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I n t r o d u c t i o n  

Copper-nickel-sulphide o r e s  mined i n  t h e  Rustenburg d i s t r i c t  
of South A f r i c a  a r e  g e n e r a l l y  smelted i n  e l e c t r i c  fu rnaces  because of 
t h e  high-temperature s l a g  produced, t h e  a v a i l a b i l i t y  of c h e a ~  e l e c t r i c  
power, and t h e  smal le r  p o l l u t i o n  problems. Apart from mel t ing ,  t h e  
f u n c t i o n s  o f  t h e  e l e c t r i c  fu rnace  a r e  t o  recover  most of t h e  matte  
c o n t e n t  i n  t h e  conver te r  s l a g  by phys ica l  and chemical  i n t e r a c t i o n  wi th  
t h e  fu rnace  b a t h  and t o  p rov ide  adequa te  t ime f o r  t h e  optimum s e p a r a t i o n  
of mat te  and s l a g .  Smooth, e f f i c i e n t  o p e r a t i o n  w i l l  denend on  f l u i d  
s l a g s  f o r  s e t t l i n g ,  balanced by high r e s i s t i v i t i e s  t o  o b t a i n  adequa te  
c o n c e n t r a t i o n  and d i s t r i b u t i o n  of power by way o f  c u r r e n t  h e a t i n g .  
To o b t a i n  a  g r e a t e r  understanding of  t h e  p rocesses  invo lved ,  a n  
i n v e s t i g a t i o n  was undertaken a t  Rustenburg P la t inum Mines on  t h e  
s m e l t i n g  of copper-nickel  c o n c e n t r a t e s  i n  a  19.5 MVA furnace  w i t h  s i x  
i n - l i n e  e l e c t r o d e s .  

The matte-  and s lag- tapp ing  t empera tu res ,  s l a g  t empera tu res ,  
s l a g  a n a l y s e s ,  e l e c t r i c a l  d a t a ,  and e l e c t r o d e  p o s i t i o n  were measured. 
Rad ioac t ive  t r a c e r s  were introduced i n t o  t h e  s l a g ,  and q u a n t i t a t i v e  
r e s u l t s  r e l a t i n g  t o  t h e  flow p a t t e r n  w i t h i n  t h e  fu rnace  were ob ta ined .  
These s t u d i e s  were augmented by sca led  l a b o r a t o r y  i n v e s t i g a t i o n s  
r e l a t i n g  t o  t h e  de te rmina t ion  of  c e l l  c o n s t a n t s  and c u r r e n t  
d i s t r i b u t i o n  w i t h i n  t h e  fu rnace .  Ins tan taneous  f i e l d  and power 
d i s t r i b u t i o n  p l o t s  were determined by use of a n  o n - l i n e  mini-computer. 
The a p p l i c a b i l i t y  of t h e s e  r e s u l t s  t o  fu rnace  o p e r a t i o n  i s  d i scussed .  

Furnace I n v e s t i g a t i o n s  

Matte- and s lag- tapp ing  t empera tu res ,  s l a g  t empera tu res ,  s l a g  
a n a l y s e s ,  e l e c t r i c a l  d a t a ,  e l e c t r o d e  p o s i t i o n ,  and t h e  f low p a t t e r n  of 
s l a g  i n  t h e  e l e c t r i c  fu rnace  were observed.  The s lag- tapp ing  
t empera tu res ,  a s  measured by a  quick-immersion thermocouple, v a r i e d  
between 1340 and 1 3 9 0 ' ~  over  one 24-hour pe r iod ,  t h e  v a r i a t i o n  

depending upon t h e / .  . . 
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depending upon t h e  s l a g  volume i n  t h e  fu rnace  and t h e  working power 
of t h e  furnace.  The matte- tapping temperature var ied  between 1150 and 
1250°C over  t h e  same per iod .  On a  subsequent occas ion ,  temperatures 
i n  t h e  s l a g  were measured a t  var ious  p o s i t i o n s ,  and t h e s e  a r e  shown i n  
F igure  1. The temperature i n  t h e  s l a g  i s  h i g h e s t  near t h e  e l e c t r o d e ,  
and decreases  s lowly towards t h e  mat te  l a y e r .  It c a n  be seen  t h a t  the 
temperature i s  very uniform over a  l a r g e  volume of t h e  furnace.  

Samples of s l a g  were obtained from t h e  fu rnace  by t h e  f r e e z i n g  of 
s l a g  onto a  s t e e l  probe i n s e r t e d  i n  t h e  mel t .  . A  sample was ob ta ined  
i n  t h e  r e g i o n  of e a c h - e l e c t r o d e ,  and a t  t h e  matte- tapping and s lag-  
t app ing  ends of  t h e  fu rnace .  The ana lyses  of t h e  s l a g  samples i n  t h e  
r e g i o n  of  t h e  e l e c t r o d e s  showed t h a t  t h e  s l a g  l a y e r  i s  very homogeneous 
i n  composit ion over  i t s  v e r t i c a l  h e i g h t .  The matte  con ten t  of  the  s l a g  
was found t o  be  h ighes t  near  t h e  s l a g - m a t t e  i n t e r f a c e  a s  a  r e s u l t  of t h e  
lower temperature and consequently h igher  v i s c o s i t y  of t h i s  p a r t i c u l a r  
l e v e l  o f  the  s l a g  l a y e r .  Samples t aken  from the  tapping ends of  t h e  
fu rnace  and next t o  e l e c t r o d e  No. 1 showed a n  i n c r e a s e  i n  t h e  
c o n c e n t r a t i o n  of chromium oxide i n  t h e  s l a g  from 0.4 t o  about 6 per c e n t  
Cr203 a t  t h e  s l a g - m t t e  i n t e r f a c e .  Minera log ica l  i n v e s t i g a t i o n  of a  
s l a g  sample ob ta ined  from t h i s  r e g i o n  revealed t h a t  t h e  chromium oxide 
was presen t  a s  chromite.  The chromium oxide was shown t o  o r i g i n a t e  
from t h e  o r e  and not  from t h e  chromium-nngnesite b r i c k s  used f o r  t h e  
conver te r  l i n i n g s .  This  i s  a  problem p e c u l i a r  t o  copper-nickel o r e s  
mined i n  t h e  Rustenburg a r e a  of t h e  Bushveld Igneous Complex, a l s o  well 
known f o r  i t s  v a s t  r e s e r v e  of  chromite o r e .  The i n c r e a s e  i n  chromium 
oxide  c o n c e n t r a t i o n  a t  t h e  s l a g - m a t t e  i n t e r f a c e  a t  both ends of  t h e  
e l e c t r i c  fu rnace  i s  due t o  t h e  l o v e r  temperatures and small amount of 
mixing i n  t h e s e  r e g i o n s ,  which a r e  f u r t h e r  from the e l e c t r o d e s .  The 
chromium oxide-r ich r e g i o n ,  which i s  i n d i c a t e d  i n  F igure  1, extends t o  
e l e c t r o d e  No. 1, whereas e l e c t r o d e  No. 6 i s  not  a f f e c t e d  i n  t h e  same way. 
The explana t ion  f o r  t h i s  phenomenon i s  t h e  r e t u r n  of  t h e  molten conver te r  
s l a g  t o  t h e  f r o n t  of  t h e  furnace.  The conver te r  s l a g ,  which i s  r i c h  i n  
FeO, reduces t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  fu rnace  s l a g  i n  t h e  r e g i o n  
of e l e c t r o d e  No. 1. As a  r e s u l t ,  e l e c t r o d e  No. 1 tends t o  s t a y  f o r  
longer  per iods  a t  a  h igher  p o s i t i o n  i n  t h e  s l a g  l a y e r ,  d i s s i p a t i n g  l e s s  
hea t  and caus ing  l e s s  s t i r r i n g  near  t h e  s lag-mat te  i n t e r f a c e .  

Radioact ive Tracer  Experiments 

S lag  ana lyses  and temperature measurements on t h e  e l e c t r i c  fu rnace  
have ind ica ted  t h a t  t h e  s l a g  l a y e r  i s  well  mixed. Tracer  experiments ,  
s i m i l a r  t o  t h o s e  conducted on a  r e v e r b e r a t o r y  fu rnace  used t o  smelt  
copper c o n c e n t r a t e s 2 ,  were done to determine t h e  flow p a t t e r n  i n  t h e  
e l e c t r i c  fu rnace .  I n  t h e  f i r s t  t e s t ,  i r r a d i a t e d  sodium carbona te  was 
introduced i n t o  the  s l a g  l a y e r  by way of  t h e  i n s p e c t i o n  por t  a t  t h e  
matte- tapping end o f  t h e  furnace.  S lag  samples were c o l l e c t e d  over  a  
few days from the  s l a g  stream a t  t h e  s lag-tapping end of t h e  fu rnace ,  
and the  t r a c e r  c o n c e n t r a t i o n  i n  t h e  samples was determined.  For t h e  
second t r a c e r  t e s t ,  i r r a d i a t e d  sodium g l a s s  was i n s e r t e d  i n t o  t h e  s l a g  
next t o  e l e c t r o d e  No. 4 ,  and s l a g  samples were aga in  c o l l e c t e d  from t h e  
s l a g  stream. 

The est imated mean res idence  t ime f o r  s l a g  i n  t h e  e l e c t r i c  fu rnace  

i s  der ived  from/.  . . 



Conver te r  
S l a g ,  % Mat te ,  % S l a g ,  % 

Mgo 14.92 Cu 8 .88  Ca 0 0.65 
CaO 16.68.  N i  15 .1  MgO 0.67 
FeO 18 .01  Fe 42.1 A1203 1 .16  
Fe203 0 . 3  S 28.59 FeO 60.1 
S102 42.79 Cr 0.091 S i 0 2  35.2 
Cr203 0 .39  Cr203 0.28 
Cu 0.058 
N i  0 .079  
S 0.34 

P e l l e t i z e d  
Concen t ra te ,  % Limestone,  % 

F e  16 .39  CaO 46.41 
Cu 2.13 MgO 0 .55  
N i  4.16 S i 0 2  10.89 
S 10.34 A1203 0 . 6 5  
CaO 3.29 FeO 0 . 4 1  
MgO 15 .96  - 
A1203 3.29 
S i02  35.75 
CL-203 0 . 3 1  
H2O 6 

FIGURE 1 I n p u t s ,  o u t p u t s ,  and t empera tu res  of t h e  e l e c t r i c  f u r n a c e  s t u d i e d  
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i s  der ived  from t h e  volume of  l i q u i d  s l a g  i n  t h e  v e s s e l  divided by t h e  
volumetr ic  r a t e  o f  flow. 

292 m3 
Est imated mean s l a g  r e s i d e n c e  time t = - = 31 hours.  

9.4 m3/hr 

The residence-t ime d i s t r i b u t i o n  curves  f o r  t h e  s l a g  flow a r e  g iven  i n  
.Figure 2. I n  o r d e r  t o  o b t a i n  v a l l d  comparison between t h e  two t racer  
experiments ,  dimensionless  c o n c e n t r a t i o n  C was p l o t t e d  a g a i n s t  
dimensionless  t ime Q where 

= Concent ra t ion  of  t r a c e r  i n  the  e x i t  s t ream 
T o t a l  t r a c e r  c o n c e n t r a t i o n  

Q = Time 
Actual mean t r a c e r  res idence  time i n  t h e  fu rnace  (t) 

One of t h e  main sources  of  e r r o r  i n  the  e v a l u a t i o n  of  t h e s e  
experiments i s  the  e s t i m a t i o n  of t h e  vo lumet r ic  r a t e  of f l u i d  flow. 
The t o t a l  s l a g  mass tapped from the  two e l e c t r i c  fu rnaces  was recorded 
f o r  each experimental  per iod ,  from which a n  average  volumetr 'c  f l o w r a t e  
based o n  d a t a  f o r  t h e  s p e c i f i c  g r a v i t y  of  t h e  s l a g  a t  14C0°C1 c a n  be  
c a l c u l a t e d .  The ins tan taneous  r a t e  of flow w i l l  depend o n  t h e  
temperature of  t h e  s l a g ,  whether one o r  two t a p  h o l e s  a r e  open, the  
h y d r o s t a t i c  head of s l a g  above t h e  t a p  h o l e ,  and t h e  en thus iasn  of  the  
o p e r a t o r  who i s  priming t h e  t a p  ho les .  The volume of t h e  s l a g  i n  the  
furnace i s  a l s o  v a r i a b l e  because of per iod ic  imbalances between t h e  
amount of  mate r ia l  added t o  and removed from t h e  e l e c t r i c  furnace.  

The more apparent  f e a t u r e s  of  t h e  normalized d i s t r i b u t i o n  curves 
a r e  t h e  low peak and t h e  very long t a i l ,  i n d i c a t i v e  of a  cons iderab le  
degree of  mixing w i t h i n  the  furnace.  The a c t u a l  mean res idence  times 
f o r  t h e  t r a c e r  added a t  the  matte- tapping end of  t h e  fu rnace  (20.25 hours)  
and t h e  t r a c e r  added nex t  t o  e l e c t r o d e  No. 4 (20.56 hours)  a r e  almost 
equa l ,  which might imply t h a t  the furnace may be  regarded a s  a  l a r g e  
mixing tank wi th  a  bypass dead-volume r e g i o n  and a small  plug-flow reg ion .  
There i s  a  s t r o n g  s i m i l a r i t y  between the shape of  t h e s e  curves  and those  
ob ta ined  by  heme el is^ (Figure 3 )  which a r e  based o n  t h i s  s imple model. 
The two curves  d e s c r i b e  the  f low b e f o r e  and a f t e r  a  campaign of a i r  and 
steam l a n c i n g  t o  d i s p e r s e  a  l a y e r  r i c h  i n  chromite and magnesi te  near  
t h e  s lag-matte  i n t e r f a c e .  T h e i r  curves  f i t  t h e  model w e l l ,  s i n c e  
l i t t l e  charge i s  added t o  t h e  l a s t  one-quarter  t o  one-third of  t h e  
r e v e r b e r a t o r y  fu rnace ,  and i t  i s  q u i t e  conce ivab le  t h a t  much of  t h e  
a c t i v e  flow i s  mixing induced by the  a d d i t i o n  of  conver te r  s l a g  i n  t h e  
f i r s t  h a l f  of t h e  furnace.  However, t h e  d i f f e r e n c e s  i n  h e i g h t s  o f  our 
peaks cannot  be  explained by t h i s  model, and a more r e a l i s t i c  model would 
be  the  r e p r e s e n t a t i o n  of  the  fu rnace  a s  s i x  mixing tanks around each 
e l e c t r o d e ,  wi th  mass flow i n  both d i r e c t i o n s ,  a s  shown i n  F igure  3. 

Comparison between t h e  performance f i g u r e s  shows t h a t  t h e  e l e c t r i c  
fu rnace  e x h i b i t s  a  g r e a t  d e a l  more mixing than  the  r e v e r b e r a t o r y  fu rnace ,  
which i s  t o  be  expected,  because t h e  l a r g e  power c o n c e n t r a t i o n  a t  t h e  
e l e c t r o d e  t i p s  ( t o  be discussed l a t e r )  g ives  r i s e  t o  uneven temperature 
d i s t r i b u t i o n ,  a l lowing  cons iderab le  convect ion around t h e  e l e c t r o d e s .  
This  phenomenon i s  confirmed by t h e  wear p a t t e r n  of t h e  e l e c t r o d e  
t i p s  - s i m i l a r  t o  a n  indented b u l l e t  - and has been no t iced  prev ious ly .  

Earth quotes t h e / .  . . 



FIGURE 2 Normalized tracer  dtstrPbution curves 
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Before campaign 

I I I 

Distr ibut ion  curves and flow model o f  the reverberatory furnace 

Backmix Plug f low Dead water 

% o f  t o t a l  volume as % % X 

Electric-furnace s l a g  65 .0  1 . O  34 

Reverberatory-furnace s l a g  10.4 3 . 5  8 6 

Reverberatory-furnace s l a g  
(af ter  ,blowing campaign) 1 8 . 2  7 . 8  74 

FIGURE 3 Comparison o f  flow between e l e c t r i c  and > 
reverberatory furnaces 



EXTRACTIVE METALLURGY OF COPPER 

~ a r t h ~  quo tes  t h e  v e l o c i t y  of  t h e  s l a g  moving from t h e  e l e c t r o d e  t o  t h e  
r e f r a c t o r y  w a l l  a s  be ing  50 t o  100 Umsec-I f o r  a  9 MVA t h r e e - e l e c t r o d e  
t r i a n g u l a r  fu rnace .  ~ s e i d l e r ~  main ta ins  t h a t ,  i n  p r a c t i c e ,  t h e  r a t e  
of  s l a g  c i r c u l a t i o n  i n  t h e  upper a r e a  of t h e  e l e c t r o d e s  may reach  2 m 
sec- l .  T h i s  e f f e c t  i s  probably heightened by e lec t romagne t ic  a g i t a t i o n  
caused by t h e  l a r g e  a l t e r n a t i n g  c u r r e n t s  f lowing through t h e  s l a g .  
However, t h e o r e t i c a l  c a l c u l a t i o n s  imply t h a t  t h i s  e f f e c t  i s  ve ry  smal l .  

Labora to ry  I n v e s t i g a t i o n s  

Sampling and t empera tu re  measurements of  t h e  fu rnace  s l a g  have shown 
i t  t o  be l a r g e l y  homogeneous. Th is  homogeneity suggested t h e  use of a  
room-temperature model t o  s tudy  t h e  d i s t r i b u t i o n  of c u r r e n t  and power i n  
t h e  b a t h  of t h e  e l e c t r i c  fu rnace .  The e l e c t r i c a l  conduc t ion  i n  t h e  
s l a g  i s  assumed t o  be  ohmic because,  a t  t h e  low c u r r e n t  d e n s i t i e s  
invo lved ,  a r c i n g  would no t  be  p o s s i b l e ,  a s  shown by t h e  work of Channon, 
e t  a1 .  ,7 on  ferrochromium s l a g s .  Also t h e  waveforms observed on t h e  - 
p l a n t  were c l e a n  s i n u s o i d a l .  Thus 

where R = s l a g  r e s i s t a n c e  [ohm] 

ps = s l a g  r e s i s t i v i t y  [ohm cm] 

K = c e l l  c o n s t a n t  [cm-'1 

The d imens ion less  parameter f o r  t h e  s c a l i n g  of  t h e  fu rnace  w i l l  then  b e  
kD, where D i s  a  l e n g t h  dimension and t h e  e l e c t r o d e  d iamete r  i s  t h e  one 
u s u a l l y  chosen.  The p e r t i n e n t  e l e c t r i c - f u r n a c e  dimensions were 
s c a l e d  down, a s  shown i n  F igure  4 .  

SLAG 

MATTE , 

FIGURE 4 E l e c t r o d e  c o n f i g u r a t i o n  i n  a n  e l e c t r i c  fu rnace  i n  terms 
of e l e c t r o d e  d iamete r  

Two models were/ .  . . 



Electrode-to-mat te distance, c m  

FIGURE 5 Ce l l  constant  and current p a r t i t i o n  for  conduction from the  
e lec trodes  i n  a s i x - i n - l i n e  e l e c t r i c  c e l l  
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Six-in-line per phase 
r I 

Three tr iangular per phase 

! f 

FIGURE 6 Curren t  p a r t i t i o n  f o r  a  s ix - in - l ine  compared 
w i t h  a  t h r e e - t r i a n g u l a r  e l e c t r i c  c e l l  
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Two m d e l s  were c o n s t r u c t e d ,  a  s a l t  s o l u t i o n  be ing  used t o  
s imula te  t h e  s l a g  l a y e r  and mercury, o r  a  s t a i n l e s s - s t e e l  p l a t e  
r e p r e s e n t i n g  t h e  l o w - r e s i s t i v i t y  mat te  l a y e r .  I n  t h e  f i r s t  model, i t  
was p o s s i b l e  t o  s e p a r a t e  t h e  mercury l a y e r  between t h e  e l e c t r o d e s  
p h y s i c a l l y ,  and then  reconnect  t h e  c i r c u i t  through a n  ammeter, which 
enabled t h e  e art it ion of  c u r r e n t  f lowing s o l e l y  through t h e  s l a g  by way 
o f  t h e  m a t t e  l a y e r  t o  b e  measured. The r e l a t i v e  r o l e s  played by t h e  
e l e c t r o d e  t i p s  and , s i d e s  c a n  b e  determined by i n s u l a t i n g  e i t h e r  t h e  
s i d e s  o r  t h e  t i p s .  The measurements were made by use  of a  s a l t  
s o l u t i o n  of  known r e s i s t i v i t y ,  and t h e  c e l l  c o n s t a n t  was c a l c u l a t e d  
accord ing  t o  e q u a t i o n  ( 1 ) .  

The t e s t s  were done on  a  s i x - i n - l i n e  and t h r e e - e l e c t r o d e  conf igur -  
a t i o n .  The e l e c t r o d e  d iamete rs  f o r  t h e  two d i f f e r e n t  c o n f i g u r a t i o n s  
were t h e  same. The e l e c t r o d e  s e p a r a t i o n  f o r  t h e  s i x - i n - l i n e  fu rnace  
was 2.75D, and f o r  t h e  t h r e e - e l e c t r o d e  t r i a n g u l a r  fu rnace  i t  was 2.6D. 
The t h r e e - e l e c t r o d e  f u r n a c e  would b e  designed f o r  a  lower power 
o p e r a t i o n  than  t h e  s i x - e l e c t r o d e  fu rnace .  F igure  5  i l l u s t r a t e s  t h e  
v a r i a t i o n  of c e l l  c o n s t a n t  k and t h e  f r a c t i o n  o f  c u r r e n t  f lowing  by way 
of  t h e  mat te  phase f o r  d i f f e r e n t  v a l u e s  o f  e l e c t r o d e  p e n e t r a t i o n  i n  t h e  
s l a g .  F igure  6  summarizes t h e  r e l a t i v e  amount of  c u r r e n t  f low f o r  t h e  
s i x - e l e c t r o d e  i n - l i n e  c o n f i g u r a t i o n  and t h e  t h r e e - e l e c t r o d e  t r i a n g u l a r  
c o n f i g u r a t i o n s  f o r  t h e  two extreme c a s e s  of  e l e c t r o d e  immersion i n  t h e  
s l a g .  Although t h e r e  w i l l  be  a n  i n c r e a s e  i n  s l a g  r e s i s t i v i t y  towards 
t h e  m t t e  l a y e r  i n  t h e  a c t u a l  fu rnace ,  t h e  r e s u l t s  conf i rm ~ a r t h ' s ~  
o p i n i o n  t h a t  213 t o  314 of t h e  t o t a l  c u r r e n t  f lows by way of  t h e  m t t e  
phase. 

I n  :he second i n s t a n c e ,  a  mini-computer was used t o  c o n t r o l  t h e  
model and a n a l y s e  t h e  d a t a .  I n  t h i s  way, t h e  f i e l d  could b e  sampled 
a t  any d e s i r e d  i n s t a n t  of  t h e  c u r r e ~ l t  c y c l e  over  t h e  t h r e e  phases ,  and 
t h e  p o s i t i o n  o f  t h e  e l e c t r o d e s  and v o l t a g e  probe could b e  c o n t r o l l e d  by 
way o f  s t e p p i n g  motors. As shown i n  F igure  7, t h e  i n p u t s  t o  t h e  
computer were t h e  t h r e e - l i n e  c u r r e n t s ,  t h e  s i x  e lec t rode- to -hear th  
v o l t a g e s ,  and t h e  p o t e n t i a l ,  r e l a t i v e  t o  t h e  e a r t h  p l a t e ,  of a  v o l t a g e  
probe. Programmes were w r i t t e n  t o  enab le  t h e  computer t o  e x t r a c t .  
p r o c e s s ,  and d i s p l a y  d a t a  from t h e  model. From t h e  p o t e n t i a l  ($) t h e  
e l e c t r i c  f i e l d  (E = -V+), t h e  c u r r e n t  (J = oE),  and t h e  Dower ( P ~ E ' )  can 
b e  ob ta ined .  

F igure  8 shows t h e  f i e l d  p l o t s  f o r  two e l e c t r o d e s  on  t h e  s u r f a c e  a t  
d i f f e r e n t  dep ths  i n  t h e  X-Z p lane  and a l o n g  t h e  e l e c t r o d e  a x i s  i n  t h e  
X-Y plane.  The magnitude and d i r e c t i o n  o f  t h e  f i e l d  i s  r epresen ted  by 
v e c t o r s  o n  t h e  g r i d .  It c a n  be  seen  t h a t  t h e  f i e l d  o n  t h e  s u r f a c e  i s  
s i m i l a r  to  t h a t  f o r  two i n f i n i t e l y  long p a r a l l e l  conduc tors  - t h e  Attwood 
expression8.  From t h e s e  f i g u r e s ,  i t  was c a l c u l a t e d  t h a t  70 per  c e n t  of 
t h e  c u r r e n t  f low i s  by way of  t h e  h e a r t h .  The two-dimensional p l o t s  
i n  F igure  9 show t h e  power d i s t r i b u t i o n  i n  t h e  X-Z p lane  a t  d i f f e r e n t  
l e v e l s  below t h e  e l e c t r o d e s .  The magnitude of ~2  has  been p l o t t e d  
v e r t i c a l l y  a c r o s s  t h e  whole p lane .  F igure  10 shows t h e  power con tours  
i n  t h e  X-Y p lane  and t h e  X-Z plane.  Almost a l l  t h e  power has  been 
d i s s i p a t e d  w i t h i n  a  sphere  o f  r a d i u s  equa l  t o  t h e  e l e c t r o d e  d iamete r ,  and 
most of t h e  power i s  d i s s i p a t e d  c l o s e  t o  t h e  e l e c t f o d e .  Th is  e x p l a i n s  
t h e  h igher  t empera tu res  measured next  t o  t h e  e l e c t r o d e .  The temperature 

p r o f i l e  does n o t / .  
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FIGURE 7 Electri 'cal connections to the model 



ELECTRIC FURNACE Cu-Ni SMELTING 285 

( a )  X-Z P lane  Y = 0 . 5  crns 

(b)  X-Z P lane  Y = 1 . 5  crns 

( c )  X-Y P lane  Z = 0.0 cms 

FIGURE 8 Cur ren t  d i s t r i b u t i o n  f o r  two-electrode c a s e  
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(b)Y=l.O cms 
I 

FIGLmE R Power d i s t r i b u t i o n  over X-Z plane for  
two-electrode c a s e  
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10 (a) x- y plane ( z = 0 cm 1 

i o ( b )  x-z,  plane ( y = 0 cm 1 

FIGURE 10 Power contours around the  electrodes 
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p r o f i l e  does not correspond to  t h e  power con tours  because of h e a t  flow 
by way o f  convec t ion  and conduction.  The f i e l d  p a t t e r n  throughout t h e  
fu rnace  a t  d i f f e r e n t  phase times i s  shown i n  F igure  11. The c l e a r  
demarcat ion between out-of-phase f i e l d s  can  be  c l e a r l y  seen.  At t h e s e  
low c u r r e n t  d e n s i t i e s  t h e r e  w i l l  be no e f f e c t  due t o  t h e  magnetic f i e l d s  
and, f o r  r e l e v a n t  s c a l i n g  up of t h e  r e s u l t s ,  equa t ions  governing t h e  
f i e l d s  i n  t h e  fu rnace  were der ived  d i r e c t l y  from Maxwell's e l e c t r o -  
magnetic equa t ions  and solved f o r  p a r t i c u l a r  i n s t a n c e s .  F igure  1 2  
shows t h e  f i e l d  components i n  t h e  2-Y plane which a r e  s i m i l a r  t o  those  
ob ta ined  from t h e  physical  model. I n c r e a s e  o f  t h e  c u r r e n t  has l i t t l e  
e f f e c t  on t h e  f i e l d  d i s t r i b u t i o n  except  i n  a  small a r e a  around t h e  
e l e c t r o d e  t i p ,  where t h e  non-uniform c u r r e n t  inpu t  has  a n  e f f e c t .  Th is  
g ives  some confidence i n  t h e  a p p l i c a t i o n  o f  t h e s e  f i e l d  p a t t e r n s  t o  a  
r e a l  fu rnace .  

E lec t r ic -Furnace  Design 

The in format ion  gained a t  t h e  e l e c t r i c  fu rnace  and i n  t h e  l a b o r a t o r y  
can be  used a s  a  b a s i s  f o r  comment on c e r t a i n  a s p e c t s  of e l e c t r i c - f u r n a c e  
d e s i g n  when t h e  t reatment  o f  su lph ide  concent ra tes  i s  involved.  Once 
t h e  power requirement  has been e s t a b l i s h e d ,  t h e  vo l tage  c u r r e n t  r e l a t i o n -  
s h i p s  t h a t  i n f l u e n c e  t h e  e l e c t r o d e  s i z e  and spac ing ,  a s  wel l  a s  t h e  
o v e r a l l  fu rnace  dimensions have t o  be  determined.  For t h i s  t o  be  done, 
t h e  r e s i s t a n c e  i n  the  s l a g  ba th  must be  p red ic ted .  

As pointed o u t  e a r l i e r ,  t h e  s l a g  r e s i s t a n c e  Rs i s  g iven  by i t s  
s p e c i f i c  r e s i s t i v i t y  ps t imes the  c e l l  cons tan t  k ,  i . e . ,  Rs = p k. 
Values f o r  t h e  s p e c i f i c  r e s i s t i v i t y  of t h e  d i f f e r e n t  s l a g s  invoaved have 
been determined by Mr ~ e j j a ~ .  The r e s u l t s  of t h e  model experiments  
should provide a  guide towards a  p r e d i c t i o n  of a  c e l l  c o n s t a n t .  

The fol lowing a r e  t h e  more important  equa t ions  a v a i l a b l e  i n  t h e  
l i t e r a t u r e ,  and a r e  based on t h e  symbols g i v e n ' i n  F igure  13. 

- - -  

FIGURE 1 3  Elec t rode  geometry i n  t h e  , e l e c t r i c  fu rnace  

Persson ' s  equat ion1 ... 
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Persson ' s  equat ion8:  

Equation (2)  r e p r e s e n t s  a  p a r a l l e l  combination of  conduction between 
t h e  s i d e s  of t h e  e l e c t r o d e s  ( t h e  logar i thmic  express ion  according t o  
~ t t w o o d ~ )  and conduction between t h e  e l e c t r o d e  t i p e  through t h e  s l a g .  
Conduction by way of t h e  matte  l a y e r  has been ignored.  

Hallvard - N i l s e n ' s  equa t ion lo :  

Equation (3) r e p r e s e n t s  conduction from t h e  e l e c t r o d e  through t h e  
s l a g  t o  t h e  mat te  l a y e r .  I n t e r - e l e c t r o d e  conduction between t h e  
e l e c t r o d e  s i d e s  has been ignored.  

Experimental  measurement of t h e  e l e c t r i c  f i e l d  p a t t e r n s  (Figure 11) 
has shown t h a t  t h e  shape o f  t h e  c u r r e n t  path f lowing from t h e  t i p  of t h e  
e l e c t r o d e  i s  approximated by a parabola.  T h e  e l e c t r i c  f i e l d ,  and,  
t h e r e f o r e ,  t h e  conduction pa ths ,  w i l l  be a l t e r e d  by t h e  e l e c t r o d e s  o n  
e i t h e r  s i d e ,  one i n  phase, and one 120° o u t  of phase. The component 
t h a t  i s  o u t  of  phase w i l l  d e f i n e  t h e  ex tens ion  of t h e  parabola t o  t h e  
mid-point between t h e  two e l e c t r o d e s ,  and t h e  component t h a t  i s  i n  phase 
can be approximated by t h e  Attwood expression:  

f o r  conduction between t h e  s i d e s  of  t h e  e l e c t r o d e s .  As sketched i n  
F igure  13, t h e  parabola of r e v o l u t i o n  i s  def ined  by t h e  - e l e c t r o d e  
diameter  a t  t h e  e l e c t r o d e  t i p ,  and one-half of t h e  e l e c t r o d e  s e p a r a t i o n  
a t  t h e  s lag-matte  i n t e r f a c e .  The c e l l  cons tan t  f o r  t h e  parabol ic  
reg ion  of  conduction i s :  

where I i s  t h e  d i s t a n c e  o f  a  conducting d i s c  from t h e  t i p  of t h e  e l e c t r o d e  
and Af, i s  i t s  th ickness .  The advantage of  t h i s  approach i s  t h a t  t h e  
express ion  can  b e  i n t e g r a t e d  i n  s t e p s .  A s t epwise  i n t e g r a t i o n  i s  

necessary owing t o /  ... 
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necessary owing t o  t h e  change i n  temperature and t h e r e f o r e  r e s i s t i v i t y  
with dep th  i n  t h e  s l a g  l a y e r .  

A temperature p r o f i l e  based on t h e  temperatures measured i n  t h e  
fu rnace  was pred ic ted .  With t h e  use of t h i s  temperature p r o f i l e ,  and 
s u b d i v i s i o n  of  t h e  s l a g  i n t o  16 l a y e r s  extending from t h e  s u r f a c e  of t h e  
s l a g  t o  t h e  mat te  l a y e r ,  the  r e s i s t a n c e s  of  t h e s e  l a y e r s  were evaluated 
wi th  t h e  use of  t h e  Attwood express ion  (4) x 1 and equa t ion  (5)  (Table I ) .  
The r e s i s t a n c e  f o r  t h e  s i n g l e  e l e c t r o d e  i s  p red ic ted  t o  be  8.5 m!2 
compared wi th  a  fu rnace  va lue  o f  10.2 m2, i f  a n  average immersion depth 
of 0.4 m i s  assumed. However, t h e  s l a g  temperature was h igher  than 
usua l ,  implying t h a t  t h e  e l e c t r o d e  would be r i d i n g  high.  

Table  I. C a l c u l a t i o n  of t h e  Furnace Res i s tance  

Depth 
of  A V ~  . k ~ t t w o o d  (5)  
S lag ,  Tercp. R e s i s t i v i t y  

-1 -1 
Res i s tance  

m 0 C Rm nS2 

0.1. 1350 0.532 0.2658 141.4 
0.2 1490 0.328 6.2658 87.45 
0.3 i490 0.329 0.2658 87.45 
0.4 1485 0.335 0.2658 84.05 
0.5 1457 0.368 0.00683 2.51 ) 
0.6 1447 0.381 0.00474 1.806 ) 
0.7 1440 0.390 0.00363 1.416 ) 
0.8 1432 0.398 0.00294 1.17 ) 
0.9 1425 0.407 0.00248 1.01 ) 
1 . 0  1417 0.418 0.00213 0.89 ) R 
1 .1 1,412 0.4 25 0.00188 0.80 ) 
1 . 2  1403 0.438 0.00168 0.735 ) 
1 . 3  1393 0.454 0.00152 0.688 ) 
1.4 1382 0.470 0.00138 0.65 ) 
1 . 5  1369 0.489 0.00127 0.62 ) 
1 . 6  1305 0.760 0.00117 0.892 ) 

% = t o t a l  fu rnace  r e s i s t a n c e  R = 13.19 mi2 

1 1 1 1 1 1 
Then - = - % 1 4 1 . 4 + 8 7 . 4 5 + 8 7 . 4 5 + 8 4 . 0 5 + 1 3 . 1 9  

Taking t h e  average r e s i s t i v i t y  o f  t h e  s l a g  and i n t e g r a t i n g  between 
0 and h ,  equa t ion  (5)  s i m p l i f i e s  to :  

t h a t  depends on ly  on t h e  d i s t a n c e  of t h e  e l e c t r o d e  t i p  from t h e  mat te  
l a y e r ,  and g ives  a  r e s i s t a n c e  of  13.7 1162, compared wi th  13.2 d. 

Figure  l4 shows/. . . 
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Figure  14 shows t h e  v a r i a t i o n  o f  e l e c t r o d e  t o  ba th  r e s i s t a n c e  f o r  
d i f f e r e n t  e l e c t r o d e - i m e r s i o n  dep ths  and t h e  p red ic ted  va lues  based o n  
equa t ions  (4) and (6) .  The agreement i s  remarkable when t h e  assumptions 
uade a r e  considered.  The furnace  r e s i s t a n c e  would be  g r e a t e r  owing 
t o  t h e  e r o s i o n  around t h e  e l e c t r o d e  t i p ,  which would decrease  i t s  
e f f e c t i v e  diameter .  

2 0 1  measured on furnace 0 

ELECTRODE WITHDRAWAL, mm 

FIGURE 14 V a r i a t i o n  i n  fu rnace  r e s i s t a n c e  

For de te rmina t ion  of  t h e  fu rnace  dimensions, i t  would be  necessary 
t o  know t h e  heat-flow c h a r a c t e r i s t i c s  around each e l e c t r o d e ,  based o n  
conduction,  convec t ion ,  and c u r r e n t  d e n s i t y .  However, based on a 
f i g u r e  of 65 per c e n t  backmix volume, a s  measured by t h e  t r a c e r  
experiments ,  i t  i s  assumed t h a t  t h e r e  i s  a  c y l i n d r i c a l  r e a c t i o n  zone 
around each e l e c t r o d e  having t h e  same he igh t  a s  t h e  s l a g  l a y e r .  This  
g ives  a  r e a c t i o n  zone diameter  o f  5.8 m compared wi th  a  fu rnace  width 
of  7 m ,  and a s e t t l i n g  r e g i o n  of  2.7 m. Tracer  t e s t s  a t  d i f f e r e n t  
power l e v e l s  and i n  d i f f e r e n t  fu rnaces  should make it  p o s s i b l e  t o  bu i ld  
up a r e l i a b l e  model. 

Conclusions 

The furnace  i n v e s t i g a t i o n s  showed t h a t  t h e  s l a g  was veryhomo- 
geneous except a t  e i t h e r  end of t h e  fu rnace  where t h e r e  was a n  i n c r e a s e  
i n  c o n c e n t r a t i o n  of  chromium oxide  a t  t h e  s l a g - m a t t e  i n t e r f a c e .  This  
i n c r e a s e  was shown t o  o r i g i n a t e  from t h e  l o c a l  o r e .  Radioact ive t r a c e r  

t e s t s  conEirmed1.. 
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t e s t s  confirmed t h a t  t h e  s l a g  was very  wel l  mixed a long  t h e  l eng th  of 
t h e  fu rnace ,  about  65 per c e n t  of t h e  s l a g  volume be ing  accounted f o r  
by backmix. The t e s t s  o f f e r e d  a means of  comparison of  t h e  flow 
c o n d i t i o n s  i n  t h e  reverbera tory  and e l e c t r i c  fu rnaces .  Model 
experiments gave i n s i g h t  i n t o  t h e  mode of  c u r r e n t  f low and power 
d i s t r i b u t i o n  w i t h i n  t h e  furnace.  The model experiments  and a c t u a l  
fu rnace  measurements enabled a c e l l  cons tan t  t o  be  der ived  f o r  t h e  
c a l c u l a t i o n  of  t h e  furnace r e s i s t a n c e ,  which was i n  reasonable  
agreement wi th  t h e  a c t u a l  o p e r a t i o n .  
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Copper-nickel-sulphide ores mined in the Rustenburg district of South Africa are generally smelted in electric furnaces because of
the high-temperature slag produced, the availability of cheap electric power, and the smaller pollution problems. Apart from melting,
the functions of the electric furnace are to recover most of the matte content in the converter slag by physical and chemical
interaction with the furnace bath and to provide adequate time for the optimum separation of matte and slag. Smooth, efficient
operation will denend on fluid slags for settling, balanced by high resistivities to obtain adequate concentration and distribution of
power by way of current heating. To obtain a greater understanding of the processes involved, an investigation was undertaken at
Rustenburg Platinum Mines on the smelting of copper-nickel concentrates in a 19.5 MVA furnace with six in-line electrodes. The
matte- and slag-tapping temperatures, slag temperatures, slag analyses, electrical data, and electrode position were measured.
Radioactive tracers were introduced into the slag, and quantitative results relating to the flow pattern within the furnace were obtained.
These studies were augmented by scaled laboratory investigations relating to the determination of cell constants and current
distribution within the furnace. Instantaneous field and power distribution plots were determined by use of an on-line mini-computer.
The applicability of these results to furnace operation is discussed. 
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