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ABSTRACT

The main purpose of this thesis is to show how, from the basic
principles of electricity, it i1s possible tc understand the electrical
concentration of minerals.

Rather then being a survey or cocliesction of data om the subject frem
the literature, this thesis is an attempt to study the Process from a
fundamental viewnsint supported by experiments.

The Carpcc machine was studied in some detail. For purposes of
clarity this thesis bas been divided into three main parts:

B L S SR N S L I I O S W

A. Theoretical Considerations
B. Technical Aspects of Electrical Coancentration Processes
C. Bxperimental Study

However it should ve remembered that this thesis represents a
unified whole, rather than three distinct parts.

Theoret;cai equations have been derived to explain behaviours

understanding of the processes.

Thesis Supervisor: A. M. Gaudin
Title: Richards Professcr of Mineral Enginsering




List Of Tables

Table Page
1. Capacity Function of a Bi-cylindrical Condenser 97
2. Values of k (Kl,-;—) 98
3. Values of k (Ki,g) 99
b, Capacity shape factor for an ellipsoid when

c/a L1 101
5. Capacity shape factor for am ellipscid when
c/a >1 101
6. Results of pinning and lifting of a mangemese ore 102
T. Resistance of Particles of Chrysococlla and Chromite 103
8. Resistance of Particles of Spherne and Epidote 104
9. Resistance of Particles of Stibnite and Columbite 105
10. Resistance of Particles of Other minerals 106
11. Resistance of a Chromite Particle at Various

Temperatures 107




Figures
1.

2.

.

13.

1k,

15.

16.

List of Figures

Plane Condenser

Schematic Field Map of the Carpco Machine
Bi-cylindrical Condenser

Variations of the Capacity Function of a
Bi-cylindrical condenser with the Distance
D between the two axes

Corona Field

Potential Distribution in a Coroma Field for
Various Potentials of the Central Wire

Field due to a discrete charge in Front of a
Grounded Plane Wall

Image Force Frinciple

Field due to a charged particle in froat of
a Grounded Cylinder

No Field region in the Carpce Machine
Classification of Minerals

Dependence of the Conductivity of NaCl upon
the Temperature

Dependence of the Comductivity of Cuprous
Oxide upon Oxygen Pressure

Dependence of the Conductivity of Cadmium
Oxide upon Oxygen Pressure

Insulator and Semi-conductors According to the

Band Scheme

Blectrical Copcentrator Using the Comductive
Induction Charging

ii

Page

N

11

11
11

12
13
15

16

i8

18

19

21



T

Figures
17

18

19
20

21

23
2k

25

26

27
28
29
30
31
32
33

34
35

Electrical Concentrater Using the Contact
Potential Chargirg

Electrical Concentrator Using Ion Bombardment
Charging

Charging of Particles in a Plapne Condeunser
Anomaly of Coantact Due to Non liberation

Modification of & Uriform Field by the Presence
of Mineral Particles

Electrical Circuit Equivalent to the Charging ef a
Mireral Particle by Contact

Equivalent Tctal Resistance of a Mineral Particle

The "Lifting" phenomenon and Its Relation with the
Retention Time

Paths cf a Rozm-conducting and of & comducting pare
ticle in a Carpco machine set for "lifting"

Rebounding Motion of Corducting Particles in a
Carpco Machine set fcr "lifting"

Electrical Doublie Layer Generated by Contact
Plene Condenser Equivalent to the Double Layer
Charging by Metal Particle Contact

Rolling of a Particle on the Feeding Plate
Path of a Particle on a Flate

INustration of the Effective Area of Contact

Picture of the Charging of a Mimeral Particle
in an Ioric Field.

Diagram of the Iomic Charging

Variations of the Depolarization Factor N with the
Eliipticity c/a

Page
22

22
24
2k

25

26
26

27
28

30
30
31
32

33

35
38



R R R R R R R I R R I R I R SR IR TR L SN TR RN AN WIS S S 1

Figures
36

37

38
39

4

L2
43

L5
L6
L7

k9

Schematization of the Repulsive Zone due to the
Fet Charge (Pon a Particle

Variatior of the Charging Shape Factor k with the
Ellipticity ¢/a for various Dielectric Constants
Ky o

Electrical Classifiex
Variables on the Carpco Machine

Behavicur of a Conducting Particle inm the Carpco
Machine
i a. picture of the btehaviour along the
drum
b. evolution of charge with time

Behaviour of a Nomn-conducting Particle in the
Carpco Machine '
2. picture of the behaviour along the
dxrum
b. evclution of charge with time
Interpretatior of Lifting and Pinning

Achievement of the Steady State Charge on a
"Conductive"” particle

Achiievement of the Steady State Charge on a
Non-conductive particle

Simplification of the Charging Process
Corona Field
Electrical Bquivalent Ellipsoid

Variation of the Capacity Shape Factor with the
Ellipticity c/a

Variation of the Clearance Correction Factor for
the Capacity of a. Particle with the Clearance
Ratio b/c

iv

Page

L1

43
45

46

kg

k9
50
52

.23

55

56



Figure
50

52
53
54

55
56
57

58

59

Oblate and Prolate Ellipsoids on the Drum

Position of the Electrical Equivalent Ellipsoid
with respect to the Drum

Evolution of the Charge on a 'Conductor" in the
Static Field Zone

Evelution of the Charge on a Nomeconductor in the
Static Field Zcne

Ecuilibrium of a Charged Particle on the Drum of
8 Carpco Machine

"Lifting" of a Conducting Particle.
Carpco Machine Variables

Typical Flowsheet of an Industrial Electrical
Concentration Process

Schematization of the Different Setitings used in
a8 General Case

Processing of the Manganese Ore
Results from Lifting And Pimning s Manganese Ore

Flowsheet of the Process of the Manganese Ore
(Bench Scale Pilot Plant Test)

Pilot Plant Test
Rougher

Tailings Cleaner
Concentrate Clesmner

Apparatus Used for Measurements at Room Tempera-
ture -

Variations of the Resistance of Chrysccolla and
Chromite Particles with the Applied Voltage

Page

54

58

6l

67
69
72

Th

75
76
78

9
80
82
82
82

8k

86



Figure

69
T0
71

72

73
(e

Variations of the Resistance of Sphene amnd
Bpidote Particles with the Applied Voltage

Varietions of the Resistance of Stibnrite
Particles with the Applied Voltage

Variation of the Resistance of Columbite Particles
with the Applied Voltage

Modified Apparatus

Dependence cf the Resistance of a Chromite
Particle upon the Reciprccal of the Absclute
Temperature

Proposed Electrical Concentrator

Electrical Classifiex

vi

Page

&7

89

92
ol
95.



vii

ACKNOWLEDGEMENTS

The author wishes to express his gratitude and thanks to

Professcr ~. #. Gaudin for his guidance and constructive criticism.

The research was made possible through the fina.'ncial support
provided by the Atomic Energy Commission and the French "Institut
de Recherches de la Sidérurgie. " The author is grateful for the
financial assistance which hez given him the opportunity of conducting

this investigation and of. furthering his education.

To all the members of the Richards Mimeral Engineering Laboratory,
the author wishes to express his thanks for the advice and help on
many occasions and personal comtacts which mede the association such

& pleasant one.



N T I A I R R R R R R R I I TR R I R IEE——————————— .~

U‘m.'> b'dm

o

0

Q Q @

A

e T

n o

aJ

I

viii

Notations and Symbols
Radius of the Electrical Equivalent Ellipsoid of Revolvtion
Acceleration, meter;second?®
Area, square meter
Area of Contact, square meter

Characteristic Clearance Between the Drum and the Equivalent
Ellipsoid -

A
\/@1— gi) -1 . Xonic Charging Constant
Lengtn of the Electrical Equivaelent Ellipsoid of Revelution

Capacity of a Condenser, Farsds
Capacity of a Particle Far From Any Other Body = uTrfa€, , Farads
Capacity of the Partic;e p on the Drum cp =mC', Faraé.s
Distance of a Poiat Chaxrge tc a Wall, meter
Distence Between the Two Electrodss of the Carpco Machine, meterxr
Charge of the Electron!.
Field Strength, o ment, volt/meter.
Field Strergth Compoment in the x Direction, volt/meter
Aix ‘Brea.kd,om Field Strength, volt/meter
Internal Field Strength, volt/meter
Field Strength of the Icnic Field, volt/meter
Field Strength of the Static Field, volt/meter
Capecity Shape Factor
Foxrce on a Particle, newton
Attraction force on an ion due to the outside field
—

Attraction force on an ion dues to the totsl dipole mcment P

Attraetion force on an ion due to the met charge CP
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Force of electrical pature, newton

?—? = Tonic field characteristic

Gravity Acceleration = 9.8l meter/second®

Intensity of the Ionic Field, ampere per umit length (meter)
Density of Current of the Icnic field, ampere per sguare meter
Charging Shape Factor

Ion mebility, square meier/Volt second

Relative Dielectric constant of free space = 1

-—

Relative dielectric constant K = —%—
a

Relative dielectric constant of medium 1: K; = %
Relative dielectric constant of medium 2; Kz = %
Clearance Correction for the individusal capacity of & parxrticle
Mass of a particle in kilograms

l+§§_= ionic charging constant

Vector normal to a Given wall

Depolarization Factor

Total dipole moment, coulomb-meter

Specific dipole moment, coulomb per square meter
Leakage paxticle coastant, ohm-meter

Selectivity Factor in conductive imduction charging
Charge, coulomb

Volumic charge denaity, coulomb per cubic meter
Total charge, cowulamb

Initial charge, coulomb

Charge due tco contaci; coulomb
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Maximunm charge obtained by icn bombaxdment, coulomb
Steady State Charge, counlombs

Charge Acquired by Conductive Inducticn, coulomb.
ARy given redius, meter

Outside Radius of s Corona Field, meter

Radius of ths Drum, meter

Radius of the Electrode K, meter

Bulk resistance of a particle, ohm

Resistance of —a particle, chm

Surface Resistance of a particle, omm

Criticsal reversing time, seccnd

Any distaance, metexr

Total clearance between a plate condenser, meters
Time, second

Temperature , degree Cemtigrade

q ratio of actual charge over maximam ionic charge

Qm
Temperature, degree Kelvin

ny given T

Q’s
- Fimal T

Qm

Steady state time constant characteristic.
Potential Difference, volt

Steady state time constant function
Intermediate Variable = M-T

Intermediate Variable = M~T
B



= Conductivity, ohm ¥ meter *
= Characteristic Static Field Angle, Radian

¥

g

€o= Permitivity of free space, Farad per meter
€ = Permitivity of any medium, Farad per meter
€, = Permitivity of medium 1, Farad per meter
€= Permitivity of medium 2, Farad per meter

= Any variable angle, zadian

OO0

Escaping angle, r=adian
©, = Repulsive angle on 2 sphere, radisn

Clearance of the equivelent condenser of contarct

Cherge density, coulomb per square meter

fla <

= Charge density due to comtact charging, coulomb per squere meter

Gm= Maximm charge density, coulomd per squsre metex

> Characteristic ifonic argle
ﬁ: Any glven fixed time

¥ = Leakage time constant

CP Image force function
0 Cos 8, particle repulsion veriable

l -
= Force flux, newton per square meter
= Two cylinders cspacity conmstant

Y
¥ T/Tf = actual fraction of the steady state charge

W = Specific gravity, kilograms per cubic meter
W = Angular velocity, radiam per second
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V'V= Laplacian V = (?Dt(\é- + ;DD‘LVL N ;Dq_\i
dP7_ po 7 z
s = Rate of Leakage, couiomb per second

.
ccl%i = Rate of Charging by ion bombardment, coulomb per second
Log = = Fatural iogarithm of x
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A. THEORETICAL CONSIDERATIONS

I. Introduction

The process called "electrostatic separation” was known well before
the beginning of this century. However very few applications of it are
found in industry.

The lack of reproducibility of this process is frequently mentioned
in the literature. Sometimes, "electrostatic separation' is called
"c’alectro-flotation."(l) No name, in fact, defines the process.clearly.
Since charges on the mineral particles are not static, it would be better
to speak more generally of electrical concentration of minerals, this term
bringing no limitation at all.

IX. Generalities

Any sclid sol;d. separation process is based on the fact that solids
have different physical or chemical ) bulk or surface properties; gravity
concentration utilizes dii_‘ferences in specific gravity and flotation,
differences in surface physico-chemical properties. The greater the
differences of related properties, the greater is the selectivity in
concentration.

In electrical concentration, differences of electrical properties
are utilized, namely, conductivity (K) and dielectric constant (E=KE€,).
All previously mentioned processes dealt with a potential field and with
& medium. Electrical concentra.tion operates with an electric field and

a gaseous dielectric medium.



-2 -

A separation is obtained when paths of two different particles are
different.and the greater the -difference, the better the selectivity. A
path of a particle is defined by the path of its center of gravity and
governed by the following fundemental equation of rational mechanics:

re=—g —
) B’ = mpap (1)
vhere indices p refer to the particle P-

The mass of a given particle is easily determined. When all of
the forces acting on a given particle are known it is possible to
compute its path and also to predict whether two particles of a given
size will have paths of sufficient difference toc allow a practical
separation. The basic problem is the determination of the forces
acting on a mineral particle.

ITII. Forces Applied To A Given Particle

Two types of forces are involved in electrical concentration, that

is electrical and mechanicel in nature.

(1) Forces of Mechanical Nature

This general term includes force of gravity, resistance of the
medium during the motion, friction on a surface, and inertial forces
due teo prior motion, e.g., centrifugal force when the particle is
placed on & rotating roll.

(2) Forces of Electrical Nature

These forces are due to the electrical field acting on a charged
particle.
Purely mechanical forces require no special analysis since their

intensities are well known; however forpes of electrical nature require



detailed analysis.
IV. S8tudy Cf The Electric Field

Forces of Electrical nature are the result of the actionm of a

field gredient on electrical charges distributed cn a particle.

(A) Pields Independent Of Time

(1) Uniform Field

The sirplest example of a uniform field is the interior of a
large condenser, which comsists of two parallel comducting pletes
enclosing a medium e.g., vacuum <he permittivity of which is equal

to Eo.

This is illustrated in Figure 1.

\./L 0 The following relationships
c have been derived from the
—o
+ - principles of electricitys
-+ —_ —_—
—_ _ (L) Ex=_2¥ __V (2
e Ex - 5 S
+ 2) Ex=2 . m (3)
+ - Co
+ s -
y < > (3)6A = @ and since
+ -— .
<t - @_cC
+ - \
p—
+ ? - - EEx =6 = Eo M
-'-

Figure 1. Plane condenser



In such a field the equipotential lines are paraliel to the plates,
and the lines of force are normal to the plates.

(2) Non-Uniform Field

Uniform fields are found very rerely in nature. The field between
the two electrodes of most electrical separators is not uniform. In the
investigation of non-uniform fields the following laws of electricity

should be used:

(5

11}
3

(1) v 1 9L
4TE, ¢4 r
v=1 (Coulomb's Law) (6)
'&.:h
@) | E.m.dA _ 1 Z .
® €o — At (Gauss' Law) (7)
where ?: — gradient V
(3) fg'a~aA: V-E. av ,  where (8)
Q) &)
V.E = divergence E ="£_.QE._?_E_=-9—\£- i.e.,
ox oy 2z €o
2
vV =« (9)

Consequently, a very good conductor, such as a metal, does not carry
net charge inside its volume; thusfg.-r?:dl\ =0, then B = 0 and V

is a constant. Every metallic gurfa(:)te is an equi-potential surface

and then, surfaces of force leave the surface at right a.ng].es._

The field map of the "Carpco" machine is shown in Figure 2.
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The fiteld gradient E will -hewve the-mestisoem avithmetical values

along BC; along CD, its value will be very small. Movement of elec-~

trode K enables chenging the position of zome BCbc where the arith-
3ra.dl’¢ul’
metical value of the field is grester.

The capacity between two cylinders is given by the formula.:(a)

C

-1/ . RLR? (10)
2TEo E/Cosh ( SRR, 2 ) 1

C 2TTEel W (11)

The significance of every letter is given in Figure 3. ( £ shawds
‘?vv H\b feualih)

Trace of eq_uipgtential '
—

surface
Electrode

/ mete.lllc
N D surface
\ / \ Trece of
E ‘ v urface of
pd fcrces
/ -
Sweeper

Sphtte rs

Figure 2. Schematic field map of the Carpco machine
(A complete description of the mechine is shown on
Figure 39)



Electrode K

Figure 3: Bi-cgylirdryical cocndenser.

Table I gives the: values of ‘fJ (equation 11). for given distances D. Figure

4 is the illustration of Table I.

(3) Specia.l Types of Non-Unifoxrm Fields

(a) Corona Field

If we decrease the diameter of electrode K, represented on Figure 3,
the electric field will become more and more concentrated, and the charge
density on electrode K will become so large that emission of audible noises
s ts. This is known as the corona effect. If we increase the potential
further, sparks are generated (brush discharge). .

These succesive phenomena are explained by the formation of ions in

the gas.
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On the Carpco-machine, such a field-exists between the dram and the
thin tungsten wire which is usually pleced above the electrode K. {(figure
39).

For an understanding of such a field, a simple study of & corona
field will be- useful.

Figure 5 represents such a field.

- R
S ]
]
- I L 5 ~yiiniriesl
\
- . sl
eo
v L TWire
Figure 5: Ccronsa field

At any point M in the field, we can write the Poisscn equation,

which in cylindrical coordinates is

2

2V L 1
or r

2V . _9v
r o

(12)

S,



Then, for time dt, O, = —=9C (4 being the intensity of the
2Trdr
current flow)

»

q, —tdt _ _ t dr>‘1
V T afrrdr T 2Tr dc

/ —
The velocity of ioms, g—‘g—, is given by & Ee = — ‘?z: :g—ir\

Equation (12) might be rewritten as:

2 .
orz  or eme, & En

- ARV ‘v L ;
= rBHEH) B wme @

~l\ or? or/ AN
Since — ov = E.
Or
a []
r Er E- - E:p —_— L e
2TE &
L . d (Er‘z) (: Ehe'
2 dr ewmE &
d (Era\ — 2 dr
(Vo e & -2) s
After integration
l_o L 2- —_— Lo C=
3 | orem — E g =
and G —_ ;- E‘..a
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< 1
When i.= O, EZ =- ;i » &nd E"=i?\-C1 H
But the capacity of the condenser is _2—“_.69_ , and
Log r/ﬁ’o
— 2TrEoV since Er —-— L
P = Log "/Ro =~ u&,r
2mTEV 1 A\ \
Therefore, Er =~ ‘ = — "
21T r =/,
) € I_DS'/ Ro Loa'/ Re
B bstituti Ci = V and if
Yy subs on, V — =i - - we
L_o«a "‘/ Ro ~
2
let - C\ = A we have A = ——!—
: Loa r/ Ro
Then the equation is —_— 4+ — 1
2TTEo A/ Log r/Ro
(3)
Pauthenier gives a graph which is reproduced in Figure 6.
. V L
From the graph, we see that Er is essentially equal to Canl eo _a'/

especially for the voltage difference commonly used (usually very high).

(b) Field Due To A Discrete Charge

Another very important field to consider is that of a charged

particle placed in front of a coné.ucting grounded plate.
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Figure 6: Potentiel distributioa in a Corena Field for Various Potentials
of ths Cesntral Wire
Such a field is represented in Figure 7. This case can be treated
vy the method of images, considering the fact that the present field
i8 half the field which will exist batween twc particles of opposite
charge, piaced at a distance 24 from ome another. Ths median axis is
en equipotential line where V = O (Figuxe 8).
Vv =90
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For this type of case, the expression for the force will be

2

F_ _ qQ

(6TMTE, dZ (15)

On the Carpco machine, (figure-39) we are not concerned with this

simple case, but rather one such as that shown in Figure 9.

cherged particle

Figure G: Field due to a Charged Particle
in Front of a Grounded Cylinder

If we assume the charge of the particle to be concentrated at

its center of gravity, the expression of the force will then be

=_("R|"rb+a) R\ Glz ) —_ ?'qa
tmés [(R+bra)f - R?]® ' - (16)

Attention should be focused on the fact that, for the Carpco mechine,

the image force is hclding the particie between points D and E because

no more field is present here due to the presence of the splitte-s.

(Figure l(; )
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Figure 10: No-field Regicn in the
Carpco Machire

(B} Time-Varying Fields

The previous di’sc;ussion pertained to non-time-verying fields,
even though in industrial separators, the fields are time-varying
because the current used is half or full wave rectified. However,

since the peolarity is not reversed, cone can use BMS values for voltisage

There is, however, an interesting case with altermating fields.
With such fields it is experimentally possible to perform separations
of non-conductive particles. This is due to the fact that there is a

Phase angle between the vector E and the polarization vector Fina
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dielectric, which angle varies with the frequency. However, this case
will not be examined, by itself, since it would require a camplete
treatment.

V. Classification Of Minerals From The Electrical Viewpoint

It is habitual for electrical engineers tc classify solids into
three classes: conductors ;emi-conductors, and insulators. From the
viewpoint of the solid state physics, it is possible to relate the
ability to cbnd.uct electrons with the structure cf a . given .ma.te-ria.l.
Ga.uiin(b') made a useful classification of minerals for flotation pur-
poses. It seems useful to extend it to problems encountered in elec-
trical concentration. The classification presented ir Figure 11 has been

k)

constructed from the general scheme given by Gaudin( end additional

information from Pauling(S) ’ Evans(G), Seitz(7), and Kittel(s).
The basis of this classification is the nature of the bonding be-
tween atoms of the crystal. Solids having:
(1)} van der Waals bonds do not conduct electrons (good inmsulators),
(2) covalent bonds do not crnduct electrons (good inmsulators),
(3) metallic bonds conduct electrons perfectly (good conductors),

(k) 1onic bonds conduct electricity by means of ion transport
(moderate insulators).

Specific combination of these different types of bonds gives o series
of crystals whose electrical properties can be specifically predicted.

(See figure 11).
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Atomic, molecular, and filament crystals are obviously insulators
because there is no way by which electrons or ions can be transferred.

Sheet structures should be insulating normal to the sheets. Along
the sheets, however, since the bonding is not entirely covalent, elec-
trons can be carried by so-called "quantum mechanical resonance” as in
the case of graphite, or by partially metallic bonding as in the case
of melybdenite.

Diamantine crystals are, strictly speaking, insulators. Diamond
is 2 good example. However, in the case of spha;erite, impurities or
defects in the lattice allow ions to be carried, and this is the origin
of & semi-conduction phenomenon.

Simple ionic crystals like NaCl, KCl are moderate insulators 3
their conductivity is of the icnic type and at high enough temperature,

they follow the law:

§ = D e /T

where D and X are constants. (See Figure 12)
1 1 1 1 1 I
~a
10 |- Fractical o I
Cuxves 0°
! “
% w07 o®
- ~ o° N
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Figure 12: Deveoxndence o tihe Comductivity of Nal

Upon the Temperaiuxre. {Ref. 7, Fage 55).
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At low temperatures the deviation arises from the impurities in
the natural crystals.

However, if a crystal like PbS which otherwise resembles ionic
crystals. in fact exhibits defects in its lattice, it becomes a semi-
conductor, and in the electrical concentration process, its behavicr
will be analogous to that of a metallic conductor.

Complex ionic crystals are mainly moderate insulatoxrs; however,
impurities may csuse anomsalous good conductivity.

Fiber, layer, and framework crystals are essentially insulators;
however, to a lesser extent, conduction may take place due to the same
causes as for iornic crystsls.

The sem!-conductor group is certainly the least clearly defined;
and as it has been seen, simple ionic crystels may exhibit semi-conduction.
Their special electrical behaviour comes from thes facht that no exact kind
of bonding is defined. Maéy factors influerce their electrical conducti-
1ty such as for instance the amount of impurity and the partial pressure
cf the gas giving the cation.

(7)

For the case of cuprous oxide, Wagner and Durwald give the curves
shown on Figure 13.
For the case of cadmium oxide, Wazrer and Baumach(T) give the curve

shown in Figure 1lu.
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log ° _ (m Hg)

FPigure 13: Dependence cf the Comdnetivity of Cuprous Jxide
Upon Oxygen Pressure  (Ref. 7, page 7L)

| i 3 L i
[ JIS 0.8 L.z 1.6 2.0 2.k

ilog Poa {mm Hg)

Figure lh: Deperdence of the Conductivity of Cadmiun Oxide
Upon Oxygen Pressure {Ref. T, page T1)
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According to Sei’cz(T) there are twe kinds of semi-conductors: those
which contain impurities and those which do not.

The pure semi-conductors may be subdivided intc these which conduct
bty free electrons and those which conduct by holes.

The following figures illustrate the different cases, using the

band theory of solids.

- i lectronic hoj

&) insulstor p) € =S

) J semi ~conductcr ) seml --conductor
Cordiiction Band Conduction Band Conduction and
Forbldden 3Band —O— ensctron

{iapurity leval)

SIS S 7 7 7
gmwmé//z //44! //

Filled and Unfilled ‘The Discrets Impurity The discress
Levels in an Insulator “Jevel is Occupied by Impurity Lavel
" an Electron is Unoccupied

Figure 15: Imsulator and Semi-conductors
According to the Band Scheme

Then, for the case of cadmium oxide, heating produces an evaporation
of oxygen and consequently gives an excess of cadmium ions. For the case

of Cug0; conduction is performed by Cu+ion vacancies.
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Semi-conductors like Cd0 are called excess semi-conductors, and those
like Cug0 are called deficit semi-conductors.

The effect of impurities is analogous to the effect of stoichicmetric
deficiencies.

Metallic crystals have free electrons and are conductors of electr: -
city. However, metallic crystals are rarely found in nature, other than
copper and gold.

This classification and this short review, have shown that electrical
propexties of minerals are related to their crystal structures. However,
from the viewpoint of electrical concentration, there are some additional
considerations. Even if liberation is assumed to be complete it is evi-
dent that the surface properties of a mineral might be quite ferent from
those of the bulk; and during the process of separation, the surface prop-
erties might become so important that those of the bulk are insignificant.
For instance, porous minerals and weathered minerals can exhibit quite
surprising behaviour in their electrical separation. This iz useful in-
formation because it shows that if we can modify the surface of a mineral
particle, we can change its behaviour for this given separation. It will
be seen later that for contact charging the particle shape is very import-
ant. For instance, from Figure 11 it can be seen tha% the layer crystal
can be separated from the diamantine crystal by depending only on their
shape difference. In one case ,'the contact areas will be very large, and

in the othexr case it will be practically nil. For ionic bombardment




charging method it will be seen later that the shape is significaat too,
and that the behaviour of fiber crystals and layer crystals is scmewhat
different.
As a conclusion it may be stated that even if the classification is
somewhat imperfect, nevertheless, its use provides a very helpful way to
terpret the observed facts.

VI. Simple Charging Frocesses

For the purpose of com;.;uting forces, a knowledge of the charges is
very essential. There are several ways to charge particles. Among them
the most important are:

(1) conductive induction,
(2) contact electrification,
(3) i1on bombardment.

One may conceive of & machine using only one of these charging

processes; however, in the industrial machines, &all the processes are

used at the same time. Figures 16, 17, and 18 show the main features of

such machines.

- \\<_4.-———||——_L

<2

Figure 16: Elecirical Corncentration Usizg the Conductive
Inductiorn Charging
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Figure 17: Electirical Concentratism Yaing Tue Comtact Potential
Charging. ’
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Figure 18: Blectrical Corcemtration Toing Ion Bombazdment

Che.rging



Before making an analytical study of each prccess, let us compare the
possible selectivity of the three machines.

The machine represented by Figure 16 makes a separaticn due to the fact
that (A) does not get charged, (B) gets a slight charge and (C) a consider-

able charge. The selectivity comes from the magnitude of charges of the

same sign.
The machine represented by Figure 17 makes a separation due to the
fact that (A) is positively charged, and (C) is more negatively charged

than (B). Salectivity comes from the magnitude and sign of charges.

The machine represented by Figure 18 makes a separation due to the
fact that {A) is much more negatively charged than (B) and (C). The

selectivity comes from the magnitude of charges of the gsame sign.

However, for the machines in all three figures, the charges can
be generated by aﬁntact also.

One reaches the conclusion that contact electrification gives a very
selective process, but %he two others give poor selectivity. This is why
in the Carpco machine which we will study later, conductive induction and
ion btombardment are used in competition, as to allow the maximum selectivity.

(1) Conductive Induction

Let us consider two particles of mineral, lying on the lower plate of
our horizcntal condenser, (Figure 19), where (1) is assumed to be a con-

ductor and (2) is assumed a non-conductor.



- 24 -

Figure 19: Charging of Particles in &
Pilane Condenser

If there is no electrical ccntact at a or b, the two particles will
be polarized in such a way that the intermal field will be nil for the
conductor, and constant for the dielectric. From this simple remark we
may see that a non-completely-libersted particle of chalcopyrite will

behave like a quartz particle if the contacts are as shown in Figure 20.

cheaicopyrite

e/ oh
SIS S SS S

Figure 20: Anomaly of Comtact Uue to Non-liberation.




However, if there is an electrical contact at (a) of Figure 19, the surface
of the conductor will become an equipotential surface. This is not the case
for the dielectric however. The situation for botk types will be that shown
in Figure 21.
No net charge is generated on (2) but a net negative charge is induced
by conduction on the surface of (1). If now the force due to the charge
on (1) is greater than the force of gravity, particle (1) will be "lifted"”
but (2) will stay on the plate. .
waevér, no mineral is either a perfect conductor like (1) or a per-
fect dielectric like (2). Any real mineral will require some length of
time to become charged. One ma8y assume the charging process to be equi-

valent to an RC circuit, as shown in Figure 22.

Conductoz Dielectric

Pigure 21: Mcdificatise of & Uniform Field by the Preszrce of
Mineral Particles
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Figure 22. Electrical Cirounit Equivelent o the Charging of
a Mineral Particle by Contact.

The particle will have the pcotential of the lower plate, so that the
maximum charge will be equal to CPV where CP is the capacitance of the par-
ticle and.v thé voltage difference between the two plates. The resistance
Rp is the equivalent total resistance of the particle.

From Figure 22 the charge Q is given by the following equation:

_bt/ReC
® = 9. + CeV(i-e /=) 1y

Before going further in this irterpretation, Qobis the charge at time
zero, which might be due to contact charging, and the resistance R.p is the
result of the parallel coﬁpling of the two named resistances (Rb and Rs)

where

| —+ 1 (18)
RP Rb RS
Rb is the bulk resistance and Rs the surface resistence. One mRy re-
present such a coupling as in Figure 23.
Ro

——w-

Rs

FTigure 23: Eguivalent Tetal Reeistance cf A Mineral Particle
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From the equation 18, we see that the surface of the particle is
essential in this case. The resistance of a particle, RP, will then
be a function of the state of the surface, the temperature, and the
magnitude of the voltage, but not of the sign of the voltage. However,
the sign of Qo will depend on the polarity. The term, CP’ will be
discussed under ion bombardment charging.

The case when a particle is lifted is expressed by the condition

. This is represented in Figure 2.

Felec Fg'a'vity'

Fovrces

Lty ¢ Poroe of Blzoetrical

Sature c2 B.

7 ‘r *B ™% me

Figure 2bk: The 1lifting phencomencn, and its relaticc with the
retention time.
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At time t, particle (A) will rise, but time ty Will be required to
1ift (B). However, if tgp, the retention time in the machine, is smaller
than tg, (B) will not be lifted. As was seen befare, the selectivity
comes from the magnitude of the charges but nct from their signs.

One may add a short observation which is of major interest for
setting a machine such as the Carpco separator. It has been seen
that "lifting" way be performed on good conductors. When the Carpco
machine is set for this purpose, we have the situation shown in Figure 25,

Non-conductors follow a "normal" path, and conductors are lifted.

non-~conductor condassSor

Figure 25: Paths of a poen-conducting and of & conducting Particle
in a Carpco Machine set for "Lifting"
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However, if the electrode K is very close to the drum, conductive particles
will hit the electrode become negatively charged and be lifted from the
electrode, generating a rebounding motion between the drum and the electrode,
thus giving rise to poor selectivity. (Figure 26).

(2) cContact Electrification Charging

I+ has long been known that when sulfur powder and red lead powder
are mixed together, the sulfur becomes negatively charged and the red

lead positively charged‘(lo)

This phenomenon is called contact electri-
fication. When two materials are placed in contact with each other, a
double layer of charges is generated at the interface, and the charge

density is given by Beach's law:

Ge = 15-10° (€, —€2) 2
(SZbeing expresséd in coulombs per square meter. Figure 27 represents
the situation.

If we separate mecﬂanically the two bodies, we end up with a net
positive charge on (1) and a net negative charge on (2).

This phenomenon is analogous to the charging of a condenser
(Figure 28), where the potential difference is the contact potential
i.e., the Volta potential.

However, this picture is subject to discussion because when one of
the bodies is a dielectric, it is difficult to speak of a potential.
When the contact of the two bodies takes place in air the capacity of

the condenser may be written as

C ::—f%g;L— ) (&)
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Figurs 28: Plane Condenser equivalent to the Double Layer.

where A is the area of contact and.17 is the clearance. If we increase
“Q (separation), the capacity decreases. From this previous picture, it
is easily seen that:

(1) there will be a maximum charge on the bodies corresponding
to the air breakdown,

(2) +the charge by contect electrification should be an
exponential function of time.

The maximum charge permissible is given by Gauss' law,

G'M - €o Eb
For air breakdown, B, =3x 106 volt/meter, thus giving
Gm= 27 x 10 -6 coulomb/square meter. (20)

In reference 11, it ig shown that the contact charging of one
mineral particle is an exponential function of time.

Theoretical considerations enable a more accurate analysis of the -
practical cases. If the machine represented in Figure 17 is now considered
what can be said about the charging process? Figure 29 shows the feeding
plate in greater detail. Charging here is due to mineral-plate contact
and mineral-mineral contact. That is to say, contact between A or B and

the copper plate, or contact between A and B.
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Copp=ar Plate

Figare 29: Charging by Metsl-particle Contacih.

a) Particle plate contact: It may be conceived that a particle A might

roll on the copper sheet as represented by Figure 30.

Figure 30: Rolling of & Particle on the Feeding Plate.

However, this rolling will take place in three not.two dimensions. The

particle will follow & zig-zag path on the plate. (Figure 31).

P

Figure 31: Path of a Particle on a Plate
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In Figure 32, if we represent the areas which.have been in cantact
with the metal; it is possible to conceive that only one small fraction

has been in contact.

Figure 32: Illustration of <the Effective Ar=a of lontsact.

If A is a conductor, charges will be distributed uniformly over the sur-
face; but if it is a dielectric, quartz for instance, one sees easily that
the charged surface is only & fraction of the total surface. The charge

on the particle can then be written,

P = Ay (€, -€, )15 107¢ oy

However, this supposes an infinite time of é:onta.ct, which does not
occur in practice. Then from these two arguments, small percentage of
contact area and short time of contact, it is conceivable that.the .actual
charge is something like 1 to 10% of the maximum charge expected. From a
practical point of view, this m;Lght be considered unfortunate. Neverthe-
less, it shows again how important is the shape factor in mineral engineer-
ing. It will be seen later that for ionic bombardment charging the same

kind of effect exists.
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If now we consider two minerals with the same dielectric constant,
the same conductivity, and the same surface area as determined by the
BET method, it is possible to see that a separation can be achieved,
based on the fact that if two minerals have different kinds of crystal-
line structure, the effective area (egaation EQ will be different. In
this case the selectivity will be based on the magnitude of the charges,
but not on their sign.

b) Particle-Particle Contact

The same approach may be used for understanding this phenomenon.
However, when the plate is covered with ;nly one layer of particles,
the phenomenon of plate-mineral contact charging is predominant; but if
the layer is very thick, the phenomenon of mineral-mineral contact is
predominant. .

From this study it would appear that the process is very elegant.
However, it is difficult to overlook the sign of the charge which will
go on a given particle(lz) because the two dielectric constants entering
in Beach's lew {19) are those of the suxrfaces, and can differ¢ from those
of the bulk. Since the contact potential is related to the work functions
of the solids, impurities or lattice defects can.reverse the predicted
situation(la). In fact mere hieating to a certain temperature can mske
enough changes to allow satisfactory selectivity where such selectivity
is lacking at room temperaturé.

One more observation may be added, in the case of metal-particle
contact, it is very difficult to speak of work function of the metal,
because the latter is covered with s film of oxide or adsorbed oxygen

which makes all prediction conjectural.
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(3) Ion Bombardment Charging

Among the processes studied inithis work, this one is certainly the
least selective. Bbwever; when it is combined with conductive induction
as in-the case of the Carpco machine, the selectivity of the campound. pro-
cess becomes very good and allows industrisl rates of production at a
reasonable cost.

Before commencing a mathematical discussion of the charging'prpcess,
we may try to grasp a simple picture of the charging mechanism. In the pre-
vious study of the Corona field, it was seen that there is a current, of
intensity i, between the electrodes- This current is due to a circulation
of ions between the wire and the other electrode.

If a particle A is put into this field, it will become polarized

(Figure 33).
~ +

gaseous particle

icn

o >

Ol
o
Wire Wall

Figure 33: Picture of the Charging of a Minersl Pariicle im = Yontec
Field
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It may now be seen that a gaseous anion will tend to stick on & bound pos-
itive charge in the particle. If this simple picture is acceptable, it is
obvious that after a certain time the particle A will exhibit a net nega-
tive charge. Already it is seen that whatever A is (conductor or insulator),
this charge will be negative. The only selectivity, if there is any,

should arise from the magnitude of the charge but not from their sign.

a) Derivation Of The Maximum Cherge

A rigorous calculation of the maximum charge on a conducting sphere
has been made by Pa,u‘thenier(B). The following section is a generalization
of the study made by Pauthenier. Imstead of spheres the particles have
been assumed to be electrically equivalent to ellipsoids of revolution,
whose axes are parallel to a uniform field.

The following essumptions are made:

(1) the field is uniform,
(2) the ions a.re> not thermally excited,
(3) the image force will be neglected in all calculations,

(4) &a charged particle is considered to be equivalent to a

point charge with a dipole moment equivalent to that of
an ellipsoid of revolution,

(5) the method used is the study of the mechanieal equilibrium
of an unexcited ion in the field, modified by the presen;:e
of the particle.

(6} the axis is parallel to the field which corresponds to

a stable electrical equilibrium.
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When a particle falls freely in air, it presents the largest sur-
face area to the fluid. Coasequently, according to the relative position
of the field gradient and the particle velocity, either oblate or prolate
el_lipso:;ds have to be considered. 1In the .case of the folldwing section
the equivalent electrical ellipsoid would be prolate, bu;b in the Carpco
machine, they are oblate (field gradient parallel to the velocity of the
particles).

b) Details Of The Calculation

Figure 34 shows the details of the several forces exerted on the

ion i having a charge e.

—_>= g_E é L due to the
P2 = 4T€ o ("3(11-‘\?)5 (d.iple moment)

nret charge

-(—i:S’____ e & R (due tothe)

where Q is the charge on the particle and P the dipole moment.




Figure 34: Diagram of the Icnic Charging.

On the axis QX the net force is then

—_  —

F—_Eo e cosb_ 2 Be cos© + &< 1
LTEL(+VY  4TE, P14+ V)

(22)

—_
We now have to compute P.

The method used will employ the concept of the depolarization
(13) ;

s .y =
El = E- =

v =

factor,

- 38 -
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—
Py is the dipole moment per unit volume and E 3 is the inside field. For-

several values of c/a, N is given in reference 8 and is reproduced in

Figure 35
R = (€ -€.)EL (23)
After substitution we get
—
B _ _ Eo |
o 1 N (24)
e\‘€o+ €°
The volume of the ellipsoid is 4/37ra®c. Then
= Eo
P —_&6&o xg T a*c (25)
—1— +N
K| KO
Equation (22) then becomes
F — Eoe,cose 1+ 2 a.c L e 26
= RS

The more charge we put, the larger will become the repulsive zone,

and © will tend towards zero (Figure 36). € tends thus toward c, and
Y is very small compared to unity. Then at the maximum charge, we

may write
= a?c 1 e Qe
QO —=— E’oe[1+.§_ o Ca]-t——cg_ (27)
Kl'_ o
From Equation (27) we derive that
=2, 2 1 E.
- ° (28)

_— 4T Eo Qz —_— —_—
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e,/

/

Figure 36: Schematization of the Repulsive Zone
Due to the Net Charge Q on a Particle

which shortly can be written

——

Qm\z 4-—”-60 Oz “%v (%) K|) Eo (29)

The tables (2 and 3) give the values of k for different
values of c¢/a and Ki. These results are presented in Figure 37.

¢) Conclusions

Such results merit additional camrents. First of all it is ob-
vious that such a charging is not selective, and it may be that the

machine represented in Figure 38 will not be a separator at al



Charging Shape Factor k

4. T T
— K;=o00
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Figure 37: Variations of the Cherging Shape Factor X with the -
ellipticity c/a for varicus dislectric copstants K;.
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Figure 38: Electrical Classifier

By a simple study, we may show that the length of impact, L,

is about proportional to _’%‘ s assuming the values of c/a are
(WWhgdw =
identical for all the particles. This process is not one of separation

but rather one of classification where the classification function mey

= {4

From Figure 37 it is seen that whatever the dielectric constant

be written as
T»‘

be, k does not vary greatly and the approximate statement can be made

that the separating function should be

weo fY



In this case, this presents no selectivity as far as the electrical
properties are concermned.

On the other hand we have seen previously that the maximum charge
density on a particle was expressed by G;\ — €o Eb. As a rough
approximation, one may say that €o Eo 4{(% ) K.) is of the same
ord.ér of magnitude as the acquired charge density from ion. bombardment.

Then €.o Eo 4 should be smaller than o Ep, yielding

/p’-(actz K‘B \< % (30)

Usually, —&vuies between 2 and 5, and so it may be said that k must
o

be less than 5 for any case. This limits the extent of the peossibility

of making separations based on the difference of the c/a ratios. This

is one more reason why this particular process is non-selective.

VII. Compound Charging - Study of the Carpco Machine

(a) Generalities

The previous pages h;a.ve shown that one may imagine any kind of
electrical concentration machine based on one of the fundamental charg-
ing processes. However, it is obvious that in most machines one might
imagine these processes would be combined with greater or lesser success.
By its very application, the Carpco machine has shown that in some cases
a good selectivity may be obtained industrially. This chapter will study
the theory of the machine. i

Figure 2 showed the approximate field map between the drum and the
electrode K. The following Figure (Figure 39) represents all the features
of the machine and the symbols which will be used In discussing {he kiznetics

of the charging of particles.



Figure 39: Vaxriables on the Carpco Machine.

The-symbols have the following meanings:

o' = feeding angie

ionic feed angle
static fi=1d angle
complementary static field angle

zero field angle

~egcaping angle of & given particle

characteristic ionic field angle

charactaristic static field =mglis

characteristic static field distance

- 45 -
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Before analyzing the mathematical aspect of the charging, it seems
useful to have a simple picture of the mechanisms involved when a part-
icle travels from A to E.

Figures 40 and 41 show on straight lines the complete picture of
the behaviors of a conducting particle, e.g., galena, and of a non-
conducting particle, e.g., quartz.

Figures LO and Lkl show also that evolution of charge on a particle
¢conductor or not) during its travel from A to E. One may immediately
see that "che_ two main features of this_evolution a.re>the steady stg.te
charge existing between O and B, and the decay from B combined with
inductiw,;e conduction. On the other hand, it has been stated in several

t is possible to "pimY coaductors. This is true only

l-\

articles that
when the steady state charge is very negative, so that the decay com-
bined with conductive induction, does not allow a charge reversal.
However, if we allow a longer residence time between B and E, the

conductor will be lifted. (Figure k42).

A

14
ot

T T T W

3 > R.— Lifting

Figure 42: Interpretetion of Lifting end Pinming
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Though this observation may seem trivial, it is of importance in

practice for the industrial cleaning operation of conducting minerals.

(p) Study Of The Steady State Charge

We may speak of a steady state charge because we have ions moving
simultaneously: (1) towards the surface of the particle (charging), and
(2) leskage of charges due to the conductivity of the rarticle (dis-
charging).

It i1s obvious that for a conductor the steady state charge will be
very different from the previously computed maximum charge, while for a
non-conductor, the difference will be small (Figurgs L3 & L4,

ol o
Q ma.:;mnum
e max:l;mm _
Qs
Q‘s
- -
Tims Time

Figure 43: Achievamsnt of the” Figure 44: Achimvement of the
: Steady State Cha:zjge Steady State Charge

on a"Coanductive™ on & Nonr-Conductive

Particle Particle
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These represent two ideal cases; obviously, all real cases will be
intermediate between these two.

(1) charging By Ions

It bas been seen (Equation 29) that the maximm charge on a particle
is given by

P = T Eo® REo (29)

k being a limited function of c/a and K. For the allowable values of k,
one may say that the considered ellipsoid is equivalent to a sphere of
radius a, on vhich the charge density is approximately . €o /@% E.o
The treatment of the charging process mey be simplified by writing
Cos ©, — P —_ QO (31)
4TE Epal b °

Refer to Figure 45; . O et = Om d @ and S, 1s the angle of the

repulsive zone in this simplified model (see Figure 36).

—
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Then the force flux, considering the equilibrium of an ion on the

sphere of radius a, can be written as

LTTE o Qf/g,Cose @ smede(32)
5 Ll-'\'l"€o0u 41]_600.2

By simplification, e
i
¢ _— e . a‘lTCD% /&' Eo f (CF- ('PO) d
' o

On integration,
© ]

cﬁ: e. 2Tt 4% Eo

(55-2 AN

o

or ¢:——6/9LO/2—IFEO(1‘CR:)&

' )
Since d CP+== C\V L .Q dt if we consider the rield

studied in Figure 5, dCP qv /&/&JO’TEO(1"‘ dt
We remember that L = Eo /pL qv e 2T R (Figure l|.6)

then

+_ LA 2 _ 2
do'= = o (1-@)de Gy
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?‘l

HY

Wire Wall

Figure 46: Corcna Field

2.11'LR ngy be called 1° (a.mper/ qma) because the equation was derived for
a8 unit height.

dQ+is then equal to U a®1r (1 - Cfo)z dt

glving then

det_ '\To?a@.i,’(1— <« )2 (34)

ae 4TEoaE,
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(2) Discharging By Leakage
The expression for the discharge rate is merely

do”_ & (35)
ace ReCp .
where Rp- is the particle resistance which was mentioned previously.

The term Cp merits a special study.

Determination of C!:p

If the ellipsoid of Figure U7 is considered, its capacity at an

infinite distémee-is equal to (1k)

When a>c
C'= ATi€V-C* (36)
T cos~! C/a ‘

Whern e (e

C, —_— RTE,_VC*- ot (37)
~ , < L°3 C\»VC‘-QE '

- : c-Vcr-a
} When a = ¢

C"= LT a &, (38)

Figure uT: Electhcal aquivalent ellipsoid

One may write c' = c"r(i-) where f(c/a) is a functicn of
(c/a). Tables 4 and 5 show the computation of f£(c/a) for several values

of c/a.
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Figure 48 represents the variation of f(c/a) with respect to c/a.
However, since the ellipsoid is very near the drum, its cspacity c¢' must
be corrected. The image method is used for this purpcse. The same as-
sumptions will be mede here as for charging. The equivalent ellipsoid
bhas the same capacity as the sphere of radius a B mod;itied. by the factor
f(c/a). In reference 1, Von Schnitzler has derived and checked this
correction. Figure 49 is taken from reference 1 where m is the cor-
rection due to the proximity of the drum.

Then ;

m is a function of the ratio of the clearance b between the particle

and the drum to the length (Figure 50): m = £(b/c) (40)

Figure 50: 9Oblate and Frolete Eilipsoids on the Drum.
t



N . I e~
e —— s

— e SR e T s

-~

-
]
e

los e

G4
8
§ C"_‘- €o li-"lTOoF
P .
& Cp= M‘\,CI
g P
/3
2L ~
3
)
(&)
0.5 L I L [
o) 1 2 3 L 5

— e 9114“4-4 tlcity c/,,

Figare 48: Variation of the Capacity Shape Factor with

the Ellipticity c/a




TE e e i

T e T

- 56 -

.~

o/q oﬁﬂ SOUWRIVOTH W3 WTA OTOTINN @
10 fyTowdwo ayy I0J W I030U3 UOTLIOALICH J0UBIWET) 3 JO UOTIWEI8) 264 winByd

o \n ou»nn eowRresT)

10 T0°'0 €000

LI

1T T 1 | fvr v 1 T —7 TT 7T VT 177 I

‘| 0BT m'pq.bhuoo SOUPIVITI




- 57 =

We have seen previously that the pcssible ratios c/a are limited.
Therefore, whatever the ratio, neither b/c nor b/a. makes much difference
in determining the value of m.

To apply equation 40, it may be useful to avoid a possible contra-
diction. The considered particles are in contact with the drum; however,
the equivalent ellipsoid is not, due to the angles of the particles. Then
the distance b might sometimes become equal to a or c, according to the

shape of the particle comsidered (Figure 51).

particie

— Dram ‘R

Figure 51: Pcsition of the Blectrical Equivalent Bilipsoid
with respect to the Drum

(3) Value Of The Steady State Charge

The concept of a steady state charge implies the condition

" 2
L}TT'OVZ% (1 - Qﬁ)— % (k1)
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If one assumes

it follows that

(1,-\;)2: Ps , b€oEo

(1 __\?‘)z:_ ’rf', Eo . ’ l‘-eo s
- R‘P v bro.€o (W\-P

yA
1-Te\— g Eo . 1
( F)'_ f (L/) Tam{ Rp (42)

If we let (E_/i') equal 2 S which is a field characteristic and
Tmaf Re
equation

equal 1 /cJD which is a particle characteristic, we obtain the

These roots are

Fron. physical considerations, the positive sign to the square foot

has no meaning; the oniy possible amswer is that
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When %is very small, T, tends toward 1(non-comducting particle)
When % is very large, T, tends toward O(comductive particle).
Before further analysis, an evaluation of the order of magnitude

of % i8 necessary.

1) E}"_’: &-

viere: Eo = 102 volt/m

2

ae,fi\

Hence, is of the order of .R—P




F
I.fg:——is equal to l(’l'r 0.3}, R, is equal to 10%* obms. Fraas calls
conventionally any particle of resistance greater tham 10> ohms an insu-
lator. 35 The theoretical considerations are in sgreement with those
from practical experiments.

(¢) Rate of Charging: Charging Time Comstaat

I we postulate:

P =T Pm (0<T<TE)

the net. rate of charging is

dQ _ do* d@” _ o 4T,
dt T d4dt de = - det

Fron:' Equation 41 we bave o -
i 2 d
( ) ReCp q)md c’/
which gives by successive substitutions
‘ 2 o e us
(1-T)= 23 T= 36, F T

We then write

< . T
dt f a1 ()
— = ) RRE
\fo REF , G2 T a
assuming |
2
1_,_£=, and -1—£)) -1= Bzi
g g~ )
this becomes
€: aE
at . aT

€°gr - ?.__ z
¥ ) (M-T)- B
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Now let X = M - T, giving dX = -dT; then
Te T v
dt | dx _'(_1 a.x
SEF xZ_-B%2 B Xx¥_y
(o) (v}

If ve let y = x/B, we have

. T
ff"dt 1 J dy
2_
) JEF B A ye-1

Since y =%=M£ T, Y is aiways greater than unity because
T—<TF ead _q:':: M-R Therefore,
M-T S M-miB _ 4
B B

This integral, whose radius of comvergence ig ome, may be written:

%' MQT"
f dt _’J—j dy |
JRes =75, v

M
B
yielding after integration -
’ M_TU
B
Cf\; amni— 1— L—D% l-—l-— :
RE T 2B Y+ 1 “
&
M-Tc
8 S
T - 1 L°3 Y+t 5
qeOEF' 28 - Y_

w|3
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M_TL 1 I
B Log | = !, 8 | ,
gELF 2B M-TC ﬂmJ
B B
G _ Log [M_Tl-l—B M—BJ
860‘ 2’6 M T\' -‘8 M"l’s :
If we let Tﬁzf—r‘?:f(M—B) ,

we arrive at the equatiom:

T~ Log (1-PIm+(ivg)e. (1-5)
RES 2B M-8) (1-¢)(M+=)

o~
o

A\

Sa’

Com B&T LO%K_ﬁ ) (1+F)+0+ ) Ve )~ (46)
(h-ggf) ( ‘%)[ng (1-1-ng 1]
which may be written
K = U Log W (47)'

letting U and W equal the respéctive terms above.

Let us now examine the vaiues of ﬁ for different types of particle.
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(1) Conducting particle

IR
w

Tg=0; M
Then

W — ('\-?)+(1+§) —_ 1
- (1-¢) 2 1-%

f is indeterminate; however, since we deal with conducting particles, its
value may be taken as zero, (because of the continuing leak,), thus giving
=1 and Bi=0

(2) Non-conducting particle
= 1; m B +1, but B is very small and M is practically l; we have

f
then

W o— (- ‘f)(“"f)e_fg \-¢
(-9 (r8) 1=

W 21, and consequently %7is virtually nil.

Even though this analysis seems complicated, the results are very
simple and rather obvious. These results are important because since we
know that the achievement of the steady state iz practically instantaneous,
we are not concerned with the speed of the drum, as far es the charging
time is concermed. Whatever the speed of the drum may be, a steady state
charge will be achieved, and the selectivity of the process (in the Carpeo
machine) will arise from the discharging in the static field.

(d) Discherging of Non-Conductors and Reversed Charging of Conductors

In The Static Field Zone

Equation (17) written previously govern this case:

£
@ = Qm_l:é — bTTa e, Am?.\/(\ = @ uymE€,omfRp (48)



and the time constant is

%6: = 4T€ES wm€ Rpe

For a coqductor » this time constant is small; but, for a non-conductor
it is large, giving thus the features

1lliuvstrated in Fioures 52 and 53.
The importent time is inm fact the time of reversal, g\?
From Equation (48) at time g:a
Pm T = L\-TT'a/€om€V(1 - e f) (49)
L — 1- e-%-o
4o €omty
—Ff-h‘\i'o,z€o-?uE'o — 1 -e <& _ o.,«eﬂ. E. ¢
4o ComfVY mLV
@} OGN\
=T
P Te
R N >
Time Time
Figure 52: Evolution of tk= Figure 53: Evolutiom of the

Charge onr a "Conductor"

in the Static Field
Zone

Charge on a Non-
Conductor in the
Static Field Zone
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If we consider the field BbdD (Figure 39) to be uniform, we may write

Bs=— VY .
D- (Rq-t- az) g

then

(1 - e—%)_ O.,/Q?/E-o—m
- /'W\<Fx Es[D—(leRz)j

e
e %)= Eo & _= - Tg (50)
Es (YV\F D-(leRz) i
_& is a:-shape facter Eo is a machine factor. > is not a
Amf " Es - D-(R+Ry) -
significant factor because it does not vary greatly (a is small). We
may let ) ' )
YA
giving RN )
<1_e. wsa):Eo_ Tl ¥
Eg o
T,, &lven by Equation (27) is a funmction of (‘J; only, and does not
g
depend upon the static field chamcteristiic-.
The previoue equation may be written:
& )
e R_ 1 — Eo < _Tg

Es

% is the machine selectivity factor, always larger tham unity, and
x ;

L _ {
GCe 3’4|_“Eo.§3'|.F
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I
Q] may be of the order of 10™2 then ve may write

R _ Leg !
L. 1 -10°"T; . Eo/ESs
If ‘l‘f = 0 (good conductor), then I - O, which is obvious.
c
ir ’J?f = 1 (non—conductor), then % = Log n; m71 giving %= M'; M ) o.
. 2 C

This study has shown that the main variables for reversal of charge
Eo
Es

are the ratic and the retention time ‘:['r which should be greater than
R as to permit the reversal charging of conducting particles snd thus their
lifting.
If we return to Figure 39, distance D and angle S fix the ratio _E_°:
while angle 5 fixes the retention time in the static field. -
This observation is of prime iuportance for the practicg..;l. operation
of the machine, because it is the key to an understanding of the two terms
which will be used laters: l:_i.fting setting and pinning setting.

VIII. Egquilibrium Of A Particle: Escaping Angle O,

Figure 54 shows the configuration of the forces.
The equilibrium is given by the equation:

I*m.[:,uuz R, + Mp g cos (180"—-@)) + Fel = O

Mo (wir?,._ 9¢050) 4+ Fel = 0 (51)

Computation of the force of electrical nature Fe‘:

At B, any particle has a charge Qs = Tﬁ’

From b' to ©, the charge is given by Equation (48):

N

-
P =@ T — 4T €, me\/.(l - € q'5"\‘-) 5



Figure 5Sk:

charge X (o)
= /_s_____

’W\szﬁi

™p ¥

Equilibrium of a Charged Particle on the Drum of a
Carpco Machine.

- 67 -



£ 8-t
but "—::;__' »

then .
_e-b
<;>6 = CFLW:T¥-— AjTCLAEQ(W\§)V'<1-'€1 V’qgcj) (52)

The net force of electrical nature is given by

F:de = —(Eng-i- (ﬁ Q%)

In zone BD, we may assume that ESQe is predominant, and then neglect
the image force Cﬁ CPeZ (Equatior.x 16)
Equation (51) becomes
, )
o=mp (w‘LQl - % Cos 6) - Es {Q?,MT - 4T €0 ’W\‘FV (1 —eb:)—qa)] (s3)
Such arn equation is very difficult to solve in a general fashion so
as to find 6 a.na.lytica.].lyf. However a qualitative discussion will glve

the key tc the rules of thumb used for cleaning the tailing and the con-

centrate of the rougher split.

Equation (53) can be written

b-©
0= (MP W'R, — Es Owm Tg,) - (m\,,%cos o — K M&LJ wee |, (54)

P

(a) when Q =0 (perfect non-conductor).

2 oy - -
Equation 54 becomes (MPW Ry Est‘]if; Mpa,cos@ o]

One sees by this equatiéi that if the speed is low, the non-conducting




particles will adhere for a complete revolution unless théy are swept from
the roll.

A logical method of cleaning the tailings (non-conductors) is thers-
fore to turn fast. It has heen seen that the speed of charging by ion-_
bombardment issogreat that & steady state charge will certainly be reached.

(v) When Ty = O, (good conductor), Equation (54) becomes
mp WER - mp g cos 8 + Eg@Ox =0

If Q’x =0, cosB = weR; ., which must be & number smaller than 1. But since

g
this number is positive, ©, <90° (Figure 55).

First guadrant

B

Figure 55: Lifting of a Conducting Particle
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This leads tc the conclusion that the actual & will be smaller than
the value of ©, computed when Q, is assumed to be zero. The further path
of the conductive particle is due to the escaping velocity and also to
the charge Qx ir order to lift a conductive particle, the retention
time in the static field should be long, and the angle § (Figure 39)
such that it allows the zone BC o be wholly in the first quadrant (this

conclusgicn is Ifundamental for cleaning a concentrate).
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B. TECHNICAL ASPECTS
QF

- ELECTRICAL CONCENTRATICN PROCESSES
(Example of .the electrical concentration of a manganese ore)

I. Introduction

When -presented. with a mixture of several minerals to sepamate, it
is useful in practice tc have some empirical rules to serve as a guilde
in the choice of the method. The main rules are as follows:

(1) If the ground ore consists of a mixture of very ccnductive
minerals (sulfides, arsenides) with non-conductive minerals (silicates),
the Ca;'pco machine is well suited. h

(2) If the ground ore consists of a mixture of non-conductive minerals
any machine using the contact-potential charging process (particle-particle
contact) can give best selectivity.

(3) If the ground ore consists of & mixture of very conductive min-
erals, the only machine which can Perform a separation is one using the
inductive-conduction charging process. For example, the Carpco machine
can be used with a special setting (lifting setting).

These are rules and not laws; however » they can be dexrived qualitatively
from the previous theoretical study.

Witk these rules, one must remember that the determining factor is
the resistance cof the particle, which depends greatly on the state of
the surface. For instance, pure sphalerite obtained by flotation will be
covered with copper (activaticn), end therefore will be very conductive ;
porous minersls if not dry will show the same anomaly. This behavior can

be used to enhance the versatility of the process. A demonstration of
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this versatility on the Carpco machine can be made with a mixture of pure
quartz, pure pyrite, and pure sphalerite. In the first step, the pyrite

is taken out as & conductor; then in a second step, the quartz and sphal-
erite are soaked in a copper sulfate solution, then washed snd dried, and
then the sphalerite is taken out as a conductor.

The same kind of versatility can be observed for other charging
processes, e£.g., particle-particle contact charging under heating.
Theoretically, there 4is 'Tno difficulty; in practice, however, the right
treatment for a given case must be determined by experimentation.

ITX. Operation Of The Carpco Machine

Attention will now be given to the Carpco machine, which is of
special interest because of its widespread industrial application. ¢

Figure 56 reproduces in a simpler way the previcus Figure 39.

Figure 56: Caxrpco Machirne Variables
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The Carpco machine is built in such a way that 5j , D, ZZ , W are
ad justable.

It has been seen that for non-conductive particles, ion bombardment
charging was of greatest importance. Since the non-~conductors are "pinned"
on the drum, the setting of the machine variables is called the "pinning
setting." For a conductive mineral, the critical reversing time,sgz,
which is directly related to the resistance Rp, is of major importance.

The setting of the machine so as to "lift" the conductors from the drum
is called the "lifting setting."

(1) Typical Flowsheet

A typical flowsheet of an industrial operation is given below.
(Figure 57 - Reference 16).
The symbols listed below are.applicaeble to this figure and are

completely independent of the symbols previously used.

Legend
H = New feed
A = H + Recirculating loads
P = % Non-conductor in rougher circuit
R = % Recirculating load in rougher circuit
T = % Conductor in rougher circuit
Pb = % YNen-conductor in non-conductor cleaner circuit
r? = % Recirculating lcad in hon-conductor cleaner circuit
tp = % Conductor in non-conductor cleaner circuit
Pt = % Non-conductor in conductor cleaner circuit

r, = % Recirculating loaa in conductor cleaner circuit

ct



t, = % Conductor in conductor cleaner circuit
W, = angular velocity of the rougher drum
\A)P = angular velocity of the non-conductor cleaner drum

UUC = angular velocity of the conductor cieaner dxrum

H
a
T
P < wR =4
R
— P+ R+T =21 2
A

P+'bp+z:*=l
1= * = 1
-t-i»tt-r..t L

c
-0
M
o
ri
VB
o / \
& <
(a3

T
B P T
K= (-R-1E -2
l-rn ...-r,.c~

Figure 57: Typical flowsheet of an Industrial Electrical
Concentratio: Process
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From this flowsheet, it is evident that there are three different
kinds of settings:

(1) & "rougher" setting

(2) a conductor cleaner setting

(3) a non-conductor cleaner setting

We know from our theoretical study that the "conductor cleaner setting"
is obviously e lifting setting, whereas the "non-conductor cleancsr setting"
is obviously = pirning setting. A4s for the rougher setting, we cannot
lmmediately tell, because it depends upon the nature of the mixture.

Figure 58 shows what kind of settings are generally used.

3.) Cleaning of 1.) Roughez apii: 2.) Clearing of
non-coaductors comductors

‘/T./ /|

Wp > Wy WT

-0 O

Figure 55: Schemstization of the different setiings used in a
General Case.



8 needs no more consideration since all the features can be
easily qualitatively derived from the theoretical considerations.

2) Hocw do lifting and pinning settings differ?

The preceding chapter has shown that there are roughly two ways to
operate the separator, by Pinning the non-conductors and by lifting the
conductors, respectively. Although there is_not an absolutely sharp
Practical distinction between two vays of operating, this distinction re-

mainsg useful.

Tests were run_on a manganese ore to show the effects of the two
settings. The ore was crushed in laboratory rolls, split at 48 mesh
on a vibratory screen, deslimed and separated according to the following

flow sheet, (Figure 59) in which manganese assays are given.

-48 Mesh, 100 g; 26.6% Mn

Daxad Sclution (10 min.)
- 48 mesh + 200 mesh

71.5 g. 28% Mn
— - g. 28%

. Slimes
- fines
Drying
v
Elect. Sepsr. one pass.
Tailings Conoantrate
< l e N e

Figure 59: Frocessing of the Mazzansszs Ore.



Before electrical concentration the recovery of manganese was 78.1%.

Results are summarized in Table 6; the lifting setting is called L
and the pinning setting is called P. Figure 60 shows the relation be-
tween manganese recovery and grade of concentrate (during electrical
separation for different pinning and lifting settings).

In Figure 60, it is seen that lifting settings give beiter re-
sults than the pinning settings, Curve A which joins the "L" points
being to the right of Curve B which Jjoins the best "P points."

One can explain these results by the fact that gangue particles do
not have a very high resistivity: when we operate in "pinning conditions"
we have not as much selectivity as when we operate in "lifting conditions
For a particle to 1lift, it first has to be discharged, then again charged.
For a particle to pin, it has to get charged but omce. In the case of 1lift-
ing, the selectivity is due to tae reversal of charge, whereas in the case
of pinning, the selectivity is due only to the magnitude of the primary
charge. (Qs)

From a practical standpoint the distinction between lifting setting
and pinning setting remains qualitative. However these results have shown
that the terms do have actual meanings, éhalogous to those used in the
theoretical discussion.

To see if such a process could be applied to this ore, a bench-

scale pilot plant test was performed.
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Figure 60: Results fiwm "1iftimg" and "pimping" of a Mangazsse Ore
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3) Bench-Scale Pilot Plant

a) Preparation of the ore

The minus 48 mesh fraction, prepared before, was given the treat-

ment shown in the following flowsheet. {Figure 61)

|- 45 mMesh (2,66Lg, 26.6% Mn.

|Agitation| Daxed Solution 0.2 g/liter

for 20 minutes

L4 - 48 Mesh + 200 Mesh

g}imes and [ 200 Mesn / (1,688g, 32.5%, Mn)
ines
Drying

Blect. Separ,

_ Tailings Conzeasrate

Figurs 6l: Flowshset o the Process of the Mangatese Ore
(Bench Scale Pilot Plant Test)

The recovery of mangenese before the electrical concentration was
77.5%, comparable to the recovery obtained in the previous test, which was
78.1%. However, the grade of the minus 48 plus 200 mesh fraction was
slightly higher.

B) Electrical Concentration:

The results of this test are recorded in Appendix I {test 2.61 abc).
The flow sheet of the electrical concentration process is given with

B notations and figures in Figure 62.
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F
Cen
Rougter
Rougle:xr G;R
B
A
CR 7 ©c
- L
i T 1 AN
Tailings Concentratce
Cleaner Cleaga—
S N | T,
I, W |
. ¢ =
% Filo = Tr*y ¢,
Cr =T +C
V ¢ ¢ v
TR+Tc = ?§+CT

Figure 62: Pilot plant Test

]

26.8/22.8 = 1.18

/TR

cc/rc = 36.1,/6.15 = 5.87
cT/".'.‘T = 37.5/1.8 = 0.895
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For a 1500 g feed, final concentrate weights 912 g and final tailings
weight 558g, showing a handling loss of 30g on 1500 g, or 2%; neglecting
this loss, concentrate represents 62.05% of the feed by weight and tail-
ings represent 37.95%. These numbers lead to the following values for

the unknowns stated in Figure 62.

T, = 158g
C., = 925
CR = 1080g
T, = 920g
CT = 510g
Tp = 35758

The Tc value of 160g justifies the fact that it has been avoided to
be recirculated through the rougher. (Flowsheet of figure 62 differs
from the one on figure 57.) A

c¢) Recovery of the process

1) Result of chemical analysis:

, Assay
Produnt Weight® Mn % Fe ¢ S102
Feed 100 32.5 2.8 . 19.3
Concentrate| 62.05 Li.7 2.7 11.5
Tailings 37-95 19.5 3-5 32.9

From concentrate and tailings aﬁalyses the computed feed assays are:
Mn, % : 32.2

Fe, % 3.0

(1)

(13

S102% : 19.6
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These figures are in good agreement with the chemical analysis.

2) Recovery of mangenese
In the electrical separation step the manganese recovery is
79.2%. The overall recovery is then (including the washing)

79.2 x 77.5 = 61.5%

d) Rate Study

The rate for any roll (rougher or cleaners) will be given
in kilograms of new feed per minute for a 4 inch feed.en-:' (the. roll length

being 6 inches.)

1) Rougher rate:
F+C )

T i The computation of the previocus
¥ figures gives a rate of
Roughex SPY 2.5 ke/min
| (See Appendix II)

Figure 63: Rougher

2) Tailings Cleaner rate:
=

m
TR + Tc
l' : The rate is 2.63 kg/mm
Teilings &
Cleaner T (See Appendix II)
| l
l Figure €h: Tailings Cleaner
c 3) Concentrate cleaner rate:

R .
¥ I ' The rate is 1.26 kg/mm
Concentrate

x I
Cleanex Oc (See Appendix II)

o

‘ Figure A5: Ccuceantrate Cleener
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e) Conclusions:

1.) The grade of the concentrate is 41.7% in manganese, and
11.5% in silica, the recovery of the complete process being
61.5%.
2.) From the rate studies, we notice that the rougher and the
tailings cleaner operate at an industrially possible rate
(over 2 kg/mmof new feed for a four inch feeder), but the
concentrate cleaner operates below this conventional limit.
'ﬁn industrial plant should have two soncentrate cleaners
vorking in parallel.
At the present level of the study it is difficult to say that
we can improve the rate of the concentrate cleaning, bhecause
the setting used (lifting setting) gives, by nature, a low
production rate.
III. Summary
We &gve seen by qualitatively applying the conclusions of our
theoretical discussion how it is possible to quickly get a fairly good
jdea of the bekavior of the ground ore in a Carpco machine. This is
true even though not much emphasis has been placed on the technical part

of the study of electrical concentration.
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C. Experimental Study

I. Introduction

In the theoretical study, the importance of the resistance of the
mineral particals has been stressed. However, the term Rp was not de-
fined exactly. The easiest concept of resistance 1is that of the resist-
ance of a wire; but in our particular case we should understand resistance
as a reciprocal probability of charge leakage, having ohms for units. The
total leakage probebility is the sum of the bulk leakage and the gsurfa.ce
leakage, which was represented by Equation {18).

To get an idea of the resistance Rp, some tests were performed as
illustrated in Figure 66. The resistance between point A and the platinum
plate was measured.

II. Taests At Room Temperature

(a) Apparatus Used

The apparatus used was as illustrated in Figure 66.

Figure 66: Apparatus used for measurements at Room Tempersture.
The micro-ammeter used is a DC Amplifier (General
Radio 1230 A). For very low :ssistance a Wheaistone
Bridge is used insztead.
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(b) Results
Several minerals were tested, nemely, chrysocolla, chromite, sphene,

epidote, stibnite, columbite, pentlandite+, marcasite+, and arsenopyrite+
(+ stands for the minerals whose resistance was measured with a Wheatstane

bridge). -All particles used in the-experiment were-taken from sized samples
(48-65 mesh) .

The results are summarized as follows:

chrysocolla-chromite Table 7 and Figure 67
sphene-epidote Table 8 and Figure 68
stibnite . Table 9 and Figure 69

. columbite Table 9 and Figure 70
others _ Table 10

In the graphs the resistance R?Awas plotted as ordinate against the
voltage drop used as abscissa.
(¢) Conclusions
(1) For all the minerals tested even though the size was
defined only by the Tyler screens (48-65 mesh) and therefore subject
to appreciable variation, the resistance does rot vary too much from
one particle to another.
(2) For stibnite and chrysocolla the resistance shows a great
variation with changes in voltage drop.
This simple experiment has shown: (1) that the field gradient in
the static field region conditioning the voltage drop &across & particle

is very important, (2) that the term S is not completely independent of
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Figure 70: 7Variation of the Resistence of Columbite Particies

with the Applied Vcltags



the fisld. However, as seen before » the field strength will not
change greatly with variation in D (Figure 4), when D is more than 14
centimeters. D is ususlly set gi'e&ter than 14 centimeters to avoid the
‘swinging motion of the corductors described in Figure 26.

III. Influence Of Tempe:g:e.ture On The Resistance Of A Chromite Particle

(a) Introduction and Procedure

The resistance of chromite particles does not vary appreciably
with voltage drop. Thie fact makes chromite a gocd material to use
in studying the influence of temperature and resistance. A voltage
drop of 86 volts was used, and particle size was U8-65 mesh.

The apparatus shown in Figure 6§ was modified to the form shown

in Figure 71.

Insulstor cover

{ + —O—
| [ —
+t
Thermocouple ," 4 clreut
1 —O—»>
777 AVIT7 777 |
Insulator
copper 3 i

rod oven

LLLLLL L7777

Figure Tl: Modified Apparatus



)

(b) Results

The following test is representative of the several tests which
were performed. Table 11 €lves the results ang Figure 72 shows the-
variation of resistance with the reciprocal of the absolute temperature.

(c) Conclusions

This simple experiment shows that the temperature is of major

P

/
importanee on R_, and comsequently on a.mlg-> Refer to reference

15 for more information.
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Figure T72: Depsndence of the Resisztance of a Chromite Paxrticle Upoxn
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D. GENERAL SUMMARY

The theoretical considerations have provided a goed tool for under-

standing how-electrical concentration works. Particularly, they have
G

shown that in the Carpco machine the important factors are the ?ra.tio
and thegblvalue. Study of the technique of operatiom of the Cé.rpco..ma.c.hine
has shown how useful were the qualitative rules derived from the theory.
On the other hand, our experiments proved that one may manipulate the @
and g')!values, by changing either the field strength or the temperature.
Much work remains to be done in this field. As long as it is con-
ducted in & general fashion, it will impzove our knowledge of the process
and our ability to use it with certitude. It is very impertant to notice
that only the resistance of particles is a major factor; the dielectric

constant- teing a minor factor in this process.



E. SUGGESTIONS FOR FURTHER WORK

The faets eneountered in practice are qualitatively explained by the-
theory. - Hewever, it would ke & great achievement to be able to caompute -
exactly all the quantitics memtionmed in the theoretical discussion. Foxr
such a purpose, a sgpecial maechine would be required. Figure 73 gives
one among many others which could be fouiltg

The design of such a machine would have to be such as to %o provide:

(1) a known adjustable icnic field
(2) a simple static field

(3) a great variety of escaping angles.

\\ Ad,jmstabler

\ 8lit

%@K
\1

Splitters medes of metal

— 1

Figure T73: Propesed Elsctrical Comcsxtrator




Besides the study of this mew machime, seme independent -electrical
measurements would have to be pexrformed. However, first consideration
must be given to the resistance of particles, and its dependence upon
temperature, voliage and chemical treatments.

It has been seen that the shape of particles was impertaa:t to a
certain extent, as well as their éize. Electrical sizing devices can
be imagined and one (Figure 74) built at M.I.T. by two undergraduate

students gave promising results.

Wire

N I I S R T N

Tigure 74: Electrical Clagsifier
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Tabie 1
Capacity Function of A Bi-cylindrical Condenser

- 97-

D D= DZ-R; ®-Ra? D2;§1:9322_=,A Cosh™2A Y
aB2

9 81 23.5 1.25 0.7 1.4
10 100 k2.5 2.25 1.45 0.69
11 121 63.5 3.37 1.88 | 0.53
12 1h4 86.5 4.6 2.21 0.45
13 169 111.5 5.9 2.46 0.405
1L 186 128.5 6.6 2.57 0.39
15 225 167.5 8.9 2.88 0.346
16 256 198.5 10.5 3.05 0.33
17 289 231.5 12.3 3.2 0.31
18 31k 256.5 13.6 3.3 0.303
19 361 303.5 16.1 3.45 0.29
20 Tele) 3Lk2.5 18.2 3.6 0.278
21 Lho W2 .8 20 % 3.7% c.27
22 L84 L26.5 22.7 3.85 0.26
23 529 W7L.5 25.0 3.92 ! 0.255
24 576 518.5 27.5 L.o5 0.246
25 625 567.5 30.0 .1 ‘0.243




Vaiues of k (Kl,-:-)

Table

2
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c/a |(c/a)2| N | Ky 1/K2-K_ fq*xi-xb % N+iyxi-x6 k
o] o] 1 2 1 2 0.333 0.333
3 0.5 1.5 0.k4ks 0.4k4s
5 0.25 1.25 0.532 0.532
9 0.125 1.1250 0.592 0.592
16 0.06 1.06 0.631 0.631
51 0.02 1.02 0.651 0.651
oo 0. 1.00 0. 666 0.666
0.5 0.25} .55} 2 1 1.55 0.43 0.68
3 0.5 1.05 0.635 ©.883
5 0.25 0.8 0.836 1.086
9 0.125 0.675| 0.99 1.24
16 0.06 0.61 1.1 1.35
51 0.02 0.57 1.18 1.43
bl 0 0.55 1.21 ‘1.46
1 1 2 1 1.33 0.5 1.5
3 0.5 0.83 | 0.8 1.8
5 0.25 0.58 | 1.15 2.15
9 0.125 0.455) 1.46 2.46
16 0.06 0.39 1.7% 2.71
51 0.02 0.35 1.91 2.91
<o o) 0.33 2.01 3.0L




Table 3

7alues of k (Kl,ﬁ)

c/a |(c/a)3 N ‘K 1/K1-Ko| yo_ 1 2 _ 1 k
"K1-Ko | 3 N+1/K1 Ko |,
2 L4 0.1 2 1 1.1i7 0.57 4.5
3 0.5 0.67 1 5

5 0.25 0.k42 1.59 5.59

9 0.125 0.395| 1.69 5.69

16 0.06 0.23 2.9 6.9

51 0.02 0.19 3.5 %.5

L o0 o) 0.17 3.95 . 7-95

3 9 o.L] 2 1 1.1 0.61 9.61
3 0.5 0.6 1.1 10.11

5 0.25 0.35 1.91 10.91
) 0.125 0.225| 2.95 11.95

16 0.06 0.15 k.2 13.2

51 0.02 0.12 5.55 1k4.55
o2 0 0.1 6.66 15.66

L 16 ol08 2 1 1.0 G.c2 16.52
3 0.5 0.58 1.15 17.15

5 0.25 0.35 2 18

9 0.125 0.203| 3.25 19.25

16 0.06 0.1k L. 75 20.75
51 0.02 0.1 6.66 22.66

(%) o) 0.08 8.3 2k.3




(continusd)
R e B N+ K-I%_KZ_ % N+1/1K1_K0 .
5 25 0.06] 2 1 1.06 0.63 25.63
3 0.5 0.56 | 1.2 26.2
5 0.25 0.31 2.15 27.15
9 0.125 0.185 | 3.6 28.5
16 0.06 0.12 5.55 30.55
51 0.02 0.08 8.35 33.35
%] 0] 0.06 |l11.2 36.2
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Table 4
c 7
Capacity Shape Factor of an Ellipsoid When & N1
c/a (2)2 1- (ET 1 -(é} Cos™%c/a® |cCos™tc/a,r f
0 o) 1 1 9c° 1.56 0.64
0.2 | o.o4| o.96 0.98 18%30" 1.47 0.67
0.5 | 0.25| o.75 0.865 60° 1.05 0.82
0.8 | 0.64]| o0.36 0.6 35%z2:+ 0.64 0.9k
0.9 0.81| o0.19 0.43 25%0:! 0.45 0.96

Table 5

c
Capacity Shspe Factor of an Ellipscid When E> 1

crefermz i | |2 () ) VR ] £

2 & 3 3.45 0.5172.25 |0.75 [0.865| 15 [2.5 |1.40
319 8 5.65 0.33 2.11 |0.89 |0.93 | 27.5/3.3 |1.7
4 |16 15 7.75 0.25/0.062 { 0.9% [0.96 | 49 |[3.9 1.98
5 {25 24 9.8 0.2 2.0k |0.96 [0.98 [100 [k4.6 |2.1
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Table 7
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Resistances of Particles of Chrysocolla and Chromite
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Particle : Particle
Name Number Volts R, /10t2 Name Number| Volts R, /1012
1 9 11 1 9 3.15
5k 2.35 50 2.95
96 1.45 ok 2.85
140 1 137 2.8
182 0.8 182 | 2.63
227 0.67 230 2.65
2 9 1.5 2 9 3.6
50 3.5 50 2.6
° 95 2. . 95 2.4
: 140 1.33 : 140 2.26
g 185 1.5 i‘ 185 2.12
: 235 1.5 : 235 2.06
: 3 9 6 © 3 9 1.9
d 50 1.56 50 1.5
95 0.75 85 1.4k
1Lo 0.54 1ho 1.32
185 0.4l 185 1.28
235 0.39 235 l.22

e e ——— i



‘Resistance of Particles of Sphene and Epidote

Table 8

- 10k -

Particle Particle
Neme numbexr Volts P.p /10ts Name number Volts Rp /10t
Sphene Epidote |
1 50 0.5 b 51 1.46
9k 0.58 96 1.26
139 0.6 12 1.18
182 0.66 187 1.i5
230 0.68 235 1.06
2 50 0.35 5 21 2.1€
96 0.k 96 1.68
1ho 0.38 187 1.36
232 0.39 235 1.3
3 50 1.1k £ SC s
95 1.33 96 0.92
140 1.4 143 C.9
185 1.68 187 0.83
235 1.92 235 0.7k




Table 9

Resistance of Particles of Stibnite and Columbite
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Particle Particle
Name Number| Volts R, /10*° | Name Number | Volts R /10te
Stibnite Cclumbi te
1 22 24,5 1 21.5 6.5
ks 2.38 L2 4L.05
87 0.43 8k 2.55
134 0.27 135 2.05
177 0.15 Lr70 1.54
225 0.11 215 1.33
2 22 37 2 21.5 10.7
Lo 10.5 Lo 8.5
87 3.15 8k 7.6
134 1.2 138 £.3
177 0.67 170 5.8
226 0.45 215 5
3 22 275 3 21.5 10.7
L2 10 42 8.6
87 2.55 83 6.9
- 134 1.28 130 6.5
17T C.77 170 5.9
225 0.56 215 5.7
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Table 10

Resistance of Particles of Other Minerals

Name Particle Number Resistance..in. ohms
- (Wheatstone Bridge)
Pentlandite 1 L
2 2.5
3 2.5
4 7
Marcasite 1 7,000
2 . 8,000
3 7,400
Arsenopyrite 1 Ly
2 37
3 22
4 10




Resistance of

Tabtle 11
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& Chromite Particle at Various Temperatures

Tk 103/1% R, ™°k 10 /1% R,
300 3.3 1.5 104t 655 1.53 5.7 107
322 3.1 8.6 1080 670 1.5 4.65 107
327 3.05 7.7 10%° 685 1.46 3.9 107
332 3 5.7 101 700 1.43 3.1 107
3ks5 2.9 3.4 2010 45 1.24 1.65 107
360 2.8 1.8 10%© 760 i.32 1.4 107
382 2.6 8.9 10° 775 1.3 5.4 10°
400 2.5 5.4 10° ~800 1.25 1.26 10°
420 2.k 3.3 10° Particle

Tuas 2.2 2. 167 Burned off
460 2.15 1.5 10°
480 2.1 s 108
500 2 5 108
520 1.92 3.9 105
565 1.77 2.15 108
600 1.67 1.34 10°
615 1.63 1.1 108
640 1.56 7.2 107




Appendix I
(1)

No: 2.6 »

Name of Test:

Feed Description
Treatment: Desiimed

Temperature
Size Range: -U48+20C Mesh
Weight: 1500 g

Time: 18s

Drum Speed

120 Vartac

non conductors No. 1
" 3k0 g
= 22.8%

Weight:

% Feed
Analysis

% =

% - =

Observations

Total = &54g

Mangenese Ore

Rougher Split

nalysis
Mo = 32.5
% Si0z= 19.3

Observations:

% F= = 2.8

litder indicat

Electrical Concentration of

=

7 A
/= 78\ | = 32 \
Middiings No. 2 Conductors No. 3
Weight: 752g Weight:  LOlg
% Feed = 50.4 % Feed = 26.8
Anslysis Analysis
% - % .
% = % -
Conductors = 438z Observations
noxn Conductors=3l@g‘ Total = 839g
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Blectrode Conditions
Voltage = 38 Kv

Pclarity= +

Apperndix T
(2) Electrical Concentraticn of
HMargamese Ore
No. 2.61 b
Neme of the Test: Clesning of Tailings 2.6la,
Feed Description
Treatment: 2.6la, Anglysis
Temperature: % =
Size Range: -48 +200 Mesh % =
Weight: 780g Obgervations:
Time: = 20s

/
/

Drum Speed:

60 Variac

7

non conductors No.l Middlings No. 2
Weight: 324g Weight: 160g
% Feed = L41.8 % Feed = 20.7
Analysis Anslysgis
% - % -
- % -
Observations Observations
Total 41lig non corduztors = 90g

Conductors = 70.1ig

Conductors No. 3
Weight: 290g
37.5
Aralysis
% =
% -

OCbservations

4 FPeed =

Total = 360.lg
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Appendix I
(3) Electrical Concentration of
Manganese Ore
No. 2.61 ¢

Neme of Test: Cleaning of Goncentrate

Feed Description
Treatment: 26lax Anslysis
Temperature: % =

Size Range: -48 + 200 Mesh % =
Weight: 839s Qbservations:

Time: = 35s

/ Drum Speed:
/

50 Varisac

2.6las

non conductors No. 1 | Middiings No. 2

Weight: 5lg Weight: 480g

% Feed = 6.15 % Feed = 57.75
Analysis Analysis

% = % =

Observations Cbservatiaona

Tetal 138¢g non ccnductors = 8kg

Conductors = 206g

Electrode Conditionms
Voltage = 36 Kv

Polarity = +




APPENDIX IT

1) Rate of the rougher:

Rougher
F+CT = 1500 + 510 = 2010g
_ 20.%
SR = $55- * 2010g

Total Circulation = 3025g

Time required: 18 seconds zre meeded to pess through 1500g of ore

_ 18 x 3025 _
Time = —yEa==2- = 36.1s.
Rate = 1.500 x 60 = 2.5 kg/mn
36.1

2) Rate of Tailings Cleaning.

T. + T

B o

P

Tailings
Cleaner

or

L1

The total circulation is 1300g.

T70g is 20 seconds.

20 x 1300 =
Time = T = 33.5s
Rate = 1.500 x 60 = 2.65kg/mn
33.5

3) Rate of Concentrate Cleaning

Cr

Concertrate l e
Clearer i ¢

I

The total circulation is 1700g.

for a 1500g feed

T, = 9208
T, = 160g
GT = 20.5%

The “ime required to pass through

for s J."jOOg feed
CB- = 1080g

35 seconds are required to pess

through 839g of feed. The time is then 35 x 1700 = Tls

Rate = 1.500 x 60 = 1.26 kg/mn

39






