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A Numerical Study on the Triboelectrostatic Separation of PVC
Materials From Mixed Plastics for Waste Plastic Recycling
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We investigate the triboelectrostatic separation of polyvinylchloride (PVC) from mixed

plastics in the laborartory scale triboelectrostatic separation system. The flow und electric fields

in the precipitator are obtained trom the numerical solution of finite volume method. Using

these flow and electric fields. we solved the particle motion equation considering the inertia,

drag, gravity and electrostatic forces acted on the particles. The particle trajectories are obtained

using a Lagrangian method as a function of different important variables such as Reynolds

number, Stokes number, electrostatic force, electric charge and clectric field distribution.

inclined angle of plane electrodes, particle rebounding. particle charge decay rate after impact

on the electrode surface. etc., in order to determine the optimal design conditions. The present

predicted results for the cumulative yield represent well the experimental ones.
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1. Introduction

The electrostatic separation method is to sepa-
rate the mixed particles with different electric
properties by using the electrostatic force. In this
study. we investigate the separation characteris-
tics of mixed waste plastic particles. Recycling of
waste plastic materials 1s very important because
it prevents the environmental pollution and rec-
ycled plastics can be reused as industrial ingre-
dients. The raw materials and products of plastics
are very widely used in our daily life and in-
dustries. However, if the plastics are left in the
environment without any controls, they can cause
very serious pollution problems to the environ-
ment. Thus the recycling of waste plastics is re-
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quired to prevent the pollution problems due to
waste plastics. However. because the plastics are
the mixture of different chemical components. it is
not easy to classify different chemical components
directly into orders by hands. In order to apply
the electrostatic separation technique, the wuste
plastics are first converted into powder using the
mill. This powder is electrically charged by fric-
tion in the tribocharger. which has difterent types
of spiral tube. fluidized bed. rotational cylinder,
etc. The electric characteristics of charged parti-
cles depend on the chemical components to con-
sist of the waste plastics. If we apply the elec-
trostatic force to the differentially charged parti-
cles. we can easily classify the particles into orders
with the same chemical components.

Recently. a dry triboelectrostatic process has
been considered to apply to recycle waste plastics.
This process is useful to separate PVC trom the
mixed plastics, which i1s based on the difference
in the surface charge of various components of
the powder mixture by the particle-to-particle
impuct and the particle-to-wall impact. Some of
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the mechanism proposed for electrostatic contact
charging is electron transitions between the ma-
terials coming into contact and ion exchange
(Harper, 1967). In a practical application of tri-
boelectrification for plastic recycling. many res-
earchers have been studying the separation ex-
periments of various plastics using the tribo-
charger such as a cyclone (Pearse. and Hickey.
1978 : Yanar and Kwetkus, 1995) a rotary blade
(Matsushita et al., 1999), and a rotating tube
(Inculet et al, 1994}. Also, Kang et al.(1999),
Lu et al.(1999) and Takeshita et al.(1998) have
investigated the particle flow behavior and the
stability of operation of a perforated plate type
suspension bed in three-phase fluidized beds. re-
spectively. Due to the inherent complexity of
phenomena in the electrostatic particle separa-
tion, the experimental study shows mainly the
separation efficiency as a function of related im-
portant variables such as fluid flow rate, separa-
tor geometry. the type of tribocharger, the electric
charge amount of particles, applied voltage dif-
ference, etc. The physics related with particle
separation in the presence of electric fields are
very complex, and the separation efficiency de-
pends on the interaction of many related varia-
bles, such as the tflow and electric fields in the
separator, the rate of particle loading, the electric
charge distribution of particles, the interaction
between the turbulent flow and particle motion,
the geometry of electric separator, etc. In order to
know the detail physics related to the electrostatic
particle separation and its effect on the perform-
ance on the separator, some theoretical studies are
carried out using the simple and complex flow
models. Chen et al.(1993) calculated the particle
trajectory and deposition in the convergent and
parallel channel. They considered the uniform
and developing laminar flow with a dilute parti-
cle concentration in the presence of electric fields.
The effect of relative size of drag, gravity and
electrostatic force term on the particle deposition
is investigated using the simple laminar flow.

Ashano et al. (1996) investigated the trajectory of

charged metal particles (about | mm size} in a
gas-insulated switchgear in the parallel and tilted
electrodes. They obtained the theoretical solution
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for the particle trajectory using the drag force
under the simple Stokes flow assumption. The
theoretical results were compared with experi-
mental ones and showed reasonably good agree-
ment between them. Goo and Lee (1996) ob-
tained the deposition of charged particles in a
plate-plate electrostatic precipitator. They car-
ried out the Lagrangian method using Monte-
Carlo simulation which uses the concept of time
series analysis for the particle motion in a tully
developed turbulent flow. The collection eftici-
encies are obtained as a function of Peclet num-
ber and Deutsch number. Soltani et al.(1998)
studied wall deposition of charged particle in a
turbulent channel flow in the presence of elec-
trostatic charges. The turbulent flow velocity field
was generated by a direct numerical simulation.
Effects of particle size and electric field intensity
on particle dispersion and wall deposition rate
were investigated.

In the present study, we investigate the trajec-
tory of waste plastic particles in the range of
0.5~2 mm size and their scparation characteris-
tics in the bench scale electrostatic precipitator
(ESP). The tlow and electric fields in the preci-
pitator are obtained from the numerical solu-
tion. Using these tlow and electric fields, we cal-
culated the drag. gravity and electrostatic forces
acted on the particles and obtained particle tra-
jectories as a function of different important vari-
ables. in order to determine the optimal design
conditions.

2. Mathematical Model

Figure | shows the geometry of electrostatic
precipitator (ESP) used in the present calcula-
tion. The inlet and four sides of the present
ESP are covered by the flat plate. The inlet has a
hole to inject waste plastic particles with air. The
outlet is exposed to the atmosphere. The collector
containing five collection bins is placed at the
bottom of the separation chamber to catch the
particles escaping the outlet. The bins closely
located to the positive high voltage clectrode
collect the negatively charged material. while the
opposite side bins collect the positive charged
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Fig. 1 Schematic diagram of electrostatic separation

system used in the present calculation

material. We investigated the effect of ESP geo-
metry on the particle trajectory and separation
efficiency by considering the different angles of
plane electrodes at §=0°, 2.5° and 5°. The mass
and momentum conservation equations to govern
the fluid flow in the ESP are defined as

%zo (1)
%(uiuj) (
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The dimensionless variables in the above equa-
tions are defined as

Xi_He U; Usp pU-z

(3)

In the above equations, p, U and H represent the
density, inlet velocity through the inlet hole and
half height between the plane electrodes at the
inlet, respectively. The superscript * in Eq. (3)
represent the dimensional variable. #; and p are
the non-dimensional velocity and pressure. The
above non-dimensionalization gives an impor-
tant dimensionless parameter of Reynolds number

0

Fig. 2 Schematic diagram to show the forces acted

on the negatively charged particle
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verning equations are solved by the numerical

, where p is the viscosity). These go-

solution of finite volume method (Patankar,
1980) .

The trajectory of negatively charged particles
injected through the hole at the inlet of ESP with
air is calculated by the Lagrangian method. We
considered the viscous drag, gravity and elec-
trostatic forces acted on the particle as shown in
Figure 2 and the resulting equation of particle

motion is defined as
du? _ 1 ReCp

Y —y? . .
dt ’—24 St |ux U; |(u1 ul)+Gl+Ql (4)

Here the dimensionless variables are defined as
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In the above equations, ¢ and {* are non-di-
mensional and dimensional time. 2? and «f are
non-dimensional and dimensional 7-directional
particle velocity. op, dp. g, g and E; are particle
density, particle diameter, {-directional gravity,
average value of particle charge distribution and
{-directional electric field. G and @ in Eq. (5)
represent the dimensionless variables for the
gravity and electric fields. St is the Stokes num-
ber. The first, second and third terms of right
hand side in Eq. (4) represent the drag, gravity
and electrostatic forces acted on the moving
particle, respectively. Because the particle size
considered in the present study is relatively large
in the range of 0.5mm~—2mm. the effects of
added mass, pressure gradient, history and lift
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forces are neglected. The drag coetficient Cp in
Eq. (4) is expressed as

Co= 24 Re,<0.1
D— Rep. €p .
24 [+0.0916Re,), 0.1 <Rep<5
= S
Rep( . ep), 0.1 <Rep<5 o)
24 2/3
=""—(1+0.158Re3"), 5<Rep<1000
Rep
=0.44. 1000<Re,

where Rey is the particle Reynolds number defin-
ed as

ur—uf' | dp
14

Rep (\7)
where v is the dynamic viscosity. The particle
trajectory is obtained by solving the following
equation using the particle velocity obtained from
the solution of particle motion Eq. (4).

dx,l?_ P
dt =U;

(8)

where x!? is the particle trajectory. The third or-
der Adams-Bashforth method is used for the
numerical solution of Eq. (4) and {8).

In order to calculate the electrostatic torce
acted on the charged particle, we should deter-
mine the distribution of electric fields E; in
Eq. (4). If the plane electrodes are parallel with
6=0, the electric fields between two parallel
plates are constant defined as

Ec=E.=0. =51

(9)
where AV is the voltage difference between two
parallel electrodes. However. if the plane elec-
trodes are inclined with §=2.5 and 5.0 as shown
in Fig. L, the electric ficlds are not uniform in the
ESP but obtained by the solution of the following
equation defined as

__ 0%
Ei=—50 (10)

where ¢ is the electric potential obtained from the
solution of the following equation defined as

Fo ,‘
ax,-axf‘o L

The governing Eq. (9) and (10) are defined in
the generalized coordinate system to consider the
geometry of the inclined ESP and solved by the
finite volume method, similar to the numerical
solution of mass and momentum conservation Eq.
(1) and (2).

3. Results and Discussion

Figure 3 shows the grid system used in the
present calculation. The number of grid used is
73X 65X51 in the x-, y-. and z-directions, re-
spectively. Figure 4 shows x-directional [stream-
wise) velocity contour and velocity vectors for
different inclined angles of ¢=0°, 0.25° and 0.50°
at Re=1397. corresponding to {/=0.5m/s and
H=0.05m.

The fluid flow close to the inlet of ESP shows
the typical pattern of jet flow. The jet emerges
from the small inlet hole and mixes with the
surrounding fluid. The emerging jet carries with
it some of surrounding fluid which was originally
at rest. The jet spreads outwards in the down-
stream direction owing to the influence of fric-
tion, whereas its velocity at the center decreases in
the same direction. The fluid flow changes its
pattern from the jet flow to the chuannel flow at
the parallel or diverging channel. as the flow
moves from the inlet to the outlet of the ESP. The
velocity magnitude in the ESP decreases with
increasing &, because the cross sectional area in
the streamwise direction increases.

Fig. 3 Grid system used in the present calculation
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Figure 5 shows the y-directional electric field
E, at the centerline of y=0 as a function of
dimensionless distance x for different electrode
angles and applied voltage differences. If the
electrodes are parallel with §=0, E, is constant
as given in Eq. (8). However, if the electrodes are
inclined with increasing . the distance between
the plane electrodes increases, resulting in the

g=50°

x-directional velocity contours and velocity

(c)

vector for dittferent electrode angles of §=0°.
2.5% and 5.0° at Re=1397
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decreasing F. along the streamwise direction.
The y-directional electric field E, increases with
increasing applied voltage difference AV, as
shown tn Fig. 5. This electric field is used to
calculate the electrostatic force term. &), in Eq.
(4). Thus, so far as the electrostatic force is
concerned for the particle separation, the parallel
ESP with =0 is better than the inclined ESP
with 8 >0, because the electrostatic force for the
parallel ESP is larger than the inclined one.

The velocity and electric fields shown in Fig. 4
and 5 are used to calculate the particle trajectory
and separation efficiency. Table | shows the
conditions used in the present calculation to sim-
ulate the bench scale experiment by Lee and Shin
(2001), to separate PVC particles from binary
plastic mixtures.

Figure 6 shows the electric charge distribution
of negatively charged PVC particles measured in
the bench scale experiment. In order to calculate
the particle trajectory using the Lagrangian
method, we divide the charge distribution of PVC
in Fig. 6 equally into 100 parts. The number of
particle used in the present calculation is 1000.

Table 1 Conditions used in the present calculation

Re=140
St=94~150
G=1.964
Q=0.2~0.6
3_
25
= -
[+]
-
Q 2
g
s |
Pis|
SSr
£=
s |
L
05~
[

ok

1 ‘ 1 ‘ ‘ .

-15 -10 -5
Particle charge/mass (x10°® C/kg)
Fig. 6 Electric charge distribution of negatively
charged PVC particle

This charged particle is distributed randomly at
the nozzle exit using the random number gen-
erated in the computer. The particle velocity at
the nozzle exit is 70% of the fluid velocity. based
on the experimental observation by Lee and Shin
(2001). The calculation of particle trajectory is
carried out until the negatively charged particle is
deposited on the positive electrode surface or
escape from the outlet of ESP.

Figure 7 shows the typical trajectory of PVC
particle charged negatively for Re=1397, St=
150, G=1.964, (=0.6 for different angles of
6=0°, 2.5° and 5.0° and for different decay rates

. . q gE OH .
of charge after impact. yo( _L:np(}}—2> in

Fig. 7 represents the dimensionless parameter for
the electrostatic force based on average charge of
PVC particle, gavg, and electric field at the inlet
of ESP, FEyo. In this calculation, it is assumed that,
when the particle hits the electrode surface, the
particle is rebounded under the perfect elastic
collision. In order to consider the effect of the
decay rate of electric charge after the particles hit
the electrode wall on the particle trajectory, the
different decay rates of AqGaecay=0%, 20%, 50%
and 100% are considered in the present study. If
the electrostatic force is not present, the particle
follows the fluid flow, which is almost parallel
to the plane electrodes, and then escapes the outlet
of ESP without hitting any electrode surface.
However, in the presence of the electrostatic force,
the negatively charged particle trajectory deviates
from the fluid flow, directs to the positive elec-
trode due to the electrostatic force acted on the
y-direction and hits the electrode surface.
Under the perfect elastic collision, the particles
are reflected with the same angle and velocity
magnitude as the incident ones. If the electric
charge does not decay after hitting the wall with
AGaecay=0%. the particle is still influenced strong-
ly by the electrostatic force acted in the y-direc-
tion and directs again to the positive electrode.
For the parallel ESP with =0 and Aguecar=
0%, the location, at which the particle escapes the
outlet of ESP, is very close to the positive elec-
trode at y=— H. If AGaecay increases to 20% and
50%., the electrostatic force in the y-direction
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Fig. 7 Trajectory of PVC particle for Re=1397, St=150, G=1.964 and Q,=0.6 for different angles of
6=0° 2.5° and 5.0° and for different decay rates of charge after particle impact

decreases because ¢ in Eq. (4) is linearly pro-
portional to the electric charge ¢. Thus the dis-
tance between the particle at the outlet of ESP
and the positive electrode increases with increa-
sing Aqaecay- When Agaecay=100% and §=0°, the
particle loses its electric charge fully after it hits
the positive electrode. In this case, the electric
force acted on the particle does not exist any more
and the bualance between the drag and gravity
force determines the particle trajectory. Thus,
when Agaecay=100% and §=0°, the particle re-
flected on the positive electrode hits the negative
electrode. is rebounded again to the main fluid
flow, and then escapes the outlet of the ESP
finally, as shown in Fig. 7(a). If the angle of
electrodes is increased to 2.5° as shown in Fig. 7
(b). the electric field E, for 2.5° is less than that
for §=0° as shown in Fig. 5, resulting in de-
creasing electrostatic force with increasing angle
of electrodes. Thus the distance from the inlet to
the first deposition position, at which the particle
hits the positive electrode, increases with in-
creasing @. When the particle hits the positive
electrode. the incident and reflected angles for
#=2.5° are larger than those for #=0°. Thus,

when the reflected particle moves downstream
with AQGaecay=0%. the distance between the
reflected particle and the positive electrode for
#=2.5° is less than that for §=0°. The reflected
particle from the first deposition location on the
positive electrode for #=2.5° is incident on and
reflected from the second position of positive
electrode again, which is very close to the outlet
of ESP, unlike to the case for §=0°, before the
particle escapes finally the outlet of ESP. Similar
to the case for §=0°, the distance between the
particle at the outlet and the positive electrode
for @§=2.5° increases with increasing Agaecay.
When AGaecay=100% and 6=2.5°, the reflected
particle from the first deposition location does
not hit the negative electrode any more, unlike to
the case for #=0°, because the distance between
the positive and negative electrodes at §=2.5° is
larger than that at §=0°, as shown in Fig. 7. If
the angle of electrodes is increased further to 5°,
the electrostatic force keeps decreasing with de-
creasing electric fields as shown in Fig. 5 and the
distance between the positive and negative elec-
trodes keeps increasing, compared to those for
#=0° and 2.5°. Thus the distance from the inlet
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to the first deposition location of particles for
f=5° is larger than that for #=0" and 2.5°. All
the reflected particles from the positive electrodes
escape the outlet without hitting the positive and
negative electrodes again. The effect of A¢aecay ON
the position of particle at the outlet of ESP for
#=75° is relatively smaller, compared to that for
6=0° and 2.5°, due to the relatively small clec-
trostatic force with increasing angle of electrodes
and increasing distance between the electrodes.
Figure 8 shows the deposition ftraction of the
total number of particles injected into the ESP
through the nozzle that is in a certain dimension-
less horizontal distance band. The
effect of Stokes number and electrode angles on

interval or

the deposition fraction is considered in Fig. 8.
Here the deposition distance x is defined as the
location where the negatively charged particle hits
the positive electrode first as shown in Fig. 7.
When #=0° and the electrodes are parallel. the
electric field E, is uniform as shown in Fig. 6
and the electrostatic force 1s relatively stronger
than that for §=2.5° and #=35°. Thus. in the
range of Stokes number of 9.4~ 150 at §=0°, the
clectrostatic force acted in the y-direction is grea-
ter than the drag force in the same direction. The
effect of Stokes number on the particle deposition
1s not large and the deposition occurs mainly
around 6<x <6.8 when #=0° as shown at the
upper part in Fig. 8. If the angle of electrodes is
increased to 2.5° and 3°. the electric field £, and
electrostatic force decrease significantly, com-
pared to that #=0° Thus the distance from the
inlet to the particle deposition (first hitting posi-
tion} on the positive electrode increases with in-
creasing 6. as shown in Fig. 7 and 8. The in-
ertia force acted on the particle in Eq. (4) in-
creases with increasing Stokes number, resulting
in increasing deposition distance. Thus the effect
of Stokes number on the particle deposition dis-
tance at 2.5° and 5° becomes larger, compared to
the small effect ot Stokes number at §=0° be-
cause the electrostatic torce decreases with in-
creasing 6.

Figure 9 shows the deposition fraction as a
function of streamwise distance x tor different
electrostatic forces and electrode angles at Re=
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1397, St=9.4. When ©,0=0.2 and 6=0° the
particle deposition distance from the inlet is
about 11.1~12.5. If @y is increased to 0.4 and
0.6, the particle deposition distance decreases to
about 6.05~6.85 and 4.26~4.82, respectively, due
to increasing electrostatic force acted on the par-
ticle. This result shows that the deposition dis-
tance is approximately inversely proportional to
Qyo. If the angle of electrodes is increased to 2.5°,
the general trend for the deposition distance for
different Qo is similar to the case for #=0°,
resulting in the decreasing deposition distance
with increasing §yo. However, the deposition dis-
tance for §=2.5° is larger than that for 9=0°
due to decreasing electrostatic force distribution
in the ESP with decreasing E,. When the angle of
electrodes is increased to 5° and @y=0.2, the
particle escapes the outlet of ESP without hitting
the positive electrodes, resulting in the zero de-
position fraction on the positive electrode. be-
cause the electric fields and electrostatic force
distribution in the ESP is small. If @ is in-
creased to 0.4 and 0.6 at §=35°, the particle hits
the positive electrode and the deposition distance
decreases with increasing @y from 0.4 to 0.6,
similar to the cases at #=0° and 2.5°.

Figure 10 shows the deposition fraction along
the streamwise direction for different electrode
angles at Re=1397, St=9.4, and =04, to
show the effect of electrode angle on the particle
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Fig. 10 Deposition fraction as a function of x at

Re=1397. St=9.4 and Q,,=0.4
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deposition more clearly. As explained in Fig. 8
and 9. the deposition distance increases due to
decreasing electrostatic force acted on the particle
with increasing electrode angle. So far as the
particle deposition distance (the first hitting po-
sition) on the positive electrode is concerned, the
parallel ESP at #=0° is better than the inclined
ESP at §#=2.5° and 5°, because the electrostatic
force field at §=0° is stronger in the total region
of ESP than that at §=2.5° and 5°. However, as
shown in Fig. 7, the particle incident on the
positive electrode is reflected and the reflected
particle velocity depends on the surface condi-
tions of electrode. In this case, the inclined ESP
is better than the parallel one, to achieve the goal
to separate the particle into the same chemical
components. Thus we need to carry out the cal-
culation to consider the effects of both the electric
field distribution in the ESP and the rebounding
characteristics of particle on the electrode surface
to determine the optimal geometry of ESP.

Figure 1! shows the cumulative yield as a
function of bin number for §=0° and 5° at Re=
1397, and Qys=0.6. The quality and effectiveness
of the electrostatic separation process can be
described by the yield defined as

Mass of the sought component in the extracted fraction\s)

Yield = (12)

Mass of the processed mixture

where PVC yield in bin #1 is described by the
ratio of PVC mass collected in bin #I by PVC
mass collected in bins #1-#5. Thus the cumulative
yield of PVC in bin #2 can be obtained from the
ratio of PVC mass in two bins #1 and #2 divided
by the supplied PVC total mass. The predicted
yield at the bin #1 for #=0° and 2.5° is 95.6%
and 90.2%. respectively, showing that the present
ESP separate the negatively charged PVC particle
from the binary mixtures well. When Re=1397,
St=9.4. and Qy=0.6. the parallel ESP at §=0°
is better than the inclined ESP in the view point
of PVC particle separation. The present predicted
results represent very well the experimental ones
given by Lce and Shin (2001), showing that the
present results can be used to determine the
optimal conditions in the ESP design.
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4. Summary and Conclusions

{1) The fluid flow and electric fields in the
precipitator are obtained from the numerical so-
lution of finite volume method. The particle tra-
jectory is obtained using the Lagrangian method.

(2) The effects of electrode angles, electric
charge and field distribution, particle size, re-
bounding on the electrode surface, decay of elec-
tric after the impact on the particle deposition and
separation are investigated.

(3) So far as the electrostatic force is con-
cerned, the parallel ESP is better than the inclined
ESP, because the electrostatic force in the parallel
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ESP is larger than that in the inclined ESP.
However, so far as the rebounding effect on the
electrode surface is concerned, the inclined ESP is
better than the parallel one.

(4) The predicted results for the cumulative
yield represent very well the experimental one,
showing that the present calculation can be used
to determine the optimal condition in the ESP
design.
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