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Abstract—This paper presents an analysis of the trajectory of ABS and PVC particles in a
free fall electrostatic separator. The installation that is the subject of this study is equipped
with four vertical cylindrical electrodes. The behavior of the particles in this installation is
compared with the behavior of the particles in a conventional configuration represented by
two flat electrodes. The trajectory of the particles in both configurations is obtained by the
numerical resolution of the Newton equation. The motion equation used in this study takes
into account the intensity and direction of the electrostatic, gravitational and aerodynamic
forces applied to the particles in the electrostatic separation zone. The calculation of the elec-
trostatic force applied to the particles in this zone is performed using a numerical model of
the electrostatic field obtained by finite element method implemented in the PDE-tool library
of the MATLAB software. The results of this study show that the use of a four-electrode
configuration reduces the quality deterioration of recovered products caused by the appear-
ance of impacts between particles and electrodes observed in a conventional installation. But,
the use of the new configuration requires the development of a collector the shape of which is
adapted to the spatial distribution of the particles recovered at the outlet of the installation.

Key words — Simulation, Electrostatic Separator, Particle Trajectory.

I. INTRODUCTION

In a free fall electrostatic separator [1-4], the sorting of granular mixtures recovered
from a waste of electrical and electronic equipment is carried out by the action of the
electrostatic forces applied to the particles of the mixture initially charged by triboelectric
effect [5-9]. In a conventional installation (Figure.1.a), the particles of the granular mix-
ture recovered at the outlet of a triboelectric device are introduced continuously into the
space delimited by two flat electrodes parallel to a vertical plane. In this zone the charged
particles are attracted to the electrodes of opposite polarities.
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The theoretical study of the trajectory of particles in this configuration [10-14] shows
that when applying an intense electrostatic field impacts may occur between the highly
charged particles and the electrodes of the separator. In most cases, the impact of a par-
ticle with the electrode is followed by a projection of the particle into .

Fig. 1. Free-fall separator equipped with: (a) flat electrodes; (b) cylin-
drical electrodes.

The occurrence of this type of undesirable behavior during the separation reduces con-
siderably the purity of the products recovered at the collector of the installation. To re-
duce the number of impacts, two solutions have been proposed.

The first solution is represented by the use of a configuration of inclined flat elec-
trodes. This solution has been the subject of several theoretical and experimental studies
which confirm the interest of the inclination of the electrodes in controlling the trajectory
of the particles in the electrostatic separation zone [12].

The second solution is represented by the use of four cylindrical electrodes [13]. In this
paper, a numerical model of the particle trajectory implemented under MATLAB is used
in the analysis of the dynamic behavior of particles in this configuration. This model
takes into account the stochastic nature of particle size, mass and charge as well as other
parameters related to particle kinematics at the inlet of the separator. Validation of the
simulation results is carried out performing an electrostatic separation experiment and
measuring the position of the particles in the collector as a function of their charges and
their masses.

I1. NUMERICAL MODEL

A. Electrostatic field model

The development of a particle trajectory simulation model in an electrostatic separation
process requires information on the intensity and direction of the electrostatic field in the
separation zone. In this paper, the model of the electrostatic field in both configurations is
obtained by solving the Laplace equation (1) using the finite element method.
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A particular solution of the problem (1) is shown in figure 2. The solution obtained satis-
fies the Dirichlet boundary conditions imposed on the surface of the electrodes (U = = 15
kV) and the walls of the separation chamber (U = 0 kV). The same figure represents the
electric potential in a plane z = -L/2 [m] where L [m] is the length of the electrodes of the
installation. The black curves superposed on the potential distribution represent the elec-
trostatic field lines calculated from the electrical potential by a numerical resolution of
the equation:
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Fig. 2. Potential and electrostatic field lines in: (a) a flat electrode separator and (b) a cylindrical electrode
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Fig. 3. Variation of the Ex component of the following electrostatic field: (a) Oy axis and (b): Ox axis

The analysis of the results shows that the value of the potential as well as the intensity
and the direction of the electrostatic field in the set of planes z = 0 up to z = -L is almost
identical. Therefore, to reduce the memory space and the computation time a 2D model
of the electrostatic field obtained in the z = -L/2 plane is used during the simulation.
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A comparison between the intensity of the electrostatic field in the two electrode confi-
gurations is shown in Figures 2 and 3. The analysis of the value of the component E, of
the electrostatic field along the two axes x = 0 and y = 0 shows the presence of an intense
electrostatic field in a configuration with two plane electrodes. The position occupied by
these electrodes along the y = 0 axis is represented in figure 3.b by a discontinuity at the
E, component of the electrostatic field.

B. Motion equation
The trajectory of the particles in the electrostatic separation zone is obtained by solving
the equation of motion:

av(x,y,z _ _ -
m%z Fy + Fa (%, ¥) = Fair (v, vy v, ) @)

Equation (3) takes into account the influence of the gravitational force Ifg , the elec-

trostatic force F(x,y) and the particle / air friction force Ifair(vx,vy,vz).

C. Gravitational force

In the separation zone the particles are subjected to a gravitational force defined by eg-
uation (4)

Fy =mg @

where m [kg] represents the mass of the particle; § gravitational vector and the norm g =
9.81 m/s*.

For a particle of known mass m, the intensity and direction of the gravitational force is
constant throughout the electrostatic separation zone.

D. Electrostatic force

In this simulation the electrostatic force applied to a particle is predicted by a simple
model defined by the equation

Fa(x,y)=0E(x,y) ©)

where q [C] is the charge of the particle acquired by triboelectric effect and E(x, y)

[V/m] the electrostatic field generated in the position occupied by the particle.

The choice of model (5) is based on the following simplifying assumptions:

1 - The quantity of charges acquired by a particle in a triboelectric process is located at
the geometrical center of the particle;

2 - The quantity of this charge is assumed constant throughout the simulation period;

3 - The impact between the particle and the electrode of the installation has no effect
on the quantity of charge acquired by a particle;

4 - The presence of charged particles in the electrostatic separation zone does not cause

any distortion of the electrostatic field E generated by the electrodes of the installation.
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E. Particle/air friction force

According to the law of Stocks, the viscous friction force applied to particles of spheri-
cal shape in motion in the separation medium represented by the air is proportional to the
relative velocity of the particle.

'Eair :_67”7a1irr\7 (6)
where r [m] represents the radius of the spherical particle; vV the speed of the particle and
1,ir the dynamic viscosity coefficient of the air. To simulate the force applied to a par-
ticle of irregular shape, we used the radius of the spherical particle which has an equiva-
lent surface.

F. Integration of equation of motion

Equation (3) is an ordinary differential equation. The numerical resolution of this eg-
uation requires the availability of some information on the initial position and velocity of
the particles. In this paper, the numerical integration of the equation of motion (3) is
performed by applying the Euler- Cromer method represented by the iterative scheme (7).

This method provides an approximate solution of (3) at times to, ty, t, ....... t, equidistant
in the simulation interval.
XM= xT vt Aty =y vl AL 2T =2 v AL (7.1)
vit=vp+ay-At vit=vp+al At vt =v]+al At (7.2)

The method used in the integration of the motion equation is implemented as a module
in the simulation program represented by the flowchart of figure 4. The execution of the
program begins with an initialization of the simulation parameters and an import of the
finite element electrostatic field model implemented in the PDE-tool library of the
MATLAB software.

Initial conditions

[«
v
Calculation of the electrostatic field in the
position occupied by a particle

v
Calculation of forces applied to a particle
v
Integration of the equation of motion

Yes

t<tfin

Post-processing of data

Fig. 4. Flowchart of the simulation program
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In the second step, the simulation program calculates the intensity of the electrostatic
field in the current position of the particle. This value is obtained from the numerical
model of the electrostatic field. This information is used in the calculation of the electros-
tatic force applied to a particle. In this position the friction force between particles and air
is calculated from the current velocity of the particle. The calculation of the sum of the
forces applied to a particle allows the calculation of the acceleration of the particle from
equation (3). In the next step the simulation program calculates the velocity and position
of the particle after an integration time At by the Euler-Cromer method (7). The calcula-
tion continues as long as the current time is less than the final simulation time. The pro-
gram then proceeds to the post processor data stage.

I1l. SIMULATION AND EXPERIMENTAL VALIDATION

An experimental study of particle trajectories in a free fall separator equipped with
four cylindrical electrodes is carried out using a laboratory installation (Figure 1.b). The
electrodes of the installation are made of PVC tubes the surface of which is covered by
an adhesive aluminum ribbon. The axes passing through the centers of the electrodes are
fixed in wooden supports which ensure the insulation and the adjustment of the position
of the electrodes along the two axes Ox and Oy. The two electrodes on the right side of
the installation are powered by a high voltage source (Figure 5.a) adjusted to -15 kV.
The other two electrodes installed in the left side are powered by a voltage of +15 kV.
The potential difference applied to the electrodes represents the maximum value that
ensures the operation of the separator without the appearance of spark discharges be-
tween the electrodes. Once the high voltage is applied to the electrodes, the installation is
continuously fed at a low flow rate with a granular mixture containing 50% PVC and
50% ABS. Before being introduced into the separator, the granular mixture is sorted
according to the size of the particles using a stainless steel sieve (Figure 5.b). The siev-
ing time is fixed at 5 min.

Fig. 5. Material used in the experimental work: (a) high voltage source; (b): sifter; (c) Faraday cage connected
to an electrometer; (d): electronic balance (resolution 0.1 g).
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TABLE 1: MASS OF RECOVERED PRODUCTS IN THE COLLECTOR
CELLS. DIAMETERS OF PARTICLES 1.4 mm <@ < 2.8 mm

o Centre Mexp Msiml Msimz
ofcells | [d] [a] [a]
1 -325 | 42 4.2 3.7
|2 275 | 107 112 10.7
E|3 -225 |195 345 195
x|4 175 | 374 259 35.2
= |5 125 | 274 8.7 27.4
Sle6 75 |158 9.8 15.8
217 25 |177 136 15.0
31ls 2.5 18.9 17.4 17.7
Zlo 75 |171 127 171
o |10 125 | 246 125 24.6
Slu 175 | 207 287 29.7
Sl12 225 |210 243 15.8
@113 275 10.6 10.3 10.6
& l1a 325 | 42 3.0 3.1
15 375 | 22 0.2 12

Degree of Concordance 82.30% 99.22%

TABLE 2: CHARGE OF RECOVERED PRODUCTS IN THE COLLECTOR
CELLS. DIAMETERS OF PARTICLES 1.4 mm <@ < 2.8 mm

o Centre Qexp Qsiml Qsimz

of cells [nC] [nC] [nC]

1 -325 7559  -82.89  -76.23
|2 275 | -210.04 -20271 -192.13
5|3 225 | -37240 -550.67 -318.81
5|4 175 |-53631 -39577 53641
2|5 -125 | -47591 -11543 -361.09
S|e 75 -232.36  -134.95 -221.03
2|7 25 -171.40 -150.68 -171.72
Ej» 8 25 14423 13640 144.34
=19 75 229.70  140.78 188.58
§ 10 125 29130 137.19 272.80
S |11 175 479.62  365.03 378.48
S|12 225 24546  376.00 245.80
Z |13 275 205.06  197.77 196.15
& l1a 325 77.78 7787 7841
15 375 48.90 6.59 50.10

Degree of Concordance 93.83% 99.37%
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Particles with a maximum diameter of between 1.4 mm and 2.8 mm recovered after
sieving are introduced directly into the separator using a conical funnel with an outlet
diameter of about 1 cm. The outlet of the funnel is installed in the center of the separation
zone and its vertical position is adjusted to the upper level of the electrodes.

After separation, the charge and the mass of the product recovered in each cell of the
collector are measured using a Faraday cage connected to an electrometer (Figure 5.c)
and an electronic balance (Figure 5.d ).

An image that shows the product recovered at the outlet of the separator is shown in
figure 6.

Fig. 6. Products recovered in the collector cells (diameters of particles 1.4 mm < @ < 2.8 mm)

The variation of the experimental values Mgy, and Qe as a function of the positions
along the axis Ox are compared with the values Mg, and Qg obtained by simulation of
the trajectory of 6500 particles of average mass m, = 1/25 g. This quantity is equivalent
to 260 g of granular product which represents the total mass of the product used in the
experimental work.

During the simulation we obtained different trajectories by the application of a set of
parameters represented by: integration time At = 0.01 s; electrode radius r, = 0.1 m; posi-
tion of the electrode centers (x, y) = (£ 0.1 m, £ 0.1 m); upper level of the electrodes z =0
m; lower level of the electrodes z = -1 m; voltage applied to the electrodes U = + 15 kV;
upper level of the collector z = -1.2 m; upper and lower limits of particle radius (w,, o) =
(0.85 mm, 0.2 mm); upper and lower limits of particle mass (um, om) = (1/25 g, 1/100 g);
upper and lower limits of the charge/mass ratio of positive charge particles (pgm+, Som+)
= (15.10 uC/kg, 4.82 nC/kg); upper and lower limits of the initial velocity of the positive-
ly charged particles along the axis Ox, Oy and Oz (., o) = (0.25 m/s, 0.2 m/s); (i,
6yw) = (0 m/s, 0.25 m/s); (pyz, 6vz) = (2 m/s, 0.4 m/s); upper and lower limits of the initial
velocity of the negatively charged particles along the axis Ox, Oy and Oz (uvy, ow) = (-
0.25 m/s, 0.2 m/s); (Hvy, ovy) = (0 m/s, 0.25 m/s); (W, ©v,) = (-2 m/s, 0.4 m/s); upper and
lower limits of the charge / mass ratio of the negatively charged particles (Lgm-, Ogom-) =
(-13.12 pC/kg, 3.48 uC/kg); upper and lower limits of the initial position of the particles
according to OX (1, ox) = (0 cm, 0.5 cm); upper and lower limits of the initial position of
the particles along the axis Oy (u,, oy) = (0 cm, 0.5 cm); The charge of each particle is
calculated from its charge/mass ratio and mass. These two parameters are considered as
simulation parameters.

An overview of the particle trajectory obtained by the application of all these parame-
ters is shown in figure 7.a. This figure shows the trajectory of 1000 particles and figure
7.b shows the behavior of a particle before and after an impact with one of the electrodes
of the installation.
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Fig. 8. Variation of the charge (a) and the mass (b) of the mass of the product recovered at the collector ac-
cording to the position along the Ox axis (first simulation).

The simulated values of the charge and mass distribution of a product quantity of 6500
particles as a function of the position at the collector of the installation are mentioned in
column Mg, and Qgimy OF Tables 1 and 2. The graphs associated with all these values are
shown in figure 8. The curves in this figure show the presence of a difference between
the values obtained by simulation and that obtained experimentally. The difference be-
tween these two values can be evaluated by the degree of concordance:
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> (9 *Yi)z

deg =1-——=
~ —] —112
059+l -]
i=1
where, y; represents the measured value of the response in cell i; ¥ the average of the
measured values of the response y; ; ¥; : the value of the response obtained by simulation

in cell i; N: number of cells.

The degree of concordance between Mgim and Mey, is 82.30%. In the same way, the
agreement between Qsim1 and Q. is characterized by a degree 93.83%. To reduce the
difference between simulation and experimental values we have created a database that
contains information about the trajectories of 65000 particles. This is equivalent to 10
times the amount of the product used in the experimental study. In the second step we
classified the particles of the database according to their positions in the collector cells.
After the discrimination, we got 15 groups of particles. In the third step, we selected a
random number of particles from the first group. The selection is made so that the total
mass and the charge of the selected particles are as close as possible to the measured
mass and load of the product recovered in the first cell of the collector. This step is re-
peated for all other groups of particles. The results obtained by the application of this
method are shown in the column Mg, and Qsimo in Table 1 and Table 2.

Compared with the results of figure 8, the curves of figure 9 associated with the values
of Msimz2 and Qsimo show a diminution of the difference between the experimental and
simulated distributions. The concordance of these values with the experimental results is
characterized by degrees higher than 90%.

(®)

IV. DISCUSSION OF RESULTS

From the histograms of each parameter (Figure 10), the charge of the particles used in
the simulation must follow an extreme value distribution law the mathematical form of
which is represented by:

TESP ES TS ) L FRNCEVE | e

(o (e

The distribution of masses and radii of particles both follow a normal distribution law:

f (Xl,u, o) = (G\}ZJEXF{_ (XZ—O_/;)Z J (10)

After adapting the parameters of the simulation model, we examined the particle mass
distribution in different planes z = -0.1 m; -0.3 m and -1 m. The results obtained are
shown in figure 11. The entire product can be collected at the center of the installation at
a height of z = -0.1 m. In a low level z = -0.3 m, two separate zones are formed which
means that the totality of the product can be collected around two different points (X, y)
= (-0.05 m, 0 m) and (X, y) = (0.05 m, 0 m); at z = -1 m, all of the two products can be
recovered around the points (x, y) = (-0.1 m, 0 m) and (X, y) = (0.1 m, 0 m).
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The displacement of the collection points along the axis Ox is accompanied by a disper-
sion of the granular product in both directions along the axis Oy. The analysis of the
distribution of the charge / mass ratio of the particles recovered at this level shows that
the selection of the highly charged particles must be carried out at the ends of the collec-
tor and in the vicinity of the electrodes.
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Fig. 11. Spatial distribution of the collected particles, at three different positions on the vertical axis of the
separator (simulation results).

V. CONCLUSION

The intensity of the electrostatic field is higher in installations equipped with flat elec-
trodes. Therefore, the highly charged particles are usually projected onto inappropriate
cells of the collector after an impact with the electrode of the installation.

The results of the simulation as well as the experimental results obtained on a system
equipped with cylindrical electrodes show that the number of collisions is reduced and
the purity of the collected products increased. To reduce even more the change of particle
direction after impact with one of the cylindrical electrodes, the authors propose the use
of elliptical shaped electrodes. This solution which is the object of a future work makes it
possible to increase the intensity of the electrostatic field in the center of the zone of
separation and to reduce the angle between the trajectory of the particle and the surface of
the electrode in the impact point which reduces abrupt changes in the trajectory after
collision.

This work can be extended by: 1- A study based on the visualization of the trajectories
to better understand the kinematics of the particles in this installation; 2- The develop-
ment of a method that ensures the selection of an optimal set of trajectories from a data-
base that includes several trajectories generated by parameters that represent an estimate
of the real parameters. The optimal combination of several trajectories should minimize
the difference between the experimental mass and the mass of the selected particles as
well as between the experimental charge and the charge of the selected particles.
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