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Abstract

A numerical simulation of the Mechanofusion (MF) device, which is used for powder surface modification (dry particle coating, mixing,

etc.), is carried out using the discrete element modeling (DEM) technique. An existing, widely used, cohesionless contact model (Walton–

Braun) is used for two-dimensional simulation studies, in which the particles are assumed to be frictional, elastic-plastic spheres. The

Mechanofusion device consists of a rotating cylindrical chamber in which a fixed, eccentrically located, rounded inner-piece and a fixed

scraper blade are placed. Two simplified geometric models of the Mechanofusion chamber, one with and the other without the scraper, are

studied. Qualitative visualization of the particulate patterns and quantitative diagnostic analysis in the terms of average kinetic energy,

rotational energy and collisional granular pressure within two systems demonstrate the effect of the scraper on the particles. The force on the

fixed rounded inner-piece, which forms a compression region with chamber wall by its cylindrical surface end, as a function of the rotational

speed of the chamber and particle loading is calculated. The numerical simulation results are verified by comparing them with available

experimental results. Simulations are also performed to compute useful quantities such as impact forces and collision velocities experienced

by the particles due to the interactions with other particles as well as with the vessel walls, and the frequency of collisions within various

regions of the device. These quantities are useful for developing a full-scale system simulation that captures the phenomena at multiple length

scales.
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Keywords: Dry particle coating; Mechanofusion; Discrete element simulations; Soft-sphere modeling
1. Introduction

The Mechanofusion (abbreviated as MF) system was

developed in Japan in the mid-1980s and is based on using a

high-powered mechanical energy device to dry coat

powders without using any liquids [1]. In a dry coating

process, tiny, submicron or nanosized (guest or fine)

particles are coated onto relatively larger, micron-sized

(host or core) particles in order to create value-added

composite particulate materials. In contrast to wet-particle

coating, the guest particles are brought into close contact

with the host particles through the application of mechanical

forces. In the past two decades, considerable experimental
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research and development work has been done in this area,

and a number of interesting applications have been proposed

and new commercial processes and products have been

developed in Japan as well as in the USA (see Ref. [2] for a

recent review).

For example, Yokoyama [3] investigated the combination

of more than 100 different host and guest particles by the

MF process. Tanno [4] reviewed the MF process for

producing composite particles. Fig. 1 shows a schematic

diagram of the MF system. It consists of a rotating

cylindrical chamber in which a fixed rounded inner-piece

and a fixed scraper blade are placed. The radius of the inner-

piece is smaller than that of the chamber and the clearance

space between the inner-piece and the chamber inner wall is

adjustable, which generally ranges from 2 to 5 mm. The

clearance between the scraper blade and chamber inner wall

is much smaller, usually around 0.5 mm. These clearances
6 (2004) 121–136



Fig. 1. Schematic diagram of the Mechanofusion system.
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are adjustable, and are determined by many factors such as

powder properties, particle size, the desired properties of the

final coated products, and so on. The powder mixture is

deposited inside the chamber for processing one batch at a

time.

The operation of the MF process is simple, but the

mechanism of powder processing within the chamber is

very complicated. When the chamber rotates, powder is

forced to the chamber wall by centrifugal action. While

passing through the converging space between the rounded

inner-piece and chamber wall, mechanical interactions,

mainly in the form of high shear-rate collisions, take place

between the particles and between the particles and the solid

boundaries of the chamber inner wall and the inner-piece.

As the particles come out of the diverging space of the

inner-piece region, they adhere to each other and to the

chamber wall. The blade serves to scrape off the powder

attached to the chamber wall. The sheared powder mixture

is then re-dispersed into the chamber and moves towards the

inner-piece region again. The powder continuously under-

goes this process of compression, deagglomeration, and

frictional shearing while the chamber is rotating. Since the

chamber rotates at high speeds, the interactions are intense

and a considerable amount of thermomechanical energy

may be generated, which could result in various effects on

powder materials.

Various operating parameters, such as the local temper-

ature and the running time are controlled and monitored to

prevent thermal degradation of particles.

A number of experimental studies [5,6] have been

devoted towards research and development of the MF

system. However, there has been very little effort devoted to

the theoretical analysis of the Mechanofusion system. One

example is the work reported by Chen and Huang [7], in

which a preliminary theoretical model of the MF system

was proposed to develop quantitative relationships among

system variables and their effects. In this model, all of the
outcomes of the MF process were assumed to take place in

the converging region between the inner-piece and the

chamber wall, and this region was referred to as the inner-

piece baction zoneQ. The particles within the action zone

were treated as a fluid-like assembly. The particle inter-

actions with the inner-piece and the chamber wall were

considered; however, the interactions among the particles

were neglected. Moreover, the function of the scraper was

completely ignored.

The challenge in modeling dry particle coating processes

arises from two major factors. First, there is a large

difference between the size of the host and guest particles,

in most cases, ranging from one to two orders of magnitude.

This, coupled with the difference in scale between the

device and the host particles, clearly makes a full simulation

a multi-scale problem, with three distinct length scales: the

device level, the host particle level, and, the guest particle

level. Second, there is the problem of the complex geometry

of the device and the nature of the motions and forces within

the system, including the effect of air or other fluids present.

Overall, the modeling should take into account the

mechanism of the motion of the device and the nature of

collisions, i.e., intensity and frequency of collisions among

particles and between the particles and the device. It should

also account for the agglomerate break-up and transfer of

guest particles from one host particle to another. A

successful long-term research plan would have to take into

account all of these aspects by dividing them into subparts,

and in this way, a reasonable understanding of the dry

coating process can be obtained.

In a coating application, the actual volume of the guest

particles (about 0.1% to 2% by weight of the host particles)

is very small; however, the number of guest particles is

extremely large. Due to the computational limitations, it is

impractical to include the fine particles in this modeling

effort. The main purpose of this work is to compute useful

information based on host/host and host/boundary inter-

actions, including an analysis of the kinematics and

dynamics of particle collisions, such as the frequency of

collisions and their strength, for developing a basis for a

full-scale system simulation that may capture the phenom-

ena at multiple length scales. It is believed that the effect of

the presence of the fine guest particles may, in future work,

be included in terms of change in certain properties of the

host particles. Thus, the objective of this paper is to perform

numerical simulations of the Mechanofusion system with a

monodisperse system of host particles using the Discrete

Element Method (DEM), originally proposed by Cundall

and Strack [8].

In setting up the numerical model, realistic interparticle

force models are considered for investigating the interaction

of each host particle with other particles, the boundaries

(chamber and inner-piece), as well as the blade (scraper).

First, a diagnostic analysis is carried out to compare two

systems, one with a scraper and one without. This is done to

examine the effect of the scraper, and to determine if
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ignoring the scraper in modeling, as was done by Chen and

Huang [7], is valid. Next, in order to validate the numerical

model against the experimental results, the force on the

inner-piece is calculated at various operating conditions to

compare with available experimental results. After gaining

confidence in the numerical model, a number of simulations

are performed, including detailed computations of quantities

such as average forces on host particles categorized by

various functional zones within the chamber. Finally,

collision analysis is performed based on particle–particle

and particle–boundary interactions aimed at understanding

the various mechanisms occurring within the system.
2. Description of the model

2.1. Geometric model

In the model, as shown in Fig. 2, the outer circle

represents the Mechanofusion chamber and the eccentric

inner circle represents the rounded inner-piece. Exact

modeling of the scraper is very complicated; therefore, only

the main function of the scraper, which is to provide an

obstruction, that diverts particles from the outer wall, is

modeled in the simulations. Here we have represented the

scraper by a set of fixed particles placed at an angle as

shown in the inset of Fig. 2. This closely mimics the actual

placement of the scraper within the chamber. In the

numerical model, we assume zero clearance between the

scraper particles and the chamber (without any interaction

between scraper and the chamber). These fixed particles are

taken to be of the same size as the host powder particles.

2.2. Force model

For the normal force, a partially latching-spring model

proposed by Walton and Braun [9] for an elastic-plastic

material is adopted in this study. In this model, the loading

resistance force is a linear spring, with the spring constant

given by K1. A stiffer linear spring is used during the

unloading (restoration) stage, with spring constant K2, while

a finite plastic deformation occurs. K2 can be obtained from
Fig. 2. Simulation model of the Mechanofusion system where the scraper is

modeled as several fixed small particles and the inner-piece is a large fixed

particle.
the coefficient of restitution e, assumed to be independent of

the impact velocity for the elastic-plastic case considered

here, and is defined as

e ¼
ffiffiffiffiffiffi
K1

K2

r
ð1Þ

The normal force is given by

Nl ¼ K1a for loading

Nu ¼ K2 a � a0Þ for unloadingð

�
ð2Þ

where a is the relative approach (overlap) after initial

contact, and a0 is the finite plastic deformation, i.e., a0 is the

value of a when the unloading curve goes to zero.

The tangential force model used here is the incrementally

slipping friction model, also proposed by Walton and Braun

[9]. The effective tangential stiffness, KT is given by

KT ¼ fK0

�
1� T�T4

lN�T4

�c
for slip in one direction T increasesð Þ

K0 1� T4�T
lNþT4

� �c
for slip in another direction T decreasesð Þ

ð3Þ

where N is the total normal force, and T is the total

tangential force; K0 is the initial tangential stiffness, which

can be calculated from normal stiffness by the equation

K0=sK1 for loading and K0=sK2 for unloading, and s is less

than 1.0; l is the coefficient of friction, and c is the

exponent, which is set to one for all cases in this paper; T* is

the loading reversal value, which is initially zero, but it is

subsequently set to the value of the total tangential force T

whenever the relative tangential slip reverses direction. It is

scaled in proportion to any change in the normal force from

the previous time step.

The new tangential force T V is given by the expression

TV ¼ T þ KTDS ð4Þ

where DS is the amount of relative surface displacement

between the contact particles.

Thus, in order to calculate the total tangential force acting

between each pair of particles, one needs to keep only two

history dependent quantities, T and T* from one time step to

the next, minimizing the complexity of the data-structure

used in computations.

The calculation time step is related with normal stiffness

K1 by the equation, Dt ¼ pe
ffiffiffiffiffiffiffiffiffiffi
m=2K1

p
n

, where m is mass of the

particle and e is the coefficient of restitution. In our

simulation, the calculation time steps n for each contact is

taken to be 40. A larger stiffness results in smaller time steps

and longer computation times. On the other hand, a smaller

stiffness value allows a larger time step and a shorter

computation time. However, unduly small stiffness causes a

time step with unstable simulation results. We have

observed that under stable conditions, the value of stiffness

does not significantly change the kinematics of the results,

as long as significant overlap does not occur during

collisions. This fact has also been shown in previous



Fig. 3. Algorithm of DEM simulation.
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simulations of rapidly flowing granular systems [10,11]. It is

noted that using small value of stiffness will provide

inaccurate results for the contact forces. The significance

and magnitude of the error in the force calculations will be

explored in a subsequent paper.

2.3. Simulation approach

In a dynamic simulation such as this, the computation

time is a critical issue. The number of particles should be

large for the simulation to capture the essential features of

the particulate flow system. However, the number of

particles dictates the computation time, and hence the

computational cost and the user’s waiting time. The CPU

time increases as nlog(n) where n is the number of particles.

One way to limit the number of particles in the system is by

using a two-dimensional approximation for the system.

Dimensional reduction is equivalent to assuming the system

having an infinite length in the third (eliminated) dimension

or that the interaction along this dimension could be

neglected. In the former case, the flow pattern becomes

independent of the third direction [12]. Approximation for

the latter case becomes possible as the particulate flow

becomes predominantly two-dimensional.

In a Mechanofusion system, the interactions of a

particle with other particles and the system boundary can

be considered in a transverse x–y plane and the particulate

flow can be approximately treated in the plane. The

transport of the particle in the third dimension (z-direction)

does not play an import role in the system. Therefore, we

can justify using a two-dimensional system to simplify the

simulation. However, a limited number of test cases were

run in 3-D, with periodic end conditions as well as with

stationary end walls having a cell thickness of 10 particle

diameters, to validate the results of 2-D simulations. These

2-D/3-D comparisons are shown in Section 3.1.3, indicat-

ing that 2-D simulations are adequate for the purpose of

gaining a basic understanding of the system. The

parameters used for the simulation system are given in

Table 1. Unless specified otherwise, those values are

applied to the rest of simulation work. It is noted that the

simulated system is much smaller than the actual physical
Table 1

Typical parameters for the simulation system

Radius of particles 0.2 mm

Number of particles 1500

Density of particles 1.20�103 kg/m3

Diameter of chamber 25 mm

Diameter of inner cylinder 10 mm

Diameter of scraper 0.4 mm

Gap of cylinders 0.8–1.6 mm

Rotational speed of chamber 1000–4000 rpm

Normal stiffness (for loading) 20,000 N/m

Particle–particle coefficient of friction 0.4

Particle–solid boundaries coefficient of friction 0.5

Coefficient of restitution 0.85
system so that fewer particles can be used, while still

preserving the overall loading of the chamber. The normal

stiffness K1 is selected according to impact mechanics and

the condition that the maximum particle deformation is

less than 1%. As already mentioned, previous simulations

have demonstrated [10] that for rapidly flowing granular

systems, the kinematics of the flow are insensitive to the

exact value of the normal stiffness as long as it is

sufficiently large to prevent significant overlaps. The

objective of the current paper is to examine the kinematics

of the system; hence, the selection of the stiffness is not

expected to have a significant impact on the results of

interest. The rest of input parameters are selected based on

expected empirical values. Different values, for example,

of the coefficient of friction might have a quantitative

effect on the simulation results; however, the qualitative

phenomena are captured by using a reasonable set of

values. We plan to include a systematic parametric

investigation in a future paper.

2.4. Numerical method

As described in the geometric model, during simulation,

two cylinders (chamber and inner-piece) are treated as

boundary particles and the scraper is represented as fixed

particles. They act as discrete elements of the system, which

interact with the particles in motion. The computational

algorithm for the soft sphere model utilized here is

illustrated in Fig. 3. At the beginning of the simulation,

particles are randomly positioned inside the system.

Initially, particles are also assigned small random velocities;

however, the net momentum of the system is initially zero.

For each time step, interparticle forces are calculated for all

contacting particles using the force model. Since the

simulation is implemented in a 2-D mode in this study,

the gravity force, which is in z-direction, is not considered.



Fig. 4. The Mechanofusion system is divided in seven equal volume zones

(not to scale).
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Summation of the forces acting on each particle is carried

out in x and y directions, respectively. The new translational

and rotational accelerations of the particle are calculated by

Newton’s equation of motion (shown here for the x-

direction)

v̇vnx ¼
Fn
x

m

ẋxn
x ¼

Mn
x

I

(
ð5Þ

where the superscript n refers to the current time step, m=1/

6 pd3q is the particle mass, d is the particle diameter, and q
is the particle density; I=1/10 md2 is the particle moment of

inertia, and Fx and Mx are the interparticle force and

moment acting on the particle due to interaction with others.

Similar equation can be written for the y-direction.

The moment of inertia defined above is for a sphere

restricted to a plane, and not for a disk-shaped particle. Thus

all spheres are restricted to a plane in 2-D motion. The new

velocity and position of the particle are obtained by explicit

integration of Newton’s equation via the time-centered,

finite-difference bleap-frogQ method [13]. The finite differ-

ence equations for the particle are

v
nþ1

2
x ¼ v

n�1
2

x þ v̇vnxDt

x
nþ1

2
x ¼ x

n�1
2

x þ ẋxn
xDt

(
ð6Þ

for translational and rotational velocity in the x-direction.

The new particle position is updated by

xnþ1 ¼ xn þ v
nþ1

2
x Dt ð7Þ

for the x-direction and similarly, corresponding equations

for motion can be written for the y-direction. After obtaining

new positions and velocities for all the particles, the

program repeats the cycle of updating contact forces and

particle positions. Checks are incorporated to find new

contacts and delete broken contacts for the neighbor list of

each particle. During simulation, average properties of the

system are calculated and are written to a file at regular

intervals to obtain quantities of interest.

2.5. Computing diagnostic quantities

The quantities of interest for diagnostic analysis of the

simulated system are the time-averaged values of the

collisional granular pressure, velocity, rotational kinetic

energy, and so on. The time over which averages are taken

must be long enough compared to the typical time taken by

any particle interaction (e.g., particle–particle or particle–

wall collision), but it should be short compared to the time

scale of major changes in the properties of interest.

In the numerical simulation, first, two different geometric

models of the MF systems are studied. The two models

differ only in that the scraper is excluded in one of the

models. The function of the scraper is primarily to scrape off

the particles caked on the chamber surface after passing

through the compression region, which is formed by the gap
between the inner-piece and chamber wall. For the purpose

of averaging the quantities of interest, the whole region is

divided into a series of equal-volume annular zones (i.e., the

volume of each zone is Vi=V/N, where V is the volume of

the chamber and N is the number of zones). The number of

zones is selected so that the radial width of each zone is

equal or greater than the maximum diameter of particles.

Therefore, the largest particle cannot occupy more than two

zones at a given time instant. The simulated region is

divided into seven zones, as shown in Fig. 4; note that the

figure is not to scale. In addition to the annular zoning, a

second partitioning of the space into regions, varying in the

circumferential direction, was also done to highlight the

differences between the systems with and without the

scraper. This partitioning, and the results are described later.
3. Simulation results

3.1. Comparative diagnostic studies of the Mechanofusion

system with and without the scraper

The purpose of this comparative study is to understand

the effect of the scraper on the dynamics of the system. The

number of particles is 1500 and the gap between the inner-

piece and the chamber boundary is 1.6 mm. The rotational

speed of the chamber is 2000 rpm, and the total operation

time is 10 s, which is found to be adequate for capturing

steady-state behavior.

Figs. 5a and 6a show snapshots of the particle patterns

within the system with the scraper and without scraper,

respectively. The initial condition for the two systems is the

same: the particles are randomly placed in the chamber with

a small initial velocity. From these figures, the time

evolution of the particle patterns can be observed. Fig. 5a

shows the sequence (at 2-s intervals) of the particle patterns



Fig. 5. A sequence of snapshots of the system with scraper showing (a) the particle pattern from 0 to 10 s, and (b) the velocity vectors at 2 s.
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for the system with a scraper. It can be seen that during the

operation particles are well dispersed within the chamber,

and within the first 2 s, the system is close to steady state.

However, the sequence of the particle patterns shown in Fig.

6a for the system without a scraper is quite different from

that shown in Fig. 5a. As time passes, more and more

particles get attached to the chamber wall because of the

centrifugal force, and hence the particles are not uniformly

dispersed within the system.

Corresponding snapshots of velocity vectors at time 2

s are shown in Figs. 5b and 6b, respectively. These

vector plots indicate even more clearly how the particle

motion differs in the two systems. As can be seen, for

the system with a scraper, there are zones of swirls and

chaotic motion, while for the system without a scraper,

the particles essentially move in a tangential direction

along the outer wall of the chamber, and the motion of

the particles in the rest of the chamber is negligible.

Hence, it appears that the scraper provides a great deal of

agitation to the particles.

The snapshots of the particle patterns within these two

systems show only a qualitative difference between the

system with and without the scraper. To obtain a quantitative

understanding, the time-averaged kinetic energy, pressure,

etc., can be computed. These computations provide insight

into the dynamics of the system. Hence, a diagnostic

analysis is carried out to compare the difference in the

dynamic conditions within the two systems. Each diagnostic

quantity is volume-averaged for each zone during a time

period set equal to 2 s, after the system attains steady state.

Since the simulation is in 2-D, the volume is obtained by

setting the third dimension, i.e., the thickness of each zone,

to be equal to the diameter of a particle.

3.1.1. The rotational kinetic energy

The rotational kinetic energy in each zone is computed

from the following equation

E kð Þ
r ¼ 1

2Vk

X
iak

Ii x2
ix þ x2

iy þ xiz � xð Þ2
ih

ð8Þ

where Vk is the volume of the zone k, x is the rotational

speed of the MF chamber, and xix, xiy, xiz are the

components of the angular velocity of the particle i; Ii=2/

5 miri
2 is moment of inertia of the particle, and mi and ri

are the mass and radius of the particle. For a two-

dimensional simulation, xix=xiy=0. In the above equa-

tion, the rotation speed of the chamber is subtracted so

that the effect of the rigid body rotation is eliminated. For

instance, if all the particles were glued to the chamber,

the rotational kinetic energy of each particle would be

Iix
2 and the computed total rotational kinetic energy from

Eq. (8) would be zero.

Since the particles attain steady-state conditions in less

than 2 s, the rotational kinetic energy of the particles is

plotted in Fig. 7, averaged over the time period from 2 to 4
s. For the system with a scraper, Fig. 7a, the rotational

kinetic energy increases along the radius, which means that

the boundary zones have larger rotational kinetic energy.

However, for the system without a scraper, Fig. 7b, the

rotational kinetic energy along the boundary zones is

significantly lower. This implies that without the scraper,

particles stick to the boundary during the processing, and

undergo mostly rigid body rotation.

3.1.2. The translational kinetic energy

The deviatoric translational kinetic energy is calculated

by

E
kð Þ
t ¼ 1

2Vk

X
iak

mi½ðvi � v̄kÞ2
 ð9Þ

where vi is the particle velocity and v̄k is the average

velocity computed based on the average velocity field at the

location of particle i. Our averaging zones were not fine

enough to generate an accurate daverage velocity fieldT
defined at each point inside the simulated chamber. As a

consequence, in order to compare the relative kinetic energy

of particles in each system, we used an approximate kinetic

intensity indicator for each zone based on the differences of

the value of the particle’s velocity in the radial, tangential

and vertical direction (i.e., in cylindrical coordinates) and

the corresponding average value of the particle velocities in

the zone,

E
kð Þ
t ¼ 1

2Vk

X
iak

mi

h
ðvri�v̄rk Þ

2þðvhi�v̄hk Þ
2þðvzi� v̄zk Þ

2
i

ð10Þ

where vri, vh i
, vzi are the particle velocities in the radial,

tangential and vertical direction, and v̄rk, v̄hk
, v̄zk are the

average velocities for zone k where particle i appears in the

current time step, respectively. In a 2-D system, velocity in

the vertical direction (z-direction) vzi=0. This approximate

kinetic intensity indicator provides an indication of which

annular regions have high deviatoric velocities (although it

is not an accurate measure of the true deviatoric kinetic

energy, nor of the granular temperature).

Fig. 8 shows the kinetic intensity indicator distribution

within the chamber for the systems with and without the

scraper. Fig. 8a shows that for the system with a scraper, the

kinetic intensity is nearly evenly distributed within zones 3

through 7, i.e., the outer half of the chamber. However, for

the system without a scraper, Fig. 8b, the kinetic intensity is

much smaller compared with the value for the system with

scraper, and is significant only in zone 6, where most of the

collisions between the particles and the rounded inner-piece

take place. Generally, the average value within the system

with the scraper is more than twice as that for the system

without the scraper.

3.1.3. The granular pressure

For a particle dynamic system such as MF, the granular

pressure can be estimated based on the work by Ladd [14],



Fig. 6. A sequence of snapshots of the system without scraper showing (a) the particle pattern from 0 to 10 s, and (b) the velocity vectors at 2 s.
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Fig. 7. Rotational kinetic energy distribution in the Mechanofusion chamber

averaged between 2 and 4 s for (a) the system with scraper and (b) the

system without scraper.

Fig. 8. Kinetic intensity distribution in the Mechanofusion chamber

averaged between 2 and 4 s for (a) the system with scraper and (b) the

system without scraper.
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and is also described by Walton [15,16]. The equation is

given by

P ¼ 1

3Vi

" X
iak

miðvi � v̄kÞ2 þ
X

iak;iNj

FijRij

#
ð11Þ

where Fij is the repulsive force acting between particle i and

j, and Rij is the distance between particle i and particle j.

The first term in the above expression is the kinetic

contribution to the granular pressure due to the motion of

the particles corresponding to the deviatoric velocity

computed based on the average velocity field at the location

of particle i, and the second term is the potential or

collisional contribution to the granular pressure, which is

due to the interaction forces between the particles. While the

granular temperature and the kinetic part of the granular

pressure are important from the point of view of kinetic

theory analyses, they only indirectly contribute to collisions.

They are also quantities that require more precise descrip-

tions of the mean velocity field than we had in our
simulations. In studying the functional operation of the

Mechanofusion system, we are primarily concerned with the

effects of collisions, collisional stresses and momentum

transfer among particles and between particles and walls.

Thus we concentrate on evaluating the second term in Eq.

(11), the collisional or contact contribution to the granular

pressure in various regions inside the simulated MF device.

The collisional pressure distribution for the systems with

and without the scraper is shown in Fig. 9a and b,

respectively. It can be seen in the figure that the colli-

sional/contact pressure along the boundary zone (zone 7) is

very large compared with the other zones. The value for the

boundary zone of the system without the scraper is

relatively larger due to a large number of particles in that

zone, densely packed against each other along the boundary.

In comparison, the collisional/contact pressure distribution

for the system with the scraper is lower, although somewhat

more uniform along zones 5 and 6. Overall, the average

collisional pressure for the entire region for the system



Fig. 9. Collisional pressure distribution inside the Mechanofusion chamber

averaged between 2 and 4 s for (a) the system with scraper and (b) the

system without scraper.
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without the scraper is nearly twice that of the system with

the scraper primarily because of the contribution from the

particles in nearly continuous contact near the outer wall.

The overall results for quantities such as the kinetic

intensity and collisional granular pressure are not signifi-

cantly different if the simulated system is 3-D instead of 2-

D, which is verified by simulating in 3-D in two ways. First,

we examine a 3-D system with periodic boundaries in the z-

direction and having a cell thickness of 10 particle

diameters; and second, the system having rigid walls on

both ends, with separation between them of 10 particle

diameters. The results of averaged values for the kinetic

intensity factor and collisional pressure as a function of time

for both the 2-D and 3-D systems are illustrated in Fig. 10a

and b, respectively. As can be seen, the value of the average

kinetic intensity in the 2-D system is very close to the value

in the 3-D system with periodic boundaries, whereas it is

larger than the value in the 3-D system with rigid walls in

the z-direction, which confine the movements of particles in

this direction. On the other hand, the average collisional
pressure is larger in the 3-D system with bounded walls than

the other two systems, because of the interactions of

particles with boundary walls. Generally, the differences

are not more than about 10%, indicating that the 2-D

simulations are adequate for revealing important phenomena

regarding the flow kinematics.

The comparative diagnostic study of the MF system

shows that the numerical simulation can provide detailed

information about the flow patterns and dynamics of the

system. A comparison of the system with and without the

scraper clearly shows the important role played by the

scraper, suggesting that the scraper does much more than

simply eliminate caking of the powder; it also significantly

improves the dispersion of powder within the system.

3.2. Dynamics of collisions in the Mechanofusion system

In this section, a force analysis designed to aid in

understanding the interactions within the MF system at the

microscale is described. First, the force on the inner-piece as

a function of the rotational speed of the chamber, as well as

the loading of the system is calculated and compared with

the experimental results reported by Yokoyama et al. [3].

This is a diagnostic quantity that can actually be measured

experimentally, and can be used to monitor the system

during its operation, and for analyzing power-consumption.

A comparison of the experimental and numerical results can

provide the validation of the computer modeling utilized in

this paper. This is followed by a calculation of the average

forces on each particle, categorized by several important

areas within the system. When not specified, the particle

loading is 1500 particles and the gap size of the inner-piece

is 1.6 mm.

3.2.1. Forces exerted on the inner-piece

The methodology of the DEM soft sphere technique

makes it possible to keep track of all the interactions of the

particles with the inner-piece at any instant of time.

Therefore, the force on the inner-piece is calculated as a

long-term averaged value, obtained by averaging all the

instantaneous values during the simulation. Both the normal

force and tangential force are calculated.

First, the forces on the inner-piece as a function of the

rotational speed of the chamber are computed, and are

shown in Fig. 11a. In this figure, the points represent

simulation results. It is observed that the calculated normal

and tangential forces on the inner-piece increase linearly

with the rotational speed of the chamber on a log–log plot.

A trend line is also plotted as shown, with a power-law

constant of 2, which is very close to the actual best-fit value

of 1.97. An experimental study reported by Yokoyama et al.

[3] for polystyrene beads as a function of the rotation speed

also shows a linear relationship for the normal and

tangential forces on a log–log plot. This is shown in Fig.

11b, which is reproduced with permission of the publisher.

Also, the ratio of the calculated normal force to the



Fig. 10. Averaged results for 2-D and 3-D simulations for the Mechanofusion system with scraper as a function of time, (a) kinetic intensity, and (b) collisional

pressure.
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tangential force (around 5) is similar to what is found in the

experimental results. The 2-D simulations show that both

the normal and tangential force on the inner-piece vary as

nearly the square of the rotational velocity. The experimen-

tal results of Yokoyama indicate that the normal force varies

with the rotational speed to approximately the 2.1 power,

while the tangential force is not quite a simple power law,

but has a slope slightly higher than 2 at low speeds and

somewhat less than 2 at higher rotational speeds. Although a

systematic sensitivity study has not yet been performed to

completely verify the robustness of the simulation results, it

is expected that this power-law dependence of the forces on

the inner-piece varying with the square of the rotation rate is

a robust property of the MF system. This expectation is

supported by the fact that no adjustments were made to any

of the assumed simulated particle or wall properties in order

to obtain this result, and it is highly unlikely that such a

good agreement with experiments would have been

obtained unless the power-law relationship is relatively

insensitive to the choice of specific interparticle or particle–

wall interaction parameters.

Next, the normal and tangential forces on the inner-piece

are examined as a function of the particle loading in the

system. The simulation is carried out under five different

loadings: 500, 800, 1000, 1200 and 1500 particles. For each

loading, three different values of the rotational speed of the

chamber, 1000, 2000 and 3000 rpm are considered. The

results of the normal force and tangential force vs. loading
and rotating speed of the chamber are shown in Figs. 12 and

13a, respectively. Note that the values of the normal and

tangential forces for a loading of 500 particles are quite

small, but are nonzero. Both the normal and tangential

forces on the inner-piece increase with load. For each

rotational speed, the rate of increase of the force gradually

decreases with particle loading, which is similar to the

behavior observed in the experimental study. The rate of

increase is larger for higher rotational speeds of the

chamber. The numerical results qualitatively agree with

the experimental results shown in Fig. 13b (reproduced with

permission from the publisher), and provide further ver-

ification that the trends calculated in the numerical

simulations are generally consistent with measurements.

3.2.2. Forces on the particles during impact

In the MF process, the particles experience different

interactions within the system. The average force that a

typical particle experiences is one of the indicators of the

overall dynamic performance of the system. The duration of

individual collisions and the peak force during a collision is

known to be a strong function of the interparticle stiffness

(and/or the specific form assumed for the interaction force–

displacement relation). The total momentum transferred

during a collision, on the other hand, depends on the time-

integral of the forces acting during the collision. That time-

integral of the force, which controls the kinematics of the

flow, is relatively insensitive to the stiffness of the



Fig. 11. Average normal and tangential forces on the inner-piece vs. the

rotational speed of chamber, (a) simulation results, where the solid lines are

trend-lines indicating that the forces are proportional to the square of the

rotational speed, (b) experimental results from Yokoyama, KONA, 1987

(reproduced with permission).

Fig. 12. Average normal force on the inner-piece vs. the loading of particles

and the rotational speed of the chamber from simulations.

Fig. 13. Average tangential force on the inner-piece vs. the loading of

particles and the rotational speed of the chamber, (a) simulation results, (b)

experimental results from Yokoyama, [3] (reproduced with permission).
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interparticle interaction force–displacement relation (e.g.,

K1 in Eq. (1)). The time average of the interaction forces

experienced by particles in a region is an indication of the

average momentum transfer by collisions in that region, and

is not strongly sensitive to the specific stiffness chosen for

the interparticle interactions. Moreover, within the chamber,
different areas or zones will show different behavior, as was

shown in the previous section. For this and subsequent

sections, four new areas, different from the seven zones used

before, are defined in Fig. 14. Area 1 is the binner-piece
areaQ, which includes the converging-diverging region; Area

2 is the bscraper areaQ since the action of the scraper



Fig. 14. Definition of four major areas within the Mechanofusion chamber.

Fig. 15. Average (per particle, per area) normal and tangential impact forces

on particles within four different areas as defined in Fig. 14. Also shown are

the overall average values.
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dominates this area; Area 3 is the binput areaQ, because it is
the area where the particles arrive before they enter the

inner-piece area, and Area 4 is the bfree-diffusionQ area,

where particles get freely dispersed after being removed

from the wall by the scraper. Various quantities of interest

are calculated for each area, such as the average normal and

tangential force on a particle during time t=2 to 4 s as shown

in Fig. 15. Here the operating parameters are the same as

before in the comparative study.

As seen, the average normal force on the particles is

about four times larger than the tangential force. That

indicates that the MF system produces significant normal

forces in addition to shearing forces. As can be expected, the

average forces on the particles in the inner-piece and the

scraper areas are much larger than the forces in the other two

areas. This means that powder coating is more likely to

occur mainly within the inner-piece and scraper areas where

high collisional momentum transfer is occurring. These

plots also show that the time-averaged interparticle forces in

the scraper area are slightly larger than those in the inner-

piece area, which is somewhat counterintuitive. There are

two issues here; first, the time-averaged interparticle forces

in the inner-piece area are inversely proportional to the gap

size. For this particular simulation system, the gap size of

1.6 mm is somewhat high, and when it is reduced to 1.0

mm, the interparticle forces within the inner-piece area

become much larger than in the scraper area. Second, the

interparticle collision force is not the only parameter that

governs the coating activity. As will be shown later, the

frequency of collisions in the inner-piece area is much

higher, indicating that significant mechanical work related

to coating activity is likely to take place in that region.

In order to keep the number of computations at a

reasonable value, the spring-stiffness in the force model is

chosen to be much smaller than that of a real particle

material. While this choice provides reasonable results for

the kinematics of the system, the actual values of the

instantaneous computed forces are lower, and the contact

durations are higher, than would be expected for real

particle–particle collisions (with higher effective stiff-

nesses). The results shown in this section should therefore

be considered primarily as qualitative indications of what is

happening within the system. It is, perhaps, more instructive
to examine the collision velocities of the particles in the

simulations, instead of the collision forces, to get a more

accurate picture of the nature of the strength of the

collisions. This is done in the next section.

3.2.3. Relative velocities of the particles during impact

In Fig. 16, the relative normal impact velocities for the

four different regions as well as average values in the whole

system are plotted, with and without the presence of the

scraper. As can be seen, the relative normal velocities in the

inner-piece and the scraper regions are higher than those in

the other two areas. In line with the results of Fig. 15, the

scraper area shows values slightly higher than the inner-

piece area, but this is reversed (not shown) when the gap

size is reduced. When the two systems are compared, it is

clear that the average normal impact velocities with the

scraper present are twice those without the scraper.

The picture is somewhat different when the relative

impact velocities in the tangential directions are computed,

as seen in Fig. 17. The system without the scraper has a

higher average tangential velocity, yet has a lower normal

impact velocity (see Fig. 16). This means that the collisions

without the scraper are dominated by tangential interactions

and we speculate that they, thus, may not be as efficient in

the surface modification as the system with the scraper. It is

also possible that the main form of impact occurs from

bglancingQ collisions with the inner-piece by the particles,

which are mostly undergoing rigid body rotation. Further

insight into the particle behavior can be obtained by

computing the average rotation velocities of the particles,

as shown in Fig. 18. Here, it is seen that the particles in the

system with the scraper have twice the averaged rotational

speed of those without the scraper. However, due to

bglancingQ collisions taking place in the system without

the scraper, the average rotation velocities in the inner-piece

region are about the same for both systems.

3.2.4. Frequency and strength of collisions

The results for the average forces and the impact

velocities shown in the previous sections indicate the

different types of dynamic interactions within the MF



Fig. 16. Average (per particle, per area) normal impact velocities within four different areas as defined in Fig. 14 along with a system average; for system with

scraper as well as the system without the scraper.
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process. However, in order to use these results in more

comprehensive simulations that include guest particle

agglomerate break-up and transfer of guest particles from

one host to another (guest scale modeling), one needs to

know the frequency of the collisions taking place at the

device and host scales. For this purpose, the collisions are

categorized into collisions that occur between particles and

collisions that occur between the particles with the solid

boundaries (cylinder boundaries and fixed scraper particles).

First, the total number of collisions within each area is

calculated, followed by computing the average number of

collisions per particle. System parameters for this analysis

are also kept the same as in the dynamic analysis presented

in the previous section. The total number of collisions is

shown in Fig. 19, where in part (a), the collisions with the

boundary as a function of time are shown, and in part (b),

the collisions between particles as a function of time are

shown. As can be seen, the total number of collisions within

each area increases linearly with time, as it is a cumulative

value. Furthermore, the collisions between the particles and

boundary are much smaller in number than the collision
Fig. 17. Average (per particle, per area) tangential impact velocities within four d

with scraper as well as the system without the scraper.
between the particles. This is because the projected area in

the path of any particle and the other particles is much larger

than that of the boundaries.

One counterintuitive observation that can be made is that

the total number of collisions in the scraper area is very

small as compared to the other zones. On the other hand, the

number of collisions within the input area is largest (almost

five times that of the scraper area). This discrepancy is

explained when the total number of collisions is averaged

per particle within a zone, noting that the particle

distribution (or packing) is different in different areas. The

averaged number of collisions, shown in Fig. 20 is

calculated as

Averaged collisions

¼ cumulative number of collisions within an area

average number of particles within the same area

ð12Þ

The plots shown in Fig. 20 provide a clearer picture, as

the averaged number of collisions within the free diffusion
ifferent areas as defined in Fig. 14 along with a system average; for system



Fig. 18. Average (per particle, per area) rotational velocities within four different areas as defined in Fig. 14 along with a system average; for system with

scraper as well as the system without the scraper.
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area is smallest, which is also intuitively correct. In this area,

a particle has less chance to interact with other particles as

well as with the system boundary. On the other hand, the

averaged number of collisions within the inner-piece area is

the largest, which means that the particles are very active in

this area. Also, the averaged number of collisions within the

scraper area is smaller compared with the inner-piece area as

well as the input area. According to the dynamic analysis in

the previous sections, a particle experiences large interaction

forces within the scraper area; however, it undergoes lesser

interactions with the other elements within this area. Hence,
Fig. 19. Cumulative number of collisions within four different areas as

defined in Fig. 14; between particles and boundary as well as among

particles.
most of the coating action should take place in the inner-

piece area when the results of both the collision dynamics

and the collision frequency are taken into consideration. The

most useful results of the collision analysis are the averaged

collision rate in each region. These results, averaged from 3

to 10 s, are shown in Table 2. The values shown in the table

are the average number of collisions each particle undergoes

in 1 s within different zones, indicating that a single particle

may go through tens of thousands of collisions per second.
Fig. 20. Cumulative number of collisions per particle within four different

areas as defined in Fig. 14; between particles and boundary as well as

among particles.



Table 2

Collision frequency within four different areas as defined in Fig. 14 (per

particle in 1 s)

Area 1 Area 2 Area 3 Area 4

Particle–particle 1.54e4 4.92e3 1.52e4 3.14e3

Particle–boundary 3.31e3 8.21e2 1.48e3 4.81e2
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Thus it is clear that in the MF system, particle–particle

interactions dominate the system behavior.
4. Concluding remarks

In this paper, detailed numerical simulations based on the

soft sphere DEM technique are carried out for the

Mechanofusion process. The results are part of a long-term

project to develop a multi-scale modeling of a dry coating

system such as MF, where many different length scales are

important. The device and host particle scale simulations

performed clearly demonstrated the importance of the

scraper to the coating process. Without a scraper, the system

exhibits reduced normal impact velocities, indicating that

mostly glancing collisions occur between the particles and

the inner-piece. Diagnostic analysis of the two systems

shows that the numerical simulation can be utilized to

visualize the flow pattern and dynamics of the systems, and

provide useful insight into the influence of various operating

parameters.

Numerical results show that the average force on the

inner-piece is a function of the square of the rotational speed

of the chamber, in good agreement with experimental

results. The simulation is also capable of computing

interparticle collision forces between host particles, indicat-

ing the strength of the impacts. By calculating average

impact forces and average impact velocities for the particles

(categorized into four different regions within the system), it

is shown that an average particle experiences larger impact

forces (or relative impact velocities) in the inner-piece and

scraper areas. Based on these results, it seems that the MF

system induces collisions that have comparable impact

strength in both the normal and tangential directions. These

collisions are likely to cause deagglomeration of the fine

guest particles so that good coating can take place,

particularly (as shown in this paper) since a particle

undergoes tens of thousands of collisions per second. It is

also shown that while the forces are high in the scraper area,
the frequency of collisions is much lower and hence most of

the coating activity takes place in the inner-piece region.

It is clear that these type of simulations can be used to

derive detailed information about the collision dynamics,

including numerical quantities such as relative impact

velocities and frequencies of collisions. Future work will

focus on utilizing these simulation results combined with

the results of guest-scale modeling that will include the

break-up of guest particle agglomerates as well as the

transfer of guest particles from one host to another in order

to develop a more comprehensive modeling of the MF and

other dry coating systems.
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