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Numerical study of particles trajectories in a multifunctional electrostatic separator
powered by photovoltaic system

Introduction. Electrostatic separation is a growing technology in the recycling industry. It is an effective technology for processing
plastics and metallic materials in the form of granular mixtures or fine powders from waste electrical and electronic equipment. Problem.
Understanding the various physical phenomena occurring in the separation zone is crucial for improving the efficiency of electrostatic
separation devices. This has led to the adoption of efficient and reliable numerical models for simulating particle trajectories. The goal of
the work is to represent graphically the trajectories of two insulating charged polypropylene particles of different sizes (2 mm and 4 mm)
in the multifunctional electrostatic separator powered by photovoltaic (PV) system use a multipoint electrodes as charging device
employing numerical simulation and demonstrate its effectiveness and reliability for the study of particles trajectories by integrating PV
panels as a power source for electrostatic separators according to the recommendations of the new energy system. Methodology. Using
the Euler-Cromer method as numerical model to solve the equation of motion of the particles. This method was based on the calculation of
the electric field intensity, which is done by the COMSOL Multiphysics sofiware, which uses the finite element method (FEM). The
numerical simulation was carried out using MATLAB software by varying the voltage applied to the active electrodes of the
multifunctional electrostatic separator suggested, and the distance between them, taking into account the influence of electrostatic and
mechanical forces on the charged insulating particles as they pass through the separation zone. The results were showed that the
numerical model used is an effective and reliable tool for the study of particles trajectories. Scientific novelty of this work is to integrate
PV panels as the main low-voltage energy source at the input of the high-voltage generator supplying the electrostatic separator with an
optimal voltage of 30 kV. In addition, this numerical study has used electrostatic forces, gravitational forces, and dynamic forces
simultaneously. Practical value. The numerical simulation was contributed to a thorough understanding of various physical phenomena
occurring in the separation zone and was considered a tool to validate experimental results. References 31, tables 2, figures 14.

Key words: electrostatic separation, electric field, photovoltaic system, numerical modeling, particle trajectories, waste
electrical and electronic equipment.

Bemyn. Enexmpocmamuyna cenapayisi € mexHonoeiclo, wjo poseusacmucs 6 inoycmpii nepepobku. Lle egexmuena mexmonoeis Ons
nepepoOKuU NIACMUKY Ma Memaneeux Mamepianie y euenioi epanyib08aHux cymiwell abo moHKux NOPOWIKIG i3 6i0X00i8 eleKmpuiHo20 ma
enekmponno2o obnaouanus. Ilpoonema. Po3yminna pisnux izuunux aeuwy, wo npomikaroms y 30Hi NOOLTY, MA€ SUPILLATbHE 3HAYEHHS O
nideuwerHst epeKmMueHOCmI npUCMpois elekmpocmamuynoi cenapayii. Lle npuzeeno 0o nputiHamms eeKmueHux ma HAOIHUX YUCETbHUX
MmoOenell Onisi MOOento8ans mpaekmopiti vacmunox. Mema cmammi nonszac y epaghiunomy npedcmasierti mpaekmopii 080X i3010104UX
3apsI0ANCEHUX YACIUHOK NONINPONLIEHY Pi3HUX po3Mipig (2 mm i 4 mm) 6 6a2amo@yHKYIOHATbHOMY eeKmPOCMAmMUYHOMY CEenapamopi, wo
npayroe 6i0 ghomoenexmpuunoi (PV) cucmemu, suxopucmogyiouu 6a2amomourkogi enekmpoou K 3apsiOHUuil NpUCmpit, 3acnocogyrou
ylcenbHe MOOeOBaHH ma demMoHcmpylouu eekmusnicmo PV naneneii sk 0dcepena sicusnens Onsl eNeKmpoCmamuiHux cenapamopie
8IONOBIOHO 00 peKomMeHOayili Ho8oi enepeemuynol cucmemu. Memoouka. Buxopucmanns memoody Eivinepa-Kpomepa sik uucenvroi mooeni
07151 BUPIUEHHS PIGHAHHA PYXY YACMUHOK. [lanuti Memoo 3aCHOBAHUL HA PO3PAXYHKY HANPYICEHOCMI eeKMPUYHO20 NOA, SIKe BUKOHYEMbCS
3a donomoeoro npocpamnozo 3abesneuenns COMSOL Multiphysics, wo euxopucmogye memoo ckinuennux eremenmie (FEM). Yucenvne
MOOETOBAHHS NPOBOOWIOCS 3 BUKOPUCIIAHHAM NpoepamHo2o 3abesneuenns MATLAB wiisixom 3minu nanpyeu, wo nooaemocsi Ha aKMueHI
eneKmpoou NPONOHOBAHO20 DA2aMOPYHKYIOHATLHO20 eNeKMPOCIAMU4HO20 cenapamopa, ma GiOCmani Midic HUMU 3 YPaxyBaHHam 6HIUGY
ENeKMPOCMAMUYHUX WA MEXAHIYHUX CUL HA 3apsIOJiCeHi YACMUHKU 13011004l npu X npoxoodiceHHi uepes 30Hy nodiny. Pesynvmamu
NOKA3an, Wo BUKOPUCIAHA YUCETbHA MOOeTb € eheKMUSHUM | HAOIUHUM THCMPYMEHMoM Ol OOCTIONCEeHH MPACKMOPIL YACMUHOK.
Hayxoea nosuzna pobomu nonsizac 6 inmezpayii PV naneneii ax ocHosHoeo Ooicepena enepeii HU3bKoi Hanpyau Ha 6X00i UCOKOBONLINHO20
2eHepamopa, Wo JHCUBUMb eleKMPOCMAMUHUIL cenapamop onmumanvholo Hanpyeoio 30 kB. Kpim moeo, 6 oanomy uucenvHomy
00CTI0IHCEHH] OOHOUACHO BUKOPUCIOBYBANUCS eleKmpoCmamuyHi, epagimayitini ma ounamiuni cunu. Ipakmuyuna 3snavumicms. Hucenvhe
MOOENOBAHHS CRPUSIO 2TIUOOKOMY PO3YMIHHIO PISHUX (DI3UUHUX AU, WO 8I00Y8ar0OmMbCa 6 30Hi NOOLTY, MA PO32NAOANOCA AK THCMPYMEHM
07151 NiOmeepOdicenis ekchepumenmanshux pesynomamis. biom. 31, Tabm. 2, puc. 14.

Kniouogi cnosa: ejleKTpoCcTaTHYHA cenapalis, eJIeKTPHYHe 1oJ1e, (oToeJeKTPHYHA CHCTeMa, YHceIbHe MOAeTIOBAHHS, TPAEKTOPil
YaCTHHOK, BiIX0JH eJIEKTPHYHOI0 Ta eJIEKTPOHHOT0 00.1aIHAHHSI.

Introduction. During recent years, the world has been
experiencing a rapid pace of consumption of electrical and
electronic devices for domestic and industrial use. This pace
is due to two main factors: the remarkable technical
advances that have affected most modern devices. The
digital and electronic transformation has brought about a
radical change in the lives, businesses, relationships, and
affairs of individuals and society [1, 2]. At the end of 2022,
waste electrical and electronic equipment (WEEE) was
estimated at around 62 million tones, or an average of 7.8 kg
per capita, of which 22.3 % (13.8 million tones) was
destined for proper collection and recycling [3]. This
category of waste has caused numerous economic, social,
and environmental crises. It also occupies vast areas, which
is a source of concern for human health and a major
challenge for sustainable development [4].

Over the past 20 years, the recycling industry has
emerged as a new resource for genuine environmental

restructuring and has been embraced as a main solution in
the WEEE recycling [4, 5]. Electrostatic separation is an
efficient technique that is built into the new energy
paradigm. In addition to the electrostatic separation, there
are several other electrical separation methods used across
industries  like  electrophoresis,  electro  pulse,
dielectrophoresis, conductivity-based separation, and
magneto-electrostatic hybrid separation. It stands out for
its minimal energy consumption, low operating and
maintenance costs, and environmental friendliness, but
has drawbacks in the sensitivity of humidity and particle
surface conditions [6—8]. It is also highly efficient
compared to the other methods mentioned, and a feasible
transformation technology for plastics, and metallic
materials from WEEE, such as electric cables, and
electronic cards [9], as well as in agricultural food [10],
and mining products [11]. The WEEE recycling process
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goes through 4 original stages, which are as follows. First,
plastics and metals from WEEE are sorted according to
their type. Second, they are cut into millimeter granular
mixtures of sizes ranging from 1 to 6 mm or ground into
fine powders of sizes less than 1 mm, having the same
density and electrical conductivity [12—14]. Third, the
granular mixtures or fine powders are charged by at least
one or more electrical charging mechanisms such as
corona discharge, electrostatic induction, and triboelectric
effect. Finally, the granular or powdery mixtures are
separated in an intense electric field generated by two
electrodes coupled to a high-voltage DC power source of
opposing polarity [4].

Currently, there are many efficient and reliable
electrostatic separators that have been applied to sort the
components of granular mixtures or fine powders. These
include drum electrostatic separators [15], vertical electrode
electrostatic  separators  [16], tribo-aero-electrostatic
separators with conveyor belts [17], tribo-aero-electrostatic
separators with two rotating disks [18], free-fall electrostatic
separators [19], and multifunctional electrostatic separators
of the metal belt conveyor type [20].

The multifunctional electrostatic separator and the
free-fall electrostatic separator are two of the most
favored and useful models for sorting the parts of
electrical and electronic equipment, especially the
insulating granular particles. This is because they work
well and are reliable [19].

Utilizing numerical methods to model the separation
process plays a vital role in minimizing the need for
extensive experimental trials, as it offers deep insights
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into the associated physical phenomena. Consequently,
researchers have employed particle trajectory simulations
to investigate how different parameters impact the
efficiency and result of the separation process [2].

The goal of the work is to represent graphically the
trajectories of two insulating charged polypropylene
particles of different sizes (2 mm and 4 mm) in the
multifunctional electrostatic separator powered by
photovoltaic (PV) system use a multipoint electrodes as
charging device employing numerical simulation and
demonstrate its effectiveness and reliability for the study
of particles trajectories by integrating PV panels as a
power source for electrostatic separators according to the
recommendations of the new energy system.

The use of PV panels ensures the required voltage to
power the suggested electrostatic separator. During the
separation process, a 2 mm and 4 mm insulating particles
are charged as they pass through the charge zone by
coronal discharge generated by the multipoint
configuration with the same charge as the electrode. They
then reach the separation zone, where they are separated in
the presence of an intense electric field. This work aims to
represent graphically the charged particles trajectories
using numerical simulation, demonstrate their effectiveness
and reliability for the study of particles trajectories and
improve the efficiency of electrostatic separators.

Methods. Multifunctional electrostatic separator
description. Figure 1,a shows a design of a multifunctional
electrostatic  separator with two flexible verticals

electrodes, powered by PV system. This system powered
the separator.

1. Swing chute
2. Two DC/DC motors
3. Metallic conveyor

4. Multi-point electrode
5. Vertical electrodes

7. High voltage DC/DC converter
8. Collector

9. Variable continuous power supply
10. Scale

11. Digital voltmeter & ammeter

12. Peak voltmeter

13. Electrometer

6. PV panels 14. Computer
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Fig. 1. a — multifunctional electrostatic separator with two flexible vertical electrodes powered by PV panels; b — basic electrical circuit
that explains the conversion of the low-voltage primary source of direct voltage to high direct voltage for powered the separator
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The design consists of a grounded metal belt
conveyor, measuring 1000 mm in length and 100 mm in
width. The conveyor belt is responsible for transporting the
particles in the form of homogeneous spheres deposited on
its surface to the electrical charging zone and the separation
zone. This conveyor belt is driven by two DC or three-phase
motors. These two motors are powered by an adjustable
voltage source and rotated at an appropriate speed, where
the charged particles fall into the electrostatic separation
zone. A multi-point corona electrode in the form of needles
perpendicular to the metal belt of the conveyor belt to
generate corona discharges used to charge insulating
particles. It consists of four points set 20 mm higher than the
surface of the belt. Each point is 130 mm long and 2 mm in
diameter, spaced 20 mm apart.

An electrostatic separation zone consists of two
flexible vertical electrodes in the form of plates measuring
200 mm wide and 300 mm long, separated by a distance
of 80 mm. The two electrodes can move back and forth
between them.

The corona electrode and one of the vertical
electrodes are connected to a 30 kV via a 500 V/30 kV
high voltage DC/DC converter supplied by fourteen PV
panels (Fig. 1,b). The voltages applied to the electrodes
can vary from 20 kV to 30 kV for specific applications.

The multi-point electrode generates corona
discharges that expose the insulating particles. They
acquire electrical charges of the similar sign as the
voltage applied to the corona electrode and fall into the
electrostatic separation zone. When they freely fall into
the separation zone, they are attracted to the electrode of
opposite polarity and fall into the right part of the
collector. However, the uncharged insulating particles,
located in an intense electric field at the separation zone,
fall into the middle part of the collector. The left part of
the collector remains unchanged. Three collector boxes
collect the separated insulating particles. The boxes are
divided into two compartments and constituted in the
form of a Faraday cage connected to an electrometer for
measuring electrical charges, set on an electronic scale by
measuring the mass of the separated particles.

You can record real-time information about how this
electrostatic separator is working on a computer. The
computer can record the power produced by the PV
panels (P,), the voltages applied to the two active
electrodes (V), the speed of the metal belt on the conveyor
(n,c), the number of charges on the particles (O,) and the
masses of the particles (m,).

Numerical modeling. This section involves the
numerical modeling of the PV panels that power the
electrostatic separator suggested, the electric field, the
motion of the charged particles and their trajectories in
the separation zone.

PV panel modeling. A PV panel, otherwise called a
PV module, is generally made up of a set of elementary
PV cells manufactured in the form of a thin layer of P-N
junction semiconductor. These PV cells are connected in
series and/or in parallel in order to obtain the required
current, the required voltage, and the necessary power
required to supply the load, due to the fact that each PV
cell has a low nominal power. Figure 2 presents the model
of the equivalent electrical circuit of a PV cell [21-23].
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Fig. 2. The single-diode model represents the equivalent
electrical circuit of a monocrystalline PV cell

The expression of the current generated by the
single-diode PV cell is given as follows:
Lpy=1g+1,+1p,; )
Lyy=1y~14-1,=
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where [, is the photocurrent of the PV cell; /; is the
current at the diode junction; I, is the current in the
resistor R,; 1, is the output current of the PV cell; I, is the
saturation current of the diode or the dark current; V,, is
the output voltage of the PV cell; R;, R, are the series and
parallel resistances of the PV cell; n is the ideality
coefficient of the cell; k3 is the Boltzmann constant; ¢ is
the electron charge; T is the temperature of the PV cell.

The following equation provides the mathematical
model for the PV panel, assuming that all the cells are
identical:

I,y =Npy-Iy—

Q'(Ns'va""(Ns/Np)'Rs'Ipv) 3)
)-1|-
n-k B T
NV (NN, )Ry 1
(N S/ N p)'Rp
where N, is the number of cells in series; N, is the number
of cells in parallel.

Electrical field modeling. This study uses a
numerical model of the electric field to study the motion
and trajectory of charged particles in electrostatic
separators. The electric field is an important and essential
factor for the electrostatic separation process. The electric
field is responsible for the charge and the motion of the
particles through the electrostatic force it generates. It is
generated by applying a high voltage to the active
electrode and the grounded electrode. To obtain the
electric field strength E, it must solve the Laplace
equation or the Poisson equation, both of which are partial
differential equations or use the COMSOL Multiphysics
software, that uses the FEM [2, 24, 25] it can be
expressed as follows:

E=-VV, 4)
where E is the electric field intensity vector; V is
the electric scalar potential. The boundary conditions
are [24]:

e The potential on the active electrode is equal to the
high applied voltage.

o The potential on the grounded electrode is zero.

o The electric field on the active electrode is equal to
the onset field strength.

Modeling the motion of charged particles and their
trajectories. While moving, particles that have been

=N, -Iy- exp(
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charged by the corona discharge used in this study are
affected by electrostatic force, gravitational force, and
aerodynamic force. When they fall freely at the middle of
the electrostatic separation zone, where there is a strong
electric field, they are subject to all of these forces [26-28].

Gravitational force F,. Any charged particle with a
mass m,, experiences a gravitational force during free fall.
The following relationship determines its value:

£ || 5
o VN )

where m,, is the mass of the charged particle, and g is the
gravitational constant (g= 9.81 m/s).

Electrostatic force F,. Any charged particle O,
located in a region of intense electric field is subject to an
electric force of attraction or repulsion. Coulomb’s law
expresses it this way:

F E. (x,
F, :|:Fel,x:|:Qp'|:Ex( y):|, ©6)
el, y y (X >y )
where O, is the charge of the charged particle, E,, E, are
the horizontal and vertical components of the electric field
vector, respectively.
Aerodynamic force F,,, Any charged particle in
the form of a homogeneous sphere of radius »r,

experiences an aerodynamic force when it rubs against the
air. The following formula gives the aerodynamic force:

Frerox 1 2 | Vx
F = T N==-Cs-p-7- . 7
aero |:F 5 pTT, VV (D

aero,y

where C; = 0.5 is the coefficient of friction; p is the
density of air; r,, is the radius of the charged particle; v,, v,
are the components of the vector of the relative velocity
of the particle.

Gravitational, electrostatic and aerodynamic forces
act on the motion of charged particles, according to
Newton’s second law. It is defined by the following
relationship [29-31]:

mp'an:ZF:Fg+Fel+Faer0’ (®)

where a, is the particle acceleration.

For represent graphically the trajectory of charged
particles, we based on the Euler-Cromer method to solve
the equation of motion numerically. This method is given
by the following relation [28]:

Vel =V, +a, - At )

Pntl = DPn +Vyg1 - AL, (10)

where v is the velocity; p is the position; At is time step.
Results and discussion. In this paper we present the
current-voltage  (I-V) and power-voltage (P-V)
characteristics of 14 PV panels by varying the solar
irradiation using the PV module characteristics (Table 1),
the evolution of the electric field in the electrical charging
zone and the separation zone (Fig. 3) through the
COMSOL Multiphysics program for two configurations
(Table 2) and the graphical representation of the trajectories
of two polypropylene insulating particles of 2 mm and 4
mm sizes in the separation zone through the Euler-Cromer
method was programmed in MATLAB by varying the
value of the voltage applied to the active electrodes and the
inter-electrode distance and by injecting the intensity of the
electric field previously obtained. The particle sizes for

which the Euler-Cromer method is most effective range
from I mm to 5 mm [2, 28].
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Fig. 3. The distribution of electric field:
a — the electric charging zone; b — the electrostatic separation zone

Table 1
PV characteristics of an ETSolar PV module
Reference ET-M572185
Maximum power P, W 185
Open circuit voltage V., V 44.6
Short circuit current /., A 5.8
Rated voltage Vypp, V 36.3
Rated current /,,,, A 5.09
Cell per module 72
Table 2
Two configurations of the inter-electrode distance
Configurations Dy, mm | D,, mm | D;, mm
Multipoint-conveyor 60 40 20
Verticals electrodes 80 95 110

PV characteristics of the ETSolar PV panels. Figure
4 shows -V and P-V characteristics of 14 ET-M572185
panels. These panels are linked in series to power the
multifunctional electrostatic separator with two flexible
verticals electrodes with a voltage of 30 kV via a high-
voltage converter DC/DC of 500 V / 30 kV. The
measurements were carried out at a temperature of 25 °C and
3 different solar radiation values (800 W/m? 900 W/m?
1000 W/m?). Each of these solar radiation values corresponds
to a maximum electrical power that the 14 panels could
provide.
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Fig. 4. -V and P-V characteristics of 14 modules
of type ET-M572185 at 25 °C

Electric field variation. Electrical charging zone.
Figure 5 depicts the electric field variation at the
conveyor generated by 4 points as a function of their
positions p, which represents the electrical charging zone
of insulating particles for an applied voltage of 30 kV and
an inter-electrode distance of 20 mm. The multipoint-
conveyor configuration allows the insulating particles to
cross the region of the intense electric field produced by
each point and acquire electric charges of the same sign as
those of the corona electrode.

Figures 6, 7 show the electric field variation at the
conveyor for 3 different applied voltages (20 kV, 25 kV,
30 kV) and 3 different inter-electrode distances for a
multipoint-conveyor configuration shown in Table 2.
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Fig. 5. Electric field variation at the conveyor
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Fig. 6. Electric field variation at the conveyor for different
applied voltages
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Fig. 7. Electric field variation at the conveyor for different distances

Electrostatic separation zone. Figures 8, 9 show the
electric field variation generated in the separation zone.
These results are for 3 values of the applied voltage of
20 kV, 25 kV and 30 kV and 3 values of the inter-electrode
distance — 80 mm, 95 mm and 110 mm. The curves show
that the electric field is uniform in this region. It is strong
and intense, with a value of 3.75-10° V/m for a 30 kV
voltage and an 80 mm distance between the electrodes.

This investigation demonstrates the importance of the
electric field process in electrostatic separators. That is
electrostatic separation requires an intense electric field of

the order of 10° V/m.
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Fig. 8. Electric field variation at the ground for different applied

voltages
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Fig. 9. Electric field variation at the ground for different distances

Trajectories of the charged particles in the

electrostatic separation zone. We illustrate in Fig. 1013
the trajectories of 2 mm and 4 mm polypropylene particle

in

the separation zone for three different values of the

voltage applied to the active electrode (20 kV, 25 kV and
30 kV) and three different distances between the
electrodes of 80 mm, 95 mm and 110 mm. These
trajectories were obtained numerically.

For the case of a variation of the applied voltage and

the distance, we can observe that the charged particle of
size 2 mm is attracted with a strong acceleration by the
opposite electrode without colliding with it. Moreover,
the other electrode repels it when its sign matches.
Indeed, the electrostatic force is dominant compared to
the gravitational force due to the lightness and small
diameter of the particle. Finally, the charged particle
gathers in the left compartment of the collector box.

Y, m ) b ' T mew 30kV
amn 25kV
=uu 20kV

ot . d
o~
-,
-0.05f o .
Jan
Sae
Py
01} ryy R
"y n
;- N
.
0.15F K .
L]
e .,
N
02} o g
.
025} -
03 } .
1 1 L 1 L X’m

008 004 O 004 008
Fig. 10. 2 mm polypropylene particle trajectories for different
voltages applied at an inter-electrode distance of 80 mm

In the case of a charged particle of size 4 mm, we

can note that there is a ratio between the gravitational
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force and the electrostatic force. As expected, the
gravitational force is dominant compared to the
electrostatic force. The large-diameter charged particle
makes a slow acceleration due to the effect of
gravitational force. The deflection of the charged particle
increases proportionally to the increase in the applied
voltage while keeping the same tangent, and it collects in
the right compartment of the collector box.
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Fig. 11. 2 mm polypropylene particle trajectories for different
distances at an applied voltage of 30 kV
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Fig. 12. 4 mm polypropylene particle trajectories for different
voltages applied at a distance of 80 mm
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Fig. 13. 4 mm polypropylene particle trajectories for different
distances at an applied voltage of 30 kV

Figure 14 shows the trajectories of two

polypropylene particles of 2 mm and 4 mm sizes when a
voltage of 30 kV is applied and there is an inter-electrode

distance of 80 mm.
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Fig. 14. 2 mm and 4 mm polypropylene particle trajectories at
30 kV and 80 mm

Conclusions. A design of the multifunctional
electrostatic separator and the simulation results obtained in
this article allow us to formulate the following conclusions.

The integration of PV system as a power source for
electrostatic separators, and give it high priority according
the recommendation of the new energy system due to its
numerous advantages and effective contribution to
sustainable development.

The multi-point configuration used in this work has
a high efficiency for charging the insulating particles.

The numerical model based on the Euler-Cromer
method that based on the calculation of the electric field
intensity, which is done by the COMSOL Multiphysics
software, and programmed in MATLAB software, is an
effective and validated tool for the study of the particles
trajectories. The numerical simulation has provided a
profound comprehension of various phenomena that occur
in the electrostatic separation zone. It is also considered a
tool to validate experimental results.

Directions for further research may be the following:
To conduct this work experimentally in the future and
study the trajectories of conductive and nonconductive

particles in the proposed electrostatic separator.
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