintegrated by the expansive fluid force rather
than the compressive fluid force. As a result, it was found
that the effective force for the aggregate disintegration is the
fluid force and not the contact force. Therefore, for the effi-
cient disintegration of strong aggregates, it is important to
develop regions with a strong fluid force by the efficient uti-
lization of bead surfaces.

We hope that this information regarding the aggregate dis-
integration mechanism in a simple shear system will be use-
ful for optimizing the design of the wet dispersion process
using a stirred media mill. We are also interested in the
influence of other parameters such as the bead diameter,
shear rate, and slurry viscosity and how these relate to the
bead contact force and fluid force in affecting aggregate dis-
integration; this will be the topic of future work.
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