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6 " ABSTRACT _ '

An A-C demagnetizing solenoid  has been used as a
high gradient hagnetxgagepérator. Tests were comducead with
sg;thatxc mixtures of fine magnetite a;d silica. "

?pe gréde of magnetic praduct for tﬁe a.c., magnatic
separator uwas cu;parad with- that obtained on a8 d.c. magrietic

ssparator. Both separators uwere opaéated at the same

magnetic field, H = 0.06 Tesla and slurry flowrate velocity .

3

of 0.03m/s. . .
The -a.c. hgms produced a higher grade than the d.c.
hgms. for all  testesd cnngitions. The reason For the higher

.

A .
grade in ¢tH® a.c. hgms has bsan attributed to the affect of

vibration induced on thes particles by the magnetic forces ' .

associated ' with the altsrnating magnetic field. Thg

vibration caused nonmagnetic particles to be shaken free and
carriesd sway by ths fluid (water). - » ) e .

‘The npplicatiﬁﬁ of an external mechanical vibrator

.iL"tha d.c. hgms, resultsd in an aven greater improvement in

grade. This suﬁpnrtad the hypothesis rsgarding tpa rola'of
vibration in magnetic separéfzon. O

A Qodel capable of predicting the grade of paanet;c
product, has bheen postulat;d ‘and successfully tasted with

-

the acquirsd tsst data.



‘RESUME

J/gtifis&nt un soléncide démagnétissnt sur courant,
\ ‘ 3 ‘ °
alternatif, comme séparateurk magnétiqus & haut gradient

4

© (SMHG), des tmsts furent exécutds employant des mélanqps
synthétiqdas de Fines particules de magnétite st de silica.

La tensur du produit mégnétiqua pour le séparateur ,
sur courant ‘altecnatif fut cbmparée h celle obtenue par un
séparateur sur cgurant continu. Las deux unitéé produisant
le méme champ maanét;que , soit H = 0.0B Iag}a, st la pulpe

}

&tant alimentée a la vitesse de 0.03 m/s..
le SMHG sur qou;antlalternatlf a obtenu das‘tenaurs
supsriasuras i% celles du SMHG sur courﬁnt continu et ce pour
tous les testsi: Lle pourquoi de cette sbpériorite du SMHG
sur courant alternatif tiert de 1’effat de vibration
transmis aux particulss par les forces magnetiques assaclLés
- au chnmﬁ sur courant altecnatif. Cetta'vibratxéhﬁfait en
sorte que las particules non-magnetiques prisionnigres des
magnétiques sont libérées puis évibgées par le fluide Ceau).
L'utifisation ﬂ'us mécanisme q:xterné de vibration
Qséocxé au SMHG sur courant abntinu résulta =sn une
amélicration dépassant la teneur du produit magnétique du
SMHG sur courant. alté;natxf, 'supporéant ainsi 1'hypothesa
émise sur, le rdle de la wvibration lors de la séparation
magnbtiquel
, Un modéle capabls da prédire la tasneur du /rodu1t
magnétigue (GM) Ffut avancéd et ;ppliqué avec succhs sur des

-

résultats pré-acquis.

11
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AIM OF THESIS o

P

. o s ’
Magnetic products from magnetic  ssparators ars

a

usuallu‘.cuntaminated with non-magnetic p$htiplas. Thase are
entrapped physically among Ithe magnetic particles. Kelland
at al (1) recently demonstratsd that an altasrnating currsnt
powered high gradient magnatic -sapgrator (a,c. hgms) qave‘
higher"grades of magnetite thaﬁ .nxdiract currant pousrad

(d.c. thnms) in magnetite/coal separation. No exblanation was

<

‘.

given. ‘ *

i

1Q~ is the aim of this thesis to tast this
P~ Q R -

observation ‘ragarding ‘a.c. hgms an& explaore possible

reasons.

S
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1. INTRODUCTION AND BACKGROUND THEORY

{

" 1.1 CONCEPT AND SOME APPLICATIONS OF MAGNETIC SEPARATION.
LN - i , -

"Hagnet;c saparation techniquas ' I mineral

banefxcatxon have been long applxad to achiave physical

saparat&an’ oE M1narals by ®sxploiting differences in magnetic '

o §

»

suscaptib1lﬁtu aE individual minerals. In vecent years, ths

davelapmant ~of maqnatic separators has cecognized the

importanca of hiqh’ fisld strenhgth in polarizing Ffeebly’

magnatic materials and the impurtknca of magnetic gradients

in dsveloping maqnatictfn?bds in dipolar matdrials.

,4

Thare ars twc ganara; categorias of magnetic

saparataor usad for minaral baneﬁicat;on - low intensity and

.

)high 1ntensitg. Both. Enrms can be operated dry or wet. Low

intensity magnetic saparators (LIHS))are usad, for sxample,
as convsyor guard .- magnets to remove tramp ‘irén from
nonmagnestic ores, and for extracting “strnnglu magnetiF
particlas. such as magneEtite, anq pyrrhotite (2). Anothesr
important area of use ‘is for recovery of the magnetic heavy
medium in coal washery plants (3,%) and in the concentcation
of some industrial minecals and base me&al ores (S5).

p High intensity magnetic separation CHIMS) and hagh

gradient magnetic separation (HGMS) are usually applied to’

achidve Separation of a)‘ mlxturgs contairning a small

proportion of strongly magnetic particles of fine size range-

<1 to,minus 100um and b) mixtures of weakly madﬁe;ic:

particles of widse ;ize range (6)., The high 1Atansigg/high

A
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gradient ‘mauhatxc separation devices are used*industélalig
in kaoclin ;lau processing fFaor removal aof fine magnetic
particles to ° improve clay brigﬁtness (7,8) 1n the.
cunceptratipn~‘o? Ei%e 1rnn—n£; Chemarite) and for upgrading

of wolframite concentrates '€§-11). Laboratory/pilot scals
»

~ studies include treatment of leach residues for upgrading of

precious metal cbntent (12-1%) -and desulphurization of coal

€15,18). An innovative application of hgms is in the
separation of blood (17). Another application is filtrationm,
for exampls, in the'steel inngtru for removal of iron and

L
iron . oxides from the process watef (18) and in power plants

» t
for rgmaval of corrosion products (19). P/ )
Tha 1940s marked thé‘ beginning of commaccial
introduction of high intensity magnetic saparators and over

»

thg years s;;;ral differentqtupas were developed (é) such as
the Jones HIMS, the Kolm-Marston HGMS gnd racently
superconduct;ns»imagqats. A Full description of these dayiFas
hgs besn given by bba{tqdffar, and Haopstock and Lawver
cao.g15. Therafore, only a summary is prasanted here.

Jones HINS device: The cyclic is shown in Figure .l
apd' w;s éxést patented by ‘Genrga H. Jones CEE,Q.EQ). The'
bas,c d;sign prznc;pl; _is for Epe field to be at raght
angles to L the flow. The  metrix, ﬁada of grooved .
farromagnatib 'la;a, is placed in bstwssn.ths poles of an
elactrom-nna;f\gbkth the megnetic faiald appliad;_the Eaad.'
sither wat or &Ey, passas' through the matrix. The magne _.

particles ars capturad on the surface ‘of the matrix, and the

o
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nonmd@nitxc particles pass through. When the matraix is

loaded ﬁhe‘hagnptic products are washed from the matrix with

the .electromagnet suitched ofF.

P

A _continous-. rotary separator which Ffunctions
13 . s .
similarly to the cyclic .device, deveioped for large scale

operations is shown in Figure 2. The ferramagnetic matrix is

bl

mounted in an annular ring (carousel) which rotates through

the. magnetic Ffield. The feeding and capturing of magnstic

~

materials occur wheh the matrix is “within the magnetic’

‘figkd. The nonmagnetics pass through into AJlauhdar while
. » s

the magnetics are Fflushed into another .launder when the
matrix: 1s.out of the magnetic field.

? - The Kolm-Marston °~ Separator CHGMS) (24-26): This

" devic%_ is similar to the Jones saparator esxcept the magnetic
‘'field and 'the “Flow ars parallel. Both cyclic (batch) and

' continucus devices are available, figure 3, /

A

The matfix is of steel wool or an expanded matgi. In

Y

ths continous’ devisé, the matrix is fitted in an annular

‘ring, which rotates through " the magnet hesads. The magnat

N~

- o,

» 14
‘head is “an slongated iron bound solenoid the coils of which -
o

"have been turned up at both ends to'enable the ring to pass

through. The slurry i1s passed through opdnings in the ﬁagnet

'haad, The nonmagnetics pass through-while the magnetics are '
. ° 3]

_capturad on the matrix and carried out of the magnetic fField

By fhe Egtatian of the snnular ring to be discharged at the

fFlush station. '

° hi -

The difference betwaan HGMS and HINS is that the
- - y ' £l

g

‘ ‘ .oy ®

L] o

&
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Acrangement of rolary separator.

(1) Platebox
(2) Rorting disc
. (3) Magnet .
. (4) Permanent magnet on coils *
(5) Feed hoppens
< {6) Scour mechasism

L LT
~

' y-f il (}) Air vessel
e Platebox, (§) Scour water pipe
(1) Plate . (9) Geardox
(2) Brassstnp > (16) Dyving motor
(3) Rotating disc - €11) Launders
- y ‘ ,
Figure 2 The Continuous .Cyclic Matrix~Type Sepacator.
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limit exists in the field avaliable Ffor magnetizing the

- \ . - \

\

2 \‘7
magnetizaing céll in HGMS is employed directly to magnetize
the matrix. Tha working volume 1s the bore of the coil. In
the HGMS desaign, the matrix serves only as a field gradient

source and not as a flux conductor. ‘Hence the volume

' occupied by the matrix can be smaller, usually 10-15%,

comﬁared to B0%X 1n HINS., Thais ‘maans-"that' tha HGMS can
achiesve a higher throughput for a gaven floor space. The
matrix eslsments also can be' made much shallerh anq the
gradients correépcn%ingluﬂlargar thus sllowing fine aﬁ%g/ or
weakly magnetic particlesto be captured.

' Unlike‘ HIMS, the_ HGMS system 'controls the Fflow
velocity through the matrix giving the Ffield and the

flowraste as operating variasbles (27}, In'prlnciple no upper

“matr.x., whereas in the HINS the upper limit is when tha

iron electromagnet is saturated. This occurs at about

1.3Tesla. In a8 conventional solsnoid the maximum field "is at

about 2Tesla.

Superconducting Se;érator: Dne ‘af the drawbacks in
l;rge scale convqnfinnal HGMS is the high pouwer consumptldn
required to generate the magnsetic Field and the consaqhq%t
need Ffor cool{ng wétar. Supercopductxng devices can overgoma
the above‘ problems. Some units are capagle of producing
1STasla over prolange? perxodé\gaa). dfrﬂ - \'

' Figure’ ¢ Shous the principal features of a

superconducting separator. It consists of a superconducting

solenoid placed in a helium cryostat system necassaru<to

»
- Al

7
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’ retain liquid helium, otherwise the design is similar to

- . 4 '
FL?@@,{\ conventxpnal HGMS. There ?re altogsthe$ three cannisters,

with Tatrlces 0.5m long sxtuatad’xn.the central*bdre. Thay

can be moved by a hydraulic system Cnot shown) in a

et

reciprociating mode so that whila .one matrix 1s in the

A

magﬁétlc field, ths other is outside the Field baiﬁq cleaned:

Q,

‘by Flushing. The rsason Ffor more than two matrices 1s to

PUSTPRRETPL

balance (minimise) the forces acting pnkfhe superconducting

N

. . coil and slsoc -to reduce the Force required to move the
A %

assembly back and fForth.
- 1.2 BASIC PRINCIPLES .OF MAGNETIC SEPARATION.
1.2.1 Magnetic erldlof a Sclenoid. ‘
" { i A solenoid is wusually made with insulated copper
.@%' wire wound on. a ﬁubeeof any Electrical insulating matarlél
(such .as plastic, fibre glass and rubber). A cross-section
of a solenoid is shown invFigura 5. To derive a forhﬁla Earvﬁ
magneti1¢ Fflux densityjy B at a point P on the axis of the
spleniod due to curéant ?I Flowing in the uwires of the
, winding lat:
L L be the total length of the solenoud,
N be the total number of turns nnrtﬁa solencid,
N/L 18 the number of turns ;ar unit length,
rl be the radius of the solencid and? )
dxsbe the élpma}ut of length of the solanoid.
Than_ there are fN/L)d% turns in the length dx and sach turn |

contributes an element of magnetic flux density dB at P of

e

=
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the solenoid given by (303
v |

M ‘
~ N
;
<

dB = (o I r1 CSin @) N/2 £2L)
: . _ |
§

' . Bg.C1).

From P.
o

. { ‘
d is thus the elament of angle which subtends at P.

- r is the distance from dx to P.
s - From the Figure rdg * dxSin

relétionshlps to eliminate r, sguation (13 bacaomas

NI : ) ‘ R
o dB = (p, —===- ) Sang dg eq.C2).
-~ ) L - a7
N ’ . Hénce upen intregating ‘fromae top (Fig.S)
. . NI .
S B =y - (Cgs o - Cas B
2L ‘

" ®gq.C3),

. &
whare B is parallel to the ax

is of ‘the solenoid. Equation 3
< - . ' i
gives the magnetic ﬁghx density of the solanoid not aonly

inside the solenaid but beyond the ends as uwell.

Where the length of solencid 1is longer than its

‘diameter D and P is not near ejther end, pis almost 180" anda

is almost zero..Then equation 3 becomes

”

Y
NI
B = My, ===

\‘ . Bq-("i)-
L

Iq this case the Flux density is uniform across the arsa of
cross—sectiaon

4 o>

of! the solenoid, parallel to the axis of the

11

where ¢ is the ‘aﬁgle between the axis and line drawn to dx

and Singp = rl/q..Using thess

»

T

Sy

©
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solenoid. At the end of the soclenoad, $ = S0 anq a is .

almost equael to zero then

ag.(5). ‘.1

s,

Comparison of equations 4 and S shows that the Flux density

on the axis at the'end of a long solenoid has only half the

magnitude as it has inside the solencid. Figure 6 shows an

fisld intensity H

approximate map of magnetic Flux lines of a solenoid. »

From the relationship betwsen Flux density § and -

- ®q.C(BJ.

it can be readNy shown that by cumbining»aqdatiqns‘s and Y4

) : -

‘eq.(7).

H is parallel to B. The units H are A/m and of B are T.

1.2.2 The Production of Alternating Magnetic Field.

Fram equation 7 it has been shown that the magnetic

"Field intemsity H, is - directly proﬁbrtznnal to the

¢
e

by Kirchoff'sasecond'law as Fallowing
/ v = Un Sin wt = {1 Zmagﬁ
whare v is the instantanecus voltage,

-

Um is the maximum voltage,

»

12

& v

generating current 1. For a solenoid connected to a

sinusodial voitage sourcé, the linp voltage applied is given

"eq.CBJ.
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" w isithe constant angular velocity,
t is the time, e

‘i is the instantaneous current and

’

Zmagn is the magnituds oé coil impedance. .

-

* By énalogg with equation B, L ) - ’ ’

i = (Um/Zmagn.) Sin wt o eq.(9).

, By Ohm’s law -

Im.% (Um/Zmagn.) Co @ . eq.C10),

"~ where Im is ‘the magnitude of current Ffrom the sourcs.

" Therefore equation 8 bacomes

i = Im Sin wt o ag.C(11).
and on subtitdting for i in equation 7, the magnetic Field
intensity H generated by a sinusodial‘ voltage source is

given by - -

H = (N/L) Im Sin wt ' 8q.C12).

' Q . xRy
~l"-‘rorn equation 11 the current Fflowing in the solenoid is

@

‘showun to be sinusodial. This type of current is called

alternating current (a.c). Hence from eguation 12 an
alternating curréﬂt ‘will _produce , an alternating magnetic:
field’ intensity 4in the sclenoid. Thus by &nalogy H can be

expressed as follows

-

H = Hm Sin wt ' o - 8g.¢13)

where Hm is the magnitude of the magnetac Eiela inteﬁsitu
in a8 solenoid at Im. - H

t

The field intensity produced by a direct current (d.c),

correspands to a constant value of Sin wt.

A
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1.2.3 Compgting Forces in High Gradient nagnetxc Sepacators

H

<

In all magnetic separators there exists competion

o /
" . between magnetic :and other Forces (see Figure 7) (20). For

&
magnetic and nonmagnetic partjcles’ the ratios of these

Fforces arm different. The magnetic force Fm, for a particle

~in a megnetic separator is given by the following expression

Fih = U Mp dB/dx o : .,i eq.C14).
uhere U.is the volume of Eﬁq particle, m
_ dB/dx is the Eiald gradient, T/m .

‘ Hp is the magnat ation of the particles, A;il el
The magnetization of =a particls'ls a Function of both the
magnq}i: propar;i"s of the particle and tﬁg:magnatlc Ei;ld
to which it is subjected &nd it i; expressad és Follqys

Mp = K H . - eq.(15),

whare k is thalpa;ticla suspectibility (dimsnsionlassj,

’

‘The value of k ranges Erom 10" to 10° For very ueak to very

.-

strong -magnstic materials respectively. In some cases k

assumes a- negative value. Figurs B shows the relationship

between M and H for ferri and ferromagnetic materials; with'

increasing H, M rises rapidly and saturates. Figure 8 shous
linemar variation of M uwith H (21); a positive and negative

slope - are typical of paramagnetic and diaﬂganatic ﬁxﬁat;;ls

rqspeétivelu. . ) C e e

~ EqQ. 1% for magnatzc force cnuld he rawrltten as~

"Fm = U k H 1, dH/dx , ‘ uq c1s>.

. . B
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" This ‘the magneatic force For a particle in an a.c., solenoid

maqnetlc separator~hould be -0

Fa.c. = U'k Hm Sin wt p,dH/dx ‘ - eq.C(17)

dH/dx = Sin wt d/dx + Sin wt dHm/dx.

1

Therafore

+ ’ v

Fa.c = U k b, Hm ((Sinwt dHm/dx) +

(Sinfwt d/dx)) S e eq.(18).
since Sin wt is not a Egnctibﬁ'of x, %hgfla;t term of eq.18
equals zerc. Hence b N ,” e

 Fa.c.= U k Hm i SinZut dHmzdx . . 'eq.(18).,

Fram equation 13, the Eb;ce-on a particle in an a.c. magnst

-

will always be positive since Sinfwt is greater than zero.

1

The major competing force aqiinst the magnetic force

in a wet system is the hydrodynamic drag force. Assuming for,

X
a spherical particle with a Stokssian flow regime, the

hydrodynamic drag force is given by

Fd = 6Fbul -~ b eg.C20).
pt . ! '
where b is the particle radius, m.
- 'Y
U is the relative velocity of the particle to the

[}

fluid Cwater). m/s. and

>
‘

-

————

7 is the fluid viscosity, kg/m/s.

£.3 MAGNETIC FLOCCULATION.®
The phenaomenon of FfFlocculation Cor aggegation ) of .

Ferromagnetic particles in a maanatib‘ Fimld has besn

- <Y !
dascribed by Lomovtsev et al (312. They gzstinguzshad three

phases. First; when the particles are in a relatively weak
N s : . , \

£, 18

g—
P

[
<
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N

Freld they become m;gnetxggd and align themsselves with the

. %:tﬁ
line\ of force. The second phase occurs in a stronger field,

where the 1nﬁ1v1ﬂual grains act as—secondarg magrnets. Now
the grains begin to gather 'imto a}ouﬁs and flacculation

occurs. Depaending on. the nature of the Field and the

propeties of the mineral, the Fflocs adopy vearious forms,

e.g. they. .may ' become long chains ar agdfﬁgatas rasemblingi

\

half an ellipsoid of rotation. The tips of the flocs point
towards the poles of the field. UWhen ths magnetic force '

acting on the Elncs*excaadé the sum of the Forces oppbéiﬁq
- \ . )
it, the third phase begins: the floc attaches to the surface

]

of the magnet or magnetizing body;- in the.case of hgms this

is the matrix.

1.3.1 Theory of Magnetic Flocculation.

LY

. Several theories of magnetic flocculation ha$a hean

paostulated., Among them is the work of Eyssa and Boom (32).

A

¢

&
5

They developed a theory Ffor the flocculation mechanism by
;tuduing the coagulation or flocculation force betuesn
magnetic particles in 8 suspension brought into a magnetic

/

fFimld. The flocculation forece will depend on the particle
magnetization and the suspension porosity. The slurcy was é
£r§aféd fas an infinite slab aof' thickness 2L, see F;gﬁ}e 10,
where

L - NTr ‘ uq.(El):
N is the number of;particles along the length L;
r is the interparticle distance, '

b . 1 v . ,"

E

20 -
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with the surface are considered.

S - ' eg.(22).
(3747 1-e) )3 o
& ) , ' ' ’ ‘

where b 1s the particle radius, ' :

e is the porosity of the suspension, and

(1-e) is the so}ids'fractionlof the slurry. ‘. o

Sinde. the attraction 'forcg between two dipoles is
’ L ;
" proportional to r-? only the effect of the nearest particles
are considered. This means that the particles on a surface

<4 ‘ -
+have a high attraction Fforce towards the interior while

‘'other particles have much smaller naet forces on tham. Hence

only the effect of tha forces on the particles .in contact

.

v

By allowing the slab to shrink and change its
porosity from e to e+da then the Flocculation force F can be
astimated from change in energy stored dE From the relation

dE = F dL ot : eq.C23). .

whare dL is tha distance the particie moves.

dL = N dr ’
- N (4/3 b de - S ‘
T o o e v o - - . v B Bq.(a"i)-
° 3 -0 y '

The ensrgy E  taken From ‘the particle during a porosity

change & to me+de as shown in Figuras 11; it is the area

bstween the two curves multipliacd by the particle volume.

(OE = UfaH dn | - #q.(25),
whera ¢E is the .ensrgy stored par particls,: — \

. - ! ! N
o - | \

22 B

2



, - 8H = da D R ' : ‘8q. (26).

( o D is the demagnatizing éactor of the slurcy.

. then ]
' s, 0f = Us de D M dH. | ’ . . eq:@7z.
0 " )
' V2 3 i . P ,
-1/2de DM (/3 b aq.(28).

}Ihs Jtotdl energy changd dE in’ a column dE N particle is
: _ given by | _ )
X , o T dE = NeE A - eg. (29, -
‘ Combinaing eqs. 24 and (=] givas '

F~ 3.808 p M1 (l-efb T eg.c3ao
This attractive Force divided by the gmevztatinnal Eurca,_

| . assuming a spherical particla for which 0 = 4n/3 is:

&2

F/mg = 3.888 n?° cl—aaibqb B . eg.(3). .
/Q‘ , ‘ ) ‘ Pt

‘\ ' whare p is the particla dansitu, and
g is the qravitutional acceleration, _
) \‘Figura 12‘ shows‘\F/mg as a Nfuncticn\ gf (l1-e) for
. different sizes of saturated magnetite p?rticles.\ One
i? i' ?ondequancav-is - that” galcdlapion of tha force dn A ﬁzghlg
' magnetac particle - .should take into _account ‘the nearby .

particles, ; -7

1.3.2 Demagnetizing of Ferromagnetic Material.
| When particles of Fferromagnetic material have hesn

- . removed from a magneatic- Eiald,: residual magnestism causas

o

23
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. residual magnetism alternating coils have long been used

!

‘because they "~ represent the most pratical of the two

avaz}ablé methods for pa;formlng depolarization ¢ the other
method being that of heating the mpterxal to the Curie point
and then cooling it wunder épro Figeld conditions (33-35)).
Depalarizing can be considered magnet;; daflocculation. The
terms damadnétizinq and ‘randomizing are also used.

In the literature there appesars 'fo bé a lack of.
information on the subject of damagnetxiation. Although Dean
and Davis (35) 'tou&h on this prubiem 1n their worf most of
the data are quite qualitative in nature. In 1818 E. u.
Davis was granted a patent for demagnetization of magnetite
pulps (36). His method invalved passing the pulp through a
tapparaé coil aétivated by an altgrnating current ﬁf normal’
EréquﬂnégA 60Hz. This method, with minor modifications has

baan used, almaost universally in instalilations wherse

‘dapolarizatioﬁ of low coercive Force materials has bean

s

required.
' Haftig, Onstad and Foot (35) made a detailed study
of the Ffactors involved in depolarizing both low (helow 100

Oe> and high C(above 100 De) coercive force material. They

‘ developed a method of evaluptaing the relative degree oE//W

damagnetization of , any pulp based on the settling
o
characteristics of the pulp. With Flowing pulps, they found

that ﬂepblariiing wés less complete than in the static

atate, but this effect could béBovarcome by increasing thes

field s=strength, for axahﬁla, from S00 to 700 Oe rms Croot

o
25 v

-
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‘the Curie treatment.

°

- i '

mean' .square or eaffective vilue). Usang magnetiée only,
Williams jand Hendrickson, (37). in their work dibstanstiated
the ' findings of Hartig et al, that slow withdrawal from a.c.

field of S50 Oe or more was squivalent to daepolarizing by

~
¢

In classification of pulps céntaininq magnetized
ferromagnetic v particles, demagnetization 'is of great

importancae. An esxample is' in the Ffirst banafiéation of

magnetic taconite'ofh, whare demagnetization made the use of

a. closed . grinding circuit possible. The product from the

"mill was also demggnetized~befpre gravity concentration(3S).

In coal .washery plants the magnetic media used in

1

:the sink - Floeat prndeés are magnetite and Farrosilicpn.ufq
N \ J

reduce medium viscnbitu, the medium is disparsed using

demagnetizing coils. ‘ ‘ ' &
r

-Heikki (343, workina' with titaniferous magnetitse,

reported that demagnepization markedly enhanced the
aaparatioﬁ of silicates ?na ilmenite. |

In ’studging the‘ behaviour df magnetic particles
under a microscope, |Hartig et al (3%) obéa;ved that in a
EOHE . Field sﬁngla pa;ticle; rotated prasumably at a speed of
EQrps, in much the same Ffashion as ths rotor of a
synchronous ‘electric motoF;‘Ve also ubservea that if a qﬁcup

of partiblaé . ware placed in nldﬁu proximity in  an

‘alternating field éE gradually increasing intensity the

" particles uwould at first rotate and then tend to form 1n£o

groups, or chains. fhasa chains are Formed as a rasult of

: © a6
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mutual - forces of attraction betumsen particles due to the
‘Field induced in/,aach particl:fiy/the apﬁliad field, After

the chains Form the Forces af "attraction holding them

pea—a i - q

+together were large enough to pra&sntrrotatinn.

THe chaining of particles appears to bs of

considébabfé importance in the demgnetization process. in a

'W‘madium of low viscosity such as water. Thﬁ chaining sffect

of f;rromagnetic particles is considersd to be why good
S~ .

demagnatization is not achieved (34>,
The study undecrtaken in this thesis is different in
that demagnetization was not Just done before sapar;tinn,

but ssparation was done in the demagnstizatioh (a - )

.field. l ?

-1.4 MODEL OF GRADE OF MAGNETIC PRODUCT _

1.4.1 Obertusffer Model , ‘ :
Obertuaffer, }20) postulated a model for raguvarﬁ,

Rm and grade; Gm of magnstic praducﬁ. éu considering the

effect of interaction betwesn tmagnetic force, Fm, .and

competing farces, Fc, in a mégnatic sgparation, Obertueffaf

used a simplg propability approach and defined

>
Rm -
Bm = —me—r—————— : ) eg.(32).
Rm + A Rnm .
whers '"an is tha recovery of nbﬁmaanatfb pa&ticlas.in
Ot t4Y

magnetic product, A is the mass ratio of the nonmagnatic to

thas magnetic particleé in the Féed . hssuming

a7

Tz .
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. Rnm =-K* Rm ---—- : S S eq.(33),
Fe
hhare XK' is a proportionality constant and Fi/Fc is the

ratio EE interparticle to competing Forcas (canstapé ratio

!

*n this case).

Then aguation (33) bacomes .
1
Gm W e o o ————— ’ Iq.(3“!).
' 1 +AK ,
whare K = K' (Fi/Fe),. - , .

Linaﬁrizingaeq.(aﬁ), we haye
1 Vi

————=1+AK . ag.(35).
Gm . . .

i
*
-

A plot of 1/Gm versus A should yimld a straight line with
slope of K.

! £
l1.4.2 'Void-Filling’ Modal

In this model, Filling of the voids in the magnetite
is considered. ’ ‘
—‘ Lst Uv be the volume fraction of voids in the
absaﬁce of nonmagnetics (for example silicu)‘ !

fv be the fraction of VUv Filled by silica

Assume, maximym fFv = Uy e

-’

-therefore

- . ' N b
28 [ e

. ..ﬁ:‘ﬂ

+



-

PR

o e e 4

R bt a2 LU A7 PR
.

4

and,

where

n

o

.

-

+

to A by .

uhafa

- an,

y Lineacizing eq.(41) ] T '
. . ’ . L IS
1 vb Ps (1 - expc-and :
| -oemm W 1 T - 2 . .q » (‘*afj .
Bm (1 —’pv)_Pm ’
T .As A gpprn@chas infinity, exp(-aA) aquh%sfzitq; therafore
. . ) )x- " as @ ’
/ . 2 .
; el
X ) S

or the minimum grade,Gm

Substituting eq.(40). in ®q.(38), thersfore.

. o £
.- . .
‘ -
I ? v , 4

< - - v 1

¥ ¥ o, : . ‘
'

. 4 el
L .

< v,
[ . .
¥

mass of mannnt;ta** (1 = Vv Pm S ; éﬁ.casn.

£~

mass of sxlica; - Ev Vv Ps ':{ .Y L eq. (37).~

v

Pm is the density of magnetlte Cmaqnetzc partxcla)

Ps is the density of silica (ncnmagnetxc patticlﬁ).'

then the qﬁade of magnetic ﬁroduét is defiﬁed as

, €1 - U Pm ° . L
Gm - oo - -t - Bq.(as)- -
(1 - Uv) Pm + Ev Uv Ps .

/

P

‘G ; €1 - Uv) Pm° Y aé’?ﬁSJ
M ™ =~ ——ee———————— . .
- Uv) Pm + W Ps) : '

~

’
k-3

For, # - given bhrtip;é sizs, assums fv can be relatasd

.
PARS s ary
N .
<0

Fv = Uv (1.- sxpC-aRd)) . ag.(20).

!

a is ths "probability of silica retantion par unit of

3

[ f

“~

. (1= U Pm
‘Bm = -- —— -aq. (1),
1 - Uv) Pm + u% . c1 ~ exp(-an))

v
v
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y\: - =-afA = 1n (1 - - Py (1/-Gm - 1)) eq.(4%).
; : Ps W ] } .

.

kY

* - - ¢ r
a ‘ - [
. s
' 3
.
N
»
» ' % + *
¢ ¢
. ' i N s
i - -
, f
& I3 ' .
S .
T
N N - ,
. o e AELIN
“ , ¥ ) Al
- “ B
. [ .
» e T
- . /) ; ¢
~ » .
v
. 1l
«
)
. 4 N
L] o L
‘o a . \ " R
0
- ! !
. »
. .
L - s
©
~ R
f
. s .
B S~ -,
-
. “
0
v t
- -
’
. . < . .
’ '. "
P
, - . - .‘
.
EEY LN 3 -
7 ' ¢
- 5 - “
r ¥ fe R
5 >
* et 4 & .
Lx -
- ¢ , o
. . Y Ki f - .
- 1 Yo s .
‘ s
! -
0 e & - ' v
- .~
© ’
\ '
+ [
é f y -

'The plot of this ln Function versus A should give a straight



'}Q&oraﬁnfu batch sparators, an
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R R ' 2. EXPERIMENTAL WORK

2.1 APPARATUS.

~

2.1.1 ﬁescriﬁtion of High Gradiént Magrnetic Separators. R

The - gabaratgrs used for the axpesriments were

}

-

anﬁ a d;c pouered solenocid magnet.
. The .a-c hgms: This was J;ﬁ Eriez demagnutiziné

'solenoid types-2DR. It operated on a 550volt, 60cycles single

»ﬁhase alﬁarnating gcur:antvpoﬁar source. Figure 13 shows the

- . N , . o
dimensign oflthe coil. The :solenoid consisted of copper wire

a-c powsred solenocid mipnat,‘

wound around a spherical plastic Epre such that the magnatic

-

'E;ald.'in the core increases uniformallu'ffom&nna end of the

'coil to peak at its centre. The current intake was 1.4S

. AlCrms) ‘anq wlrﬁ resistance was 32 ohms (rms)-. Ihu# the puuaf

"ar energy ' loss,

12 R was sufFiciently low that copling was

snot required during operation. From tiese & coil

fspacificatiéns, . the magnetic flux intensity gsererated was

"800 +/- ‘10 \Géusg or 0.06Teslal(rms). Usually for solenoids

capable of 'Eialds larger . than ‘about 1000 Gauss or

O.lIasla(rmé)-c;uliﬁg of thg winding becomss necassary.

The demagnetizing ' golanoid was mounted on a uooden
\huard af a8 minimum of 10cm From the nearest mutalllc“dbgact
and arringed .so that plaxiglass Eubing for slﬁfru
trnnséarﬁatinn passsd vertically through the co:l coraﬁ ?ha
electrical connection to the solenoid was through a junction
box mounted on ons end of the coil. Thé jupction box has a
. ) .

L <

. ‘ oy



I . N . . L N
- . N .
N - .- v N . v H )
* ) : " b ———
v N f R Lo ' . " ,
N ’ < R
* .~ .
- s

-
<

o N v § . . . . g ‘
o T ! T g A '
i ) ' . * * L . LS
’ ' ‘ . . . ) -
t a o . . R
’ ' ) ) ’ AR .
“ ‘ ‘ .
' s i, . . -
- ot : e 1 v B ,
, %
LN . - . ' s 1 . b . » . .
M N et K I I ﬁio 06 V
\ .- 5 R N r 1 . m . . )

R = -
C —.D " Dp=0.20m :
|

M - ’ ~ - l . . . )
' _ ' : =0.0S
- s ' - b ‘ v 1.0.-0.05m
‘ ) . L * . 3 * ~
. . X . ‘ P '
N g - ) ' ’
) ‘ . g . -
’ EY ) I | I R . j .
) T ' ° A " [ - . - . N I3
* ’ * . . .
. . P - . L N & . . : ‘
A o : NI : ' e, . . N
‘ ‘ . N N \ f ’ R
] » ; - ) Q
. . P . . l T ~ " . . . , e
-t - wr . ) Y . i ’
* - - A - l‘ A ‘.. .‘:
1 . - . \ ' a v [ -2 o~ .
. + . v ¥ . - B . ..
r . B ‘ y - ' - * . . .
| \" S = ) l F . o - A L
> ST e igure 13 Eriez 20R PR
’ g . -
S - | Eriez demagnetizing sclenoid typs . ,
' * - s . . . *
B * o7 . ' ' .~ + N ~ * Al
' o ] LN * . :
' N . - A + s . ,
R . R - . ) ~ . - . B .
N ! B ~ . v ,
v Rl o . . . ., . . A ]
e ot oy 4 ~ N . . 4 . K )
‘ \ o ’ ' ) ) - . B
+* N - 3 : ‘
-~ £ N g , ' & R ‘\.. Y - R . . ] , . '
y v N S Cl el
¥ ' » - - . \ ° R
: . ' . [N [ \ « B’ .
- i ‘ - - 3
’ i ! o N I , R ¢
' ot e . )
1 A L ' . i , ) N t N . N ) .
L - . v ) - . . , )
SN ! . 0o . . . ; ‘ .
Lot . » ' ¥ . ; ) . . ‘ ‘
! ' “ P f 1 -
3 - 4 - L 3 . \ . . .
P ' v g ' N i i )
o 1 B v . ) , )
o n . C " » .o R )
.~ » 4 ot - - 'y l .
: . 1 ‘
' ' c * | N B=0.19m : .
- . . . . 4 . ) ‘
i .
A " b=l D C C=0.1lm : ‘
' e : -|.D.
Al . - v . . ’ .
| . o ' o | 1.0.-0.06g .
,
T ’ * ' . ¢
. i o, . . . . . i i , ) :
. ta - < . 3. ~ B '
) i - s s - . . i
° \‘ 0 + . .
‘ ' ’ - ] .
, ‘ ' ‘ ‘ ) B i3
i ;;\, ] , ks : B . ) - . 'v ‘
. t - f R . ' .
Lo o . s . / . N N . )
) ; T . ’ -
ST ' ' ‘ i il - .
N ‘ S 1 g c coil. 1 X
- y : Figure 13s Ths elsctroms net o , .
. » - B 1 - . . » )
o ‘ \ ' ' - ’ ’ - “l‘ -~ M * . el N .
- ) * “ s 1
~ e at :‘ 4 . > - . -
. - - ' . ~ . ‘ ‘
- ‘o . . . , .
‘ ‘ a ) - 4 : - v N -
. 2, . ) . . - ‘ . | 1 ’
r . : , N . , “ 3 N . o
“ ' Xa™ t ,'b \“ ! # T - . ! .o P [ ‘ .
’ 7 e ! . v’ . B ‘
N KRS 5 t + [ 9 ’ . . X ) . A l
( ’ ’ \ ‘1.‘ T ' ] : . MR l .
T : ' .9 , : cT A
4 T . . N : K L ‘ r
. ¢ ' . T, . L N
-.,’N . 4 - X . X ) . .
. » . e, . e Ly ) . ' i a . R
- ‘ o ’ ' ' y i s v 4
~ 1 - 1 - ' . , . AR ’
' k K N " - . . . . . .
! ) ) { ) . - + .
1 }' o . R . « E . ‘ e L . o - . Q . )
. Lo . . - s ) \ L. A
-~ . - N e .. ' P . . R . - . v/ .. T '
RO h ' - ‘ . < . .
. : Le .o & - N v . v o0 ’ - n
) : i 7 L o ot ' ©o ) . - 4 T, - . . -
- - . . “ A ) : A e \
- o : s ' ! N ‘ s 3} B - N
oo t ' h T P v . ; » .
~ o, ' . v o . “ . K] Pl 1 . R ", . - l
- > gt o o - f o , \ - . 5 ) L o L ]
1 [N - 1, N » - . . 0 a . e . . .
- Ty e ) te B > '“"q . Vo - \,.'( ’ - .o t . <
. L, ' . , . ; ) : . . .
- £ R N N A ) B B M . ) )




P e s
v

"E.I,E‘Iha Difference Betuween A.C:

L5
7 &
LY

’ !

standard sizeé conduit’ to " which 'a waire from ‘the coil
connected the uwire going to‘the voltage alternating current

source . Hance the maximum magnetic field genarated in ths

core of the coil uwas directly propectional to the maximum

\

alternating cutrrent of the coil.

The d-c hgms: The elsctromagnetic coil usad was

taken from a Davis tube separator., Its iron core was removsd

3

‘to creata an opening in which plexigliqs tubing For slurrcy

irnnspo;;atian was passed. Figure 13a shows thé solenoid

dimensions. The ' coil was operated from a 110VAC pomeé\\

source. ‘Fiﬁura 1% shouws the solendid electrical circuitry.

N
~h

Tﬁa generation of magnetic fField in the solencid uwas through
the alte}ﬁat;nﬁ current voltage pa;sad intc a 120volts a.c.
variac and rectified into a d.c. voltage. The variac was set
to giveu a darect current Flow 1into the coil to give an

equivalent magnetic Fflux intensity gs»in‘the demagnstizing
\
solendid. The current was monitored on a multimeter

-

connected to the rectifier. ‘ . ’ v

N -
’ 3

. o
’

"and n.c. ’Solanq:\ds:J
" This is due to their 1mpedan%e (2) expressed as
2coil = Rc‘cul’ - JXc‘$11 ohm N eq.(45). -
where Rcoil is the caxl wire resistance " ‘ ‘

.Jchil "is the magnitude of imaginary part of the
. impedance, which is a function of freguency (f)

J is ‘the imaginary number VLI.

Xcoil is coil reactance, X = wlc = 2nflc

'33
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Lc is the inductance, an intrinsic property of

¢o1l (approx. constant).

-

" The frequency of excitation in a d.c. solenoid 1s equal to

zero, ‘therafare 2 = R 1n eq.(45), Hanca\aﬁ a.c. solenoid

will have more impedance due to freactance than a d.c. '
solenoid. As a'ra;uit the a.c. solenoid will requare hlgher

voltage for the same maénxtude c} magnatic fimsld intensity

comparad-with‘the d.c. solenoid.

1

2.1.3 Ths Effect of Type of Currsnt Genarating Field in‘a

o

Solenoid:
This is illustrated by Ohm's law given as_
1 = uyrs2 B 8q.(46).

and rswritten as

U =21 8q.(47).,
e ' ) \ “ \
‘analogically
_ua.c. =2 la.c: 5 . S .,. eq. (48).
'Vd.c. = 2 Id.c. ~ . aq.(%S).

The current I is known to bs 8 function of the voltage.

-t

Hernce to gernerate the same .magnitude of magnetic field

\ . - , Y
intensity for a given solenoid, less Id.c. than Ia;c. would

: \

‘be raqul%éd and elso a lower Vd,c..

%gl.ﬁ_natrix and Sample Transporting Sytem,,

Two types of expanded, wire matrices were used for

the sxpariments, Figure 15 shows the matrices. Matrix A °*

\ 35’
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Lc is the inductance, an- intrinsic property of
co1l (approx. constant). . : ’ )
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The frequancg' of excitaticon in a d.c. Sclenoid'ls equal \to
zerd, ;thersfcra 2 = R ;n eq.(@%). Hence an a.c. solenoid
'will have more impedance due to ~rsadt$ncé thén‘ a d.c.
solapoxd. RAs a\result the a.c. solenocid will requxre’hlghar
valfage For the same magnitude of magnetic field xntahsitu

compared with the d.c. solenoid.

2.1.3 The Effect of Type of Currmnt Ganerating Field in a
Solenoid: Y
#

\

‘This' is illustrated by Ohm's law given as

I =-vz - = . eq.(46).

and rewritten as )

u =21 _8q.(47).
analogically ‘ ,
Va.c. = 2 la.c. . ‘ eq. (41,
vd.c. = 2 Id.c. ' ‘" eq. (49).

~\The current [ is kﬁnwn ‘to @Ea a function of the valtage.

Hance to generate the same’ magnitude of magnetic Field

intensity for a given solenoid, lass‘ld.c. than Ia.c. .would

be_ required and alsoc a lower Vd.c..’

’

€.1.% Matrix and Sample Transporting Sytem.

Tdo'«tupas of expanded wire matrices uers usad Fbr'x

¢

the sxperiments. Figure 15 shows the matrices. Matrix A

§
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(ragular/coarse matrix) contained 13 pieces of expanded

metal mash with a' disc diamster of 3.Bcm and holes diameter

of 3.8mm. Matrix B (fine matrix) contained 21 pieces of

-@aXpanded metal mesh with 'a disc diameter of 3.8Bch and holes

diameter of 1 mm. Both matrices weighed 30gm. Each wers

prepared by packing uwpon sach ancther at raght anglqs and

&Era held in camnisters 10cm long by 3.8Bcm I.D. and 10cm by |

[}

‘4.3cm 0.0. " plexiglass cannisters respectavely. The
. [

cannisters were connected at baoth ends to 15cm_  long

ﬁlaxxglass tubing with a 4.Scm I.D. plexiglass adaptor. At

the bottom end, the plexiglass tube wss connected to a
A\

N

copper‘»tube 35cm long by i.acm diametar, At‘the top end
coppéf tubing B0cm long by 1.3cm diameter with expanded ends

of 4.Scm 1.D. connected the plexiglass tubing to a uater

tank of 2.78Litres.

- )/
A fead tank with a plastic stirrsr connected to an

electric motor was suspansed - over the uwater tank. Tygon
tubing with an off/on valve connected the fead tank through
the matgr' tank into the copper tublhg. Slurrxéd sample was

gravity fad 'via the plastic tube From the feed tank through

the separating zone and into a collecting bucket. Figure 16

is a schematic diagram of the sample transport system.

\

All tests‘_ were run using a constant head of 72cm

From the bottom of the head tank to the centre c? the

. B Y
matrix. Two ball valves were placed at 30cm and 37cm above

{
the canmister on lins in the copper tube tp act as on/off

valves. Anothar on/off valve was at 40cmibelow the cannister

37
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while 1.3cm Tygon' twbing with a set bE,bﬁrad, brass pldgs
plbced in line to control flow rate was aftachad 10cm belouw
the valve. Each plug had a dxféerent [.0. tosgave a range in
fFlow velocity through the cannister -matrlx. This way

reproducible velocities are relaiably attained. The total

head from the battom of tha head tank torthe brass plug was

1.10m,
o
2.1.5 Calibration of ths Solesnoids.

In cﬁaptarl 1, it,was demonstrated that the magnstic
field strength in the core of =a snlanoxdl is pxrectlu
proportional to the electric gurrent Flowipé thr it. To
cnllgrata the magnatxc field, strength produced in the coras

of the demagnetizing and electromagnetic soleholgs. the Hall

-~ . ‘

af Fact method was ussd (Flndrlil7). This was done First by
pre-calibrating ‘.a Hall affaci crystal probe model HR-B66 in
a known variabls Eiald. strangth electromagrist with a“
gaussmatrg. fha relationship betwean the millivolt owtput of
the Hall probe and the uaussmetre'readinés is'p]ottad;iﬁ
élqure ie. |

Both solenoids ssparately were than calibrated using
the Hall probe crystal by suspending it at the centre of thas
solengid cbre.«\and,.racordzng the millivaolt output at set
curra%t inputs from the magnat powar supply. Iﬁass millivolt
readings were convarted \éc fimld .strsngth vaiuas‘ using

Figure 1B. The linear relationship betwasn tha solenoid

Field strength and diresct currant input in the solenoid is

39
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, shoun 1n Figures 13 and Eobfnr“tha a.c. demagnetizing coil

5

“and d.c. alactromagnet coul respect;velg ) y
.Tha a»c solenoxd magnetxc field is expressed by:

, Ha‘c. ~ 3 234 I 10%- 1 104 o+ 8g.(30),

and Eqr d.c. salenoxd magnatxc fibld is glvan by SN
<1 7 Mdee. - 8.79 1 10% 7i10 - eg.es1).

¢ ¢

A4

The diffsrence in H is dus to thg N/L which nréiprgguqﬁius

of - the so;anoidi‘ ,«, , ‘

The . Hall crustal was &alsp ussd ta detarmine the

ﬁtpfilb of Efald strength along tha axis of thaa two

l

"éoibhaxds. Iha plcts of ,the Ezeld strenuth profile ara shown

s o in vaguras 21 and 22. It was nbservsd that the Ezald

3

-

strength along the hsnlenoi& axis increases gradually with

distance Ffrom one snd and reached its psak ar maximum aﬁ the

centre. - Also within 2cm on both sidss of the axis centra,

A

the field strength uwas found to be uniform. This qllowad"a_‘v

Yom working spacs within' which to place ths matr1§2tn

exploitya uniform field. K

)

e.1.6 machanicag Vibration. -

.

For the purpaéa af invast;bat;ng the =sffect of
’ : . )

"

vibratian on magnstic separation, a ' mechanmical' vibrator

taken from a Frantz i1socdynamic magnetic sabg:atﬁr was -

-couplad to .the upper snd, wvhare the plexiglass tubing with
& v . : ) .
the regular matrix cannister and the .coppser tubing uwers

connacted.

The vibrator was plugged diractlu intp & ilOUé:C.

) $2 .
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. ~ -« ¢ sQurce and vabration was msasursd us;na 'a pracalibrated

a hapcexaébmeter afixed to & knowh mass of regular matrix in
the canmster. Calibration was done with the vibrator aff

.and .on for background and actual measurements in the d.c..

,\‘ ;~ magrnet (Table 1). The samm 1nstruwant yas used fFor the a.c.

o X magnat. Introduction of watsr showsd no signifFicant change

*
e ‘

in Qibration.

A

N

2.2 SAMPLE PREPARATION. .

\

2

. | - Thres pure minseral usamplus, mlgnntitg, gllica and
“barutas ware praparﬁd For wuse in the axpefimants far
seaparation on the HGNé. All the minaral samplas uwere
scé;anaﬁ through a $00mesh siesve placed on a wet vibrating
sisve shgkar "Analysstts 3“.‘Ths minus &OOms;h Eraqtznn was
further  sized using the UWarman /Cuclésiihr into 5 ‘coﬁa
fFractions according tao thas minsral particla%s settling&
valocity. For ngngt@té, sil;ca and barytes the particle
sizes . for. égch cone are gx&an in Table 2. The apséatxon of-
Warman Cuclssizar has ba;n describad in detail by Kelsall
and Héadam(éaa. , - B .

Ml

%

'

-

aﬂall Pure Magnetits.
SEE‘ of pure magnetits. of cones 2, 3, 4, 5, and -S
‘rd;pnctxvalu ware prapared and passad through the two
separatars to‘ ansure that a8ll the magnetite was captﬁred

under the aalaétad conditions (that .13, reccvery in sach

lcasa is 100%).
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TABLE . 1

MECHANICAL VIBRATOR MEASUREMENT

4

. VIBRATOR ON

as 0.05 . 0.00005
PLUS" WATER
-------------- -
33 0.06: 0.00005

VIBRATION® IN A. C. HGMS

e e i, (s o " Y - a_ A U -
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ACCELERATION VELOCITY DISPLACEMENT

tmss2) (m/s). (md
-BACKGROUND
 0.045 0.0001 0 .00006

0.00005
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TABLE - 2
PARICLE" =~ SIZ2E
.. OF MINERALS IN WARMAN CYCLOSIZER.
CONE =~ AVERAGE PARTICLE SIZE (um)
NUMBER MAGNETITE SILICA BARYTES

- o — ———— - — ——— - —— T - V- -

1 ey w7.E7 32,94
2 21.63 . 36.41  25.06
3 ' 16.12 - 27.13  18.87
4  11.1 _  18.69  12.8B
5

8.67  14%.589 . 10.04{
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e2.2.2 Mixture Samples o >

~

‘@) Equal Cone Mixtures of Magnetite and Silica.
Sgm af /magnatita was mixad with silica to give mass
ratios ' from 1 fn E’fnr avery individual cona siza 2, 3, 4,
ipd S. HPB silica to magnstite mass ratio For cone 2 uas
axtdﬁded tao 16: Ihig aﬁsurad mixturaes were of particles

having equal settling velocities so that both magnetite and .

. 8ilica arrived at the magnetized matrix at the same time.

) ' b) Equal Cons Mixtures of Magnetite and Barytes.

Mixtures of cones ' 2 and S at mass ratios 1 and 6

ware used. Barytes uwas usaed to give a mineral with saimilar

density to ths “magnetite and thus a closer sizs than that
nptningd bhatwsan magnutiﬁaJand silica.

c) gamplas Far Mechanical Uibratiog.
. Sgm of madnatita was mixed with silica at mass ratio’
1l tao 6 Ffor cone a'qnlu. '

d) Nixed Cone Sample of Magnetite and 51115..

Magnetite From cones 3, %4 and S at 1.5, 1.5 and 2gms
r-spabtzvalu wars mixad with s:ilica of aqual conas at

proportional mass ratios of 2, 4 and 6.
- Another tast’ was run using minus cone S at Sgm
magnetite mixed with minus cone S silica mass ratios of a2,

4, and 6.

S0
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2.2.3 Variation bf Flowrate.
To study the effect of flow rate var:iation an
guality of separability minus cone S samples of 5gm of

magnetite mixed with 25gm of silica were used. The tests run

- For each mixture were at 0.03, 0.06, 0.1, and 0.14 m/s..

2.2.4 Jarosite residue and Cottrell dust.

To further test "the performance of the a.d.

'

saparator compared with thes d.c. separator, jarosite residue
and Cottrell dust samples from metallurgical plants were

used.

]

For the Jjarosite residue and Cottrell dust, 40gm dry

i

weight of the samples uwere suspended in S00ml water with'

10gm of Calgonite added to effect dispersion. Each of the

samples was placed in an ultresonic beth to aid'dxsparsxonrl

The particle size of hoth samples was 8B0% minus cone 4. Ths
éasts run lan both samples meralqarrxed out at (jfw rates of
0.03, 0.06, 0.1 and 0.14 m/s..

\

2.3 EXPERIMENTAL TECHNIDUE. ,

Three runs were carried owt for every iLst. The flow
rate was Fixed at 0.03m/s for all the experiments, except
For 2.2. and 2.3. In view of the inability to vary the a ~ ¢
magnetic Fiald strengthl the fField of 0.0Btesla produced by
the demagnetizing coil, was used in both a-c and d-c

magnets.,

The samse sampia pressntion system was used For both

T

‘ S1



magnets.
The procedure for each run was as Eollo;s:
&. The valocity through the matrix was set bg
plac;ng‘thu'raquxrad valocity control ;lug in line, t
) b. The matrix and sample transporting line uwers
Eilled,with watdﬂ. ’ ‘
€. A salacted mass.of sample was slurried and wettsd

o

by agitation in 250 cc of water. )

d. The solenocid was switched on.

e. The on/off valves at the feed tank and below the
' ;atrix cannister were gpenad simultansuosly. As the slurry
passad through the matrix into a receiving buckst, waﬁa: was

e o
;ddad at the water tank to mesintain a con;tant head.

f. When the discharge below the matrix was observed
to he fram of mineral particles the lowqr valye was claﬁad:

g. The buckst was removed and replaced by anothar
"huckat. , . / '

h. The current was shut off, snd three full ;elocitu
top and béttam Elusﬁas were applied to wash ogt the magnetic
gquuct into the mags bucket. oo »

For the expasriment wzth—machanicgl vibration, aftmer
step d, the vibrator was switched an, and’bafara step F the
vibfator was switched off.

For thp minus cons S mixture samples, ths jarosite
residue and Cottrell dust, the fine matrix was used.

Before the bmginning of avery run, the entirse

transportation system and the matrix were Elysh-d top lnd’

~

* 4

sa2 .



-
bottom at full velocity twics,
Lastly the nonmagnetic and magnetic praducts‘wefa

decanted, filtered, dried in an gven at 105 C and weighed.

-

- s

2.4 ANALYSIS OF PRODUCTS.’ - ,
| For all the expariments two products were cnllac;aa
< a magnetic pqoduct (concentrate) consistaing of particles
capfurad on the matrix magnetically and physically anérapped
nonmagnetic particles, and a nonmagnetic product (tai&;ngs)
" consisting of particles that éassed through the magnaetized.
matrix, |

After weighing the two products, total loéses wera
generally ‘1355 than 1.5% but up"to 9% for the jarosite
resxdua‘ and the Cottrell dust sampleslybacause- of their
axtreme finsness. /

For -the synthetic samples (magstite/silica and
magnetite/barytas) the: grade of magnetic product uwas

~

astimated fram

Masas of magnetite in feed ,

Grade = -———---—mmer e e eq.(Sa).
Maas of magnetic product :
since ' magnetite recovery was 100%. Thas estimate was checked
by determining grade with the Davis tube (see Table 33. The

differsnce is of the order of experimantal repeatability.

The assaying of Jjarosite residue and Cottrell dust
_Far both magnetic and nonmagnetic products was done by

4

Atomic Absorption Spectromeatry.
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. . TABLE 3

 COMPARISON ' OF GRADE

SILICA ASSAY
RATIO. o _ DAVIS  FROM
TUBE Eq.(52)
A. C. HGMS.
CONE 4
1 " .. 86.80 86.85
2 79.83 80.60
" 78.22 73.14
6 71.70 70.46
D. C. HBHS
1 80.74 B1.04
2 75.98 75.68
Y 71.12 68.93
6 65.33 66.08
\\
v 0 " a

FOR MABNETIC PRODUCT.
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3 RESULTS

3.1 COMPARISON OF GRADE IN A.C. HGMS WITH D.C. KGMS.
, ON O N .

Unless otherwise indicated, the results giver are

the average grade and range of the three runs presanted as

plots; of grade, Gm, against the mass ratio of nonmagnetic to

. mannétxc ﬁarticles in the feed, A. The lines drawn ars those .

L .

of the void-filling model. Individual experimental data are

given in appendix 1.

3.1.1 Equal Cone Mixtures.

~ The rasults ares given in Figurés 23,24,25, and 26

_For cones 2,3,4, and 5 respectively. The grades for the &.c..

separator © were higher in s8very case. Also Ffar both
4

saparators, the grades increased wlith decrease fn cune size,

On extension of .the cone 2 sample mass ratioc to 10 on tha

~a.c. hgms Figure 27, there was no saignificant grade‘change

obseéved.'Flgurs 27a summarizes the results.

In, Teble 4 is shown the grade result For a mixturs
of magnetite-barytes compared to magnatite—sllica(aapaéat1on
in the a.c. magnetic separator. ‘

With mixture ratiac of 1 both grades were the same.
Faor ratio B, the gradeé of magnaetic product for barytes wére

less than that of silica. However again the grades for conms
] f . ‘

5 of the magnetite-barytes mixture were higher then for the

coner 2 samples. This 1s 1n agreement with the results

observed for the magnetite/silica samples. -
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Figure 27 Plot of average grade of magnetic product, ,
Gm, versus mass ratio of silica to magnetite in the feed,
A = 10 For the a.c. hgms. i
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TABLE 4.

‘AUVUERAGE . f
' .

PERCENT GRADE OF MAGNETIC PRODUCT

A.C. HGMS -

4
RATID BaSO, Si0,

CONE 2
1 75'.99 74 .55
6 53.46 62.21
CONE 5 '
1 90.63 B2.69
- -~ ' 9 !
6 "' B9.41 67 .45
———————————————————————————— D o iy c—— — —_— — f
’ 1
b \
R4
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5.1.2 Mixed Cone and minus Cone S Samples,

The cémparxson of grades for the a.c. hgms to that.
of d.c. Hgms are shown i1in Figures 2B and 23 respectively.
The a.c. hgms gave higher grades than the d.c. hgms. Also
the grade Ffor minus Cone S was higher than the mixed cone
sample. '

‘ The plots for the a.c. érades sho@ed 'caonvex—like’

shapes while for the d.c. the usual shaps was observed. !

"3.1.3 Effect of Flouwrate.

Increase of flow rate in both sspa?aécts gave
increase 1n grade, Figure 30. This was due to the cleaning
gction resulting from the inéraasad drag force and because
the Forcg rataining the nonmagnetic particles 1s weak.
Notwithstanding the a.c. hgms still maintained i1ts higher

grade product over that of d.c.%hgms.

;3.1.9 Effect of Mechanical Vibration in D.C. HGMS.

Figure 31 shows the result of separation using the
d.c. hgms with a mechanical vibrator attached tao the
cannmistar compared to the regular a.c. and d.c. magnetic
separators. A sagnificant Emp%ovament in grade, up to 18%,

was observed For separation with mechanical vibration,

3.1.5 Jarosite residue and Cottrell dust.

The results of Jarosite residue and Cottrell dust
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Figure 28 Comparison of average grade of magnetic product,
Gm, For mixed cones 3, 4 and S 1n the a.c. hgms with the

d.c. hgms as to the mass ratioc of silica to magnetite in the
Feed, A.
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Figure 29 Comparison of average grade of magnaticaproductéha
Gm, for minus cone 5 in the a.c. with thes d.c hgms as tow

mass ratio of silica to magnetite in the feed, A.
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Figure 30 Comparison of grade of magnetic product, Em,
.against flowrate variation for minus cone 5, in the a.c.
hgms with the d.c. hgms at constant fesd mass ratio of
silica to magnatite 5:1. Data at 10 cm/sec. and above: ara
not shown as magnetite recovery was less than 100%. *
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Figure 31 Comparison of average grada of magnatic product,
Gm, for the mechanical vibration applied-in the d.c. hgms
thh those of a.c. and d.c. hgms for cone 2 as to mass ratio
of silica to magnetite in the Feed, A.
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Figure 32 Jarosite residue Plot of recovery, R, of zinc,
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separation 1n the a.c. and d.c. separators are shown as
-plots ~of Recoverg varsus Yield in Flgures 32 and 33
*respectxvalg. For both samples the best separatlon was

achueved with the d.c. separator using the fine matraix.

:l" ‘ . R i i
3.2 TESTING THE GRADE MODELS  : .. o [’1},' o e
3.2.1 Oberteuffer Model  '° - ' , ﬁ

For the sxpsrxmental dnnd;tions .of this wgrk the
'rgtio Fx/Fc in eguatian 33 can be assumad cnnstant stng
;quatianh 55; Figure ?& shows the plnt of 1/Gm against A, for
" cone 2 of both the .;fc. and d.c. hgﬁs., Clearly ﬂESi'

relationship is not linsar ‘aﬁd_duas not show a continudls: -
LT . . v - .", LI N ‘P
decrease in g;éue as A increisés as 'predicted ’bg the ..

s .
‘ s . -

equation, - - .; o L : oL Yo
3.2.2 Void-Filling nadel I o -
_ The’ astxmatgd valuas” of Uv'. and m;n;mum grada ara .
givgn in 'appendik, 2. Uv is quite high (abave §p43 whlch

pfnéablg stems from the stfinger formation belnd'lonsalg'lu

packed Cwhich 1s true by visual inspection). Using the data '

for conme 2 and S in equation (44), the,resulﬁé are shnwn‘as"

plots of 'ln (function) against A n Figures *35 and 36,
respectively. The éampléte analysis and the values of a areg
given in appendix 3. The results of all thg predicted grades

compared with all the sxperimental évarage_gradqs for are .

given in appendix 4. . . ‘ " o

In all the’ tested cases, tha predicted values wera

‘

fzn good aggrement with the experimental grades. The use pf
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Figure 34 The plot of 1/Gm versus A, fFor cone 2 in ths a.c.
and d.c. hgms using Obertpuffer model. .1
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Figure 35S Plot of ln (function) versus A, for the a.c. and
d.c. hgms for cons 2 sample. ' "
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Figure 36 Plot of 1In (function) varsus A, for the a.c. and
d.c. hgms for cone 5 sample.
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mechanical vibration did not degrade the model Fit.

] Gsnarullgl the modkl predictions were satisfactory.

+

To use the proposed model, experimantal data must be

gensrataed on- ths sample/device combination to be used.

A major limitation 1s th; assumption thit the
mlxxﬁum fv is wesqual to VUv. There 18 no abvious r-a;an why
this should be. Other values of maximum fv are possible, -for
 @xample, 1.0 or 0.74 the ;atter reprasenting close packing.
It 1s not possible to a-priori decide on ths maximum fv. Tha
assumption that void Filling follows an exponantial function
is in line with the cogcapt that the filling is a random

A N
process. \

Like other modsls, this model will only be acceptad
when and after it stands ths test using ather mineral

‘mixtures. Ths data -on, magnetits-barytes 1s not complets

snough.

.
-



4 DISCUSSION By

4.1 A.C. HGMS VERSUS D.C. HGNS.

The fact that the n.c.ﬁgms captured magnstite
particles proves that a net attractive magnetic force 1s
eaxaerted on the particle as ' suggested by ths theoretical
analysis (eq%?txon (193>,

For the equal cone samples the grades decreased
sxponantially and levelled off abcve about mass ratio 6.
With the eaxtension of tHe mass ratio to 10 for the cone 2
mixture for example, the grade remained the same. This
suggested that thers 1s a limit to the amaunt of Qzllca that
can 'be entrapped in the magnstic product. °

The highest gradas ‘were observsd for comne S while
the lowest uwere for cone 2. This ,mag be related to the,‘
decreassd poros.ity associated with finer magnetite particles
exposed to the same magnetic field, as reported in réfesrente
(32). Initia’l suspician that thﬂs«sifa effect may be ralated
to the differsnce 1in particle size of magnatite and si1lica
(due to method of sample preparation) was dispellsd by the
results thh. magnetite/barytes which showed the same si1ze

%

effect.

For mixed cone samples the shape of the curves for
the d.c. hgms wes the same as for the i1ndividual cone
samples. However that of s.cC. hﬁms was 1nverted. Thers 1s no
immediate explanation for this difference; 1t i1s unlikely
that this difference 1n shape has any 1mportant

~
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significancae. Again thae highest grade product w-; achieved

for ~— separation in a - c hgms and for the finer size material
(minus cone S5). The same rsason (decrsassd porosity) gaven

for the highar grade for equal cona mixture samples appeasi

‘to remain valid for wide si1ze ranges.

The higher grada of magnetic product faor a.c. hgms
versus d.c. hgms must be dus to deflocculation or vibration

sffeacts. The expsriments with d.c. hgms and mechanical

" vibration suggest that vibration 1s the dominant effect.

For the d.c. hgms with mechanical vibration the
average grade of magnetic bronct improved by 10X over that
of s.c. hgms und by 18X over that of d.c. hgms without
vibration. This 'merov¢m-nt confirms the effect and role of
Vlﬁ;;tlon duraing m;bn-txc --plrntxon: For the a.c. sclencid
hgms, vibration 1s produced hy ths vacying magnstic force
due to the alternating magnetic field acting bath on the
matrix and the particles.

nolt;r-m-nt of v;brlt;on in the a.c. hgms proved
difficult since 1t 1s noccnslﬂru to measurs the vibration of
the magnetits bed, (the matrix i1s fixsd and showed littls
vibration, Table 1). Experiments with magnetite fixed to the
vibration sansor confirmed vibration. Cartarinly strong
vibration 1s Ffalt whenaver magnstizable material 1s held by
hand and bro;ght into the a.c. hgms (with thae d.c. solenoid
hgms no vibrstion was sxperianced).

The vibrstion of the magnestic product pressumably

dislogdas soma of tha physically entrapped nonmagnetic

2 .

3
hY
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garticles permitting them to be carried aw;g by the

hydrodynamic drag uforce. Thus, wvibration 1s probably thes
éﬁuse of the hlghar\grade of magnat;c product using the a.c.

hgms compared with the d.c. hgms observed 1n thea
magnetite-coal separation reported by Kelland st al (13.

Thesm obsarvations open the possibilty of vibration
in magnetic separation. This work has shown that nonmagnetic
particles physically entrapped in tha magnetic product can.
be rsmoved by vibration which raduces the nesd for
re~-clsaning. Uibration can be 1induced by using a.c. hgms but
this will Dbe restricted to reiatlvelg low fields. This work
‘has shown that meachanical vibration can be used. This 1s
convan?}bt since it separates vibration From magnetic field
produqt;on. Mechanical vibration should be usable on hagh
F;sldl\d.c. hgms, although i1nstallation may be difficult with
continous hgms devicas. Vibration could be mechanical (as

here) or acoustic. Similar observations regarding vibratian

appsar to have been reached caoncurrently by Sun et al (38),

r
-

Houever there is 1nsuffiéient data on the vibration, how 1t

was creatsd and quantified, for comparison with this work.

4.2 JAROSITE RESIDUE AND COTTRELL DUST.

The d.c. hgms showed a2 slight perfogmance advantage
aver the a.c. hgms. Howsver it 1s very difficult to
attribute this performance to the type of magnet usad. The
recovery versus yimld plots revealed little eslamant

ssparation was actuslly achieved. Apart from 1i1ron the

.
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gtendscy was more to splitting of the material rather than

'scparltxon. ¢

—- -+ Theses two sampla; were thought to rapresant‘pogsxblg
practical esxamplas 'éf mixtures of stroxglu magtietic phasaes
(ferrites) with non-ﬁagnetzﬁ phases (e.g. lead slehaéa)
which could benefit from a.c. ‘hgms. Subsequent analysis

showed this was not the case. UWith jarosits, the sodium

Jarosite itself was only about 10 times less magnetic than

the ferrite (40) and in ths case of tHe Cottrell dust, phase .

i
interlocking essentially restricts physical separation (41).

.78 \



5. CONCLUSIONS.
S.1 EONCLUSION.
1. That an a-c driven magnét can bes ussd for
magnetic separation.
2. For mixtures, of fina magnefic and nanmagnatic
particles, the a:c driven magnst gives superior grades (S5 to
lo‘farcent) ovar all tested conditions.

«

3. .Thes grads of pagnatlc product for both a-c and
d-c magnets /a) decresases with 1ncrease i1n particle size, b)
decreases with increase 1n ratio of nonmmagnetic toc magnatic
particles 1in the feed and c) increases with flourate.

4. DOn applléétlon of an axternal vibration to the
Q—c driven magnet, the grade of magnetic product was
improved up toule'parcent.

S. Entrapment of nonmagnetic particles in the
magnetic product can be reduced by vibration.

6. A new model of simulating the grade of magnetic

praduct based on 'void-filling' has been tested and found to

fit the experimental results.

S.2 CLAIMS FOR ORIGINAL RESEARRCH.
1. The magnetic force  on a particle 1n a
demagnetizing sclencid was derived. (This 1% origainal, to

the best of the author’s knowlegde)l.

79



2. An .xplanatiqg“based on vibration wss foruwarded
to explain the improved grade of a.c. versus d.c. hgms
observed here and bu(xalland et al (1).

13. The hpplication of thernal machanical vibration

during magnestic ssparation and 1ts effsct was axamnsd.

4, A modasl of grada for magnetic product in high

gradient magnstic separation was developsd and tasted.

'S.3 SUGESSTIONS FOR FUTURE WORK.

1. A detailsd study of the uss and -limits of

. vibration.

2. Tast industrisl/plant samples with application of

¢

vibration.

3. Work to further test the model of grades.
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APPENDIX 1 coL
TABLE 1.1. _
s AUE RAGE ' ;
PERCENT GRADE OF MAGNETIC PRODUCT
- Si0, RATIO A.C. HGMS  D.C. HGHS
L iy o o e > = " o o . S . o o
v CONE &
) ! 74.55 66 .08
2. 67.33 - B1.80
" 63.45 56.35
) 5 g2.21 55.85
10 62.08 _——-

1 BO.S2 72.29
2 . 72.88 70 .44
Y 68.52 B4 .59
& 6S.65 63.69

\\\“ ~v> -

B8l



o * TABLE 1.1A.
" . INDIVIDUAL TEST RESULTS FOR

PERCENT GRADE OF MAGNETIC PRODUCT

510, RATIO R.C. HGMS D.C. HGHNS

X CONE 2
g . mEmmmmmeTEm e
74.18 62.57
1 74.85 68.78
: 74.63  67.20
68.12 58.07
~ 2 67.75 63.86
b
1 66.31 63.86
e e mmeme D S
}f
. 7 63.05 51.97
( v ¥y 64.85 58.07
62.50 59.03
61.88 56 .43
[ ]
\/ B 61.73 565.50
1
63.05 55.49
61 lso ' --0-—
10
62.66 _— -
82
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TABLE 1.18B.

JINDIVIDUAL TEST RESULTS FOR
PERCENT GRAQDE OF MAGMETIC PRODUCT

510, RATIO A.C. HGNS D.C. HGMS

. CONE 3
el
B1.43, 72.67
w 1 80.13 67.39
80.00 76.80
72.99 66 .66
2 72.57 73.64
73.10 76 .80
68.59 63.78
4 68.21 62 .34
68.78 67 .66
67.20 B1.43 o)
6 65.79 . B63.86
° 6%.02 65.79
r !
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TABLE 1.2.
AVERGRAGE

PERCENT GRADE OF MAGNETIC PRODUCT

———— - ———— A ————_—_—— —— —— —— o o  —— - —— — - -

S$102 RATIO A.C. HGMS D.C. HGMS
CONE %
1 " ©6.86 81.04
2 80 .80 75 .63
Y4 73.14 . BB.9%
6 70 .46 66.08
_ L
' C BNE S
' 2
1 8s.s5  82.63
2 8s5.52 78.95
Y 80.56 72.22
B 76.61 67 .45

. . ——— — " —— - ————— " —— T~ . - =

a1



o

TABLE 1.2A. .
INDIVIDUAL TEST RESULTS FOR

s

PERCENT GRADE OF MAGNETIC PRODUCT

- —— - ——— . —— . —— i - ———— ———— . ————  ————

S102 RATIO A.C. HGMS D.C. HGMS

- ——————— Y ———— ————————— ————— ——— T —— —

. ) CONE 4
86 .66 80.65
1’ 89.61 80.65 Lo
: B7.72 81.83 .
80.13 74.29"
2 B0.91 75.87 -
o B0.78  76.92 ~
, 72.05 68.58
4 73.64 69.54
. 73.75 68.68 .
70.13 65.62
% B ' 70.72 66.14
70.52 ° 66.49
- . N
&
8s’
~

“/
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-3 \‘“q‘ /
TABLE 1.2B.
w INDIVIDUAL TEST RESULTS FOR - /
i PERCENT GRADE OF MAGNETIC PRODUCT
, S1Q: RATIO A.C. KGNS D.C. HGMS
.................... € e e '
‘e CONE S -
- 89.13 83.89
1 90.42 83.33 ~—
B9.13 81.43
A‘ "
86 .66 77 .40
‘ , 2 84 .32 78.25
' 8S.62 81.30 o
) . 80.65 . 70.42 g
" 79.48 72.15 '
. ! 81.57 74.18
76.82 67.57 .
6 76 .80 67.29
76.10 67 .48 i ,
86 .
»



TABLE 1.3
INDIVIDUAL TEST RESULTS FOR

PERCENT GRADE OF MAGNETIC PRCDUCT

A.C. HGNS
~
RATIO BaSQ, S10:
g C ONE P
76 .69 74.18
1 75 .64 74 .85
75.64 74.63"
,
----T --------------------------- -l e e -
s2 .63 £1.88
6 53.82 B61.73
§3.88 63.0%

——— ——— —— o o . A —

S0.25% BS.13
1 31.07 30.42
80.74 8S.13
69.54 67.57
6 63.44 67.28
;}[ 63.25 67.48 ~
4 ’ -
-
~ 87



' TABLE 1.%%.
’ AVERAGE

PERCENT GRADE OF MAGNETIC PRODUCT

—— —  —— - —— Y — - ————— . - - -

Si0; RATIO R.C. HGMS D.C. HGHNS

MIXED CONES (3,4+S)
2 81.21 82.27
g " @85.43 75.57
6 84.99 73.54
{ 1
MINUS CONE S
&
2 ay.21 88.4S
Y 91.74 75.74
6 87.89 76.89




TABLE 1.4A.
INDIVIDUAL TEST RESULTS FOR
PERCENT GRADE OF MAGNETIC PRODUCT

- ———————— ——— —— - ———— o —— — . ———————— —~ —— —

Si0, RATIO A.C. HGNS D.C. HGMNS

- . MIXED CONE (3,4+5)
_______________ e =

94.46 . 84.27

2 84.21 82.27

\ 83.8S 80.26

8S.11 77.42
4 85.43 75.57
BS.74 75.71
f\ " Bs.87 73.26
6 B4.99 "73.54
’ B4 .41 73.82

as v



TABLE 1.4B. -
INDIVIDUAL TEST RESULTS FOR

PERCENT GRADE OF MAGNETIC PRODUCT

- ———— i —— = —— —— D D . R T —— A — - - -

5102 RATIO A.C. GRS, D.C. HGHNS

I e - A - . N - R I G S W - W S e e G A

MINUS CONE S

’ ) 9B.07 89.38

2 97.43 87 .66

. 97.50 88.30

91.61 B0.02

¢ 91.73 79.62

91.81 79.52

2 B8S.23 77 .34

& 86.77 77 .87

. 88.72 77.75
_____________________ P ——
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- TABLE 1.5.

UARIATION OF FLOWRATE EFFECT AVE-
RAGE PERCENT GRADE O;‘NQGNETIC PRODUCT

FLOWRARTE A.C. HGMS D.C. HGAHS

cm/sec. S10,. Fe304,5 1
MINUS CONE S
3 89.73 77.03
B 97 .48 87 .41
4
)
& . §

a1
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TABLE 1.5A

VARIATION OF FLOWRATE EFFECT INDIV-

& e e e e e o e e
iDUAL PERCENT GRADE OF MAGNETIC PRODUCT
- e - —— —— o - — o ——— e  — — - - ————— »‘——
_ FLOWRATE  A.C. HGMS  D.C. HGMS
cm/sac. S10,: FeyQ, S 1.

MINUS CONE S

89.69 76.98

3 8s.77 77.04

8s.72 77.07

‘ 97 .45 87.38

6 97 .47 ’B7.41

‘ 97.51 87 .44

¢ -
NG
/
82



TABLE 1.6.
’ nu@nnss
PERCENT GRADE OF ™MAGETIC PRODUCT
SiD; RATIO (VIB) D.C. HGMS A.C. HGMNS D.C. HGMS
C o N E 2
S 87.34 74 .55 66.08
) \
2 / 79.85 §7.39 61.80
" 75.49 63.45 56.35
i B 71.23 . " g2.21 S5 .85
» Y
AN
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TABLE 1.BA.
INDW&. TEST RESULTS FOR
‘PERCENT GRADE OF MAGNETIC PRODUCT

- —— - —— ———_ ——— v o ——— o~ —— . — i~ i 4 s

Si0; RATIO A.C. HGMS D.C. KGNS

- - —————— D Y - — - ———— N — > - -

- 87.26
1
-- 87.41 ™"
- 79.37
2
- 80.52
- 74.52
oy
- 76 .45
- 71.33
6
14
- 71.12

- — . —— . — " ——— i " it o " o - — -

941



TABLE 1.7. - .
REPRESENTATIVE °
RESULTS ON JAROSITE  RESIDUE.

................. o e e
FLOWRATE YIELD RECOVERY GRADE OF
cm/sec. \ (%) % ZINC 2INC (%)
e o e o e e e e e 0 e e e e et o e e e
D. C HGMS
e e ———————————
3 11.36 17.70 11.289
6 9.48 16.47 12.59
10 8.2s 15.10 13.35
14 6.48 13.71 15.32
A. C.” HGHS
3 * 9.97 17.56 12.75
6. 7.73 14.82 13.88
10 5.98 11.96 14.4S
14 4,58 9.17 14.50
8s



TABLE 1.7A.

RESULTS ON JAROSITE RESIDUE.

. - —— - - W - e A S - - -

YIELD

%)

- —— — ——— —

11.54
11.36
11.48

GRADE OF

2INC (%O

11.23

. — — A P W " — — T ——— —— i ————

10

36 . .

-y -
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N PO 3
TABLE1.7B
RESULTS ON JARDSITE RESIDUE.
FLOWRATE YIELD GRADE OF
.cm/s8t. %) QNC (%)
a L ] C L) HG“S .
o
5.78 -
3 9,87 12.75
9.88 ———
e e e e e ——
7.862 -—
6 . 7.73 13.88
o 7.52 -—-
5.80 -
10 5.98 14.45
A N 5.65 -—
T P e S e W i T A T T T U o ————————— -
, 4,55 -
14 4.58 14.50
%.52 -
7 RN o
\ -
g . a7

-
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. TABLE 1.8
REPRESENTATIVE
RESULTS ON COTTRELL DUST
FLOWRATE YIELD  RECOVERY GRADE OF .
_ cm/sec. €% % IRON IRON (%)
. c HGMS
3 18.48 $0.94 13718
6 1%.56 ©  .34.84 14.28
10 12.88 32 .06 14 .80
14 12.32. ' 32.09 15.5
A. C HGMsS
14.74 32,55 13.14
¥ 13.60 29.37 12.85
10 11.80 25.92 14 .25
14 " 10,08  2s.81 15.10
+ <
A G G G Sl S T W G D SR G S D S D Gy de T D G Gl D S A G D N A i Y S G——— c ---------
. 98,
o
. « \
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TQBL<1 .8A.

: -
RESULTS ON  COTTRELL DUST
FLOWRATE YIELD GRAJE OF

cm/sec. . (%) IRON (%)
t
b.C HGHS
' 18.23 -—
7 3 18.48 13.18
¥
v 1B.15 —
} 14.25 -—
B 14.56 14.28
L 14.41 —
-
12.82 ———
<10 12.89 ©  14.80
12.73 —_
- i cwe e o i = - —— - - ———— - b - e - - - - ———
' V (»; - -
12.35 -
14 12.32 15.5
12.30 -
<X
B 9
LT
(%
8s @ 4



TAELE 1.8B.

RESULTS ON COTTRELL DUST
——————————————————————————————————— o
FLOWRATE YIELD GRADE OF

cfn/sec. . %) ' IRON (%)
A.C HGMS.
14.62 -—-
3 14.74 4 13.14
1&.51/ —
13.85 -——-
B 13.60 12.85
3
13.79 -—
11.51 ——-
10 - 11.24 14.2%
&
11.27 -——
................ L e e e o v e o em o o e e 2 e o e
3
’.8s ---
14 10.08 . 15.10
9.831 ———
Rttt bl P ———————
Q" i
.
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APPENDIX 2 ~ v
TABLE 2.1.

COMPARISON OF AUERAGE PERCENT .
MINIMUM GRADE OF MAGS. PR3DUCT

FOR EB.(3S) OF THE MODEL WITK CBSERUVED

—— W . T — —— T —— . ——————— i ——— -

PREDICTED OBSERVED

.B55 61.7 g2.2
A\

C O N E 3
.63 65.1 5.7

C O N E 4
L e en o o o o - o - — v
;59 70.2 70.5

C 0O N E S
.54 75.9 76.6 .
: MIXED CONE 3.4,5
45 ‘ B4.S '85.0

MINUS CONE S

M1 87.5 84.9



TABLE 2.2.
COMPARISON OF AUVERAGE PERCENT
MINIMUM GRADE OF MNAGS. PRODUCT

FOR EQ.(39) OF THE MODEL WI!TH OBSERUED

- - ———— . — ——— " = - - A = - —— -

T - —— - - . ——— " —— T  — - - - ——— - -

PREDICTED OBSERVED

C O N E 2
T
.B9S 55.8 55.8 /
tu40 N E 3
,B65 6e.4 63.6
C O N E 4
.B2S 65.8 66.1
€E O N E S
.62 66.4 67.5
MIXED CONE 3,4,S
.57 . 72.6 73.5
MINUS CONE S
.83 76.9 77.0
MECH. VUIB. CONE 2
e ———— e e ---
s 70-.2 71.2
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/ THE VALUES

APPENCIX 3
TABLE 3.1.

OF THE SLGRE, a, FROM

THE PLOT OF EQUATION (44> OF THE

PROPOSEDL MODEL

- - —— e - -

- - ——

- .

;o & v -

A.C. HGNS D=C. HBNS

- 0.8, r - .93, s - 0.0§

=1.1, r = .99, s = 0.36

- .- — - —— A _ - —

0.85 0.73
1.44 1.82
2.85 4.02
4.25 6.21

C 0O N E 3

———— - —— - v— -

FOR a - 0.6, r = .98, s = 0.31

FOR a = 0.7, r = .85, s = 0.21

0.51 0.97
1.1 1.38
2.31 2.2
3.51 3.02

———  — ———— — — ————— i f—— S oo



Y skl

-

Pm (1 ~ Uv)

1/7:Gm - 1))
Pg U%

In C1

Figure 37 Plot of 1n (function) varsus A, For the a.c. and
d.c. hgms for cone 3 sample.
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- TABLE 3.2.

THE VALUES OF THE SLOPE, a, FROM
) THE PLOT OQOF EQUATION (+44) OF THE

PROPOSED mMODEL
S10; RATIO in (1 - -fT-Ei—:—Yr)(l, Gm - 1)
Ps L
...................... [T

A.C. HGMS D.C. HGMS

FOR a = 0.5%, ¢ - .98, s = 0.47

FOR a = 0.7, r = .98, s = 0.259

- —— e — -

b O.44 0.39
\ e 0.84 1.13

b 2.00 2.61

6 ‘t.4 $.1

FODR a = 0.55, r = .96, s = 0.41

FOR a - 0.53, r - .87, s - 0.37

1 0.24 0.3e

= 0.80 0.82

E 1.91 1.83

6 3.01 2.83
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Pm (1 ~ Uy

- 13

C1/ Gm
Ps U@

Fs

in (1 -

=

A

Figura 38 Plot of 1n C(func
d.c. hgms for cona Y4 sampl

4 S 6

A

tion) versus A, for the a.c. and
=, .
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TABLE 3.3.
THE UALUES OF THE SLOPE, a, EROM

THE PLOT OF EQUATION (54> OF THE

PROPOSED MODEL

- " — - — - — ———

Pw (1 - VUv)
Si0; RATIO In (1 = ——cceemmee 5 ol €1/ Gm ~ 1)

—— — —— - ———— o " " T — —— . o o

A.C. HGMS D.C. HGMS

- - —— —— o o o o e M o

FOR s =0.681, r = .85, s =.,51

FOR a =0.5S, r = .93, s = 0.00

MIXED CDONES 3,4,S5

- - i e —— - — - -

2 0.9% 0.84
kS 2.18 1.94%
(-] .47 3.04

MINUS CONE S

- am an o - = -

FOR a = 0.7, r - .93, s - 0.88

2 ‘0.22 0.46
4 1.4 1.82
6 3.02 5.77

- — i T . —— - - . -
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- VUvw)

Pm (1

13)

€1/ Gm -

Ps U%

In C1 -

9 .

A 1 Il 1 1

1 2 . 3 4 S 6

Figure 39 Plot of 1n (Function) versus A, for the a.c. and
d.c. hgms for mixed cones 3,485 mampld.
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~ Uv)

Pm (1

ey

'

of
r
-
e -2
(]
: 3 . -
l:%> L]
i , -
i & -4t . :
|
' -
~ -5
: 2 , .
-6} ' "
1 2 3 4 5 6

A

Figure 40 Plot of 1n (function) v

d.c. hgms for minus cone S sample.
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TABLE 3.4.
) THE UALUES QOF THE SLOPE, a, FROM

THE PLOT OF EQUATION (44> OF THE
PROPOSED - MODEL

_________________________ e ———————
) Pm C1 - Uv)

Si0yRATIO 10 (1 ¢ e————— (1 Gm - 1))

Ps W i

........ h——_-——--:;—---———;-——.——-__————

A.C. HGMS D.C. HGMS

- ——— - ————— ——— " - ——— o — - ——

MBCH. VIBR. CB N EG®R

...................... -
1 D ———- 0.33
2 ——-- 0.82
CO — . .1.82
) 6 - 2.82
° <

° . 110

e



- Uv)

Pm (1

€1/ Gm -

1»

Ps Jv
¢
L Y

J
&

¢

In (1
{

'} ( .. hS o 1 1 3

2 3 4 5 6
. . A

Figure 41 Plot of 1ln (function) versus A, for the d.c. hgmé
with mechanical vibrator attached for cone 2 sample.
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APPENDIX 4

TABLE 4.A.
COMPARISON OF AUERAGE PERCENT
GRADE OF MAGNETIC PRODUCT , FOR
THE PROPOSED MODEL WITH OBSERVED.
Si0: RATIO A.C HGMS
PREDICTED  OBSERVED
CONE 2
1 " 74.5 74.8
2 66.8 \ 67.4
Y 62.6 63.5
N 1y s sl's Ea.a
10 - 61.7 62.08
C ONE 3
1 80.5 80.5
2 72.7 72.8
‘* 57"52 IEB-S
& 65.7 65.7

‘1ua

»
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TABLE 4.B.
COMPARISON OF, AVERAGE PERCENT
GRADE OF MAGNETIC PRODUCT FOR
THE PROPOSED ,MODEL WITH OBSERVED.

- —— -  —— i — —— S — —— T - — — . Y -

PREDICTED OBSERVED

——— - ——— ————an . A ——

CONE 2
)
S | 55.4 ¢ E6.1
2 S8.7 61.8,
" S6.1 56.4
& 55.8 55.9
C ONE 3
‘1 75.8 . 72.1
e 68.1 70.3
-, 4 63.6 §4.5
& 62.6 63.6
‘I
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, TABLE 4.1A.
COMPARISON OF AUERAGE PERCENT
GRADE OF RMAGNETIC PRODUCT FOR

THE PROPOSED HMODEL WITH OBSERUVED.

- . — ——————— - ——— — T —— — -y ———— - ———

PREDICTED OBSERVED

CONE 4
1 85.0 86.9
2 78.1 80:6
Y4 72.7 73.1
6 71:0 0.5
CONE S
1 e8.2 89.6
c 8e2.5 85.5
4 78.0 - 80.6
6 76.6 76.6
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TABLE 4.1B. .
COMPARISON'OF AVERAGE PERCENT

GRADE DOF HMAGNETIC PRODUCT FOR .
THE PROPOSED MODEL WITH OBSERUVED.

e - ————— — . —— - — ———— - — — - d—— -

Si0, RATIO D. C. HGMS

s . . s . S . - —— — —— o = — - - -

PREDICTED OBSERUVED

. CONE 4 .
T L 78.2 81.0
- / N~ 71.8 75.7
% 67.2 67.8
6 66.1 66.1
CONE S
1 82.8 B2.7
2 75.2 79.0
4 69.2 72.2
6 67.4 67.5
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TABLE 4.2
COMPARISON OF AVERAGE PERCENT ?
GRADE OF MAGNETIC PRODUCT FOR

THE PROPOSED nNMODEL WITH OBSERVED.

- W o e - . - — - — i — — - h" - o

510:RATIO B.C. HGMS

- —— v — - — - —— T — - -

P

PREDICTED  OBSERUED

—— - —— - - ———— - ——

A A - . —— e - —— - ———— - —— - ——

~
1 85.7 87.3
3 ) 78.8 80.0
Y 73.1 . 75.5
' 6 71.3 71.2

- ——— — o ———— T — ——— ——— - — - — - — -
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TABLE 4.3
COMPARISON OF AUVERAGE PERCENT
GRADE OF nMAGNETIC PRODUCT FOR
THE . PROPOSED MODEL WITH (QOBSERVED.

W e - — - ——— f— - —— - e

Si0,; RATIO A.C. HGHS

....... B e — e —— e ——————

PREDICTED OBSERVED

—— - —————— e i A - - ——

e 88.5 81.2
% 85.7 85.'
6 84.8 85.0
MINUS CONE S
e 80.3 g4.2
L
: % B8.2 81.7
6 87.7 B7.8
.
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TABLE 4.3A.
COMPARISON OF AVERAGE PERCENT
GRADE OF HMAGNETIC PRODUCT FOR

THE PROPOSED MODEL WwITH OBSERVED.

PREDICTED OBSERVED

2 78.9 82.3
4 74.3 75.86
-] 73.1 73.5

e Ba2.7 B8.4
4 78.6 79.7
8 77.0 77.0

—— e . G - - A T —n Y A = ——— A - e e W -
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