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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

C coulomb m? square meter
cm centimeter mdyn millidyne
°C degree Celsius mho*m mho meter
cm®/em cubic centimeter per centimeter mho/cm mho per centimeter
cm/s? centimeter per square second min minute
cP centipoise mm millimeter
dyn dyne P poise
erg/°® erg per degree pet percent
gram pF picofarad
glem? gram per cubic centimeter pF/em picofarad per centimeter
g/m? gram per meter squared r/min revolution per minute
g/min gram per minute S second
h hour A% volt
Hz hertz w watt
kHz kilohertz W/em watt per centimeter
(kW +h)/mt kilowatt hour per metric ton wt pet weight percent
m meter um micrometer
SYMBOLS USED IN THIS REPORT
a particle radius q charge
A; dielectric force area R radius of drum electrode
B Boltzmann constant r radial distance
C capacitance Iy wire radius
cos ¢ power factor S distance
D drum rotation speed Sk electrode spacing
E electric field S¢ fluid velocity
VE electric field gradient S distance between a wire
F force ' and imaginery wire
Fy diffusion force S, particle velocity
F, dielectric force Sw distance between drum-
F, gravitational force electrode wires
F, inertial or centrifugal force T absolute temperature
F, current-induced polarization force t time
F, viscous drag or fluid drag force tan 8 tangent loss factor
G conductance \Y% voltage
g acceleration of gravity Z impedance
i imaginary unit vector 5; angle from drum-electrode
K dielectric constant wire to particle location
II:IW length of drum-electrode wires € electrical permittivity
concentration of particles 2 complex permittivit
n number of drt}m-electrodes € perrsittiv?ty of free yspace
Wires opposing screen 2] rotation angle of drum
electrode
number of wires per : electrode :
w . p A linear charge density
revolution viscosit
P power z densityy
p moment o electrical conductivity
w angular frequency




DIELECTRIC SEPARATION OF MINERALS

By C. E. Jordan' and G. V. Sullivan?

ABSTRACT

The fundamental properties of dielectric separation were studied to provide insight
into the design and operating characteristics of a dielectric separator. Force equations
on mineral particles were derived and evaluated experimentally. Responses to variations
in the electrical voltage and frequency, feed rate, particle size, dielectric fluid, and dielec-
tric constant were tested theoretically and experimentally, using a 5-cm-diam dielectric
separator.

High-dielectric mineral recovery was proportional to the calculated effective dielec-
tric force volume (EDFYV) that surrounded each drum-electrode wire. Electrode spacing
was the most sensitive design parameter; spacing of less than 0.4 cm was required for
a good separation. Dielectric separation was effective for separating minerals with dielec-
tric constants that differed by approximately 2 or more.

lSupervisory metallurgist.
Research supervisor.
Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL.



INTRODUCTION

Only a very small percentage of the ore taken from a mine
contains the mineral values to be recovered. If these mineral
values are present as distinct phases, they may be physical-
ly separated from the waste rock to reduce the quantity of
material that must be subsequently processed. Physical
separation is accomplished by utilizing differences in physical
or surface chemical properties of the minerals to be
separated. Magnetic, electrostatic, and gravity separation are
well-known examples of separation methods based on dif-
ferences in magnetic susceptibility, electrical conductivity,
and density, respectively. Froth flotation utilizes differences
in surface chemistry to enable separation. This report ex-
amines the use of differences in dielectric properties to
achieve mineral separation.

All separation processes are based on an ability to selec-
tively exert forces on the mineral particles to be recovered,
causing them to move in a different direction from that of
the particles to be discarded. For example, a magnetic
mineral will be attracted to a magnet, or a negatively charged
mineral will be attracted to a positively charged electrode.
These and other separation methods can be used to selectively
recover mineral values by separating them from the gangue
minerals. Recovery by separation depends on differences in
magnitude of the physical properties of the materials to be
separated. Thus, two magnetic materials can be separated
if one has a larger magnetic susceptibility than the other.
Similarly, separations can be made based on relative
magnitudes of dielectric properties.

Early work in dielectric separation of minerals was
reported by Hatfield in 1924 (1-2).3 Experimentation with
dielectric separation methods has been continued, up to re-
cent times, by Debye (3), Pohl (4), Horgan (5), and Pickard
(6). All these investigators used variations, in apparatus or
applications, of Hatfield’s original concept.

The Bureau of Mines, as part of its research to advance
minerals technology, designed, tested, and patented a con-
tinuous dielectric separator in 1978 (7-8). This prototype
laboratory-scale unit demonstrated efficiency for separating
certain minerals from their associated gangue minerals. The
unit generates a high-gradient, alternating electric field
within a dielectric fluid medium. Mineral particles with dielec-
tric constants higher than the dielectric constant of the fluid
move in the direction of the highest field gradient, while
mineral particles with dielectric constants lower than that
of the fluid move in the direction of the lower field gradient.
In the prototype dielectric separator (fig. 1), the highest elec-
tric field gradient surrounds small parallel wires on the sur-
face of a cylindrical insulator called the drum electrode; the
lowest electric field gradient occurs at the wire-screen elec-
trode positioned 0.3 cm away from the drum-electrode wires.
As shown in figure 2, a mineral mixture is fed onto the top
of the rotating drum electrode and moves down between the
two electrodes. High-dielectric minerals cluster around the
small wires on the drum electrode. Low-dielectric minerals
fall through the screen electrode to form the low-dielectric
product. As the wires of the drum electrode rotate beyond
the screen electrode, the high-dielectric minerals are released
to form the high-dielectric product.

Throughout the many years of experimental work, a
number of researchers have attempted to develop a fun-
damental understanding of dielectric separations (4-6, 9-10).

31talic numbers in parentheses refer to items in the list of references at the
end of this report.

The dielectric force equation, developed from classical
physics, has been applied successfully for interpretation of
test results (10). Although many of these interpretations were
only qualitative in nature, they provided some fundamental
understanding of dielectric separations.
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The Bureau conducted the research described in this
bulletin to provide a fundamental understanding of the design
and operating characteristics of a dielectric separator. In ad-
dition to quantifying the dielectric force on the mineral par-
ticles, the factors opposing dielectric separation were also
mvestlgated Gravity, inertia, diffusion, fluid drag, and
current-induced polarization forces were studied along with
the dielectric force to develop a comprehensive understand-
ing of dielectric separation. The investigation was directed
toward establishing limiting parameters for the electric field

gradient, electrode geometry, voltage, electrical frequency,
capacity, and liquid and mineral dielectric properties. The
separator’s dielectric force was derived from a theoretical
interpretation of the electric field pattern and the dielectrical
properties of the minerals and fluids. The significant oppos-
ing forces were calculated and compared with the dielectric
force to predict separations of minerals. This report presents
the experimental work and evaluation of both the empirical
and theoretical studies to provide a fundamental understand-
ing of dielectric minerals separation.

THEORY

Dielectric separation of mineral particles requires an ap-
propriate balance of dielectric force with gravity, inertia, dif-
fusion, fluid drag, and current-induced polarization forces.
Each of these forces is calculated in the following sections.

DIELECTRIC FORCE

All solid matter consists of an assemblage of atoms, each
composed of positive and negative charges, bound together
by particular mechanisms. The characteristics of these bond-
ing mechanisms determine the electronic properties of the
material. In the case of metals, the metallic bonding
mechanism consists of electric charges (the valence electrons)
that are free to move throughout the material under the in-
fluence of an external electric field, providing electrical
conductivity.

At the other extreme, ionically bonded insulators have
no free charges to conduct electricity. All charges are
associated with particular atoms and are known as bound
charges. Most minerals fall somewhere between the extreme
of cases of metals and insulators. In the presence of an ex-
ternal electric field, bound charges of opposite sign may be
displaced from one another, giving the material a net elec-
trical moment. It is this electric dipole moment, either per-
manent or induced, that gives a material dielectric proper-
ties. An electric dipole will orient itself along the electric field
lines. The degree of polarization, or dipole moment per unit
volume of the material, is represented by the dielectric con-
stant or the dielectric permittivity.

Electric Dipole Force

An electric dipole consists of two equal and opposite
charges, +q and —q, separated by distance S. The electric
dipole moment T is defined as P = qS. The force F exerted
on a dipole of moment P by an electric field E, considering
tshq dipole to be two point charges separated by a distance

, is

F=-qE+qE+S-VE+..), 0y

VE is the electric field gradient. In this equation, the field
has been expanded about the point q, and only first-order

terms are retained due to the fact that S is of the order of
atomic dimensions. Then,
F=-qE +qE + 7- VE = - VE. )

The electric dipole moment induced in an isotropic particle
is always in the direction of and proportional to E. That is,

—

P = «E, where « is a constant. Thus,
F = oF - VE, 3)

where o contains the volume of the particle and the degree
of polarization. It is clear from this equation that if the dielec-
tric particle is in a uniform field (i.e., VE = 0), it experiences
no electric dipole force. Increasing the electric field gradient
proportionally increases the electic dipole force.

The force on a mineral particle immersed in a dielectric
fluid can be developed from the classical interpretation of the
simple dipole force equation developed above (equation 3).
The net force due to the replacement of a dielectric fluid by
a small dielectric sphere is equal to the product of the
spherical volume, degree of polarization, electric field
strength, and electric field gradient (4, 10). Several assump-
tions were made to obtain this relationship. A uniform elec-
tric field in an ideal dielectric fluid will be distorted by the
insertion of a sphere of a different ideal dielectric. The degree
of this distortion is given by

Esolid — €fuid
polarizability factor = 3€q,q solid =

), @)

Coolid + 2€nuid

where €4 and €,y are the complex dielectric permit-
tivities of the fluid and of the solid. This equation is based
on the assumption that the electric field is nonuniform enough
to produce an appreciable gradient across the particle and
uniform enough to not sensibly alter the degree of polariza-
tion throughout the particle volume. If these equations are
restricted to small spheres, the assumptions and the force
equation (equation 3) are valid (4, 10).

The intensity of the local electric field Eis equal to the
negative gradient of the electric potential (voltage):

E-_-dv
E— dsy (5)

where V is the voltage and dS is the differential distance.

Because - %— is a spatial derivative, the electric field

is represented as the steepest downward slope (gradient) of
the electric potential (voltage). The steepest downward slope
is always normal to the equipotential surface and also
represents the direction of the electric field vector.

The electric field gradient (V E) is the maximum upward
slope of the electric field intensity:

8
vE - dE _ s/ 6)

ds ds




This gradient can also be represented as the second derivative
of the negative voltage gradient. The electric field intensity
and electric field gradient are in the same direction. In an
alternating current system with a sinusoidal voltage pattern,
the direction of the electric field and electric field gradient
vectors reverses each time the voltage sign changes from
positive to negative. However, the product of these two vec-
tors remains positive regardless of the voltage sign changes.
Therefore, the voltage oscillations do not change the direc-
tion of the dielectric force vector.

Based on the previously developed equations, the dielec-
tric force (F,) equation can be written as

- 4 et — En — =
F, =(_ wa"’) [3@ﬂw-d (M)] E - vE @

3 €solid — €nid
particle polarizability elec- elec-
volume tric tric
field field
gradient

where a is the particle radius.

To effect a dielectric mineral separation, the dielectric
force on the mineral to be separated must be significantly
different than the dielectric forces on the other minerals.
From the dielectric force equation, it can be seen that the
€solid — €nuig Portion of the polarizability factor can be
manipulated by selecting the appropriate dielectric fluid. For
example, a mixture of two minerals (A and B) with different
dielectric permittivities, €, and €, where €, > €, can be
dielectrically separated by selecting a dielectric fluid with a
€quia Such that €, > €4 > €5. Then, the dielectric force on
mineral B will be in the opposite direction of the dielectric
force on mineral A. Mineral A will be moved by the dielec-
tric force towards the higher intensity electric field,
separating it from mineral B.

Polarizability Factor

The absolute electrical permittivity of any material can
usually be ‘represented as a complex number:
€ =€ - i- olw, where ¢ is the real portion of the permit-
tivity, o/w is the imaginary portion, and i is the imaginary
unit vector; o is the electrical conductivity of the material,
and v is the angular frequency of the voltage oscillations (4).
For ideal dielectric materials, usually one of the following
assumptions is made: (1) The conductivity is so small that it
makes no significant contribution to the absolute permittivi-
ty. (2) the frequency is high enough to keep the imaginary
portion low enough that it has no effect on the absolute per-
mittivity. Consequently, for an ideal dielectric material,
€ = e and ¢ = Keo, where K is the dielectric constant and
eo is the permittivity of free space (eo = 8.854 x
10-12CV-!m-!, Making this substitution into the
polarizability factor, the following equation is obtained:
Polarizability factor = 3Kg,4 M eo. (8)

Kooia + 2Kpuig

In equation 7, the dielectric force is therefore a direct func-
tion of the dielectric constants of the mineral and fluid. Again,
the selection of the fluid dielectric constant is important for
separating two minerals. But in addition to manipulating the
direction of the dielectric force, the selection of the dielectric
fluid can also be used to maximize the dielectric force. Figure
3 shows the polarizability factor as a function of Kgye/Ki-
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The maximum polarizability factor for a mineral is obtained
when the first derivative of the factor equals zero:

olarizabilit
dP factor y

Kﬂuid
3Ksolid2 - 6I.{solid Kﬂuid - 6Kfluid2

=0 (9
Ksoria + 2Kiqyig)? ?

The maximum polarizability factor is 0.402K,;4c0 when the
Kiauiq =0.366K,iq. The best dielectric fluid for recovering a
dielectric mineral has (1) a dielectric constant lower than the
dielectric constant of the mineral and higher than the dielec-
tric constant of the gangue minerals and (2) has a fluid dielec-
tric constant equal to 36.6 pct of the mineral’s dielectric
constant.

Voltage Configuration

In the dielectric force equation (equation 7) the electric
field and the electric field gradient depend upon the separator
design and the voltage. As described earlier, the prototype
separator design consists of small, parallel wires on a rotating
insulator drum, comprising one electrode, and a curved screen
electrode positioned 3 mm from the drum electrode. In ef-
fect, each small wire on the drum electrode becomes a focal
point for the electric field from the opposing portion of the
screen electrode.

Based on the method of images, the electrical potential
caused by a single wire on the drum electrode is equal to the
electric potential caused by two parallel, straight lines op-
positely charged (11). One line is the wire; the second line
is located beyond the screen electrode such that the screen
electrode is located midway between the two lines. For this
configuration,

A r
V= In —2, 0
2me " ry (10)




where A = linear charge density on the two lines,
€ = permittivity of material between the lines,
r, = distance from the real line in the wire, and
r, = distance to the image line beyond the screen
electrode.
From this equation it can be seen that the voltage is zero mid-
way between the two lines, giving the screen electrode a
uniform voltage and a uniform charge distribution. Each of
the wires on the drum electrode can be represented this way.
As shown in figure 4, the equal-potential lines for each pair
of charged lines overlap several of the adjacent pairs. The
total potential at any point between the drum and screen elec-
trode is the sum of all the pairs of lines. The spacing between
each wire and its image line was varied to satisfy the follow-
ing conditions: First, the total voltage at each wire was equal,
and second, the total voltage along the screen electrode was
zero. The voltage at a point between the two electrodes then
becomes
A ul Iy

Vi = 5 El In —i—, a1

1
where n is the number of drum-electrode wires opposing the
screen electrode.

Using polar coordinates with the origin at the rotational
center of the drum electrode, figure 5 shows the trigonometry
for the general voltage equation at point (r, 6). (The symbols
r, 6, and others used in the rest of this paragraph are iden-

tified below equation 12.) Let §; = © + (i — 1) ?S—L—, the

+ 1,
angle between the radial to the i* wire pair and the radial
to the particle at (r, ©). For each real and image wire
r;? = r’sin®; + (rcoss; - R - r,)? and r,2 = sin%, + (R +
r, + Sm; — rcoss;)2. By taking the summation of all the wire
pairs, the total voltage at point (r, ©) is obtained:

n
Vi, e) = ZL Y In rsin®d; + (R+r, + 85 —rcosd)’
™ i=1 r’sin?; + (reosd; — R-r, )
(12)

where §,=0+(1-1) _SW_
R+r,

The symbols used in these equations are identified as follows:

r = radial distance from center of rotation,

© = rotation angle of drum electrode

6; = angle from drum-electrode wire to particle

location

S, = spacing between wires on drum electrode,

R = radius of drum electrode,

r, = radius of the wire on the drum electrode,

and S, = spacing between each wire and its image wire.

By substituting V=0 at r=R+Sg+r,, (the position of
the screen electrode), where S is the spacing between the
electrodes, and V=V_,, at the surface of each of the wire
A

2me

be determined for each separator design. To solve these equa-
tions, a computer program was developed to make incremen-
tal adjustments in each S, and then calculate the sum of the
error squared for the solution. Using this method, the com-
puter continued to make adjustments until the standard
deviation error was less than 5 pct. At that point, the
A

27e

electrodes, the

constant and the S, of each wire can

constant and the S, of each wire then incorporated
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Drum-electrode
radius

Screen
\ electrode

FIGURE 4.—Cross-sectional view of the dielectric separator
showing configuration of drum-electrode wires, screen elec-

trode, and image wires. Equal-potential lines are shown for one
wire and image wire pair.
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FIGURE 5.—Trigonometric relationship of particle at (r, ©) and
each drum-electrode wire. (See text, below equation 12, for iden-
tification of symbols.)

in the general voltage equation 12 for the particular separator
design. Figure 6 shows the equal-potential lines between the
electrodes for a 5-cm-diam dielectric separator with 1,000 V
between the electrodes. The electrode spacing (Sg) was 0.32
cm, the wire spacing (S,,) was 0.32 cm, and the wire radius
(r,) was 0.027 cm. Figure 6 also shows the electric flux
lines, which represent the direction of the electric field and
the electric field gradient. These lines are always perpen-
dicular to the equal-potential lines. They converge towards
the wire electrodes, producing a high electric field gradient,
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FIGURE 6.—Equal-potential lines of the dielectric separator
with 1,000 V across the electrodes. Electric flux lines converge
towards each drum-electrode wire.

and are uniformily distributed at the screen electrode, where
they produce no field gradient.

Using the general voltage equation for the 5-cm-diam
separator design, the electric field was calculated by the
following method: For a point (r, ©), the orientation of the
equal-potential line was determined by searching the area a
very small distance (107 c¢m) from that point. Figure 7
should help to explain this technique. From the equal-
potential line, the direction of the electric field (perpendicular)
was determined. The voltages along that perpendicular line
were calculated for a small distance (10~7 ¢m) from point (r,
O). The difference between these voltages divided by twice
that small distance equals the magnitude of the electric field.
The electric field gradient was calculated by superimposing
a small spherical particle with its center at the point (r, ©).
Along the same directional line of the electric field, the
magnitude of the electric field at both sides of the particle
was calculated. The electric field gradient across the parti-
cle equals the difference in these electric field magnitudes
divided by the particle diameter. By incorporating the dielec-
tric properties of the particle and the surrounding fluid media,
the dielectric force on the particle at point (r, ) was
calculated. Again, utilizing the microcomputer, dielectric
force maps for several particles sizes were calculated for the
prototype dielectric separator design. Figure 8 shows the
force map for a 100-mesh-size particle in the prototype dielec-
tric separator. For this map the following conditions were
used: 1,000 V across the electrodes, 0.32 cm wire-to-wire and
electrode spacing, and 0.053 cm wire diameter. The dielec-
tric force decreased sharply as the distance from the wire
electrode increased. The direction of the dielectric force
followed the same pattern as the electric field flux lines shown
in figure 6.

Particle

FIGURE 7.—Diagram of particle and electric field pattern for
dielectric force calculation. (a = particle radius.)

Drum
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7

Screen
electrode

O

FIGURE 8.—Map of dielectric force (in millidynes—italic
numbers)at 1,000 V for the drum-electrode wires.

OTHER FORCES

Before discussing the types and magnitudes of the op-
posing forces in the prototype dielectric separator, the path
of a high-dielectric particle should be traced as it moves
through the separator. Referring back to figure 2, the high-
dielectric particle is fed onto the top of the rotating drum
electrode. It remains on that surface until the drum rotation
moves it into the dielectric fluid. As the particle moves be-
tween the two electrode, it is attracted to the wire on the



drum electrodes. It remains attached to the wire electrode
until the drum rotates beyond the screen electrode. At that
point the particle leaves the drum-electrode wires, settling
through the fluid to join the high-dielectric product. The high-
dielectric particle spends most of its time attached to the wire
electrodes. Only forces opposing this particle attachment
compete with the dielectric force. Among these forces are
gravity, inertia, diffusion, fluid drag, and current-produced
polarization forces. A diagram of these forces on a high-
dielectric particle is shown in figure 9. To provide a better
understanding of the separation of minerals with the pro-
totype dielectric separator, each force is discussed individua]ly
below before the forces are combined into a single equation.

Gravity

Gravity (F,) in the fluid is one of the major forces op-
posing the diefectric force:

Fg=(9s_ e1) 4/3'7ra3g1 (13)
where g, = density of the solid particle,

or = fluid density,
g = acceleration of gravity (980 cm/s?),
and a = particle radius.

The difference between the solid and fluid densities is used
to correct for the buoyancy effect of the fluid. At the point
of entry between the two electrodes, the gravitational force
acts perpendicular to the dielectric force. However, as the
drum rotates further between the electrodes, the radial com-
ponent of gravity increases and reaches a maximum at the
bottom of the drum-electrode rotation. At this point gravity
acts directly against the dielectric force on a high-dielectric
particle.

Drum insulator
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Rotation

- KEY
e/ Fe Dielectric force
Fg Gravitational force
W Fi Inertial force
Fq Diffusion force

F.. Fluid drag force

FiF j Current-induced force
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FIGURE 9.—Force diagram of a high-dielectric particle at-

tached to drum-electrode wires.

Inertia

After a particle attaches to the drum electrode, its mo-
tion relative to the drum electrode is stationary. However,
the rotation of the drum electrode produces an inertial or cen-
trifugal force (F;) upon the particle:

2 |
F=(0. - 0p) 4/3- 723 27T r(DY, 14
"i=(es—ep) 4/3* 3’6001”( )2 (14)

where r is the radial distance from the rotating center of the
drum electrode to the particle and D is the rotation speed
of the drum electrode. The inertial force is always in the
positive radial direction.

Diffusion

The Brownian-type diffusion force on the particles (Fy)
is related to the concentration of particles in the fluid. This
force tends to disperse the particles evenly throughout the
fluid. As the particles enter the fluid, they are packed
together on the surface of the drum electrode.

F, - BT (ANIi)(—A-ls—) (15)

where B = the Boltzmann constant (1.38x 1016 erg/®),
T = absolute temperature,
AN _ fractional change in particle concentration
N in the radial direction,
As = change in radial direction corresponding to
change in concentration.

and

The diffusion force is in the direction of lowest particle con-
centration. The maximum relative change in particle

concentration (ﬂ) over the smallest distance (As) cor-
N

responds to an empty area only one particle diameter away

from the particle. Thus, if a is the particle radius, the max-

imum diffusion force is Fy= _2BT .
a
Fluid Drag

As the high-dielectric particle moves through the fluid
to attach to the wires of the drum electrode, a viscous drag
force (F,) acts against its motion. F,= -6 7auS,, where u is
the viscosity, a is the particle radius, and S is the relative
speed of the particle through the fluid. This drag force always
acts against the motion relative to the fluid. Even after the
particle attaches to the drum-electrode wires, the rotation
of the drum electrode produces a relative fluid drag upon the
particle. The rotation of the drum electrode causes the fluid
between the two electrodes to flow in the same direction.
Under laminar flow conditions, the velocity profile between
the two electrodes is parabolic. This means that the velocity
of the fluid is sf=2T’(?— R 1-41;_1;)_, where D is the

E
rotation speed of the drum electrode, R is the radius of the
drum electrode, r is the radial distance from the center of
rotation, and Sg is the electrode spacing. The direction of
the flow is tangential to the radial vector and in the same
direction as the rotation. At the surface of the drum elec-
trode, the fluid velocity (S;) is the same as the peripheral
speed of the drum electrode. At the screen electrode, the fluid
velocity is zero. A particle attached to the wire on the drum



electrode will actually be moving faster than the fluid sur-
rounding it. The particle velocity (S,), relative to the fluid, is

.= 2™ Ryq_2mDg(;__a% p 16
»= g0 60 Sg? (9
_ 27D a+ a?R i

60 Sg2

In the presence of several other attached high-dielectric par-
ticles, the particle could be attached farther away from the
wire electrodes and subject to even higher fluid drag. The
general equation for the fluid drag on an attached particle
now becomes.

2
F,= -6rap [27D) [_R+ (=RF g a7
60 Sg?
in the tangential direction.

Current-Induced Polarization

The last opposing force to dielectric separation is caused
by current-induced polarization. When the static-electrical
conductivity of the fluid is greater than that of the particle,
charges arriving at the surface of the particle are not con-
ducted through the particle as fast as they are through the
fluid. A net charge begins to develop on the particle surface,
polarizing the particle along the lines of the current flow. This
polarity is opposite to the dielectric polarity. In relatively
static electric fields, the net charge on the particle surface
continues to accumulate with time. Eventually, this current-
induced polarization will effectively neutralize the dielectric
polarization. Pohl (4) presents a force equation for current-
}r.ldlgced polarization (F}) in a slightly nonuniform electric

ield:

- 3t(Kpof - Kfap) - o
—————— | E -+ VE
(Kp+2Ky) ;19

particle elec-
volume

F, = (4/3 « 7ad)

electric
polarizability tric field
field gradient

where t is time and o; and g, are the static-electrical conduc-
tivities of the fluid and particle, respectively. This equation
is similar to the dielectric force equation (equation 7) except
for the polarizability factor.

The importance of the current-induced polarization force
on the prototype dielectric separation largely depends upon
the amount of time the particle has to accumulate the current-
induced polarization. For a 5-cm-diam dielectric separator
turning at 15 r/min, a high-dielectric particle attached to a
wire on the drum electrode is between the two electrodes for
1s. In a static electric field, this is plenty of time for the par-
ticle, which has a relatively low conductivity, to accumulate
enough charge to neutralize the dielectric polarity and be
repulsed from the wire electrode. However, in an alternating
electric field, the polarity on the particle reverses once each
cycle. Consequently, the net charge accumulated by the sur-
face of the particle during the first half of the electrical cy-
cle is available to flow back into the fluid during the second
half of the cycle. This means the maximum time for the par-
ticle to accumulate charge is half the cycle time. The current-
induced polarization force increases during the first quarter
of the cycle and decreases during the second quarter.

Although the polarity of the electrodes changes during the
second half of the cycle, the direction of the current-induced
polarization force remains the same. It always acts away from
the high electric field regions.

At low electrical frequencies, the current-induced
polarization may have enough time (half a cycle) to overcome
the dielectric polarization. However, as the frequency in-
creases, the current-induced polarization has less and less ef-
fect upon the dielectric polarization. For dielectric separa-
tions, the current-induced polarization of the high-dielectric
particle should be minimized. This can be accomplished by
two methods. A dielectric fluid can be selected with a static
conductivity lower than that of the high-dielectric particle.
This will prevent the accumulation of charge on the surface
of the particle. The second method utilizes high electric fre-
quencies to prevent current-induced polarization by shorten-
ing the formation time. Current-induced polarization is im-
portant only in a fairly static electric field, and can be ignored
at electrical frequencies = > 100 Hz.

COMBINED FORCES

Most of the forces on a high-dielectric particle directly
oppose the dielectric force. To keep a particle attached to the
drum-electrode wire, the dielectric force must dominate the
other forces throughout the pass between the two electrodes.
The highest opposition to the dielectric force occurs when
the drum-electrode wire is at the bottom of the drum rota-
tion (© =90°). By vector addition (fig. 9), the minimum dielec-
tric force to keep the particle attached is

o = i+ Fo+ A/(Fg + 2+ (F 2. (19)
By calculating the forces shown in this equation, the effec-
tiveness of the prototype dielectric separator can be
predicted.

For example, the calculated forces on a particle in a
typical dielectric separation of rutile from quartz are shown
in table 1. In this example, a 5-cm-diam separator was used
with 1,000 V across the electrodes and a 15-r/min rotation
speed. The particle was assumed to be stationary relative to
the drum electrode and 1.5 particle diameters from the drum-
electrode wire, in a configuration similar to that shown in
figure 9. So maximize the forces opposing attachment, the
wire electrode was assumed to be at the bottom of the drum
rotation. For these calculations, both rutile and quartz were
assumed to be ideal dielectric materials so that their elec-
trical permittivities were equal to their dielectric constants.
At low frequency (10 Hz), a rutile particle was dominated by
the current-induced polarity force pushing the particle away
from the drum electrode (table 1). At high frequency (10,000
Hz), the rutile particle was held firmly to the drum-electrode
wire by the dielectric force. The centrifugal force at 15 r/min
was less than 1 pet of gravity and had little effect on the rutile
particle. The diffusion force due to the concentration of par-
ticles around the wire was insignificant; this force can be ig-
nored in most situations. The drum rotation appeared to pro-
duce significant viscous drag forces upon the particles. Fluid
drag on a 210-um-diam rutile particle was only 7 pct of gravi-
ty, but for a 75-um-diam particle, the fluid drag on the rutile
particle was almost half of gravity. Because this force is
tangential, the attachment point of the particle is shifted by
the fluid drag until the tangential component of the dielec-
tric force counters the viscous drag force. This points out that



TABLE 1.—Typical forces for dielectric separation of rutile from quartz,' calculated values

(+ = towards drum electrode; — = away from drum electrode)
E th Rutile Quartz
orces on the
particle 75 um diam 210 ym diam 75 u diam 210 ym diam
10 dyn 10 Hz 10 kHz 10 Hz 10 kHz 10 Hz 10 kHz 10 Hz 10 kHz
Fo «vvvvernnnannn 9.7 9.7 120 120 -12 -1.2 -25 -15
Fg covnrnnannn. - .59 - .59 -13 -13 -.25 -.25 -55 -55
Floreieiiinn, -.004 -.004 -.085 -.085 -.002 -.022 -.036 -.036
Fg ooeeernnnnann. -6 x 10° -6 x 10° -2 x 10~ -2 x 10° -6 x 10° -6 x 10~ -2 x10” -2 x 107
Fuf oo, -.35 -.35 ~1.46 —-1.46 -.35 -.35 - 1.46 -1.46
Fiocoeeen -97 -.10 -1200 -1.2 28 .03 350 .35
Total ....... —-88 8.9 - 1090 106 26.4 -16 329 -20

' Rutile: K = 115, o5 = 1 X 10"* mho/cm, ¢ = 4.2 gicm?® (9, 29).

Fluid: K = 6, g3 = 1 x 10* mhoicm, ¢ = 1.49 g/cm?, » = 0.03 P (16).

Quartz: K = 4.3, g3 = 1 x 10"'* mho/cm, ¢ = 2.65 g/lcm? (3, 28), for particle position as shown in figure 9.
Conditions: 5-cm-diam separator at 15-r/min drum rotation speed; 1,000 V across the electrodes. Dielectric fluid: acetone and perchloroethylene

mixture.
2 Acts tangentially to the drum electrode.

in addition to the magnitude of the dielectric force, the direc-
tion is also important. referring again to figure 9, if the dielec-
tric force exactly balances the opposing forces of the high-
dielectric particle, the particles to the left of this particle and
surrounding the drum-electrode wire will have sufficient
dielectric force in the tangential direction to keep them at-
tached. However, particles to the right will be swept away
from the drum-electrode wire by the fluid drag, because the
tangential component of their dielectric force is in the wrong
direction. In terms of the volume immediately surrounding
the drum-electrode wire, the tangential dielectric force is only
effective on the leeward side of the drum-electrode wire.

The quartz particle had dielectric, gravity, inertia, dif-
fusion, and fluid drag forces all acting in directions away from
the drum electrode. Only the current-induced polarization
force attracted the particle toward the drum-electrode wire.
At low frequency (10 Hz), the current-induced polarization
force was much higher than the other forces, and the quartz
particle remained attached to the drum electrode. However,
at high frequency, the current-induced polarization force was
much smaller, and the quartz particle fell from the drum elec-
trode. As the quartz particle left the vicinity of the drum-
electrode wires, the magnitude of the electric field and elec-
tric field gradient decreased rapidly. Soon, the particle was
only free falling through the moving fluid. Only the gravity
and fluid drag forces contributed to the particle’s motion. As
it first entered the space between the two electrodes, the
quartz particle and the fluid were moving in the same direc-
tion. The particle then began to move farther from the drum
electrode and into the slower regions of the laminar fluid flow.
Eventually, the particle reached its terminal settling veloci-
ty and settled through the screen electrode. The maximum
distance a particle must settle to reach the screen electrode
is the sum of the drum-electrode radius and the electrode
spacing. A free-settling particle in a stationary fluid
represents the maximum residence times (t,,,,) of a settling
particle between the two electrodes:

(980) (9) (¢ - er)a?

During this time, the fluid flow moves the particle toward
the high-dielectric product. For a 5-cm-diam drum electrode
rotating at 15 r/min, the average (root mean square) fluid
velocity in the electrode gap is 1.8 ecm/s. The residence time
of the fluid becomes 1.4 s. For a 75-um-diam quartz particle,
the free-settling residence time is 0.3 s, indicating that the
particle settles quickly through the screen electrode before
the fluid can push it into the high-dielectric product. However,

tmax

for a 25-um-diam quartz particle, the free-settling residence
time is 2.7 s. This particle has plenty of time between the
electrodes to be easily swept into the high-dielectric product
by the fluid flow. Thus, the effectiveness of the dielectric
separator is reduced for very small particles.

The preliminary calculated values shown in table 1 only
predict the forces acting upon a lone particle. The volume
surrounding the leeward side of the drum-electrode wire with
at least the minimum required dielectric attachment force
represents the potential capacity of the separator. This
volume can be determined from the dielectric force map of
the drum-electrode wire. It is called the effective dielectric
force volume (EDFV) and is the maximum potential capaci-
ty of the separator, in terms of volume per unit of wire length.
This region of effective dielectric force represents the max-
imum possible separator capacity, without taking into account
the interaction effects between the closely packed particles.

Ay

Maximum potential capacity equals g,L,N,D , Where

0y, is the bulk density of the high-dielectric mineral, L, is the
length of the electrode wires (width of the separator), N,, is
the number of wires per revolution, D is the rotation speed,
and A/2 is the leeward-side region with at least the
minimum dielectric attachment force.

At least four types of particle interactions occur. First,
high-dielectric particles interact to form “pearl chains” within
the electric field as shown in figure 10. A high-dielectric par-
ticle distorts the electric field immediately surrounding it in
the fluid, creating a nonuniform electric field. Another high-
electric particle with a similar distorted electric field sur-
rounding it is attracted toward the high regions of the first
particle’s electric field. Both particles exhibit a mutual attrac-
tion. The particles tend to cluster or line up along the elec-
tric flux lines. This effect is often observed in the prototype
dielectric separations. Figure 11 is a cross-sectional view of
the dielectric separator showing three of the drum-electrode
wires and the opposing screen electrode. Without an elec-
tric field (no voltage), the rutile particles are randomly
oriented. However, with 1,000 V (10,000 Hz) across the elec-
trodes, the rutile particles migrate to the drum-electrode
wires and form “pearl chains” along the lines of the electric
field patterns (fig. 11). This effect extends the effective dielec-
tric force region and increases the capacity of the separator.

The electric flux lines are concentrated within the “pearl
chain” of particles, which enhances the dielectric polarization.
However, in the region immediately adjacent to these “pearl
chains,” the electric flux lines are widely distributed, even
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FIGURE 10.—Electric field distortion causing the “pearl-
chain” effect between two high-dielectric particles.

FIGURE 11.—Cross-sectional view of dielectric separator with
rutile particles forming pearl chains along electric field lines.

more than they would be in the fluid without the high-
dielectric particles present. In this adjacent region, the sec-
ond interaction occurs. The wide distribution of the electric
flux lines encourages low-dielectric material to reside in this
region and reduces the effectiveness of high-dielectric par-
ticles recovery

The third type of interaction takes place between high-
dielectric particles trying to attach to the drum-electrode
wires and the low-dielectric particles leaving the drum-
electrode surface. With a 10-wt-pct-rutile and 90-wt-pct-
quartz mixture, there were 15 quartz particles for every rutile
particle. Collisions between the particles result in much lower
recovery of the high-dielectric particles. In general, to be at-
tracted and remain attached, a high-dielectric particle must
enter the electrode gap close enough to the drum electrode
to pass into the EDFV surrounding the drum electrodes
wires. The particle feed rate has a significant effect on
recovery of the particle. The number of particle diameters
from the drum-electrode wire to the minimum effective dielec-
tric force region represents the maximum number of parti-
cle layers from which there will be good recovery of high-
dielectric particles. High-dielectric particles in particle layers
farther from the drum will probably not be recovered.
Therefore, the maximum efficient capacity for the separator
occurs at a particle layer feed rate equivalent to the number
of particle diameters from the drum to the line of minimum
effective dielectric force.

The fourth type of interaction takes place when the dielec-
tric fluid is slightly more conductive than the low-dielectric
mineral. When this condition exists, the current-induced
polarity of the low-dielectric particles causes these particles
to compete with the high-dielectric particles for the same
regions of the high electric field intensity. This lowers both
the recovery and grade of the high-dielectric product.

The magnitude of these particle interactions is difficult
to predict. However, at feed rates below the maximum capaci-
ty, the effectiveness of the dielectric separator should be
directly related to the EDFV. Variations in the separation
parameters should show the corresponding variations in
EDFYV and in test results.

EXPERIMENTAL PROCEDURE

The theoretical calculations for dielectric separation were
compared with experimental test results from a 5-cm-diam
dielectric separator. A typical set of design and operating

TABLE 2.—Standard design and operating parameters for dielec-
tric separation of rutile from quartz!

Design characteristics:
Drum electrode, cm:

Diameter ................. .. ..., 5.08

Wire diameter ................................ 0.053

Wirespacing .............. ... .. 0.318
Wires per revolution ............................ 52
Screen-electrode screen size .............. mesh. . 20
Electrode spacing .......................... cm.. 0.318
Separator width ........................... cm.. 3.8

Operating characteristics:

Drum-electrode rotation speed ............. r/min. . 15
Voltage ........ccooiiiiiiii .. 1,000
Electrical frequency ........................ Hz.. 10,000
Dialectric constant (K) of acetone-

perchloroethylene mixture ..................... 6
Rutile in rutile-quartz mineral

MIXEUPE . ociivsvviinmois iisommonnenasrnes pct.. 10

Feed rate (for 100-mesh particles)

equivalent particle layers ...................... 1
Particle sizerange ....................... mesh.. —65, +200
' Parameter used in all tests except where individual parameters were
investigated.

parameters was designated as “standard.” These standard
parameters (table 2) were used for every test except where
individual parameters were investigated. A mixture of 10 pct
rutile and 90 pet quartz was used, because both these minerals
responded to dielectric separation. Only the minus 65- plus
200-mesh size range was used to minimize the effects of par-
ticle size. A screen analysis of the rutile and quartz mixture
is shown in table 3. For convenience, the feed rate was based
upon the equivalent monolayer of 100-mesh-size particles on
the surface of the drum electrode.

Layers of particles were easily related to the EDFV to
facilitate interpretation of the test results. For the rutile and
quartz mixture, the 100-mesh particle layer was equivalent

TABLE 3.—Size analysis of minus 65- plus 200-mesh rutile and
quartz mixture for standard tests

Size

fraction, Wt Rutile, pct
mesh pct Analysis Distribution
-65, +100 ............. 11 1.7 13
-100, +150 ............ 65 9.1 59
-150, +200 ............ 24 11.6 28
Composite .......... 100 10 100




to 139 g/m2 on the drum-electrode surface. At the standard
operating condition of 15 r/min, the 5-cm-diam dielectric
separator exposed 0.091 m2 of surface area per minute.
Therefore, 12.6 g/min was the standard for an equivalent
100-mesh particle layer feed rate. All other feed rates were
considered to be a multiple or fraction of this 100-mesh
particle-layer feed rate. '

For each test, a small screw feeder was used to main-
tain a constant feed rate to the separator. A vibrating tray
was used to evenly distribute the minerals on the drum elec-
trode. Figure 12 shows the apparatus used with the 5-cm-
diam dielectric separator. The actual width of the 5-cm-diam
was 10.2 cm, but the vibrating tray was only 3.8 cm ‘wide,
so the effective separator width was only 3.8 cm, as shown
in table 2. The fluid level in the separator was maintained
about 0.5 cm above the screen electrode. The products from
each test were collected in small glass trays beneath the
separator. After each test, the products were filtered, dried,
weighed, and analyzed. For each test product, rutile was
separated from the quartz using heavy-liquid separation with
acetylene tetrabromide. This technique was used to deter-
mine the rutile content of the test products; however, all other
mineral separations were analyzed by accepted methods of
chemical analysis.
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FIGURE 12.—Apparatus for dielectric separatioToﬂriinerals.

EXPERIMENTAL RESULTS

RESULTS USING STANDARD PARAMETERS

Using the standard parameters, a 73-pct-rutile concen-
trate was produced, and 97 pct of the rutile was recovered.
As shown in figure 13, this separation provided an immediate
visual evaluation of the separator’s performance. The max-
imum possible capacity (feed rate) without interparticle ef-
fects for the standard parameters was 25 g of rutile per
minute, which corresponds to 250 g/min of the 10-pct-rutile
mixture. This is equivalent to a feed rate of 20 particle layers.
Figure 14 shows that the rutile recovery fell to 82 pct at 4
particle layers, to 41 pet at 12 particle layers, and to no
separation with the separator hopelessly clogged at 20 par-
ticle layers. This indicated that interparticle effects
significantly reduced the separator’s effective capacity. The
maximum particle-layer feed rate yielding at least a 95-pct-
rutile recovery was three particle layers. This was predicted
from the theoretical calculations that considered the distance
from the drum-electrode wire to the region of minimum
dielectric attachment force. For the standard condition, this
distance was roughly three particle diameters. Because rutile
was only 10 pet of the feed, particles in layers above the third
particle layer (fourth, fifth, etc.) had a small probability of
passing near enough to the drum-electrode wires to become
attached. For efficient dielectric separation, the particle-layer
feed rate should be equal to the number of particle layers
of high-dielectric mineral that could attach to the drum elec-
trode wires. By following this guideline, good recovery of the
high-dielectric particles was maintained at a reasonably fast
feed rate.

The theoretical equations did not predict quartz in the
high-dielectric product. The EDFV for quartz at the stand-
ard conditions is zero. However, 27 pet of the high-dielectric
product was quartz. This represented 4 pct of the quartz. As
the rutile particles clustered around the drum-electrode wire,
it is possible that some of the quartz particles might have
become trapped by the rutile particles. Also, the fluid flow
in the electrode gap could have swept a small portion of the

quartz particles into the high-dielectric product. Tests con-
ducted with no voltage still recovered 2 pect of the quartz in
the high-dielectric product. The grade of the high-dielectric
product was not predictable from the theoretical calculations.

SEPARATOR DESIGN CHARACTERISTICS

Several design parameters affected the dielectric separa-
tion, including the wire spacing on the drum electrode, drum-
electrode wire diameter, electrode spacing, screen-electrode
mesh size, and drum-electrode diameter. The effects of each
of these parameters were studied individually while holding
all other parameters at the standard test conditions.

Drum-Electrode Wire Spacing

Using the standard operating condition, the rutile and
quartz mixture was separated using drum-electrode wire
spacings of 0.16, 0.32, and 0.64 cm. Figure 15 shows the ex-
perimental and calculated results. The rutile recovery ranged
from 91 to 97 pct with the highest recovery at a wire spac-
ing of 0.32 cm.

Over the same range of wire spacings, the EDFV showed
a steady increase. The 0.16-cm wire spacing yielded four
times as many wires as the 0.64-cm spacing. After adjusting
EDFV according to the number of wires, the theoretical
calculations did not show much difference between 0.32- and
0.64-cm wire spacing, but the EDFV for the 0.16-spacing was
significantly lower. As the wire spacing decreased, the elec-
tric field became more uniform became and reduced the
dielectric force on the particles. However, as the wire spac-
ing increased, the number of wires decreased proprotional-
ly, and the chance of a rutile particle entering the EDFV was
also reduced, suggesting that a compromise might be
necessary to obtain optimum separation results. This may
help to explain why the rutile recovery was less than expected
at the 0.64-cm wire spacing. The best wire spacing was 0.32
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cm, because the EDFV was high and the rutile recovery was
excellent.

Drum-Electrode Wire Diameter
Using the standard parameters, wires with three dif-
ferent diameters were tested on the drum electrode. The
three diameters were 0.021, 0.053, and 0.080 cm. Figure 16
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FIGURE 13.—The S-cm-dI;m dielectrié separator separating
rutile from quartz.
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FIGURE 15.—Effect of drum-electrode wire spacing on rutile
recovery.

shows the experimental and theoretical results. Rutile
recovery ranged from 92 to 97 pect, showing slightly better
results when 0.053-cm-diam wire was used. It was expected
that EDFV would decrease slightly with increasing wire
diameter. However, both curves seem to indicate that the
rutile recovery and EDFV were fairly consistent over the
tested range of wire diameters. At each wire, the electric field
converges toward a line within that wire. The volume of the
large wire reduced the EDFV. However, this effect was not
evident from the test results. At standard conditions, all three
wire diameters had sufficient EDFV’s to yield good rutile
separation.

Electrode Spacing

Three spacings (0.16, 0.32, and 0.64 cm) between the
drum and screen electrodes were tested, and the results are
shown in figure 17. Rutile recovery decreased from a high
of 98 pet using a 0.16-cm spacing to around 84 pct using a
0.64-cm spacing. The EDFV also decreased as the electrode
spacing increased. The smallest electrode spacing (0.16 cm)
was best. However, there are physical limitations on how
close the electrodes can be positioned. The fabrication
tolerances of the test separators precluded experimentation
with closer electrode spacings.

Screen-Electrode Wire Mesh

Screen electrodes of five different mesh sizes were tested
in the separator. The sizes were 10, 14, 20, 28, and 35 mesh.
The results are shown in figure 18. The screen-electrode mesh
size had virtually no effect on rutile recovery, and the
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theoretical results predicted no effect on the EDFV. This
finding and prediction confirmed the assumption that the
screen electrode acts electrically like a solid electrode. The
larger mesh screen electrodes were more desirable, because
they offered the least resistance to settling of the low-
dielectric particles.

Drum-Electrode Diameter

Separation with drum-electrode diameters of 2.5, 5.0, and
7.5 cm were tested at standard conditions. The results are
shown in figure 19. Rutile recovery ranged from 84 to 97 pct.
The best rutile recovery occurred using the 5-cm-diam drum
electrode. The EDFV remained fairly constant, showing on-
ly a slight decrease as the drum-electrode diameter increased
from 2.5 to 7.5 cm. As the diameter of the drum electrode
increased, the peripheral speed of the drum’s surface also in-
creased proportionally, causing the fluid drag force on the
particle to increase. For example, with the 2.5-cm-diam drum
electrode, the fluid drag on a 100-mesh size particle was
calculated as 0.0004 dyn; but for the 7.5-cm-diam drum elec-
trode, the drag increased to 0.0012 dyn. These force calcula-
tions were based upon laminar flow characteristics in the elec-
trode gap. With larger drum-electrode diameters, the flow
pattern of the fluid between the electrodes would eventual-
ly become turbulent and reduce the EDFV.

Although a feed rate of only one particle layer was used
for each drum-electrode-diameter test, the minerals feed rate
were different. The 7.5-cm-diam drum electrode had three
times more surface are per revolution than the 2.5-cm-diam
drum electrode. Therefore, the 7.5-cm-diam separator treated
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three times more material than the 2.5-cm-diam separator.
From first appearances, the 7.5-cm-diam drum electrode
recovered the rutile the fastest. However, as illustrated in
figure 14, a 1.5-monolayer feed rate on the standard 5-cm-
diam drum electrode recovered 96 pct of the rutile. This was
better than the rutile recovery obtained at an equivalent feed
rate on the 7.5-cm-diam drum electrode. In a statistical fac-
torial design experiment using three rotation speeds, two
dielectric fluids, and the three drum-electrode diameters, the
5-cm-diam gave significantly higher recoveries than those ob-
tained using either the 2.5- or 7.5-cm-diam separator.

SEPARATOR OPERATING CHARACTERISTICS

Changes in the design characteristics had only small ef-
fects on the dielectric separations. A wider range of responses
was obtained by varying the operating parameters, including
electrode voltage, electrical frequency, drum rotation speed,
particle size, dielectric constant of the fluid, and composition
of the fluid.

Electrode Voltage

Using the standard test conditions (table 2), the electrode
voltage was varied from 0 to 2,000 V. The resulting separa-
tions recovered from 0 to 98 pct of the rutile, as shown in
figure 20. At 200 V and below, no rutile separation occurred.
At 600 V, the rutile recovery was above 90 pct. Above 800
V, the rutile recovery showed very little change. The EDFV
curve showed a near-linear increase for voltage above 600
V and predicted no rutile recovery at 200 V and below. The
voltage of the electrodes was directly related to the energy
consumption of the separator. To conserve energy, it was
desirable to use the lowest effective voltage. The optimum
voltage was 800 V, because 95 pct of the rutile was recovered
while the voltage was kept fairly low.

Electrical Frequency

The electrical frequency was varied from 10 to 10,000
Hz. As shown in figure 21, rutile recovery was excellent at
electrical frequencies above 500 Hz. At 10 Hz, the rutile
recovery was only 60 pct. However, the EDFV calculation
did not include the frequency factor. To simplify the force
equations, the electrical frequency had been considered high
enough to rule out the effects of (1) the dielectric conductiv-
ity of the minerals and the fluid and (2) the current-induced
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FIGURE 20.—Effect of electrode voltage on rutile recovery.
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polarity effects of a fluid more conductive than the minerals
Dielectric constant measurements at these frequencies (from
a related but not yet published study by the authors) showed
that the dielectric constant of the fluid remained fairly con-
stant over the frequency range from 10 to 10,000 Hz.
However, the dielectric conductivity factor (the imaginary
portion of the electrical permittivity) of the fluid decreased
from 1.6 x 10-9 to 9.3 x 10-12 over the same frequency
range. This means that the absolute electrical permittivity
of the fluid was much higher at 10 Hz than at 10,000 Hz.
Similar measurements on rutile particles could not be ob-
tained due to equipment limitations and the high-dielectric
constant of the rutile. If the dielectric properties of rutile re-
main constant over the given frequency range, the
polarizability factor of the dielectric force would be
significantly lower at 10 Hz due to the increase in the dielec-
tric conductivity of the fluid. This would result in a small
EDFYV and may be the reason for the low rutile recovery at
10 Hz.

As shown in table 1, the current-induced polarity is more
significant at low frequencies. This polarity tends to
neutralize the polarization of the rutile particles and reduce
the EDFV. Consequently, the rutile recovery will drop. These
negative effects can be effectively neutralized by using high
electrical frequencies.

Drum-Electrode Rotation Speed

The rotation speed was varied from 5 to 80 r/min using
the standard operating conditions. The results are shown in
figure 22. At a one-particle-layer feed rate, the rutile recovery
gradually declined from 99 to 91 pct as the drum speed in-
creased. The EDFV also declined, showing good correlation
with the rutile recovery curve. The actual feed rate to the
separator depended upon both the drum speed and the

100 T 0.0125
5 90| - .0l00
& KEY
x Rutile recovery 15
w 80 ———EDFV 1 .0075 &
>
o E
O [T}
w -
® 70 4 .0050 2
w =}
2 B - w
=
2 eof / 4 0025

oi 1 1 1 1 1

L 1
10 50 100 500 1,000 5,000 10,000
ELECTRICAL FREQUENCY, Hz

FIGURE 21.—Effect of electrical frequency on rutile recovery.

100 0.0125
g
>~ 90Ff oo
@ §
> "
8 eolb . KEY s 2
g 8 o—— | particle laoyer .. 4 0075 §
o o-—=2particle layers . z
b a4 particle layers e g
E 70 ———EDFV “._ - 0050
) -
z ———m-ag

60 | ‘

(o] 15 30 0025

DRUM ELECTRODE SPEED, r/min

FIGURE 22.—Effect of drum-electrode rotation speed on rutile
recovery.

particle-layer feed rate. At the same actual feed rate, dou-
bling the drum speed halved the particular-layer feed rate.
In figure 22, rutile recovery for the same actual feed rate
remained fairly consistent. For example, at 7.5 r/min and four
particle layers, the feed rate was 25 g/min with about 90-pct
rutile recovery. At 30 r/min and one particle layer, the feed
rate was still 25 g/min and the rutile recovery was likewise
about 90 pct. However, the grade of the high-dielectric
product was much lower at 30 r/min than it was at 7.5 r/min.
Table 4 shows the rutile grade of the high-dielectric product
at three rotation speeds and three actual feed rates. The best
grade was obtained at the lowest drum-electrode speed.

TABLE 4.—High-dielectric product grade at various feed rates
and drum-electrode speeds

Actual Product grade, pct at—
feed rate, _
g/min 7.5 r/min 15 r/min 30 r/min
126 ........... 91 73 ND
252 ........... 94 87 60
504 ........... ND 91 43

ND Not determined.

Particle Size

A mixture of rutile and quartz ranging from 48 to 400
mesh size was tested at standard conditions. Table 5 shows
the size analysis of this sample. The results for each size frac-
tion are shown in figure 23. Rutile recovery increased
gradually from 91 to 96 pct with decreasing particle size be-
tween 48 and 200 mesh, but dropped sharply at sizes smaller
than 200 mesh. Likewise, the EDFV increased gradually with
decreasing particle size between 48 and 200 mesh, and also
decreased for particle sizes smaller than 200 mesh. This
decreasing EDFV at sizes below 200 mesh, which can be
traced to the fluid drag, showed good correlation with test

TABLE 5.—Size analysis of minus 48- plus 400-mesh mixture of
rutile and quartz

Size
fraction, Wt Rutile, pct __
mesh pct Analysis Distribution
—48, +65 .............. 6.3 10.2 6
-65, +100 ............. 6.9 11.8 8
—-100, +150 ............ 40.6 9.2 37
-150, +200 15.0 11.6 17
—200, +270 18.7 6.4 12
—270, +400 12.5 16.0 20
Composite .......... 100.0 10.1 100
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FIGURE 23.—Effect of particle size on rutile recovery.



results. Table 6 shows a summary of the forces acting on each
particle.

From 20- to 150-mesh size, gravity was the dominant op-
posing force. At 200-mesh size, gravity and viscous fluid drag
were about equal; below 200 mesh, the viscous drag was the
dominant force. Both gravity and dielectric forces were pro-
portional to the particle diameter cubed, but the viscous drag
force was proportional to the particle diameter squared.
Therefore, below 200-mesh size, the viscous drag force not
only dominated the other opposing forces, but it overwhelmed
the dielectric force, drastically reducing the EDFV. The
viscous drag of the fluid is caused by the drum rotation.
Reducing the drum-electrode rotation speed would shift the
curves in figure 23 to the left; that is, recovery would be im-
proved for the finer size fractions.

TABLE 6.—Forces acting on particles of different sizes during
separation, millidynes

Particle size,
mesh Fg F; Fu Minimum Fg

20 ... 800 5 7 — 805
35 ... 100 6 2 -101
448 ............ 135 2 1.5 -36

........... 13 .08 1.2 -13
100 ........... 4.4 .028 9 -45
150 ........... 1.6 01 7 -1.7
200 ........... .6 .004 5 -.8
400 ........... .07 .0005 123 -.24
740 (20 um) .... .01 .00007 1.094 —-.094
1,480 (10 um) ... .001 .000009 1.043 —.043
2,960 (5 um) .... .0002 .000001 1.018 -.018

' Dominant opposing force.

Fluid Dielectric Constant

The dielectric fluid was usually a mixture of two pure
miscible fluids. One fluid had a relatively low dielectric con-
stant and the other had a relatively high dielectric constant.
Mixing two such fluids in various proportions will yield dielec-
tric fluids with dielectric constants anywhere between the
dielectric constants of the two pure fluids. Ideally, the sum
of the volume percent portion of each fluid times its dielec-
tric constant was equal to the dielectric constant of the fluid
mixture. This approximation,

Kﬂuid =V‘70AKA + V(%BKB: (21)

was fairly accurate for most fluid mixtures.

Mixtures of acetone (K = 21.3) and perchloroethylene
(K = 2.3) were tested from K = 4to K = 21.3 (pure acetone).
The results are shown in figure 24. The rutile recovery peaked
at K = 6 and steadily fell as the fluid dielectric constant in-
creased. Contrary to this trend, the EDFV gradually in-
creased as the fluid dielectric increased. These opposing
trends seemed to indicate that rutile and/or the fluid were
not ideal dielectrics. Measurements of the dielectric proper-
ties of the fluid showed that the dielectric conductivity of the
mixture increased rapidly as the dielectric constant increased.
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Table 7 shows how the effective dielectric constant (equa-
tion 22) of the fluid mixture increased as the conductivity fac-
tor became more and more significant.

eifectlve = \/ xdeal . ( )2 (22)

WEg

TABLE 7.—Dielectric separation of rutile from quartz at different
fluid dielectric constants

Tangent Dielectric constant (K) Rutile
loss EDFV, recovery,
factor Real Imaginary Effective cm’lcm pct
0.0464 ...... 4 0.186 4 0.0030 94
0.185 ....... 6 1.11 6.1 0041 97
127 ..., 8 10.15 129 0065 91
291 ........ 10 29.1 30.8 0087 86
136" ....... 15 204 205 0 10
1248' ...... 21.3 2658 2661 0 4

' Extrapolated from conductivity measurements of the fluid.

At K = 10, the effective dielectric constant of the fluid had
risen to 30.8. With pure acetone, the effective dielectric con-
stant was well above that of rutile (K = 115), indicating that
rutile could not be recovered. This prediction correlated well
with the rutile recovery obtained with a pure acetone dielec-
tric fluid. As the dielectric conductivity rose, the energy con-
sumption also increased. The dielectric constant of the op-
timal dielectric fluid should be high enough to efficiently
separate the high-dielectric mineral while still keeping the
fluid’s dielectric conductivity low. For an acetone and per-
chloroethylene mixture, the best separation occurred at
"K = 6.

Dielectric Fluids

Fluids with the same dielectric constant may perform dif-
ferently in a dielectric separator according to their dielec-
tric conductivities. Five dielectric fluids were tested at stand-
ard conditions with an ideal dielectric constant of 6. The
results are shown in table 8. Although the real portion of the

TABLE 8.—Dielectric separation of rutile from quartz using different fluids

Ethanol- Acetone- Acetone- Acetone- Nitro-
kerosene trichloro- perchloro- kerosene benzene-
ethylene ethylene kerosene
Dielectric conductivity ..... mho . m.. 7.6 x 10¢ 5.3 x 10 6.2 x 107 4.7 x 107 2.8 x 107
Effective dielectric constant (K) ...... 37.3 21.0 6.2 6.1 6.0
EDFV ... ... cmi/cm. . 0.0083 0.0079 0.0041 0.0033 0.0034
Density ..................... glem?. . 0.85 1.30 1.49 .85 0.90
Viscosity ................o.... cP.. 0.017 0.025 0.030 0.015 0.0020
Rutile recovery ................ pct. . 92 92 97 92 85
Energy consumption (kW « h)lmt 15 8.0 0.91 0.72 0.43
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dielectric constant was 6, the effective dielectric constant (the
vector sum of the real and imaginary portions) was different.

The dielectric fluid has a significant effect on the energy
consumption of the dielectric separator. The average power
(P,,) to the separator was P,, = V2/Zcos ¢, where V is the
voltage, Z is the impedance of the separator, and cos ¢ is the
power factor. The inverse impedance was
(1/Z) = v/ G® + w2C2, where G is the conductance of the
separator, w is the angular velocity, and C is the capacitance
of the separator. Substituting G = wC tan 6 (where tan é is
the tangent loss factor) and ¢ = 90° -4 in the inverse im-
pedance equation, then

VZ = oC /(@& + 1) = uC —L1—; 23)

and therefore

P,, = V2C %Sé% = V2 uC tan 6. (24)

The 5-cm-diam separator had a measured capacitance of 13
pF/em in terms of the drum-electrode length. With the K = 6
acetone and perchloroethylene dielectric fluid, the tangent
loss factor was only 0.185. Therefore, the
P,, =(1,000)2(27104)6 x 13 x 10-12)0.185) = 0.88 W/cm.
At standard conditions, the energy consumption of the dielec-
tric separator was 0.91 (kW * h)/mt. Energy consumption us-
ing several other fluids is shown in table 8.

The power consumed by the separator was a function of
voltage, frequency, fluid dielectric constant, and the tangent
loss factor. As the frequency dropped, the tangent loss in-
creased. Figure 25 shows that energy consumption decreased
as the frequency decreased. As shown in figure 21, rutile
recovery was good at frequencies above 500 Hz. Therefore,
the optimum energy consumption occurred at around 500 Hz.
At this frequency, the energy consumption was lowered to
0.28 (kW * h)/mt.

MINERAL SEPARATIONS

Several different mineral mixtures were tested with the
prototype separator to demonstrate its effectiveness. Table
9 shows the results of these separations. All of the tests were
conducted at standard conditions, except for the fluid dielec-
tric constant and the particle-layer feed rate. The dielectric
constant of the fluid was selected to be near the dielectric
constant of the low-dielectric mineral. The particle-layer feed
rate was roughly inversely proportional to the high-dielectric
mineral content of the feed mixture. These selected mineral
separations showed the performance of the dielectric
separator over a wide range of mineral mixtures.

The separation of rutile from quartz demonstrated that
the separator is effective on minerals with a relatively large
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FIGURE 25.—Effect of electrical frequency on energy
consumption.

difference in dielectric constants. The separation of zircon
and collophane from quartz showed that the separator is ef-
fective on minerals with relatively low dielectric constants
and with a substantial difference in dielectric constants. A
67-pct-zircon concentrate was obtained with 69-pct recovery
of the zircon. The low EDFV may have been the reason for
the low zircon recovery. A 91-pct-collophane concentrate was
obtained with 85-pct recovery of the phosphate mineral. The
higher concentration of collophane in the feed mixture
necessitated the lower particle-layer feed rate (table 9).
The separation of collophane from calcite showed the ef-
fectiveness of the separator when there is a small difference
in the minerals’ dielectric constants. An 81-pct-collophane
concentrate was produced with 90-pct recovery of the col-
lophane. The dielectric constant of the fluid was only 7, which
was smaller than that of both the collophane and the calcite.
However, using the dielectric conductivity factor, the effec-
tive dielectric constant of the fluid was found to be 8.8, which
lies between the dielectric constants of the two minerals.
Rutile was separated from zircon to demonstrate the ef-
fectiveness of the separator on minerals with dielectric con-
stants above 10. The high-dielectric fluids are usually more
conductive, which increases energy consumption during a
separation. An 88-pct-rutile concentrate was obtained with
99-pet recovery of the rutile. Again, the dielectric constant

TABLE 9.—Mineral separation results

Mineral mixture High dielectric Particle Energy
High Low Feed Conc., Recov- EDFV, layer consump-
dielectric dielectric pct HD! pct HD! ery, pct Kf1uid cm’/cm feed tion,
Mineral K Mineral K rate (kW « h)/mt
Rutile ........ 115.0 Quartz ..... 4.3 10 73 97 6 0.0040 1 0.91
Zircon ....... 118 ..do........ 43 10 67 69 6 .0009 1 .89
Collophane 92 ..do........ 43 32 91 85 5 .0014 3 1.61
0. ........ 9.2 Calcite ..... 8.3 44 81 90 7 .0014 3 12.2
Rutile ........ 115.0 Zircon ...... 11.8 50 88 99 10 .0056 2 424
Chromite ..... 10.6 Olivine ..... 7.8 30 50 88 8 .0004 2 319
Chalcopyrite .. >81 Quartz ..... 4.3 1.1 59 93 7 .0045 1.9 1.8

' High-dielectric mineral.



of the fluid was lower than that of the zircon, but the effec-
tive dielectric constant was much higher than that of zircon.

Chromite could be separated from olivine, but the results
were not good for a single pass through the separator. The
EDFV for chromite was the lowest among these minerals,
but this does not explain the low grade of the separation prod-
uct. A large portion of the olivine was captured by the drum-
electrode wires. Both chromite and olivine are minerals with
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relatively variable compositions, and this variation in com-
position may affect their dielectric properties, making separa-
tion difficult.

The separation of chalcopyrite from quartz demonstrated
that the separator can effectively recover a high-grade con-
centrate from a low-grade feed. A 59-pct-chalcopyrite (20-pct-
Cu) concentrate was obtained, recovering 93 pct of the
copper.

CONCLUSIONS

Dielectric separation using the Bureau of Mines prototype
dielectric separator has been demonstrated in the laboratory
as an effective method for mineral separation. Fundamen-
tal equations of the dielectric force on the particles were
derived to analyze performance of the prototype separator
as a function of EDFV. The EDFV proved to be a qualitative
prognosticator of separator effectiveness. Among the design
characteristics investigated, the electrode spacing was the
most sensitive for the recovery of the high-dielectric mineral.
The other parameters had relatively minor effects on dielec-
tric separations. Good separations were obtained with elec-
trode spacings of less than 0.4 cm. At those spacings, the
electric field convergence on the drum-electrode wires was
sufficient to produce a high EDFV for the high-dielectric
minerals.

All of the operating characteristics impacted significantly
upon the effectiveness of the separator. The optimum range
for each parameter is listed below, along with pertinent
comments.

Electrode voltage: 800 V

1. High enough for efficient separation.

2. Low enough to minimize the energy consumption of
the separator.

Electrical frequency: 500 Hz
1. High enough to overcome the effects of —
a. The dielectric conductivity of the fluid and
minerals.
b. Current-induced polarization of the particles in a
fluid more conductive than the mineral particles.
2. Low enough to minimize the energy consumption of
the separator.

Drum rotation speed: 7.5 r/min (to minimize the fluid drag
on the high-dielectric particles).

Feed rate: Three 100-mesh particle layers (for separating
rutile from quartz)

1. High enough to fill the EDFV around each drum-
electrode wire.

2. Low enough to allow each high-dielectric particle to
pass within the EDFV.

Particle size: minus 48- plus 400-mesh

1. Small enough to allow the low-dielectric particles to
settle freely through a 20-mesh screen electrode.

2. At a drum rotation speed of 7.5 r/min, using the 5-cm-
diam separator, the fluid drag force was reduced, and the
dielectric force was allowed to dominate.

Dielectric fluid: dielectric constant of 6 (for separating rutile
from quartz)

1. High enough effective dielectric constant to prevent
attraction of the low-dielectric mineral.

2. Low enough effective dielectric constant to maximize
the EDFV for the high-dielectric mineral.

3. Low dielectric conductivity to minimize energy
consumption.

Selected mineral separations demonstrated that—

1. Excellent separation was obtained from a mixture of
high-dielectric minerals (K > 81) and low-dielectric minerals
(K < 10).

2. Good separation was obtained from a mixture of
minerals whose dielectric constants differed by approximately
2 or more.

3. Good separation was obtained from a mixture of two
relatively high-dielectric minerals.

4. Good separation was obtained from a low-grade
mineral mixture.
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