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a b s t r a c t

This paper presents a numerical investigation of solid separation in jigging device. Jigging is a gravity sep-
aration method commonly used by the minerals industry to separate coal, iron ore, diamonds and other
minerals on the basis of particle size and/or density. Separation is recognised as being heavily dependent
on fluid motion in the jig. This study explores the effects of the inlet time dependent velocity profile in
relation to a wide criterion on jigging performance. Modelling of the liquid–solid system is performed
through a combination of computational fluid dynamics (CFD) to simulate liquid flow and discrete ele-
ment method (DEM) to resolve particle motion. The initial packing conditions consist of a binary-density
particle system of 1130 particles each 1 cm in diameter. A range of jigging profiles have been imple-
mented in mineral processing. In this study the sinusoidal pulsation profile is selected adopting varia-
tions in both amplitude and frequency. The performance of profile variants are compared in terms of
solid flow patterns, separation kinetics, energy, and mean particle position. These quantitative compar-
isons demonstrate significant differences in the segregation rate, energy, and solid phenomena, helping
find an alternative optimum operating setting for the system. In addition, boundaries of operation are
found in terms of frequency and amplitude limits and the concentration mechanics are investigated in
these regions.
� 2013 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Jigging is a gravity separation process adopted by the minerals
industry to separate ore minerals on the basis of particle size and/
or density [1]. Jigging units apply pulsed liquid flow dilating the
particle bed where particle stratification ensues due to influences
of hydrodynamic and gravity forces.

Much of the published research performed in jigging has been
experimental [2–11]. Further, commercial jigs date back as far as
the Neil Jig (1914) [12]. It is reasonable to assume many jigs histor-
ically were designed principally with the aid of experiments and
also analytical expressions in the absence of computational capa-
bilities. The past empirical studies develop understanding of how
the feed material macroscopically responds to various operating
conditions, they do not elucidate on the intricate transient behav-
iour of the fluid and particles, along with separation kinetics which
are important to develop a full understanding of the process.

Modern investigations of jigging phenomena using numerical
simulation techniques has shown to be a fast growing area. Solnor-
dal et al. [13], applied a single phase computational fluid dynamic

(CFD) technique but this was limited as it treated the slurry as a
single phase. Various studies applied discrete element method
(DEM) to simulate the motion of individual particles discretely
coupled with simplified fluid models giving some insights into mi-
cro-mechanical processes at the particulate level [3–5,14–17].
These modelling techniques assume a uniform fluid field and do
not account for the effect of non-uniform fluid velocity on the par-
ticle drag forces. The Euler–Lagrange (DEM–CFD) model, first pro-
posed by Tsuji et al. [18], remains the most attractive technique
because of its superior computational convenience as compared
to Direct Numerical Simulation-DEM, or Lattice Boltzmann-DEM
models, and the capability to capture the particle physics as com-
pared to DEM-simplified fluid models. The model has been increas-
ingly used to study a wide range of particle fluid systems [19]. The
liquid phase flow is solved using the Navier–Stokes and continuity
equations, while the motion of individual particles is obtained by
solving Newton’s second law of motion, with the liquid-particle
coupling treated using Newton’s third law of motion. This ap-
proach can generate detailed information about the trajectories
of particles and the transient forces between two particles and be-
tween particles and fluid. Other notable models used to investigate
jigging include Potential energy [20–22], Potential energy-Monte
Carlo [21], Artificial Neural Network (ANN) [23,24], Statistical
[25], and Unsteady-fluidisation [26].
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Only a few jigging studies have adopted the DEM–CFD approach
[27–30]. Both the studies by Asakura et al. [27] and Xia and Peng
[28] are two-way coupled and consider drag on each particle indi-
vidually, but do not consider porosity. Xia and Peng [28,30] used a
2D column model and implemented forces including virtual mass
force, Magnus force [31], and Saffman force [32,33]. One study ana-
lysed the importance of different forces acting on a particle in jig-
ging and was performed for multi-sized and binary-sized particles
in a sinusoidal pulsion. Additionally, the authors studied the hin-
dered settling velocity as a function of particle densities and sizes,
and the effect of sinusoidal pulsation, amplitude and frequency on
the particle separation and fluid flows [28]. A separate study used
the same model and highlighted that the fluid is highly dynamic
and influenced by the presence of particles confirming the simpli-
fied idealised flow behaviour as assumed in DEM-simplified fluid
models does not exist [30]. Asakura et al. [27] went a step further
including the Basset force [34] and a 3D column model which stud-
ied the trajectory and response time of a single particle in a jig.
Dong et al. [29] applied a one-way coupled 3D model to a close-
to realistic geometry Inline Pressure jig. The study considered that
fluid flow is the dominant factor in the jig, and implemented a saw-
tooth-forward leaning jigging profile investigating vibration fre-
quency and amplitude, and the size and density of ragging
particles on the flow separation. However, one-way coupling does
not account for the influence of the local particles on the fluid.

Previous studies using the DEM–CFD model have used a sinu-
soidal pulsation profile with the exception of Dong et al. [29],
who used a forward leaning saw tooth cycle. No numerical inves-
tigations (including all various modelling techniques) have studied
what effect the sinusoidal profile has on concentration mechanics
by using two-way coupling in conjunction with a porous drag force
model. Further, these studies have not investigated jigging aspects
such as separation time, energy, and profile optimisation. The aim
of this study is to elucidate how the profile induces segregation,
and how variations of frequency and amplitudes affect perfor-
mance based on a range of criteria.

2. Simulation method

2.1. Governing equations

The DEM–CFD model has been well documented in the litera-
ture. For brevity, only the outline of the model structure is de-
scribed below. The solid phase is treated as a discrete phase and
solved using DEM. The translational and rotational motions of a
particle at any time, t, in the bed are determined by Newton’s sec-
ond law of motion. These can be written as:

mi
dvi

dt
¼ f f ;i þ

Xki

j¼1

ðfc;ij þ fd;ijÞ þ fg;i ð1Þ

and

Ii
dxi

dt
¼
Xki

j¼1

Tij ð2Þ

where mi, Ii, ki, vi and xi are, respectively, the mass, moment of iner-
tia, number of contacting particles, translational and rotational
velocities of particle i, and ff,i, fg,i are fluid drag force, gravitational
force respectively. fc,ij, fd,ij and Ti,j are the contact force, viscous con-
tact damping force and torque between particles i and j. These in-
ter-particle forces and torques are summed over the ki particles in
contact with particle i.

The particle–particle and particle–wall contact force is based on
the soft-sphere method. The particle fluid interaction force is cal-
culated using the Di Felice drag force correlation [35], and Model

B formulation is adopted [36]. The liquid phase is treated as a con-
tinuous phase moving through a porous medium created by the
particles, and is modelled similarly to conventional two fluid mod-
els in which porosity (or liquid volume fraction) modifies the stan-
dard single phase Navier–Stokes equations. The governing
equations are then the conservations of mass and momentum in
terms of the local mean variables over a computational cell, given
by:

@e
@t
þr � ðeuÞ ¼ 0 ð3Þ

and

@ðqf euÞ
@t

þr � ðqf euuÞ ¼ �rP �
Pkc

i¼1f f ;i

DV
þrðesÞ þ qf eg ð4Þ

where qf, u and P are, respectively, the fluid density, velocity and
pressure; s, e and DV are the fluid viscous stress tensor, porosity
and volume of a computational cell.

The particle flow is solved numerically using an in-house DEM
code [36] with an explicit time integration method and established
geometrical and flow boundary conditions. The continuous liquid
phase is readily solved using a commercial CFD software package
(ANSYS CFX 10.0). The coupling between DEM and CFD is achieved
as follows. At each time step DEM will give information of posi-
tions and velocities of individual particles for the evaluation of
porosity and volumetric fluid drag force in a computational cell.
CFD will then use this data to determine the fluid flow field, which
in turn is used to determine the fluid drag forces acting on individ-
ual particles. Incorporating the resulting forces into DEM will pro-
duce information about the motion of individual particles for the
next time step. The fluid drag force acting on an individual particle
will react on the fluid phase from the particles, so that Newton’s
third law of motion is satisfied.

2.2. Simulation conditions

The model consists of a rectangular domain filled with a binary-
density spherical particle system and liquid. The particles were di-
vided into 565 light particles and 565 heavy particles with respec-
tive densities of 2540 kg/m3 (glass) and 4630 kg/m3 (ceramic), the
liquid used was water 1000 kg/m3 in density. Detailed model set-
tings are shown in Table 1. The side walls were treated with no-slip
boundary conditions. The bottom was considered as a wall for the
particle phase, so they cannot fall through, but as an inlet for liquid.
The top exit was treated with a zero normal gradient opening con-
dition. Periodic boundary conditions were applied to the front and
rear surfaces of the flow domain effectively creating infinite thick-
ness and economically reducing the number of particles required
to produce three dimensional (3D) results. The liquid flow was
considered in two dimensions (2D) using only one cell in the thick-
ness direction and hence does not resolve detailed flow fields in
this direction, while DEM modelling of the particles was in 3D,
with a bed thickness equal to five particle diameters. As all pulsa-
tion profiles are studied with a two dimensional model, the results
remain acceptable for comparison.

Uniform liquid flow was injected through the inlet and the
flowrate varied with time according to the pulsation profile simu-
lated. The inlet flow for the sinusoidal pulsation profile was estab-
lished using a sinusoidal function. The pulsation profiles are
compared by holding the shape of the profile constant and using
three variations of period (T) and volumetric water input/exhaust
(A). These are 1, 2, and 3 s periods (or 60, 30, and 20 cycles/min),
and, 1.5, 2.25 and 3 L water amplitudes. The amplitudes are repre-
sented in litres not distance as the water/air free surface is not re-
solved (i.e. the domain at anytime is completely filled with water),
otherwise the amplitudes would be equivalent to 0.2, 0.3 and
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