
University of Kentucky University of Kentucky 

UKnowledge UKnowledge 

Center for Applied Energy Research Faculty 
Patents Center for Applied Energy Research 

6-22-2010 

Particle Separation/Purification System, Diffuser and Related Particle Separation/Purification System, Diffuser and Related 

Methods Methods 

John M. Stencel 
University of Kentucky 

Tapiwa Zabron Gurupira 

Follow this and additional works at: https://uknowledge.uky.edu/caer_patents 

 Part of the Engineering Commons 

Right click to open a feedback form in a new tab to let us know how this document benefits you. Right click to open a feedback form in a new tab to let us know how this document benefits you. 

Recommended Citation Recommended Citation 
Stencel, John M. and Gurupira, Tapiwa Zabron, "Particle Separation/Purification System, Diffuser and 
Related Methods" (2010). Center for Applied Energy Research Faculty Patents. 15. 
https://uknowledge.uky.edu/caer_patents/15 

This Patent is brought to you for free and open access by the Center for Applied Energy Research at UKnowledge. It 
has been accepted for inclusion in Center for Applied Energy Research Faculty Patents by an authorized 
administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 

https://uknowledge.uky.edu/
https://uknowledge.uky.edu/caer_patents
https://uknowledge.uky.edu/caer_patents
https://uknowledge.uky.edu/caer
https://uknowledge.uky.edu/caer_patents?utm_source=uknowledge.uky.edu%2Fcaer_patents%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/217?utm_source=uknowledge.uky.edu%2Fcaer_patents%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uky.az1.qualtrics.com/jfe/form/SV_0lgcRp2YIfAbzvw
https://uknowledge.uky.edu/caer_patents/15?utm_source=uknowledge.uky.edu%2Fcaer_patents%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:UKnowledge@lsv.uky.edu


US007741574B2 

(12) United States Patent (10) Patent N0.2 US 7,741,574 B2 
Stencel et a]. (45) Date of Patent: *Jun. 22, 2010 

(54) PARTICLE SEPARATION/PURIFICATION 2,847,124 A * 8/ 1958 Brastad ................. .. 209/ 127 .1 

SYSTEM, DIFFUSER AND RELATED 3,154,682 A * 10/1964 HartZ et a1. .................. .. 95/78 

METHODS 3,411,025 A * 11/1968 Marks ....................... .. 310/11 

' 4,137,156 A * 1/1979 Morey et a1. .... .. 209/212 

(75) Inventorsi Johl} M- Stellcel, Lexlngtons KY (Us); 4,178,156 A * 12/1979 Tashiro et a1. . . . . . . . . . .. 95/59 

TaPlWa Zabron GuruPlra> Lexlngton, 4,713,092 A * 12/1987 Kikuchi et a1. .... .. 96/70 

KY (Us) 4,874,507 A * 10/1989 Whitlock ................... .. 209/11 

. , , 4,999,998 A * 3/1991 Akerib ...................... .. 60/274 

(73) Asslgnee' UmVerslFy of Kentucky Research 5,133,844 A * 7/1992 Stevens .......... .. 204/549 
Foundatlon’ Lexmgton’ KY (Us) 5 240 618 A * 8/1993 (3 1d 11 tal 210/748 

, , a We e . .. ( >x< ) Notice: Subject to any disclaimer, the term ofthis 5,503,723 A * 4/1996 Ruddy et a1. . . . . . . . . . . . .. 204/450 

patent is extended or adjusted under 35 5,938,041 A * 8/1999 Stenceletal. .......... .. 209/127.4 

U_S_C_ 154([)) by 500 days_ 6,727,451 B1* 4/2004 Fuhr et a1. ................ .. 209/130 
6,881,314 B1* 4/2005 Wang et a1. ............... .. 204/600 

This patent is subject to a terminal dis- 2004/0035758 A1* 2/2004 Yoshiyama et a1. ....... .. 209/129 
claimer. 

(21) Appl. No.: 11/415,555 * _ d b _ 
c1te y examlner 

(22) Flled: May 2’ 2006 Primary ExamineriPatrick Mackey 
. . . Assistant ExamineriMark Hageman 65 P P bl t D t 

( ) nor u lea Ion a a (74) Attorney, Agent, or FirmiKing & Schickli, PLLC 
US 2006/0219602 A1 Oct. 5, 2006 

(57) ABSTRACT 
Related US. Application Data 

63 C t' t' f l' t' N . 10/438 376 ?l d 
( ) Meal; 1? g1’ azlgégaonggvpplgs is?‘ 7586535 ’ ’ e on A separator and related separation methods are for intended 

use in separating part1cles having a selected charge from a 
(60) Provisional appliCaIiOn NO- 60/ 378,1 18, ?led 011 May particle mixture entrained in or carried by a ?uid ?oW. The 

15, 2002- separator comprises a tubular, elongated body for receiving 
the ?uid ?oW. At least one and preferably a pair of electrodes 

(51) Int- Cl- may be provided to create an electric ?eld in at least a portion 
303C 7/00 (2006-01) of the body through Which the ?uid ?oW passes, and at least 

(52) US. Cl. ................... .. 209/128; 209/906; 209/127.1 one partition de?nes ?rst and second channels for receiving 
(58) Field of Classi?cation Search .............. .. 209/ 12.2, the ?oW downstream of the portion of the body including the 

209/39, 128, 129, 130, 131, 134, 135, 232, electric ?eld. In one embodiment, the electrode is oriented 
209/906; 55/D1G. 38; 95/23, 78; 96/3, 70, such that a direction of gravity acting on particles having a 

96/73 selected charge passing through the electric ?eld directs the 
See application ?le for complete search history. selectively charged particles toWards the ?rst or second elec 

(56) References Cited 3 system may incorporate the separator, along With a 

U.S. PATENT DOCUMENTS 

1,956,591 A * 5/1934 Gies ............................ .. 96/72 24 Claims, 14 Drawing Sheets 



US. Patent Jun. 22, 2010 Sheet 1 or 14 US 7,741,574 B2 



US. Patent Jun. 22, 2010 Sheet 2 or 14 US 7,741,574 B2 



US. Patent Jun. 22 2010 Sheet3 or 14 



US. Patent Jun. 22, 2010 Sheet 4 or 14 US 7,741,574 B2 



US. Patent Jun. 22, 2010 Sheet 5 0f 14 US 7,741,574 B2 

[Illllllllllllll 



US. Patent Jun. 22, 2010 Sheet 6 0f 14 US 7,741,574 B2 

spa/a Sm 



US. Patent Jun. 22, 2010 Sheet 7 0f 14 US 7,741,574 B2 





US. Patent Jun. 22, 2010 Sheet 9 0f 14 US 7,741,574 B2 

mm 

U 



US. Patent Jun. 22, 2010 Sheet 10 0f 14 US 7,741,574 B2 

Ash Recovery LOI ("/u) 

I 

I 
I 
I 

I 

I 
I 
I 

I 

I 

I 
I 

I 

I 

I 

I 

I. 

‘. 
,, 

100 - a0 - 5D 4U 20 0 

(0/0) Mamoea usv 



US. Patent Jun. 22, 2010 Sheet 11 0114 US 7,741,574 B2 



US. Patent Jun. 22, 2010 Sheet 12 or 14 US 7,741,574 B2 





US. Patent Jun. 22, 2010 Sheet 14 or 14 US 7,741,574 B2 

MSW 



US 7,741,574 B2 
1 

PARTICLE SEPARATION/PURIFICATION 
SYSTEM, DIFFUSER AND RELATED 

METHODS 

This application is a continuation of US. patent applica 
tion Ser. No. 10/438,376, ?led May 15, 2003, now US. Pat. 
No. 7,086,535, and claims the bene?t of US. Provisional 
Patent Application Ser. No. 60/378,118, ?led May 15, 2002, 
the disclosure of Which is incorporated herein by reference. 

TECHNICAL FIELD 

The present invention relates generally to the material 
separation or puri?cation arts and, more particularly, to a 
particle separation/puri?cation 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 puri?cation of physical mixtures of ?ne 
particles (called “bene?ciation” 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 ?elds. 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-?oW of gas 
G devoid of particles) such that the direction of conveyance or 
?oW 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 ?oW create the electric ?eld 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 de?ecting them. In the usual 
arrangement, the electrode(s) are positioned such that a direc 
tion of the electric ?eld force Fe is applied perpendicular to 
the ?oW 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 de?ected in the X-direction 
and its trajectory T changes as it travels through this electric 
?eld “Zone,” such that it may be selected out of or separated 
from the ?oW 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 in?uence of an 
electric ?eld and gravity, the principle forces acting on a 
particle (assuming laminar ?oW, Stokes drag, no image force 
and Brownian motion) include: 

(1) gravitational force (FgImg); [1.1] 

(2) electric ?eld force (FEIqE); [1.2] 

(3) viscous force (FXIQMTIZVV); and [1.3] 

(4) inertial force (F i:m(dV/dl)), [1.4] 

Where: 
E:electric ?eld strength 
uq/iscosity of medium 
Vrpar‘ticle velocity 
g:acceleration due to gravity 
y:direction perpendicular to the electric ?eld 
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2 
qIcharge on the particle 
r:radius of the particle 
mImass of the particle 
x:direction parallel to the electric ?eld 

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: 

EFXIF e-F poo-F 1(1):‘) 11-5] 

2 Fy:Fg—F,-(y):0 [1.6] 

In the X-direction, the forces are: 

F e-F poo-F 1(1):‘) 11-7] 

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

dv, 
dz 

[1.8] 

In the Y-direction: 

Substitution yields: 

[1.10] 

Consequently, When oriented in the vertical orientation such 
that a direction of the electric ?eld force Fe is perpendicular to 
the direction of gravity (Y-direction), only this force acts to 
de?ect or move the charged particle P in the X-direction. The 
viscous force and inertial force actually oppose this de?ec 
tion, rather than assist it. 

Accordingly, a need is identi?ed for a separation/puri?ca 
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 ?rst 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 ?uid ?oW is disclosed. The separator 
comprises a tubular, elongated body for receiving the ?uid 
?oW. First and second electrodes generate a ?rst electric ?eld 
for de?ecting selectively charged particles in at least a portion 
of the body. An imperforate partition de?nes ?rst and second 
channels adapted for separating the ?uid ?oW into ?rst and 
second portions and preventing the portions from recombin 
ing after entering the ?rst electric ?eld, at least one of the 
portions of the ?uid ?oW including selectively charged par 
ticles de?ected by the ?rst electric ?eld. A direction of gravity 
relative to the ?rst and second electrodes is such that gravity 
acting on the selectively charged particles passing through the 
?rst electric ?eld directs the selectively charged particles 
toWards the ?rst or second electrode. 

In one embodiment, an angle betWeen the direction of the 
electric ?eld force and the direction of gravity is acute. Also, 
the ?rst and second electrodes are generally ?at, parallel 
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plates. Preferably, the ?rst electrode is above the second elec 
trode, and mo st preferably the ?rst electrode is entirely above 
the second electrode. Alternatively, a portion of each of the 
?rst and second electrodes may occupy the same horizontal 
plane. 

Optionally, the partition may be downstream of the electric 
?eld, and the ?rst and second electrodes non-concentric. 
Likewise, the ?rst and second channels formed by the ?rst 
partition for receiving the ?rst and secondportions of the ?uid 
?oW may be generally aligned With each other and the ?rst 
and second electrodes. The ?rst and second channels for 
receiving ?rst and second portions of the ?uid ?oW may also 
be generally aligned and spaced apart in a vertical direction. 
Preferably, the partition is spaced from both the ?rst 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 ?uid ?oW is disclosed. The separator 
comprises a tubular, elongated body for receiving the ?uid 
?oW and a ?rst imperforate electrode. A second imperforate 
electrode beloW the ?rst imperforate electrode generates a 
?rst electric ?eld for de?ecting selectively charged particles 
in at least a portion of the body. An imperforate partition 
creates ?rst and second channels adapted for separating the 
?uid ?oW into ?rst and second portions and preventing the 
portions from recombining after entering the ?rst electric 
?eld, at least one of the portions of the ?uid ?oW including 
selectively charged particles de?ected by the ?rst electric 
?eld. 

In one embodiment, the partition is doWnstream of at least 
the second electrode. Preferably, the ?rst and second elec 
trodes are oriented at an acute angle relative to a horizontal 

plane. The ?rst and second channels formed by the partition 
for receiving the ?rst and second portions of the ?uid ?oW are 
generally aligned With each other and the ?rst 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 ?uid ?oW is disclosed. The 
separator comprises a tubular, elongated body for receiving 
the ?uid ?oW and a ?rst imperforate electrode. A second 
imperforate electrode is spaced from the ?rst electrode in a 
vertical direction. The ?rst and second electrodes are differ 
entially charged and together generate a ?rst electric ?eld for 
de?ecting selectively charged particles in at least a portion of 
the body. An imperforate partition de?nes ?rst and second 
channels adapted for separating the ?uid ?oW into ?rst and 
second portions and preventing the portions from recombin 
ing after entering the ?rst electric ?eld, at least one of the 
portions of the ?uid ?oW including selectively charged par 
ticles de?ected by the ?rst electric ?eld. The ?rst and second 
electrodes are arranged such that gravity causes the heavier 
particles to de?ect toWard or aWay from the ?rst electrode 
regardless of the presence of the ?rst electric ?eld. 

In one embodiment, the ?rst and second electrodes are 
oriented at an acute angle relative to a horizontal plane. In that 

embodiment or another, the ?rst electrode is entirely above 
the second electrode. Alternatively, a portion of each of the 
?rst and second electrodes may occupy the same horizontal 
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4 
plane. The ?rst imperforate partition is preferably spaced 
apart from both the ?rst and second electrodes in the vertical 
direction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a typical prior art particle 
separation/puri?cation arrangement in Which a direction of 
the electric ?eld 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 ?eld 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 ?eld 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 ?rst 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. 9a-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 pro?les that may 
be achieved using different embodiments of the diffuser; and 

FIGS. 11a and 11b are enlarged end vieWs of the different 
embodiments of the diffuser for achieving the spray pro?les 
shoWn in FIGS. 10b and 100, respectively. 

DETAILED DESCRIPTION OF THE INVENTION 

With reference noW to FIG. 3, a particle separator 10 or 
puri?er (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 ?oW direction F is inclined 
from a vertical orientation (i.e., Fg 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 Fy:Fg(y)— MIO [1.12] 

In the X-direction, the forces are: 

Substitution yields: 

[1.14] 
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In the Y-direction: 

Substitution yields: 

Accordingly, When 0 (the angle betWeen the direction of the 
electric ?eld 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 ?eld force acts to 
force or de?ect the charged particle P in the X-direction and 
the viscous force and inertial force actually oppose the de?ec 
tion. 

HoWever, When 0 is 0°, Equation 1.14 becomes: 

[1.17] 

Therefore, at 0:0° (Which occurs When the direction of the 
electric ?eld force is parallel to the direction of gravity), the 
forces acting on a particle P due to the electric ?eld and 
gravity are additive. Indeed, gravity has the maximum effect 
in this situation, and the in?uence 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 ampli?ed and used to advantage. One 
example of such a separator 10 in Which 0:0° (e. g., the 
direction of the electric ?eld 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 ?ne-siZed (<1 pm to 1000 um diameter, 
and most preferably less than 200 um diameter) entrained in 
or carried by a driving ?uid, such as a gas ?oW (note arroWs F 
indicating direction of ?oW/particle conveyance). The ?uid 
?oW carrying the mixed particles may be supplied by or 
through a diffuser or sprayer (see FIG. 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 ?oW 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-?oW of gas introduced does not disrupt 
the particle mixture ?oW introduced by the diffuser R (that is, 
the co-?oW is straight and smooth and in this regard facilitates 
smooth ?oW of the particle mixture). The co-?oW of gas is 
also designed to minimiZe or eliminate particle attachment to 
or bombardment With the electrodes 14, 16 that create the 
electric ?eld. Preferably, the co-?oW is devoid of particles. 

In the preferred embodiment, an electric ?eld 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 ?eld may be of a pre-selected mag 
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6 
nitude and generally de?nes at least one electric ?eld Zone Z. 
Preferably, the electrodes 14, 16 are positioned just doWn 
stream of the inlet 12 (Which may include the outlet of any 
diffuser and ?oW straighteners positioned therein). The elec 
trodes 14, 16 may be provided With different polarities as 
desired for de?ecting (Which may comprise attraction or 
repulsion, depending on the relative charges) and otherWise 
in?uencing 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 ?eld in the corre 
sponding Zone Z. As shoWn in the draWing ?gures, 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 de?ning 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 ?eld 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 in?uenced 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 ?eld, and Whether any 
co-?oW is present). The leading edge of each partition 18 is 
preferably just doWnstream from the electric ?eld 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 ?eld 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 in?uenced by gravity to a lesser extent) in the 
opposite direction. More speci?cally, When the separator 10 
is oriented horiZontally (that is, With a longitudinal axis par 
allel to a horiZontal plane and the direction of the electric ?eld 
force aligned With or parallel to the direction of gravity) such 
that 0 is 00 (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 de?ected 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 ?eld 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 ?ne 
siZed particles is relatively small, gravity can signi?cantly 
in?uence the puri?cation 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/cm3, Whereas inorganic or organic impurities 
that may be physically mixed With the metal poWder typically 
have particle densities ranging from betWeen 2-5 g/cm3 . Inor 
ganic oxides, like combustion ash, typically have a Wide 
range of densities (e.g., betWeen 0.5-4 g/cm3) and may also 
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have a Wide distribution of particle sizes). These differences 
in siZe and density can be magni?ed and taken advantage of 
using the above-described separator 10 oriented at an angle 6 
such that the direction of the electric ?eld force Fe is not 
perpendicular to the direction of gravity. In other Words, 
gravity is actually used to improve the separation e?iciency 
and effectiveness. 

In the typical prior art separator shoWn in FIG. 1, a mixture 
of particles injected into the electric ?eld E have a velocity 
only in the Y-direction (i.e., VXIO). HoWever, the particle 
mobility in the X-direction (that is, in the direction of the 
electric ?eld force Fe) must also be considered, since only 
through such motion is separation/puri?cation achieved. By 
solving the equations relating to the motion of particles under 
tWo phase ?oW 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 ?nal velocity. The relaxation time, t,, may be 
expressed as: 

_ 2,0,2 [1.17] 

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 ?eld When 
(6:0°)). 

To demonstrate this, consider a metal poWder With a den 
sity pm:8 g/cm3 With inorganic impurity particles With a 
density p54 g/cm3. With the metal poWder and impurity 
particles having equal radii (i.e., riIrM), the ratio of the relax 
ation time for the metal poWder relative to the impurity par 
ticles (t,m:t,i) 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., ri:2rm), the ratio of relaxation time for 
the metal poWder relative to the impurity particles (t,m:t,i) is 
1:2. Accordingly, the metal particles Would accelerate tWice 
as fast as 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., 
rl:2r2), the ratio of the relaxation time of one species relative 
to the other (t1 :t2) 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/cm3) 

has a relaxation 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 component in theY-direction, Vy (Which is 
non-vertical) is typically betWeen 1-25 m/s While the longi 
tudinal dimension H 1 of the electrodes 14, 16 is typically 
betWeen 10-80 cm. Taking Vy:5 m/ s and Hl:25 cm, the time 
a particle is Within the electric ?eld is tIVJ/H 1:0.05 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 ?eld 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, Vy, Which changes the residence time of the 
particles Within the electric ?eld Zone; or (2) the longitudinal 
dimension H 1 of the electric ?eld Zone Z, Which also changes 
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8 
the particle residence time. Varying the velocity Vy is readily 
accomplished by either increasing or decreasing the gas ?oW 
velocity through the separator 10 and, more particularly, the 
diffuser R. HoWever, depending on the characteristics of the 
physical mixture to be puri?ed, it may not be possible to 
further or selectively purify on the basis or particle siZe or 
density by changing the velocity Vy. If this is the case, then 
changing the longitudinal dimension H1 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 preferredplacement 
in the separator 10 of FIG. 5 is shoWn in FIGS. 6a-6d. Refer 
ring ?rst 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 de?ne a ?rst electric ?eld Zone Zl (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 ?rst 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 ?eld 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 de?ned in the body of the 
separator 10 in the portion including ?rst electric ?eld Zone Z l 
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 ?gure forms a second electric ?eld 
Zone Z2 having a transverse dimension of X2, Which is less 
than dimension X1. Preferably, a second, transverse dimen 
sion T2 (i.e., the Width) of the extension electrode 20 is gen 
erally equal to or greater than the corresponding dimension T 1 
of the passageWay formed in the body of the separator 10 for 
receiving the particle mixture ?oW. In FIG. 6a, the longitudi 
nal or length dimension L 1 (6:0°) of the primary electrode 14 
or 16 to Which the extension electrode 20 is connected may be 
equal to the corresponding dimension L2 of the extension 
electrode 20, but preferably L2<Ll. 
As brie?y mentioned above, a portion of the separator 10 

doWnstream from the electric ?eld Zones Z1, Z2 and prefer 
ably near the outlet 19 includes one or more baf?es, dividers 
or partitions 18 divide the How of gas carrying the particles 
into plural ?oWs or streams. In the embodiment of FIGS. 
6a-6d, tWo partitions 18a, 18b are included to create three 
portions or streams of How, one of Which may include a 
substantial amount of the particles having the selected charge. 
Each partition 18a, 18b preferably extends fully across the 
interior passageWay of the separator 10 in a transverse direc 
tion T 1 and may have a longitudinal dimension L3 such that it 
extends from adjacent the leading edge of the electrodes 14, 
16 (or the extension electrode 20 if LIILZ) opposite the inlet 
12 to adjacent the outlet 19. 
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In the mo st 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 de?nes 
a “cut-off’ location Within the ?rst electric ?eld Zone Z 1 and 

establishes a channel 21a preceding and inline With the par 
tition 1811 that de?nes one product outlet 30a. Only particles 
in the ?oW that enter this channel 21a (Which may include 
particles de?ected (attracted) by the upper electrode 14 in the 
illustrated embodiment) reach the corresponding outlet 3011. 
However, the particles in the remaining ?uid ?oW may still be 
in?uenced or de?ected by the second electric ?eld Zone Z2 
created by the extension electrode 20 and the second or loWer 
electrode 16 and, depending on the relative charges, may thus 
be de?ected (attracted or repelled) into one of the remaining 
channels 21b, 210 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 . . . 3411 (Which in the illustrated embodiment 

are passageWays 34a, 34b, 34c) associated With each outlet 
30a . . . 3011 (Which in the illustrated embodiment are outlets 

30a, 30b, and 300). In this embodiment, the outlets 30a, 30b, 
300 each have a generally rectangular cross-section, and the 
corresponding passageWays 34a, 34b, 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, 350 in FIG. 7a, 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, 
21b, 210 to an appropriate holding or storage location, such as 
a bin, hopper, or like structure (see FIG. 8). Preferably, the 
longitudinal dimension L3 of the partitions 18a, 18b is su?i 
cient to eliminate the effects of non-uniform ?oW or turbu 
lence that may be created Within the manifold 32 as the 
rectangular cross-section at the inlet is recon?gured to the 
circular cross-section at the outlet. 

FIG. 8 illustrates schematically an overall layout of a par 
ticle separation/puri?cation 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 ?eld 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 
a holding 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 ?oW 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 back?oW of ?ne particulate matter, 
such as a star valve, airlock, or the like. The feeder line 116 is 
in ?uid communication With a forced draft fan 120, Which 
provides the ?uid medium in Which the material or particles 
are entrained, carried, and driven through the system 100 (i.e., 
the driving ?uid). The medium is preferably a relatively dry 
gas, such as air, but other gases such as nitrogen, helium, 
argon, carbon dioxide or combustion ?ue gas can be used at 
ambient temperatures or temperatures as high as 300° C. 
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10 
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 ?oW 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 l-50 m/ s, but is preferably around 10 m/ s. The ?oW in 
the feeder line 116 is preferably turbulent to promote particle 
charging, With a Reynolds number, Re, greater than 2300 
(Where REIDV/p. and Drparticle diameter, VI?uid ?oW 
velocity, and u?he kinetic viscosity of the ?uid). 
A diffuser 122 is provided adjacent to the inlet of the 

separator 110 for receiving the ?oW from the feeder line 116. 
The diffuser 122 may be of any knoWn type of device for 
creating a spray of a ?uid medium carrying particles having a 
generally uniform ?oW pattern (see FIG. 1011). 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, 134b, 
1340 to a particle-gas disengagement device, such as a 
cyclone 136a, 136b, 1360, bag ?lter, or the like, for collection 
in a corresponding drum or bin 138a, 138b, 1380. Each ofthe 
cyclones 136a, 136b, 1360 is in ?uid 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 l-50 inches 
ofWater or 254-127 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 ?y ash (i.e., the 
removal of carbon from the ash) using an electric ?eld having 
a voltage of —5 kV. The data is presented in the folloWing table 
and illustrated graphically in FIG. 8a: 

Sample Weight (%) Density (g/cm3) LOI (%) 

#1 I 1.9 2.2 1.0 
#1 J 78.0 2.1 0.8 
#1 K 20.1 2.0 0.8 
#2 I 73.0 1.9 0.4 
#2 J 24.1 2.2 1.2 
#2 K 2.9 2.4 2.4 
#3 I 68.1 1.9 0.3 
#3 J 29.0 2.2 1.1 
#3 K 2.9 2.4 2.4 
#4 I 53.8 1.9 0.3 
#4 J 43.6 2.1 1.0 
#4 K 2.6 2.4 2.2 

This data includes the yields (Weight percent), densities 
(g/cm3) and LOIs (loss-on-ignition percentages) of three 
products from processing a sample having initial density of 2 
g/cm3 and an LOI of 0.6%. Product I is extracted from the ?rst 
channel 21a associated With the extension electrode 20; prod 
uct J is extracted from the second (middle) channel 21b in the 
separator 1 0; and product K is extracted from the third (loWer) 
channel 210. 
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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