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Coarse grain models for Discrete Element Method (DEM) have been attracting significant attention due to
their potential to drastically reduce computational costs. However, their applicability in simulating loose
packing behaviour of fine and cohesive powders remains unexplored. The purpose of this study is to val-
idate the Scaled-Up Particle (SUP) model, which is a novel coarse grain model proposed in the authors’
previous work, for simulating loose packing behaviour of original cohesive powders. Two distinct particle
insertion methods are employed to control the cluster configurations during free fall: random generation
of individual particles with initial vertical velocity fluctuations and direct insertion of pre-formed particle
clusters. The results show that the final packing structure are strongly influenced by the falling cluster
configurations and the SUP model can reproduce a wide range of packing fractions tested in the original
cubic particles, from 0.1 for highly cohesive particles to 0.8 for completely cohesionless particles. This
highlights the importance of considering collective states of particles to understand bulk powder
behaviour.

© 2025 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Packing of powders is of paramount importance in various pro-
cesses in industry, and accurate prediction and control of powder
packing has been extensively studied [1-3]. Packing fraction or
bulk density is the simplest and most accessible macroscopic
parameter for evaluating the packing state [4], which can be influ-
enced by the size and other microscopic properties of constituting
particles. For fine powders where the particle size is below 100 um,
inter-particle attraction forces such as surface adhesion and van
der Waals forces become more dominant than the gravitational
force [5], leading to a porous bed structure [6] with low packing
fraction. For example, the aluminium sulphate particles used in
the authors’ previous work [7] gives the packing fraction of 0.25
where the particles are almost cubic in shape with an edge length
of approximately 3 pm. While several empirical and semi-
empirical expressions exist in the literature for predicting packing
fraction [6,8], the correlation between attraction forces, particle
properties and the resulting packing state remains largely elusive.

* Corresponding author at: Department of Mechanical Engineering, The Univer-
sity of Osaka, Suita, Osaka 565-0871, Japan.
E-mail address: washino.k@mech.eng.osaka-u.ac.jp (K. Washino).
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Discrete Element Method (DEM) [9] has been broadly used for
simulating various particulate processes. It is a Lagrangian model
and directly calculates particle interactions using their microscopic
properties to determine the overall flow field. This makes it an
ideal tool for studying the packing behaviour of particles [10-
15]. However, one of the major drawbacks of DEM is its computa-
tional cost. When measuring packing fraction in experiment, a
moderate size cup or vessel (at least several centimetres in diam-
eter and height) is filled with particles. Simulating the same pro-
cess with fine particles using DEM is computationally challenging
due to (i) the immense number of particles to be tracked and (ii)
the extremely small time steps required to ensure simulation sta-
bility. Therefore, very small domain sizes (between 10 and 100
times the average particle diameter) are usually employed in the
packing simulations reported in the literature, where the system
size can be in the order of or below 100 um. The packing states
in such small systems may differ significantly from those observed
in large systems in experiment, but it has not been addressed in
the existing literature.

To perform experiment-scale simulations, it is necessary to
reduce the computational cost in DEM. Various attempts have been
made to achieve this; GPU computing [16-18], MPI domain
decomposition [19-21], reduced particle stiffness model [22-27]
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and coarse grain model [28-33]. In coarse grain models, the size of
particles used in simulation is artificially increased while keeping
the system size the same so that the number of particles is reduced
and the time step may be increased. The coarse grain models pro-
posed in the literature may be classified into two categories:
parameter scaling and direct force scaling [34]. In the parameter
scaling [29,32,35], the DEM input parameters (such as stiffness
and restitution coefficient) are scaled from those of the original
particles, usually based on some dimensionless numbers, and
plugged into the formula of the force models for the coarse grained
particles. In the direct force scaling [28,30,36], on the other hand,
the forces acting on the original particles are first estimated using
the DEM input parameters and variables (such as particle velocity
and overlap) of the original particles and then directly scaled for
the coarse grained particles. Relatively recently, several studies in
the literature showed coarse grained DEM simulation of cohe-
sive/adhesive particles [37-39]. However, to the best of the
authors’ knowledge, no studies have reported an in-depth discus-
sion of coarse grain models for simulating loose packing of fine
powders.

This study is an extension of the authors’ previous work [7] and
aims to investigate the applicability of the Scaled-Up Particle (SUP)
model, which is a novel coarse grain model proposed in the
authors’ previous work, in predicting loose packing behaviour of
original fine powders. Two distinct particle insertion methods are
employed to examine the influence of cluster formation during free
fall on the packing state: assigning initial velocity fluctuations to
individual particles upon generation and direct insertion of pre-
formed particle clusters. Both original and coarse grained particles
are simulated, and the resultant packing fractions are compared to
discuss the model validity. LIGGGHTS [40] is used for the simula-
tions, which is open-source and fully customisable.

2. Theory

The theories used for DEM and the SUP model have been
explained in the authors’ previous work in detail [41,42]. They
are briefly summarised in this section.

2.1. Governing equations

The governing equations of Particle i interacting with adjacent
Particle j is given by:

miv; = Fej+mg (M
J
Li=> Mg 2)
J
L = Liw; (3)

where m is the particle mass, » is the translational velocity, Fc is the
adhesive contact force, g is the gravitational force, L is the angular
momentum, M is the contact torque, I is the tensor of inertia,
and o is the angular velocity. The contact torque is given as:

Mc=1r x Fc (4)

where r is the vector running from the centre of particle to the con-
tact point.

2.2. Shape model

The superquadric model is used to implicitly express the parti-
cle shape using the following function [43]:
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ny ny\ M/m2 n
f(X):G( +‘% ) +% -1 (5)
X=(XY2" (6)

where a, b, and c are the size parameters in each principal axis, and
n; and n, are the blockiness parameters that control the edge sharp-
ness. X is the position vector (in local reference frame) from the par-
ticle centre, and the particle surface is defined as f(X) = 0. Details of
the contact detection algorithm for the superquadric model are
explained in [44].

2.3. JKR model

The Johnson-Kendall-Roberts (JKR) model [45] is employed for
the calculation of adhesive contact force, F-. The normal and tan-
gential contact forces are given by:

4E" "
Fen = 7(¥af - 4\/;“/_5_‘15+ N Vrel - ")" Q)

Feo = —min[8G' /1 6,0; + 11, s, i F]t (8)

where a, is the contact radius [12], r is the volume equivalent
sphere radius [46], E is the Young’s modulus, 7 is the surface energy
density, # is the viscous damping coefficient [47], v, is the relative
velocity, n is the unit normal vector, G is the shear modulus, § is the
particle deformation (overlap), us is the magnitude of the relative
tangential velocity at the contact surface, y, is the coefficient of
sliding friction, Fy is the normal load during sliding [48,49], and t
is the unit tangent vector. The subscripts , and  indicate the normal
and tangential directions, respectively, and the superscript * indi-
cates the reduced quantities. a. is given as the solution of the fol-
lowing equation [12]:

4myr+?

E
Note that employing the Gaussian curvature radius or the mean
curvature radius at the contact point can give more accurate force
evaluation. However, it may require an excessively small time step
interval for stable calculation. Employing the volume equivalent
sphere radius can reasonably approximate the force-displacement
curve according to the work by Podlozhnyuk et al. [44] without
compromising the computational cost. The damping coefficients
in the normal and tangential directions are given by [47]:

n, = —2\/§ﬁ(m*E*)”2r*”45}/4 (10)

at - 2r5,a% - a. +r292 =0 9)

Ne= *4\/2/3(m*6*)1/2r*”4531/4 an

where B is a function of only the restitution coefficient and given
by:
In(e
po (12)
In“(e) + m?

Following many studies in the literature [50,12,23], the model is
simplified so that the contact is broken as soon as the normal over-
lap becomes zero.

In many simulations of fine powder packing in literature, the
non-bonded van der Waals force is also considered [10,12]. The
authors proved that both the JKR only model and JKR with non-
bonded model can provide comparable results as long as the sur-
face energy density is adjusted to give the same total potential
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energy between a pair of particles. More detailed discussions on
this topic can be found in [7]. Therefore, the non-bonded van der
Waals force is not included in this work to minimise the number
of parameters required for the simulations.

2.4. SUP model

In this work, systems with original particle size are called “orig-
inal systems” whereas those with artificially increased particle size
are called “scaled-up systems”. [ is the scale factor and defined as:

= (mg/mp)'"? (13)

where the subscripts o and s indicate the original and scaled-up sys-
tems, respectively. Note that, in the direct force scaling approach
[34], the input parameters such as the particle density are
unchanged when the particle size is increased.

The Scaled-Up Particle (SUP) model is a novel coarse grain
model proposed in the authors’ previous work [34,51,52,41,53].
First, the original particle variables, e.g., particle velocity and over-
lap, are evaluated to estimate the contact forces and torques acting
on the original particles. The relationships between the original
and scaled-up particle variables are summarised in Table 1
[28,52]: the translational and rotational velocities are given to pre-
serve the total kinetic energy, whilst the particle overlap is deter-
mined by the geometric similarity. The estimated forces and
torques are then scaled up using the following scaling laws, which
are derived to ensure that the fluxes of bulk momentum (i.e., bulk
stress) and angular momentum within control volumes are equiv-
alent in the original and scaled-up systems [34,51,53]:

Fis = PFp (14)
Fis = PFgo (15)
Mjs = PMjo (16)

where F,, F; and M, represent any inter-particle forces, body forces
and inter-particle torques, respectively. In the simulations pre-
sented in this study, the adhesive contact forces are scaled with

I%, gravitational forces with I* and the contact torques with .

3. Simulation set-up
3.1. Particle properties

Table 2 shows the common properties of the original particles
used in this study. The same properties are also used in the
authors’ previous work [7]. The size and blockiness parameters
aresettoa=b=c=1L,/2=1.5 um and n; = n, = 8, respectively,
to express a cubic particle with an edge length of L. =3 um as
shown in Fig. 1. The particle shape, size and density are determined
based on cubic aluminium sulphate particles (Taimei Chemicals,
Japan) [7]. Note that the contact parameters such as friction and
restitution coefficients are arbitrarily chosen. It is important to
note that the focus of this work is to discuss the validity of the
SUP model for simulating the packing behaviour of original fine
and cohesive particles. Therefore, the objectives can be fulfilled

Table 1
Relationships between original and scaled-up
particle variables.

Variable Relationship
Translational velocity Vo = Us
Rotational velocity o = lws
Particle overlap do = ds/1
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Table 2

Common properties of particles.
Property Value
Size parameters a = b = ¢ [um] 1.5
Blockiness parameters n; = nj [-] 8
Density [kg/m?3] 2730
Young’s modulus [MPa] 5
Poisson’s ratio [-] 0.3
Coefficient of sliding friction [-] 0.5
Coefficient of restitution [-] 0.3

Surface energy density [J/m?] 0, 0.00105, 0.0105

e Le
A e

Fig. 1. Snapshot of the cubic particle. The edge length of the original particle is
2a=2b=2c=L, =3 um.

as long as the same parameters are used between the original
and scaled-up simulations. The friction and restitution coefficients
here are within the typical ranges used in the literature, and the
parameter sensitivity studies fall outside the scope of this work.
Since particle rolling can be largely constrained by the particle
shape, the rolling friction model is not used. Three values of surface
energy density are employed to vary the cohesiveness of the parti-
cles: 0 ]/m? (cohesionless), 0.00105 ]J/m? (intermediately cohesive)
and 0.0105 J/m? (highly cohesive). As shown in [7], the particles
are cohesive enough although the surface energy densities appear
small. This is due to the low Young’s modulus used (5 MPa), which
results in significant energy dissipation during prolonged particle
contact. This effect is thoroughly discussed in the literature [24,27].

3.2. Simulation details

The domain size for the original particle simulations is
60L, x 60L, x 13333L, as shown in Fig. 2a. Periodic boundary con-
ditions are applied in the horizontal directions, and flat plates are
mounted at the top and bottom boundaries. The attraction forces
between the top plate and particles are deactivated to prevent par-
ticle adhesion. The particles are continuously inserted in the fac-
tory region and then settle under the influence of gravity (9.81
m/s?) to form a stable bed where the packing fraction and bed
structure are analysed. The factory region size is
60L, x 60L, x 267L,, and its centre is located at 13133L, in height.
It has been proven that the packing fraction can be largely influ-
enced by the formation of particle clusters during free fall [7].
Two distinct particle insertion methods are employed in this work
to change the cluster formation. The first method is to randomly

generate individual particles with initial vertical velocity
fluctuations.
Vinitj = —Vad + CriVyf (17)

where vy, ; is the initial vertical velocity assigned to Particle i, 744 is
the magnitude of average downward velocity, c.; is the random
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Factory region
1 60Le [ x.60Le 1

A\ 4

)
(

13333 L.
13333 L.

Fig. 2. Simulation domain and factory region for the (a) original and (b) scaled-up
systems. Periodic boundary conditions are applied in the horizontal directions, and
flat plates are mounted at the top and bottom boundaries. The simulation domain is
empty before feeding particles.

number between -1 and 1 for Particle i and v, is the magnitude of
vertical velocity fluctuation. The initial horizontal velocity is set to
zero, and no overlap is permitted at the generation of the particles.
This is called “Insertion Method A” in this work. The second method
is to directly insert pre-formed particle clusters with desired config-
urations. The position of each pre-formed cluster is randomly deter-
mined within the factory region. This is called “Insertion Method B”.

For the scaled-up simulations, the horizontal dimensions of
both the simulation domain and factory region are increased pro-
portionally to the scale factor I to maintain an adequate number
of particles for analysis whilst the vertical dimensions are fixed
to 13333L, as illustrated in Fig. 2b. The scale factors tested are 1,
2 and 4 where | =1 stands for the original particle. The particle
insertion is stopped when the total particle mass reaches

1.2 x 1078 kg.
4. Results and discussion
4.1. Initial velocity fluctuations and cluster configurations

Before performing the packing simulations outlined in Section 3,
the relationship between the initial vertical velocity fluctuations
and the configuration of particle clusters is first investigated. Par-
ticles are generated at once in a simulation box where periodic
boundary conditions are applied in all directions including the ver-
tical direction. Gravitational acceleration is set to zero, the overall
particle volume fraction is 0.059%, the surface energy density is
0.0105 J/m?, v, is 0 m/s and v, is varied from 0.1 to 2 m/s.
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Fig. 3 shows the average coordination number of particles as a

function of dimensionless time, t*, which is defined as:

y tyyf

t = L, (18)
where t is the dimensional time. The coordination number here is
defined as the number of particles whose bounding spheres are in
contact, i.e., the minimal spheres that enclose the cubes. The parti-
cles collide and stick with each other, and the cluster size grows
with time as indicated by the monotonic increase of the average
coordination number. Interestingly, all results in Fig. 3 collapse into
almost a single curve, suggesting that similar cluster configurations
can be achieved with the SUP model irrespective to the values of the
scale factor I and vertical velocity fluctuation »,,. However, it is
worth emphasising that the scale factor appears in the denominator
of Eq. (18) since the collision density (i.e., the number of collisions
per unit volume) decreases with increasing [ as reported in the lit-
erature [39]. Consequently, larger scaled-up particles experience a
slower formation of clusters in terms of the dimensional time.
Fig. 4 shows the probability distributions of the particle coordina-
tion numbers at t* = 100,3000 and 50000. It can be observed that
not only the average coordination number but the probability dis-
tribution at each dimensionless time can be replicated well with
the scaled-up particles.

Now, we proceed to reapply the findings above to the context of
Insertion Method A in the packing simulation. Since the elevation
of the factory region used in the packing simulation is the same
regardless of the scale factor as illustrated in Fig. 2, v,s should be
scaled with [ to give similar configurations of falling clusters before
landing. Fig. 5 shows the probability distributions of the particle
coordination numbers during free fall when they are continuously
inserted in the factory region with v,y = 0.5 m/s, v,; = 0.125l m/s

and a mass flow rate of 4.02F* x 10~% kg/s. The surface energy den-
sity used is 0.0105 J/m?. The coordination number is analysed for
the particles whose centre is located between 0.001 and 0.002 m
in height. Fig. 5 proves that almost identical cluster configurations
during free fall can be obtained regardless of the scale factor. These
results may also imply that the SUP model has a capability of
reproducing the dynamics of original particle assemblies, which
is an interesting topic for many applications such as granulation
and agglomeration. However, it is beyond the scope of the current
study and will be discussed in future publications. For now, it suf-
fices to say that we can achieve similar cluster configurations for
the onset of the packing simulations by adjusting »,; proportional
to the scale factor, which will be used for the simulations pre-
sented in Section 4.2.

° v, = 0.1m/s, [ =1

v, =01m/s /=2

e v,=01ms [=4
v, =05m/s =1
v, =05m/s [=2
TV, = 05m/s, [ =4
—v,=2mfs /=1
--v,=2mfs, [ =2
----- vy=2m/s, [ =4

Average coordination number [-]
w
T

0 i o I I
10! 102 10 104
Dimensionless time [-]

Fig. 3. Average coordination number of particles as a function of dimensionless
time t* = tv,s/IL. with periodic boundary conditions in all directions. Gravitational
acceleration is zero, overall particle volume fraction is 0.059%, surface energy
density is 0.0105 J/m? and g is 0 m/s.
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Probability [-]

Particle coordination number of clusters [-]

(a) t* = 100

0.8 |- J

0.4 1 1

Probability [-]

02

10
Particle coordination number of clusters [-]

(¢) t* = 50000
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0.8 |- 1

0.4 1 1

Probability [-]

0.2

Particle coordination number of clusters [-]

(b) t* = 3000

O wv,=01mjs =1
Hwv,=01ms /=2
& Vy = 0.1m/s, [ =4
v, = 0.5m/s, [ =1
ey, =05 m/s, [ =2
k- vl'_, =05m/s, [ =4
—vaZZm/s, [=1
—v,=2mls, [ =2
""" V= 2m/s, [ =4

Fig. 4. Probability distributions of particle coordination numbers with periodic boundary conditions in all directions. Gravitational acceleration is zero, overall particle

volume fraction is 0.059%, surface energy density is 0.0105 J/m? and g is 0 m/s.

0.25 T T T T
—Original
02} O Scale factor 2| T
™ X Scale factor 4
20.15 1
%
o< 0.1 ]
2
&
0.05 }

0
0 2 4 6 8 10
Particle coordination number of falling clusters [-]

Fig. 5. Probability distributions of particle coordination numbers while falling
between the heights of 0.001 and 0.002 m with v, = 0.5 m/s, v,y = 0.125I m/s and
mass flow rate of 4.02* x 10" kg/s. The surface energy density used is 0.0105 J/m?2.

4.2. Packing simulations with Insertion Method A

In this section, we discuss the results of packing simulations
with Insertion Method A. Figs. 6-8 show the profiles of average
packing fraction, close-up views of internal particles and the prob-
ability distributions of particle coordination numbers within the
final beds, respectively, with a surface energy density of 0 J/m?

(ie., cohesionless particles), mass flow rate of 4.02° x 10~® kg/s
and vy of 0.5 m/s. Two values of initial velocity fluctuations are
tested: v,; =0 and 0.125] m/s. The packing fraction is calculated
over sub-domains of size 60IL, x 60IL, x 2IL, in Fig. 6, and the
snapshots above the graphs show the original particles right before
landing on the beds. Given the cohesionless nature of the particles

and absence of the clustering during free fall in these snapshots, it
is expected that variations in »,; do not have a sensible impact on
the resulting packing fraction of the bed. The packing fraction of
the bed is approximately 0.8, which is fairly high since cubic parti-
cles can align their faces and form an ordered arrangement as
observed in Fig. 7, which is also reported in [7]. When computing
the probability distributions of particle coordination numbers in
the final beds (Fig. 8), only the particles whose vertical position
is located between 0.25H;.q and 0.75H .4 are included to eliminate
the boundary effects where H,., is the height of the final bed. The
probability distributions of particle coordination numbers in
Fig. 8a and 8b are nearly identical with the peak coordination num-
ber at 13.

Figs. 9-11 present the profiles of average packing fraction,
close-up views of internal particles and the probability distribu-
tions of particle coordination numbers within the final beds,
respectively, with a surface energy density of 0.00105 J/m?, i.e.,
intermediately cohesive particles. The bed packing fractions in
Fig. 9 are below 0.5, which are considerably lower than the cohe-
sionless cases due to the inter-particle attraction forces. The falling
particles form clusters when v, = 0.125] m/s, whilst the particles
lands individually when »,; = 0 m/s. However, the formation of
falling clusters only gives a marginal decrease of packing fraction
in the final bed. This infers that the falling clusters break into frag-
ments because the inter-particle attraction forces are not sufficient
to withstand the impact on the bed surface. The ordered structure
appeared in the cohesionless cases is no longer observed in Fig. 10,
and only limited influence of v, on the bed structure can be
detected in the snapshots. The probability distributions of particle
coordination numbers in Fig. 11 exhibit consistent results, and the
peak coordination number is much smaller than those of the cohe-
sionless cases. With a closer look at the results, it can be found that
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0.8 —Original

- F X O Scale factor 2 f{
g 06f X Scale factor 4
3 L i
=

o 0.4 E
£

£ L i
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£ 021 g

0.0
Distance from bottom [m]

(b) vyr = 0.125] m/s

Fig. 6. Profiles of average packing fraction of the final beds in the vertical direction from the bottom with a surface energy density of 0 J/m?, mass flow rate of 4.02* x 10~%
kg/s and vy of 0.5 m/s. The snapshots above the graphs show the particles right before landing on the beds in the original system.

Coordination number [-]

0 I

*

(b) vyr = 0.125] m/s

Fig. 7. Close-up views of internal particles in the final beds with a surface energy density of 0 J/m2, mass flow rate of 4.02° x 10~® kg/s and v,y of 0.5 m/s; (left) [ =1,

(middle) I = 2 and (right) [ = 4.

the peak coordination number shifts slightly but certainly when
applying the initial velocity fluctuations: the peak coordination
number is 8 when v,; = 0 m/s, and is 7 when v, = 0.125] m/s.
Finally, Figs. 12-14 depict the profiles of average packing frac-
tion, close-up views of internal particles and the probability distri-
butions of particle coordination numbers within the final beds,
respectively, with a surface energy density of 0.0105 J/m?, i.e.,
highly cohesive particles. The packing fraction in Fig. 12a

(v = 0 m/s) decreases only slightly from Fig. 9a. When the initial
velocity fluctuation is zero, artificially dense packing structure can
be formed since all particles land separately on the bed as dis-
cussed in [7]. By giving v, = 0.125] m/s, however, the packing
fraction drops significantly and reaches below 0.3 in Fig. 12b. The
clusters presented in Fig. 12b are much stronger than those in
Fig. 9b, and small inter-cluster voids can be created in the final
bed as observed in Fig. 13b. This can be confirmed by the colour
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Fig. 8. Probability distributions of particle coordination numbers within the final beds with a surface energy density of 0 ]/m?, mass flow rate of 4.02F° x 10°® kg/s and v,4 of

0.5 m/s.
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Fig. 9. Profiles of average packing fraction of the final beds in the vertical direction from the bottom with a surface energy density of 0.00105 J/m?, mass flow rate of
4.02P x 10°% kg/s and v4q of 0.5 m/s. The snapshots above the graphs show the particles right before landing on the beds in the original system.

of particles: more light blue particles can be found in Fig. 13b com-
pared to Fig. 13a. Consequently, the peak coordination number in
Fig. 14b is smaller than that in Fig. 14a by 2.

Across all results presented in Figs. 6-14, the SUP model can
accurately capture the influence of the surface energy densities
and initial velocity fluctuations on the resultant packing state. It
is interesting that even the slight shift of the peak coordination
number by assigning v, in Fig. 11 can be predicted correctly with
the scaled-up particles. The loose packing structures with packing
fractions below 0.3 in the original particle beds can be simulated
and properly captured using the scaled-up particles, which is, to
the best of the authors’ knowledge, first proven in this work. One
may find these results somewhat counter-intuitive: denser packing
structure might be expected with a larger scale factor since the

inter-particle attraction force only increases with I* whilst the

gravitational force increases with I according to Egs. (14) and
(15). For example, consider a scenario where a single original par-
ticle is adhering to a fixed wall. As the scale factor increases, the
scaled-up particle may detach due to the comparatively weaker
attraction force than the gravitational force acting on the particle.
However, in the packing simulations above, the bed structure is

determined by the bulk stress, which is exactly what the scaling
laws in the SUP model aim to preserve. These results illustrate
the importance of considering collective states of particles to
understand bulk powder behaviour.

One limitation of Insertion Method A is that it is difficult to
obtain consistent cluster configurations when »,; exceeds vqq. As
explained in Section 3.2, a plate is placed at the top of the simula-
tion domain, which also coincides with the top of the factory
region. When v, is larger than v4, some particles possess initial
upward velocity, and then they bounce after hitting the top plate.
This changes the practical average downward velocity of the parti-
cles in the factory region as well as the time taken to reach the par-
ticle bed. If the top plate is removed (with an extended simulation
domain to contain all particles), some particles are shot upwards
and leave the factory region, and the collision frequency deviates
significantly from the target value. In either case, the resultant
cluster configurations before landing the particle beds are altered
undesirably. Therefore, we can only test relatively small v, i.e.,
0.125! in this section so that no particles receive initial upward
velocity even with the largest scale factor, where the peak coordi-
nation number of the falling particle clusters is 3 (see Fig. 5). The
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Fig. 10. Close-up views of internal particles in the final beds with a surface energy density of 0.00105 J/m2, mass flow rate of 4.02* x 10~® kg/s and v,q of 0.5 m/s; (left) [ =1,

(middle) I = 2 and (right) I = 4.
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Fig. 11. Probability distributions of particle coordination numbers within final beds with a surface energy density of 0.00105]/m?, mass flow rate of 4.02 x 10°% kg/s and v

of 0.5 m/s.

limitation explained here motivates the use of an alternative
method to insert particle clusters with larger coordination num-
bers, which is the topic of the next section.

4.3. Packing simulations with Insertion Method B

In this section, we discuss the results of packing simulations
with Insertion Method B, i.e., direct insertion of pre-formed clus-
ters with desired configurations. The clusters to be inserted here
are made of 3000 particles generated within a periodic box of
60L, x 60L, x 67L, in size, following the same procedure described
in Section 4.1. The surface energy density used is 0.0105 J/m?,
which is the case where the packing results are most sensitive to
the falling clusters as demonstrated in Figs. 12-14. A snapshot of
the resultant clusters at t* = 80000 as well as the probability distri-
bution of particle coordination numbers are shown in Fig. 15. In

the snapshot, a primary large cluster with tree-like structures
can be observed, which is accompanied by smaller satellite clus-
ters. Some of the “branches of the tree” are interconnected and cre-
ate a large empty space between them. It can be seen that the
probability distribution is similar to that shown in Fig. 4c, and
the peak particle coordination number is 5. These clusters are

inserted continuously with a mass flow rate of 3.34F° x 10”7 kg/s
for the packing simulations. In contrast to Insertion Method A,
the initial average velocity and velocity fluctuations are only set
to zero to retain the initial cluster structures while falling.

Fig. 16 shows (a) the profiles of average packing fraction in the
vertical direction from the bottom and (b) the probability distribu-
tions of particle coordination numbers in the final beds. The aver-
age packing fraction in Fig. 16a is approximately 0.1, which is
much lower than those observed in Fig. 12. It is notable that such
a large difference is caused by just increasing the falling cluster
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Fig. 13. Close-up views of internal particles in the final beds with a surface energy density of 0.0105 J/m?, mass flow rate of 4.02I* x 10~® kg/s and v,q of 0.5 m/s; (left) [ =1,

(middle) I = 2 and (right) [ = 4.

configurations. In Fig. 16b, the particles with small coordination
numbers (below 5) decrease in the final beds as compared with
the pre-formed clusters (plotted in the same graph for compar-
ison), whilst those with large coordination numbers (above 5)
increase. However, the overall probability distributions between
the final beds and pre-formed clusters are similar to a certain
extent, implying that the initial cluster structures are partially
retained even after landing. Therefore, it is inferred that the low
packing fraction of the final beds is caused by large inter-cluster

voids, which can be confirmed in the snapshots in Fig. 17. In the
snapshots, very heterogeneous structures can be observed: parti-
cles are concentrated in some regions and large voids exist
between them. The colour of the particles, which represents the
coordination number, is somewhat similar to that in Fig. 15.

It is clear that both the profiles of average packing fraction and
probability distributions of coordination numbers in Fig. 16, as
well as the snapshots in Fig. 17, obtained from the scaled-up par-
ticle simulations are in good agreement with those of the original
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obtained from Insertion Method B. The surface energy density is 0.0105 J/m? and the mass flow rate is 3.34F x 1077 kgfs.

particle simulation. It is particularly noteworthy that the scaled-up
simulations can correctly capture the packing behaviour of the
highly complex clusters shown in Fig. 15. These results prove the
validity of the SUP model for simulating extremely loose packing
behaviour with a packing fraction around 0.1.

5. Conclusions

In this work, the validity of the SUP model, which is a novel
coarse grain model for DEM recently proposed by the authors, is
discussed for simulating loose packing behaviour of fine and cohe-
sive powders. The adhesive contact force is given by the simplified

10

JKR model, and particle cohesiveness is controlled by the surface
energy density: 0 J/m? for cohesionless, 0.00105 ]J/m? for interme-
diately cohesive and 0.0105 J/m? for highly cohesive particles.
Original cubic particles with edge length of 3 um are continuously
inserted in a factory region, and the packing fraction and structure
of the resulting particle beds are analysed. Two distinct particle
insertion methods are employed to examine the influence of clus-
ter formation during free fall on the packing state: random gener-
ation of individual particles with initial vertical velocity
fluctuations (Insertion Method A) and direct insertion of pre-
formed particle clusters with desired configurations (Insertion
Method B). Simulations with particle size scale factors of 2 and 4
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Fig. 17. Close-up views of internal particles in the final beds obtained from Insertion Method B. The surface energy density is 0.0105 J/m? and the mass flow rate is

3.34 x 1077 kgfs.

are also performed, and the results are compared with those of the
original particles. The key and important results from these simu-
lations are summarised below:

e The coordination numbers of particle clusters coincide when
plotted as a function of the dimensionless time defined by
Eq. (18). Therefore, with the same elevation of factory regions
in both original and scaled-up systems, consistent falling
clusters can be achieved simply by scaling the initial
velocity fluctuations linearly with the scale factor in Insertion
Method A.

o The SUP model accurately predicts the original bed structures of
cohesionless, intermediately cohesive and highly cohesive par-
ticles for a wide range of packing fractions, including the influ-
ence of falling cluster configurations on the resultant packing
fraction. This paves the way for an important step torwards
large-scale simulations of real-life powders.

e The initial velocity fluctuations should not exceed the average
downward velocity in Insertion Method A, which poses a prob-
lem when comparing the results with different scale factors.

e Low packing fractions tested, which are below 0.3 with Inser-
tion Method A and approximately 0.1 with Insertion Method
B, can be reproduced using the SUP model even though the

inter-particle attraction force only increases with I> whilst the

gravitational force increases with . This is one of the main
takeaways of this work, which illustrates the importance of
considering collective states of particles to understand bulk
powder behaviour, since the SUP model scales the forces and
torques to preserve the bulk changes of momentum and angular
momentum.
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