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A discrete-element method (DEM) was applied to analyze the complicated phenomena of
granular screening using different plate-, bead-, and woven-mesh structures. In the past,
mesh structures have often been simplified as plate or bead structures in screening-process
simulations, resulting in large differences between the simulated and experimental sieving
rate. Here, a mesh-type, 3D woven structure was accurately modeled, and the simulated siev-
ing process yielded results more closely resembling the experimental process. The woven-
mesh model constructed of sine and cosine functions was also used to assess the effect of the
structures on the sieving rate and mesh-blocking phenomena, i.e., cohesionless particles plug-
ging the mesh. By monitoring the in situ blocking conditions in the discrete-element method
simulation, cohesionless particles with diameters of 1.Iw (where w is the size of the aperture)
were found to block the most mesh apertures. The large difference in sieving rates observed
when separating particles with sizes of 0.7w and 1.Iw and those of 0.9w and 1.1w resulted
from the differing degree of freedom for the smaller particles to move to the bottom of the
bed. The 0.7w particles were more able to move downward in the bed and be sieved out, lead-
ing to a higher sieving rate as compared to those with 0.9w diameters. The significant factors
and phenomena of the sieving process, such as particle—-mesh and particle-particle interac-
tions, instantaneous mesh-blocking, and the intrinsic motion of the granular bed, which can-
not be observed experimentally, can be modeled by the DEM simulation using our 3D
woven-mesh model. © 2010 American Institute of Chemical Engineers AIChE J, 57: 918-928, 2011
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Granular materials display various properties during proc-
Institute of Chemical Engineers essing, such as dispersion, fluidization, bridging, aggregation,
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and heaping, depending on the operating system, which
results in difficulties in controlling bulk behavior. The
treatment processes for granular materials, including separa-
tion' > or mixing6 of particulate sizes, transportation in a
tube,7’8 leaking in a hopper, filtration through a screen, etc.,
have played vital roles in chemical-engineering industries.
Among them, screening is used to separate granular materi-
als of different sizes by oscillating the mixture on a mesh
and includes most of the above phenomena, making this
worthy of study. To better understand the screening process,
the granular bed motion in a vibrating system and the effect
of the mesh structure should be known.

The granular bed motion in a vibrating system is deter-
mined by many factors, such as vibratory amplitude, vibra-
tory frequency, particle size, bed scale, and so on. The
mechanism of the motion involves many obscure physical
phenomena, such as interior convection®'® and diverse
motions of particles in the granular bed,'”'® so study of the
bed-motion mechanism has drawn much research attention.
For example, Jaeger and Nagel'® thoroughly reviewed the
mechanistic studies of the bed motion in 1992. To experi-
mentally assess the interior motion of a granular bed, for
convenience, a two-dimensional vibration system composed
of two parallel transparent plates separated by a granular bed
only one layer thick has often been utilized for the observa-
tion of particle migrations. It is interesting that the larger
particles tend to migrate upward and the smaller ones tend
to move downward after a period of oscillation. The mecha-
nisms of mixing and separation are affected by interior con-
vection and the width of the bed.'* However, the two-dimen-
sional system may neglect some significant factors, such as
the 3D space and the wall effect. Thus, magnetic resonance
imaging technology has been further applied to investigate
the particle motion of the vibrating bed.>**? To reduce
experimental costs and improve the observation of the par-
ticle motion in the bed, discrete-element method (DEM) sim-
ulations were developed to observe the instantaneous phe-
nomena and analyze important factors that cannot easily be
studied experimentally,***~?® such as the particle velocity,
the height of the bed, and the particle—mesh interaction. In
the past, some researchers have attempted to analyze the
screening results of the experiments to predict the screening
efficiency via analogy methods,”” probability statistics,®
kinetic models,?® and exponential function trends.*® How-
ever, it has proven difficult to obtain several parameters for
the granular motion, such as the particle velocity, the height
of the bed, and the particle—mesh interaction, by the above
four methods. Therefore, Shimosaka et al.>* estimated the
sieving rate of powders using a custom-made bead-mesh
structure with a computer simulation and compared the sim-
ulation results with an experimental vibratory sieving process
using a woven JIS testing sieve. The predictions of the siev-
ing process by the simulation were expected to differ from
the experiment due to differences in the mesh structures, i.e.,
bead for simulation and woven for the experiment. Simpli-
fied mesh structures, such as the bead structure, have been
applied in computational simulations***"*? due to the com-
plexity of woven structures. In addition, the particle-mesh
interaction, a significant factor in the sieving process, is also
dependent on the mesh structures, with the plugging particles
having diameters of 1-1.2w. Therefore, an accurate simu-
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lated mesh structure is an important factor for obtaining
accurate predictions for the sieving process.

In this study, a 3D woven-mesh model constructed of sine
and cosine functions was used to predict sieving experiments
via the DEM. The results predicted for the sieving rate by
the custom-made woven-mesh structure model were very
close to the experimental results. The effect of the different
mesh structures on the sieving rate, such as plate, bead, and
woven mesh, was also studied in this work. Particle-mesh
interactions were clearly observed in the DEM simulation
over the studied vibration time, where plugging particles
with diameters of 1.1w blocked the most mesh apertures,
while the particles with 1.3w diameters did not block the
apertures. Through the purpose-built DEM simulation in this
work, more phenomena and parameters that cannot be
obtained experimentally can be studied to further elucidate
the sieving process.

Materials and Methods
DEM theory

The discrete-element method was developed by Cundall
and Stack™ to simulate the pressure variation in two-dimen-
sional (2D) soil systems by calculating the dashpot force and
elastic force among the soil particles interactively. Tsuji
et al.® combined the DEM with the Hertzian contact theory
to simulate the transport situation in a horizontal straight
tube and extended it to a fluidized bed, known as a multi-
phase system.

The DEM model is based on Newton’s laws of motion.
When two spherical particles i and j come in contact, which
can be determined by the occurrence of an overlap, J,
between them (Figure 1), the interaction forces f in the nor-
mal and tangential directions at a time ¢ are described by
Egs. 1 and 2:

[fn]t = [en]r + [dn]t (D
[fs]r = [es]z + [ds]t ()

where the suffix n represents the normal direction and s
indicates the tangential direction, and e and d are the elastic
force and dashpot force, respectively. In addition, the
variations in elastic forces over a very short time are given
by Egs. 3 and 4;

[j;z]z =[en]r +[dn]!
[f) =le ] +[4,);

o~
thdt 6
Figure 1. The soft spherical model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Meanwhile, the variations in dashpot forces are described
in Egs. 5 and 6.

Auy

Adn:nnfm @)
Au

Ad. — n 2

ds = 14 Al (6)

However, if the normal force exceeds the frictional sliding
force |[e,], > plen,|, then

Hes] = :u[en} X SIGN([eS]t)

,or[ds], = 0.

The SIGN will be “+” if [e,], > 0 or “—"" if [e,], < 0, indi-
cating the direction opposite to the displacement of the particle.

Furthermore, the force and the moment in the X, Y, and Z
directions are given by Eqs. 7-10:

£ = (Ul + £lm) ™
51 = Z{{falnz + []m2} ®)
21 = 2{{falns + [f]ns + mg} )
(7], = 20" n x[A] } (10)

where r is the radius of the particle and the unit vector, Z, is
[n1,n2, n3]. After the analysis of forces, the displacements of
the particles can be predicted by Eqs. 11-14.

[AS\], = ], Ar (11
[AS}], = V)], A (12)
[ASZ], = [vi],Ar (13)
(A0, = [0'],A¢ (14)

Finally, the trajectories of the particles are found by inte-
grating the displacements over a short time, At.

Vibratory screening system setup

The vibratory screening system setup is schemed in Figure 2.
The system is a cylindrical column with 0.15 and 0.2 m in
height and diameter, respectively. The black and white colors
of particles in Figure 2 represent the different particle sizes.
Three different mesh structures, plate-, bead-, and woven-
mesh, were simulated as the bottom part of the column. The
mesh apertures, w, were all 8.5 x 107> m in the simulated
system. The detailed description of three mesh structures was
discussed later. Initially, the different particle sizes of the
cohesionless particles were randomly placed and without con-
tacting each other in the column. For the discussion of mesh
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Figure 2. The scheme diagram of 3D vibratory screen-
ing system setup.

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

structure effect, two different particle diameters, 7.0 X 1073
and 10.5 x 107> m, were used. As for the discussion of par-
ticle-mesh and particle—particle interaction, four different par-
ticle diameters, 0.7w, 0.9w, 1.1w, and 1.3w, were utilized for
comparison. The total numbers of particles were 844 and the
number ratio of large to small particles is 2 in both cases.

Screening model

In this study, the 3D screening process was simulated by
the DEM; a flow chart of the program is shown in Figure 3.
In addition, the values of the parameters used in this work
are listed in Table 1. Three different mesh structures, plate-,
bead-, and woven-mesh structures, as shown in Figure 4,
were used to analyze the resulting sieving rate for compari-
son. The plate mesh was simply built by crisscrossing two
sets of rods in the horizontal and vertical directions, as
shown in Figure 4a. The results of the bead-mesh system
were obtained from a previous study by Shimosaka et al.**
In addition to the plate- and bead-mesh structures, the struc-
ture of the woven mesh shown in Figure 4c was described
by Eqgs. 15 and 16 in perpendicular directions:

Sintype: Z (k) = psin(gk) (15)

Costype: Z (k) = pcos(gx) (16)

In Egs. 15 and 16, Z' represents the Z coordinate of the
fiber and x is the X or Y coordinate of the fiber, whereas p
and ¢ are the wave length and wave amplitude, respectively,
as shown in Figure 5. Then, the Newton-Raphson method was
applied to determine the touch point between the particle and
mesh, and the direction of the acting force was calculated.

Results and Discussion
When the depth of the sieving layer is less than six par-
ticles, the effects of the mesh structure and the near-mesh-
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Figure 3. A flow chart of the vibratory process simulation.

sized, or plugging, particles are the two dominant factors in
the sieving process. The effect of the mesh structure will be
discussed in the effect of the mesh structure section, there-
fore, the near-mesh-sized particles of 7 and 10.5 mm in
diameter and three different mesh structures were used to an-
alyze the effects on the sieving process, respectively. While
the interaction between the plugging particles and the mesh
will be studied in particle—mesh and particle—particle interac-
tion section. In this section, four different particle diameters,
0.7w, 0.9w, 1.1w, and 1.3w, simulated woven meshes were
utilized to investigate the particle—particle and particle-mesh
interaction, respectively.

The effect of the mesh structure

Figure 6 shows the residue—time curve at three different
vibration frequencies, 20, 28, and 36 Hz, using the simulated

Table 1. Parameters of the Three-Dimensional System in a
Vertical Vibratory Bed

Parameter Value

Number of particles 844

Particle diameter d,,, m 7.0 x 107 and 10.5 x 10~°
Friction coefficient

Particle/ particle, f, 0.5

Particle/ Wall, f,, 0.4663
Particle density p, kg/m? 2.55 x 10°
Spring coefficient

Particle/particle E,, Pa 6.68 x 107
Particle/wall E,,, Pa 6.68 x 107
Poisson ratio

Particle/particle, Vp 0.3
Particle/wall, v,, 0.3

Vibratory amplitude A, m 15x 107 -45x 107

Mesh aperture w, m 8.50 x 107°
Wire gauge d,,, m 2.125 x 10°?
Time step At, s 1.0 x 107°

woven- and bead-mesh structures in this work and the pre-
vious literature; the sieving experiment was also carried out
for comparison in a previous work.>* The sieving results
obtained using the simulated woven-mesh structures agreed
very well with the experimental results for all different
vibrational frequencies, implying that the construction of the
simulated woven-mesh model can be successfully applied to
predict the sieving process, as shown in Figure 6. The siev-
ing curve of the residue—time plot can be generally divided
into two regions, a high sieving rate at the initial sieving
time and a low sieving rate at the later stage. This is clearly
observed in the residue—time curves in Figure 6, with regions
of high- and low-sieving rates at three different vibrational
frequencies. The condition at the vibrational frequency of
36 Hz in Figure 6 reveals the better sieving rate as compared
to the other two vibration frequencies of 20 and 28 Hz. Note
that the sieving results of the simulated woven-mesh struc-
ture are much closer to the experimental results than those
of the simulated bead-mesh structures,24 as shown in Fig-
ure 6. Two possible reasons for this result were considered.
First, the sizes of the sieving aperture for the simulated
woven mesh and the experimental sieve were both 8.5 mm,
while that for the simulated bead mesh was 9.6 mm.** The
larger particles of 10.5 mm in diameter can more easily
block the holes of the simulated bead mesh than the simu-
lated woven mesh, resulting in a decrease of sieving rate for
the bead mesh. Second, the simulation of the bead mesh by
Shimosaka et al.** simplified the structures into a web chain
using spherical particles of 4.25 mm in diameter, not

Figure 4. Three kinds of unit mesh apertures; (a) plate mesh, (b) bead mesh, and (c) woven mesh.

AIChE Journal April 2011 Vol. 57, No. 4

Published on behalf of the AIChE

DOI 10.1002/aic 921



Sn(x-7)

L,

Sin(x) Sinx)

Figure 5. A diagram of the woven-mesh model used in
the numerical method.

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

completely corresponding with the real sieve mesh. As is
readily observed in Figure 6, the residues from the simula-
tions are all higher than those from the respective experi-
ments, leading the model to underestimate the real sieving
rate in most cases. This means that the mesh structure is a
significant factor in changing the motion of the particles.
The larger particles have up to eight contact points when
loaded onto the bead mesh,”* but those on the woven-mesh
structure only have four contact points. Therefore, the
smaller particles can more easily strike the larger ones on
the mesh, possibly resulting in an enhanced separation effect
between the particles for the woven-mesh structures. There-
fore, the smaller particles may have a greater chance of
reaching the bottom layers of the particle bed and being
sieved out, leading to the better sieving rate for the simu-
lated woven-mesh structures.
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Figure 6. Residue-time curves at the different vibration
frequencies with A = 1.5 mm.

To further discuss the effects of the sieving mesh struc-
tures, the simulated plate mesh was also used for comparison
at two different vibration frequencies of 20 and 36 Hz, as
shown in Figure 7. For the lower vibration frequency of
20 Hz (Figure 7a), the simulated curve of the plate mesh is
closer to the experimental curve, as compared to that for the
bead mesh, indicating that the sieving rate of the simulated
bead mesh would be underestimated when compared with
that of the simulated plate mesh at the lower frequency.
However, the simulated and experimental sieving results for
the plate and bead mesh at the higher vibration frequency of
36 Hz showed the opposite trend, as shown in Figure 7b.
For the lower vibration frequency of 20 Hz, the large par-
ticles above the plate mesh were more easily moved by the
weak oscillation and did not heap upon and block the sieve,
so that many small particles could easily reach the lower
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Figure 7. (a) Residue-time curves of the three different kinds of mesh at F = 20 Hz and A = 1.5 mm; (b) residue-
time curves of the three different kinds of mesh at F = 36 Hzand A = 1.5 mm.
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Figure 8. (a) Residue-time curves of four different amplitudes with the woven mesh at F = 25 Hz; (b) residue-time
curves of four different amplitudes with the plate mesh at F = 25 Hz.

layers of the particle bed to pass through the mesh, resulting
in a better sieving rate. At the higher vibration frequency of
36 Hz, the steric factor of the bead mesh can provide not
only a vertical force but also a horizontal one, pushing the
large particles away from the mesh, leading to an increase in
the sieving rate for the bead-mesh structures.

Figures 8a,b present the residue—time curves of the woven
and plate mesh, respectively, at four different vibration
amplitudes. It is obvious that the sieving rate of the woven
mesh was higher than that of the plate mesh at the initial
stage of the sieving process. This means that when the small
particles load onto the cross area of the rough woven mesh,
they are in a less stable condition and tend to be sieved out
by gravity. Instead, if the small ones load onto the cross area
of the smooth plate mesh, the greater upward force causes
them to be lifted, rather than to be sieved out. The particle
bed will expand, attaining a higher porosity at the initial
stage of the sieving process, so most of the small particles
are capable of falling and being sieved out. After a while,
the porosity of the particle bed decreases and the bed comes
to a stable condition. Later, the number of small particles at
the bottom of the bed retained on the mesh surface plays a
significant role. On the plate mesh, these small particles are
less likely to return to the interior of the bed due to crowding,
and this improves their chance of falling through the sieve. As
a result, the sieving rate was higher for the plate mesh. The
rougher surface of the woven mesh encouraged the small par-
ticles at the bottom to reinvade the crowded granular bed,
resulting in a layer rearrangement of the bed. This increased
the chance of small particles returning to the bed and reduced
the sieving rate. Therefore, the sieving rate of the plate mesh
was higher than that of the woven one at the later stage of the
sieving process. In addition, it can be clearly observed that the
sieving rate was increased as the vibration amplitude was
increased from the lowest vibration amplitude, but when it was
increased beyond a certain value, the sieving ability declined,
implying that there is an optimum value of the vibration ampli-
tude with respect to the sieving rate; the values were 1.25 and
1 mm for the woven- and plate-mesh systems, respectively. In
other words, the lowest residues at the last vibration time of 2

AIChE Journal April 2011 Vol. 57, No. 4
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s were at the vibration amplitudes of 1.25 and 1 mm as illus-
trated in Figures 8a, b, implying the better sieving rate for
these two amplitudes, respectively. Both vibration amplitudes
of 1.25 and 1 mm were not the largest amplitude values in the
woven- and plate-mesh systems, respectively; therefore, there is
an optimum value of the vibration amplitude with respect to
the sieving rate.

The motion of the particles in the granular bed was also
analyzed from a microscopic viewpoint using the constructed
simulation method, examining factors such as the relative
velocities of two different sizes of bed particles, which can-
not be observed experimentally. The relative velocities
define as the velocity difference between the large and small
particles. Figures 9a—d display the plots of the relative veloc-
ities for the large and small particles and the vibration times
at four different vibration amplitudes using the simulated
woven meshes. A positive relative velocity means that the
large particles move upward sooner than the small ones,
implying a better separation between large and small par-
ticles, while the small ones stay at the bottom of the granular
bed. Therefore, larger relative velocities represent a better
sieving rate. As shown in Figures 9a—d, the largest relative
velocities were located around O to 0.4 s, leading to the
higher sieving rate for the larger vibration amplitudes at the
initial stage of the sieving process, which corresponds to
the results of Figure 8a. This suggests that the small particles
were mainly sieved out through the granular bed at the ini-
tial stage of the sieving process. After carefully observing
the results for vibration times from 0.2 to 0.6 s in Figure 9,
the smallest relative velocity is observed at the vibration am-
plitude of 0.75 mm, resulting in a lower sieving rate when
compared with the other vibration amplitudes, which also
agrees with the results of Figure 8a. During the vibration
time from 1.2 to 2 s, the relative velocity at the vibration
amplitude of 0.75 mm is larger than that at 1 mm, indicating
that the sieving rate at the vibration amplitude of 0.75 mm
was higher than that of 1 mm, which is the same as in the
results of Figure 8a. However, the largest relative velocities,
at vibration amplitudes of 1.25 and 1.75 mm, indicated the
highest sieving rate among these four vibration amplitudes.

DOI 10.1002/aic 923
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Figure 9. The average velocity of large particles relative to small particles at F = 25 Hz for amplitudes of (a) 0.75

mm, (b) 1 mm, (c) 1.25 mm, and (d) 1.75 mm.

Based on the above results, the larger relative velocities imply
a higher degree of separation of large and small particles,
which assists in the sieving process. It should be noted that the
condition that the sieving rate at the vibration amplitude of
0.75 mm was higher than that of 1 mm is only for the vibra-
tion time from 1.2 to 2 s, instead of the final vibration screen-
ing process. The custom simulation method in this work
allowed for a clear observation of phenomena from a micro-
scopic viewpoint, which is not possible experimentally.

Particle—mesh and particle—particle interactions

From the viewpoint of the interaction between particles
and the mesh aperture of the woven mesh, the particles with
sizes between 1.0w and 1.2w (where w is the mesh aperture),
the so-called plugging particles, will decrease the sieving of
small particles due to mesh-blocking by the larger ones. To
evaluate the blocking effect of plugging particles, the sieving
rate of four different particle-size combinations, 0.7w and
1.1w, 09w and 1.1w, 0.7w and 1.3w, and 0.9w and 1.3w,
were modeled, and the results are shown in Figure 10. Here,
the sieving rate of the 0.9w/l.1w and 0.7w/1.1w pairs were
both lower than the other two cases due to the 1.1w-diameter

924 DOI 10.1002/aic
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Figure 10. Residue-time curves of different particle-size
combinations at F = 28 Hzand A = 1.5 mm.
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Figure 11. The mesh-blocking condition for the particle sizes of 0.9w and 1.1w from 0.4 to 2 s.

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

plugging particles. However, the case of 0.7w/l1.1w had a
sieving rate closer to that of the 0.7w/1.3w and 0.9w/1.3w
pairs, while the case of 0.9w/1.1w had a much lower sieving
rate than the other three cases. To clarify the above issues,
the numerical simulation was helpful in investigating aspects
that cannot be studied experimentally. The in situ blocking
conditions between the mesh and particles with sizes of 1.1w
and 1.3w were performed every 0.2 s via simulation proc-
esses, as shown in Figures 11 and 12, respectively. In Figure
11, the 1.1w particles perpetually occupy most of the aper-
tures after a time, while the 1.3w particles only block the
aperture temporarily and tend to migrate with the lasting
oscillation, as shown in Figure 12. The above result clearly
indicates that the plugging particles, in this case with a size
of 1.1w, decrease the sieving ability of the smaller particles,
due to their blocking of the mesh apertures. Figure 13 illus-
trates the plot of the mesh blocking rate vs. time for the two
cases of 0.7w/l.1w and 0.9w/l1.1w, revealing that the two
cases had similar blocking conditions between the plugging
particles (here both 1.1w) and the mesh. Therefore, we won-
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dered what the significant factor for the large difference in
the sieving rates of the two cases (0.7w/1.1w and 0.9w/1.1w)
might be, aside from the effect of the aperture blocking. For
a typical sieving process, the ability of the smaller particles
to move down in the granular bed and be sieved out is very
important for the sieving rate. The higher mobility of smaller
particles toward the bottom of the bed provides more chan-
ces to be sieved out, leading to an increase in the sieving
rate. Therefore, the percentages of the smaller particles mov-
ing to the bottom of the bed with different combinations of
particle sizes, 0.7w and 1.3w, 0.7w and 1.1w, and 0.9w and
1.1w, were studied by recording the locations of the smaller
particles using the simulation method, as shown in Table 2.
The case of 0.9w/1.1w had the lowest percentage value of
3%, indicating that the probability of the smaller particles
moving to the bottom of the bed was very small. In conse-
quence, the higher mobility of the small particles in the case
of 0.7w/1.1w as compared to that of 0.9w/l.1w resulted in a
higher sieving rate in spite of the same mesh-blocking effect
of the plugging particles, 1.1w in both cases. To further
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Figure 12. The mesh-blocking condition for the particle sizes of 0.9w and 1.3w from 0.4 to 2 s.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 2. Percentage of Small Particles Moving to the Bottom
of the Bed for Different Combinations of Particle Sizes

Percentage of Small Particles Moving to

Particle Sizes the Bottom of the Bed (%)

0.7 and 1.3w 50
0.7 and 1.1w 27
0.9 and 1.1w 3

confirm the effect of the mobility of the small particles on the
sieving rate in these two cases, the system was reset into two
opposite initial sieving situations. In the first, all of the smaller
particles were initially set above the granular bed, as shown in
Figure 14, while in the other, they were all set under the bed,
as shown in Figure 15. For the first case, the sieving rate of
the 0.9w/1.1w system suddenly decreased to a very small value
as compared to the 0.7w/l.1w system, indicating that the
smaller particles in the 0.7w/1.1w pair have better mobility
than those in the 0.9w/1.1w pair. For the case of the smaller
particles initially placed at the bottom of the bed, the sieving
rate of the 0.9w/1.1w pair increased immediately, reaching the
same order of magnitude as for the 0.7w/1.1w pair, reflecting
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the increased chance for the small particles to be at the bottom
of the bed for the case of the 0.9w/1.1w system (Figure 15).
The above results reveal that both the aperture-blocking effect
by the plugging particles and the mobility of the smaller par-
ticles are important factors in the sieving process.
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Figure 15. Residue-time curve for the case in which
the smaller particles are initially set in the
bottom layer of the bed at F = 28 Hz and A
= 1.5 mm.
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Conclusions

In this study, the discrete-element method was applied to
the simulation of a vibratory sieving process. To yield a
more realistic understanding of the sieving process, here, a
model of a 3D woven-mesh structure was constructed to an-
alyze the particle-mesh interaction of the sieving process,
representing an improvement upon the existing 2D bead-
mesh structure model. The simulation results of the sieving
process using the 3D woven-mesh model were in good
agreement with the experimental results by Shimosaka
et al.>* and were better than those of the simplified structural
mesh models, such as bead- and plate-mesh structures.
Therefore, the 3D woven-mesh model constructed in this
work is suitable for prediction of the sieving process in the
real world. The significant factors of the sieving process,
such as the particle-mesh and particle—particle interactions,
were also correctly characterized using our 3D woven-mesh
model. The results revealed that the lowest sieving rate
occurred for the particle-size combination of 0.9w and 1.1w
due to aperture blocking by the 1.1w-diameter plugging par-
ticles. The in situ blocking conditions between the mesh and
particles with diameters of 1.1w and 1.3w were also moni-
tored by the custom DEM simulation. The particles with
diameters of 1.1w were found to block most apertures of the
mesh after a time, but the particles with diameters of 1.3w
did not, resulting in a decrease in sieving rate for the par-
ticles 1.1w in diameter. However, in spite of the existence of
the 1.1w plugging particles, the case of 0.7w/l.1w had a
sieving rate comparable to that of the 0.7w/1.3w and 0.9w/
1.3w pairs, but higher than that of the 0.9w/1.1w pair. The
mobility of small particles can account for the above phe-
nomenon, as shown by the DEM simulation. The case of
0.7w/1.1w had a better mobility for smaller particles toward
the bottom of the bed than that of 0.9w/1.1w, providing a
greater chance for the small particles to pass through the
aperture of the mesh, which was clearly observed in our sim-
ulation. Therefore, a simulation employing the purpose-built
woven-mesh model in this work can be effectively used to
predict the sieving process in real-world applications, such
as food processing, agriculture, and pharmacy, and to eluci-
date the significant factors for sieving rate.
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Notation
Roman

A = vibrational amplitude, m

D = dashpot force, N

E = Young’s modulus, Pa

E = spring force, N

F = contact force, N

F = vibrational frequency, Hz

K = Stiffness, N/m

S = displacement of a particle, m

u = relative displacement between two particles, m
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v =

velocity of a particle, m/s

r = particle radius, m
w = the size of the aperture, m

Greek letters

0 = angular displacement, °

p = particle density, kg/m®

v = Poisson ratio

n = dash-pot coefficient, N s/m

Superscripts

i = reference particle
f = woven screen

Suffixes

n = normal direction
s = tangential direction

[1 =

at time ¢
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