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ABSTRACT

This paper presents a study of particle motion in a water oscillating flow on a Jig device, which is a high yield and
high recovery gravimetric concentrator device widely used in minerals processing. The phenomenon of the particle
trajectory changes when the electric field force exists. A mathematical Eulerian-Lagrangian model is used where fluid
motion is calculated by solving the Navier-Stokes and continuity equations by a SIMPLE algorithm. The motion of
individual particle is obtained from Newton’s second law of motion through the action of forces imposed by the water,
gravity, and electric field. The calculation and comparison of hydrodynamics forces with other forces acting on particle
trajectories in water oscillating flows were carried out under turbulent regimen flow. Through the graphic observation in
the simulation, it is found that the study found that electric field force has a significant effect on the particle’s trajectories,

affecting their subsequent stratification.

Keywords: solid-liquid interaction, gravimetric concentration, numerical simulation, high density suspensions, electric field.

INTRODUCTION

Jig is a gravity concentrator device in which
mineral particles move relatively in a pulsating water flow
resulting in a stratification of particles of different
densities and sizes. In Figure-1 a schematic view of a Jig
is given. Particle concentration inside de Jig happens in a
complicated multiphase flow system. Particles are exposed
to different forces in the fluid and results in different
trajectories depending on the water velocity field and
particles properties. Different operating variables will
affect the trajectories of particles. They include feed water
rate, amplitude (stroke length), and frequency (number of
strokes per second) of oscillating flow (the stroke function.
The fluid can be moved under a sinusoidal, a saw tooth or
an asymmetrical function), the mineralogical content of a
particle  directly influences its density, surface
characteristics, magnetic and electrical properties, among
others [1]-[3]. These physical attributes in turn influence
the behavior in the equipment that is designed to exploit
differences in physical properties among the particles to
effect a separation [4].

Atmospheric pressure
oii%
- a8,
Og oOO oﬁooo.w 000 o
=) 00 00
00000
oot |

Fa

Fr

(O Light particles
‘ APB-Intermediate density
. Heavy particles

Feed flow (Fa).

Water flow (Fuzo).
Artificial porous bed (APB)
Rejection flow (Fr).
Concentrate flow (Fe).

L]
.
L]
.
L]
Pulsation generator
plunger

Figure-1. Jig schematic view [5].
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Various models have been used to try to
understand the gravimetric concentration process in Jigs.
These models can be classified as following in two groups:
potential energy theory [6]-[8] and DEM (discrete element
method) approach [9]-[14].

Mayer [6] proposed his potential energy model.
Based on this model, the potential energy difference
between un-stratified and stratified particle bed is the drive
force to cause separation. Tavares and King [8], made a
modification of Mayer’s theory to simulate the
concentration of binary-sized feeds to overcome the
limitation of Mayer’s model that can deal with uniform
sized feed. However, it is still difficult for researchers to
extend this model to the concentration of minerals
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particles widely distributed in size and density. To obtain a
quantitative analysis of concentration process in Jig,
Mishra and Mehrotra [10], and Beck and Holtham [9] use
a microscopic model in which the 2-D DEM is adopted.
Srinivasan et al. [12] investigated a 3-D DEM model to
simulate the stratification of particles in Jig bed. Mishra
and Mehrotra [11] improved a 3-D DEM model by
incorporating the new correlation of drag force to take
account of bed porosity and validate their model against
experimental data. In DEM models, the degree of
stratification of bed can be quantified by determination of
difference in the center of gravity between the particles of
different densities [12] or by determination of decreasing
speed of potential energy of Jig bed [9].

Above models treat the phenomenon assuming a
uniform fluid field and did not consider the effect of
possible  non-uniform  fluid velocity on particle
hydrodynamic forces. Also, assume the stratification as a
batch process and so far, there is no evidence of such
investigations applying electric field to study particle
stratification and subsequent equipment optimization. The
addition of an electric force could become significant
when calculating the trajectories followed by the particles
entering the Jig separation chamber.

In general, existing theories provides a qualitative
explanation of concentration process and contribute little
to the designing of concentration equipment because an
idealized fluid behavior is assumed. In this study, the
mathematical Eulerian-Lagrangian model is used to
simulate the particle trajectories fed to Jig. The motion of
individual particle is traced as time progresses and, in this
way, separation performance, size distribution, equipment
recovery and enrichment ratio can be quantitatively
determined.

The rest of the paper is organized as follows:
section two presents the methodology considered for the
development of this study through the Eulerian-
Lagrangian model; section three presents the description
of forces analysis through discussion of the results
obtained; finally, section four presents the conclusions and
future work derived from this research.

PROPOSED MODEL

The Euler-Lagrange model is used to calculate
the water flow in a Euler frame where the particles are
moved individually in Lagrangian coordinates. There are
three stages in this approach incorporating the calculations
of the water flow, solid particle movement and
hydrodynamic interactions between water and solid
particles. In the first part, the flow field is calculated from
the balance equations of quasi-homogeneous solid-liquid
dispersion where the mean density varies with the local
particle concentration distribution. The water flow is
obtained by solving the Navier-Stokes’s equations using a
suitable turbulent model [15]. In the second part, the
motion of each particle is calculated in a Lagrangian frame
of reference using the forces generated by water motion,
gravity, and electric field. The local solid concentration is
determined by tracking all individual particles of the
system in the actual flow field and both steps are repeated

until convergence is obtained. The effect of particles on
the local flow field is then modeled at the third part, and
this result is feedback into the flow field calculations at
each time step [16]-[19].

Liquid Phase Hydrodynamics

The water velocity field is calculated by solving
the dynamic conservation equations. Since no mass
exchanges or chemical reactions are considered between
water and minerals particles in the proposed model, the
continuity equation of water can be formulated without the
exchange term as follows in Eq. (1) [5], [10], [25], [11],
[13], [14], [20]-[24]:

%(pld)l) + aixi(pld)lui) =0 (1)

The momentum balance for the water in
multiphase flow is described in following general
formulation by Eq. (2):
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In Eq. (1) and (2), ¢;, p; and u are respectively,
the water volume fraction in a computation cell, water
density and water velocity component, P is the pressure,
Fwi is momentum transfer term, g is the gravity
acceleration and I" in Eq. (3) is the viscosity composed of
water viscosity i and turbulent viscosity W The subscripts
i and j represents coordinate axes directions. The k-¢
model can be incorporated into the program to calculated
water turbulent viscosity.

Particle Motion Equation

For mineral particles widely distributed in size
and density, the description of the particle trajectories and
interaction between the particles and water depends on the
correct calculation of the hydrodynamic forces and the
electric force involved. It is assumed that the forces acting
on a solid spherical particle moving in a dynamic and non-
uniform water flow field with the electric field are
composed of separate and uncoupled contributions from
the water drag force [26], the gravitational body force [27]
and the electric force [28]-[31]. The Lagrangian equation
of particle motion can be written in this approximation as
Eq. (4) [13], [32], [33]:

dup,
BT
= —ngp1d§|up—u1|(up—u1)+--- (4)
ot (pp - pl)Vpg + QE
The three terms on the right-hand side of Eq. (4)

are, in order from left to right, drag force, buoyancy force,
and electric force, respectively. Where mp, Vp, dp, ppare
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the mass, the volume, the diameter, and the density of the
particle, respectively, up, u are particle and water
velocities respectively, Q and E, are particle electric
charge and electric field respectively, and Cq is the drag
coefficient which for a spherical particle is a function of
particle Reynolds numbers, expressed by Schiller and
Naumann [34] correlation in the flow regime considered.
In Eq. (4) three relevant parameters governing the motion
of the particles are defined: the density ratio (y=pvpp), the
drag coefficient (Cq) and the electric field strength (E).

The calculation of particle trajectories requires
the solution of tow ordinary differential equations, one for
the calculation of the velocity (Eq. (5)) and one for the
calculation of position (Eq. (6)) that in their vector form
are:

dup

mp, S = ¥ ®)

- = Up (6)

where f; represents the different relevant forces acting on a
particle due to the interaction with the water and electric
field. The trajectories of particles can be obtained by
numerical integration of Eg. (5) and Eq. (6). The
instantaneous water velocity components at the particle
location required for calculation of forces in Eqg. (4) are
determined from the local mean water velocity
interpolated from the neighboring Euler grid points using
area weighted averaging techniques.

The lack of knowledge regarding the physical
phenomenon of solid-fluid interaction, the need to develop
adequate phenomenological models, the demand for high
quality full-scale data, the need to develop data analysis
techniques to better understand the results and the high
cost of effective measurement devices by the industry are
aspects that require numerical tools such as the one used in
this investigation.

Solving of Navier-Stokes Equations by Simple
Algorithm

Navier-Stokes Eq. (1) and Eq. (2) are solved by
the ‘“‘SIMPLE”’ (Semi-Implicit Method for Pressure
Linked Equations) method in a 2D domain [35]. In this
method, the partial differential equations for the mass and
the momentum are solved by integrating the differential
equations Eqg. (1) and Eq. (2) over control volumes. For
this, an orthogonal grid is applied (60x100 grids) where
two velocities and pressures are stored in the staggered
positions.

The linearization of the non-linear equations is
performed by a ‘‘hybrid’’ difference method to get an
implicit finite difference scheme. In this scheme, at a high
Peclet number (Pe), it switches from central to upwind
differencing for convection terms; for diffusion terms, the
central differencing is used constantly. Due to of the
elliptic nature of the partial differential equations, an
iterative solution procedure is employed. Starting with
guessed distributions for the velocity and pressure fields,

the fluid velocities can be calculated from the momentum
equation Eq. (2). Further, the pressure correction equation
which has been derived from the continuity equation Eq.
(2) is used to yield the corrected values for the velocity
and the pressure fields so that the continuity equation is
implicitly satisfied. With the corrected values, the
momentum equations are solved again and the whole
procedure is repeated until convergence is achieved [36],
[37].

Solving of Particle Motion Equation by Runge-Kutta
Method

Calculation of the particle trajectories by solving
the equation of motion of the particles Eq. (4), as well as
the calculation of the particle source terms, is performed in
the same iteration loop after the solution of the water flow
equations, in order to handle the iteration between the
fluid and the particles. The change in particle velocity is
calculated by integrating Eq. (5) and Eq. (6) via a fourth-
order Runge-Kutta method at each time instant updating
the position of particles after the interaction with the water
[38].

Boundary Condition
The particle movement and water velocity field

are simulated in a 2-D column with height of 0.1 m and

width 0.05 m. The following assumptions were made

regarding boundary conditions in this simulation:

= At the chamber Jig walls, water has non-slip
conditions.

= The water inlet velocity at bottom of the column can
be specified.

= The inlet water flow enters chamber from center of
the bottom. The axial liquid velocity gradient at the
bottom and at the top is zero.

RESULT ANS DISCUSSIONS

Particle trajectory patterns that can help to
understand the stratification process inside the Jig
separation chamber are reviewed. The model was
simulated in two software applications,
MATLAB®(R2019b) and ANSYS Fluent R2(2020) using
an user define function (UDF) to couple the water velocity
field and the Runge Kutta method to calculate the particle
trajectories, these programs were installed in a computer
with an 4-core processor and 8GB of RAM. We used a
sampling time t;=0.01 s.

The influence of each force in the particle
trajectory equation was developed for different particle
sizes and densities in pulsating water flow. The particles
were pulsated into a 5 x 10 cm? area injected from a
position x=0.048 m and y=0.048 m. A sinusoidal type of
waveform was imparted to the water, where the amplitude
and frequency of oscillation velocity were set at 0.08816
m/s and 5 Hz, respectively. The motion equation of
particles is obtained from Newton’s second law of motion
(Eq. (4)). The most basic form of the model contains the
drag and buoyancy forces that significantly driving the
particle motion. Tables 1 to 3 show the calculation of the
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electric force for different particle sizes (dy=125pum,
dp=300um and dy=850um) and densities (from p, =3029
kg/m3 to p, =13000 kg/m3). These values are then added
to the simulation model by the trajectory equation (Eq.

(4)).

Table-1. Particle diameter 125 pm characterized with its
electrical force.

-

Table-3. Particle diameter 850 pm characterized with its

electrical force.

Part(ilige/ r?ﬁ)nsity Q) Electz’li\(lz)force
3188.7 -3.96E+01 -1.98E-03
3226.4 -4.01E+01 -2.00E-03
3308.7 -4.11E+01 -2.06E-03
3562.5 -4.43E+01 -2.21E-03
4089 -5.08E+01 -2.54E-03
4299.8 -5.34E+01 -2.67E-03
13000 -1.62E+02 -8.08E-03

e | 2@ | e
3188.7 -1.26E-01 -6.30E-06
3226.4 -1.27E-01 -6.37E-06
3308.7 -1.31E-01 -6.54E-06
3562.5 -1.41E-01 -7.04E-06
4089 -1.62E-01 -8.08E-06
4299.8 -1.70E-01 -8.50E-06
13000 -5.14E-01 -2.57E-05

Table-2. Particle diameter 300 pm characterized with its

electrical force.

The results of these analyses are shown in
Figures 2 to 4. In Figure-1 the particles have a uniform
size of 125 um with a density of 3029 kg/ms. The
fluidization velocity of the water is 5.841 cm/s and solid
concentration is about 6% at a time instant t=5 s. Figure-2a
shows the effect of the drag and buoyancy forces on the
particle trajectory, while Figure-2b has the addition of the
electric force. It was shown that the drag force and
buoyancy force are not dominant forces because when the

Particle dgnsity Q(C) Electric force electric force is added, the particle completely changes its
(kg/m”) (N) trajectory switching from the rejection current to the
3188.7 -1.74 -8.71E-05 concentrate current. Also, in Figures 2 to 4 it can be seen
3226.4 176 _8.81E-05 that as the density increases, the electric force significantly

influences not only the movement of the particles but also
3308.7 -1.81 -9.04E-05 affects the residence time of the mineral and its subsequent
3562.5 -1.95 -9.73E-05 concentration, indicating that the concentration process
could be significantly improved in terms of energy
4089 -2.23 -1.12E-04 consumption of the devices involved in the process such as
4299.8 -2.35 -1.17E-04 motors and vibrating screens.
13000 -7.10 -3.55E-04
01 Particle tra;ectow . o1 Palrticle traljectory .

0.09 1 0.09 1
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Figure-2. Particle Trajectory, diameter 125 um and density 3029 kg/m®.
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From Figure-2 particles with the specified size
and density will be reported in the reject stream if only the
drag and buoyancy forces are considered, but with the
addition of the electric force the fine particles of the
mineral could be directed towards the concentrate stream
avoiding mineral losses and significantly improving the
metallurgical indexes of the concentrator equipment. The
same pattern can be seen in Figures 3 and 4, for particle

size and density configurations of 300 um and 3402 kg/m?,
and 850 um and 13000 kg/m®, respectively. The forces
acting on the particle trajectory in gravimetric
concentration device vary with particle size, particle
density and suspension properties. Electric force
significantly affects particle trajectories inside the Jig
chamber.

o Particle trajectory
0.09
0.08
0.07 | Particle ]
Rejection feed zo
T o006t zone i
=
5005 4
.E
£ 0047
003 apg
0.02 -
0.01
0 L | | L . Screen
0 0005 001 0.015 002 0.025 003 0035 004 0.045
Paosition x (m)
(a) Trajectory without electric force.

01 Particle trajectory

0.08 |

0.07 | Particle

Rejection feed zone
zone T

0031 app

0.02

0.01

| /Screep

0 . . . . .
0.034 0.036 0.038 004 0.042 0.044 0.046 0.048
Position x (m)

(b) Trajectory with electric force.

E 006}

¥

5 0.05

Positie

0.04 1

Figure-3. Particle Trajectory, diameter 300 um and density 3402 kg/m?®.

Figures 2 to 4 show the trajectory followed by the
particles inside the Jig column. Particles with a diameter
greater than 300 um and a density greater than 3562 kg/m?
stratify completely without the action of the electric force
(Figure-4a), but fine particles (smaller than 300 pm) will
stratify if they are directly influenced by the electric force
(Figures 2b and 3b). A more general analysis of Figures 2
to 4 shows that the residence time of particles in the Jig
chamber is quite sensitive to the applied electric force,

particle size and particle density. A particle of density
p<3563 kg/m?3 will exit faster and through the concentrate
stream when an electric force is applied (Figures 2b, 3b
and 4b) than when no electric force is applied (Figures 2a,
3a and 4a). On the contrary, if the density is p>3563
kg/m3, the particle will remain for a shorter time when an
electric force is applied (Figures 2b and 4b), significantly
affecting its trajectory, directing it towards the concentrate
stream.
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Figure-4. Particle Trajectory, diameter 850 pm and density 13000 kg/m?®,
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Finally, it could be demonstrated from Figures 2
to 4, that neglect the electric force on particle motion
model for pulsating beds do not generate a good
explanation of the phenomenon of solid-liquid interaction
in gravimetric concentrations device.

The position in the vertical direction of each type
of particle provides a good understanding of the
gravimetric concentration process in Jigs. Starting from an
initial condition where each type of particle is injected
from the same position and at the same velocity, the light
particles move upwards much faster than the heavy
particles during the fluidization period. During the suction
period, all particles fall, but the heavier particles fall much
faster than the lighter particles. The above results suggest
that to improve the performance of the concentrator
equipment, in terms of recovery, enrichment ratio and time
and energy consumption, an experimental analysis and
evaluation of a Jig with the addition of an electric field is
necessary to validate the results of this study.

CONCLUSIONS

The trajectory of mineral particles in a Jig under
the effect of an electric field was studied using the
Eulerian-Lagrangian mathematical model with the
amplitude and frequency of pulsation at a constant value.
The addition of electric force can stratify mineral particles
that have a fine size (less than 125 pum) and intermediate
densities, also subject to shorter separation times (shorter
residence time).

The particle trajectory is a function of particle
size, particle density and suspension properties by
calculations of isolated heavy particles. Although it was
found that the drag force, buoyancy force are not dominant
forces in determination of particle motion. It was
determined in this study that the effect of electric force on
particles trajectories inside the artificial porous Jig bed
(APB) in a non-uniform pulsating flow are significant,
representing particle stratification inside the Jig bed (APB)
a more accurate way. It was determined that the particle
trajectory (defining the size and density separation) is a
consequence of the fluid flow field.

The mathematical model described in this paper
has given more insight in the behavior of particles
trajectories in a Jig, in terms of the forces like buoyant,
drag and electric, but the description of the entire jigging
process with respect to stratification of particles to be
separated was not possible. To use the model for the
description of the segregation process in the Jig it has to be
extended to a multi component system and the equations
of interaction among particles have to be added to the
mathematical equation of model.

The particle trajectory is calculated once the fluid
velocity contours are simulated. It should be clarified that
for both research and industrial purposes, more
simulations involving different types of pulsation should
be carried out and the respective validation with
experimental data, either in a laboratory, pilot plant or
industrial scale tests that allow us to affirm that the

simulation results are suitable to be applied to gravity
separation problems in the mining industry.

From the results, a study involving the interaction
between the particles (particle-particle interaction forces
or so-called solid-solid contact forces) is necessary for a
more detailed understanding of the operation of the
concentrator  equipment. However, the research
demonstrates the usefulness of the Eulerian-Lagrangian
model as an effective numerical model to study the gravity
concentration process in Jigs. Additional research is
required that considers different amplitudes and pulsation
periods, in addition to testing in simulation other pulsation
profiles different from the sinusoidal, as well as a
validation with experimental tests that will help to
understand and optimize the performance of the equipment
by means of the physical conservation principles that
govern it. Future research implementing advanced control
functions by using machine vision and multivariate data
analysis are necessary. Further investigation is needed in
order to evaluate the practical feasibility of such methods.
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