
pending on opera ting  condition;) would bo about 0,75 i °  1*5 times the values 
estim ated  by equation f>B,/ fo r  the contribu tion  of the s e t t l i n g  compartment 
on ly . ThoruVore the to ta l  lo ss  i s  approximated by the expression

( t o t )  sc sc .
J i  -  J 1  + (0,75 tr, 1 ,5 ) J1  71

Me He Me

w ith a reasonable  average value of 1,0 for the m u lt ip l ie r .

d t/  Deviations from Id e a l i ty .  The fore-going ana lysis  rep resen ts  un -
duobtedly id ea lised  conditions since i t  was 
performed by assuming uniform temperature, 

t h a t  la  v i s c o s i ty  d i s t r ib u t io n  in the e n t i re  s la g  bed. However, in  connection 
w ith  the d iscuss ion  of the probable temperature d is t r ib u t io n  in  the molten 
s la g  bath  i t  has been demonstrated previously, how in a working u n i t  the 
suggested hea t flow p a tte rn  would a f fe c t  the d is t r ib u t io n  of v is c o s i ty .
Figures IV-7 and iV-8.) show the estimated v isc o s i ty  d is t r ib u t io n  in  v e r t ic a l  
and h o r iz o n ta l  d ire c t io n  between the top of the bsth s-d  the le v e l  o f  t h .  
e lec tro d e  t i p  in  the v ic in i ty  of an electrode or la  the p lan ,  of temperature

■
s iz e  in the e n t i r e  s ize  spectrum of the matte p r i l l s .

P e r t in e n t  da ta  are co llec ted  in Table IV-b.

eH ®
descending movement w il l  f a c i l i t a t e  * because o f / . .
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a n d  b e c a u s e  o f  t h e  s u b s t a n t i a l l y  e n h a n c e d  s e t t l i n g  v e l o c i t y ,  S t o k e s '  l a w  w i l l  

h a v e  a n  e v e r - d e c r e a s i n g  v a l i d i  t y  a s  t h e  b u l k  f l o w  o f  t h e  s l a g  g e t s  c l o s e r  a n d  

c l o s e r  t o  t h e  c e n t r e  o f  t h e  f u r n a c e ,  i n  a d d i t i o n ,  i n  t h e  o v e r l a p p i n g  r e g i o n  

o f  t h e  a c t i v e  a r e a s  b e t w e e n  e l e c t r o d e s  a n d ,  e s p e c i a l l y ,  i n  t h e  p a t h  o f  t h e  

c u r r e n t  f l o w ,  t h e  p a t t e r n  o f  s l a g  m ovem ent and  w i t h  i t  t h e  s e t t l i n g  o f  

p a r t i c l e s  b e c o m e s  u n p r e d i c t a b l e .  The e x t e n t  o f  t h e  o v e r l a p p i n g  a r e a s  o f  t h e  

a c t i v e  z o n e s  o f  t h e  e l e c t r o d e s  i s  v e r y  s u b s t a n t i a l ,  a c c o u n t i n g  t o  som e 5 0  t o  

8 0  p e r  c e n t  o f  t h e  t o t a l  m ix e d  a r e a  d e p e n d i n g  o n  e l e c t r o d e  p o s i t i o n  a n d  

f u r n a c e  o p e r a t i n g  c h a r a c t e r i s t i c s .  -  T h e s e  f a c t s  may f u r t h e r  i l l u s t r a t e  t h e  

e x t r e m e l y  c o m p l i c a t e d  n a t u r e  o f  m a t t e  s e t t l i n g  i n  an  e l e c t r i c  f u r n a c e  a n d  t h e  

d i f f i c u l t i e s  i n v o l v e d  i n  c o r r e c t  s e t t l e r  d i m e n s i o n i n g .  As a  r e a s o n a b l e  f i r s t  

a p p r o x i m a t i o n  t h e  d i s c u s s e d  m e th o d  b a s e d  on  a v e r a g e  s l a g  t e m p e r a t u r e s  w i l l  b e  

a p p l i e d  l a t e r  i n  t h i s  s t u d y  f o r  t h e  c o m p a r i s o n  o f  r e c t a n g u l a r  a n d  c i r c u l a r

f u r n a c e  s y m m e t r i e s .

I n  a n  o t h e r  a t t e m p t  t o  c o r r e l a t e  v i s c o s i t y  a n d  h i n d e r e d  s e t t l i n g  

c o n d i t i o n ,  f o r  e s t i m a t i n g  m a t t e  l o s s e s  t h e  r e l a t i o n s h i p  p r o p o s e d  b y  G u th  a n d  

G o ld  ( 2 9 )  w a s  t e s t e d .  B a s e d  o n  t h e  o r i g i n a l  E i n s t e i n  e q u a t i o n  t h e s e  a u t h o r s  

p r o d u c e d  i n  a  r a t h e r  l e n g t h y  c a l c u l a t i o n  an  e x p r e s s i o n  "  %

s o l u t i o n s  o f  h i g h  m o l e c u l a r  s u b s t a n c e s  w i t h  s p h e r i c a l  s h a p e .  A c c o r d i n g  y

V) .  H (1 - 2.5v/V - 14,1 » V  72• /

7 5 . /n - —o r 1 1 .  2,5V - 14,4V*

iESliii
w i t h  t h e  o p e r a t i o n  o f  m a t t e  s m e l t i n g  e l e c t r i c  f u r n a c e s .

^  s a f f i U o ^ n s - S ^ ^

r a d l o a c t i c c  t r a c e r s ^

■ m m m
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i n t e r e s t  s i n c e  i t  w a s  p e r f o r m e d  o n  a  u n i t  g e o m e t r i c a l l y  i d e n t i c a l  w i t h  t h e  

r e f e r e n c e  f u r n a c e s  o f  t h i s  s t u d y .  A s  i t  w a s  f o u n d  t h e  t o t a l  f l o w  i n  t h e  

f u r n a c e  i s  made u p  o f  b a c k m ix  an d  p l u g  f l o w  p l u s  a  c e r t a i n  d e g r e e  o f  s t a g n a n t  

o r  d e a d - f l o w .  From t h e  r e s u l t s  o f  t r a c e r  t e s t s  i t  w o u ld  a p p e a r  t h a t  u n d e r  

t h e  p a r t i c u l a r  o p e r a t i n g  c o n d i t i o n s  a t  t h e  t i m e  o f  t h e  e x p e r i m e n t s ,  t h e  f l o w  

c o u l d  b e  c h a r a c t e r i z e d  am c o n s i s t i n g  o f  a b o u t  6 4 -6 ^ /o  b a c k m i x ,  1 $  p l u g  f l o w  

a n d  M - 3 5 $  d e a d  f l o w .  The h i g h  r a t i o  o f  b a c k m ix  t o  p l u g  f l o w  i s  i n t e r e s t i n g  

a n d  w o u ld  i n d i c a t e  g o o d  f l o w  c o n t i n u i t y  i n  t h e  u p p e r  r e g i o n  o f  t h e  b e d .  The  

m i x i n g  i s  a  g o o d  d e a l  m ore i n t e n s i v e  a l o n g  t h e  e n t i r e  l e n g t h  a n d  t h e  

c h a r a c t e r  o f  t h e  f l o w  i n  c o n s i d e r a b l y  d i f f e r e n t  f r o m  t h a t  i n  a  f u e l - f i r e d  

r e v e r b e r a t o r y  f u r n a c e  w i t h  t h e o r e t i c a l l y  e s t i m a t e d  d e a d - f l o w  r e g i o n s  o f  u p

t o  8 6  p e r  c e n t  ( l b ) »
T he e x t e n t  o f  t h e  d e a d - f l o w  r e g i o n  f o u n d  b y  t r a c e r  t e s t s  i n  e l e c t r i c

f u r n a c e s  o f  t h e  m a t t e  s m e l t i n g  t y p e  may n a t u r a l l y  b e  s u b j e c t  t o  r a t h e r  e x  -  

t e n s i v e  p e r i o d i c  v a r i a t i o n s  d e p e n d i n g  on  v a r i o u s  f a c t o r s  l i k e  r a t e  o f  f l o v ,  

n u m b er  an d  p o s i t i o n  o f  t a p h o l e s  u s e d ,  h y d r o s t a t i c  h e a d  a b o v e  t h e  t a p h o l e  a n d ,  

t o  a  g r e a t  e x t e n t  o n  t h e  a t t e n d a n c e  b y  t h e  o p e r a t o r .  F u r t h e r m o r e ,  i t  may a x s o  

v a r y  a c c o r d i n g  t o  t h e  p o s i t i o n  ( d e p t h  o f  i m m e r s i o n )  o f  t h e  e l e c t r o d e s  a n d  

a c c o r d i n g  t o  t h e  c h a n g e  i n  t h e  l e v e l  o f  t h e  s l a g  a n d  m a t t e .  From  t h e  s t a n d ­

p o i n t  o f  u n i f o r m  m a t t e  l o s s e s  i t  i s  t h e r e f o r e  i m p o r t a n t  t o  k e e p  t h e  l e v e l  o f  

t h e  s l a g ,  t h a t  i s  i t s  h e i g h t  a b o v e  t h e  t a p h o l e  a s  c o n s t a n t  a s  p o s s i b l e .

Some d i s c u s s i o n  o n  t h e  f l o w  v e l o c i t y  o f  t h e  s l a g  b e d  w i l r  a p p e a r

i n  A p p e n d ix  I I  B .
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SECTION V.

I

ON THE NATURE OR METAL LOSSES TO THE SLAG AND THE POSSIBILITY OR SLAG

OTTIMISATION,

I , /  On t h e  n a t u r e  o f  m e t a l  l o tuse s  w hen s m e l t i n g  c o n c e n t r a t e s »

From  t h e  f o r e g o i n g  d i s o u a e i o n  o f  t h e  p h y s i c o - c h e m i c a l  c h a r a c t e r i s t i c c  

o f  t h e  s l a g s  ao  w e l l  a s  t h e  c h a r a c t e r  o f  t h e  h e a t  and  m a t e r i a l  f l o w  i n  t h e  

f u r n a c e  i t  i s  a p p a r e n t  t h a t  t h e  v i s c o s i t y  o f  t h e  s l a g  p l a y s  a  d e c i s i v e  r o l e  

i n  s l a g - m a t t e  s e p a r a t i o n  w hen  s m e l t i n g  c o p p c r - n i c k e l  c o n c e n t r a t e s  e i t h e r  i n  

r e v e r b e r a t o r ?  o r  e l e c t r i c  f u r n a c e s .  From a  s o u n d  f u r n a c e  d e s i g n  p o i n t  o f  

v i e w  i t  w o u l d  b e  o f  g r e a t  i m p o r t a n c e  t o  h a v e  a n  a d e q u a t e  k n o w l e d g e  o f  t h e  

n a t u r e  a n d  t h e  c a u s e  o f  m e t a l  l o s s e s  t o  s e c u r e  t h e  b e s t  e c o n o m y  o f  t h e  

f u r n a c e  o p e r a t i o n .

As t o  t h e  p a r t  p l a y e d  b y  t h e  v i s c o s i t y  i t  i s  o b v i o u s  t h a t  a t  l o w e r  s l a g  

v i s c o s i t i e s  t h e  m a t t e  p r i l l s  move m ore  e a s i l y  t h r o u g h  t h e  m o l t e n  s l a g  l a y e r  

a n d  t h e  d a n g e r  o f  m a t t e  c a r r y - o v e r  t h r o u g h  t h e  t a p h o l e  i s  t h e r e b y  d i m i n i s h e d  

a n d  t h e  e c o n o m y  o f  t h e  o p e r a t i o n  i m p r o v e d .  T h i s  p o i n t  h a s  a l r e a d y  b e e n  

h a n d l e d  i n  d e t a i l .  H o w e v e r ,  '.he p r o b le m  o f  m e t a l  l o s s e s  t o  t h e  s l a g  i s  

r a t h e r  c o m p l e x  a n d  c a n n o t  b e  e q u a t e d  s i m p l y  w i t h  s l a g - m a t t e  s e p a r a t i o n  b a s e d  

s o l e l y  o n  v i s c o s i t y  c o n s i d e r a t i o n s .  I t  h a s  l o n g  b e e n  t h e  s u b j e c t  o f  r e s e a r c h  

a s  t o  w h a t  e x t e n t  t h e  m e t a l l i e s  p r e s e n t  i n  t h e  s l a g  w e r e  t r u e  s o l u t i o n s  o r  

m e r e l y  e n t r a i n e d  a s  m e t a l  o r  m a t t e  p a r t i c l e s .  L i t e r a t u r e  d a t a  o n  t h e  s u b j e c t  

r e l a t e  m o s t l y  t o  r e v e r b e r a t o r y  f u r n a c e  t r e a t m e n t  o f  c o p p e r  c o n c e n t r a t e s  v a s t l y  

d i f f e r e n t  i n  c o m p o s i t i o n  fr o m  t h o s e  h a n d l e d  i n  t h e  RPM e l e c t r i c  f u r n a c e s .  

H a r d ly  a n y  r e f e r e n c e  i s  e n c o u n t e r e d  i n  t h e  l i t e r a t u r e  r e l a t i n g  t o  s i m u l t a n e o u s  

l o s s e s  o f  c o p p e r  and  n i c k e l ,  n o t  t o  m e n t i o n  t h e  c a s e  w hen  t h e s e  l o s s e s  o c c u r  

i n  e l e c t r i c  f u r n a c e  p r o c e s s i n g  o f  c o n c e n t r a t e . .  I n v e s t i g a t i o n s  o n  t h i s  l i n e  

c e n t r e d  m o s t l y  a r o u n d  t h e  d i s s o l u t i o n  o f  s u l p h i d i c  c o p p e r ,  a n d  i n  a  v e r y  f e w  

c a s e s  n i c k e l ,  p r i m a r i l y  i n  f a y a l i t e - t y p e  s l a g s  p r o d u c e d  i n  c o n v e r t e r  p r o c e s s i n

o f  m a t t e s .

C o p p e r  l o s s e s  i n  r e v e r b e r a t o r y  f u r n a c e  s l a g s  c a n  b e  a t t r i b u t e d  t o  tw o  

m a in  r e a s o n s  v i z .  m e c h a n i c a l l y  e n t r a p p e d  s u l p h i d e  an d  a n  i n s e p a r a b l e ,  n o n  -  

s u l p h i d e  p h a s e  o f  i n d e t e r m i n a t e  n a t u r e  w h i c h  a l s o  m i g h t  b e  t e r m e d  " c h e m i c a l ,  

o r  e l e c t r o c h e m i c a l  l o s s " .  I r r e s p e c t i v e  o f  t h e  r e a s o n ,  t h e  v o lu m e  o f  t h e  

l o s s e s  i s  r a t h e r  s u b s t a n t i a l .  As A ltm a n  an d  K e l l o g g ! )  h a v e  p o i n t e d  o u t ,  

p r im a r y  s m e l t e r s  i n  t h e  USA l o s e  e v e r y  y e a r  m ore t h a n  2 0 , 0 0 0  t o n s  o f  c o p p e r  

i n  r e v e r b e r a t o r y  s m e l t e r  s l a g s .  From t h e  r e s u l t s  o f  r e c e n t  i n v e s t i g a t i o n s

i t  w o u ld  a p p e a r / . , ,
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i t  w o u l d  a p p e a r  t h a t  a  larp;e p r o p o r t i o n  o f  v m r e c o v e r e d  c o p p e r  i s  i n  t r u e  

s o l u t i o n  i n  t h e  d a g  m e l t .  T h i s  may be  s o  b u t  t h e  mode o f  a p p r o a c h  t o  

s t u d y i n g  t h e  n a t u r e  and  th e  t r u e  e x t e n t  o f  t h e  l o o s e s  h a s  a n  i m p o r t a n t  

b e a r i n g  o n  how t h e  e x p e r i m e n t a l  d a t a  c o u l d  b e  r e l a t e d  t o ,  o r  w o u ld  b e  

r e p r e s e n t a t i v e  o f  t h e  l o s s e s  o c c u r r i n g  i n  p r a c t i c a l  f u r n a c e  o p e r a t i o n .  P o i  

e x a m p l e  f r o m  t h e  w ork  o f  H u d d l e , T a y l o r  and  B a t e s  ( 2 ) ,  T o g u r i  a n d  L a n t a n d e r  

( 3 ) ,  A l tm a n  a n d  K e l l o g  ( l )  a n d  B a i l e y  a n d  G a r n e r  ( 4 )  i t  i s  o b v i o u s  t h a t  t h e  

o x y g e n  p o t e n t i a l  o f  t h e  a t m o s p h e r e  a b o v e  t h e  m o l t  i s  a  d e c i s i v e  f a c t o r  i n  

d e t e r m i n i n g  m e t a l l i c  l o o s e s  t o  t h e  s l a g .  I n d e e d ,  t h e s e  a u t h o r s  a r e  i n  e x  

c o l l e n t  a g r e e m e n t  w h en  t h e i r  r e s u l t s  a r e  e x p r e s s e d  i n  t e r m s  o f  t h e  CuOQ ^^ 

a c t i v i t y .  On t h e  o t h e r  hand  G c h n a le k  a n d  I m r i s  ( 3 )  d e v e l o p e d  t h e  c o n c e p t  o f  

s u l p h i d i c  d i s s o l u t i o n  o f  c o p p e r  i n  s u l p h u r - c o n t a i n i n g  s l a g  a n d  r e g a r d e d  t h e  

t o t a l  d i s s o l v e d  c o p p e r  a s  b e i n g  t h e  sum o f  s u l p h i d i c  a n d  o x i d i c  d i s s o l u t i o n .  

T h e m e l i s  a n d  S p i r a  c o n d u c t e d  r e s e a r c h  e x c l u s i v e l y  on  c o m m e r c i a l  s l a g s  

c o n t a i n i n g  l i m e ,  a l u m i n a  and  o t h e r  c o n s t i t u e n t s  ( 6 )  a n d  t h e  s o l u b i l i t y  d a t a  

w e r e  p r e s e n t e d  i n  c o r r e l a t i o n  w i t h  m a t t e  g r a d e .  The i n t e r e s t i n g  p o i n t  i n  

t h e i r  r e s e a r c h  w a s  t h a t  t h e  g r e a t  nu m b er  o f  t e s t s  w e r e  c o n d u c t e d  u n d e r  

i d e n t i c a l  e x p e r i m e n t a l  c o n d i t i o n s .  T h i s  i s  a n  i m p o r t a n t  f a c t  s i n c e ,  a s  

N a g a m o r i  ( 7 )  p o i n t e d  o u t ,  m e a n i n g f u l  c o m p a r i s o n  o f  c o p p e r  l o s s  a m on g  v a r i o u s  

s m e l t e r s  c a n  b e  m ade o n l y ,  i f  f o r  e x a m p le  t e m p e r a t u r e ,  p e r  c e n t  c o p p e r  i n  

m a t t e ,  p e r  c e n t  S lO g  i n  s l a g  an d  m a g n e t i t e  a c t i v i t y  a r e  w e l l - d e f i n e d  p a r a  -  

m e t e r s .  F u r t h e r  t o  t h i s  c o m e s  t h a t  a l l  o t h e r  c o m m e r c i a l l y  common s l a g  

c o n s t i t u e n t s  s u c h  a s  l i m e ,  a l u m i n a ,  s h o u l d  a l s o  b e  i d e n t i c a l  f o r  e a c h  c a s e .

I f  n o t ,  t h e n  a d d i t i o n a l  p a r a m e t e r s  m u s t  b e  s p e c i f i e d  t o  d e f i n e  t h e  s y s t e m .

As a  c o n s e q u e n c e ,  t h e  c o m p a r i s o n  am ong d i f f e r e n t  s m e l t e r s  b e c o m e s  r a t h e r  

d i f f i c u l t  a n d  may e v e n  l e a d  t o  c o n f l i c t i n g  r e s u l t s .

From t h e  s t a n d p o i n t  o f  t h e r m o d y n a m ic s  N a g a m o r i ' s  a r g u m e n t  i s  

e n t i r e l y  c o r r e c t .  I f  t h e  r e s e a r c h  w e r e  r e s t r i c t e d  t o  m a t t e  l o s s e s  o c c u r r i n g  

i n  c o n v e r t e r  t r e a t m e n t  o f  m a t t e  w i t h  a  f a y a l i t e - t y p e  s l a g ,  t h e n  b a s i c a l l y  

t h e  s y s t e m  t o  be h a n d l e d  w o u ld  b e  a  q u i n n a r y  s y s t e m  c o n s i s t i n g  o f  t h e  c o n  -  

B t i t u c n t s  C u , F e ,  S ,  0 ,  and K iO g . B e c a u s e  o f  t h e  c h a r a c t e r  o f  t h e  c o n v e r t e r  

o p e r a t i o n ,  i r r e s p e c t i v e  o f  t h e  g r a d e  o f  m a t t e  t o  b e  t r e a t e d ,  t h e  n e c e s s a r y  

f l u x  a d d i t i o n  w i l l  b e  s u c h  t h a t  t h e  c o m p o s i t i o n  o f  t h e  s l a g  p r o d u c e d  w i l l  

c l o s e l y  a p p r o a c h  t h a t  o f  t h e  p u r e  f a y a l l t e .  T h en  w i t h  t h e  t h r e e  c o - e x i s t i n g  

p h a s e s  i n  t h e  c o n v e r t e r ,  ( m a t t e ,  s l a g  and  g a s )  an d  w i t h  t h e  c o m p o u n d s  

m e n t i o n e d ,  t h e  n u m b er  o f  d e g r e e s  o f  f r e e d o m  f o r  t h e  s y s t e m  w i l l  be F .  5+2-)- 
.4 .  H e n c e  t h e  n e c e s s i t y  of t h e  f o u r ,  w e l l - d e f i n e d  p a r a m e t e r s  m e n t i o n e d  above 
N a t u r a l l y  i n  p r a c t i c e ,  t o  t h e  f i v e  c o n s t i t u e n t s  ( i . e .  Cu, F e ,  S ,  0 ,  S i O g )  

w i l l  h a v e  t o  b e  a d d e d  MgO and a l s o  CaO. F u r t h e r m o r e ,  s l a g s  a n d  m a t t e s

i n  t h i s  s y s t e m  a r e  p r o d u c e d  t o g e t h e r ,  e x i s t  t o g e t h e r  a n d  a r e  i m m i s c i b l e
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l i q u i d s ,  Au I r i t t i n g h a w  n o t e d  ( o )  t h e y  c h o u l d  t h e r e f o r e  b e  e x p e c t e d  t o  

c o n f o i m  w i t h  t h e  b e h a v i o u r  o f  c o n j u g a t e  c o l u x i o n a  w h ic h  m e a n s  t h a t  w hen  t h e  

c o m p o s i t i o n  o f  o n e  o f  t h e  p a i r  o f  c o n j u g a t e s  v a r i e s ,  t h e  c o m p o s i t i o n  c f  th e  

o t h e r  w i l l  a l s o  v a r y  a c c o r d i n g  t o  t h e  p h a s e  r u 3 j r e l a t i o n s h i p .  C u r i o u s l y  

e n o u g h  t h i s  f a c t  i s  n o t  e v e n  a c k n o w l e d g e d  i n  a  nu m b er  o f  s t u d i e s  o f  m e t a l  j
s o l u b i l i t y  i n  s l a g s ,  I

1 . /  L a b o r a t o r y  s t u d i e s  o n t h e  d i s s o l u t i o n  o f  c o p p e r  and n i c k e l  i n  t h e  s l a g ,

1 , 1 . /  S c o u e  f o r  s t u d y , h u e  t o  t h e  c o m p l e x i t y  o f  m e t a l l i c  l o s s e s  o c c u r r i n g

i n  m a t t e  s m e l t i n g  o p e r a t i o n  t h e  a p p r o a c h  o f  T h e m e l i a  

a n d  S p i r a ,  t h a t  i s  k e e p i n g  i d e n t i c a l  e x p e r i m e n t a l  c o n d i t i o n s  a p p e a r s  t o  b e  

t h e  o n l y  f e a s i b l e  way t o  o b t a i n  m e a n i n g f u l  r e s u l t s  f r o m  l a b o r a t o r y  ( a n d  a l s o  

i n d u s t r i a l )  t e s t s  o n  t h e  s o l u b i l i t y  o f  m a t t e  i n  t h e  m o l t e n  s l a g .  T he  p r o  -  

j e c t i o n  o f  l a b o r a t o r y  t e s t  r e s u l t s  o n t o  p r a c t i c a l  o p e r a t i o n  may b e c o m e  e v e n  

w i t h  t h e s e  e f f o r t s  d i f f i c u l t  a n d  t h e  q u e s t i o n  o f  how f a r  e x p e r i m e n t a l  d a t a  

r e p r e s e n t  a c t u a l  c o n d i t i o n s  e x i s t i n g  i n  o p e r a t i n g  u n i t s  may o n l y  p a r t l y  b e  

a n s w e r e d .  I t  w o u ld  b e  i m p o r t a n t  t o  know  w h a t  p o r t i o n  o f  t h e  m e t a l l i c  l o s s e s  

J s  a t t r i b u t a b l e  t o  c a r r y - o v e r  o f  m a t t e  i n  t h e  s l a g  s t r e a m  a n d  w h a t  c o u l d  b e  

r e g a r d e d  a s  t r u e  c h e m i c a l  l o s s  a s  a  r e s u l t  o f  d i s s o l u t i o n  o f  m a t t e  i n  t h e  a" ■ * .

T he s t u d y  o f  t h e  e f f e c t  o f  s l a g  c o m p o s i t i o n  o n  m e t a l  l o s s e s  c o u l d  

b e  a  u s e f u l  a p p r o a c h  t o  t h i s  p r o b l e m .  As m e n t i o n e d ,  v e r y  l i t t l e  i s  f o u n d  i n  

t h e  l i t e r a t u r e  o n  t h i s  s u b j e c t  i n  g e n e r a l  a n d  e v e n  l e s s  i n  s t r a i g h t  r e l a t i o n  

t o  r e v e r b e r a t o r ?  f u r n a c e  o p e r a t i o n .  W i t h  r e g a r d  t o  m a t t e  s m e l t i n g  i n  a n  

e l e c t r i c  f u r n a c e ,  d a t a  a r e  v i r t u a l l y  n o n - e x i s t e n t .  As t o  t h e  g e n e r a l  n a t u r e  

o f  l o s s e s  a  p a p e r  p u b l i s h e d  l o n g  t i m e  a g o  b y  V a n j u k o f f  ( 9 )  i s  o f  c o n s i d e r a b l e  

i n t e r e s t ,  c o n t a i n i n g  d a t a  o n  r e l a t i o n s h i p  b e t w e e n  s l a g  c o m p o s i t i o n  a n d  c o p p e r  

c o n t e n t  o f  s l a g .  H o w e v e r ,  t h e  r e s u l t s  o b t a i n e d  s h o u l d  b e  v i e w e d  w i t h  som e  

c a u t i o n  b e c a u s e  o f  a . /  t h e  e x t r e m e  r a n g e  o f  s l a g  c o m p o s i t i o n s  a n d  t e m p e r a t u r e  

u s e d  b y  t h e  a u t h o r  and b . /  t h e  s t r o n g l y  r e d u c i n g  a t m o s p h e r e  i n  w h i c h  t h e  

i n v e s t i g a t i o n s  w e r e  c a r r i e d  o u t .  On a c c o u n t  o f  t h e  l a t t e r  t h e  r e s u l t s  c o u l d  

h a r d l y  b e  r e l a t e d  t o  r e v r r b c r a t o r y  s m e l t i n g  a n d  may b e  m o re  r e l e v a n t  t o  

e l e c t r i c  f u r n a c e  o p e r a t i o n .

I n  r e g a r d  t o  o b t a i n i n g  r e p r e s e n t a t i v e  d a t a  f r o m  l a b o r a t o r y  t e s t  

w o r k  o n e  s e e m s  t o  b e  i n  a  m ore  a d v a n t a g e o u s  p o s i t i o n  w hen  t h e  s m e l t i n g  o f  

c o n c e n t r a t e  i s  c a r r i e d  o u t  i n  a n  e l e c t r i c  f u r n a c e  i n s t e a d  o f  a  r e v e r b e r a t o r y

f u r n a c e .  The r e a s o n s  a r c  a s  f o l l o w s i

a , /  T h e  a t m o s p h e r e  i s  f a i r l y  u n i f o r m  fr o m  f u r n a c e  t o  f u r n a c e  w i t h  a

r e l a t i v e l y  l o w  o x y g o n  p a r t i a l  p r e s s u r e  w h i c h ,  t o  so m e  d e g r e e ,  may

s i m p l i f y / • •
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s i m p l i f y  t h e  p r o b le m  e n c o u n t e r e d  i n  r e v e i b e r a t o r y  f u r n a c e  

o p e r a t i o n  w i t h  a n  o x i d l o i n j  flas p h a s e  a b o v e  t h e  m e l t .  A s a  

r e s u l t  t h e  m a g n e t i t e  a c t i v i t y  w i l l  d e p e n d  t o  a  l a r g e  e x t e n t  

o n l y  o n  t h e  c o n v e r t e r  r e t u r n  s l a g ,  

b , /  The g r a d e  o f  e l e c t r i c  f u r n a c e  m a t t e  i s  r e l a t i v e l y  l o w ,  t h e

t o t a l  c o p p e r  a n d  n i c k e l  c o n t e n t  p r o b a b l y  v a r y i n g  f r o m  2 0  t o  JO 

p e r  c e n t .  T h u s t h e  e f f e c t  o f  m a t t e  g r a d e  i s  d i m i n i s h e d ,  

o , /  T he s i l i c a  c o n t e n t  o f  t h e  s l a g  i s  h i g h  and  c a n  b e  a n t i c i p a t e d  

t o  v a r y  f r o m  55  t o  4 5  p e r  c e n t .

On t h e  o t h e r  h a n d ,  f r o m  t h e  p o i n t  o f  v i e w  o f  r e p r e s e n t a t i v e  r e s u l t s  t h e  

common p r o b l e m  f o r  e l e c t r i c  a n d  r e v e r b - t y p e  s m e l t i n g  i s  t h a t  t h e  s i l i c a  

a n d  i r o n  o x i d e  c o n t e n t s  a r e  n o t  n e a r  t o  S iO g  o r  F e - s a t u r a t i o n ,  N e v e r t h e l e s s  

a  r e a s o n a b l e  p o s s i b i l i t y  f o r  s i m u l a t i o n  o f  l a b o r a t o r y  t e s t s  w i t h  e l e c t r i c  

f u r n a c e  o p e r a t i o n  i s  o f f e r e d  b y  k e e p i n g  t h e  o x y g e n  p o t e n t i a l  o f  t h e  a t m o s ­

p h e r e  a b o v e  t h e  s l a g  m e l t  l o w ,  p r e f e r a b l y  s i m i l a r  t o  t h a t  e x i s t i n g  i n  t h e  

p l a n t .  A s t o  t h e  e v e r - c h a n g i n g  p a t t e r n  o f  t e m p e r a t u r e  a n d  e q u i l i b r i u m  c o n ­

d i t i o n s  i n  a  w o r k i n g  u n i t  t h e  b e s t  c o m p r o m is e  w i l l  b e  a  c o n s t a n t  t e m p e r a t u r e  

r e p r e s e n t i n g  t h e  h i g h  a v e r a g e  o f  p l a n t  s l a g s  a n d  a  r e a s o n a b l e  t i m e - l e n g t h  

f o r  s l a g - m a t t e  e q u i l i b r a t i o n ,

1 , 2 , /  E x p e r i m e n t a l

T h e  t e s t s  w e r e  c a r r i e d  o u t  w i t h  t h e  m a in  o b j e c t i v e  t o  o b t a i n  i n  -  

f o r m a t i o n  o n  t h e  r o l e  o f  t h e  v a r i o u s  s l a g - f o r m i n g  c o n s t i t u e n t s  i n  m e t a l  

l o s s e s  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  t h e  t y p e s  o f  s l a g  e n c o u n t e r e d  i n  t h e  

o p e r a t i o n  c f  f u r n a c e s  s m e l t i n g  c o p p e r  and  n i c k e l - c o n t a i n i n g  c o n c e n t r a t e s .

I n  o r d e r  t o  s i m p l i f y  t h t  t a s k  t h e  c o m p o s i t i o n  o f  t h e  s l a g s  w a s  r e s t r i c t e d  

t o  t h e  r e l a t i v e l y  n a r r o w  r a n g e  a p p l i e d  i n  t h e  s t u d y  o f  e l e c t r i c a l  c o n  

d u c t i v i t y  a n d  v i s c o s i t y .  A s  a  f u r t h e r  s i m p l i f i c a t i o n  o n l y  o n e  m a t t e  g r a d e  

w as u s e d  w i t h  a l l  t h e  s l a g s  i n v e s t i g a t e d  w h i c h  i s  j u s t i f i a b l e  b e c a u s e  o f  t h e  

l i m i t e d  v a r i a t i o n s  i n  t h e  g r a d e  o f  m a t t e  p r o d u c e d  i n  e l e c t r i c  f u r n a c e  

s m e l t i n g  o f  l o w - g r a d e  c o n c e n t r a t e s .

A l t o g e t h e r  t h r e e  s e ’ i e s  o f  t e t ^ s  w e r e  p e r f o r m e d .  T h e  v a r i o u s  

s e r i e s  d i f f e r e d  o n l y  i n  t h e  o x i d a t i o n  s t a t e  o f  t h e  i r o n  o x i d e  c o n s t i t u e n t s .  

S l a g s  f r o m  t h e  f i r s t  t e s t  s e r i e s  o r i g i n a t e d  f r o m  t h e  e l e c t r i c a l  c o n d u c t i v i t y  

t e s t s .  A f t e r  t h e  c o m p l e t i o n  o f  t h e  c o n d u c t i v i t y  r u n s ,  t h e  p l a t i n u m  c r u c i b l e s  

c o n t a i n i n g  t h e  r e d u c e d  s l a g s  ( F e 2+ c o n t e n t  m inimum 8 8 $ )  w e r e  p l a c e d  i n  a  b o x  

f u r n a c e  o p e r a t i n g  w i t h  s i l i c o n  c a r b i d e  h e a t i n g  e l e m e n t s  a n d  w e r e  h e a t e d  t o  

1 4 0 0 ° C  i n  a i r .  T h en  t h e  h o t  s l a g s  w e r e  p o u r e d  o u t  f r o m  t h e  c r u c i b l e s  u n t o

a  l a r g e / , . .
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a  l a r y o , c o o l e d  I r o n  p l a t e  no t h a t  t h e  c h o c k - c o o l i n g  a r r e s t e d  f u r t h e r  

o x i d a t i o n *  The g l a i . c y  m a t e r i a l s  w e r e  f i n a l l y  c r u s h e d  t o  80/fa m in u s  2 0 0  m esh  

s i z e .

T h e  m a t e r i a l u  u s e d  i n  t h e  o t h e r  tw o  t e s t  s e r i e s  w e r e  made u p  f r o m
2+

c a l c i n e d  o x i d e s  and  f e r r o u s  o x i d e  o f  minimum 9 0  p e r  c e n t  Fe c o n t e n t  a n d  

p r e m o l t e d  i n  p l a t i n u m  c r u c ib lc - r .  i n  t h e  t u b e  f u r n a c e  u s e d  f o r  v i s c o s i t y  a n d  

c o n d u c t i v i t y  w o r k .  I n  t h e  t h i r d  s e r i e s  i r o n  p o w d er  w a s  a d d e d  t o  t h e  FeO 

c o m p o n e n t  i n  o r d e r  t o  i n c r e a s e  t h e  Fe c o n t e n t  o f  t h e  co m p o u n d . I n  t h i s  

i n s t a n c e  i t  w a s  a s s u m e d  t h a t  t h e  o x i d e  a b o v e  8 6  p e r  c e n t  FeO w a s  m o s t l y  i n  

t h e  fo r m  o f  m a g n e t i t e  and  t h e  m e t a l l i c  i r o n  a d d i t i o n  w a s  c a l c u l a t e d  a c c o r d i n g  

t o  t h i s  s t o i c h i o m e t r i c  r e l a t i o n s h i p .  The h o t  m e l t s  w e r e  p o u r e d  i n t o  w a t e r  

a n d  a f t e r  c o o l i n g ,  t h e  s o l i d i f i e d  m a t e r i a l s  w e r e  c r u s h e d  t o  t h e  f i n e n e s s

m e n t i o n e d  a b o v e *

N e x t  t h e  s l a g s  w e r e  i n t i m a t e l y  m ix e d  w i t h  p o w d e r e d  e l e c t r i c  f u r n a c e  

m a t t e  c o n t a i n i n g  9 ,* 7 %  Cu a n d  1 6 , 0 #  N i .  The r a t i o  o f  s l a g  t o  m a t t e  f o l l o w e d  

t h a t  e m p l o y e d  i n  o p e r a t i n g  u n i t s ,  b u t  f o r  t h e  s t u d y  o f  t h e  e f f e c t  o f  m a t t e  

q u a n t i t y  t h e  i n v e s t i g a t i o n s  w e r e  e x t e n d e d  t o  r a t i o s  2 i l  an d  1 1 1  u s i n g  o n l y  

o n e  p a r t i c u l a r  s l a g  (N o 6 ) f o r  t h i s  p u r p o s e .  The t o t a l  w e i g h t  o f  m i x t u r e  i n

e a c h  r u n  w a s  2 0  g r a m s .

B e c a u s e  o f  t h e  p r e s e n c e  o f  m a t t e ,  p l a t i n u m  w a s  u n s u i t a b l e  f o r  

c r u c i b l e  m a t e r i a l  I n  t h e  h i g h  t e m p e r a t u r e  t e s t s .  I n s t e a d  o f  p l a t i n u m ,  

H a l d e n w a n g e r  A l s l n t  2 / A - t y p e  s i n t e r e d  a l u m i n a  c r u c i b l e s  w e r e  u s e d .  T he  

c r u c i b l e  m a t e r i a l  c o n s t i t u t e d  u n d o u b t e d l y  a  w eak  p o i n t  i n  t h e e .  I n v e s t i g a t i o n s  

s i n c e  t h e  h i g h l y  c o r r o s i v e  s l a g  a t t a c k e d  t h e  c r u c i b l e  m a t e r i a l  a n d  i n c r e a s e d  

t h e r e b y  t h e  a l u m i n a  c o n t e n t  o f  t h e  s l a g  w h i c h  r e s u l t e d  I n  a p r o p o r t i o n a l  

d e c r e a s e  o f  a l l  o t h e r  s l a g - f o r m i n g  c o n s t i t u e n t s .  A s a n a l y t i c a l  r e s u l t s  

I n d i c a t e d ,  t h e  o r i g i n a l  #  * 1 , 0 ,  t h a t  w a s  I n t e n d e d  t o  b e  k e p t  c o n s t a n t  h a .  

i n c r e a s e d  i n  som e c a s e s  o n  t h e  c o m p l e t i o n  o f  t h e  t e s t s  t o  a s  h i g h  a s  1 0  p e r  

c e n t ,  v a r y i n g  on  a n  a v e r a g e  b e t w e e n  7 an d  8  p e r  c e n t .

n »  c r u c i b l e s  w e r e  s e a t e d  I n  a  g f y h i t e  h o l d e r  w h i c h ,  i n  t u r n ,  w as

p l a c e d  o n  t h e  f i r e b r i c k  c r u c i b l e  s u p p o r t  a n d  r a i s e d  i n  t h e  h o t  t o n e  o f  t h e  

f u r n a c e  t u b e .  To m a i n t a i n  t h e  r e q u i r e d  lo w  p a r t i a l  p r e s s u r e  o f  o x y g e n  I n  

t h e  f u r n a c e  a t m o s p h e r e ,  s p e c t r o g r a p h i c  a r g o n ,  o r  a l t e r n a t e l y  n i t r o g e n  w a s  

u s e d  a s  a  p u r g e  g a s  a t  a  f l o w  r a t e  1 , 2  t o  1 , 5  l i t r e  p e r  m i n u t e .  T h e  o x y g e n  

c o n t e n t  o f  t h e s e  g a s e s  w as g u a r a n t e e d  t o  b e  1 0 '  a t m .  o r  l e s s .  I n  o n .  t e s t

s e r i e s  h y d r o g e n  w a s  a d d e d  a t  a  l o w  f l o w  r a t e  o f  2 0  t o  50  m l p e r  m i n u t e  t o

t h e  n i t r o g e n  u t r o a n / . . ,
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t h e  n i t r o g e n  n I r e a m  i n  o r d e r  t o  d e c r o a a e  t h e  o x i d a t i o n  p o t e n t i a l  o f  t h e  

f u r n a c e  g a s e s .

A f t e r  h e a t i n g  t o  ].dOO°C t h e  s l a g - m a t t e  m i x t u r e  w a s  k e p t  f o r  a  

m inim um  o f  2 h r s .  a t  t h i s  t e m p e r a t u r e .  T he  a v e r a g e  l a y e r  t h i c k n e s s  o f  t h e  

m o l t e n  s l a g  » m at lz> w a s  a b o u t  1 5  -  2 0  mm i n  t h e  c r u c i b l e .  A q u i c k  c a l  -  

c u l a t i o n  w i l l  t h o n  i n d i c a t e  t h a t  m a t t e  p a r t i c l e s  r e l e a s e a  a t  t h e  t o p  o f  t h e  

m e l t  i n  a  m inimum o f  2 h r s  r e t e n t i o n  a t  1 4 0 0 ° C  had  t o  h a v e  a  t e r m i n a l  

v e l o c i t y  o f  2 #0 / ? x * 6 0 0  -  ') l 6 x lO ~ 4 c m . s e c " 1 t o  r e a c h  t h e  b o t t o m  o f  t h e  m e l t .  

B e c a u s e  l / 5  o f  t h e  t o t a l  m e l t  v o lu m e  w a s  o c c u p i e d  b y  t h e  m a t t e , t h e  a c t u a l  

l e n g t h  o f  t r a v e l ,  r e d u c e d  t o  a b o u t  1 6  mm 1 , 6  cm a n d  t h u s  t h e  s e t t l i n g  

v e l o c i t y  2 1l x l 0 ” 4 c m . o e c " 1 . Ttie v i s c o s i t y  o f  t h e  s l a g  i n v e s t i g a t e d  v a r i e d  

f r o m  1 , 5  t o  4  p o i s e  a t  1 4 0 0 ° C w h i c h ,  on  t h e  b a s i s  o f  S t o k e s *  la w  w o u l d  s e t  

t h e  l i m i t i n g  p a r t i c l e  s i z e  a t  t h e  d e n s i t y  d i f f e r e n c e  o f  s l a g  and m a t t e  t o  

1 5  ( m a x ) m i c r o n s .

A f t e r  t h e  s t i p u l a t e d  h o l d i n g  t i m e  a t  t e m p e r a t u r e  t h e  c r u c i b l e s  w e r e  

q u i c k l y  r e m o v e d  f r o m  t h e  f u r n a c e  and  w i t h  d u e  c a r e  t a k e n  t o  a v o i d  s t i r r i n g  u p  

t h e  s e t t l e d  m a t t e  t h e y  w e r e  p l a c e d  i n  c o l d  w a t e r .  C o m p le t e  s o l i d i f i c a t i o n  o f  

t h e  m e l t s  t o o k  p l a c e  w i t h i n  s e c o n d s  a n d  t h e  m a t t e  s e p a r a t e d  c l e a r l y  f r o m  t h e  

s l a g  i n  fo r m  o f  a  b u t t  t h a t  c o u l d  e a s i l y  b e  re m o v e d  fr o m  t h e  c r a c k e d ,  g l a s s y  

s l a g  m a t r i x .  The- s l a g  w as c r u s h e d  t o  a  f i n e  p o w d e r  a n d  s u b j e c t e d  t o  XRF 

a n a l y s i s  f o r  Cu a n d  N i  c o n t e n t  w h i l e  t h e  d i v a l e n t  i r o n  c o n t e n t  w a s  d e t e r m i n e d  

a c c o r d i n g  t o  a  m e th o d  s u g g e s t e d  b y  J a c k s o n  ( 1 0 ) .  The b a s i c  p r i n c i p l e  o f  t h i s  

m e th o d  i s  t h a t  a f t e r  d i s s o l u t i o n  i n  4 #  HP a c i d  t o  w h i c h  s t a n d a r d  n / 1 0  NaVO^ 

s o l u t i o n  i s  a d d e d ,  t h e  NaVO^ o x i d i s e s  t h e  P e 2+ t o  Fe  + w h i l e  t h e  e x c e s s  

v a n a d i c  a c i d  i s  b a c k - t i t r a t e d  w i t h  s t a n d a r d  n / 1 0 0  FeSC^ s o l u t i o n .  T he  r e ­

p r o d u c i b i l i t y  a n d  a c c u r a c y  o f  t h i s  p r o c e d u r e  i s  e x c e l l e n t ,  r e s u l t s  c o u l d  b e  

r e p r o d u c e d  w i t h ,  o r  b e t t e r  t h a n  1 , 5  p e r  c e n t  r e l a t i v e  e r r o r .

I , } . /  T e s t  r e s u l t s  and  d i s c u s s i o n ^

Tmr e a s y  c o m p a r i s o n  t h e  s l a g s  w e r e  g r o u p e d  

i n  t h e  name w ay a «  i n  t h e  c o n d u c t i v i t y  and  v i s c o s i t y  t e s t s .  The r e s u l t s  

o b t a i n e d  on  t h e  d i s s o l u t i o n  o f  c o p p e r  a n d  n i c k e l  u p o n  t h e  e f f e c t  o f  t h e  

v a r i o u s  s l a g - f o r m i n g  c o n s t i t u e n t s  a r e  g i v e n  i n  f i g u r e s  1A t o  5A a n d  IB  t o  5B ,

A , s c r i e s .  O x l d i n od  _sl^tTS.,

1 . /  I n  G ro u p  I ' f i g u r e  V - l A ) t h e  c o p p e r  and  n i c k e l  s o l u b i l i t y  i n c r e a s e s  

w i t h  t h e  i n c r e a s e  o f  t h e  b a s i c i t y  r a t i o  an d  t h e  d e c r e a s e  o f  t h e  

r,102 c o n t e n t  o f  t h e  s l a g ,  B a s i c a l l y ,  t h e  i c r e a s e  o f  t h e  CaO ( a t  

c o n s t a n t  MgO) c o n t e n t  i s  i n s t r u m e n t a l  i n
s o l u b i l i t y / . * ,



?

i

7
>

O
to

o>

o
o

'3
>

(N

a

i
6*|« u( IN ,n0 l"*o •,ed

3  U

8 OM>

Si
6s

»
8 3  f f

i i
a ^
cf

1
v>

6*1* w| IN *"0 t uwe '<*d

T
>

I
IT

I !
£  £
0  z

1  g

iS

nf

irt ^

to

#

4—

r>

%

.  m

i
IM

to
o

B|S ui

n
«h
o

*1O'

5

o

e»

o
in

o  -

o
V)

$R.

?-

ar

$

$

*>

•o

ow»

«•

§

9

3

3-

s | s

1

o‘ *

«B

3 S

•t

01
•i



i

M
s  %
6  z

I ' l

la

!
CTl■

* I

l i
II
Ui o

c
8

oM) 5

IO ^
o

s

o

6 t |«  ui. !N *"3 1uea •,ed

I
&
gINv>

R “

o  -

1
>

I

I

8 Ui

I
6

i

1

V)

f i „ e  ui IN *"0 *0M ued

a

$
8

|
«

8

m

% k
k  

S



-  I l l  -

s o l u b i l i t y  o f  b o t h  m e t a l s  

2 , /  The p a t t e r n  i n  rIt-fit; o f  G rou p  I I  ( f i f i u r r  V -  2 n )  i s  s i m i l a r  t o  t h a t  

s h o w n  i n  g r a p h  V-1A b u t  t h e  a d d i t i o n  o f  I'-fiO a p p e a r s  t o  r e s u l t  i n  a n

i n c r e a s e d  l o s s  o f  n i c k e l *

) . /  m  t h e  s l a g s  i n  g r o u p  I I I  ( f i g .  V -3 A )  t h e  GaO/HgO r a t i o  i s  k e p t

c o n s t a n t  b u t  t h e  a m o u n ts  o f  e a c h  o x i d e  a r e  i n c r e a s e d *  t h e  n e t  e f f e c t  

b e i n g  a  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  l o s s  o f  b o t h  c o p p e r  a n d  n i c k e l  

a s  c o m p a r e d  w i t h  t h e  r e s u l t s  sh ow n  i n  f i g u r e s  V -1A  an d  2 A .  Com­

p a r i n g  f i g u r e s  V -2n and  sh o w s  t h a t  t h e  v i s c o s i t i e s  o f  s l a g s  i n  

G ro u p  1 ; i a r e  s l i g h t l y  l o w e r  t h a n  t h o s e  i n  g r a p h s  V - U  a n d  2A* T he  

d i f f e r e n c e s  a r e  s u c h  h o w e v e r  t h a t ,  a s  w i l l  b e  sh o w n  s u b s e q u e n t l y ,  i t  

i s  d i f f i c u l t  t o  a c c e p t  t h a t  t  i s  t h e  o n l y  f a c t o r  r e s p o n s i b l e  f o r  

t h e  r e d u c e d  l o s s e s  o f  Cu an d  M , an d  i n t e r f a c i a l  t e n s i o n  f a c t o r s

may a l s o  p l a y  a  p a r t .

4 . /  i n c r e a s e  i n  t h e  i r o n  c o n t e n t  o f  t h e  s l a g s  a s  i n  G rou p  IV ( f i g u r e

V - 4 A )  G i v e s  l o s s e s  o f  c o p p e r  an d  n i c k e l  c o m p a r a b l e  w i t h  t h o s e  

a l r e a d y  f o u n d  f o r  G r o u p s  I  and  I I  ( f i g s  1A a n d  2 A ) .  I n  s l a g s  i n  

G rou p  V ( f i g u r e  7 - 5 * 0  a n  i n c r e a s e  i n  t h e  i r o n  c o n t e n t  a p p e a r s  t o  

r e r u l t  i n  r a t h e r  l o w e r  l o s s e s  o f  c o p p e r  and  n i c k e l  g i v i n g  v a l u e s  

s i m i l a r  t o  t h o s e  i n  G rou p  I I I  ( f i g -  V - J A . )

.  a c c u n t  o f  t h e  r e d u c e d  p a r t i a l  p r e s s u r e  o f  o x y g e n  i n  t h e  f u m a o e  a t m o -  

ip h e r o  t h e  f e r r o u s  o x i d e  c o n t e n t  o f  t h e  s l a g  i s  a r o u n d  9K- w i t h  o o o a s l o n a  

I r o p s  t o  n e - 9 0 , .  c o n s e q u e n t l y ,  t h e  u s e  o f  s l a g s  o f  r a t h e r  h i g h  t r l v a l e n t

,r o n  • - t e n t s  w a s  n o t  d o n e  w i t h  t h e  a im  t o  s i m u l a t e  c o n d i t i o n s  p r e v a i l i n g

r  e l e c t r i c  f u r n a c e .  The p u r p o s e  w a s  r a t h e r  t o  i n d i c a t e  t h e  g e n e r a l

% r r r c h Z T l t n % u o n  * .  S l a g  c o n s t i t u e n t ,  u ^ n  m e t a l

L l g - e .  m i .  o b s e r v a t i o n  o f  c o n s i d e r a b l e  s i (!n i f i c a „ c e  t o  t h e  p r e s e n t  

s t u d y  b o c a i . ’r.' o f  t h e  I n c r e a s e  o f  * ^ 0 ,  c o n t e n t s  o f  t h e  s l a g s  d u e  t o  d l s  -  

s o l u t i o n  o f  th e  c r u c i b l e  m a t e r i a l .
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T h e s t r i k i n g  f e a t u r e  o f  t h e  r e s u l t s  i s  t h e  i n c r e a s e d  l o s s  o f  t h e  

m e t a l s  a s  co m p a r e d  x l t h  t h e i r  a c t u a l  d i s s o l u t i o n  i n  w o r k in g  s l a g s  i n  t h e  

p l a n t ,  a n d  t h e  r a t e  o f  i n c r e a s e  o f  t h e  m e t a l  l o s s  w i t h  a  r e l a t i v e l y  s m a l l  

c h a n g e  i n  l i n e  an d  m a g n e s ia  c o n t e n t s  o f  t h e  s y n t h e t i c  s l a g s .  T h is  a p p l i e s  

t o  a  c e r t a i n  d e g r e e  a l s o  t o  t h e  e f f e c t  o f  tn e  c h a n g e  o f  t h e  i r o n  c o n t e n t .  

H o w e v e r , l i t e r a t u r e  d a t a  on  t h e  e f f e c t  o f  s l a g  c o m p o s i t io n  u p on  I«i l o s s e s  i n  

t h e  s l a g  se e m  t o  s u b s t a n t i a t e  t h e s e  f i n d i n g s .  In  t h e  w ork  c o n d u c t e d  b y  

V o l s k i y  e t  a l »  ( I I )  o n  s i m i l a r  q u in n a r y  s y s t e m s  a  s l a g  c o n t a i n i n g  o r i g i n a l l y  

4 0 , 0 ^  S lO g ,  1 5 * 6 , .  KcG, 2 6 , Car  w as u s e d .  An i n c r e a s e  o f  t h e  CaO c o n t e n t  

t o  an d  t h e  d e c r e a s e  o f  t h e  FeO t o  1 2 - 1 5a r e d u c e d  t h e  n i c k e l  l o s s e s  fr o m  

0 , 2  t o  0 , 0 3 /j ,  A c o m b in e d  e f f e c t  o f  b a s i c i t y  and FeO w as d e m o n s t r a t e d  b y  

r e d u c i n g  t h e  CaO t o  2 0 /  w i t h  t h e  i n c r e a s e  o f  b iO g t o  45,-' o r ,  r e n u c i n g  t h e  

S iO g  t o  58,.' a n d  i n c r e a s i n g  t h e  FeO a b o v e  1 6 ^ . The r e s u l t  w a s a r  i n c r e a s e  

o f  n i c k e l  l o s s e s  t o  t h e  s l a g  fro m  0 , 2  t o  0 ,3 5 - 0 ,5 0 ' / - ' .  The m o st f a v o u r a b l e  

s l a g  c o m p o s i t i o n  w as fo u n d  t o  b e :  4 1 - 4 5 /  S iO g , 15-15'/"  F eO , ? b -2 8 &  CaO,

8 - 10a- KgO and 5 -6 '/  A lgOy
I t  h a s  t o  b e  p o i n t e d  o u t  t h a t ,  a l t h o u g h  t h e  t r e n d  o f  m e t a l  l o s s e s

w i t h  t h e  c h a n g e  o f  t h e  v a r l o u e  e l a g - f o m l n g  c o n s t i t u e n t ,  c o m p a r e , w e l l  w i t h  

t h a t  e s t a b l i s h e d  i n  t h e  p r e s e n t  s t u d y ,  a  q u a n t i t a t i v e  c o m p a r is o n  i s  h a m p ered  

b y  t h e  l a c k  o f  c e r t a i n  i n f o r m a t i o n s  i n  t h e  im n s ia n  p a p e r ,  s u c h  a s  t y p e  o f  

a t m o s p h e r e  a b o v e  t h e  s l a g ,  t e s t  d u r a t i o n ,  o x i d a t i o n  g r a d e  o f  s l a g ,  e t c .

■ liia t t h e  s i g n i f i c a n t  i n c r e a s e  i n  m e t a l  d i s s o l u t i o n  i s  i n  n o  w ay  

t h e  r e s u l t  o f  v i s c o s i t y  e f f e c t s  o n l y ,  b e c o m e s  im m e d ia t e ly  a p p a r e n t  w h en  t h e  

c h a n g e  i n  l o s s  v a l u e s  i s  p l o t t e d  t o g e t h e r  w i t h  t h e  v i s c o s i t i e s  o n  t h e  sam e  

g r a p h  a .  f u n c t i o n s  o f  t h e  s l a g  c o m p o s i t i o n ,  ( f i g u r e s  V -6  an d  7 . ) .  T h e s e  

g r a p h s  c l e a r l y  I n d i c a t e  t h a t  w h i l e  t h e  l o s s  o f  c o p p e r  an d  n i c k e l  i n c r e a s e s  

w i t h  t h e  i n c r e a s e  o f  t h e  r e l e v a n t  s l a g - f o r m i n g  c o n s t i t u e n t s  i n  a l l  f i v e  s l a g  

g r o u p s ,  t h e  v i s c o s i t y  f o l l o w s  a lw a y s  t h e  o p p o s i t e  t r e n d .  I t  i s  t h e r e f o r e  

o b v i o u s  t h a t  t h e  r i s e  i n  m e t a l  l o s s e s  i s  n o t  d u e  p r i m a r i l y  t o  p h y s i c a l  

r e a s o n s  i . e .  -  e n tr a p m e n t  o f  m a t t e  p a r t i c l e s  b r o u g h t  a b o u t  b y  v i s c o s i t y

e f f e c t s .
,  * *

B s e r i e s . aehaviour of s la g ,  of

T e s t  s e r i e s  ? an d  5 ,  c a l l e d  t o g e t h e r  B s e r i e s ,  w e r e  p e r fo r m e d  w i t h  

a  w ie w  t o  s i m u l a t e  c o n d i t i o n ,  so m ew h a t c l o s e r  t o  t h o s e  e x i s t i n g  i n  o p e r a t i n g  

f u r n a c e s  w i t h  lo w  p a r t i a l  p r e s s u r e  o f  o x y g e n  i n  t h e  g e e  p h a s e  a b o v e  t h e  me . 

a s  t h e  t e s t  r e s u l t s  h a v e  sh o w n , t h e r e  w a s ,  a p a r t  fr o m  a  f e w  c a s e s ,  v e r y  l i t t l e  

d i f f e r e n c e  i n  t h e  e x t e n t  o f  c o p p e r  an d  n i c k e l  l o s s e s  i n  t h e  tw o  s e r i e s .  T h u s  

t h e  a d d i t i o n  o f  m e t a l l i c  i r o n  t o  t h e  c h a r g e  i n  o r d e r  t o  r  s t a t e / . . .
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ox idation  s ta te  o f the s lag  became e ffe c tiv e  only in  the ' i t  probably lead 
to  some m agnetite form ation in stead  of the pure d ivalen t oxide.

The r e s u l ts  a re  presented in  f ig u res  IB to 5B in  the order o f the 
f iv e  s la g  groups, A comparison with the A se r ie s  reveals a c lose  s im ila r ity  
between the e f f e c ts  o f the various compounds upon the Cu and Ni lo sse s  in  
both types of s la g . However i t  appears th a t w ith diminished ox idation  po -  
t e n t i a l  the change of metal so lu b ili ty  w ith the change of the concen tra tion  
of the  components becomes considerably le s s  n o ticeab le , A fu r th e r  d iffe rence  
i s  in  the reversed  ro le  of CaO and MgO (f ig u re s  V-2A and 2B)t as in  the reduced 
s lag s  MgO appears to  be the more e ffe c tiv e  in increasing  metal lo sse s  when 
the to ta l  iron  conten t i s  kept constant in  both cases.

S lag Groups IV and V in  both s e r ie s  would Ind ica te  th a t the increase  
o f the  to ta l  iro n  con ten t would encourage metal d isso lu tio n  d esp ite  the 
decrease in  b a s ic i ty  r a t io s ,  CaO and MgO co n ten ts , the MgO being more 
e f fe c tiv e  in  suppressing  the a c t iv i ty  o f the FeO, A s t r ik in g  fe a tu re  in  s la g  
Group V i s  th a t  ir re sp e c tiv e  of the oxidation  grade of the s la g , in  case of 
h igh ( 26% ) to ta l  iro n  contents the m etal lo ss  drops very sharp ly  (f ig u re s  
V-5A and 5B). Some decrease in  Cu and Ni s o lu b il i ty  could of course be 
expected by v ir tu e  o f the drop in  b a s ic i ty  r a t io s  and MgO con ten ts in  con -  
form ity  w ith the behaviour seen in  s la g  Group I I .  N evertheless the p a rt 
played by the increased  FeO content could not be overlooked and w ill  be

discussed  l a t e r .

The Fe2+ conten t o f the f in a l  s lag s w ith the exception o f two oases 

was h igher than 85 per cent in  these t e s t  s e r ie s .  G enerally , h igher iron  
con ten ts were a sso c ia ted  w ith decreasing Fe */?* * r a t io s .  Thus in  slags 
10 12 (20* to ta l  iron  a ,  Fe) the F .2+ oontent « a , 78 and 75* re sp e c tiv e ly ,

w here., in  . l a g  No-15 (26* to ta l  iron) the value dropped to  65*

On the o th e r  hand, the in o rea .e  o f the  d iv a len t iro n  oontent up to

a .  h igh a .  100* in  alage 9 and 11 fa i le d  to  b rin g  the m etal v a lu e , in
sy n th e tic  elaga anywhere c lo e . to the lev e l p rev a ilin g  in  working e le o tr io
furnace e la g e . On an average the labo ra to ry  t e e t .  ind ica ted  about 30 per 
cen t h igher m e ta llic  lo ao e . than th .ee  obe.rved in  p ra c tic a l  p la n t o pera tion ,

* * * *
The r e s u l ts  obtained on copper-nickel s o lu b i l i t ie s  w ith slag s of 

high orygen p o te n tia l  in  te a t  e . r i . e  A would corre.pond by and la rg e  w ith 
thoee , one could expect in  commercial re v e rb e ra to r , . l a g .  under o x id i.in g

c o n d itio n .. Altman and Kellogg (1) have found th a t the ox idation  . t a t .  of
the s la g  i n / •*«



F ig u re  V -8

SOLUBILITY OF Mi IN FAY All IE SLAGS AS A FUNCTION OF THE ACTIVITY OF NIO

1 ;)  Nagaeor!, 1300°C, Fe/SiOg eenaU nt, (1,51, 1}97 )

2 .)  Santander- Toguri, 1350°C, Fe/SiO^ variab le
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th e  s l a g  in  copper s m e l t in g  i s  much c lo s e r  to  m ag n e t i te  than to  i ro n  

s a tu r a t i o n #  T h e re fo re  i t  i s  u s e f u l  to  know the  a c t i v i t y  o f  m ag n e t i te  and 

i t s  p o s s ib l e  e f f e c t s  in  the  system# Experiment conducted by th e s e  a u th o r s  

showed t h a t  p r im ary  m ag n e t i te  c r y s t a l s  can c o n ta in  s i g n i f i c a n t  q u a n t i t i e s  o f  

d i s s o lv e d  c o p p e r .  P e r t a in in g  to  the  e f f e c t  o f  m ag n e t ite  on th e  d i s s o l u t i o n  

o f  n i c k e l  in  f a y a l i t c - t y p e  s l a g s  Nagamori (? )  has e s t a b l i s h e d  t h a t  the

s o l u b i l i t y  o f  n i c k e l  i s  v e ry  s e n s i t i v e  to  the  m ag n e t ite  c o n te n t  o f  the  s l a g .

While f o r  example th e  m ag n e t i te  c o n te n t  in c re a s e d  from 6 ,8  to  1 2 ,9  p e r  c e n t ,  

th e  n i c k e l  c o n te n t  in c re a s e d  a lm ost ten  times from 0 ,4 5  to  5*97 Pe r  c e n t* 0n 
th e  o th e r  hand th e  s o l u b i l i t y  o f  NiO in  the  s l a g  depends bo th  on th e  s i l i c a

and m a g n e t i te  c o n te n t s .

The s o l u b i l i t y  o f  n ic k e l  in  s i l i c a - s a t u r a t e d  f a y a l i t e  s l a g s  was 

measured by S a n ta n d e r  and Toguri (12) in  experim ents  conducted a t  1250 and

1550°C. For th e  r e l a t i o n s h i p  between Ni s o l u b i l i t y  and a c t i v i t y  they

fo rm u la ted  th e  fo l lo w in g  e x p re s s io n :

jSKi -  9 ,6  4 * 0  1 ' /

A. a good a p p ro x im a tio n  th e  e q u a t io n  can a l e c  be need f o r  e l l l o a  uneaturated
elaga. From d e t a i l e d  in v e e t l g a t i o n s  r e l a t e d  to 1200 and 1J00 0 Nagamori

a r r i v e d  a t  th e  form ula

*Ni .  a Ni0 [ (5 5 ,6  -  10 ,0  F e /S i0 2 ) + ( - 2 o ,9  + 18,0 F e /S i0 2 ) t  +

+ ajji 0 (-571*6 + 204,0 F e /S i0 2 )+ (556 ,8  -  204 ,0  F e /S i0 2 ) t J

h e re  t  -  (T0 (K)-1475)/lOO and 1 ,4  < Fe/SiOg < 2 , 1  2

Fe/SiO -  r a t i o  o f  the  two components i n  the  s l a g .

A. c a l c u l a t i o n e  i n d i c a t e d ,  th e  s o l u b i l i t y  becomes l e e s  and U s e  dependent on

T z:7 :::r^T ::;L -‘:iZ L :zrr r

b y  H u d d l e ,  T a y i c r  n n d  H a t e e ^  ^  ^  +  2 P e 0  , . /

Cu + (Fe)5*^r(Fe)?t + (Cu)+ * • /

2 Ou + 4 o2 cu2o 5 - /
Fe20 ,  " ^ 1  if 0 2 + 2 FeO
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do n o t  Bland f o r  the  mecban 1 Bin f o r  copper d ia c o lu t io n  bu t i n d i c a t e  th e  

o x i d a t i o n  o f  Cu w ith  f e r r i c  oxide {supplying the  necceyary  oxygen. T here ­

fo r e  th e y  r e p r e s e n t  the  o x id a t io n  o f  cupper p r i o r  to  d i s s o l u t i o n .

T he e f f e c t  o f  t h e  s i l i c a  a n d  n v g n o t i t e  c o n t e n t s  o f  a  f a y a l i t e  s l a g  

o n  t h e  c o p p e r  a n d  n i c k e l  l o s s e s  a r e  show n i n  f i g u r e s  V -9  an d  1 0 ,  T he d a t a  

w e r e  o b t a i n e d  fr o m  t h e  w ork  o f  N a g a m o r i b a s e d  on  th e  s o l u b i l i t y  l i m i t s  a n d  

'h e  a c t i v i t i e s  o f  Fed  a n d  F e ^  o f  K o r a k a s  ( 1 5 ) ,  e x t r a p o l a t e d  t o  h i g h e r  S iO g  

and  l o w e r  NiO c o n t e n t s  i n  c o n f o r m i t y  w i t h  t h e  c o n c e n t r a t i o n  r a n g e s  h a n d le d  i n  

th e  p r e s e n t  s t u d y .  T he co m b in e d  e f f e c t  o f  S iO g  an d  m a g n e t i t e  o n  m e t a l  l o s s e s  

i s  o b v i o u s  fr o m  t h e  g r a p h s .  T a k in g  f o r  e x a m p le  t h e  0 , 1 #  NiO l e v e l  i n  t h e  s l a g  

( g r a p h  V - 9 )  t h e  i n c r e a s e  i n  S iO g  s a y  up  t o  3b p e r  c e n t  w i l l  n o t  a f f e c t  t h e  

n i c k e l  d i s s o l u t i o n  a s  l o n g  a s  t h e  m a g n e t i t e  c o n t e n t  r e m a in s  u n c h a n g e d . I f  a t  

t h e  3 5 #  S iO  l e v e l  t h e  m a g n e t i t e  c o n t e n t  w e r e  i n c r e a s e d  fr o m  1 2  t o  s a y  2 0  p e r  

c e n t ,  t h i s  w o u ld  r a i s e  t h e  n i c k e l  c o n t e n t  o f  t h e  s l a g  f io m  0 , 1 #  t o  2 # .  T hus  

t h e  e f f e c t  o f  t h e  s i l i c a  o n  b o t h  c o p p e r  an d  n i c k e l  l o s s e s  c ^ n  b e  c o r r e c t l y  

d e f i n e d  o n l y  w h en  t h e  a c t i v i t y  o f  m a g n e t i t e  i s  s p e c i f i e d .

The g r a p h s  r e l a t e  t o  f a y a l i t e  s l a g s  a n d , t h e r e f o r e ,  t o  c o n d i t i o n s  

w h e r e  t h e  p r e s e n c e  o f  o t h e r  s l a g - f o r m i n g  c o n s t i t u e n t s ,  l i k e  CaO, MgO a n d  A lg O j  

d o  n o t  e x e r t  a n y  i n f l u e n c e  o n  t h e  m e t a l  l o s s e s .  I n  t h i s  w ay t h e y  d o  n o t  

f u l l y  r e p r e s e n t  r e l a t i o n s h i p s  p r e v a i l i n g  i n  e l e c t r i c  f u r n a c e  s l a g s .  When 

i n v e s t i g a t i n g  t h e  d i s s o l u t i o n  o f  c o p p e r  i n  f a y a l i t e  s l a g s  f o r  a  g i v e n  m a t t e  

g r a d e  N a g a m o r i h a s  fo u n d  t h a t  t h e  e x p e r im e n t a l  d a t a  w e r e  a b o u t  2 , 5  t i m e s  

h i g h e r  th a n  t h o s e  f o r  c o m m e r c ia l  s l a g s  u n d e r  o x i d i s i n g  c o n d i t i o n s .
N ev erth e le ss .th e  graphs give an in d ica tio n  bolhon a q u a li ta t iv e  and -

g o v e r n i n g  m e t a l  d i s s o l u t i o n .

A l t h o u g h ,  d u o  t o  th o  r e l a t i v e  c o n s t a n c y  o f  t h e  g r a d e  o f  m a t t .

m am
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the r e a c t i o n  Vei)  ̂ 5 Fe^O 10 FeO i i',0? 7 . /

The m a tte  g rade  in o re a se n  nu the  a c t i v i t y  o f  the  m agnetite  d e c re a se s  in

a c c o rd  w ith  huddle  and co -w orkers .  The s o l u b i l i t y  o f  copper as a  fu n c t io n  

o f  m a tte  g rad e  and oxygen c o n te n t  o f  m atte  a f t e r  S p ira  and Themelis i s  

g iv en  in  f i g .  V - l1 , High oxygen p re s s u re s  th e re fo re  a r e  n o t  conducive to  

r e d u c in g  th e  e q u i l ib r iu m  copper c o n ten t  o f  the s l a g  and th ese  oxygen 

p r e s s u r e s  le a d  to  th e  break-down o f  m atte  phase t h a t  i s  to  the  p rev a len ce  

o f  n o n - e q u i l ib r iu m  c o n d i t i o n s .  From an e q u i l ib r iu m  p o in t  o f  view th e  h ig h e r  

th e  g rade  o f  m a tte  to  be sm elted  the low er the  oxygen p a r t i a l  p re s s u re  shou ld  

be to  p re v e n t  a  break-down o f  m atte  and , co nsequen tly , the  o ccu rren ce  o f  h ig h  

m e ta l  l o s s e s .  In  t h i s  c o n te x t  r e le v a n t  to  the p re s e n t  s tu d y  i s  th e  work o f  

Brown and a s s o c i a t e s  (1 4 , 15) in  s la g -m a t te  r e l a t i o n s h i p ,  a l th o u g h  t h e i r  
i n v e s t i g a t i o n s  were concerned a l s o  w ith  s i l i c a - s a t u r a t e d  i ro n  s i l i c a t e  s la g s  

r e s u l t i n g  from c o n v e r te r  o p e r a t io n .  I t  was found t h a t  f o r  any p a r t i c u l a r  

m a tte  g rade  t h e r e  was an oxygen p a r t i a l  p re s su re  below which the  m atte  was 

. t a b le  b u t  above which the  m atte  broke down with the  evolu tion  o f  sulphur 
d io x id e  and th e  p r e c i p i t a t i o n  o f  a s u lp h u r - r i c h  phase . The r e s u l ts  a re  
summarised in  f i g u r e  V-12 i n d i c a t i n g  the  minimum oxygen p re s su re  f o r  any 

m a tte  g rade  needed f o r  co n v ers io n  to  take  p la c e .

In  c a se  o f  copper s m e l t in g ,  v i t h  h ig h  g rade  m a tte s  th e  Cu content o f

: = = —  

- - - r r r . ^ r „ . . . . .  - /

„ .  — ^  ~ r -

o r  ( #  Cu) -  ( 0 ,6 9 *  S) a ^ S  10• /

The su lp h u r  c o n t e n t / . . .
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The tnilphur content of commercial revcrht-ratory as a function of matte
grade from the data  of variour p la n t» representing low-grade matte i s  shown 
in  f ig u re  V-15« 'I'ho equation of the curve may be expressed fo r  the sulphur 

con ten t o f reverb s lag s  as

= 2 ,2  -  5.75X + 1,2^X2 11 * /

The oxide s o lu b i l i ty  o f cupper based on the re s u l ts  of Huddle e t  a l .  (2) and

Altman e t  a l .  ( l )  i s  g iven  by
(* Cu) -  a 1 2 ' /

^ 0 ,5

With these equations fo r  any p a r t ic u la r  matte the copper loss can be
estim ated  as i t  i s  given in  figure  V-IJ, where the to ta l  d issolved copper i s

the sum of su lp h id ic  and oxidic d isso lu tions

(% Cut o t ) - W Cu)s + (56 Cu)ox 1 5 . /

Involved in  th i s  l in e  of thinking 1= the p .e c t ic a l  observation th a t  the 
magnetite content in  commercial rev e rb e ra to r/  slags does not exceed 5 to  
per cen t .  In e l e c t r i c  furnace s lags the magnetite lev e l  i s  ^ e n  lo v e r .  
Since by the ox id ic -eu lph id ic  d isso lu tion  concept of Kagamori hal of h .  
copper d isso lved  in the s lag  from lower grade mattes i s  due to  sulphiiillllB:
most important f a c to r  governing the metal lo sse s .

FeS 4 3 Fe)04 -  10 FG° + S°2

K1 -  (a>'eO * pS02^ ftFeS*

Fe 3 FeO + * °2

Kg " (4eO  ,p02)/ (aFe504 )

I I



!

i

Figure V -16.

PARTIAL PRESSURE o r  S0o DUE TO SLAG -  MATTE REACTION AS A 
FUNCTION OF MATTE GRADt

CN

8 1

a

6 *

Copper In m i i *  W '  eent

1
11
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g iv en  a s  shown i n  f ig u r e  V-16 f o r  m atte  g rades  from 0 to  20$ Cu a t  1400 C, 

These a r c  ve ry  low v a lu e s  i n d i c a t i n g  t h a t  the  su lp h u r  c o n te n t  o f  the  fu rn ace  

ga se s  i s  in  no way the  r e s u l t  o f  s la g -m a t te  r e a c t i o n s .  R a th e r ,  the  Pa r ^

o f  th e  t o t a l  p re s s u re  o f  the  gases  ( th e s e  reach  on an average  2 to  4 per cen^) 

i s  due to  the  o x id a t io n  o f  c o n c e n tra te  above the  molten s la g - m a t te  b a th .

As Nagamori h im s e lf  n o te d ,  th e  d i s t i n c t i o n  between s u lp h id ic  and 

o x id ic  m eta l d i s s o l u t i o n  i s  on ly  im aginary  because the  copper in  the  s l a g  i s  

assumed to  be in  the  form o f  copper io n s  in  bo th  c a s e s .  The concep t was 

in t ro d u c e d  s o l e l y  w ith  th e  aim to  f a c i l i t a t e  the  u n d e rs tan d in g  o f  m eta l l o s s e s  

to  the s l a g .  A s i m i l a r  concep t was advanced by Sehnalek and Im r is  (b )  who, 
however, made a t r u e  d i s t i n c t i o n  between s u lp h id ic  and o x id ic  l o s s e s  and

d e r iv e d  the  e x p re s s io n

W W io s .  -  4 (% s > A l  -  * < v ) + B% s )J 1 4 ,/

whore Cu-5 stands fo r  the copper tenor o f the matte and A -  0 ,0 .6  and B -  

0,5566 a t  1400°c. The f i r s t  term of the expression rep resen ts copper lo sse s  
a r is in g  from Cu.S s o lu b i l i ty  which, a t  constant tem perature and s i l i c a  
s a tu ra tio n  i s  only a function  of matte grade and FeO a c t iv i ty  in  the s la g .
The second term  rep resen ts Cu lo s t  to  the s lag  due to  CUjS d is so lu tio n  which, 

under given co n d itio n s , depends on the matte grade only . The idea  of 
sim ultaneous d isso lu tio n  as sulphide and oxide became strong ly  debated and 
as a  modified expression suggested by Da. uy (19) could probably be regarded 
as a more g e n e r a l  approach based on one and no t two separate  sp e c ie s , th a t  
i s  e i th e r  Cu,0 or Cu.S. Then with the equ ilib rium  constan ts o f the re a c t io n .

c

and

CuO + FeS
CUgO-

CUgS + FeO 
2(Cu+) + (02~)

1 5 ./
1 6 . /

K1 -
aFeO* a Cu?S 

a Cu2°*aFeS

1 7 ./

» L + • V - 1 8 ./
K2 e aCUgO

where aCu20 " K2($Cu)2 1 9 ./

per c e n t copper in  the s l a g  i s  / ^

(*°u )ei  -  ^ l - V -
2 0 ./

and A
f aFeO . J L

■ V “  K2
2 1 ,/

#9 a  4 a  /  .
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With the d a t a  su p p l ie d  by hehnalek  and Iraris  the  copper d i s s o l u t i o n  a t  th re e  

d i i ' l 'e r e n t  te m p e ra tu re s  war. c a l c u l a t e d  as shown in  graph V-17« The d i f f e r e n c e  

between th e  r e s u l t s  o b ta in e d  by e x p re s s io n s  V-14 and V-20 i s  n o t  s i g n i f i c a n t .

A com parison  o f  f i g u r e  V-17 (cqu 2o) w ith  f ig u r e  V-1J ( e q u a t io n  12 

o f  Nagamori) r e v e a l s  a  ve ry  good agreement between the  two s e t s  o f  r e s u l t s .

For example i n  case  o f  m atte  grade produced a t  KIM w ith  copper c o n te n t  o f  9 

to  11 p e r  c e n t  the  e s t im a te d  copper lo s s e s  a t  1500°C would be 0 ,1 4  -  0*16 

and 0 ,1 2  - 0 ,1 4  p e r  c en t  r e s p e c t i v e l y .

The a c t iv it y  o f l-'e() in  s ilic a -sa tu r a te d  fa y a lite  s lags was found as 

a , -  0 ,5 9  by Tttguri and Santander (5.'- With th is  the a c t iv ity  o f CuO and
thn°copper d is so lu tio n  could be calcu lated  fo r  various matte grades as shown 

by the dotted  lin o  in f ig .  V-15, Under the operating conditions o f the 
reference e le c t r ic  furnaces with the high 4 0 - 4 #  SiOj contents o f the s la g s ,  

the produced s la g s  are probably c lo se  to s i l i c a  saturation  while the 
m agnetite content i s  apparently lower than that required for magnetite 
sa tu ra tio n . Therefore the r e su lts  o f  in v estig a tio n  or. s i l i c a  and magnetite -  
saturated converter s lags cannot be applied to them without duo regard to the 

e f fe c t  o f  the s izea b le  q u a n tities  o f other Important slag-form ing con -  
s t itu e n ts  l ik e  Cat, and MgC. N evertheless, with regard to copper lo s s e s  the 
in d ica tio n  i s  that the copper lo s s e s  estim ated by the method o f  Santander and 

Togurl would represent by and large average lo s s e s  in  the e le c t r ic  furnace 
Slags at M .  On the other hand, the r e su lts  o f  the s o lu b il i ty  t e s t ,  per -  

formed witn s la g s  o f high oxygen p oten tia l would correspond to hose that

r : : „  -

to  en ira in iL en t  l o s s e s .

W ith reg a rd  to  r e v e r b e r a to r y  sm e l t in g  i t  was a l s o  found t h a t  in  a

c o n te n t  0 ,0 0  to 0 , 24* M  lo s s e s  to  the  s l a g  a t  v a r io u s  s l a g  co m p o s i t io n s .
m i . # a  1 A B n  n v  /  .  .  .
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The I oi' l; by chorr.ioal d i s s o lu t i o n  was e s tiam tod  ao 50 to  50 ^  o f  the  t o t a l ,  

lit c a se  o f  lowar grade* m a t te s , however, i t  w i l l  have to  be p o in te d  

o u t  h e re  t h a t  the  r e l a t i o n s h i p s  d e r iv ed  from o p e ra t in g  p r a c t i c e  do n o t  

n e c e s s a r i l y  fo l lo w  those o u t l in e d  above on the b a s i s  o f  t h e o r e t i c a l  

c o n s i d e r a t i o n s .  Thus f o r  example when p r a c t i c a l  r e s u l t s  o f  the  e q u i l ib r iu m  

o f  th e  le w rr  g rade  m a tte s  and s la g s  were examined i t  was found t h a t  no 

s im p le  r e l a t i o n s h i p  e x is t e d  between the copper t e n o r  oi h s l a g  and the  

g rad e  o f  the  m a tte  w ith  which i t  was in  c o n ta c t ,  (2 2 ) ,

2 , /  f l a g  compos i t i o n  and s la g -m a t te  s e p a r a t io n .

P r a c t i c a l l y , the  com position  o f  the  c o n v e r te r  s l a g  has a im p o r tan t  

b e a r in g  or th e  e l e c t r i c  fu rnace  s l a g .  From the  c o n v e r te r  the r . a g  i s  

r e tu r n e d  m o lt e n  to  the  e l e c t r i c  fu rnace  and jo in s  the  s la g s  xarmed by d i r e c t  

s m e l t in g .  The fe rrou t ,  oxide o r i g i n a t i n g  from c o n v e r te r  s la g s  i s  n e c e s sa ry  

f o r  s u i t a b l e  f i n a l  s l a g  c o n d i t io n in g .  Experience a t  R u s ten tu rg  has  in d ic a te d  

t h a t  the  m inim um  o f  f e r ro u s  ox ide  t h a t  can be co n s id e red  f o r  s u c c e s s f u l  

fu rn a c e  o p e r a t io n ,  i . e .  good s la g -m a t te  s e p a r a t io n ,  should  be ab o u t 11 to  12 

pe r  c e n t .  ( 2 5 ) .  Th is  may p a r t l y  be due to  the f a c t s  t h a t  1 . /  w ith  th e  

d e c re a se  o f  th e  FeO c o n ten t  th e  l iq u id u s  tem peratu re  o f  the  s i  * becomes 

more s e n s i t i v e  to  changes in  tem pera tu re  (see  S e c t io n  II) and 2./ the 
v i s c o s i t i e s  become more tem pera tu re  s e n s i t i v e ,  (ibid.). The results obtained 
in  th e  p r e s e n t  work in d ic a te  t h a t  the in c o rp o ra t io n  o f  f e r r o u s  ox id e  from 

c o n v e r te r  s l a g ,  t h a t  i s  the  in c re a s e  of FeO. makes the slag mor. tolerant to
com posit ion  and tem pera tu re  changes.

L abo ra to ry  t e s t  w o r k r e s u l t s  and d i s c u s s io n .

On a c c o u n t  o f  the c o n s id e ra b le  p r a c t i c a l  Im p l ic a t io n s  o f  e f f . c t l , .

a l t e r  the  b a s i c i t y  r a t i o .

Th . mode o f  e W  p re p a ra t io n  was I d e n t i c a l  to d e e e r lb e d

,  10 1 . H c a t ln ,  o f  the m ix tu res  was e f f e c t e d  In  the  came v e r t i c a l  tube
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f u r n a c e  f o r  a  d u ra t io n  o f  minimum 2 hours  a t  a tem peratu re  o f  1400 C« A f te r  

th e  c o m p le tio n  o f  the rune the  c r u c ib le s  were p laced  in  c o ld  w a te r  and the  

sampler, sh o ck -co o le d ,  then  d r ie d  and t h e i r  weight loos  re c o rd ed .  F in a l ly  

th e  m a tte  b u t t s  formed in  the  process were c a r e f u l l y  s ep a ra ted  from the  

c rack ed  s i a g  m a tr ix  and weighed. Due to  the g e n e ra l  c h a r a c te r  and aim o f  

t h e s e  i n v e s t i g a t i o n s  the w eights  were recorded  on ly  f o r  two d i g i t s  a f t e r  

th e  decim al p o i n t ,  Lilag com positions and t e n t  r e s u l t s  a re  compiled in  

T ab le  V -  1 .  The w eigh t o f  m atte  b u t t  he re  r e f e r s  only to  t h a t  r e p r e s e n t in g  

th e  c o a le s c e d  m atte  found in  the  bottom o f  the  s o l i d i f i e d  m elt a s  a  

d i s t i n c t l y  s e p a r a t e , co a le sced  phase, w hile  the  r e s t  o f  th e  m atte  remained 

d i s p e r s e d  in  the  s l a g  in  w e l l - n o t ic e a b le  sm a l le r  g lobu les  which w erehard to  

s e p a r a t e  from the m a tr ix .  From the r e s u l t s  i t  would appear t h a t  a t  the 

b a s i c i t y  r a t i o s  i n v e s t i g a t e d ,  even a t  low FeO c o n ten ts  c l e a r  s e p a r a t io n  

between s l a g  and maUc o c cu r red ,  but p a r t  o f  the  m atte ,  about l /5»  remained 

d i s p e r s e d  o r  suspended w ith o u t  c o a le s c in g  in th e  s la g .  Above 9 per c e n t  FeO 

c o n te n t  th e  s e p a r a t io n  o f  the  two phases r a p id ly  Improved. The w eigh t l o s s  

o f  th e  sam ples in c r e a  :ed w ith  the in c re a s e  o f  th e  FeO c o n te n t .

These r e s u l t s  would in d ic a te  t h a t  the r o l e  o f  th e  i ro n  ox ide  in  

c a u s in g  d i f f i c u l t i e s  in  phase s e p a ra t io n  i s  supported  by an o t h e r ,  p ro b ab ly  

e q u a l ly  im p o r ta n t  f a c t o r  in  case  o f  the  p a r t i c u l a r  s la g s  concerned , namely 

by th e  b a s i c i t y  r a t i o .  The in d ic a t io n  i s  t h a t  even w ith  FeO c o n te n t s  in  th e  

s l a g  t h a t  cou ld  be reg a rd ed  normal from a fu rnace  o p e ra t io n  p o in t  o f  v iew , 

h ig h  b a s i c i t y  r a t i o s  w ith  in c reased  CaO and MgO va lues  could  l e a d  to  c o n d i t io n s  

a t  which no s e p a r a t io n  o f  the  m atte from the  s l a g  would o c c u r .  The re a so n  

f o r  t h i s  i s  most l i k e l y  the  r i s e  in  s l a g  v i s c o s i t y  and l lq u ld u s  t e m p . r a .u r .mm#
u la g  -  m a tte  s e p a r a t io n .

O th e r  t e n t  s e r i e s  conducted w ith  th e  same o b je c t iv e  b u t  u s in gifltsii-
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I n  g e n e r a l ,  t h e  r e t u r n  c o n v e r t e r  s l a g  a a a i f i t i :  i n  l o w e r i n g  t h e  m e l t i n g  

p o i n t  a n d  v i s c o s i t y  o f  t h e  f i n a l  d i s c a r d  s ] a g .  As m e n t i o n e d  c a r l i e J 1,

" s o l u b l e "  o r  " n o n - s o l u b l e "  c o p p e r  l o s s e s  a r e  m a i n l y  f u n c t i o n s  o f  t h e  o x y g e n  

p o t e n t i a l  o f  t h e  s l a g  ( ? ,  1 4 ,  I ' j ) ,  a n d  a s  a  c o n s e q u e n c e ,  b e c a u s e  o f  t n e i r  

h i g h  F e O  c o n t e n t  a n d  r e s u l t i n g  h i g h e r  o x y g e n  p o t e n t i a l , c o n v e r t o r  s l a g s  a r e  

p r o b a b l y  t h e  d o m i n a n t  f a c t o r s  i n  n o n - s u l p h i d e ,  i . e .  c h e m i c a l  o r  e l e c t r o  

c h e m i c a l  c o p p e r  l o s s e s .  I f ,  a s  i n  t h e  c a s e  o f  t h e  Hi'l-i s m e l t e r s ,  t h e  a m o u n t  

o f  FeO  a n d  o t h e r  i r o n  o x i d e s  e n t e r i n g  t h e  d i s c a r d  s l a g  i s  r e l a t i v e l y  

c o n s t a n t ,  t h e n  t h e  c h e m i c a l l y  l o s t  o r  d i s s o l v e d  c o p p e r  s h o u l d  a l s o  b e  a  

c o n s t a n t  f a c t o r .  S e e  i n  t h i s  i n s t a n c e  L . H .  V e r n e y ' s  r e f e r e n c e  t o  r e v e r b

f u r n a c e s  i n  ( 2 ^ / .

»J_ A s p e c t s  o f  s l a g  o p t i m i s a t i o n .

l s /  S u r f a c e  t e n s i o n  a n d  i n t e r f a c i a l  t e n s i o n  i n  m a t t e  s e t t l i n g :  t h e i r  

r o l e  i n  s l a g  o p t i m i s a t i o n .

Al„  r t  f r o m  v i r c o s l t y ,  t h e  r a t e  o f  s e t t l i n g  c o u l d  b e  m a r k e d l y  

a f f e c t e d  b y  t h e  i n t c r f a o i a l  t e n s i o n  b e t w e e n  t h e  m o l t e n  m a t t e  a n d  B l a g .  When 

t h e  i n t e r f a c i a l  t e n d o n  i s  l o w ,  t h e  m a t t e  i s  w e t t e d  b y  t h e  m o l t e n  s l a g  a n a  

t h e  s e t t l i n g  v e l o c i t y  i s  r o a u c c d .  (O n t o e  e f f e c t  o f  s u r f a c e  a c t i v i t y  s e e  

r e f . 2 6 , ) .  T h e  t e n d e n c y  f o r  c o a l e s c e n c e  s h o u l d  I n c r e a s e  w i t h  i n c r e a s i n g  

i n t e r f a c i a l  t e n s i o n  b u t  t h e  a b i l i t y  o f  t h e  p a r t i c l e s  t o  c o a l e s c e  w h e n  i n  

c o n t a c t ,  W i l l  a l s o  d e p e n d  o n  t h e i r  v i s c o s i t y .  1 b .  l o w e r  t h e  v i s c o s i t y  

b e t t e r  i e  t h e  t e n d e n c y  t o  c o a l e s c e .

i l l
2 $ 2



Figure Vr 1('

VISCOSITY, CLECTRICM CONDUCTIVITY, SURFACE TENSION 
AND SLAG COMPOSITION KC! ATlONSHIP AT 1400 C
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F ig u re  V -  iy

VISCOSITY, ELECTRICAL CONDUCTIVITY, SURFACE TENSION 
AND SLAS COMPOSITION RELATIONSHIP AT 1400°C
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t e n s i o n  o f  v a r io u s  s la g - fo rm in g  oxide c o n s t i t u e n t s .  R e la ted  to a temperature 
oo f  1400 C t h e i r  e x p re s s io n  iss

Y5 o = (Fe0)x570 i (fiO )x285 + (A1?0 )x640 + (Ca0)x608 i (MfiO)x5l2
140° ^ dynes.cm 2 4 . /

i n  which a l l  c o n s t i t u e n t s  a r e  given in  mole f r a c t io n s *  This eq u a tio n  was 

now a p p l i e d  to  a l l  th e  s y n th e t i c  and p la n t  s la g s  in v e s t ig a te d  in  t h i s  s tu d y  

and th e  r e s u l t s  o f  c a l c u l a t i o n s  f o r  s y n th e t i c  s la g s  a re  given in  f ig u r e s  

V-18 and 19. As w i l l  he a p p aren t  from the graphs the  magnitude o f  th e  s u r f a c

t e n s i o n  i n  the  s l a g s  i s  between 450 and 500 dynes.cm. and ten d s  to  in c re a s e

w i th  i n c r e a s i n g  t o t a l  i r o n ,  CaO, MgO c o n ten t  and b a s i c i t y  r a t i o ,  and to  

d e c r e a s e  w ith  i n c r e a s i n g  s i l i c a  c o n te n t ,  when X , ^  and f  a re  shown in  a  
s im u l ta n e o u s  r e p r e s e n t a t i o n  as  b e in g  f u n c t io n s  o f  th e  s l a g  com position  a t  a 
te m p e ra tu re  o f  1400°C. I t  i s  i n t e r e s t i n g  to  no te  t h a t  in  s l a g  Groups 

IV and V t h i s  in c r e a s e  up to  approx im ate ly  th e  optimum s l a g  com position  

ran g e  i s  m oderate  th en  i t  becomes more r a p id  w ith  the  change i n  chem ical

c o m p o s i t io n .

mm
the  fu r n a c e .

1 + FeS ■ 10 FeO + SOg

In v o c t l t ia U o n n c„  t r a r  t  ^  — i o u ,  ,  —

/  r= ^  b ,  c»o m = i a e  t ,n d =

th e  f , n a t i o n  b f  a  sU b b e  m atte  f i l m .  F urtherm ore , aa  =on -
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f i r m e d  b y  t h e  w o r k  o f  I 'o t i i  a n d  i -o r^ e  ( 2 0 ) ,  a n  i n c r e a s i n g  r a t i o  o f  C aO /PeO  

a t  c o n s t a n t  i n c r e a s e s  t h o  6̂  - l a g / g a o  ( i n l e r : f & c i a l  t e n s i o n  b e t w e e n  s l a g

a n d  g a s )  w h e r e a s  i n c r e a s i n g  t e m p e r a t u r e  i n c r e a s e s  ^ ^ t t c / s l a g  

d e c r e a s e s

A l t h o u g h  t h e  r e l e v a n c e  o f  t h e s e  a s p e c t s  t o  t h e  o p e r a t i o n  o f  t h e  

e l e c t r i c  f u r n a c e s  i s  o b v i o u s ,  f r o m  c o n s i d e r a t i o n s  m ade  e a r l i e r  i n  c o n n e c t i o n  

w i t h  t h e  p a r t i a l  p r e s s u r e  o f  3 0 ?  i n  t h e  e l e c t r i c  f u r n a c e  g a s e s ,  t h e  e x t e n t  

o f  i n t e r a c t i o n  s h o u l d  b e  r a t h e r  l i m i t e d .  W i t h o u t  l a r g e  a m o u n t s  o f  m a g n e t i t e  

i n  t h e  s l a g  t h e  p r e s e n c e  o f  S O ^  a s  i t  w a s  n o t e d ,  s h o u l d  b e  m a i n l y  t h e  r e s u l t  

o f  t h e  o x i d a t i o n  o f  c o n c e n t r a t e  o n  t h e  t o p  o f  t h e  m e l t  ( t h e  f u r n a c e  i s  r u n  

u n d e r  a  s l i g h t  n e g a t i v e  p r e s s u r e )  r a t h e r  t h a n  o f  c h e m i c a l  r e a c t i o n s  o c c u r r i n g

i n  t h e  b a t h  p r o p e r ,

2 . /  Mode o f  Blag optim isation  taped on the v i s c o s i t i e s a n d  . lo o t r io a l  

c o n d u c t iv ilie s  o f “ t h e  synth e tic  s l a g s  in v estig a ted .

S i n c e  v i s c o s i t y  a n d  e l e c t r i c a l  c o n d u c t i v i t y  e x h i b i t  tw o  o p p o s i t e

H i
: : % =  : r :
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per cen t*  '"'rom a p r a c t ic a l  p o in t o f  view  the in cr ea se  o f  the MgO co n ten t  

o f  th e  p la n t  o la g e  from the prcnent l e v e l  to  th a t o f  the optimum would  

p rob ab ly  somewhat low er the v i s c o s i t y  and in c r e a se  the e l e c t r i c a l  

c o n d u c t iv i t y ,  but mi^ht a ls o  in c r e a se  th e l.tquidus tem perature, a lth ou gh  

t h i s  d oes n o t seem to  he su b s ta n tia te d  by r e s u lt s  ob ta in ed  on the behaviour

o f  MgO i n  s l a g  G r o u p  I I .  

c » /  T h e  v i s c o s i t y  r a n g ,  o f  p l a n t  s l a g s  t a p p e d  f r o m  t h e  f u r n a c e s  i s
n o t i c e a b l y  h i g h e r  t h a n  t h a t  i n d i c a t e d  b y  o p t i m i s a t i o n  c a l c u l a t i o n s .

On t h e  o t h e r  h a n d  t h e  d i f f e r e n c e  b e t w e e n  r e l e v a n t  c o n d u c t i v i t y  v a l u e s  

i s  n o t  s i g n i f i c a n t  b u t  t e n d s  t o  b e  l o w e r  t h a n  t h a t  o f  t h e  o t h e r  g r o u p s

in  T a b l e  V-2.
d , /  T h e  e f f e c t  o f  t e m p '  n a t u r e  o n  t h e  o p t im u m  c o m p o s i t i o n s  i s  n e g l i g i b l e  in  

a l l  f i v e  groups, f i g .  V-25 showing t h i s  i n  case o f  G r o u p s  IV and V.

*  *  *  *

With » V ie w  to con tro l purpose, i t  was thought to  be of some in te r e s t  
to  fo llow  u p  t h e  v isco rlty -co n d u e tiv ity -e lag  composition re la tio n sh ip  by the

r e la t io n s  o u tlin ed  in  f ig u res  V-20 to  ?2, then e ith e r  K or*,.

iSIS*corresponding (e ,a s  * P ^  ^ ^ , ^ , ^ i n g  parabolic curves or a s tra ig h t

’!• lr‘ C*B ourvei the minimum of the re s u ltin g  p lo t w il l
l in e  i n t e r s e c t i n g  a pan ^  „  thc>!^ p l o t a .  Only In case

i f  / w e r e  ^  ' Z Z p the  ,  ax is
w ith the parabo lic  op tim isation  curve occur w ith resp ec t to
would a S h if t  in  du0 to  the general trend  of v is c o s i t ie s

the  poin t of ln to r “' ,C l th  the change of s la g  com position, these
e l e c t r i c a l  c o n d u c ts  i t l . s

‘nd V irtually  never m a ter ia lise .
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When o p t i m i s i n g  s l a g  c o m p o s i t i o n  w i t h  r e g a r d  t o  e l e c t r i c a l  

c o n d u c t i v i t y  K a n d  t h e  c o n c e n t r a t i o n  o f  s l a g  c o m p o n e n t s  c ^  a r id  c ^  i t  w a s  

f o u n d  t h a t  t h e  e q u a t i o n  g i v e n  b e l o w  w i l l  r e p r e s e n t  t h e  r e l a t i o n s h i p  am o n g  

t h e  s e l e c t e d  v a r i a b l e s :
c

v 2 7 k  '

T h e  p r a c t i c a l  a p p l i c a t i o n  o f  t h e  f u n c t i o n  w i l l  b e  i l l u s t r a t e d  o n  

e l a g  g r o u p s  IV  a n d  V , i n v o l v i n g  e l e c t r i c a l  c o n d u c t i v i t i e s  o n l y  a s  d e p e n d e n t

v a r i a b l e s .  T h e  b a s i c  d a t a  used f o r  t h e  c o m p u t a t i o n s  a r e  c o m p i l e d  i n  T a b l e

V - 5 .  I n  o r d e r  t o  c o m p l e t e  t h e  c o n d u c t i v i t y  p l o t s  a n d  e n s u r e  t h e i r  a d e q u a t e  

c o n t i n u i t y ,  f r o m  t h e  a v a i l a b l e  d a t a  p o i n t s  f u r t h e r  v a l u e s  w e r e  g e n e r a t e d .

T h i s  w a s  a c c o m p l i s h e d  b y  t h e  i n c r e m e n t  m e t h o d  o n  t h e  b a s i c  p r i n c i p l e s  s h o w n  

in  f ig u re s  V-25 and 26, g iv ing  the so lu tion  of K .  1t ( o )  fo r  given conductiv ity  
and c o n c e n t r a t i o n  ( c )  v a l u e s ,  i n  t h e  r a n g e  o f  s a y K ^ J C ^ K , ,  e t c .  N a t u r a l l y ,  

t h e  i n c r e m e n t  A  c  w a s  a d j u s t e d  a c c o r d i n g  t o  t h e  s l o p e  of t h e  c u r v e s :  when 
t h i s  b e c a m e  la rg e r ,  t h e  v a l u e  ' f  i n c r e m e n t  w a s  d e c r e a s e d .

T h e  re s u l ts  r e l a t i n g  t o  t h e  m e n t i o n e d  s lag  g r o u p s  a r e  g i v e n  i n  

Tables V_4 a n d  V _ 5 .  For the purpose of remaning in  the adequate region of

fUnCti'mL c e  the t e s t  r e s u l ts  Indicated th a t in  .11  . l a g  Srcupa aider

r e g a l t s  sh o w n  i n  t h e s e  t a b l e s  a r e  p l o t t e d  a l s o  i n  f i s i r e s  V - 2 0
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N atura l..y , i t  should be emphasized here tha t the equation used fo r  the 

estim ation  of Z (oqu, V-25) i s ,  in  a true sense, under no conditions an 

op tim isa tio n  func tion . The basic equation i t  is  derived from corresponds to 

,ra n rio n t heat conditions or d iffusion  in a two-dimensional domain,

? • /  Pr a c t i c a l  expe c tancy  o f  the suRgestod mode of optim isation^

The p ra c tic a l  a p p lica tio n  of the suggested technique of op tim ising  s lag  
composition on the basis  of e le c tr ic a l  conductiv ity  and v isc o s ity  measurements 
w ill  be discussed in the following on two examples which may serve as 
i l l u s t r a t io n s  of the m erits and shortcomings of the method. The f i r s t  one 
deals  w ith the p a s c ib i l i ty  of p red ic ting  the re la tiv e  ra te  of furnace 
production. The second one concerns i t s e l f  with the question of optimum 
s la g  componiticn con ton res, whether i t  is  possib le  a t  a l l  to d e lin ea te  such 
contourcs ir. o rder to find  the optimum operating  range of an e l e c t r i c  o r in  

f - c t  any kind of sm elting furnace,

3 .1 . /  Slag composition and m la 11 v e j : a t e _ o ^ ^ d ^ i o ^ C ^ ^ e ^

Since the composition of the s lag , on account of i t s  e f fe c t  upon 
v is c o s ity  and e le c t r i c a l  conductiv ity  is  one of the prime fac to rs  th a t

ra th e r  d if f ic u l t*

Z Z d l n c  fraph ehovin , furnace o p era tin e ^ t e r ^  . t  the opti.um
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s la g  composition in  the op era tion  range o f  the furnace the cu rren t drawn 
would be 1 8 ,fj  kA a t  an e le c tr o d e  depth o f  immersion D^/P (=0*525 m) or  

1 7 1 5 kA a t  a D ^ /) depth of im m ersion. By the graph 10*5 kA i s  equ ivalent 
w ith 18 MW power input which, upon the decrease to  1 )  per cent MgO content 
in  the s lag  would r is e  to 19*9 MW, J ,e»  beyond the ra ted  transform er 
capacity  of the furnace. On the o ther hand, the increase of conductiv ity  
to  0 , 2?) ohm"1 ,cm"1 would re su lt  in  the decrease of the power input ( a t  a 
constan t 1 8 ,5  kA) to 1 ) , 7  MW, which, of course could be balanced out by the 
app ropria te  a l te r a t io n  of the tapchanger p o sitio n  on the furnace transform er. 
At constant c u rren t th is  would mean th a t the decrease of conductiv ity  in  the 
above proportions ( i . e .  from 0,229 to 0,200 ohm ,cip would bring  about a 
p roportionate  increase  in throughput of / l* 0  -  (1 B ,0 /1 9 *9)/ * 100 * 11^05 ^
per cen t, whereas the increase o f conductiv ity  from 0,225 to  0 ,27) ohm .cm 
would be equ ivalen t to a decrease in  throughput of / l ,0 -  ( l ) , 7 /1 8 ,0 ) /  x 100 -  

2 ) ,8  per c en t.
Obviously these large v a ria tio n s  in  throughput would never 

m a te ria lise  in  p rac tic e  prim arily  because o f the a l r e a d y  discussed g rea t 
d iffe ren ce  in  the v a ria tio n  of the components between sy n tac tic  slags and 
p lan t s la g s . Therefore the graphs rep resen ting  furnace opera ting  param eters 

should a lso  be viewed in  th is  con tex t.

The p ra c tic a l im plications of s la g  composition change versus 
v is c o s ity  and th e ir  e f fe c t  of changes in  p ro d u ctiv ity  are  somewhat sim pler 
and may he estim ated  with reasonable c e r ta in ty . On tak ing  again s la g  Group 
n  in  f ig .  V-20 as an example, a t  optimum sla g  composition the v is c o s ity  i s  
2,9  poise a t  1400°C. Let the averag 111 and Cu content in  the s la g  be 0,09 
to  0 ,1  per cen t and 0,06  to 0 ,08 per c en t. With an average Hi content o f 
17 to  18 per cent in  the matte ( i . e .  roughly 1/5 o f i t s  weight) the m a tt, 
contained in  the  s la g  would come to  approx. 0 ,5  per cen t. About one h a lf  
to  2/5  o f th is  amount can be regarded as being entrapped a t  an average s lag  
v isc o e ity  o f around 5 poise a t  1400°c. Based on these data  the percentage 
lo ss  in  matte due to  increase in  v isc o s ity  was estim ated w ith the use of 
f ig .  V-26 fo r  four d if fe re n t le v e ls , v iz . 0 ,2 , 0 ,5 ,  0 ,4  and 0 ,5  per cen t 
matte con ten ts in  the s la g . The re s u l ts  a re  summarised in  graph V-29.
With the chosen range of 0 ,2  to 0 ,5  per cent i t  i s  by no means construed 
th a t  a t  1400°C and a t  a reference slag  v isc o s ity  o f 5 Poise four m att, 
le v e ls  can co ex is t when both tem perature and v isc o s ity  are  being fixed  by 
the composition of the s lag  which was regarded as being unchanged. With 
the se le c tio n  of the above lo ss figu res i t  was ra th e r  Intended to  i l l u s t r a t e  
the e f fe c t  o f tem perature when the s lag  coo l, from say an average 1590 -  
1400°C in  the production zone to the temperature o f tapping, eay 1)50 C,



S u c h  a  d r o p  i n  t e m p e r a t u r e  m a y  c h a n g e  t h e  v i s c o s i t y  f r o m  3 t o  o v e r  5 p o i s e .

Now i f  t h e  l o o s e s  d u e  t o  e n t r a p m e n t  a r e  t a k e n  a s  a  maximum o f  0 , 5  p e r  c e n t  

( w h i c h  i n  t h e  o p e r a t i n g  p r a c t i c e  o f  t h e  r e f e r e n c e  f u r n a c e s  w o u l d  b e  a n  

e x a g g e r a t e d  v a l u e  f o r  m a t t e  l o s s e s ) , t h e n  f r o m  f i g ,  V -2 9  t h e  q u o t e d  2 t9 
p o i s e  w o u l d  r e p r e s e n t  a p p r o x i m a t e l y  0 , 4 9  p e r  c e n t  l o s s .  An i n c r e a s e  o f  

t h e  MgO c o n t e n t  f r o m  t h e  o p t im u m  1 ^ , 5  p e r  c e n t  t o  1 9 »0 p e r  c e n t  ( t h e  

h i g h e s t  l i m i t  i n v e s t i g a t e d )  w i l l  l e a d  t o  t h e  d e c r e a s e  o f  t h e  v i s c o s i t y  t o  

2*5 p o i s e  ( s e e  g r a p h  V-20), Now w i t h  t h e  a i d  o f  f i g .  V -2 9  t h e  u p w a r d  s h i f t  

o n  t h e  l i n e  d r a w n  f o r  0 , 5  p e r  c e n t  m a t t e  c o n t e n t  o f  t h e  s l a g  -  4 A  p o i s ®  

w i l l  c o r r e s p o n d  t o  a  n ew  m a t t e  l o s s  o f  0 , 6  p e r  c e n t ,  w h i l e  t h e  s h i f t  d o w n ­

w a r d  t o  2,5 p o i s e  t o  a  l o s s  o f  0 , 4 5  P®r c e n t .  F ro m  t h i s  t h e  p r o p o r t i o n a t e  

d e c r e a s e  o f  l o s s  d u e  t o  v i s c o s i t y  e f f e c t  w i l l  b e  / l , 0 - ( 0 , 4 9 / ° * 6 Q /x lO O  

18,5 p e r  c e n t  a n d ,  w i t h  a n  i n c r e a s e  o n  t h e  o p p o s i t e  e n d  i t  w i l l  com e t o  

/ l , 0 - ( C , 4 5 / 0 l 6 0 ) / x l 0 0  -  8,2 p e r  c e n t .  T h e s e  a r e  r e l a t i v e  p e r c e n t a g e s  o n  t h e  

o r i g i n a l l y  p r e s e n t  0 , 5  p e r  c e n t  m a t t e  c o n t e n t  o f  t h e  s l a g .  F ro m  t h e  h o u r l y  

p r o d u c t i o n  d a t a  o f  m a t t e  ( 4 , 5  t o n s )  a n d  s l a g  ( 2 1  t o n s ) ( s e e  R e f .  5 2 )  t h e  

a c t u a l  m a t t e  l o s s  i n  t h e  s l a g  w o u l d  be(21,o/4,5)xO ,5 ~  2 , 4  P ® r c e n t ,  t h u s  

t h e  a b s o l u t e  v o l u m e  o f  i n c r e a s e  a n d  d e c r e a s e  i n  m a t t e  p r o d u c t i o n  u p o n  t h e  

e f f e c t  o f  v i s c o s i t y  w o u l d  a m o u n t  t o  0 , 4 5  P®r c e n t  a n d  0,20 p e r  c e n t  

r e s p e c t i v e l y .  T h i s  c a l c u l a t i o n  w h e n  e x t e n d e d  t o  t h e  r e s t  o f  t h e  s l a g  g r o u p s  

r e s u l t e d  i n  s i m i l a r  m a t t e  g a i n  a n d  l o s s  f i g u r e s .

3 ,2 , /  The question of "op timum slag  composition contoures^

With the a v a ilab le  experimental da ta  on the physico-chemical 
c h a ra c tc r ln tlc s  o f s la g ,  and v h the suggested mode of op tim isa tion  the 
question  might reasonably .■ whether i t  i s  J u s ti f ie d  a t  a l l  to  speak 
. b o u f  optimum sla g  com,,, i n o n  contoured" in  a ternary  o r quaternary  
phase diagram Involving . . .  most In f lu e n tia l  co n stitu en ts  in  the opera tion  
of the furnace. This question appears to  be well-founded by the find ings o 
the  p resen t study which would Ind ica te  th a t  from an op tim isa tion  po in t o 
view there  c i s t s  only one sp e c if ic  co m ^ sitlo n  range th a t would secure best 
r e s u l ts  fo r  the opera tion  in  the context o f the sp ec ia l co n d itio n , ob tain ing  
a t  RFM. Even a lim ited  dev ia tion  from th is  optimum could b ring  about qu ite  
su b s ta n tia l  changes in  furnace opera ting  parameters and might lead  to  a 

n o ticeab le  d e te r io ra tio n  of the economy of sm elting.

As shown above the e f fe c t  o f the changes of the ptiyelco-chemlcal

— "  = = : ' = :  r r .
parameter. These ca lcu la tio n s wore extended subsequently to the en tir e
partuuu eomooBi tion range
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com position range of the syn the tic  slags investiga ted  and the e ffe c t  of the 
change in  v is c o s i t ie s  and e le c t r ic a l  conductiv itie s  upon the change of slag  
com position was p ro jec ted  to the re la tiv e  throughput in  the e le c t r ic  furnace. 
The r e s u l ts  o f these c a lcu la tio n s  re la te d  to  s lag  groups IV and V are  
shown in  f ig u re  V-JO,

The d i f f ic u l ty  of defin ing  the contoureu of optimum slag  composition 
w ith sy n th e tic  slags becomes immediately evident from the graph. I t  was 
noted e a r l i e r  th a t the estim ated large v a ria tio n s  in  e le c t r :c a l  parameters 
(which ev en tu a lly  determine the ra te  of m ateria l throughput) caused by 
changes in  s la g  composition would hardly come about in p rac tice  because 
A ,/  the s iz ea b le  d ifference  in  the change of components between sy n th e tic  
and p lan t s lag s  and B ./ the large  number of va riab le s  involved.
N everthe less, the outcome of these in v estig a tio n s ind ica tes the poor 
r e l i a b i l i t y  of attem pts aiming a t  the d e fin ite  demarcation of composition 
ranges on the b asis  o f laboratory  v isc o s ity  and e le c tr ic a l  conductiv ity  
measurements, thought to  be best su ited  to  bring  about maximum e ffic ie n cy  
in  furnace o p e ra tio n . In p rac tice  the r e la tiv e  ind ifference  of working 
u n ite  toward v a r ia tio n s  in  the two most in f lu e n tia l  s la g  components, MgO 
and FeO, beyond those l im its  th a t could be to le ra te d  from op tim isa tion  
co n sid era tio n s  adds fu r th e r  doubt to the q u a n tita tiv e  m erit o f  these 
a ttem p ts . For purely q u a lita tiv e  o rien ta tio n  they may serve a more u sefu l

purpose»
The foregoing considerations can be fu r th e r  i l lu s t r a te d  in  the 

pseudo-ternary  diagram of the s la g  system Fe0-(C.0tMg0).S10, w ith a

*cons
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m ate ria l throughput may undergo modest or even hardly noticeable v a r ia tio n s •

In  the l ig h t  o f the above fa c ts  the exact de linea tion  of optimum 
com position contoures in  a ternary  o r quaternary phase diagram could not be 
ju s t i f i e d  in  the context of the e le c tr ic  furnace slags investiga ted  and the 
s p e c ia l i t i e s  of the opera tion . S im ila rly , the s lig h t d ifference  batween 
the com position range of the conventional p lan t slags and th a t found by the 
technique of op tim isa tion  would discourage a categorica l d e f in itio n  of 
optimum s la g  composition.

<
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SACTION V I ,

D ESIG N  COHr.lmMTTONC RASED OK THE JUTLIHKD Il'vTERIAL AND MEM* FI OW CONCEPTS,

1®/ Tbo concept c f  thn p rincip le of s im ila r ity  en an aid Ir. furnace 

deaiffn.

Although the extent of d isruptive forcee acting  on the outlined  heat 

and m aterial flow pattern i s  by no means n eg lig ib le  and the system i s  tar  
from operating under stea d y -sta te  conditions, the proceeding considerations  

can s t i l l  be used as reasonably sound sta r tin g  points for furnace design  

when the coiuept o f s im ila r ity  i s  taken in to  account.

The p r in c ip le  o f s im ila r ity  defines the rela tionsh ip s e x is t in g  

between systems o f d iffer en t s iz e  and i t  has proved most u se fu l in  sc a lin g  
up o f physica l and chemical processes, as i t  i s  demonstrated in  the ex c e lle n t  

study o f  Johnstone and Thring. ( l ) .  According to the basic concept o f the 
p r in c ip le  the configuration  of a system in  space and time can be defined  by 
r a t io s  o f any magnitude within the system and does not depend on the e iz e  or 

nature o f the u n its  o f  measurements.

The s im ila r ity  s ta te ,  c f  importance to the present study can be

summed up as fo llo w si ,
a V  P-.nm .tr lc  s im ila r ity .. In th= present esse geometric s im ila r ity

maintained by treatin g  the m aterial in

fo r  the same energy d istr ib u tio n  per u n it su r fso . s r o . or u n it volume

i!i»*flr
furnaces s„d c c p s r in g  th e ir  m oltln , a b i l i t y .  The importsnoe of the

p h ysico -ch em ica l/,. ,

••
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phy s i co - cIk-io j c.al aim lls-rlty of is lags produond has already been demonstrated 

and emphasized in  the foregoing and hat; to be pointed out repeatedly# I t  
may be posuible to regard the electrode as the main cen tra l parameter for  

deoign purposes around which the furnace with i t s  a n c illa ry  equipment w il l  
be b u i l t ,  being thus the s iz e  of the electrode by v irtue of i t s  current 
carrying capacity the factor  that w ill  s tip u la te  electrode spacing, furnace 

w idth, transformer s iz e ,  etc# Yet i t  i s  the very character o f the feed  
m aterial that eventually  determines the furnace load and thereby the m elting  

ra te  o f the furnace. Therefore the chemical composition of the s ta r tin g  
m a ter ia l.a s  w ell as s la g  produced should be sim ilar in order to secure 
s im ila r  heat generation , e le c tr ic a l  con d u ctiv ities  and v i s c o s i t ie s  to  the 

s la g  with s im ila r  Reynolds numbers for the flow . 
d V  Thermal s im ila r ity . The liquidus temperatures o f s lags have to be

comparable which are b a s ica lly  the functions of  

s la g  composition pointing thus to the importance o f chemical s im ila r ity .  
Comparable liq u idu s temperatures and s la g  r e s i s t iv i t i e s  w il l  assure 
comparable sm elting rates and, therefore, energy consumption.

Sim ilar ra tes o f heat transfer can be obtained by co n tro llin g  th' 

Reynolds number and a lso  the Grashof number of the l i o ” system to the same 

order o f magnitude for d ifferen t furnaces. This w il l  a lso  ensure an 

approximately equal heat flu x  to the charge to be melted.

In summing up, the s im ila r ity  p rin cip le  f a c i l i t a t e s  the design o f  

fum acea provided the d ifferen ces in the c h a r a c te r is t ic , o f  th . raw m ateria l, 
to  he processed are not too great.S ince in  th is  case i t  can be sa fe ly  assumed 
that the various d isrupting e f fe c t s  on the discussed heat and m aterial f lo e  

pattern  w il l  he hy and large the same, a .  a f i r s t  approximation, th .y  w i l l  

he l e f t  out o f consideration  in the fo llow in g  d iscu ssion .

2 jJ  Design p r in c ip le s .

C o n s id e r a b le  amount of work has been carried out on th . operation  

o f  submerged arc furnaces used primarily in the e le c t r ic  ^

the p o ssib le  exception of Androae's basic formula, none o »

z z z i i t i r i ' b u i z  , , . ^ 1 . .  th .  n m » «  ^ 0
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c o p e  w i t h .  T h e  e f f o r t s  t o  a c c o u n t  f o r  t h e  p r o p e r t i e s  o f  t h e  f e e d  m a t e r i a l s  

a r e  w e l l  r e p r e s e n t e d  b y  t h e  w o r k  o f  K j ^ l s e t h ,  M o r k r a m e r ,  W i l s o n ,  D o w n in g  a n d  

U r b a n  a n d  P e r s s o n  a l r e a d y  r e f e r r e d  t o  i n  S e c t i o n  I I I *  T h i s  w o r k  c e n t e r e d  o n  

t h e  e x a c t  d e t e r m i n a t i o n  o f  t h e  k  f a c t o r  p r o p o s e d  b y  A n d r e a e ,  B a c k  in  t h e  

I 9 4 0 ' 3  t o g e t h e r  w i t h  K e l l y  t h e y  d e t e r m i n e d  a  l a r g e  n u m b e r  o f  k  v a l u e s  f r o m  

o p e r a t i n g  p l a n t s *  E v e n t u a l l y  K e l l y  p r e s e n t e d  a  t y p i c a l  r a n g e  o f  k  f a c t o r s  

f o r  d i f f e r e n t  s u b m e r g e d  a r c  o p e r a t i o n  ( 2 ) .  A c o m p r e h e n s i v e  r e v i e w  o f  t h e s e  

e f f o r t s  w a s  g i v e n  b y  U r ^ u h a r t .  ( 5 ) .

In sp ite  o f th e ir  f u n d a m e n t a l  and a lso  p ractica l a sp ects , none o f  
the in v estig a tio n s  conducted could s t r ic t ly  be related  to the operational 
and symmetry aspects o f the rectangular-shaped m atte-sm elting e le c tr ic  

furnaces with 6 - in - l in e  electrod e arrangement. Only very recen tly  did 
Persson and Treilhard, as i t  was shown, extend toward th is  d irectio n  the 
l in e  o f thought on furnace res ista n ce , although Russian lite r a tu r e  gave a 
comprehensive account on sim ilar  work long before th is .  S ince, however, 
the in te r e s t  o f th is  sudy i s  focussed primarily on conditions given by the 
treatment o f copper and n ick el containing ores o f South African o r ig in , the 
symmetrical re la tion sh ip s estab lish ed  for a s in g le  furnace or a se r ie s  o f  

furnaces may d if fe r  from those outlined in the l ite r a tu r e .

Pertaining to the sim ulation o f conditions prevailin g  ir a g iven 

furnace the method to be follow ed i s  based on some of the p r in cip les  o f  
heat and m aterial tran sfer delineated  in  Section IV. Therefore as a most 
obvious ch o ice , the e lectrod e w ill  be the basic parameter around which the 
most s ig n if ic a n t  variab les determining furnace geometry are going to be b u ilt ,  
The reason for th is  choice w il l  be immediately apparent from the expression  

o f the s p e c if ic  hearth r e s i s t iv i t y  based on Andreas's concept ( 4 )

9h - rttD6 " ( y i e )nD « 1*/

The hearth r e s i s t iv i t y ,  the ch a ra cter istic  value for  various processes 
carried  out in an e le c t r ic  furnace, i s  a constant value given by the hearth  

v o lta g e  U ,, the electrod e current I , ,  and the diameter o f  
Thus in the knowledge of D, and the measured r e s i s t iv i t y  o f the s la g  ( th i  
l a t t e r  being ch a ra c ter istic  to the particu lar m aterial processed xn the 
furnace) the most important operating parameters, i . e .  current and v o lta g e , 
hence the s iz e  o f transformer and the rate o f power input to the furnace are 

a lso  given . R ecalling furthermore the re la tio n sh ip  postulated byAndrea, 
between the diameter o f the e lectrod e, the a c tiv e  sons around i t  and the

input ( s e t  by the a ctiv e  area), the electrode as a central
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param eter enablcn the determ ination of v ir tu a lly  a l l  the o th er important 
design param eters. From a design point of view there  is  nothing new about 
regard ing  the e lec tro d e  as a main design param eter. I t  has been used as 
w ill  be discussed subsequently , by many d istingu ished  workers in  th is  f i e ld  
fo r  q u ite  some tim e. However i t s  app lica tion  fo r d e lin ea tin g  furnace geo 
m etries w ith 6 - in - lin e  e lec trode  arrangement i s  thought to be novel in  many 
resp ec ts  and the find ings could serve as explanations fo r the choice of 
e x is tin g  furnace geom etries. I t  may also  e n ta i l  suggestions to be made to 
e x is tin g  furnace design in  order to improve performance.

In resp ec t to model considerations i t  need not be emphasized th a t 
there  i s  a s t r ik in g  d iffe ren ce  between rec tangu lar and c irc u la r  fu rnaces.
Thus while the basic  concept of spherical geometry fo r  m odelling, as advanced 
by Schwarz von liergkampf (4) may be successfu lly  applied to  e le c tr ic  a rc  
furnaces of c i u la r  cross section  with three eLecetrodes, the same p rin c ip le  
would be c e r ta in ly  met w ith conoiderable d i f f ic u l ty  in  the context of 

rec tan g u la r u n i t s ,

In the previous d iscussion  of heat and m ateria l flow , the working 
u n its  a t  RPM were regarded as reference or model furnaces. This method w ill 
be re ta in ed  and adapted to  the procedure of sc a lin g  up furnace symmetries 

w ith the s ize  o f e lec tro d e  as the main design Parameter.

} . /  c , .m e t ,o n  of the a c t, ', ,  sree of the  e lectrode  (d„) and furnace

width as functions of electrode _diameter._

m  the d iscussion  of heat flow in  h o rizo n ta l d ire c tio n  across the

w m m m i

of the e lec tro d e .iiiiiillir



Table V I-1. Mode o f ca lcu la ttlo n  o f s/tTfor various e le c tro de diameters .

D (m) 0,4 0 ,6 0,8 1,0 i» ,2 1,4 1,6
0,112 0,168 0,224 0,280 0,536 0,592 0,444

k 0,0b5 0,082 0,110 0,157 0,165 0,192 0,216

0“ 1,02 1,220 0,907 0,729 0,605 0,520 0,462

1,35 1,105 0950 0,852 0,778 0,720 0,680

Table V I-2. Values o f r for various electrode diameters

r  (m) D - 0,4  ©
0 ,6 0 ,8 1,0 1,2 1,4 1,6

0 ,5
0 ,4

0,405
0,54 0,431 0,38 0,34

0 ,5 0,675 0,552 0,475 0,426 0,59 0 § 36

0 ,7 0,945 0,772 0,665 0,595 0,545 0,505 0,476

1,0 1,35 1,105 0,950 0,852 0,778 0,720 0,680

1 ,5 2,05 1,655 1,42 1,28 1,17 1,08 1,02

2,0 2,70 2,21 1,90 1,71 1,56 1,44 1,36

2,5 3,38 2,76 2,38 2,13 1,95 1,80 1,70

3,u
3.5 
4 ,0

4.5

3,31 2,85
3,32

2,56
2,98

2,34
2,73
3,12

2,16
2,52
2,88

3,24

2,04
2,38
2,72
3,06



•a

5
i

■

k

tos
I
to
•H
't i

!
k

■¥>
t6

to
1
2

O
O

CM

O

'S
4->

1
**
nOf

1
H

<
iwS

0  

to

1
>

i

P
0)

I

E-t

E
y

4»

s

0)
X)

2
•V
0
Of

r-4
0 )

1

<6

E
•H
+J

<0

VO

H

rH

CM

H

r-4

CM

V O V O ^ C M C M Q ^ O  
CTV KV 00 iH  K \  CM H  Hvi nt m m m k\ m m
r4  rH r-1 rH i—I rH rH r4

c o o o c M v o v o o r ~ i n
O V V O O - C M H H O O
O O O O O O O O

v r C O ' O - v O C O C O C M C O  
0 0  CM t — *<}■ CM H  H  G  ' ^■Vt -KVKVKVKNfOfn
r - C H r H r H r H r H i - C H

CM Vf t— KV 
Ox VO KV CM

«y ov vo i t
H  O  O  O

O O O O O O O O

o  M3 ^  O  (M VO
^  $  X y  1̂ S vrH f-4 H H r H rH

m  oo cm
oo m  m» # #
o o o

8
o

H o o o 
o O o o

to
H
m x r

CM CMVO xO Q
9  «  R  & 3  ^rM r-l r-i H H r-t

OV vt- CM CO M3 
o  c ^  i n  cm h

O O O O O O O O

£
o

KV f- <H r: O CM
O

o  o  o  o o  o

5 S5551SI
CM CM

& 5 I  &

= 4
r-4 O  O

m  VO r j
V<- CM r - l

i n  cm 
o Q

o o o o o

O  ^  O  in  0 _  „

H  CM CM KV KV

i n  o



P

II
5 $  

%
5 ?
w *
g g
t i S 
- 8  
8 E

i i

ti
d

§

>

i
C

o

CM

r*o

f epovio#!> punOJB

T
w

ep
er

at
un



-  130 -

approach was ou tlined  in ,  i

•ot ua expraas th is  optimum In t m s of h a lf  eioctrodo d i e t e r ,  th a t i .
in  casa o f the refe ience  furaaces

popt. B 50/62,5 -  0 ,8  D /2  . 2 . /

The r a t io  betweej he depth of constant temperature zone ( r f )  and popt i s

^ /P o p t. " 55/50  ̂ 0,70

th e re fo re  -  (0 , / ) ( 0,8  D / 2 ) - 0,56 D / l  3 . /

Ih ittin g  th is  in to  the expression c f 6 in equ, 19a of Section IV

<S  -------- --------------

kth '° '5G ("< /2)
4 . /

where h has a value of around 1,0 (0,9  to ? , 1 ) and the thermal conductiv ity  
o f the al ag is  on an average kth»4,9 cal/hr.m 2oC/m, With these data KJxi, 
where x * rVcr, can be estim ated to give the ho rizon tal temperature p ro f i le  
in  the s la g  according to equ, 14 of Section IV, Table VI-1 gives the various 
s tep s  fo r the ca lcu la tio n  of rVtf fo r  electrode diameters of 0,4  to 1,6  meter, 
In Table 71-2 the data obtained on r \ t j  fo r various values of r  a re  compiled 
while Table VI-3 summarises the values of Ko(x) estim ated from tab les  o f 
modified H o c s o I  fu n c tio n s . The calcu lated  re s u lts  are p lo tted  in  f ig u re  
V'-1  which enables f in a l ly  the estim ation of the diameter of the reac tio n  
zone with the change of e lectrode diam eter. For the ca lcu la tio n  of d^ the 
average U qui ius temperature of the p lan t s lag  (l325°C) can be used.

The e lec tro d e  diameter -  working area re la tio n sh ip  given in  fig .V I-1  
can be extended fu r th e r  to estim ate the actual width of the furnace when 
sm elting  concen tra tes o rig in a tin g  from the Merensky Rief ore deposit o r 
concen tra tes of d i f f e r ent  composition but y ie ld in g  slags of s im ila r 
e le c t r i c a l  c o n d u c tiv itie s  to those produced in the present operation . For 
th is  purpose the lower lim itin g  temperature was chosen as 1310°C a t  which 
the average slan t s la g  is  s t i l l  f lu id  enough fo r  p ra c tic a l flow purposes 
and a lso  fo r  lim ited  matle s e t t l in g ,  while below th ’s temperature the rap id

increase o f / , , .



F i g u r e  V I  -  2 .  H O R I / C i i T A l .  T f - . M P F R M W C  G R A D IE N T  IN  THE SL A G  9 ED FROM

F I R S T  O l f c l R  R I T Z  P R O ,  I L L .  D #  •  I , P S  m
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T able  VI-4# Furnace w idth  and a c t iv e  a re a  v e rsu s  D
. _ . _   8

De (m) 0 ,4  0 , 6  0 , 8  1 ,0  1 ,2  1 ,4______

d ^ 25° C(m) 2 ,9  3,7  4 ,1  4 ,6  5,1 5 ,6  ' 6 »°

1^ °  (* )  4 ,0  5 ,0  5 ,7  6 , )  7 ,0  7 ,5  8 ,0

T able  VI
J i . r e ^ o f ^ ^ c ^ t r o d e  j i £ j a _ J ^ n c ^ i o n _ ^ ^ h e _ d e £ ^  

gle e  t r o d e _ lr r im e j~ s i^ „ ln tp ,_ t^ ^ s ia£ C p )«

D -  1,25m, 
e

T ,  * 1325°C 
r e f

D e p t h  o f  im m e r s io n  
i n  t e r m s  o f

i n  m e t e r s  

(m)

D /2  
e __

0,625

3,40

V 5
0,417

3,64

V 4
0 ,313

4,30

V 4
0,250

5,34

T a b l e  V I - 6

eloc_l5y«J

D ■ 1 ,25  ®, 
o

f u n c t i o n  o f  t h e  _ d e p t b _ ° f  

r  o f  e o n s t a n t  t e m p e r a t u r e  ( cT )

A c t l v e ^ l G q t r o d e _ a r M , M ^ B : ^

t o t
0 , 5  m, T ,  -  1325 C 

r e f .

jjT (m)

P e r  c e n t  o f  P t 0 ^,  

dA («)

0 ,1 0 ,2 0 ,3 0 , 4
~

20 40 60 80

2 ,8 4 ,0 5,0 5 ,9
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in c re a s e  o f  s l a g  v i s c o s i t y  w i l l  c r e a te  s ta g n a n t  c o n d i t io n s .  Table VI-4 

d i s p la y s  th e  e s t im a te d  r e l a t i o n s h i p s  r e g a rd in g  both  and f o r  v a r io a s  

e l e c t r o d e  d ia m e te r s ,

The h o r i z o n ta l  tem peratu re  g ra d ie n t  ev a lu a te d  from the  two-

d im ensiona l R itz  p r o f i l e  (see  S e c t io n  IV) can a l s o  be used f o r  the  e s t im a t io n

o f  d^ and 1^* For comparison t h i s  in  shown in  f ig u r e  VI-2 f o r  the  e le c t r o d e

d ia m e te r  D » 1,25m# From the  p l o t  w ith  T * 1500 C th e  i n t e r s e c t i o n  a t  
e ’ max

1525°c g iv e s  a d i s ta n c e  o f  2 ,7  m f o r  the  r a d iu s  o f  the  a c t iv e  e le c t r o d e  a re a

t h e r e f o r e  d^= 5,4 m. This would correspond to  an e le c t ro d e  d iam e te r  o f

D ■1,5 m, in  rea so n ab ly  good agreement w ith  the  d a ta  o b ta in ed  by B esse l 
e

f u n c t io n  e s t im a te .

4 , /  E f f e c t  o f  l i m i t i n g  maximum t e mp e r a tu r e .

From the  e x t r a p o la t i o n  o f  r e s u l t s  o b ta in e d  from tem pera tu re  

measurements c a r r i e d  ou t in  the  c lo se  v i c i n i t y  o f  a  working 

e l e c t r o d e ,  1500°C was chosen a s  a  most p robab le  tem peratu re  p r e v a i l i n g  

under the  e l e c t r o d e  t i p  and r e p r e s e n t in g  Tmax* w ith  I d e n t i c a l  s l a g  com­
p o s i t io n s  the  main f a c t o r s  a f f e c t i n g  t h i s  tem p era tu re  a re  th e  o p e r a t in g  

c u r r e n t  d e n s i ty  on th e  s u r fa c e  o f  the  e le c t r o d e  t i p  and , to  a  l e s s e r  degree, 
th e  dep th  o f  e le c t r o d e  immersion i n to  the  m olten  s l a g  by v i r t u e  o f  the  

amount o f  h e a t  d i s t r i b u t e d  in  a u n i t  volume o f  m elt as  d iscu ssed  p re v io u s ly .

I f ,  on accoun t o f  v a r io u s  reaso n s  l i k e  change o f s l a g  r e s i s t i v i t y  b rough t 

abou t by sm e l t in g  e f f e c t s  w ith  the  change in  the  flow r a t e s  o f  th e  feed  

m a te r ia l  to  the  e l e c t r o d e s ,  o r  i n t e n t i o n a l  in c re a s e  o f  o p e ra t in g  c u r r e n t  

to  in c re a s e  p ro d u c t io n ,  the  tem peratu re  changed from 1500 to  say 1600 C, 

t h i s  would b r in g  abou t a change a l s o  in  the  c a lc u la te d  a c t iv e  a re a s  a s  
i n d ic a te d  in  f ig u r e  VI-) f o r  e l e c t r o d e s  o f  0 ,6  and 1,2 m diameter resp ectively . 
As w i l l  be ap p a ren t  from the  graph the  change in  th e  tem pera tu re  o f  th e  ho t 

zone under  the  e l e c t r o d e  w i l l  in f lu e n c e  c o n s id e ra b ly  the  s i z e  o f  th e  r e a c t i o n  

jjone These tem pera tu re  v a r i a t i o n s  could be e s p e c i a l l y  pronounced d u - in g  

the p ro cess  of ch a rg in g  c o n v e r to r  r e tu r n  s l a g  in to  the e l e c t r i c  furnace or 
with a sudden change of th e  q u a n t i ty  o f  burden ad m itted  to the electrode.

The o p e ra t io n  o f  th e  e l e c t r i c  fu r n a c e s ,  because o f  the  com plex ity  

o f  the  p ro c e sses  c a r r i e d  o u t  in  them i s  n e c e s s a r i l y  prone to  c y c l i c  
f l u c t u a t i o n s  which, on a  tem pera tu re  b a s i s ,  could  e a s i l y  invo lve  a 3 to  3 ,5 a

/ .  about 50°C) in  the  h o t  zone te m p e ra tu re .  As a  consequence, t  e nhan/to 11 • 6 # nuvuw .
r e a c t i o n  cone o f  th e  e l e c t r o d e  1= a l s o  s u b je c t  to  p e r io d ic  c o n t r a c t io n s  and 

expannlono, a  well-known f a c t  from o p e ra t in g  p r a c t i c e .  An e x ac t  determ lan t i o n
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o f the ex ten t o f th ia  zone would only be possib le  under ateady o ta te , there ­
fo re  the p resen t estim ates can be regarded merely as reasonably good 
approxim ations of a c tu a lly  e x is tin g  conditions,

5 , /  E ffect of the depth of e lectrode immersion (p) in  the s lag .

Up t i l l  now the depth of e lectrode immersion was considered to  be 
a t  i t s  optimum i . e .  about p -  Dq/ 2,5 based on operating  p rac tic e  of 

the  reference  furnaces. Let us assume now th a t the composition and, as a 
r e s u l t ,  the r e s i s t iv i t y  of the s la g  v aries  in such a way th a t th is  w ill  give 
r i s e  to  v a ria tio n s  in  e lectrode  position  between D^/2 and D^/5 in terms of 
e lec tro d e  diameter* Following the sequence of ca lcu la tio n s ou tlined  in  
Tables VI-2 and VI-3 and using equations 2 and 3 fo r optimum depth of im -  
mersion (P0p^) and constant temperature zone ( J  ) , the r e s u l ts  shown in  
f ig u re  Vi-4 and Table VI-5 can be obtained. The inverse re la tio n sh ip  
between ac tiv e  area and depth of electrode penetration  i s  obvious and becomes 

more no ticeab le  w ith the decrease of p»

In th is  context i t  lias to  be noted here th a t the decrease of the 
depth of e lec trode  penetra tion  in to  the s lag  w ill n e ce ssa rily  a l t e r  a lso  
the depth of the s la g  lay e r assumed to be a t  a constant tem perature. The 
th ickness of th is  zone as th a t o f p depends cn s lag  c h a ra c te r is t ic s  and a t 
constan t k _ ,  h , n and * as well as operating  current i t  w ill  remain un -  
changed. A change in  the e le c tr ic a l  conductivity  of the s la g  w ill a l t e r  
the p o sitio n  of the e lectrode  with the r e s u lts  described above. In  th is  
way the e f fe c t  of the change in  the depth of the constant temperature lay e r 
upon the ac tiv e  area  wdll be synonimous with th a t imposed by the change of 
the depth of e lec tro d e  immersion, followed by an inverse p ro p o rtio n a lity  in  
s la g  heating . R esults of ca lcu la tio n s performed fo r  -  0 ,1 , 0 ,2 , 0 ,3  and 
0 ,4  m with 3e - 1,?5 m are given in F igure  V I-5 and Table V I-4

6 , /  E lec tro d e  c u r r e n t  and power  in p u t .

According to Bchwar, von Berfstempf (5) the e le o tr lo a l load on the 
curface o f an object o f c ircu lar  cro ss-sec tio n  Is a constant valus 

and depends on the character o f the m aterial. At id e n tic a l surface 

temperatures i t  i s  given by 2
I f  R /n » const, ■ —5 p 2«/

D H /4a

•rom which he suggested the th eoretica l model re la tio n sh ip  fo r  the per- 
. i s s lb le  load o f cy lin d r ica l conductor at constant external surface

Amoeraturo as



-  1 4 1  •

I -  kD1 ’ 6 6 , /

where D i s  the diameter of the conductor in meters and p i s  i t s  sp ec ific  
r e s is t iv i t y  in ohm,cm. Prom practical plant data in cane of Soederberg 
electrodes the follow ing expression was suggested for a lim iting  current

I -  (0 ,5xl04) Jig’6 ? . /

whore i s  expressed jn meters and the current I in amps, fith the
electrode of the reference furnace D « 1 , 2 5  m, the area of the flat-end

a p esurface 1 , 2 3x1 0  cm , from which the current density

-  ( 5 , O x l 0 4 ) ( l , 2 5 1 , 6 ) / l , 2 3 x l 0 4 -  7,5 A/cm2

Based on observations conducted on o great number of e le c tr ic  
furnaces Morkramer ( 6 } established that the maximum current load on s e l f ­
baking Soederderg electrode-types i s  a function of the electrode diameter

according to 1 7  Q /
I -  20,0 D = ./
max e

when D i s  in centimeters and I in amps.
B asically  the current load on an electrode as th is was already 

shown by Andreae i s  defined by the maximum permissible temperature to which 
the electrode surface above the melt can be exposed. When the energy 
generated above the charge as I 2R is  in equilibrium with the energy dissipated  
along the surface, the following equation expresses the conditions obtaining

" "  v  -
* So

hcrc k .  boat transfer coeffic ien t to the atmosphere In w atts/in  C
t -  temperature of electrode surface, C
t  * temperature of a ir , C
L*. length of section of electrode abrve^chargo 
f  = r e s is t iv ity  of electrode, ohm,in/in 

I * current in amps 

That i s ,  above a certain temperature the electrode w ill bum in contact 
with a ir  so t  cannot ercced a certain lim it. For long electrodes, auoh a , 
the ones in closed furnaces the value of t .  mu-t be chosen low, otherwise 
the temperature of the t ip  of the electrode becomes abnormally high.Andreae 
ha, found that for example a 76  cm d ie . electrode which under normal con­
dition.-, w ill  carry 5 0 ,0 0 0  amperes could he 1 ,dcd only with 19,000 amperes 
in a furnace whore the electrode extended around 5 meters under the roof, 

flesldos these researchers a number c f  others, such as Kelly,
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Table  VI-7 V a r ia t io n  o f  power in p u t  w ith  e le c t ro d e  a ize

D (m) e 0 ,4 0,6  0,6 1,0 1,2

E le c t ro d e
c u r r e n t kA 12

Power in p u t  MW
maximum 7 * 3

o p e r a t i n g  3,4

22

15,8
6,1

35 50

21,8

9 ,8

31

14

68

42

19

90

55

25

114

71
32

Table  VI-8 Power input , _ 02e r a t ^ . c u r r e ^
v a lu e s  as fun c tio n s  o f e l e c tro d e_ d iam ete r .

p (max) MW 3,35

I  kA 4 ,4
f

V n«
G

1% ,0 

Sn,*1 6 ,51

0 ,6 0 ,6 1 ,0 1 ,2 1 ,4 1 ,6

6,1 9 ,8 14 18,7 24,7 32 ,0

7 ,3 10,6 14,2 18,5 22,5 27,2

8 ,2 7 ,6 7 ,0 6 ,5 6 ,2 5 ,9

4,34 3,36 2 ,6 2,17 1,85 1,63
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P a s h k ls  and Ic ioB on , Prrwnon have proposed form ulas f o r  the e le c t ro d e  s i z e -  

cu x T tn t  c a r r y in g  c a p a c i ty  r e l a t i o n s n i p  as w i l l  be d iscusoed l a t e r .  However, 

t h e i r  e q u a t io n s  r e f e r  s p e c i f i c a l l y  to  the p roduction  o f  c e r t a in  groups o f  

f e r r o a l l o y s .  The e x p re s s io n  advanced by Morkramer proved to  be o f  more 

g e n e r a l  v a l i d i t y ,  th e re fo re  in  the p resen t s tudy  the c a lc u la t io n  o f  e le c t r o d e  

c u r r e n t  was based f i r s t  o f  a l l  on cqu, VI-8 , The r e l a t i o n s h ip  founc by t h i s  

a u th o r  f o r  v a r io u s  e l e c t r o d e  d iam e te rs ,  e le c t ro d e  c u r re n ts  and c u r r e n t  

d e n s i t i e s  a r e  g iven  in  graph VI-6 , On the b a s i s  o f  the  graph the  e le c t r o d e s  

o f  th e  r e f e r e n c e  fu rn ac es  w ith  2 ,6 5  A/cm'* c u r r e n t  d e n s i ty  (7 )  an^ a  maximum 

o f  1 9 ,3  kA o p e r a t in g  c u r r e n t  appear to  be r a t h e r  underloaded . Prom equ,

VI-8 th e  maximum c u r r e n t  d e n s i ty  on e le c t ro d e s  of t h i s  s iz e  (De -l ,25m ) would 

be ab o u t 6 A/cm2 a s  a g a in s t  Bergkampf's 7 ,3  A/cra2 , In  m atte  sm e l t in g  

f u r n a c e s  i n  p r a c t i c e  w ith  e le c t ro d e s  o f  -  1 , 2- 1 ,3 * the  c u r r e n t  d e n s i ty  

may v a ry  between 2 ,5  and 3 ,0  A/cm2 under optimum c o n d it io n s  w ith  the  
p a r t i c u l a r  F lags  u sed . Then w ith  Morkramer's d a ta  on e le c t ro d e  c u r r e n t  the  

BMimum p e rm ir . i lb le  power in p u t  and the o p e ra t in g  power ( W ^  and " V a n 1 

w i l l  v a ry  an uhown in  Table V I-7 . I W ^  wae es tim ated  on th e  b a s i s  o f  th e  

ran g e  o f  c u r i e . , t  d e n s i ty  quoted above fo r  D , . l ,2  to  1 .3 -  a t  an average  dep th

o f  e l e c t r o d e  immersion o f  p -  Ce/2 ,5 *

In  a f u r t h e r  e la b o r a t io n  on o p e ra t in g  c u r r e n t ,  in  a  r e c e n t  paper 

Wmtley ( a )  gave th e  r e s u l t s  o f  a  d e ta i l e d  s tu d y  on power in p u t ,  e l e c t r o d e

Ca .  L d j s .  ( A n d r e a e )  -  ( le r s s o n )  -  - ^ 5  (W sstley) 9 . /

z ; : T ; z r : e % n : J :  Z t r : : ; : : " — : i  ^ 0 . ,

form ula  w ith  say  19 W  and 16,9 kA f o r  C, we g e t

0  .  [ ( 1 9 , 0 x 1 0 6 ) ( 1 , 2 5 * 1 0 2 ) ]  / ( 1 , 6 5 x 1 0 4 ) 2  -  6,95

A id  tfimld C -  7 ,4 7 ,  Then w ith  th e  d a ta  o f  Table
mnan ^  v a lu e s  f o r  example in  case  o f D . _ 0 , 4 .

A n d reae 's  c o n s ta n t  w i l l  g ive  ; ^ V i x i o S o . A x l Q 2)

. w i n  W e s t l e y constant would g ive  4 , 2 )  kA, 
that i s  ^  ' ^ p i a ,  t h e  s la g  r e s is t iv it y  in  the present

study J V e u r s a  as 1 ,1 6  to  1 ,6 7  - c m  a t  1100
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Figure VI -  9, POWER IN P U T  AND MAXIMUM O P E R A T I N G  CURRENT AT  V A R I O U S  E L E C T R O D E  
D I A M E T E R S  AND D E P T H S  O F  E L E C T R O D E  IM M E R S IO N  I N T O  THE S L A G ,

0,6 0,8

0.6

D e p t h  o f  e l e c t r o d e  I e *  i r e  I o n  

D/5 D/4 0 /3 D/1D/2D/8

i.
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f o r  p la n t  Blags o f  about 4*4 ohm,ora, Since R ^ -  kG and G the c e l l  c o n s ta n t  

was c a lc u la te d  ac 2 , 1 5  Ga a t  a depth o f  e l e c t r o d e  immereion o f  p « De/2 ,5 »  

th en  11̂  ̂ “ 4*4x2 ,15  == 9»5 orun, cm, th at lu  1 9 , 0  ohm,cm per phase in  the c o n te x t  

o f  th e  r e fe r e n c e  fu rn a ces .  Then w ith  s i x  e l e c t r o d e s  H » 5 x 19 = 57 r.ohm 

which would y i e l d  a power input o f  P^= 12R = ( 5,24x10 8 ) ( 5 J x l O - 2 ) -  1 8 ,5  MW.

In  t h i s  way the  c e l l  c o n s ta n ts ,  o p e ra t in g  c u r r e n t s  and fu rnace  loads  f o r  

v a r io u s  s i z e  e l e c t r o d e s  can be es tim ated  provided lth%t) 1 he c h a r a c te r  o f  th e  

s l a g  produced i s  the  seme in  a l l  u n i t s .  The r e s u l t s  o f  c a lc u la t io n s  a r e  

com piled in  Table V l-8 , The v a lu es  o f  G r e f e r  to an average  e le c t ro d e  

p e n e t r a t i o n  o f  PHVg ** D^/2,5# (see  a ls o  f i g .  V I-12) ,

The r a t i o  t h a t  in  the  r e l a t i o n s h i p  between o p e ra t in g  c u r r e n t

and e l e c t r o d e  diame te r  d e r iv ed  from Andreae10 c o n s id e ra t io n s  on maximum 

p e rm is s ib le  c u r r e n t  on the  f r e e  s e c t io n  o f  the e l e c t r o d e  exposed to  th e  

a tm osphere  above the charge  ( t h i s  d e c re a s in g  w ith  th e  decrease  o f  fu rn ac e  

s i z e )  has a s i g n i f i c a n t  b e a r in g  on a c t iv e  e le c t r o d e  a re a  -  e le c t ro d e  d ia  -  

m e te r  r e l a t i o n s h i p ,  and accoun ts  f o r  the in c re a s e  o f  th e  r a t i o  d^/B^ w ith  

th e  d ec rea se  o f  D^, The e x te n t  o f  t h i s  s h i f t  ie  d e p ic te d  in  f ig u r e  VI-7 

showing th re e  a d ja c e n t  f l n c t r c d e s  in  the  d iam eter  range o f  0 ,4  -  1 ,2  m eter 

w ith  t h e i r  co rre sp o n d in g  a c t i v e  a r e a s .  The r a t i o  D^/S th a t  i s  e le c t ro d e  

d ia m e te r  and sp ac in g  (centre, to  c e n tr e  d i s ta n c e )  was k ep t  c o n s ta n t  in  a l l  

o a s e s .  F igure  VI-8 in  a  lo g - lo g  r e p r e s e n ta t io n  shows the dependence o f  

th e  r a t i o  I f /Ue and d^/D^ r e s p e c t iv e ly  on D^.

Thus th e  power in p u t  to  the  fu rnace  i s  a f f e c t e d  by e le c t ro d e  c u r r e n t ,  

e l e c t 'O d e  d iam e te r  and dep th  o f  e le c t ro d e  immersion. The complex r e l a t i o n s h i p  

between power in p u t  and dep th  o f  e le c t ro d e  p e n e t r a t i o n  in to  the  m elt a t  

maximum c u r re n t  ( l ^ )  w ith  the  d iam eter  o f  the  e le c t r o d e  i s  summarised

in  f i g u r e  VI-S’,

2j /  Hearth v o l t s , r e .  c e l l  co n s tan t  and e le c t ro d e  s iz e

At a  c o n s ta n t  ..over in p u t ,  w ith  the  au tom atic  c o n t ro l  o f  tha  

e l e c t r o d e  p o s i t i o n  the  o p e ra t in g  c u r re n t  w i l l  be r a i s e d  o r  lowered fo l lo w in g  

th e  cou rse  o f  change in  s l a g  r e s i s t i v i t y .  In  t h i s  way the  v o l ta g e  between 

e le c t r o d e  t i p  and the s u r fa c e  o f  the  m atte  should n e c e s s a r i l y  remain 

c o n s ta n t  in  p r a c t i c a l  o p e ra t io n  f o r  a giver, e le c t r o d e  s i t e ,  t h a t  ie

V ( e l e c t r o d e  t o  h e a r t h )  -  Ky  1 0 . /

P e r s s o n  and T r e l l h n r d  (9 ) d e s c r i b e d  t h e  r e l a t i o n s h i p  b e t w e e n  h e a r t h  v o l t a g e
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and e l e c t r o d e  d iam e te r  at? V„ » V d 1 1 , /
n 9

h
o r  V„ -  K D** 1 2 , /

H V 9

In  case  oV l.hc r e fe re n c e  fu rn ac e r  with a maximiuB phase v o l ta g e  o f  202 V 

( t r a n s fo rm e r  secondary  U-JSOV max,) the co n a ta n t  can be ev a lu a ted  f o r  th e  

p a r t i c u l a r  p ro cess  and m a te r ia l  used so t h a t  equ.12 w i l l  be w r i t t e n

V ^(max) -  ( l $Bxl0‘ ) ,D^ 1 ) * /

when 1) in  expressed  In m e te rs ,
6

F u r th e r ,  a cco rd in g  to  Bookman (10) the  r e l a t i o n s h i p  between fu rn ace  

r e s i s t a n c e ,  s l a g  r e s i s t i v i t y  and o l c c t r  >de s in e  i s  c o n s ta n t

R^Dg/y » c o n s t .  1 4 * /

o r  i n  an o th e r  form * c o n s t .  1 5 * /

By v i r t u e  o f  V^/?y * 1 6 , /

e q u a t io n s  14 and 15 e re  i d e n t i c a l  and s o lv in g  15 f o r  V we g e t

V » c o n s t , ( Pv/De )^ 1 7 • /

so the  e le c t r o d e  c u r r e n t  w i l l  become
c o n s t ,  ( l w

From e a r l i e r  c o n s id e ra t io n s  o f  t h i s  s e c t io n  the  fu rnace  power i s  exp ressed

c o n s t ,  (P D .)^  1 8 , /

88 p -  K B 1 *6 1 9 . /
w p e

At a  g iven  feed  com position  Kp depends on the  depth o f  e l e c t r o d e  .. u e rs ion  

i n t o  the  s l a g .  In th e  range o f  e le c t ro d e  p e n e t r a t i o n  o f  Be/2 to D / 2 , 5 

th e  v a lu e  o f  th e  c o n s ta n t  v a r i e s  between 12 to  22 and in  average  o p e ra t in g  

c o n d i t io n s  K i s  abou t 16. Then fo r  the p re s e n t  case  equ.17 can be w r i t t e n

in  th e  form y _ Cs(K 2 0 , /
H P o

t h a t  in  the  maximum h e a r th  v o l t a g e ,  when ^  1 .  expreeeed In  cm l a  g iven  by

VH -  0,7(Kpl £ '6 )* 21 • /

W ith raw m a te r i a l s  h av ing  a im l la r  phyolco-chc-alcal c h a r o c t e r l e t l o e  to  th o s e  

fe d  to  th e  re f e re n c e  fu rn aces  the maximum secondary  v o l ta g e  o f  th e  t r a n .  -  

fo rm er a t  the  h ig h e s t  ta p  p o s i t io n  w i l l  he

v * )  ’ l -4(v i ,6>* 2Ji/
F u r th e r  to  th e  a s p e c ts  o f  fu rnace  symmetry Persson  has shown ( l l )  

t h a t  the e l e c t r o d e - t o - h e a r th  v o l ta g e  i s  in v e r s e ly  p ro p o r t io n a l  to  the

sq u are  ro o t  o f  the e le c t ro d e  and, as  in d ic a te d  by equ .12 , the  r e l a t i o n s h i p
4 b  /%/Mn n  41 n r \  “f  /  . . .
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i s  c o n s ta n t  f o r  a  g iven  m a te r ia l  handled o r  produced in  th e  fu rnace

c o n s t . 2 ) . /

whore i s  the  phase component o f  the e le c t ro d e  to  h e a r th  vo ltage*  The

c o n s ta n t  in v o lv es  the  k f a c t o r  and power d e n s i ty  (w atte  p e r  u n i t  s u r fa c e  

a re r i ) p a ra m e te rs .  For example f o r  copper matte p roduc tion  Fersson  gave 

th e  v a lu e  : V^/!'^ » 17,1* As to  the o p e ra t in g  fu rnaces  d iscu ssed  in  t h i s  

s tu d y  U -  550V and -  11,2 cm, then ( u /  V i ) / ^  -  202/11,2 -  18 ,0  f o r  

c o p e r -n ic k e l  m a tte s  as a g a in s t  the  c lose  va lue  quoted f o r  copper m atte  on ly ,

In  S e c t io n  I I I  eq u a tio n s  19 and 20 c o r r e la te d  the  c e l l  c o n s ta n t  

w ith  power d e n s i ty  and e le c t r o d e  diam eter p e r t i n e n t  to  s l a g  r e s i s t a n c e  

h e a te d  fu rn ac es  o f  r e c ta n g u la r  shape having 6 - i n - l i n e  e le c t r o d e  arrangem ent 

The b a s ic  concep t is? in  accord w ith  the  fo reg o in g  p roposa l o f  Pereson*

In  an o th e r  form the e x p re ss io n  f o r  c e l l  c o n s ta n t  was g iven  as

(h -  p )kck/ tt
k  ■ 24*/

wher'' K i s  the  charge-dependent constan t,  
ch

fo l lo w in g  form:

Equ. 24 can be w r i t t e n  i n  the

k(li -  p)Kch
2

-  In + ' t 2 5 . /

4TT . e V e  J

U t  now S/1. -  I. f o r  * g iven  procedure (eo d e f in e d  by m a te r i a l ,  th roughpu t

r a t e ,  e t o . / b e  c o n e ta n t ,  r e p r e s e n t in g  the  le n g th  r e l a t i o n .  In  the  geometry as

n r— r
+ YLs ’  ^  + ° t  " 4TI

%6./

w ith the p a r t ic u la r  m - l l n e  e le c t rode arrangement In  r«o ta„gu lar_ fum ac,a  

1„(1 0} L ) 4 C . The"aecond capacitance term Cv  accounting fo r  the ac tio n

S/1)
2 J 2  -  L , then  2 , 7 2 / 1 , ^  -  2 ,2 ,  and thus  2 ,2 /2 ,7 2  -  0 ,82  L ,, Then

W i t h  those  r e s u l t s  e q u a t io n  P4. f o r  the  c e l l  c o n s ta n t  becomes

V 1 '  Pi
k -  — n

i ^ D . 0 2  l b t  l n ( l , 9 3  ba ) ] 2 7 ./

where I'g
S/D. g iv in g  thus  the  r e l a t i o n s h i p  o f  the  fo l lo w in g  p a ram e te rs .

* Q  I 4- A  t% /  - . .
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e i e c t r o a e  d ia m e te r ,  e le c t ro d e  spac ing , depth  of e le c t ro d e  immersion in to  the  
s l a g  and the  t o t a l  depth o f  the s l a g  bed.

In  a  s im p le r  fo rm u la t io n  fo llo w in g  the proposal o f  von Bergkampf(5) j
by which the  fu rn ace  r e s i s t a n c e  j

K . , L  |

a' ' f ITT/T 28l/6 i
^eee S e c t io n  111), L be ing  the len g th  o f  e le c t ro d e  submerged in  th e  m elt and 

Kch th e  charge-dependen t c o n s ta n t ,  the  c e l l  c o n s ta n t  may be exp ressed  as
%

k -  VI -  P )  - o —  2 9 ' /
fiDg/4

K i n  average  p la n t  o p e ra t io n  and w ith  average s l a g  com position has the  

v a lu e  o f  2 ,5  to  2 ,7 .  The ex p ress io n  in  i t s  o r i g i n a l l y  proposed form does 

n o t  a cco u n t f o r  i n t e r - e l e c t r o d e  conduction and assumes th a t  a l l  c u r r e n t  

f low s v i a  e l e c t r o d e - m e t t e - e le c t r o d e .  I t  i s  the  co n s ta n t  based on ex 

p e r im e n ta l  ev idence  then compared w ith  the  es tim ated  r e s i s t a n c e  o f  the  

o p e r  . t i n g  u n i t s ,  to g e th e r  v i t h  the  (H-p) term th a t  make the  n ecessa ry  

c o r r e c t i o n s  and ren d e r  the reby  equ. 29 reasonab ly  a c c u ra te  f o r  the  

a sse ssm en t o f  fu rnace  r e s i s t a n c e ,

Q j  R e la t io n s h ip  between fu r nace r e s i s ta n c e  and o p e ra t in g  c u r r e n t .

When in v es tig a tin g  the re la tio n sh ip  between furnace re s is tan c e  and 
opera ting  curren t in  FeSi furnaces having various e lectrode  d ia  - 

m eters (o ,9  to 1,95m) and run on burdens of varying eomposltlon, fo r  minimum 
power -onsumptton and boot operating  range Vestley (8) a r r iv a l  a t  the «  -

preeeion ^ ,1 /)  .  conat, o r  l/P*/5  -  oonst. 5 0 ./

motor an re la te d  to  matte sm elting furnaces can be expressed as

Cpe -  5 l V

.  S im ilar way fo r  optlmum'performance the constant was found to  be
I  5 2 ,/

X  * p°'8
g , /  General s c a l e - u p / , ««
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F i g u r e  V I  -  1 1 ,  P O W I l f  IN P U T  AS A F U N C T IO N  O F  CLECTHODE D I A M E T E R .
DEPiii or : ; ectrooe immersion »,s a parameter.

F u r n a c e  c u r r e n t  | ^  a n d  I s h o w n  f o r  c o m p a r i s o n

i s m5 0

0  / 5

4 0 D / 5

D /3
D Z 2

3 0
0 n

f u r n a c e  c u r r e n t  b y  
K ’ d l s e t h ' e  f o r m u l a

20

10

5

2,0i 1,0 1»5
Electrode diameter D

0,8
0 , 40 , 3
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Dopth or e lec tro d e  Immersion p • const, •  0 /2 ,5

3
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5 0

r °
i .3O
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k

20 .

10

A 5

t o

t

- p . , — -  1 1 t  ,  ,,T . ,  t
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0 , 4 0,6 0,8  1,0  1«5 2,0  
E l e c t r o d e  d i a m e t e r  D #  * .
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F ig u re  VI -  I ) , E L L C T f i O O E  C U R i T N T  D E N S I T Y  A S  A  F U N C T I O N  O F  E L E V T R O O E  D I A M E T E R ,

E e t i w t e d  b y  t h e  f o r m u l a s  o f

1  M o r k e a m e r
2  K a t l y
3  M o d i f i e d  e x p r e s s i o n  o f  K e l l y  f o r  t h e  

c o n d i t i o n  o f  t h e  m o d a l  f u r n a c e s  a t  P W ,  
f r o m  e q u ,  2 5 . )

D i a m e t e r  o f  e l e c t r o d e  0 |



F i g u r e  V I  -  1 3 , E L E C T R O D E  CURRENT D E N S I T Y  A S A ^ U N C T I O N  O F  E LE VTR OOE  D I A M E T E R ,

E s t i m a t e d  b y  t h e  f o r m u l a s  o f

1  M o r k e e n e r
2  K e l l y
3  M o d i f i e d  e x p r e s s i o n  o f  K e l l y  f o r  t h e

c o n d i t i o n  o f  t h e  m o d e l  f u r n a c e s  e t  R PM ,
f r o m  e q u ,  2 5 . )

D i a m e t e r  o f  e l e c t r o d e  D # |  a



Yakle_ J l r 9 j i  Sojne_baBic e q u a t ions in  the  form y .  K(x)n re p re s e n t in g  

fu m a c o  symmetry and o p e ra t in g va r i a b l e  r e l a t i o n s h ip s ,

P a ra m e te rs  r e l a t e d  

1 2

1 .  Bc

‘A D=

H D

D

D

P (MW) D

G D

I f  (kA) D

P - dc/2  

p -  D / )

V 5

Equations

1 ,  •  6 ,5  1 ° ' 47

dA -  5 ,0  D°'49 t0 ° - 55

s -  2 , 7 De 

dA -  2 ,9 S0 ’82 

H -  1,02 D®*98 

h * 0 ,66  0^ 

p -  0 ,375 D ^ 1

p -  KD 
w e

.1,6

Pw .  12 - 14 d| ’58

P -  16 D1,6?
w e

P -  19 -  2 2  D^’ 5 8
w ®

g -  : , 6  d- 0 ' 98

^ ’5 K -  15 to  15
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9 ' /  General x c a le - up ami doalCTi param eters r e l a t e d  to  the  s iz e  o f  
th e  e l e c t r o d e .

From the  f c re g o in g  diBcussion i t  i s  obvious th a t  w ith  the  s i z e  o f  

th e  e l e c t r o d e  a l l  the o th e r  o p e ra t in g  v a r ia b le s  and f a c to r s  

d e te r m in in g  fu rn ace  geometry w i l l  change accord ing  to  a  c e r t a i n  p ro p o r t io n .  

When th e  r e l a t i o n s h i p s  a re  p lo t te d  on lo g - lo g  paper, a simple e x p re ss io n  o f  

th e  form Y « Kxn can be o b ta in ed  where both K and n a re  c o n s ta n ts  w ith  K 

r e p r e s e n t i n g  the  c h a r a c te r  o f  the  m a te r ia l  handled in  the  fu rnace  and n the  

symmetry r e l a t i o n s h i p s  o r  s c a le -u p  f a c to r s .  The method was extended to  

f u r t h e r  v a r i a b l e s  and the  r e s u l t s  o f  c a lc u la t io n s  in  a  lo g - lo g  r e p r e s e n ta t io n  

a r e  g iv en  in  f i g u r e s  VI-10 to  12, and the c a lc u la te d  formulas in  Table  VI-9.

1 0 . /  C o m p a r is o n  w i t h  o t h e r  w o r k s .

K elly  (2 )  made f u r t h e r  e la b o ra t io n  on the  k f a c to r  concept o f  

Andreae and a r r iv e d  a t  u se fu l  r e l a t i o n s h ip s  p e r t i n e t  to  fu rn ace  

d e s ig n  p a ra m e te rs ,  p r im a r i ly  in  the  f i e l d  o f  f e r r o a l lo y  producing  submerged 

a r c  f u r n a c e s .  The e le c t r o d e  c u r re n t  d e n s i ty  was de fined  on th e  b a s i s  

o f  a  l a r g e  number o f  fu rn ace  d a ta  as

Aj ,  . jffQ amp/in2 35*/

or in  square centim eters A .  1 : /  (0 ,4 x l0 2 ) amp/cm 54*/

A vs D i s  shown in  f ig *  V I-1 )  p lo t  % .)
1 °Ths maximum current density that can be carried by a S^derberg

e lec tro d e  as determined by Morkramer was i l lu s tr a te d  in f lg .V I-6 . The

lim it in g  values given by him in  f ig .  « * .  P>°‘  »■) «  considerably higher
than those o f K e lly 's . With the else  o f  e lectrod es of the R *  furnaces
the "high edge range" (as K elly^em ed the upper values) of current density  

would ° ° ^ j 2 I c t Z a l ' lL n ld e r a t io n s ,  in matte smelting furnaces plot S .)

L / l o r k r a m e r  A j  ■ 6 - »  C  55>/

» . /  Kelly ^  - 4.0 C *  ' ’ 6V



F ! g u r «  V I  - 1 4 ,  C O M P A R IS O N  O F  R E S U L T S  O B T A I N E D  BY U S I N G  K E L L Y ’ S  F O W J L A S
AND THE B E S S E L  F U N C T IO N  METHOD F O R  THE E S T I M A T I O N  O F  R E A C T IO N  
Z O N E  D I A M E T E R  AND POWER IN P U T  TO THE F U R N A C E .

Ligand 1 maximum
2  o p t i m u m  r e a c t i o n  z o n a  b y  K e l l y
3  m i n i m u m

K i  K e l l y ' a  f o r m u l a  
B  t  P a s s e  I f u n c t i o n  m e t h o d

4 0
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4
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2

0,8 1 ,0  I*5
E l e c t r o d e  d i a m e t e r

0,6
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& ' /  O p e re t in g  range A ■ ? 05 d”°«53 ,
o f  m a tte  am e lt in g  1 * '* '
f u r n a c e 3

E q u a t io n  3 / r e p r e s e n t in g  the  average matte sm elting  o p e ra t in g  range was 

O b ta ined  by a p p ly in g  K e l ly 's  formula to the p a r t i c u l a r  co n d it io n s  o f  matte 

s m e l t in g .  The e x p re s s io n  can a lso  be w r i t t e n  as

Aj, -  (0 , 3x10^) amp/em? 38 , /

As f o r  a  d i f f e r e n t  and more s p e c i f i c  fo rm u la t ion , in  the p re s e n t  

s tu d y  i t  was found t h a t  the r e l a t i o n s h ip  between c u r re n t  d e n s i ty ,  o p e ra t in g  

c u r r e n t  (from  Table V I-8 ) and e le c t ro d e  diam eter in  the s p e c ia l  case  o f  

m atte c m e l t in g  fu rn ac es  w ith the p a r t i c u l a r  type o f  s la g s  handled can be 

w e l l-a p p ro x im a te d  by the fo l lo w in g  formula

Do .  2 ,6 b x l0 ~ 2 meter 3 9 ./

Then w ith th is  expression the formula fo r  current density  beoomee

At  -  (7,OxlO"4) I f  (H D ^ f1 «/om2 4 0 ./

That i s  in  case o f say 18.0 {1 . 2,56 A/cm1

In estim ating  the ac tive  area, Kelly regarded the e lectrode spacing 
i . e .  the  d istance  between the centre l in e ,  of the e lec tro d e . Instead of th e ir  
diam eter as a reference parameter and defined maximum, minimum and optimum 
re a c tio n  nones fo r furnaces o f c irc u la r  cross sec tion . The proposed f o r m a s  
fo r  a c tiv e  e lec trode  areas and furnace diameters were as follow s,

Maximum Minimum Optimum

d 2,0 S -  De 1*0 S 1,16 S
D* 2,3 S -  De 2,16 S 2,3 S

in  terms of e lec trode  diameters only, these equations can be expressed a .

d 4,1 De 2.56 De 2.96 De

Df  7,07De 5,53 De 5,89 \
, n the range of electrode diameters investiga ted  

Thu estim ated reac tio n  „ denotlng th .  re s u l ts  calcu lated

would then be as shown ^  dlamotere of the reaction  nones obtained
by Bessel function  mo o . ^  reU U on t0 the 6 - in - lim  e lectrode con -

,1 .1 5  would r e s u l t .  Apparently, fo r  ,  rG B a0M tu /. . .
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a  reao o n ab le  comparison between the a c t iv e  a re a s  in  c i r c u l a r  vs  r e c ta n g u la r  

fu rn ac e  symmetry r e l a t i o n s h i p  when the average m e lt in g  p o in t  o f  the  p la n t  

s l a g  i s  around 1)20 -  1))0°C and K e l ly ’s formula r e l a t i n g  to  maximum 

r e a c t i o n  zone i s  u sed . Below J) * 1 ,0  m the  dimensions tend to  d e v ia te  more 
and more from e a c h o th e r .

As re g a rd s  to  the  change o f  the  maximum r e a c t io n  zone ( d . ,  \ )A^max;
w ith  e l e c t r o d e  d iam eter  the  r e l a t i o n s h ip  can be c lo s e ly  approached by 

m u l t ip ly in g  the  a c t i v e  a re a  e s t im ated  by B essel fu n c t io n  ( d ^ g ^ )  w ith  the  

vquare  r o o t  o f  the  r a t i o  between the  d iam e te r  o f  th e  r e fe re n c e  e le c t r o d e  

and vhe r'i«.meter o f  the  e le c t ro d e  in  q u e s t io n ,  th a t  i s

^A(max) " ^A (B) ̂  De ( r e f  )/̂ I)e ̂  41 * /

where De ^r e f ) ■ 1 ,2 )  m and denotes  any e le c t ro d e  s iz e  w ith in  the  range o f

0 ,4  to  2 ,0  m. The p lo t  i s  shown in  f ig .V I -1 4  by d o t te d  l i n e s  and i t s

e q u a t io n  w i l l  be n QA ,
d ;  -  4 ,2  D°’94 4 2 . /

which i s  very  c lo s e  to  t h a t  g iven  in  th e  t a b le  above f o r  dA( max)*

By the  o r i g i n a l  concept o f  K e lly  th e  r e l a t i o n s h i p  between r e a c t io n  

zone and fu rn ace  d iam e te r  i s  expressed  a s  Df  -  2 d^ and the  e le c t ro d e  

sp ac in g  a s  S -  V J/(2  dA) .  In  t h i s  way the  d iam eter  o f  the  a c t i v e  a r e a  

would be p ro p o r t io n a l  to  the  square  ro o t  o f  the  power in p u t ,  which in  case  

o f  m atte  sm e l t in g  fu rn ac es  i s  c l e a r l y  n o t  th e  c a se .  One o f  the  main s h o r t ­

comings o f  K e l ly ’ s a n a l y s i s ,  as Coetze p o in ted  ou t (12) was t h a t  the  d e s ig n e r  

s t i l l  had the  problem to  f in d  a  va lue  f o r  d^ on an e x i s t i n g  fu rnace  working 

on a  raw m a te r ia l  to  be used in  a new fu rnace  as f a r  a s  the  problem o f  

s im u la t io n  was conce rned . The e x ac t  d e te rm in a t io n  o f  the working a re a  o f  

th e  e l e c t r o d e ,  a p a r t  from the e le c t ro d e  a re a  i t s e l f ,  w i l l  depend l a r g e l y  on 

th e  c h a r a c te r  o f  the  burden , such a s  f o r  example p o r o s i ty ,  t h i s  be ing  an 

e s p e c i a l l y  im p o rtan t  f a c t o r  in  the  p ro d u c tio n  o f  f e r r o a l lo y s  and s i l i c o n  

c a r b id e .  F u r th e r ,  i t  may a l s o  be r e l a t e d  to  the  e le c t ro d e  c u r r e n t  d e n s i t y ,  

a l th o u g h  the  in v e rs e  p r o p o r t i o n a l i t y  between the two v a r i a b le s  i s  no t much 

o f  a  h e lp  in  d e s ig n  and may even le ad  to  co n fus ion .

P e r t a in in g  to  the  power in p u t  -  e le c t r o d e  d iam eter  r e l a t i o n  

K e lly  sugges ted  t h a t ,  as  i t  was mentioned above, the  power in p u t  i s  p ro ­

p o r t i o n a l  to the  square  r o o t  o f  the  a c t i v e  a re a  o f  the  e l e c t r o d e ,  t h a t  i s

Lac

2 
/

th  (13) proposed th e  fo rm u la /

P OC d, 43*/
W A
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K j^ ls o th  proposed the form ula  (13)

p„  -  W>? 4 4 . /
and Wilson added h ie  own $ ( 1 4 ) p = %)2,79 4 5 * /

From th e se  p ro p o sa ls  K jo l s e th ’a ex p ress io n  appears  to be the  c l o s e s t  to

th o se  r e l a t i n g  to m atte  sm c lt in g  fu rn aces  w ith  the  exponent o f  D v a ry in g

from 1 ,75  to  2 ,0  and K from 12 to  22 w ith  a  change o f  the  dep th  o f  e le c t ro d e  
immersion between DJ 2  to  D / $ .

The va lue  o f  K in  equ .44  when ap p l ie d  to  the c o n d i t io n s  o f  the  RPM 

fu rn a c e s  w ith  a power in p u t  o f  19 MW was K * 12,15* The co rre spond ing  p lo t  

o l  MW vs Dq i s  shown in  f ig u r e  VI-11, w ith  d o t te d  l i n e s .  As i t  i s  i n d ic a te d ,  

th e  t re n d  f o r  e l e c t r o d e s  l a r g e r  than 0 ,6  m d i a ,  i s  s im i la r  o r  v i r t u a l l y  

i d e n t i c a l  w ith  t h a t  o b ta in e d  from Morkr&mer’s formula r e l a t i n g  to  in c re ase d  

d ep th  o f  e l e c t r o d e  p e n e t r a t i o n  and low er range o f  o p e ra t in g  c u r r e n t .  The 
eq u a t io n  o f  the  l i n e  i s

P -  12,15 D2 ,° 5 12,2 D2 4 6 , /w e 0

By the  p r i n c i p l e  o f  s i m i l a r i t y  K e l ly 's  argument, r e l a t i n g  to  

e l e c t r o d e  sp ac in g  and power in p u t  r a t e ,  can be a p p l ie d  to  the  e s t im a t io n  

o f  the e l e c t r i c a l  load  o f  any d e s i re d  s i z e  fu rn ace  in  the  knowledge o f  the

two param ete rs  in  one p a r t i c u l a r  u n i t  (1 5 ) .  L e t S and S be e le c t ro d e
1 ^

sp ac in g s  w ith  P , and P „ th e  r e s p e c t iv e  e l e c t r i c a l  lo a d s ,  then  
W - l  W -2

S 2

S2 ■ Sl<pv- A . l )§r ?«-2 - <sf) pv.l «•/
S im i l a r ly ,  i f  D- and D a re  the r e s p e c t iv e  fu rnace  d iam e te rs  then

1—1 f —2

“ d ■ Dr - i  (f e l )4  ^

A comparison between power in p u t  r a t e s  w ith  th e  change o f  e le c t r o d e  s iz e  

o b ta in e d  w ith  the use o f  th e se  eq u a tio n s  and th o se  e s t im a te d  by the  w r i t e r

o f  t h i s  s tudy  i s  g iven  in  f ig*  VI-14 by p lo t s  K and H* As w i l l  be seen ,

w ith  th e  in c re a s e  o f  the  e le c t ro d e  d iam eter  above Dq -  1 m the  d i f f e r e n c e  

between the  power in p u t  r a t e s  e s t im a ted  by th e  two methods becomes l e s s

and l e s s  s ig n i f i c a n t*
Furnace w id th . P o r t in a e n t  to  fu rnace  width as  a p p l ie d  s p e c i f i c a l l y  to  

u n i t s  o f  r e c ta n g u la r  shape Peruson and T r e i lh a rd  (9 ) 

su g g es ted  a  formula r e p r e s e n t in g  r e l a t i o n s  between width and a re a  ( t h e r e ­

f o r e  a l s o  le n g th )  w ith  the in c lu s io n  o f  the number o f  e l e c t r o d e s  as
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1 v  y n  + l  4 9 ' /

which, in  the context o f the model furnaces of RPM would y ie ld

- f F  -  7 , a  .

from which the length Lf  = A/l^ -  182/7,2 = 25,5 m

The expression was a rriv ed  a t  from p rac tic a l considerations mainly as the 
r e s u l t  o f expected maximum perm issible drop in  product lev e l (matte or m etal) 
and e lec tro d e  trav e l a sp ec ts . From the point of view of the present 
in v e s tig a tio n s  i t  could n&rdly be regarded as a true  design equation, since 
i t  lacks the main reference parameter, i , e ,  and contains sim ultaneously 
two unknown v a ria b le s , width and area , the inter-dependence of which i s  i l l -  
defined w ithout the knowledge of the e lectrode dismeter*

In the p resen t investiga tion  i t  was shown how the ac tive  area 
and the width depend on the e lectrode size* The re la tio n sh ip  was found to 
be non-linear*  As a r e s u l t ,  the electrode diam eter -  ac tive  area - furnace 
width - leng th  -  area re la tio n sh ip  was defined separately  fo r  smr.ller 
fu rnaces, these being regarded as having e lectrodes with D < 0 ,8  m and la rg e r
furnaces with > 0 ,8  m as follows (all in meters):

Smaller furnaces 0 ,8  m 1^ - dA + l 5 0 ,/

Lf  " 4 dA + 1 51./

Af " Lf x K  " 4 dA • 5 d* + 1 52./
Larger furnaces D > 0 ,8

7 . " dA + 1,8 5)./

l S ' 5 d. -  21 D A e 54./
or in terms of electrode spacing since S - 2,7 D.

Lf ■ 7,8 S 55./
Af - Lf , !„ - 5 dA(dA + 1.8) - 5 + 9 dA 56./

where dA - 4*2 o r r^  ■ 2*1

Then in  the symmetry re la tio n sh ip s  of the model furnaces we have
Af  -  (5x5,2)2 + (9x5,2) -  182 m2

and the area of ac tive  reac tio n  zone
Arz  -  (2,1 De )>T -  21,7 m 

and Af  -  182/21,7 -  8,4 A ^  5 7 ./

I t  i s  In te re s tin g  t o / , . .
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c c t i n g  t o  com p are th e  o u t l i n e d  sy m m etry  r e l a t i o n s h i p s  w it h

R u s s ia n  c o n v e n t i o n s .  Among t h e  R u s s ia n  d e s i g n e r s  i t  w as D io m id o v s k i i  t h e

( 1  ) t o  a p p l y  t h e  c o n c e p t  o f  a c t i v e ,  o r  w o r k in g  a r e a  o f  t h e  e l e c t r o d e s •

3 an d  6  e l e c t r o d e  r e c t a n g u l a r  f u r n a c e s  h e  g a v e  t h e  f o l l o w i n g  d im e n s io n a l  
d a t a  ( 1 7 )

6  e l e c t r o d e s  3  e l e c t r o d e s

E l e c t r o d e  s p a c i n g  x p  * jj
e  e

I n t e r n a l  w id th  o f  f u r n a c e  6  D 6  D
e  ®

L e n g th  o f  f u r n a c e  21 D 12  D
e  e

A c t i v e  a r e a  o f  e l e c t r o d e  -  5  D
e

A p p a r e n t ly  t h e s e  m e a s u r e s  a r e  c l o s e  t o  i d e n t i c a l  w i t h  t h o s e  u s e d  i n  W e s te r n  

p r a c t i c e  f o r  t h e  d e s i g n  o f  r e c t a n g u l a r  f u r n a c e s  w i t h  t h e  e l e c t r o d e  s p a c i n g  

b e i n g  so m ew h a t l a r g e r  in  R u s s ia n  c o n v e n t io n .

S in c e  f u r n a c e  s y m m e tr ie s  and  o p e r a t i n g  p a r a m e te r s  a r e  b a s e d  o n  t h e  

c h a r a c t e r  and  b e h a v io u r  o f  t h e  raw  m a t e r ia l  t o  b e  t r e a t e d  i n  t h e  p r o c e s s  o f  

s m e l t i n g ,  d e s i g n  p a r a m e te r s  m ig h t  v a r y  som ew h at fro m  p r o c e s s  t o  p r o c e s s .

T h i s  i s  i l l u s t r a t e d  i n  T a b le  V I - 1 0  c o m p ile d  fro m  a v a i l a b l e  l i t e r a t u r e  d a t a  

o n  o p e r a t i n g  u n i t s .

I I  /  D e p th  o f  t h e  m o lt e n  s l a g  b a th  (H ) and  e l e c t r o d e  p e n e t r a t i o n  ( p )  v e

A f u r t h e r  im p o r ta n t  p a r a m e te r  f o r m in g  p a r t  o f  t h e  f u r n a c e  g e o m e tr y  

i s  t h e  d e p t h  o f  t h e  m o lt e n  s l a g  b a th  ( H ) ,  T h is  i s  d e te r m in e d  p r i m a r i l y  b y  

a . )  t h e  am ou n t o f  g a n g u e  c o n t a i n e d  i n  t h e  f u r n a c e  f e e d  an d  b , ) t h e  r e s i s t i v i t y  

o f  t h e  s l a g  w h ic h ,  o n  th e  o t h e r  h a n d , d e t e r m in e s  t h e  d e p t h  o f  e l e c t r o d e  

im m e r s io n  ( p ) , i . e .  th e  d i s t a n c e  b e tw e e n  t h e  t i p  o f  t h e  e l e c t r o d e  and t h e  

m a t t e  ( o r  m e t a l )  s u r f a c e .  In  d im e n s io n a l  r e l a t i o n s h i p  P a s h k is  a n d  P e r s s o n  

( 1 8 )  s u g g e s t e d  a  c o n s t a n t  r a t i o  b e tw e e n  th e  d i s t a n c e  h ,  t h e  d ia m e t e r  o f  t h e  

e l e c t r o d e  and  t h e  r e s i s t i v i t y  o f  t h e  s l a g  e q u a l l y  a p p l i c a b l e  t o  b o t h  c i r c u l a r  

a n d  r e c t a n g u l a r  f u r n a c e s  a s

hD
e

Rs l
-  c o n s t .  5 8 . /

o r  hDe  -  Rb 1  -  c o n s t .  .

I n  o t h e r  w o rd s t h e  p r o d u c t  o f  p h a se  r e s i s t a n c e  and  e l e c t r o d e  d ia m e t e r  i s  a

c o n s t a n t  v a l u e  f o r  a  p a r t i c u l a r  p r o c e s s .  N o t h in g  i s  new  a b o u t  t h i s  r e  -

l o t i o n s h i p  s i n c e  i t  i s  an  o t h e r  fo rm  t o  e x p r e s s  A n d r e a e 's  e l e c t r o d e  p e r ip h e r y

res ista n ce  concept. O b v io u s ly  t h e  v a l u e  of t h e  c o n s t a n t  w i l l  d e p e n d  f i r s t

o f  a l l  on  t h e  c h a r a c t e r  o f  t h e  s l a g  p r o d u c e d . W ith  s l a g  r e s i s t i v i t i e s

s im ila r  to those a t  RPM ( 4 , 2  to 4,7 ohm.cm, avg 4,4 ohm,cm) the value of the
c o n s t a n t  w as c a l c u l a t e d  a s  C -  2 , 3 3 x l 0 5  cm .ohm " 1 .cm ’ 1  f o r  th e  a v e r a g e

r e s i s t i v i t y / . . ,
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ESTIMATED Of,T|Ml>l BETWEEN ELECTIIOOC SIZE AND SLAti BATH DIMENSIONS 
WHEN PROCESSING BURDEN OF IDENTICAL OR SIMILAR CHARACTER TO THAT 
USED IN THE MODEL FURNACES.

H to ta l depth of slag bed
h distance between electrode t ip  and slag-m atte in terface
p depth of o lectrede penetration  into the ale^

( e l l  dlmens!one in meter)

1 ,0  1 ,5  i
Electrode diameter 0 *•



■ s

-  .

r n u o t m t y  and Z,2xao5 to 2,45x1c5 cm .o ta '1^ 1 fo r  tho quoted range of 
6 r . s i s t l m i e s .  Waned on optimum operating oonditlone the estim ated 

dimensional re la tio n sh ip  between elcotrode diameter and to ta l  s lag  depth, 
then e lec trode  to  matte d istance and depth of e lectrode penetration  are 
p lo tte d  in  fig u re  V I - 1 6 , the c h a ra c te r is tic  equations being

H -  1,02 D°$98 59./
h * 0,66 D0 6 0 ,/

P = 0,575 D*,1C e 6 1 ./

Obviously the r e la tio n  between and H, p, h may be subject to considerable 
v a r ia tio n s  due to opera ting  p ra c tic e , m ateria l produced, furnace a v a i la b i l i ty  
etc« The main ob jec tion  th a t can be raised  against the formulas i s  the 
l in e a r  v a ria tio n  of h w ith which would hardly m ate ria lise  since both the 
change of opera ting  curren t ami the power input were based on the formula 
o f  Morkramer by which the ra tio  between curren t and power input and 
e lec tro d e  diam eter decreases with the increase of D^, Consequently, the 
ex ten t of the change of p and h should be in  the same o rd e r, which is  not 
the cane. Therefore the equations are more of q u a lita tiv e  than of 
q u a n tita tiv e  value,

1 , /  Production capacity  of furnace versus operating  c u rre n t, power 
inpu t, furnace dimensions (width and length) and e lectrode 

diam eter.

In the possession of the availab le  data i t  is  possib le  now to 
assess the production capacity  of the furnace as a function of i t s  

dimensional c h a ra c te r is t ic s  and operating  variab les  p e rtin e t to curren t and 
power used* or ' . e ,  w ith the capacity  as the independent, th a t i s  the se t 
v a r ia b le , to determine these parameters required to achieve the desired  ra te  
o f production. The s ta r t in g  point fo r those se rie s  of ca lcu la tio n s i s  the 
experience gained from furnace operating  p rac tice  co rre la ted  with the 
e lec trode  size  -  opera ting  current re la tio n sn ip . For optimunoperation with 
uniform feed q u a lity  and a v a i la b i l i ty  ( i . e .  large stocks of feed and flux  
m ate ria l)  the cu rren t w ill vary only in  a r e la tiv e ly  narrow range in  p rac tice  
say 15 to 20/- dev ia tions from the maximum th a t can be delivered by the tran s­
form er. The minimum is  indicated  by dotted lin e s  in  figu re  VI-17. In 
between the two (the(shaded)areas represen t economic throughput ra te  fo r  the 
s ize  of the u n it in  question . These estim ates re la te  f i r s t  o f a l l  to the 
type o f concentrate  and burden feed used in  the prototype f trn ac es .

In terms o f / . . .



SUMMARISING DATA 0:: THE RELATIONSHIP HETJEEN FURNACE CAPACITY 
AND LireiRODE SIZE, POWER INPUT, OPERATING CURRENT, FURNACE WIDTH,

Legend

1 Iw
2 0 ,8  , ,

S 0
•

4 0,8 0
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I n  te r m s  o f  t h e  v a r i o u s  p a r a m e te r s  th e  w e ig h t  o f  f e e d  p r o c e s s e d  i n  

2 4  h o u r s  o p e r a t i o n  i s  e x p r e s s e d  by t h e  f o l l o w i n g  e q u a t io n s :

1 , /  f u r n a c e  w id t h  V ^ t / d )  -  2 ,7 0  I * ’ 6 8  6 2 , /

° * /  De  W] ) ( V d )  -  ( 5 ,7 x l O p ) D^ 5 6  6 5 . /

5 . /  C u r r e n t  I f (k A ) w j t / d )  .  2 5 , 8  I f  6 4 , /

4 . /  P ow er  P W ( t / d )  -  4 2 , 5  P° , e 4  6 5 , /
Pw

B . /  1 , /  R e c t a n g u la r  v e r s u s  c i r c u l a r  f u r n a c e  syim r.etr'

T h e f o r e g o i n g  c o n s i d e r a t i o n s  may p e r m it  a  b r i e f  c o m p a r is o n  b e tw e e n  

t h e  sy m m etry  r e q u ir e m e n t s  o f  t h r e e  e l e c t r o d e s  i n  t r i a n g l e ,  c i r c u l a r  

c r o s s  s e c t i o n  and  s i x  e l e c t r o d e s  i n - l i n e  r e c t a n g u l a r  e l e c t r i c  f u r n a c e s .  A s a  

b a s i s  f o r  t h i s  c o m p a r is o n  t h e  s m e l t i n g  c a p a c i t y  o f  t h e  u n i t s  w i l l  b e  t a k e n  

a s  i d e n t i c a l  w i t h  t h o s e  p r e s e n t l y  i n  o p e r a t i o n  a t  RFM,

A s i t  w as sh o w n , from  h e a t  c o n d u c t io n  c o n s i d e r a t i o n s  t h e  e f f e c t i v e  

s m e l t i n g  a r e a  o f  a n  e l e c t r o d e  o f  1 , 2 5  m d i a .  i s  a b o u t  4 » 0  t o  4 * 2  e l e c t r o d e  

d ia m e t e r  w h ic h ,  d u e  t o  t u r b u le n c e  and c o n v e c t i v e  h e a t  t r a n s f e r ,  M g h t  e x t e n d  

b e y o n d  5 D a s  m e a su r e d  fro m  t h e  s u r f a c e  o f  t h e  e l e c t r o d e .  By m o d e l e x p e r im e n t s  

a  c i r c u l a r  f u r n a c e ,  e q u ip p e d  w i t h  e l e c t r o d e s  o f  t h e  sam e s i z e ,  w o u ld  h a v e  a  

p i c h  c i r c l e  d ia m e t e r  o f  5 an d  an  o v e r a l l  d ia m e t e r  o f  a b o u t  6  D ^ , The 

th e r m a l c o n d i t i o n s  r e p r e s e n t a t i v e  o f  t h e  r e c t a n g u l a r  a n d  ro u n d  f u r n a c e s  c o u ld  

o n  t h i s  b a s i s  b e  c o m p a r e d .

F ig u r e  V I - 1 8  draw n t o  s c a l e ,  sh o w s t h e  e s t i m a t e d  r a d i a l  t e m p e r a tu r e

d i s t r i b u t i o n  a ro u n d  e l e c t r o d e  E - l  i n  t h e  r e f e r e n c e  f u r n a c e .  T h e f i g u r e

I n d i c a t e s  a l s o  t h e  d im e n s io n s  o f  t h e  e l e c t r i c a l l y  e q u i v a l e n t  3 - e l e o t r o d o

c i r c u l a r  f u r n a c e ,  fi- 2  c o n s t i t u t i n g  I t s  s e c o n d  e l e c t r o d e  w i t h  r e f e r e n c e  t o

E - l .  l . C .  I n  t h e  p ic h  c i r c l e  ( d ia m e t e r  3 1 ^ )  w h i l e  d o t t e d  l i n e  I  i n d i c a t e s

t h e  d i s t a n c e  o f  t h e  w a l l  fro m  t h e  e l e c t r o d e  a t  a  f u r n a c e  d ia m e t e r  o f  6  D , .

T h e d i s t a n c e  I s  e x a c t l y  1 D„ a n d , a s  w i l l  h e  s e e n  I n  t h e  g r a p h , w i t h  a  r a d i a l

t e m p e r a t u r e  p r o f i l e  e q u i v a l e n t ,  o r  s i m i l a r  t o  t h a t  o f  t h e  6 - l n - l l n e  f u r n a c e ,

t h e  t e m p e r a t u r e  a t  t h i s  p o i n t  w ou ld  b e  a ro u n d  1 3 5 0 ° C . F u r t h e r  tw o  d o t t e d

l i n e s  d e n o t e  t h e  d ia m e t e r  o f  t h e  ro u n d  f u r n a c e  i f  I t s  w a l l  t e m p e r a tu r e  w e r e

t o  b e  k e p t  t h e  sam e a s  I n  a  r e c t a n g u l a r  f u r n a c e .  L in e  I I  c o r r e s p o n d s  w i t h

t h e  a v e r a g e  l l q u l d u s ,  1 3 2 5 °C  a t  a  d i s t a n c e  o f  a b o u t  1 , 6  D , fro m  t h e  e l e c t r o d e

a n d  r e p r e s e n t s  an  i n t e r n a l  d ia m e t e r  o f  7 , 7  D „ , w h i l e  l i n e  I I I  g i v e s  t h e

d ia m e t e r  o f  a  c i r c u l a r  f u r n a c e  i n  w h ic h  t h e  t e m p e r a tu r e  o f  t h e  s l a g  a t  t h e

w a l l  w o u ld  b e / « .«



F igure VI-19. OUTLINE OF THE PRINCIPLE OF THERMAL LOAD DETERMINATION.

A

/

E- 1

B

M.,I.urn there .I Iced a t  point A, nearest to  the e lectrode; 

minimum a t  B, between two e lectrodes.
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w a l l  w o u ld  b e  b y  a n d  l a r g e  t h e  oanie a s  in  t h e  r e c t a n g u l a r  u n i t .  T hus f o r

t h e  d i a m e t e r  o f  t h e  t h e r m a l ly  e q u i v a l e n t  c i r c u l a r  f u r n a c e  n  , . we c a n  w r i t e
£ {c )

D f C c ) ^ * 6 * ) " 8 » 6  De  6 6 , /

S i n c e  t h e  e l e c t r o d e  s p a c i n g  S « 2 ,7  th e n

Df ( c / t , e * ) ■ 3 i 2 S 6 7 » /

On t h e  o t h e r  h a n d , w i t h  e l e c t r o d e s  o f  i d e n t i c a l  s i z e  th e  sym m etry  r e l a t i o n s  

i n  a  r e c t a n g u l a r  f u r n a c e  w i t h  r e g a r d  t o  w id th  and e l e c t r o d e  s p a c i n g  a r e

1 ^ /n , 5 ,6  2 ,1  S 6 8 , /

T h e s e  c o n s i d e r a t i o n s  a r e  im p o r ta n t  fro m  th e  p o i n t  o f  v ie w  o f  t h e

l i f e  o f  t h e  f u r n a c e  w a l l  w h ic h  d e p e n d s  t o  a  g r e a t  e x t e n t  on  t h e  th e r m a l lo a d

t o  w h ic h  t h e  s u r f a c e  o f  t h e  w a l l  i s  e x p o s e d .  F o r  t h e  t h r e e  c i r c u l a r  f u r n a c e

d i a m e t e r s  d i s c u s s e d  a b o v e  t h i s  ca n  b e  e s t im a t e d  by a  m eth od  b a s e d  on  t h e

r a t i o  b e tw e e n  t h e  p i c h  c i r c l e  and  t h e  d ia m e t e r  o f  t h e  m o lte n  s l a g  b a t h .  The

T h e m eth o d  w as o r i g i n a l l y  p r o p o s e d  by t h e  R u s s ia n  d e s i g n e r  B a u e r a  ( 2 0 )  an d

h a s  b e e n  w i d e l y  . .s e d  i n  R u s s ia n  f u r n a c e  d e s i g n  c o n v e n t io n .  The p r i n c i p l e  i s

i l l u s t r a te d  in f ig u re  VI-19* I f  i s  the radius of the melt (molten bath)
a n d  r  t h a t  o f  t h e  p ic h  c i r c l e ,  th e n  th e  maximum an d  minimum l o a d s  p e r  

p c
e l e c t r o d e ,  i . e .  p e r  p h a se  a r e  g i v e n  a s

Pv  r

an d

max

m in

<r m - r p c ) ‘

<r m * V '

( V  + V rpc + (rpo> -I

( r, ) * V rpc + ^ p o 1'

x lO " 2  kVA/m 2

6 9 ./  

2
x lO kVA/m

TO./

F o r  a  c o r r e c t  d e s i g n  K j  A a *  B U ,t  b e  " 1 U l 1  "  g r “ U r  ^  ° ’ 9 ,  K° “  1 # t
uo c o n s i d e r  th e  t h r e e  f u r n a c e  d ia m e t e r s  d i s c u s s e d  a b o v e .  The maximum p o w er

in  each case would be 19,5 MW then with the follow ing add itional dat» w. get

D,

m

m

m

m

kVA/m*
p c

Kmax 
v  "

m in

^ m in ^ m a x

Casel Case I I Case I I I

6D "7$5m 6
7,7De-9,6m 8,6De -10,7m

5,75 4,8 5,4

1,88 1,88 1,88

0,665 1,40 0 ,8)5

5,82 1,27 0,795

(5,75) 0,91 0,95
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t a b l e  c l e a r l y  i n d i c a t e  t h a t  I n  c a s e  XI and I I I  t h e  h e a t i n g  o f  t h e  w a l l  w i l l  

oomI,a i 'a U v e l y  e v e n  an d  t h e  d e s ig n  a d e q u a te  w h i l e  in  c a s e  I ,  fr o m  a  h e a t  

e c o n o m y  p o i n t  o f  v ie w  t h e  d e s i g n  o f  t h e  f u r n a c e  w ou ld  n o t  b e  s a t i s f a c t o r y ,

o  o l  p i c h  c i i c l e  to  f u r n a c e  d ia m e te r  f o r  c i r c u l a r  f u r n a c e s  e n v i s a g e d  

f o r  m a t t e  s m e l t i n g  w o u ld  b e

D . 8 , 6  D

r -  - - T - ^  " 71-/p c pc

I n  t h e  d e s i g n  o f  f e r r o a l l o y  f u r n a c e s  th e  e l e c t r o d e  s p a c i n g  i s  g i v e n  

u s u a l l y  a s  S « 2 , 1 5  When c o m p a r in g  th e  tw o f u r n a c e  s y m m e tr ie s  t h i s  lo w  

v a l u e  w o u ld  s e r v e  n o  u s e f u l  p u r p o se  s i n c e  th e  e l e c t r o d e  c u r r e n t  i n  a  t h r e e  

e l e c t r o d e  f u r n a c e  i s  ' / J  t im e r  t h a t  f o r  th e  G - i n - l i n e  f u r n a c e ,  T he i n d i c a t e d  

i n c r e a s e d  e l e c t r o d e  s p a c in g  o f  2 ,7 D  i n  f i g , V I - 1 8  w o u ld  c o r r e c t  f o r  t h e  

d i f f e r e n c e  i n  c u r r e n t .

A s i t  h a s  a l r e a d y  b e e n  r e f e r r e d  t o ,  S ch w arz v o n  B ergk am p f fro m  a  

m o d e l p o i n t  o f  v ie w  ( 5 ) c o n s id e r e d  t h e  t h r e e - e l e c t r o d e s - i n - t r i a n g l e  

e l e c t r i c  f u r n a c e  a s  b e in g  g e o m e t r i c a l l y  a  s p h e r i c a l  u n i t  i n  w h ic h  t h e  b a th  

w o u ld  th e n  c o r r e s p o n d  t o  a  h e m i- s p h e r e .  The i n t e r n a l  d ia m e t e r  o f  t h e  b a t h ,  

o n  t h i s  b a s i s  w as e s t i m a t e d  a s

db -  5,1 De 7 2 ./

a n d  t h e  t o t a l  e x t e r n a l  d ia m e t e r  a s

Df ( t o t )
-  7 ,2  DP'* 7!)./e

) n  t a k i n g  a b o u t  3 5 - 4 . cm t h i c k n e s s  l o r  th e  w a l l s  in  r e c t a n g u l a r  f u r n a c e s , 

t h i s  l a t t e r  e x p r e s s i o n  r e p r e s e n t i n g  c o n d i t i o n s  f o r  f o r  f e r r o a l l o y  p r o d u c t io n  

Ln ro u n d  f u r n a c e s  w o u ld  g i v e  a  v a lu e  c l o s e  t o  t h e  w id t h  o f  t h e  r e c t a n g u l a r  

m i t s .  " 'w o v e r ,  a s  w as nw,.-.Honed e a r l i e r ,  d u e t o  t h e  e n t i r e l y  d i f f e r e n t  

c h a r a c t e r  o f  t h e  m e l t  a n d , a s  a  c o n s e q u e n c e ,  r e s i s t i v i t i e s  and  h e a t  t r a n s f e r  

Ln r e c t a n g u l a r  f u r n a c e s ,  th e  s u g g e s t e d  d im e n s io n s  w o u ld  b e  p r o h i b i t i v e  i f  

f u r n a c e s  o f  c i r c u l a r  c r o s s - s e c t i o n  w e r e  c o n s id e r e d  f o r  m a tte  s m e l t i n g .

T he e x p r e s s i o n  f o r  maximum p e r fo r m a n c e  f o r  t h r e e  e l e c t r o d e  ro u n d  

f u r n a c e s  w as f o r m u la t e d  b y  t h e  sam e a u t h o r  a s

p . . .  2 0 ,2  D% MW
w (m ax) ®

, t  o f t  e q u a t i o n  7 4  w o u ld  b ecom e

Pw (m a ,)  ■ 1 2 , 5  *

h , ™ . ,  -  t o  7 1 ,0  b .  , . < 1 .    7 6 . /

2 ... 74./
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v o n
O n ly  w i t h  e l e c t r o d e  o la m e t e r a  o f  0 ,6 m  o r  s m a l l e r  w o u ld  t h e  fo r m u la  o f  
p e r g k a m p f  b e  a p p r o a c h e d .

A s t o  t h e  maximum p ow er d e n s i t y  (w /cm 2 ) o n  th e  s u r f a c e  o f  t h e  

e l e c t r o d e  t h e  e x p r e s s i o n s  s u g g e s t e d  by v o n  B ergk am p f ( 5 ) f o r  e l e c t r o d e  

c u r r e n t ,  h i g h e s t  t r a n s f o r m e r  ta p  and e f f i c i e n c y  f a c t o r  r e l a t i o n s h i p  

a p p e a r  t o  b e  o f  g e n e r a l  v a l i d i t y ,  th e n

I  -  5 x 1 0 4 D1 , 6
6

a n d  t h e  v o l t a g e  1 rom t h e  h i g h e s t  t r a n s f o r m e r  t a p

U -  2 6 0  D ° ,?  7 7 . /

a n d  c o s  ip -  0 , 9 0  D® ' 1  7 8 , /

F o r  6 - i n - l i n e  e l e c t r o d e  c o n f i g u r a t i o n  d i s p e n s i n g  w i t h  s p h e r i c a l  and

a s s u m in g  f l a t  e l e c t r o d e  t i p s , t h e  maximum pow er d e n s i t y  iv  c a s e  o f  D * lm

w o u ld  b e

(5x104 ; d̂ 6 . 260D °'\ O . V '1 2 /
 -------------  — ---------- 1 ----------------  —  -  2 5 2  w a t t /c m  / p h a s e

r^  n  x lO

I n  a n  o t h e r  fo rm  t h e  s p e c i f i c  pow er d e n s i t y  ( o r  m ax. p ow er d e n s i t y )  

c a n  b e  e x p r e s s e d  b y  t h e  s u g g e s t i o n  o f  M orkram er a s

2 P
E ‘ 79./

e

w h e r e  t h e  c o n s t a n t  d e p e n d s  o n  f u r n a c e  d im e n s io n s  and  a l s o  o n  t h e  

c h a r a c t e r i s t i c s  o f  t h e  s l a g  p r o d u c e d . W ith  an  a v e r a g e  f u r n a c e  r e s i s t a n c e  

o f  1 0  mohm, o p e r a t i n g  c u r r e n t  o f  s a y  18  kA i n  t h e  r a n g e  o f  1 7 * 5  t o  1 9  MW 

t h e  v a l u e  o f  K w o u ld  b e  6 , 5  t o  6 , 9  and  t h e  s p e c i f i c  p ow er d e n s i t y  i n  c a s e  

o f  t h e  r e f e r e n c e  f u r n a c e s  ^ - 1 2 5  cm) w o u ld  v a z y  b e tw e e n  2 ) 7  and  2 5 8  w /cm  .

, /  T he p r o b le m  o f  m a tte  s e t t l i n g •

T he n e x t  p o i n t  i n  c i r c u l a r  v e r s u s  r e c t a n g u l a r  f u r n a c e  r e l a t i o n s h i p  

i e  t h e  d i s t a n c e  a v a i l a b l e  f o r  th e  s e t t l i n g  o f  t h e  m a t te  p a r t i c l e s .  

A. v a o  nhown t h i s  d i s t a n c e  d e p e n d s  t o  a  g r e a t  e x t e n t  on  t h e  l o c a t i o n  of t h e  

t a p h o l o s .  On c i r c u l a r  f u r n a c e s  t h e y  may h e  l o c a t e d  e i t h e r  o p p o s i t e  t o  t h e  

e l e c t r o d e s  o r  i n  h e  tw een  tw o a d j a c e n t  e l ,  t t r o d e s  w hen t h o s e  a r e  l o c a t e d  i n  

t h e  c o m e r s  o f  an  e q u i l a t e r a l  t r i a n g l e .  I f  i t  w e r e  p o e . l h l .  t o  r e l e . . .  t h e

. 7 = r , “ : :  “ - : r

t h e s e  c o n d i t i o n s  t h e  p o s i t i o n i n g  o f  t h e  t a , h o l e s  o n  c i r c u l a r  u n i t e  may



Figure VI -  20, ESTIMATED ACTIVE AREAS AROUND ELECTRODES IN EQUILATERAL 
TRIANGULAR ARRANGEMENT,

Fumeee diameters 1 6.0 0e (7,5 . )

II 7,7  0 , (9,5 »)

11 8,6 D, (10,7 ■)

Tephele

2,0  0
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beoomocoomuwhat d i f f ic u l t .  In ew e of continuous d a g  tapping the length
v e l  o f  m a t t e  p a r t i c l e s ,  a s  t h e  c a l c u l a t i o n s  p r e v i o u s l y  i n d i c a t e d ,  i s  

r a t h 1 . 1  s h o r t  i n  r a d i a l  d i r e c t i o n .  No s e t t l i n g  c o u ld  b e e x p e c t e d  i n  t h e  a r e a  

h a v i n g  t h e  r a d i u s  o f  a  c i r c l e  draw n a rou n d  th e  o u t e r  s u r f a c e  o f  t h e  e l e c t r o d e s  

c o n c e n t r i c  ,o  t h e  s u r f a c e .  B e in g  e q u i v a l e n t  t o  a b o u t  4 D d ia m e t e r ,  t h i s  

l e a v e s  t h e  e s t i m a t e d  d i s t a n c e  f o r  s e t t l i n g  i n  th e  m e n tio n e d  o r d e r  o f  l , 1 5 De * 

1 ,6 1 )^  an d  2 ,0 D ^  r e s p e c t i v e l y .  The am ount o f  p a r t i c l e s  s e t t e l d  o u t  fr o m  t h e  

s l a g  a t  i d e n t i c a l  f e e d  r a t e s  o f  c o n c e n t r a t e  t o  t h e  f u r n a c e  c a n  b e e s t i m a t e d  

b y  t h e  m e th o d  o u t l i n e d  i n  S e c t i o n  IV , F o r  t h r e e  c i r c u l a r  f u r n a c e  d ia m e t e r s  

i n  q u e s t i o n  t h e  v a l u e s  a r e  g iv e n  in  T a b le  V I - 1 1 ,  F o r  c o m p a r is o n  t h e  t a b l e  

i n c o r p o r a t e s  a l s o  r e l e v a n t  s e t t l i n g  d a ta  com p u ted  f o r  a  r e c t a n g u l a r  f u r n a c e  

o f  t h e  s i z e  i n  u s e  a t  RPM. The h e i g h t  o f  t h e  s l a g  l a y e r  w as ta k e n  i n  a l l  

c a s e s  u n i f o r m l y  1 , 4  m ( » 1 , 1 2 D ) ,

T h e s e  c a l c u l a t i o n s  w ere  p e r fo r m e d  w i t h  t h e  a s s u m p t io n  t h a t  t h e  

v e l o c i t y  o f  s l a g  f l o w  i n  t h e  c i r c u l a r  and r e c t a n g u l a r  u n i t s  i s  i d e n t i c a l .  

P e r c e n t a g e w i s e  t h e  d a t a  w o u ld  i n d i c a t e  t h a t  e v e n  i n  th e  l a r g e s t , 8 , 6 D^ d i a ­

m e t e r  c i r c u l a r  f u r n a c e  w i t h  p a r t i c l e s  s m a l l e r  th a n  80  m ic r o n  m ore t h a n  1 0 0  

p e r  c e n t  i n c r e a s e  i n  m a t te  l o s s e s  c o u ld  b e a n t i c i p a t e d  when t h e  l o c a t i o n  

o f  t h e  t a p h o l e  i s  28  cm b e lo w  th e  s l a g  s u r f a c e ,  t h a t  i s  c l o s e  t o  t h e  

p o s i t i o n  o f  t h e  s e c o n d  t a p h o le  on  o p e r a t i n g  r e c t a n g u l a r  u n i t s .

The d i s t a n c e  b e tw e e n  e l e c t r o d e  t i p  and  m a t te  s u r f a c e  i s  s e t  b y  

t h e  r e s i s t i v i t y ,  t h a t  i p  t h e  c o m p o s i t io n  o f  t h e  s l a g .  As l o n g  a s  t h i s  i s  

k e p t  c o n s t a n t ,  n o  s i g n i f i c a n t  m o d i f i c a t i o n s  c a n  b e  made t o  t h e  sy m m etry  o f  

t h e  s y s t e m .  T he d e p th  o f  t h e  s l a g  bed  c a n n o t  b e  i n c r e a s e ’ s u b s t a n t i a l l y  

b e y o n d  s a y  1 ,6 m  w i t h o u t  e n d a n g e r in g  th e  s m e l t i n g  e f f J c . r . j y .  H o w e v e r , t h e  

r e t e n t i o n  t im e  I n  th e  c i r c u l a r  f u r n a c e ,  o n  a c c o u n t  ' v o lu m e  d i f f e r e n c e ,  

a t  i d e n t i c a l  d e p t h ,  o f  t h e  , 1 a *  b e d  w i l l  b e  l e . e ,  :• .» 1 .  a t  t h e  earn, 

e m e l t l n c  p o w er  h i g h e r  th r o u g h p u t  r a t e s  c a n  b e  e x p e c t e d .  A t h i g h e r  f e e d  

r a t e ,  m ore m a t t e  w i l l  b e  p r o d u c e d  and t h u s  p r o p o r t i o n a l l y  m ore h a ,  t o  b e  

e c t t c l d  w i t h  a n  i n e v i t a b l e  i n c r e a s e  i n  m a t t ,  l o e e e e  a c c o r d i n g  t o  . c m .  

f a c t o r i a l  r e l a t i o n s h i p .  F o r  v a r i o u s  f u r n a c e  d i a m e t e r ,  t h e , ,  a s p e c t ,  a r e

H r r / r : : :

Z Z Z .L : » -  ~  “ ““™ ™
r e g a r d e d  a s  b e i n g  c l o s e  t o  s t e a d y  s t a t e  s i m i l a r  t o  t h o s e  p r e v a i l i n g  i n  p a r t  

o f  t h e  s e t t l i n g  z o n e  o f  t h e  r e c t a n g u l a r  f u r n a c e .  B e c a u s e  o f  t h in  a n d  th e
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unknow n f a c t o r  o f  i n c r e a s e d  t u r b u le n c e  i n  c i r c u l a r  u n i t s  t h e  c a l c u l a t e d  

v a l u e s  c a n  b e  r e g a r d e d  a s  h i g h l y  c o n s e r v a t i v e .

In  a n  a l t e r n a t i v e  a r r a n g e m e n t  th e  t a p h o l e s  on  t h e  ro u n d  f u r n a c e  

c o u ld  c e  p o s i t i o n e d  in  b e tw e e n  t h e  e l e c t r o d e s .  T h is  may b e  o f  sem e  

a d v a n ta g e  b e c a u s e ,  a s  i t  w i l l  b e  o b v io u s  fro m  f i g u r e  V I - 2 0 ,  t h e  t a p h o l e s  

w o u ld  b e  b e y o n d  t h e  a c t i v e  a r e a  o f  t h e  e l e c t r o d e  a n d , c o n s e q u e n t l y , t h e  

d i s t a n c e  a v a i l a b l e  f o r  s e t t l i n g  w o u ld  b e  g r e a t e r .  H o w e v e r , by t h e  i n d i c a t i o n  

o f  t h e  g r a p h  t . , i n  . a c r e a g e ,  a b o u t  o n e  e l e c t r o d e  d ia m e t e r  i s  f a r  fr o m  b e i n g  

a d e q u a t e  t o  b r i n g  a b o u t  a  c u b s t a n t i a l  im p ro v em en t i n  m a t t e  s e t t l i n g *  I n  

a d d i t i o n ,  fro m  m ore in v o l v e d  sym m etry  c o n s i d e r a t i o n s ,  t h e  h y d r o d y n a m ic  

m o t io n  o f  t h e  s l a g  b a t h  w i t h  c i r c u l a t i n g  e l e c t r i c  f i e l d  i n  a  ro u n d  f u r n a c e  

i s  m ore i n t e n s i v e  th a n  i n  a  r e c t a n g u l a r  u n i t  a n d  t h e  a c t i v e  a r e a  w o u ld  t a k e  

u p  t h e  fo rm  o f  a  c i r c l e  i n s t e a d  o f  a  c l o v e r  l e a f  s h a p e ,

R e v e r t i n g  now t o  t h e  r e l e v a n t  e q u a t i o n s  i n  S e c t i o n  IV , t h e  e x  -  

p r e s s i o u  f o r  t h e  q u a n t i t y  o f  m a t te  s e t t l e d  b e  f o m  l a t e d  i n  te r m s  o f  

f u r n a c e  d ia m e t e r .  T a k in g  t h e  c o a le s c e ? : : ' '  f" x c t o r  f ^  a s  c o n s t a n t  i n  t h e  

r a n g e  o f  t h e  d ia m e t e r  i n v e s t i g a t e * .  ~nd u n o t i n g  t h e  s l a g  f l o w  v e l o c i t y  -  

m a t t e  s e t t l i n g  v e l o  U y  r a t i o  b y  u ^ ^ , th e  l e n g t h  o f  t r a v e l  o f  t h e  p a r t i c l e  

fr o m  i t s  p o i n t  o f  r e l e a s e  b y  L , th e  r a t i o  o f  t o t a l  s l a g  d e p t h ^ t o  t h e  l o c a t i o n  

o f  t h e  t a p h o l e  b y  r^, and t h e  f u r n a c e  d ia m e t e r  b y  D̂ . w h i l e  i s  l e f t  f o r

t h e  t o t a l  w e ig h t  o f  r i ' t t e  t o  b e  s e t t l e d  o u t  i n  t h e  u n i t ,  t h e  s e t t l e d  m a t t e  

w e ig h t  W® i s  g i v e n  i n  p e r  c e n t  b y

4  " V b i ^ V h - ^ m
w" -  u .., 8 0 . /

S i n c e  r  , i s  c o n s t a n t  i n  a l l  c a s e s  an d  a t  e q u a l  t h r o u g h p u t s ,  o n  a c c o u n t  o f  

t h e  i d e n t i c a l  d e p t h s  o f  s l u g  b e d ,u Jy B l i s  a l s o  c o n s t a n t ,  t h e  s e t t l e d  m a t t e  

w e ig h t  i s  p r i m a r i l y  a  f u n c t i o n  o f  t h e  p o in t  o f  r e l e a s e ,  i . e .  t h e  l e n g t h  o f  

t r a v e l  o f  t h e  p a r t i c l e ,  L , a n d  t h e  d ia m e te r  o f  the f u r n a c e  Df , t h u s

V® cC (D f )n .  L 8 1  * /

I n  o t h e r  w o r d s , a t  a  g i v e n  e l e c t r o d e  d ia m e t e r  t h e  s e t t l e d  m a t te  w e ig h t  

v a r i e s  a c c o r d i n g  t o  a  c e r t a i n  p ow er o f  th v  d ia m e t e r  o f  t h e  ro u n d  f u r n a c e .  

Prom t h e  d a t a  o f  T a b le  V I -1 2  by e x t r a p o l a t i o n  i t  c a n  b e  e s t i m a t e d  t h a t  a  

f u r n a c e  d ia m e t e r  o f  a p p r o x im a t e ly  1 2 , 5 m w o u ld  b e  e q u i v a l e n t  i n  s e t t l i n g  

e f f i c i e n c y  a t  th e  g i v e n  a r r a n g e m e n t  o f  th e  t h r e e  e l e c t r o d e s  w i t h  t h e  

6 f f i c i e *  o y  o f  a  6 - i n - l i n e  r e c t a n g u l a r  f u r n a c e ,  fr o m  a  h e a t  eco n o m y  p o i n t  

® ° e w *t h i 8  d ia m e t e r  c a n n o t  be r e g a r d e d  a s  a n  e n t i r e l y  so u n d  p r o p o s i t i o n .  

°  P e r t a i n i n g  t o  p ow er in p u t  t o  a  t h r e e - e l e c t r o d e  c i r c u l a r  f u r n a c e

d a  s i x - e l e c t r o d e  r e c t a n g u l a r  f u r n a c e  f u r t h e r  c a l c u l a t i o n s  i n d i c a t e d

I Q .3 MW maximum p o w er  in p u t  t h e  s i z e  o f  t h e  e l e c t r o d e s
t h a t  f o r  a n  e q u a x ,

i n  t h e / . , *



-  160 «

i n  t h e  fo r m e r  o n e  s h o u ld  b e  1 , 6  m d i a ,  ( 2 1 ) ,  S in c e  i t s  s p e c i f i c  h e a r t h  

r e a l s t o n o e  i s  g i v e n  a s

^  ■ R n  Dq -  •^■TTD^ ohm ,cm  8 2 , /

t h e r e f o r e  t h e  c u r r e n t  f o r  th e  t h r e e - e l e c t r o d e  c i r c u l a r  f u r n a c e  w i l l  b e  V") 

t im e s  t h a t  o f  th e  6 - i n - l i r e  u n i t .  T h is  w o u ld  b e  c o u n t e r b a la n c e d  b y  i n c r e a s e d  

e l e c t r o d e  s p a c i n g  i n  t h e  p r o p o r t io n  a s  d i s c u s s e d  b e f o r e .  I n  t h i s  w ay an  

o v e r a l l  f u r n a c e  d ia m e t e r  o f  1 5 , 8 m w as e s t i m a t e d  a s  b e i n g  c a p a b le  o f  h o l d i n g  

t h e  sam e d e p th  o f  s l a g  a s  a  r e c t a n g u l a r  u n i t .  T hen  t h e  s l a g  v o lu m e  i n  t h e  

6 - i n - l i n e  f u r n a c e  i s  2 7 x 7 x 1 , 4  -  2 5 5  m5  w h i l e  in  t h e  t h r e e - e l e c t r o d e  c i r c u l a r  

f u r n a c e  D ^ n / 4 * h  -  ( 1 5 ,0 ) ^ x 5 ,1 4 / 4 x 1 4  -  2 0 9  m5 . W ith  t h e  sam e p o w er  

i n p u t  and  c - a n t i t y  o f  f e e d  m a t e r i a l  t h e  sam e am ount o f  s l a g  w i l l  b e  p r o d u c e d  

b u t  t h e  r e t e n t i o n  t im e  f o r  t h e  c i r c u l a r  f u r n a c e  w i l l  b e

®oirc '  6r = c t .( 209/ 255) -  0,62 5 ^  8 J . /

t h a t  i s  a b o u t  2 0 $  l e s s .

The s e t t l i n g  d i s t a n c e  i n  th e  s e t t l i n g  z o n e  i s  d e f i n e d  b y  t h e  r a d i u s  

o f  t h e  s m e l t i n g  z o n e  o f  th e  e l e c t r o d e ,  w h ic h ,  i n  a  r e c t a n g u l a r  f u r n a c e  w o u ld  

r e a c h  a p p r o x im a t e ly  h a l f  th e  l e n g t h  o f  t h e  s e t t l i n g  z o n e , l e a v i n g  a r o u n d  

2 D l e n g t h  f o r  a  m ore q u i e s c e n t  s e t t l i n g  o f  th e  m a t t e  p a r t i c l e s .  B e c a u s e  

o f  t h e  i n c r e a s e d  f lo w  v e l o c i t y  o f  t h e  s l a g  d u r in g  t h e  a d d i t i o n  o f  c o n v e r t e r  

r e t u r n ,  t h e  s h a p e  o f  t h e  a c t i v e  a r e a (  i . e .  t h e  a g i t a t e d  r e g i o n )  a i-o u n d  t h e  

l a s t  e l e c t r o d e  a t  t h e  s l a g  t a p p in g  en d  m ig h t  b ecom e d i s t o r t e d  a n d  a s su m e  a n  

e l o n g a t e d  p a r a b o l i c  s h a p e  i n  t h e  d i r e c t i o n  o f  t h e  f l o w ,  r e d u c in g  t h e r e b y  

f u r t h e r  t h e  a v a i l a b l e  2D^ s e t t l i n g  l e n g t h .  E ven  s o ,  t h e  d i s t a n c e  a v a i l a b l e  

-  t i l i n g ,  a s  show n i n  f i g u r e  V I -2 0  w i l l  n o t  b e  q u i t e  e q u i v a l e n t  t o  t h i s

- c u l a r  f u r n a c e ,
An a l t e r n a t i v e  way o f  im p r o v in g  t h e  s e t t l i n g  o f  m a t te  i n  a  c i r c u l a r  

n  L i  b e  o f f e r e d  by i n t e r m i t t e n t  s l a g  t a p p i n g .  H o w ev er , t h e  m a in

d is a d v a n t a g e  o f  d i s c o n t i n u o u s  s l a g  r e m o v a l i s  t h e  i n c r e a s e d  f l u c t u a t i o n  o f  

t h e  s l a g  l e v e l  l e a d i n g  t o  d i s t u r b a n c e s  i n  t h e  p r o c e s s  o f  s m e l t i n g ,  i n  t h e  

c o n t r o l  o f  t h e  e l e c t r o d e  p o s i t i o n ,  v o l t a g e  an d  s m e l t i n g  e f f i c i e n c y .  Prom  a  

s t a n d p o i n t  o f  m odern  t r e n d s  i n  o p e r a t i n g  p r a c t i c e ,  t h e  m eth o d  w o u ld  i n  

g e n e r a l  a p p e a r  a s  a  r e t r o g r a d e  a p p r o a c h .

^ p r i s o n  o f  th e r m a l e f f i c i e n c i e s ^

I n  c o m p a r in g  th e r m a l e f f i c i e n c i e s  b e tw e e n  c i r c u l a r  and  r e c t a n g u l a r

f u r n a c e  g e o m e t r i e s  t h e  d a t a  s u p p l i e d  b y  B a r th  ( 2 2 )  o n  h e a t  n e e d e d

, f u r n a c e  p r o d u c in g  c o p p c r - n i c k e l  m a t t e s  m ig h t  b e  c o n s i d e r e d
b y  a n  e l e c t r i c

r o u g h  e s t i m a t e .  U n f o r t u n a t e ly  t h e  d a t a  a r e  o l d  an d  b y  n o  m ean s t r u l y

r e p r e s e n t a t i v e / • , ,
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r e p r e s e n t a t i v e  f o r  t h e  p r e s e n t l y  d i s c u s s e d  u n i t s #  N e v e r t h e l e s s  t h e y  may 

g i v e  a n  a p p r o x im a te  i d e a  o n  th e  n a t u r e  o f  h e a t  r e q u ir e m e n t s  i n  th e  p r o c e s s  

o f  m a t t e  s m e l t i n g  a s  show n i n  t h e  f o l l o w i n g  t a b l e t

S o u r c e  o f  h e a t  l o s s  P e r  c e n t
l o s s

W a ter  v a p o u r 5 ,)
E n d o th e r m lc  r e a c t i o n s 8,8
H e a t i n  m a t te 14,1
H e a t  i n  s l a g 29,8
H e a t i n  w a s te  g a s 2 5 ,4
E l e c t r i c a l  l o s s e s 5,2
R a d ia t io n  l o s s e s 11,4

Prom  t h e  t a b l e  i t  w o u ld  a p p e a r  t h a t  i n  c a s e  o f  t r e a t i n g  t h e  sam e am ou n t o f  

c o n c e n t r a t e  a n d  p r o d u c in g  t h e  sam e q u a n t i t y  o f  m a t t e  and  s l a g ,  t h e  o n l y  

p o s s i b i l i t y  f o r  im p r o v in g  t h e  econ om y i n  a  c i r c u l a r  f u r n a c e  i s  o f f e r e d  b y  

t h e  d e c r e a s e  i n  r a d i a t i o n  l o s s e s  due m o s t ly  t o  s h o : t e r  r e s i d e n c e  t im e  o f  

s l a g  and m a t te  i n  th e  f u r n a c e ,

As t o  t h e  c h a n g e  o f  h e a t  l o s s e s  ( d e n o t e d  a s  Hg an d  H ^) w i t h  f u r n a c e  

size P a s h k is  a n d  P e r s s o n  ( 1 8 )  g a v e  t h e  fo r m u la  a s

Hj /H j  -  p  * 4 ' /

for round furnaces having throe electrodes and used for ferroalloy production. 
However, with rectangular furnaces the direct proportionality of heat losses 
claimed In the above equation Is not so obvious when the relationships 
displayed In flg.Vl-18 are taken Into account. Prom the graph the relation 
between furnace width and power Input can be expressed as

lv - 2,76 P°’51? «./

Uhere 1 as a symmetry parameter is fairly repre rotative of the size of 
the furnace. It ran be anticipated with reaso., ole certainty that the heat 
loss win wary In a close to straight proportion with P „ from which It 
follows that with lv the heat loss will vary also according to P , .  that Is

1 . 2,8 H°'5 86•/
w r

m  actually be the expression for heat losses with the variation of the
t. where H represents heat lo sses in rectangular furnaces,

-o nf th e  u n its , r
i n  r e c t a n g u l a r  versus circular symmetry relationships equ. 8J
.  .  .  b asis  fo r  comparison. In comparing two u n its  of equal

QATl U860 ft®
. tn e  v a r i o u s  s y m m e t r ie s ,  a f t e r  t h e  f a s h i o n  o f  th e  p r e v i o u s

p e r f o r m a n c e  i n  m e  v
p&r&gra p h / »««
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paragraph the bod depthrs were taken as Id e n tic a l, Then from the proportion 
o f surface areas and residence time of m ateria ls the follow ing em pirical 
equation was found to r e f le c t  approximately the d ifference in  heat lo sses 
in  the present context of the mode of operation and the m ateria l handledi

Hc ■ Hr
A 9
r  * *(1 - <r>L r  r

8 7 ./

where H , II , A , A and 0 « 0 denote heat lo sse s , areas of operating  o r  c r» c ’ r
u n its  and residence times respec tive ly  in  c irc u la r  and rec tangu lar furnace
symmetries, The value of k depends on the character of m ateria l trea te d  

and i t  was estim ated as k «* 0,45 to 0,50 in  th is  study.

C j  The e ffe c t of the grade of concentrate_jrooessed in  the furnace^

F in a lly , in  the scope of th is  section  a b r ie f  reference should be 
made to  the e f fe c t  of the grade of concentrate uced in  the process 

of sm elting upon c e r ta in  operational parameters. The e a r l ie r  estim ate 
concerning L m a te r ia l  throughput in  the furnace assumed a feed of uniform 
composition. This assumption re la te d  p a rtic u la rly  to the gangue m ateria l 
content of the concentrate which, in  f a c t ,  in the operation of the reference  

furnaces a t  RIM i s  kept w ithin a reasonably narrow range.

However, the grade of concentrate s e t  by the gangue m ateria l 
content has an important bearing on the s lag - matte ra t io s  of any type of 
m eltin g  process be i t  represented by electrothermal or reverberatory 
p ra c tic e s . The lev e l of gangue m ateria l is  prone to  excessive f lu c tu a tio n , 
from one ore deposit to the other, botn from a qualitative and quantitative  
n c in t of view. I t  i s  prim arily  the q u a lita tiv e  aspec t, that i s  the change 
I I  the general composition of the gangue that mikes predictions pertinent to

r r : “r : 3  “ = = • -
,  h i .  m y b rin e  about a lto g e th e r d if fe re n t conditions necessary fo r  a

°har!  ro l„v3nt to a given range of gangue q u a lity  and q u an tity , any 
posi on thlB Una would render p red ic tions as to  the e f fe c t
serious d e v ia tio n
of the quantity c f  gaugue nwaninglc.s.
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I n  t h e  f o l l o w i n g  a i m p l i f i e d  a p p r o a c h  i t  w i l l  b e  B U g g o sto d  t h a t  

w i t h  t h e  c h a n g e  o f  t h e  q u a l i t y  o f  ga n g u e  m a t e r i a l  i n  t h e  c o n c e n t r a t e  t h e  

c h e m ic a l  c o m p o s i t io n  o f  t h e  g a n g u e  a l t e r s  o n l y  i n  s u c h  a  w ay t h a t  i t o  e f f e c t  

u p o n  t h e  c o m p o s i t io n  o f  t h e  a l a g  p r o d u c e d  w i l l  n o t  b e  s i g n i f i c a n t  s o  a e  t o  

n e c e s s i t a t e  s i z e a b l e  a l t e r a t i o n s  to  th e  o p e r a t i n g  p a r a m e te r s  o f  t h e  fu r n a c e #  

I n  o t h e r  w o r d s , t h e  c h a r a c t e r i s t i c s  o f  t h e  s l a g  w i l l  v a r y  a t  t h e  m o s t  w i t h i n  

t h e  r a n g e  i n v e s t i g a t e d  in  t h i s  s t u d y .  T h is  a s s u m p t io n  o b v i o u s l y  e n t a i l s  

t h a t  t h e  q u a n t i t y  o f  th e  l i m e s t o n e  f l u x  r e q u ir e d  f o r  e f f i c i e n t  s m e l t i n g  

v a r i e n  p r o p o r t i o n a t e l y  w i t h  t h e  q u a n t i t y  o f  c o n c e n t r a t e  t r e a t e d .  The am ou n t  

o f  m o i s t u r e  t o  b e  e v a p o r a t e d  v a r i e s  a l s o  p r o p o r t i o n a t e l y  w i t h  t h e  w e ig h t  

o f  t h e  c o n c e n t r a t e ,

C o n d i t io n s  p e r t i n e n t  to  t h e  g r a d e  o f  f u r n a c e  m a t t e ,  q u a n t i t i e s  o f  

g a n g u e  and  f l u x  and s l a g  -  m a t t e  r a t i o s  a r e  su m m a r ised  i n  f i g u r e  VI-21,
To e s t i m a t e  t h e  v a l u e s  show n i n  t h e  f i g u r e  t h e  f o l l o w i n g  r e l a t i o n s h i p s  b a s e d  

o n  p r a c t i c a l  o p e r a t i o n  w e r e  c o n s i d e r e d i

S ta n d a r d  w e ig h t  o f  g a n g u e  ^ g C s t )  “  0 , 6 0  t 0  0 f 6 5 ^*Wo

W e ig h t  o f  c o n c e n t r a t e  w 0  -  1 » 0

W e ig h t  o f  f l u x  ^£1 " ^*2

a l s o *  Wf l  -  ( 1 , 0 / 0 , 6  t o  0 , 6 p ) x 0 , 2  -  ( 1 , 4 5  t o  1 , 5 4 ) . 0 , 2  W^

then Vf l  -  (0,5 to  0,53) Wg

T iie e n e r g y  n e e d e d  t o  m e l t  t h e  c o n c e n t r a t e  o f  v a r i o u s  g a n g u e  

m a t e r i a l  c o n t e n t  ca n  b e  e s t i m a t e d  by u s i n g  a s  a  f i r s t  a p p r o x im a t io n  t h e  

l a t e n t  h e a t  o f  m e l t i n g  o f  t h e  s u lp h id e  c o m p o n e n ts ,  Q ^ g  an d  t h a t  o f  t h e  

a m * * ,  , m e  g a n g u e ,  a s  i t  w as m e n t io n  i n  S e c t i o n  I  i s  a  m u lt i - c o m p o n e n t

„ f  c o m p l ic a t e d  m i n e r a l ,  o f  w h ic h  l o t h  t h e  h e a t  o f  f o r m a t io n  a n d  f r e e -  

e n e r o r  o f  f o r m a t io n  v a l u e s  a r e  r e l a t i v e l ,  lo w  a s  com p ared  t o  t h e  l a t e n t  h e a t  

o f  f u e l o n .  T hue t h e  e n e r g y  r e q u ir e m e n t  l e  g i v e n  p r i m a r i l y  a .  l a t e n t  h e a t  o f  

f u a l o -  o f  c o n c e n t r a t e  t  flu* + d e c o m p o e l t lo n  h e a t  e f f l u x  (O aO O j) t  h e .  

n e e d e d  t o  e v a p o r a t e  m o le t u r e .  P e r  t h e  c o n c e n t r a t e

•£ - 88>/
T h e t o t a l  h e a t  r e q u ir e d  f o r  - m o l t i n g  1 0  t h e n

<t6m " e !?.MeS + Qg  + 4 f l  *  8 9

i o t a  t o  l a t e n t  h e a t e  Ql  r e f e r  t o ,  H eS -  m e t a l  a u l p h l d e ,  g  -  

w h e r e  s u  0 c r  f i  „ f l u x ,  e v a p  -  e v a p o r a t io n  o f  m o i s t u r e ,  Q% i s

g a n g u e ,  ™  " ***  ti)  r t t t8 e  th e  t e m p e r a t u r e  o f  t h e  c h a r g e  t o  an
i t . .  h » a t  q u a n t i t y  n e  „
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a v e r a g e  1 4 0 0  C o f  t h e  m e l t  s y s t e m  e x p r e s s e d  i n  t h e  form

V- W AT 50-/
w h ere  A t  -  Tr  -  T ^ , t h e  d i f f e r e n c e  b e tw e e n  t h e  r e a c t i o n  te m p e r a tu r e  an d  

a m b ie n t .

I n  t h e  p r e s e n t  c a s e  t h e  h e a t  r e q u ir e m e n t  w i l l  b e  a s s e s s e d  fro m  th e  

th e r m a l b a la n c e  o f  an  o p e r a t i n g  u n i t .  The th e r m a l b a la n c e  s e t  u p  b y  B a r th  

( 2 2 )  a s  w as r e f e r r e d  t o  e a r l i e r  i n  t h i s  s e c t i o n  r e l a t e s  t o  t h e  o p e r a t i o n  o f  

a  m o d e r a t e ly  s i z e d ,  o r  by t o d a y ' s  s t a n d a r d  s m a l l ,  a n d  t e c h n o l o g i c a l l y  som e­

w h a t o b s o l e t e  f u r n a c e  t h a t  had b e e n  in  o p e r a t i o n  som e t im e  a g o  a t  I m a tr a  in  

F in n la n d ,  T h e r e f o r e  i t  d o e s  n o t  r e a l l y  r e p r e s e n t  c o n d i t i o n s  o b t a i n i n g  i n  

t h e  r e f e r e n c e  f u r n a c e s  a t  RPM, D a ta  r e l e v a n t  t o  t h e s e  u n i t s  w e r e  r e c e n t l y  

g i v e n  b y  M o s t e r t  an d  R o b e r t s  ( 7 ) b y  w h ic h  t h e  h e a t  o u t p u t  o f  t h e  f u r n a c e ,

o r  a b s o r b e d  h e a t  i s  a s  f o l l o w s *

F u r n a c e  s l a g  4 9  P®r  c e n t

E n d o th e r m ic  r e a c t i o n s  1 8  " "

F u r n a c e  m a t te  7 M "

R a d ia t io n  and
e l e c t r i c a l  l o s s e s  1 6  ” ”

F u r n a c e  g a s e s  10  " "

On t h e  b a s i s  o f  t h e  t a b l e  t h e  q u a n t i t y  o f  h e a t  a c t u a l l y  u t i l i s e d  f o r  

s m e l t i n g  (Q ) a s  r e l a t e d  t o  t h e  t o t a l  h e a t  a d d ed  t o  t h e  f u r n a c e  ^  w i l l

* »  "  « . „  ■ ° ' 7 4  9 l V  

T he e n e r g y  c o n s u m p t io n  o f  t h e  f u r n a c e  b a s e d  o n  lo n g - r a n g e  o p e r a t i n g

p r a c t i c e  w as fo u n d  t o  b e  8 9 7  kwh p e r  to n n e  o f  c o n c e n t r a t e  an d  6 8 9  kwh p e r  

tonm > o f  c h a r g e ,  i . e .  0 , 6 8 9  k « h  p e r  k g  a e  r e l a t e d  t o  e q u i v a l e n t  w e i g h t s  o f  

c o n c e n t r a t e  an d  t o t a l  c h a r g e .  T h e r e f o r e  ^  -  0 ,6 8 9 x 8 6 0  -  5 9 2  k o . l / k g ,  t h u .  

t h e  t o t a l  u s e f u l  s m e l t i n g  h e a t  -  6 9 2 x 0 ,7 4  -  4 5 9  k e a l / k g  a n d  t h e

c o r r e s p o n d in g  p o w er  P ,  -  0 ,5 1 0  k w ^ k g .  T h is  am ou n t o f  h e a t  i n c l u d e ,  t h e  

r a i s i n g  o f  t h e  t e m p e r a t u r e  o f  t h e  m a t e r i a l  fro m  a m b ie n t  t o  t h e  a v e r a g e  ( 1 4 0 0  )

z c : :  z z ; r
5 6 8  k o a l  an d  t h e  e v a p o r a t io n  o f  2  p e r  c e n t  m o i s t u r e  c o n t a i n e d  i n  t h e  c h a r g e  

. . g 9 x 0  0 2  .  1 0  k c a l .  T hen f o r  t h e  a c t u a l  s m e l t i n g  o f  t h e  c o n  -

c e n t r a t e  w i l l  b e 'needed 5 9 2 - 2 7 8  -  2 1 4  k c a l / k g ,  t h a t  l a  i n  e l e o t r l c a l  e n e r g y

«  , . .  0 , 2 5  k w h /k g .
e m (c h )  c  v a l u e  o f  t h e  c h a r g e  a t  v a r i o u s  g a n g u e  l e v e l s  c a n  b e

f  m t h e  increase o f  t h e  m e ta l  s u l p h i d e  c o n t e n t s .  A s a  f i r s t  
c a l c u l a t e d  r o  h e a tB  o f  t h e  p u r e  o x i d e  and  s u l p h i d e  c o m p o n e n ts

a p p r o x im a t io n  e  v U h  t h a t  o f  t h e  l i m e s t o n e  f l u x )  f o r

w e r e  t a k e n  n  a v e r a g e  g a n g u e  / . . .



Figure VI-22. POWER REQUIREMENTS TO SMELT ONE TON OF CHARGE OR CONCENTRATE 

AS FUNCTIONS OF THE GANGUE MATERIAL CONTENT.
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a v e r a g e  g a n g u e  an d  m e ta l  s u lp h id e  c o m p o s i t i o n s .  The e s t i m a t e d  c h a n g e  o f  th e  

Cp v a l u e s  o f  t h e  c h a r g e  w i t h  t h e  ch a n g e  o f  t h e  g a n g u e  m in e r a l  c o n t e n t  i s  

sh ow n  i n  f i g ,  V I - 2 2 , w h ic h  i n c l u d e s  i n  a d d i t i o n  t h e  h e a t  and  e n e r g y  

r e q u ir e m e n t s  t o  b r i n g  up t h e  ch arge  te m p e r a tu r e  t o  1 4 0 0 ° C » The t r e n d  o f  

t h e  p l o t  r e p r e s e n t i n g  t h e  s p e c i f i c  h e a t  r e f l e c t s  t h e  lo w e r  h e a t  c a p a c i t y  o f  

t h e  s u l p h i d e  c o n s t i t u e n t s  w it h  t h e i r  i n c r e a s e  i n  t h e  c h a r g e , N a t u r a l l y  th e  

h e a t  n e e d e d  f o r  m e l t i n g  t h e  c h a r g e  d e c r e a s e s  w i t h  t h e  r i s e  o f  t h e  m e ta l  

s u l p h i d e  c o n t e n t .  The t o t a l  e f f e c t  o f  t h e  r im u lt a n e o u s  d e c r e a s e  o f  t h e  

g a n g u e  c o n t e n t  an d  th e  i n c r e a s e  o f  t h e  m e t a l  s u l p h i d e s ,  o r  v i c e  v e r s a ,  i s  

h a r d  t o  e v a l u a t e  w i t h o u t  t h e  t r u e  k n o w le d g e  o f  th e  d e g r e e  o f  p a r t i c i p a t i o n  

o f  t h e  v a r i o u s  m in e r a l s  i n  th e  c o n c e n t r a t e .  As w as m e n tio n e d  a b o v e , t h e  

p r e s e n t  e s t i m a t e  i s  b a s e d  on  th e  th e r m o c h e m ic a l b e h a v io u r  o f  t h e  p u r e  o x id e  

an d  s u l p h i d e  c o m p o n e n ts  o f  th e  c h a r g e . As a  c o n s e q u e n c e ,  i t  c a n  b e  r e g a r d e d  

a s  b e i n g  m ore a  q u a l i t a t i v e  th a n  q u a n t i t a i  v e  i n d i c a t i o n  p e r t a i n i n g  t o  t h e  

e f f e c t  o f  t h e  g a n g u e  m in e r a l  c o n t e n t  upon  t h e  e n e r g y  r e q u ir e m e n t s  o f  s m e l t i n g .  

G raph  V I- 2 3  b a se d  on  th e  mode o f  c a l c u l a t i o n  d e l i n e a t e d  a b o v e  r e p r e s e n t s  th e  

e s t i m a t e d  v a r i a t i o n s  in  p o w er  r e q u ir e m e n t s  w i t h  t h e  c h a n g e  o f  t h e  g a n g u e  

m a t e r i a l  c o n t e n t  o f  th e  c h a r g e .  I t  w o u ld  i n d i c a t e  t h a t  s i z e a b l e  s a v i n g s  

i n  s m e l t i n g  pow er c o u ld  o c c u r  when t h e  g r a d e  o f  t h e  c o n c e n t r a t e  i s  i n c r e a s e d  

s a y  fr o m  5 t o  10 p e r  c e n t .  F or s i m p l i c i t y  t h e  r e l a t i o n s h i p  b e tw e e n  t h e  tw o  

p a r a m e t e r s  ca n  b e  r e g a r d e d  a s  l i n e a r  and e x p r e s s e d  i n  t h e  f o l l o w i n g  fo rm s*

Pw ( c ) -  0 , 6 3  Vg ( t / t  c o n e )  + 0 , 5  MWh/t c o n c e n t r .  9 2 . /

an d  p  ■ o , 4 7  W ( t / t  c h a r g e )  + 0 , 4  MWh/t c h a r g e  93*/
w (c h )  8

F ig u r e  V I -2 3  i n c l u d e s  a l s o  th e  e f f e c t  o f  t h e  g a n g u e  c o n t e n t  o n  t h e  s l a g  -  

m a t t e  m ass r a t i o  i n  th e  f u r n a c e  e x p r e s s e d  b y  t h e  fo r m u la

Rs l / m  " 0 ,0 6 8  Wg ( # )  + 0 , 3 5  9 4 . /

A c o m b in e  ion of equations V I -9 2  and 93 with those given e a r l ie r  fo r  power
a n d  f u r n a c e  s i z e  ( th e  l a t t e r  e x p r e s s e d  i n  te r m s  o f  e l e c t r o d e  d ia m e t e r )  

o e r t i n e n t  t o  furnace c a p a c i t y  w i l l  then g i v e  t h e  e f f e c t  o f  t h e  g a n g u e

r i a l  ' • i n t e n t  o f  t h e  f e e d  u p on  t h e s e  p a r a m e t e r s .  W ith  o t h e r  c o n d i t i o n s  

C i l g  equal the weight o f charge th a t can be smelted Is  a function of the 
o r  c o n c e n t r a t e  Cg  and t h e  s i t e  o f  t h e  furnace represented by the

e l e c t r o d e  diameter* „ f(p  c ) 9 5 ./
c h  ' e g

b e f o r e ,  the r e l a t i o n s h i p  b e tw e e n  p o w er  r e q u ir e m e n t  and t h e  

AS w as Bh<’v n  * c o n c e n t r a t e  t h a t  can b e  processed in  one day 's ( 2 4  h rs )

th .  reference furnaces i s  lilven by the formula 
operation  in the re u„ , t / d. v V . . .
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Wc ( t / d a y )  = ( O ^ x l O 2 ) ? ® ’ 8 4  ' 9 6 , /

t h a t  i s  i n  t o n s / h r  W ^ (t /h r )  » 1 , 7 7  P0 ®8 4  9 7 , /

T h e s e  e x p r e s s i o n s  g i v e  t h e  a v e r a g e  h ig h  v a lu e  o f  0 ,8 9 7  MWhppwrr r e q u ir e d  

p e r  to n n e  o f  c o n c e n t r a t e  t r e a t e d ,  t h a t  i s  i n  te r m s  o f  t h e  o p e r a t i n g  p o w er

P (MWh) ,
w P (MWh)

P w /to n  c o n e ,  »  ---------------- 5 7  9 8 , /

1,77  p °’84

T h i s  r e l a t e s  t o  a  c o n c e n t r a t e  h a v in g  a n  a v e r a g e  62 t o  6 5  p e r  c e n t  g a n g u e  

c o n t e n t .  T hen  w i t h  e q u . 9 2  t h e  e f f e c t  o f  t h e  ga n g u e  c o n t e n t  o n  t h e  

s m e l t i n g  p o w er  w i l l  b e
P (MWh)

0 ,6 % W  ( t / )  + 0 , 5  -  0 . 0 4

6  1 ,7 7  4

o r  Pw(MWh) -  1 ,7 7  P ° , 0 4 (O ,6 3 .W g ( t / t )  + 0 , 5 )  9 9 » /

*  *  *

C l o s i n g  re m a r k s  t o  S e c t i o n  V I,

I n  t h e  d e s i g n  oC e l e c t r i c  s m e l t i n g  f u m s c e s  t h e  f o r e g o i n g  

c o n s i d e r a t i o n s  c l e a r l y  i n d i c a t e  t h e  Im p o r ta n c e  o f  t h e  c h a r a c t e r  o f  t h e  

m a t e r i a l  t o  h e  p r o c e s s e d  i r r e s p e c t i v e  w h e th e r  t h e  a im  i s  t o  p r o d u c e  s a y  

f e r r o a l l o y ,  i n  t t u e e - e l e c t r o d e ,  s u b m .r g e d - .r o  f u m a o e .  o f  c i r c u l a r  c r o s s  

s e c t i o n  o r  t o  t r e a t  Cu and K l - b e a r ln g  c o n c e n t r a t e ,  i n  s i x - i n - l i n e  e l e c t r o d e ,

a r e  h o w e v e r  e x t r e m e ^  ^  ^  ^ ^ t l o n  o f  lo w -  o r  h ig h - c a r b o n  f e r r o m a n g a n e s e ,  

m e t e r s  f o r  e ,a m P  ”  n e c e s s i t a t e d  i n t e n s i v e  i n v e s t i g a t i o n s  i n t o

f e r r o c h r o m iu m  an  w d l n g  t 0  c a r e f u l  d e l i n e a t i o n  o f  t h .  k  f a c t o r

t h e  g e o m e tr y  o ^  f u r r o c ,  d e s i g n  an d  o p e r a t i o n .  Prom  t h e

f o r  t h e  b e s t  econ om  ^  ^  i n v e s t i g a t i o n s  i t  i s  now a p p a r e n t  t h a t ,  a s

r e s u l t s  o f  th e  l a r g e  num ^  & v e r y  fe w  t r u l y  b a s i c  f o r m u la s ,  no

h a s  b e e n  e m p h a s i s e d  a  ^ c o u ld  b e  d e v i s e d  t h a t  w o u ld  b e  r e p r e s e n t a t i v e
 r e l a t i o n s h i p s  wha
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6 »g« w i t h  r e g a r d  t o  f u r n a c e  r e s i s t a n c e  and c e l l  g e o m e t r ie s  o f  a  w h o le  r a n g e  

o f  p r o d u c t s  w i t h o u t  th e  u s e  o f  v a r i o u s  e m p i r i c a l  c o n s t a n t s  an d  c o r r e c t i o n  

f a c t o r s  t o  ta k e  a c c o u n t  o f  t h e  b e h a v io u r  o f  b o th  f e e d  and p r o d u c t*

In  t h i s  s e c t i o n  i t  w as d e m o n s t r a t e d ,  how i n  th e  l i g h t  o f  t h e  

k n o w le d g e  o f  th e  c h a r a c t e r i s t i c s  o f  f u r n a c e  p r o d u c t s  th e  b a s i c  g e o m e t r i c a l  

r e l a t i o n s h i p s  o f  a  r e c t a n g u l a r  f u r n a c e  ca n  b e  d e l i n e a t e d  and  how w i t h  t h e  

a i d  o f  t h e  s i m i l a r i t y  p r i n c i p l e  t h e s e  c o n s i d e r a t i o n s  can  b e  e x t e n d e d  to w a r d  

t h e  s c a l i n g - u p  o f  f u r n a c e s .  To s i m p l i f y  t h e  a p p r o a c h , t h e  r e s u l t s  o b t a in e d  

w it h  s l a g s  o f  r a t h e r  n a rro w  c o m p o s i t io n  r a n g e  w ere  u s e d ,  t h e r e f o r e  t h e  

v a l i d i t y  o f  t h e  p r o p o s e d  fo r m u la e  i s  r e s t r i c t i d  p r i m a r i l y  t o  t h e  p a r t i c u l a r  

c h a r a c t e r i s t i c s  o f  t h e s e  s l a g s  o r  t o  s l a g s  o f  d i f f e r e n t  c o m p o s i t io n  b u t  o f  

s i m i l a r  p h y s i c o - c h e m i c a l  n a t u r e .  The g e o m e tr y  o f  t h e  f u r n a c e  w as t h e n  b a s e d  

o n  t h e  c h a r a c t e r  o f  th e  s l a g  w h ic h  a c t u a l l y  d e f i n e s  t h e  w o r k in g  a r e a  f o r  an  

e l e c t r o d e  o f  g i v e n  s i z e  an d  fro m  t h i s  t h e  d im e n s io n s  o f  t h e  f u r n a c e • I n  t h i s  

w ay t h e  fu n d a m e n ta l  f a c t o r  f o r  d e s i g n  b eco m es th e  p r o p e r t y  o f  t h e  m a t e r i a l  

t o  b e  p r o c e s s e d .  Due t o  t h i s  a p p r o a c h , m o s t  o f  t h e  p r o p o s e d  fo r m u la e  a r e  

e m p i r i c a l  i n  n a t u r e .

The b a s i c  s h o r t c o m in g  o f  th e  m eth o d  u s e d  i s  u n d o u b te d ly  i n  i t s  

r e l i a n c e  upon a  l i m i t e d  c o m p o s i t io n  ra n g e  o f  m a t e r i a l  p r o c e s s e d  an d  s l a g  

p r o d u c e d  w h ic h  m akes e x t r a p o l a t i o n  to  o t h e r  r a n g e s  o f  c o m p o s i t io n  an d  

c h a r a c t e r i s t i c s  r a t h e r  d i f f i c u l t ,  ^ e t  t h e  p o i n t  b e  i l l u s t r a t e d  b y  t h e  

e x a m p le  o f  h e a t  d i s t r i b u t i o n  a ro u n d  an  e l e c t r o d e  o f  t h e  sam e s i z e  a s  u s e d  

i n  t h e  r e f e r e n c e  f u r n a c e s .  T h r e e  d i f f e r e n t  s l a g s ,  d e r iv e d  fr o m  v a r i o u s  

c o n c e n t r a t e s ,  a r e  e n v i s a g e d  t o  b e  p r o d u c e d  w i t h  w h ic h  t h e  h i g h  t e m p e r a t u r e  

s o n e  u n d e r  th e  e l e c t r o d e  w i l l  b e  1 5 0 0 ° ,  1 5 5 0 °  and  1 6 0 0 °C  r e s p e c t i v e l y .  By 

t h e  m eth o d  o f  c a l c u l a t i n g  r a d i a l  h e a t  d i s t r i b u t i o n  i n  t h e  m o lt e n  s l a g  a r o u n d  

t h e  e l e c t r o d e  ( s e e  S e c t i o n  IV ) t h e  c o n d i t i o n s  show n i n  F i g ,  V i - 2 4  w i l l  b e  

o b t a i n e d .  In  o r d e r  t o  f a c i l i t a t e  th e  d e l i n e a t i o n  o f  c o m p a r a b le  w o r k in g  

e l e c t r o d e  a r e a s ,  a l l  t h r e e  te m p e r a tu r e s  a r e  a ssu m ed  t o  com e a b o u t  a t  t h e

sam e e l e c t r o d e  p o s i t i o n .

T he v a r i a t i o n  o f  t h e  a c t i v e  a r e a  w i t h  e l e c t r o d e  d ia m e t e r  w as  

d o . c r l b e d  e a r l i e r  i n  t h i n  s e c t i o n  b y  t h e  fo r m u la

d, -  kV X  5,0
A e

tem  e r a t u r e  u n d e r  t h e  e l e c t r o d e  a n d  a r o u n d  i t s  t i p  w a s a s su m e d  t o  

w hen t h e  emp® 0  a b o v e  e q u a t io n  r e l a t e s  t o  o n e  t e m p e r a t u r e  o n l y ,
b o  u n i f o r m ly  1 5 0 0  o .
v h e r e a e  „ i t h  t h e  c h a n g e  o f  T in  t h e  e x p r e s s i o n



«  1 6 8  -

-  A T  Ko ( x J

(w h e r e  AT » T - I ^ ,  i . e .  t h e  d i f f e r e n c e  b e tw e e n  t h e  u p p e r  an d  lo w e r  b ou n d ary  

t e m p e r a t u r e s ,  s e e  S e c t i o n  IV ) th e  e x t e n t  o f  th u  a r e a  w i l l  a l s o  b e  p r o n e  t o  

v a r i a t i o n s  a s  i l l u s t r a t e d  i n  g ra p h  V I - 2 4 . Added t o  t h i s  o n e  h a s  t o  t a k e  i n t o  

f u r t h e r  c o n s i d e r a t i o n  two im p o r ta n t  p a r a m e te r s  a f f e c t i n g  d^» v i z  t h e  d e p th  o f  

e l e c t r o d e  im m e r s io n  ( p )  an d  th e  d e p th  o f  s l a g  l a y e r  o f  a ssu m ed  r e l a t i v e l y  

c o n s t a n t  t e m p e r a tu r e  (cf) ( s e e  T a b le s  V i - 5  an d  V I - 6 ) .  T h ey  d e f i n e  t h e  a r e a  o f  

o v e r l a p  b e tw e e n  t h e  a c t i v e  z o n e s  o f  a d j a c e n t  e l e c t r o d e s  w h ic h ,  i n  t u r n ,  

a f f e c t  t h e  e n e r g y  d i s t r i b u t i o n ,  m a t e r i a l  f lo w  and  m a t te  s e t t l i n g  c h a r a c t e r i s t i c s  

i n  t h e  f u r n a c e .  U l t i m a t e l y ,  th e  a c t i v e  a r e a  . ' 1 1  s e t  t h e  e l e c t r o d e  s p a c i n g  

a n d  t h e r e b y  t h e  e n t i r e  g e o m e tr y  o f  t h e  u n i t s .  I n  r e l a t i o n  t o  su b m erg ed  a r c  

f u r n a c e s  o f  c i r c u l a r  c r o s s  s c e t i o n  h a v in g  t h r e e  e l e c t r o d e s  i n  a n  e q u i l a t e r a l  

t r i a n g u l a r  c o n f i g u r a t i o n  K e l l y ,  a s  w as show n e a r l i e r ,  w e n t  i n t o  g r e a t  d e t a i l  

t o  d e f i n e  t h e  e x t e n t  o f  t h i s  z o n e  b e i n g  c o n s id e r e d  a s  optim um  f o r  e l e c t r o d e  

s p a c i n g ,  i . e .  fro m  a  f u r n a c e  d e s ig n  p o i n t  o f  v i e w .  A p p e n d ix  I I I  c o n t a i n s  

a d d i t i o n a l  n o t e s  o n  th e  e n e r g y  and sym m etry  r e l a t i o n s  i n  r e l e v a n c e  t o  

e l e c t r o d e  d ia m e t e r  and  a c t i v e  a r e a *

From t h e  a b o v e  l i n e  o f  th o u g h t  i t  i s  a p p a r e n t  t h a t  t h e  e x a c t

d e t e r m in a t io n  o f  t h e  w o r k in g  a r e a  o f  a n  e l e c t r o d e  and  w i t h  t h i s  a l s o  t h e  g e o ­

m e tr y  o f  t h e  f u r n a c e  b eco m es an  e x t r e m e ly  c o m p le x  p r o b le m  w hen s l a g s  o f  

d i f f e r e n t  c h a r a c t e r i s t i c s  a r e  ta k e n  i n t o  a c c o u n t  f o r  d e s i g n  p u r p o s e s .  I n  

t h i s  i n s t a n c e  t h e  p r e s e n t  i n v e s t i g a t i o n s  w o u ld  i n d i c a t e  t h a t  f o r  a n  a d e q u a t e

f u r n a c e  d e s ig n  i t  i s  n e c e s s a r y  t o  h a v e  a  g o o d  k n o w le d g e  o f  t h e  p h y s i c o  -

c h e m ic a l  c h a r a c t e r i s t i c s  ( i . e .  f i r s t  o f  a l l  v i s c o s i t y ,  e l e c t r i c a l  c o n d u c t i v i t y  

a n d  l i q u i ,  t e m p e r a t u r e ) o f  t h e  s l a g s  t o  b e  p r o d u c e d . I n  t h e  k n o w le d g e  o f  t h e  

l i q u i d u s  t e m p e r a tu r e  in  c a s e  o f  su b m erg ed  e l e c t r o d e ,  s l a g  r e s i s t a n c e  h e a t e d  

f u r n a c e s  t h e  a c t i v e  a r e a  o f  t h e  e l e c t r o d e s  may t h e n  b e  e s t i m a t e d  i n  t h e  o u t ­

l i n e d  f a s h i o n  b a s e d  on  s i m p l i f i e d  h e a t  f lo w  c o n s i d e r a t i o n s  an d  i n  t h e  d e  -  

t e r m in a t io n  o f  s e t t l i n g  a r e a s  n e e d e d  f o r  e f f i c i e n t  s l a g - m a t t e  s e p a r a t i o n .

A s f o r  a  g e n e r a l  c o n c l u s i o n ,  in  a d e q u a te  f u r n a c e  d e s i g n  t h e  

n e c e s s a r y  e l e c t r i c a l  p a ia m e t c r s  s h o u ld  b e  d e r i v e d  fr o m  t h e  c h a r a c t e r  o f  t h e  

r i a l |  a  p r i n c i p l e  w h ic h  i s  su m m arised  i n  p r o b a b ly  t h e  o n l y  g e n e r a l l y  

" ^ l i d  c o r r e l a t i o n  in  e l e c t r i c  f u r n a c e  d e s i g n ,  i n  A n d r e a s ' s  e l e c t r o d e  p e r ip h e r y

r e s i s t a n c e  c o n c e p t .
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API'SKPIX I .

D erivation of the expression (equ.IV-?) fo r ra d ia l  heat conduction 
from the e lectrode  in  the slag .

Consider the close to  constant temperature region of the s la g
la y e r  of uniform thickness S with inner radius r .  and ou ter radius r1 o
as shown in  fig u re  IV-5* J'he temperature on the e lectrode surface (r^ ) 
i s  T and a t  tho end of the ou ter radius By the th ree energy arrows
in  the figure  Lhe energy balance becomes

^  r+dr + q.
the appropria te  ra te  equations are

q

r+dr

to

-Jjcef 2rrr 

- |k  J  2rrr

dT
dr

d f
dr r+dr

2h(2rndr)(T -T  )

1./

2 . /

)./

4»/

The area  2rTT<f i s  a function of r  and the m u ltip lie r  2 in  equ»4*/ fo r
q accounts fo r  heat losses from both sides of the temperature zone• 

c
S u b s titu tin g  the ra te  equations in to  the energy balance we get

r  ■ - [ k , ,2 r n 5 r]  r+dr * 4r7rh(T.T^) 5 . /

Combining the terms r  and r+dr and div id ing  by dr

( V g r i r g ]  r[k e f  2r rT ~dr, r+dr

Then with limes dr-

dr

kcT2rrf4"

4rrrh(T»Ta )

dr dr
4rfTh(T-T )

b«/

7 . /

decauee of constant thermal conductivity and lay e r th ickness, kefdn  can 
be removed from d if fe re n t ia t io n . Vpo,.dividing by kefdrr the nation

becomes

dr dr
S . /

performing the d if fe re n tia t io n  ( tre a tin g  here rdT/dr a ,  a product) then

rearrang ing  and d iv id ing  by r  gives



The boundary conditions are T ■

and dT
a ? - 0

In a non-dimensional form we can define

T-T
$  -  i d r  “ d1 a

The expression 9*/ w ill assume the form

H  * i s  -or

where -  2 hr^ /kef
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APPENDIX I I .

JLO- J jl?. a s Pec t  JLr_goalocicence In tho s e t t l i n g  of matte when ginelting Cu-Kl  
su lp h id e  c o n c e n tra te s ,

Duo to i t s  su b s ta n tia l impact on the s e t t l in g  of m atte , p a rtic le  
coalescence plays an important ro le  in the dimensioning of furnaces used 
fo r  sm elting Cu-Kl sulphide concentrates. This aspect w ill be investigated  
in  the following in the l ig h t  of l i te ra tu re  data coupled with the re s u lts  
obtained in th is  study by microscopic testwork pertinen t to in d u s tr ia l  matte 
s e t t l i n g  conditions.

1 . /  P e rtin e n t l i te r a tu r e  da ta .

With regard to coagulation in  polydispersed systems» close to 50 
years ago T uorila (1 ,2 ) conducted fundamental stud ies the re s u lts  of which 
a re  of p a rtic u la r  relevance to ce rta in  fea tu res of matte s e t t l in g  in molten 
s la g  and can be applied successfu lly  to the in vestiga tion  of p a r tic le  co - 
alescence in the slag-m atte system of smelting furnaces. The concept is  
based on the theory of f a s t  coagulation developed by Mflller (3) with a 
stro n g  emphasis on p a r t ic le  in te rac tio n , whereby the la rg e r spheres ac t as 
c o lle c to rs  upon the sm aller ones in the process of s e t t l in g .  This action  
i s  envisaged to take place in a hollow cy linder. I f  the average mass of the 
sm all p a rtic le s  between th e ir  point of release  from the concentrate and 
leng th  of trav e l hQ a t  time 0 is  Z  n y  then with the s ta r tin g  mass being Z®

2 X  -

gives the number of sm aller p a rtic le s  in the layer of the bed from which the 
la rg e r  grains have already been separated. The constant x in  e q u . l . /  oan be 

evaluated by s e t t in g  xS-y, so the expression becomes

z*
.  ±(1 - «-?) 2 . /

o
Ruuslan investiga to r,, U . 5, 6, 7) carried  out d e ta iled  stud ies on 

the  varioun aspects o f coalescence with p a rtic u la r  reference to the behaviour 
o f matte p a r t ic le s  In the flag-m atte system of sm elting furnaces re la te d  

im arlly  to the problem of copper production. The composition of s lag  In- 
v ee tiga ted  In th is  work was 44,7% FeO, 44,6% 610,, 10,5% M> while the low- 
grade matte contained 19,4% Cu and 51,6% S. In the laboratory  tee s the 
system was kept a t  1500°0 under an atmospehere of argon and a t  various time-

r . : r r r : , r r „ “ r  -
degree of coaleocence was estim ated by T u o r ila '.  formula with the

C* 4 a  o l - t A w n  /  .
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Ptgur# A - 1,1 VARIATION O'" PARTICLE COALESCENCE AND INTSRFAC'AL TENSION 
WITH T.IE CiO CONTENT OF THE S L A G ,
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Figor* A- 3,) VARIATION OF PARTICLE COALESCENCE AND INTERFACIAL TENSION 
WITH THE MAGNETITE CONTENT OF THE SLAG.

$ a f te r  Vanyukov end Zeiteev. )
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r e s u l ts  shown in  the following tab le i

Table A-II.-1, Copper d is tr ib u t ion in various matte s ize  fractions^
as a function of the s e t t l in g  time of matte p a r t ic le s .

S o t t l ,  Copper Fraction S i z e  F r a c t i o n ,  mm

“  V s  s E s  a  a  a  a  a  a
by T u o rila 's  D istribu tion  of Cu, per cent,
formula

10 0,226 100 80,0 12,) 7,7 - - - -

20 0,245 71,5 68,7 8,4 12,6 io ,3 - - -

60 0 ,2)6 63,5 59,5 6,6 10,8 10,3 8,5 4,3 -

90 0,245 56,9 48,8 15,2 6,1 5,8 5,5 8,9 9,3

For the ca lcu la tio n  of the non-coalesced frac tio n s  equations 1 and 2 . /  were 
used. Vanjukov and Zaitsev (6, 7) evaluated the in te r fa c ia l  energy fo r the 
quoted s la g  composition using the equation proposed by Sapiro (8)

dF -  C^gds ) ' /

in  which dF: change of the free  energy of the system; <5 in te r fa c ia l  
tension  between slag  and m atte, ds -  change of surface d iv is io n  between 
phases. As to the e ffe c t of the v a ria tio n  of the CaO, SiOg and F e ^  
contents of the slag  they arrived  a t  the re la tio n sh ip s shown in figures

A-II 1 to  J. From these graphs i t  appears th a t
a . /  the increase of the CaO content (up to 16 per cen t) increases the 

f rac tio n  of the non-coalesced p a r t ic le s . Higher in te r fa c ia l  energy 
is  associated  with a higher degree of coalescence*

b . /  the increase of the SlOg increases lin e a r ly  the in te r fa c ia l  energy
and sim ultaneously also the degree of coalescence*

c . /  with the increase of the magnetite content of the s lag  from 0 to
about 3 per cent the in tc rfa c iu l energy becomes roughly halved 
le t  ding to a close to 50* decrease in the extent o f coalescence.

Applications to the J n v e ^ g t . d  In t h l .  . t ttf c .

"  A U h o u g h ^ r a c t l c a l  work has been performed In the scope of the 
present stu d y , the co n s id e r a tio n s  and data displayed above may permit to 
draw some g en era l conclusions pe rtinen t to  the degree of coalescence th a t 
could be expected In the slag-m atte system s under In v es tig a tio n .

The composition of the slag  quoted by the Hus.ian resea rch e r, is  
a lto g e th e r  d iffe re n t from any of those of the present study. The high FeO



F I jup* A- 4,1 SURFACE TENSION AND SLAG COMPOSITION RELATIONSHIP AT 1 4 0 0 %
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FI gum A- 5 .) SURFACE TENSION AND SLAG C O M P O S I T I O N  RELATIONSHIP AT 1400°C
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Figure *-V/L 6 .) EFFECT OF PARTICLE COALLSCENCE, -  WEIGHT PER CENT COPPER DISTRIBUTION 
IN VARIOJ3 SIZE FRACTIONS OF MATTE AFTER 10, 20, 60 and 30 MINUTES 
SETTLING TIME .

Laboratory teat re su lts  a f te r  Vanyukov and Zaitsev.
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c o n te n t and th«j com plete la ck  o f MgO and Al^O^ though w ith  a  comparable low 

ran g e  o f  CaO suggoats  co n sid e rab ly  reduced 1j quidus tem per? tu res and v is c o s ­

i t i e s ,  which i s  a ls o  ap p aren t from the  low, 1300°C tem perature  o f  the t e s t s .  

However, due to  the  h ig h e r re fe re n ce  tem peratu res (1400°C) o f t h i s  study  the 

v i s c o s i t i e s  o f the  two types o f  s la g , i . e .  one a t  1500°C and th e  o th e r  a t  
1400°C may become com parable. With th i s  s im p lify in g  approach th e  v is c o s i ty  

e f f e c t  shou ld  be s im ila r  in  the  two system s.

The change of the surface tension with slag  composition in  case of 
s la g s  used in the present work was estimated with the aid of the formula 
proposed by Boni and Terge and th is  is  summarised in figu res A-II 4 and 5*)• 
Data on the in te r fa c ia l  tension between fa y a lite  slag  and n ickel matte w ith 
various FeO-NijS^ ra t io s  in the matte is  a lso  availab le  in the l i te ra tu re  (9) 
according to which the change in both surface tension and in te r fa c ia l  tension 
in  the range of a matte grade of 15 to 2 #  N i ^  is  not very s ig n if ic a n t and 
follow s by and large a p a ra lle l  trend . Using th is  information as a f i r s t  
approximation fo r Cu-Ni mattes with a to ta l  metal content of 25 to 28 per 
c e n t, i t  i s  possible to judge the e ffe c t of the v a ria tio n  of s lag  com - 
p o sitio n  upon the extent of the change in in te r fa c ia l  energy and, in the 
knowledge of th is ,  on the degree of matte p a r tic le  coalescence in  the present 
system of s lag s. In comparing figures 4 and 5 with 1 and 2 i t  would appear 
th a t  the increase of the CaO and KgO contents of the s lag  w ithin the range 
o f p lan t s la g  composition would exert only a very moderate e ffe c t on the 
p a r t ic le  coalescence, probably not more than 5 to 10 per cen t. An increase 
o f  the SiO, content from ,8  to 46 per cent, on the o ther hand, would be f a r  
movo s ig n if ic a n t . However, a eimultaneoue reduction in  the CO and K*> 
eonetltuen te  may, to  a c e rta in  degree, counterbalance the e f fe c t  o f e l l l c a  
, c  th a t the net r e m i t  would be fa r  le .e  ep ec tacu l.r  than th a t repre .en ted  
by f i g u r e ? . ) .  Likewise, the e ffe c t o f the magnetite content o f the =1*S 
may be considerably diminished by the fac t th a t in  e le c tr ic  furnace amel ng

r »
B„y ,  per c e n t  may be e q u i v a l e n t  to  a modest 5 to 10 per cent change in

p a r t ic le  coalescence.

Obviously, thin comparison gives a sem i-quantita tive  p lo tu r . a t  t - e  
beet of the conditions pertinen t to the coa lesce ,,., o f matte p a r t ic le ,  in  a

,  ,  ,c f u r n a c e .  The d if f ic u lty  o f comparing laboratory  te s t
’'“ ' ’‘I t*  with data  obtained from the p lan t w ill  be apparent from figure A -Ii/6  
r e s u l ts  fab le  A-II-1 obtained in  laboratory  te s ts  are shown as
in  which the a .  ^  ^  Btudy on matte p a r tic le  d is tr ib u tio n  found
oomoared with tne niant-V.. .
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in  p lan t s la g s . Apart from the great d ifference in re ten tion  times of the 
m atte in  the si rv  in laboratory te a ts  and plant runs (l& hrs of the longest 
labo ra to ry  te 'i t  as a^ai: it some 35-36 hrs in case of the p lan t slag ) o ther 
fa c to rs  lik v  s t i r r in g  e ffe c ts  and, due to extensive temperature gradients 
in  a vorking u n it, v isc o s ity  e ffe c ts  which cannot be simulated properly in  
an experimental se t-u p , w ill render the e ffo r t  of drawing q u an tita tiv e  con­
clusions ra th e r  doubtful. Notwithstanding the fa c t th a t by the ind ication  
of fig u re  6 b . )  there appears to be a good agreement between the th e o re tic a lly  
p red icted  (dotted  l in e )  and experimentally found ra te s  of matte p a r tic le  
coalescence up to a s ize  range of 10 microns.

On the other hand, the comparison of experimental and p lan t data 
c le a r ly  in d ica te s  the important ro le  played in matte s e t t l in g .  Mention was 
made e a r l ie r  of the dependence of matte p a rtic le  s ize  released during 
sm elting upon the fineness of grinding of the concentrate . The range of the 
screen analysis of concentrates a f te r  Rammler (10) is  shown in  figure  A -II«7») 
fo r  unroasted and roasted m ateria l. This graph can be used also in  the 
context of Cu-Ni concentrates. The grinding fineness of the ore in the 
p rac tic e  o f the Rustenburg Platinum Mines is  minimum *pf> -200 mesh, ( i . e .
75 microns) and about half o f the f lo ta tio n  concentrate i s  probably below 
the p a rtic le  s ize  o f 40 microns. Under these conditions the diameter o f  
the most frequent p'-r Moles by the data of Rammler i s  between 4 and £0 
micron. On the bar,is of figure 7 .)  the range o f the most frequent p a rtic le  
s iz e  in the RFM e le c tr ic  furnace s la g  is  sh ifted  to between about 15 to 40 
micron which, in p ractice , represents only 1,2 per cent by weight o f the 
to ta l  matte actu ally  present as f lo a tin g , undissolved m aterial in  the s la g .
I t  should be noted however th a t the samples used in  the microscopic in  - 
v e s tig a tio n s  were taken p a rtly  from the matte sounding hole of the furnace 

away from the point where the slag  is  being tapped.

The w eight-size d istrib u tion  of matte p a r tic le s  l e f t  a fte r  various 

s e t t l in g  times f lo a tin g  in the slag  as shown in figure 6 a .) was estimated  
after Varjukov and Zaitsev on the basis of +he metallic contents of th.ee 
fraction s (see Table A -II -1 .) . Therefore the data o f the table are a lso  
. , lca tlvo  to the number of p a rtic le s  in the various s iz e  ranges which for  
0 le  in  the 10 micron s ize  range must be quite considerable a t the s ta r t  

eXaniL I r  to account for close to copper content even a fter  l£  hrs of
in  ° ^  I f  the reduction in the number of the very small p a rtic le s  o f  

8 e tt  could be attributed  primarily to coalescence, then more than 9 0  per 
matte0f°th e s ize  range from the sm allest s iz e  up to about 15 micron should
° ent ° 1 hv coalescence with the larger grains in order to reach the low
be rem oved  by wel6ht f r a c t io n / . . .
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weight f ra c tio n  estim ated in  th is  study. This would ind icate  a very ex -  
ten s iv e  coalescence of the sm allest size  p a rtic le s  in  the furnace,

By an approximate estim ate , the contribution  of sulphide lo sses in 
form of p a r t ic le  carry-over to the to ta l  losses in the s lag  systems of the 
e le c t r ic  sm elting operation investigated  in  the present study would be 
around 50 per cen t.
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AM'KNDIX II  B .

C alcu lation  of th e extent of stagnant flow region in the s lag  bed. ,

Ab the foregoing considerations outlined in Section IV would suggest, 
due to  the action  of the electrodes no uniform flow velocity  e x is ts  in  the 
molten bed of s la g . Prom mass balance i t  i s  possible however to  assign an 
average f  low ra te  to the slag  bulk and with some approximations calcu late  
tho ex ten t of the stagnant region prevailing  in the bath. U nfortunately, 
th is  kind of e f fo r t  as the re la ted  work of Themelia and Gpira (l5» Sec. IV) 
on the flow v e lo c itie s  obtaining in the slag  bed of a reverberatory furnace 
would in d ica te , cannot be expected to lead to highly conclusive resu lts*  
N evertheless tho re su lts  obtained could be useful fo r  general o rien ta tio n  
purposes which would ju s t ify  a short survey on th is  topics in  the scope 
o f th is  Appendix.

To estim ate the velocity  d is tr ib u tio n  in  the moving bed of s lag , the 
p rin c ip le  of channel flow may be applied to matte sm elting furnaces of r e c t­
angular cross sec tio n . In general operating prac tice  the depth of the slag  
bath in  the reference furnaces varies between 1,5 and 1, 6m, but fo r the 
the purpose of i l lu s t r a t in g  the p rincip les involved the ca lcu la tions w ill 

be based on a shallower depth of 1,3*

Extent of the stagnant flow region in  the s lag  bed.

The idealized  conditions fo r the ca lcu la tion  of the flow p ro file s  
whereby an average temperature fo r the s lag  bath and laminar flow with no 
e lec trode  action is  assumed could be a tta in ed  in ce rta in  areas of the matte 
s e t t l in g  zone of the furnace. In case of rectangular ducts fo r  a constant 
a x ia l pressure gradient (dp/dx - const.) the parabolic v e lo c ity  d is tr ib u tio n  

i s  given by the well-known formula

- ( t f j  i . /

and fo r  laminar flow according to Geiger and P o ir ie r  (Ref 13 Sec. IV) the 
ve lo c ity  d is tr ib u tio n  in the knowledge of the volumetric flow ra te  may be 

estim ated with the expression

u - 2 1WH <i>2]1 -  (11)1 S '/

For anhere o .volum etric H o . r» to , 1,-w ld th , H-depti, o f flow medio.
J  l c t  th<1 conditions obtaining with tho reference furnaces apply, i 

°” mP ° ) .  7a i s lag  depth (;l) -  1 , 5ml average s la g  flow ra te
U ‘ (vUh„utVconvertcr re tu rn ) , 21 to n s/h r, sp e c ific  g rav ity  of s lag  

a t  a reference temperature o f 1400°= - 2,6 « / c  . _
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Therefore W = 21 ,0 /2 ,0  7,5 m5 Blag/hr

With e q u .2 ./  the expression of v e r tic a l velocity  d is tr ib u tio n  in  the

The mean residence time .is expressed as 0 « L/u, thus the frac tio n  of slag  
th a t  remains fo r 26 in the furnace is  between x = x' and x * H when x ' i s  
defined  as the value of the distance x in ve loc ity  re la tio sh ip s  as u « u /2«

This p a r tic u la r  average v e lo c ity  w ill be represen tative of a s lag  bed of

Therefore tne frac tio n  of s lag  with residence time g rea te r than 2 9 w ill be

which is  the expression of the ra tio  between the free-flow ing and stagnant 
reg ion  of the slag  bath and would suggest tha t only about 2) per cent of the 
to ta l  flow f a l l s  in to  the stagnant flow region. Obviously, under the 
id e a lise d  conditions se t fo r  th is  estim ate the stagnant region is  sm aller 
than th a t measured in  a working un it with the use of rad ioactive  tra c e rs .

p a r t ic u la r  case is  then

2x7x1,3
u

-  1,39 -  0,89 x2 3./

then u

Since 4 • /

0,413 -  1 , 39-0,89 x2 th a t is x 1,0m



-  100 -

i m m i x  m .

of the ex ten t of overlap botweon the active areas of e lec trodes.

1 o rta in in g  to the extent of overlap of the working areas between 
two e lec tro d es i t  is  apparent tha t the p rinc ip le  of heat or energy d is tr ib u tio n  
in  concentric  c irc le s  around the periphery of the electrodes w ill break down 
in  the areas of overlap . A more uniform h ea t, energy or magnetic flux  p ro file  
w ith narrower range of v a ria tio n  w ill be c h a ra c te r is tic  to these areas 
e sp e c ia lly  between electrodes of the same phase. Correspondingly, the 
re lev an t v isc o s ity  and e le c tr ic a l  conductivity p ro file s  outlined in  Section IV 
w ill be a lso  m odified,

As to the energy d is tr ib u tio n  between the overlapping and the to ta l  
working regions of the electrodes le t  the conditions be represented by figure  
A /III-1 , in  which A=total cross-sec tional active  area around one e lec trode , 
y(^-half width of the area of overlap, A g- (d^“diameter of ac tive  zone),
In  the graph a uniform y component of the energy f ie ld  is  produced in  the 
region of overlap of the two c irc le s . The energy f ie ld  i s  given by ( l )

E A
21d iT T dx dy 1./

This equation is  in teg rated  in  the lim its

fo r x x

fo r y - 0 ) -  (x -  /C^)

th a t is i  ■
x—^l y-o

2x + y
2./

( W + i

On solving 2 , /  the to ta l  area against the overlap, tha t i s  a  dimensionless 

area  expression w ill be »
A (V V 1 ) T!„ 2 cos'

7 2  " 2 [
l V^2/Al  (^ 2 /^ l) - l  5 . /

' [(V V ' 1 “jJ
and the enerey d is tr ib u tio n  per un it ac tive  area become.

(1 n - 2 cos

v s
-1 + 4 ^  2/^1 (^2/ ^ 1) «• 1

(/<2/A1)+ 1 2
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Po apply equation 4»/ to the part .ar case of rectangular e le c tr ic  furnaces
the mode of piocedura is  as followu: in case of a 6 -in -lin e  electrode con - 
f ig u ra tio n  the value of 2 ^  ic  usually between the lim its  of 0,25 and 0,5 
r A ^r A " rar^ us ac tive  a re a ) , then X^ is  between 0,125 r^ and 0,25 r^ as 
shown in graph A / l I I - l b ,  Obviously the range ■ 0,125 to 0,25 
corresponds with Xg B 0,875 to 0,750 r^. On taking now 5 equal distances 
between = 0,125 r^ ?.nd 0,250 r^ the following values w ill be obtained;

0,125 0,150 0,175 0,200 0,225 0,250

0,875 0,850 0,825 0,800 0,775 0,750
7,00 5,67 4,71 4,00 3,45 3,00

64,0 49,5 56,) 25,0 19,8 16,0

and the energy d is tr ib u tio n E(X /AA ) can be calcu lated

4 -  l *<i

^ 2 ^ 1  „ 
u  4 - y / ,^

as shown in  figure  A /lII-2a  representing the extent of overlap up to the 
cen tre  lin e  of the e lectrode, that is  a distance of 0,5 (/^■0,25 r ^) ^

T f m 5 d , Graph A /lII-2b  is  an extension of 2ft fo r even la rg e r values ofX .

These figures c learly  indicate  the trend given by equ,4»« i«e , with 
the increase of X x the extent of overlap increases leading to the decrease of 
A. The curren t d e n s i t y ^  per un it area of A remains constant but the to ta l  
energy involved increases in  the area of overlap represented b y ^ l  and de -  
c reases in  A in proportion to the change of the ra tio s  of the a reas . The 
s h i f t  in  energy re la tio n s  becomes more s ig n if ic an t with the increase of the 
ex ten t of overlap and is  in proportion with the area increase of th is  region.

In the overlapping zone one would expect an increase in  s lag  
motion on account of the l i f t in g  action of both buoyancy and electrom agnetic 
to r re s  in the v ic in ity  of the e lectrodes. The force generated by each 
e lectrode  would move the slag  in a counter-current fashion from the electrode- 
surface in to  the active  zone (ascending movement) and in to  the overlapping

in which, aa a re su lt of exchange in  momentum, a balancing action  in  
roglonn or energy d is tr ib u tio n  would ensue. As s  r e s u l t ,

m* ene  d is tr ib u tio n  of v isco sity  and e le c tr ic a l  conductivity  contours as 
the even f l  e{J IV„25 and IV-24 fo r the id ea l case of zero, o r neg lig ib le

r , h active  electrode areas w ill be considerably modified.
in te ra c tio n  oi i«ne

ln furnace geometry re la tio n s  i t  was shown th a t the diameter of
,  A. n A n  area d and the electrode diameter can be co rre la ted  fo r 

the active  electrod A
the conditions of the reference furnaces as

a . a. k / i )  where k- 5*0
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In  connection with the foregoing considerations since

<1

a 1
PV 5 . /

we can w rite
z i “ k *̂,)e ■ k 2 6 . /

or ■ kvH)e 7 . /

th a t  i s  fo r the energy d is tr ib u tio n  we w ill get

*(5,0 ^ D . - ^  < '-A  1

* 1 *  '  (1 '

In  terras of the d istance of electrode separation the geometrical re la tio n sh ip s  
are  given by the following equation

dA -  2,9 S
.0 ,8 2

therefore E(2,9 s°-e2- / 2) Kg/< 1 i

A1 A (1 ' "
9V

Equation 8 . /  expresses the energy d is tr ib u tio n  in  the separate zones as a 
function  of the change of the ra tio  between the maximum h a lf  width of the 
overlapping zone and the re s t  of the reaction  zone width when the s ize  of the 
fu rnace, as expressed by the electrode diam eter, is  varied . I t  is  b a s ica lly  
♦.ho Axnression of conditions shown in figu res VI-7 and VI-0.
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