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To investigate dynamic behaviors of monocharged particle systems, a direct truncation (DT) method and a hybrid
particle-cell (HPC) method are implemented into the discrete element method coupled with computational fluid dynam-
ics (DEM-CFD) with defined cutoff distances. The DT method only considers electrostatic interactions between particles
within the cutoff distance while the HPC method computes electrostatic interactions in the entire computational domain.
The deposition process of monocharged particles in a container in air was simulated using the developed DEM-CFD. It
was found that using the DT method, the macrostructure, evolution of granular temperature, and radial distribution
function of the particle system were sensitive to the specified cutoff distance. In contrast, using the HPC method, these
results were independent of the specified cutoff distance, as expected. This implies that, although electrostatic interac-
tions between particles with large separation distances are weak, they should be considered in DEM-CFD for accurate
modeling of charged particle systems. © 2015 American Institute of Chemical Engineers AIChE J, 61: 1792-1803, 2015
Keywords: electrostatics, discrete element method, long-range interaction, charged particle, hybrid particle-cell model,

DEM-CFD

Introduction

Particles with contact potential difference can acquire elec-
trostatic charges during contacts/collisions in various powder
handling processes.'™ The attractive and repulsive electro-
static interactions can lead to aggregation and segregation of
the particles* and unexpected particle dispersion.® This can
significantly affect the efficiency of the corresponding powder
handling process and the quality of the final products. There-
fore, understanding the dynamics of electrostatically charged
particles is very important in powder handling and processing.

The electrostatic interactions among particles can be deter-
mined explicitly or implicitly.”® The explicit method gener-
ally determines the electrostatic force directly based on the
distance between objects and the charge of the objects while
the implicit method first calculates the electric potential for
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the given charge density distribution in the electric field,
then the electric strength and the subsequent electrostatic
interactions are determined.

Using the explicit method, the electrostatic interactions are
generally determined based on the Coulomb’s law in which
the electrostatic force is a function of the charge of particles
and the distance between particles. If the distance between
particles is sufficiently large, the electrostatic force can be
adequately and accurately determined from the total charge of
the particles that is calculated by summing up elementary
point charges on each particle.7’9 If the separation distance
between the charged objects is relatively small compared to
the size of the charged objects, the charged object cannot be
considered as a point charge because of the redistribution and
polarization of the elementary charge on the surface of the
object. The explicit method should hence be applied to the
elementary charge on the surface of the object rather than the
object. In reality, charge redistribution and image effects
induced by polarization depend on material electrical proper-
ties, such as resistivity and permittivity. For insulating materi-
als (dielectrics) with a high resistivity (e.g., >10" Qm), the
charge redistribution is a relative slow process, compared to
the rapid particle collisions and separation during the powder
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handling process.'® In addition, the electrostatic analysis
shows that the image interactions between dielectric materials
can be very complicated and influenced by the charge, separa-
tion distance, and dielectric constants.’ For insulating materi-
als with a low polarizability (e.g., dielectric constant is close
to 1), the effect of polarization is negligible. For instance, the
electrostatic force between two spheres with the above mate-
rial is very similar to that between two point charges at a rela-
tively close separation distance (<10% of the sphere
diameter). Conversely, Korevaar et al.'' analyzed the influ-
ence of the attractive image interactions between particles and
pipe walls made from grounded and conductive materials on
the particle distribution during pneumatic conveying. It was
found that the image force can attract particles to move
toward the pipe walls and eventually retain particles at the
wall, when the charge of the particles is high enough. There-
fore, when the explicit method is used, the electrostatic inter-
actions between objects should be considered according to the
material properties and the process conditions.

However, the efficiency of the explicit method is limited
by the number of particles (point charges). Theoretically,
due to the long-range nature, electrostatic interactions
between all particles in a system should be considered,
which is very compute-intensive with a computational time
up to O(N?) for a system of N particles. As the electrostatic
force generally decreases with increasing separation distance,
r, according to the power law function, 72, and it becomes
very weak when the separation distance is large, a direct
truncation (DT) method was then introduced to improve the
computational efﬁciency.8le In the DT method, a cutoff dis-
tance is specified and only electrostatic interactions between
particles with a separation distance less than the cutoff value
were considered. Electrostatic interactions between particles
with a larger separation distance than the cutoff value were
ignored. The computation efficiency depends on the cutoff
distance; the speed is inversely related to the cutoff distance.
The DT method is a simple approach that can significantly
reduce the computational time. However, it may cause some
artificial effects or introduce computational errors due to the
exclusion of long-range electrostatic interactions.

The implicit method can be used to consider the entire
particle system and the associated electric field. The poten-
tial distribution of an electric field is first calculated from the
charge distribution by solving Poisson’s equation that is
derived from Gauss’s law and energy conservation.® The
electric potential distribution is then differentiated to obtain
the electric field strength. The electrostatic forces are
obtained from the product of the electrostatic charge and the
electric field strength. The indirect method with an electric
potential is commonly used in molecular dynamics (MD),
plasma and astrophysics simulations, and for the applications
in which the electric field and the charge distribution are of
primary concern.®

The particle-mesh (PM) method"® involves discretization
of the electric field into a mesh with the charge on the par-
ticles mapped onto the nodes of the mesh in order to obtain
the charge distribution. However, the calculation of the inter-
actions between particles depends on the mesh density and
the distribution of the particle. Consequently, the interactions
between such neighboring particles cannot be determined
accurately due to the extrapolation of charge distribution onto
each mesh. To obtain a more accurate calculation, on the
basis of the PM method, the particle—particle and particle-
mesh (PP-PM) method'>'*1> was developed. The electro-
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static interaction between particles within the cutoff distance
is calculated directly while the PM method is employed for
particles located outside of the cutoff distance. In terms of
the computational complexity, under periodic boundary con-
ditions, the PP-PM method is superior to the Ewald method,8
in which the short-range component is summed in real space
and the long-range component is summed in Fourier space
for MD and plasma simulations. To reduce the computational
complexity in calculating the charge and potential distribu-
tion, some advanced methods such as the multipole expansion
method can also be used.'®!"”

The discrete element method (DEM) has been widely used
to analyze the dynamic behavior of particle systems.lx’21 It
is a versatile method in which various interactions between
particles including electrostatic forces can be modeled.?!
Recently, DEM has been applied to model charged particle
systems.>'®?? Hogue et al.”?*> modeled the flow of triboelec-
trically charged particles flowing down an inclined plane
using DEM with unscreened and screened Coulomb force
models. The former involved treating the charged particles
as point charges while the latter introduced an additional
term to consider the polarization effects of particles close to
the reference particle. A screening radius was also applied to
define a spherical space for calculating the charge concentra-
tion and determining the induced polarization effects. It was
shown that, with the unscreened force model, particles
spread to a larger angle on the inclined plane compared to
that determined using the screened force model. However,
the way in which the screening radius affects the spreading
angle was not examined. Pei et al’ developed a coupled
DEM with computational fluid dynamics (DEM-CFD) such
that the electrostatic interactions were modeled using the DT
method. They simulated the deposition of bicharged particles
in a container with a cutoff distance of 10 particle radii. Due
to the electrostatic forces between particles, the formation
and breakage of agglomerates were observed in various dep-
osition stages. Liu et al.'® modeled the capture of particles
onto a macroscopic electrode in an induced electric field, in
which the dynamics of particles was analyzed using DEM,;
the electric field induced by particles near surfaces within a
distance of 1.2 particle radii was computed with a boundary
element method (BEM) and a hybrid BEM/image method.
The electric field induced by distant particle charges was
considered using an adaptive multipole expansion method.
The numerical simulations confirmed the formation of
“chain-like” aggregates on the macroscopic electrode. How-
ever, because of the computational complexity of BEM in
calculating the charge distribution on the surface of spheres,
the computational time will increase significantly if more
particles are involved. In the previous DEM studies for
charged particles, the DT method was generally used
because of its computational efficiency. However, it is
unclear whether artifacts and computational errors will be
introduced as a result of neglecting long-range weak electro-
static forces.

Hence, the objective of this study is to explore if the DT
method is sufficiently accurate for DEM modeling of
charged particle systems, for which the DT method is imple-
mented in our in-house DEM-CFD code. In addition, a
hybrid particle-cell (HPC) method that considers the electro-
static interactions between all particles using a simplified
explicit approach is also introduced and implemented into
the DEM-CFD. In this article, both DT and HPC methods
used in DEM are introduced in the next section. Using the
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developed DEM-CFD with the DT and HPC models, deposi-
tion of monocharged particles in a container is simulated. In
addition, deposition of neutral particles (without charge) is
also modeled for reference. The structure of the deposited
granular bed, the radial distribution function (RDF), and the
granular temperature (GT) and their dependence on the cut-
off distance of both methods are examined and discussed to
evaluate the robustness of these methods for modeling
charged particle systems. The computational time of both
methods and the sensitivity of the HPC method to the cell
size are also discussed.

Modeling Electrostatic Interaction Using DT and
HPC Methods

The DEM-CFD method is developed to simulate the
dynamics of particles during powder handling processes.
The motion of particles in DEM is governed by Newton’s
second law under gravity, contact forces, particle-gas inter-
actions, and electrostatic forces in each time step. The con-
tact forces are determined using classical contact mechanics.
For elastic particles considered in this study, the normal
contact is modeled using Hertz theory23 while the tangential
interaction using the theory of Mindlin and Deresiewicz.**
The compressible gas flow is governed by continuity and
momentum equations and analyzed using an adapted SIM-
PLE scheme in CFD. The interactions between particles and
air are simulated with the two-way coupling method. The
details of this DEM-CFD method can be found in Kafui
et al.'®%0

To calculate the electrostatic interactions, both the DT and
HPC methods are considered and implemented into the in-
house DEM-CFD code. The electrostatic interactions are of
great complexity due to the charge redistribution and polar-
ization as discussed in Introduction section. To simplify the
incorporation of electrostatic interaction into the DEM-CFD
and examine DT and HPC methods in principle, it is
assumed that (1) electrostatic charge on each particle is
treated as a concentrated point charge at the center of the
particle; (2) the induced electrostatic forces are governed by
the Coulomb law; (3) image and polarization effects between
interacting pair of particles are ignored; and (4) the physical
boundaries (walls and surfaces) are always neutral and do
not have electrostatic interactions with particles. In other
words, the particles and containers in this study are assumed
to be high insulating materials with low polarizability.

For both DT and HPC methods, a cell list is used to group
and detect charged particles and their long-range electrostatic
interactions in the computational domain, as illustrated in
Figure 1. The domain is first divided into cells with a size
greater than the diameter of the particle. All particles are
then sorted into their corresponding cells based on the rela-
tive positions of the particles to the cells. As a result, each
cell has its own particle list. A cutoff distance, R, is then
introduced to define the maximum range of the electrostatic
interactions. The total electrostatic force acting on particle i,
F? is determined as

n
Fi=) F; (1)
j=1

where Ff/ is the electrostatic force between particles i and j;
Position A (PA): n is the number of particles
In the DT method, Flej is given as
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Figure 1. A 2-D illustration of the cell list method.

qiq;
F?j: 47-[?0]"-2. u; r < Rc (23.)
07
F?j=0 i > Re (2b)

where ¢g; and g; are the net charge on the particles 7 and j; 7
is the distance between the particles i and j; w; is the unit
vector from particle j to particle i; and & is the permittivity
of a vacuum (8.854 X 10~ ' F/m). Equations 1 and 2 indi-
cate that, in the DT method, only the electrostatic force
between particles located within the cutoff distance is con-
sidered while electrostatic interactions between particles with
a separation distance greater than the cutoff distance are
ignored. This is similar to some published DEM models
involving electrostatic interactions.’>

In the HPC method, electrostatic interactions between all
particles are considered in the following manner: for particle
i, its electrostatic domain is divided into two regions using
the specified cutoff distance R.: a strong interaction (SI)
region and a weak interaction (WI) region. The SI region is
defined by the area of the mesh cells that envelops the cir-
cumscribed square/cube (the shaded area in Figure 1) of the
cutoff circle/sphere while the cells outside the SI region con-
stitute the WI region. The electrostatic force between particle
i and any particle j located in the SI region is calculated
directly using Eq. 2a. To determine the electrostatic interac-
tion between particle i and those located in the WI region,
the total net charge in each cell in the WI region is first cal-
culated using

0n=Y o 3)
k=1

where ny, is the total number of particles in the cell M, Qyy,
and ¢ are the total charge of particles in the cell M and the
charge of particle &, respectively. The electrostatic force
between particle i/ and those in the cell M, F;y, is then
approximated as
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Figure 2. DEM model for deposition of monocharged
particles.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

M= 47%Q1v12 Wiy 4)
m:oR,-M

where R;, is the distance between the particle center and the
center of the cell M; u;, is the unit vector from cell M to
particle i. Equation 4 is used to calculate the electrostatic
force between particle i and particles in the cells located in
the WI region. In this way, the electrostatic interactions
between all particles are considered and the total electrostatic
force acting on particle 7 is then determined by

ng N,
Fi=> F;+ ZM Fin Q)
j=1 M=1

where ng is the number of neighboring particles in the SI
region and Ny, is the number of cells in the WI region.

As a cutoff distance, R., is introduced in both the DT and
HPC models, the accuracy of these methods may depend on
its value such that the accuracy of the electrostatic forces
between particles may increase with increasing values of R..
However, the computational cost will also be increased. To
explore the sensitivity of R, values on the performance of
these two methods, deposition of monocharged particles in a
container in air, similar to those presented by Yu et al.,25 is
modeled using the developed DEM-CFD with various R,
values. More details of the deposition of neutral particles
which are sensitive to air in a container can be used for ref-
erence as reported by Yu et al.®

DEM-CFD Model for Deposition of Monocharged
Particles

In this study, a two-dimensional (2-D) DEM-CFD model
is constructed to simulate the deposition of monocharged
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particles in a container of a size 12 X 15 mm in air, as
shown in Figure 2. Initially, 800 monocharged particles are
randomly generated in central horizontal section of the con-
tainer. The gravitational force and the electrostatic interac-
tions are applied throughout the deposition. When the
simulation is initiated, particles start to pack under the grav-
ity and electrostatic forces. The charge on each particle was
fixed and the charge transfer was not considered. The mate-
rial parameters of the particles and the container are given in
Table 1. In this study, the charge of the particles is fixed at
2.6 X 107" C, which is in the range for pharmaceutical
excipient particles with the size of a few hundred microns,
such as lactose.”® Generally, Rayleigh damping,’ which
involves global damping and contact damping, are used in
DEM simulations. In this analysis, only contact damping is
considered. The damping ratio for particle—particle interac-
tions was set to 0.016, and the damping ratio for particle-
wall interactions was set to 0.032, which gives values of the
restitution coefficient in the range of 0.90-0.95.%*

The flow of air is modeled using the CFD scheme. The
entire domain is divided into fluid cells with a size of 8 par-
ticle radii. The air has a temperature of 293 K and a shear
viscosity of 1.8 X 107> kg m ' s~ '. The initial air pressure
is set to the atmospheric pressure of 101,325 Pa. The aver-
age molar mass of the air is 2.88 X 10~ > kg mol . No-slip
boundary conditions are assumed for the flow of the air adja-
cent to side and bottom surfaces of the container. The upper
boundary is set as free outflow. The flow of air is only initi-
ated by the deposition of the particles due to the interaction
between the air and the particles.

Both the DT and HPC methods implemented in the DEM-
CFD code are used to compute the electrostatic interactions.
The cutoff distance, R., is set to 5d, 15d, and 25d, where d
is the particle diameter, for both DT and HPC methods, to
examine their sensitivity to this parameter. For the HPC
method, the entire domain is divided into cells with a size of
4d to calculate the electrostatic interactions in the WI region.
A sensitivity study shows that the cell size in the range of
2-16 particle diameters can provide consistent results (see
Discussions section). The evolution of the GT during deposi-
tion and the bed height and also the steady-state RDF of the
granular bed are analyzed and reported in the next section.

Results
Deposition behavior of monocharged particles

Figure 3 shows the particle profiles at various time
instants during the deposition process of neutral particles. It
can be seen that the particles keep falling smoothly (Figures
3a, b) until the particles collide with the bottom surface (Fig-
ure 3c). Due to the damping effect, the particles eventually
settle down at the bottom of the container. A typical close-
packed crystalline structure is also observed in the granular
bed (Figure 3d).

Table 1. Material Properties of Particles and Container

Walls
Particle Container
Diameter, d (um) 100 -
Elastic module, E (GPa) 8.9 210
Poisson ratio, v 0.3 0.3
Density, p (kg m ™) 1500 7800
Charge, ¢ (C) 2.6 X 1071 -
Published on behalf of the AIChE DOI 10.1002/aic 1795
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(a)t=0.017s (b) £=0.034 s

(c)t=0.05s

(d)t=0.085s
Figure 3. The deposition profiles of neutral particles.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4 shows the particle profiles at various time
instants during deposition obtained using the HPC method
with R. = 15d. At the beginning of the deposition, as shown
in Figure 4a, the charged particles repel each other and
move toward the container walls due to the strong repulsive
electrostatic forces between the monocharged particles. At
the same time, the gravity force causes particles to pack
toward the bottom of the container (Figure 4b). Conse-
quently, there is a strong particle oscillation in the granular
bed as the gravitational force and the repulsive electrostatic
force tend to balance each other. As the initial kinetic energy
is gradually dissipated through the contact damping and the
friction between the particles and wall, particles start to
oscillate around their own equilibrium positions and the
kinetic energy of the system fluctuates around a constant
value. A dispersed structure of the granular bed, in which
the position of the particle is relatively stabilized as shown
in Figures 4c, d, is eventually obtained. In addition, it can be
seen that a denser structure is obtained at the bottom of the
bed compared to that at the top of the granular bed. In other
words, the particle concentration gradually decreases from
the bottom to the top of the granular bed. It is worth men-
tioning that, if the attractive image force between the particle
and the wall is considered, more particles can be attracted
on the walls, depending on material properties and the value
of charge.'' Clearly, the structure of the granular bed of
charged particles is different from that of neutral particles.
This is attributed to the fact that the particles in the lower
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region of the particle bed need to stay closer with a smaller
interparticle distance that leads to a larger electrostatic repul-
sive force to support the resultant electrostatic forces from
the particles in the upper region.

Wu et al.® investigated the self-assembly phenomenon of
similarly charged granular particles. In their experiments, a
layer of stainless-steel particles were precharged by contact
electrification with the base of the polystyrene box, and the
box was then tilted by an angle of 9° (Figure 5a). It was
found that the gravitational forces acting on the particles
were balanced by the repulsive Coulomb force and the par-
ticles formed a dispersed structure. The numerical results
agree with the experimental observations of Wu et al.,® as
shown in Figure 5b, in mainly two aspects. First, the particle
suspension and dispersion are observed due to the electro-
static repulsive force between similarly charged particles.
Second, the particle concentration decrease from the bottom
to the top, which is similar to the simulation results. How-
ever, it can be seen that there are also some difference
between the experimental and numerical results. In the
experiment, more layers of particles are concentrated at the
bottom. Also, particles at the top are positioned in the cen-
tral region rather than pushed onto the side walls as shown
in Figures 4c and 4d. This is mainly because the charge of
the steel sphere in the experiments is relatively small. For
instance, the charge-to-mass ratio of the sphere in the experi-
ments is around 9.0 X 10°® C kg~ ' which is much smaller
than the value of 3.3 X 10°* C kg ' used in the numerical

(a)t=0.017s (b) 1=0.085 s

(c)t=0.34s (d)r=0.68s
Figure 4. Particle profiles at various time instants
obtained with the HPC method (R. = 15d).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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(a) Experimental setup

(b) Particle profile

Figure 5. Packing profile of charged particles obtained
experimentally by Wu et al.®
Reprinted (adapted) with permission from Wu et al., Ind
Eng Chem Res., 2008, 47(15), 5005-5015, © American
Chemical Society. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

study. At the same time, the friction between the charged
sphere and the polystyrene surface can balance the repulsive
force and prohibit particles from moving toward the side

walls, especially when the separation distance between par-
ticles at the top of the granular bed is relatively large. In the
2-D numerical model, the front and back surfaces do not
exist and the friction between the particle and the front and
back surfaces is not considered. In addition, the polarization
(image effect) between particles and between the particle
and the polystyrene surface could also weaken the repulsive
force between particles, which have not been considered in
the numerical study.

Figure 6 shows the equilibrium states of the granular bed
obtained using the DT method with various cutoff distances
R.. It is noticed that the height of the granular bed varies
with the cutoff distance; the height of the granular bed
increases as the cutoff distance increases. The corresponding
packing patterns obtained using the HPC method are shown
in Figure 7. In contrary to those observed in Figure 6, a con-
sistent packing pattern is obtained with various cutoff distan-
ces. In other words, the packing structure obtained using the
HPC method is independent of the cutoff distance specified
while the results obtained using the DT method are very sen-
sitive to the specified cutoff distance. The numerical cutoff
distance does not exist in reality. This deposition process
should be physically deterministic and independent of the
numerical cutoff distance. Due to the dependence and sensi-
tivity to the cutoff distance, the DT method can produce arti-
ficial errors (Figure 6).

Radial distribution function

The RDF, g(r), is introduced to statistically analyze the
packing patterns shown in Figures 6 and 7. The RDF defines
the variation of the number density of particles with the dis-
tance from a reference particle—a selected individual parti-
cle in the particle system, and can effectively describe the
radial scattering pattern of a particle system.>” The RDF of a
2-D inhomogeneous system is defined as

g(r)=-20)

- 2nroAr

(©)

where r is the distance from the reference particle; n(r) is
the mean number of particles within the ring of width Ar at
the distance of r; ¢ is the mean number density of particles
of the entire granular bed. It can be seen that the RDF gives
the normalized number density of particles within the region
between r and r+ Ar from the reference particle. In this

(a) R, =5d
Figure 6. Equilibrium packing patterns obtained using the DT method with different R..

(b) R. = 15d

(c) R, =25d

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(a) R. =5d

(b) R, =15d

(c) R, =25d

Figure 7. Equilibrium packing patterns obtained using the HPC method with different R..

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

study, the average value of RDF for all particles in the sys-
tem is examined. The value of RDF is sensitive to the value
of Ar, especially for the first peak.” If Ar is too small, the
value of RDF can be extremely large and noisy while if Ar
is too large, the RDF profile may miss some major features
(peaks) due to the average counting and calculation. In this
study, the RDF is determined with r varying from d to 30d
with an interval of 0.1d and Ar is set to 0.1d, which is simi-
lar to the values used by Wu et al.*

Figures 8 and 9 show the RDFs for R, = 5d and 25d using
the DT and HPC methods. The RDF of neutral particles is
also superimposed for reference, which shows a typical hex-
agonal close-packed pattern with peaks at various separation
distances. However, the DT method results in two high
peaks that correspond to R, =5d and 25d, which indicates
that an artificial dense layer is developed at the specified cut-
off distance. However, the RDF profiles obtained using the
HPC method are essentially identical when different cutoff
distances are specified, which is much more realistic. The
data for R, = 15d follow similar pattern for DT and HPC
methods, respectively, and are consequently not shown.

8
- Neutral
6 RC =54
- — R =25d
= ‘
. H
&
)
=
<

0 10 20 30
r/d
Figure 8. RDF profiles of neutral particles and charged
particles obtained using the DT method with
different R..

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Granular temperature

The GT describes the internal thermal energy of a chaotic
particle system. It reflects the fluctuation of particle kinetic
energy over the whole system. For a particle system, the GT
is defined as®®

Te=—(v—(v))? @

where the angle bracket <> indicates ensemble averaging; v
is the velocity of each particle; and D is the dimension of
the model, which is 2 in this study.

Figure 10 shows the evolution of GTs obtained using the
DT method with different values of R.. The GT of neutral
particles is also imposed for reference. During deposition, a
peak at about 0.05 s is observed due to the impact between
particles and the bottom wall and the change of the velocity
(Figure 3c). For charged particles, the GT increases initially
as the particles are released to move under gravitational and
electrostatic forces. It reaches a maximum value and then
starts to decrease, indicating that the system is “cooling
down” as the kinetic energy starts to be dissipated through

8
------- Neutral

6-] ......... RC: 5d
= | —R =254
e | g
D4
o | il
> i
<«

2t

00 10 20 30

r/d
Figure 9. RDF profiles of neutral particles and charged
particles obtained using the HPC method
with different R..

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

June 2015 Vol. 61, No. 6 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

0.015

—¢ Neutral

f\.': ‘A‘Rc =5d
g 001 -a-R =15d
- =

o —-R =25d
(V]

oy

£ 0.005[)

-

<

25

0.1 015
Time (s)

Figure 10. The evolutions of GTs obtained using the DT
method for different values of R..
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)
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0.05 0.1 0.15 : 25
Time (s)
Figure 11. The evolutions of GTs obtained using the
HPC method for different values of R..

the contacts between particles and walls and the interaction
between particles and the air. However, the maximum value
increases with increasing R, with a corresponding reduction
in the rate of cooling. In addition, for the shortest cutoff dis-
tance (i.e., R. = 5d), there is a dwell period during the heat-
ing stage, at which the GT remains unchanged. The
corresponding GT data obtained using the HPC method are
presented in Figure 11 and they are independent of the value
of R., which should be the case. In addition, compared to
the GTs obtained using the DT method (Figure 10), the max-
imum value is about a factor two greater.

Discussion
The sensitivity of HPC method to the cell size

The sensitivity of the HPC method to the cell size, d.,
needs to be examined, as the charge of each cell is only the
total charge of particles in the cell. A range of cell size (2d,
4d, 8d, and 16d) is used in the same model setup as shown
in Figure 2 to explore the sensitivity.

Figures 12, 13, and 14 present the packing structure, aver-
age RDF, and average GT of monocharged particles using
the HPC method with various cell sizes, respectively. The
cutoff distance used is 15d. It can be seen that all the results
are of great similarity for various cell sizes. Esselink® sug-
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gests that for monocharged particles, the sum of the charge
of particles in the cell at the center can give a zeroth and up
to first-order approximation (if the particles distributes uni-
formly) for Taylor’s expansion. Hoffman'” further suggests
that when collisions between particles occur in the system, a
relative larger cutoff distance and smaller cell size can lead
to sufficiently accurate Coulomb and collision calculations.
In addition, the results can be further improved by consider-
ing the center of charge based on the particle positions in
the cell instead of the center of the cell.

DT and HPC methods

Figures 6-11 show that, even for the same deposition pro-
cess with monocharged particles, using the DT method, the
height of the granular bed increases with increasing cutoff
distance, there is a strong correlation between the peak in
the RDF and the cutoff distance, and the evolution of the
GT is very sensitive to the specified cutoff distance. These
observations are physically unrealistic, as the cutoff distance
is only a simulation parameter that should not have such a
significant impact on the microstructure of the deposited par-
ticle system and thermal behavior during the deposition pro-
cess. These unrealistic results were obtained because the
repulsive electrostatic forces between particles with a separa-
tion distance longer than the cutoff distance are completely
ignored in the DT method. As a consequence, particles expe-
rience weaker electrostatic forces with a smaller cutoff dis-
tance. To counterbalance the gravity of the particles, smaller
interparticle distances and larger electrostatic forces are nec-
essary. Therefore, a more compact packing structure is
induced as observed in Figure 6.

In 2-D simulations using the DT method, the circle at the
cutoff distance of each particle acts as a critical and equilib-
rium boundary for the combined effects of gravitational and
electrostatic repulsive forces. Particles under gravity tend to
deposit onto the bottom of the container and pack together
while the electrostatic repulsive force between monocharged
particles will dilate the particle system. For each pair of par-
ticles, when the electrostatic force is larger than the gravita-
tional force, particles move away from each other until the
distance between particles reaches the cutoff distance. As the
particles move further away from each other (i.e., beyond
the cutoff distance), the electrostatic force between particles
is ignored and the particles start to pack together because of
the gravitational force. Once the distance between the par-
ticles is smaller than the cutoff distance, the electrostatic
force is activated again. So, each pair of particles vibrates
about the cutoff distance and eventually achieve the equilib-
rium state due to the contact damping and friction between
the particles and walls. Therefore, a strong peak at the cutoff
distance is induced in the RDF profile. However, when the
cutoff distance is larger, the electrostatic force at the corre-
sponding cutoff distance becomes weaker and the corre-
sponding value of RDF is much smaller. This artificial effect
has also been observed in MD and Monte Carlo simula-
tions,*'* showing that artificial layers located at the cutoff
distances were observed when the truncation method was
used to describe the thermodynamics of aqueous ionic
solutions.

It has been shown that the GT obtained using the DT
method is much lower than that using the HPC method due
to the neglect of the electrostatic potential from the long-
range region. As only the electrostatic forces within the
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(a) d=2d
Figure 12. The packing structure of monocharged particles using HPC method with various cell sizes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cutoff distance are considered in the DT method, the par-
ticles in the simulations with smaller cutoff distances experi-
ence a smaller electrostatic repulsive force at the initial stage
and possess smaller electrostatic energy, which leads to a
smaller acceleration and a smaller velocity difference (i.e.,
GT). Initially, particles are accelerated to move away from
each other because of the electrostatic repulsion and this
results in an increase of GT. As the distance between par-
ticles becomes larger than the cutoff distance, the electro-
static force and the subsequent acceleration are ignored in
the simulation and consequently the GT remains unchanged.
When the particles reach the bottom of the container and
consolidate under gravity, the distance between particles
becomes smaller than the cutoff distance again. The GT
starts to increase and eventually achieves the maximum
value. Moreover, when the cutoff distance is larger, the
ignored electrostatic interaction becomes less significant, and
its influence on the GT of particle system is also smaller.

In the HPC method, all potential electrostatic interactions
are considered. Even though an approximation is made to
calculate the electrostatic forces in the WI region (i.e., with
a separation distance larger than the cutoff distance) using
the cumulative net charge in a cell (Egs. 3-5) instead of a

Average RDF
=

0 5 10 15 20
r/d

Figure 13. The average RDF of monocharged particles

using HPC method with various cell sizes.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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(c) d=16d

direct calculation of particle—particle interactions, the results
illustrated that this approximation is appropriate and pro-
duces more consistent results than the DT method. In partic-
ular, it is demonstrated that the HPC method is insensitive to
the cutoff distance specified (Figures 7, 9, and 11).

The computational time and accuracy of DT and HPC
methods

Position B (PB). A series of DT simulations with larger
cutoff distance (50d—125d) is performed to further confirm
the computational efficiency and accuracy. The packing
structure, RDF, and GT are shown in Figures 15, 16, and 17,
respectively. It can be seen that for the DT method, when
the cutoff distance is larger than 100d in the chosen values,
the packing structure, RDF, and GT start to show similar
patterns to those obtained from the HPC method, as
expected. This is because when the cutoff distance is large
enough (e.g., larger than the dimension of the granular bed),
all (or almost all) electrostatic repulsive forces between par-
ticles are considered, so that the DT method produces more
accurate results similar to the HPC method. Conversely, the
results indicates that the HPC method produces sufficiently
accurate results compared to those computed from all repul-
sive forces between particles. As shown in Figure 18, the
computational time of the DT method with larger cutoff dis-
tances (e.g., >100d) is greater than that of the HPC method

0.03

d =2d
__0.025} R
W _A_dc=4d
Né 002 —E—dc=8d
S 0.015 ~-d_=16d| ]
=
2
<

0.05 0.1
Time (s)
Figure 14. The average GT of monocharged particles
using HPC method with various cell sizes.
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(a) R. =50d

(b) R. =100d

(c) R. =125d

(d) R, = 15d (HPC)

Figure 15. The packing structure from DT simulations with larger cutoff distance (50d—125d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with the same results (e.g., 15d). In this study, only 800 par-
ticles are considered, so the difference of the computational
times between the HPC method and the DT method with a
sufficiently large cutoff distance (e.g., >100d) is not very
significant. If a large number (e.g., millions) of particles are
involved, the DT method with a sufficiently large cutoff dis-
tance can take a significant amount of computational time or
even became impossible to use.

The cutoff distance can also affect the computational time
for the DT and HPC methods. To compare the difference
between these two methods, the computational time for sim-
ulations with different cutoff distances were obtained (with
Intel Xeon CPU E5-2650 0 @ 2.00 GHz) at the same physi-
cal time of 0.68 s as shown in Figure 18. It is can be seen
that the DT method is more sensitive to the cutoff distance
than the HPC method. For the DT method, it takes 15.9—
34.0 h when the cutoff distance varies from 5d to 25d. The
computational time is increased by more than two times.
The HPC simulations takes more hours and the computa-
tional time is also weakly dependent on the cutoff distance.
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This is due to the consideration of electrostatic interaction in
both the SI and WI regions. In these two regions, similar
computations are implemented to calculate the electrostatic
interactions for each reference particles. Although the change
of cutoff distance from 5d to 25d can alter the sizes of the
two regions, it will not significantly affect their total compu-
tation cost. It should also be noted that for the HPC method,
the computational time increases with the increase of the
cutoff distance, especially when a relatively large cut-off dis-
tance is chosen (e.g., 125d) and more particle—particle inter-
actions are considered (Figure 18).

Although the results produced by the HPC method are
insensitive to the cutoff distance, its accuracy is still limited.
The electrostatic force is a function of the charge of objects
and the distance between them. However, from Figure 1 and
Eq. 3, it can be seen that the charge of a cell is a simple
summation of the charge of the particles without considering
the distance between each particle and the center of the cell.
Consequently, the electrostatic force between the reference
particle and the cell cannot accurately represent the actual
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Figure 16. The average RDF from DT simulations with
larger cutoff distance (50d—125d).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

force between the reference particle and those in the cell. To
obtain a high order of accuracy, a multipole expansion
method®'®!'” can be used to approximate the charge of the
particles onto the center of the corresponding cell. Moreover,
the image and polarization effects that affect the electrostatic
interactions between closely positioned particles should also
be considered in the future.

In this study, only monocharged particles are used for
investigation. When bicharged particles are involved in the
particle system, the agglomerates and aggregates can be
formed due to the mutual attraction and repulsion. Due to
the long-range nature, it takes more energy to break the
agglomerates induced by long-range electrostatic interactions
than the short-range interaction (e.g., JKR model for surface
molecular attractions during contact) with the same maxi-
mum magnitude.>* Although the electric field induced by
oppositely charged particles (dipole) decreases more rapidly
with the distance, as r~>,'° further studies on polycharged
and oppositely charged particles should be considered in
detail as well. In addition, although the HPC method is used
to model the flow of particles with fixed charge in air, it can
also be extended to investigate the flow and transfer of
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Figure 17. The average GT from DT simulations with
larger cutoff distance (50d—125d).
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Figure 18. The computation time of DT and HPC meth-

ods for a simulation of physical time of
0.68 s.

charges (electrons) in different media, such as conductive
and semiconductive materials and packed granular beds.*

Conclusions

To model charged particle systems with DEM-CFD, long-
range electrostatic interactions should be considered and
carefully implemented. In this study, a simple DT method
and a HPC method, both using a cutoff distance to improve
the computation efficiency, are implemented into an in-house
DEM-CFD code, which is then used to model the deposition
of monocharged particles. The sensitivity of both methods to
the cutoff distance is examined. It was found that the DT
method is very sensitive to the cutoff distance and the
neglect of the weak electrostatic interactions between par-
ticles with a separation distance larger than the cutoff dis-
tance introduces significant errors. This implies that the
weak electrostatic interactions should not be completely
ignored in DEM-based modeling, especially for monocharge
particle systems. As an alternative, these WIs are approxi-
mated using the particle-cell approach in the HPC method. It
has been shown that this method is not sensitive to the cutoff
distance, and more accurate and consistent results are
obtained for the deposition of monocharged particle systems,
compared to the DT method. It is hence demonstrated that
the HPC method will offer a robust and accurate approach
for modeling the long-range -electrostatic interactions in
DEM.
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