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The effect of removing suction on energy consumption, displacement, and separation of particles with different sizes and densities in the jig
was investigated by CFD-DEM coupling. Water velocity functions were categorized into four modes: normal sinusoidal, partial removal of
suction, complete removal of suction, and optimal. Particles rise to a certain height in the normal sinusoidal mode, while their jump height
increases in the case of partial or complete removal of suction. The jump was controlled by fluid and added (Hutch) water velocities. Increasing
the maximum jump height of particles leads to a decrease in separation, an increase in operational costs, and heightened particle mixing and
energy consumption. In both modes of partial or complete suction removal, the fluid velocity should be reduced. The extent of velocity
reduction depends on the power required to move the particles. The simulation of coarse particles (7 and 8 mm) revealed that in the complete
removal of suction, the velocity should be decreased to less than half of the normal sinusoidal mode, and the hutch water velocity should be
equivalent to the velocity amplitude. The energy consumption for the optimal mode was significantly lower than that of the other modes.
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1. Introduction

The jig separates minerals based on different specific gravities by a
stream of oscillating water. The jig operates based on expanding the
minerals embedded in the bed, so that the heavier and smaller particles
penetrate the bed spaces and the particles with high specific gravity
settle into conditions that are likely similar to hindered settling [1].

In the jig operation, sufficient energy should be provided to the liquid
so that the particles reach full expansion. Heavier and coarser particles
require a stronger lifting force, which must be provided by the fluid
velocity and its amplitude. Factors influencing the operation include the
volume of water on the top of the bed, the horizontal cross-section, the
velocity of the water moving back and forth, the maximum water
velocity achieved in each stage of the cycle, and the maximum height of
the water obtained due to the maximum water velocity [2].

The water velocity profile is expressed as a sinusoidal function with a
period of T [3]. This function must satisfy two crucial criteria for
separation: firstly, it must elevate the bed enough to allow continuous
expansion and loosening, and secondly, it must provide enough time for
the particles to rearrange.

In a feed, heavy particles may struggle to penetrate the bed and could
be placed in the path of low-density particles, resulting in loss. Adding
hutch water (additional water) from the bed to the top reduces the bed's
compaction, thereby reducing suction and its duration. Introducing a
significant amount of water may eliminate suction, causing particles to
fall only under the initial acceleration and density effect. However, this
could increase the loss of fine particles due to the extended pulsion time

and increased upward flow velocity [1].

Various parameters are examined to evaluate the performance of the
jigging machine, including separation speed, the number of cycles to
achieve separation, and energy input. Different methods, such as
starting the next oscillation as soon as particles reach the bottom of the
bed or adding hatch water, have been proposed to reduce energy
consumption [4,5].

Numerous theories have been proposed to describe the jigging
process [6], involving experimental models, including the potential
energy model [7,8], numerical models, such as two-dimensional and
three-dimensional discrete element methods (DEM) [6,9-14], CFD
models [15-18], and CFD-DEM [4,5,19,20]. Additionally, Monte Carlo
Potential Energy [21], Neural Network Models [22], and Statistical
Models [23] have been explored. These models evaluate the impact of
two-way coupling, porosity, and hydrodynamic forces on jig
performance.

The coupling of computational fluid dynamics and the discrete
element method (CFD-DEM) has been employed to simulate the
behavior of solid particles in a separator, with particle trajectories
analyzed [24]. Although the CFD-DEM is limited in simulating a large
number of particles, methods such as the coarse-grain method have
been proposed to address this limitation [25]. Two-way coupling
considers the effects of the dispersed phase on the continuous phase and
vice versa, including displacement, momentum between phases, mass,
and heat transfer [26].

* Corresponding author. Fax/Tel: +98-3155912420, E-mail address: : abdzad@autac.ir (A. A. Abdollahzadeh).

Journal Homepage: ijmge.ut.ac.ir


https://ijmge.ut.ac.ir/
https://dx.doi.org/10.22059/IJMGE.2024.366296.595103
https://dx.doi.org/10.22059/IJMGE.2024.366296.595103

146 S. A. Rastialhosseini and A. A. Abdollahzadeh / Int. . Min. & Geo-Eng. (IIMGE), 58-2 (2024) 145-152

Previous studies using the CFD-DEM coupling method have
examined the initial feed with mono-size and two densities [4,5,19], two
particles with the same terminal settling velocity [19], and mono-size
with four densities [20]. In this approach, particle-particle and particle-
wall interactions are considered.

However, the effect of removing suction on the jig performance and
energy consumption has not been investigated using the CFD-DEM
coupling method. This study examines particle trajectory and energy
consumption for different water velocity function modes (normal
sinusoidal, partial suction removal, complete suction removal, and
optimal) using the CFD-DEM method to simulate jigging performance
for particles with different sizes and densities. The study specifically
investigates the effect of complete removal of suction on the velocity
function, employing CFD and DEM modelling in three dimensions
(3D).

2. Simulation methods

2.1 governing equations

The CFD-DEM model has been described in several articles
[4,5,19,20]. However, the general sequence of governing equations is
described. The solid phase is considered a discrete phase and solved
using the DEM. The translational and rotational motion of a particle at
any time, £ in the bed is determined by the Newton's second law of
motion.

m;(dv;/dt) = fp; + Zj'(i=1(fc,ij + faif) + foi )]

li(dw;/dt) = 5L, T, )

where mz, [, ki, Vi, and w; are the mass, moment of inertia, number of
particles in contact, speed of transfer, and rotation of the i particle, and
fr; and f; are the fluid drag force and gravitational force, respectively.
The variables £ f1; and 7j are the contact force, viscous contact
damping force, and torque between particles i and j, respectively. These
interparticle forces and torques accumulate on particle ki in contact with
particle i.

In the ESSS Rocky 4.5.2 software package, various drag correlations
based on particle shape (spherical and non-spherical) and particle
concentration (dilute or dense flows) are available. Here, the drag law is
used for spherical particles and dense flow, and the particle-fluid
interaction force is calculated using the drag force correlation of Di
Felice [27]. The particle-particle and particle-wall contact forces are
based on the soft sphere method. The liquid phase is treated as a
continuous phase moving in a porous medium created by the particles
and is modeled similarity to the conventional two-fluid model, where
the porosity (or liquid volume fraction) modifies the standard single-
phase Navier-Stokes equations. The governing equations are the
conservation of mass and momentum in terms of local average variables
on a computational cell, which is defined by ESSS Rocky [28]:

9Caspyr) -
— + V. (afpfu) =0 (3)
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where ps, u, and P are the fluid density, velocity, and pressure,
respectively. T, a, and AV are the fluid viscous stress tensors, porosity
fluid volume fraction, and volume of a computational cell, respectively.
Fp_r represents the source term of momentum from interaction with
the particulate phase.

The particle flow is numerically solved by the discrete element
modelling (DEM) using the ESSS Rocky 4.5.2 software package. Using
the DEM simulation, it is possible to run simulations of millions of
particles with complex shapes and interparticle forces [29]. The
continuous liquid phase is solved using the Computational Fluid
Dynamics (CFD) and the commercial software package ANSYS
FLUENT 2020 R2. The two-way coupling between the DEM and CFD
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is achieved. The way in which coupling is implemented allows both
solvers to work in parallel, using N processors for the fluid phase
solution and M processors for the particulate phase solution (or using
the GPU processing to solve the DEM part). The following operations
are performed during the particulate system solution: 1. The DEM solver
time step calculation, 2. Initial fluid flow field calculation (velocity,
pressure, and physical properties) on the CFD solver and transfer to the
DEM solver, 3. Particulate phase volume fraction and initial interaction
terms calculation (interaction forces and heat transfer rates) on the
DEM solver and transfer to the CFD solver, 4. The CFD solver time step
correction in order to have an integer multiple of the DEM solver time
step. 5. Initial solid phase field update on the CFD solver, 6. Parallel
execution of one CFD solver time step and 7 DEM solver time steps, 7.
Semi-implicit transfer of the interaction forces from the DEM solver to
the CFD solver, 8. Velocity, pressure, and physical properties in each cell
transfer from the CFD solver to the DEM solver, and 9. Repetition of
the process until reaching the total simulation time [28].

2.2, Simulation conditions

The 3D model includes a rectangular cubic domain with dimensions
of 0.06 x 0.04 x 0.5 meters, which is filled with spherical particles with
diameters of 7 and 8 mm in 3 densities of 2700, 3400, and 4400 kg/m’
and liquid. The liquid is water with a density of 1000 kg/m>. In Rocky
package, the CFD-DEM coupling method has been developed for the
ideal case in which the particles are smaller than the CFD cells. In the
CFD solver, the CFD cells are considered with dimensions of
0.02 x 0.02 x 0.02 meters, and the flow is selected turbulent. The type
of viscous model is the standard k-&. In the k-e model, the assumption is
that the flow is fully turbulent, and the effects of molecular viscosity are
negligible. The standard k-¢ model is therefore valid only for fully
turbulent flows [30]. The solid fraction, interaction forces, and
exchanged heat amounts are covered by the mapped information from
the DEM to the CFD. Rocky provides two options to perform this
mapping: uniform distribution and volumetric diffusion [28]. In this
study, the volumetric diffusion method is used, and the reader can refer
to the Rocky Manual for more details.

In calculating the time-dependent movement of particle and fluid
phases, different time steps are used in the CFD and DEM simulations
[31]. According to Table 1, there are six types of particles in different
sizes and densities. The densities of 2700, 3400, and 4400 kg/m® are
indicated by numbers 1, 2, and 3, respectively. For example, particle 2-7
is characterized by a particle with a density of 3400 kg/m’ and a size of
7 mm. 160 of each particle and a total of 960 particles are used in each
test. The characterizations of the CFD and DEM are listed in Table 2.

The bottom inlet is considered a wall for the particle phase, so the
particles cannot go down from it, but it is an inlet for the liquid. The
upper outlet is considered to have zero normal gradient opening
conditions. The side walls are considered with no-slip boundary
conditions. Water is injected through the inlet upwards in a vertical
direction and the inlet flow is sinusoidalized to produce a sinusoidal
oscillation profile using a user-defined function. The fluid flow and
DEM modelling of the particles are considered in three dimensions
(3D).

The sinusoidal velocity function is as follows [3,32]:

U(t) = 2n/T)Lsin ((2n/T)t) (5)

where U(t), T, L, and t are the velocity over time (m/s), cycle time
(s), half of the displacement (m), and time (s), respectively. To remove
or reduce suction, the velocity function is based on Eq. (6):

Table 1. Naming six types of particles with different sizes and densities.

Particle Size

Particles
7 mm 8 mm
1 (2700 Kg/m®) 1.7 18
Material 2 (3400 Kg/m?) 2.7 2.8
3 (4400 Kg/m?) 3.7 3.8
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Table 2. The characterization of the CFD and DEM.

Particle phase (DEM) Liquid phase (CFD)
Particle density (kg m?3) 2700, 3400, 4400 Viscosity (kg m!sT) 1*103
Particle diameter (mm) 7.8 Density (kg m3) 1000
Young’s modulus (Nm2) 1*¥108 Length (m) 0.02
CFD cell Width (m) 0.02
Height (m) 002
Poisson ratio (Nm2) 03 Length (m) 0.06
Bed geometry Width (m) 0.04
Height (m) 05
Time step (s) By Rocky Time step (s) 5*103
U(t) = Uy + Uysin (2n/T)t) (6) U(t) = 0.35 + 0.35sin ((2m/1.5)t) ©))

where U(t), Uy, Uy, T, and t are the velocity function over time,
additional water velocity (hutch water), velocity amplitude, cycle time,
and time, respectively.

Preliminary parameters of the sinusoidal velocity function, including
velocity amplitudes of 0.2, 0.3, 0.35, and 0.4 m/s and cycle times of 1, 1.5,
and 2 seconds were tested. The mode that has the complete separation
of particles in the lowest cycle (that is, the velocity amplitude of 0.35
(m/s) and the cycle time of 1.5 (s)) was chosen as the basis for the
sinusoidal mode.

Four modes, including the normal sinusoidal, partial removal of
suction, complete removal of suction, and optimal velocity function
with Egs. (7)-(10) are shown in Fig. 1. The optimal velocity function is
defined by having two criteria. Firstly, it enables the movement of
particles and water above the particles, and second, having maximum
separation with minimum energy consumption while having the least
number of cycles. This optimal function is obtained by repeated tests
and changing the velocity amplitude and hutch water compared to the
initial normal sinusoidal state. Among the tests with the velocity
amplitude and hutch water of 0.1, 0.15, and 0.2m/s, the optimal mode
was selected with a velocity amplitude and hutch water of 0.15.

Velocity Function

Velocity(m/s)

Time(s)

—(Test 1) =——U(Test?) =———UJ(Test3) = U(Test4)

Figure 1. Velocity functions used in the study.

The simulation starts with a random generation of non-overlapping
particles, followed by a period of gravitational settling to form a fixed
bed of the initial mixture. During the bed formation, the buoyancy force
of the particles is turned off to prevent segregation and achieve better
packing of the mixture before the jigging begins. After bed formation,
the liquid is injected from the bottom with a specific oscillating profile
and the jigging begins.

The water velocity function is checked in three modes, including: the
normal sinusoid, partial removal of suction and complete removal of
suction.

U(t) = 0.0 + 0.35sin ((27/1.5)t) (7)
U() = 0.15 + 0.35sin ((21/1.5)t) (8)

Then, to completely remove the suction, the optimal conditions of the
water velocity function according to formula (10) are considered and
compared with:

U() = 0.15 + 0.15sin ((21/1.5)¢) (10)

2.3, Energy Consumption and states of tests

Various parameters to judge the performance of a jigging device are
the separation speed, number of cycles to achieve concentration, final
degree of separation, and energy input [4,5]. The following formula is
used to calculate the input power and energy consumption:

Q=U(1)*A (11)
Power= Ap*Q 12)
E= power*Atcrp (13)

Where, Q, U(t), A, Ap, E, and Atcrp are the volumetric flow rate, fluid
velocity, cross-sectional area of the domain, total pressure drops, energy
consumption, and time step of ANSYS, respectively. The fluid velocity,
U(t), at the inlet of the computational domain is calculated based on
formulas (7-10) and the total pressure drop is a summation of various
pressure drops due to the fluid acceleration, particle acceleration, fluid-
to-wall friction, solid-to-wall friction, static head of solids, and static
head of fluid. The contributions of wall effects are not resolved due to
the computational effort and complexity. These formulas (11-13) were
used for all tests.

3. Computational tests with CFD and DEM coupling

3.1 Average position of particles with the same density

Computational tests were carried out based on Egs. (7)-(10), and
labelled as Test 1 to 4, respectively. The average heights of different
particles as a function of time are shown in Figs. 2-5. The average
position of the materials shows complete or partial separation and non-
separation in successive cycles. In all tests, the computational domain
(column dimensions), computational cell, and time step are the same.
The weight of particles in all states is 11315 kg. The velocity function
should be able to move particles and water above it. The separation is
considered complete if the average height of particles with the same
density does not change at three cycles. Rocky shows the trajectory of
particles and average height of particles with the same density. The
actual simulation time for different tests ranges from 12 to 22 hours. The
multiple processors are Intel(R) Core (TM) i7-9750H CPU @ 2.60GHz
and 8.00 GB RAM. The results of the average position, the maximum
height in jump, the minimum height in suction, and the average
displacement range of particles with the same density in four tests are
shown in Table 3.
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Figure 3. The average position of material (particles based on the same density)

Figure 5. The average position of material (particles based on the same density)
over time with the water velocity function of Eq. (8).

over time with the water velocity function of Eq. (10).

Table 3. The characteristic values of the water velocity function, average position, and range of movement of materials.

Characterization Test 1 Test 2 Test 3 Test &
Water Velocity Function U u(e) U U
(m/s) = 0.0 + 0.35sin ((27/1.5)t) = 0.15 + 0.35sin ((27/1.5)t) = 0.35 + 0.35sin ((27/1.5)t) =0.15 + 0.15sin ((21/1.5)t)
Hutch Water Velocity, 0 015 035 015
Us(m/s)
Velocity Amplitude, 035 035 035 015
Uq(m/s)
Cycle Time, T(s) 15 15 15 15
Frequency, f(1/min) 40 40 40 40
Initial Particle gravity
center/Domain heigh(m) 0.085/0.5 0.085/0.5 0.085/0.5 0.085/0.5
Material 1 0235 033 045 0235
Average
at max. Material 2 0.16 024 037 0.145
ulsion
P Material 3 0.06 0.11 021 0.055
Material 1 014 014 033 0.14
Average
at min. Material 2 0.085 0.085 017 0.085
lsi
puision Material 3 0.03 0.03 0.04 0.03
Material 1 0.095 019 012 0.095
Moveme  “yjierala 0075 0155 02 0.06
nt range
Material 3 0.03 0.08 017 0.025

Figures 2-5 show the average positions of light, medium, and heavy sinusoidal mode (by 0.03 m) is less than the complete and partial
particles at different times. Considering that the cycle time is 1.5 seconds, removal of suction modes (by 0.17 and 0.08 m, respectively) and more
in some cases, a long-term stoppage is observed on the bottom of the than the optimal mode (0.025).
bed. According to Table 3, the mobility of heavy particles in the normal
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3.2, Average position of particles based on size and densities

The height of the six particles described in Table 1, based on Egs. (7)-(10), are
displayed in Figs. 6-9. In Figs. 6 and 9, which are related to the perfect sinusoidal
mode (Test 1) and the optimal mode (Test 4), the complete separation of six
particles based on density and size is observed. In Figs. 7 and 8 related to Test 2
and 3, there is a small amount of mixing of heavy and medium particles.

Test 1: Particle Trajectory

0.25
= 02
=
é 015 |-R A R . N a a " a
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S | o
s 01 N - Y T i Y
“oh = A
E 0.05 - A A N A A
0
0 15 3 45 6 75 9 105 12 135 15 165 18 195
Time(s)
—17 —18 —27 —28 —37 —38

Figure 6. The average position of particles based on size and density over time with
the water velocity function of Eq. (7).

Test 2: Particle Trajectory
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Figure 7. The average position of particles based on size and density over time with
the water velocity function of Eq. (8).

Test 3: Particle Trajectory

Height of particle(m)
o
N
[5,]
e

0 15 3 45 6 75 9 105 12 135 15 165 18 195
Time(s)

—_17 —18 —27 =——28 ——37 ——338

Figure 8. The average position of particles based on size and density over time with
the water velocity function of Eq. (9).

3.3. Energy consumption

There are different ways to check the performance of the jig. These
methods are generally based on the jig theories. In addition to separation
speed, the number of cycles required to achieve separation, grade, and
recovery, energy consumption is also an important aspect. In this study,
the work of Viduka [4,5] was used to check the energy consumption.
According to Fig. 10, under optimal conditions (Test 4), the energy
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consumption is the lowest, and the mode of complete removal of suction
with high velocity amplitude (Test 3) has the highest energy
consumption.

4, Observations, discussion, and validation

4.1 Observation and discussion

Figure 2 relates to Test 1. In this test, the water velocity function is
based on Eq. (7) and the specifications are: Uo=0.35, Uy=0.0, T=15, f=40.
The stopping of all three types of particles at the bottom of the bed is
observed after complete settling for 0.45 s of the 1.5 second cycle time.
Therefore, according to the stop time, it is possible to reduce the cycle
time in this mode (normal sinusoidal). By reducing the cycle time, the
speed of recovery increases, but the reduction of the cycle time increases
the frequency and is economically significant.

Figure 3 relates to Test 2. In this test, the water velocity function is
based on Eq. (8) and the specifications are: U¢=0.35, Un=0.15, T=15, {=40.
As can be seen, with the addition of hutch water (in other words,
removing part of the suction, Un=0.15), the stopping time at the bottom
of the bed decreases. But the stopping time is still significant for particles
with medium and heavy densities and partial mixing of particles with
medium and heavy densities is observed until the end of all cycles. In
this test, heavy particles stop for 045 out of 15 seconds, medium
particles for 0.3 out of 1.5 seconds, and light particles for 0.1 out of 1.5
seconds at the bottom of the bed.

Figure 4 relates to Test 3. In this test, the water velocity function is
based on Eq. (9) and the specifications are: Uo=0.35, Un=0.35, T=1.5, f=40.
Stopping of particles is not observed at the bottom of the bed, but the
light particles stop at the maximum height for 0.2 out of 1.5 second cycle
time. The high amount of hutch water (Un=0.35) causes the high
turbulence of light particles and instability of their maximum and
minimum heights. A small amount of instability is also observed for
medium and heavy particles. Therefore, in the case of complete removal
of suction, the amplitude of velocity function (Uo) and hutch water (Un)
should be reduced by an appropriate amount to prevent disturbance.

Test 4: Particle Trajectory

o
N
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o
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e
[
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o
o
@

Height of particle(m)

[=}

0 15 3 45 6 75 9 10.5 12 135 15
Time(s)

—_—17 —18 ——27 ——28 ——37 ——328

Figure 9. The average position of particles based on size and density over time with
the water velocity function of Eq. (10)

Energy Consumption

Total Energy (J)

0 1.5 3 45 6 75 9 10.5 12 13.5 15
Time (s)

Total E(Test 1) Total E(Test 4)

Total E(Test 2) Total E(Test 3)

Figure 10. The energy consumption graph for four tests.
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Figure 5 relates to test 4. In this test, the water velocity function is
based on Eq. (10) and the specifications are: U¢=0.15, Un=015, T=15,
f=40. It is called the optimal test to completely remove suction by
reducing the velocity amplitude. Under optimal conditions, after four
cycles, materials with the same density move completely separately and
are separated. Figs. 11 and 12 show the position of particles based on
particle size and density, respectively.

Comparing Test 1 (normal sinusoidal mode) with Test 3 (sinusoidal
mode with complete removal of suction) shows that with the same
velocity amplitude (Uo) in the complete removal of suction mode
(Ur=0.35), there is a stoppage of light particles at the maximum height
of the computational domain, which means that if the height of the
domain was greater than this value, the particles would rise higher.
Therefore, in the complete removal of suction mode, the velocity
amplitude must be reduced so that the particles travel less upward.

‘

05 1
:’gfr’v‘l’cl)a Group
>
Z (m) 0.25
5-38
4-37
3-28
2-27
1-1.8
0-1_7
.‘- D e U

Figure 11. The position of particles obtained by the ESSS ROCKY on three
dimensions based on particle size and densities (named at Table 1), left to right:
t=0, t=2.25, t=135s.

P

05 1
Particle Material
(<ind>)
Z (m) 0.25
5 - Material 3
4 - Material 2
3 - Material 1

Figure 12. The position of particles obtained by the ESSS ROCKY on three
dimensions based on material (named at Table 1), left to right: t=0, t=2.25,t=13.5s.
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The review of four Tests shows that the optimal mode of complete
suction removal has the best results compared to the other modes and
has similar results to the normal sinusoidal mode. In the complete
removal of suction mode compared to the normal sinusoidal mode
(without removal of suction), the velocity amplitude is changed and
reduced. Hutch water is selected to be equivalent to the velocity
amplitude, while the suction is completely removed and the lifting force
of the particles is provided with hutch water.

According to Table 3, while the amplitude and frequency of the
velocity function remain constant, the increase of hutch water increases
the maximum jump of particles. In the complete removal of suction
mode, the particles would rise to the maximum height and if the domain
was higher, they would still rise higher.

The height of the water on the particles affects both the rate at which
particles rise and their maximum height during the pulsation stage. The
reason is that the velocity function must have the ability to lift both the
particles and water on them.

The stoppage of particles at the bottom of the bed or the maximum
height of the domain is clearly evident from the particle position graphs
in the form of widening of both the lowest and highest points so that
these points lose sharpness and tend to broaden.

Figures 6-9 show that if the suction is completely removed and the
velocity amplitude does not decrease compared to the normal sinusoidal
mode (without suction removal), while consuming more energy, the
particles will rise to the highest point and stop there for a while, and
with the reduction of separation caused by remixing. In other words,
high velocity disrupts the stratification, arrangement, and placement of
particles, and mixing may occur.

It is important to note that if the initial feed has a wide variety of sizes
and densities, removing the suction will result in the loss of fine-grained
dense particles. Therefore, the authors are currently conducting
additional studies on the initial feed with a variety of sizes and densities.

4.2, validation

To validate the model and simulation method, Viduka's work was
used [4,5]. In the Viduka's articles, fluid flow in the CFD has been solved
in two-dimensional (2D) mode using Ansys CFX, and only one cell in
the thickness direction has been used to solve the fluid field. The DEM
modelling of particles based on an in-house code has been considered
three-dimensional (3D), while the thickness of the bed is equal to five
particle diameters. The particles in the Viduka's articles are
monodispersed (1 cm) and have two densities (2540 and 2630 kg/m3).

In the present study, both fluid flow modelling (CFD) and particle
modelling (DEM) are conducted in a fully three-dimensional (3D)
manner, with variations in the size and density of the particles (multi-
size and multi-density). As evident from Fig. 13, in the case of the data
from the Viduka article, although the numerical simulation methods
employed in two papers differ, they exhibit similarities in particle
trajectories and the number of cycles (four cycles) for separation. The
results obtained from both simulation methods closely align. The
observed discrepancy in particle height is deemed acceptable and could
be attributed to the choice of a three-dimensional mode for both fluid
and solid phases, as opposed to the reference article [4,5] where the fluid
phase is two-dimensional, and the solid phase is three-dimensional.
Alternatively, this difference may arise from variations in the software
utilized in two articles.

S. Conclusion

The CFD and DEM coupling was utilized to check the removal of
suction in the oscillating jig system. The results showed that the normal
sinusoidal mode requires less cycle time than the complete suction
removal mode. The amplitude of normal sinusoidal mode was more
than twice the amplitude of velocity in the optimal mode with complete
removal of suction. Further, in the optimal mode with complete removal
of suction, the hutch water velocity was equivalent to the amplitude of
its velocity function. Therefore, in case of complete removal of suction,
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Figure 13. The average height of the particles in the reference article [17,18] and
current article.

the velocity amplitude and hutch water velocity were lower than the
velocity amplitude in the normal sinusoidal mode. The energy
consumption for the optimal mode (which has a lower velocity
amplitude and hutch water velocity) was significantly lower than the
other modes. Therefore, we can qualitatively check and compare the
amount of energy consumption for jigging. The limitations of the
present work include the number of particles, as increasing it would rise
the computational cost. In the future work, industrial conditions, such
as different sin waves for each size range and feeds with different particle
shapes will be tested. Moreover, the qualitative investigation of energy
consumption in gravity concentration by the two-way CFD-DEM
coupling simulation will be studied for feed segregation into different
states and comparing them.
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