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With reference to electrostatic separation, expressions are considered for computation of
kinetics of particle charging in electrostatic field and corona discharge field. Particles
are represented as three-axis ellipsoids, which permits to approximate the particles of
various shapes. Volume conductance and dielectric permittivity, of both particles and
ambient medium are taken into consideration. Total charges and free charges of particles
with high and low conductance are considered. General expression permitting to define
particle charge in a time-varying electric field has been derived. An example of computa-
tion is considered, when external field varies sinusoidally, and dependence of the particle
charges on the external field duration and variation rate is shown.
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1. INTRODUCTION

A significant difference in magnitude of charges of separated particles
is a necessary requirement for electrostatic separation. Moreover,
separation is most efficient if the separated particles have unlike
charges. The possibility of separation depends on the difference in
maximum charges and in the rates of both charging and discharging
of particles. Therefore it is important to estimate such values, as
they permit choice of both electrostatic separator design and electro-
static separation parameters.
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Polarity and magnitude of particle charges depend on the values of
conductance and dielectric permittivity of both the particles and the
ambient medium. Particle shape, external field non-uniformity and
the rate of external field amplitude variation exert a significant influ-
ence on the particle charge. The operating modes of electrostatic
separation may employ different values of charge both with steady
state and transient parameters of the electrostatic field.
However, in theoretical physics, particles are usually considered as

perfect conductors or non-conductors charged in a non-conducting
medium by a constant external field [1,2]. The same approach was
widespread in the analysis of the particle behaviour in electrostatic
separation for a long time [3-5]. This did not permit special features
of particle behaviour in an electric field to be revealed and often led
to incorrect determination not only of magnitude, but also of the
sign of the particle charge.

This article examines the kinematics of particle charging and
discharging, taking into account the volume conductance and dielectric
permittivity both of particles of various shapes and of the ambient
medium with consideration of the time variation of external field.

2. DEVELOPMENT OF THEORY OF PARTICLES CHARGING
IN ELECTROSTATIC SEPARATORS

Concepts of total charge and free charge are used. The total charge con-
sists of the free charge and the polarization charge. The total charge ofa
particle determines the magnitude of the force between the particle and
the electrode [6-8], as well as that ofelectric force depending on the non-
uniformity of the electric field, i.e., electric intensity gradient.
At a distance from the electrodes, the summarized contribution of

the polarization charges to the external force is equal to zero, since
unlike polarization charges are concentrated on opposite points of
the particle.
The maximum quantity of a charge of high-conductivity sphere of

radius bl positioned on an electrode in a uniform field Ek is estimated
by the following equation [9]

qt -2zr3eobl Ek/3. (1)
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Since the 1970s formulae that take into consideration the volume
conductance of a particle and medium, as well as particle shape
[6-8,10], have gained ground.

Particles are usually represented as spheres or ellipsoids.
Representation of particles as ellipsoids permits approximation for
particles of different shapes by varying the ratio of the lengths of axes.

Let us consider the charging of a particle shaped as a semi-ellipsoid
and positioned on a grounded electrode (Fig. 1). Let a, b and c denote
semi-ellipsoid axes. Axis a is oriented along the external uniform field

E.
If the constant external field is energized at moment 0, the total

charge variation in time will be described by expression [6,8]:

qt(t) qt + (qto qt)e-t/r, (2)

where qt, qto are the maximum and initial charges and r is the time
constant of the assumed process.

If the particle has not been previously charged, the initial (at 0)
total charge of a particle depends on the dielectric permittivity of a
particle el and that of the medium e2:

qto nzE/nl, (3)

J

FIGURE A particle on a collecting electrode.
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where nl elda nt- e2(1 da); n2 eorbc(e2 el); with da being the
depolarization factor depending on the ratio of the semi-ellipsoid
axes [1 ].
The maximum total particle charge (at oe) depends on the

conductance values

qt m2Ek/ml, (4)

where m ’1 da -- ’2(1 da); m2 eorrbc(?’2 F1).
The charging and discharging time constant is equal to

"c nl/ml. (5)

As for the free charge, if a particle has not been charged in the initial
period, the kinematics of charging will be described by this equation:

qf(t) qf(1 e-t/r), (6)

where is determined by Eq. (5), and the magnitude of the maximum
free charge qf in a constant external field Eg---const is equal to

qf (elY2 e2gl)eoJrbcEk/ml. (7)

Similar tasks are dealt with in the theory of electrophoresis, but only
regarding spherical particles [11].
A recently published article [12] shows that electric forces acting on

particles in a non-uniform field depend on the history of the particles’
motion, i.e., not only on the initial charge, but also on the rate of
motion of the particles. In particular, particle oscillations may take
place in a non-uniform electrostatic field under certain conditions.

It is noteworthy that the needs of electrostatic separation have led to
the development of theories that are of interest in other fields, e.g., it is
possible to suppose that a phenomenon of particle oscillations in an
electrostatic field will be used in engineering, although to a smaller
extent than mechanical or electromagnetic oscillations.
Another interesting example is that studies of the charging of com-

posite particles, in particular shells [13], permitted the development
of a modern physical model of ball lightning [14] and also explanation
of the nature of certain unidentified flying objects. This is explained by
the fact that electrostatic separation involves naturally created sub-
stances, and not ideal ones.
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3. THE CHARGING OF PARTICLES IN A SINUSOIDALLY
VARYING FIELD

In the processing practice, the external electric field usually varies with
time. For example, during the transport of particles in a separator
from a feeder to a separation zone the electric field varies from 0 to
a maximum value, and then falls off.
The total charge may be determined by this differential equation:

nldqt/dt + mlqt n2dE,/dt + m2E= (8)

Solution of this equation applying Laplace transformation will give

n2 1 m2nl mln2
qt ----Ek(t) -+-[nlqto n2Ek(O)] e-(ml/n’ )t -+- e-(ml/nl)tI(t),

nl lll n2
(9)

where

I(t) eml O/n, Ek(O)dO (lO)

Free charge qf is determined taking into account that its dependence
on the total charge qt assumes the form

qf --(n2/eo)Elc(t) + nl qt/eo. (11)

Formula (9) holds true for the arbitrary function Ek(t). An expres-
sion for qt(t) may be obtained in elementary functions when the exter-
nal electric field varies sinusoidally.

Let us consider special cases of determination of the function I(t).
The duration of the external field is equal to the half-cycle (T) of a

sinusoid with amplitude Em. Namely, if

Ek(t)=
Emsin -r 0<t<T,

0 t>T
(12)
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then for cycle 0 < < T

FllTEm [ ( ) (Tt’t)]I(t) nzc2 + m21T2 nl:rr nlzre cos rot + miTe sin
7’ -- (13)

where lZ ml T/nl,
for t> T

l(t) nzrTEm(1 + eZ)/(nzr2 + mT2). (14)

If the external field increases sinusoidally to a maximum magnitude
and after that remains constant, we obtain

{Ek(t)=
Emsin -zr 0<t<T/2

Em T/2 <_
(15)

Under these conditions, in a time period 0 < < T/2 the expression
for I(t) will have the same value, as in the previous case (14). And for
T/2 < we obtain

F.nrcT nlml TXez/xI(0= L nazr:Z+mZT:
nl ]-+-(e/Z--ez/2) Era.
ml

(16)

For an external field which is energized step-wise, i.e., the rate of
increase Ek(t) Em with _> 0, we obtain

I(t) (Emnl/ml)(e 1). (17)

The magnitude of chargers regarding this case has been considered
above.

4. RESULTS AND DISCUSSION

The quoted formulae may be used for analysis of particle charging in
certain electric fields.
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4.1. Maximum Magnitudes of Particle Charges

Let us consider the maximum (t cx) magnitudes of charges with

Ek const. According to Eq. (4), for the case when the medium con-
ductance (’2) may be ignored, the magnitude of the maximum total
charge will be equal to

qt -eorcbcE:/da. (18)

The magnitude of the maximum charge of such particles depends on
their shape, size and Ek the particle charge sign coinciding with that of
the collecting electrode, upon which particles are located.
According to Eq. (7), the magnitude of the maximum free charge in a

non-conducting medium is equal to

qy eoerbcE/d, (19)

and in air (e2 1) it is of the same magnitude as the maximum total
charge.

Consequently, with ’2 0, particles of the same shape and size, but
of different conductance, will acquire equal charges upon completion
of charging.

Let us compare the maximum charge of a half-sphere with the ratio
axis of a 2b 2c with the charge of the sphere computed using Eq. (1)
[9]. The difference in charges computed by (1) and (18) is only 12%,
indicating, that the half-sphere provides a close approximation of the
spherical particle.

4.2. Particle Charging in a Corona Discharge Field and the
Effect of Medium

In the practice of electrostatic separation, the particle charging often
takes place in a corona discharge field in air, although installations
featuring particle charging in medium of other gases have been
described [15]. Commercial-scale drum corona separators with the
medium of inert gases (argon and helium) exist. In dielectric separa-
tion, particles are separated in non-conducting liquids with specially
chosen values of
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As may be seen from the Eq. (7), the sign of the free charge depends
on the sign of

In the corona discharge field the medium conductance ?’2 depends
on the corona discharge current density j and the external field
intensity E:

?’ j/Ex (20)

In electrostatic separation in air typical values ofj andE are equal to
10-4 A/m, and 4 10-5 V/m, respectively.
With e27’ > e?’2, the particle will acquire charge of the same sign as

that of the collecting electrode and will break loose from that electrode.
This is typical for conducting particles. With e27’ < e?’2 the particle
will acquire unlike charge as regards the collecting electrode and will
be attracted to that electrode. This is typical for non-conducting par-
ticles. By varying the magnitude of corona discharge current, it is poss-
ible to change both the magnitude and sign of the particle charge. This
circumstance determines the stability of the separation process of con-
ductors in drum corona separators. The corona discharge curren.t
depends on the design of the corona-forming electrode, the voltage
applied to the corona-forming electrode, as well as the composition
of the gaseous medium.
The value of ?’2 may be increased by means of inert gases. For

example, in argon and helium the corona discharge current is 10 to
20 times higher than in air. In addition, the voltage is 2 to 3 times
lower than in air. This permits separation of metal powders from
oxides.

4.3. Kinetics of Particle Charging in a Constant Field

The maximum charge qf is acquired in a certain time interval. Thus
during a time interval r the particles will be charged to 0.368qf0, and
0.99qf charge will be acquired in 4.6r.

This is illustrated in Figs. 2 and 3, which show the charging of the
conducting and non-conducting particles of size a- 2b 2c 0.5 x
10-3 m, (da 0.172), with E 4 x 105 V/m. In an electrostatic field
the parameters of the medium (air) are assumed to be: e2 1, ?’2 0,
and in the corona discharge field: e2 1, ?’2 2.5 x
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FIGURE 2 Kinetics of particle charging in a constant field. Total charge qt in
electrostatic field. 2- Free charge qf in electrostatic field. 3 Total charge qt in corona
discharge field. 4- Free charge qf in corona discharge field.
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FIGURE 3 Kinetics of charging of non-conducting particles in a constant field.
Maximum total charge qt and maximum free charge qf in electrostatic field. 2- Total
charge qt in electrostatic field. 3 Free charge qf in electrostatic field. 4- Total charge qt
in corona discharge field. 5 Free charge qf in corona discharge field.

10-1 Ohm-1 m-1. In computations a conducting particle is assumed to
have e -6, ’1 10-s Ohm-1 m-1, and non-conducting one: e "--6,
9/1 10-12 Ohm-1 m-1.
At an initial period of time (t 0) of the magnitude, total charge qto

depends on dielectric permittivity values (3) and is not equal to zero
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(Fig. 2, curves 1,3; Fig. 3, curves 2,4). The magnitude free charge qy0
with t--0 is equal to zero, if the particle has not been previously
charged (Fig. 2, curves 2,4; Fig. 3, curves, 3,5).

Regarding the above parameters, conducting particles (Fig. 2) in an
electrostatic field and in a corona discharge field are characterized by
similar charging time constants (r), namely, upon constant voltage
energization, r 0.0096 s and r 0.0085 s, respectively.

Non-conducting particles (Fig. 3) in an electrostatic field and in a
corona discharge field acquire unlike charges on a collecting electrode.
Moreover, the magnitude of the free charge in the corona discharge
field (Fig. 3, curve 5) may exceed the maximum value of the charge
in an electrostatic field (Fig. 3, curve 1). Non-conducting particles in
these fields are characterized by essentially different charging time con-
stants, namely in an electrostatic field r 95.7 s (Fig. 3, curves 2, 3),
and in a corona discharge field r 0.079 (Fig. , curves 4, 5). As regards
non-conducting particles, their time of charging in an electrostatic field
depends on the particle conductance and their time of charging in a
corona discharge field on the medium conductance.

In an electrostatic field (’2 0), different rates of charging are used
for conductors and non-conductors to charge particles of the same
shape with unlike charges on the collecting electrode. In the corona
discharge field, unlike charges are obtained by charging particles to
maximum charges.

4.4. Kinetic of Particle Charging in an Alternating Field

During electrostatic separation the particle retention time in electric
field is 0.01 to s. The smaller value of this parameter is characteristic
for constructions featuring particles in contact with the collecting
electrode while the higher value is characteristic of designs where
particles move without contact with the collecting electrode.
Analysis of particle charging in a sinusoidal field permits examination
of the effects of both charging time and variation rate of external field
intensity on particle charges.

If conducting particles having the above parameters are placed in
an external electrostatic field EK Em sin(zrt/T) with T=0.1 s, the
particle charges increase from zero to the maximum magnitude
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FIGURE 4 Kinetics of charging conducting particles in a sinusoidally varying elec-
trostatic field. Total charge qt with T=0.1 s. 2- Free charge qf with T=0.1 s. 3
Total charge qt with T=0.03 s. 4- Free charge qf with T=0.03 s.

(Fig. 4, curves 1, 2). This maximum magnitude is practically equal to
the maximum charge acquired by a particle in an external constant
field (Fig. 2, curves 1,2). In an external electric field with T=0.03 s
(Fig. 4, curves 3, 4) the maximum magnitude of the charge will be smal-
ler than that in a constant field. Both a gradual increase of the external
field and the short-time action of the field upon particles may prevent
them from acquiring maximum charges during charging.

After the external field EK decreases to zero, a particle may retain the
free charge. Thus, with T= 0.1 s (Fig. 4, curve 2) the value of the
free charge will amount to 27% of the maximum charge value acquired
in a constant field. And with T 0.03 s (Fig. 4, curve 4) the value of
free charge will amount to 52% of such a maximum charge.
As regards various constructions, e.g., drum separators, it is expedi-

ent to execute either rapid or gradual increase of the electric field,
depending on the feed material and the required results of separation.
Thus, if conducting and non-conducting particles of the same shape,
size and dielectric permittivity (el) are placed in a constant field,
they will acquire equal total charges in the initial period (Fig. 2,
curve 1; Fig. 3, curves 2, 4). Particles characterized by high values of
el and oblong shape, orientated along the field, will acquire a large
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charge (Eq. (3)) and may break off from the drum. It is precisely total
charges that determine electric forces acting on particles in contact with
an electrode [7]. Differences in magnitude of the total charges of con-
ducting and non-conducting particles of the same shape and dielectric
permittivity become apparent only with time (Eq. (2)). However, in an
electrostatic field the maximum charges of such particles are deter-
mined by the expression (18).

Let us consider methods for comparison of magnitudes of charges
with instantaneous increase (Eq. (17)) and sinusoidal increase Eqs.
(15-16) of the external field.

In both cases magnitudes EK(0) 0, and with > T/2 values EK(t)
are equal. According to (8), the difference in the value of charges at
the same moments of time will depend on the value of the I(t). An
expression for the difference in charges has the following form:

6q m2nl mln2 Ememlt/n eU/2 (21)
nlml yg2 + ]z2 j

An immediate construction of a graph of the function in square
brackets shows that it is positive for any/z. Consequently, the sign of
value 3q (21) is determined, for any T, by the sign of expression

X m2rtl mln2

eorcbc[e2(’l )’2) -1- ’2(E’l 6’2) -.I- 2da(el 62)(1 /2)].
(22)

With reference to one particle, if X > O, the charge in the former case
(instantaneous energization) is greater than in the latter (gradual ener-
gization). If X > O, the particle charge in the former case is smaller than
in latter, with charging taking place in air medium. The latter case is
possible only if the particle conductance is smaller, than that of air,
bearing in mind a charge with the same value of t. Naturally, within
limit --+ ee the difference between charges in two cases in question
converges to zero owing to factor e-mlt/nl

Expression (22) permits consideration of the difference in charges of
two particles with different properties at instantaneous and gradual
energization of the field. If the signs of ) of the particles are negative,
gradual energization with the greatest possible Tis preferable. This is of
interest regarding particles with poor conductance. If the signs of X are
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different, instantaneous energization is preferable for particle separa-
tion. In contrast to gradual energization, the particle charges that are
already greater increase. Consequently, the difference in the charges
of the particles is enhanced.
The electrostatic separation process is affected by numerous factors.

The above examples illustrate the significance of electric field geometry
and time of charging.
The charge of particles is the main physical parameter forming the

basis of electrostatic separation. Nevertheless, such charges usually
vary in the separation process. This feature distinguishes electrostatic
separation from other main beneficiation processes, e.g., magnetic
and gravity separation, since the principal parameters that form the
basis for the latter processes are constant and time-independent.
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