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PARTICLE SEPARATION/PURIFICATION
SYSTEM, DIFFUSER AND RELATED
METHODS

This application is a continuation of U.S. patent applica-
tion Ser. No. 10/438,376, filed May 15, 2003, now U.S. Pat.
No. 7,086,535, and claims the benefit of U.S. Provisional
Patent Application Ser. No. 60/378,118, filed May 15, 2002,
the disclosure of which is incorporated herein by reference.

TECHNICAL FIELD

The present invention relates generally to the material
separation or purification arts and, more particularly, to a
particle separation/purification system including a non-verti-
cally oriented separator, a diffuser capable of use with such a
system, and related methods.

BACKGROUND OF THE INVENTION

The separation or purification of physical mixtures of fine
particles (called “beneficiation” in the vernacular) is accom-
plished primarily by establishing a bipolar charge on the
constituent particle species and then using mechanical or gas
conveyance to move the particles through selectively charged
electrical fields. In the example of the typical arrangement
shown in the schematic diagram of FIG. 1, the particles (only
one oversized particle P shown for purposes of illustration)
are carried by or entrained in a gaseous medium and passed
through a diffuser R (including possibly with a co-flow of gas
G devoid of particles) such that the direction of conveyance or
flow direction F, is generally parallel to the direction of grav-
ity (Y-axis or direction), or “vertical.” One or more electrodes
(usually elongated plates, not shown) positioned adjacent to
the flow create the electric field E to effect separation of
particles having a selected charge (either positive or negative,
depending on the charge on the electrode, but shown as hav-
ing a like charge in FIG. 1) by deflecting them. In the usual
arrangement, the electrode(s) are positioned such that a direc-
tion of the electric field force F, is applied perpendicular to
the flow direction F (that is, aligned with the X-axis or direc-
tion in FIG. 1, or the horizontal plane). As a result, the particle
P having the selected charge is deflected in the X-direction
and its trajectory T changes as it travels through this electric
field “zone,” such that it may be selected out of or separated
from the flow stream and collected.

Generally speaking, Newton’s Laws of classical mechan-
ics govern the motion of charged particles having diameters
near or greater than atomic dimensions. Consequently, when
suspended or entrained in a gas and under the influence of an
electric field and gravity, the principle forces acting on a
particle (assuming laminar flow, Stokes drag, no image force
and Brownian motion) include:

(1) gravitational force (F,=mg); [1.1]

(2) electric field force (F.=qE); [1.2]

(3) viscous force (F,=6un#V); and [1.3]

(4) inertial force (F,=m(dV/dt)), [1.4]

where:
E=electric field strength
p=viscosity of medium
V=particle velocity
g=acceleration due to gravity
y=direction perpendicular to the electric field
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g=charge on the particle

r=radius of the particle

m=mass of the particle

x=direction parallel to the electric field

Summing up the forces for a vertically oriented separation
system in which the gravitational force is in the Y-direction
(see FIG. 2), the following is obtained:

2 = Fuoy=Fiey™0 [1.5]

3 F,=F ~Fi,y=0 [1.6]
In the X-direction, the forces are:

Fo=FoyFigy™0 [1.7]

Substitution from Equations 1.1, 1.2, 1.3 and 1.4 into Equa-
tion 1.7 yields:

dv,

dt =0

gE — 6ruVy —m

In the Y-direction:

FFiy=0 [1.9]

Substitution yields:

[1.10]

Consequently, when oriented in the vertical orientation such
thata direction of the electric field force F, is perpendicular to
the direction of gravity (Y-direction), only this force acts to
deflect or move the charged particle P in the X-direction. The
viscous force and inertial force actually oppose this deflec-
tion, rather than assist it.

Accordingly, a need is identified for a separation/purifica-
tion systems where the forces present, including the gravita-
tional force acting on the particles, are used to advantage,
including for separating lower density particles considered
impurities from higher density particles in a particle mixture.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the invention, a sepa-
rator for intended use in at least partially separating at least
one species of selectively charged particles from a particle
mixture carried by a fluid flow is disclosed. The separator
comprises a tubular, elongated body for receiving the fluid
flow. First and second electrodes generate a first electric field
for deflecting selectively charged particles in at least a portion
of'the body. An imperforate partition defines first and second
channels adapted for separating the fluid flow into first and
second portions and preventing the portions from recombin-
ing after entering the first electric field, at least one of the
portions of the fluid flow including selectively charged par-
ticles deflected by the first electric field. A direction of gravity
relative to the first and second electrodes is such that gravity
acting on the selectively charged particles passing through the
first electric field directs the selectively charged particles
towards the first or second electrode.

In one embodiment, an angle between the direction of the
electric field force and the direction of gravity is acute. Also,
the first and second electrodes are generally flat, parallel
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plates. Preferably, the first electrode is above the second elec-
trode, and most preferably the first electrode is entirely above
the second electrode. Alternatively, a portion of each of the
first and second electrodes may occupy the same horizontal
plane.

Optionally, the partition may be downstream of the electric
field, and the first and second electrodes non-concentric.
Likewise, the first and second channels formed by the first
partition for receiving the first and second portions of the fluid
flow may be generally aligned with each other and the first
and second electrodes. The first and second channels for
receiving first and second portions of the fluid flow may also
be generally aligned and spaced apart in a vertical direction.
Preferably, the partition is spaced from both the first and
second electrodes in a vertical direction.

In accordance with a second aspect of the invention, a
separator for intended use in at least partially separating at
least one species of selectively charged particles from a par-
ticle mixture carried by a fluid flow is disclosed. The separator
comprises a tubular, elongated body for receiving the fluid
flow and a first imperforate electrode. A second imperforate
electrode below the first imperforate electrode generates a
first electric field for deflecting selectively charged particles
in at least a portion of the body. An imperforate partition
creates first and second channels adapted for separating the
fluid flow into first and second portions and preventing the
portions from recombining after entering the first electric
field, at least one of the portions of the fluid flow including
selectively charged particles deflected by the first electric
field.

In one embodiment, the partition is downstream of at least
the second electrode. Preferably, the first and second elec-
trodes are oriented at an acute angle relative to a horizontal
plane. The first and second channels formed by the partition
for receiving the first and second portions of the fluid flow are
generally aligned with each other and the first and second
electrodes.

In accordance with a third aspect of the invention, a sepa-
rator for facilitating the separation of heavier particles from a
particle mixture carried by a fluid flow is disclosed. The
separator comprises a tubular, elongated body for receiving
the fluid flow and a first imperforate electrode. A second
imperforate electrode is spaced from the first electrode in a
vertical direction. The first and second electrodes are differ-
entially charged and together generate a first electric field for
deflecting selectively charged particles in at least a portion of
the body. An imperforate partition defines first and second
channels adapted for separating the fluid flow into first and
second portions and preventing the portions from recombin-
ing after entering the first electric field, at least one of the
portions of the fluid flow including selectively charged par-
ticles deflected by the first electric field. The first and second
electrodes are arranged such that gravity causes the heavier
particles to deflect toward or away from the first electrode
regardless of the presence of the first electric field.

In one embodiment, the first and second electrodes are
oriented at an acute angle relative to a horizontal plane. In that
embodiment or another, the first electrode is entirely above
the second electrode. Alternatively, a portion of each of the
first and second electrodes may occupy the same horizontal
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plane. The first imperforate partition is preferably spaced
apart from both the first and second electrodes in the vertical
direction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a schematic diagram of a typical prior art particle
separation/purification arrangement in which a direction of
the electric field force is perpendicular to a direction of grav-
ity;

FIG. 2 is a diagram illustrating the forces acting on the
particle shown in FIG. 1;

FIG. 3 is a schematic diagram of a separator in which a
direction of the electric field force is not perpendicular to a
direction of gravity;

FIG. 4 is a diagram showing the forces acting on a particle
in the separator of FIG. 3;

FIG. 5 is a side schematic view of one possible embodi-
ment of a separator oriented such that a direction of the
electric field force is not perpendicular to a direction of grav-
ity;

FIGS. 6a-6d are side, top, end, and perspective views of a
second possible embodiment of a separator including first and
second spaced electrodes and a third extension electrode;

FIGS. 7a-7d are side, bottom, end, and perspective views
of'a separator with a manifold for delivering product from the
separator to separate pipes;

FIG. 8 is a schematic view of an overall separation system
including a separator forming one aspect of the invention;

FIG. 8a is a graphical representation of experimental data
obtained using the separator forming one aspect of the present
invention;

FIGS. 94a-9d are perspective, top, side, and end views of a
diffuser or diffuser assembly forming one aspect of the inven-
tion;

FIGS. 10a-10c illustrate exemplary spray profiles that may
be achieved using different embodiments of the diffuser; and

FIGS. 114 and 115 are enlarged end views of the different
embodiments of the diffuser for achieving the spray profiles
shown in FIGS. 105 and 10c, respectively.

DETAILED DESCRIPTION OF THE INVENTION

With reference now to FIG. 3, a particle separator 10 or
purifier (sometimes also called a separation “cell”) is illus-
trated schematically using the same reference characters
appearing in FIG. 2, and a corresponding force diagram is
provided in FIG. 4. In the case as in FIG. 3, where the orien-
tation of particle injection or the flow direction F is inclined
from a vertical orientation (i.e., F, has a vector component in
both the X- and Y-directions, as compared to only the Y-di-
rection as is the case in FIG. 1), the forces acting on the
particle P are:

2 F=F AF g=F sorFio™0 [1.11]

3 F=F yy~Fiy=0 [1.12]

In the X-direction, the forces are:

F ot gto=Fuoy=Fien™0 [1.13]

Substitution yields:

dv, [1.14]

gE + mgcos(0) — 6rrpVy —m
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In the Y-direction:

FeoyTipy™0 [1.15]

Substitution yields:

(@ dv, -0 [1.16]
mgsin( )—mw =

Accordingly, when 0 (the angle between the direction of the
electric field force and gravity) is 90°, as in the vertical ori-
entation described above, Equation 1.14 is identical to Equa-
tion 1.8 and Equation 1.16 becomes identical to Equation
1.10. Thus, as stated above, only the electric field force acts to
force or deflect the charged particle P in the X-direction and
the viscous force and inertial force actually oppose the deflec-
tion.

However, when 0 is 0°, Equation 1.14 becomes:

dV,
gE +mg — 6rrpVy —m—— = 0

[1.17]

Therefore, at 6=0° (which occurs when the direction of the
electric field force is parallel to the direction of gravity), the
forces acting on a particle P due to the electric field and
gravity are additive. Indeed, gravity has the maximum effect
in this situation, and the influence decreases as the magnitude
of'the angle 0 increases toward the vertical orientation (e.g., 0
is an acute angle).

Applying this concept to a non-vertically oriented separa-
tor allows for differences in the mass of the charged particles
to be advantageously amplified and used to advantage. One
example of such a separator 10 in which 6=0° (e.g., the
direction of the electric field force is parallel to the direction
of gravity), is disclosed in FIG. 5. In the illustrated embodi-
ment, the separator 10 includes a generally tubular (hollow
and, for purposes of illustrating one embodiment, rectangular
in cross-section), elongated body. The body includes an
entrance end or inlet 12 for receiving particles, including a
mixture of different particles (preferably a dry mixture of two
or more species of fine-sized (<1 um to 1000 um diameter,
and most preferably less than 200 pm diameter) entrained in
or carried by a driving fluid, such as a gas flow (note arrows F
indicating direction of flow/particle conveyance). The fluid
flow carrying the mixed particles may be supplied by or
through a diffuser or sprayer (see F1G. 7d) positioned in or
adjacent to the inlet 12 of the separator 10.

Where appropriate or desired, the upstream end or inlet 12
of'the separator 10 may also be provided with flow smoothing
structures or straighteners (such as elongated tubes, vanes or
the like; see inlet ends of elongated straightener tubes S in
FIG. 7d and note phantom depiction of a single tube U) for
ensuring that any co-flow of gas introduced does not disrupt
the particle mixture flow introduced by the diffuser R (that is,
the co-flow is straight and smooth and in this regard facilitates
smooth flow of the particle mixture). The co-flow of gas is
also designed to minimize or eliminate particle attachment to
or bombardment with the electrodes 14, 16 that create the
electric field. Preferably, the co-flow is devoid of particles.

In the preferred embodiment, an electric field is created by
a pair of spaced, elongated, plate-like electrodes 14, 16 posi-
tioned at a selected location within a portion of the body of the
separator 10. The electric field may be of a pre-selected mag-
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nitude and generally defines at least one electric field zone 7.
Preferably, the electrodes 14, 16 are positioned just down-
stream of the inlet 12 (which may include the outlet of any
diffuser and flow straighteners positioned therein). The elec-
trodes 14, 16 may be provided with different polarities as
desired for deflecting (which may comprise attraction or
repulsion, depending on the relative charges) and otherwise
influencing the trajectory of the path of travel of the species of
particles having a selected charge (i.e., selectively charged
particles) within the separator 10 for later collection. Each
electrode 14, 16 thus may be connected to a voltage source
(not shown), which may be variable to facilitate selective
control of the magnitude of the electric field in the corre-
sponding zone Z. As shown in the drawing figures, the elec-
trodes 14, 16 have no holes or openings, and are thus imper-
forate.

Regarding collection, a portion of the separator 10 may
include at least one, and preferably a plurality of solid, unap-
ertured/unperforated walls or partitions 18 defining at least
two channels 21 for receiving at least a portion of, and pref-
erably a substantial amount of, the particles having the
selected charge after entering the electric field zone Z. The
ultimate number collected depends on the relative position of
the particles within the tubular body (which depends on the
path of travel, as influenced by the particle charge, the veloc-
ity of the particles, the orientation (angle 0), the position or
location of the partitions 18, and the polarity of the electrodes
14, 16 and the magnitude of the electric field, and whether any
co-flow is present). The leading edge of each partition 18 is
preferably just downstream from the electric field zone Z. At
the exit end or outlet 19 of the separator 10 adjacent to the
trailing edge of each partition 18, the channels 21 may be in
communication with corresponding downstream collectors
(not shown), such as bins or hoppers, for receiving a substan-
tial amount of at least one separated species of particles
(which is preferably substantially pure).

To maximize the additive effects of the electric field and
gravitational forces, the polarity of the spaced electrodes 14,
16 may be chosen to force particles having a large mass (due
to either size or density) in the direction of gravity (i.e.,
downward in FIG. 5) and to force smaller mass particles
(which are influenced by gravity to a lesser extent) in the
opposite direction. More specifically, when the separator 10
is oriented horizontally (that is, with a longitudinal axis par-
allel to a horizontal plane and the direction ofthe electric field
force aligned with or parallel to the direction of gravity) such
that 6 is 0° (see FIG. 5), if such small mass particles are
impurities and attain or are charged to a polarity opposite that
of the large mass particles, then the impurities can be forced
or deflected in the direction opposite the direction of gravity
(i.e., upwards rather than downward) by providing the upper
electrode 14 with the opposite polarity. Accordingly, in this
mode of operation, the smaller mass impurity particles are
effectively levitated by the electric field force created by the
upper electrode 14, whereas larger mass particles are forced
downwardly by the combined forces created by the lower
electrode 16 and gravity.

Although the gravitational force on smaller mass and fine-
sized particles is relatively small, gravity can significantly
influence the purification of physical mixtures of particles,
especially when differences in density (p) and particle size (r)
exist. For example, metal powders typically have densities
between 6-8 g/cm®, whereas inorganic or organic impurities
that may be physically mixed with the metal powder typically
have particle densities ranging from between 2-5 g/cm®. Inor-
ganic oxides, like combustion ash, typically have a wide
range of densities (e.g., between 0.5-4 g/cm?®) and may also
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have a wide distribution of particle sizes). These differences
in size and density can be magnified and taken advantage of
using the above-described separator 10 oriented at an angle 0
such that the direction of the electric field force F, is not
perpendicular to the direction of gravity. In other words,
gravity is actually used to improve the separation efficiency
and effectiveness.

In the typical prior art separator shown in FIG. 1, a mixture
of particles injected into the electric field E have a velocity
only in the Y-direction (i.e., V,=0). However, the particle
mobility in the X-direction (that is, in the direction of the
electric field force F,) must also be considered, since only
through such motion is separation/purification achieved. By
solving the equations relating to the motion of particles under
two phase flow conditions, particle mobility has been
described in terms of relaxation time, t,, which is the time
needed to accelerate the particles from zero velocity to 68%
of their final velocity. The relaxation time, t,, may be
expressed as:

opr [1.17]

T

In other words, the relaxation time, t,, is directly proportional
to the density multiplied by the square of the particle radius
(i.e., greater particle densities and/or greater particle radii
decrease the propensity for particle acceleration in the X-di-
rection (which may be parallel to the electric field when
(6=0°)).

To demonstrate this, consider a metal powder with a den-
sity p,,=8 g/em’ with inorganic impurity particles with a
density p,~4 g/cm®. With the metal powder and impurity
particles having equal radii (i.e., r/=r,,), the ratio of the relax-
ation time for the metal powder relative to the impurity par-
ticles (t,,,:t,,) is 2:1. In other words, the impurity particles
would accelerate twice as fast as the metal particles. However,
when the radius of the impurity particles is twice that of the
metal particles (i.e., r,/=2r,,), the ratio of relaxation time for
the metal powder relative to the impurity particles (t,,,:t,,) is
1:2. Accordingly, the metal particles would accelerate twice
as fastas the impurity particles. In the case where a mixture of
inorganic oxide particles in which the density is uniform but
one species of particles has twice the radius of the other (i.e.,
r,=2r,), the ratio of the relaxation time of one species relative
to the other (t,:t,) is 4:1, which means that the small particles
accelerate four times faster than the large particles.

As another example, a 60 um silica particle (p=2.3 g/cm?)
has arelaxation time, t,, of 20 ms, while a 40 um silica particle
has a relaxation time of 10 ms. In the separator 10 described
above, the velocity componentin the Y-direction, V,, (whichis
non-vertical) is typically between 1-25 m/s while the longi-
tudinal dimension H, of the electrodes 14, 16 is typically
between 10-80 cm. Taking V, =5 m/s and H, =25 cm, the time
a particle is within the electric field is t=V /H,=0.05 seconds,
or 50 ms. Accordingly, the relaxation time t, for both particles
is close in value to the time t, that they reside within the
electric field zone Z.

To take advantage of the similarities between the residence
and relaxation times, t and t,, and hence effect separation at
least in part on the basis of differences in particle mass,
density or size, it is possible to vary: (1) the velocity in the
Y-direction, V,, which changes the residence time of the
particles within the electric field zone; or (2) the longitudinal
dimension H, ofthe electric field zone Z, which also changes
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the particle residence time. Varying the velocity V, is readily
accomplished by either increasing or decreasing the gas flow
velocity through the separator 10 and, more particularly, the
diffuser R. However, depending on the characteristics of the
physical mixture to be purified, it may not be possible to
further or selectively purify on the basis or particle size or
density by changing the velocity V. If this is the case, then
changing the longitudinal dimension H; is possible. How-
ever, changing the external dimensions of the separator 10,
such as by removing or replacing the electrodes 14, 16, is not
easy once it is constructed.

To overcome this problem, and in accordance with a sec-
ond aspect of the invention, a third or “extension” electrode
20 may be incorporated between the existing electrodes 14,
16 even after the separator 10 is constructed. A schematic
representation of this electrode 20 and its preferred placement
in the separator 10 of FIG. 5 is shown in FIGS. 6a-64. Refer-
ring first to FIGS. 6a and 6b, the extension electrode 20
aligned with the Y-direction (i.e., along the length when 6=0°,
or the height when 6=90°) is placed in and supported by the
portion of the separator 10 including the spaced electrodes 14,
16 that define a first electric field zone Z, (but could also be
supported by one of the other electrodes, such as by using a
rigid connector or post). A separate voltage source may be
provided, or a connector 22 may electrically couple or con-
nect the extension electrode 20 to an adjacent electrode, such
as the first or upper electrode 14, such that the two have
identical polarities. Although FIGS. 6a-6d show the exten-
sion electrode 20 in the “upper” portion of the separator 10
when horizontally oriented (e.g., 6=0°, which occurs when
the direction of'the electric field force is parallel to the direc-
tion of gravity), it can be positioned at any point along the
Y-direction within the separator 10, and may have either a
negative or positive polarity.

In the embodiment of FIG. 6a, a transverse dimension X,
(i.e., the height when aligned with or parallel to the direction
of gravity) of the internal passage defined in the body of the
separator 10 in the portion including first electric field zone 7,
is established by the electrodes 14, 16, and is greatest near the
entrance or inlet 12 where the particles may be introduced via
a diffuser R (not shown). The extension electrode 20 posi-
tioned as shown in this figure forms a second electric field
zone 7, having a transverse dimension of X,, which is less
than dimension X, . Preferably, a second, transverse dimen-
sion T, (i.e., the width) of the extension electrode 20 is gen-
erally equal to or greater than the corresponding dimension T,
of'the passageway formed in the body of the separator 10 for
receiving the particle mixture flow. In FIG. 64, the longitudi-
nal or length dimension L., (6=0°) of the primary electrode 14
or 16 to which the extension electrode 20 is connected may be
equal to the corresponding dimension L, of the extension
electrode 20, but preferably L,<L,.

As briefly mentioned above, a portion of the separator 10
downstream from the electric field zones Z,, Z, and prefer-
ably near the outlet 19 includes one or more baffles, dividers
or partitions 18 divide the flow of gas carrying the particles
into plural flows or streams. In the embodiment of FIGS.
6a-6d, two partitions 18a, 185 are included to create three
portions or streams of flow, one of which may include a
substantial amount of the particles having the selected charge.
Each partition 18a, 185 preferably extends fully across the
interior passageway of the separator 10 in a transverse direc-
tion T, and may have a longitudinal dimension L5 such that it
extends from adjacent the leading edge of the electrodes 14,
16 (or the extension electrode 20 if L.,=[.,) opposite the inlet
12 to adjacent the outlet 19.
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In the most preferred embodiment, the extension electrode
20 is located adjacent one of these partitions 18, such as
partition 18a in FIG. 6a, such that the two structures are
adjacent to one another and essentially coextensive. As a
result of this arrangement, the extension electrode 20 defines
a “cut-oft” location within the first electric field zone Z, and
establishes a channel 21a preceding and inline with the par-
tition 18a that defines one product outlet 30a. Only particles
in the flow that enter this channel 21a (which may include
particles deflected (attracted) by the upper electrode 14 in the
illustrated embodiment) reach the corresponding outlet 30a.
However, the particles in the remaining fluid flow may still be
influenced or deflected by the second electric field zone Z,
created by the extension electrode 20 and the second or lower
electrode 16 and, depending on the relative charges, may thus
be deflected (attracted or repelled) into one of the remaining
channels 215, 21c¢ for later collection.

As illustrated in FIGS. 7a-7d, a manifold 32 may be pro-
vided adjacent to the outlet 19 of the separator 10 (and may
either comprise a unitary part or portion of it or a separate, but
integrally attached component). The manifold 32 includes a
passageway 34a ... 34n (which in the illustrated embodiment
are passageways 34a, 345, 34¢) associated with each outlet
30a . . . 307 (which in the illustrated embodiment are outlets
30a, 305, and 30c). In this embodiment, the outlets 30a, 305,
30c¢ each have a generally rectangular cross-section, and the
corresponding passageways 34a, 345, 34c¢ transform or taper
from a matching cross section at the entrance or inlet end to a
generally circular cross section at the exit or outlet end (which
as shown as being in the form of a depending portion 35a,
35b, 35¢ in FIG. 74, but could also be inline) for connection
to conventional cylindrical pipes or tubes for delivering the
particles or product received or collected in each channel 21a,
215, 21 ¢ to an appropriate holding or storage location, such as
a bin, hopper, or like structure (see FIG. 8). Preferably, the
longitudinal dimension L5 of the partitions 18a, 185 is suffi-
cient to eliminate the effects of non-uniform flow or turbu-
lence that may be created within the manifold 32 as the
rectangular cross-section at the inlet is reconfigured to the
circular cross-section at the outlet.

FIG. 8 illustrates schematically an overall layout of a par-
ticle separation/purification system 100 including the sepa-
rator 110 forming one aspect of the present invention. With
the exception of the use of a separator 110 oriented at an
“acute” angle 0 (less than 90°) relative to a vertical plane such
that a direction of the electric field force is not perpendicular
to the direction of gravity, the overall system 100 described
herein is similar in many respect to the one disclosed in
commonly assigned U.S. Pat. No. 6,498,313 to Stencel et al.,
the disclosure of which is incorporated herein by reference.

Beginning at the top of FIG. 8, the system 100 may include
aholding tank 112 for delivering a material, such as a particle
mixture, to a feeder 114. The feeder 114 may be selected to
supply the material at a pre-determined or desired flow rate,
which may vary depending on the type of material and other
characteristics of the system 100. The feeder 114 in turn
delivers the material to a feeder line 116 via a device 118
capable of preventing the backflow of fine particulate matter,
such as a star valve, airlock, or the like. The feeder line 116 is
in fluid communication with a forced draft fan 120, which
provides the fluid medium in which the material or particles
are entrained, carried, and driven through the system 100 (i.e.,
the driving fluid). The medium is preferably a relatively dry
gas, such as air, but other gases such as nitrogen, helium,
argon, carbon dioxide or combustion flue gas can be used at
ambient temperatures or temperatures as high as 300° C.
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The feeder line 116 is preferably constructed of wear-
resistant materials, such as steel, specialty alloys, ceramics,
ceramic-lined metals or polymers, or polymers (e.g., polyure-
thane), and should be sized to handle solid flow rates as
required based on the capacity of the overall system 100. The
velocity of the particle/gas mixture within the feeder line 116
may be 1-50 m/s, but is preferably around 10 m/s. The flow in
the feeder line 116 is preferably turbulent to promote particle
charging, with a Reynolds number, R, greater than 2300
(where R_=DV/u and D=particle diameter, V=fluid flow
velocity, and p=the kinetic viscosity of the fluid).

A diffuser 122 is provided adjacent to the inlet of the
separator 110 for receiving the flow from the feeder line 116.
The diffuser 122 may be of any known type of device for
creating a spray of a fluid medium carrying particles having a
generally uniform flow pattern (see FIG. 10a). An exemplary
diffuser that can be used with both the separator 110 and
forming another aspect of the invention disclosed herein is
outlined in the description that follows.

The collected particles exit the separator 110 via manifold
132, which as described above may include multiple passage-
ways each having an outlet (three in FIG. 8, but more or fewer
may be provided depending on the number of channels pro-
vided in the separator 110). The material exiting each outlet is
then fed through a corresponding delivery line 134a, 1345,
134¢ to a particle-gas disengagement device, such as a
cyclone 136a, 1365, 136¢, bag filter, or the like, for collection
in a corresponding drum or bin 1384, 1384, 138¢. Each of the
cyclones 1364, 1365, 136¢ is in fluid communication with an
induced draft fan 140 that, together with the forced draft fan
120, creates the pressure balance within the system 100 nec-
essary for optimum performance. Preferably, the pressure is
maintained systemwide at a level slightly less than atmo-
spheric pressure by an amount of approximately 1-50 inches
of water or 2.54-127 cm Hg.

Experiments were conducted using the above-described
separation system 100 to extract selectively charged low den-
sity particles and to purify coal combustion fly ash (i.e., the
removal of carbon from the ash) using an electric field having
avoltage of -5kV. The data is presented in the following table
and illustrated graphically in FIG. 8a:

Sample Weight (%) Density (g/em?®) LOI (%)
#11 1.9 2.2 1.0
#1171 78.0 2.1 0.8
#1 K 20.1 2.0 0.8
#21 73.0 1.9 0.4
#2171 24.1 2.2 1.2
#2K 2.9 2.4 2.4
#31 68.1 1.9 0.3
#3171 29.0 2.2 1.1
#3K 2.9 2.4 2.4
#41 53.8 1.9 0.3
#al 43.6 2.1 1.0
#4 K 2.6 2.4 2.2

This data includes the yields (weight percent), densities
(g/cm®) and LOIs (loss-on-ignition percentages) of three
products from processing a sample having initial density of 2
g/cm® and an LOI 0f 0.6%. Product I is extracted from the first
channel 21a associated with the extension electrode 20; prod-
uct J is extracted from the second (middle) channel 215 in the
separator 10; and product K is extracted from the third (lower)
channel 21c.

The data illustrates that the separator 10 achieved: (a)
greater than 70% yield of a product having a density of 1.9
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g/cm’® and a LOI of 0.3%; (b) approximately 3% yield of a
product having a density near 2.4 g/cm> and a LOI of 2.4%;
(c) between 24-78% yield of J products depending on the
operational parameters; and (d) the J products contained den-
sities and LLOI’s between those of the products I and K. The
data further demonstrates that, for an ash with an LOI of
6.5%, nearly 90% of the desired product was recovered at a
3% LOI at a voltage of -5 kV. Such a yield was previously
unattainable using voltages less than 20 kV and a separator in
which the sole direction of the electric field force vector is
perpendicular (i.e., horizontal) to the direction of gravity (i.e.,
vertical). This establishes that, with the enhancing effects of
gravity, a comparable result or product is obtained using an
electric field at a significantly lower voltage.

In accordance with another aspect of the invention dis-
closed herein, a novel diffuser or diffuser assembly for cre-
ating a spray of gas and/or particles is disclosed. One embodi-
ment of the diffuser or diffuser assembly 200 is shown in
FIGS. 94-94. The diffuser 200 includes an entrance or inlet
end 202 associated with a nozzle 203. The nozzle 203
includes a relatively short, generally circular or tubular por-
tion 204 defining an inlet opening for receiving a fluid
medium, including possibly one carrying wet or dry particles
or the like. The tubular portion 204 is preferably of generally
constant diameter D,. An outlet or outlet end 206 of the
diffuser 200 opposite the inlet end 202 includes a generally
elongated, ribbon-like or rectangular opening 208 through
which the spray emanates having an elongated profile. As
should be appreciated, the opening 208 therefore includes
both a longitudinal dimension or length, L, and a transverse
dimension or width, W.

The body 210 of the diffuser 200 also has a longitudinal
dimension or length, L,, as measured from adjacent the inlet
end 202 (and, more particularly, the junction between the
tubular portion 204 of the nozzle 203 and a frusto-conical
portion 214, see below) to the outlet end 206. This body 210
is generally symmetrical about a longitudinal centerline N
and includes a top wall 209, a bottom wall 211, and opposed
sidewalls 212 adjacent to and interfacing with the elongated
sides of the top and bottom walls 209, 211.

In the illustrated embodiment, each sidewall 212 includes
three portions or sections, each of which has an inner surface
(noted dashed or phantom lines). A first portion 2124 of each
sidewall is generally aligned with or parallel to the longitu-
dinal centerline N of the body 210 and, together with the top
and bottom walls 209, 211, defines an internal passageway
having a generally rectangular cross-section having a gener-
ally constant area.

A second portion 2125 of each sidewall 212 generally
closer to the inlet end 202 is sloped at least along the inner
surface thereof and thus defines an included angle 3, with a
line drawn parallel to the first portion 2124 or the centerline N
of the body 210 (shown adjacent to the outer surface of the
sidewall 212 for clarity). Accordingly, in this embodiment,
the generally rectangular cross-section of the internal pas-
sageway is maintained throughout. The third portion 212¢ of
each sidewall 212 is also tapered, but along an outer surface
and toward the exit or outlet end 206 adjacent the opening
208. A line drawn parallel to this surface and in the same plane
as the centerline N thus forms an included angle f§, (which is
preferably acute and on the order of about 15°, but could be up
to 45°) with a line drawn parallel to the first portion 212a or
the centerline N. However, the inside surface is generally
coextensive with the inside surface of the first portion 212a,
which as described above in conjunction with the top and
bottom walls 209,211 creates a passageway having a gener-
ally rectangular cross-section.
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The nozzle 203 also includes a frusto-conical portion 214
defining a transition into the body 210 of the diffuser 200
upstream from the outlet end 206. The frusto-conical portion
214 may define an angle y with a generally horizontal axis,
such as may be defined by one of the top or bottom walls 209,
211 of the body 210 or the centerline N thereof when oriented
parallel with a horizontal plane (e.g., perpendicular to the
direction of gravity). This angle y determines a longitudinal
dimension or length, L, of the frusto-conical portion 214 of
the nozzle 203, and may be selected using the criteria outlined
in the following description depending on the desired flow
pattern.

Top views of different patterns of flow or spray exiting the
opening 208 of the diffuser 200 are shown in FIGS. 10a, 105,
and 10c. The following criteria may be used to achieve the
flow pattern shown in FIG. 10a using the diffuser 200
described above:

(1) The value of f, is preferably less than or equal to about
7°, which provides at least the inside surface of the
second portion 2125 of each sidewall 212 with a slight
taper relative to a vertical plane when the top and bottom
walls 209, 211 are oriented parallel to a horizontal plane.
This helps to eliminate phase separation at the inside,
outer edge of the diffuser 200 during the expansion of
any fluid medium introduced through the circular nozzle
203 to the rectangular cross section of the internal pas-
sageway in the body 210. However, values of 3, as great
as 15° have been used experimentally with minimal
disruption or change of the outlet flow from that pre-
sented in FIG. 10a.

(2) The value of the angle y is such that no or minimal
additional pressure drop results from a change in cross-
sectional area of the passageway defined by the side-
walls 212 when the transition is made from the circular
cross-section of the nozzle 203 to the rectangular cross-
section of the internal passageway of the body 210. In
other words, as the diameter of the frusto-conical portion
214 decreases, the sidewalls 212 outwardly diverge and
the longitudinal dimension, L,, between them increases
such that, from the end of the frusto-conical portion 214
of the nozzle 203 adjacent the inlet end 202 to the outlet
end 206 of the diffuser 200 (distance=L,), the total inter-
nal cross sectional area is constant and generally equal to
the internal cross sectional area of the nozzle 203 (i.e.,
nD?*/4) through which the fluid medium (gas) and/or
particles are delivered plus the internal cross-sectional
area of the rectangular passageway at that same location.

(3) The transverse dimension or width, W (that is, the
distance between the spaced top and bottom walls 209,
211), is maintained constant to within approximately
+/-2% along the entire body 210 of the diffuser.

(4) The magnitude of the dimension L.,-L; (that is, the
distance from the outlet end of the frusto-conical portion
214 of the nozzle 203 to the outlet end 206 of the diffuser
200 where the opening 208 is provided) is established
such that (L,-L;)/W>20.

To establish a flow pattern like the one shown in FIG. 105

using the diftuser 200:

(1) the value of the angle {3, is to be increased such that
p,>15°; and/or

(2) the transverse dimension or width W of the body 210
can be made non-uniform such that at the midpoint or
center (L,/2) between the sidewalls 212, the width is
W+15% or greater. This provides the top and bottom
walls 209, 211 with a slightly V-shaped appearance
when viewed in cross-section or from the outlet end (see
FIG. 11a, which is enlarged, not drawn to scale, and
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omits the nozzle 203). The increase in width W can be
established in a gradual manner from one side of the
diffuser 200 to the other such that the apex A is at the
midpoint or center (L.,/2), as shown in FIG. 11a, or the
increase can be more abrupt, starting at a point closer to
the center (not shown). In either case, the top and bottom
walls 209, 211 are considered to be tapered or sloped,
but the cross-section and opening are still considered
generally rectangular (even though the body technically
has six different sides).

To achieve a flow pattern like that shown in FIG. 10¢, the
following changes may be made:

(1) the width W of the body 210 is made non-uniform such
it is greater (e.g., W+15%) at two locations, Y4 L, and %
L, (see FIG. 115, which again is not to scale and omits
the nozzle 203), thus providing the top and bottom walls
209, 210 with a W-shaped appearance in cross-section or
end view (but the cross-section and opening are still
considered generally rectangular, even though more
than four sides are present). This increase can be estab-
lished in a gradual manner from at least the inside sur-
face of one sidewall 212 of the diffuser to the maximum
(e.g., W+15%) at ¥4 L, to form a first apex A, with a
subsequent decrease down to width W at its center L, /2,
and then a gradual increase to the maximum (e.g.,
W+15%) at % L, to form a second apex A,, and finally
a decrease to width W upon reaching the opposite side-
wall 212;

(2) the value of the angle f, is such that ,>15°.

Based on the foregoing, it should be appreciated that addi-
tional changes or variations can be made to the dimensions of
top, bottom, and sidewalls 209, 211,212 of the diffuser 200 to
provide other flow or spray patterns at the outlet 208.

The substantially even or uniform flow having the elon-
gated profile characterized by FIG. 10a is of the kind desired
in pneumatic triboelectric separation systems in which fine
particulate matter is processed to purify a feedstream, such as
the system 100 described above and shown in FIGS. 1-75. In
this case, it is desirable to distribute the particles uniformly
across and to promote smooth controlled flow velocities
throughout the electric field zone Z of the separator 10. For
powder processing and purification, the flow emanating from
the diffuser 200 (or a different diffuser R) may be coupled
with a co-flow of gas. As explained above, this co-flow helps
to stabilize and smooth the flow within the electric field zone
by reducing turbulence and also helps to prevent the particles
from bombarding the electrodes.

The flow characterized by FIG. 104, FIG. 105 and FIG. 10¢
can beused in other applications. One example includes spray
nozzles for applying painting and coatings. By using a dif-
fuser with the flow characteristic or profile of FIG. 10q, it is
possible to produce a uniform line of paint spray on a surface.
By using diffusers having the characteristics of FIGS. 105 and
10¢, different patterns of paint spray could be created. In this
latter case, by using a single diffuser or multiple diffusers, it
would be possible to paint or coat surfaces in patterns such as
stripes. By replacing traditional spray can nozzles, such as
those containing paint under pressure, with one of the
embodiments of diffusers described above, it is possible to
more efficiently coat surfaces. In the case of paint, incorpo-
rating a miniaturized diffuser with a co-flow section (with the
co-flow either forced through a pressurized source or induced
by the flow of paint out of the diffuser) may make it possible
to increase the amount of paint placed on a surface during a
single application, thereby resulting in less overspray.
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Turning back to the separator 10, in some cases, it may be
advantageous to combine the effects of an applied electric
field with a simultaneously applied magnetic field to improve
the results of the separation or purification operation, such as
by substituting one of the electrodes 14, 16, or 20 for a
magnet. For example, during pneumatic or gas conveyance of
particles through a magnetic field, ferromagnetic particles
may be deflected away from their original flow direction. In a
mixture of magnetite (Fe,0,) oriron (Fe) withssilica (SiO, ) or
other non-ferromagnetic particles, the ferromagnetic par-
ticles would be attracted by the magnetic field whereas the
polarity of the electric field can be established such that the
non-ferrous particles are deflected away from the magnet.

While examples of several types of particles mixtures are
described above, it should be appreciated that these are not
considered to limit the inventions disclosed herein to any
particular use or application. Other materials that may benefit
from the present inventions include, for example, specific
minerals in fine-sized mineral mixtures, heavy metal or radio-
active components physically mixed in soils or other materi-
als, and ceramics contained in mixtures of ceramics, metals or
organic polymers.

The foregoing description of the various embodiments of
the invention is provided for purposes of illustration and
description. It is not intended to be exhaustive or to limit the
invention to the precise form disclosed. Obvious modifica-
tions or variations are possible in light of the above teachings.
For instance, the third or extension electrode 20 may simply
be a non-electrified partition in the case where only a single
partition 18 is present. Existing separators or separation cells
could also be modified or retrofitted to take advantage of the
extension electrode 20 and the other concepts disclosed
herein. The embodiments described provide the best illustra-
tion of the principles of the invention and its practical appli-
cation to thereby enable one of ordinary skill in the art to
utilize the invention in various embodiments and with various
modifications as are suited to the particular use contemplated.
All such modifications and variations are within the scope of
the invention as determined by the appended claims when
interpreted in accordance with the breadth to which they are
fairly, legally and equitably entitled.

The invention claimed is:

1. A separator for intended use in at least partially separat-
ing at least one species of selectively charged particles from a
particle mixture carried by a flow of a carrier gas, comprising:

means for tribocharging particles in the particle mixture

carried by the carrier gas flow;

a tubular, elongated body for receiving the carrier gas flow

from the means for tribocharging;

first and second electrodes for generating a first electric

field for deflecting selectively charged particles in at
least a portion of the body; and

an imperforate partition defining first and second channels

adapted for separating the carrier gas flow into first and
second portions and preventing the portions from
recombining downstream of the first electric field, at
least one of the portions of the carrier gas including
selectively charged particles deflected by the first elec-
tric field;

wherein a direction of gravity is such that gravity acting on

the selectively charged particles passing through the first
electric field between the first and second electrodes
directs the selectively charged particles towards the first
or second electrode.

2. The separator according to claim 1, wherein an angle
between the direction of an electric field force acting on the
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selectively charged particles in the first electric field and the
direction of gravity is greater than zero and acute.

3. The separator according to claim 1, wherein the first and
second electrodes are generally flat, parallel plates.

4. The separator according to claim 1, wherein the first
electrode is above the second electrode.

5. The separator of claim 1, wherein the first electrode is
entirely above the second electrode.

6. The separator of claim 1, wherein a portion of each of the
first and second electrodes occupies the same horizontal
plane.

7. The separator of claim 1, wherein the partition is down-
stream of the electric field.

8. The separator of claim 1, wherein the first and second
electrodes are non-concentric.

9. The separator of claim 1, wherein the first and second
channels formed by the first partition for receiving the first
and second portions of the carrier gas flow are generally
aligned with each other and the first and second electrodes.

10. The separator of claim 1, wherein the first and second
channels for receiving first and second portions of the carrier
gas flow are generally aligned and spaced apart in a vertical
direction.

11. The separator of claim 1, wherein the partition is spaced
from both the first and second electrodes in a vertical direc-
tion.

12. The separator of claim 1, wherein the means for tribo-
charging the particles comprises a feeder line for creating a
turbulent flow of the particle mixture and carrier gas to pro-
mote particle charging.

13. The separator of claim 12, wherein the means for tri-
bocharging the particles comprises a diffuser.

14. The separator of claim 12, further including a first fan
upstream of the feeder line and a second fan downstream of
the feeder line.

15. The separator of claim 12, wherein the carrier gas is
selected from the group consisting of air, nitrogen, helium,
argon, and carbon dioxide.

16. A separator for intended use in at least partially sepa-
rating at least one species of selectively charged particles
from a particle mixture carried by a flow of a carrier gas,
comprising:

means for tribocharging particles in the particle mixture
carried by the carrier gas flow;

atubular, elongated body for receiving the carrier gas flow
including the tribocharged particles in the particle mix-
ture;

a first imperforate electrode;

a second imperforate electrode below the first imperforate
electrode, the first and second electrodes together gen-
erating a first electric field for deflecting selectively
charged particles in at least a portion of the body; and
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an imperforate partition creating first and second channels
adapted for separating the carrier gas into first and sec-
ond portions and preventing the portions from recom-
bining after entering the first electric field, at least one of
the portions of the carrier gas including selectively
charged particles deflected by the first electric field.

17. The separator of claim 16, wherein the partition is
downstream of at least the second electrode.

18. The separator of claim 16, wherein the first and second
electrodes are oriented at an acute angle relative to a horizon-
tal plane.

19. The separator of claim 16, wherein the first and second
channels formed by the partition for receiving the first and
second portions of the carrier gas are generally aligned with
each other and the first and second electrodes.

20. A separator for facilitating the separation of heavier
particles from a particle mixture carried by a flow of a carrier
gas, comprising:

means for tribocharging particles in the particle mixture
carried by the carrier gas flow;

a tubular, elongated body for receiving the carrier gas flow
including the tribocharged particles;

a first imperforate electrode;

a second imperforate electrode spaced from the first elec-
trode in a vertical direction, the first and second elec-
trodes being differentially charged and together gener-
ating a first electric field for deflecting selectively
charged particles in at least a portion of the body; and

an imperforate partition defining first and second channels
adapted for separating the carrier gas into first and sec-
ond portions and preventing the portions from recom-
bining downstream of the first electric field, at least one
of the portions of the carrier gas including selectively
charged particles deflected by the first electric field,

wherein the first and second electrodes are arranged such
that gravity causes the heavier particles to deflect toward
or away from the first electrode regardless of the pres-
ence of the first electric field.

21. The separator of claim 20, wherein the first and second
electrodes are oriented at an acute angle relative to a horizon-
tal plane.

22. The separator of claim 20, wherein the first electrode is
entirely above the second electrode.

23. The separator of claim 20, wherein a portion of each of
the first and second electrodes occupies the same horizontal
plane.

24. The separator of claim 20, wherein the imperforate
partition is spaced from both the first and second electrodes in
the vertical direction.
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