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ABSTRACT 

/ 

1 

l ' 
i. 

Glenn S. Dobby 

Department of Mining 
and Metàl1urgical 
Engineering 

McGill University 

High-Gradient Màgnepic Capture of Mineral Particles 
... 

The relevant parameters affecting part,ic1e capture in an M. 1. T. high-
< 

gradient magneti'C separator were closely controlled and tested on a super-
1 

. conducti~g, batch separator. Parameters' studied were particle size, 
. 

particle suscep~ibility, field strength, fluid velocity, fluid viscosity 
- . 1 • 

and, feéd weight. Particle sus cept ibi lit y wasf controlled by th~ preparation 

of mineraI samples to narrow suseeptibility ranges on the Frântz Isodynamie 

!WO modes 'of high~gradient separator operation, drainage and . 

---constant flOw, were employed. 'Matrix length effeet upon magnetic recovery 

was also investigated. l' 

The test data was used to develop empiTical models of p~~ticle' s:apture 

which described magnetie recovery in terms of field ~trength, parti cie , 
. ~. ~ 

size ànd susceptibility, fluid velocity and feed weight. 
1 _ 

From the empiricai model, a ~thodolOgy of predicting high-gr~ 

separation of mineraI sllq>les was developed and demonstrated. The' 
• 

Ilethodology was shown to be capable of handUng complex s8Dples with wide 
..c - ,l, 1 

size and susceptibility distribut~on. • 
If 

, 1 

, ., 

, r 

1 
~ 



1 

iL 
o 

.. 
RESUME 

, \ 

SEPARATION DE PARTICLES MINERALES PAR FORT CHAMP MAGNETIQUE 

L'êffet des principaux paramètres qui affectent l'efficacid du triage 
\ 

-\ 111 • 

de particules par èhamp magnétique etê étudié. Ces param~tres sont la 

,t~ille et la susceptibilitê magnétique des parti,cules, l'intensit~ 

du champ, la longueur de la zone de séparation, la vitesse et la viscositê 
, \ \ 

La séparation est êffectuée du fluide et le potds de la charge introduite. , 

sous un champ magnétiq~ intense fourni par un dtmant à enroulement super-. 

conducteur construit au M.I.T. La préparation d'êchantillous ayapt un 
, / 

domaine étroit de susceptibilité magnetiqué a été réalisée grAce â un 

Séparateur Isodynamique Frantz. 
(r. , 

L'êfficacitê du tri-age a été êvalu~e sous 

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

ft 

Les rêsultats expêrimentaux ont permis de construire un modêle due 

processus de séparation magnétique qui tient comp~e des prinéipales 
<1 

variables. Une méthode permettant de prédire l'éfficacité de la 

, s~p~ration dtlns le cas d'êchantj.,1lous possedant une gran,de divetsit~ de 
1 ~ 

tai~e de particules et de s~ceptibilité magn6tique a êtê mise au point 

et verifi~' expérimentalement. 
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~, NO~NCLATURE " 
a 

" magt;letic force FM = 4. . 

FC' = competing forces " " ~. 

Fx = magnetic force acting in the x direction 
\. '\ 

/ 1 

F ' , 
D = drag force' 

FG = force due to gravit y 

H = magnetic field strength, ,gauss or kG 

" dH 
~ 

dx = fie'1 d gradient 

== AH . 
AX 

2.M .;) = wire magneti zation, kG 
w 

= fo if H) 10 kG . ) 

= H if H < 104J<G 

Î 
~ = particle magnetiza~ion,' kG t 
(, mineraI density, gm/cm 3 .. j 

liquid density, gm/cm3 ~ 

0 fL = 

volume susceptibility, emu/cm3 " 
k = Oe 

'II 

ë 
~ '1. = mass susceptibili ty:, emu/gm - Oe 

~ = kIl 

t 
'-, 

"-d = parti cIe size' 
(', . 

V 

U .. c 

'1 • 

a 110 matrix fil 
" 

() L 
... matrix len iii 

\ 

tm 11: matrix packing density 

''t. 
'/ 

Lm = matrix loading 'it l 

= ~ '\ ratio of feed weight atrix weight 
~'" 

--------- - "'~ ... ~ 
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Rfract 
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GaMags 
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ix. 
/ 

rJ 

= fraction 'of feed of size d 
1 

:::1 fraction -of ~feed of mineral a 
Il . 

= electrica~, resistance, ohm 

= (, 
1 

= 

current, Amps ,) 

current on Frantz at ~which 50 wt. " of the s~le has been 
1 

magnetically removed, Amps. 

side slope on Frantz. degrees 

= number of matrix segments of equal wei~ht and length 

= magne tic recovery with n pads, " 

= m~gnetic recovery with a matrix'weight x. %1 

= magnetic recovery wi th a matrix weight y. % 

= recovery by magnetic capture, % 

= magnetic lrecoveory of mineraI a, '%-

= magnetic' recovery of particles of size d. % 

= recovery by physical ~ntrapment, % \ 
1 

= physical entrapment recovery of mineraI a. % 

c ' 

= physical entrapment recoveryD of particles of size" d, % 

= tot al recovery to mags, % 

= total recovery io mags of ~neral a, %, 

total recovery to mags of particles of size d, % 

= difference betweel!°measured and predicted 1)., " 

= 0 fractional magnetic recovery 

= ~ weight " of mineraI a in feed 

= grade of ,mineraI a in mags J " 
Q 

• grade of mineraI a im'non-mags, " 
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'GLOSSARY 

( .' \ 

x. 

F 
sUsceptibilitr - the amaunt of attraction exerted on a given substance 

\ ç 

by a magnetic field, éxpressed as the ~tio of the intensity of magneti~ation 
t(; , 

to the magnetic field strength . 

permeability - the measure of the ease wlth which magnetic lines oi; force 
','-

are ,carried by a particular materi~l. 
" 

paramagnetic - a material with" a smaH, p'ositive~ susceptibility, and oa 
o 

',' permeability slightly greater than 1. 

diamagneticO~ a 'mate ri al with a small, negative susceptibility, and, a 
k • 0 

permeability slightly greater than 1. 
, \ 

D ferromagnetic - a material with a susceptibility andQa permeability that 

are both large.and positive. 

field gradient - a spatial var~ation of magnetic field intensity. 

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

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

magneti~ field" in which is PI\ace~' the matri~. ,! . 
, 1 . 

matrix - ferromagnetic material whieh creates .tes of high field gradient; 

and on to wh~ch a~taches\the magnetic ma~erial, or mags product. 

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

capture ~ phy~ical 

non-mags 1 materi~l 
captured. 

entrainment~ 

that passés thrpugh a magnetic separator without being 

, 

magnetic'response curve - a plot of weight pe~ent,to mags fraction vs current, 

ps derived from testing a material on he Frantz Isodynamie Separator. 
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1.1 Back round to Hi h etic Se aratio~~Jf, 
! 

Wet ~agnetic 5 paration, until about ten years ago, was m:~nlY applied 
1 

to the concent atlo~ of mineraIs of high magnetic susceptibility such 'as 

magnetite, at Iatirely coarse sizes. The number 07~\_ldifferent se~ors 

capable of tre ting these higbly magnetic mineraIs was substantial (~2). 
: 

At that time t e princip les of high gradient magnetic capture were under-

stood, as evi development in the 1940's of the Frantz 

Ferro- fil ter 

1 of the contempory magnet technology prevented the 

economic prod ction of hifih intensity magnetic fields over large vo11.Dlles,. 
1 -

and thus prey nted treatment of 10wer susceptibility mineraIs. Rapid 

advancements 'n magnet design over t~e,past ten to fi~een years has led 

to development of high-intensity magnetic separators. Not only have these 

sepa~s been ab~e to treat weakly paramagnetic mineraIs, b~t th:y have 

also extended the range of treatable particle size down to about one 

micrometre, 

The improved magnets offer two primary advantages, First, the higher field 

strengths produced will inherently increase the magnetization of para- and 
. . 

dia-magnetic particles, making them mor~ resFonsive to a magnetic field 

gra~iient, Second, the magnets are cap,able ~f magnetizing to saturation 
r 

large volumes of ferro~agnetic "matrices", such as spheres, rods, grooved 

plates and fibres," I~ is. ,the 1 pertebation of the magneti C fiel d by the 

. lI!a~et.ized matrices that create large gradients in magnetic fi,eld, which' 

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

paramagnetic particles from a slurry flow. 
1 



, 

" 

1 

( 

o 

/ , 

if 

3. 

High-intensity wet magnetic separation has been reviewed by Lawver and 

Hopstock (3) and by Oberteuffer (4). Several types of high-intensity 
~ , 

separators have been developed, the variations being mainly in the design 

of the magnetic circuit and in the type of matrix ernployed. It is not the 

intention now to discuss the attributes of each separator, but to review 

the more i~ortant ones and to discuss their main differences in design 

and use. 

1.1.1 The Jones Separator 

G. H. Jones first patented the Jones separator (5-7)'in 1955 as a 

cyclic device with an automatic operation of 10-15 cycles per minute. 

The three operatin~ stageS' per cycle are: (1) magnetic capture of 

particles from a slurry flow on to vertical, grooved, ferromagnetic 

plat~s placed in a strong magnetic field; (2) flushing at high 

. 1 velocity with' the magnetic field still present J to collect a middlings 

product; and (3) flushing with the field off to collect the magn~tic 

product. The separating zone, or working volume, is the[air gap 

between the pOles of a strong electromagnet in which is placed'the 
[ 

salient pole plates. 

The machined points of the magnetized plates create points of high 
, ' 

field gradient -and sites for magnetic collection of particles. Inter-

plate spacing can be adjusted to accomodate various particle sizes. 

An advantage in the use of plates as, matrix material is that, since , 

the air'gaps are veTY small, the magnetic flux is easily conducted 
, '\ '\ 

through the working volume. This is economically beneficial. However, 
1 

a major disadvantage in the use of plates is a la~ge capacity 

1 restriction 'due to the plates occupying a'substaniial fraction of the 

working volume. .. ' 

• r 7 5 777;;; 
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Cyclic, or batch, separators are suitable for the processink of 

material in which the magnetics comprise a small weight fraction of 
1 

the feed. However, if a large fraction of the feed is ma~etically 

captured, as i5 the case wi th iron ore concentration, the matrix will 
! ~ 

quickly become loaded to capacity. Frequent shutting down of the fielà 
\ 

and flushing out of the magnetics will consume mùch of the processing 

time. This capaci ty los5 wou1d be economically unattracti ve. Un,it 

batch ope~ations a1so cause material handling difficu1ties in continuous 

process plants. ' Continuous high-intensity wet magnetic separators 

were, therefore, developed. 

The essential design featùre of the continuou5 high-intensity separators 

is a ring, or carousel, of matrix material revolving through a magnet~c 

field, as'schematicafly shoWn in Pigure 1. ~e sample is fed in a 

slurry at'I the beginning of the working volume. As each section of the 

carousel passes, through the magnetic field, the ferromagne~ic matrix 

becomes magneti zed and th'e magnetic minerals in the passing feed are 

captured and carried along with th~ matrix, while the less magnetic 
1 . 

mineraIs pass through. The matrix with the magnetics revolves out of the 1 

tJ 
working volume (and the magnetic field) and a high velocity water flush 

removes the ma~etic product (or mags). 
. ' 

High velocity flushes May also 

be used in the working volume to clean '\OY.t physically entrained particles 
" ~ 

and produce a middlings prOduct. A schematic' diagram of a continuous 1 

4-pole Jones s~parator is shown in Figure 2. 

"" "-
Presently, the largest single appliCâtion of high-intensity'magnetic 

1 

separation is at Itabira, Brazil, where 28 Jones DP-3l7 separ~tors have 

been i~stalled ta treat the finer 'fractions of a hematite ore (8,'9). 
1 

Ratèd capacity per separator i5 120 TPli. The' Jones separator has àlso 
1 

been tested for the production of Iron ore superconcentrates' « 2\ silica) 

li 

~" ... , ~-~~~~p~~_ .. , ... '~'~\!'!"~."~"~'_~" .~" .• ~,,)';.t~,.I-~""··u ~J!.~,~::'. ,"~,~:-. :., ... :-:",', };:.~(;' ... ~:r .. r~,.~-;""~;:;=-" ~{;/~,~, "~·_~~:iUt,~·",~.~;'7,&:;\~r,.t~{~~;:;.::l;;.:~~-: .. ~, ~".!~, ..... , .•••••••• "". !,( ... ' \' 
I ..... T f.<~ ... ";k~.~'\.- ·~.AiI· ... d· :.b ...... 1_ •• >.. _ _~ - -.. ,.. __ ~....r,:. :ob3A3o"r~ """'-'" -
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FIGURE l 

" Il 
Baetc design, of a continuous high 1ntens1ty separator (3). 
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. Schemat1~ diagram of the continuous Jones hi~h-1nten.1ty 

wet mag~et1 c .eparator (3). ' 
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7. 

\ 

for direct reduction (8). The use of plates is advantageous in this 
, 

respect, as the plates are p~rallel to the direction of slurry flow 

and thus provide min~um 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 
• 1 

The Carpco separator (11, 12) was the first commercially applied 
1 

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 ~an be observed by 

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

uses th~ carousel to conduct the flux between poles. \. 
The spheres used in the Carpco separator to pertebate the magnetic 

field and generate points of high field gradient, range fin diameter 

from 3/8 inch to l inch. A matrix of packed spheres, like plates, conducts , 

the'lftla&1letiç flux very weIl, an,d, like plates, spheres also occupy a 

large fraction of the working volume. Physical entrainment of non-
1 

magnetics is obviously a greater problem in a geometry. of pac~ed spheres, 
\ 

as opposed to one of parallel plates. The field gradIents produced in 

the Jones separator are, on average, st 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 vo~ume and magnetize the 

matrix. This means that iron yokes are psed to condùct the' magnetic 
• 1 

flux, created by electromagnetic coils, through the gap of the workin~ 
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FIGURE ) 

Schematic diagram of a 4-pole Carpco eeparator employing 
j 

terromar,netic steel spheres as matrix material. 
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volume. The use of ferromagnetie iron intensifies the resultant field 

the air gap, as that field is a combination of the field 
1-

by the eleetromagnets, plus the magnetization of the iron (13). 

Elect ie power eonsumption is, redueed when iron is use2fto conduct the 

flux rom the coils and pro duce high fields in the wo~ng volume. 

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

capac ty. 

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

An al ernative to the high-intensity separator employing a conventional 

magnetic circuit is the M.I.T. high-gradient magnetic separator (HGMS), 

deve10ped by Ko1m and Marston (14, 15,16). The separator consists 

basica11y of an iron-clad solenoid surrounding the matrix'materia1 -

a fine, ferromagnetic steel wool or exp~ded metal lath. A schematic 

diagram of the high-gradient separator is ~hown in Figure 4. The 

magnet steel facilitates the, retum of the flux and aids in producing 

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

can bé pumped from the bottom of the sepatato~J or gravit y fed • • 
The advantage in using ste~l wool as the matrix material is that 

1 

extremely high field gradients can be produced through the pertebation 

of the magnetic field by the ~rritic steel fibres. The gradients 

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

1. Thus the distinctiori of the M.I. T. separator as a ''high-gradient'' 

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

are large compared to those of the low-intensity magnetic separptors. 

1. 

" 1 
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FIGURE 4 
. \ l 

~ 
Schematlc dlagram or the cycl1c M.l .. T •. high-gradient 

magnetic eeparator(). 
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Steel wool al 50 provides a large number of high-gradient sites for 

particle capture. and offers little resist~nce to slurry flow. ~it;ce 
1 

the particle size and wire diameter should be of similar magqitude for 

maximizatiJn of magnetic forces, as will be explained in Section 1.3, 

the high~gradidnt separator i5 ideally suited for fine particles. With 

the use of a fine m~trix, weakly paramagnetic particles as small as 

lpm can b~ capt ured ~r an HGMS. 

In the 1940'5, Frantz realized the potential advantages of a solenoid 
Il 

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 wo&fhas a packing 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 

strengths over" large volumes requi~d to saturate the,ferr~ma,retic 
, 

filaments. Marston applied Frantz' s use of a solenoid surrounding siteel 
1 

wool and, with improved magnet design, developed a separator capable 

of generating'up to 20,000 gauss in a 'large volume, easily enough ta 

magnetize steel wool to saturation. Fundamental differences between 

the HGMS and the other high~intensi~ separators, and the improvement in 

process economics offered by the high~gradient separator have been 

discussed (14). 

The HGMS described above i8 a batch separator. For reasons previously 
1 

mentioned, a côotinuous device 1s essential for treatment of such 

feeds as iron ore. A continuous HGMS 1s presently in an advanced pilot 

l ' L plant stage, with test ~ults of batch and continuous separations in 

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

l 'continuous HGMS. The solenoid is elongated with the ends bent at 900 

9 'STpmut ='Wtor nHtri* 
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FIGURE 5 

Schematic dia,ram of[the continuous high-gradient 

magnetic separator{lS). 
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to allow the carouse1 to pass through. Note that the magnetic field 

produced i5 paraI leI to the slurry flow, while the fields 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 carousel. ,Residual magnetism 

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

highly magnetic~p~rticle5. This i5 avoided with the HGMS design. 

In sUDlllary, the main advantages of HGMS over other high-intensity 
1 

devices are: (1) the generation of a higher,background field, with~the 

capability of magnetizing paramagnetic particles to a greater extent, 
1 

(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 

industri,al applications. Some of these are: .1. brightening and 

purification of kaolin clay through removal of micrometre sized titanium 

dtrxide (19), 2. desulfurization of coal and coa1 slurries (20,) 3. 
" , 

removal of suspended solids and phosphates from sewage water (21), and 

4. steel mill wat~! treatment for re~ov~l o~ fine iron pa~iele~ (22). 

Many ores, concentrates and tailings are potentially amenable to 

concentration by HGMS. Il With the general ttend of having to mine ores 

,with deereasing head grades there cames an increasing need to treat 
j , 

'fines. Current technology 15 often incapable of adequately handling 

fine particles. Some of the present techniques of fines treatment and 

their associated diffic:ulties have been discussed (23 ... 29). With its 

capability of handling paraaagdetic partieles' as fine ,as one micrometre 

HGMS uy prove to be t~ sOluti,on for sane 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 mineraI particles in a high~ 

gradient separator have been proposed and discussion by s~veral authfrs 

(4, 30-33). For the purpose of initially analysing the forces involved 

without going into a complex theory, an idealized situation describing the 

separation Hrocess can be applied. Consider Figure 6. A spherical para-

magnetic particle, in a fluid moving at constant velocity, approaches a 

ferromagnetic wire of circular cross section. A uniform magnetic field 

applied perpendicular to the wiIe axis magnetizes the wire and the parti cie. 
\, ' 

A 'field gradient is created near the cylindrical wire and a magnetic force 
1 

acting on the particle ~developed. If the magnetic force is large ~nOUgh 

to overcome the compe~ng hydrodynamic and gravitational forces the particle 

will adhere to the wire. 

The 'nature of the field gradient and ~he extent of the forces i~volv~d in 

this simplified situation can now be discussed. 

1.2.1 Fi~ld Gradient 
, ~ 

The magnetic permeability of a ferromagnetic material is much greater 
1 

than that of air or w~~er. As a result, theomagnetic flux in the 

vicinity of a fe~netic bod~placed in a uniform magnetic field 

. wU i be di verted through the body. The net effect is a change in the 

previously uniform distribution of magnetic flux. This field disturbance 
,~ 1 

is schematically illustrated in Figure 7 for the case of the ferro-... 

magnetic cylindrical w1re: The field strength at the top' and boftom of 
" l ' 

the cylinder (point A) 1s greater than the uniform bac~ground field 

strength (point B), whHe the field strength at the sides (point C) 
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FIGURE 6 

S1mplified situation dt a spher1caltparama~et1c particle' 

approach1n~ a cy11ndrical,ferromagnetic wire in an HOMS. ~ 
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Schematic illustration of tHe field distribution around 

a cylindr,cal,ferroma,netic wire whose axis 1s perpen-

dicular to a unÙ'orm ma'gIl'et1c fi eld. .., 
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, 

is actually reduc~d. Field gradients, or localized ~pacial variation~ 

•. in the field intensity, have been created. 

Determination of the actual field distribution ~round 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 th~ fieir gradient for the case of the cylindricai 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 magne~ization', 21TMw' Thus, 

(1) 

At B, a distapce x from A, the effect of the wire magnetization is 

minimal, 50, 

(2) 

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

(3) 

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 

wil"e is given by:\ 

dH 2 'l'M 
_'V w 
dX a (4) 

This equation expresses a noteworthy relationship - the smaller 

the diameter of wire employed, the larger the, resulting field gradients. 

r 1 TU 

\ 
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1. 2 .2 Magneti c Force, 

The attractive or repulsive force acting along a given direction on a 1 
... 

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

dH 
F = VM ë1X - (5) 
x P 

1 

The force is thus proportional ta three terms: the vohnne 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 i5 zero, there would be no net magnetic force acting on the 

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

partiele, which aets as a dipole, are equal and opposite, thus eancelling-

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

dimensions of the particle will the particle experience a net magnetic 

force. 

> Maximization of th~agnetic forée requi~es 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 

partiele requires t~e particle diameter ta be of the same arder of 

magnitude as the wire diameter. 

If the particle size is considerably larger thari the wire diameter, a 

substantial portion of the particle will remain in a relatively uniform 

-field. The larger particle will then not have as high a gradient 
1 

e 
acting across its total dimension as a partiçle whose size is matçhed 

to the wire size. A particle considerabl~ smaller than the wire 

, ... IV.. ,is.', mw Il ,7 PT •• M',""rtt 'l'._UI,.r •• narm_mi J n III .:.111'; •• "1.'-' 
~ 'i t'aï Hft. bd 't'àt'i1,.,I: ,'tt ttbfr

.! '- " ____ L_' __ 
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diamet~rlwil1 a1so not experience as high a gradient across its 

diameter (35). Therefore. the very high field grad~ents produced 

through the use of fine, ferromagnetic wire are on1y effective in 

producing strong magnetic forces when the particle size is of the same 

magnitude as that of the wire. , Por maximization of the magnetic force, 

a = 2.7d (4). JVhen this is so, t~e system is said to be matched. 

Cl 
Magnetic force is a1so maximized by maximizing the partic1e magnetization, 

Mp' Figure 8 (b) is a magnetization curve for a paramagnetic material. 

Its magnetization increases linearly with fie Id strength, and the slope 

of the line is the partic1e susceptibility. Therefore, 

~ .. kH (6) , 

Co~ining Bqs. (4), (5), and (6), then, for a spherical particle the 
'[ 

magnetic force can be estimated by: 

1T 21TMw 
FMN6 d

3 kH'~ (7) 

- .... 

Unlike the magnetization of the PHrramagnetic particle, the magnetizaUtin 

of the ferromagnetic wire is non1irear with field strength, as shown 
, 

-("\ 

in the magnetization curve of Fig. 8(c). ,At sufficient1y high values 
, , [1 

of H a ferromagnetic1material 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(3) . 

To simplifY, let 

21fMw" H, if H<1O kG (8) 

and \\ 

2'1t1\ = 10, if H > 10 kG . (91; 

. , , , 

'~~ 

" , 

1 
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FIGURE: g 

Magneti zation curves for (é.) diamagnetic, (b )paramagneti,c, 
, 

and (c) ferromagnetic materials(13) • 
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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: 

(10) 

d3 kH (10) 
F or:. a if H) 10 kG 
M 

(11)' 

1.2.3 COmpeting Forces 

An expression for the drag force acting on the spherical parti cie 

. will vary with flow regime (d and U). A StokesiBJ) re~ime will be 

as sl.DIled , where the hydrodynamic drag is given by: 

(12) 

The gravitational force acting on the' spherical particle i5: 

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 )1m~ The 

gravitational force is proportiona! to d, indicating that gravit y will 

1 
be an important consideration only at relativel)' coarse sizes. When 

handling particles between about S'and SO).lm in an HGMS, the, predominant 

c,ompeting foree is hydrodynamic drag. 
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1.2.4 Force Balance 

Capture in the HGMS will depend upon the 

relative magnitudes of the ma etie and drag forces. A force b8.J.ance 

can therefore be set up: 

If a matched system can be approximated, then, 
Ci 

FM dkH (211"Mw) 

F
D 

cc 'tU 

(14) 

(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, 

(16) 

If the relationship is assumed to bel linear, then, 

(17) 

where C is a constant. This equation will be -l-8ferred t/o as the force 

balance model. 

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 

viscoS'ity. There are ,three other operating parameters that are of 
, " 

practical importance in an HGMS. ~y are: the mat ri x loading, Lm' 

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

length,L; 'and the matrix packing density, (m. 



t 

" 

() 

23. 

The force balance model, although derived through several simplifying 

asslDDptions, is useful in indicating the basic relationship of the 

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

magnetics fraction is related to the particle and operating parameters 

would be: 

(18) 

In sUDDDary 1 optimum use of the magnetie ~orces created in the high

gradient-separator requires that the wire diameter employed be closely 
1 

matehed to the partiele size of the material being handled. Maximizing 
/ . 

the magnetic forc~ means ma~imizing the particle magnetization and the 

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

increas\ the background field strength ~ However 1 maxim1BJl field 
\ ' 

gradients wi:V be attained at lU 10 kG, and increasing the field beyond 

this value ooly serves to increase particle magnetization., Hydrodynamic 
, ~ 

drag is inereased through an increase in fluid velocity. Therefore J 

given a particular set of partiele par~~ers (d and k) and matrix 

parameters (Lm' L, and (m)' magnetic iapture of the partieles can be 

controlled through a selective balancing of field srength and fluid 

velocity.· 

- ~ 
, 1 .2 .5 Mat rix Length Effect 

As a first attempt at understanding the role of màtrix length in magnetic 
'1 

recovery 1 asstllle that\ the 'length of a mat ri x has been di vided into 

n segments of equal weight and length. Knowing the recovery J R,.l' in 

the first segment (n • 1) J predictions of thè recoveries for n) 1 can 

be made by applying the equation (36): 

(19) 

1 -- " ----------------------n-------.-.~"------------------____ .. I~.F ......... ?r~'MZ .. f~.'tt'M~·.-WŒPF~~~" 
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where aIl ~ values are fractional recoveries. Eq. (19) results from 

the application ~f probability theory, where ~l is the ,probabi1ity 

of capture on any ~egment and is assumed to be indepen~ent of the 
1 

nùmber of the segment (see Appendix 1). ,To confirm the assumption the 
-

following technique was suggested (~6). Re-arranging Eq. (l~) the 

recovery to non-mags is: 

n 
1 - I\m = (1 - ~1) • (20) 

Thus, 
\ 

log (1 - ~) = n log (1 - Iltl) . (21) 

If \1 1 is independent of n, then a plot of log Cl - '\ml vs n should be 

linear with slope log (1 - ~l)' The feed weight to each successive 

segment decreases, 50 that if the assumption of \11 being independ~nt 

of n is proved correct, then the implication is that ~. is independent 

of feed weight. 

Appendix 1 al~ shows,that if ~ represents the magnetic recovert of 

a mineraI using the matrix W~ight x, then ~, the recovery with matrix 

weight y, can be predicted by: 

(22) 

1 
1 
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L 3 Atm ol Thesis 

The general aim of the thesis i5 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 studied -will 

include field strength,_fluid velocity, viscosity, matrix loading and 

matrix length. 

The data derived from testing the individual variablés will be used to 

develop an empirical model of capture, encompassing aIl the variables 

studied. 

Finally, the predictive capabilities of the empirical mode1\, will be 

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

2.1.1 Description of Superconducting "igh Gradient Separator 

The high-gradient separator used for experimentation was a 
, 

laboratory batch separator. 'Its two basic components were: 
~ .. 

(a) the magnet, and (b) the matrix and sample handling sys~em. 

(a) The MaB!!et. Tl)e magnet used to generate the high backgrot.md field 
1 

was a superconducting solenoid. The property ,of major interest of a 

superconducting material is that belOw a certain critical temper~ture, 

Tc, and below a critfcal field'strength, the electrical resistance of 

the material drops to zero. Since r = 0, the power, or heat 1055, r2r, 

equals zero. Currents can therefore be passed through a superconducting 
1 

solenoid without the generation of large amounts of heat and without 

the large powe~ 10ss caused by resistance heating. The magnetic field 

generat~d in the bore of a solenoid is directly proportional to the 

current.· Strong magnetic fields can thus be produced ~n the bore of 

a superconducting solenoid witho~t the need for the large currents or 

the large amounts of cooling water that conve'ntional magnets demande 

Theory of superconductiyity and its practical applications can be 

found in the literature (37, 38). A superconducting high-gradient 

separator has a150 been described by Stekly (39). 

The magnet used was a "LirconiUlll-niobi~ alloy, with a critical 
l , 

temperature, T , between 5 and 15~K. To keep it below T the solenoid c c 

was immersed in a bath of liquid helilDll, at 4.20K. At that temperature 

the sO,lenoid had a Ùmiting field strength lof about 22 kG and an 
Q 

inductance of 7.5 henrY. The coil had an Î.D."of 8.2')., an 0.0. of 

11.4°Cll, andwas 30.5 cm long. Figure 9 is aphotograph of the solenoid. 
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FIGURE 9 

supercondu~t~ng solenoid. 
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A cryostat. or dewar. was required to contain the bath of liquid 

helium, in which the solcnoid sato The dewar was basicnl1y a multi-

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

diagram of the dewar is shawn in Appendix 2. Its overa11 length was 

1.37 metre.,s with Il 30 cm 0.0.\ The outside annulus was evacuated; the 

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

also evacuatedj • and the following larger space contained the liquid 

helium and the solenoid. On the pther side of the helium weIl was 

an evacuated double wall. nie 5.0 cm bore of the dewar was thus at 
f \ " 

room temperature. Table 1 lists S~Of th~ helium weIl dimensions 

its capacity. 0 The liquid nitro~~ reservoir had approximately a 15 

capaci'ty. 

and 

L 

The diagram in Appendix 2 indicates a coupling for the pressure gauge, 
, 

and the outlet and valve to the vacuum system. The walls of the dewar 

were pumped out with a water cooled oil diffusion pump ~acked by a ~ H.P. 

rotary pump. The ul timatb vacuum before helium transfer was not known, 
o l, 

as the vacuum gague used did not have a scale low enough for an accurate 

reading. Figure 10 is ,a photograph showing the dewar (wi th the solenoid 

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 

newerr-30 L aluminium container did not require liquid nitrogen \ 

shielding. It employed super-insulation and recovered sensible heat by 

, an ultra-shielding system in a high vacuum (40). Flexible, helical 
.. 

c~pper tubi~g with an outer evacuated wall was used 1;0, trQIlsfer the 

1~~Uid he~ium from the helium container to the helium weIl of the. 4 
"":"jll 
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TABLE 1 - HELIUM WELL DIMENSIONS 

0.0. of Helium WeIl, cm 

1.D. of Helium Well, cm 

i Crùss~sectional ~rea of 

~ 
Helium Well, cm 

Depth o~ 1 Liter of HeL' 
~ , 

Volume of HeL to cover 
solenoid, L 

Total He Well Capacity, 

il , 

o 

() 

allOU1 r r 5 
,:' 

1 20 

7.6 

280 

cm 3.6 

9.7 

L 30 , 

, 

30. 
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FIGURE 10 

Photograph of dewar (with solenoid inside) ,vacuum system' 

(rotary pump out of pictureiat bottom), vacuum guage, 

power supply, head tank and watcr lins. 
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Magnet dewar. The two "legs" of the trasnfer Une' (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 tl'fe heUum bath. This was done with a "dip 

stic~l" a 2.5 mm O. D., thin·walled stainless-stee 1 tube 1. 3 m in length. 

The dip stick was slowly lowered into the helium bath. When the bottom 

tip of the stick was in liquid heliurn, 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 thr?ugh the liquid-gas boundary, there was a very noticeable 

abrupt change in the frequency of the vibrations. Thus, br calibrating 

the stick length with the dimensions of the dewars, and_noting the level 

at which there .as a frequency change, the depth of liq~eliUDl c;otlld he 

easiIy determined. 

The maximum D.C. output of the power supply was 50 Arnps at 6 Volts. 

However, a resistance of 0.24 was connected in series between the power 

supply and magnet. to give a maxiDnDII normal current of about 30 Arnps. 

This maximum increased slightly ~on h~ating 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 coiI. This would 

result in a generated field with a strength slightly different from that 
\ 

had the current been simply brought up to the desired value wtth no 

overshoot. 

(b) Matrix and Sample Handling System 

the matrix was held ilr a 25 ~m long cannister plac~d in the ·room temperature , 
- bore of the solenoid. Two' cannisters were used: plexiglass, with a 3.7 cm 
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1.0.; and copper, with a 3.8 cm 1.0. The cannister was connected at 

either end to 1.3 cm LD. copper tubing. Slurried sample was gravit y 

fed via the tubing from a head-tank, through the separating zone (or . 
working volume), and into a collecting bucket. Figure Il is a schematic 

diagram of the sample transport system. 

For tests nm at constant velocity, i.e. constant head, a 2.5 ID. 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 

baIl valve was placed approximately 20 cm below th~ cannister to act as 

an on/off valve. 1.3 cm I.D. Tygon tubing was attached to the valve and 

flow tate was controlled through the use of a set of bored, brass plugs 

pl aced in the Hne. Each pl ug had a di fferent 1. D. so that the ve loci ty 

through the cannister and matrix was d~~rent for each of the 6 plugs. 

Reproducible velocities were thus quickly and reliably attained. Total 

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

(running into a bucke~) was approximately 1.8 m. 

A series of t~sts was perfonned using a drainage method of operation, 

whereby the slurry head '!las not held constant aJ)d the system was allowed 

to drain completely. Fo~ 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. 1 

To develop a maximum velocity flush, the on/off valve was closed and 

valve 3 was opened. In this manner, t~ere 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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FIGU,RE 11 

Sche~atic diagram of samp1e handling system( not to scale) • 
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Two types of matrix material were used; \ stainless steel wool and 

expanded nièt~l lath. Table 2 summarizes the dimensions and use of 

both typ~s. Note that the expanded metal is considerably larger i~ cross 

section than 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 expande~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 not packed at the same density, so that 
,-

the ratio of their weights was not\equal to the ratio of their respective 

lengths. 

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 supercondllcting magnet~~ith the D.C. 

input a Hall probe (41), 'model HR-66, was employed. It was used in an 
. , 

open circuit wi th an input of 200 1J1Amps. The probe was first calibrated 

with a variable field strength electromagnet and a gaus~tre. The 

relationship between the gaussmetre readings antl mYolt output of the 

Hall probe is plotted in Figure 13. Max'imum field strength of the 

electromagnet was 13.2 kG. 

The solenoid was then calib~ated by placing the Hall probe i~ 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 relation~hip between 

solenoid field strength and current throùgh the solenoid is shown in 

Figure 14 and i!? eXpTessed by: 

H = O.lS + 0.63 1 • (23) 
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TABLE 2 

Matrix Oimensions 

\ 
Stainless EXPa~ed Metal 

- Steel Waal 
Longer \ Shortcr 

~ 

Approx. dimensIons 
500 x 600\ af Cross-Section, )llll SO x 2S0 500 x 600 

, , 
Weight, gms 30 59 .\ 32 

Length, L, cm 24 8 \ 3.5 

Occupied Volume, cra3 

,. (1.D. • 3.7 cm) Q 260 86 38 
--~ 

Mat 't'ix Packing 
Density, ff \ , 
('Fe'" 7.8 ) 1.5 8.9 10.7 

. ----. 1 , 
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FIGURE 12(a) 

. Photograph of stèel wool matrix. 

FIGURE 12 (b ) 

Photograph of a single! piece\ of expanded Metal matrix. 
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Calibration of H~ll pro!'e raV output to field., s'f!\.erlgth. 

• . , 

\ 

, . ' 

'" , 

1 • 

;. ; Dl 

, , 

\ , 

1 

'\ , 

-

\ 

. 0' 
X 112 

b • 
1 

, . 

" , 

. . 
, i,' 

, , 

~ 1 

.... 

J' 

1 
.' 
, 
/ 

\ " 



'i' 
y " 'l" 1"'(' . , ~ r!:, ~ . " ' ~ r~-

~J '~ 
1 

\ 
'} 
,j 
1 , 

,'! 
~ 

'~ç ,C " , 
'-. /, 

"-- , 
Il \ 

'! ,,1 
'1';", • j 

~ 
, 0 l 

i \. " 1 " , ~ . 
\ 

\ 
1\;. \ ! 

l 

'1It 
, , 

~~ , .... ) 
~' 

f 
\ , H , / -

H =.15 +.022(mV) (kG) " /-

, l-

I 
12 

~-
' \ ~ 

": ,) 10 

• , .... .-.; , 

./ <:? 

( ./ 

i 
"- ./ 
// 

$1 

6 

./ 
.. 

1 

// 
1 

j, (-

/ 
\ • ,. .. ./ 

.' " ./ 1 

~ 
,~ • 

0/ 
\ ' 

"-
\ 

/' 
. \, 400 600 

Probè Output 
"- ,- , • 

\ 

" 

'.J 
( '11 

;t 

" 0 
. .. 

~' 
.. , .. 

,J 
, 

1 

1 .~ a 



c 

• 

.J 

.. 

" ,. 
,1::, :,,: 

\ 
\ 1 

i.. 

, 1 

u 
\ 

~IClURE 14-.. 

( 

[ 
1 39. 

. 
.... 

.. 

C libration of solenoi~,current supply,to field strength 
0' g nera~ed in the >bore of the supet'Couùul!i..in~ aolenoid _'- 1 .. , 

1 

\ 

~ 

• 
0 , . 

t 

, 
~ , , , 

0_/ 



E1 
" 

, , 

" 

() 

16 

H 
\ (kG) 14 

1 
,/ .' l' 

I-I-l 
l 

" " 

H=O.15+\Q.631 1 : 

24 28 , 

1 (Amp~ 

________ ~--------------~_I 



1 ~ 

o 
, ( 

40 . 

• 
H is in kG ând 1 is in Amps. Since the probe was only ca1ibrated to 

13.2 kG; Figure 14 has bcen cxtrapolat~d from 1,3.2 ta 20 kG. Currcnt 

'readings were accurate to approximately ! 0.2 Amp. 

The Hall probé was also used to determine the distribution of field 

,strengtn along ~he solenoid axis. This distribution is plotted in 

Figure l5/
f
and indicates that the field is very uniform over the centre 

20 cm of the bore. 

2.1. 3 Operation of superconducting Magnet 

f , 

" 

Operation of the magnet for test purpose~ meant fi1ling the dewar with 'j Î~j 

liquid helium and keeping the helium boil-off rate at a low value. The 

operating procedure consisted of: 1. evacuating the walls of the dewar, 
\ 

" 

2. filling the nitrogen reservoir, 3. cooling the solenoid 'ta liquid , 
nitrogen temperature, and 4. placing the tsolenoid in the dewar and filling 

J 

the liquid helium reservoir. 

1. The dewar was pumped out over the period of 1 ta 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: 

(a) With valves 1 and 2 closed and the release valve opên, switch 

rotary pump on. 

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

(c) Switch heater of oil diffusion pump on. 

1 
(d) Turn on water to cool diffusionpump. 

If the dewar was already at the roughing vacuum (about 100 pm), the 
l, 

following procedure was used: 

Switch rotary pump on. 

(b) Close release valve and open valve 1. 

(c) Swi tch dif!~~i_()!l_p_l!!'!E __ ~~ __ water Une on.' _._ .. ,.~,~,"".~~,.,~,,,~_.,=~,.~_.. / 
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FIGURE 15 
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.'Distribution of field strength along the axis: of the 
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super~~nducting solenoid. 
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o Schematic diagram of av'acuation system (net te sca1e) •.. 
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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. 

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

running). 

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

30 min.) close valve 1. 

(d) Switch rotary pump off and open release valve. 

, 2 . Ni t rogen was transported from the main fi lling tank in a 30 L 

de':l~r. A valve was fitted ,to the NL dewar (similar to that used on the 

liquid helium dewar, see Figure 17) such that an applied nitrogen gas 

f~~w into the NL ~ewar would pressurize the vessel and force the liquid 
1>, , 

nitrogen ~ut. Approximately 40 L of NL was required to fill the nitrogen 

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

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

between $4.00 and $6.00 per lit~r. Thus it was economically benef~cial 

to precool the magnet with liquid nitrogen to NL temperaturer beforé 

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

placing the coil in a styrofoarn container and filling the container with 

nitrogen. Room tempe rature resistance of the coil was 4S0A and its resistance 

at NL tempe rature (77.4oK) ~as 70A. Resistance was monitorep and used 
~ 

to indicate when the coi! had ~eached NL temperature. This procedure 

\ consumed approximately 10 L of liquid nitrogen. 

4. When the magnet .had reached a 'resistance of 70.n. it was placed . 
1 

in the dewar and at this point the vacuum system was closed to the dewar 
> 

'" (valve 2 of Figure 16 was clo5ed~. The legs of the flexible transfer line 

was simultaneoUsly placed right to the bottom 9f the dewar and the helium 

~. _"'2_i't.> Hi'i'.ntJi' ... w""'&'UlimlJ,*."'~~iF'.';qjif_,,*œ=IIrIt\ll't:& 11&'111 rzt ~. V'mr""I'1!f~~j'''~~d." 
_ : l' • "'- .. _.<L" '"_.o.J. ••• ~,,~-=- ......... -...........I."j~~ ~,~ r) ~ 

/ 
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FIGURE 17 \ 

Schematic diagram of valve emp10yed to pump 1iqu1d 

he1ium from the HeL transfer container into the dewar. ~ 
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container. The top ,of the helium container was fitted with a valve, 

schematically drawn in Figure 17, that fit tightly around the leg of the . , 
transfer line. 1t a~lowed the entrance of a flow of helium gas to 

pressurize the helium dewar, thus forcing liquid heli~ through the 

transfer line and into the helium weIl of the magnet dewar. A flow metre 

and pressure gauge ~n the helium gas cylinder controlled the over-pressure 
1 

in the helium container, and thus controlled the,iate of transfer. A 

photograph of the helium transfer equipment and procedure is shown in 

Figure 18. 

TQe first several litres of liquid helium were boiled off by cooling the 
/ ' " 

transfer line, sOlenoid, and heli\DII weIl to the HeL ternperature (~.20K). 
(?-

Gas molecules in the vacuum walls (02' NZ' etc.) are solidifi~d Dy the 

helium on the other sid~ 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 
l 

the valve is left open, air molecules will be "cryro-pumped" into the dewar 

and solidifieâ by the liquid heli\DII, r~sulting in a large (and eventual}y 
~ 

total) cons~tion of liquid helium. 

As helium transfer continued. th~ coil resistance was monitored. A steady 
13 1 

~ 

drop in resistance occurred as tl;le coU and dewar were cooled to HeL . 
, <' 

temperaturè, \DltiI the coiI temj>erature reached 4.20K~and the ~~sistance 

dropped eo zero. At this point the solenoid had. go ne superconductiong and 

the h~lium reservoir began to fili with liquid. Oepth of heli\DII was then 

monitored with the d~p stick. Transfer continued until· the point at which 

there was n& notice able increase in the height of the helium bath over a 
, ' ' 

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

emptY1 SO transfer was discontinued. This was done by releasing the 
Q 
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FIGURE 18 .. 

Photograph of transfêr procedure. Photo shows the HeL __ 

_ eonta~ner,othe 'He g~s cylinder, the 'tran~rer line, and 
, . i ~ . ~ 

the valve which was 8chematica11y shown,dn 'Fig. 17. 
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pressure in the helium container and rempving the transfer linè am the 

" two dewars. Total time of helium transfer varied from 45 to 90 mi tes. 

On the average, 20, L of liqui~ helium was fequired to cool the magnet 

~" and dewar, and fill the helium weIl to a ~ight of about 44 cm. or about 

8 cm above the top of the coil. 
1 

Boil off rate W8S generally 1 to 1.5 cm 

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

dropped about 8 cm below the top of the cO,il, as the s~lenoid went 
/ 

normal (non.~uperconducting) at a level,between 8 and 15 cm below the top 
• .l:.t 

of the coil. Therefore, if the dewar was filled with liquid helium to 

about ~ cm above the top of the coil. 10 ta 16 hours of magnet operating 

time was ava~lable for testwo~ 
l' 

2.L4 Permanent'Magnet 

A small, permanent magnet (solenoid) was used ta perform some initial . 
tests. It was 10 cm high with an 0.0. of 15 cm and a bore of 5.7 cm. 

,Figuré, 19 is a photograph of the magnet and the glass cannister used to 

hold the matrix (expanded metal matrix in this case). I.D.·of the 

camlister was 3.7 cm when expanded metal Jas used. and a 5.0 cm 1.0. 

cannister was employe~ when a steel wool matrix was used. A 2 L glass 

head-tan~ held t~e slurry about 40 cm aboye the magnet. Two baIl valves 

below the cannist~r were employed to co~trol the flow rate. 

t- "'" .... 

Field strength of; the magnet ~was measured along the4s ';;r the bore 

using the same Hall PJ~~ J ~~ probe calibration~sed ta c~librate the 
/ / 

larger magnet. The f" d di~~rib~~i_~n,~ ~~ "in Figure 20, indicates 

a reasonable uni formd t Y in field strength over the centre 5 'cm of the . , 

bore. When steel wool was packed in tpe bore the m~mum field strength 

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

5 an. 
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- FIGURE 19 

Photograph of permanent Magnet with the matrix cann1ster, 

contalning an expanded metal matrix. The matrlx and magnet Î -

are in the mags flush position. ' 
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Field distribution along the axis 
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The Frantz Isodynamie Magnetic Separator 42, 43) was used for 

, sample preparation and mass susceptibility lI\easurements. A photograph 

of this device is shown in Figure 21. Basieally, it consists of an 
1 

inclined chute placed ~etween long,specially shaped pole pieces~of a 

powerful electromagnet. The dry sample to be separated is fad down 

the chute parallel to the length ,of the pole pieces. The electromagnet 
D 

~ , 
and chute are als'o slightly tilted to on~ side. causing the particles f'ô 

~ 

flow down one side of the chute when no magnetic. field is applied. 

However, when eurrent is passed through the electromagnets and a 

magnetic field is produced b~tween the pole piec~s, the diverging shape 
• • 
of the pol es causes a magnetic force to act on a paramagnetic particle 

in a direction opposite to the gravitational force. This is illustrated 

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 opposi të to the F G' 

The main feature of the pole shape, hpwever, is that a constant fie Id 
i 

gradient (and thus a constant FM) acts on a particle regardless of its 

posi tion across the chute. Thus) the ratio of magnetic to gravi tational 

forces is relatively constant for a gîven partiçle. It can also be 

". shown thàt the net motion of the particles is virtually independent of' 

\ '. 

._lInm 

particle size (4). Because of.the long operating space parallel to the , , 

sample" flow; 'the separator provides a long period of magnetic action on , 
the particles rather than a short impulse. The direction of motion of 

, , 
Q 

the particles is consequently r resultant of the combined magnetic and 

gravitational forces. 

The Frantz produces a separatio~ based ma"inly on the relative mass 

susceptib~J.it:ies Of the p~rHcles~ and, due, to the pole shape, it makes 

1111 nlll.;;;i, •••• wv Il' "'7_.7 1t Tl w_*_ n_: r t>w .... ____ ~~_"" 
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FlOURE 21 

Photograph of the Frantz Isodynamie Magnetie Separator. 

, \ 

,~ 

lf 

l, 

'\:~k, • 
il 

0 

01' 

o \ \'" 
{ 

1 
() 

/ ~ Ît . 0 

1 .. ( 

t 

• 1 

• ms 

... 

l ' 

\ ' 

~ 

'1 

" 

.' 

1 , " 

l
, 

• , l 

\, 
,. :: 

... :r, , , 

, , 

Î 



{[l, , 

l 

t 
î 
1 
\ 

\ 

( 

() 
" . 

~\ 

.'. ,', ':'~iüJ:. 

" 

/ 

.. 

, , 

.. . 
0 , 

Y 
1. 

~~~\~:t~:~~1',\'l<1l{'t ,."~~~._(}:Ù, 1..:' ; . .;, .. h·I~A . " 

.. 

0, 

\ 

" 

t;'; 
,. 

'14 
l; 

'" t' 

''1 

.: "-
f \ 

\ / _.-

Ai'I' 

1 / 
1 1 1 :1' "->' Jti''ll'iL.t {~"",,..~,'t/~, 



• 
1 _ 

l 

r 

1 

FIGURE 22 

.",. 

Schem~tic diagram of ~ paramagnetic partie~e between the' 

pole pieces of the Frantz Separator. The partiele 15 
, ..., 

moving > in the (+~'z d:f rection along the chute. 
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very precise, separations between patticles of close susceptibility. 

Half w,ay down the chute a splitter divides the separated particles into 
<.jo 

magnetic and non-magnet:i.c fractions', Magnetic force is increase~ by , 
, , 

increasing the current' through the,electromagnet and gravitational force 

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

treatable is about 20 pm. AIl ~amples should be clean, and free of dust 

on t~ mineraI grains. 

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

passi~g the sample thrqugh the Frantz at a set side slope and a low 

current. The mags product is weighed and the non-mags 'become the feed 

for the neJ5t pass at a highero current . This is repeated several tirnes J 

increasi4k the current each time. Cum. Wt. % reporting to the magnetics 

chute can then he plotted against!current. 

An approximate determiI:tation of the mass susceptibility of any para-
I 

magnetic mate rial passed through the separator can be made f~om the 

following ;reIat,ionship: ' 

= 20 sine 
12 v 

x 10-6 emu 
---::--
gui - Oe (24) 

This equation is derived from a_ force balance hetween FM and r G, The 

1 used ts the lowest current at~which ,the particies report to~e. (' 
"magnetics" sipe of the chute. l ' , 

The Hal~ probe was also employed to calibrate the field ,strength ,of the 

Frantz with the applied curre,nt': The Irelationship oetween H' and 1" 

shown in Figure 23, is linear to 1.0 Amp. (15 ~G). It a1so indicates 
• 

Q 

that Eq. (24) would be applicable up to about 1,3 Amp before excessive 

éffects of magnetic saturation occur . 
• Jt 

i 1 .7 L 
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Calibration of current applied to ~he'e~eètromagnets of 
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the Frantz to the maxi~um field ~trengtp generatea between 
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Sample ~reparation 
d 
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J-
Five uni-miner,al snmplcs were prcpared for use 

- , in expcriments dcsigncd to ." 
/ , . . 

test the operating and particle parameters. Two multi-mineral samples . 
(concentrates) ~ere also prepared for ~eparations on the HGMS. 

. . 
. 2.2.1 uni-mineraI Semples 

# {t 

The test program as outlfned in Section 1. 3 called for a close coritrol 
1 

of particle size and magnetic susceptibility. Therefore, samples of 

narrow size range and narrow suseeptibility"range were req'uired', To meet 

these two requi rements the Warman cyclosi zer and the Frantz Isodynamie 

Magnet,ic S'eparator were employed for sample preparation. 

Severai kilograms of -400m hematite ltad been prepared by Partridge (44) 
.-

from the Carol Lake iran ore deposit of the Iron Ore Company of Canada. 
~ i t 

Analysis of'the hematite on the Frantz showed the coarser material (30 pm) 

to be approximat11y 99% hematite - 1% silica, and to have a very narrow 

susceptibility range (see Section 3.1). Closely sized samples were 
\ 

produced with the use of the qrclosizer. Several samples of 60 gms each 

were cyclosized. The minus #5 cone rnaterial was recovered for the first 

3-5 minutes of operation. Table 3,lists the ra~ge 'of partic1e sizes for 
1 ~ 

~one, the average partiç~e 

weight1 of samples . collected. 

size of each fraction, and the accumulated 
1 \ 

\, ~ 

To produce a hematite sample with a wider size distribution sorne of the 

sample\prepared by Partridge'was 'cycloned at 5 psi on al-in. lahoratory . . 

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

Table 4. \ 

A clean ilmenite samp~e (98-99% FeTi03) was obtained from Quebec Iron 

and Titanium Corp., Sorel. It als'o bad a narrow susceptibility range. 
( 

'The coarse' semple was dry ground in a 23 cm Abbê bal~mploying a 
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Cyclone 1# 

1 

2 

3 

4 \ 

S' 

~S 

, . 

\ 

23 

17.6 

13,1 
\ : 

9,0 

7.1 

li, 
~ 
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f 

. TABLE 3 
1 /" 

, 

Heq{atite samr1es , , , 

Size Collected Sample 
Range d lVeight 

(&lm) . Ave 
(gms) 

~ 

\ .. 37 30 ~ 90 \ 

~ .. 2S,4 22 90 

-+ 19,3 16 70 " 

.... 1'4..,.A. 12 .90 
\ \ .. 9.9 8.5 Q 50 

~8 70 
/ 

.\ 
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TABlE 4 
• / 

1 

Si ze Analysis ,of Hernntitc Cyclone 
Underflow and\ Ovcrflow 
4 \ 1 

j 
, 

'" 
1 

d 
Cyclone U/F Cyclone OfF . Ave Cone Il . ,"ml Wt % Cwn "'t % Ctun . 

'~t \ Wt % -
~ 

1 32 7.4 7.4 - -. 
2 24.7 23,,6 31.0 1.5 - 1.S 

!' 
1 

3 18.7 31.2 62.2 4.1 5.6 . 

\ 
4 13.5 "- \ 20.6 82.8 6.4 12.0 

\ 
. 

5 9.8 9.7 92.5 - 9.7 21. 7 
'/ 

- S "'5 
1 7.5 \ 78.3 \ 

'" 
, \ 

1 
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1 

10 )cgm steel baIl grinding media. Stage grinding w!5 ,~loyed with 
\ 

screening at 325 m. Approximately 1000 gms of -325 m ilmenite thus 

~ 4P.roduced was cyc10sized in 60 gm saD'ples. The second and third cone 

cyclosizer products were combined, ~ were the fourth and' fifth cone 

products. Minus #S cone material was collected for the first 3-5 minutes 
. . \ 

of operation. The size ranges," average 5ize5, and accumulated sample 

weights are listed in Table S. 

Copper concentrate/ with chalcopyrite as the primary Cu mineraI, was 

obtained from Geco Mines, Ontario. 
.; 

The slUIple was first cleaned and 

de-slimed in alcoho1 using a decanting teChnique (45), then dried and 

screened down to 325 rn. 

30 to 40% of the concentrate consis~e~ of mineraIs wit~uscePtibilities 

substantially iliffèrent from that of, the chalcopyrite. Ta produce a 

sample with a narrow susceptibility range, mineraIs other than chalcopyrite 
\ 

had to be removed. Therefore, sized fractions (-270 +32Sm, -200 + 2?Om, 

and -150 + 200m) were passed through the Frantz Isodynamdc Separator 

( at a current setting.of 0.95 Amp and a side slope of 20°. The material 

reporting ta the "~Oh-magne;ics't~i~e of the chute was a very pure 

chalcopyrite, while \the "magnetfcs" ,consi~ted mainly of pyrrhotite and 

sphalerite. 

The cleaned chalcopyrite fractions were stage ground in a 23 cm Abb6 

bal~ mill to produce sall!P1es in ~" 10 to 40 pm size range. A one minute 

grind was used, followed by screening at 325 m. +325 rn Material was 

returned to grinding-screening,.,and -325 m chalcopyrite was accumulated 

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

welghts of the cone products from the cyclosizer. 

1 

! 
'. 1 

, •. 
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TABLE 5 ,.-.......--

Ilmcmitc Samplcs 

... 
1 

Sizc Range in dAve Collccted Sarnplc 
Interval' d (oUm) 

-'um) 
Wgt. (gms) 

, 

+325 ~ 270 m 44 '", 53 49 100 

1#1 Cone* , 26 • 53 44* 80 

#1 cone 26 ... 44 35 200 
l '\ 

l 
1#2 & 3 cones lS .. 26 21 460 

#4 fI 5 cones 8 .. IS 11 180 
, 

p #5 cone <'8 60 
1 

* Weightcd avc. of widc sizc distribution 

, , 
. \ 

1 
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TABLE 6 

,.. 

Sphaleritie and ChalcoJ?yrito Srunl,les 
~ 

• 1 

60. 

... , 
Collcctcd Snmplc lVts. 

Range in cl \ (gms) Cyclone # Ave 'd ~m) --~m) 
(Zn'lFe~ CuFeS2 

1 28 .. 44 36 35 2~ .. , 
A 

2 II 3 16 .. 28 -22 40 70 
,,.4 

4 II 5 9 .. 16 12 2S 30 
. A 

. 
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Obt'ine~ ZInc concentrate containing sphalerite (or marmati te) was 

well from Geco Mi nes \ The ample was cleaned and deslimed in aicohoi J 
\ 

then dried and screened. ~ with 'the Cu concentrate, mineraIs with 

susceptibilit~ different from that of sphalerite were present in large 
, 

~. amounts, and the Frantz was eIllP,'loyed' to produce \ a cleaned sphaleri te 

. . 

1 

. 1 , 

concentrate with a narrow ranle of susceptibility. It was operated at 
,C) . 

a Q of 200 and current setti,ngs of 0.85 and 0.95 Amp. Material that 

reported to the magnetics side of the chute between 0.S5 and 0.95 Amp 

was primari Iy sphaieri te., This cleaned sphaleri te was sta~e ground J . , ' r , t, 

screened at 325 m) and dYc10sized in the same manner as was the 
1 

chalcopyrite. Table 6,'a1so lists the size data of t)he"'sphalerite samples' 

50 prepared. 

1, 
Il 

50 gm samples of Indusmin Ltd. silica were cyclosized to produce samples 

with narrow size ranges. The size data of the cyclosized siliea is given 
(' , , 

in Table 7. T?e presence of two sets of samples was due to the operation 

of the· cyclosizer at two different water temperatures . 

2.2.2 1 Mu1ti-Mineral Samp1es 

A tin concentrate (8n0 2) containing 15% pyrrhotite (Fe 78S)' was obtained 

from a gravit y concentration circuit at the Sullivan Concentrator, Cominco 

Ltd. J l~mberIY, B. C. A size ana1ysis of the as received concentrate i5 

shown in Figure 24 along with
J 
estimated pyrrhotite distribution. The 

4t / 
pyrrhotite grades shown were roughly determined from Frantz magnetic 

'1' 
/ ... , 

response curves for a few selected size interva15, Figure 25. Th~y 

indicate the predominant occurence of pyrrhotite in the coarser fractions, 
1 

as wou1d be expected inla gravit y concentration product containing two 

mineraIs of quite different density Ctsno2 = 7.0,tFe7SS = 4.6). 

Observations. at low magnification of the ptoducts of each pass through 

the Frantz, indicated that the m:terial magnetically captured ~p t? 0.6 Amp ,l: 
1 • IR:: ~!: FIE m.arflf7m;~iIi!!!! .!II .... " ..... 
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TABLE 7 

Silice Samples 

dAve A 
~m) 

, 
37.3 

T.J~Ui'" 

"' " 281.4 -
21,2 

, 14.6 

11,4 
. 

, 1 
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( 

dAve n 
(.«-m) 

1 

... 

42.4 

32,0 
, 

23.2 
\ 

16.7 

\ . 
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FIGURE ~4 
\ 
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, 

Size distribution of thé as received tin concentrate, 1 

wi.t,h estimated pyrrhoti te distr:l bution. nata points 
" , 

6',,_ 
\ 
\ 

derived through the use of the cyclosizer were calculated 

for the S.G. of Sn02 • The equivalent pyrrhotite 81zes are 
\ noted. 
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wa! primarily pyrrhotite with 20-40\ locked,Sn02• 

To produce a' sample with a size distribution in ,the range in wJ1fèh the 
1 

1 - 1) 

HGMS was tested (8, to 50 )lm)' '''so~ of the tin' con~entrate was screened 
o ~ ." 1 

at 325 m. The size and pyrrhotite, distrlbutions fO,\ the -325 m .materia1 

are given in Table S. A rep~sentative sampl~ of the -32Sm material was 
~ passed through the Frantz at 0.6 Amp and a side Sl~e of 200. The Fe 

assays and distribution of Fe,SS for the two p'roduets at 1 • 0.6 Amp are 

also given' in Table 8. 

A 10w grade copper cqncentrate was obtained from Vihanti Mine, Outokumpu 

1 

'\ 
l 
i 
1 

Oy, Fin1and. The as received sample assayed 26.7\ Fe, 19.4\ Cu, 2.2i 

1.2\ Pb; wrth the'principal mdnerals being, chalcopyrite, pyrrhotite, 
z~ and 1 

\ ~ 

pyrite, gaiena, marmatite and gangue mineraIs. 

Figure 26 plots the size analysis of the as received sample and tlhe sample. 
o Il 

after,2S'minutes of dry grinding. Grinding was performed in a 8-cm Abb~ 

, ballrmil1"with a 50 gm feed and a 300 gm charge. Some of the ground 
,Q 

,I, 

material was cycloned at 5 psi on the 1aboratory cyclone, to~duce a 

sample with a size d~stribution ~ithin the range of particle size tested 

on the HGMS. The size analysis of the cyclone U/F is also shown in 

Figure 26. 
o 

<, 

\> lib 

lS8q)les from the first three .cyclosizer cones of the' cyclone UfF Nere 
o 0 

incÎ~vidually tested on the Frantz. Their magnetic respo~)e curveA were 

p10tted in Figure 27. Minéralogiea! observation at high magnification 
q 

of some of the' Frantz products showed a large degree of finely disseminated 

10 locking. Material ~~porting to the mags at f cu~ent of 0.7 Amp or less 

consisted mainly of pyrrhot~te, with finely cUsseminated <*alcopyrite-
, , . ',1 .... '\ 

pyrite grai~s. Material abo~ 0.7 Amp was mainly.chalcopyrite and pyrite . \ 

lr. .. ,J " 
with a lArge &mount.of locking between the two., Sph~lerite was a1so 

l (;- s 
-~---~-~--~_. ___ ' .. hpt,.'Pï ...... ~~ll\! 

t 

,( 

i 
.~ , 
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Cyclone # 

1 1 

2 

3 
, 

4 

Feed 

. , 

d AveSn02 " 
(cA.m) P , 

34.0 

. 2°1.5 

' 16.2 

..... 12.0 

,,;" 

TABLE S 1 

~32Sm Tin Concentrate 
o 

'd AveFe7SS Wt % % Fe,sS 
'~) 

- 38,,0 4à.4 6.1 
~ . 

28.0 49.0 10.3 
~ 

21.2 6.5 10 

IV 15.0 4.1' 10 
0 

" '.57 
"-

Separation on Frantz 

Con4itions: j' Semple: 

Current: 

~3ZS m Tin Concept~ate 
-

0.6 Amp 

8: 20° 

" , H 0 1ft % \ Fe , Fe7~8 Fe,sS Product , e 

Units 
" 

• Mags \ ',13.5 \ 37.8 62.3 841 
~ f-/ l 

Non~ags 86.5 'J.35 0,58 50 -

J: ,. " 

\ 66. 

Fe,Ss Fe,Ss 
Units Distribution 

246 28.7 
"-.. 

sos ... • 58.9 -
65 1.6 

\ -\.8 41 
0 -

85' . 

Fe7s~" 
Distn. 

94.4 

5.6 , , 

1 
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• 
Il 

FIGURE 26 

Size distribution of the copper concentrate sample (a) as' 
p 

-received," Cb) 'ground for 25 min.,and (c) the cyclone U/F 
\ ~ 

·of the ground material. Data 'points detived through the 

use of the CYC~Si~er were calculated for a S.G. of 4.4. 
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FIGURE 27 

Magnetic 'response curves tor the tirst three cyclosizer 

• cone products of the copper concentra te. 9=20 • 
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present. 

A sample .from the second cone of the cyclosizer was passed through 

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

this current setting.w~re assa~ed for Cu and Fe. The ass~ys and 
1 "'1 

distribution of the Cu and Fe in the two products is reported in 

Table; 9. 

2.3 E~erimenta1 Technique 

The tmi-mineral samplles had been prepared to narrow particle size and 

sus ceptibi lit y ranges. As well, the operating parameters H, U,'l, Lm and L 

could be easily controlled. To study the ef~ects of these particle and 

operating parameters upon magnetic recovery, individual samples of the closely 

sized samples were passed through the separator under selected operating 

conditions. The experimental technique was that of holding aIl variables 
<:.J '1 -.. 

constant except the ~ne to be studied. !WO 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 hy4rostatic head was 
1 • 

maintained, aIl employed the expanded metal matrix aescribed in 

Section 2.1.1. The procedure for each test ~''was as follows: 
~ 

1. Velocity through the matrix was set by placing the required· 

2. 

3. 

4. 

5. 

1 

velocity control plug in the 1ine. 

,The matrix and sample carrylng 1ine were fil1ed with water. 

Pield strength was1set to the desired value, by Bdjusting 

the current to its corresponding value. 

A selected mass of the uni .. mineral sample was slurried and , 
well wetted by agitation in 500 cc of water. 

The on/off- valve was cipened. As the slurry passed through 

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

, .• ~.~~,~~ .'\~~~ " '~'J~~'1~~~~~~~~-.~~-:~-~7~7~-:~~~~~~~,7:,~{~:,~:~~.-,~~~~.I.~~tlN~ •. II.m~~~~~·: 
.. - ~."" - j ,,-' .. .-t • .-M..r ...... ~~~, , •• ,I: .. .J.~.t,-

J' 

"t 

.. 
l, 
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Conditions: . 

Product Wt \ 

~1ags 26.0 

Non~Mags 74.0 

o 
",' 

,,, 
e .• • ... 

TABLE 9 

Separation on Prantz 

Sarnplc: CoppcrfConcentrate 

Size: Ht Cyclosizer Cone 

Currcnt : 0 • 4 Amp 

9: 20° 

/ 
/ 

/ 

, Cu 

7.7 

~6.0 

" / 

, 
1 

1 

/ 
/ 

( 

Cu 

1 
/ 

Distn. 

\ 

9.4 

90.6 

/ , 

/ 
/ 

/ 

% Fe 

46.0 

22.2 

/ 
/ 

/ 
1 

/ 
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Fe Oistn. 

42.1 

57.9 ' 
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71. 

head tank to mainta~n a constant head. 

When the dis charge was",observed to be free of mineraI 
-1' 

particles the valve was closed. 

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

8. !WO full velocity top, flushes were applied to wash out the mags 

product into a separate bucket. 

Slurry density through the matrix was 2% or less, and the total volume 
1 

of water passed through the 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 maintain~d during an individual test in this 
" ,. 

system, and aIl experiments employed the steel wool matrix described 

in Section 2.1.1. The bàsic procedure was as f01lows: 

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

adjusting the baIl valves below the matrix. 

2. The ma~rix and sample carrying line were filled with water. 

3. Field strength was set to the de~ired value. 

4. ~elected mass of the samp1e was slurried and weIl wetted 

by agitation in 500 cc of water. 

s. 

6. 

7. 

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. 

The bottom valve was closedi ~nd about 1.5 L of was'h water was 

510w1y fed to the system from the head tank. 

Valve 3 (Figure Il) was opened and the w~h water was flushed 

into the bucket. 
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72. 

8. Repeat of steps 6 and 7. 
r 

9. Current was shut off to remqve the magnetic field. 

'10. Two full velocity top flushes were applied to wash out the 

mags product into a separate bucket" \ ,,', 
1 

Slurry density through the matl'illC was 3% or less. Total volume of 

water passed through the matrix in steps 51 to 8 was generally 5 L or about 

20 times the working volume. 

2.3.3 Permanent Magnet Operati:on 

Tests were performed with the permanent magnet using1both the drainage 
\ 

and constant hèad systems. Operation was basically the same as 

described above, except that the introduction and removal of the 

magnetizing field was by moving the magnet. 

2.3.4 Analysis of Test Products ' 

For a11 tests performed with both systems of op~'ration two products 
l' 

were produaed - a non-mags product and a mags product. The non-mags 

consisted of mineraI particles which passed through the matrlx wit~out 

b~ing captured. The mags'fraction consisted of partic1es that were 

either magnetically captured or physically entrapped ~n the matri~. 

The two produc~s ftom each uni·mineral test run were filtered, dried 
\ 

and weighed. Total lasses were general1.y \1 ess than 5%. Rr was defined 

as the weight , of the feed J minus lasses, reporting to the mags. \ 
9 , 

If I\t represented the magnetic recovery of particles, and ~ the 

recovery due ta physical entrainment, then: 

'. 

. 
n 

'1) 
';.< 

(25) 

/ 

1 
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c Rp vas experimentally determined by performing a series of tests 

with H = O. In these tests ~ = 0, so that Rp = Rr. 

The procedure used for' separation tests was the same as described 

ab ove , depending upon the system used. Products were filtered, dried, 

weighed, and assayed. 
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3.1 Suseeptibility Measurements 

3.1.1 Uni-Mineral Samples 

.> '('. , 

,1 " , ~"::/ 

Il 

The magnetic response curves of the prepared mi-mineraI saq,les are 

shown in Figure ,28. The magnetic sus ceptibil it y of the s~les was 

determined using the responsJ eurves and Bq. (24). Measurements were 

made with ##1 cyclone material at a side slope, 9, of 200
• 

Sinee each sàmple had a relatively narrow susceptibility range eacb 
\ 

could be characterized by a single suseeptibili ty value. This value 
1 

was taken to be that at 50\ cumulative weight reeovery. The current' 

on the Frantz eorresponding to 50\ cumulative weight reeovery, 150\, 

o 4t , 
and 8= 20 were substitnted ln Bq. (24) to yield the mass suseeptibility 

of the sample. Volume suseeptibility is related to mass suseeptibility-
, 

by: 

(26) 

The values of mass and volume susceptibiÜty of the four uni .. mineral 

samples as determined by the .above method are gi ven in Table 10, along 

with the range of vol~ susceptibility within which 90' of each 

sample reported. 1\ 

Most of the siliea (90\) was magnetically recovered on the Frantz 

when 1 .. 1.0 Amp and was between 20 and 50. The volume suseeptibility 

of the siliea was therefore, approximated by the single value of 

0.03 x 10-4 emu/cm
3
0e. ' ~ 

1 
3.1.2 Effect of d and e Upon Measured k 

, 
To determine if the paniele size of the. semple affeeted 'thtt value 

of the suseeptibility as measured on the Prantz. three different sizes 

i J m. 
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TABLE 10 

,SusceptibÜitios of Uni ... ~finora] Samplos . 

, 

"X.. x t0
6 e Je x 104 

Mineral ( emu ._) -(::3) ( omu) gm~Oe ,'-....1/ cm3~O~ 

Hematite , 152 
, 

5.2 8.0 

Ilmenite 116 4.8 5.6 

~pha1eritc 8.4 ' 4.1 0.34 

Chalcopyrite 5,5 4.3 0.25' 
\ 

\ 

o 

o 1 

'90% Range . 

6.7 .. 9.9 

4.2 ... 6.8 

.31-.38' 
< 

.17 .... 28 
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of hematite and spha1erite were tested (at e = 200) and the 

susceptibi1ity measured. The results, shown in Table Il, indicate 
, 

very 1ittle eff~ct of particle size upon k with the sphalerite, but 

a more pronounced effect with the hematite. The range of measured k 

values for the various hematite particle sizes was of the sarne 

magnitude as the 90% range"of a single size"interval (see Table 10). 

Further study of this aspect of susceptibility measurement was not 

pursued. 

The effect of side slope, e, upon the value of susceptibili ty as 

deterrnined from Eq. (24) was also studied. (he susceptibilities of 

the hematite, ilrnenite, chalcopyrite, and sPhalerit,\ sarnpli!awere 

determined from the results ~f several tests on the ~-with each 

test employing a different side slope. As the slope increases, 50 does 

the gravitational force acting 'on the particles. ~ higher field 

strength (iè current) ~ill then be required to pull the particles to the - ' 

rnagnetics side of the chute. 150% and the particular 9 ernployed were 
• 1-

substituted in Eq. (24) to determine the susceptibility for each e . 
~'f' , 

... ~ ..... ...,., 
The fifld strength, H, at the measured 150% was also -calculated using 

Figure 23. k vs H was then p10tted for each mineraI, as shown in 

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

3.1".3 . MoIti-Mineral Sarnples 

o The rnagnetic response curves from the PrantZ (at &= 20 ) for the two 

sarnples (Figures 25 and 27) indicate a-wide range of susceptibility 

in each sample. The samples were" therefore characterized by 3 or 4 
1 

susceptibility values, which are given in Table 12 along with the 

corresponding currents. Note that different specifie gravities have 
, .. 
been used for the sarne"sample. This was to try to allow for locked 
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TABLE ]] 

Effcct of cl LJpon ~Jcnsu~ 

Hincra1 d ISO~o k x 104 

(<<m) (Amp) ( erou) 
, cm3 pOe 

\ \ 
Hematite 3.0 0.211 8.0 1 

22 0.217 7.6 1 
1 

1 

1 16 1 

\ 
0,225 7.1 

-.J 
;. 

Sphalcrjte 49 0.880 0.~4 ., 

36 0.878 O.~4 

/ 

22 0.874 0.34 

. ~ 
,. 
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FIGURS 29 

Measured volume suscoptibility vs field strength at which . 
the measuremant was made, for the si~e ~lopc= indicated, 

r~r (a) spha1erite and chalcopyrite, and (b) hematite and 
1 

ilmenite. #1 cyclone materia1 was used in a1l cases. 
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TABLE 12 

Susceptibilities(of Tin and Copper Concentrates at Se1ected Currents 
~ 

1 

! 

Ti)1 Conc. 

Copper Cone. 

e Fe 7S
8 

= 4.6 

f Sn02 = 7.0 

! 
1 , 
, 
1 

1 

, 

i 

, 
t 
J 
: 
1 , 
i 

e CuFeS2 = 4.3 

.. ~ 

l 
(Amps) 

0.1 

0.3 

0.55 

0.8 

0.05 

0.2 

0.4 

0.6 

1.05 

-x. x 10· 

(g:~e) 
. 
6.84 

1 
1 

1 
0.76 

1 0.23 
1 1 

i 0.11 
1 

l' 27.4 

1.71 

0.43 

0.19 

0.067 1 

e k x 10
4 

(~ i C:~o') 
1 

5.0 1 34 .2 

5.5 1 4.2 , 
1 , 

6.0 
1 

1.4 
, 

6.0 1 0.66 1 

i .' 
4.6 1 125 , 

\ 

4.6 1 7.8 
1 

1 4.5 1.92 
1 

~ 
1 

4.5 i 0.86 
1 
1 • 

4.3 
1 

0.29 
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, 1 

'. 2 
particles of intermediate specifie gravlty. For example, the tin 

coneentrate values of 5.0 , 5.5 and 6.0 represented locked parti c les 

of va:rying pyrrhotite (t= 4.6) and cassiterite (t= 7.0) 

proportions. 

3.2 Effeet of Parameters on HGMS Partic1e Capture - Constant Head System 

Individual test data an~ results for aIl constant head system tests 

is given in Appendix 3. Unless otherwise indicated, aIl of the 

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

3.2.1. Zero Field" Tests 

To determine the,extent or physical entrapment, ~) of the uni

mineraI saJl1'les" a series of tests was run at zero field strength 

under various conditions of ve10city and particle size. Figure 30 

is a plot of Rp vs~d for ilmenite at four velocities. siliea at two 

velocities, and hematite at one velocity. As can be seen, Rp i5 

decreased through a decrease in d or an increase in U. Comparing 

the hematite, ilmen'ite and slUea data at 5.7 cm/sec, note that Rp 
1 • 

of hematite (t= 5.2) was slightly greater than Rp of ilmenite (t!:: 4'.8), 

'While that of silica ct= 2.6) was considerably lower. 

The effect of matrix loading upon ~ is shown in Figure 31 for 2l}Jm 

ilmenite at three velocities. Rp appeared to iemain constant with Lm 

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

significantly. 

2 The net susce~tibility of a particle containing two or more different 
,""" ",. 

mineraIs is the sum, of the product$ of the susceptibility and volume 

fraction of each mineraI. 
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FIGURE 30 

Rp vs d for ilmenite,hematite and silica at various 1 

velocitiea. Ccnstant Giad system. 
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3.2.2. Effect of Partic1e Size 
/ 

The effect of par~icle size was tested using aIl four uni-mineraI 

semples, wlth the more extensive work ~eing done with the hematite 

samp1es, which is reported here. 

Figure 32 shows the resu1ts of ~ vs ",for five sizes of hematite 

at 9.9 cm/sec. In genera1 accordance with Eq. (17), ~ increased 

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

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

model suggests that ~ is proportional to H
2d2 (for H > 10 kG) and, to 

- 2 2 test this, ~ vs," d was p1otted, Figure 34 (a). A log plot of the 

same data, Figure 34 (b), indicated an approximate1y linear relationship. 

Note that in the plots of Figure 34, the data points derived from the 

smaller partic1e ,sizes, 8.5 and 12 fom, fe1l below the average data line, 

while the data points from the coarser partic1e sizes, 22 and 30 pm, 

lay above it. 

3.2.;3 Effect of Velocity 

The influence of velocity upon recovery was 'tested with aIl four 

ùni-mineral samples. '\t vs H for 21 .Mm ilmenite is plotted in Figure 35 

for 4 different velocities. 

increased when U decreased. 

in conforming with Eq. (17), 

If ~ vs log H2 was plotted, 
U 

As would be 

A family of 

'\t vs H2 was 
U 

as in Figure 

expected from Eq. (17) , ~ 
again evident, "-curves was 50, 

plotted., as in Figure 36 (a) . 

36 (b) , an approximately 

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

velocity (15.6 cm/sec) data points la~ considerably be10w the average 
n '\ 

data line. 

" 
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FIGURE 32 

.... 

~ vs H ~or rive particle sizes or hematite. Constant 

he ad system. 
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FIGURE 34(a) 
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~ vs H
2
d

2 for hematite data of Fig.'s 32 and 33. 
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FIGURE 35 

~ vs H for 21 ~ ilmenite at four velocities. Constant 

h~d system. 
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3.2.4 Effect of Viscosity 

The influence of viscosit~ was studied through duplicate tests at 

two water temperatures. Table 13 summarizes the conditions and results 

, of two, series of' such testS. Al though there was at least a doubl ing of 
\ 

viscosity in both sets of tests. the differences in R,- wer~ minimal, and 

were within the range of reproducibility of a sing~e test. R.r actually 

increased (although Qnly 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 

Matrix loading W3S varied from 0.083 to 1.0 (equiva~ent to a feed 

wèight varyin~ from 5 gms ta 60 gms) in tests using Il, 21 and 30 pm 

ilmenite at 9.9 cmlsec and 1 kG. The results are shawn in Figure 37. 

As Lm increased, ~ decreased, and the extent to which this occurred 
\ 

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

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

indicotes thaè ~ is .pproxim.tely proportion.1 to log l"::dj 

f 

3.2.6 Sphalerite an~ Chalcopyrite RecoveEl 

'- Th~ results of several tests with sphalerite and chalcopyrite under 

\ 

.n _ _ 1 _P"' 

varioùs 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 fom of 'lt vs log [H~d2] .' As can be seen, an approximately 

linear relationship resuYted. 1t is noteworthy that both the 

sphalerite and chalcopyrite fell 'approximately along the same line 

in Figure 40, whil~ having a 30% difference in their respective 

volume susceptibility . 

mm r . , fT 

" 
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" 
TABLE 13 

, ~lasnctic Recovery vs Vi scosi ty .. Const ant "ead S)'5tcm 

1 

Conditions T tI- n,., 
(JC) (cp) (%) 

1--. 
1 

A. 'H = 0.9 kg .4 4.5 1.53 49.3) -
k = 5.6 x 10 4.5 1.53 52.3 50.8 
d = 3SMm 
U ::: 9.9 cm/sc~ 32.0 0.76 49.2).17 R 
L ::: 1/3 32.0 U. '/6 46.3' -' 
m 

B. Il = 4.2 kg "4 10.0 1. 31 94.5> C)4 1 
k = S.6 x 10 10.0 l.:n 93.7 ~ 
d = 21 Â.lm 

U = 9.9 cm/sec 53.0 0.52 ~~: ~)93.1 L = 1/3 49.0 0.55 
ln 

-~ 

," 

() 
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FIGURE 37~ -
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~ vs Lm for ilmenite at 9.9 cm/sec.Constant head system. 
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R vs H f,or three D~rti~le sizel of,sphalerite. and M ' \ 1 

'chalcopyrite at three velocities. Constant head sy~em. 
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3.2.7 Effect of Matrix L~th 

"' Matrix length tests were performed'using the permanent magnet. The 
1 

feed for each test was 10 gms of 22 }lm hemati te at 3.0 cm/sec. Seven 

mat!ix 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 l 

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. ~ 

In an attempt to confirm the assumption that ~l is ind~pendent of n, 

that was made in developing Eqs. (19) and (22), log (1 - ~) vs n 

was plotted, Figure ~l, âs suggested in Section 1.2.5. RMl was 

measured to be 0.094 and log (1 - ~l) was -0.043. The slope of log 

(1 - ~) vs n was - 0.048. Since the slope was approximate~y equal 

to log (1 - ~i)' the assumption that ~ is independent of n appears, 

in this case, to be satisfactory. 

3.3 An Empirica1 Model of Capture - Constant Head System 

Given the extensive data and range of conditions tested, an empirical model 

o~,p~rticle capture ~y HGMS could be developed. This was achieved usi~g a 

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

d, U, and..(\m' and the dependent variable was I\t. As suggested by the 

preceding resu1ts, the log of each independent variable was used. 

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

The HM w 

. \ 

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

1 

the following range of conditions: o . 4 ~ H Il 20 kG; 

emu/cm3-Oe; 8.5 .. d~ 36 pm; 
II 

2.9 • ~" 15.6 cm/sec; 

90%, the following regression equation: 

. 1 
0.25 x 10-4 ", k. 8.0 x 10-4 

o .083 • L "" 1. 0 ; m 
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TABLE 14 

Matrix Length Tests 

cOnditions: Samp1e: 
Weight: 

Size: 
H: 
U: 

each n: 

, matrix Wt. Itr n 
(gms) (t) 

1 4.5 23.2 

2 9.0 31.9 

3 13.5 44.0 

4 18.0 54,8 

5 22.5 .~1,4 

6 27.0 67.2 

7 31.5 74,4 
i 
) , 

Hematite 
10'gms 
22 pm 
0.9 kg 
3.0 cm/sec 
4.5 gms of expanded metai 

\ 

l), ~ measured log(l-~) 

(t) (\) .. 
13.8 9.4 ~0.043 

, 

14.3 17.6 -0.084 
l' 

14.8 29.2 . .. 0.151 

19~ 1 35.7 -0.192 

19.8 41.6 -0.235 

20.4 46.8 .. q.274 

21.0 53.4- -0.332 

t 

\ 

\ 
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Log (1-1)10) vs n for matrix 1ength tests performed on 

the permanent magnet with 22 )1111 hematft. ~1;~~8.C .. 
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I\t= (27) 

gave a standard error of estimate of 7.0. The fit is shown in Figure 42, 

which a1so inc1udes points with 10 ~ I\t~ 90% that were not included in the 

regression. 

3.4 Effect of Parameters on HGMS Particle Capture - Drainage System 
, 
1 

Test data and results for aIl drainage tests is given. in Appendix 3. 

Un1ess otherwise indicated, ~ll of the following results are for a feed 

weight of 20 gm, i.e. Lm = 0.67. 

3.4.1 Zero Field Tests 

Zero field runs were performed with ilmenite and sphalerite. The 

effects of d and U upon RF are shown in Figure 43. Figure 44 shows 
, , 

the effect of Lm upon ~ for 21 pk ilmenite at 10 cm/sec. Rp 

increased slightly with decreasing Lm for the range of Lm tested 

(0.33 to 2.0). 

3.4.2 Effect of Particle Size 

The effect of particle size was studied using aIl four uni-mineraI 

samples, although extensive work was only done with hematite. 

Figure 45 is a plot of ~ vs H for various sizes of hematite at 10 cm/sec. 

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

the product Hd. This is p10tted in Figure 46 (a). Figure 46 (b) shows 

that ~ vs log (Hd) is approximately linear. 

3.4.3 Bffect of Velocity 

Ilt as a ftmction of field strength is shown in Figure 47 for 21 }lm 

ilmenite at five different velocities. Quoted U is that which was 

(measured during the first 500 cm3 of flow. The decrease in I\t with 

~ncreasing U, as predicte9 by Bq. (17), was substantiated. A family 

i c 
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FIGURE 42 

Plotted regression results (Eq 27) for constant head 

system. 
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FIGURE 43 

Hp vs d for ilmen1te and sphalerite at several velocities. 

Drainage system. 
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of curves is again evident and ~igure 48 (a) shows ~ as a function 

of ~. Figure 48 (b) indicates that ~ is apparently proportional 

H to log Ü for U > 2 cm/sec. The points derived from tests at 2 cm/sec 

feli considerab1y be~ow the others. The effect of U was a150 studied 

at other d and with the other mineraIs, aithough not exten5iveIy. 

3.4.4 Effect of Viscosity 

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

duplicate tests at water temperature5 of 35·C, 22°C and 5·C are given in 

Table 15,. They reveal the correct sign of the dependence that the 

force balance model dictates, but not the magnitude that would be 

expectel from the doubling of the viscosity over thi5 temperature range. 

/1' 

3.4.5 Effect f Matrix Loadin 

Experim~nts were performed with 21 }lm ilmeJite at 10 cm/sec under 

varying conditto 5 of field 5trength and feed weight, with L varying \ , m 

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

Figure 49 (b) wasjderived from the same data and indicates that ~ i5 

H2 
approximately proportional to log -

Lm 

3.4.6 Sphalerite and ChalCopyrite Recovery 

Figure 50 shows the results 0f tests with 22 flm sph lerite and 

chalcopyrite at 2 and 4 cm/sec. 1 copyri te at 

20 kG and 4 cm/sec was considerably higher than wo 

the shape of the curves. 
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(al ~ va H/u for the data of Fi". 47. 

(b) ~ vs log(H/U) for the data of Fig. 47. 
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TABLE 15 - MAGNETIC RECOVERY vs VISCOSITY-DRAINAGE SYSTEM 0 

Conditions: H = 1 kG (permanent lIIagnet) 

d = 22 um (hematite) 

U = 8 cm/sec 

TEMPERATURE VISCOSITY MAGNETIC RECOVERY 
(oC) (cp) (lis) , 

5 1.5 37 , 

22 "" 0.95 39 0 

35 0.72 43 
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FIGURE 49 

~ 
(a) \, vs H for 21 ~m 11merlite at 10 cm/s,ec and rive 

matrix loadings. Drainage syetem. 
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~ vs H tor 22 )lm chalcopyri te and. sphaleri te at two 
J 

veloc1t1~s. Drainage system., 
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3.5 An EmpÙical Model of Capture - Drainage System 

,An emp~rica1 model was, deve10ped using the same step-wise linear 

regression,Jtechnique employed to treat the çonstant head system results. .,. 
'THe same variables were ernp1oyed, 'and the log .of each variable was used, 

with the HM exponent set to 1. The regressiJl data is given in w 

Appendix 4. 
; , 

l ~\, .. 
A satisfacto}Y fit over the entire field strength range could not be 

,~ 

achieved; at H > 15 kG, the l), for sphalerite and chalcopyrite was 

considerab1y highèr than could be incl uded wi thout unacceptable distortion. 
, .-
For the 112, tests covering the following range of conditions: 0.4," H "13 kG; 

8.5~d'49)Jm; 2'U"22 cm/sec'; O.17"'Lm'2.0; 0.25 x 1O-4. k • a.ç x 1O-~ 

'emu/cm3-0e; 9" 1\t'95%,.. the following regression 'équation: , 
[ 

HMil. 8d1.6] 
~- = -58.9 + 38.3 log ~ 
'"M U1.3L 1.1 

, m 

(28) 

gave a standard euor of e1stimate 9.7. The fit is shown in Figure 51. 

The considerable effect of k and the difficulty of including the term is 
\ ' 

illustrafed by t~e regression fit obtained for just the 59 ilm;nite and 

hematite tests,: 

The standard error of~imate was reduced to 6.5. 

Pigure 52 along with the range of conditions. The 

(29) 

, J 

Th ~t is gi ven in 

considerably but' the dependenèe o~he other pa~ 'ters was unaltered. 
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\ '~IGURE 51 

Plotted regression results (Eo. 28) of drainage system 

testa ine1uding a11 four minerals. 
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Plotted regression results (Eq. 29) of drainage systèm 
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4.1 Recovery of a Size Range of Hematite 

Hematite cyclone underflow_ with shown in Table 4, was 

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

-drainage system. Predictions were mad~ by ca culating R (with Eq._(27) 
-~ -!, \ 

or (29)) .for/each size interval, and summiltgjthefractional recoveries'\of 

each interval. Thus ~ 

, (30) 

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

Table 16. ~ was 13.5%. The resu1ts of tests with the drainage system 

are given in Table 17~ Average ~ for-the three tests~was 6.6%. These 
• 0 

re~ults indicate that the summation procedure used is a reasonable method 
" / 

of hând1ing a wide size distribution . .. 
4.2 Hematite - Silica Separations . , 

Drainage system model predictions were evaluated for separation of 16}1m 
l 

Fe20 3 from 30,um silica. Consider the grade and recovery to m~gs of 
1 

mineraI a (Fe203) in a synthetic mixture of mineraIs a and b (silica). 

Total recovery of a is given by: 

and grade of a to the mags is gi ven by: 

G 
~ags 

= 

~ 
(31) 

(32) \. / 

For a synth~t~c mixture there is no locking of a and ~ mineraIs 50 ~hat 
o 

RaM or ~M can be estimated from Eq. (28) or (29). 
J 

RaP $I\d ~p wil1 be 

known. ' Thus, RaT and G~ can'be predicted. Six tests, with varying
l ~gs ~ t 

feed % hematite, were performed. R~sults a~'given in Table 18. Figure 
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TABLE l~ 

, . \ 
Predicted and Measured Recovery of a ,Size Range of Hematite 

Conditions: 

dave fd 
(\DB) 

32 0.074 
24.7 0.236 
18.7 0.3J2 
13.5 0.206 
9.8 0.097 

- 5.0 0.075 

* using Bq. (27) 

, , 
\ 

" ), 

Constant Head System -~S9 gm matrix 

.k = 8.0 x 10-4 emu/cm3 - Oe 
U :::0 9.9 cm/sec 
L = 0.33 
Jfl =c 3.0 kG 

RM ~ 
Rpd Rrd 

92.2 1.5 93.7 
82.4 1.0 83.4 

; 71.9 \. .. 0.5 72.4 
59.5 0.5 60.0 
47.5 0.5 48.0 
22. (}.. 0.5 22.5 

J 

R . 
fract 

~ 
6.9-

19.7 
22.6 . 
12.4 

4.6 
..1.:1. 

67.9% = ~ predicted .' 
81. 4% = R.;. measured a 

ARr = l~.S%, ~ 

+ , 

......... ~ ,. 
" 

1 

/' 
. Il . \ \.. 
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t 
TABLI17', ,.J . 

Predicted and Measured Reco~ry of a Size,Range of Hematite 

Conditions: Drainage System 

I. H· 0.9 kG 

d fd 
(um) 

32 0.074 
24.7 0.236 
18.7 0.312 
13.5 0.206 
9.8 0.097 

"'"' 5.0 0.075 

" 

II. H = 3.0 KG 

d fd 
(um) 

32 0.074 
24.7 0.236 
18.7 0.512 
13.5 0.206 
9.8 0.097 

-- 5.0 0.075 

III. H == 6.5 kG 

d fdl --(\DU) ) ! 
i 

32 0.074 
v • 

24.7 O~'236 
18.7 01312 
13.5 0,.206 

( 9.8 Q.097 
.... 5.01 . 0.075 

C j 1 

." using BQ.1f (~9) 
1 

, ....... 
,t .... ~.a:g::: 

-4 3 k = 8.0 x 10 emu/cm-}!)e 
U = la cm/sec ). 
L = 0.67 
m 

... 

RMd Rpd 

57.9 5 
50.5 4 
42.5 3 
33.2 2 
24.0 ' 1 
4.7 1 

" 
RMd Rpd 

100 5 
93.7 4 
85.7 3 
76.4 2 
67.2 1 
47.9 1 

~ 
,j 

RMd RPd 

100 5 <-

100 4 
100 3 
100 2 
94.9 1, 
75.6 li 

/ 
. , . 

Rrd 

62.9 
54.5 
45.5 
35.2 

, 25.1 
5.7 

100 
,97.7 
88.7 
78.4 . 
68.2 
48.9 

Rrd 
. 

100 
100 
100 
100 
95.9 
76.6 

1 

R fract 

4.7 
12.9 
14.2 
7.2 
2.4 
0.4 

41.8% = ~ predicted 
55.0% == ~ measured 
âl). = 1 .2% 

7.4 
23.1 
27. 7 ~ 
16.2 

~, 

6.6 
...l:.2 1 

84. 7 = ~ predicted 
84. a = ~ measured ' 
âl). = 0.7\ 
li 

.7.4 
23.6 
31.2 
20.6 
9.3 

J5.7 
97.8 = ~ predicted 
92.0 = ~ measured 
~R.r ... 5.8\ 

, • 1 ~ 

,m;cerar cma 
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TABLE 18 

predicted and Measured Fe
2
03' Recovery and Grade in Separations 

Feed % 
Fe:z2.3 

100 ' 
70 
40 
20 
10 
5 

,of Synthetic Fe20
3 

- Si02 Mixtures ~ 

/1 

RS'l' = " 1 1ca M 

o RS'l' = 3% 1 Ica p 

R = 3.S% 
Fe203, P 

Conditions: k = 8.0 x 10-4 emu/cm3 - Oe 
H = 1.5 kG 
d = 16 um 
U = 10 cm/sec 

1 
Drainage System 

R (%) F (\) 
Fe20S T Fe203" Mags "L 

'.Hl 

Predicted* Measuredo Predicted Measured , " 
.67 . 59 60 
.47 67' 73 98 97 
.27 78 86 95 94 
,13 91 92 88 ~4 
.067 100 96 79 83 
.033 ioo 99 64 70 

r 
c /' 

* using Eq. (29) 

, , 

1 

.. 
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'. 
., 

" 



1 

\ . 

----...... -

j' 

, 

() 

1" ' 
, " . , 

120. 

, 

FIGURE 5) -

" Predicted and measured ~rades and recoveries ~or Fe20) 

trom synthetic Fe20)-5102 mixtures as a tunction of 

f'eed ~ 'e20)-
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\ . 
The total feed weight was maint.ained at 20"gms 1 b1:1t Lm was> based on the 

,. we.ight of hematite' in the feed. Products were analyzed for hellJ~tite 

t 

u5ing the Frantz. Recovery and grade correlations were reasonable_ 
. f 

indicating that basi1'lg L upon the weight of magnetically rec~>verable • m d 

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

/' ~J 
4.3 Prediction of Mineral Separation A Menodology 

Ta mak'è a reasonable estimâte of the metallurgy expected "fro~ the 

SUbj'ecd?n) a ~Ven. material ta HGMS it i5 essential to be able to .; 

describe the sus ceptibili ty and pal'ficle. size of the material. The 
l ".,' 

empirical moâels of captuTe w~re developed from da~a 'from t,ests empl~ying 
, . 1 

samples that éould, with reasonable accuracy, be describea by a Si~' 

,~a1ue and a, single val~e. ~eaI samples, generally have _wide 

and d and, practi~lY, can not be described p).dsingle values. 

ranges of ~k. 

Therefore 
. 

... the sample must be ~~lit' into several k and d values, and the weigh\ fraction .. 
, ' ana the mineraI distribution must be known for eaeh size intervai at each 

J 

susceptibility value. -It bhould be stressed ,at this point that, the mo~~ls 
1 

were peveIoped within specifie parameter limits, and that restilts from its 
~ . 

use b~yond \hese limi ts ... should be treated wi th cauti'on. 
il 

" ' ~ 

The spli~ti:"!l of the sanp le 'i;to several P_~~l:, f,s and ca~c,ul~t.1on of 

'Ilt for each size has already b~el'l described. A sunim~fion of the ~actional 
recoveries to yleld 'the total predict~d Ru yielded reasonable result~. 

Il .. 1 :J ~ 

., 0 '\ (~/ .. 

. A sim~Jar. procedure ilas /,pPlied .~o adj ust f~e. ran~ i~ ~~~ep ~ib(H ty . , 

However, unlike particle size distribution, w~e -cyelosiz~r clee.rly 
! ,,\ 

defii{es into severaI ~ntervals, the suscep,tibility,Q.istribution,'. as' derived 
,. 

from the magn~tic response curve frOID the 'Frantz,' is .a. ~mooth function aitd' 
1 l. • . . 

must be a~bitrarily split into several intervals.) Using the magnetic 
.. \ 0 " 

c 

:1 

'" 

~ 

" 
" 
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" 

'I;~t , " 
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. . , 

response curve; a sample is mathematically split into several weight 

fractions. Bach fraction will have an upper and lower current st which , 
it has been magnetically recovered on the Frantz. The ~v'rage qf the 

- 1 

, , 
, , 

two current values i5 then used as the ISO% which describe~. th~ susceptibility 
, 

of that,particular weight fraction of th~ sample (using Eq. (24». 

Alternatively, the 5ample caR be mathematically split into .several current 

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

. the difference in the two weight percent extremes as measured frem the curve. , , ' 

• 
The sample has thus been split into several size intervals and ,each size 

interval i~ de~eribed by several su~ceptibility v;lues. The weig~t fractio~ 
of the sJle in each k and d interval is known. As well, the distribution 

of a ceFtain mineraI or elëment, from chernical analysis of cyclosizer and/or 

Frantz products, mig~t be known. The on1y other parameter that needs to ,be . 

quantified before the empirical model can be applied te each k and d interval 

is Lm.l This value is difficult ta specify if a"wide susceptibility range 1 

is present. As a first approximation, the expected magnetic weight 

reeovery can be used to deterrndne Lm' If the predicted weight recavery 

differs greatly from the L employed to determine i t, then L should be . m ~ 

adjustedand ~ re.caleulated. 

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

interval, determining the fra~tional recovery for each interval by 

multiplying ~ by the interval weight fraction, and th en summing the 

fractional recoveries. With sufricient information very complex mineraIs 

can thus be handled. The basic information required to predict weight 
, 

recoveries using the empirical model are the size distri~~ion of the sample' 

and its magnetic response curve. Assays from fractions removed on the 

Frantz at sRecifie current, levels and assays of the individual size intervals 

: . are necessary if predicting elemental.or mineraI recoverles. 

- --- ._-- --_. __ .-----------
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4.3.1 Predicted and Measured.Metallurgy of Tin Concentrate 
Separations . 

-!The cyclone U/F, ~325 m tin con~entrate was employed to test the _ 
tr 

methodology and use of the empiric~l model developed with the constant 

he~ system •. The size distribution of the s~le was given in Table 8 

and ~he response curves are shown in Figure 25! The four size intervals 

were also assayed for iron, which was a~sumed to be in the form of 

pyrrhotite. -p1rrhotite assays ana distribution are also given in 
. , 

,Table 8. 'The final sample information available is the weight and 

pyrrhotite distribution to the two products resulting from a separation 

of the sample ~n 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 
t· 

the response curve had reacned a plateau) was mathematically divided 

into three equal weight fractions" 804 the representative susceptibility 

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

Table 12 gives the determined k values as weIl as the IS0% and specifie 

gravit y used to derive them. 

The empirical model was then applied to calculate the individual IL ... 
'. -W 

and ,RF S was d~termined by summing the fractional recoveries. 
e7 SM 

Determinat~on of total weight recovery was made difficult by the 

interlocking of pyrrhoti te and cass'! terite. The separation on the 

Frantz at 0.6 Amp. was used to solve th'is. In tJle'lFrantz separation 

Fe,SS recovery was 94.4% and total weight recovery to mags was 13.5% . 

Units of weigh~ recovery per unit of pyrrhotite recovery (13.5/94.4) 
1 • 

was used to estimate weight récovery on the HGMS, as expressed by: . 
(33) 

1 
1 

'/ 
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where Rp) thl',estimated total physical entrainment, was .2%. 
1 

,> 

" 

The sàmple was assuméGtol consist of only Pe7SS and Sn02 (although 

a small amount of impurities may have been present, eg PbS). The 

weight loss of Sn0
2 

to /th~ mags was therefore estimated from: 

"R • Rr - (RFe S x 8.57)/100 
Sno2T 7 SM 

(34) 

• 
Grade oÏ Pe7SS in the mags was "estimated using Eq. (32). J and grade 

of Fe7sS in the non"mags using, 

(35) 

o 
where a corresponds to P~7S8 and b corresponds to Sn0 2., 

Predicted and measured weight recovery) pyrrhotite Tecovery, and 

t Pe7~S for the five tests are summarized in Table 19. Predicted 

pyrrhotite recovery and weight recovery were s1ight1y lower than the 

measured values in each case except one. Genera1ly, however, 
, 

~ 
agreement of predicted with measured metallurgy was'good. 

Predicted and Measured Metallurgy of Copper Concentrate 
Separation ~ 

4.3.2 

The cyc~one "U/P copper concentrate, containin~ chalcopyrite, pyrrhotite 

and'pyrite was tested with the ons t ~ead system. The aim of such 

. 
removing the pyrrhotite. nique described in Section 

4.3.1 is not feasible in li cati ons are (1) Fe is 

contained in aIl th;:ee main mine~al 
, 

Pe assays alone would 
1 

no~ describe the mineraI occurence (e te ve mineralogieal preparation .. 
, and (2) a large degree 

of mineraI interlocking is present. 
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. TABLE 19 

~redicted and Measured Metal1Urgy of Tin Concentrate Separations J ~ 1 

'\ 

"-

R 
, 

Pe7SS .r 
'1 

'Re (t) , Fe
7
S

8 ~ 
Test Product Predicted* Measured Predicted* Measured Predicted* Measured ~ '. l ~ 

1; 
1#1 H "" 3.9 

! 
Mags 15.0 20.0 53.9 41.5 91.1 89.3 

U =15.6 ? '! 

Lm"" • 04 Non-Mags 85.0 SO.O 0.89 1.25 8.9 10.7 , 
~ 
l' 
:~ 

1#2'H"" 2.0 Mags 13.0 17.2' ~3.0 45.5 78.4 
>l, 

82.1 , 
U =15.6 ~ 
L = .04 Non-Mags 87.0 82.8 2.12 1.93 21.6 17.9 JI 

:j m .. M! 
" . " 

.' 
,/ 

1#3 H "" 1. 2 Mags 11.0 13.8 51.8 49.2 64.7 74.5 
U =15.6 L 

Lm= .04 Non-Mags 89.0 86.2 3.38 2.70 35.3 25.5 1 

1#4 H = 2.0 Mags 12.3 16.3 52.2 49.5 72.9 85.0 
U =15.6 

oLm=0.08 Non-Mags 8'17 

'" 

83.7 2.63 1.71 27.1 15.0 

-
/ 

1#5 H = 2.1 Mags 12.3 13.3 52.2 54.8 72 \'9 80.5 rZ 

'\~ 
. 

U =22 
L =, .04 Non-Mags 87.7 8p.7 2.63 2.04 ~r"27:r~ 19.5 m 

(' 
:;; " '1 

" i v't, 

'" "'- J' 

~""~ 5" 

* See Appendix 5 '" 

() 

·c , 

", .. _--_. '~-~ .. ~~;~.j •• , ~,IIIIII .. _1 Mt .~_~~~ .. ,. ,~. 1Ii~~~: •. n.l .... ,1~.) _.~,~ •. ~r_7_.'.p_.,.fI .. l.JHIIIIl· .. a.'., -, ~ .. _J .i.~~,T.IiW"W7_i'.Jr.I' ••• *flililn •• lillit1"II_ .' •• ' , , 
• N '>Il ~ ~'.t"'~t·~~~_., _t ~ ..... .A_~ .. 
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,/ 

" Howevei, data !rom the Fr~tz Isodynamie Separator can be used to 

initially approximate expected metallurgy of separations on the HGMS. 

Referring to the lI\agnetic response eurves of the' sample (Figure" 2+J , 

and realizing tpat Fe7SS is mueh more susceptible than CuFeS2 and FeS2, 
• 

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

20 to 30% of the sampl~e~.IIY recov:red. Seme copper will 

naturally ~e removed due to particle loc~ing. An indication of the 

expected metallurgy is given by the ~eparation on the Frantz of #2 
o 

cyclone material at 0.4 Amp., sho\ffi in Table g.. (~re appears to be 

littl~ size effect in the magnetic response of the sample, 50 #2 cone 

màterial is used ~o approximate the whole sample). This metallurgy 

could be used as an initia~. approximation to the metallurgy frorn HGMS 
! 

that produced a 20 to 30% weight recovery. 
-l1 

The size distribution of the copper eoneentrate cyclone U/F is given 

in Figure 26, and the magnetic response curvès of the first three 

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

calculations for eaeh test. An average~response curve of the #2 and ': 

cyelosizer eones (which represents 53%/of the saIDple) was used in 
/ 

splitting
l 

the susceptibility into four k values. The weight fraction 

') of the saMple apportioned to eaeh s~scePtibility interval was determined 

/ - as per the lIlethod described in SectiOn 4.3. 

Table ~O gives the predicted and measured weight recoveries for the 
• 

four tests, as weIl as the Cu and Fe assays and distributions in the 

. -~ags product. Predicted weight rec~veries were reasonably accurate, . 

although they were aIl slightly higher than the actual weight 

recoveries. 

".fI • 
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H 
~est * -(kG) 

~ 
~. 

'> • 

1 2.1 

2 1.1 

3 2~1 
, 

4 4.0 

/' 

l, 

TABLE 20 

Copper Concentrate Separation Results 

/'-

U ~ % Cu Cu Rec - in to cm 
(sec) .. 

Predicted* Measured Mags Mags 
(%) 

'oq, 

22 23 19 ' 7.7 7.4 
. 
15.6 19 17 9.0 7. '3 ' 

, 

15.6 28 Î,23 .9.5 11.5 
--.,t. 

,15.6 3S 28 12.2 . 17.1 
, 

, 

." See Appendix S 

, 
1 
Î 
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1 1 

! 

1 

t , 

. 
\ Fe Fe Rec 
in to 

Mags Mags 
(%) 

43.6 34.1 

'46.2 31.3 

11 43 . 6 38°.~ 

38.4 43.6~ 

1 . 

~ .. 
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/ 

Tests 1, 2 and 3 had weJght re~~e~ieS between 17 and 23%, and their 
! 

copper assays and distribution were approximated, as expected ~y the 
, 1 

separation on the Frantz of #2 cyclone material at 0.4 Amp. 
fr 

4.4 Predictions Using,Shoeter Matrix 
il • 

) 

Several tests using ilmenite and hematite, including hematite cyclone U/F 
1 

wer perfonned with tfe constant head system using the shorter expanded 
, (» 

meta~ matrix qescrib,ed in Table 2. To predict the recov~ry in each câse, ~ 

(or the longer mat~ix was first estimated using Bq. (27). ~ for the shorter 

matrix was then e$timated using Eq. (22), where x was equal to 59 gms and 
- ( 

y • 32 gms. ~Ifor the long,matrix was, therefore, denoted by RS9 ' and for 
? 

the short matdx by R32 • 

Table 21 gi v,es the conditions of each test employing the closely sized 
(1 • 

samples,'and predicted and measured Rr. The av~rage difference between 

predicte~'and measured recoveries waS st. Table 22 gives the piedicted and 

measur~d Rr for'the test employing the hematite cyc~one ujP. R32 was 

determined for e~ch d interval, and Rr from the summation of the fractional 

recoveries. Rr was 5.3%. Considering that the predicted recoveries 

in~olved a prediction using the empirical,model plus a prediction of ,the 

effect of matrix length, the results are reasonable. 

~. 

( 
~' '4,; 

>l'" 
... 

., 

( \s 
" 
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TABLE 21 

. . 
Predicted and Measu~ed Recovery USin' Short Matr!x 

129. 

Test Conditions R59* ~320 ~ Rr ~ 6RT 
k H d U ~ Predictpd Predicted ~ Predicted Measurèà 

Test # (e;u x 104) -(k-G-) -(~-) -(~-:-c-) (!t;) ", (%)~ (\) (%) (%) 

.~-~ 1 

1 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 

3 5.6 1.1 21 9.9 .33 39.5 23.7 1 16 9 

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 81.1 59.2 5 64 63 1 

l' 

"\ 

* Using Bq. (27) 

o Using Bq. (22); ~ = 1 - (1-RSg)Y/S9, where y = 32 
,1 

'i 

1 1-

,/ , 

, .. ,1l' ... ' '.~, i'.'· 
, , 

• '~_ .. ..l..#d ....... ~~ ,,'.1''':: ........ 1".f..!'LK11 ~_.la! 
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.. T~BLE 22 

. Pred!cted an~,Measured ~ Using Short 'Matrix 

and Hematite Cyclone U/P 

\ 1,30. 
\ 
\ 

\, , 

, .;' 

"'\ 

1 

1 

Conditions: 'constant ~ead system - 32 gm matrix 

32 
24.7 
18.7 
13.5 
9.8 

- 5.0 

, 

0.074 
0.236 
0.312 
0.206 
0.097 
0.075 

* Using Bq. (27) 

\ 

. . :. ~ ""'. , 

94.6 
84.8 
74.3 
61.9 
49.9 
24.4 

-4 3' 
k, = 8.0 x 10 emu/cm - Oe 
Ù = 9.9 cm/sec 
L = 0.33 . 
~ ="3.3 kG 

\ 

'\ 

.r 

, 

'R 0 32 ' 

79.5 
64,.0 
52.1 
40.8 
31.3 
14.1 

, 

1.0 
0 .. 5 
0.5 
0.5 
0.5 
0.5 

R.r
d 

80.5 
64.5 
52.6 
41.3 
31. 8 
14,6 

R' 
1 fract 

6.0 
1~.2 
16.4 
8.5 
3.1 

'..!J. 

-Ir 

1 

1 
1 

i -

50.3= ~ predièted 
-S5. 6 = ~ measured 
, AR.r= 5.3% 

\ 

1 
• 

J 
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5.1 Susceptibility Me~urements 

132. 

• • f 
The use of ~he Frantz Isodynamie Separator as a susceptibllity measurernent 

1 l, 

device was attempted because it is easily accessible to personnel in the 

mining industry. With the Frantz, magnetic susceptibi1ity can be quickly 

f and easily rneasured. An added, and important, ben~fit i5 that the range 

of sU5ceptibility within a single sample can be determined in the form of 

a ,magnetic response curve, a feature of which conventional rnea5urement 

devices (eg. magnetometers) are incapable. At the sarne time,"sample 

fractions can be separated and removed s,t various levels of magnetic 

susceptibility and assayed, whic!J.- then permi ts metallurgy to be introducecj. 
, 

However, the validi ty and accuracy of the sus cept i hi li ty measurements made ' 

with the Frantz are debatable., 

o 
Measu,red susceptibility of aIl four uni-mineraI samples was found ta vary 

consideraply with the side slope employed. In each ease there was a large 

decrease in measured susceptibility as the appli~d field strength'at which 

the measurement was made increased. Parama~etic material will saturate 

at high énough strengths, and when app~oaching saturation k will decrease 

with H. It~wever, at room temperature. "the field strength required before 

a noticeable susceptibility decrease occurs is extremely high (> 105 gauss). 

MineraIs present a problem, th~ugh, as minute amounts of ferromagnetic 
, 

mineraIs within the crystal st~cture of'the paramagnetic mineraI can greatly 

affect the magnetization. It i5 doubtful that this occurs to 5uch a large 

degreè with aIl four uni-mineraI sampl~s. !WO explanations seem possible: 

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

the amounts;indicated, or (2) the susceptibilities do not vary to such an 
l ' 

', . . ' 

"f" 
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.... 
exteJlt and the effect is an artifact of the measurillg technique. The 

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

'of susceptibility measurement with the Frantz should be investigated. 
1 1 • 

Table 11 indicates that' k can vary wi th d. A noticeable, but not large, 

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

sphalerite. This suggests, th~ the phenomenon was p~obably a feature of 
\ 

the hematite itself and not due ta the measurement technique, otherwise 

equal effects on bath samples would be expected. The type ~f grinding 
, 

media employed in preparing the hematit~ May have been influential. 

Extensi vt: examination of th~ size effect was not performed, al though' such 

a study might be beneficial. 

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

&' consistency, aIl susceptibilÙ:y measurements would be made at a side 

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

5.2 Force Balance Mode 1 of Capture 

As an initial description of particle capture in a high gradient magnetic 

separator the force balance mode 1 i5 marginally adequate. It fails ta 

preClict the' log dependen\and does not âccount fo~atrix loadi.ng. 

Quantitatively, the effe s of veloçity, viscosity, and particle size are 
. \ 

underestimated. However, t e model's uncompJicated approach serves as 

a good qualitative introduction to the forces involved in magnetic capture 

of particles. 

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

model of 'Eq ~ (17), i t must be remembered that the force balance model was 
\ " 

developed unQer the conditions of several simplifying assumptions. Fir5tly, 
... 

the actual matrices were not circular in c:r;oss section, as was assumed i,n 

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

exhibi ted the sl1!!E_ ed{es ~whi..E.h. loç1!!mg 1 higher. tb!lL~Y~r..~~,u.""'-''''''H'''''.''''~J' 

,':-.) 
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radient would be created. 'Therefore,' classificatiort of the field 

gradient by a single value was only an approxim1ltion of the 'real , . 
situation of a range of graélient~'. 

Il 

The assumption of.fluid flow in the ~tokesian regime ~as not totally valid. 

At the highe~Velocities and with most of the particle sizes-employed an 
~ " 

intermediate flow regime would be present, thus affecting the d and U 
1 

exponents of the drag force. The particle was also assumed to be, moving 

with a velocity equal to the fluip velbcity. This was obviously not the 

case as it moved towards the wire in a direction which was generally at an 
Q 

, ~ 

angle to the fluid flow., Derivatiort of thlf drag force also assumed the 

presence of spherical particles which, naturally, is not the case with an 

actual 5 ample " · 

The drainage mode of operation introduced two further considerations - a _ 
\ D 

non-constant velocity, and an added force, residing in the interfacial 
d 

" ' tension of the air-water boundary. , 

Finally, the force balance model was developed for the case of a s~ngle _ 

wire and a singœe particle, which,may be confusingly over simplified. 
o JJ 

l!Jl extensive comparison of the results from actual tests ta the force 
• 

balance model is, therefore, n9t a worthwhile exercise. The use of,the 

force balance model should be confined to a general qualitative description 
1 0 

of HGMS, in which ~t is reasonably successful. 

5.3 Empirical Models of Capture 
~. 
A model capable of predicting HGMS performance from readily obta~nable 

test data would. be invaluable as an initial guide to applicability of" 

'this separation technique. This was the main purpose in develoPin~ the' 

empirical models of capture. 

)' 
" 

l 
)~ 
\ .. 
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".~/ 
Empirical madels 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 c.onsiderable differenc;s in • w, 

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

pmajor dÙferences existing between the two syste~ of opera'tio)1},.---/~irst, 
, 

one, was operated at a constant velocity while the other was n6t.,_and second, 

an expanded metal matri~ was employed in the constant head system an~~ 
steel wool matrix in the drainage system. 

1 
Il 

Observations during initial 

tests with t~e permane~t magnet and a glàss matrix cannister indicated that 

when the column was allowed to drain, the accompanying interfaciaf tension 
o 

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

This added force would preférentially remove physically entrained and weakfY 
II 

~magnetically held particles, a'useful advantage if attempting to produce a 
J 

clean mags product. For this reason operation 'in th~ drainage mode ~as 

examined. 

The major difference ~etweenDthe two matrix trpes employed was in their 

. \ 

cr~ss sect1rnaI area. The expanded metal matrix had an, average equivalent 

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

meànt that higher field gradients were'created with the steel wool matrix. 
, fi 

. ' 

, The cros.s section of the expanded 'metal was also very uniform in comparison . 'il . . 
'to that of the steel wool. 

\ 

Finally, the axis of the expanded metal wire was-nearly always perpendicular 
• 

to the dire~tiorr of background magneti~ field, while the orientation of 

the steel 

.J 
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5.3.1 Form of the Models 

The fOml of the empirieal models and the vaiues of the parameter 

éxponents are worthy of discussion. A step~ise linear regression us~ng 
a 

the data from aIl the tests yields a relationship between the dependent 

'and independent parameters. In,each case, the five independent parameters 
, 

from the results of aboût 80 tests were used. With such a large number 
t' ' 

.. , Il r 

of variables, a completely reliable r~gression would require several 

hundred sets of data. Interpretation of the exact values of th~ 

'resulting parameter exponents is consequentIy difficuit. The magnitude 

of the exponents should therefore be discussed only in relative terms. 

A computational proble~ in the regression analysis was the handling of 

results trom tests perfonned at H > 10 kG. Above -10 kG the matrix. has' 

become magnetica/ly saturated and the dependence of ~ on H is to the 

first power of H, while below 10 kG the dependence should be to the' 

second power" (as is assumedJin the regression development). However, 

the simple technique applied to combine in a regression the results of 

tests above and below 10 kG, as described in Appendix 4, was satisfa,ctory. 

Results from tests studying the individual parameters showed a logarithmic " 

~ependence of 'li upon the pa\ameters. D !his type of relationship is a 

corlsequence of feeding many pafticles to many layers of matrtx wire, 
( , 

(un~ike the si~uation used to develop the force balance model), which 
" 

thus introduces the consideration of probability of capture. Any one 

particIe, as it traveis through the matrix, may pass, dose to a wire 
, 

'( \ ' ' 

severai ",timès. Since there are millions of particle;'~d, perhaps, 

mill~ons.of capture sites, probability then becomes an important aspect 

of particle capture •. 

1 ; , j 1 li ; " tif Il 2 jl~,,"'" 
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5.3.2 Parameter Effects 

Fie Id Strength 

The parameter effects can be discussed while keeping in mind that 
1 /"\ 

their exponents are relative to the HM~"exporiept of 1. As the HM 
w 

exponent was set t~ 1, comment on the effect of H is difficult; However, 

,the assumption of Mw reaching saturation at 10 kG appears to be 

satisfactory . ... 

Particle Size 

The effect of particle size was observed to be considerable in the 

constant'head'system and less so with the drainage system. This 

~terence in its degree of influence was a result of the differences 

in matrices as weIl 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 ~he particle diameters. Thus a matched 

system, which would lessen the influence of d upon ~ (comparing Eqs. (14) 

and (iS')) could not be assumed. However, the steel wool matrix had a 

wider range of matrix size, giving a wider range of gradients, plus an 

average matrix diameter which was better matched to the particle size. 

The result is that closer to optimum gradients would be available for 

more than a single particle size with the steel waal matrix. An 

uncertainty in this explanation lies in not knowing what role the parti cIe 

size plays in the drag produced by the interfacial ~ension when the 

water level passes ,through the matr,ix in t~e drainage system. , il 

When a range of particle sizes is fed to an HGtS, a question is whether 

or n'~.the larger sizes are preferentially re~overed in the first 

sekme~ts of the matrix-to an extent larger then would be expected fro~ 

.,' 

.tw;.~"'~'i'''f'J~~~,~ • 

l'~ ,'. 
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, 
the ernpirical model. The results from testing the hématite U/F show 

that if that is the case, then its effedtis not very large. Using 

the samp'le size distribution, a simplè fractiona'l recovery sununation 

procedure produced good results. 

Susceptibility 

Handling of suscept'ibi 1 ity in the reg.ressional analysfs ,was difficul t, 

although results with the constant head system were ,ood. The drainage 
'1 

system did not give a value for the k exeonent near unit y, which the 

force balance model would predict. The drainage model was also . . 
incapable of handling results from tests with field strengths greater 

- ) 

than ~15 kG. The cause or these problems was not found, although they 

were probably derived rrom the drainage mode or operation. 

Velocity and Viscosity 1 

With the constant head system, the errect of velocity was considerably 

greater than the rorce balance model would predict. With both systems, 

.. 

viscosity was found to have litt le or no effect between temperatures of~ 

5° and 40 0 C. Both of these parameter effects indicate, then, that the 

limiting of the cornpeting rorce to that of hrdrodynamic drag is an 
1 

over-simplification. , In a theoretical analysis of particle capture, 
1 

other forces should be considered. 

Peed Weight and Matrix Length 

Matrix loading, as defined as the ratio of feed weight to matrix weight, 

can'be altered by a feed weight change or a matrix length change. The 
"-.. 

effects of feed weight and matrix length can therefore be discusse&. 

together. 

1 

Results from Section 3.2.7 showed that the fractional reçov~ of a 
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sample in each segme~t of a matrix of n segments was constant. Since 

the feed to 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 ~ increased 

with decreasing L • m Figure (37)1 however, shows that the recovery of . 
ilmenite increased onlYoslightly with decreasing Lm.when the ,conditions 

# 

were,set for a recovery of less than 20%. When the conditions were set 
o 

~ 

for higher recoveries there was a considerable effect of feed weight upon 

recovery. The matrix length t~sts employed low recoveries, so that the 

apparent proof of a constant ~ with n May be an artifact of choosing 

low'recoveries. When dealing with'R >20%, the matrix length correction 

(Bq. (19)) May possibly be incorrect. 

The non-uniformity of the sample May also influence interpretation of 
. 

the matrix length,results.~ In the tests studying the effect of matrix 

length (as in the other tests) the hematite sample employed had a narrow . 
particle size and susceptibility range, but, none the less, a finite 

range. The expected increase of ~ o~ each segment as the feed to aach 

segment decreased, May have.been counter~balanced by a selective capture 

in the first matrfx segments of the more susceptible and larger particles 

of the sample. An analogy 'is the presence in a flotation feed of 
, , 

mineraIs 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 recov~ry is difficult to ~otice), the effect May have been sufficient 

to counter-balance the increase of ~ with decreasing feed weight. 

m 

Therefore, a combination of low recoveries in the matrix Iength tests, 

and sample non-uniformity, May have caused the apparent proof of. 

constant ~ with n. Results of predicting the effect of matrix length 
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1 
\ 1 

thx;ough the use ai Eq. (22) are further discussed in Section 4~4 
/ 

!WO variables that were not investigated were matrix packing denrity 

and slurry density'; f It has been assumed that, within Hmits, their 

effec~s upon ~ would be neg1igible. However, both the steel wool 

packing density and the slurry density employed were very low, sa that 

if tests were performed at'much higher densities, their effects sh6u1d 

first be examined. 

5.3.3 Precision of Separation 
1 

Precision of separation is an important consideration in any mineraI . 
separatign technique. An interesting observation from the empirical , 

mqdels of the two systems of operation is that, with respect to suscep

tibi1ity, separation with the drai~age system is more precise than with 
• r::!.; • 

the constant head system, but wlth respect to partic1e site, the 

constant head system is more precise. As an illustration assume that a 
~ . 

" . "-

feed with a single particle size and containing two paramagnetic mineraIs 

is fed ta an HG5 lUlder set tondi tians of H; U, and Î"m' One mineraI 

with, susceptibility kl , is 90% recovered and the ~ther mi~e~al, with 

susceptibility k2, is 10% recovered. In the drainage f.ystem of operation 

the ratio of k1 to k2 wou1d be 14.3, while in the constant h1ad system 

it would be 83. Appendix 6 Bives the.calculations of the fi8~~S. Thus, 

ini! ~he constant head system, kl wou1d have ta be 83 time~ greater than 

,k2 to produce the separation (90'~10'), while in the drainage system, 
~ 

kl wou1d on1y have to be 14.3 times greater than k2• The drainage mode 

of operation i5 more precise a separation with respect to k than is the 

, constant head) system. 

--- --__ , _____ ..J 
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~ 
To illustrate the precision of separation with respect to particle 

size assume, that a feed with a single, narrow susceptihility range, 

hu~ containing two particle sizes, is fed to an HGMS. The particles 

with size-d{"are 90\ recovered and the particl~5 with size d2 are 11'/ 
recovered. Then, in the constant head system the ratio of dl to ~~ is 

8.3, while in the dra~nage system the .ratio o~ dl to d2 is 20. /;the 

constant head system is more precisie with x:espect to particle size than 

is the drainage system. 

In any one sample ~ined effects of sus ceptlbi li ty and- particle 
, 0 

~ size wou1d have ti be considered. If a precise ~eparation with respect 

to susceptibility is desired, which is the usual case in magnetic 
, p 

separation operat,ion, then a relatively narrow partic1e size will he 

required. If a wide range of d is present, anij the operating parameters 
" / 

C are adjusted for a high recovery of the smallest parti cIe size of the 

more susceptible ~terial, then the larger particles of the 1ess 

suscept~le material may also have a high recovery. The combination of 
,/ 

patticle size ranges and susceptibility ranges are, therefore, the 
~ 

limiting fact~n precisian10f separation. 

( 

The empirical model of c ture ac nted for the effect of matrix loading, 

~ expressed by feed weight. /~e mo~e1, in ~unction with Eq. (22), was 

al50 capable of Predicting/(e reco~ery of f Sampl~ when a matrix was employed 

that had a length ~iffer~~t from that used to develop it. The empirical mode'l 
/ 1 

would first be used tp/ de termine the recovery with the matrix length for which 

the model was dèv~lOped, at\he same tin,,; accotmting Ifor the effect of feed 

weight. HavingAlandled the mat,rix 10ading effect, the matrix length ef~eèt 

could then b" /determined wi th the use of Bq. (22). In this manner, the two 
/ 

1 

. . 

effects w~re computationally s~parated. The v41idity of the tec:hnique was tested 
/ 1 
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under several conditions with the shorter expanded metal matrix. The 

resul ts (Section 4.4) show that the ~verage difference between predicted 

and measured Rr for the six tests was onIy-S%. This method was trerefore 

capable of handling the effects of matrix le~gth and matrix loading, although 

the assumption of constant fractional recovery with varying feed weight that ' 

was 'made in developing~q. (22) does not appear to be total1y correct. A 
If 

firmer understanding of the concept of matrix loading and its effect upon 

magnetic recovery would be beneficiaY. , . 
The ~esults ,clearly show that the effects of doubling the matrix loading 

through either a doupling of the feed weight, or a halving of the matrix 

length are not eq\11vaIent. As an illustration, assume an 1). Il 70% has been 
\ , 

obtained using the lo.p,ger expanded metaI,matrix. If the feed weight was 

doubled, Bq. (27) shows that an ~.62% would be expected. If 'the matrix 

length was halved, Eq. (22) indicates that an J\tQr45% would result. 
1 • 

Bxpet:imentation confirms the~e resul ts . The' effect of matrix length on I\t 
was considerably greater than'the effect of feed weight. 

• 
S.S Separation Predictions and the Use of the Frantz Isod~amic Separator 

1 \ ' 'I\t- purpose in developing an empirical mo~el of capture was to permit 

initial predictions of recovery and grade that could be expected from,high 

gradient magnetic separatiôn. Knowing the size distribution of a sample and 

,the magnetic responsê curve for s,eiected size -intervals, the magnetic ,.recoyery 
1 ~ 

could be prediéted for any set of operating conditions. Applications of the 

model to pyrrhotite removal from tin and copper concentrates demonstrated 
! 

the methodology. . 

The methodology of mineraI s~pa~Btion predictionyroduced results reasonably 
~ 

"-
close t<? the measured values', even though several assumptions were required. 

'. • r 
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A single response curve was used to describe the whole sa.mple, white ea h , 

size interval May have had (and generally does have) a unique'response eurve. 

Response curves for each size interval ean be obtained and used, which would 

provide further aecuracy of prediction. 
~ " " 

Another problem is d\e choice ~f the value of L'ID' Results from separations 

of the mixtures of FeZ03 and Si02 (Figure 53) showed t~a~ Lm can be described 

by the amount of magnetically recoverable materi,al. However, the 

susceptibility difference between Fe203 and 5i02 1s great. If a range of 

susceptibility is present in/the sa.mple, as with the copper and tin 

concentrates, then the choice of L becomes more subjective, and has to be m 

set to the expected weight recovèTY. Test 5 of the copper concentrate 
/ 

s~paration5 showed, t~oughJ that th~,effeet of marginal Ichange in Lm will not 

greatly affect the predicted Lm" l. \" 
A final source of error in the model applications was that the model limits 

of particle size and susceptibility were slightly extended. 
~ 

The Frantz Isodynamie Separator was fotmd to be a veIj' useful device in 

predicting separation metallurgy from HGMS. Its use in describing the range 

"of magnetic susce~tibilit# of a sample has ~~~eady been discussed. The 
i 

metallurgy from a Frantz Separation can be an initial estimate of metallurgy 

from a high gradient separation that produces 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. 

A limitation in the use of the Frantz i5 particle size. Generally, the 

Frantz is incapable of handling particles ~less than ... 20 pm. The response 

curves of these sizes wouid have to qe app,oximated by the c~arser ,fractions. 

1 
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1 

I~ summary. the methodology of p~diction tha~has·been develtred is ) 

capable, with_sufficient information, of handl~ng 'very compleJ.~ 
n 

samples~ A sample with a wide susceptibility r~geo and a wide'size 

dist~ibution can be broken down into manageable intervals ~f k and d, to 

which the empirical model 

model and the methodology 
, 

of ~rticle captu're can thElfl be applied. The 

of prediction~S~qGld find man;'aPPlications in 

'the field of mineraI processing. 
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6.1 Conclusions 

o 

1. Qualitatively, the force balan-ce model is marginally successful 

2. 

3. 

as a decription of parti cIe cap~ure in a high gradient magnetic 

separator. Quantitatively, the foree balance model fails. 
~ 

Magnetic recovery in a high gradiënt magnetic separator is a 

function of the log of the process variabl~s. 

Field strength, particle susceptibility, particle size, fluid 

velocity, matrix loading and matrix length aIl play an imp~rtant 

role in magnetie capture. 
r -

Fluid viscosity appears to have little 

\ 0 0 
1 effect between water temperatures of 5 and 40 c. 

4. The suseeptibility of a paramagnetie particle when measure4:: wi th 

the Frantz Isodynamie Separator will vary w:l,.th side slope of the 

Frantz, inferring that measureihents with th) Frantz May be invalid. 

s. The magnetic response of material, i.e. its susceptibility .. ' 
_distribution, ean be easily and quickly determined with the Frantz. 

'Such sample information is essential for analysing the potential' 

of a sample for high gradient separation. 

6. In a constant head system of operation using an expandè~ metal 
, 

matrix, the magnetic recovery of a paramagnetic mineraI can, within 1 

the range of conditions quoted, be predict~d by: 

~ D - 60.6 + 34.8 log 
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In.a drainage mode of operation using a steel wool matrix~ magnetic 

recovery can, within the range of conditions quotad, be predicted 
\ Il!:) 

for mineraIs of volume susceptibility between 5 and 8 x 10-4 ~mu;cm3 

- Oe by: 

l, 

~ = - 131.4 

The accuracy af an equation af this·type becomes considerably 

poorer for a wider range in k. ~ 

" 

If.~ represents the magnetic recovery of a mineraI using the 

matrix length for which the model was developed, then R~~ the 

recovery at a different matrix length, can be predicted by: 

o 

where y/x is the ratio of the two. matrix lengths (or weights) • ' 

Although the experimental applications of this equat~ are 

successful, its theoretical development is apparently unsound. 

\ 

Matrix loading con be altered by altering either the feed weight 

or the matrix length. A doubling of the feed weight in arder to 
, 

double the matrix loading will not produce the same effect upon 

~ as a hal ving of the matrix length. 

The precision of a separation by high gradient magnetic separation 

will be a f\Dlction of the range of particle size and susceptibili ty -

present within the sample. The constant head system is more 

precise a separation with respect ta particle size than the drainage 

system is, while the drainage system is more precise with respect 

ta susceptibility. a 

j 
j 

'~ 

J 
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D 

Through a simple "summation procedure, a wide particle size . ~ 

~ 

distribution con be handied by the empiricai models. The size 
\ 

distribution is split into severai intervals and ~ calculated' 

for each d. The prodyct of the weight distr~ution to each size 

interval and its respective ~- yieldsoa fractional recovery for 
-"M "\ 

each interval. Hence, the total recovery is the sum of the 

fractional recoveries. 
l' 

ilS 12. The deyeloped methodology of predicting HGMS performance i 

capable of handli!lg very complex mineraI samples. The important 

"information ~ecessary for i ts application are the particle size 
i!tJ 

distribution and the sus cept ibi lit y distribution; in ~he form of 
c 

a magnetic response curve obtained from the Frantz. Assays of 

elements or mdnerals as distributed in the particle size and 

susceptibility-intervals will generally be necessary for 
\ 

~rediction o~ elemental or mineraI recoveries~ 

13. The metallurgy from li separation on the Frantz Isodynamie Separator 

can be an initial estimate of metallurgy from 811 HGMS that produces 

an approximately similar weight recovery as that on the Frantz • 
. 

To make such an estimate the effects of wide k and d ranges J and 

physicai entrainment should be accounted for. 

o 

, , 
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6. 2· CIaims for Original Research 

1. Paramagnetic mineraIs w~re prepared to very narrow particle 

si'ze and susceptibil~ty x:anges. and the effects of d and k were 

examined .. 

2. Bmpi rical models of partiele capture in a higli gradient magnetic ' 

separator were developed for two systems of operation." Parameters , 

included in the models were field strength. susceptibility • 
. 

particle size. ,velocity, and feed weight. The êffect of matrix 

• Ie.ngth' was alsp experimenta1ly determined. 

3. A methoaology of predicting high gradient magnetic separation 
\ . .. 

. perfoxmance was develqped and demonstrate~. 

1 

• 
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. 6.3 Sugges'tions for Future Work 
-

1. Susceptibility of the uni-mineraI samples should be determined 

with a conventiona! measurement technique to verify and calibrate 

the measurements made on the Frantz. 

2. The effect of particle size and grinding media upon particle 

- susceptibility as measuréd on the Frantz should be studied. 

3. the empirical models should be de\,eloped to wider ranges of d, 

k and U. 

4. The feed weight and matrix length affects require ofurther 
.. • w_ 

e:xamination. 

5.. An empiri?cal model for the constant head system employing the 

6. 

steel wool matrix should be developed to co~are the effects of 

the two matrices. This would also enable a dir~ct co~arison 
.. • il 'J ,...~ 

of the drainage and constant head systems of 'operation. 

Application of the model~to various ores, concentrates and 
\\ 

• 
tailings could detefmin~ the potential of high g~adient magnetic 

, 

separation and i ts range of feasible applica~ions. 
1 
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APPENDIX 1 
/ 

Bffect of Matrix Length 

Conditions - the matrix is divided into n layers~each of s1mi1ar weight 

and 1ength. 

- fractional recovery of feed to first l,ayer, = I\t 1 

,Assumption - fractional recovery to layer n 1s ~ 1 of feed to that layer. 

1 • 

2. 

3. 

Fractiona~ recovery ,to first layer = ~1 

Fraction of feed remaining = 1 - Ilt 1 ( 
J 

Practional recovery to second layer 
, 1 

= IL (1 \ .. \t ~ 
-')1 l '1 

~': (1 A~ 
J 

Fraction of feed remaining = 
== (1 

2 and, total recovery with 2 layers = 1 - (1 - Ilf ~ , 
.... 

2 Fractional recovery to third layer = ~l (1 ~ ~1) 

1 ~ ,"'t' 
Fraction of feed remaining • (1 ~ 1) ~ \ (1 - ~1 

3 ~--/"/ = (1 - ~1) 

Thus, total recovery with n layers 1s, 

~_ == 1 - (1 _ ~_ )n 
~14n -1(1 

NON, let n == x, where x i5 

-



1 

Thus, 

~ = 1 - (1 - ~l) 
x 

1 - ~ = (1 - ~l)X 

RMl = 1 - (1 _ ~)l/X 
" 

~ for a matrix of weight y is given by: 

'1.tr =.) 1 .. (1 2 1 + ( 1 _' ~) 1/ x) y 

152. 
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APPENDIX 2 

Cross~Sectional diagram of heli~, dewar 

• 

/ 
, J 
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APPENDIX 3 

TABLE 3-1 
ï 
/ 

Data from Constant Head System Tests 

TABLE 3-2 

Data from Drainage System Tests ' 
v> 

' . 

, 
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TABLE l-l 155) 
/ CONSTANT HEAD SYSTEM 

\ - 4/ 
Test# k"lq 1 l d " U - -- 1 

L ~ 
Dl 

(c:J~~.) (kG) (pm) (8~~, ) - (~) 

, 

1 • 000 9. C 00 1. () 0 () ~O. 000 () • 1')0 0 ~. ~ ~ 0 66.0" f' 

~ .000 8. (1 00 1.000 ~l'. OCO q .9l'0 ().=,~(I ~2.0t'r 

~. 000 ~. 000 1. Q 0 0 16.000 <).QOO O.~3(l 36.0 r ,.. 
.... 000 r~. C 0 0 1. 000 12.0CO .. ").900 
5. 000 f3.000 1. 0 C 0 a. 500 t'). Q C 0 

C. ~~ 0 2~. ~~, 
().:?~~ L!'· C . ..r' 

(:,000 '3.000 o·~(\O ~o. D,CO 9.9l'0 o. ~~ 0 37.c"r 
7. (] 0 0 '3. 000 0.500 rr'. 000 ~.QOr. O. 3~ fi ~6.C(lC 

S. 0"00 ($. (1 00 o. ~ 0 0 16.000 9.90() 0.3::0 H. 0(1 f 
9.COO '"\. 000 ' o. ~ 00 19.000 f).900 ().='30 12.0(1(1 

10.000 8.000 :?QOO 30.000 <).900 • O. 3~ 0 03. Q(' ':' 

1 
, 

11.000 8. 000 2. 0 () 0 p.:>. 000 ,9.9pO (I.~~o 73.000 

12.000 8. 000 :.>.000 12.00o. 9.90(1 O.3:?O Ll n • 'C (\ ('l .. 
1 

13.000 3. 000 3. 10 Q 30.000 9.90(1 
" 
(l.330 93.'C (! (1 

'" 
14.000 s. 000 3. 100 22.000 ,9.900 0.:-:3 C ·cs.!lor 
15.000 , ~.(lOO ~. 0 c 0 H·.OOO ~. {) 00 
]f.OOO 3. 000 3: ) cc lr:.OCO I").ClOO 

O.~:;(l '~e • e r r 
r.::~(' 

\ 
S3.0(\~ 

iï·OOO ~. 000 ' 3.000 3.500 , <).1') 0 0 n.~~l' ~8. li 1 l' .:' , . . , 
IS.000 8. 0 C 0 4. 00 r: rf'.coo (1.900 . û.~::o 92.(10(\ , ~t~ . 
ICJ.OOO 3. 000 s.OOO 12.000 9.900 

1 
(l.~::O 75.01'/0 " 

l , 
", f, 

~ PO.OOO 8. 000 13.000 -8.500 9./)[10 (1. ~ ~ 0 l'J.(lt'!' -~ 

" f 

t 
~t. 000 8. 000 8.000. 16.000 IJ.QOO 

~2.000 3. 000 101 00 30·000 5.700 

, 
94.(1(:0 ().::~(lÇ( 

] 

0; 2~ 0 78 • ~ fi (1 

f-3·000 8. 000 IdOO 16.000 5.700 o.::~,o 48 • CG r. 
f'1<.OOO 3.000 3.000 3C.OOO 5.700 O.::~IJ ge.nro ~4 
~5. 000 :3. 000 3.000 16. 0 C 0 5.700 
~(.OOO 9. 000 1. 1 00 22. '(\ 0 0 15. 60 ~ 

~. ~~ 0 78 • C (l r: ~ 
i 

O.3~(l n.'(ler a " , 
';7.000 8. (\ 0 0 ~). ~ 0 H:·.OOO 15.600 
28.000 5. CO 0 1. 0 PI.OOO e.9{!O 

0.23 (1 ~7.f"r:r 

().:?3C f6.fHf. 

r9. 1) 0 0 ~. f 00 0.1: 0 0 21.000 ~.9r.O o. 2~ r 3rJ. r r ( 
30: (100 !'·(CO 1.1: 0 C ::? 1 • 0 (10 2.9r.o l (1·:;3(1 f{s.rf(, 

31.l1fO ~:. (00 r.O()(1 21.0CO Il 5.7011 O.~=-fl 1j3.nrr 
3f!. ~oo ~. C:OG O. G C 0 ?1.('00 5. Jl7 0 (1 

33.000 !:>. (, 00 r. ~ C 0 ?I. rCt 5.7r.O 
r. ~=- 0 3~.(~(1 

r.::~c ~ (1. '1 r r 
34.(1fJO f,.(~'O 1. 1 Q 0 el.~OO 5.700 (1. 3~ C f,I.cr t , 

3!=i.OOO !'. (:00 .2dJ(l0 21·000 5.700 O. ~ ~ {) 92.(11'(1 

0 36.000 5.600 ~.ooo 21.('00 9. 9 ~o O·:;~f) gf.r r.(' 

37. r 0 U : •• f-(t!l 
. 3. (\ 00 21-0CC 9.?!H n.~~!) 

36. (lO C • '!'.fOO 1·900 el.ocn 9.~OO· (1.::'~O 

39. 0 ni ~" (00 ,.2.00(\ 21.000 9.90 r- o.~:~r;; 

i '\ 40. t'OU ~. c-oo r. 5 ( G 21.00U ?? r r r.:: ~ (1 

-, 
~ 1 ! i ,~ 
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TABLE ~-l (cont'd) , 
TestH k H ..L u Lm ~ 1 ~ - - - - -... 

.41. cr:' Co. rrJL 1 • ~ Q C ~I. 000 9.900 n.33' 39 • (' r r 
\ 

Il~~.OOO ~. ( 00 1. 100 ? 1.0 (J Q 9~900 C·~~C 3!i • l' r n 

Il::. 0 0 0 5. CO 0 0.1')0 C rl.t'oo 4}.9 (l fl o.~~o :3f'.cr(:( 

I~'i. Il 0 ~ 5ot: 0 C 4.~OO ~l. OOD 9,.9 CV O.~20 9/j.c r n 
~ 

" '~5.000 5. ( 00 5.000 :?l.OCO 9 ~ 90'0 O.3~C 96. OH' 

1 

'o. 4(,. (\00 r !'ioC' 0 0 6.~OO ri. oDe 9.C,OO (1.~t-P 9".(lr~ 

\ 
'J7.(l00 :. ( 00 8.0 r. r. ri. !lOC '3. <) 00 o.~~o 99.('lnr. 

h 
~r, I:'~ • 0 00 ~:.(:OO 0.5 CO' ~I. 000 IS.HO f1.~::;Q 1 • (II"" 
, 1./9. 000 ~. t Q 0 1.0 0 0 ~I.OOO 1~.(-(lO O.::~O I/~. nr.r 1:, \ 
,( 50.000 \ 5. ( 00 2.000 ::,. poo J5.(f.O O.3~0 39. (1 () r 
~~. 51.000 \5> (C 0 ,1 ~.OOO 21.000 lS.(OC O.3~O 66.prf' 
;;1,' .. . 

SF.OOO 5. <: 00 1. <) 0 0 11.000 5.7CO O.~30 55.(100 o, 
( 

: 

" '\ 
1 

1 

>t 53.000 S. 600 1.00 a 35. 000 ~.700 O.:<~O 71'). 0 (1 Q f. 
J, 
',\ 

. 54. CO 0 5. (·00 lolOO ~I. 000 5.700 (I.M3 7lJ
1

• (l (lÙ ~ 

J 55.000 5.60 a 1. 100 1 :?I.OOO 5.700 0.500 '3P.cnc 

,ry(,. no 0 IS, 600 1. 100 rl.OOO 9.900 0.500 3r.r.co, 
\ 

57. 000 5. t 0 0 1. 100 ; 21.000 9. 0 00 1.000 10. n r: ~ 
513. 000 5. ( 00 1. 100 

\ 

\ 21.000 9.90~ O. 167 t! 5. (0 fC 
5? 0 0 0 5. fO C 1. 1 00 ~1. 000 9.900 O. OB ~ 51.(1(0 
60. 000 5.(-00 1. 100 ~5. 000 9.90~ O.~·OO ~'1 • 0 C P 
61'0000 5.éOO 1. 100 35. 00 Cr 9.<)00 o.oa~ 71.(l()Q 
C:f:'. 000 5.600 1. 1 0 Q 35'",000 . 9. t') 00 0.330 ~C·O(lO 
63.·000 5. l 00 2.000 . ~ 1. b,~ 0 1').900 O·!300 !=-f. cro 

\ 1 

64. 000 5. (,OC r:.ooo P.l.0'OO' 9.900 (l. 16,7 7'1 • (1 n 0 
1 

(;5. 000 5. (- 00 :? ~oo P.l.000 <J.flOO C. OB 3 '3:l. CM 

Hl' 000 5.(00 2.0~O rl.ooo ?"Oll ·l.ono 35.('(10 
" 

i 
(7.0no ~.(, 0 0 1. 1 {l0 3~.OOP 9.900 001 (!·7 oll. fi r {l : 
(g.,ooo S.COO 1. 100 Il.0(10 9.900 fl. 083 ~ 1. r r Il 

(<).000 ( 5.(·00 1. 100'.· Il.00C 9.1)00 .r. ~o Il 13.000 
'0. oro 5.600 1. 100 JI. 01).0 9.900 ' 00167 ~n. prr 
71.000 5.(-00 1. 100 11.000 9.9~O (l.~30 lte (Ion 
72.000 ~. ! CO O.SOO 11.000 1 IF .. 600 O.~~:?O 1 ,f' '10 
73.000, 801100 1 O.!'OO Il:?. 000 I!'.OOO (1.3:'0 3. (1 P. 0 
1l!. 0,00 lI. ~4 0 1. JO 0 pr-.OOO 9.900. (l.~3C 2.~(l~ ., f 

() 75.000 O. 3/10 10.000 3.f. 000 9.900 (1.330 6S.0C~; 
--;-. 

7(;0.000 -0.340 10.000, PP,OOO 9.900 0.330 54.[1(1(' 

;. 

: 

.• t '7J ; 1 . " 
_"_f..I. ~ 
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i TABLE J-l (cont'd) 
1 , 

Teati 
- :t\ k H d U 1 !.m... ~ 

'1> - - - - A, -
1 77. 0 CI 0 0.340 10.000 Ir.ono 9.900 O.33P ~o. r. r.r . , 

7($.000 O.:1~O :?O. (100 ~~.ooc t').C)OD o.:.>~o 69. ('1" r ~, :1: 

79. C () 0 O. ~/~ 0 11/.700 ., ~ 6. 0 C Il 5.700 tJ.~~O t') (1. n ~ !: 
130. 000 O. ::''-10 14·600 1r'.OOO 5.700 0.~30 Ci 1 • 0 r- 0 

' , 
" ' 

el.OI"O O. ~/~ 0 Ir.50C r-~;. OCO f.q GO (I.~~O ? C • (1 (1 r. ~\~ 

~2. 000 0.340 ~O.OOO 36.000 O·~:'O 9~.rt 
,:," .J.700 ~ 

n~.~oo O. ~4 0 ['0.000 ?2.000 2. (') 0 0 0.330 95. ~ r ,~ 
/lt, , 

~/j·OCO . O. 3/.0 5.000 1~. 000 Q.900 (I.3~0 IQ. DOC :!Ii, .' , 

\ 
,", 

J' 
fJ5.000 O. 311 0 7.1300 r2.000 ::>.()OC O.3~(\ ~3.non !j 

• '~~ . " , 
8(;.000 0.25 a J~.OOO ~2.0C(l 5.700 (1.330 7(-.(10(, "e 

I.'\~ 

87.000 O. ~50 ~O.OOO ~P.OOO 5.7.00 0.~30 7" .,C 0 r r;, 
" ,~ 1 

83.000 " o ol'?5 0 10.000 ~·P. OOp 5.700 0.330 7C.'(lOO 
" 89.000 0.250 I~ 36.000 ' 5.700 o • ~~~ 0 73. (l~V j 

90.000 .O.~l .000 J2.000 5.700 0.330 I~::. oro " 

i JI 9J.00O Od?50 '20.000 22.000- 2.9 d 0 0,' ~~o 90. DCO 'f' , 
., 

9~.000 O. ?,50 10.000 ~2.000 s.'lOo 0'083 ·84· 000 l Q3.000 0.250 ) 0.000 ~2.000 , 5.700 O. J E7 76,QOC , -...,~ /'$ ", 
~lI.ÙÙO O.~50 1. 100 r2.000 \9.9CO O.33C 3. C ~ ~ 

'K 
J 

95.000 0.250 S.fJOO 12.000 "9,~QO 0.3:'0 2~.OG(I 
l , 

9('.000 O.25ti 5.000 J~. opo 9. 00 o.:!~o J8. o~o 
1[ 
" 

\ 1 ~: 

'l 

. 
1 \ 

/' ' ; 
<; 

/ , 1 

0' f 

~ 
" 

1 'l 
1 
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~. TABLE 3 .. 1 (cont'd) 
"/. 

'\ 
$ - ZERO FJELD TESTS 

," r > 

~it:t 
$;, 

t Teat# - k' A.. 'd U L ~ 
, 

- - - m ~r.: 

" • -
,\ 

~. 7C 0 -'</ 97. (lGG '!=.600 O. 0 21.0(10 o.f 7C 2.zr ro ) 

I~ \ J i; 1)8.00C f.. 6f (1 O. C Il.00 Ct ~.700 0.r,S3 I·srl' 1 ')0.000 5. f. CC C. 0 J \.0 e 0 5.7ûO (1.5(1 r Q. 7 r (l 
i' 100.000 ~.60!l O. 0 21. 000" ??OC o.ca~ :? 1 r. r l, -~-

., 
IOI'(~OO ~ • (:-00 O. 0 "21.000 <).?OO 0.330 1 • 2 r !' t)~ 

IO~.(l()e ~. (op 0 O. 0 21.000 9.?O!l 0.67C 0.9:-" ',,: 
~ 

103. COD f.(>OO (1. 0 44. 0 C 0 ?90,f' r. 33-11 ::; • Il fi l' 'Ii! 

1C4.00P. c;,.(OO O. 0 rl.OOc 9.')00 1'.330 0.'8 r n ~ 
10f.OCO ~.(OO O. 0 114.0(lO 1~.tCO C.33C l.rH 

'1~ 

;i 
10(.000 ~ .• ( 0 0 O. 0 1 1.0 C 0 ?Q(l(' r.330 LI. 1 f'I r t· 

~~ 
107.000 ~.(OO C. 0 1:4.000 2.9ÛO 1'.330 12.(~r.r i 108. 00 C 5.(00 O. 0 21.000 2. 9/~ 0 0·330 ~. rI' C \~ , ~ 

),;. 

'101'). 000 !:.fOO C. 0 :21.000 r.Q(10 0.f7~ 7.sr" 
1 n 

.~ IIO.OCO 5.(00 O. 0 21.000 ~.C)(l~ (I·(la~ 1 /' • 1) r. (l 
111.000 5.{:OO C. 0 44.000 5.700 ().33C ?S(lO 'Ii 

II~.OOO 5.(00 O. 0 21.QOO 5.700 C. 3:) (1 ~.5(1r 
) 

II~.OOO s.eoo O. 0 ~I.OOO 5.700 le.oo:] 3.3~O 
'{ 
~\ 
" 

IJ/~.OOO 5.(;00 O. 0 21.000 5.7()C C·~C~ ~. 7CC 
1 

"- IIS.O·OG 9.000 O. 0 12.00(1 5.700 '0 ~ 3~C 1. ( (l r. , \ , 
Ilt.OCC 8. 000 O. 0 16. 000 !'.700 O.2~O 1~7~'C 
1 17. 00 C· a. 0 ~ 0 C. 0 30.000 !i.7~(l 0.200 5. PI) P 
11'3.('00 8.000 O. 0 30.~C(l ~.700 O.0~" /~.9f'r 

119.000 '3. 000 (\ • 0 22.000 ~.70[1 ('.22r 3.srr 
H';O. 0 () 0 S. 000 O· 0 U/. * o.t')(ln o.~~o I~. 6r Cl 
I~I.OOO O. 030 O. 0 45.000 5.700 (I.~~(l 2.sr.n 
If2.(100 O. 030 O. 0 12.000 ~.7CI' r..~~(1 r.21'(, 

1~3.000 o. O~,O o. 0 4!=.(l(lO 5.700 O.~30 2.7PO 
·1 

1?4.'OOO o. 03 Cl O. 0 ~1'.OOr. ??OC O. 167 o .:l 0 0 
IP5.000 C. C ~"o O. Cl ~~.(lO(l 9·'HO 0.08:'1 1 • 3 (l ( 

Irf.OOO 0.030 O. 0 3r'.0(l(i <),.900 0.331' 1. 0 fi n ,f 
'1 

1:?7. CC 0 O. 030 O. 0 ~r.ooo ?90n 0.67(\ 0.6('(1 ,1 

" " 
• 1 

"~Jo 

.2.2 r p' "î 128,.000 O. 030 G. 0 .. 112.0(10 9.900 0.330 " 

1290'(1 00 O. Û~jO O. C 4f'.000 ~ \ 9.90(1 1'.330 ~.4flO 

'Î 
-

I~O.OOO C. 030 G. 0 ~~j.OOO 9.90(1 fl.-3jr -c. SIl l' ,'" 

131.000 1 (l.O30 O. 0 17.000 9.?OC O.33~ O. Ir r- '~ 

• cyclone underflow 1 - , 
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TABLE 3-2 
/\ 

DRAINAGE SYSTEM 

Testl .JL 2L . \t 
:l - k H d {! - - - 'é .. ' -,' 

1. 000 8.000 0.500 J 6. '0 0 0 10.000 O. !:-70 22.0~0 
~. 000 8.COO J. 1 Q"O 16.000" 10·0CC C.670 ~l.OOO 

1 ~~ 
3·000 13.000 P.OOO 16. 000 10.000 0.f7-o 70.00fl " . ',J', 

~ 
,~'J. 

/4. COD '3.000 301 00 16.000 10.000 (1. ,( 7 0 ~31.0(\C 

5. 000 8.000 4. 000 16.000 10.000 0.(70 (')o.()a~ 
r, 

f. 000 8.(100 1. 000 22; 000 10.000 0.(-70 ô2 ~ 0 ~ G 
J '. 7·000 g.OOO 3.300 22.000 10.000 C.e70 ?O.OOO t 

8.000 8.0nO 1. 000 30.000 IO-OOn O. (·70 67.00(1 l 
IJ, 

1).000 «.000 1.900 30.000 10.000 0.670 64.0(1(1 -;~ 
-If... 
?~ - 10.000 8.000 1.000 l~. 000 10.000 0.F-70 ~8 • 00(1 , 
~i! 

(1 ...: 
'II 

11.000 ~.OQO 3,.400 12.000 10. DOC 0.€70 70.QOO ~:.i..:: 

.. ~~ .-
12.000 8.000, 3.400 8.500 10. ~~C C.!7C 56. (100 
13.000 S.OOO, 1. 300 It.OOO 10.000 C.(-7Q -~7.nO(1 

Ill. 000 8.0,00 1.30 () lP.OOO JO.OOO 0.670 38. 00(1 
1 S. 000 5. f. 00 0.400 ?1.000 2.000 O.f70 8. ~o 0 
16· 000 5. €OO 0 0.\500 21.000 2.000 0·670 3:). COO 
17·000 5. éO 0 1.600 Pl.OOO 2.000 O.E.70 7S. 0 Il C 

(~ . 
18·000 5. € 00 J. 500 ?l.OOO 6.000 0.670 55. 000 

19.000 5. ~ 00 1.50 a 21.000 6.0 (} ° 0.(-70 49.000 
tO·OOOI 5. (0-0 C 1.500 ::1.000 6.0 b 0 0.670 58 • (! 0 0 
:: 1 • '0 0 0 5. ~ 00 1.30 (1 21.000 6.000 0.670 ~5.0(lO 
N~. 000 5. (: 00 0.(:00 21.000 6.000 0.670 5.000 
::>3.000 5. f·O 0 1 • (1 00 ~I.OOO 6.000 ~.OOO l(l.Ooe 1 ~4.000 s.C()O '/000 2i.000 6.0 ° a 1. 0 CO 36.000 , 

t l, 
~5.0'00 'S. (,0 0 J. 000 21.000 (-.000 O.3~O 50. (1(\0 r :~ . ~' . r:-c..ooo 1" 5. ( 00 0.1300 21.000 lO.OOC 0.f70 /15.000 r 

#J7.0ao 5. ( 0 0 J.~OI) 21.000 1~.OOO 0.670 3J.000 
~a·ooo 5. CO 0 2. 1 CO 2'.000 10.000 0.670 S5.000, 
P9·000 ~. 1': 00 2.700 21.000 1 o. 00(1· 0.670 7 J • "0 (1 

30.0C~ s. t 00 io. 00'0 2J.000 10.O(](1 0.670 88.(100 
31.000 ~. (C 0 1.000 2J.OOO, 

1 
IlI·OOt) tl.67P 21.{1l'O' 

0 3~. 0·0 li 5.(:00 2.COO 2t.000 1~.C()(1 0.670 112. {l tH 

33.000 !:.(OO 2.QOO ~J.COO J'O. 0 C! 0 0.670 llt.(lOr! 
311.(,00 5. ( 00 ll.OOO :?ldlQC ln.{lOO 0.070 85. (1(1 r 

.. 1 
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\'- TAPLE )-2 (cont'd) -', 
~~ ~ 1 " ~o 

,','7 
!.~ 

Teet# k H ·d U L \ i' " - - - - m • 
" -\ 3~;.OOO ~>.t.eo o. (10(1 49. 000 lCl.OOn O.f70 ~ 1.0 t" 0 

~ 
3C.000 ~.60(l (I.SOC 44.000 JO.OCC ~.670 25.f.PC 1 ';;7. reo S.600 C. 8 t' 0 1 1 • 000 10.OCO n.670 10. rrr " 

,r 3r~. 00 C ~.60U 3. 100 49.000 lQ.~OO r.670 88. n f' r, 
3C) • () 0 e ~. 60 G ,3.IO'Û 44.0~0 lC'.ÙGC ~.o7r. g7. r r n 
1: O. n CI 0 5.6~0 4,400 1 1 • r. 0 0 lO.COC 0.670 60.1"0(\ 
l, 1 • Ct fi (1 !:'.60C 1;. L, 0.0 1 1. 000" '(I.0CC 0.1$7(' 63. (lrr 

L,?OOC 5.60r. 2. Û r. 0 11.000 IC.OrO O. 67~ 26. or" 
-' 

il2.00~ ';.(·00 2. 00 P 11.000 10.CCO O.~:>O Jlo.n"'~ , 
lj/~. 000 !'.(-(!O 2.0CC Il.00C 10.0CO 1 • ~ 0 0 18. C ~ ri 

ils.noo 5.600 a.9p.o rl.OOO 10.(100 r.OO(1, 9. 0,0 ~ 
Il (:.. CO 0 5.(00 1.90 C ~I.OOO lo.ona ?OOO 21.0(1/1 
'~7. 000 "-;.(00 LI.OOD 21.000 1(\.000 f.ODO ~,e. (l/'l(l 

il8·000 5.fOO il.OOO :?1.000 JO.OOO 1.000 7C.(I(10 

/19. 000 5. (00 ~.' 000 Pl.OOO 1(\.COO 1.ü(lO 30. o·~ (1 
~ 50.000 ~.~~oo 1. 000 ~I.OOO 10.000 J. DOC 14. 1) {' (1 

51.000 5. (- 00 lI. 000 ~1.000 10.0ÔO o. no 9? C cr ~ 

~è.ooo 5.600 2.(100 :?1.000 10.OOC 0.330 66.(lllO .'. 
';,; 

53.0CO 5.(-00 l'. 00 C P.I.OOO 10.00C Q.33(1 4Û. cr~ '.; 

.:J " " i 
5~.OOO 1. 000 10.OGO 51·cro 

,< 

5.éOO ::: 1. 000 C~167 'l 
,1 

55. Ü 0 0 ~" 6 0 0 4.000 ~11.000 10.000 00167 9/~. cr,p '., 
~' 

5f.OOO ~.(,OO 2.000 ~1.000 10.0PO O. 167 79. [trIO ., 

57.0CO 5.~OO 2.600 21.0no 16.0(10 0.670 41.0(;0 '. 

SS·OOO 5. (, 00 4. 100 ?I.OOQ Jo.OOO O.67P 62. (> (1 r 
59. 0 Ü 0 5. (00 3.400 ' PI.OOO 22.000 Co. 67 Cl lit;. CCIO 
60.000 5.(,OC 7.300 :?1.0no 22.000 P.67(1 6(\. rH 

61. ocr. o.r~o 6.70f!· ~?OOG 2.,OOC 0.(70 53'. C f, () 
e::.ooo O.~50 J 3.0 (l 0 :. r .10 r. 0 2. (1 rt r ~.(-7(l • 8(1. (Inn 

62. GOO C. f50 il.OOO 2. CO 0 ~. 6'TC ::.t. DH ~ , 
( Il. CO 0 c,~~,O 10.OOC~· f' 2.00{' (1.67(1 '7:>. Pl'O 
f5.000 O.~~O 10. () 0 (1 4.000 (1.670 Co. r re' 

". ((.(100 O.~~O 10 DOC 4.00(1 0.67(1 /,9 • r: r. ('1 ~';", 

(:7.üOO 0.r50 .If. 00(1 0·670 9~.(lr.fl 

(8. 0 CO O.r:~O 20. 0 2.000 6.000 ~ 1'.67(\ 78. ('rr 
" - 69·UOO 0.~50 co.coo r 22.000 6.00C C • 67!l 8/1. r r. r 

70.000 O.~50 20.000 12.000 6.001) (I.67(l Sil • f' (l (l 

7J·r.OO o.rf-O :;:0.000 22. 0'0 r. JO.(\PO r.67~ 68. 0 P r 
72.0(\0 o.r~lo ~o.OOO 36.000 ID.OQO C.67n 7{1. (1(10 
70. COO 0-. 3~ 0 2.000 22.000 , 2.000 ~.67r. III. 0 r Il 

() ,[ 

74.00C O. ~L; 0 b.SOO 2~.OOO 2.000 ( .. 670 46. cor 
75. ri C 0 o.:>LJe 6·~OO 36.noO ~.(lO(' r.670 50. fi fi fi 
7 b. r (1 (l 1 O' :3/10 6.500 Ir.ooo 2.00n 0.67 fi il 1 • f'. n (. 
77.npn ~.:'IJO 10. o li'" 22.00G· 4.(f!(1 O. 67 (l 1 54. (1(1 r . 
78.00n O.3l:0 IO.Oct 12.000 4.(\0(1 0.67 (\ 3~. C li r: 
19.0CO c. :~/~ 0 1(1· 001' 36.000 4.000' 0.6'7(1 70.rf' r 
80.0fO O. :-;/10 5. no 0 22.00n 4.00(1, '0.670 J9. ur 

---------------~ - _0 
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TestA! 

BI.OOO 

r{~. 000 
~3. 000· 
"slJ·rooe 
'35. oro 
8 6. 000 
Pa7.COO 
9B.ooe 
($9.00'0 
90.000 

Q 1.000 
92.000 
93.(100 
94.000 .. 

95.000 
96.QOO 

ù 

, 
" 

/ ' 

k -
~. 60 0 

!:.600 
~. 600 
~. (C (.l 

5· 600 
5.600 
~. 60 (1 

5.600 
~.600 

5· 600 

~. 600 
5.600 
(;. 340 
Q.340 

( • 3tl 0 
O. 311 rfv 

TABLE 3-2(cont'd) 

ZERO FIELD TESTS 

H -
O. 0 

O. 0 " 
(l. 0 
o. 0 
o. ('1 

O. 0 
0.0 
O. 0 
(: • 0 
O. f1 

lJ 
O. 0"'\, 
!:' • (l ) 
O. 0 
O. 0 

O. 0 
O. 0 

d', ~ --
ljCl. 0 Cl 0 

35.('00 
II .cHl!, 
fI. ore 
21.000 
21.(0(1 

,21.000 
21.0eo 
21.COO 

'21.000 

21.000 
21.0[10 
" 3'é.OGC 
2:?OCO 

12.000 
/~2.000 

\ 

u -
10.0(1('1 
Jo.~(!(1 

JO.O(1(' 
JI). 1) ') (l 

, 2,0(1(1 
6.0 r 0 

,H,PO(1 
22. C (l C 
JO.(IC'O 

JO,ft(lC 
lC.rce, 
2. ceG 
2.000 

"-
2.000 
6.t100 • 

, 
; 
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L 
ID -

(I.67() 

r.67C 
'0. E,7() 
O·67C 
(' • 67 P 
C.67(l 
(1.670 

, (l.67C-
(1.320 

J • 000 
2.iiQij, 
':' .67 (1 

() • 670 

o.~'70 
0.670 

5. 3 n r 
? 1 r r 
I~.::r(l 

3. 2f f. 
'16·90 r 

7 d?f C 
~. I~ r ~ 
~'. 3~ r 
S.llpp 

3.'-'l1r, 
2.8 (1 

19·0 rr 

12· eo ~ 
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1PPENDIX ,4 

Step-wise Multiple Regression of Data 

1. Constant Head System 

If H < 10kt;;, magnetic recovery nray be expressed by: 
1 

~ = A + B log [H'i<b d~ei.mf ] 
\ 

\ f 

( 
or 

.. 
i 

~\ = A + B [a' log H + b log k + C log d + e log U + f log Lm] 

1 
~ , 

1 
A step-wise. regression was performed where the depe~dent variable was, 

~ and the independent variables were log H, log k, log d, log U and 
J- • 1 

The respective Nariable coefficients that were determined from '1 , , 
1 

j 
the regression were therefore equal to aB, bB, cB, eB '~d fB. 

1 ... 
j ~ 

The data from 58 hematite and ilmenite tests is given in Table 4-1. 

The range ,of conditions was: O. 4 ~ H .8.0 kG j -4 
5.6' k * 8.0 x 10 emu/cm3-Oe, 

8.S4cN40 )lm; 2.9"'U"'15.6 cm/sec; 0.0836L "'1.0; and 1~%.R_,~86%. ;. . m -"M 

The resulting coefficients were: 

H: al\î = 72.04 
" 

k: bB '= '56.4S 
i-

d: cB = 91. 78 
oQ :: 

ï.~ U: eB = -64.05 

L fB 
(\ 

: = -30.34 m 

A = -78.43 

0 The value of a (the H exponent) wàs set to 2. TheNfore, B = 36.02 
" " 

/ 

<1 I~ ". 
--~ --~ - 14iltI~,D1 
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and 

b = 1.6 

c = 2.5 
~ 

e :: -1.8 

f = 1_0.8 

Standard Error of Estimate = 7.53. 

Inclusion of data from tests using H)lO kG in the sBme regression was 

diffÙ:ult. because above wlOkG, Mw becomes saturated, 50 that the H 

exponent can no longer be set ta 2. The k of chalcopyrite and 

, sphala.rÏte was considerably different from the k of hematite and 
~ 

'ilmenite. A regression was therefore performed on the chalcopyrite 

and sphalerite data, using the results Itom the previous re~sion, ta 

determine' if the k exponent would vary to a great extent with the 
-

inclusion of CuFeS2 - (Zn. Fe)S data with the Fe203 - FeTi0
3 

data. 

The independent variables were log [HMwd~.5 1 and log k. Data 

U1.8L 0.8 

m '" 'l, 
\ 

f!om 13 chalcopyrite and sphaler~te tests is shawn in Table 4-2. ,The 

r~ge of conditions was: 10" H .20kG; 0.2S6 k ~ 0.34 x 10-4 emu/cm3-oc; 
\ 

12 ~d"36)1m; 2.9 .U"9.9 cm/sec; L = 0.33; m "" and 386 ~ 6 90% . The 

result of the regression was: 

~ = -48.67 + 28.78 log 

Standard Error of Estimate was 5.00. 1 

Thus, k exponents of 1.6 and 0.8 had been obtained for the two 

' ••• $., 3111 ,II,.VTn n iii'.' III ; ; Il, , L 7 iLJK.. LU ML ai Bi IIi Illnn'N11.1. 

" 
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regressions. A compromise of,1.2 was chosen and a linear regression 

was performed using aIl the data (above and below lOkG) with variable 

1 = ~ and variable 2 = log [ ~k1.2d2.51' The data i5 shown in 

U1.8L 0.8 
m 

-'bable 4·3 for the 71 tests. The range of cQnditions was: 0.4'H"20kG; 

, ~ 3 .256k6S.0 x 10· emu/cm -Oe; 8.5~d"40}'m; 2.9"U~15.6 cm/sec; 

0.083 ~ L~" 1.0; and 12 ~ ~ * 90%. Resulting -regression equation was: 

with a Standard Error of Estimate of 6.95. 

Drainage Sys tem 

A similar type of regression ana1ysis was per'ormed on the data obtained 

from the drainage system tests. The resu1ts from 61 hematite and 

(l. 
ilme.ni te tests at H<10kG were used in a step,-wise regression. The data 

ïs given in Table 4·4. Range of conditions of the data was: 0.4 "H" 

7.3kG; , ·4 3 
5.6 "k " 8.0 x 10 emu/ cm -Oe j 

0.167~~2'~0; and 9"~"95%. 
The reSU~iing coefficients were: 

H: aB = 83.92 

k: bB = 165.47 -

d: cB = 65.79 

U: eB = -53.26 

L : m fB = -45.13 

A = ·140.81 

~- .... 

2 4U"22 cm/sec; 

.. 

fi 
l' 
1 

• 
\. 

f 
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The value of a (the H exponent) was set t012. Therefore, B = 41.96 

Thus:\ 

I\.t = -140.81 + 41.96 log [H2
k
3.9d1.6] 

Ul. 3L 1.1 
m 

, Standard Error of Estima~~ = 8.36. 
1 

'b = 3.9 

c = 1.6 

e = -1. 3 

, f = -1.1 

Again, inclusion of data from tests using H ",lOkG in the same regression 

was difficu1t. The resu1ts were used, theref~ to rough1: determine 

if the k exponent wou1d vary to a great extent with the inclusion of the 

CuFeS
2 

- (Zn,Fe)S data. A step~wide °regression'was performed using 

data from the chalcopyrite, sPha1e~:te and ,ematite tests and about' 

half of the ilmenite tests. 

'The two independent variables were and log k. 

Data from 49 tests, given in .Jable 4-5, had the following range of 

- -4 ' 3 
conditions: 0.4. H.: 13 kG; 0.25" k. &.0 x 10 emu/cm -De; 8.51& d' 49 ~.m; 

2~U'22 cm/sec; Lm = 0.67; and 101llo1\.t.90%. Tests with H greater, 

than N15kG could not be included with unacceptable distortion of the 

resu1ts. The resulting regression was: 

I\.t =, -52.76 + 

Standard Error of Estimate = Il.32.' 
1 

"ThUS the addition of chalcopyri"te, ami" SPhale~a changed·the 

k exponent .from 3.9 to 1.8 and ~ncreased the error of estimate from 
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8.4 to 11.3 

; 
Two linear regressions were therefore done - one on the regression 

resu1ts from ~ll the data, and the second on the regression results. 

from just the hematite and ilmenite data. 

an expression for a11 the data were 

The data is shown in Table 4-6 for 71 

' _ u1. 3'L 1.1 

The variables used to develop 

~3and log [HMwkl.8d1.6 1 
m - ---

tests. The range of conditions was: Ô.46H"13 kG; O.2S'k"8.0 x 10-4 

3 emu/cm -Oe; 8.5~d.49)1m; 2.U622 cm/sec; 0.167ItLm62.0; and 

regression equation was: 

~ -58.9 + 38.3 log 

Standard Error of Estimate = 9.7. 

The variables used to deve10p an expression 'for just the hematite 

and ilmeni te data ~ere, I\r and The data for 59 

'.f"> 
hematite and ilmenite tests is shown in Table 4-7. The range of 

conditions was: O.4'H 6 7.3kG; -4 3 S.6*k6 8.0 x 10 emu/cm -Oe; 
"rP \ 

8.S'd'49}o1m; 2.U~22 cm/sec; O.1676Lm.62.0; and 9"~"9S%. 

The resu1ting equation w~: 

~ = -137.4 + 41.3 log [HMwk
3.9d

1
,6 1 

ul. 3L 1.1 
m 

Standard Error of Estimate = 6.5. 

• nE rr p=rm. 7 M ÈTFIW ~ 
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Table 4~1 

Step-wise Regression Data - Hematitq and Ilmenite-Constant Head syste~ . < ,y) 
'-_/L../'\ • 

Table 4-2 " 

Sphalerite and Chalcopyrite Data - Constant Head System 

Linear Regresslon ~ Constant Head System 
1 

Table 4-4 

Step-wise Regression Data. Hematite ~d Ilmenite-OrainageJSystem. 

Table 4-5 

Step-wise Regression - Data From AlI Four'Samples-Drainage System. 

Table 4-6 

Linear Regression - AlI Data-Drainage System 

Table 4-7 

Linear Regression l Hematite'and Ilmenite Data Only-Orainage System 
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TABLE v'~_l l 

" 168. • 1 V,\ 

1 
RM log H lug Il log d log U log Lm 

83. 000 O. :1 0 0 O.7!-O 1. ~PO O. UO - O. 4'J 0 
3~.000 -0.100 0.7~0 1.3:.' Il O.UD - 0.4'30 
55. 00'0 0.280 0.750 10 040 0.7fO - O. 4S 0 

79. 000 0.0 0.750 1. f 0 0 0.760 - O. 4S 0 , t, H,.OOO D. 0 0.7~0 1.3:.'0 0.4~0 - C .4'3 0 
86. 000 O • .liB 0 0.750 1.320 1. Il 0 0 ,- 0.460 
f6. 000 0.280 0.750 1. :!2~ 1.000 - 0 .480 

30.000 - 0.1.100 0.750 1.3::>0 0.4fO - 0.480 
35. 000 O. 150 0.750 1.320 O.4fO - 0.480 

~O. Oli~ ·0. :;ür, r,.75û 1.32 D û.76~ - Ü. 4ô Ü 
39.000 O. 0 0.750 1.320 1.000 - 0 • 4'3 0 
14. 000 o. a O~O 1.320 1.190 - 0.4'30 
39.000 (J. 3ll 0 o. "'0 1.::120 1.190 -1),48 (1 
t!6. 000 O • .liB 0 0.750 1. ~20 I.I? 0 - O. 4~ 0 . 
li. IJ 1) 0 Il. r II ~ 0.750 1.320 O. UO .,0 .~413 0 - '''- ~ 

74. DAO 0.040 0.750 1.320 C. HC ~ 1.080 " 

, 
52.000 0·040 0.750 1.320 0.760 -0.300 

35.000 0.040 0.750 1.320 1. '000 - 0.480 

3 0.000 0.040 0.750 1.320 1.000 -0.300 
19.000 0.040 0.750 1.320 1.000 0.0 

45.0 DO 0.040 0.750 1.320 Jo 000 - 0.713 0 
!-o.ooo 0.040 0.750 1.SIIO •• 000 - 1 • O. 0 
3Ç. 000 0.040 O. '150 1.540 1.000' -0.300 
71.QOO 0.040 0.'150 1.540 1.000 - I.O~ 
U.OOO 0.300 0.750 1.3?0 1.000 - O. 4'! 
56. 001) 0.300 0.751l 1.320 1.000 - o. ~c 0 
78. 0 00 0.300 0.750 1.320 1.0 OC - O. 76 0 . 
82. 0 Q 0 0.300 0.750 1.320 1.000 - '.030 
35. 0 Il C (l. 303 ('.751) 1 ~ 320 I.QOO 0.0 

f4.000 0·040 0.750 1.540 1.000 - o~ 780 
21·000 0.040 0.750 Jo 040 1.000 - 1.090 

16.000 0.040 0.750 1.040 1.000 - 0.480 
13. 000 0.040 0.750 1.040 1.000 - O. 300 

20. 000 0.040 0.750 1.040 1.000 - 0.780 
66.000 0.0 0.900 1.480 1.000 - O.'4'JO 

53. DO 0 0.0 0.900 1.340 1.000 - 0.480 
36.000 0.0 0.9 00 1. ~O 1) 1. 000 - O. 4'i 0 
24.()OO 0.0 0.900 1.013 0 1.000 - 0.4S0 
15.000 O. 0 0.900 0.030 Looo - 0.4'10 
37. 000 -0.300 0.900 1.1180 1.000 - 0.48 D 

26. 000 -0.300 0.900 1 1.340 1.000 - 0 .48 0 
t- If. 000' -0.300 0.900 1.200 1.000 - 0.480 

" , 
12.000 -0.300 0.9 a 0 J .·080 1.000 - O. 4'! 0 
83. 000 0.300 0.900 1.480 1. 000 - O. 4S 0 

73. 0 a 0 0.300 0.900 1.340 I.l'OO - 0.480 
40.000 0.300 0.000 1.080 1.000 - 0.480 
85.1100 0.490 0.9f1 0 '.340 1.000 - O.4S0 
53.1100 0.490 0.900 1.0BO 1.000 - D. 413 0 

'\ 68.000 0.1130 0.900 10 200 1.000 - O. 4S 0 
3S. DO 0 0.480 0.900 0.930 ,1.000 - O. 4S 0 
75. 000 0.900 '''.901) 1.080 1. 000 - 0.480 

() 61.000 O. ~ 00 0.900 0.930 1. DO 0 - 0 .4S 0 
78. a 00 0.040 0.900 1.1180 O. ?fO - a .48 0 

48.000 0.040 0.900 1.200 O.7EO - 0.480 
78.000 O. Ile 0 0.900 1.200 0.760 -0.4S0 

28. 000 O. 011 0 0.900 1.340 1.100 -0.480 
57. 000 0.710 0.900 1.08 a 1. 190 - 0.48 C 1 

51'.000 o. UO 0.750 1.320 1.000 - 1 .080 

1\ D~ .~ 
, .. •• 1 ~I~~!J 

~":::1.';' • 
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1 
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Cl 
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65. 0 (J 0 
54.000 
38. 000 
69. 0 d 0 
90.000 

'i 61.000 
90. 000 
76.000 
79. 000 
7C. 000 
78.000' 
43.000 
~O. OOC 

[. 

~I 

. ' 

• 
~. : ,' .. 

, ' lM), 

ï 

TARLE ;-2 

oH r' 
log UttrL;,f log le 

4.558 -0.470 
1.;.013 -C.470 
3.341 -C.470 
4.314 ':'0.1.;70 
S.IS7 -0.470 
3.94:3 -0.470 
~. 070 -0.470 
4.620 -0.600 
4.745 - C. 600 
4.444 -0.600 
4.990 -0.600 
3.773 -0.600 
5.274 -0.600 

.. 
. ' 

-. . ,'" , .~, ,,~ . ~'. 

,. , 
.. ,.-.1'.'_~'. ~.~,_i'II_f ,. ___ .' ........ .A~,~~ .. 
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':J,_ 'rA!lLE ~-} 

-ft .. 

-~~~ , 
h 

1 • , '~~I 
" ..... U.Jo, .,if. Rlol ... ~ 

.,~. 000 ~.92' 

;Il 
:!~.O~O 3.D:!f 
5~.000 3. D'l 0 
19. D,DO ~.9~1I 
H.ODO 3.7!3 

'lfo 000 ~.7117 

~".OOO ~. ~~O 
:l0.000 ~.'51 
IJ~. 0 DO .10.0.105 

" 
" , 20.0DO r .. ·6P~ 

~9.0bO P.193 ~ 

IlI.OOO •• 1137 
3'h 000 3.01'5 

H.OOO 3. :I?l! 
EI.OOO 3.307 
74.000 3.759 
~l'. DO 0 :J. 1 (f 

CJ ~5.0pO ~.B7f 

30.000 F.":!~ 
111.000 P. 1191( 

'\ lj~.OOO 3. Il'' 
50.000 3.430 

3?000 3.P1J9 
'71.000 :).91l! 

(7.000 ~. 395 
5f.oOO :!.P511 

'0 
78.000 3.f:!E 
'll'.ooe 3.677 
~~.OOO 3.01 :! 
1'11.000 ~. fl7 
,1.000 p. f 55 
I(.OCO ~. 174 
13. rn ~ ?O3:! 
20.000 2.414 
(~.OOO ~.3H 
!-3.000 J.OP9 
3l. 000 2.H14 
~1I.0GO 2.312 
15.000 1.991 

:!.,. 000 2.1611 i;" 

:;(.000 '.4f:7 li 
l' If.OOO 2.082 
" Il'. 000 1.169 

"3.000 3.9~e 

73. DO 0 :!. E31 
110.000 P.?'73 
'1~.OOO Il.012 
53.000 3.345 , " 1 
E'J. 000 3. E31J :t 3'J. 000 2.951 .. 
7!!.00o 4.177 
fi. 000 3.'111 

7~.OoO 3.8'30 
Il'3.000 ~. '''9 
78.GOO Il.0t? 
~'l.000 2.757 
57.000 :l.431 

j ~ 1.0 DO :!. :15'7 
(~. 000 :!.? ICI 
~4.000 3.3'l3 
~!I.OOO ~.7P5 
f? 000 J.t'lll ~ 90.000 Il.SIE 

(1.000 ~. ~:»7 
90.000 4.1111' ,.":;,' 

0 
'1l.000 ~.RJI 
7?000 3.95f 

71.000 4. I.e 
1i~.OOO 2.?~7 

'>D.HO 4. Il'14 

70.00a : .. t!!o 

", 

• 1 Il 



TltBLE 4-Lx l' /1. 

,...... 
R 1o! H ..!!L.!!... ...!!a...L ..l!a..!l 1°2 l1 H.1~~ - O. :l 0 il O. 'l li (1 1 • ~ 0 0 1. 0 {' (\ -b.l& 

~ 1. (111O (1.04 r U. 9 r C 1. ? (1 0 1. 0 (1 0 -C.lqC 
7~. O~(1 0.300 (1. q 0 C 1. ?{H 1 • (1 (1 (1 -C.I'~(' 
8 1. (1 0 ~ o. 1j0 0 t.OOIl 1. r 00 1 • ~ 00 -o.lete 
90.000 C. 59 () 1).°00 1.200 1. CO (1 - c. 1 ~ (1 
(r.ooo 0.0 'O.QOO 1.::?4 C 1. Il r (1 -O.PH 

~O.OOO 0.520 0.900 1.340 1.000 -001'10 • < " f;7.000 0.0 0.900 1. 4~0 J.CfC; -001'30 
4.000 O. ~"JD O.QOO 1.490 1.000 .. 0.18 (\ 

39. 000 0.0 " 0. 0 ('0 1.080 Id!OO - li. 1 ~ (1 

70. 000 O.5:?0 0.900 1:090 l.(jOO -O. PH' 

5~.COO " 0.530 0.900 0.930 1.000 -CoiRO 
~7. (I!)(I (1. 1 ~ C (I.~!)!! ! • ~ ~ ~ , nrn -~. !?~ ,-t! ......... 
::?8.000 O. 151) 0.900 1 • 013 0 1.0.00 _ 0.1 0 (1 ~~ 

:;:2.000 -0.300 0.7~0 /1.3~0 C.:![)O -O. I~C :;;::/ 

S~.I)OO 0.11'30 0.750 1. :!ro c. 7q 0 - o. '1'30 
! 4q. 000 0·1 S 0 0.7S!) 1. ~?('1 (!. 7"3 0 -O.I"C 

513.1l00 O. 160 0.75(1 I.:!?O 0.780 -0.) 411 0 

15.000 -Dol DO 0.750 1.3211 r. (100 -O. I~O / 
31.000 O. 113 0 0.750 1·:l:?0 1.000 -0.180 

,// 
55.000 O. 3~O 0.7!:0 J • 320 l.fl~O -O"~O ~, 

r 
71.000 0.4:?0 0.750 1.320 1.000 -0.190 

6s·eoo o. 6C a 0.750 1.320 1. li (1 0 -I)"~O 
:31.000 -0.100 0.750 1. f8 0 le CC 0 -0.130 
2~·OGD - O. 1 (! 0 0:750 I.HO 1. CO 0 -C.180 
10ollOO -0-101) O. 7~.Q 1.040 t.ooo -o. leu 
6S.000 0.49 (1 o.no l.fSO 1. CO a -o. I~O 

87.COO 0.490 O.7~0 lot'OO 1. OC 0 - 001"0 
5C-00O 0.490 0.750 1.040 1.000 - O. 113 0 

78·000 ~·:?OO O. 7~C 1. 320 O.~O:l -tl.!~O 

5~.O'00 O. 1 10 0.7.50 1.320 O. 7B 0 -(l.IRO 
41.000 Q.4l>D p.7S0 1.3PO 1. ~DO -0.180 

f3.000 O. t 1 0 0.7 SO 1.320 1.200 -Il. 180 
44.S30 0.530 0.750 1 • 3t' 0 1."340 -o. ISO 

60·000 o.g(-o 0.750 1. ~20 1. 3~0 - 0.1"30 
71.000 (1. 150 0.75C 1.320 D. 7R 0 -o. \I~O 
7::?{I00 O. 150 0.750 J.3fO O. 7~O -OdilO 
~O.OOO 0·E40' 0.750 1.040 1. 000 -0.-180 
~3. 000 0.E40 0.750 i. (140 1·0 Il 0 -O"~O 
9.000 -0.050 '0.750 1 • 3~0 I.COO 0.::00 

21.000 O. ~8 0 0.750 1.3:: 0 1. (100 0.300 "!t 

5/.000 o. ( 00 0.750 1 • 3~ 0 1.000 0.300 
70.COO (I.tOO 0.750 t • ::?:? 0 1.000 Ile 0 
:0.001) Q.300 1).75l' 1 • 3r. 0 l.pOO o.!) 
14.000 0·0 O. 7 ~o 1.3:: 0 1. 000 o dl , ~l.DOO O· 0 O. 7~O 1.3::0 1.000 -o. I~(I 
'l~. coo OS" ~OO o • 7!OU 1 • :-~o 1.00 Il - C.)80 
'01·000 O. ~o 0 0.750 .1 • 320 I·oee -l'o1'30 
~ 5. Q 0 0 O. t 00 0.7~': 1 • 32'0 1. CC 0 -(1.1'30 
?:? coo {)otOO (1.750 1.3?O 1. Il 00 .,.0.4130 
H.OOO C.300 0.750 1.320 1.000 -e·I;'10 
5lo 000 Q.O 0.750 1.320 1.000 - D. 7q 0 

40.000 O. 0 0.750 1.320 1.00 (1 - O. ~'3 0 
?5.000 O. EDO 0.750 1.320 1·000 - O. 7q 0 

: 
79.000 0·300 ('.750 1.32 (1 1.000 - O. 7S 0 

) 
10.000 O. 0 {I.7!'i0 1.320 è. 76 0 o.::!oo 
Ù.ooo 0.0 0.7511 1 • ~l' 0 0.790 D.O 
50.000 0.0 0.750 1.320 0.750 - 0·4" 0 .. 

~. ?SO 13. DOC 0·300 1. D/l D 1. OC 0 0·0 
40.000 0.300 0.750 1. Oll 0 1.000 -0·4'30 

tf·OOO 0.300 0.750 1. O~O 1. (! {I 0 -O.l~O 
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TABLE ~-6 

~ ~ lot "" 
~~.OOO 1.<\40 
!o1.COD r'. !':!o \ 
70. O~O :l. O~O 
ql.~OQ 3. Il:!O 
') 0.000 :t.' ~ ~ 
f~.OCO :'. t70 
?O.COD :!.'7DO 

n.ooo r.'80 
[l4.0CO :!.l;1I0 
:''1.000 E.~!O / 70.000 ::l~:!' 0 \ 

~".cno ~. ,,. 0 
:!,.OOO ~.5110 
33.000 ~. feD 
!I!'.OOO :l.000 
40.000 3.000 
!l'). DCO :l.COO 

• 15.~OO ~. HO 
~I. COD t!. '71 0 
5~. 000 3.000 

.,10000 ~. ~ro 
PII.OCO :'.!OD 

:l1.000 ~.7110 
:15.000 ~. f 1 D 

• 
...,10 10·000 

~~.OOO ::." 1 0 
'1'7.000 :l.'7°0 
!lE·OO~ r.'!90 
'1''3.000 :!. t '7Q 
~~. DCC, ~.1J70 
lII.OCO !,.Q~O 
(3.000 :!.~~O 
114.000 ~."9 0 ~ 
BO·OOO :!.E40 
H.OOO :!.190 .. 
E:!.OCO :l.100 
1).000 1,"110 

'-, ~ 1. CC 0 r.:!~O 
! .. 000 :.040 
70.000 ~. ~1 0 
~ O. COD 2. 'l''' 0 
111.000 ~. 1'70 

~ fi. COD ~.~fO 

4~.OOO ~:HO 
;; 

"'.OOC r.9EO 
, 

RS.OOO 3. St 0 ' ~ 

9,ll. 000 ~.900 ,1 

H.OOO :1.:!00 .-
~ 1.000 :!.Ollp I~ 
40·000 <.100 "- <t C/!\.OOO .ta.tIaO 
'7?OO~ 3.(40 " " 
10.000 ~ .. :!G 

,~ 36.000 ':",1.('0 
50.000 :.:. QfI) 0 ... 

HI. 0 Q 0 :,.::ro 
1I0.0GO ~.~~D 

:>t, 000 ~. ~ ID 
~O. 000 t.SPO , 
:!~.OOO :'.070 
IA.OOO 1. '7\ 0 
IIt.OOO :. "7:!O 
~O.OOO 3. 1 ~O 
AI.OU ~. :'10 
7(.000 ~.'I70 

0 rf.OOO (J. O( C 
Il''.000 ;:.s~o 

!liI.OOO 2.71:'0 
:!3.0~~ 1'.31l0 
'70. COD 3.0(0 

,q. 000 P. I~n 
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TABLE ~-? , 

\ 
,fi.. 

t '1 HM .3#~'L6 
, M IDg W 

..1... U"'_U 
~2.000 :J.7~0 
5101)00 4.4r!0 

\ ".,., " 
70.roc 4.91<0 
~I.OOO ~. ~~o 

9C.000 S. !'\40 
/, 6Z.DOO 4.5tO 

9C.000 5.570 
(:7.000 4.770 
~4.0()0 S.~::!O 
:Jq.ooo 4.140 
70.000 S.~OO 
5(.000 !4.Q(O 
57.000 il.E3C 

:;g.OOO 4.430 
:?:!.ooo 4.~30 
~5.000 4. ~7 0 
119.000 4. ~7 0 

5B.000 4. ~7 0 
15.000 ~.7:!0 

,(.1 
:J1.OllO 4. ~~ 0 
~~.OOO 4.570 
11.000' 4. 7? 0 
81. on 0 5. 130 
:?I·OOO 4.~10 

y ::5·'000 1,.1'30 
10.000 3.P130 

8~.000 5.490 
137·000 S.:!E 0 

5E.00O 4.4EO 

.- .. 7B.000 ~.240 

55.000 4.440 
410 000 4.500 

f3. DOO 4.690 
44.000 4.550 1· 
80.000 5.:?10 
EO.OOO 4.7€0 
e::.ollo ,4. HO 
9.000 3.310 

~1 .. 1I00 3.1)60 
,51.000 4.f10 
7 O. li DO 4.940 'Il 

30.000 1./0 34!] "" 
14.000 :30740 \ ..... , 
~I.OOO 3.930 
Il:;'.000 4.5:30 C, 

111.000 4.!-30 
!J5.000 5.1 :JO 

9=".000 5.470 
, H.OOO 4.970 

51.000 4.E10 
1I0.0CO 4.no 
95.000 5.81C 

/ 79.000 S.:?IO 

) 10.000 3.700 
~e.ooo 4.b:J0 

h 50·000 4.5EO 
IS· 000 :!.R90 

• 14 0.000 4.4~0 

2f.000 "·D'U 1 
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APPENDIX 5 
J 

1. M!1HODOLOGY FOR PREDICTING METALLURGY FROM TIN CONCENTRATE 
SEPARATIONS i 

Size and pyrrhotite di?tribution of the semple is given'in Table 8. 

The susceptibility'o'f the sample was described by 3 k values. The 

/ _ magnetic response curvê, below 1 shows 1:hat '" 15\ of the s~le could be 
o • ) 

magnetically recovered. Eack k value accounted for 5% of the sample, or 

1/3rd of the magnetically recoverable material. App-roximately 1/3rd of 

the magnetic m~terial 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. Each was 

therefore <:haracterized by the median value -0.1, 0.3 and 0.55 Amp, ' 

respectively. These were then used as the 150% in determining the 

susceptibility of the fraction of the sample that it represented (using 

Eq (24)). The volume susceptibilities and the specifie gravities used 
.. 

to calculate them are given in Table 12. 

= 

---------- \ .. ~ 

5 

•. 2 0.4 1.8 

1 
1 
1 
, 1 

t 
t 

,/ 

o.. '4 .• 
0.1 

\ 0.55 
1 

u 

4 •• 

lA 

1J 

1 (AInpS) 

l 
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l ' 
Feed weight for four of the tes~s was 20 gms and estimated magnetically 

\ . 
recoverable fractlon for the tests was 10 to 15%. Therefore the ave7age, 

12.5\, of 20 ,gms represents an ,Lm = 0.04. Peed weight for a fifth 

test (1est #4) w~s 40 ~~ or L "= 0.08. If the predicted recovery was m , 

f 

considérably different from'10 to 15%. then a new L would be sele~ted 
,\ " m 

and the prediction repeated, 

t" 

~ for each d and k intery~l was dctermined with Eq (21). 

f Rr was deter,mined with Eq (33), ,Rsm0
2
T with Eq (34), Gpe,sS Mags with 

Eq (32), and Gp S N M with EQ (35). , e7 8 on .. ags { (' 

'SUl+fARY OP GENERAL CONDITIONS 

,t d Pe7SS 
fd , Fe

7
Sa 

38.0 0.404 6.1 , 

28.0 0.505 10.3 0.0505 
'-

21.2 
, . 

0.065 10.0 0.0065 

15.0 ~O4l 10.0 0.0041 
- .... 

" 
\\ 

. . 
\ . 

\ 

\\ --------- ----------------
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Test 1 - TIN CONCENTRATE SBPARATION 

H 0:: 3.9 kG 
U = 15.6 cm/sec 
Lm = 0.04 

177 • 

/ 

<1:e7sS 
f Fe7SS 

l\i at k = Rf t at k = rac 1 

34.2 4',2 1.4 34.2 4.2 1.4 
(1DD) ---"-

3S 0.0246 100 100 SS '".0246 .0246 .0216 
2S 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 ~ 

() 

0.OS57 .0857 .0806 .0654 

, . 
1 0 ' Rf t = -3 (. 857 + O. S06 + 0.0654) 

rac T 
.0772 ' .. 

R .... .0772, 100 '- 90 1 . R 91 1G. 
Pe

7
S
S 

M - .OSS7 x - • .. Pe7~S T = • 11 

R.r ... (13.5 'x ~~:!) + 2 = 15.0% 

R = 15.0 - (91.1)(.OS57) = 7.3 
Sno2 Tl 

(91.1)(S.57) x 100 -_ . G. 
Gpe7sS Mags - = (91.1)(8.57) + (7.3)(91.4) - 53.911 

Gpe S 
7 8 Non-Mags 

= (S.9)(8.51) x 100 = 
(8.9)(S.57) + (92.7}(91.4) 0.89 

o 

, \ 

." 

~--'-~~j~_ ':~"_~, -~ ..... _ ~< -..: : .... a .. a .......................... ,:.,_._., H!, • 

/ 
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Test 2 - TIN CONCENTRATE SEPARATION 

H = 2.0 kG 
U = 15.6 cm/sec 
L = 0.04 m 

178. 

= ~ at k = R 
'1:e 7s8 

f fract at k Fe7S8 
(lDIl) 

38 
28 
21.2 
15 '0 1 

)., 

34.2 4.2 1.4 

0.0246 100 88 68 
0.0505 100 74 54 
0.0065 100 66 " 46 
0:0041 

/) 
91 53 33 

0.0857 -t' 
.1} , 

Rf t '= 3
1

(.0853 + .0654 + .0483) rac T 
.0663 

Rr"" (13.5 x ~~::) + 2 = 13.0% 

RS 0 = 13.0 - (78.4) (-.0857) = 6.4% 
,n 2 T 1 

34.2 1 -
.0246 
.0505 
.0065 
.0037 

.0853 

, G ' = (78.4)(.8.57) x 100' _ 
- Fe7S8 Mags (78.4? (8.57) (6.4) (91.4) - 53.0% 

G
F 

S = (21.6)(8.57) x 100 -
e 7 8 Non-Ma~s_ (21.6)(8.57) + (93.6)(91.4)- 2.12% 

• 

4.2 1.4 

.0216 .0167 

.0373 .0272 

.0043 , .0030 

.0022 \.0014 

.0654 .0483 

.. 
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• <1:e;S8 
"\ 

(llDl) 

38 
28-
21.2 
15 

Test 3 - TIN CONCENTRATE SEPARATION 

H = 1.2 kG 
U = 15.6 cm/sec 
L = 0.04 m 

f '\t at k = R a1: fract Fe
7
S

8 '34.2 4.2 1.4 

0.0246 100 73 S3 
0.0505 97 59 39 
~ 

0.0065 89 51 31 
0.0041 76 38 18 

0.OS57 

Rfract T = ~(.OS25 + .0459 + .0354) 

.0546 

34.2 4.2 

.0246 .0180 
,.0490 .0230 
.0058 .0033 
.0031 .0016 

.0825 .0459 

• 0546 
RF S = .OS57 x 100 = 63.7% 

,e7 8 M 
:. RF 's =,64.7% 

e7 8 T 

~= (13.5 x :!:~) + 2 = 11. 0% 

R = Il.0 - (64.7)(.0857) = 5.5% 
Sn02 T 

----- > G = (64.7) (8.57) x 100-/ ~ 
Fe7SS Mags (64.22--(!.J)7)--+- -CS.5) (91.4) 51.8 

~-

--------------.. -
. G .----------- = (35 • 3) (8.57) x 100 = 3 • 
. Fe7S 8 Non-Mags ,}3S. 3)(8. 57) + (94.5) (91.4) • ,. 

i< 

~~ / 

( 

\ 
) 

k= 

1.4 

• r 

.0130 

.0197 

.0020 

.0007 

.0354 

\, 

, 

" 

, . 

";:r' 

1 •• 
f~ 

~ 
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Test'Z. -, TIN CONCENTRATE SEPARAT:ON 

,.-' 

H = 2.0 kG 
U = 15.6 cm/sec 
L = 0.08 m 

180. 

\ 

~e7s8 , f \t at k = Rfract at k = 

(WIl) 

38 
28 
21.2 
15 

Fe
7

S
8 34.2 4.2 1.4 

.0246 100 80 60 

.0505 100 66 46 

.0065 96 58 38 

.0041 83 4S 2~ 

.0857 

'1 _ 1 
Rf t - -3(·0847 + .0586 + .0415) rac T 

= .0616 

34.2 4.2 

.0246 .0197 

.,0505 .0333 

.0062 :0038 

.0034 .0018 
, > 

.0847 .0586, 

R = .0616 
Fe

7
S

8 
M .0857 x 100 = 71.9% :. RF S = 72. 9% 

, e7 8 T 

R.r == (13.5 x ~!::) + 2 = 12.3% 

R = 12.3 - (72.9)(.0857) = 6.1% 
Sn02 T 1 

G = (72.9) (8.57) x 100 _ 
Fe7S8 Mags (72.9)(8.57).+ (6.1~(91.4) - 52.2% 

1 

GFe S 
7 8 Non-mags 

= (27.1)(8.57) x 100 _ 
(27.1)(8.57) + (93.9)(91.4) - 2.63% 

,1.4 

.0148 

.02~2 

.0025 

.0010 

.0415 

'Pt 1 
c • 

~~ .:', 
'~ , 
1 

J 
;~ 
l~ 

lr ).~ 

1 , 

" 
~!.t ,r 
~ 

.~ 

:) 

1f ,-.., .,. 
, 

.' 
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~e7s8 
(JJlI\) 

'1 38 
28 
21.2 

-15 

.0 

... 

, 
Test 5 - TIN CONCENTRATE SEPARATION 

H = 2.1 kG 
U = 22 cm/sec ~ 
L = 0.04 m 

d ~ at k:: 
Fe7S

S 34.2 4.'2 1.4 

.0246 100 SO 60 

.0505 100 66 46 

.0065 96 58 38 

.0041 8.3 45 25 

1 
Rfract = 3(·0847 + .0586 + .0415) 

T = .0616 

'" 

71. 9 .' Rr = (13.5 x 94.4~ + 2 = 12.3% 

RS 0 = 12.3 - (72.9)(.0857) = 6.1% 
. n 2 T 

.0246 

.0505 

.0062 

.0034 

.0847 

G = (72.9)(8.57) x 100 _ 
Fe7SS Mags (72.9)(8.57) + (6.1)(91.4) - 52.3\ 

G (27.1)(8.57) x 100 _ 
Fe7SS Non-mags= (27.1)(8.57) + (93.9)(91.~1J- 2.~3% 

r 

"~,'" • ~ t t .. " " ~ \ 1 

lS1. 

.0197 

.0333 

.0038 

.0018 

.0586 .0415 

'Z =.J..: 
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182. 

ME1HOOOLOGY FOR PREDICTING METALLURGY FROM COPPER COOCENTRATE 
SEPARATIOOS 

The particle size distribution of the cyclone UfF, -32Sm sample i5 

shown in Fi~e 26. 
\ 

, 

The susceptibility of the sample was described by 4 values. the magnetic 
1 

response curve, below, is an average of the response curves of the 2nd 

\ 
RIO . 

M 

! 
&1 

40 

1 

• 

1 
1 

:0% 
r~~ 1 ~ 

/., . ,:' 
A---- _1- __ 1 

" ~. ~% 
2D \ . ~!. _____ ;_-___ J 

L--\J 
/:13% 

1 
1 

u 8.4 u u 
l (Amps) 

'10 u 

and 3rd cyclosizer cones, Figure 27, which represent 53\ of the sampl~. 

As can be seen from the re5ponse curve, 13\ of the sample was recovered 

between 0 ~nd 0.1 Amp" 10\ between 0.1 and 0.3 Amp, Il),, 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 characteri'ze the Jusceptibility of each range. 
~ 

-~ RlI1!' rrree=rtrrtrtr= :,"._., 
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183. 

Feed weight for the four samp1es was 20 gms, and e~timated'magnetic 
" 

recovery for the tests was 20 to 30%. Therefore, the ,verage, 15%, of 

20 gros represents an L = 0.084. 
• m. 

~ for each d and k interval waS determined using Eq (27). 

Current ranse 
(AlnP) , 

0 • 0.1 

0.1 ~ 0.3 

0.3 " 0.9 

0.9 • 1.2 

, 

, ' 

Median Current (150%2-
(Amp) , 

O.OS 

0.20 

0.60 

1.05 

A.t -..._",. 

/ 
, ( 

\ 

k ... (,mj' x 10 J 
cm ... Oe 

125 

7.8 

0.86 

0.29 
" 1 

" 
Wt % 

~ 
13 

10 

15 

45 

1 • 



" 

d fd 
(m) 

35 .072 
28 :271 
21 .259 
15 .182 
11 .061 
1 .155 

" 

.. ,' .. 

~ .. ' 

184. 

Test 1 - COPPER CONCENTRATE SÈPARATION 

12S 

. 100 
100 
100 
97 
85 
'68 

H = 2.1 kG 
U = 22 cm/sec 
L = 0.084 m . 

\ 

~ at k = 
7.8 0.86 0.29 

79 39 19 
~ 70 ,30 10 

59 19 0 
41 1 0 
35 0 0 
lB 0 0 

Rf t at k rac ' 
ill. 7.8 ~, 

.072 .057 - .028 .014 

.271 ' .190 .081 21 

.259 .153 .049 0 

.177 .086 .013 0' 

.052 .021 0 0 

.10S .O~8 _,_0_ 0 

:936 :535 .111 .041 

\t = .13(93.6) + .10(53.5) + .15(17.1) + .45(4.1) 

= 21.9% 

R .... 1% p 

R,. = 23\ 

lit' 1 

, , 



{ \ 

, .. 
(, 

. ~) 

o 

d 

35 
28 
21 
lS 
11 

7 

\ 

f d , 
-\ 

.072 

.271 

.259 

.182 

.061 

.155 

185. 

Test 2 - COPPER CONCENTRATE SEPARATION 

1) 

.. 
H = 1.1 kG 
U = 15.6 cm/sec 
L 
m 

,.. 0.084 

! 
RM, at k = Rfract at k = 

125 7.8 0.86 0.29 125 U 0.86 0.29 

100 69 29 9 .072 .050 .021 .007 
100 60 20 0 .271 .163 .054 0 

99 49 9 0 .256, .127 .023 0 
87 37 0 0 .158 .067 0 0 
75 25 0 0 .046 .015 0 0 
58 8 0 0 .090 .012 ~--.L. 

.434 .893 .098 .007 

\t = .13(89.3) + .10(43.4).+ .15(9.8) + .45(0.7) 

= 17.7% 

~-1% 

Rr = 19% 

I~ 

, • 1 

lPiIl, fi ra. 7 

-~ 

) 



,-' l ,., . 

1 

"'" fd d 
;; (lIIII) 

35 .072 

'" 28 · 271 
21 · 259 
15 .182 
11 • 061 
7 .155 

lJ 

o 

,186. 

1 

Test 3 - COPPER CONcENTRA1ta SEPARATION 

125 

100 
100 
100 
100 

9S 
78 

'\ 
H = 2.1 kG 
U = 15.6 cm/sec 
L = 0.084 m 

~ at k = 
7.8 0.86 0.29 

89 49 29 
80 40 20 

,69 29 9 
57 17 0 
45 5 0 
2ft 0 0 

[ 

Rf t at k = rac 
125 7.8 ~ 0.29 

.072 .064 .035 .021 

.271 .217 .108 .054 

.259 .179 .075 .023 
:182 .104 .031 0 
.058 .028 .003 0 
.121 .043 0 0 

.963 .635 .252 .098 

~ = .13(96.3) + .10(63.5) + .15(25.2) + .45(9.8) 

'R .... 1% , P 

Rr = 28% 

o 
1 
l ' 

/ 

(-

\! 

l' r. ' 
, , 
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187. 

d 
(1UIl) 

35 
28 
21 
lS 
11, 
7 

fd 

.072 

.271 

.259 

.182 

.061 

.155 

H = 4.0 kG 
U = 15.6 cm/sec 
L = 0.084 
m 

\ 
~ at k' = Rf t at k = rac 

125 7.8 0.86 0.29 125 1.8 

100 100 69 42 .072 .072 
100 100 60 33 .271 .271 
100 89 49 22 .259 .231 
100 77 37 10 .182 .140 
100 65 25 0 .061 .040 
100 48 8 0 .155 .074 

1.000 .828 

~ = .13(100) + .10182.8) + .15(43.0) + 

0= 36.3% 

=L =0.12 
m 

0.86 

.050 

.163 
.. 123 
.067 
.015 
.012 

.430 

Rr in this ase is greatef than the expected L wou1d be. 
m 

Therefore, the pred·ction was repeated, except using an L~ = 0.11 

(33% capture),. \ ," 

\ 

0.29 

.030 

.089 

.057 

.018 
0 
0 

.194 

.1 



t. 

d 
(um) 

35 
28 
21 
15 
11 
7 

" 
" 

l' 

o 

fd 

.072 

.2n 

.259 

.182 

.061 

.155 

1 

188. 

, 

Test 4 - COPPER CONCENTRATE SE~ARATION 

" 
125 

100 
100 
100 
100 
100 
95 

H = 4.0 kG 
U = 15.6 cm/sec 
L = 0.11 \ m 

~ at k = 
7.8 0.86 0.29 

100 66 39 
97 57 30 
86 46 19 
74 34 7 
62 22 '\, 0 
45 5 0 

, 
Rf t at k :: rac 

125 7.8 0.86 ' 0.29 

.072 .072 :047 .028 
, .271 .263 .154 , .081 

.259 .222\ .119 .049 

.182 .135 .062 .013 

.061 .037 .013 0 

.1417 .070 .003 0 

.992 .799 .398 .171 

~ = .1.3(99.2) + .10(79.9) : .15 (39. 8) + .45 Cl} .1) 

= 3i· 3 
'\ 

R ::::!. 1% 
P ~ 

R.r = 35% 

Thus, the Lm chosen corresponds with,the predicted weight recovery. 
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v APPENDIX 6 

PRECISION OF SEPARATION 

~ :: ~60.6 + 34.8 

Since H, Mw' let 

(J~~mM) ~ ~ 
When l\t ::: 90% let k ::: k'l an~.d :: dl 

Th en , o 

log ~ I.2d t'S~J' = 90 + 60.6 LI 1 34.8 . 

= 4.3\3 

TheJ:efore, Ifl1. 2d1
2.5 cJ ::: 2.14 x' 104 

When l\t ::: 10% let" k ::: '1<2' and d = d2 

Then, log ~~1. 2d/·5 cJ = 10 ;/~~~ = 2.03 

The re fore, ~2 !'2d/,5 c] • 1.0; x 10
2 

Therefore, k 1.2d 2.5 
1 1 

k 1.2d 2.5 
2 2 

,y.. 

= 2.14 x 104 =200 

1.07 x 10
2 

.. 

189. 
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(27) 

\ . 

, . 

" . .' 
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• 
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l' 

1 

( . 

. , 

'. :1 
(a) 

Th en; 

. . , 

= 83 

Cb) 

= 8.3 

II. DRAINAGE SYSTEM 

Let( HMw" )~ = C 
Uh3J! 1'.1 

. m' 
1 

\" y 4'" r' -. , 

-
= 200 

= .log 200 
• 1,2 

"i' 200 

0'; log 200 

.= log 2r»O 
2.5'-,' 

\ ' 

y , 

!llien I\t = 90% 1 let k = ~~ 1 and d = dl 

.= 1.94' 

0::: 0.92 

Then. log. ~11.8~11.6 cJ, = 90 + S8.~ -- " «r 1 38.3' 0' 

, 1 

= 3.88 

\ l , 

'\ 190. 

\ 

-+ , 

.\j 

. , 

" 

(28) 
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~, ,I 
~ltè,l 
',,;.'>l 

Thorofore. ~./.~dl1:6 ~ .• ~ 7.59 x 
;t .. -

103 " 1 

t /', .' , .. '--

\ 

When I\t = 10%. let k = k2 • and d = d2 l 
,0 , 

1 

10g~ 1. 8d 1.6C ] 
1 

Then. ,= 10 -+ 58.9 .22 ,. \ 38.3 , 
fi 

= 1.80 

Therefore. ~21.Sd21.6 c] = 6.3 x 10 .... 
\ 

Therefore, kl1.8d11.~= 7.59 x 103 
'120 

k 1~8d 1.6 
, , 

Q 6.3 x 10 \ . " 2 "2, 
"-

(a) Let dl = d2 , \ 

Then, (:lt S 
= 120 ~ --;:; \ .) 

2 _ . 

f 

I.S 10g(~)-~ 
./ 

120 
, ,.. 

10%L= 
~ 

lOi 120 = 1.16 
,... 

1.8 

Therefore, k
1 = 14.3 

,; ki, 
\ 

• tb) Let leI =" k
f .( " 

o 1 (// 

Then, (~r' = 120 / 
" 1.6 

log (~) .' log 12~ -...... 
~ / .. 

l~g. (:~) • log 120 = 1.30 i , • 1.6 
i 

'. ,J 
~ . ( ,~ ... 

'0 Therefore, ,dl 
... 

= 20:0- .-
~ 

1 

ër 2 • \ , 
, . " l' , 1\-1 

, 
----_.~~-~--- -----_._. 
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