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A b s t r a c t  

A h i g h   f i e l d   h e l i c a l   f l o w - t h r o u g h   s e p a r a t o r   t o  
concentrate  weakly  magnet ic  ores i s  descr ibed.  The 
process i s   t o   f l o w   s l u r r y   h e l i c a l l y  around a c u r r e n t  
c a r r y i n g   c o n d u c t o r   i n  a c y l i n d r i c a l   a n n u l u s .  The 
magnetic f i e l d   g r a d i e n t   f o r c e s   m a g n e t i c   p a r t i c l e s  
inwards  towards  the  conductor .   Nonmagnet ic   par t ic les 
(gangue,   sands,   e tc . )   are  def lected  outwards  by 
C e n t r i f u g a l   f o r c e .   S e p a r a t i o n   o c c u r s   a t   t h e   e x i t   e n d  
o f   t h e  chfinnel  where a d i v ide r   separa tes   i nboard   f rom 
o u t b o a r d   s l u r r y .  The e x p e r i m e n t a l   p a r t   o f   t h i s  
exper imenta l  and t h e o r e t i c a l   s t u d y   i s   r e p o r t e d   h e r e .  
C a r e f u l l y   s i z e d   s y n t h e t i c   o r e   p a r t i c l e s   w i t h   a n d  
w i t h o u t  sand i n  a s l u r r y   a r e  used.  Experiments  cover 
a wide  range o f   p a r t i c l e   s i z  s (100 - 800 mic rons) ,  
magnet ic  moments (1.4 - 4.8 AN / k g ) ,   v e l o c i t i e s  (1.5 - 
4 m/sec) ,   magnet ic   f lux   dens i t ies  (0 - 1.6 T), i n p u t  
s o l i d   c o n c e n t r a t i o n s  (2.6 - 15% by we igh t ) ,  and i n p u t  
grades (16.5 - 100%). S a t i s f a c t o r y   s e p a r a t i o n  i s  
f o u n d   w i t h i n   t h e  above  parameter  regions. 
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I n t r o d u c t i o n  

Only  two  f low-through  separator  systems  were 
a v a i l a b l e  a t  t h e   s t a r t   o f   t h i s  work [1,2]. I n   t h e  
f i r s t  a s l u r r y   o f   m a g n e t i c  and nonmagnet ic   mater ia l  
f l ows   t h rough  a hor izon ta l   channe l   pos i t ioned  under  a 
1 o n g i t u d i n a l   s t r a i g h t   w i r e   c o n d u c t o r  [l]. Magnet ic  
p a r t i c l e s   d e f l e c t  up towards   the   conductor  and  non- 
m a g n e t i c   p a r t i c l e s   d e f l e c t  dawn due t o   g r a v i t y .  The 
concept was success fu l  up t o   t h r o u g h - p u t   v e l o c i t i e s   o f  
3 f t / s e c  above  which  excess  turbulence was p r e s e n t   i n  
the  1 /2"  by  2" exper imental   channel .  A t  the  end o f  
t h e   c h a n n e l ,   t h e   t w o   m a t e r i a l s   w e r e   c o l l e c t e d  
separa te ly   by  means o f  a d i v i d e r .  

I n   t h e  second scheme  an e a r l y  model u t i l i z e d  a 
h e l i c a l  ramp around a v e r t i c a l   q u a d r u p o l e  [2]. 
P a r t i c l e s   s e t t l e d  on t h e  ramp and moved  as  a s l i d i n g  
bed w i t h   m a g n e t i c   p a r t i c l e s   m i g r a t i n g   i n   t o w a r d s   t h e  
quadrupole and  nonmagnetics  migrating  outwards. The 

f o r c e   i n s t e a d   o f  t h e   g r a v i t a t i o n a l  f o r c e  o f   t h e  f i r s t  
p resent  he1 i c a l  channel   separator uses c e n t r i  fuga1 

concept   above.   Th is   cen t r i fuga l   fo rce  i s   c r e a t e d   b y  
r o t a t i o n   o f   p a r t i c l e s   w i t h   t h e   f l u i d   a r o u n d   t h e   a x i s  
o f   t h e   c h a n n e l .  The c e n t r i p e t a l   m a g n e t i c   f o r c e  
a t t r a c t s   m a g n e t i c   p a r t i c l e s   i n w a r d   w h i l e   n o n m a g n e t i c  
p a r t i c l e s   a r e   d e f l e c t e d   o u t w a r d  by t h e   c e n t r i f u g a l  
f o r c e .  The magnetic and nonmagnet ic   mater ia ls   a re  
s e p a r a t e d   a t   t h e  end o f   t h e   c h a n n e l   i n t o   t w o   s e p a r a t e  
o u t l e t s ,  one f o r   t h e   c o n c e n t r a t e  and t h e   o t h e r   f o r   t h e  
t a i l i n g s .  

The Separator  

A p r o t o t y p e   s e p a r a t o r   i s  used t o   t e s t   t h e   c o n c e p t  
and t o   s t u d y   t h e   e f f e c t   o f   t h e   d i f f e r e n t   p a r a m e t e r s   o n  
the   separa t ion   p rocess .  The s e p a r a t o r   c o n s i s t s   o f   t w o  
main  e lements:  a channel  and a magnet. 

The channel i s  t w o   c o n c e n t r i c   c y l i n d e r s   w i t h  one 
i n l e t  and   two   ou t l e t s   (F ig .  1). The i n n e r   d i a m e t e r   o f  
the  channel  i s  14.60 cm, t h e   o u t e r   d i a m e t e r   i s  18.60 

* I n   p a r t i a l   f u l f i l l m e n t   o f   t h e   r e q u i   r m e n t s   o f   t h e  
Ph .D. degree. 

F ig .  1. The separa tor .  Number o f   t u r n s   o f   t h e   s u p e r -  
conduct ing  magnet = 2095, c u r r e n t  < 400 A, 
f i e l d   a t  channel  mid-surface < 1.6 T, induc-  
tance = 3.94 H. The i n l e t   d u c t   o f   t h e  
channel i s  2  x 4.4 cm and t h e   o u t l e t   d u c t s  
a re  1 x 4.4 cm each. The p r a c t i c a l   f l o w  
v e l o c i t y   i s  1.5 < V < 3.4 m/sec. 

cm and t h e   h e i g h t   i s  25 cm.  The c r o s s   s e c t i o n   o f   t h e  
i n l e t  and o u t l e t   d u c t s   a r e  2 cm by 4.4  cm. The o u t l e t  
duct  i s  separa ted   in to   two  channe ls   each 1 cm wide. 
The i n b o a r d   c h a n n e l   c a r r i e s   t h e   i n w a r d   d e f l e c t e d  
enr iched  magnet ic  ore.  

The superconducting  magnet  resembles a doughnut 
w i t h  a s l i g h t l y   c u r v e d   s t r a i g h t   s e c t i o n   i n   t h e   c h a n n e l  
reg ion   (F ig .  1). The w ind ings   o f   t he   conduc to r   a re  
10.8 cm mino r   d iamete r   i ns ide  a  12.5 cm d iameter  
c ryos ta t   vesse l .  The i n n e r  dewar i s  11.8 cm d iameter  
and t h e  vacuum space i s   f i l l e d   w i t h   l a y e r s   o f   s u p e r -  
insu la t ion .   There   a re   two gas v e n t i l a t e d   e l e c t r i c a l  
l e a d s  and a l i q u i d   h e l i u m   l e v e l   i n d i c a t o r .  

The Experiment 

A m a g n e t i c a l l y  homogeneous s y n t h e t i c   o r e   i s  
f a b r i c a t e d   i n   o r d e r   t o   s y s t e m a t i c a l l y   s t u d y   t h e  
pe r fo rmance   o f   t he   separa to r .  A small  amount o f   v e r y  
f i n e   m a g n e t i t e  powder   b lended  thoroughly   wi th   epoxy 
r e s i n   l i q u i d  added t o   t h e   h a r d e n e r   i s   c o n t i n u o u s l y  
shaken t o   m a i n t a i n   t h e   m a g n e t i t e   i n   s u s p e n s i o n .   A f t e r  
s e t t i n g ,   t h e   m i x t u r e   i s   c r u s h e d  and  ground t o   t h e  
r e q u i r e d   s i z e .  These m a g n e t i t e - e p o x y   p a r t i c l e s   a r e  
then  mixed  wi th  sand t o   s i m u l a t e  a r e a l   o r e   f o r   t e s t  
exper iments.  

C l o s e d   l o o p   c o n t i n u o u s   s l u r r y   f l o w   i s   u s e d   t o   a l l o w  
t i m e   f o r   f l o w   a d j u s t m e n t s .  The loop  components  are a 
mixer ,  a pump and the   separa to r .  The s l u r r y   e n t e r s  
t h e  pump w h i c h   d r i v e s  i t  t h r o u g h  a v e n t u r i   m e t e r   i n t o  
the   separa t i on   channe l .  The s l u r r y   e n t e r s   t h e   c h a n n e l  
t a n g e n t i a l l y   f r o m   t h e   b o t t o m ,   c i r c u l a t e s   t h r o u g h   t h e  
separa to r   wh ich   en r i ches   t he   " i nne r "   f l ow ,  and then i s  
separated by  a t h i n   p a r t i t i o n   a t   t h e   e x i t   i n t o   t w o  
p i p e s   w h i c h   b o t h   r e t u r n   f l o w   t o   t h e   m i x i n g   t a n k .   I n  
t h e   t a n k   t h e   p a r t i c u l a t e   s o l i d s   a r e   m i x e d  

t o   t h e   s e p a r a t o r   f r o m   t h e  tank  bot tom. 
homogeneously  throughout t h e   l i q u i d   b e f o r e   r e t u r n i n g  
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The p a r a m e t e r s   v a r i e d   a r e   t h e   s l u r r y   f l o w   r a t e ,  
m a g n e t i c   f i e l d ,  and p a r t i c l e   s i z e .   S l u r r y   f l o w   r a t e  
i s  measured v i a  a ventur i   meter .  The d i f f e r e n c e   i n  
p r e s s u r e   a c r o s s   t h e   v e n t u r i   i s   c a l i b r a t e d   t o   r e a d   f l o w  
r a t e .  The c i r c u m f e r e n t i a l   m a g n e t i c   f i e l d   a t  any p o i n t  
i n   t h e   v i c i n i t y   o f   t h e   c h a n n e l   i s   p r o p o r t i o n a l   t o   t h e  
c u r r e n t .  The m a g n e t i c   f i e l d   a t   t h e   s u r f a c e   o f   t h e  
c r y o s t a t   i s  measured w i t h  a c a l i b r a t e d   t r a n s v e r s e  Hal 1 
probe  and a Gauss meter t o   c a l i b r a t e   t h e   c a l c u l a t e d  
f i e l d   f r o m   t h e   c u r r e n t  measurement. 

Recovery  and  enr ichment  rat ios  are  measured. 
Recovery i s   t h e   w e i g h t   p e r c e n t a g e   o f   t h e   s y n t h e t i c  
m a g n e t i c   o r e   c o l l e c t e d   i n   t h e   c o n c e n t r a t e  compared t o  
t h e   t o t a l   w e i g h t   o f   t h e   m a g n e t i c   o r e   i n   t h e   i n p u t .  
Recovery i s   e v a l u a t e d  by s o l i d   c o n c e n t r a t i o n   a n a l y s i s  
combined w i t h  a g rade   ana lys i s   o f   bo th   concen t ra te   and  
t a i l i n g   s l u r r i e s .  The c o n c e n t r a t i o n   i s   e v a l u a t e d   f o r  
r e p r e s e n t a t i v e  samples   f rom  the   two  ou t le ts   ( inboard  
and   ou tboard )   t h rough   so l i d   con ten t   ana lys i s .  The 
e n r i c h m e n t   r a t i o   i s   t h e   r a t i o   o f   c o n c e n t r a t e   g r a d e   t o  
t h e   i n p u t   g r a d e .  The grade o f  an o r e   i s   t h e   w e i g h t  
p e r c e n t a g e   o f   t h e   d e s i r e d   c o n s t i t u e n t   w h i c h   i s   t h e  
s y n t h e t i c   m a g n e t i c   p a r t i c l e s   i n   t h i s  case. The grade 
o f   bo th   concent ra te  and t a i l i n g   i s   d e t e r m i n e d   b y  
n e u t r o n   a c t i v a t i o n   a n a l y s i s  and  by  manual s o r t i n g .  

D iscuss ion  

The p r o p e r t i e s   o f   t h e   d i f f e r e n t   o r e   m i x t u r e s  used 
i n   t h e   e x p e r i m e n t   a r e   l i s t e d   i n   T a b l e  1. Separa t ion  
s t u d i e s   a r e   c a r r i e d   o u t   f o r   t h r o u g h - p u t s  between 1.3 
and 3.5 l i t / s e c .  A t  l ow   f l ow   ra tes ,   so l i d   phases  
s e t t l e   i n   t h e   p i p e s  and channels. A t  h i g h   f l o w   r a t e s ,  
t h e   f l o w  become e x c e s s i v e l y   t u r b u l e n t .  The a d j u s t a b l e  
m a g n e t i c   f i e l d   a t   t h e   m i d - s u r f a c e   o f   t h e   c h a n n e l   i s  
f rom 0 t o  1.6 t e s l a .   I n   t h e   f o l l o w i n g   g r a p h s   t h e  
c u r v e s   a r e   t h e o r e t i c a l  [3] w h i l e   t h e   p o i n t s   a r e  
exper imenta l .  

TABLE 1. PROPERTIES OF SYNTHETIC  MAGNETIC ORE 
AND SAND MIXTURES 

# P a r t i c l e   M a g n e t i c  Moment Input  Percentage 

Am2/kg 
Conc. Ore i n   t h e  

% M i x t u r e  

S i z e   o f   S y n t h e t i c  Ore S o l i d   o f   S y n t h e t i c  
Mic ron  

108 

90 

e 0  

0 : 
0 . 8   8 . 2   8 . 4  8 . 6  8 . 8  1 .0  1 . 2  1 .4  

MRGNETIC  INDUCTION  (TESLA) 

Fig .  2. Recovery  and  enr ichment  rat io  versus  magnet ic 
f i e l d   f o r   o r e  # S 1  a t   v e l o c i t y   o f  2.47 m/sec. 

RECOVERY & ENRICHMENT 
M,,Z,KG VS MRGNETIC  INDUCTION ~ : " ; e ~ s ~ ~ m s  

108 
X L - RECOVERY INPUT GRADE-31.3Z t 6, -.- DIRIcmENT 

. 1 0  

20 t 
'"1 0 I 
8.8 0 . 2   0 . 4  8 . 6  8 . 8   1 . 0  1 . 2  1 . 4  

MAGNETIC  INDUCTION  (TESLA) 

0 

S1 400-800  4.81 f 0.27  7.9 f 1.2 38.2 f 4.2 Fig .  3. Recovery and enr ichment   ra t io   versus  magnet ic  
f i e l d   f o r   o r e  # S3 a t   v e l o c i t y   o f  2.47 m/sec. S2  400-800 1.42 f 0.12 3.8 f 0.2 100% 

S3  400-800 1.42 f 0.12 9.1 f 2.1 35.1 f 4.3 
s4 
s5 
S6 
s7 
S8 
s9 

200-400 
200-400 
200-400 
100-200 
100-200 
100-200 

3.9 f 0.54 
3.9 f 0.54 
3.9 f 0.54 
2.46 f 0.20 
2.46 f 0.20 
2.46 f 0.20 

10.9 f 1.4 
2.6 f 0.2 

15.0 f 2.3 
3.1 k 0.1 
7.2 t 1.6 
10.4 f 0.8 

100% 
23.3 f 3.0 
16.4 k 2.2 

100% 
33.3 f 3.1 
21.1 f 2.9 

enr ichment   for   the  weaker   ore # S3. Ore S3 has a 
magnetic moment comparable t o   h e m a t i t e   a t  3 T. An 
improvement i n   t h e   g r a d e   f r o m  31.3% t o  90% w i t h  a 
r e c o v e r y   o f  60% is  shown. Fig. 4 shows t h e   r e c o v e r y  
and e n r i c h m e n t   r a t i o   v e r s u s   m a g n e t i c   f i e l d   f o r   t h e  
s m a l l e r   p a r t i c l e   s i z e   o r e  # S5 a t  a v e l o c i t y   o f  3.04 
m/sec. The o r e   i s  upgraded  from 21.8% i n p u t  grade t o  
66% concent ra te   g rade  w i th  a r e c o v e r y   o f  80% a t  a 

f i e l d ' f o r   d i f f e r e n t   o r e s   i s  shown i n  Figs.  2 t o  5. recovery and enrichment ratio of ore # s8 on magnetic 
Recovery   and  enr ichment   ra t ios   a re   p lo t ted   as  a field is shown in Fig. 5. At a field of 1.22 the 

su r face .   Recovery   i nc reases   w i th   maqne t i c   f i e ld   as  

The dependence Of  separator  performance On magnetic m a g n e t i c   f i e l d   o f  1.22 t e s l a .  The dependence of 

f unc t i on   o f  magnetic at the Inid- ore  grade i s  doubled  from 34% t o  68% a t  a recovery   o f  

expected. The r a t e   o f   i n c r e a s e   i s   h i g h e r   f o r   l a r g e r  
p a r t i c l e   s i z e ,   f o r   h i g h e r   m a g n e t i c  moment, and f o r  
s lower   f low.  The e n r i c h m e n t   r a t i o   i n c r e a s e s   w i t h   t h e  velocity for ore # s1 at a magnetic field of  o.82 is Dependence o f   r e c o v e r y  and e n r i c h m e n t   r a t i o  on f l o w  

s tan t .   For  most o f   the   o res ,   the   enr ichment   ranges  
f i e l d  and then  reaches a maximum and becomes con- shown in Fig. 6. Recovery decreases with velocity 

f l u c t u a t i o n s   i n   e n r i c h m e n t   r a t i o   a r e   w i t h i n   t h e   l i m i t s  Xt'a~e;eljlnci~bf225.eqP7a'maltsieOCI ~ ~ ~ i ~ ~ ~ . ~ ~ ~ s a ~ o ~  ~ ~ ~ c ~ i ~ ~  o f   exper imenta l   e r ro r .   Enr ichment   fo r   the   weaker   o re  

recovery   over  90% i s   a c h i e v a b l e   a t   m a g n e t i c   f i e l d s   a s  and enrichment ratio and flow velocity for ore # s5, a 7. Figure  8 shows t h e   r e l a t i o n s h i p  between  recovery 

low as 0.65 T. F igu re  3 presen ts   t he   recove ry  and 200 - 400 ore .  

from 2 t o  4 which i s  an improvement  of 200 - 400% i n  the enrichment ratio increases' The 

o f  magne t i c   f i e ld .  An upgrade  from 34.5% t o  75% w i t h  at a magnetic Of  is shown in Fig* 
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RECOVERY R ENRICHMENT D-4ea-em 
VS FLOW  VELOCITY , E::::: E:!$KG 

100 
i h - REcOKRYl t h -.- OYRIMnENT ' INPUT GRADE-JB.9% 

10 

1 ° i  0 ; 
0.0 0 . 2   0 . 4   0 . 6   0 . 8  1.0 1 .2   1 .4  

MAGNETIC  INDUCTION  (TESLA) 

# 30 

20  + +  
+ 

l 0 1  0 : 
1.0 1 . 5   2 . 0   2 . 5   3 . 0   3 . 5   4 . 0   4 . 5  

FLOW  VELOCITY  (M/SEC) 

'"i 0 : 
B.O 0 . 2   0 . 4   0 . 6   0 . 8  1.0 1.2 1 . 4  

MRGNETIC  INDUCTION  (TESLA) 

Fig.  5. Recovery  and  enrichment ra t i o   ve rsus   magne t i c  
f i e l d   f o r   o r e  # S8 a t   v e l o c i t y   o f  3.04 m/sec. 

RECOVERY R ENRICHMENT 
H.3.9a RIIAz,KG VS FLOW  VELOCITY ~ : ~ e ~ ~ 4 ~ s ~ ~ m N s  

100: 
il h- REcOMRYl t h -.- DwIcHI(R(T INPUT GRRDE-19.5X 

10 

Fig.  8. Recovery and e n r i c h m e n t   r a t i o   v e r s u s   v e l o c i t y  
f o r   o r e  # S5 a t   m a g n e t i c   f i e l d   o f  1.23 T. 

Conclusion 

A superconduct ing 1.6 t e s l a   m a g n e t i c   o r e  
c e n t r i f u g a l   s e p a r a t o r   i s   i n t r o d u c e d  and s u c c e s s f u l l y  
t e s t e d   w i t h   s y n t h e t i c   o r e .   T h e o r e t i c a l  and experimen- 
t a l   s t u d i e s  show t h a t   t h i s   s e p a r a t o r   c o n c e n t r a t e s  
m a g n e t i c   m a t e r i a l   w i t h   r e l a t i v e l y   h i g h   r e c o v e r y  and 
f l o w   r a t e s .  A h i g h e r   f i e l d  5 t e s l a   s e p a r a t o r   o f   t h i s  
cen t r i f uga l   t ype   wou ld   separa te   weak ly   magne t i c  
hemat i te   o res .  
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