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1. INTRODUCTION 

The / t e s t ing of i ron o r e s f o r benef ic ia t ion by magne t i c s e p a r a t i o n 
is n o r m a l l y done in l a b o r a t o r y s e p a r a t o r s of v a r i o u s types , and the r e s u l t s 
a r e r e p o r t e d in t e r m s of the v a r i a b l e s , such as magne t coil c u r r e n t , r o t o r 
speed and gap width, of the i n s t r u m e n t s used . Such t e s t i n g is e m p i r i c a l , 
and the r e s u l t s can be r e p r o d u c e d only in a m a c h i n e p r e c i s e l y s i m i l a r to 
the t e s t mach ine . A l e s s e m p i r i c a l method of t e s t i n g is c l e a r l y d e s i r a b l e , 
and a p r o j e c t was t h e r e f o r e in i t ia ted to develop such a method. 

The b a s i c phys ica l p r o p e r t y of m i n e r a l s on which t h e i r magne t i c 
s e p a r a t i o n depends is the magne t i c suscep t ib i l i ty . The magne t i c inves t iga 
t ion of an i ron o re should t h e r e f o r e a im to c h a r a c t e r i s e the o r e in t e r m s 
of the su scep t ib i l i t i e s of i t s components o r of the f r a c t i o n s into which it is 
d e s i r e d to s e p a r a t e the o r e . In addit ion, it is n e c e s s a r y to show how a 
knowledge of t h e s e suscep t ib i l i t i e s can be appl ied to the t r e a t m e n t of the 
o re in i n d u s t r i a l s e p a r a t o r s . 

2. SUMMARY 

F r o m a cons ide ra t i on of the f o r c e s ac t ing on a p a r t i c l e in the 
magne t i c f ield,of an i n d u c e d - r o t o r d ry magne t i c s e p a r a t o r , a method is 
worked out f o r the d e t e r m i n a t i o n of the suscep t ib i l i ty of p a r a m a g n e t i c 
s u b s t a n c e s by m e a n s of a l a b o r a t o r y s e p a r a t o r of th i s type. The method 
is appl ied to a su i te of South A u s t r a l i a n ' i r o n o r e s a m p l e s r e p r e s e n t i n g 
a wide range of o r e t ypes . The appl ica t ion of the r e s u l t s to the s e p a r a t i o n 
of t h e s e s a m p l e s is d i s c u s s e d and i l l u s t r a t ed . 

3. MATERIA'!/ EXAMINED • • 

The fol lowing sample 's w e r e r e c e i v e d f r o m M r G. F . Whitten: 
• x • 

1. Copper King (ochre) mine , 15 m i l e s south of 
Leigh Creek . The " i rons tone" ou tc rop on the 

. south bank of the c r e e k was s a m p l e d (65 lb). 

2. Nicols Nob (copper) mine , 22 m i l e s nor th eas t of 
Leigh C r e e k . The s a m p l e was t aken f r o m the dump 
of t h e ' c e n t r a l shaf t (85 lb). ' " 

3. Nor th f ie ld work ings , Leigh C r e e k (85 lb). 

4. N a i r n e P y r i t e L imi t ed , G r a s s f i r e Hill (i. e. , 
n o r t h e r n workings) , 1 bag of plus 3 inch 
m a t e r i a l f r o m the q u a r r y f loor and 1 bag of 
minus 3 inch m a t e r i a l f r o m the bel t at the 
p r i m a r y c r u s h e r ( to ta l 125 lb). 
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5. N a i r n e P y r i t e Ltd. , hand s p e c i m e n sa id to be 
p y r r h o t i t e (20 lb). 

6. H ick ' s q u a r r y , 4 m i l e s nor th eas t of Glads tone . 
Magnet i te a l t e r e d to m a r t i t e and with m i n o r 
goethi te (118 lb). 

7. Devi ls Chimney. Micacous hema t i t e (168 lb). 

8. I ron P r i n c e , 940 ft bench. Soft hema t i t e , v e r y 
f r i a b l e , low in phosphorus (159 lb). 

9- I ron Monarch , bench H. Hard g l a s s y l imoni te , 
m i n o r h e m a t i t e a s s c r e e (139 lb). 

10. I ron Monarch , h a r d h e m a t i t e (116 lb). 

11. I ron Monarch , bench G l . Hard m a n g a n i f e r o u s 
hema t i t e (Mn up: to 14%) (82 lb). 

12. I ron Monarch , bench G. Blue foundry o re , low 
phosphorus (88 lb). 

13. . I ron Monarch , bench G l . Red b a s i c (low manganese ) 
o r e (101 lb). 

14. . Corunna a r e a , Co-ords 10750N 980W, goethi te 
(100 lb). 

Samples 7, 8, 9 and 14 w e r e s ta ted to r e p r e s e n t e x t r e m e types , 
p robab ly v e r y s i m p l e m i n e r a l o g i c a l l y . Samples 1, 2 and 3 w e r e thought 
to be s i d e r i t e , but a m i n e r a l o g i c a l examina t ion showed that only No. 3 
can be so d e s c r i b e d ; No. 1 and 2 a r e m i x t u r e s of dolomite and ca lc i t e , 
the g r a i n s of which a r e coated with goethi te . A m i n e r a l o g i c a l r e p o r t on 
Sample s 1> 2 and 3 is given in an appendix to t h i s r e p o r t . 

The s a m p l e s w e r e c r u s h e d in a jaw c r u s h e r and ground in s t a g e s 
u s ing r o l l s to m i n u s 3 6 - m e s h . The minus 36-mesh m a t e r i a l was s c r e e n e d 
into 4 f r a c t i o n s : 

36 + 52 m e s h 
- 52 + 72 " 
- 72 + 100 " 
- 1 0 0 " 

The p r o p o r t i o n s by weight of t h e s e f r a c t i o n s , and the i ron a s s a y of the 
f i r s t and l a s t of t h e m , a r e shown in Table 1. The a s s a y r e s u l t s show that 
t h e r e is v e r y l i t t l e d i f f e r e n c e in i ron content be tween the f r a c t i o n s . 



TABLE 1: WEIGHT AND ASSAY OF SIZED FRACTIONS 

Sample Weight of Sized F r a c t i o n s , % I ron A s s a y , % Fe 
No. . -36+52 -52+72 -72+100 -100 . • -36 +52 -100 

m e s h . m e s h m e s h m e s h m e s h - m e s h 

1 57. 5 23. 4 14. 1 5. 0 . 
- • ^ 16 .7 •16, 7 

2 52. 5 20. 4 16. 8 - 10 .3 11 .3 11.6 
3 61. 7 11- 5 15. 5 , 1 1 . 3 . 45. 5 44. 0 
4 61. 0 9. 8 16. 6' 12. 6 9 . 6 5 9 -75 
5 57. 3 8. 8 19. 9 • 14. 0 : ••"'< 59 .8 ; 1 58 .4 
6 51. 4 10. 0 . 17. 9 • " 20. 7 64. 9 64. 9 
7 44. 1 15. 2 20. 1 20. 6 6 2 . 8 62. 8 
8 24. 4 6. 6 16. 0 53. 0 6 9 . 2 69- 2 
9 63. 0 11: 1 17'. 4 • • 8 . 5 ' • * 58. :1 . 57. 6 

10 . 48: 5 10. 7 ' 12. 2 ' 28 .6 •• • • 68: 8' • • : 68. 5 
11 53: 2 12. 0 21. 6- 13. 2 54. 1 ' 54. 1 
12 39. 9 10. 4 18. 0 • 31. 7 69-0 69- 0 
13 45. 4 1-1.. 4 . 24. 9 18. 3 • - 67. 8 6 7 . 5 ' 
14 48. 3 • 16: 4. 14. 6 20 .7 58. 4 58 .4 

4. EQUIPMENT 

A C a r p c o l a b o r a t o r y h igh - in t ens i ty i n d u c e d r r o t o r dry. m a g n e t i c 
s e p a r a t o r was used in al l the e x p e r i m e n t a l work. This i n s t r u m e n t 
cons i s t ed of a r o t o r which could be m a d e to r o t a t e with v a r i a b l e speed 
be tween the po le -p ieces of an e l e c t r o m a g n e t , one of which was f ixed and the 
o the r movab le . The s a m p l e was fed f r o m a hopper to the r o t o r f r o m 
above, and p a s s e d into the gap be tween r o t o r and movab le pole p i ece . The 
s i ze of the gap could be ad jus t ed by .moving . the pole p iece , but throughout 
the e x p e r i m e n t a l work the pole p iece was set to give the m i n i m u m gap 
width of 3 m m . The power supply to the-:magnet co i l s could:be: v a r i e d : 
f r o m 0 to 1 . 5 amp , but ;the magne t became, s a t u r a t e d at 1.12 to l . 3 amp . 
Below the r o t o r w e r e two chutes , , s e p a r a t e d by an a d j u s t a b l e . s p l i t t e r . 

. B r i t i s h s t a n d a r d s i e v e s were, used , and al l s c r e e n , s i z e s quoted . 
r e f e r t o t h e m . 
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5. THEORY 

A p a r t i c l e on the s u r f a c e of the r o t o r at P ( see F i g u r e 1) is ac ted 
upon by a magne t i c f o r c e F m and a g rav i t a t iona l f o r c e Fg. given by 

TT dH 
F m = ^ m H — <i) 

F g - m g . . . " . ; (2) 

w h e r e ^ = the spec i f i c or m a s s suscep t ib i l i ty of the p a r t i c l e 

m = the m a s s of the p a r t i c l e 

H = the magne t i c f ie ld s t r eng th 

d H / d s = the grad ien t of magne t i c f ie ld s t r eng th in the 
d i rec t ion of the f o r c e F m 

i 
g = the a c c e l e r a t i o n due1 to g rav i ty . 

The ins tan taneous ve loc i ty v of the p a r t i c l e is 2 Tf r n in the d i r ec t i on PQ, 
w h e r e PQ is the tangent to the r o t o r at P , r i s the r a d i u s of the r o t o r , and 
n is the n u m b e r of revolu t ions p e r second. The angu la r a c c e l e r a t i o n of 
the p a r t i c l e is v V r = 4 Tl2n2r, and the cen t r ipe t a l f o r c e r e q u i r e d t o m a i n t a i n 
the p a r t i c l e on i ts c i r c u l a r path is 4 tf^rm. This c en t r i pe t a l f o r c e is 
p rov ided by the magne t i c and g rav i t a t iona l f o r c e s . The g rav i t a t iona l f o r c e 
m a y be r e s o l v e d into 2 components , m g sinQ in the d i r ec t i on of the c e n t r e of 
ro ta t ion O, and m g cos 0 in the d i r ec t ion PQ. The p a r t i c l e will l e a v e the 
r o t o r when the value of 

dH 
4 I l 2 n 2 rm exceeds ^ m H -j^- + m g s ine . 

If P Q r e p r e s e n t s the s p l i t t e r , the p a r t i c l e will be jus t a s l ike ly to 
f a l l into the le f t hand chute a s into the r ight when 

dH 
^ m H — + m g s ine = 4 Tt2n2rm (3) 

dH 
or ^ H — + g s ine = 4 Tt2n2r (4) 

P Q m a k e s an angle if with the hor i zon ta l . If the s p l i t t e r is se t s o that i t s 
edge l i e s in a v e r t i c a l p lane tangent to the r o t o r , y = 90°, 0 = 0°, and, 
f o r p a r t i c l e s of the s a m e suscep t ib i l i ty , the r a t i o of the weight of p a r t i c l e s 
de l i ve r ed by the l e f t hand chute to the weight de l i ve r ed by the r ight hand 
chute ( = L / R ) will be unity when 

x R < ^ = 4 f l 2 n 2 r ( 5 ) 

R e a r r a n g e m e n t of (5) gives 
z y H dH . . . 

n = 4 W ds" * ( 6 ) 
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The value of n de te rmined by (6). will be cal led the " c r i t i c a l r o t o r s p e e d " . , 
dH 

The funct ion H -ĵ — , which (and not the f ie ld s t rength) d e t e r m i n e s the 

in tens i ty of a s e p a r a t o r , will be r e f e r r e d to as the "f ie ld c h a r a c t e r i s t i c " . 
Equat ion (5) is of cou r se an idea l i sed formula , and neglec ts a 

n u m b e r of f a c t o r s , such as the d i s to r t ion of the or ig ina l magne t ic f ie ld by 
the presence , of the p a r t i c l e s , the shape pf .the p a r t i c l e s , which, in t roduces 
a f o r m fac to r cal led the "demagne t i s ing e f fec t " , and .the in te rac t ion of the 
p a r t i c l e s on one ano ther . - . • 

' ' • - • • 

J , 
6'. DETERMINATION OF MAGNETIC SUSCEPTIBILITY 

Cons idera t ion of equation (5) sugges ted t h e possibi l i ty , of us ing 
the C a r P c o s e p a r a t o r fo r the de te rmina t ion of magne t ic suscept ib i l i ty . 
F o r a given coil c u r r e n t and gap set t ing, H-dH/ds should be constant , so 
that the suscept ib i l i ty ^ should be d i rec t ly p ropor t iona l to n2, the s q u a r e of 
the c r i t i c a l r o t o r speed, that is , the speed fo r which the r a t i o L / R is unity. 
Since the value of H dH/ds cannot be d i rec t ly de te rmined , it is n e c e s s a r y , 
to ca l ib ra te the s e p a r a t o r with compounds of known suscept ib i l i ty . ; 

6. 1 Cal ibra t ion of Sepa ra to r 

The following sa l t s w e r e usied fo r ca l ibra t ion , s ince t h e i r s u s -
cept ib i l i t ies have been a c c u r a t e l y d e t e r m i n e d 1 

Y at 20°C 

„f Fe(NH4)2. (S04)2 . 6HzO 32. 4 x .10~6 . cgs uni ts • • 

N i S 0 4 . 6 - 7 H 2 0 15 .8 x 1 0 ' 6 ; dit to : " 

. CuS04 . 5HzO . . 5. 88x 10"6. ". 

The s a l t s were s ized to minus 36- plus 52 -mesh ; s ince ' a t t h i s ' s i z e they ' 
flowed r ead i ly through the feed hopper . The sp l i t t e r was set by m e a n s of 
a plumb l ine so that i ts edge lay in a v e r t i c a l plane tangent to the r o t o r . 
At each se t t ing of the magnet coil cu r r en t 20.to 30 g of sal t w e r e p a s s e d 
through the s e p a r a t o r at va r ious r o t o r speeds . The por t ion de l ivered by 
each chute was weighed, and the r a t io of the weight de l ivered by the le f t 
hand chute to that de l ivered by the r ight hand chute (=L/R) was ca lcula ted . 
The speed of the r o t o r at each p a s s was de t e rmined by a revolut ion counter . 

The r o t o r speed r equ i r ed to give a weight r a t i o of .1.00 ( i. e. . • 
the c r i t i c a l r o t o r speed) was de t e rmined graph ica l ly by plott ing r o t o r • 
speed agains t weight ra t io . ( the re la t ion is not l inear ) . . .Four points , . o r 

1. ' See J . McAndrew, P r o c . Aust . I .M..M. No. 181, 59 (1957),. 
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t h r e e su f f i c i en t ly c lose to the unit r a t io , w e r e found su f f i c i en t . The 
r e s u l t s a r e shown in Table 2. 

TABLE 2: CALIBRATION O F SEPARATOR 
P a r t i c l e s i ze : -36 + 5 2 - m e s h 

Magnet C r i t i c a l Ro to r Speed, r p s 
C u r r e n t Copper N icke l . F e r r o u s A m m o n i u m 

a m p Sulphate Sulphate Sulphate 

0. 3 2. 27 3. 92 
0. 4 3. 12 4. 88 
0. 5 1. 85 3. 83 5. 68 
0. 6 2. 24 4. 40 6. 50 
0. 7 2. 58 4. 90 7. 13 
0. 8 2. 82 5. 25 7. 63 
0. 9 3. 00 . 5. 45 8. 12 
1 .0 3. 12 5. 73 8 .37 
1. 1 3. 24 5. 90 • 8. 58 
1 . 2 3. 33 6. 00 8. 78 
1. 3 3. 49 6. 08 -

Equat ion (5) shows tha t , fo r a f ixed gap se t t ing and a f ixed c u r r e n t 
in the e l e c t r o m a g n e t , a log - log plot of ^ aga ins t n should give a s t r a i g h t l ine 
of s lope 2. Such a plot is shown in F i g u r e 2, the va lues of n be ing t aken 
f r o m Table 2. The l ines joining the c o r r e s p o n d i n g points f o r f e r r o u s 
a m m o n i u m su lpha te and n ickel su lphate have the fol lowing s lopes : 

C u r r e n t Slope 
a m p 

0 . 3 1 . 3 3 
0 . 4 1 . 6 3 
0 . 5 - 0 . 6 1 .86 
0 . 7 - 1 . 2 1 .90 

As the c u r r e n t i n c r e a s e s , the s lope a p p r o a c h e s the t h e o r e t i c a l value of 2. 
The points f o r copper su lphate do not l ie on th i s s e r i e s of s t r a igh t l i ne s , 
and if the points f o r copper su lphate and n ickel su lpha te a r e joined, a l ine 
of s m a l l e r s lope than that of the l ine joining the c o r r e s p o n d i n g points f o r 
n icke l su lphate and f e r r o u s a m m o n i u m sulphate is obtained. The m a g n e t i c 
f o r c e ac t ing on a p a r t i c l e i n c r e a s e s both with the suscep t ib i l i t y of the 
p a r t i c l e and with the c u r r e n t in the magne t co i l s , and it m a y be concluded 
that a s the f a c t o r s neg lec ted in the de r iva t ion of (5) b e c o m e s m a l l in 
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r e l a t i on to the magne t i c fo rce , so the behav iour of the p a r t i c l e a p p r o a c h e s 
that p r ed i c t ed by the ideal equat ion. 

The value of n< c o r r e s p o n d i n g t o any value of within the r a n g e 
of the f i gu re m a y be found f r o m F i g u r e 2, and f r o m va lues so obtained 
F i g u r e 3 has been cons t ruc t ed , .in:which c r i t i c a l r o t o r speed . in revolut ions ' 
p e r minute is plot ted agains t £ x 10 6 . for magne t c u r r e n t s r ang ing f r o m 
0. 3 to 1 .2 amp . T h e s e a r e the ca l i b ra t i on c u r v e s f o r the i n s t r u m e n t . . 

6. 2 E f f ec t of P a r t i c l e Size 

The m a s s of the p a r t i c l e s does not e n t e r into equat ion (5), and 
hence the weight r a t i o L / R should be> independent of p a r t i c l e s i ze . The 
3 s a l t s u sed f o r ca l ib ra t ion w e r e t e s t e d in 3 s i ze r a n g e s , 

. Mesh . t 

- 3 6 + 5 2 
. : 52 '..+ 72 • 

- 72 + 1 0 0 , . 

and the c r i t i c a l r o t o r speeds a r e shown in Tab le 3. The r e s u l t s f o r 
m i n u s 36- to p lus 5 2 - m e s h a r e independent of t hose given in Table 2, and 
s e r v e a s a check on r ep roduc ib i l i t y . Suscep t ib i l i t i e s c o r r e s p o n d i n g toi 
t h e s e r o t o r speeds w e r e r e a d off f r o m . t h e ca l ib ra t ion cha r t ( F i g u r e 3), 
and a r e shown in Table 4. • ' . ; . 

T h e s e r e s u l t s show that i f , the s a m p l e is ground to a . p a r t i c l e 
s i z e s m a l l e r than that f o r which the ca l ib ra t ion c u r v e has been cons t ruc t ed , 
high r e s u l t s will be obtained by u s e of the ca l i b ra t i on curve , , and t h e s e 
will b e c o m e h ighe r as the: p a r t i c l e s i z e is r educed . As the s u s c e p t i b i l i t y 
d e c r e a s e s , the e r r o r will b e c o m e g r e a t e r . A m i x t u r e of p a r t i c l e s i z e s 
g ives a r e su l t ' i n t e r m e d i a t e be tween the ext'teiiies."" Thus^ f o r a. m i x t u r e 
of equal p a r t s by weight of the 3 f e r r o u s a m m o n i u m sulphate g r a d e s the 
c r i t i c a l r o t o r speed at 0. 5 a m p was 365 r p m , equivalent to a suscep t ib i l i t y 
of 36. 7 by 10 6 a c c o r d i n g to the ca l i b ra t i on c u r v e . The a v e r a g e of the 
3 s e t s of va lues in Table 4 is 36. 3 by l b " 6 (each se t i t se l f be ing ave raged) . 
It is c l e a r f r o m th i s that to d e t e r m i n e the suscep t ib i l i t y of a . s a m p l e it 
m u s t be s c r e e n e d to the s a m e r a n g e of p a r t i c l e s i z e s a s the s t a n d a r d s 
u s e d to c a l i b r a t e the i n s t r u m e n t , u n l e s s a c o r r e c t i o n f a c t o r can be appl ied . 
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TABLE 3: E F F E C T OF P A R T I C L E SIZE 

Magnet C r i t i c a l Ro to r Speed, r p m 
C u r r e n t _ 3 6 +52 -52 +72 -72 +100 

a m p m e s h m e s h m e s h 

F e r r o u s Ammonium Sulphate 

0. 3 234 276 296 
0 . 5 350 ,370 405 
0 . 7 432 465 505 
0 . 9 481 513 537 

N i c k e l S u l p h a t e 

0 . 4 184 193 236 
0 . 6 262 288 310 
0. 8 314 343 ; 360 
1 .0 341 377 392 

C o p p e r S u l p h a t e 

0 . 6 124 160 170 
0. 8 158 201 240 
1. 0 178 215 265 
1. 2 198 222 279 
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TABLE 4: SUSCEPTIBILITIES CORRESPONDING TO ROTOR 
SPEEDS IN TABLE 3 

• F r o m F i g u r e 3. 

Magnet Y. by 106, cgs uni ts 
C u r r e n t 36 +52 m e s h -52 -+ 7 2 m e s h -72 +100 m e s h a m p 

F e r r o u s Ammonium Sulphate 

0. 3 32. 4 • — 

0. 5 • •34.0 37. 6 _ 
0. .7 32. 8 38. 0 -

0. 9 - 31 ,7 35. 8 39-0 

Ave rage 32. 7 37. 1 
• 

N i c k e l S u l p h a t e 

0. 4 15. 3 16..9 22. 8 ' 
0. 6 15. 5 18. 4 21. 1 
0. 8 15. 4 18 .3 . 20. 0 
I . 0 . 15. 3 18 .5 •:• 20. 0 . 

A v e r a g e ! 15 .4 18. 0 21. 0. 

C o p p e r S u l p h a t e 

0. 6 5. 5 7 . 1 . • 7 . 7 
0. 8 . 5 . 5 7 . 3 9 . 7 
1. 0 5 . 6 7 . 0 9 . 7 
1. 2 5. 8 6 . 8 9. 7' 

A v e r a g e 5 . 6 7. 1 9 - 2 
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6. 3 Cor r ec t i on fo r P a r t i c l e Size 

The m e a n a p e r t u r e of the l imi t ing s c r e e n s has been taken as a 
m e a s u r e of the pa r t i c l e s ize , and is as fol lows: 

Mesh Mean A p e r t u r e 
_ . M-

36 + 52 358 
52 + 72 253 
72 + 100 181 

A plot of m e a n a p e r t u r e agains t the ave rage value of ^ by 106 t aken f r o m 
Table 4 i s shown in F igu re 4. The re la t ionsh ip is approx imate ly l i n e a r , 
and by the in t rapola t ion of addit ional l ines a c o r r e c t i o n char t has been 
f o r m e d . By, taking l ines p a r a l l e l to these , any apparen t value of^.-
(de te rmined f r o m the ca l ibra t ion char t ) at any m e a n a p e r t u r e within the 
l i m i t s of the c o r r e c t i o n char t can be c o r r e c t e d to the value at minus 36-
plus 5 2 - m e s h , f o r which the ca l ib ra t ion char t has been p r e p a r e d . 

6 . 4 Method of Tes t and Examples 

The method of t e s t cons i s t s in se lec t ing a sui table magnet 
c u r r e n t and de te rmin ing the c r i t i c a l r o t o r speed at th i s c u r r e n t . The 
c r i t i c a l speed is found graphica l ly by plott ing weight r a t io (L /R) agains t 
r o t o r speed. The suscept ib i l i ty co r respond ing to the c r i t i c a l r o t o r speed 
is then read off f r o m the ca l ib ra t ion char t (F igu re 3) and c o r r e c t e d if 
n e c e s s a r y fo r pa r t i c l e s i ze by m e a n s of the c o r r e c t i o n char t (F igure 4). 
Although th is method is based on t heo re t i ca l cons ide ra t ions , it is 
e m p i r i c a l , s ince the f o r m of the ca l ib ra t ion cu rves cannot be a c c u r a t e l y 
p red ic t ed , and they v a r y fo r d i f ferent pa r t i c l e s i z e s . An indicat ion of 
the: a c c u r a c y to be expected is given by the second column of Table 4, 
f r o m which it a p p e a r s that , if low r o t o r speeds ( l e s s than 170 rpm) a r e 
avoided, suscep t ib i l i t i e s can be de t e rmined with an e r r o r of not m o r e than 
5 p e r cent . The method was t e s t ed by us ing it to d e t e r m i n e the s u s c e p -
t ib i l i t i e s of cobalt sulphate and po ta s s ium f e r r i c y a n i d e . 

Cobalt Sulphate. A sample of c rude cobaltous sulphate was d isso lved in 
boil ing wa te r . . The solution was f i l t e r ed and allowed to c r y s t a l l i s e . The 
c r y s t a l s w e r e d r ied by suct ion and by p r e s s i n g between f i l t e r pape r and 
w e r e ground and s c r e e n e d to obtain a minus 36 plus 5 2 - m e s h f r ac t ion . 
This f r ac t i on had the composi t ion C0SO4. 7HzO, and when it was t r e a t e d in 
the s e p a r a t o r at 0. 5 amp a c r i t i c a l r o t o r speed of 366 r p m was found, 
co r re spond ing to v = 37. 0 x 10"6 The value given in Hodgman 's Handbook 
of C h e m i s t r y and P h y s i c s fo r CoS04 . 7HzO is 37. 0 x 10"6 at 19. 9°C. 
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P o t a s s i u m F e r r i c y a n i d e . This sa l t was used to check the c o r r e c t i o n cha r t 
a s well as the ca l ib ra t ion cha r t . The r e s u l t s f o r a magne t c u r r e n t of 0. 9 • 
a m p w e r e a s given in Table 5. The value given by Hodgman is 7. 08 x 10~6 

at 21°C. . 

TABLE 5: SUSCEPTIBILITY O F POTASSIUM .FERRICYANIDE 

P a r t i c l e Size 
Mesh 

C r i t i c a l Ro to r 
Speed 
r p m 

x, x 1 0 6 

( f r o m F i g u r e 3) 
C o r r e c t e d Value of 

^ x 106 

( f r o m F i g u r e 4) 

36 + .52 . 201 6 . 8 6. 8' 
52 + 72 236 8. 6 6. 5 
72 + 100 273 10. 6 7. 0 

7. APPLICATION O F THE CALIBRATION CURVES TO THE 
SEPARATION O F MIXTURES 

A m i x t u r e was p r e p a r e d conta ining equal weights of f e r r o u s 
a m m o n i u m ' s u l p h a t e , n ickel su lphate and copper su lphate , a l l s i zed to m i n u s 
36- plus 5 2 - m e s h . At 0. 9 a m p the c r i t i c a l r o t o r speeds c o r r e s p o n d i n g to 
the su scep t ib i l i t i e s of t h e s e s a l t s a r e , f r o m F i g u r e 3:' 

486 r p m f o r f e r r o u s a m m o n i u m su lpha t e . 
336 r p m f o r n icke l su lphate 
180 r p m f o r copper su lphate 

As the speed is r educed f r o m 486 r p m , m o r e of the i ron sa l t will be held to 
the r o t o r ; a s it i s i n c r e a s e d . f r o m 336 r p m , m o r e of .the n ickel sa l t will be 
th rown f r o m the r o t o r . Opt imum s e p a r a t i o n of the i ron and n icke l s a l t s 
should t h e r e f o r e occur at a speed midway be tween t h e s e two speeds , i. e. , 
at 411 r p m . • S imi l a r ly , op t imum s e p a r a t i o n of the nickel and copper s a l t s 
should occu r <at 258 r p m . ' 

The m i x t u r e was s e p a r a t e d at 0.'9 a m p and .411' r p m into an i ron 
and a n i c k e l - c o p p e r p r o d u c t ; us ing a c leaning p r o c e s s cons i s t ing of 9 cyc les , 
each of 3 s t a g e s . The a r r a n g e m e n t of cy c les and s t a g e s is shown in . 
F i g u r e 5. The s a m e a r r a n g e m e n t .is r e f e r r e d to subsequen t ly in t h i s r e p o r t , 
and it should be noted tha t , however many cyc les w e r e used', the L or R 
f r a c t i o n s r e m a i n i n g a f t e r the l a s t cycle w e r e a lways added to the L o r R 
p roduc t s r e s p e c t i v e l y . . The n i c k e l T c o p p e r p roduc t was s e p a r a t e d at 0. 9 
a m p and 258 r p m into a n ickel and a copper p roduc t , u s ing 7 cleaning, cyc l e s . 
The f ina l p roduc t s w e r e examined unde r the m i c r o s c o p e . The f e r r o u s 
a m m o n i u m su lpha te f r a c t i o n was of high pur i ty ; it was v i r t u a l l y f ree , f r o m 
copper and contained .only an occas iona l c ry s t a l ' o f n ickel sulphate.. The 
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n icke l su lphate f r a c t i o n contained s o m e i ron and v e r y l i t t l e copper . No 
i ron was de tec ted in the copper su lphate f r a c t i o n , which however conta ined 
a s m a l l amount of n ickel su lpha te . The p e r c e n t a g e compos i t ion of the 
s e p a r a t e d f r a c t i o n s was e s t i m a t e d to be a p p r o x i m a t e l y a s fo l lows: 

F e r r o u s Ammonium :Nickiel .Copper 
Sulphate Sulphate Sulphate 

1 0 0 -
5 95 

4 96 

8. DETERMINATION O F THE F I E L D CHARACTERISTIC O F THE 
SEPARATOR 

The f ie ld c h a r a c t e r i s t i c m a y be ca lcu la ted f r o m equat ion (5) 
a s fo l lows: 

„ dH 4 I I 2 n 2 r 122. 2 n2 

j — ( 7 > 

and should be a constant f o r a given coil c u r r e n t and gap se t t ing . Values of 
122. 2 n 2 / ^ . h a v e been ca lcu la ted f r o m c o r r e s p o n d i n g va lues of n and ^ t aken 
f r o m the ca l i b ra t i on c u r v e s ( F i g u r e 3 — it should be noted that n is the 
c r i t i c a l speed in revo lu t ions p e r second) . T h e s e va lues , though not cons tant 
fo r a given c u r r e n t , a p p e a r to app roach a constant va lue a s the r o t o r speed 
i n c r e a s e s . The m a x i m u m devia t ions occur at low speeds , and in the r a n g e 
300 to 550 r m p al l the va lues l ie within 3 p e r cent of the m e a n value , which 
is v e r y c lose to the va lue at 400 r p m . As an example , the va lues at 0. 8 
a m p m a y be quoted: 

r p m 122. 

200 1. 94 x 108 

250 2. 04 x 108 

300 2. 14 x 108 

350 2. 19 x 108 

400 2. 20 x 108 

450 2. 21 x 108 

500 2. 21 x 108 

The va lues of the f ie ld c h a r a c t e r i s t i c given in Table 6 have been 
ca lcu la ted f r o m (7) f o r a c r i t i c a l speed of 400 r p m . Below 0. 6 amp, the 
c a l i b r a t i o n c u r v e s of F i g u r e 3 do not extend to 400 r p m , and the va lues 
given in the t ab le f o r 0."3, 0 . 4 and 0. 5 a m p have been obtained by g r aph i ca l 
ex t r apo la t ion to 400 r p m . The f ie ld s t r eng th is a l s o shown in Table 6. 
Th i s was m e a s u r e d d i r e c t l y by i n s e r t i n g the p robe of a g a u s s m e t e r into the 
gap. The f ie ld was exp lo red as f a r a s poss ib l e with the p robe , and the 
m a x i m u m r e a d i n g o b s e r v e d is given in the t ab le . The f ie ld g rad ien t m a y be 
ca lcu la ted by dividing the f ie ld c h a r a c t e r i s t i c by the f ie ld s t r eng th , and t h i s 
is a l s o shown in Table 6. 

F r a c t i o n 

1 
2 
3 
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T A B L E 6: MAGNETIC F I E L D O F LABORATORY SEPARATOR 

Magne t F i e l d S t r eng th F i e l d G r a d i e n t F i e l d C h a r a c t e r i s t i c 
C u r r e n t H dH H dH 

a m p g a u s s ds H 
ds 

0. 3 3900 ' 1. 69 x 104 0. 66 X 108 

0. 4 4700 2. 00 X 104 0. 94 X 108 

0. 5 5400 2. 31 X 104 1. 25 X 108 

0. 6 6000 2. 67 X 104 1. 60 X 108 

0. 7 6600 2. 89 X 104 1. 91 X 108 

0. 8 7000 3. 14 X 104 2. 20' X 108 

0. 9 7350 3. 32 X 104 2. 44 X 108 

1 . 0 7600 • 3. 45 X •104 2. 62 X 108 

1. 1 7750 3. 51 X 104 •} 72 X 108 

1. 2 7800 3. 65 X 104 2. 85 X 108 

9. : EXAMINATION O F IRON ORE S A M P L E S 

The bulk s u s c e p t i b i l i t y of the i r o n o r e s a m p l e s was d e t e r m i n e d by 
. t he m e t h o d d e s c r i b e d in Sec t ion 6 . 4 , u s i n g t he m i n u s 36- p lus 5 2 - m e s h 

f r a c t i o n . The r e s u l t s a r e shown in Tab l e 7. 
Suscep t ib i l i t y v a l u e s above 40 x 10"6 cgs u n i t s w e r e ob ta ined by 

e x t r a p o l a t i o n , s i n c e t h e y l i e above t he c a l i b r a t e d r a n g e of the i n s t r u m e n t , 
and a r e l e s s a c c u r a t e t h a n v a l u e s be low 40 x 10~6 . . M o r e a c c u r a t e v a l u e s 
could be obta ined by c a l i b r a t i o n of the i n s t r u m e n t wi th compounds s u c h a s : 
C0SO4, C0SO4. H2Q, Fe 2 (S0 4 ) 3 , MnS0 4 , NiO, CoO, MnO, M n 3 b 4 and 
Mn 2 0 3 , which would enab l e t he r a n g e t o be ex tended t o about 90 x 10"6 . 
T h e s e compounds h o w e v e r would p r o b a b l y have^to be p r e p a r e d s p e c i a l l y f o r 
t he p u r p o s e , s i n c e t h e y a r e l e s s r e a d i l y a v a i l a b l e in a p u r e f o r m t h a n the 
compounds l i s t e d in Sec t ion 6. 1. The s u s c e p t i b i l i t i e s of s a m p l e s 6 and 11 
w e r e f a r too high t o be m e a s u r e d by the m e t h o d d e s c r i b e d in Sec t ion 6. 4, 
and the v a l u e s shown in Tab l e 7 a r e t h o s e ob ta ined by the G e o p h y s i c a l 
L a b o r a t o r i e s of the D e p a r t m e n t of M i n e s f r o m s u s c e p t i b i l i t y b r i d g e b a l a n c e 
m e a s u r e m e n t s , u s i n g p lus 10- m i n u s 1 6 - m e s h m a t e r i a l . 

The r e s u l t s g iven in Tab l e 7 enab le t h e s a m p l e s to be c l a s s i f i e d 
a s fo l lows : 

a . Sample 4 ( N a i r n e Pyr i t e ) . The s u s c e p t i b i l i t y of t h i s 
l a y f a r be low the c a l i b r a t i o n c u r v e s p r e p a r e d f o r the 
i n s t r u m e n t . It i s c e r t a i n l y l e s s t h a n 5 x 10"6 , and 
p r o b a b l y l e s s t h a n 0. 5 x 10"6 . At 1. 2 a m p and the 
l owes t r o t o r s p e e d s (14-175 r p m ) t he L : R r a t i o w a s 
l e s s t han 0. 1, i. e . , l e s s t han 10 p e r cent of the s a m p l e 
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could be obtained in the L or m a g n e t i c f r a c t i o n at the 
h ighes t in tens i ty and lowest r o t o r speed ava i l ab le . . 
U s e f u l benef ic ia t ion of th i s s a m p l e by magne t i c m e a n s 
is t h e r e f o r e i m p o s s i b l e with f ie ld c h a r a c t e r i s t i c s of 
the o r d e r shown in Table 6. 

b. Samples 1 and 2. D o l o m i t e - c a l c i t e m i x t u r e s conta in-
ing goethi te , of low suscep t ib i l i ty and low i ron content . 

c. Samples 5 (pyr rho t i t e ) , 9 ( l imonite) and 14 (goethite) 
T h e s e have m o d e r a t e suscep t ib i l i ty and high i r o n 
content . The i ron content is c lose to the t h e o r e t i c a l 
value f o r the p u r e m i n e r a l , so that the ques t ion of 
benef i c i a t ing t h e s e s a m p l e s does not a r i s e . 

d. Sample 3 ( s ide r i t e ) and the h e m a t i t e s a m p l e s 7, 8, 
10, 12 and 1 3. T h e s e have high suscep t ib i l i t y and 
high i ron content . H e r e again the i ron content is 
c lose to the t h e o r e t i c a l value f o r the p u r e m i n e r a l . 

e . Samples 6 ( a l t e r ed magnet i te ) and 11 ( m a n g a n i f e r o u s 
hemat i t e ) . T h e s e a r e f e r r o m a g n e t i c and t h e i r 
s e p a r a t i o n f r o m gangue m i n e r a l s in low in tens i ty 
s e p a r a t o r s would p r e s e n t no di f f icul ty , p rov ided the 
i ron m i n e r a l w e r e l i b e r a t e d at a su i tab le p a r t i c l e 
s i z e . 

TABLE 7: BULK SPECIFIC SUSCEPTIBILITY O F IRON ORE SAMPLES 

Sample Br i e f D e s c r i p t i o n % Bulk Speci f ic Suscep t ib i l i ty 
No. F e x l'O6 (cgs uni ts ) 

1 D o l o m i t e - c a l c i t e 16. 7 8. 5 
2 D o l o m i t e - c a l c i t e 11. 3 8. 1 
3 S ide r i t e 45. 5. 75 
4 P y r i t e 9. 65 < 5 
5 Py r rho t i t e . 59- 8 32. 6 
6 A l t e r e d magne t i t e 64. 9 3, 300( a) 
7 Micaceous h e m a t i t e 62. 8 76 
8 Soft h e m a t i t e 69. 2 91 
9 H a r d l imon i t e 58. 1 25. 3 

10 H a r d h e m a t i t e 68. 8 77 
11 H a r d m a n g a n i f e r o u s h e m a t i t e 54. 1 ) 24 ,600( a ) 
12 Blue foundry ore 69. 0 75 
13 Red b a s i c (low Mn) o re 67. 8 100 . 
14 Goethi te 58. 4 . 2 7 . 6 

(a) R e s u l t s f r o m Geophys ica l L a b o r a t o r i e s , D e p a r t m e n t of Mines . 
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10. BENEFICIATION AND SEPARATION OF SAMPLES 

It has been shown in Sect ion 9 that of the 14 s a m p l e s only 3, 
No. 1, 2 and 4 r e q u i r e benef ic ia t ion , and tha t bene f i c i a t ion of No. 4 (pyr i te ) 
i s not pos s ib l e with the i n d u c t e d - r o t o r s e p a r a t o r u sed . Bene f i c i a t i on , 
e x p e r i m e n t s w e r e t h e r e f o r e con f ined to . Samples 1 and 2 ( ca rbona t e 
m i n e r a l s containing goethi te) . 

Separa t ion f r o m gangue was s tudied by tak ing Sample s 3, 12 and 
13 to r e p r e s e n t m i n e r a l s of high suscep t ib i l i ty , Samples 5 and 9 to r e p r e s e n t 
m i n e r a l s of m e d i u m suscep t ib i l i ty , and Sample 1 to r e p r e s e n t m i n e r a l s of 
low suscep t ib i l i t y . The f e r r o m a g n e t i c m i n e r a l s No. 6 and 11 w e r e not 
f u r t h e r inves t iga ted . 

10 .1 Benef ic ia t ion . of Sample 2 

The s a m p l e (minus 36- plus 5 2 - m e s h ) was s e p a r a t e d into 2 equal 
po r t i ons (Li and Rx) u s ing the i n d u c e d - r o t o r s e p a r a t o r at 0. 9 a m p and 227 
r p m , the c r i t i c a l r o t o r speed be ing d e t e r m i n e d f r o m the bulk suscep t ib i l i t y 
by m e a n s of F i g u r e 3. The bulk suscep t ib i l i t y of each por t ion was then 
d e t e r m i n e d , and the m o r e m a g n e t i c po r t ion (L t ) was s e p a r a t e d at 0. 9 a m p 
into 2 equal po r t i ons (L2 and R2), t he r o t o r speed r e q u i r e d f o r th i s having 
a l r e a d y been found in the suscep t ib i l i t y de t e rmina t i on . The p r o c e s s was . 
r e p e a t e d 3 m o r e t i m e s . E a c h f r a c t i o n was a n a l y s e d . f o r i r o n content and 
the r e s u l t s a r e shown in Tab le 8, 

TABLE 8! SEPARATION O F SAMPLE 2 AT 0. 9 AMP 

F r a c t i o n C r i t i c a l Ro to r Speed 
r p m 

h o6 Weight 
% ' 

I ron 
% ' 

R1 175 5. 7 ' 50 10. 3 
R2 228 8. 2 25 1 1 . 2 
R3 300 12. 8 12. 5 14. 2 
R4 , , 328 15. 2 6. 25 . 16 .8 

LI 287 11. 8 50 14. 9 
L2 324 14. 8 25 16. 3 
L3 353 17. 5 12. 5 ' 24. 2 
L4 380 

' ••• • i i *— — 
' 20. 2 - 6. 25 28. 2 

The c r i t i c a l r o t o r speed shown in the t ab le f o r each le f t f r a c t i o n 
i s of c o u r s e the speed at which that f r a c t i o n was s e p a r a t e d into the next 2' 
f r a c t i o n s . Thus f r a c t i o n LI was s e p a r a t e d at 287 r p m to give L2 and 
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R2, L2 was s e p a r a t e d at 324 r p m into L3 and R3, e tc . An indica t ion of the 
a c c u r a c y of the r e s u l t s is given by a v e r a g i n g the suscep t ib i l i t y va lues f o r 
c o r r e s p o n d i n g L and R f r a c t i o n s and c o m p a r i n g the r e s u l t s with the value 
f o r t h e . L f r a c t i o n f r o m which they w e r e de r ived . Thus , the a v e r a g e f o r 
L4 and R4 is 17. 2 x 106, to be c o m p a r e d with 17. 5 x 106 f o r L3. 

By t h i s p r o c e s s , a p roduc t containing 28. 2 p e r cent F e was 
obtained, but the r e c o v e r y of i ron in th i s p roduc t was only about 16 p e r cent . 
In an a t t empt to improve the r e c o v e r y of i ron, the f i r s t r ight hand f r a c t i o n 
(Rl ) , containing 50 p e r cent of the o r ig ina l s amp le , was t r e a t e d at 0. 9 a m p 
and 227 r p m in a 24 s tage p r o c e s s , in which le f t and r ight hand, f r a c t i o n s 
w e r e s u c c e s s i v e l y combined and r ec l eaned , to yield f ina l ly 2 f r a c t i o n s a s 
fo l lows: 

F r a c t i o n % x 106 Weight, g % Fe 

Right 4 . 3 300 10 .0 
Lef t 10.0 94 12 .5 

A weighted a v e r a g e of t h e s e r e s u l t s g ives f o r the o r ig ina l f r a c t i o n 

y. = 5. 7 x lO^6, F e = 10.6 p e r cent 

( c o m p a r e the r e s u l t s f o r R l in Table 8, 5. 7 x 10"6 and 10. 3 p e r cent) . 
Le t us suppose that the s a m p l e cons i s t s e s s e n t i a l l y of 2 f r a c t i o n s 

having the fol lowing c h a r a c t e r i s t i c s : 

% F e x 106 C r i t i c a l Ro to r Speed ' 
at 0. 9 a m p 

10 .0 4 . 3 148 
28. 2 2.0. 2 380 

Opt imum s e p a r a t i o n of such a m i x t u r e at 0. 9 a m p should take p lace at a 
r o t o r speed of 264 r p m . The s a m p l e ( -36 +52-mesh) was s e p a r a t e d unde r 
t h e s e condi t ions us ing an 8 cycle p r o c e s s ( see F i g u r e 5). The f ina l p r o d u c t s 
had. the fol lowing c h a r a c t e r i s t i c s : 

F r a c t i o n ,% x 106 Weight, g % F e 

Right 5 . 5 203 10 .1 
Lef t 14 .6 103 17 .1 

T h e s e f i g u r e s r e p r e s e n t an i ron r e c o v e r y of 46 p e r cent in a g rade of 17 .1 
p e r cent . 

This r e s u l t is v e r y d i f f e ren t f r o m that which should be obtained 
f o r the s e p a r a t i o n of 2 f r a c t i o n s of suscep t ib i l i ty 4. 3 x 10 6 and 20. 2 x 10 6 

(cf 7). The suppos i t ion that the s a m p l e c o n s i s t s of 2 such f r a c t i o n s is 
t h e r e f o r e f a l s e . R a t h e r , the e x p e r i m e n t a l r e s u l t s indica te that the p a r t i c l e s 
c o v e r a wide s p e c t r u m of su scep t i b i l i t i e s (and hence of composi t ion) , s o 
that no cut, however s h a r p , can give a s a t i s f a c t o r y g rade and r e c o v e r y . 
To obtain a u se fu l g r a d e it would be n e c e s s a r y to m a k e a cut n e a r the u p p e r 
l im i t of the suscep t ib i l i t y s p e c t r u m , and th i s would n e c e s s a r i l y enta i l a 
v e r y low r e c o v e r y . 
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Since f i ne r grinding, might p roduce a product in which the p a r t i c l e s 
w e r e m o r e s h a r p l y d i f f e r en t i a t ed in r e s p e c t of suscep t ib i l i ty , the e x p e r i m e n t 
d e s c r i b e d above was r e p e a t e d with a . s a m p l e s i zed to minus 72- plus 100-
m e s h ( i ron content 11. 6%). The. object p roposed was to s e p a r a t e the s a m p l e 
into 2 f r a c t i o n s having suscep t ib i l i t i e s of 5 x 10"6 and 20 x 10"6 . The m e a n 
p a r t i c l e s i z e f o r minus 72- plus 1 0 0 r m e s h m a t e r i a l is 181 m i c r o n s and 
f r o m F i g u r e 4 the apparen t suscep t ib i l i ty va lues at 181 m i c r o n s c o r r e s p o n d -
ing to ac tua l va lues at 358 m i c r o n s (minus 36- plus 52 -mesh ) of 5 x 10 6 and 
20 x 10"6 a r e 8. 4 x 10~6 and 26. 2 x,10"6 .- F r o m F i g u r e 3 the c r i t i c a l r o t o r 
speeds at 0. 9 a m p fo r su scep t ib i l i t i e s of 8 . 4 x 10"6 and 26. 2 x 10"6 a r e 234 
and 435 r p m r e s p e c t i v e l y . The a v e r a g e of t h e s e va lues is 335 r p m , so 
that fo r minus 72- plus 1 0 0 - m e s h m a t e r i a l op t imum s e p a r a t i o n into the 
pos tu la ted . f rac t ions at 0. 9 a m p should o c c u r at a r o t o r speed of 335 r p m , 
and the s a m p l e was t h e r e f o r e t r e a t e d u n d e r t h e s e condit ions in an 8 cycle 
p r o c e s s with the following r e s u l t s : . . . 

F r a c t i o n X x 106 Weight, , g % Fe 

Right 5 -2 . 147 10.0 
Lef t " " " 1 3 . 5 112 16 .0 

T h e s e f i g u r e s r e p r e s e n t an i ron r e c o v e r y of 55 p e r cent in a .grade of 16 p e r 
cent . This r e s u l t i s no b e t t e r than , tha t ach ieved b e f o r e with m i n u s 36-
plus 5 2 - m e s h m a t e r i a l , and it is evident that Sample 2 cannot be u se fu l ly 
bene f i c i a t ed by magne t i c s epa ra t i on , at l e a s t at p a r t i c l e s i z e s above 
1 0 0 - m e s h . 

10 .2 Benef ic ia t ion , of Sample 1 

The s amp le , s i zed to m i n u s 36- plus 5 2 - m e s h , w a s spl i t into 
2 equal~ po r t i ons (LI and R l ) at 0. 9 a m p ' a n d ,235 r p m . The m o r e magne t ic , 
f r a c t i o n (LI) was then spl i t at, the s a m e a m p e r a g e and. the a p p r o p r i a t e r o t o r 
speed into 2 equal f r a c t i o n s , and. the p r o c e s s was r e p e a t e d 4 m o r e t i m e s , 
a s d e s c r i b e d in 10 .1 f o r Sample 2. The r e s u l t s a r e shown in Tab le 9-

T h e s e r e s u l t s a r e s i m i l a r to those, obtained with Sample 2. 
The s a m p l e can be divided into a s e r i e s of f r a c t i o n s of increas ing , s u s c e p t i -
bi l i ty; the f r a c t i o n with the-h ighes t suscep t ib i l i t y contained. 32 p e r cent 
of iron,, but the r e c o v e r y of i ron in th i s f r a c t i o n was only 6 p e r cent . The 
s a m e conc lus ion may. be d r a w n . f o r Sample 1 a s f o r Sample 2; t h e r e is no 
point at which a cut can be made, to give an. i ron product of h igh g rade and 
r e a s o n a b l e r e c o v e r y . T h i s conclus ion was c o n f i r m e d by a subsequent 
m i n e r a l o g i c a l examina t ion ( see Appendix)> which showed that the s a m p l e s , 
o r ig ina l ly thought to be s i d e r i t e , w e r e m i x t u r e s of dolomite and ca lc i t e , 
the g r a i n s of which w e r e coated with goethi te . The compos i t ion and s u s -
cept ib i l i ty of each p a r t i c l e will t h e r e f o r e depend on the s i ze of the. p a r t i c l e 
and the t h i c k n e s s of the. goethi te coat ing, and th i s accounts f o r the wide 
suscep t ib i l i t y s p e c t r u m . 
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TABLE 9: SEPARATION O F SAMPLE 1 AT 0. 9 AMP 

F r a c t i o n C r i t i c a l Ro to r Speed '% x 106 Weight I r o n 
r p m / 

% % 

R1 178 5. 8 50 13. 5 
R2 252 9. 5 25 18. 5 
R3 298 12. 7 12. 5 21. 8 
R4 344 16. 5 6. 25 25. 3 
R5 381 20. 2 3. 12 28. 2 

LI 280 11. 3 50 21. 6 
L2 333 15. 6 25 25. 4 
L3 375 19. 6 12. 5 27. 5 
L4 408 23. 2 6. 25 29. 7 
L5 436 '26. 3 3. 12 .31. 9 

1 0 . 3 Separa t ion f r o m Gangue 

10. 3. 1 . M i n e r a l s of High Suscept ib i l i ty 

Samples. 3 , 1 2 and 13, s i zed to -min i s 36T p lus 5 2 - m e s h , w e r e 
mixed with equal weights of a c i d - w a s h e d s i l i ca sand, . .Eilsp: ;si£ed^ 
36- plus. 5 2 - m e s h . The m i x t u r e s w e r e s e p a r a t e d at 0 / 5 'aimp^ 
speed equal to half the c r i t i c a l speed f o r the unmixed i r o n s a m p l e (pure1. ; ' t ' 
s i l i c a has a suscep t ib i l i t y of m i n u s 0. 493 x 10~6). Sepa ra t ion was m a d e in 
a n u m b e r of 3 - s t a g e cyc les ( see F i g u r e 5). The quant i ty of m a t e r i a l l e f t 
a f t e r the second cycle was sma l l , and a f t e r t he . t h i rd cycle v e r y s m a l l , so 
that 2 cyc les would p robab ly have given much the s a m e r e s u l t s . The 
r e s u l t s a r e given in Table 10. 

Sample 3 was mixed with an equal weight of Sample 2, both 
s a m p l e s be ing s i zed to minus 36- plus 5 2 - m e s h . Sample 2 was s e l e c t e d a s 
an example of a p a r a m a g n e t i c gangue of low suscep t ib i l i ty . At 0. 5 a m p 
the c r i t i c a l r o t o r speed fo r Sample 2 is 145 r p m and f o r Sample 3 548 r p m . 
The m i x t u r e was t h e r e f o r e s e p a r a t e d at a point midway be tween t h e s e 
speeds , i. e. .at 346 r p m . In the f i r s t t e s t 9 cyc les w e r e used , but the 
quant i ty of m i x t u r e r e m a i n i n g a f t e r the 4th cycle was v e r y s m a l l . The 
e x p e r i m e n t was then r e p e a t e d without any c leaning at al l , i. e . o n l y one 
d iv is ion of the m i x t u r e into L and R f r a c t i o n s was m a d e . T h e r e s u l t s 
a r e given in Table 10.-

The r e s u l t s given in Table . 10 show that m a t e r i a l having s u s c e p -
t ib i l i ty of the o r d e r 50-100 x 10 6 can e a s i l y be s e p a r a t e d f r o m s i l i c e o u s 
gangue or o ther m a t e r i a l of low suscep t ib i l i t y (say l e s s than 10 x 10"6), 
p rov ided of c o u r s e that the i ron m i n e r a l is l i b e r a t e d at a convenient 
p a r t i c l e s i ze . 



TABLE 10: SEPARATION OF 1:1 MIXTURES 
Samples 3, 12 and 13 

Mix ture Head A s s a y Separa t ion Number of Weight, % . I ron, % I ron 
of Components Cleaning Cycles Ta i l Cone Ta i l Cone Recove ry 

% Fe amp r p m , . % ' 

No. 3 +sand No. 3 45. 5 0. 5 ' 270 '5 . 51. 6 48. 4 43. .9 : 93; 4 

No. 12+ sand No. 12 69. 0 0. 5 270 5 50. 7 49- 3 - 68. .5 9": 
No. 13+ sand No. 13 67. 8 0. 5 300 •' 5, _ 52. 0 48..0 - 67. 7 95. 9 

No. 2+ No. 3 No. 2 
No. 3 

11. 
. 45. 

3 
5 

0. 5 346 . 9 50. 6 49-. 4 12. 6 43; ,6 - 94. 7 (a) 

No. 2.+.No. 3 No. 2 
No. 3 

11. 
45. 

3 
5 

0. 5 , 346 . 0 54. 7 45. 3 14. 8 43. 2 86'. 0 (a) 

(a) These f i g u r e s r e p r e s e n t the ra t io , e x p r e s s e d as a pe rcen tage , of the i r o n ' r e c o v e r e d in/the magne t i c 
f r a c t i on to the i ron that would have been r e c o v e r e d if the sepa ra t ion had been p e r f e c t . 
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10. 3. 2 M i n e r a l s of Medium and Low Suscept ib i l i ty 

Samples 1, 5 and 9, s i zed to minus 36-p lus 5 2 - m e s h , w e r e mixed 
with equal weights of a c i d - w a s h e d s i l i ca sand s i zed to the s a m e l i m i t s . 
The m i x t u r e s w e r e s e p a r a t e d unde r the condit ions and with t h e ' r e s u l t s shown 
in Table 11. 

Equa l weights of Samples 4 and 5 (pyr i te and py r rho t i t e ) , each 
sifced t o minus 36- plus 5 2 - m e s h , w e r e a l s o mixed and s e p a r a t e d a s : i n d i c a -
ted in Table 11. ; . 

The r e s u l t s in Table. 11 show that m a t e r i a l having a m a g n e t i c 
suscep t ib i l i t y a s low as 8 x 10"6 m a y be r ead i ly s e p a r a t e d f r o m s i l i c eous 
gangue o r o ther m a t e r i a l of s i m i l a r suscep t ib i l i ty , and the conc lus ions 
r e a c h e d f o r t he s e p a r a t i o n of m a t e r i a l in the suscep t ib i l i t y r ange 50-100 x 
10"6 a r e valid, f o r va lues down to 8 x 10"6 . The c lean s e p a r a t i o n s ach ieved 
ind ica te that the l imi t has not been r eached , and e f fec t ive s e p a r a t i o n can 
p robab ly be ach ieved f o r any value above 5 x 10~6. 



TABLE 10: SEPARATION OF 1:1 MIXTURES 
Samples 3, 12 and 13 

Mixture Head A s s a y Separa t ion N u m b e r of . Weight, % Iron, % I ron 
of Components r Cleaning - Tai l Cone Ta i l Cone R e c o v e r y 

. % Fe a m p • r p m Cycles % 

No. 1 + sand No. 1 •16:7 1. 05 122 1 49-. .2 50, 8 . - 15. 9 96. 7 

No. 1 + sand No. 1 16.7 1. 1 122 1 48. 4 51. 6 16. 2 100 

No. 5 + sand No. 5" 59. 8" 0. 5 170 . 1 • 49. 2 50. 8 - 58. 4 99. 2 
No. 5 + sand No. 5 59.-8 0. 5" 170 2 . 50. 7 49- 3... 59. 7- 98 .4 

No. 9 + sand No. 9 58. 1 0. 5 145 3 49. 5 50. 5 57. o : 99. 1 

No. 4 + No. 5 No. 4 9 .65 0. 5 170 3 48. 9 51. 1 . 11, 7 57. 7 : - 9 8 . 6 ( a ) 

No. 5 59 .8 

(a) T h e s e f i g u r e s r e p r e s e n t the ra t io , e x p r e s s e d a s a pe rcen tage , of the i ron r e c o v e r e d in t he .magne t i c 
f r a c t i o n to the i ron . tha t would have been r ecove red if the, s e p a r a t i o n had been p e r f e c t . 
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11. PRACTICAL APPLICATION OF SUSCEPTIBILITY 
' MEASUREMENTS 

Runolinna1 d e s c r i b e s an induced r o t o r magne t i c s e p a r a t o r with a 
f ie ld s t r e n g t h of 900 gauss , a f ie ld gradient of 50 gauss p e r m m and a r a d i u s 
of r o t o r of 20 cm. This s e p a r a t o r will be d is t inguished a s "Runo l inna ' s 
m a c h i n e " . P a l a s v i r t a 2 d i s c u s s e s the des ign of h igh - in t ens i ty induced r o t o r 
s e p a r a t o r s and i l l u s t r a t e s such a s e p a r a t o r used by h im. Deta i l s of the 
s e p a r a t o r u sed a r e not given, but he s e e m s to con templa te a 4 inch d i a m e t e r 
r o t o r , an a v e r a g e f ie ld s t r eng th in the s e p a r a t i o n gap of 20, 000 gauss and 
a f ie ld grad ien t of 5000 gauss p e r em. A s e p a r a t o r having t h e s e c h a r a c t e r -
i s t i c s will t h e r e f o r e be r e f e r r e d to a " P a l a s v i r t a 1 s m a c h i n e " . 

Suppose tha t the fol lowing m i n e r a l s can be l i b e r a t e d f r o m gangue 
by gr inding: 

Sample No. M i n e r a l '.y, x 106 

14 Goethi te 27 .6 
3 S ide r i t e 75 
6 A l t e r e d magne t i t e 3 ,300 

11 Mangan i f e rous 
h e m a t i t e 24 ,600 

The ques t ion to be d e t e r m i n e d is whe the r t h e s e m i n e r a l s can be e f f ec t i ve ly 
s e p a r a t e d . f r o m the gangue in e i t he r of the above s e p a r a t o r s . 

F o r Runol inna ' s mach ine . —- r̂— = 
4 T r r ds 
900 x 500 
4 x 9. 87 x 20 

r -r, , • . , H dH 20, 000 x 5000 „ _ , and fo r P a l a s v i r t a ' s , — -3— = —— r—- = 4 . 9 9 x 1 0 s . 4 T r r ds 4 x 9- 87 x 5. 08 
The c r i t i c a l rotortf/speed f o r each m i n e r a l m a y be ca lcu la ted f r o m t h e s e 
va lues by m e a n s of equat ion (6). The r e s u l t s , e x p r e s s e d in r evo lu t ions p e r 
minu te , a r e : 

Sample C r i t i c a l R o t o r S p e e d , r p m 
Runo l inna ' s P a l a s v i r t a ' s 

m a c h i n e m a c h i n e 

Goethi te 7 . 5 223 
S ider i t e 12 .4 367 
A l t e r e d magne t i t e 82. 3 2440 
Mangan i f e rous h e m a t i t e 225 6650 

1. " P r o g r e s s in M i n e r a l D r e s s i n g " , Almqvis t and Wiksel l , Stockholm, 
p 255, (1958). 

2. Mining Eng inee r ing I I , 1244 (1959). 
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T h e s e r e s u l t s show that the goethi te and s i d e r i t e s a m p l e s could be s e p a r a t e d 
by P a l a s v i r t a 1 s mach ine , but. not by Runo l inna ' s . The v e r y low speeds 
indicated, f o r the l a t t e r a r e quite i m p r a c t i c a b l e , and at such speeds the 
p r i n c i p l e s of s e p a r a t i o n do riot .apply: v e r y l i t t le s e p a r a t i o n takes, p lace , 
s ince f r i c t i o n a l f o r c e s and the i n t e r ac t i on of the p a r t i c l e s on one ano the r , 
f a c t o r s neg lec ted in the t h e o r e t i c a l t r e a t m e n t , become of m a j o r i m p o r t a n c e . 
Even if s e p a r a t i o n w e r e poss ib l e at such speeds , it would s t i l l not be p r a c -
t i cab le , s ince t h e capaci ty, of a: d r y magne t i c s e p a r a t o r is , a s Runolinna 
o b s e r v e s , d i r e c t l y p ropo r t i ona l to the p e r i p h e r a l speed of the r o t o r . 

The m a n g a n i f e r o u s hema t i t e could be s e p a r a t e d with Runo l inna ' s 
mach ine , but ne i the r mach ine is su i tab le f o r t r e a t i n g the. a l t e r e d magne t i t e . 
The low speed indicated fo r th i s s a m p l e in Runo l inna ' s m a c h i n e is p robab ly 
too s m a l l f o r e f fec t ive s e p a r a t i o n - arid it mus t be r e m e m b e r e d . t h a t f o r 
e f fec t ive s e p a r a t i o n the r o t o r speed mus t be below the c r i t i c a l speed . 
The v e r y high c r i t i c a l speed . ind ica ted f o r P a l a s v i r t a ' s mach ine shows that 
th i s s a m p l e is much too s t rong ly magne t i c f o r t r e a t m e n t in a s e p a r a t o r of 
such high in tens i ty , and th i s app l ies with everi g r e a t e r f o r c e to the m a n g a n i -
f e r o u s h e m a t i t e . The a t t empt to t r e a t such samples , would r e s u l t in clogging 
of the high in tens i ty gap b y br idg ing of the s a m p l e . 1 

To s u m up, the goethi te and s i d e r i t e could be s e p a r a t e d in 
P a l a s v i r t a ' s mach ine , the m a n g a n i f e r o u s h e m a t i t e in Runol inna ' s , and the 
a l t e r e d . m a g n e t i t e in n e i t h e r . F o r s e p a r a t i o n of the a l t e r e d magne t i t e , the 
f ie ld c h a r a c t e r i s t i c of Runo l inna ' s m a c h i n e would have to be i n c r e a s e d , and 
that of P a l a s v i r t a ' s d imin i shed . 

It should be noted that the p e r f o r m a n c e of a magne t i c s e p a r a t o r is 
d e t e r m i n e d by the f ie ld c h a r a c t e r i s t i c , not the f ie ld s t r eng th . The f ie ld 
c h a r a c t e r i s t i c of Runolinria 's m a c h i n e is 4. 5 x 105, and of P a l a s v i r t a ' s 
1. 0 x 108. Cornpar i son of t h e s e f i gu re s , with t hose given in Table 6 shows 
tha t , al though P a l a s v i r t a ' s mach ine has a much g r e a t e r f ie ld s t r e n g t h than 
the l a b o r a t o r y s e p a r a t o r , the l a b o r a t o r y s e p a r a t o r has a h igher f ie ld c h a r a c -
t e r i s t i c , and is thus a mach ine of h igher in tens i ty . 

12. CONCLUSIONS 

M i n e r a l s having a :magne t i c suscep t ib i l i t y g r e a t e r than 5 x 10 6 

cgs uni ts m a y be s e p a r a t e d f r o m s i l i ceous gangue or o the r d i amagne t i c 
m a t e r i a l , p rov ided that the feed is su i tab ly s i zed and the m i n e r a l is f r e e . 

. The type of magne t i c s e p a r a t o r to be used may ,be :de te rmined ! 
f r o m the magne t i c suscep t ib i l i ty of the m i n e r a l to be s e p a r a t e d , a n d . t h e 
p a r t i c l e s i z e to which. the o r e m u s t be g round ' to l i b e r a t e the m i n e r a l . 

Examinat ion , of o r e s to a s s e s s the poss ib i l i t y of magne t i c 
r e c o v e r y of m i n e r a l s should t ake the fol lowing f o r m : 

a. Mine ra log i ca l examina t ion to de termir ie the 
p a r t i c l e s i ze f o r l i be ra t ion : ' 

b. Gr inding of. the p r e to the . r equ i red s i z e and 
d e t e r m i n a t i o n of the bulk suscep t ib i l i t y of the 
ground m a t e r i a l . 
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c. Separa t ion of the o re into f r a c t i o n s , b a s e d 
on the suscep t ib i l i t y found in (b), and 
d e t e r m i n a t i o n of the suscep t ib i l i t y of the 
f r a c t i o n s . 

d. A s s a y of the f r a c t i o n s obtained in (c). 

e. Appl icat ion of the data obtained in (c) a,nd (d) 
to d e t e r m i n e the s e p a r a t o r c h a r a c t e r i s t i c s 
n e c e s s a r y to e f fec t op t imum s e p a r a t i o n . 

RECOMMENDATIONS 

The fol lowing r e c o m m e n d a t i o n s f o r f u r t h e r work a r e m a d e : 

1. Ex tens ion of t h e uppe r l imi t of the ca l ib ra t ion r a n g e of 
t h e i n s t r u m e n t f r o m about 35 x 10~6 to about 100 x 10"6 

by the u se of s t a n d a r d compounds such as t hose men t ioned 
. in Section 9. 

2. Improvemen t of the a c c u r a c y of suscep t ib i l i ty m e a s u r e -
ments, by mod i f i ca t ions of the Carpco . i n s t r u m e n t a s 
fo l lows: 

a. addit ion of a v i b r a t o r y f e e d e r to give a m o r e 
r e g u l a r feed supply and to p e r m i t the u s e of 
s m a l l e r p a r t i c l e s i z e s , 

b. e l imina t ion of d raugh t s by enc los ing the r o t o r 
in p e r s p e x , 

c. i nco rpo ra t i on of a revolu t ion coun te r . 

3. De t e rmina t i on of the f ie ld c h a r a c t e r i s t i c s of o ther 
l a b o r a t o r y magne t i c s e p a r a t o r s , so . tha t t h e i r po ten-
t i a l i t i e s can be a c c u r a t e l y a s s e s s e d . 

4. Inves t iga t ion by the method outl ined in Section. 12 of o r e s 
that a p p e a r to have r e s e r v e s of i n d u s t r i a l va lue . Most 
of the s a m p l e s t e s t e d w e r e of high i ron content , a p p r o a c h -
ing the compos i t ion of p u r e m i n e r a l s , and s o o f f e r e d l e s s 
scope f o r t h e inves t iga t ion of s e p a r a t i o n t echn ique than 
o r e s of lower g r a d e . 

5. Tes t of the e f f i cacy of the method by combining the 
r e s u l t s of (3) and (4), that i s , by s e l ec t ing one of the 
l a r g e r l a b o r a t o r y s e p a r a t o r s c h a r a c t e r i s e d unde r (3) 
f o r the s e p a r a t i o n of n a t u r a l o r e s examined unde r (4), 
and c o m p a r i n g the p r ed i c t ed with the ac tua l r e s u l t s . 
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APPENDIX 

MINERALOGICAL R E P O R T ON SAMPLES 1, 2, AND 3 

Sample 1 

The g r a in s a r e heavi ly coated, with goethi te , so that they a r e 
imposs ib l e to examine opt ical ly . However , x - r a y d i f f r ac t i on ' shows that 
dolomite and ca lc i te a r e p r e s e n t in a p p r o x i m a t e l y equal amoun t s ; the 
quanti ty of F e C 0 3 mo lecu le p r e s e n t dn t h e s e m i n e r a l s would p robab ly be 
too s m a l l to account f o r t he goethi te coa t ings . Some quar tz is a l s o 
p r e s e n t . 

Sample 2 

This s a m p l e is not a s da rk a s the o t h e r s , and goethi te coa t ings 
on the g r a in s a r e l e s s pronounced . X - r a y d i f f r a c t o g r a p h s show dolomi te 
and subord ina te ca lc i t e . 

Sample 3 • • 

The g r a in s a r e v e r y heavi ly coated with goethi te . X - r a y 
d i f f r a c t o g r a p h s show that th i s s a m p l e c o n s i s t s ma in ly of s i d e r i t e . 

Inves t iga t ion and Repor t by: H. W. F a n d e r 

O f f i c e r in Charge , Minera logy Sect ion: H. W. F a n d e r 
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