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'
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7

.The relevant parameters affecting part‘_icle capture in an M.I.T. high-
gradient m}agnetic separator were closely cmt}olled and tested on a supér- i
'conductikng, batch separator. Parameters- studied were part::Lcle size,

particle susceptibility, field strength, fluid velocity: fluid viscosity

and feéd weight. Particle susceptibility was/ controlled by the prepziration i

1

of mineral samples to narrow susceptibility ranges on the Frantz Isodynamic

°

Separator. Two modes of high-gradient separator operation, drainage and * . :

~constant flow, were employed. Matrix length effect upon magnetic recovery

5

~

was also investigated.
' '

The test data was used to develop empirical models of particle capture ' L

»

which described magnetic recovery in terms of field strength, particle.

size and s&éc’eptibility, fluid velocity and feed weight.m “

5 -
i ¢

From the empirical model, a methodology of predicting high-grad}glt e
separation of mineral samples was developed and demonstrated. The

methodology was shown to be capable of handling compiex sagxpl'es with wide

size and susceptibility distribution.
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SEPARATION DE PARTICLES MINERALES PAR FORT CHAMP MAGNETIQUE

_taille et la susceptibilit€ magnétique des particules, 1'intensité

. du champ, la longueur de la zone de séparation, la vitesse et la viscosité

!

L'éffet des principaux paramétres qui affectent 1'efficacité du triage

v 1 ’
de particules par éhamf; magnétique eté 8tudi&. Ces paramétres sont la

{

du fluide et le poids de la charge introduite. La sél?aration est éffectuéela
sous un champ magnétiqu% intense fourni par un d‘imant d enroulement super-
conducteur construit au M.I.T. La préparation d'échantillous ayant un
domaine &troit de susceptibilité magnetiqué a &té réaliste grﬁcé d un

Séﬁ"a}'ateur Isodynami‘que Frantz. L'&fficacité du triage a &té évalute sous

deux conditions : ecoulement libre de la charge et pr&sion constante.

> ) N
[

Les résultats expérimentaux ont permis de construire un modéle due
processus de sé€paration magnétique qui tient c\omp‘te des priné¢ipales
variables. Une méthode permettant de prédire l'qéfficacit'e de la
§§i)§ration déns le cas d'&chantillous possedant une grande divefs;ité de
taille de Qa/rticules et de susceptibilité magﬁétique a &t mise au point

et verif\iéf expérimentalement. . - L
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NOMENCLATURE -~

s

n':agxzetic force . N
competing forces .

_magnetic force acting in the x direction

N
drag force -

force due’ to gravity ' ,

magnetic field strength, gauss or kG

field gradient ,
AaH .

aX W
wire magnetization, kG

10 if H>10 kG 1
H if H< 104kG ‘
particle magnetizat;ion,’ kG : { [

mineral density, gm/ cm3

liquid density, gm/t:m3

+

3

volume susceptibility, emu/cm” - Oe

mass susceptibility, emu/gm - Oe

a

k/e '

particle volume, cm
fluid velocity, cm/sgc
fluid viscosjty, cp
matrix filanent diameter, um |
* matrix length, cm

matrix pacléing density

matTix loading 0 R o

ratio of feed weight/te}yétrix beight

.
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=°§weight % of mineral a in feed

> B
ix. ';\.: ’
/ ~
Ve
] ‘ [
) ]
f;'act‘ion'of feed of size d ’ '
db
fraction of -feed of mineral a’ a
&
electrical, resistance, ohm o
current, Amps ( .

‘ }
current on Frantz at ‘which 50 wt. % of the sample has been

e o |
magnetically removed, Amps,

side slope on Frantz, degrees ‘ ‘ ’ ).

o
i

number of matrix segments of equal weighi: and length
)

magnetic recovery with n pads, %

ma.é'netic‘ recove“ry with a ﬁlatrix'weight x, % '
magnetic recovery with a matrix weight y, %
recovery by magnetic capture, %

nagnetic lrecovery of mineral a, '%- .
o '

ca

magnetic recovery of particles of size d, %
recovery by physical entrapment, % \ o
phys,ical entrapmentf recovery of mineral a, %

physical entrapment recovery of particles of size:d, %
total recovery to mags, % ‘

total recovery to mags of m‘i\neral a, %

total recovery to mags of particles of size d, %

difference betweer}‘)measured and predicted RT’ %

°

fractional magnetic recovery

grade of mineral a in mags, % ' .
Q

grade of mineral a ininon-mags, %
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susceptibility - the amount of attraction exerted on a given substance

e
>

)

. \ [ '
by a magnetic field, expressed as the ratio of the intensity of magnetization

e
&

3 [ 3

a

to the magnetic field strength,

]

¢

o AT

permeability - the measure of the ease with which magnetic lines of force
S -

are carried by a particular material.

P
2,
-

o

\ s

paramagnetic - a material with a small, poéitive°§usceptibility, and a
0 ’ - \

vl perméability slightly greater than 1,

-

diamagnetic "~ a material with a small, ﬁegative susceptibility, and a
p

permeability slightly greater than 1.

3
s

5 férromagnetié - a material with a susceptibility and a permeability that

w

\ . are both large and positive. \
v . ’ '
field gradient - a spatial variation of magnetic field intensity.

A PRI D e TR e

working volume - the separating.zone of a magnetic separator: in the case

1

of a high-intensity wet magnetic separator, the volume element of the

. £
magnetic field in which is placed the matrix. / °
A )

matrix - ferromagnetic material which creates MRites of higﬁ field grédient;

.

and on to which attaches ' the magnetic material, or mags product.

o

o S WGl 5 g ¢

~F

mags - material removed in a magnetic separator as a result of magnetic

L

E

capture physical entrainment, : ’

n A e
;.;Ea:'

non-mags { material that passes through a magnetic separator without’being

captured.

i

,, hagnetic response curve - a plot of weight pei?ent'to mags fraction vs current,

as derived from testing a material on the Frantz Isodynamic Separator.
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- 1.1  Background to High Intensity Wet Magnetic gparati@%" »
Wet xtnagnetic s parat\;ion, until about ten years ago, was mfnly applied
to the concent ati}or{ of minerals of high magnetic susceptibility such ‘as /
magnetite, at lati?rely coarse sizes. The number oifdifferent se ors
capable of treating these highly magm’atic minerals w;s substantial (Y, 2).

At that time the principles of high gradient magnetic capture were under-

stood, as evidenced by the development in the 1940's of the Frantz

+

" Ferro-filter 1).

However, inadequacy of the céntempory magnet technology prevented the

economic production of high intensity magnetic fields over large volumes,

-
and thus prevented treatment of lower susceptibility minerals. Rapid

advancements in magnet design over the past ten to fiﬁteeri years has led
to de‘velopment of high-intensity magnetic separators. Not only ha‘ve these
sepakatoys been able to treat weakly paramagnetic minerals, but they have

also extended the range of treatable particie size down to asbout one
¢

micrometre.

- The improved magnets offer two primary advantages. First, the higher field
strength% produced will inherently increase the magnetization of para- and
dia-magnetic particles, making them more responsive to a magr-letic'field

4

gradient. Second, the magnets are capable of niagnetizing to saturation

3
]
1
5
{
:
%

SRR,

large volumes of ferromagnetic "matrices', such as spheres, rods, grooved

plates and fibres.- It is the /pertebation of the magnetic field by the

\

. _magnetized matrices that create large gradients in magnetic field, which-

in turn help to create magnetic forces large enough to capture fine

paramagnetic particles from a slurry flow,




High-intensity wet magnetic separation has been reviewed by Lawver and
Hopstock%(S) and by Oberteuffer (4). Several types c;f high-intensity
separatérs have been developed, the variations being mainly in the design
of the magnetic circuit and in the type of matrix employed. It is not the
intention now to discuss the attributes of each sepﬁrator, but to review

the more important ones and to discuss their main differences in design

and use.

1.1.1 The Jones Separator

G. H. Jones fi'rst patented the Jones separator (5-7) in 1955 as a
cyclic device with an automatic operation of 10-15 cycles per minute.
The three operating sEageS‘ per cycle are: (1) magnetic capture of
particles fro;n a slurry flow on to vertical, grooved, ferromagnetic
plates placed in a strong magnetic field; (2) flushing at high

* velocity with the magnetic field still present, to collec‘E a middliﬁgs

| product; and (3) flushing with the field off to collect the magnetic
product. The separating zone, or working volume, is the air gap

| between the p01'es of a strong electfpmagnet in which is placed the

salient pole plates.

|
i

The machined points of the magnetized plates create points of high
field gradient ‘and sites for magnetié collection of particles. Inter-
plate spacing c;tn be adjusted to accomodate various particle sizes.

An ac}vantage in the use of plates as matrix material is that, since
the a}r‘gaps are vers' small, the magnetic fluk is easily condt;cted
through \the working v‘\élume. This is economically beneficial. However,
a major disadvantage in the use of plates is a large capacity ;
yrestriction due to the plates occupying a'substantial fraction of the

working volume.

- ‘mw%ﬁfw%wm‘,w.m v

~ 3 e




Cyclic, or batch, separators are suitable for the processing of

material in which the magnetics comprise a small weight fraction of
|

the feed. However, if a large fraction of the feed is magnetically

4

captured, as is the case with iron ore concentration, the matrix will -
/o~

quickly become loaded to capacity.| Frequent s}\mt‘ting down of the field
and flushing out of the magnetics will consume fm’icim of the processing
time. This capacity loss would be economically unattractive. Unit
batch operations also cause material handling difficulties in continuous
process plants. Continuous high-intensity wet magnetic separators

were, therefore, developed. /

The essential design feature of the continuous high-intensity separators

is a ring, or carousel, of matrix material revolving through a magnetic

field, as'schematically shown in Figure‘l. The sample is fed in a
slurry at the beginning of the working volume. As each section of the
carolusel passes through the magnetic field, the ferromagnetic ﬁ}atrix
becomes magnetized and the magnetic minerals in the passing feed are

captured and carried along with the matrix, while the less magnetic
[ ;

. . . ' . f
minerals pass through. The matrix with the magnetics revolves out of the
’ N &

working volume (and the magnetic field) and a high velocity water flush
removes the maghetic product (or mags). High' velocity flushes may also

be used in the working volume to clean ot physically entrained particlés
and produce a middlings prdduct. A schematic’ diagram of a continuous,

« . : {
4-pole Jones separator is shown in Figure 2.

- N N

’Presently, the largest single applic‘ation of high-intensity 'magnetic
sépar;ltion is at Jtabira, Brazil, where 28 Jones DP-31Q7 separators have
been installed to u:eat the finer fractions of a hemati;t,:e ore (8, 9).
Rated c?pacity per separator is 120 TPH. The Jones separator has also

been tested for the production of iron ore superconcentrates (<2% silica)
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FIGURE 1

/
Basic design of a continuous high/ intensity separator (3),
The design of the magnetic circuit will vary
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for direct }educti;n (8). The use of plates‘is advantageous in this
respect, as the plates are parallel to the direction of slurry flow

and thus provide minimum obstruction to the flow-through of non-magnetics.
Bridges of highly magnetic particles between the plates is the main

source of physical entrainment of non-magnetic particles (10).

1.1.2 The Carpco Separator .

The Carpco separator 611, 12) was the first commercially applied

\
b continuous high-intensity magnetic separator. It differs from the

Jones in the design of its magnetic circuit and in the use of spheres
(or rods or cubes) as the matrix material. A schematic diagram of a
four-pole Carpco separator is shown in Figure 3. The basic differences
between the Jones and Carpco magnetic circuits can be observed by

comparing Figures 2 and 3. It should be noted that the Jones ciycuit

uses the carousel to conduct the flux between poles.
\ik |
The spheres used in the Carpco separator to pertebate the magnetic
field and generate points of high field gradient, range 'in diameter
from 3/8 inch to 1 inch. A matrix of packed spheres, like plates, conducts
the”magnetié flux very Qell, and, like plates, spheres also occupy a
lafge fraction o% the workiﬂg volume. Physi&al entrai?ment of non- ,
magnetics is obviously a greater problem in\a geometry. of packed spheres,
as opposed to one of parallel plates. The field gradfents p;oduced in
the Jones separator are,}on average, at least an order of magnitude,higher
. than those in the-Carpco separator. These latter two points have made the

-

Jones a more attractive high-intensity separator for the iron-ore industry. -

The Jones and Carpco separators use conventional magnetic circuits
to create a magnetic field in the working volume and magnetize the

matrix. This means that iron yokes are used to conduct the magnetic

flux, created by electromagnetic coils, fhrough the gap of \the working
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FIGURE 3
Schematic diagram of a L-pole Carpco separator employing
’ferromap:netic steel spheres as matrix material.
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volume. The use of ferromagnetic iron intensifies the resultant field

through the air gap, as that field is a combination of the field

[
created by the electromagnets, plus the magnetization of the iron (13).
Electric power consumption is reduced when iron is usedyto conduct the

flux from the coils and produce high fields in the working volume.

The result however, is a very heavy and large device in relation to its

t

capacity.

1.1.3) The M.I.T. High-Gradient Magnetic Separator

An alternative to the high-intensity separator employing a conventional
magnetic circuit is the M.I.T. high-gradient magnetic separator (HGMS),
developed by Kolm and Marston (14, 15, 16). The separator consists
basically of an iron-clad solenoid surrounding the matrix material -

a fine, ferromagnetic steel wool or expanded metal lath. A schematic
diag}am of the high-gradient separator is shown in Figure 4. The
magnet steel facilitatgs the return of the flux and aids in producing

a uniform field over a greater portion of the length of the bore. Feed

can be pumped from the bottgg of the separatot, or gravity fed.

The advantage in using steel wool as the matrix material is that

extremely high field gradients can be produced through the pertebation

\

of the magnetic field by the ferritic steel fibres. The gradi;nts

produced are much higher than those of the Jones and Carpco separators.1

1.

device, even though the gradients produced by other high-intensity separators

A3

Thus the distinction of the M.I.T. separator as a "high-gradient"

" are large compared to those of the low-intensity magnetic separators.
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) ‘ Steel wool also provides a large number of high-gradient sites for N
particle capture, and offers little resistance to slurry flow. Since
ol |

| the particle size and wire diameter should be of similar magnitude for
maximizatic]m of magnetic forces, as will be explained in Section 1.3,
/ . the high-gradiént separator is ideally suited for fine particles. With

the use of a fine matrix, weakly paramagnetic particles as small as

4
”

Lum can be captured J]/n an HGMS. >

\

In the '1940'5, Frantz realized the potential advantages of a soleno/i,d

separator and the use of steel wool as matrix material. The mass of

the steel wool only occupies a small portion of the total working
volume. Even when tightly compressed,steel wool has a backing density
of less than 10%, i.e. 90% void. Since it is mostly void, a steel
wool matrix is very difficult to magnetize. Magnets, at the time of
Frantz, were not capable of economically producing the high field

t

strengths over large volumes required to saturate the ferrqmagnetic

1

3 filaments. Marston applied Frantz's use of a solenoid surrounding siteel
Q wool and, with improve& magnet design, developed a separator capable ¢
of gmerating’ up to 20,000 gauss in a large volume, easily enough to '
magnetize steel wool to §aturaiion. Fundamental differences between
the HGMS and the other high—intens:';&%y separators, and the improvement in

process economics offered by the high-gradient separator have been

discussed (14) .

The HGMS described al;ove ié‘a batch separator. For m§sons previously
mentioned, a continuous device is essential for treatment of such
feeds as iron ore. A continuous HGMS is presently in an advanced pilot
plant staﬁe, with test re@ults of batch and tontinuous separations in

good agreement (17, 18). Figure 5 is a schematic diagram of the

¢ xontinuous HGMS. The solenoid is elongated with the ends bent at 90°
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FIGURE 5 '

Schematic diagram of  the continuous high-gradient

magnetic separator(l5),
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e '

to allow the carousel to pass through. Note that the magnetic field
produced is parallel to the slurry flow, while the f;elds produced by
the Carpco and Jones separators are perpendicular to the slurry flow.

As previously mentioned and seen ’in Figure 2, the magnetic field of

the Jones separator is directed through the cai'ousel. JResidual magnetism

of the Jones plates at the mags wash causes problems when dealing with _

highly magnetic\pgrticles. This is avoided with the HGMS design.

In summary, the main advantages of HGMS over other high-inteﬁsity
devices :;re: ;1) the generation of a higher. background field[, with_the
cz}pability of magnetizing paramagnetic particles to a greater extent,
(2) the creation of much larger field gradients, and, thus, larger

magnetic forces, and (3) from (1) and (2), the capability of treating

micrometre sized, weakly magnetic particles.

High-gradient magnetic separation has much potential in several
industrial applications. Some of these are: 1. brightening and
purification of kaolin clay through removdl of micrometre siied titanium
diyxide (19), 2. desulfurization (;f coal and coal slurries (20,)‘ 3.
ren‘iovzﬁ of suspended solids and phosphates from sewage wa;er (21), and
4, steel mill water treatment for renéov;ll of fine iron particles (22).
Many ores, concentfates and tailings are potentially amenable to

concentration by HGMS., With the general trend of having to mine ores

.with decreasing head grades there comes an increasing need to treat

fines. Current technology ils often incapable of adequately handling
fine particles. Some of the present tecliniques of fines treatment and .
their associated difficulties have been discussed (23-29). With its
capability of handling paramagﬂ‘etic particles'as fine as one micrometre

HGMS may prove to be tl\e solution for some of the fine particle problems.
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. 1.2 Basic Principles of Magnetic Capture of Paramagnetic Particles

Theories of magnetic capture of paramagnetic mineral particles in a high-
gradient separator have been proposed and discussion by several auth?rs

(4, 30-33). For the purpose of initially analysing the forces involved
without going into a complex theory, an idealized situation describing the
separation process can be applied. Consider Figure 6. A spherical para-
magnetic particle, in a fluild moving at constant velocity, approaches a
ferromagnetic wire of circular cross section. A uniform magnetic field
applied p\erpendicular to the wire axis magnetizes the wire and the particle.
A field gradient ils crea*ged near the cylindrical wire and a magnetic force
acting on the particle is developed. If the magnetic force is large enough
to overcome the compet@ hydrodynamic and gravitational forces the pa/rticle

will adhere to the wire,

The nature of the field gradient and the extent of the forces involved in

this simplified situation can now be discussed.

1.2.1 Field Gradient

R
The magnetic permeability of a ferromagnetic material is much greater
\

than that of air or water. As a result, the-magnetic flux in the
vicinity of a fegmma’gnetic body placed in a uniform magnetic field
“will be diverted through the body. The net effect is a change in the
previously unifor:u distribution of magnetic flux. This field disturbance
is schématically illust;’ated in Figure 7 for the case of the ferro[—
magnetic cylindrical wir;.' The field strength at the top and bottom of

the éyl:inder (point A) is greater than the uniform background field

strength (point B), while the field strength at the sides (point C)
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Simplified situation df a spherical,paramagnetic particle'
approaching a cylindrical,ferromagnetic wire in an HGMS. »
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A
-t N 5

is actually réducgd. Field gradients, or localized spacial variations

» in the field intensity, have been created.

Determination of the actual field distribution around the wire over

three dimensions can be made from elementary electromagnetic theory (34).
Oberteuffer (35), however, has made an order of magnitude estimate for

the value of tht? fiell gradient for the case of the cyli;\d;'icai wire. \
Referring again to Figure 7, the intensity of the field at A is

approximately equal to the sum of the background field intensity and

the wire magnetization, 211’Mw. Thus »

\

HA“' H + 2'ﬂ'Mw ) (1)
At B, a distance x from A, the effect of the wire magnetization is
minimal, so,

H, ~H ' , (2)

B

The field variation from Bto A can therefore be expressed by: y

HB - HA 2TM . ,
~ w
X X , (3)

\

¢

Q

where x is of the same magnitude as the wire diameter, a (35). Thus,
an approximation to the magnitude of the field gradient around the

wire is given by?

dH 2 wM,
e PV e
dax a . , (4)

This equation expresses a noteworthy relationship - the smaller

‘the diameter of wire employed, the larger the, resulting field gradiéents.
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‘ 1.2.2  Magnetic Force -

The attractive or repulsive force acting along a given direction on a /

-

paramagnetic or diamagnetic particle in a magnetic field is given by,

. dH
Fx=VMp-cfX' . -~ (5)

£

|
The force is thus proportional to three terms: the volume of the

particle, the particle magnetization, and the field gradient over the

dimensions of the particle. A paramagnetic particle placed.in a
uniform magnetic field would become aligned with the field, but, since

"”
the gradient is zero, there would be no net magnetic force acting on the

particle. In simple terms, the magnetization of the two ends of the

particle, which acts as a dipole, are equal and opposite, thus cancelling"
]

each other. Only when there is a change in field intensity over the

dimensions of the particle will the particle experience a net magnetic

!

force. ' , -

B

Maximization of thggiagnetic fordé’requiges a maximization of the field
"gradient across the dimensions of the particle. Since the gradient
around the cylindrical wire extends approximately one wire diameter
from the edge of the wire, maximization of the gradient across the

particle requires the particle diameter to be of the same»order of

-
v

magnitude as the wire diameter.

If the particie size is considerabl} larger than the wire diameter, a
substantial pyrtion of the particle will re&ain in a relatively uniform ’
field. The larger particle will then not ﬁave as’high a gradient

acting across its total dimension as a particle whose size is matched |

to the wire size. A particle considerably smaller than the wire
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diameténtwill also not experience as high a gradient across its
diameter (35). Therefore, the very high field gradients produced
through the use of fine, ferromagne;ic wire are only effective ia :
producing strong magnetic forces when the particle size is of the same
magnitude as that of the wire. . For maximization of the magnetic force,

a = 2.7d (4). Mhen this is so, the system is said to be matched.

o
Magnetic force is also maximized by maximizing the particle magnetizationm,
Mp. Figure 8 (b) is a magnetization curve for a paramagnetic material.

Its magnetization increases linearly with field strengfh, and the sloﬁe

of the line is the particle susceptibility. Therefore,

Mp = kH (6)

Combining Bqs. (4), (5), and (6), then, for a spherical particle the
- |

magnetic force can be estimated by: )
T ZTer

RV TE . )

Unlike the magnetization of the paramagnetic particle, the magnetization
of the ferromagnetic wire is nonlipear with field strength, as shown

ﬁ\ il
in the magnetization curve of Fig. 8(c). At sufficiently high Yalues

of Ha ferromagneficlmaterial will become saturated. The wire

" magnetization will therefore increase with H until it reaches a saturation

level; For steel fibres, saturation occurs at between 7 and 10 kilogauss(s)

To simplify, let
2wM_ = H, if H<10 kG (8)

and 0

2TM, = 10, if H>10 k6 . : : (9),

o ke e Bt AR et A M P M . B BT TR
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The field gradient will, therefore, increase up to about 10 kG,
whereupon a further increase in H will not affect the gradient.
Increasing H above the wire saturation value only serves to increase

the particle magnetization. The magnetic force can now be expressed

by:
&Sk
FM“ a ., if H<10 kG (10)
3
o &7 kH (10 . |
Fy a , if H> 10 kG (11)

1.2.3 Competing Forces

An expression for the drag force acting on the spherical particle
‘will vary with flow regime (d and U). A Stokesian regime will be

assumed, where the hydrodynamic di‘ag is given by:

e R A RRERr e, o TR S i e JE R L > S TR R

Fy = 3wndu. (12)

P
P er)

The gravitational force acting on the spherical particle is:
_ 3 \ b
Fg=1lwds ((-¢) - )

Other competing forces include interparticle effects such as electro-
static attraction, friction and magnetic attraction. They play an
increasing role only when handling particles less than 5 um. The b
gravitational force is proportional to d, indicating that gravity will o
be an inqaoréant consideration only at relatively coarse sizes. When
handling particles between about § and 50 pam in an HGMS, the predominant

competing force is hydrodynamic drag. B

\
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1.2.4 Force Balance

relative magnitudes of the maghetic and drag forces.

A force balance
can therefore be set up:

2
fﬂﬂ fﬂu d“kH(2 Ter)
F. " Fy mUa . (14)
If a matched system can be approximated, then,
&
51 - dkH (2 1er)
FD nu . (15)

It would be expected that the recovery of paramagnetic particles to

the magnetically captured fraction would be related to the value of
the ratio of Eq. (14), or,

el

/

D (16)
If the relationship is assumed to bef linear, then,
d*kH (2TM)
R.M = C W
Tmua |, . \ 7

where C is a constant. This equation will be réferred to as the force
balance model.

mx

The above discussion shows that the magnetic capture of a paramagnetic
particle is a function of several variables - particle size and suscepti-
bility, field strength, wire magnetization, and fluid velocity and
viscosity. There are three other operating parameters that are of

practical importance in an HGMS. They are: the matrix loading, L_,

(or the amount of sample fed to a fixed matrix weight);

the matrix

length,L; ‘and the matrix packing demsity, ( m.

g el Sl
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The force balance model, although derived through several simplifying

! assumptions, is useful in indicating the basic relationship of the

- -
R v
VRN G 3

variables involved. A more general expression of how recovery to the

magnetics fraction is related to the particle and operating parameters

would be:
j
‘ !
- B.CD FG_ J,.

Ry = £ (@500 (18)
In summary, optimum use of the magnetic forces created in the high-
gradient separator requires that the wire diameter employed be closely

t

matched to the particle size of the material being handled. Maximizing

the magnetic force means maximizing the particle magnetizatioﬁ and the

field\gradients across the particle, both of which are attained through

increasing the background field strength. However, maximum field
.
gradients wi{l be attained at~ 10 kG, and increasing the field beyond

this value only serves to increase particle magnetization.. Hydrodynamic

T e AT B3 5 S A O

: . . )
drag is increased through an increase in fluid velocity. Therefore,

given a particular set of particle par ters (d and k) and matrix 1

parameters (Lm. L, and (m), magnetic capture of the particles can be

controlled through a selective balancing of field srength and fluid '

! b

velocity..

~ .

'1.2.5 Matrix Length Effect

As a first attempt at understanding the role of métr‘;'.x length in magnetic
recovery, assume thai:\tﬁe 1ength of a matrix has been divided into

n segments of equal weight and length. Knowing thg recovery, RMI’ in
the first segment (n = 1), prediciions of the reco‘}eries for n» 1 can

be made by applying the equation (36): \

Ry =1+ (1 = 'Rm)" : , - (19)
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v

where all RM values are fractional recoveries. Eq. (19) results from

the application of probability theory, where Ry is the probability

of capture on any segment and is assumed to be independent of the

SRR b

I
number of the segment (see Appendix 1).  To confirm the assumption the
following technique was suggested (36). Re-arranging Eq. (19) the

recovery to non-mags is:

4

- Ryt O " -

log (1 - Ry) =n log (1-Ry) . 1)

—

if RMl is independent of n, then a plot of log (1 - Ry ) vs n should be

LR o il e et
B n BT RERRR

Tt

linear with slope log (1 - RMI)’ The feed weight to each successive
segment decreases, so that if the assumption of RMl being independent

of n is proved correct, then the implication is that RM,is independent '

of feed'weight.

Appendix 1 aldd shows that if RMx represents the magnetic recovery of

a mineral using the matrix weight x, then RMy’ the recovery with matrix
|

weight y, can be predicted by: i
|

Ry = 1 - (1 - RMX)Y/X . ' | @
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1.3 Aim of Thesis

The general aim of the thesis is to determine the effects of the controlling
process parameters upon magnetic recovery in an HGMS. Control of the

particle parameters will be obtained by preparation of samples to narrow
particle size and suceptibility ranges. Operating parameters stuﬁied'will

dnclude field strength, .fluid velocity, viscosity, matrix loading and

matrix length. ! °

;

The data derived from testing the individual variables will be used to
develbp an empirical model of capture, encompassing all the variables

studied. o

Finally, the prédictive capabilities of the empirical model, will be

examined through its application to the separation of several test samples.

~!
N
b



26.

A,

I - e SRR S sz v SR %
_ S—
Q ~
S \
m -
) E
: B .z
% m = m =
| g 2 m
s 5
.
e *
%
@
b
!
e e R L L e e s e s e % % ity o - 2




TR TR R VIRt A e

O

27.

2.1 &p_aratus J

d

2.1.1 Description of Superconducting High Gradient Separator

The high-gradient separator used for experimentation was a

¢

laboratory batch separator. . Its two basic components were:
) .

(a) the magnet, ar;d (b) the matrix and sample handling system.

v

(a) The Magnet. The magnet used to generate the high bacllcground field
|
was a superconducting solenoid. The property of major interest of a

superconducting material is that below a certain critical temperature,

Tc, and below a critical field strength the electrical resistance of

the material drops to zero. Since r = 0, the power, or heat loss, I‘zr,

equals zero. Currents can therefore be passed through a superconducting

b ' ‘ ’
solenoid without the generation of large amounts of heat and without

the large power loss caused by resistance heating. The magnetic field

generated in the bore of a solenoid is directly proportional to the
current.- Strong magnetic fiel(is can thus be produced ‘i.n the bore of‘
a superconducting solenoid withouyt the need for the large currents or
the large amounts of cooling water that conventional magnets demand.
Theory of superconductivity and its practical apl;lications can be
found in the literature (37, 38). A superconducting high-gradient
separator has also been described by Stekly (39).

The magnet used was a zirconium-niobium alloy, with a critical
t

temperature, T, between 5 and 15°K. To keep it below 'l'c the solenoid

was immersed in a bath of liquid helium, at 4.2°K. At that temperature

“the solenoid hado a limiting field strength‘of about 22 kG and an

inductance of 7.5 henr};. The coil had an I.D.“of 8.2 :}:ni, an 0.D. of

11.4°cm, and was 30.5 cm long. Figure 9 is a photograph of the solenoid.
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FIGURE 9
of superconduqfing solenoid.
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A cryostat, or dewar, was reqdired to contain the bath of liquid

helium, in which the solenoid sat. The dewar was basically a multi-

walled, stainless steel, cylindrical container. A’'cross-sectional

. \-;\ ’
diagram of the dewar is shown in Appendix 2. Its overall length was
1.37 metres with a 30 cm 0.D.. The outside annulus was evacuated; the

1

next annulus was filled with liquid nitrogen (77:4 K); the next was

ot o, AR M N

also evacuated; - and the following larger space contained the liquid {

helium and the solenoid. On the other side of the helium well was

an evacuated double wall. The 5.0 cm bore of the dewar was thus at
\ :

room temperature. Table 1 lists s%fof the helium well dimensions and

its capacity. , The liquid nitrogé?; reservoir had approximately a 15 L |

capacity.

o i R AR P st e

The diagram in Appendix 2 indicates a coupling for the pressure gauge,
and the outlet and valve to the vacuum system. The wx;lls of the dewar
were pumped out with a water cooled oil diffusion pump backed by a % H.P.
rotary pump. The ultimat\e vacuum before helium transfer was not known,
as the vacuum gague use:l did not havé a scale low enough for an accurate\

reading. Figure 10 is a photogfaph showing the dewar (with the solenoid

=
ES

in place), power supply, diffusion pump, and slurry head tank. \

Liquid helium was transported in a 25 or 30 L portable dewar. The 25 L

! :
dewar was a conventional container with an insulation design similar

to the magnet dewar (vacuum walls and liquid nitrogen shield). The

; newer,-30 L aluminium container did not require liquid nitrogen

\
N

shielding. It employed super-insulation and recovered sensible heat by
 an ultra-shielding system in a high vacuum (40). Flexible, helical

cqf)per tubiﬂg with an outer evacuated wall was used to transfer the

ligu'id helium from the helium container to the helium well of the ¢ '
Wi ’ ' f‘\ *
\ .
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TABLE 1 - HELIUM WELL DIMENSIONS
0.D. of Helium Well, cm 20
X I.D. of Helium Well, cm 7.6
i CrOSs-sectional.Qrea of
: Helium Well, cm 280
1
p NE Depth of 1 Liter of HeL, cm 3.6
¥ ! v
E Volume of HeL to cover
F solenoid, L ’ 9.7
Total He Well Capacity, L 30
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FIGURE 10

i B

Photograph of dewar (with solenoid inside),vacuum system-
{rotary pump out of picture’'at bottom), vacuum guage,

power supply, head tank and water line,
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magnet dewar. The two "legs" of the trasnfer line' (one '"leg'" in

"either dewar) were 1.2 and 1.4 m long.

Depth of liquid helium in the dewars was determined by measuring the
position of the top of the helium bath. This was done with a "dip

stic;'l', a 2.5 mmO.D., thintwalled stainless-steel tube 1.3 m in lengfh.
The dip stick was slowly lowered into the helium bath. When the bottom
tip of the stick was in liquid helium, or the cold gas just above the
liquid, strong vibrations up the tube were produced, perhaps due to the
great temperature difference between the two ends of the thin tube. When
the tip passed through the liquid-gas boundary, there was a ve;'y noticeable
abrupt change in the frequency of the vibrations. Thus, by calibrating
the stick length with the dimensions of the dewars, and npoting .the level

at which there was a frequency change, the depth of liquid ‘helium c‘oﬁld be

easily determined.

The maximum D.C. output of the power supply was 50 Amps at 6 Volts.
However, a resistance of 0.2q was connected in series between the power
supply and magnet, to give a maximum normal cufrent of about 30 Amps.

. l . .
This maximum increased slightly upon heating of the resistors.

When setting the current, 'it was important not to overshoot the required
value. If the current was increased byond the required value and then

brought back down, a back emf would be induced in the coil. This would
result in a generated field with a strength slightly differ?nt from that
had the current been simply brought up to the desired value with no .

overshoot.

(b) Matrix and Sample Handling System

The matrix was held im a 25 cm long cannister placéd in the room temperature
4

-

. bore of the solenoid. Two cannisters were used: plexiglass, with a 3.7 cm
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1.D.; and copper, with a 3.8 cm I.D. The cannister was connected at
either end to 1.3 cm I.D. copper tubing. Slurried sample wa§ gravity
fed via the tubing from a head-tank, through the separating zone (or
working volt;me), and into a collecting bucket. Figure 11 is a schematic

diagram of the sample transport system.

For tests run at constant velocity, i.e. constant head, a 2.5 1 plastic
head-tank sat directly above the matrix, resulting in a 1.35 m static

head from the bottom of the head-tank to the centre of the matrix. A

_ ball valve was placed approximately 20 cm below the cannister to act as

an on/off valve. 1.3 cm I.D. Tygon tubing was attached to the valve and
flow rate was controlled through the use of a set of bored, brass plugs
;;laced in the line. Each plug had a different I.D. so that the velocity
through the cgannister and matrix was di%ierent for each of the 6 plugs.
Reproducible velocities were thus quiclrd‘y‘and reliably attained. Total

head from the bottom of the head-tank to the end of the Tygon tubing

(running into a bucket) was approximately‘ 1.8 m.

-

A series of tests was performed using a drainage method of operation,

whereby the slurry head was not held constant and the system was allowed

to drain completely. For those tests a 2 L glass head-tank, approximately
3.0 m above the slurry outlet was employed. Instead of bored plugs, a
second ball valve was used to control the flow rate. Velocities quoted in

test work were determined from the flow rate of the first 500 cc of flow. .

To develop a maximum velocity flush, the on/off valve was closed and
valve 3 was opened. In this manner, tllere was no need to remove the
velocity control plug, or readjust the flow control valve, each time a

full velocity flush was employed. . :
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Schematic diagram of sample handling system( not to scale).
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Two types of matrix material were used; ' stainless steel wool and
expénded metal lath. Table 2 smnma;-izes the dimensions and use of

both types. Note that the expanded metal is considerably larger in cross
section ;han the steel wool. Figure 12 (a) is a photograph of a section
of steel wool inside a plexiglass cannister, and Figure 12 (b) is a
photograph of a single piece of the expanded metal lath. Each piece of
the expandeil/ metal weighed about 1.5 gms. 39 pieces were stacked one on
top of another within the cannister to yield the 59 gm (longer) matrix,
and 21 pieces were employed to yield the 32 gm (shorter) matrix. The
two expanded metal matrices were mot packed at the same density, so that
the ratio of their weights was not'equal to the ratio ‘of their respective

lengths.

I

2.1.2 Calibration of Solenoid

The magnetic field strength in the bore of a solenoid is directly

'
proportional to the electric current passed through the solenoid. To

"calibrate the field strength of the superconduciing magnet yith the D.C.

input a Hall probe (41), model HR-66, was employed. It was used in an
open circuit with an input of 200 mAmps. The f)robe was first calibrated
with a variable field strength electromagnet and a gaussmetre. The
relationship between the gaussmetre readings and mVolt output of the
Hall probe is plotted in Figure 13. Maximum field strength of the

electromagnet was 13.2 kG.

The solenoid was then calibrated by placing the Hall probe in the centre

‘of the solenoid, and recording the millivolt output at set current inputs

from the magnet/ power supply. These millivolt readings were converted

to field strength values using Figure 13. The linear relationship between
solenoid field strength and current throﬁgh the solenoid is shown in
Figure 14 and is expressed by: |

]

H=0.15+0.631 . - (23)
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TABLE 2 ‘ 3 i
Matrix Dimensions ;
\ N
)
5 . f;
Stainless Expahfled Metal !
- Steel Wool bonger\ Shorter i ?g
]
Approx. dimensions é
of Cross-Section, ym 50 x 250 500 x 600 500 x 600 ,;f;
‘ 7 T 5
Weight, gms 30 59 32 (
2
Length, L, cm 2 8 \ 3 A
Occupied Volune, ca’ ' .
(I.D. = 3.7 cm) » . 260 86 38 Q .
- Matrix Packing J "
Density, @ , % ‘ o
e - 7.8%) 1.5 8.9 ! 10.7 i}
S
!
4
\ 2
|
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FIGURE 12(a)
. Photograph of steel wool matrix. .

. FIGURE 12(b) , 4

o f

Photograph of a single piece\ of expanded metal matrix.

. 4

: <A

LR L.

g
v




RN

o
\ .
-
«
. i
}
'
4
, -
. .
b .
y
\
.
; - a !
L SN T O
RS e . .
g P ReEheny o . .
RSP PIRARE S il ]
R e Al - ) .
e TP
S 2 3 . .
i
s R
.
¢
. i
. .
o
L
.
o

a
+
.
k3
G i s,

N

Yo

NP s

o

N

@, OF T

O Tk

¥
'

e S R

PASE PR

’

e d



=B Sl Sz AT

"

~

- -

a

<FIGURE 13 '
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H is in kG and I is in Amps. Since the probe was only calibrated to
13.2 kG Figure 14 has been extrapolated from 13.2 to 20 kG. Current

‘readings were accurate to approximately + 0.2 Amp.

The Hall probe was also used to determine the distribution of field
strength along the solenoid axis. This distribution is plotted in

Figure ISQand indicates that the field is very uniform over the centre

20 cm of the bore.

2.1.3 Operation of Superconducting Magnet

Operation of the magnet for test purposes meant filling the dewar with |

liquid helium and keeping the heiium boil-off réte at a low value. The
operati?g procedure cénsisted of: 1. evacuating thé walls of the dewar,
2. filiing the nitrogen reservoir, 3. cooling the solenoid 'to liquid
nitrogen temperature, and 4. placing the 'solenoid in th; dewar and filling
the liquid helium reservoir. j ) )

1. The dewar was pumped out over the period of 1 to 3 days with

the use of the oil diffusion pump*and rotary pump. A schematic of the

evacuation system is shown in Figure 16. The initial procedure was as

follows: ] T

(a) Wﬁth valves 1 and 2 closed and the release valve open, switch
rotary pump on. \

(b) Close release valve and open valves 1 and 2. .

(c) Switch heater of oil diffusion pump on.

(d) Turn on water to cool diffusion pump. '

/

If the dewar was already at the roughing vacuum (about; 100 m), the ‘

following procedure was used:

<7 %’ ’
(a) Switch rotary pump on.

(b) Close release valve and open valve 1.

(c) Switch diffusion pump and water line on.’

]
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(d) When oil heater is at maximum temperature, open valve 2.

The pumping system was shut down by the following procedure:

{a) Close valve 2. '2

(b) Switch heater of diffusion pump off (leave the cool water %

; 4

running). é

() When diffusion pump has cooled to room temperature (about %

30 min.) close valve 1. ' ‘ . é

(d) Switch rotary pump off and open release valve. o §
2. Nitrogen was tran§ported from the main filling tank in a 30 L

o AT se

dewar. A valve was fitted to the NL dewar (similar to that used on the
r liquid helium dewar, see Figure 17) such that an applied nitrogen gas £

flow into the NL dewar would pressurize the vessel and force the liquid
\ .

nitrogen sut. Approximately 40 L of N, was required to fill the nitrogen

L

reservoir, and it was periodically topped up during the test rum. !

3. The price paid for NL was $0.30 per liter, while HeL cost

N between $4.00 and $6.00 per liter. Thus it was economically beneficial M

~ to precool the magnet with liquid nitrogen to NL temperature, before

cooling it the rest of the way in the helium bath. This was done by

placing thelcoil in a styrofoam conéainer and filling the container with
nitrogen. Room temperature resistance of the coil was 450a aﬁd its resistance

; at NL temperature (77.4°K) was 70n . Resistance was monjtored and used

to indicate when the coil had reached NL temperature. This proéedure

consumed approximately 10 L of liquid nitrogen.

)

4. When the magnet had reached a Tesistance of 70a it was placed |

/ .
in the dewar and at this point the vacuum system was closed to the dewar
{valve 2 of Figure 16 was closed). The legs of the flexible transfer line

was simultaneously placed right to the bottom of the dewar and the helium
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Schematic diagram of valve employed to pump liquid
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" ‘ % container. The top of the helium container was fitted with a valve, .

4

schematically drawn in Figure 17, that fit tightly around the leg of the
{ .

transfer line. It allowed the entrance of a flow of helium gas to

pressurize the helium dewar, thus forcing liquid helium through the

transfer line and into the helium well of the magnet dewar. A flow metre
_ and pressure gauge bn the helium gas cylinder controlled the over-pressure
t
in the helium container, and thus controlled the- fate of transfer. A

( photograph of the helium transfer equipment and procedure is shown in

| Figure 18.

The first several litres of liquid helium were boiled off by cooling the

transfer line, solenoid, and helium well to the HeL
¢

L - \ Gas molecules in the vacuum walls (02, Ny, etc.) are solidified by the

temperatufevfh.zoﬂ).

<
c
Tt i AR : P TP T e o T RS W e T
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ST
~anl .

: helium on the other side of the wall, thus producing the ultra high.vacuum

in the walls. The importance of closing the vacuum system off from the >

dewar before transfer is effected can thus be appreciated. The vacuum in’

the dewar becomes lower than that in the diffusion pump. Consequently, if
. . \
the valve is left open, air molecules will be "cryro-pumped" into the dewar

and solidified by the liquid helium, resulting in a large (and eventually
- : ?
total) consumption of liquid helium,

\

As helium transfer continued, the coil resistance was monitored. A steady -

&
s

drop in resistance occurred as the coil and dewar were cooled to HeL :

o T

. . . . \ ) %,
| temperature, until the coil temperature reached 4.2% and the resistance &

. - g

dropped to zero. At this point the solenoid had. gone superconductiong and ﬁé

the helium reservoir began to fill with liquid. Depth of helium was then &

' iy

f

monitored with the dip stick. Transfer continued until- the point at which

there was no' noticeable increase in the height of the helium bath over a

A

time span of a few minutes. This indicatedl that the helium dewar was

d

empty, so transfer was discontinued. This was done by releasing the ’
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FIGURE 18 *

Photograph of transfer procedure. Photo shows the He;

container,.the He gas cylinder, the transfer Iine, gnd

the valve which was schematically shown:/in Fig. 17.
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. ,
pressure in the helium container and rem¢ving the transfer line

’ . . > two dewars. Total time of helium transfer varied from 45 to 90 mi
%ﬁ On the average, 20. L of liquiq helium was fequired to cool the magnet
‘ " 9" 3 [
R b and dewar, and fill the helium well to a h‘}ght of about 44 cm, or about

8 cm above the top of the coilR Boil off rate was generally 1 to 1.5 cm

per hour (0.3 to 0.45 L/hr).o The magnet was operated until the level had

dropped about 8 cmeelow the top of the coil, as the solenoid went

normal (non-superconducting) at a i;velxbetween 8 and 15 cm beﬁgw the to?
. of the coil. Therefore, if the dewar was filled with liquid helium to

about 8 cm above the top of the coil, 10 to 16 hours of magnet operating

) time was available for testworaﬁh “

2.1.4 Permanent*@égnet

A small, p?rmanent magnet (solenoid) was used to perform some initial
tests. It<has 10 cm high with an 0.D. of 15 cm and a bore of 5.7 cm.
Figuré. 19 is a photograpﬁ of the magnet and the glass cannister used to
hold the matrix (expanded metal matrix in this case). 1.D.*of the
cannister was 3.7 cm when expanded metal was used, and a 5.0 c¢m I.D,
camnister was employed when a steel wool matrix was used. A 2 L glass
head-tank held tpe slurry about 40 cm above the ngnet. Two ball valves

below the cannist?r were employed to control the flow rate.

o

Field strength of: the magnet was measured along the aXis of the bore
using the same Hall probe, and probe calibration; used to calibrate the
larger magnet.  The flefz dlipribdﬁlon, hinp “in Figure 20, indicates

a reasonable uniformity in field st?éngth over the centre 5 cm of the
ﬂore. When steel wool was packed in the bore the maximum field strength

was increased from 0.9 to 1.0 kG and was constant at 1 kG over the centre

5 cm.
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\ " FIGURE 19 . o
Photograph of permanent magnet with the matrix cannister,
containing an expanded metal matrix. The matrix and magnet“*
' are in the mags flush position, .
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~ Fleld distribution along the axis of the permanent magne?.
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2.1.5 Frantz Isodynamic Magnetic Separator

Thé Frantz Isodynamic Magnetic Separator (42, 43) was used for

sample preparation and mass susceptibility measurements. A photograph
of this device is shown in Figﬁre 21. Basically, it consists of an
inclined chute placed between long,specially shaped Ilaole pi‘eces\ofi a
powerful electromagnet. The dry sample to be separated is fed down

the chute parallel to the length of the pole pieces. The electromagnet
and chute are al€o slightly tilted to Don;e side, causing the particles o
flow down one side of the chute when no magnetic field iswapplied.
However, when current is pﬁssed through the electromagnets and a
magnetic field is produced between the pole pieces, the diverging shape
;f the poles causes a magnetic x’force to act on a paramagnetic particle
in a direction opposite to the gravitational force. This is illustlfated
in Figure 22, a cross section of the chute and pole pieces. A field'

gradient is produced in the (+)x direction, thus producing the FM in

a direction opposité to the Fgr “

o .

The main feature of the pole shape, however, is that a constant field

4

gradient (and thus a constant FM] acts on a particle regardless of its
position across the chute. Thus, the ratio of magnetic to gravitational
forces is relatively constant for a given partigle. It can also be
shown that the net motion of the particles is yirtual ly independent of’
par'ticlebsizel (:1) . Because of'the long operating' space parallel to the
sample’ flo;r',”the separator provides a long perio"d of magnetic action on

the particles rather than a short impulse. The direction of motion of

the particles is consequently a resultant of the combined magnetic and
«

.~ gravitational forces, N

L

n

The Frantz produces a separation based mainly on the relative mass

3
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FIGURE 22

Schematic diagram of a paramagnetic particle between the-

pole pieces of the Frantz Separator. The particle is

'

ﬁoving"in the (4)z direction along the chute.‘
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very precise. separations between particles of close sﬁgceptibility.

A

Half way down the chute a splitter divides the 3eparated particles into
magnetic and non-magnetic fractions. Magnetic force is increased by °

increasing the current through the electromagnet and gravitational force

Y

is increased by increasing the side tilt. The minimum particle size

treatable is about 20 pm.‘ All samples should be clean, and free of dust

v

on the mineral grains.

A "magnetic résponse curve' of a given sample can be generated by

passing the sample through the Frantz at a set side slope and a low
1 & A
current. The mags product is weighed and the non-mags 'become the feed

for the next pass at a higher-current. This is repeated several times,
increasify the current each time. Cum. Wt. % reporting to the magnetics

chute can then be plotted against/ current . ' . o

An approximate determination of the mass susceptibility of any para-
magnetic material passed through the separator can be made from the

following relationship:

x = 20 sin® x 1076 emu '
IZ ° gm - Oe .~ (24)
Y o
This equation is derived from a force balance between FM and FG‘ The

I used is the lowest current at\which the particles report fo@e P

"magnetics' side of the chute. ) !

i

J
The Hall probe was also employed| to calibrate the field strength of the

Frantz with the applied current. The \relationship between H and I,

shown in Figure 23, is linear to 1.0 Amp. (15 kG). It also indicates '

that Eq. (24) would 1Q>e applicable up to about 1.3 Amp before excessive

effects of magnetic saturation occur,
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Calibration of current applied to ghe°eieétromagnets of

the Frantz to the maximum field strength generated between
. ke ! / .

the pole piecds.
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2.2 Sample ereparation . .

. N . . . v
Five uni-mineral samples were prepared for use in expcriments designed to
A .

1] . -
test the operating and particle parameters. Two multi-mineral samples

(concentrates) were also prepared for separations on the HGMS. .

2.2.1 Uni-mineral Samples ‘ .

L

The test program as outli:xed in Section 1.3 called for a close control
of particle size and magnetic susceptibility. Therefore, samples of

narrow size range and narrow susceptibility.range were reduired. To meet

2

these two requirements the Warman cyclosizer and the Frantz Isodynamic

Magnetic S'eparator were employed for sample preparation.
( . \\ - . N N N $

Several kilograms of -400m hematite had been prepared hy Partridge (44)

> - PP e e ¢ ¢ ek TN T T Y
e Lot B L .

from the Carol Lake iron ore deposit of the Iron Ore Conii:any of Canada.

¢

i
Analysis of the hematite on the Frantz showed the coarser material (30 um)

. et

to be approximatyly 99% hematite - 1% silica, and to have a very narrow
susceptibility range (see Section 3.1). Closely sized samPIes were

produced with tile use of thel cyclosizer. Several samples of 60 gms each
were cyclosized. 'I"he minus #5 cone material was recovered for the first

3-5 minutes of operation. Table 3 lists the range of particle sizes for

:

{

&

8

3

4
(%
® o

¢ : s/
each cone, the average particle size of each fraction, and the accumulated
—= \ %

D

weight' of samples collected.

To produce a hematite sample with a wider size distribution some of the
sample\prepéred by Partridge'was 'cycloned at 5 psi on a 1-in. laboratory

cyclone.. The size .analysis of both the U/F and O/F material is given in

Table 4, \

A clean ilmenite sample (98-99% FeTiOs) was obtained from Quebec Iron

/

and Titanium Corp., Sorel. It also had a narrow susceptibility range.
{

‘The coarse sample was dry ground in a 23 cm Abb& ball,nirl-l/enxploying a
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. Hen}{atite Samples
: Size Collected Sample
Cyclone # Range dAve Weight
@m) (gns)
1 23 > 37 30" 9
. 2 17.6 > 25,4 22 90
3 13,1 -» 19,3 16 70 N
4 / 9.0 » M4 12 ‘ .90
5 7.1 » 9,9 8.5 ° 50
<5 , <8 70 /
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TABIE 4
1
Size Analysis of Hematite Cyclone
. Underflow and Overflow
’ A
; d Cyclone U/F Cyclone O/F
y Ave
Cone # - @m) WS Cun Wt % Cun .
§ Wt % Wt %
1 32 7.4 7.4 - -
2 24.7 . 23.6 31.0 1.5 _ 1.5
p .
/
3 18.7 31,2 62.2 4.1 5.6
4 13.5 N v 20.6 82.8 6.4 12.0
5 9.8 9.7 92,5 9.7 21.7
-5 ~5 | 7.5 \ 78.3
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. ‘10 kgm steel ball grindin; media. Stage grinding was ;gnployed with
screening at\“325 m. Approximately 1000 gms of -325 m ilmenite thus
@roduced was cyclosized in 60 gm samples. The second and third cone
cyclosizer products were combined, as were the fourth and fifth cone
products. Minus #5 cone material was collected for the first 3-5 minutes
of operation. The size ranges,. average sizes, and accumulated sample

weights are listed in Table 5. |

., Copper concentrate,’ with chalcopyrite as the primary Cu mineral, was
obtained from Geco Mines, Ontario. The sample was first cleaned and
de-slimed in alcohol using a decanting technique (45), then dried and

screened down to 325 m,

30 to 40% of the concentrate consisted of minerals with susceptibilities
substantially different f1:om that of ghe chalcopyrite., To produce a
sample with a narrow susceptibility range, minerals ’other than chz{lcopyrite
had to be removed. Therefore, sized fractions\ (-270 +325m, -200 + 270m,
and -150 + 200m) were passed through the Frantz Isodynamic Separator

at a current setting of 0.95 Amp and a side slope of 20°. The material
reporting to the ";dn-magneticsféfgide of the chute was a very pure
chalcopyrite, while |the "magneti'cs"iconsi\sted mainly of pyrrhotite and

sphalerite.

The cleaned ch‘alcopyrite fractions were stage ground in a 23 cm Abbé

bai} mill to produce samples in th\e\ 10 to 40 um size range. A one minute
grind was used, followed by screening at 325 m. +325 m Material was
returned to grinding-screening, and -325 m chalcopyrite was accumulated

for cyclosizing. Table 6 lists thpe particle sizes, size ranges, and

weights of the cone products from the cyclosizer. .
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Ilmemite Samples

4

. -~
_ i
., Size | Range in dAve Collected Sample |
Interval d (um) wm) Wgt. (gms)
+325 « 270 m 44 « 53 49 100
#1 Cone* . .26 - 53 44+ 80 ‘
#1 cone 26 « 44 35 200 \
: ' , i
#2 & 3 cones 15 - 26 21 460
| #a & 5 cones g - 15 1 180
~ #5 cone <8 60
* Weighted ave. of wide size distribution
]
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A
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v _ , " TABLE 6 ' ;

! ‘ Sphalerite and Chalcc;}?yritc Samples
1 k]

R

o

Collected Sample' Wts.

Range in d (gms)

o Cyclone # ‘dm) (L\;?
. (Zn.,Fe%S CuFeS2
Jd 1 28 - 44 36 35 25 ,

16 - 28 22 40 70

3 . : mé
916 [ 12 25 30 \
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‘well from Geco Mines: The fample was cleaned and desllmed in alcohol,
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Zimc concentrate containing/sphalerite (or marmatite) was obtainedfas

then dried and screened. AS with the Cu concentrate, minerals with
f

suscepﬁibilit}c different from that of sphalerite were present in large

amounts, and the Frantz was employed to produce'a cleaned sphalerite

concentrate with a narrow ran/ge of susceptibility. It was operated at

1

o
a @ of 20° and current settlhgs of 0.85 and 0.95 Amp Material that ,'s

[ }

reported to the magnetics §ide of the chute between 0.85 and 0.95 Amp %
was primari‘ly‘ sphalerite., 'I:his cleaned sphalerite was stage ground,
screened at 325 m, and id'”}iclosized i,n the ‘sanie manner as was the
chalcopyrite. ‘Table 6 also lists the size data of the=sphalerite samples *
so p;'epared. | \ %

/ : \f‘;
; .
50 gm samples of Indusmin Ltd. silica were cyclosized to produce samples

with narrow size ranges. The size data of the cyclosized silica is given
{ Cs
in Table 7. Tbe presence of two sets of samples was due to the operation

of the” cyclosizer at two different water temperatures.

2.2.2 Multi-Mineral Samples

I

A tin concentrate (SnOz) containing 15% pyrrhotite (Fe788)‘ was obtained

from a gravity concentration circuit at the Sullivan Concentrator, Cominco

Ltd.,;’éimberly, B.C. A size analysis of the as received concentrate is

shown in Figure 24 along with estimated pyrrhotite distribution. The H,,
/ , %

rd}

pyrrhotite grades shown were roughly determined from Frantz magnetic ;l?;’

’ 3 M
/ . . . \ 4
response curves for a few selected size intervals, Figure 25, They 3

indicate the predominant occurence of pyrrhotite in the coarser fractions, .
as would be expected in'a gravity concentration product containing two e
minerals of quite different density C!SnO2 = 7.O,ZFe7S8 = 4.6). B

Observations at low magnification of the products of each pass through

the Frantz, 1nd1cated that the mater1a1 magnetlcally captured up to 0.6 Amp i
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TABLE 7
° )
Silica Samples '
4 ( "
¢ d d
Ave A Ave B !
Cyclone # w@m) (aim)
1 L 3.3 -
2 28.4 - 42.4
3 21,2 ) 32,0
4 . 14.6 23,2 .
C s 11.4 16.7 :
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. \ FIGURE 4,
: 3 . ‘
Size distribution of theé as received tin concentrate,

with estimated pyrrhotite distrjbution. NData points

derived through the use of the cyclosizer were calculated

for the\S.G. of Sn02. The equivalent pyrrhotite sizes are

\

noted.
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was primarily pyrrhotite with 20-40% locked Sn0,.

To produce a sample with a size distribution in the range in whfch the
. /

HGMS was tested (8 to 50 um) ‘some of the tin“)cong:entrate was screened

‘ bat 325 m, The size and pyrrhotite distributions foﬂ the -325 m’ma’terial

*
~ ath,

Vo are given in Table 8. A rep%sent’ative sample of the -325m material was
© passed ihrough the Frantz a;: 0.6 Amp and & side slépe of 20°. The Fe

assays and distribution of Fe.7S8 for the two products at I = 0.6 Amp are

o i

also given in Table 8.

1) B ‘

: A low grade copper concentrate was obtained from Vihanti Mine, Out okumpu

Oy, Finland. The as received sample assayed 26.7“% Fe, 19.4% Cu, 2.2% Zn

1.2% Pb; with the principal minerals being.chalcopyrite, pyrrhotite,

pyrite, galena, marmatite and gangue minerals.

27
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Figure 26 plots the size analysis of the as received sample and thehsamplef J

e

after,is-minutes of dry grinding. Grinding was performed in a 8-cm AbbE

e

ballf.millﬁwith a 50 gm feed and a 300 gm charge. Some of the ground

material was cycloned at 5 psi on the laboratory cyclone, to@roduce a
sample with a size distribution within the range of particle size tested
on the HGMS. The size analysis of the cyclone U/F is also shown in v

Figure 26. ¢
3 ol
» o ’ b ,b
Samples from the first three cyclosizer cones of the cyclone U/F were
4 ? i

incﬁ?vidually tested on the Frantz. Their mégnetie respon;e curve$ were
plotted in Figure 27.q ‘Mineralogical observation at high magnificatién
of some of the Frantz products showed a large degrée of finely disseminated
locking. Material reporting to the mags at & current of 0.7 Amp or less
consisted mainly of \i)yrrhbt\ite_ with finely dissenir,lnated chalcopyrite-
py_rnite grains. Material abova 0.7 ‘Amp was x;xainly‘chalcopyrite and Byrite

t D%

with a large amount. of locking between the two, @h&lerite was also

'
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_TABLE 8+
© . +«325m Tin Concentrate
, e
d d,. "Fe.S Fe.S
AveSn0, 4 “AveFe,S 78 7°8
Cyclone ¥ @m) 7 z- ‘(«m)7 8 We % | % Fe,Sq Units Distribution ‘
1, 34.0 |- 38.0 40.4 6.1 | 246 | 27 ‘
. 1 o ’
2 21,5 28.0 49,0 10.3 505~ . 58.9 j
3 “16.2 | 21.2 6.5 10 65 7.6 |
1 4 ~12,0 ~15.0 | a1} 10 A .8 i
° — ' :
Feed . .57 | 857 ‘

AY

[

Separation on Frant:

Conditions: / Sample: «325 m Tin Concent_;rate . 3
Current: 0.6 Amp x
8: 20° -
: i .
£ \
3 ) M . \ \ 3
P?oduct Wt % % Fe % Fe.ﬁ;8 . Fe_’s8 Fe.,Ss\ -
Units Distn .
“*
Mags \\13.5_=___\37.8 62.3 841 94.4 . o
Non<Mags | 86.5 AT 0,58 50 5.6 oo )
i \ ]
» t i - -
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- : FIGURE 26

o

3

Size distribution of the copper concentrate sample (a) as

-of the ground material. Data points derivaed through the
use of the cyc%%éiger were calculated for a S.G. of 4.4,
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A sample from the second cone of the cyclosizer was passed through
ot )

| the Frantz at a current of 0.4 Amp, and 8= 20°. The two products at

this current setting were assajed for Cu and Fe, The assays and
! % X .
distribution of the Cu and Fe in the two products is reported in
é

Table

/9.

/
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2.3 Experimental Technique

T
T

The uni-mineral samples had been prepared to narrow particle size and

P
T

4

H
susceptibility ranges. As well, the operating parameters H, U,n, Lm’and L % |
could be easily controlled. To study the effects of these particle and ‘é
opgrating parameters upon magnetic recovery, individual samples of the closely E
sized samples were passed through the separator under selected operating %

5

conditions. The experimental technique was that of holding all variables
. & N “53 .
constant except the one to be studied. Two experimental methods were employed;

the constant head system, and the drainage system.

2.3.1 Constant Head System '

Tests performed with this system, where the hydrostatic head was
, maintained, all employed the expénded metal matrix described in .
Section 2.1.1. The procedure for each test run was as follows:
1. Velocity %hrough the matrix was set by placing the required .
velocity control plug in the line.
2. The matrix and sample carrying line were filled with water.
3. Pield strength wasrset to the desired value, by adjusting

the current to its corresponding value.

4, A selected mass of the uni-mineral sample was slurried and
’ well wetted by agitation in 500 cc of water. ) n
5. The on/off valve was opened, As the slurry passed through o

the magnetized matrix into a bucket, water was added at the

1
\
'

L e - .
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YRR D A e L TR i “ - v o R
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TABLE 9
Scparation on Frantz
. N / d .
\ 7
Conditions: Sample: CopperfConcentrate
Size : #2 Cyclosizer Cone )
) / Current: 0,4 Amp o
v M
/
20° S p
g“g
;
Product Wt % % Cu Cu Distn. % Fe Fe Distn. %
\ - /
Mags 26.0 7.7 9.4 46.0 42.1 / a
Non-Mags | 74.0 | 26.0 90,6 2.2 | s57.9° %
2
(. 4
//l v;%
p
// —
/
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head tank to meintdin a constant head. ;

6. When the discharge was _observed to be free of mineral
'E:'s
nl'
particles the valve was closed. ok

7. Current was shut off, thus removing the magnetic field.

8. Two full velocity top flushes were applied to wash oPt the mags
product into a separate bucket. '

Slurry density through the matrix was 2% or less, and the total volume %

of water passed through t;\e matrix in steps 5 and 6 was about 7 litres,

or about 80 times the working volume.

2.3.2 Drainage System - )

Hydrostatic head was not maintained during an individual test in this {

system, and all experiments emplo}ed the steel wool matrix described

in Section 2.1.1. The basic procedure was as follows:
\

1. Velocity through the matrix was set to the desired value by

\

adjusting the ball valves below the matrix.

2, The matrix and sample carrying line were filled with water.
3. Field strength was set to the de¥ired value.
4, Aselected mass of the sampie was slurried and well wetted ¢

by agitation in 500 cc of water.

5. The slurried sample was washed into the head tank and the

bottom valve opened, draining the slurry column through the :

matrix and into a bucket, )

1

6. The bottom valve was closed/and about 1.5 L of wash water was
slowly fed to the system from the head tank.
7. Valve 3 (Figure 11) was opened and the wash water was flushed

into the bucket. f
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. 8. Repeat of steps 6 and 7.
, : 1
. 9. Current was shut off to remove the magnetic field.
; -10. Two full velocity top flushes were applied to wash out the

1 mags product into a separate bucket. i
Slurry density through the matrix was 3% or less. Total volume of
water passed through the matrix in steps 5,/ to 8 was generally 5 L or about

20 times the working volume. ’

H
1

2.3.3 Permanent Magnet Operation

Tests were performed with the permanent magnet using both the drainage
\
and constant head systems. Operation was basically the same as
described above, except that the introduction and removal of the
. ~

\ magnetizing field was by moving the magnet. . \{g"

N - 2.3.4 An'alysis of Test Products

For all tests performed with both systems of opération two products
were produc.edp - a non-mags product and a mags product. The’non-mags
consisted of mineral particles which passed through the matrix without
being captured. The mags fraction consisted of particles that were

either magnetically captur'ed or physically entrapped in the matrix.
. ' ¢ :

The two productz’s from each uni-mineral test run were filtered, dried

and weighed. Total lossés were generally \less than 5%. RT was defined

as the weight % of the feed, minus losses, reporting to the mags. |

If RM represented the magnetic recovery of particleé, and Rp the

@
recovery due to physical entrainment, then:

Ry = Ry + Ry (29)

e
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RP was experimentally determined by performing a series of tests

with H = 0. In these tests RM =0, so that Rp = RT'

The procedure used for separation tests was the same as described

above, depending upon the system used. Products were filtered, dried, .

weighed, and assayed.
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Susceptibility Measurements

3.1.1 Uni-Mineral Samples

The magnetic r;asponse curves of the prepared uni-mineral samples are
shown in Figure 28, The magnetié susceptibility of the samp\les was
detexmined using the re;sponsel curves and Eq. (24). Measurements were

made with #1 cyclone material at a side slope, 8, of 20°,

1+

Since each sample had a relatively narrow.susceptibility range each
could be characteri\zed by a single susceptibility value. This value
was taken to be that at 50% cumulative weight recovery. The current
on the Frantz corresponding to 50% cumulative weight recovéryj ISO%’
and f= 20° were substituted in Eq. (24) to yield the mass susceptibility
of the sample. Volume susc‘eptibility is related to mass susceptibility”
by:
Vo B v
o k=px - (26)

The values of mass and volume susceptibility of the four uni-mineral
samples as determined by the .above method are given in Table 10, along
with the range of volume susceptibility within which 90% of each

sample reported. f

Most of the silica (90%) was magnetically recovered on the Frant:z
when I = 1.0 Amp and was between 2° and 5°, The volume susceptibility

of the silica was therefore approximated by the single value of

0.03 x 1074 emu/cm30e. A

3.1.2 Effect of d and @Upon Measured k

hY

To detemine if the particle size of the sample affected the value

of the susceptibility as measured on the Frantz, three different sizes

\ -




?‘*’*ﬁ%’:o%@w.

R aaeds e

o+

FIGURE 28

s e AT P g o AN ATV © ¢ AT RN TR BT R e L

Lald

'
D

PRSI

!

Magnetic response curves for the four uni-mineral samples.
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' TABLE 10
Susceptibilitics of Uni<Mincral Samples
I
% x 10° ¢ | xx10?

Mineral ( emu ) gn cmu ‘90% Range
Tm-0Oe 1 > N - o
gn-0e j—= (cms) cmS-Oc)

Hematite 152 5.2 8.0 6.7+9.9
‘ Ilmenite 116 4,8 5.6 4.2+6.8
! '
i Sphalerite 8.4 4,1 0.34 4 31-,38"
Chalcopyrite | 5.5 4.3 0.25- | .17-.28
". Ij
.,
. |
&
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. susceptibility values, which are given in Table 12 along with the

« , o
of hematite and sphalerite were tested (at 6 = 200) and the ‘
susceptibility measured. The results, shown in Table 11, indicate
very little effect of pérticle size upon k with the sphalerite, but

a more prvounced effect with the hematite. The range of measured k
values for the various hematite particle sizes was of the same
magnitude as the 90% rangé—of a sipgle size ‘interval (see Table 10).
Further study of this aspect of susceptibility measurement was not

pursued.
¢ ¢

The effect of side slope, 8, upon the value of susceptibility as
determined from Eq. (24) was also studied. Fhe susceptibilities'bf
the hematite, ilmenite, chalcopyrite, and sphélerit sampled were
determined from the results 6f sevéral tests on the Franpd, with each

test employing a different side slope. As the slope increases, so does

the gravitational force écting'on the particles. A higher field N
; g

strength (ié current)_ﬁill then be requiTed to pull the particles to the

magnetics side of the chute. 15095 and the particular @ employed were

substituted in Eq. (24) to determine the susceptibilit§*fbr each 0 . .
oy

N

The fiéld strength, H, at the measured ISO% was also calculated using

Figure 23, k vs H was then plotted for each mineral, as shown in

1

Figure 29, As can be seen, k decreased with increasing H.

3.1.3 - Multi-Mineral Samples

N

The magnetic response curves from the Frantz (at 8= 200) for the two
samples (Figures 25 and 27) indicate a-wide range of susceptibility

in each sample. The samples were. therefore characterized by 3 or 4
I

corresponding currents. Note that different specific gravities have

b I . ’
been used for the same sample. This was to try to allow for locked
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TABLE 11

Effect of d Upon Mcasured k

4
Mineral y w‘;) Toos k ;‘mllo
(Amp) (*‘—g‘*‘—)

’ cm” -0e
Hematite 30 0.211 8.0
22 ‘ 0.217 7.6
16 0,225 : 7.1

Sphalcrite 49 0,880 0.34

36 0,878 0.34

‘ 22 0.874 \ 0.34
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Measured volume susceptibility vs field strength at which

the measurement was made, for the side slepes indicated,

for (a) sphalerite and chalcopyrite, and (b) hematite and
I

ilmenite. #1 cyclone material was used in all cases,
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TABLE 12

Susceptibilities, of Tin and Copper Concentrates at Selected Currents

=10t ¢ k x 10° g

{ 1 emu Ef_l__ emu
‘ l (Amps) (M) ( cms) ( em® -0e
Tin Conc. ’ 0.1 | 6.84 5.0 | 34.2
0.3 0.7 ' 5.5 ; 4.2
oss [ 0.23 6.0 ; 1.4
0.8 0.11 6.0 | 0.6

Copper Conc. :7 0.05 \ 27.4 4.6 : 125

5 0.2 1.71 . 4.6 ‘ 7.8 -

0.4 0.43 4.5 | 1.9 3

0.6 0.19 4.5 l! 0.86

1.05 0.067 ' 45 | 0.2 *
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particles of intermediate specific gravity.2 For example, the tin
concentrate values of 5.0, 5.5 and 6.0 represented locked particles

of varying pyrrhotite (/£ = 4.6) and cassiterite ((: 7.0)

\
proportions.

’

3.2 Effect of Parameters on HGMS Particle Capture - Constant Head System

Individual test data and results for all constant head system tests
is given in Appendix 3. Unless otherwise indicated, all of the

following test results are for a feed weight of 20 gm, ie Lm = 0.33.
\ r

3.2.1. Zero Field Tests

To determine the extent of physical entrapment, Rp, of the uni-
mineral samples a series of tests was run at zero field strength
under various conditions of velocity and particle size. Figure '30
is a plot of Ry vs “d for ilmenite at four velocities, silica at two
velocities, and hematite at one velocity. As can be seen, RP is
decreased through a decrease in d or an increase An U. Comparing
the henl:atite, ilmenite and silica data at 5.7 cm/sec, r:ote that RP
of hematite ([ = 5,2) was slightly greater than Rp of ilmenite (( = 4.8),

while that of silica ({= 2.6) was considerably lower.

The effect of matrix loading upon RP is shown in Figure 31 for 21 gm
ilmenite at three velocities. RP appeared to remain constant with Lm

until the low loading of 0.083 was employed, whereupon Ro increased

significantly.

- /
-
.

! -

2 The net suscep’til;i lity of a particle containing two or more different

o
minerals is the sum of the products of the susceptibility and volume

fraction of each mineral.
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RP vs d for ilmenite,hematite and silica at various:
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3.2.2. Effect of Particle Size

%
The effect of particle size was tested using all four uni-mineral

samples, with the more extensive work being done with_t}\e hematite

samples, which is reported here.

Figure 32 shows the results of R, vs H for five sizes of hematite
at 9.9 cm/sec. In general accordance with Eq. (17), RM increased

with increasing H and d. Figure 33 plots RM vs d for the same data.

In both.figures, a family of curves was evident. The force balance

model suggests that RM is proportional to H24a? (for H>10 kG) and, to

2.2

test this, RM vs H°d“ was plotted, Figure 34 (a). A log plot of the

same data, Figure 34 (b), indicated an approximately linear relationship.
Note that in the plots of Figure 34, the data points derived from the

smaller particle ssizes, 8.5 and 12 um, fell below the average data line,

while the data points from the coarser particle sizes, 22 and 30 pm,

lay above it. 5

3.2.3 Effect of Velocity

-

The influence of velocity upon recovery was tested with all four

uni-mineral samples. RM vs H for 21 um ilmenite is plotted in Figure 35

\

for 4 different velocities. As would be expected from Eq. (17}, RM

increased when U decreased. A family of curves was again evident, so,
f

in conforming with Eq. (17), RM vs Hz

U ,
If RM vs log _l:{_z was plotted, as in Figure 36 (b), an approximately
[

linear relationship was indicated. In Figure 36 (a) and (b) the high

~

\velocity (15.6 ‘cm/sec) data points lay considerably below the average

i Y

data line.

was plotted, as in Figure 36 (a).
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FIGURE 32

86.

RM vs H for five particle sizes of hematite. Constant

hcad system.
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1.

FIGURE 34(a)

o

| 2.2

HM vs H 4" for hematite data of Fig.'s 32 and 33.

: ' FIGURE 34(b) | o 2

Ry vs log( H%? ). D : ' "
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* FIGURE 35

RM vs H for 21 um ilmenite at four velocities. Constant

head system.
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3.2.4 Effect of Viscosity

The influence of viscosity was studied through duplicate tests at
two water temperatures. Table 13 summarizes the conditions and results

' - of two series of such tests. Although there was at least a doubling of

viscosity in both sets of tests, the differences in RT were minimal, and

were within the range of reproducibility of a single test. R.r actually

increased (although only slightly) with increasing viscosity, which is

opposite to that which would be expected when considering the force’

balance model.

\ 3,2.5 Effect of Matrix Loading ‘ n

ke

&

f

4y

,

g

¥
;

4

Ma‘crix~ loading was varied from 0,083 to 1.0 (equivalent to a feed

weight varying from 5 gms to 60 gms) in tests using 11, 21 and 30 um
jlmenite at 9.9 cm/sec and 1 kG. The results are shown in Figure 37,
As Lm increased, RM decreased, and the extent to which this occurred

: N
was seen to depend on d; as d increased, the slope of the plot of

N

5 . RM vs Lm increased. Figure 38 was derived from the same data and

indicates that Ry is approximately proportional to log [Hdez}
L
m

r

3.2.6 Sphalerite and Chalcopyrite Recovery
~. The results of several tests with sphalerite and chalcopyrite under
b various conditions of d, U, and H are shown in Figure 39. The data

from the same tests, plus others, has been plotted in Figure 40 in

the form of Ry Vs log Hde2 . As can be seen, an approximately

| linear relationship requted. It is noteworthy that both the
( ) sphalerite and chalcopyrite fell ‘approximately along the same line
in Figure 40, while having a 30% difference in their respective

volume susceptibility. .

\




. , f
g
&
% 92,
%‘;« “
|
i
%%[L .
3 x
\ K
' ) TABLE 12
* Magnetic Recovery vs Viscosity - Constant llead Systcm
+ - /‘/ :
it T N, "t
Conditions (UC) (cp) ) .
|
AL H=09k 4,5 1.53 49.3)
k = 5.6 x 10 4.5 1.53 52.37 50.8
d = 35unm ‘ ‘ -
U =9.9 cm/secc 32.0 0.76 49.25 7 8 -
L, =1/3 32.0 © 0,76 10,37 22 A
%
B. H=4.2 kg 10.0 1.31 94.5 .
k=5.6x 10" 10.0 1.31 03,9 9.1 J
d = 21 um
U= 9,9 cm/sec 53.0 0.52 92.0
L = 1/3 49,0 055 | o4.2723:1
S *"‘ 1\"\
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3.2.7 Effect of Matrix Lepgth

-
Matrix length tests were performed using the permanent magnet. The
! |

feed for each test was 10 gms of 22 um hematite at 3.0 cm/sec. Seven
matrix segments, each consisting of three pieces of expanded metal
lath, tied loosely together with fine copper wire, were employed. The

first test was run with the matrix consisting of one segment, the,

second test with two segments, the third with three segments, etc.

Zero field runs were also performed for each matrix length. The

results are shown in Table 14 for n between 1 and 7. Yo

In an attempt to confirm the assumption that RMl is independent of n,
that was made in developing Eqs. (19)\and.(22?, log (1 - RMﬁ) vs n
was plotted, Figure 41, as suggested in Section 1.2.5. Rﬁl was .
measured to be 0.094 and log (1 - RMl) was -0.043. The slope of lqg D
1 - RMn) vs n was - 0.048. Since the slope was approxima£e1y equa;
to log (1 - RMi)’ the assumption that RMI is independent of n appears,

in this case, to be satisfactory.

3.3 An Empirical Model of Capture - Constant Head System

Given the extensive data and range of conditions tested, an empirical model
of particle capture by HGMS could be developed. This was achieved using a /

step-wise linear regression technique. The variables employed were H, k,

d, U, and m’ and the dependent variable was RM' As suggested by the .
preceding results, the log of each independent variable was used. The HMw

exponent was set to 1 as suggested by the force balance model. The

}
regression method and data is given in Appendix 4. For the 73 tests coveriqg

4

-4 -
the following range of conditions: 0.4«H#20 kG; 0.25 x 10" ¢ k« 8.0 x 10 4

emu/cm>-Oe; 8.54 d& 36 pym; 2.94U&15.6 cm/sec; 0.083¢L_¢1.0; 10&R &
3 '

-

90%, the following regression equation: .
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TABLE 14

) . Matrix Length Tests
Conditions: Sample: Hematite
Weight: 10 gms
_ Size: 22 pm
H: 0.9 kg
U: 3.0 em/sec

each n: 4.5 gms of expanded metal

N
: . | matrix We, Ry R Ry measured | 1°8(1-Ryy,)
(gms) ¢ )] (%) (%)
1 4.5 23,2 | 13.8 9.4 ~0.043
l ™~
2 9.0 31.9 |14.3 17.6 -0.084
3 13.5 4.0 | 14,8 202 - | -0.151
4 18.0 54,8 |19.1 35.7 -0.192
5 22.5 61,4 |19.8 41.6 -0.235
6 27.0 67.2 }20.4 46.8 -Q.274
7 31.5 74,4 {21.0 53.4 -0.332 \
4
¥
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Log (l-RMn) vs n for matrix length tests performed on

the permanent magnet with 22 jm hematfte| at 3. cm/sec.,
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3.4 Effect of Parameters on HGMS Particle Capture - Drainage System ¥

; %
Test data and results for all drainage tests is given in Appendix 3. Zf‘";
,_ﬁ
Unless otherwise indicated, all of the following results are for a feed N
. v M
weight of 20 gm, i.e. L_= 0.67. 3
)
3.4.1 Zero Field Tests ?:%
Zero field runs were performed with ilmenite and sphalerite. The é;
, . £
effects of d and U upon RP are shown in Figure 43. Figure 44 shows “3}
the effect of Lm upon RP for 21 )u)n ilmenite at 10 cm/sec. Rp ) 5'(‘

increased slightly with decreasing Lm for the r#nge of Lm tested

(0.33 to 2.0).

3.4.2 Effect of Particle Size

The effect of particle size was studied using all four uni-mineral
samples, although extensive work was only done with hematite.
. Figure 45 is a plot of RM vs H for various sizes of hematite at 10 cm/sec.

v

A family of curves is evident, which suggests that recovery varied as

the product Hd. This is plotted in Figure 46 (a). Figure 46 (b) shows

that RM vs log (Hd) is approximately linear.

3.4.3 Effect of Velocity

' RM as a function of field stremgth is shown in Figure 47 for 21 pm
ilmenite at five different velocities. Quoted U is that which was
| measured during the first 500 cmz’ of flow. The decrease in RM with

Ancreasing U, as predicte9 by Eq. (17), was substantiated. A family
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FIGURE 42

L]

Plotted regression results (Eq 27) for constant head

system.,
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RP va d for ilmenite and sphalerite at several velociti

Drainage system, . ‘
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. i ¢)

¢ Ry vs H for 5 particle ‘sizes of hematite at 10 cm/sec.
| Drainage system.

» @

P rl
Y
/I ’
|
f
[y , .
H - -
: \ N
. i
[
N L,
N
f
/ » . .t
0 » L) .’ L
s
9 A ?
-
&
‘
3 b 3
'
3
L
/
Al v
N -
g F i L]
/ o
"
o
1 . - ,
- Al .
[
o Q >
. /
& “ r
- ( ; ¥ . < N .
- | . -
. N N
- .
i /
PR
J .
: i
) \
L ~ a
» .
]
B
. - [y
o °
- ) o A4
a - =
~




e .

L

YRR ATt SRS+ R W By O Sl R it A I R

e
/

( /

& -
i A Rl T v gt

‘ |
» - . :
] £ -
, (
& .
80} ‘
.
RM
Q 60J"’
40} ‘ /
- 20l A ’ ¢ HEMATITE |
e / 10 cm/sec A
1 ] * ’
- t )
" 1 2 3 4
\ Field Strength (kGauss) .
C‘) i \ i .
//
* , -




- e
it Twessd o gy Y RS .
E Lo

FEROPERS I EE . VI e T

s

M e 2Ty
TN e VISR Ol SIS p i IR ST 85 e 1 AT [

‘ " FIGURE 46
(a) Ry vs Hd for the data of Fig. 45.

'(b) Ry vs log(Hd) for the data of Fig. 45, /
| )




e

- T A e

£~

Dannie Sl e

v g o orw

TR ey

BUR R T ARueein Segpa mFowee s [ wam, o 3 erhopen GEED 5 6 - R i (o, et R 27 o Tl RPN
is ™ o h PRI AT AW ORIV e i g

, AN
L ‘ - ) \\
4
£
l ’ - féi
b
' N b r é
' \\ y \: '
*
— . . , y . . Cod
4 » p b .
so} (a) ) , %0
Ry Ry
801% 60 )
*
40/ 40 .
e
/ ] .
20 |° 'Y 201{ '
HEMATITE ™ ,
1 10 envsec 4 .
) |
~ N N - " Y

23 50 75 W0 , 18 2.0

H-d (kGx pm). log(H-d) +




Anrns e

N
! |
. 1
N /
* |
i
] 3
. j r )
|
N
N T &
! o ) ™
FIGURE 47 . . >
{ ' - .

ve H for 21 um ilmenite at5 velocities. Drainage gystem.'

~

-

R

)/ »

. R
s % GO Tt o

=

>

R TR

-
-~
»

'
3

H
¢ uf
e
.
.

\ N ’ .

- “
£ -~ K
J :
. o/ :




e e s c e - C e o aen W[ AT PN - LT I et L N AR JRTSTC e e e s
- - . - L

5!
—. EFFECT OF VELOCITY._. . '

] ‘ 10 emAqc

P
(=]

ILMENITE
21 am

A \ .
i 2 3 4 5 3 7 8
Field Strength (kG) |

o

&

et s R s

5
W

ot o

.
iy Y/ .

2% SR SIS N

L

LR




107, >

of curves is again evident and Rigure 48 (a) shows RM as a functiop
of % . Figure 48 (b) indicates that RM is apparently proportional
to log %-for U>2 cm/sec. The points derived from tests at 2 cm/sec
fell considerably below the others. The effect of U was also studied

at other d and with the other minerals, although not extensively.

3.4.4 Effect of Viscosity

Only runs using the permanent magnet were made. The results of
N .

duplicate tests at water temperatures of 35°C, 22°C and 5°C are given in

Table 15. They reveal the correct sign of the dependence that the o
force balance model diétates, but not the magnitude that would be E'
expecte£ from the doubling of the viscosity over this temperature range. i

/l
3.4.5  Effect df Matrix Loading )

! .
Experiments were performed with 21 um ilmeAite at 10 cm/sec under

varying conditfb\s of field strength and feed weight, with L varying

[}

between 0.17 and 2.0. The results are plotted in Figure 49 (a).

Figure 49 (b) was, derived from the same data and indicates that RM is
2 N
approximately proportional to log L .

Lm

3.4.6 Sphalerite and Chalcopyrite Recovery

Figure 50 shows the results of tests with 22 um sphglerite and

20 kG and 4 cm/sec was considerably higher than would be expected by

the shape of the curves.

% !
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FIGURE 4,8

(a) Ry ve H/U for the data of Fig. 47.

(b} H.M vs log(H/U) for the data of Fig. 47.
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TABIE 15 - MAGNETIC RECOVERY vs VISCOSITY-DRAINAGE SYSTEM . |

Conditions: H = 1 kG (permanent magnet)

, d = 22 um (hematite) J Ty
U = 8 cm/sec N
TEMPIO:'.RATURE VISCOSITY MAGNETIC RECOVERY
o) (cp) ® |
5 1.5 37 ¢
22 0.95 39 . . ;o
35 0.72 43 \
F ~ o
1 . .
| R . o
. b
\ ?
u ° AY
EY - ’ . -
- .
¢
* \
¢ *ﬁ
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3.5 An Empi\rical Model of Capture - Drainage System

‘An empirical model was. developed using the same step-wise linear

regression, technique employed to treat the constant head system results.
? -

THe same variables were employed, and the log of each variable was used,

with the HMw exponent set to 1. The regressi& data is given in

oy
)

Appendix 4. :

»
e o

vy T v
A satisfactory fit over the entire field strength range could not be

achieved; at H>15 okz, the RM for sphalerite and chalcopyrite was

considerably higher than could be included without unaccei)tahle distortion.
[For the 72 tests cc;vering the following range of cc;nd.itions: 0.44 H&13 kG;
8.54d649 um; 2«U«22 cm/sec; 0,17+ Lm‘ 2.0; Ov.25 x 10744 k& 8.0 x 10",4

'emu/cmS—Oe ; 9 RMA 95%, the following regression €quation:

‘!\‘1 8.1.6 ’ ’
HM k™" "d"° ’ v
Ry = -58.9 + 38.3 log | ———v7| . : (28)
1.3, 1.1
‘ U Lm | : AN q
gave a standard error of estimate 9.7. ‘The fit is shown in Figure 51. %
- 3
' . );
The considerable effect of k and the difficulty of including the term is toy
%
\ . %
illustrated by the regressien fit obtained for just the 59 ilmgnite and 7
. 4
hematite tests:

‘

s

2,3.9.1.6 ' ‘
!iL._d_._l (29)

Ry = -I37.4 + 413 mg'[ul'z’[,ml'1

§ P . . !

The standard error ofjtimate was reduced to 6.5. Th /f/

it is given in
Figure 52 along with the range of conditions. The dependence on k changed

considerably but the dependence on the other paragieters was unaltered.
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4.1 Recovery of a Size Range of Hematite

Hematite cyclone underflow, with the distributijon shown in Table 4, was

used in a test with the constant head system and in three tests with the

drainage system. Predictions were made by calculating RM (with Eq. A&2‘7)
2
or (29)) .for/each size interval, and summiﬁg/the fractional recoveries“\of

each interval. Thus 3

Ry = fdx(RMd+RPd) -4 N - (30)

.,

A
Predicted and measured results from the constant head test are given in

Table 16. R’I‘ was 13.5%. The results of tests with the dfainage system

are given in Table 17. Average RT for the three tests -.was 6.6%. These

[~]

re&ults indica‘;e that the summation procedure used is a reasonable method

© o

of handling a wide size distribution.
’

4.2 Hematite - Silica Separations

i
Drainage system model predictions were evaluated for separation of 16 um

Fe203 from 30 um silica. Consider the grade and recovery to mags of

mineral a (Fezos) in a synthetic’mixture of minerals a and b (silica).

"\\

R = R + R (31)

Total recovery of a is given by:

and grade of a to the mags is given by:

v#

100 W R . \
a aT (32)

G =
OMags Wy R+ W R

For a synthétfc mixture there is no locking of a and b minerals so that

t - / »
R,y ©F Ry can be estimated from Eq. (28) or (29). R_, and Ryp will be

known. . Thus, R and GaMags can be predicted. Six tests, with Varying’

feed % hematite, were perf:‘ormeii. Rgsulg\sy are‘given in Table 18, Figure 53

j / )
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. TABLE 16
‘ 1Y
Predicted and Measured Recovery of a Size Range of Hematite .
q Conditions: Constant Head System -°59 gm matrix
k =8.0 x 107% emu/cn® - Oe
. . U = 9.9 cm/sec -
- L =0.33
, H" =,3.0 kG
dave _fg Rl :R_P_d_ El'_d n Rfract .
(um) T P
32 0.074 92,2 1.5 93.7 6.9
24,7 . 0.236 82.4 1.0 83.4 19.7
18.7 0.312 - 71.9 0.5 72.4 22.6. P :
) 13.5 0.206 59.5 0.5 60.0 12.4 o
9.8 0.097 47.5 0.5 48.0 4.6 y
‘ ~ 5.0 0.075 22,0~ 0.5 22,5 _1.7 #
67.9% = R predicted
81.4% = measured © }
‘ AR, = 13.5% H
§
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. t TABL'Q 1;/ - 4

Predicted and Measured Recowé,ry of a Size‘ha.ngg of Hematite

B e

Lo e e R e

H

Conditions: Drainage System .
' ‘ k =8.0x104 emu/c:m3 -}
b U = 10 cm/sec / ‘
e L = 0.67
2 m
¢ I. He= 0.9 kG > )
b ‘ \
n * o
3 d f_d Riid E_@ E’l‘_cl Rfrac‘t
(um) 4
32 0.074 57.9 5 62.9 4.7 [ 3
24.7 - 0.236 50.5 4 54.5 12.9 .
18.7 0.312 42.5 3 45.5 14.2 y
13.5 0.206 33.2 2 35.2 7.2 ¢
. 9.8 0.097 24.0 "1 . 25.1 2.4 =1
.~ 5.0 0.075 4.7 1 5.7 0.4 .
41.8% = R, predicted 3
" 55.0% = R,g measured 4
ART =13.2% g
II. H=3.0KG ’
4 3
| Ritd Rpa Rrd Reract 4
k (um) " :
32 0.074 100 5 100 7.4
{ 24.7 0.236 93.7 4 97.7 23.1
b 18.7 0.312 85.7 3 88.7 27.7 a
N 13.5 0.206 76.4 2 78.4 . 16.2
. 9.8 0.097 67.2 1 68.2 6.6
~ 5.0 0.075 47.9 1 48.9 3.7 . |
. X . P 84.7 = R, predicted :
84.0 = R,r measured
¢ p AR = 0.7%
[} aR'Iv
III. H=6.5kG .
. a0 e Meraer :
(um) y ! . ; \
! v . . r
, 32 0.074 100 5, 100 7.4 ‘
. 24.7 0,236 100 4 100 23.6
o 18.7 0,312 100 3 100 31.2
’ ’ 13.5 0.206 100 2 100 20.6
O, ( 9.8 0.097 94.9 . 1. 95.9 9.3 a’
" ~ 5.0, 0.075 75.6 1/ 76.6 - 35.7
. ’ / 97.8 = R,, predicted
' ‘ } / . 92.0 = RT measured
“$ c ' BRp, = 5.8%
\ * using Eq. (39) ‘
\

.
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TABLE 18 /

¢

Predicted and Measured Fe. 0.  Recovery and Grade in Separations
& J
of Synthetic Fe - Si0, Mixtures A
. . &

29

1]
->

=

2

-
s

&
Resis . =0 b
Silica M % i
* Rsitica | = 3% a Ty
P L
R = 315% ' g{’
Fe03 p .
Conditions: k = 8.0 x 10™% emu/cm3 - Oe %
. H=1.5k6 i
d=16 um T
U =10 cm/sec ‘
:{ Drainage System . i
{ ’ . ” 4
L Rre,0, . % FFezos'Ma . (%) J
Test# Feed ¥ ~ _m -~ g ) ) . 5
EEZQ-S Predicted* Measured. Predicted Measured S
. ' 4 r
v 1 100 ¢ .67 © 59 60 - -
2 70 .47 67" - 73 98 97 ,
-3 40 .27 78 86 95 94 j
4 20 .13 91 92 88 94 !
5 - 10 067 100 96 79 83
6 5 .033 100 .99 64 70
]
, i
| S -
* using Eq. (29) ) .
R .
\ P &
Q x// N
# o /
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g Predicted and measureé grades and recoveries for Fezo3 .

from synthetic F9203-Sio
feed % Fe,05.

2 mixtures as a function of
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is a plot of Rpe 5 and GFe 0 ‘vs feed % Fe203.

2737 273 . .
The total feed weight was maintaicned at §0°gms, but L was:>based on the
weight of hematite-in the feed. Proclucts were analyzed for hematite
using Dt:he Frantz. Recovery and grade correiatidns wexl'e reasonable,

indicating :chat basing Lm upon the weight of magf\etically recoverable

material, and not the total feed weight, was correct.

2
P

“ a

” o
&
. .

4.3 Prediction of Mineral Separation - A Mé%'hodolog_

a \ a

To make a reasonable estimate of the metaliurgy expected *from the

’

subjec&on of a giyen material to HGMS it is essential to be able to

describe the susceptibility and particle size of the material, 'I‘he

empirical models of capture were developed from data from uests employing
A

samples that could, with reasonable accuracy, be described by a sirg}yk

3

value and a single { value. Real samples generally have wide ranges of k

<

and d and, practigiily, can not be deseribed by ‘single values. Therefore

.the sample must be spht into several k and d values, and the weighg fraction

" and the mineral distribution must be known for each size 1nterva1 at each

3 KN

susceptibility value. It 5hou1¢i be stressed at this point that the models

8 -

were developed within spec1f1c parameter 11m1ts and that results from its
s ,\'
v : \

use beyond ‘these limits ~should be treated w1th caution. - -.

. ®

v

The splitting of the sample mto several particle gis and calcula\tion of

RM for each size has already been deseribed. A summa}tion of the fractional

-
recoveries to yield ‘the total predicted RMyielded reasonable results.
L o ' A ) I i e ’ '

¥
]

-~ " . ) \ o [y
‘A similar procedure was applied o adjust for a wide range in susceptibility.,

However, ‘unlike particle size distribution, which e‘cyclosizer clearly -
defifles into several intervals, the susceptibilityrd»is'tr_ibu'tion, as’ derived

' ° i v -
from the mlagng,tilc;~ res;ionse curve from the Frantz, is 4 smooth function and’
must be arbitrarily split into several intervals, iJsing the magﬁetic

R, \ 0

c

|

*

!
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N
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) of that particular weight fraction of the sample (using Eq. (24)).

differs greatly from the Lm employed to determine it, then I..m should be

\ : 122.

- 1 - 1
Tesponse curve; a sample is mathematically split into several weight S
fractions. Each fraction will have an upper and lower current at which

t . h
it has been magnetically recovered on the Frantz. The gvé;age of the

two current values is then used as the Teos which describes the susceptibility

A

‘ Alternatively, the sample can be mathematically split into seversl curreht

B N

fractions, and the weight fraction of each current..interval determined from .

. the difference in the two weight percent extremes as measured from the curve.
) . ; ‘

The sample has thus been split into several size intervals and .each size
interval ig described by several suéceptibility values. The weight fraction
of the sample in each k and d interval is known. As well, the distribution/

of a certain mineral or elément, from chemical analysis of cyclosizer and/or

Frantz products, might be known. The only other parameter that needs to be

1 a

y
)

i1
A)

quantified before the empirical‘modél can be applied to each k and d interval

4

- L] zig

is Lm.j This value is difficult to specify if a'wWide susceptibility range, g
'is present, As a first approximation, the expected magnetic weight w g

recovery can be used to determine Lm. If the predicted weight recovery

adjusted and RM re-calculated.

a

°

o R R e ek

The prediction technique, then, involves calculating RM for each d and k

interval, determining the fractional recovery for each interval by
multiplying RM by the interva{ weight fraction, and then summing the
fractional recoveries. With sufficient information very complex minerals
can thus be handled. The basic information required to predict weight
recoveries using the empiricél model are the size distriﬁqtion of the sample:
and its ma&netic response curve. Assays from fractions removed on the

Frantz at specific current levels and assays of the individual size intervals

3 K}
are necessary if predicting elemental or mineral recoveries.

] V ©
a
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4.3.1 Predicted and Measured.Metallurgy of Tin Concentrate
Separations . )

¥
1

‘The cyclone U/F, -325 m tin concentrate was employed to test the -

methodology and use of the empiricpl mOEZE developed with the constant
head system. The size distribution of the saﬁple was given in Table 8
and the response curves are shown in Figure 25, The four size intervals
were also assayed for iron, which was assumed to be in the fofm of | ,

x &Y N

pyrrhotite. -Pyrrhotite assays and distribution are also given in "y

2k ardo S

Table 8. "The final samplelinfbrmation available is the weight and

pyrrhotite distribution to the two products resulting from a separation «
g

of the sample on the Frantz at 0.6 Amp, given in Table 8.

Appendix 5 gives the prediction calculations for each test. Material:

magnetically recovered on the Frantz up to 0.8 Amp. (at which point
¢

the response curve had reached a plateau) was mathematically divided

into three equal weight fractions,, and the representative susceptibility

Q

xS -."&.ﬁhd"’éu@ﬁm T BRI , .‘,*.«W

of each fraction determined as per the method described in Section 4.3.

*

' Table 12 gives the determined k values as well as the ISO% and specific

gravity used to derive them. - .

The empirical model was then applied to calculate the individual R“.

and R
Fe.,Sem

Determination of total weight recovery was made difficult by the

was determined by summing the fractional recoveries.

*

interlocking of pyrrhotite and cassiterite. The separation on the

Frantz at 0.6 Amp. was used to solve this, In theFrantz separation

’ o

’ Fe7§8 Tecovery was 94.4% and total weight recovery to mags was 13.5%.
Units of weight recovery per unit of pyrrhotite recovery (13.5/94.4)

was used to estimate weight reécovery on the HGMS, as expressed by:

1

_ =[13.5 x R + R (33)
‘ "r [9"'4"‘.4 Fe7*°’3M] P
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where Rp, thg estimated total physical entrainment, was .2%. ¥

: f
4 ‘ l . ) '
. .

The sample was assumed to| consist of only Fe788 and Sno2 (altﬁough
a small amount of impurities may have been present, eg PbS). The

weight loss of Sn()2 to ‘the mags was therefore estimated from:
A

Rgp * Rp - (RP°753M x 8.57)/100 (34)

Grade of Fe788 in the mags was estimated using Eq. (32)., and grade

of Fe788 in the non-mags using,

S . 100 W, (100-R

/ GaN-M aT) .

Wa (100-RaT) + Wb(IOO-RbT) (35)

’

where a corresponds to Fe.7S8 and b corresponds to Sn0,.

Predicted and measured weight recovery, pyrrhotite recovery, and

% Fe.Sg for the five tests are summarized in Table 19. Predicted

.
i - PRI I R T RoF s Va0 DY A
<2 ed il SR Sn bR
—_

pyrrhotite recovery and weight recovery were slightly lower than the

1

measured values in each case except one. Generally, however,

o =
s O
1

R
agreement of predicted with measured metallurgy was good. S

N T
« KR

4.3.2 Predicted and Measured Metal lurg of Copper Concentrate
Separatlon o

3

The cyclone U/F copper concentrate, contaimng chalcopyrite, pyr'rhonte

5
L5,
e

», "y
SRR
2 £ T, -

So s B

and pyrite was tested w1th the Constant head system. The aim of such

a separat{on is to concentrate the cha copyrite by magnetically

contained in all three maip mine"ral,'so that/ Fe assays alone would

not describe the mineral occurence (extensive mineralogical preparation
and mineral point counting would be/required), and (2) a large degree

of mineral interlocking is present.
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N A
>
. TABLE 19 R
S
Predicted and Measured Metallurgy of Tin Concentrate Separations Y
, | ' R ‘ ;
E’ R ® % Fe,S, FesSs 1
; Test Product Predicted* Measured Predicted* Measured Predicted* Meastred ’
Y 3
£

#1 H= 3.9 Mags 15.0 20.0 - 53.9 41.5 91.1 89.3 l
U =15.6 -, .4
L= .04 Non-Mags  85.0 80.0 .  0.89 1.25 8.9 10.7 ;

\ ‘

1’ - ) :}%

¥2°'H = 2.0 Mags 13.0 17.2 53.0 45.5 78.4 82.1 %
U =15.6 . §
L= .04 Non-Mags  87.0 82.8 2.12 1.93 21.6 17.9 | g

1" . . ﬁf

#3H= 1.2 Mags 11.0 i3.8 51.8 49.2 64.7 74.5 }
U =15.6 R

} L= .04 Non-Mags  89.0 86.2 ©  3.38 2.70 35.3 25.5
#4 H= 2.0 Mags 12.3 16.3 52.2 49,5 72.9 85.0
U =15.6 \
oL =0.08 Non-Mags 877 83.7 2.63 1.71 27.1 15.0
.. m {f - . r»”\
- 4‘“ AN 3 \ 5
+ - 1,/ 2

#5 H = 2.1 Mags 12.3  13.3 52.2 54.8 72{9_ ) 80.5 :
U =22 : 0
L =..04 Non-Mags  87.7 86.7 2.63 2.04 a,,/’”éTII’Q 19.5

N i a 5w
J
. + . ZL\ ] 4,
NN

* See Appendix §
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\
. However, data from the Frantz Isodynamic Separator can be used to
initially approximate expected metallurgy of separations on the HGMS.
Referring to the magnetic response curves of the‘sample (Figure“2%5,

and realizing that Fe758 is much more susceptible than CuFeS and Fesz,

5
-

it can be seen that virtually all of the pyrrhotite will be removed if

20 to 30% of the sampl%ifnyn "h)ally recovered. Some copper will

naturally be removed due to particle locking. An indication of the

expected metallurgy is given by the separanon on the Frantz of #2

; ' cyclone material at 8.4 Amp., shown in Table 9. (There appears to be

! . little size effect in the magnetic response of the sample, so #2 cone

material is used to approximate the whole sample). This metallurgy

-

could be used as an initial approximation to the metallurgy from HGMS

that produced a 20 to 30% weight recovery.

Lig

/ ' The size distribution of the copper concentrate cyclone U/F is given
in Figure 26, and the magnetic response curveés of the first three

cyclosizer intervals are shown in Figure 27. Appendix 5 gives the

s
E »s. ., calculations for each test. An average /response curve of the #2 and #3
-

\
\ cyc1051zer cones (which represents 53%/of the sample) was used in
\ sphttmg the suscept1b111ty into four k values.

,}
)of the sample apportioned to each susceptibility interval was determined

The weight fraction

-

. ”" as per the method described in Sectién 4.3.

Table 20 gives the predict'ed and measuired weight recoveries for the
four tests, as well as the Cu and Fe assays and distributions in the
‘-mags product, Predicted weight recoveries were reasonably accurate, -

. o )
although they were all slightly higher than the actual weight

recoveries, !

o
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TABLE 20

Copper Concentrate Separation Results

127.

A e e

e

’ S P /
H U Ry %$ Cu  Cu Rec % Fe Fe Rec|
Test # (kG) & - in to in to
sec Predicted* Measured Mags Mags Mags Mags
% (%) (%)
Y
1 2.1 22 23 19 7.7 7.4 43.6 34.1
2 1.1 15.6 19 17 9.0 7.3 '46.2 31.3
3 2.1 15.(6 28 ﬁ 23 .9.5 11.5 |E4:"».6 38“.%\
4 4.0  15.6 35 28 12.2  * 17.1 38.4 43.6 |
* See Appendix §
4
\
. /
f/

-
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/ g J . x ,
. / i Tests 1, 2 and 3 had weijjght rec?weries between 17 and 23%, and the{r
. copper ;ssays and distribution were approximated, as expected ?Y the
%» separation on the Fsantz of #2 cycloﬁe materiai at 0.4 Amp. S ’
@ 4.4 Predictions Using Shorter Matrix .

t3
s

P )
Several teésts using ilmenite and hematite, including hematite cyclone U/F
|
wepe performed with tﬂé constant head system using the shorter expanded
N ‘
metal matrix described in Table 2, To predict the recovery in each case, RM
! A

o

for the longer matrix was first estimated using Eq. (27). hM for the shorter

13

é.
N
3.0
4

)

matrix was then estimated using Eq. (22), where x was equal to 59 gms and

y = 32 gns ., RM:for the long matrix was, therefore, denoted by ng, and for

.

the short matrix by Ry ‘ .

! s A
Table 21 gives the conditions of each test employing the closely sized
4 t .
samples,‘and predicted and measured RT. The avérage difference between

predicteg'and measured recoveries was 5%, Table 22 gives the pfédicted and

measured RT for the test employing the hematite cyclome U/F, R32 was

¢

determined for each d interval, and RT from the summation of the fractional
recoveries. RT was 5.3%, Considering that the predicted recoveries
involved a prediction using the empirical model plus a prediction of the

N

effect of matrix length, the results are reasonsable.
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- ‘ , TABLE 21

Predicted and Measufed Recovery Using Short Matri:x
AN
8 '
b ‘
. . . =)
. Test (iiondz.t;.ons 1 ng Rso Rp Ry Ry ) ART
/ Test # , “m Predicted Predicted -~ Predicted Measured
i=m——  emu 4 %) . %)" % % %
(—3—x10") (kG) (um) (i.’;_‘.c) (‘) } (%) &) & (%)
" cm”-Oe < /
1 > 5.6 3.3 21 9.9 .33 72.2 49.8 1 51 48 3
2' 5.6 1.8 21 9.9 .33 53.5 34.0 1 35 26 9
< ¥
3 5.6 1.1 21 9.9 .33 39.5 23.7 1 & 16 9 j
4 8.0 3.3 22 9.9 .33 80.4 58.5 1 60 57 3 ¥
5 8.0 1.1 22 2.9 .33 8l.1 .2 5 -6 . 63 1 |
\ ' ki
* Using Eq. (27) N &

. ! - i 59
0 Using Eq. F%Z); Ry =1 - (I-RSQ}Y/ , where y = 32




) \ ; v

o S X

' " | : " TABLE 22 | o
. N . v ————— L] \ \ ) -

IN ‘l'\,\
I
" Predicted and Measured R, Using Short Matrix , ' ,
P ] . and Hematite Cyclone U/F . /
N

Conditions: constant head system - 32 gm matrix

l k =8.0x 107 emu/cm> - Oe TZ’
L U = 9.9 cm/sec >
i L =0.33" -
: ' H™ =3.3 kG ‘ . [
] < |
\ f
; ? \\
)
* (W] :
ave : fd R59 R:’,2 RP.(1 R‘r d IRfract, ;g
; (um) - T — — - |
32 0.074  94.6 79.5 1.0 80.5 6.0 ]
24.7 0.236 84.8 64.0 0.5 64.5 15.2 :
18.7 0.312 74.3 52.1 0.5 52.6 16.4 }g,
1 ) 13.5 - 0.206 61.9 40.8 0.5 41.3 8.5 ,5
9.8 0.097 49.9 31.3 0.5 31.8 3.1 ‘{
~ 5.0 0.075  24.4 14.1 0.5 14,6 L1 o
’ , 50.3= R.rbrediated
& -55.6= R.l.measured
' ’ ART= 5.3%
’ §
‘ .

* Using Eq. (27)
O Using Ry =1 - (1-Rg)’/>?, where y =32

|
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, and easily measured. An added, and important, benefit is that the range .

| 132.

S

5.1 Susceptibility Measurements

v ans . ¢
The use of the Frantz Isodynamic Separator as a susceptibility measurement

! . b
device was attempted because it is easily accessible to personnel in the *

mining industry. With the Frantz, magnetic susceptibility can be quickly

e
w3

of susceptibility within a single sample can be determined in the form of

.

Py

a magnetic response curve, a feature of which conventional measurement

e

o,
FONCHN

devices (eg. magnetometers) are incapable. At the same time,”sample
fractions can be separated and removed at various levels of magnetic

susceptibility and assayed, which then permits metallurgy to be intro&ucecj.

However, the validity and accuracy of the susceptibility measurements made

with the Frantz are debatable. - ’

Measured susceptibility of all four uni-mineral samples was found to viry
consideraply with the side slope employed. In each ease there was a large ‘
decrease in measured susceptibility as the applied field strength” at which
the measurement was made increansed. Paramagﬁetic material will saturate
at high énough strengths, and when aii}:;&'oaching saturation k will decrease
with H. prever, at room temperature, ‘the field strength required before ’
a noticeable susceptibility décrease occurs is extremely high (> 105 gauss) .
Minerals present a problem, though, as minute amounts of ferromagnetic '
minerals within the crystal structure of 'the paramagnetic mineral can greatly

affect the magnetization, It is doubtful that this occurs to such a large

degree with all four uni-mineral samples. Two explanations seem possible.: ’ x

(1) the susceptibilities of the minerals do change with field strengths by R

the amounts ;indicated, or (2) the susceptibilities do not vary to such an
‘ N &
|

/
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extent and the effect is an artifact of the measuring technique. The

author feels that the latter is more likely, ‘suggesting that the technique

[ 1
»

'of susceptibility measurement with the Frantz should be investigated.

.
Table 11 indicates that k can vary with d. A noticeable, but not large,

size effect was observed with the hematite sample but not with the

" sphalerite. This suggests that the phenomenon was p1%obab1y a feature of

. |
the hematite itself and not due to the measurement technique, otherwise

equal effects on both samples would be expected. The type of grinding

media employed in preparing the hematite may have been influential.

\

Extensive examination of the size effect was not performed, although such
a o

a study might be beneficial.

In light of the above discussion it was decided that, for the sake of

consistency, all susceptibili"ty measurements would be made at a side

" slope of 20° and with a particle size of 25 to 40 pm. . .

5.2  Force Balance Model of Capture

As an initial description of particle capture in a high gradient magnetic
separator the force balance model is marg{nally adequate. It fails to
predict the:-log dependen¢e and does not account for\matrix loading.
Quantitatively, the effects of velocity, viscosity, and particleﬁ size are

' \
underestimated. However, the model's uncomp}icated approach serves as

a good qualitative introduction to the forces involved in magnetic capture

of particles. e
i i \‘

In comparing the results of the empirical models with the force balance -

model of Eq. (17), it must be remembered that the force balance model was
|

devgloped under the conditions of several simplifying assumptions. Firstfy,

the actual matrices were not circular in cxoss section, as was assumed in

n

the force balance model., Both matrices, especially the steel wool, -

exhibited the sharp edges at which localized, higher than average

N
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radient would be created. ~Therefore, classificatioh of the field
gradient by a siﬁgle value was only an approximftion of the real
situation of a range of gradients.

- o

9 !

The assumption of fluid flow in thé §tokesian regime was not totally valid.
At the higher velocities and with most of the particle sizes-employed an

-

intermediate flow regime would be presentu, thus affecting the d and U

t
exponents of the drag force. The particle was also assumed to be moving
co ;

, .
with a velocity equal to the fluid velocity. This was obviously not the
case as it moved towards the wire in a direction v}hic'ah was generally at an

angle to the fluid flow“.\ Derivation of the drag force also assumed the .
presence of spherical particles which, naturally, is not the case with an
I

actual sample. °

The drainage mode of operation introduced two further considerations - a

o a

\ 0 .
non-constant velocity, and an added force, residing din the interfacial
, $7 ' [
tension of the air-water boundary. ' ‘

0

®
Finally, the force balance model was developed for the case of a single -

wire and a singie particie, which may be confusingly over simplified.

An extensive comparison of the results from actual tests to the force
balance model is, therefore, not a worthwhile exercise. The use of the
force balance mo;iel should be confined to a general' qualitative description

of HGMS, in which it is reasonably success,ful.'

[}

5.3 Empirical Models of Capture v :
9 \J
<.

A model capable of predicting HGMS performance from readily obtainable

.

test data would. be invaluable as an initial guide to épplicability of -

this separation technique. This was the main purpose in develc:ping1 the

* empirical models of capture,
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P »,wg —
. Empirical models of HGMS were developed for both the constant head and

drainage modes of operation. In both cases the:regression analysis set

the HM  exponent to 1. However, there were considerable differences in

the respective exponents for k, d, and U. These were a result of two »

. p b
* 1 >
. .
R

/Mmajor differences existing between the two systems of operationq/”?irét
; one was operated at a constant velocity while the other was nét, and second,
- !

an expanded metal matrix was employed in the constant head system an;‘l
[

steel wool matrix in the drainage system. Observations durlng initial

e e S R

tests with the permanent magnet and a glass matrix cannister indicated that

»
- BPT P R T
Al v

when the column was allowed to drain, the accompanying interfacial tension

[+]

at the air-water boundary tended to drag out particles from the matrix.

-~

oo

DA 3 T 1P T
” 7

This added force would preférentially remove physically entrained and weakly
. L
~magnet1ca11y held particles, a useful advantage if attempting to produce a

clean mags product. For this reason operation 'in the drainage mode was

examined. -

The major difference between the two matrix types employed was in their

cross sectifnal‘area. The expanded metal matrix had an average equivalent

diameter an order of magnitude greater than that of the. steel wool, which

' meant that higher field gradients were crdated with the steel wool matrix.

‘a8
.

3 - The cross section of the expanded'metal was also very uniform in comparison , &
k ] \ » o .
"to that of the steel wool. ' / ‘ i

-

S T

Finally, the axis of the expanded metal wire waS'nearly'afha&S perpendicular

~

to the directiorr of background magnetic field, while the orientation of

the steel wool was r

. > OV T
B N Lt A DN
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Form of the Models

¢ '
’ . " o531

The form of the empirieal models and the values of the parameter

% g exponents are worthy of discussion. A stepwise linear regression using
% . the data from all the tests yields a relationship between the dependent

1 ‘and independent parameters. In,each case, the five independent parameters

from the results of aboit 80 tests were useé, With such a large number
of variables, a coméletély réliable regression would require several
hundred sets of data. Interpretation of the exact values of the
'resulting parameter exponenfg is consequently difficult. The magnitude

of the exponents should therefore be discussed only in relative terms.

A computational ﬁroblem in the regression analysis was the handling of

results from tests performed at H >10 kG. Above ~10 kG the matrix has

. become magnetically saturated and thée dependence of RM on H is to the
_ ' o i
first power of H, while below 10 kG the dependence should be to the

&

. ¥

/ second power (as is assumed'in the regression development). However, %
o %

the simple technique applied to combine in a regression the results of o

tests above and below 10 kG, as described in Appendix 4, was satisfactory.

N

Results from tests studying the individual parameters showed a logarithmic

~, S
2T s Tt

dependence of RM upon the pagemeters. DFhis type of relationship is a
coﬂsequence of feeding many pa?ticles to many layers of maErix wire
(unlike the situation used to develop'the force balénce model), which
"thug introduces fﬁe consideration of probability of capture. Any one
particle, as it travels through the matrix, may pass.close to a wire
several -times., Since there are milliéns of particleﬁzgﬁa, perhaps,

millions.of capturé sites, probability then becomes an important aspect

of particle capture. .

bl
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5.3.2 Parameter Effects

Field Strength b

s The parameter effects can be discussed While keeping in mind that
l N

’ their exponents are relative to the Hwaexpoﬁan; of 1. As the ﬁMw
exponent was set to 1, comment on the effect of H is difficult. However,
‘the assumption of Mw reaching saturation at 10 kG appears to be
qsatisfactory. a !
Particle Size
The effect of particlé size was observed to be considerable in the ’
/ ' constant' head system and less so with the drainage system. This
’/glgfbrence in its degree of influence was a result of the differencés
i; matrices as well as the mode of operation. The expanded metal.has a
fairly c?nstant cross section and consequently produced a relatively
narrow range of gradients plus an average diameter that was at least an
order of magnitude greater than Fhe particle diameters. Thus a matched
system, whech would lessen the influence of d upon RM (comparing Eqs. (14)
and (25)) could not be assumed. However, th: steel wool matrix had a
wider range of matrix size, giving a wider range of gradients, plﬁs an '
average matrix diameter which was better matched to the particle size.
The result is that closer to optimum gradients wouid be available for
more than a single particle size with the steel wool matrix. An
/ uncertainty in this explanation lies in not knowing what‘role the particle

size plays in the drag produced by the interfacial tension when the

MY

water level passes through the matrix in the drainage system. 7-
. J
When a range of particle sizes is fed to an HGMS, a question is whether

or ﬁg;uthe larger sizes are preferentially recovered in the first

se@megts of the matrix to an extent larger than would be expected fron

e SN
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the empirical model. The results from testing the hematite U/F show
that if that is the case, then its effectis not very large. Using
the sample size distribution, a simplé fractional recovery summation

procedure produced good results.

Susceptibility

£

-

Handling of susceptibility in the regressional analysfg\was difficult,
although results with the constant head system we?e $ood. The drainage
system did not give a value for the k exgonen; ne;r unity, which the
force balance model would predict. The drainage model was also
incapab}e of bandling results from tests with field strengths gre;;er ‘
than ~15 kG. The cause of these problems was not found, although they

were probably derived from the drainage mode of operation.

Velocity and Viscosit}

i -3

With the constant head system, the efféét of velocity was considerably

greater than the force balance model would predict. With both systems,

viscosity was found to have little or no effect between temperatures of ™
5° and 40°C. Both of these parameter effects indicate, then, that the
limiting of ﬁhe competing force to that of hydrodynamic drag is an

over-simplification. A In a theoretical analysis of particle capture,

|
other forces should be considered.

-

Feed Weight and Matrix Length

Matrix loading, as defined as the ratié of feed weight to matrix weight,
" can 'be altered by a feed weight change or a matrix length change. The

N
effects of feed weight and matrix length can therefore be discussed.

together.

1

Results from Section 3.2.7 showed that the fractional regov?i' of a
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- ~
' N

sample in each segment of a matrix of n segments was constant. Since ;
the feed £o each successive segment decreased, this implied that the
fractional recovery was constant for decreasing feed weights. This
appears to contradict the matrix loading results, where Ry increased

with decreasing Lm. Figure (37): however, shows that the recovery of

© 7

ilmenite increased only.slightly with decreasing Lm‘when the conditions

were set for a recovery of less than 20%. When the conditions were set

~ for higher recoveries there was a considerable effect of feed weight upon
recovery. The matrix length tests employed low recoveries, so that the
~apparent préof of a constant RM with n may be an artifact of choosing

low ‘recoveries. When dealing with R > 20%, the matrix length correction

(Eq. (19)) may possibly be incorrect.

»

*

The non-uniformity of the sample may also influence interpretation of

th; matrix length.results. In the tests studying the effect of matrix
length (as in the other testsi the hematiée sample employed had a narrow
particle size and susceptibility range, but, none the less, a finité
range. The expected increase of RM of each segment as the feed to each
segment decreased, may have. been counter-balanced by a selective capture
in the first matr;x segments of the more susceptible and larger particles

of the sample. An analogy ‘is the presence in a flotation feed of

LI

minerals of the same sulfide that exhibit different rates of flotation.
Thi§ effect of sample non-uniformity may have been small, but since the .
individual segment recoveries were only ~10% (where a 10 to 20% change

in recoveéry is digficult to notice), the effect may have been sufficient

to counter-balance the increase of RM with decreasing feed weight.

i .
Therefore, a combination of low recoveries in the matrix length tests,

and sample non-uniformity, may have caused the apparent proof of.

constant RM with n. _Resdlts of predicting the effect of matrix length
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-, 2 /
. x N
through the use of Eq. (22) are further discussed in Section 114
/

Two variables that were not investigated were matrix packing den;ity
and slurry density:"lt has been assumed that, within limits, their
effects upon RM would be negligible. However, both the steel wool
packing density and the slurry density employed were very low, so that
if tests were performed at much higher densities, their effects should

first be examined. ‘

5.3.3 Precision of Separation

] [] - 3
Precision of separation is an important consideration in any mineral

separation technique. An interesting observation from the empirical

‘ mqhels of the two systems of operation is that, with respect to suscep-

tibility, separation with the draiﬁage system is more precise than with

the constant head system, but with respect to particle size, the

constant head system is more precise. As an illustration assume that a

s

~
~

feed with a single particle size and containing two paramagnetic minerals
is fed to an HGMS under Qet tonditions of H; U, and.f%. One mineral
witﬁ'suscaptibility kl, is 90% recovered and the dther mipe?al, with
susceptibility k2’ is 10% recovered, In the drainage sttem of operation
the ratio of k

1

to k2 would be 14.3, while in the constant hit:‘system
it would be 83. Appendix 6 gives the .calculations of the figures. Thus,

in the constant head system, k1 would have to be 83 times greater than
I ’ N

\k2 to produce the separation (90%-10%), while in the drainage sysiém,

kl would only have to be 14.3 times greater than k,. The drainage mode

of operation is more precise a separation with respect to k than is the

EY

constant head system.

S ma .  aTE ises
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[ To illustrate the precision of separation with respect to particle‘
size assume that a feed with a single, narrow susceptibility range,
but containing two particle sizes, is fed to an HGMS. The particles
with size\ d{,are 90% recovered and the particles with size d2 are 10 /

recovered. Then, in the constant head system the ratio of d1 to ‘}2 is

’ 8.3, while in the drainage system the ratio of d1 to d2 is 20. //{'he

I "
constant head system is more precise with respect to particle size than

N is the drainage system. .

“ ‘ ; In any one sample t@bined effects of susceptibility and- particle
| ~ size would have tg be considered. If a precise separafion ‘with respect
to susceptibility is desired, which is the usugl case in magnetic
- separation operation, then a relatively narrow pai'ticle size will be
/ required. If a wide range of d is pres:ent, and the qperating parameters
. are adjusted for a high re“covery of the smaliest particle size of the
more susceptible material, then the larger particles‘ of the less
susceptible material may also have a bigh recovery. The combination of

; |
particle size ranges and susceptibility ranges are, therefore, the

Ry o

3 limiting factays in precision' of separation.

5.4 Matrix Length and the Empiri/cal Model ¢ '

,’; o

The empirical model of c turce\a/A:‘éour;ted for the effect of matrix loading,

as expressed by feed weighf. /The model, in fconjunction with Eq. (22), was

fl N

. also capable of predicting/,tixe recovery of 4 sample when a matrix was employed

\ that had a length different from that used to develop it. The empirical model
; ' : ‘

/

would first be used to’ determine the recovery with the matrix length for which
O the model was devqldped, ataﬁthe same time accounting |for the effect of feed
weight. Having handled the matrix loading effect, the matrix length effect

could i\hen bg/’deterq\ined w_ith the use of Eq. (22). In this manner, the two

/
o

effects w,ei:e comput‘ationally separhted. The validity of the technique was tested
/ \
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under several conditions with the shorter expanded metal matrix. The

results (Section 4.4) show that the average difference between predicted

and measured RT for the six tests was only ~5%. This metﬁod was t?erefore
capable of handling the effects of matrix length and matrix loading, although
the assumption of constant fractional recovery with varying feed weight that -
was ‘made in developing Eq. (22) does not appear to be totall)( correct. A
firmer understanding of the concept of matrix loading and itsﬂ;ffect upon

magnetic recovery would be beneficial. . « -

The ﬁesults.clearly show that the effects of doubling tﬁe matr%x loading
through either a doubling of the feed weight, or a halving of the matrix
lengthlare not quﬁvdlent. As an illustration, assume an RM = 70% has been
obtained using thé lopger expanded metal matrix. If the feed weight was
doubled, Bq. (27) shows that an RM-GZ% would be expectf.d. If the matrix

length was halved, Eq. (22) indicates that an RM:t45% would result.
l

‘ Experimentation confirms tﬁese results, The effect of matrix length on RM

“

was considerably greater than' the effect of feed weight.

-
L]

5.5 Separation Predictions and the Use of the Frantz Isodynamic Separator

Thg:purpose in develcéing an empirical model of captufé was‘to permit
initial predictions of recovery and grade that could be expected from high

gradient magnetic separati&n. Knowing the size distribution of a sample and

the magnetic response curve for selected size-intervals, the magnetic .recovery

could be predidted for any set of operating conditions. Applications of the

-

model to pyrrhotite removal from tin and copper concentrates demonstrated
’ ) . -

the methodology. \
N

’

The methodology of mineral separation prediction produced results reasonably
. [

"~
close to the measured values, even though several assumptions were required.




~

~ 1)
A single response curve was used to describe the whole sample, while eath ,
size interval may have had (and generally does have) a unique 'response curve.

Response curves for each size interval can be obtained and used, which would
provide further accuracy of prediction.
i o '

Another problem is the choice gf the value of L . Results from separations
of the mixtures of Fezo3 and Si()2 (Figure 53) showed that Lm can be descgibed
by the amount of magnetically recoverable material. However, the
susceptibility difference between F'ezo3 ané 8102 is great. If a range?of
susceptibility is present in:the sample, as with the copper and tin
concentrates, then the choice of Lm becomes more subjective, and has to be

set to the expected weight recovéry. Test 5 of the copper concentrate

separations showed, though that the, effect of marginal change in L will not

/

2

greatly affect the predicted Lm' {

A final source of error in the model applications was that the model limits

of particle size and susceptibility were slightly extended.
%

The Frantz Isodynamic Separator was found to be a very useful device in
predicting separatlon metallurgy from HGMS, Its use in describing the range
oof magnetic suscept1b111ty of a sample has already been discussed. The
metallurgy from a Frantz Separation can be an initial estimate of metallurgy
from a high gradient separation that préduces an approximately similar

weight recovery as that on the Frantz, provided the effects of k and d

ranges and physical entrainment have been accounted for.

1
i

>

A limitation in the use of the Frantz is particle size, Generally, the
Frantz is incapable of handling particles less than ~20 um. The response

curves of these sizes would have to be approximated by the coarser fractions,

<

e b
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Ig summary, the methodology of prédiction that has.been deverzfed is
mﬁnefgi
f

samples. A sample with a wide susceptibility range: and a wide size

capable, with,sufficiént information, of handling very comple
distribution can be broken down into manageable intervals of k and d, to
which the emp1r1ca1 model of particle captuie can then be applied. The

model and the methodology of prediction shoﬁld find many app11cat1ons in

‘the‘fxeld of mineral processing.

~g
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6.1 Conclusions

1. Qualitatively, the force balance model is marginally successful
: i )

as a decription of particle capture in a high gradient magnetic

separator. Quantitatively, the force balance model fails.

v

2. Magnetic recovefy in a high gradiént magnetic separator is a
° function of the log of the process variables.
3. Field strength, particle susceptibility, pafticle size, fluid

velocity, matrix loading and matrix length all play an important
rolF in magnetic capture. Fluid viscosity appears to have little

|
! effect between water temperatures of 5° and 40°C.

4. The susceptibili;y of a paramagnetic particle when measuregd with

the Frantz Isodynamic Separator will vary with side slope of the

9 Frantz, inferring that measurements with tﬁé Frantz may be invalid.
5. The magnetic response of material, i.e. its susceptibility

distribution, can be easily and quickly determined with the Frantz.

b

‘Such sample information is essential for analysing the potential:

of a sample for high gradient separation.

7

6. In a constant head system of operation using an expandéd metal
i ) . - A
matrix, the magnetic recovery of a paramagnetic mineral can, within

the range of conditions quoted, be ﬁredictgd by:

HMkl.ZdZ.S .

« Ry = - 60.6 + 34.8 log | /55— | * \

v ‘ | 0

B
e g

T S



/ ' . 147.

r ' N

In.a drainage mode of operation using a steel wool matrix, magnetic

+

recovery can, within the range of conditions quc‘)t%fl, be predicted

v e

for minerals of volume susceptibility between 5 and 8 x 10'4 'emu/cms

- Oe by: .
ka3'991'6 ' ,

Ry =~ 137.4 + 41.3 log U1'3Lm1'1 - \

The accuracy of an equation of this-type becomes considerably s

poorer for a wider range in k. ™

If RMx represents the magnetic recovery of a mineral using the
matrix length for which the model was developed, then RMy’ the

recovery at a different matrix length, can be predicted by:

L

ol T e T L S S R R R A T

\

Ry = (1 - Ry’ :

5
o

where y/x is the ratio of the two matrix lengths (or weights).-

e

Although the experimental applications of this equation are

-y

successful, its theoretical development is apparently unsound.
: !
Matrix loading can be altered by altering either the feed weight

N

NPT )

or the matrix length. A doubling of the feed weight in order to f

double the matrix loading will not produce the same effect upon

}

RM as a halving of the matri:é length.

o
¢ M

i

!

The précision of a separation by high gradient mz;.gnetic separation

will be a function of the range of particle size and susceptibility
];resent within the sample. The constant head system is more *
precise a separation v;ith respect to particle size than the drainage

system is, while the drainage system is more precise with respect

to susceptibility. ) a
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11. Through a simplg*’smnmation‘procedure, a wide partDicIe size
distribution can be h:ndled by the empirical models. The size
distribution is split into several intervals and RM calculated
for each d. The prodyct of the weight distribution to each size
interval and its respective RM yields-a fractional recovery for

\
each interval. Hence, the total recovery is the sum of the

~

fractional r?coveries .

12. The developed methodology of predicting HGMS performance %.S
capable of handling very complex mineral samples. The important
\@information ﬁecessary for its application are the particle size
distribution and the susceptibility distribution, in 'the form of
a magnetic response curve obtéined from the Fra;ltz. Assays of
elements or minerals as distributed in the particle size and

susceptibility intervals will generally be necessary for

.‘. - - - ‘,
1%redu:t:).on of elemental or mineral recoveries.

!

-

13. The metallurgy from & separation on the Frantz Isodynamic Separator

can be an initial estimate of metallurgy from an HGMS that produces
an approximately similar weight recovery as that 6n the Frantz.
To make such an estimate the effects of wide k and’d ranges, and

1
physical entrainment should be accounted for.

P

o e
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1.

Al

2.

3.

L

Paramagnetic minerals wére prepared to very narrow particle
size and susceptibility ranges, and the effects of d and k were

examined.’ . .

1 \

Empirical models of partiéle capture in a high gradient ﬁagnetic =

separator were developed for two systems of operation.’ Parameters

<

included in the models were field strength, susceptibility,
‘particle size,\veldbity, and feed weight. The dffect of matrix

" length was also experimentally determined.

v

A methodology of predicting high gradient magnetic separatioﬁ

" performance was developed and demonstrated. !

—
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6.3 Suggestions for Futuré Work

}l
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1

Susceptibility of the uni-mineral samples should be determined
with a conventional measurement technique to verify and calibrate

. ¢
the measurements made on the Frantz.

The effect of particle size and grinding media upon particle

- susceptibility as measured on the Frantz should be studied.

The empirical models should be developed to wider ranges of d,

k and U. , N

»

The feed weight and matrix length affec{:s‘ require .further

examination. .

!

-

An empirical model for the constant head system employing the
steel wool matrix should be developed to compare the effects of

the two matrices. This would avlso enable a diréct coggarison

L » °

of the drainage and constant head systems of ‘operation.

Application of the model-to various ores, concentrates and
. i 1 .

+*

tailings could determine the potential of high gradient magnetic

separation and its range of feasible applications,

a
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.- APPENDIX 1

4

- Effect of Matrix LenEh

Conditions - the matrix is divided into n layers ;&each of similar weight
and length. s

- fractional recovery of feed to first layer = R‘Ml

-

‘Assumption - fractional recovery to layer n is RMl of feed to that layer.

1. Fractiona_l recovery to first layer = RMl

-~
~ v

Fraction of feed remaining =1 - RMl e z

A

)
2. Fractional recovery to second layer = a.- -
d layer = Ry, (1 .- Ry )

-
Fraction of feed remaining = (1 - RMl) - Rﬁ‘l (1 7/1;”\1)
- /
2 e .
' - - Ryt
and, total recovery with 2 layers = 1 - (1 - RMI)Z
3. Fractional recovery to third layer = RMl 1 - RMl)z
| . - ’ 2 I 7
Fraction of feed remaining = (1 - Ry))" - Ry, (1 - 7&)

(1 - RMI)S \‘LN.R//

Thus, total recovery with n layers is,

- n
Run =1 - @ - Ry

Now, let n = x, where x is the matrix weight for n layers.

"f,fmh\x/ -

e aa® Pl A v

o emeEd < o e 4w



a matrix of weight y is given by:

]

1

(1 - Ry
(1 - Ry)™
(1 - Ry )X

- Rm)y.

a1+ R XY

(1 - RMx)y,x'

s
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APPENDIX 2

Cross-Sectional diagram of helium dewar

|
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APPENDIX 3 -

' TABLE 3-1 !
Data from Constant Head System Tests -
) * TABLE 3-2 .
: Data from Drainage System Tests
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" 24000

2.000
4. 000
5.000
€.000
7.000
3. 000
9.000
10000

It.000
12. 000

13000
14.000

15000 .

1€.000
i7.000
18. 000
19.000

204000
£1.000

22.000
£3. 000
24.000
25.000
2¢. 000
27.000
26. 000

9. 000
30.060
31.000
30,000
33.000
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35.000

3e.000

37.000
3. 000
39.000
40000
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%. 000
Fe000

%.000
%.000
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3.000
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%000
8.000

B.000
8.000

3. 000
3.000
2. 000
3.000
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8.0C0
3.000
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8.G00
"8.000
8.000
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CONSTANT HEAD SYSTEM

N |

H d ]
(kG) ( jm) ‘_EE%
) secC

1. 000 20.000 2.900
1,000  £2.000 9.900
1.000 16+ 000 9.900
1.000 12. 000, 7.900
1.000 3.500 a.000
0.500 20000 9.900
0.500 Ff‘c 000 90006
0.500 16.000 9.000
0.5C0 12.000 9.900
2.000 20.000 9.900 °*
2.000 £0.000 94900
2.000 12. 000 9.900

/

3. 160 30.000 9.900
3.100 22.000 94900
o000 1€.000 9.900
2,100 12000 ",900

'3.000 G.500 . 9000
4,000 £2.000 0.900
%.000 12.000 1 9.900
B.000 B.500 9.0pp
1,100  30.000 5.700
1100 16000 S.700
3.000 30.000 5.700
3.000 16600 5.700
lel00 22.000 15.600
5.¢£o 12.000 15.600
0.200 21.000 2.900
1.40¢C 21.000 ,2.900
c.000 21.000 5.700
6e3C0 21.000 5.700
t.5C0 21.00¢ 5,700
1. 100 21.600 S.700

.2.800 21.000 S.700
2,000 21.000 © 94900
3.000 21.000 9.90r
1.9G0 21,000 9.900.

L2.600 21,000 9.900

21.000 9.907
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TABLE 3-1 (cont'd)

N Testf ~  k_ H a4 U Ry
[ . L —
| JAleger S CBL 1e00¢ £1.000 9.900 0.33° 39,001
N - e GO0 S, €00 1.100 P1e000 9.900 0.22¢ 35. M0
- £2.000 5.C00 0.00¢C £1. 000 9.90¢0 0.220 30000
‘ 444 GOO 5.€C0 4200 £1. 000 9.900 0.27 9H. D
. 45,000 5.¢00 54000 21+ 000 9,960 0.22¢ 96.0Cf
/ [

4€. 000 - S.¢00 6.000 £1.000 9.000 0.280 97,000

s 47.000 FoC00 g.000 £1. 000 9,500 0.220 99.0n¢
Y £%.000 | S.€00 0.5C0°  £1.000 15,600 n.220 oo
- 49.000 | S.¢0C0 14000 2. 000 15,600 0.220 14, 000
& 50.000 | 5.C00 2.000 £1. D00 18400 0.220 39+ 00F
ﬁ 51.000 5.€C0 | 24000 21.000 18,000 0.320 664 00D
“ ' 52,000 5.¢00 1,900 11.000 5,700 6.230 55, 000
’ ' \ ! , h s
; . 53. 000 5. 600 1,000 35. 000 £.700 0320 79,000
‘ . 54,000 5,600 1,100  21.000 5.700 0. 083 78,000

55. 000 5.600 10100 | 21.000 5.700 €500 SP.CNC

&6 000 (50600 14100 21.000 9.900 0.500 204 0C0

57.000 5. €00 1100 | 214000 9,900 1.000 jo.nop

58. 000 5.¢ 00 1100 -\ £1.000 9,900 0.167 £5.0C0

59. 000 5.600 1,100 \31.ono 9,960 0.082 S1.000

. 60.000 5. 600 1. 100 25+ 000 9.900 0500 an. 000

614000 5.600 1,100 36. 000 - 9.900 G082 T1e 000

€2+ 000 5. 600 1,106 35000 . 9.00¢ 0.330 E0. 000

63.000 5. €00 2.000 2. 000 9.900 0.500 . S€.CPO

‘\ |

64. 000 5.600 £.000 21.000° 9.000 . [.167  79.000

5. 000 5. 600 2,000 21.000  9.000 0. 083 4R C 0P
' €Ge 000 5.€00  2.000 £1.000 0.000 1.0n0 35.000

f (7.000 54 €00 14100 35.000 9:900 00167  bashifp
€8..000 €.¢00 1,100 11.000 9.900 0. 083 ol.pon

€9.000 .  5.¢00 1 1007 11.000 9.900 LesQD 13+ 000

70. 000 5,660 1. 100 11.000 9.900 0167 en.onr

71000 5.600 1,100 11.000 9.900 . 0,230 1és 00D

724000 €. (G0 0.500 11.000 , 15,600 0.220 f.0ng

73. 000" 8.000" 0.500 ' 12000 15,000 032 3.000

T4 000 0. 340 1,100 PPe 000 9.900 - 0.330 2,500

: 750000 ©  0.340 10,000  2€.000  9.500 0.330 65. 000"

’ ¢ ¢

7¢« 000 - De 340 10.000. £9.000 9.900 ' 0.330 4200
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TABLE 3-1 (cont'd) : A
Testf k ‘ A
H d U ._LE. _EM.....
774000 0. 340 10.000 £.000 9.900 0220 TN dy
T%.000 0.340 20.000 20,000 n.900 . 0.20 _69eCrr
79.C00 0, 240 14.700 > 264000 54700 0.280 0p. 000 @
80.000 0.540 14800 17000 54700 0.230 Gls0¢0 *®
514000 0,240 12.500 £5.000 g-ocn . 020 90 00L o
804000 C.340 20.000 36000 £.700 0.200 924 OO0 h
%2.000 6.240 C0.000 © 224000 2,000 04330 95.e<:\ K|
34,000 . 0,340 5.000 12,006~ 9.900 e.320 ! 19,000 £
M § \ ~ N
)
35,000 0.340 7.800 02.000 P00 0.320 33,000 [
» ‘ vk
. - &
80000 0,250 15,000 22,000 54700 0330 764000 £
87,000 . 0.250 20.000 22.000 5.700 0.230 794:000 b X
83.000 O 0.250 10.000 £2.000 5.700 0+330 704000 ¥
$9.000 6.250 x%}sﬁ%\xm 36.000 - 5700 0.%20 73.000  §
90.000 °  .0.250 —10.000 12,000 5. 700 0.330 424000 %
| 91.000 0.250 ' 20.000 £2.000 ©  2.900 0.220 o0.000 i
92.000 0.250 10,000 22.000 5.700 0.083 84+ 000 ?‘
93.000 0.250 104000 22.000 . S5.700 0167 - 76¢00C |
~ . £
9ae 000 0,250 1. 100 £2.000 " 94900 0.33¢C 3.cec h
95,600 8.250 , S5.000 12.000 9.000 0.320 25.0060 g
9C. 000 0.256 5.000 12,000 9?300 04230 18. 090 :
] ) . . \ , . ‘“
( & ‘ !
/ %
¥ 0/ ’ i ’
3 } l ' v ; ’&
5
y
4
T L ~gr~;':j‘£§$?;‘:§}§%;~:@Cﬁijki{.~"v%3‘?iﬁﬁufi




' ' TABLE 3-1 (cont'd)
7 W
g ® - ' 2ERO FIELD TESTS
W A Test ] k- H d U L
Testf L A 4 L S
i‘\ 97.000 "€, 600 0.0 21.000 &.7¢0 0e €7C 2.2rr
¥ , .
% 0%. 000 . 600 0.0 11.000 &,700 0.083 1.80P
1 10,000 5, 6CC L0 11.000 £.760 L.S00 0,700
. 160,000 _  5.600 = 0.0 21.000" 9.90C 0.082 » 2.1KF
! 101.000 £, 600 0.0 ‘21,000 9.900 0.3ac t.ocr0
‘ 102, 0G0 8. 600 e 0 21,000 9.900 0.670 0,900
‘ 102.000 £.600 0.0 44,000 2.90°0 fe330 oLann
104. 600 S.(00 G0 £1.00C 94900 Pe 330 negrn
105.0CC . €00 0.0 44,000 15.€00 C.330 1.20¢
10¢.00¢C . €00 0.0 11.000 S 2.000 0.3530 4og0p
107.00C0 €.€00 G0 444000 2.900 0.330 12.600
108.00¢C &, €00 0.0 21.000 2.900 0+330 2.000
, “109.000 . Cs 600 () 21.000 D.000 Q€70 T7.85CN
110.0C0 S. €00 0.0 21.000 £.000 0.Ng2 14,900
111.000 £.600 C.0 44,000 5,700 0.330 7.800
112.000 S.€00 0.0 21,000 S.700 Ls350 2,500
112,000 Se€00 0.0 21,000 S. 700 -082 - 3.300
114.000 S. €00 0.0 21.000 Se 700 oS00  C.70C
! . 1
N 115.006 3.000 0.0 12.000 5.700 0.320 1. €08
‘ 11€.00C 8. 000 0+ 0 16000 8,700 0.220 1v70¢C
117.00¢. B.000 Co 0 30,000 5,700 0.230 5.000
118.000 2.000 0.0 . 30,000 54700 D220 5900
. 119. 0600 8.000 00 2.000 €700 ¢.22¢0 3.500
170,000 3.000 0.0 uret 9,000 0220 4. 600
121.060 ° 0.020 0.0 45.000 5,700 0,200 2.50N
172,000 0.630 0.0 12,000 &,700 L0200 0.200
¢« 123,000 0e020 0.0 45,000 5.700 0.030 2.700
124000 04030 0.0 a2.00¢C 2.90C 0.167 0.700
125,000 0.0%0 0.0 a0, peo 9.900 -- 0.083 1.30¢
: £€.000 ° D0.030 0.0 20, 00C 9.900 0.330 1. 000
127.C00 0030 0.0 20,000 9.90N 0.670 0.6CN
o l .
128,000 0.030 Go0 °  42.000 9.900 0.230 2,200
129,000 0050 0.C £.000 O 9.900 0.330 , _ 2.400
120.000 0. 030 Ce0 £4.000 9.900 0330 £e500
131,000 £ 04030 00

17.000 9.900 0.330 0.10¢ ' ¥

*cyclone underflow
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u » ~ TABLE 3-2
k . .
DRAINAGE SYSTEM | . a /
- ; U ) H
Teetf ~ X = B 4 L A N .
1.000 §.000 - 0.500 16,000  10.000 0.670  22.000 E
£2.000 _ B8.00G 1.100  16.000"  10.0C0 C-670  £1.000 ,
+ 3.000 B.000 2.000  16.000  10.000 , 0.€70  70.000 b
40000 3.000 3.100 16,000  10.000 0.€70  81.000 ,
54000 8.000 4,000  16.000  10.000 0.€70  ag.0p0 ;
€. 0600 8. 000 1.000  22:000  10.000 0.-€70  62,00¢ 1
7. 000 8.000 3.300  22.000  10.000 .€70  90.006 ¢ i
8. 000 8.000 1.000  30.000  10.000 0.670  67.000 :
9.000 8. 000 1.960  30.000  10.000 0.670  ga.000 . 3
10.000 8.000 . 1.000  12.000  10.000 0.-670  28.00C h
. o “;}
11.000 %.000 3.400  12.000  10.000 0.670 v 70.000 &
12,000 8.000. - 23.400 8.500  10.00¢ 0.€7¢  56.000 i
12.000 8.000. 1.2300  1€.000  10.000 C.€70 - &7.000
14,000 8. 000 1.300  12.000  10.000 0.670  38.000
154000 5.€00 0.400 21.000  2.000 0. €70 g.0n0
16+ 000 5.600 . 0.500  21.000 24000 0.670  23.000

- 17. 000 5,600 1.600  £1.000 2,000  ° 0.€7¢  78.000 ;

‘ 18000 5,600 1.500  21.000 6. 000 0.670  55.000 '

- 194000 5.600 1.500  '21.000 6,000  C.€70  49.000 .
£0.0001  5.600 1.500  £1.000 6. 000 0.670  58.000
£1.000 5,600 1.200 21.000 6.000 0.670  £5.000
22,000 - 5.600 0.€00  21.000 6+ 000 0. 670 5.000 !
73,009 50600 1.000  21.000 6-000 2,000  10.00C
£4.000 5.€00 1000  21.000 6:000 1000 . 36.000

©25.000 °5.€00 1,000  21.000 €000  0.320  Sp.cpro g
PC.000  » 5.¢00 ' 0.300 © 21.000  10.000 0.€70  15.000 °
£7.000 | 5.€00 1.500  21.000  10.000 0:670  31.000 ;
£6.000 5.€00 2.100  21.000  10.000 0.670  55.000.°
£9.000 5. €00 2.700  21.000  10.000 0.670 71000
30.000 5.€00 4000  21.000  10.000 0.670  §8.000
31.o00 £.€C0 1.000 21.000, 10.000 0.670 21.000°
o 32. 400 5.€00 2.000  21.000  10.c00 0.670  42.000
| 33.000  S.€00 2.000  £1.000  10.060 C.670  at.0nn

< 34000 5.(00 4,000 : 1,000 If. 000 . 0.670 B5.000

( - . . ¢« !
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i . TABLE 3-2 (cont'd)
N . ’ |
S Testd . _k_ H 4 4 L 5
; 354000 5. €00 0.800 49.000 10,000 0.€70 21e 000
3¢+ 000 5. 600 (+80C  44.000 10.00¢ 0.670 25.60¢
57000 5.600 L.800 11,000 10,000 G670 1g.00P
39,000 &, 600 2,100 49.000 10,000 0.670 ggo N 0N
9. 600 €. 600 . 3. 100 44,000 10.500 Deo7EC g7.01 1N
L0000 5.690 4.400 11.000 10.000 0670 60+ 000
L1e0g <. 60C 60460 11,000,  10.0C0 0e670 63. 000
42.00¢0 5.600 2.000 11.000 10,000 0670 26. 00"
42.000 S.600 2.000 11.000 10.600 0.220 40,000
| 4. 000 8.0 2.0C¢ 11.00¢ 10.000 1.000 18, GOO &
45.000 5.600 - 0.900 £1.000 10.000 2.000- 9.000 o
464000 5.¢00 1.900 21,000 10.000 24000 21. 000 %
47.000 > 5.€00 4.000 21,000 10,000 £.000 0. 0NC %
! ¥
48+ 000 5. 600 40000 21,000 104000 1.000 704600 o
494000 5.C00 . 2.000 214000 104000 1e000 30. 000
50.000 5.£00 1.000 £1.000 10000 1.000 14.000 2
51.000 5.¢00 4,000 214000 104000 0+530 97,000 5
€2.000 5.600 2.000 21.000 10000 . 0+330 66+ 0T &
53.000 5.€00 1.000 21,000 10.000 0,330 40.000 oo
. © : ;
k 54+ 000 5.600 + 1.000 £1.000 10.0060 Cr167 si.c00 | i
55. 000 5. 600 4.000 21,000 16.000 0.167 94,060 !
5€.000 5. 600 2.000 £1.000 106000 0D.167 79,000 5
57.0C0 5.600 2.600 21,000 16.000 0.670 41.90C0
5%.000 5.600 44100 21.0090 16.000C 0670 . 62.00P
59000 5.€00 3.400°  Pl.000 22.006 G670 4. 000
604000 54600 7.300 21.000 22,000 0.670 B0s 2CC :
61.00F <C80 6.700°  £9.000 2.000 0.(76 53. €60
£.000 . G.PS0 13.000 £C.060 2,000 D670+ B, 0NN :
624000 650 4.090 r2.000 2.000 Nee70  GE.DOC i
(U000 JE50 S1g.ece - 2.000 0e670 70.000 .
€5.000 - 0.750 10. 000 1 0 4.000 n.67n CH. DI K
€6.000  0.P50 10,000 3 0 a,000 0.670 L9 R00 A
€7+500 0ef80 20 p 0 44000 0670 92. 00N ‘
€8.0C0 o280 20« D86 >%22. 000 6.000 ™  p.670  78.00C
694000 0+250 £0.C00 22.000 6. 00¢ 0. 670 A
, 70,000 0.750 20.000 12,000 64009 0670 544000
71000 0.050 £0.000 22.00¢ 10.000 Ce670 68. 007
72.000 0050 20,000 364000 10.000 o670 70000
73.000 0. 340 2.000 22,000 . 2.000 0+676 14,000
1
T4.00¢ 042340 6.500 22.000 24000 €+ 670 46.00¢
75+ 600 00240 6. 500 36.000 2.000 e 670 50 N00
7o (00, 02340  6.500 12.000 2.000 0670 4100
T7. 000 (e300 t¢.Qor 22.000. LoD 0.670 ' 54, (00 -
78. 000 0.320 10.00¢ 12,000 4.000 0.&70 32, 0
\ 79,000 Lo 240 10.00¢ 36.000 4.000 0,670 T0. 0070

Bo.oCH o520 5.0¢00 22.800 4.0060. 0. 670 19.c00

. D~ 7 VI
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TABLE 3-2(cont'd)

ZERO FIELD TESTS °
\ |
Test# =k _H - UL T
$1. 000 £.600 0.0 49,000 10.690 0.670
92,000 54600 0.0 35.€00 10.000 0. 670
23, 060 £.600 0.0 11.000 10.000 C.670
444600 S.(C0 0.0 £140C0 10.00°1 ‘D. 670
‘S8, 600 5. 600 0.0 21.000 10.000 0.670
86. 000 5.600 0.0 21.C00 f2.p00 C.670
87,000 S, 600 0+0 ,21.000 6:.000 Ce670
3%, 00C 5.600 0.0 21.000 _1e.000 0.670
%99.000 2,600 C.0 21.000 22.000 ©RL 670
90.000 5.600 0.9 21.000 10.000 0.320
) ,
Q1.000 €.600 o.o\\ 21.000 10.00C 1.000
02,000 S.600 p.p ) 21,020 10.0CC 24000 -
92.000 Ce340 D.Q 36.0C0C 2.000 fL 670
944600 . 0.340 0.0 22.0C0 2.000 G670
25.000 Ce240 0.0 12.000 2,000 0.670
96.000 0.343° 0.0 62,000 6. 000 - 0.670
o . 'y
o I -
}
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‘ . \ - ‘ APPENDIX 4 "
e Step-wise Multiple Regression of Data \
I. Constant Head System .
e ) '
z Q
If H < 10kG, magnetic recovery may be expressed by:
] ' .
- . - b ) f ( - . ‘
R, = A+ B log [Hak cheLm ] ( ‘ -
or by - | . o
. ‘ / '
\RM\=A+B[alogH+b10gk+c10gd+elogU+flong].
v ' i
A step-wise regression was performed where the dependent variable was,
- RM and the independent variable% were log H, log k, log d, log U and -
i . N J_
5 log Lm. The respective yvariable coefficients that were determined from
I . . -
: . : )
2 the regression were therefore equal to aB, bB, cB, eB ‘égld fB. !
=, . ) »
S ! e and {imemite tests is civen in e
3 The data from 58 hematite and ilmenite tests is given in Table 4-1.
A .as . ’ i . -4
The range of conditions was: 0.44aH&«8.0 kG; 5.64k«8.0 x 10 emu/cms-Oe;*
8.54d%40 ,um;/ 2.9« U&15.6 cm/sec; 0,.083th6 1.0; and lg%ARMé 86%.
The resulting coefficients were:
H: 335 =  72.04
k:  bB = 56.45 . 3 \ e ‘
d: cB = 91.78
w0 < ~
U:  eB = -64.05 ’ "N\
' f
» .
Lm. fB = -30.34 \
A = -78.43 i

" The value of a (the H exponent) was set to 2. Therefore, B = 36.02
s . ‘ .

H
H
,
\ i . v
, -
@ - ~
- N
. ) P
1 ‘ —— r

~N

an
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b = 1.6
c = 2.5 )
o5
e = -1-8 ' 1
£ = 0.8
' 1
Thus, .
AN ] , | H2](1.6.:12.5 - |
RM = -78.43 + 36.02 log U1.8L 0.8
Ny m

Standard Error of Estimate = 7.53.

Inclusion of data from tests using H»>10 kG in the same regression was
A difffbult, because above »10kG, Mw becomes saturated, so that the H

. exponent can no longer be set to 2. The k of chalcopyrite and

’ sphalerite was considerably different from the k of hematite and
] .

-

“ilmenite. A regression was therefore performed on the chalcopyrite

e i
Y e 7 e

TG L el

. and sphalerite data, using the results f?om the previous reg¥ession, to

determine if the k exponent would vary to a great extent with the

T S F,

inclusion of CuFeS2 - (Zn, Fe)S data with the Fezo3 - Fél‘io3 data.

The independent variables were log HdeZ.S and iog k. Data !
U1.8L 0.8 %
m g 4
~t - \ - N %
from 13 chalcopyrite and sphalerite tests is shown in Table 4-2. The i
b ’ 4
' . - %
’ range of conditions was: 104 H&20kG; 0.254¢ k«0.34 x 10 4 emu/cms-ﬂc;
1244436 un] 2.9 ¢U¢9.9 cn/sec; L =0.35; and 38R, %90%. The :
result of the regression was: *ﬁ,
‘ 0.8,2.5 .
R, = -48.67 + 28.78 log HM k™" "d . S
o 1.8, 0.8 ' N
0 ] Lm ) RN
" Standard Error of Estimate was 5.00. / >

Thus, k exponents of 1.6 and 0,8 had been obtained for the two

+
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.

regressions. A compromise of 1.2 was chosen and a linear regression

was performed using all the data (above and below 10kG) with variable
1.2,2.5

1= RM and variable 2 = log Hka d . The data is shown in
- 1.8, 0.8
U Lm
& . :
) ~Zable 4-3 for the 71 tests. The range of conditions was: 0.4¢H £ 20kG;
/ 254k 8.0 x 10" emu/cmO-0e; 8.5¢d €40 pm; 2.94U415.6 cn/sec;

0.083eL;n¥- 1.0; and 125RM£9095. Resulting ‘regression equation was:
Ry = ~60.60 + 34.76 log [HM k'*Zd®"3 :

1.8 0.8
r{;’; " U Lm

' with a Standard Error of Estimate of 6.95.

II. Drainage System

Y

A similar type of regression analysis was performed on the data obtained

+ from the drainage system tests, The results from 61 hematite and

iflme,nite tests a'; H<10kG were used in a step-wise regression. The data

R is given in Table 4-4. Range of conditions of the data was: 0.4 +«H 4
7.3kG; 5.6 4k 48.0 x 10”4 emu/cm>-0e; 8.5 4d«49 am; 2 «U&22 cw/sec;
0.167"- m 2:0; and QGRM‘QS%. I |

The resuling coefficients were:

H:  aB = 83,92 N
/ k:  bB = 165.47 I N
} d: B = 65.79
1 U:  eB = -53.26
L: fB = -45.13

-140.81 ’

.
\n A - '
E Y | ,

—_—
—_
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i
. The value of a (the H exponent) was set to,2. Therefore, B = 41.96 |
b= 3.9
BN ¢ = 1 '6
e = —1.3
/ f=-1.1 !

Thus, \
3 Ry = -140.81 + 41.96 log [Wk>%a’-¢] -
| 1.3, 1.1
3 U Lm

., Standard Error of Estima?fg = 8.36.
1 . ‘

Again, inclusion of data from tests usiﬁg H *» 10kG in the same regression
: was difficult, The results were used, theréfm to roughly determine

R Lohds \

if the k exponent would vary to a great extent with the inclusion of the
CuFeS2 - (Zn,Fe)S data. A step-wide regression ‘was performed using

data from the chalcopyrite, sphalerite and };ematite tests and about

half of the ilmenite tests.

" “The two independent variables were log Hde1‘6 and log k.
. U1.3L 1.1
, m Ve
' Data from 49 tests, given in Table 4-5, had the following range of
“ 4

conditions: 0.4%H«13 kG; 0.25#ks# 8.0 x 10~ emu/cms-Oe; 8.Sidi49/{m;
24U% 22 cm/sec; Lm = 0.67; and IOiRMtQO%. Tests with H greater
than ~15kG could not be included with unacceptable distortion of the

i

results., The resulting regression was:

Ry =,-52.76 + 36.7 log [H2k1‘8d1‘6 ] ' '
T.3 1.1 | ° : |
U Lm
- O . S Standard Error of Estimate = 11.32.' . -
: z " Thus the addition of chalcopyrite and sphalerité~data changed the

~ - k exponent .from 3.9 to 1.8 and increased the error of estimate from
* N . 3\ ! N
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A 8.4 to 11.3
f

Two linear regressions were therefore done - one on the regression
results from all the data, and the second on the regression results.

from just the hematite and ilmenite data.

T

The variables used to develop an expression for all the data were

Rﬂ»i;nnd log Hka1‘8d1'6] . The data is shown in Table 4-6 for 71
1.3 1.1 ’
8} Lm e

tests. The range of conditions was: 0‘.4‘H613 kG; 0.25¢k%«8.0 x 10'4

. emu/cms—Oe; 8.5€¢d«49 um; 2«U«22 cm/sec; 0,167 # Lm‘ 2.0; and
9e Resylting regression equation was:
R, & -58:9 + 38.3 log Hkal'sdl'G ] ‘

» W B ‘
\ 1.3, I.1
U Lm
. |
Standard Error of Estimate = 9.7. L
. 1o J
The variables used to develop an expression for just the hematite
and ilmenite data v;ere\RM and log Hka?"gdl'6 . The data for 59
‘\ U1'3L 1.1\
. ' .
. '4‘ v
hematite and ilmenite tests is shown in Table 4-7. The range of
conditions was: 0.4«H«7.3kG; 5.6%«ks 8.0 x 10"4 emu/cm3-0e;
" B.56de49um 24U¢22 cm/sec; 0.1674L £2.0; and 94 R, &95%,
The resulting equation was:
- Ry =-137.4 + 41.3 log [ mM k3%l
. R S - R ' Al l
) pl 3 1.1

m v

Standard Error of Est»imate = 6.5.

\
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Table 4-1 ‘
Step-wise Regression Data - Hematite and Ilmenite-Constant Head Syste)n\.

‘ N PR :
Table 4-2 . 4

LAY

Sphalerite and Chalcopyrite Data - Constant Head System : i

Table 4-3 N ‘

i

Linear Regression1 - Constant Head System
Table 4-4 .

Step-wise Regression Data - Hematite ar;d Ilmenite-Drainage, System.

Table 4-5

r

Step-wise Regression - Data From All Four Samples-Drainage System.
* §

Table 4-6 {

RPN S

Linear Regression - All Data-Drainage System
Table 4-7 :

Linear Regression} Hematite and Ilmenite Data Only-Drainage System

-
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2

5
MBS sl % AN B bt




—
ey Nestug

‘ s TABLE '4-1 ‘ 168.
'
- L log M log k _l_o_u log U log Lm . .
. 83,000 0. 200 0.750 1. 220 0. 7¢0 -0.490
35,000 “D.100 0.750 1.320 0. 7¢0 ~0.490 ‘
55. 000 0. 280 0.750 1+ 040 0.7¢0 ~0.480
) , 79. 000 0.0 8.750 1. €00 0. 760 -0.480
864000 0.480 0.750 1.320 1000 ~-0.480 "
€8. 000 0.280 0.750 1.220 1,000 -0.480
30,000 -0.400 8.750 1.370 Geae€p ~0.480
N El
£0. 000 ~Ge 300 s 750 1.320 §.760 -Geddd
39.000 0.0 8.750 1. 320 1.000 -0.4%0
14. 000 0.0 0750 1.320 1190 -0.450
39.060 0.359 08150 1.320 1.190 « 04430 \
€6.000 0.480  0.7% 1. 220 1.190 -0.a8( .
€1.000 g.0a0 0750 1.320 Do 760 044480 ~ .
74-000 0.0110 0.750 1+ 320 00760 /I.GGO -
$2.000 0.040 0.750 1.320 0.760 ~04300 ' .
35.000 0. 040 8.750 1. 320 1.000 -0.480
! ‘ < 2p.000 0. 040 0.750 1.320 1.000 -0.300
. 19.000 0. 040 0.750 1. 320 1.000 0.0 |
45,000 - 040 0.750 1. 320 1,000 ~0.790
£0.000 0.040 0,750 14540 1. 000 ~1.080
35.000 8. 040 0.750 14540 1,000 -0.300
71.000 0. 040 0,750 1.540 1,000 ~1.080
€7.000 8.300 0.750 1.320 1.000 ~0.48
56. 000 $.3090 0,750 1.320 1.000 -0.200
78.000 0.300 0.750 1.320 1.00¢ -0.780
82.000 0300 0.750 le320 1.000 -1.030
. 35. 000 9.300 £.750 1,320 +  1.000 0.0
1 .
€4.000 0. 040 0.750 . 1.540 1.000 -0.780
“ 21.000 0. 040 0.750 1o 040 1.000 -1.080
16,000 0. 040 0.750 1040 1.000 -0.480
] 20.000 0.040 0.750 1. 040 1.000 ~0.780 ,
€6 000 8.0 0.900 1.4890 1000 -0.,420 :5
. 53.000 0.0 0.900 1o 340 1.000 -0.4%0 4
i , . 36+ 000 0.0 0,900 1.200 1. 000 -0.4%80 g
' 24.000 0.0 8.900 1. 080 1.000 -0.430 A
. 15.000 0.0 0.900 9,030 1.000 -0.430 :
. 37.000 -0.300 0,900 1,480 1.000 -0.480 1
- 26.000  -0.300 0.900 [ 1.340 1.000  -0.480 &
- L 1€4000°  ~-0.300 0.900 1.200 1,000 -0.480
. - 12. 000 ~0.300 0.900 1.:080 1.000 -0.430
83.000 6.300 0.900 1,480 1.000 -0.430
73.000 0.300 £.900 1.340 1.000 -0.480
40. 000 0«300 0,900 1.080 1.000 . =0.480
; 85.000 Dea90 . 0.960 1.340 1.000 -0.480
$3. 000 0+490 " 0.900 1.080 1.000 -0.480
N €8+ 000 0. 480 0.900 1.200 1.000 -0.430
. i 38. 000 0.480 0,900 0.930 e 14000 -0.480
75000 0.900 '0-900 1.080 1.000 -0.480 v
~ 61000 0.900 5,900 0.930 1.000 -0.480 ’
(;} 78+ 000 0. 040 0.900 1.480 0.7€0 _-0.480
48.000 0.040 0.900 1.200 0.7€0 -0.480
78.000 0.480 0.900 1.200 0.760 _ -0.a30
L 1
28000 0. 040 0,900 1.340 1190 -0.480
$7.000 0.710 0900 1.080 1.190 -0.48C ¥

51.000 0. 0490 0.750 1.320 1.000  -1.080
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{ §5.000 4.558 =0.470 :
= S4. 000 ° 4.013 ~C.470 ) .
38-0Q0 3. 341 =C.470
69.000 4.214 -0.470
90.000 5.157 -0.470
? 61.000 3.943 -0.470
i 90. geoo 50070 "00[{70
76+000 44620 -0.600 ‘
79.000 4.745 -0.600 ‘
700000 A. 444 ‘0.600 '
78‘000' 4a990 'U-6UG .
43'000 30773 'OOGGU
90.000 5.274 - 04600
- ° ’
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J
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e TATLE 4-3
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ENS ;
4, | o : IN
‘.fﬁ’ R O
i " v
p 83,000 2.8927 .
: 28,000 3.0y
55,000 3.080
79.000 2.924
€e.000 3,753
3¢.000 st 4 . ’
€r, 000 2,080 )
) 304000 £4987
. - 85,000 40048
| 20,000 YT
: 29. 000 2.793 - ¢
. .
14,000 2.437
39. 000 2.0¢8
€6: 000 ©  3.392 .
€1.000 . 3.207
, 74,000 3.739
, ! . 524000 e : . .
& 25.000 2.87¢
‘ 30.000 £4738
.. . 19,000 2494 N
45,000 3117
- . £0.000 2,430 . -
39,000 3.289
71,000 2912
€1.000 3. 395 ' \
. | se.000 3. 0%a
° 78. 000 2626
32,000 3.877
. 25,000 2.012
€a. 000 2. €17
' 21,000 2.¢55
1¢.000 £.174
13.000 2.032
20.000 z.a1a t
(e, 000 2. 3¢¢
£3. 000 3.029 . B
3¢. 000 2.¢84 )
244060 2.372
- 15.000 1,997
27. 000 2.768 -~
£€.000 2077
16000 2.082
12,000 1.7€9 .
83,000 3.9¢8 .
3 . 734000 2.€31 2
; 4. 000 2.973 . -
28,000 4.012 '
534000 3,248 . : ¥
- . 8
€8.000 3,638 b
3 35,000 2.951 . - ' %
{ . : A
- 7¢.000 a. 177
) €1, 000 3.941
. 79. 000 L899 ! |
48,000 2. 108 .
. 78.600 4.0¢9 -
28,000 2757 -
57,000 2.4 ) . &
€1.000 2,257 =
€5.000 914 §
4,000 3.292 '
28,000 £.72% , o . &
1 ) €7.000 Je€R4 P
90+ 000 4.851e
. €1.000 2,207 *
. 90.000 A.4n9 . 1
' - 7¢.000 3.R3}
. 79,000 2.95¢
78,000 419
. 43,000 2.997 )
20,200 a.492 : “.

70.000 HEY 3 24




R log M
S1. UUD el
T73.0°0 D« 300
81.000 04990
90.000 Cs+ 590
€z 000 De

90.000 0.520
€7.000 0.0
4.000 g.280

P

-

38.000 0.0
T0.000 0.520
56.000 “ 0.530
57.00p Y
28,000 0,150
32.000 -0.300
8,000 0180
49.000 0,130
58,000 6.180
15.000 -0.100
31.000 0.18¢0
55.000 0.370
71.000 0.420
88.000 0+ 600
31.000 ~0.100
28,000 ~0.100
10.000 -0.100
88.000 0.490
87.000 L 0.490
5¢.000 6+490
78.000 8.200
55.000 0.110
41.000 Dedi?20
€3.000 0.€10
4445230 0.530
80.000 0.8680
71.000 0. 180
73.000 0.150
€0+ 000 §- €40
€3.000 0. €40
9.000 -0.050
21.000 0.280
s/.noo D.€00
70-000 0. €00
z0.000 L-260
14600 B0
21.000 0.0
47.000 0 200
414000 0200
295,000 8.¢00
22.000 C.€00
€E. 000 C. 2300
51.000 8.0
40,000 0.0
25.000 0. €09
79.000 0. 300
10000 _ 0.0
3€.000 0.0
50.000 0.0
13- 000 0.300
40.000 0.300
£€-000 0.3090

A

TABLE -

’:‘Q., ”
| k log d log U
.60 1-200 1.000
Vs90¢C 1.7200 1. 000
p.90¢ 1.200 1.000
c.ag00 1500 1.000
,0.900 1.200 1.000
0.900 1.24¢0 t. 000
0.900 1. 340 1.000
0.9G0 1.490 1.000
0.900 1.480 1.000
N\ g.oco 1-080 1.000
0.900 1080 1.600
0.900 0.230 1.000
p.o00 t.200 r.0e0
0.900 1.080 1.000
0.7%0 1.320 0.200
0.75%0 1.220 CaT80
0.750 1.220 0.790
0.750 1.2920 0.780
9.75%0 1.320 1. 000
0.750 1.220 1.000
0.7¢%0 1.2320 1.600
0.750 1.320 1.000
0.750 te320 1-000
0.750 1. ¢80 1.000
0750 1.€00 1.C00
0.750 te 040 i.000
0750 1.€80 1. 600
B.750 1.€00 t.6c0
0.750 1. 040 1.000

1

D750 1. 320 0.203
0.7S0 1.320 C.780
Be750 1.320 1-200
0.750 1.320 1.200
06.750 1.320 1.7340
0.750 1.320 1240
0.75¢C 1.22¢ 0.720
0.750 1.320 0.730
0-750 I-OQO 1'000
0+ 750 i.0a0 1.000
0.750 1.370 1.000
0.750 1.20 1.000
D.750 1.320 1.000
0780 1.220 1.000
0.750 1.a8 1.p00
L.750 1.32 1.000
g.780 1. 320 1.000
n.70 1.220 1.00¢C
D.7S0 1.320 1.0€¢0
g.75°7 1.3220 1.000
0.75 1.270 1.000
$.750 1.320 1.000
0.750 1.320 1,000
0.750 1.320 1.000
0.750 1.320 1.000
0.759 1.320 1.000
0.750 1.320 t.780
0.750 1.200 0.730
0.750 1.320 0.730
0.750 1.040 1.0¢C0
0.759 | 1. 040 1. 000
0.750 1.040 14000

171,

log L
TR
=Celg
-f.1m0
0.1
-C-l@@
-0.18¢C
-0.130
"0-130
~0s18¢

-0.17g
-0.1%0

-0 180
"’-‘a !?C
~0.1¢
-0.1%¢C
-0. 180
-0.12¢C
-0.14p

~0.17¢
-0« 18¢

-0.130
~0.1990

-¢. 170
-8.130
. =Ce IR
~0.180
~0.130

~0.17¢0
-0- 180

-0.130

-0+1R0
-0.1%0

-0. 180
-~0.180

-0. 180
-0.180
~-0.180
"00"80
_=0.190

0.300

0.200

0.300
Ce0
c.9
0.0
-0« 180
-C.IBU
-t.180
~0.i190
=~0.48¢0
-0.430
—vaqu

-0.430
» = 0«7830

-0s780
6-209

G- 0
~0.490

0-9
0430

<0.180

.



#

Ru
22.000

Si.060
706.000
81.000
90.000

€2.000
990.00C0
€7.000
B4.000

38.000
70.000
£€.000
57.000

33.000
22.000
€5.000
49.000

58.000

15.000
31.0C0
S5.000
71.000

83.000
31.000
€5.000
10.0C0

g88.000
S7.000
5€¢.000
7%8.000

55.0090
41.000
€3.000
44.000
80.000

50.000
84.000
2€¢.000
14.000

4€6.000
$0.000
41.000
7€.000

2¢.000

49.000 .

54.000
33.000
70.000

19.000

-~

’

TABLE 4-9

| "M, 44
Ty
0.210

0.900
1420
1800
2.020

1040
2.070
1. 250

1.82¢C

0.€Z20
1. €30
1« 440
1110

0910
1.210
1.€50
1. €50

1. €50

0.819
1. 266
1. €50
1.870

€.210
1.23990
L1260
0.3¢0

2+5¢€0
Ceaqp
1540
2.320

1520
1.530
1.979
1. €30
2.290

J.€00
4. 0€0
3. 15¢C
2550

2. 570
2.9¢€0
3.150
3.950

3.530
4290
3.950
2.530
4.290

3. 350

log k
0.900

0.9480
.0.900
0.9¢00
0.980

g.000
0.900
0.900
0.900

0.9060
0.900
0.900
c.900

0.900
6-750
0.750
0.750

0.750

0.750
0.750
0.7590
0750

0«750
0.750
0.750
0«750

0.750
0.750
0750
0.780

0.750
0.750
0.750
C.750
0.750

-0.€00
-0.€00
-0.€00
-0e470

-0.470
-00470
~0.470
-0.€00

-0. €00
~-0.€00
'00470
-0.1470
"0-470

-0.470



' - £2.000 1.2490
' £1.000 roe20! \
70.000 2.0%0
91,000 3.420 :
70.000 et , ,
. €s.000 r.e70
. . 90,000 2.700
) €7.000 £.180
. i B4.0C0 Q.40
2%.000 2,220
. 70.000 TEIT] v ¢
. . £7.000 2,740
. 23,000 £.540
. 33.000 T E€0 L
55,000 3,000
49,000 3.000 .
. $3.000 2.¢00
» 1s.000 2.1¢0
! . 21.000 2.710 .
S%. 000 3.000 )
Al |
71.000 2.220 .
; 78. 000 a.&00 .
. ..
21,000 t.740
- 25.000 T, 630
A L] !
10.000 1.710
SN : 89,000 2210 -
* ]7.000 2,700 ’
o S€.000 £.890 /
3 79.000 2.er0
',“ EEAOEC‘ 2870
al.geo 7.029 ‘ .
E €3.000 2.200
2 444000 £.980 k
3 ! /
N 80,000 Y N
~ €0.000 2,190 . v
. & €3.060 2. 190
K 9,000 1.740 ¥g
%,
' B ) £1.000 T.390 &
£1.000 2. 040 5
. ‘ 70,000 3.270 o
K |- ©20.000 2,770 5
& . 14,000 2.170 - i
‘ £14000 2,260 x
. 42.000 Z7¢€0 :
. 41.00¢ £.960 h
k. ; . ' B5.000 3.5¢0 Yy
924000 2,900 r
€€.000 2,200 . ,
£1.000 2,049 4
N . 40. 000 74700 \ ]
. 95.000 4.£40 .
< 19.000 3. €40 . . .
. . 10.060 c.126 N
36.000 REY YA ] o
50,000 2,990 ) gé
' ‘ - 18,090 2,300 " &
20.000 2,950 &
] . ©PE.DOO 2e%10
P £3. 000 = f£.520 4
] ’ ‘ 26,000 £ 070 :
i 14.000 1.710
! 4¢.000 €720
. . £0.000 2120
B : . 41,000 £.310
E Ny . e 7¢.000 P.a70 .
3 T€.000 Se0(0 .
o . 49,000 72820 :
$4,000 | 2.709
; . | 23.000 P.200 . !
1 70.¢00 2.0¢0

' 19.000 2. 120 .



TABLE _ 4-7 .
\
Ry i, 120
! uuh\.l
22.000 3.720
51.000 4. 420
Y
70.00¢0 449410
931.000 8. 27
9C.000 5.5490
z.000 4.5€0
90.000 £.570
€7.000 4.770
4. 000 %. 320
3%.000 Lo 140
70.000 S.200
5¢.000 H4.9C0
57.000 L. €30
39.000 4.430
22.000 4.230
£5.000 4.5760
4%9.000 4.570
SE.C00 4.8570
15.000 3.730
31.000 4,770
S5.000 4.570
71-000 &4.790
83.000 $¢130
21.000 4.2310
25.000 4.130
10.000 2.230
83.000 5.480
87.000 S.2¢0
S€. 000 He 4€0
78.000 €.240
$c.000 4. 440
41.000 4.500
€2.000 4.8940
44.000 4.550
80.000 5.2190
€0.300 47€0
€3.000 &e 760
9.000 3.310
c1.000 2.960
.51.000 4.€610
70.000 4940
30.000 4240
14.000 3.740
1. 000 2.920
000 4.530
41000 44530
35.000 5.130
92.000 S.470
€€.000 4,870
51.000 N 4.€10
40000 4.270
9%5.000 5.81¢
79000 5.210
10000 3.700
JE-000 4.930
50.000 A.5€0
18000 2.890
40000 4.420
2€¢.000 4.090
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I. METHODOLOGY FOR PREDICTING METALLURGY FROM TIN CONCENTRATE

§ PARATIONS

o
x>

Size and pyrrhotite djstribution of the sample is given in Table 8.

*

The susceptibility 'of the sample was described by 3 k values. The

. magnetic response curveé, below, shows that ~15% of the s%gpte could be

©

magnetically recovered.

1/3rd of the magnetically recoverable material,

Eack k value accounted for 5% of the sample, or

Approximately 1/3rd of

the magnetic material was recovered between 0 and 0.2 Amp, another 1/3rd

between 0.2 and 0.4, and the final third between 0.4 and 0.7.

therefore characterized by the median value-0.1, 0.3 and 0.55 Amp,

Each was

N\

respectively, These were then used as the ISO% in determining the )

susceptibility of the fraction of the sample that it represented (using

Eq_(24)).

to calculate them are given in Table 12,

The volume susceptibilities and the specific gravities used

R

",p—._—-—-——.—-——_—‘-—

B — — — s
/ |

|
|
!
|
|

ry

g g ¥

o )

O.1 4.2

lsr_—_-—-.——_—————“_-/ 0.3 4.2

" Q53 1.4
v
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P
02 04
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- 4“1 -
" Feed weight for four of the tests was 20 gms and estimated magnetically
'recoverable fraction for the tests was 10 to 15%. Therefore the average,
, 12,5%, of 20 gms represents an.l.m = 0,04, Feed weight for a fifth
/, ) test (Test #4) was 40 gps, or Lm = 0,08, If the predicted recovery was
cbnsidérably different from‘10 to 15%, then a new Lm would be seleétéd
[ ' A ‘ '
and the prediction repeated, '
b \
Rm for each d and k interval was determined with Eq (27).
- RT was determined with Eq (33), RSnO T with Eq (34), GFe S, Mags with
; : 2 ‘ 7°8
Eq (32), and GFe788 Non -Mags W1¥h §g (35). ’ ’
SUMMARY OF GENERAL CONDITIONS ‘" ‘
& “ .
- 9pes, £ ¥TFeS, : f1=e7s
, _ e —lB o
' 38,0 0.404 6.1 " o0.02ds
28.0 0.505 10.3 . 0,0505 ‘
‘ LN v . N
21,2 0.065 10,0 0.0065
15,0 = 0,041 10,0 £ 0,0041
: h :
v ’ ;:j
. | 3 ‘ :
\ K LY A\
L3 l
> | | ‘
j . ‘ N
\” S
’ » ¥
. () | ‘ \ . ’ \
: ~
< R «

B
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Test 1 - TIN CONCENTRATE SEPARATION

I(
H = 3.9 kG
' U = 15.6 cm/sec
L = 0.04
m
at k = R at k =
dFe S fFe S - RM fract
7°8 7°8 34.2 4.2 1.4 34,2 4.2 1.4
(am) N
38 . 0.0246 100 100 88 ~..0246 .0246 .0216
Voo28 0.0505 , ,100 94 74 \ 0505 .0475 .0373
21.2 0.0065 100 86 66 .0065 .0056 .0043
15 . 0.0041 100 73 53 .0041 .0030 .0022
0.0857 ‘ v .0857 .0806 .0654
_1 , : |
| Reract . = z(.0857 + 0.806 + 0.0654) | N
0772 T % ; .
.0772 . ‘ 3 ‘
R = 22222y 100 = 90.1 -~ R = 91.1%
Fe.Sq y  -0857 FesSs 1 .
! ' Ry ~ (13.5 x 0.1y 4 5 = 15.0%
94.4
E: )
= - *
Rgno = 15.0 - (91.1)(.0857) = 7.3
2 T\ , r!
' 91.1)(8.57) x 100 - : S
G - = = 53.9%
Fe.Sg Mags (91.1) (8.57) + (7.3)(91.4) > N
6 K (8.9)(8.57) x 100 -0.80 - , .

€s5g Non-Mags (8.9)(8.57) + (92.7)(91.4) | :

A
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Test 2 - TIN CONCENTRATE SEPARATION

178,

H = 2.0 kG
U = 15.6 cm/sec
L = 0,04 '
m
fFe S | RM at k = Rfract at k B
78 34.2 4.2 1.4 34.2 . 4.2 1.4
0.0246 100 88 68 .0246 .0216 .0167
0.0505 100 74 54 .0505 .0373 .0272
0.0065 100 66 . 46 .0065 .0043 \.0030
0.0041 ‘; 91 53 33 .0037 .0022 .0014
0.0857$fé¢‘ .0853 .0654 .0483%
e
= 1
Rfract T = 3(.0853 + .Q654 + .0483)
. 0663 ~ .
.0663 ‘ .
R = (=) x 100 = 77.4% .. R = 78.4%
Fe7S8 M .0857 Fe7S8 T
' - 77 .4 _
Rp ~ (13.5 x gz*p) + 2 —‘13.0%
R o = 13.0 - (78.4)(.0857) = 6.4%
: 2T |
. - (78.4)(.8.57) x 100 _ _ o oo
e758 Mags (78.4\? (8.57) (6.4)(91.4)
- (21.6) (8.57) x 100 = 2.12%
Non-Mags. 0(21.6)(8.57) + (93.6)(91.4) :

Y



%

179. .

-

b 7‘
. " 7 Test 3 - TIN CONCENTRATE SEPARATION , ‘
H = 1.2 kG
U = 15.6 cm/sec
L = 0.04
m
&
| .

" dpes ! fre s | : Ry at k = ‘ Reract oF k =
°7°8 °7°8 34.2 4.2 1.4 34.2 4.2 1.4
(um) o %

. "‘ %&
38 0.0246 100 73 53 .0246 .0180 .0130 3

I 28 0.0505 97 59 39 ..0490 .0230 .0197 N 3
21.2 0.0065 89 51 31 .0058 .0033 .0020 |
15 0.0041 .76 38 18 .0031 .0016 .0007 %

0.0857 .0825 .0459 .0354 &
R =1 + + 035 §
eract | " 3(-0825 + .0459 + .0354) 3
.0546 ’ N
‘ .0546 / , ©d
R =220 « 100 = 63.7% - R = 64.7%
ffe788 M 0857 Fe,Sg 1 .
_ 63.7 _ ~ )
Ry = (13.5 x g3-p) + 2 11.0}% ‘ » .
Rs o = 11.0 - (64.7)(.0857) = 5.5% )
2T , %
G _ (64.7)(8.57) x 100 _ o ¢
Fe_Sg Mags (64/.2(8/.577)4-4" 5.5)(91.4) .
G _.//= (35.3)(8.57) x 100 -3
"Fe;Sg Non-Mags | (35-3) (B-5T) + (94.5)(91.4) &
| [}
N B

it
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ldFe S

78,

2

»

(um)

38
28
21.2
15

G

|

F

©s

G

S
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180.
, L Y
Test,4 - TIN CONCENTRATE SEPARATION
; . -
-~ e
H = 2.0kG
U = 15.6 cm/sec N
L = 0.08
m
i
£ Ry at k = Rerace 8t k =
7°8 34.2 4.2 1.4 34,2 4.2 1.4
.0246 100 80 60 .0246 .0197 .0148
.0505 100 66 46 .0505 .0333 0232
.0065 96 58 38 .0062 .0038 .0025
.0041 83 45 25 .0034 .0018 .0010
. 0857 .0847 .0586, .0415
]
1 A
Reract . = 3(.0847 + .0586 + .0415)
= ,0616
_.0616 _ ..
R =22222 « 100 = 71.9% -~ R = 72.9%
Fe788 M .0857 . Fe788 T
e o 71.9 _
Rp = (13.5 x o) + 2 = 12.3% )
RSnoz ] = 12.3 - (72.9)(.0857) = 6.1%
_ (72.9) (8.57) x 100 __ o, e
+ »
Fe,Sg Mags (72-9)(8.57).  (6.1) (91.4)
_ (27.1) (8.57) x 100 - 2.63%
8 Non-mags (27-1)(8.57) + (93.9)(91.4)

e A e TR IR o SR Lt S d
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Test 5 - TIN

181,

CONCENTRATE SEPARATION

H = 2.1kG
U = 22 cm/sec s
L = 0.04 -
m ) ,
de s dpe o Ry 2t k = Reract 2t K 1
798 7°8 34.2 4.7 1.4 3.2 4.2 1\
(um)
" 38 .0246 100 80 60 .0246 .0197 .014
28 .0505 100 66 46 .0505 .0333 0232
21.2 .0065 9 58 38 .0062 .0038 .0025
‘15 .0041 83 45 25 .0034 .0018 .0010
.0847 .0586 .0415
=1 .
React . 30847 + 0586 + .0415)
= .0616
, AN
.0616
R = a 100 = 71.9% . R = 72.9%
Fe.Sg 0857 Fe.Sg o
_ 71.9 1 e
Rp = (13.5 x £°3) + 2 = 12 3% .
| § Rgpo =12.3 - (72.9)(.0857) = 6.1%
Sn0y ¢
Cre s = T2 égiégi§§'i7{6x1§?g1 5 = 523
798 Mags -9) (8. . :
k _ __ (27.1)(8.57) x 100

Fe758 Non-mags (27.1) ¢

8.57) + (93.9) (91.4),~ 2-6%
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. - II. METHODOLOGY FOR PREDICTING METALLURGY FROM COPPER CONCENTRATE
‘ SEPARATIONS :
The particle size distribution of the cyclone U/F, -325m sample is

shown in Fi,gure 26,
S

The susceptibility of the sample was described by 4 values. The magnetic
/

Tesponse curve, below, is an average of the response curves of the 2nd

: i /

- \5 RM ]

\

> R , '

i '[ :
60; B 7 \ 3%

Y [

. [ ] R
d 21 |
w ] B e e e e -

-
m o Tm
t

2 W 8 8 u
I (Amps)

and 3rd cyclosizer cones, Figure 27, which represent 53% of the sample.
As can be seen from the response curve, 13% of the sample was recovered
O ' ' between 0 and 0,1 Amp, 10% between 0,1 and 0,3 Amp, 15% between 0.3 and

0,9 Amp, and 45% between 0,9 and 1.2 Amp, The median of each current '

" range was applied to characterize the §usceptibiiity of each range,
&

~
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Feed weight for the four samples was 20 gms, and estimated magnetic
recovery for the tests was 20 to 30%. Theréfore, the average, 15%, of

20 gms represents an l‘m = 0.084‘.

’

Ry for each d and k interval was determined using Eq (27).

Current range Median Current (I':O%)- k . Wt %
(Amp) - (Amp) (emu. X 10*]
cm «0Oe '

0 » 0.1 0.05 ‘ 125 " 13

i f .
0.1 » 0.3 0.20 -, 7.8 : 10
0.3 » 0.9 0.60 0.86 ' 15
0.9 » 1.2 1.05 ©0.29 45

e

i
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~

. Test 1 - COPPER CONCENTRATE SEPARATION
" H = 2.1 kG
U = 22 cm/sec ~
L = 0.084

1

RM at k=
d 82 73 0% 0.2 JPH
(um) .
35 .072 .10 79 39 19 072 .
28 271 100 ‘70 .30 10 271 .
21 .259 100 59 19 0 1259
15 .182 97 47 7 0 177
11 .061 85 35 0 0 -052
7 .155 68 18 0 0 105 ~»
9% (535 171 .04l
o £ a [ |

R, = .13(93.6) + .10(53.5) + .15(17.1) + .45(4.1)

= 21.9%
R, ~ 1%
K Ry = 23% ’

PR et il
5 o
~
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‘ H = 1.1k6
U = 15.6 cm/sec
L = 0.084
. m ‘
/ ,
. RM\at k = ) Egract at k = -
d _11€ 125 7.8 0.86 0,29 125 7.8 0.8 0.29
- i
35 072 100 69 29 9 .072 .050 .021 .007
28 271 100 60 20 0 .271 .163 . 054 0
21 . 259 99 49 9 0 .256 .127 .023 0
15 .182 87 37 0 0 .158 .067 0 0
11 .061 75 25 0 0 .046 .015 0 0
7 155 58 8 0 0 .090 .012 \ 0 0
. .893 .434 .o}.oov

Ry = -13(89.3) + .10(43.4)+ .15(9.8) + .45(0.7)

= 17.7%

Rp ~ 1% - .
R, = 19% : *




.072
.27
.259
. 182
.061
. 155

Test 3 - COPPER CONCENTRATE

N 186.

SEPARATION

\

H = 2.1kG

U =15.6 cm/sec ' .

L = 0.084

n

I
RMatk= Rfract at k =
125 7.8 0.86 0.29 125 7.8 0.86 0.29
100 89 49 - 29 .072 .064 .035 .021
100 80 40 20 271,217 . 108 .054
100 .69 29 9 .259 .179 .075 .023
100 57 17 0 .182 .104 ,031 0
95 45 5 0 ©,058 .028 .003 0
78 28 0 0 121 .043 0 0
.963 .635 .252 .098
Ry = -13(96.3) + .10(63.5) + .15(25.2) + .45(9.8)
= 27,0 b
~ g - *

Rp 1%
RT = 28% l )

*
P
3
}4
o
.I;..‘;
P
¢
¥

-
(o
=

;
W
B
)
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Y, .
. ‘ Test 4 - COPP CONCENTRATE\\SERARATION :
H = 4.0 kG
U = 15.6 cm/sec
L, = 0.084 ,
o '\\
] Y
‘ - L . B
‘ . RM at k Rfrac ¢ ot k
g d ~d 125 7.8 0.8 0.29 125 7.8 0.8 0.29
& (um) ) )
. .‘?if -
35 .072 100 100 69 42 .072 .072 .050 .030
28 .271 100 100 60 33 .271 .271 .163 .089
21 .259 100 ~ 89 49 22 .259 .231 °.123 .057 ‘
15 .182 100 77 37 .10 .182 .140 .067 .018 ) \
11+ ,061 . 100 65 25 0 .061 .040 .015 0
7 .155 100 48 8 0 .155 .074 .012 0
1.000 .828 .430 .194
, Ry = .13(100) + .10(82.8) + .15(43.0) + .45(19.4) -
‘= 36.3%
Rp ~ 1%
» /"N = = =
, Rr 37% = Llll 0.12
1 RT in this \case is greater than the expected Lm would be.
Therefore, the predijction was repeated, except using an Ln; = 0,11
' (33% capture). 4 >
™~
.f bl .
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/ ; ]
' Test 4 - COPPER CONCENTRATE SERARATION
H = 4.0 kG
U = 15.6 cm/sec
T OL= 0.11 \
m W,
' i
{
; ¢ . Ryatk= ~ Repger 3t k=
d -d 125 7.8 0.86 0.29 125 7.8 0.86 : 0.29
(um)
35 .072 100 100 66 39 072 .072 047 .028
E . 28 271 100 97 57 30 . .271 .263 .154 _ .081 ‘
: 21 .259 100 86 46 19 .259 .222. .119 .049
15 .182 100 74 34 7 .182 .135 .062 .013
11 .061 100 62 22 0 .061 .037 .013 0
7 .155 95 45 5 0 .147 .070 .003 0
\ 992 .799 .398 .171
!
: | \;?
\ Ry = -13(99.2)+ .10(79.9) + .15(39.8) + .45(17.1) %
g
. = N ﬁ
34.3 4
R, = 1% A i
N\ k N " P 4 Q %:
' . Ry = 35% .

A ! W

3
B
A
Pes

Thus, the Lm chosen corresponds with the predicted weight recovery.
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d’l‘herefore, ki d

© APPENDIX 6

PRECISION OF SEPARATION

I. CONSTANT HEAD SYSTEM

.,
3

Ry = -60.6 + 3.8 log Hkal'zdz's

yl8, 0.8
m

L_ are constant, let

HM
W

UI.SL 0.8 \
m

[}
(@]

0

When R, = 90% let k = k, and d = d1

log kll'zdl‘?'sc] 90 + 60.6
IR

4.3

Therefore, tE(ll'zdlz's (i] = 2,14 x 10°

WhenRM=10961et"k=1<2, and d = d

Then,

U

2 -

Then, log [;;1.2(122.5 CJ 10 ;462.6 - 2.03

Therefore, Ezl ) zd?‘:Z S C]

1.2 12'5 = 2,14 x 10° =200
TTZ, 25 1.07x 10°
2 9

1.07 x 10°

S

189,

(27)

(8 5
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200

.
\\ log 200

3
8
/7 :
GE

[y
o
[
Sh
———
AL
]

1} 1'
log (ki ' =u1o1 goo =1,92 -
PRI L |
. oD
Therefore' 1(1 Z ‘83
/ T‘; ;
/
(b) Let 51 = k, ]
\
Then, dl = 200
o\ L
2.5 log . (ﬂ) //; log 200
. d,Z . ™ , ! ’
| ) -
. ‘].Og dl N o
. T = log 2b0 = 0.92 :
- 2 ' 2.5 L
1 ‘ S¥

The'refore, d1

Y1 =8.3 ,
d2‘ . ~ : . ) @
I Py i
II.  DRAINAGE SYSTEM v o
. ’ = 4
R, = -58.9 + 38.3 log Hkal'sql"’
1.3, 1.1 ’
' UL /
Let HMw Y. C ]
N i -
o3 111 «
Y m
l .
}vhenRM=90%, 1etk=15:l, am:ld=fl1 , . i
_ Then, log F11’8d11’6 C], =90 + 58,9 ° .
. ‘ ‘ T38.3°
3 ! v - 3.88
¢ ‘ .
* ?
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\ o .
Therefore |K 1 8d 1.6 C] = 7,590 x 103 £ N
] }1 . 1 i \’/)

When R, = 10%, let k = k,, and d = d, '

Then, log|k,''%a,}6c | ,= 10+580
g 172 2 g .
) 38.3 I S

=1.80

Therefore, E21'8d21'6 C] =6,3 x10 . . AN

Therefore, k11'8d11'6{= 7.59 x 10° 3120 i

j kB0l 63 x100

2. N

(a) Let d1 = d2

1-8 '
Then, (kl) =120 54 t

ky

, /
1.8 log(kl =_leg ~120

, &(?{ og 120 = 1,16

Therefore, k = 14,3 !

Y ] I(—__L-=— » 3 ‘

, = . . .
) | (b) Let k kl2 | . .

i\ 1.6 "
 Then, (dl) = 120 - ‘

1.6 log d1 2 log 120 ' | ) \
. a—z- . . /

log (:i_l_y log 120 = 1.30 i
A\l

-

3 1.6

LN
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