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©  Electromagnetic  casting  apparatus  and  process. 
An  electromagnetic  casting  apparatus  and  process  is 

disclosed  in  which  a  flow  control  system  (37,  35,  30)  is  pro- 
vided  to  control  the  flow  of  molten  material  to  the  casting 
zone.  The  flow  of  molten  material  is  controlled  in  response  to 
sensed  variations  in  the  hydrostatic  pressure  in  the  head  of 
molten  material  in  the  casting  zone  with  the  object  of  keep- 
ing  those  variations  to  a  minimum.  Optimum  conditions  are 
therefore  maintained  for  the  operation  of  the  conventional 
control  system  (18)  which  controls  the  power  source  (17)  for 
the  inductor  (11). 





This  i n v e n t i o n   r e l a t e s   to  an  improved  p r o c e s s   and  a p p a r a t u s  

for   e l e c t r o m a g n e t i c a l l y   c a s t i n g   e l e c t r o m a g n e t i c a l l y   c a s t a b l e  

m a t e r i a l s ,   e .g .   meta ls   and  a l l o y s .   The  e l e c t r o m a g n e t i c   c a s t i n g  

p roces s   has  been  known  and  used  for   many  years   for   c o n t i n u o u s l y  

and  s e m i - c o n t i n u o u s l y   c a s t i n g   meta ls   and  a l l o y s .   The  p rocess   h a s  

been  employed  commerc ia l ly   for  c a s t i n g   aluminum  and  aluminum  a l l o y s .  

The  e l e c t r o m a g n e t i c   c a s t i n g   appa ra tu s   comprises   a  th ree   p a r t  

mould  c o n s i s t i n g   of  an  i n d u c t o r ,   a  non-magne t ic   s c reen   and  a  m a n i -  

fo ld   for   app ly ing   coo l i ng   water   to  the  i n g o t .   Such  an  appa ra tu s   i s  

e x e m p l i f i e d   in  U.S.  Pa ten t   No.  3 ,467,166  to  G e t s e l e v   et  a l .  

Containment   of  the  molten  metal   is  ach ieved   wi thou t   d i r e c t   c o n t a c t  

between  the  molten  metal  and  any  component  of  the  mould.  S o l i d i f i -  

c a t i o n   of  the  molten  metal  is  achieved  by  d i r e c t   a p p l i c a t i o n   o f  

water   from  the  coo l ing   mani fo ld   to  the  ingot   s h e l l .  

A  l a rge   body  of  p r i o r   ar t   r e l a t i n g   t o . v a r i o u s   a spec t s   of  t h e  

e l e c t r o m a g n e t i c   c a s t i n g   process   and  a p p a r a t u s   is  d e s c r i b e d   in  t h e  

p r i o r   a r t   s t a t ement   of  U.S.  Pa tent   No.  4 ,161 ,206   and,  t h e r e f o r e ,   w i l l  

not  be  r e p e a t e d   h e r e .  

The  p r e sen t   i n v e n t i o n   is  p a r t i c u l a r l y   r e l a t e d   to  the  p r o c e s s  

and  appa ra tu s   for  c o n t r o l l i n g   the  e l e c t r o m a g n e t i c   c a s t i n g   s y s t e m .  

Various  approaches   have  been  d e s c r i b e d   in  the  p r i o r   a r t   for  c o n t r o l -  

l i n g   the  e x c i t a t i o n   of  the  i n d u c t o r   in  a  manner  so  as  to  p r o v i d e  

i ngo t s   of  uniform  c r o s s - s e c t i o n .   In  U.S.  Pa ten t   No.  4 ,014,379  t o  

G e t s e l e v   a  con t ro l   system  is  de sc r i bed   for   c o n t r o l l i n g   the  c u r r e n t  



f l o w i n g   t h rough   the  i n d u c t o r   r e s p o n s i v e   to  d e v i a t i o n s   in  t h e  

d imens ions   of  the  l i q u i d   zone  (mol ten   metal   head)  of  the  ingot   f r o m  

a  p r e s c r i b e d   v a l u e .   In  G e t s e l e v ,   U.S.  P a t e n t   No.  4 ,014 ,379   t h e  

i n d u c t o r   v o l t a g e   is  c o n t r o l l e d   to  r e g u l a t e   the  i n d u c t o r   c u r r e n t   i n  

r e s p o n s e   to  measured  v a r i a t i o n s   in  the  l e v e l   of  the  su r f ace   of  t h e  

l i q u i d   zone  of  the  i n g o t .   Con t ro l   of  the  i n d u c t o r   v o l t a g e   i s  

a c h i e v e d   by  an  a m p l i f i e d   e r r o r   s i g n a l   a p p l i e d   to  the  f i e l d   w i n d i n g  

of  a  f r e q u e n c y   c h a n g e r .  

In  Russ i an   Pa t en t   537,750  to  G e t s e l e v   an  a l t e r n a t i v e   c o n t r o l  

approach   is  d e s c r i b e d   where in   the  p o t e n t i a l   on  the  i n d u c t o r   i s  

r e g u l a t e d   to  reduce  a  d e v i a t i o n   of  the  phase  angle   from  a  programmed 

v a l u e .  

In  U.S.  P a t e n t   No.  4 ,161 ,206   to  Yarwood  et  a l .  a   c o n t r o l  

system  fo r   e l e c t r o m a g n e t i c   c a s t i n g   is  u t i l i z e d   fo r   m in imiz ing   v a r i a -  

t i o n s   in  the  gap  between  the  mol ten  meta l   and  the  i n d u c t o r .   In  t h i s  

approach   a  r e a c t i v e   e l e c t r i c a l   p a r a m e t e r   of  the  i n d u c t o r   which  v a r i e s  

wi th   the  magni tude   of  the  gap  is  d e t e r m i n e d   and  compared  to  r e f e r e n c e  

v a l u e s   to  g e n e r a t e   an  e r r o r   signal,  for   c o n t r o l l i n g   the  i n d u c t o r  

e x c i t a t i o n .  

In  Russ i an   Pa t en t   273,226  to  Kabakov  t h e r e   i s   d i s c l o s e d   a  

c o n t r o l   system  fo r   c o n t r o l l i n g   the  meta l   l e v e l   in  the  e l e c t r o m a g n e t i c  

c a s t i n g   mould.  A  metal   l e v e l   measu r ing   c o i l   has  a  r e l a y   connec ted   t o  

the  i ngo t   w i thd rawa l   mechanism  v ia   a  r e g u l a t o r .   At  the  s t a r t   o f  

c a s t i n g   the  w i thdrawa l   mechanism  is  in  i t s   i n i t i a l   p o s i t i o n .   The 

r e g u l a t o r   is  connec ted   to  an  a c t u a t o r   which  s t a r t s   the  feed  of  m e t a l  

i n to   the  mould.  When  the  metal   l e v e l   r e a c h e s   the  h e i g h t   of  the  s e n s -  

ing  c o i l ,   a  s i g n a l   is  t r a n s m i t t e d   to  the  r e g u l a t o r   which  throws  t h e  



r e l a y   and  o p e r a t e s   the  w i thdrawa l   mechanism  to  withdraw  the  i n g o t  

from  the  mou ld .  

In  Russ ian   Pa t en t   338,297  to  I r k u t s k   the  e l e c t r o m a g n e t i c  

c a s t i n g   mould  is  f i t t e d   with  measur ing   c o i l s   to  con t ro l   the  m e t a l  

l e v e l   in  the  mould.  The  amount  of  metal  f lowing  into  the  mould  i s  

c o n t r o l l e d   by  a  value  compounded  with  an  a c t u a t o r .   No  d e s c r i p t i o n  

is  given  in  t h i s   p a t e n t   of  any  automated  feedback  of  the  s e n s e d  

s i g n a l   from  the  co i l   to  the  a c t u a t o r .   In  f a c t ,   the  a c t u a t o r   a p p e a r s  

to  be  manual ly   o p e r a t e d .  

The  approaches   for   c o n t r o l l i n g   molten  metal  head  d e s c r i b e d   i n  

the  Russ ian   p a t e n t s   to  Kabakov  and  I r k u t s k   are  d e f i c i e n t   in  t h a t  

c o n t r o l   is  based  s o l e l y   on  the  sensed  upper  l eve l   of  the  m o l t e n  

metal  head.  T h e r e f o r e ,   these   c o n t r o l   systems  do  not  t a k e  i n t o  

account   changes  in  the  molten  metal   head  due  to  f l u c t u a t i o n s   in  t h e  

p o s i t i o n   of  the  s o l i d   l i q u i d   i n t e r f a c e   between  the  molten  metal   and  

the  s o l i d i f i e d   c a s t i n g .   These  changes  in  the  i n t e r f a c e   p o s i t i o n  

occur  because   of  i n s t a b i l i t i e s   in  the  wi thdrawal   mechanism,  i n s t a b i -  

l i t i e s   in  the  coo lan t   a p p l i c a t i o n   system,  etc.   The  r e s u l t   o f  

i n c r e a s i n g   or  r educ ing   the  he igh t   of  the  molten  metal  head  w h e t h e r  

due  to  a  r e p o s i t i o n i n g   of  the  s o l i d   l i q u i d   i n t e r f a c e   or  the  u p p e r  

su r face   of  the  molten  metal  or  both  is  to  i nc r ea se   or  d e c r e a s e ,  

r e s p e c t i v e l y ,   the  h y d r o s t a t i c   p r e s s u r e   exe r t ed   by  the  molten  m e t a l  

head.  These  changes  in  h y d r o s t a t i c   p r e s s u r e   must  be  o f f s e t   by  t h e  

con t ro l   system  for  c o n t r e l l i n g   the  e x c i t a t i o n   of  the  i n d u c t o r .  

The  system  d e s c r i b e d   in  Yarwood  et  a l .   has  been  shown  to  b e  

e f f e c t i v e   for   p r o v i d i n g   s o l i d i f i e d   c a s t i n g s   of  more  uniform  c r o s s -  



s e c t i o n   by  overcoming  the  i n s t a b i l i t i e s   a s s o c i a t e d   with  changes  i n  

h y d r o s t a t i c   p r e s s u r e   of  the  molten  metal  head.  I t   i s ,   of  c o u r s e ,  

d e s i r a b l e   t h a t   any  c o n t r o l   system  for   c o n t r o l l i a g   the  i n d u c t o r  

e x c i t a t i o n   o p e r a t e   over  i t s   most  p r e f e r r e d   range  of  c o n t r o l .   T h e r e -  

f o r e ,   i t   is  h i g h l y   u n d e s i r a b l e   to  have  any  long  term  changes  i n  

h y d r o s t a t i c   p r e s s u r e   due  to  changes  in  the  he igh t   of  the  m o l t e n  

meta l   head.  C o n s e q u e n t l y ,   i t   has  been  found  d e s i r a b l e   to  p r o v i d e  

some  c o n t r o l   in  a d d i t i o n   to  the  e l e c t r i c a l   c o n t r o l   of  the  i n d u c t o r  

e x c i t a t i o n   which  could  reduce  the  v a r i a t i o n   in  mol ten  m a t e r i a l   h e a d  

h e i g h t   du r ing   a  c a s t i n g   r u n .  

In  accordance  wi th   the  p r e s e n t   i n v e n t i o n ,   a  p rocess   a n d  

a p p a r a t u s   is   p r o v i d e d   fo r   c o n t r o l l i n g   the  mol ten   m a t e r i a l   h e a d  

h e i g h t   du r ing   a  c a s t i n g   run.   The  system  of  t h i s   i n v e n t i o n   does  n o t  

r e q u i r e   a c t u a l   measurement   of  the  p o s i t i o n   of  the  l i q u i d - s o l i d  

i n t e r f a c e   or  the  top  s u r f a c e   of  the  mol ten  m a t e r i a l .   Ra ther ,   i t  

r e l i e s   upon  the  s e n s i n g   of  an  e l e c t r i c a l   p a r a m e t e r   or  s i g n a l   f r o m  

the  i n d u c t o r   e x c i t a t i o n   and  c o n t r o l   system  which  changes  as  t h e  

h y d r o s t a t i c   p r e s s u r e   of  the  mol ten  m a t e r i a l   head  changes .   The 

e l e c t r i c a l   s i g n a l   which  i s   sensed  as  above  is  a p p l i e d   to  a  c o n t r o l l e r  

which  a d j u s t s   the  f low  of  mol ten  m a t e r i a l   i n to   the  mould  in  r e s p o n s e  

t h e r e t o .  

In  p a r t i c u l a r ,   the  p r e s e n t   i n v e n t i o n   is   d i r e c t e d   to  a  p r o c e s s  

and  a p p a r a t u s   fo r   c a s t i n g   e l e c t r o m a g n e t i c a l l y   c a s t a b l e   m a t e r i a l s ,  

e .g .   me ta l s   and  a l l oys ,   by  e l e c t r o m a g n e t i c a l l y   forming  the  m o l t e n  

m a t e r i a l   in to   a  d e s i r e d   c a s t i n g   shape.   The  e l e c t r o m a g n e t i c   f o r m i n g  

is   accompl i shed   by  means  of  an  i n d u c t o r   which  a p p l i e s   a  m a g n e t i c  

f i e l d   to  the  mol ten   m a t e r i a l .   The  magnet ic   f i e l d   se rves   to  de f ine   a  



c o n t a i n m e n t   or  c a s t i n g   zone  for   the  molten  m a t e r i a l .   A  system  i s  

p r o v i d e d   for   c o n t r o l l i n g   and  app ly ing   an  a l t e r n a t i n g   c u r r e n t   t o  

the  i n d u c t o r   to  g e n e r a t e   the  magnet ic   f i e l d .  

In  accordance   with  t h i s   i n v e n t i o n ,   the  a f o r e n o t e d   a p p a r a t u s  

is  improved  by  p r o v i d i n g   a  system  for   c o n t r o l l i n g   the  h y d r o s t a t i c  

p r e s s u r e  e x e r t e d   by  the  mol ten   m a t e r i a l   in  the  con ta inment   zone .  

This  is  accompl i shed   by  s e n s i n g   an  e l e c t r i c a l   s i g n a l   de r ived   f rom 

the  system  for   c o n t r o l l i n g   and  app ly ing   the  a l t e r n a t i n g   cu r r en t   t o  

the  i n d u c t o r .   The  e l e c t r i c a l   s i gna l   which  is  sensed  is  one  which  

changes  in  co r r e spondence   to  changes  in  the  h y d r o s t a t i c   p r e s s u r e   o f  

the  molten  m a t e r i a l   in  the  con ta inment   zone.  In  r e sponse   to  t h e  

sensed   e l e c t r i c a l   s i g n a l ,   the  flow  r a t e   of  molten  m a t e r i a l   in to   t h e  

con t a inmen t   zone  is  c o n t r o l l e d .  

The  e l e c t r i c a l   s i g n a l   which  is  sensed  may  comprise  any  of  a  

number  of  p o s s i b l e   s i g n a l s   i n c l u d i n g   but  not  l i m i t e d   to:  the  e r r o r  

s i g n a l   which  is  a p p l i e d   to  the  power  supply  to  c o n t r o l   the  i n d u c t o r  

e x c i t a t i o n ;   or  any  of  the  vo l t age   f r equency   or  c u r r e n t   s i g n a l s  

a p p l i e d   to  the  i n d u c t o r ;   or  i n t e r n a l   s i g n a l s   a p p l i e d   wi th in   t h e  

power  supply  such  as  bus  vo l t age   c o n t r o l   s i g n a l s .   The  sole  c r i t e r i a  

for   s e l e c t i n g   the  a p p r o p r i a t e   s i gna l   is  tha t   i t   be  one  which  v a r i e s  

in  c o r r e s p o n d e n c e   with  a  v a r i a t i o n   in  the  h y d r o s t a t i c   p r e s s u r e   o f  

the  molten  m a t e r i a l   h e a d .  

The  p rocess   and  appa ra tu s   of  the  p r e sen t   i n v e n t i o n   wi l l   be  

f u r t h e r   d e s c r i b e d   with  r e f e r e n c e   to  the  accompanying  drawings,   i n  

w h i c h : -  



F i g u r e   1  is  a  s chemat ic   r e p r e s e n t a t i o n   of  an  e l e c t r o m a g n e t i c  

c a s t i n g   a p p a r a t u s   in  a cco rdance   with  the  p r e s e n t   i n v e n t i o n ;   a n d  

F igu re   2  is  a  p a r t i a l   schemat ic   r e p r e s e n t a t i o n   of  an  e l e c t r o -  

magne t i c   c a s t i n g   a p p a r a t u s   showing  f u r t h e r   d e t a i l s   of  the  m o l t e n  

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

F igu re   3  is  a  p a r t i a l   schemat ic   r e p r e s e n t a t i o n   of  an  e l e c t r o -  

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

p r e s s u r e   c o n t r o l   s y s t e m .  

In  the  d e s c r i p t i o n   which  fo l l ows   r e f e r e n c e   is  made  to  a  m e t a l  

as  the  m a t e r i a l   be ing   c a s t .   This  is   used  g e n e r i c a l l y   to  cover  b o t h  

s u b s t a n t i a l l y   pure  me ta l s   and  meta l   a l l o y s .   I t   is  to  be  u n d e r s t o o d  

however  t h a t   the  i n v e n t i o n   is  a p p l i c a b l e   to  o t h e r   e l e c t r o m a g n e t i c a l l y  

c a s t a b l e   m a t e r i a l s .  

R e f e r r i n g   now  to  F igure   1,  t h e r e   is  shown  by  way  of  example  

an  e l e c t r o m a g n e t i c   c a s t i n g   a p p a r a t u s   of  t h i s   i n v e n t i o n .  

The  e l e c t r o m a g n e t i c   c a s t i n g   mould  10  is  comprised  of  a n  

i n d u c t o r   11  which  is  wate r   cooled ;   a  c o o l i n g   man i fo ld   12  f o r  

a p p l y i n g   c o o l i n g   water   to  the  p e r i p h e r a l   s u r f a c e   13  of  the  m a t e r i a l  

b e i n g   cas t   C;  and  a  non -magne t i c   sc reen   14.  Molten  meta l ,   or  o t h e r  

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

i n to   the  mould  10  du r ing   a  c a s t i n g   run  u s i n g   a  t rough   15  and  down 

spout   16  and  mol ten  metal   head  c o n t r o l  I   in  accordance   with  t h i s  

i n v e n t i o n .   The  i n d u c t o r   11  is  e x c i t e d   by  an  a l t e r n a t i n g   c u r r e n t  

from  a  power  source  17  and  c o n t r o l   system  18  which  p r e f e r a b l y   is  o f  

the  type  d e s c r i b e d  i n   the  a f o r e n o t e d   Yarwood  et  a l .   U.S.  P a t e n t   No. 

4 , 1 6 1 , 2 0 6 .  



The  a l t e r n a t i n g   c u r r e n t   in  the  i n d u c t o r   11  produces  a  m a g n e t i c  

f i e l d   which  i n t e r a c t s   with  the  mol ten   metal   head  12  to  produce  eddy 

c u r r e n t s   t h e r e i n .   These  eddy  c u r r e n t s   in  tu rn   i n t e r a c t   with  t h e  

magnet ic   f i e l d   and  produce  f o r c e s   which  apply  a  magnet ic   p r e s s u r e  

to  the  molten  metal  head  12  to  c o n t a i n   i t   in  the  zone  de f ined   by  t h e  

magnet ic   f i e l d   so  t ha t   i t   s o l i d i f i e s   in  a  d e s i r e d   ingo t  C   c r o s s -  

s e c t i o n .  

An  a i r   gap d  e x i s t s   dur ing   c a s t i n g ,   between  the  molten  m e t a l  

head  19  and  the  i n d u c t o r   11.  The  molten  metal  head  19  is  formed  o r  

moulded  in to   the  same  gene ra l   shape  as  the  i n d u c t o r   11  the reby   p r o v i d -  

ing  the  d e s i r e d   ingot   c r o s s - s e c t i o n .   The  i n d u c t o r   may  have  any  

d e s i r e d   shape  i n c l u d i n g   c i r c u l a r   or  r e c t a n g u l a r   as  r e q u i r e d   to  o b t a i n  

the  d e s i r e d   ingot  C  c r o s s - s e c t i o n .  

The  purpose  of  the  non-magne t i c   sc reen   14  is  to  f ine   tune  and  

ba lance   the  magnetic   p r e s s u r e   with  the  h y d r o s t a t i c   p r e s s u r e   of  t h e  

molten  metal  head  19.  The  non-magne t i c   sc reen   14  may  comprise  a  

s e p a r a t e   element  as  shown  or  may,  i f   d e s i r e d ,   be  i n c o r p o r a t e d   as  a  

u n i t a r y   par t   of  the  mani fo ld   for  app ly ing   the  c o o l a n t .  

I n i t i a l l y ,   a  c o n v e n t i o n a l   ram  21  and  bottom  block  22  is  h e l d  

in  the  magnetic   conta inment   zone  of  the  mould  10  to  allow  t h e  

molten  metal  to  be  poured  in to   the  mould  at  the  s t a r t   of  the  c a s t i n g  

run.  The  ram  21  and  bottom  block  22  are  then  un i fo rmly   w i t h d r a w n  

at  a  d e s i r e d   c a s t i n g   r a t e .  

S o l i d i f i c a t i o n   of  the  molten  metal  which  is  m a g n e t i c a l l y  

c o n t a i n e d   in  the  mould  10  is  ach ieved   by  d i r e c t   a p p l i c a t i o n   of  w a t e r  



from  the  c o o l i n g   m a n i f o l d   12  to  the  ingo t   s u r f a c e   13.  In  the  embod i -  

ment  which  is  shown  in  F igure   1  the  water   is  a p p l i e d   to  the  i n g o t  

s u r f a c e   13  w i t h i n   the  c o n f i n e s   of  the  i n d u c t o r   11.  The  water   may  b e  

a p p l i e d   to  the  i ngo t   s u r f a c e   13  above,  w i t h i n   or  below  the  i n d u c t o r  

11  as  d e s i r e d .  

I f   d e s i r e d   any  of  the  p r i o r   a r t   mould  c o n s t r u c t i o n s   or  o t h e r  

known  a r r a n g e m e n t s   of  the  e l e c t r o m a g n e t i c   c a s t i n g   a p p a r a t u s   a s  

h e r e i n b e f o r e   d e s c r i b e d   could  be  e m p l o y e d .  

The  p r e s e n t   i n v e n t i o n   is  conce rned   with  the  c o n t r o l   of  t h e  

c a s t i n g   p r o c e s s   and  a p p a r a t u s   in  o rde r   to  p r o v i d e   cas t   i n g o t s   C,  w h i c h  

have  a  s u b s t a n t i a l l y   un i fo rm  c r o s s - s e c t i o n   over  the  l e n g t h   of  t h e  

ingo t   and  which  are  formed  of  me ta l s   and  a l l o y s   such  as  copper  and  

copper   base  a l l o y s .   This  is  a ccompl i shed   in  accordance   with  t h e  

p r e s e n t   i n v e n t i o n   by  c o n t r o l l i n g   the  mol ten   meta l   head  in  the  c a s t i n g  

zone  so  as  to  m a i n t a i n   a  s u b s t a n t i a l l y   un i fo rm  h y d r o s t a t i c   p r e s s u r e .  

The  mol ten  meta l   head  19  c o r r e s p o n d s   to  the  pool  of  molten  m e t a l  

a r r a n g e d   above  the  s o l i d i f y i n g   i n g o t  C   which  e x e r t s   the  a f o r e n o t e d  

h y d r o s t a t i c   p r e s s u r e   in  the  magnet ic   c o n t a i n m e n t   zone.  In  a  v e r t i c a l  

c a s t i n g   a p p a r a t u s   10  as  in  F igure   1,  the  mol ten   metal   head  19  e x t e n d s  

from  the  top  s u r f a c e   12  of  the  mol ten  meta l   pool  to  the  s o l i d / l i q u i d  

i n t e r f a c e   or  s o l i d i f i c a t i o n   f r o n t   24  and  f u r t h e r   i n c l u d e s   a  l i m i t e d  

c o n t r i b u t i o n   a s s o c i a t e d   with  the  molten  metal   in  and  above  the  down 

spout  1 6 .  

In  the  p r i o r   a r t   as  noted  in  the  background   of  t h i s   a p p l i c a t i o n ,  

v a r i o u s   systems  have  been  d e s c r i b e d   with  the  aim  of  g r o v i d i n g   c a s t  

i n g o t s   by  the  e l e c t r o m a g n e t i c   c a s t i n g   p roce s s   which  have  s u b s t a n t i a l l y  



uni form  c r o s s - s e c t i o n s .   In  these   approaches  the  e x c i t a t i o n   of  t h e  

i n d u c t o r   11  is  c o n t r o l l e d   in  a  way  so  as  to  compensate  for   any  

v a r i a t i o n s   in  the  molten  metal   head  19  in  order   to  m a i n t a i n   u n i f o r m  

d imens ions   in  the  cas t   i n g o t .   The  approach  sugges t ed   in  U.S.  P a t e n t  

No.  4 ,161 ,206   to  Yarwood  et  al  is  p a r t i c u l a r l y   p r e f e r r e d   in  a c c o r d a n c e  

with  the  p r e s e n t   i n v e n t i o n   and  has  been  found  to  p rov ide   i n g o t s   o f  

s u b s t a n t i a l l y   uni form  c r o s s - s e c t i o n .  

With  any  of  these   approaches   some  pa ramete r   of  the  c a s t i n g  

p roce s s   or  system  10  is  sensed  in  order   to  gene ra t e   an  e r r o r   s i g n a l  

which  is  a p p l i e d   to  the  power  supply  11  which  e x c i t e s   the  i n d u c t o r  

11  in  o rder   to  c o n t r o l   the  i n d u c t o r   cu r r en t   in  a  way  so  as  to  o v e r -  

come  v a r i a t i o n s   in  the  h y d r o s t a t i c   p r e s s u r e   of  the  molten  m e t a l  

head  19.  Any  such  c o n t r o l   system  wi l l   o p t i m a l l y   ope ra t e   at  p e a k  

e f f i c i e n c y   over  a  given  range  of  such  a  sensed  p a r a m e t e r .   In  any  

c a s t i n g   a p p a r a t u s ,   however,  t he re   can  be  t r ends   or  changes  which  c a n  

s h i f t   the  range  of  the  sensed  pa ramete r   over  a  pe r iod   of  time  a d v e r s e l y  

with  r e s p e c t   to  i t s   optimum  c o n t r o l   r a n g e .  

The re fo re ,   in  accordance   with  t h i s   i n v e n t i o n   longer   t e r m  

changes  in  the  molten  metal   head  19,  and  more  p a r t i c u l a r l y   the  h y d r o -  

s t a t i c   p r e s s u r e   exe r t ed   by  the  molten  metal  head,  are  overcome  by  

c o n t r o l l i n g   the  flow  of  the  molten  metal  into  the  con ta inment   zone  so 

as  to  ma in t a in   the  h y d r o s t a t i c   p r e s s u r e   wi th in   d e s i r e d   l i m i t s .   T h i s  

should  enable  the  c o n t r o l   system  18  for  the  e x c i t a t i o n   of  the  i n d u c t o r  

11  to  ope ra t e   wi th in   its optimum  ranges  of  con t ro l   and  should  also  r e d u c e  

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

the  system,  p a r t i c u l a r l y   long  term  i n s t a b i l i t i e s .  

The  p r i o r   ar t   c o n t r o l   systems  for   c o n t r o l l i n g   the  e x c i t a t i o n  



of  the  i n d u c t o r   11  even  i f   e f f e c t i v e   for   t h e i r   purposes   are  n o t  

e f f e c t i v e   for  p r e v e n t i n g   long  term  changes  in  h y d r o s t a t i c   p r e s s u r e  

a s s o c i a t e d   with  the  molten  meta l   head  19.  The  two  Russian  p a t e n t s  

to  G e t s e l e v   d e s c r i b e d   in  the  background  of  t h i s   a p p l i c a t i o n   u t i l i z e  

s e n s i n g   c o i l s   for   s e n s i n g   metal   head  h e i g h t   and  a t tempt   to  c o n t r o l  

the  f low  of  mol ten  metal   i n to   the  con ta inmen t   zone.  These  a p p r o a c h e s  

take  i n to   account   only  changes  in  the  h y d r o s t a t i c   p r e s s u r e   a s s o c i a t e d  

with  changes  in  the  top  s u r f a c e   23  of  the  mol ten  metal   head  1 9 .  

In  c o n t r a s t   to  the  app roaches   adopted   by  G e t s e l e v ,   the  p r e s e n t  

i n v e n t i o n   is  d i r e c t e d   to  an  i n t e g r a t e d   approach .   I n s t e a d   of  s e n s i n g  

head  h e i g h t   of  the  mol ten  meta l   head  19,  an  e l e c t r i c a l   pa rame te r   i s  

sensed   which  is   d e r i v e d   from  the  c o n t r o l   and /o r   c u r r e n t   a p p l i c a t i o n  

system  17,  18  of  the  a p p a r a t u s   10.  The  means  for   c o n t r o l l i n g   and  

e x c i t i n g   the  i n d u c t o r   11  can  comprise  a  s e p a r a t e   power  supply  17  a n d  

e l e c t r i c a l   c o n t r o l   system  18  as  shown,  or  they  could  be  combined  in  a  

s i n g l e   u n i t .   For  purposes   of  the  p r e s e n t   i n v e n t i o n ,   the  s i gna l   w h i c h  

is   sensed   can  be  d e r i v e d   from  e i t h e r   the  c o n t r o l   p o r t i o n   18  or  t h e  

power  source   p o r t i o n   17  of  the  c o n t r o l   and  c u r r e n t   a p p l i c a t i o n   means .  

The  e l e c t r i c a l   s i g n a l   which  is  sensed  is  one  which  v a r i e s   g e n e r a l l y  

p r o p o r t i o n a l l y   with  changes  in  h y d r o s t a t i c   p r e s s u r e   of  the  m o l t e n  
@ 

metal   head  19.  T h e r e f o r e ,   changes  in  the  s i g n a l   co r re spond   to  c h a n g e s  

in  the  h y d r o s t a t i c   p r e s s u r e .   By  d e t e r m i n i n g   or  s ens ing   a  p a r a m e t e r  

i n d i c a t i v e   of  h y d r o s t a t i c   p r e s s u r e   as  opposed  to  head  he igh t   a lone ,   i t  

is  an  advan tage   of  the  p r e s e n t   i n v e n t i o n   t h a t   changes  in  the  p o s i t i o n  

of  the  l i q u i d - s o l i d   i n t e r f a c e   24  between  the  s o l i d i f y i n g   c a s t i n g  C   and  

the  mol ten   metal   pool  19  are  a lso  taken  in to   accoun t .   This  is  s o m e t h i n g  

tha t   the  p r i o r   a r t   systems  have  not  p rov ided   f o r .  



In  accordance   with  t h i s   i n v e n t i o n ,   i t   is  presumed  tha t   t h e  

c o n t r o l   system  18  is  e f f e c t i v e   for   p r o v i d i n g   a  cast   ingot   of  s u b -  

s t a n t i a l l y   uni form  d i a m e t e r .   Most  con t ro l   systems  18  o p e r a t e   in  one 

way  or  ano the r   by  g e n e r a t i n g   an  e r ro r   s igna l   which  is  app l i ed   to  t h e  

power  supply  17  in  o rder   to  change  i t s   ou tput   in  a  d i r e c t i o n   wh ich  

wi l l   c o u n t e r a c t   the  e f f e c t   of  changing  h y d r o s t a t i c   p r e s s u r e   of  t h e  

molten  metal   head  19.  The  flow  r a t e   of  molten  metal  in to   the  c o n t a i n -  

ment  zone  cannot   be  c o n t r o l l e d   so  p r e c i s e l y   so  as  to  avoid  i n s t a b i l i t y  

or  o the r   v a r i a t i o n s   in  the  molten  metal  head  19  and  i t s   r e s u l t a n t  

h y d r o s t a t i c   p r e s s u r e .  

R e f e r r i n g   now  to  F igures   1  and  2,  c o n t r o l   system  18  o p e r a t e s  

with  r e l a t i v e l y   shor t   c o n t r o l   cyc les   so  tha t   the  i ngo t  C   d i a m e t e r  

never   changes  s u b s t a n t i a l l y .   The re fo re ,   the  e r r o r   s i g n a l  A   as  i n  

F igure   2,  which  is  g e n e r a t e d   by  the  con t ro l   system  18  for   a p p l i c a t i o n  

to  the  power  supply  11,  is  one  s igna l   which  co r responds   to  changes  i n  

h y d r o s t a t i c   p r e s s u r e   of  the  molten  metal  head  19.  The  e r r o r   s i g n a l  

A  may  take  any  d e s i r e d   form,  for  example,  i t   could  be  a  c u r r e n t ,  

v o l t a g e ,   f r equency ,   e t c .   P r e f e r a b l y ,   in  accordance   with  t h i s  

i n v e n t i o n ,   the  e r r o r   s i gna l  A   is  a  vo l t age   s i gna l   which  is  a p p l i e d  

to  an  a p p r o p r i a t e   c o n t r o l   input   of  the  power  supply  17  to  con t ro l   t h e  

output   t h e r e o f .  

P r e f e r a b l y ,   in  accordance  with  th i s   i n v e n t i o n   the  power   s u p p l y  

17  comprises   a  so l id   s t a t e   power  supply  as  is  known  in  the  a r t ,  

a l though  a  motor  g e n e r a t o r   could  be  u t i l i z e d   i f   d e s i r e d .   In  such  a  

so l id   s t a t e   power  supply  17  va r ious   i n t e r n a l   s i g n a l s   B  r e s u l t   f rom 

the  a p p l i c a t i o n   of  the  e r ro r   s i g n a l  A   to  the  con t ro l   input   of  t h e  

s u p p l y .  F o r   example,  in  a  so l id   s t a t e   power  supply  17  where  an  



incoming  AC  v o l t a g e   is  r e c t i f i e d   to  a  DC  v o l t a g e   which  is  t h e n  

chopped  to  r e g u l a t e   the  v o l t a g e   and  then  i n v e r t e d   to  p rov ide   an  AC 

ou tpu t   of  the  d e s i r e d   f r e q u e n c y   and  v o l t a g e ,   a  bus  v o l t a g e   which  i s  

used  to  c o n t r o l   the  v o l t a g e   ou tpu t   of  the  supply  1 7  i s   a  s i g n a l  B  

which  c o r r e s p o n d s   to  the  e r r o r   s i g n a l   A  and,  t h e r e f o r e ,   to  c h a n g e s  

in  h y d r o s t a t i c   p r e s s u r e .   S i m i l a r l y ,   v a r i o u s   o the r   s i g n a l s   B  c o u l d  

be  e x t r a c t e d   from  the  power  supply   17  at  any  po in t   from  the  e r r o r  

s i gna l   A  i npu t   to  the  ou tput   of  the  supply  so  long  as  they  c o r r e s p o n d  

to  changes  a s s o c i a t e d   wi th   the  e r r o r   s i g n a l   and,  t h e r e f o r e ,   c h a n g e s  

in  h y d r o s t a t i c   p r e s s u r e .   F i n a l l y ,   the  ou tpu t   s i g n a l s  0  o f   t h e  

power  supply   17  which  a r e   a p p l i e d   to  the  i n d u c t o r   11  and  w h i c h  

c o r r e s p o n d   to  changes  in  h y d r o s t a t i c   p r e s s u r e   can  be  used.   T h i s  

a p p l i e s ,   of  cou r se ,   only  to  those   output   s i g n a l s   0  which  are  v a r i e d  

in  r e s p o n s e   to  changes  in  the  e r r o r   s i g n a l   A.  In  the  a p p a r a t u s   o f  

t h i s   i n v e n t i o n   one  such  ou tpu t   s i g n a l   0  would  be  the  c u r r e n t   in  t h e  

i n d u c t o r   11.  A l t e r n a t i v e l y ,   the  v o l t a g e   a p p l i e d   to  the  i n d u c t o r   11 

or  in  a  v a r i a b l e   f r e q u e n c y   supply  17  the  f r equency   could  be  s e n s e d .  

The  p r e s e n t   a p p a r a t u s   10  is  p r e f e r a b l y   d i r e c t e d   to  an  a r r a n g e -  

ment  where in   the  f r e q u e n c y   is  f i xed   and  only  the  vo l t age   and  c u r r e n t  

on  the  i n d u c t o r   11  is  v a r i e d .   However,  i f   d e s i r e d ,   power  s u p p l i e s  

where in   the  f r e q u e n c y   is  not  f i xed   could  be  employed  and  t h e r e b y  

changes  in  f r e q u e n c y   could  be  u t i l i z e d   as  a  s i g n a l   0.  I t   is  a p p a r e n t  

from  the  f o r e g o i n g   t h a t   the  s i g n a l   which  is  sensed  A,  B,  o r  0   a s  

d e s i r e d   in  accordance   with  t h i s   i n v e n t i o n   to  de te rmine   changes  i n  

h y d r o s t a t i c   p r e s s u r e   can  be  de r ived   from  e i t h e r   the  c o n t r o l   system  18 

or  the  power  supply  17  for   e x c i t i n g   the  i n d u c t o r   1 1 .  



R e f e r r i n g   again  to  the  a p p a r a t u s   of  F igures   1  and  2,  t h e  

i n d u c t o r   11  is  connected   to  an  e l e c t r i c a l   power  source  or  supply  1 7  

which  p r o v i d e s   the  n e c e s s a r y   c o n t r o l l e d   cu r ren t   and  v o l t a g e   at  a  

d e s i r e d   f r e q u e n c y .   A  t y p i c a l   power  supply  c i r c u i t   may  be  c o n s i d e r e d  

as  two  s u b c i r c u i t s   25  and  26.  An  e x t e r n a l   c i r c u i t   25  c o n s i s t s  

e s s e n t i a l l y   of  a  s o l i d   s t a t e   g e n e r a t o r   p r o v i d i n g   an  e l e c t r i c a l  

p o t e n t i a l   ac ross   the  load  or  tank  c i r c u i t   26  which  i n c l u d e s   t h e  

i n d u c t o r   11.  This  l a t t e r   c i r c u i t   26  except  for  the  i n d u c t o r   11  i s  

sometimes  r e f e r r e d   to  as  a  heat   s t a t i o n   and  inc ludes   e lements   s u c h  

as  c a p a c i t o r s   and  t r a n f o r m e r s .  

In  accordance   with  th i s   i n v e n t i o n ,   the  g e n e r a t o r   c i r c u i t   2 5  

is  p r e f e r a b l y   a  s o l i d   s t a t e   i n v e r t e r .   A  s o l i d   s t a t e   i n v e r t e r   i s  

p r e f e r r e d   because   i t   is  p o s s i b l e   to  p rov ide   a  s e l e c t a b l e   f r e q u e n c y  

output   over  a  range  of  f r e q u e n c i e s .   This  in  turn   makes  i t   p o s s i b l e  

to  c o n t r o l   the  p e n e t r a t i o n   depth  of  the  cu r r en t   in  the  load .   Both  t h e  

s o l i d   s t a t e   i n v e r t e r   25  and  the  tank  c i r c u i t   or  heat  s t a t i o n   26  may  be  

of  c o n v e n t i o n a l   des ign .   P r e f e r a b l y ,   the  power  supply  is  p r o v i d e d  

with  f r o n t   end  DC  vo l t age   con t ro l   in  order   to  s e p a r a t e   the  vo l t age   and  

f r equency   f u n c t i o n s   of  the  s u p p l y .  

The  c o n t r o l   system  18  may  be  of  any  d e s i r e d   des ign   i n c l u d i n g  

any  of  t hese   d e s c r i b e d   in  the  background  of  t h i s   a p p l i c a t i o n .   How- 

ever,   p r e f e r a b l y   i t   is  a  system  in  accordance   with  the  U.S.  4 , 1 6 1 , 2 0 6 ,  

Yarwood  et  al  p a t e n t .   In  t h a t  s y s t e m   a  r e a c t i v e   parameter   of  t h e  

i n d u c t o r   is  sensed  which  is  a  f u n c t i o n   of  the  gap  'd'  between  t h e  

molten  metal   19  and  the  i nduc to r   11.  The  sensed  pa ramete r   is  compared  

with  a  p r e s e t   value  t he r eo f   and  an  e r r o r   s i gna l  A   is  g e n e r a t e d   wh ich  

is  a  f u n c t i o n   of  the  d i f f e r e n c e   between  the  magnitude  of  the  s e n s e d  



p a r a m e t e r   and  a  p r e s e t   va lue   t h e r e o f .   As  the  sensed  p a r a m e t e r  

changes ,   so  does  the  e r r o r   s i g n a l   A  in  c o r r e s p o n d e n c e   t h e r e t o .   I f  

the  s ensed   p a r a m e t e r   c o r r e s p o n d s   about  to  i n d u c t a n c e ,   as  in  t h e  

p r e f e r r e d   approach   of  the  Yarwood  et  al  p a t e n t ,   then  the  c o n t r o l  

system  18  is  adap ted   to  c o n t r o l   the  power  supply   17  in  a  way  so  a s  

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

s t a n t i a l l y   un i fo rm  ingo t   c r o s s - s e c t i o n .  

The  changes  in  the  va lue   of  the  e r r o r   s i g n a l   are  a  f u n c t i o n   o f  

changes  in  the  h y d r o s t a t i c   p r e s s u r e   of  the  mol ten   me ta l   head  19.  As 

the  m o l t e n   meta l   head  19  i n c r e a s e s   in  h e i g h t   e i t h e r   due  to  a n  

i n c r e a s e   in  the  h e i g h t   of  the  upper   s u r f a c e   23  or  to  a  l o w e r i n g   o f  

the  s o l i d i f i c a t i o n   f r o n t   24  or  both,   t h e r e   is  an  i n c r e a s e   in  h y d r o -  

s t a t i c   p r e s s u r e .   This  h y d r o s t a t i c   p r e s s u r e   i n c r e a s e   would  n o r m a l l y  

i n c r e a s e   the  d i a m e t e r   of  the  r e s u l t a n t   ingot   C.  However,  the  c o n t r o l  

system  18  is   e f f e c t i v e   to  c o u n t e r a c t   t h i s   i n c r e a s e   in  h y d r o s t a t i c  

p r e s s u r e   by  i n c r e a s i n g   the  c u r r e n t   a p p l i e d   to  the  i n d u c t o r   11.  These  

changes   occur   very  r a p i d l y ,   in  f r a c t i o n s   of  a  second,   so  t h a t   t h e  

i n d u c t a n c e   and  c r o s s - s e c t i o n   of  the  ingo t   appear   s u b s t a n t i a l l y  

c o n s t a n t   t h r o u g h o u t .  

Normal ly ,   the  mol ten   metal   f lowing   i n t o   the  c o n t a i n m e n t   zone  

is  c o n t r o l l e d   manual ly   by  a  s u i t a b l e   va lve   which  in  copper  a l l o y  

c a s t i n g   p r a c t i c e   is  l o c a t e d   at  the  top  of  the  down  spout   15.  F o r  

o t h e r   types   of  me ta l s   the  va lve   may  be  l o c a t e d   in  any  d e s i r e d  

l o c a t i o n .   For  example,  for   aluminum  c a s t i n g   the  va lve   is  n o r m a l l y  

l o c a t e d   toward  the  bottom  of  the  down  spout .   The  p a r t i c u l a r   p o s i t i o n  

of  the  flow  c o n t r o l   va lve   may  be  s e l e c t e d   as  d e s i r e d .   C o n v e n t i o n a l l y  



manual  c o n t r o l   of  flow  r a t e   is  performed  in  r e sponse   to  sens ing   t h e  

h e i g h t   of  the  molten  metal  in  the  conta inment   zone  e i t h e r   v i s u a l l y  

or  th rough   e l e c t r i c a l   or  e l e c t r o p t i c a l   means  as  are  known  in  the  a r t .  

I t   is  d e s i r e d   in  accordance   with  t h i s   i n v e n t i o n ,   however,  t h a t  

the  c o n t r o l   of  the  flow  r a t e   be  f u l l y   automated  and  i n t e g r a t e d   i n t o  

the  c o n t r o l   of  the  c a s t i n g   system  10.  R e f e r r i n g   now  to  F igures   1 

and  2,  t h i s   is  accompl i shed   by  p r o v i d i n g   a  flow  c o n t r o l   valve  2 7  

somewhere  in  the  molten  metal  d i s t r i b u t i o n   system  which  leads   to  t h e  

mould.  P r e f e r a b l y ,   i t   is  in  the  down  spout  16.  The  flow  c o n t r o l  

va lve   27  shown  comprises   a  pin  28  having  a  con ica l   end  29  which  i s  

a r r anged   to  c o n t r o l   the  flow  r a t e   of  metal  from  the  t rough  15  into  t h e  

down  spout  16.  The  pin  28  is  a r r anged   c o a x i a l l y   above  the  down 

s p o u t  1 6 .   Ra i s ing   the  pin  28  i n c r e a s e s   the  flow  r a t e .   L o w e r i n g  t h e  

pin  28  d e c r e a s e s   the  flow  r a t e .   Lowering  the  pin  28  in to   con tac t   w i t h  

the  end  co rne r s   of  the  down  spout  16  cuts  off   flow  e n t i r e l y .  

Movement  of  the  valve  pin  28  up  or  down  in  accordance   w i t h  

t h i s   i n v e n t i o n   is  f u l l y   automated  by  means  of  a  s u i t a b l e   a c t u a t o r   3 0  

which  can  be  c o n t r o l l e d   e l e c t r i c a l l y .   The  a c t u a t o r   30  shown  i n  

F igures   1  and  2  comprises   a  pneumatic  a c t u a t o r .   The  p n e u m a t i c  

a c t u a t o r   30  i nc ludes   a  hous ing  31  i n t e r n a l l y   of  which  is  s u p p o r t e d  

a  f l e x i b l e   d iaphragm 32 .   The  diaphragm  32  in  tu rn   is  connected  t o  

the  valve  pin  28  by  means  of  a  rod  33 .   The  valve  pin  28  is  n o r m a l l y  

b i a sed   to  i t s   c losed  p o s i t i o n   by  means  of  a  sp r ing   34  e x t e n d i n g  

between  the  pin  28  and  the  hous ing   31  of  the  pneumatic  a c t u a t o r   3 0 .  

Air  is  i n t r o d u c e d   or  withdrawn  from  the  h o u s i n g  3 1   by  a  vo l t age   t o  

p r e s s u r e   t r a n s d u c e r   35.  The  magnitude  of  the  a i r   p r e s s u r e   appl ied   by  



the  t r a n s d u c e r   35.  to  the  hous ing   31  via  condui t   36  is  d i r e c t l y   p r o -  

p o r t i o n a l   to  the  magni tude  of  the  c o n t r o l   v o l t a g e   s i g n a l   V  input   t o  

the  t r a n s d u c e r   35.  V a r i a t i o n s   in  the  s i g n a l   V  cause  c o r r e s p o n d i n g  

v a r i a t i o n   in  the  ou tpu t   p r e s s u r e   of  the  t r a n s d u c e r   35.  A  s u i t a b l e  

t r a n s d u c e r  3 5   compr i ses   a  Model  T5100  s e r i e s   m a n u f a c t u r e d   b y  

F a i r c h i l d ,   Inc.   of  North  C a r o l i n a .  

The  a i r   p r e s s u r e   from  the  t r a n s d c u e r   35  d e f l e c t s   the  d i aph ragm 

32  as  shown  in  phantom  in  p r o p o r t i o n   to  the  magni tude  of  the  a i r  

p r e s s u r e .   This  causes   the  pin  28  to  be  r a i s e d   from  i t s   f u l l y - c l o s e d  

p o s i t i o n .   The  p o s i t i o n   of  the  pin  28  i s ,   t h e r e f o r e ,   a  f u n c t i o n   o f  

the  p r e s s u r e   on  the  lower  s ide  of  the  diaphragm  3 2 .  A s   the  p r e s s u r e  

i n c r e a s e s ,   the  d e f l e c t i o n   of  the  diaphragm  32  i n c r e a s e s   and,  t h e r e f o r e ,  

the  f low  opening   i n to   the  c a s t i n g   zone  is  i n c r e a s e d .   S i m i l a r l y ,   a s  

the  p r e s s u r e   d e c r e a s e s ,   the  flow  opening  is  d e c r e a s e d .  

The  t r a n s d u c e r   35  r e c e i v e s   the  input   c o n t r o l   s i g n a l   from  t h e  

flow  c o n t r o l   system  37  which  is  connected   to  the  power  source  17  and  

c o n t r o l   system  18  of  the  c a s t i n g   appa ra tus   10.  The  flow  c o n t r o l  

system  37  is   be s t   shown  in  F igure   2.  I t   compr ises   a  set   p o i n t  

c o n t r o l   a m p l i f i e r   38,  one  i npu t   39  of  which  is  connec ted   to  a  

v a r i a b l e   v o l t a g e   source  40  which  is  u t i l i z e d   to  set   the  c o n t r o l   p o i n t  

of  the  a m p l i f i e r   38.  The  o t h e r   input   41  to  the  a m p l i f i e r   is  c o n n e c t e d  

to  r e c e i v e   the  d e s i r e d   s i g n a l   A,  B,  or  0   as  d e s c r i b e d   above,  wh ich  

is  sensed   from  w i t h i n   the  c o n t r o l   and  e x c i t a t i o n   system  17,  18  of  t h e  

i n d u c t o r   11.  The  sensed  s i g n a l   A,  B,  or  0,  which  is  a p p l i e d   to  t h e  

c o n t r o l   i npu t   41  of  the  a m p l i f i e r   is  compared  by  the  a m p l i f i e r   to  t h e  

v a r i a b l e   v o l t a g e   source  set  po in t   s i g n a l  P   to  g e n e r a t e   the  output   s i g -  

na l  V   which  is  p r o p o r t i o n a l   to  the  d i f f e r e n c e   t h e r e b e t w e e n .   The  o u t p u t  



s i g n a l   V  from  the  a m p l i f i e r   38  causes  the  t r a n s d u c e r   35  to  i n c r e a s e  

or  dec rea se   the  d e f l e c t i o n   of  the  diaphragm  32  to  c o r r e s p o n d i n g l y  

i n c r e a s e   or  dec rease   the  flow  r a t e   of  metal  from  the  t rough  15  i n t o  

the  down  spout  16 .  

The  flow  c o n t r o l   sys tem 37   p r e f e r a b l y   is  of  the  p r o p o r t i o n a l  

type  wherein  the  d i f f e r e n t i a l   between  the  set  po in t   s i g n a l  P   and  

the  input   s igna l   A,  B,  or  0  from  the  c o n t r o l   system  and  power  s o u r c e  

17  and  18  is  measured  and  a m p l i f i e d   by  a  d e s i r e d   f a c t o r .   The 

c o n t r o l l e r   37  p r e f e r a b l y   i n c l u d e s   a  r e s e t   f u n c t i o n   which  serves   t o  

long  term  average  the  sensed  s i gna l   A,  B,  or  0.  In  th i s   way,  t h e  

flow  c o n t r o l   system  37  wi l l   comprise  an  i n t e g r a t i n g   con t ro l   a r r a n g e -  

ment  wherein  the  flow  r a t e   change  cyc les   are  from  2  to  10  t imes  t h e  

cycle   time  a s s o c i a t e d   with  t he  power   s u p p l y - c o n t r o l   sys tem 18 .   F o r  

example,  the  flow  r a t e   change  cyc les   wi l l   range  in  time  in  s econds  

r a t h e r   than  in  f r a c t i o n s   of  a  second,  p r e f e r a b l y   2  to  10  s e c o n d s .  

If   the  c a s t i n g   appa ra tu s   10  is  to  be  one  which  may  be  s u b j e c t  

to  d r a s t i c   changes  in  flow  r a t e ,   then  the  c o n t r o l l e r   37  p r e f e r a b l y  

also  i n c l u d e s   a  r a t e   f u n c t i o n   which  is  p a r t i c u l a r l y   u s e f u l   at  s t a r t -  

up.  The  r a t e   f u n c t i o n   of  the  c o n t r o l l e r   37  adds  a  f a c t o r   to  t h e  

c o n t r o l   output   s igna l   V  which  would  be  a  f u n c t i o n   of  the  r a t e   o f  

change  in  the  input   e r ro r   s igna l   A,  B,  or  0 .  

The  s p e c i f i c   d e t a i l s   of  the  c o n t r o l l e r   37.  do  not  form  par t   o f  

the  p r e s e n t   i n v e n t i o n ,   and  any  d e s i r e d   set  point   c o n t r o l l e r   3 7  

which  is  adapted  to  r ece ive   the  sensed  h y d r o s t a t i c   p r e s s u r e   e r r o r  

s i g n a l   A,  B,  or  0  and  compare  i t   with  a  p r e d e t e r m i n e d   value  t he r eo f   t o  

g e n e r a t e   an  e r ro r   s ignal   for  c o n t r o l l i n g   the  t r a n s d u c e r   35  could  be  

u s e d .  



I t   is  not  n e c e s s a r y   in  a cco rdance   with  t h i s   i n v e n t i o n   t o  

u t i l i z e   a  pneumat ic   a c t u a t o r   30.  I t   would  be  f u l l y   a p p r o p r i a t e   t o  

use  in  p l ace   t h e r e o f   e i t h e r   a  s t e p p i n g   motor  or  a  servo  c o n t r o l  

motor  42  as  in  F igure   3  and  in  p lace   of  the  t r a n s d u c e r   35,  an  a p p r o -  

p r i a t e   servo  a m p l i f i e r   43  which  would  r e c e i v e   the  e r r o r   s i g n a l  V  

from  the  se t   p o i n t   a m p l i f i e r   38.  The  pin  type  flow  c o n t r o l   v a l v e  

27  is   a r r a n g e d   fo r   movement  in  a  frame  not  shown  v e r t i c a l l y   a n d  

a x i a l l y   of  the  down  spout  16.  A  rack  44  is  connec ted   to  the  pin  28 

and  is   a s s o c i a t e d   with  a  p i n i o n   gear   45  which  is  d r iven   by  the  s e r v o  

motor  42  which  in  a cco rdance   with  t h i s   embodiment  could  be  e i t h e r   a  

servo  motor  or  a  s t e p p i n g   motor .   The  servo  motor  42  is  a c t u a t e d   b y  

the  ou tpu t   s i g n a l   VI  from  the  servo  a m p l i f i e r   43  in  r e s p o n s e   to  t h e  

e r r o r   s i g n a l  V   from  the  s e t   p o i n t   a m p l i f i e r   which  is  a p p l i e d   at  t h e  

inpu t   46  to  the  servo  a m p l i f i e r .  

A c c o r d i n g l y ,   i t   is  a  unique   a spec t   of  t h i s   i n v e n t i o n   tha t   a  

h y d r o s t a t i c   p r e s s u r e   change  s i g n a l   A,  B,  or  0  from  the  c o n t r o l   and  

exc i t a t ion   system  17  and  18  for   the  i n d u c t o r   11  is  u t i l i z e d   to  c o n t r o l  

the  flow  r a t e   of  the  mol ten   meta l   in to   the  con ta inment   zone  of  t h e  

c a s t i n g   machine  10'.  The  s i g n a l s   A,  B,  o r  0   which  are  sensed  i n  

a cco rdance   with  t h i s   i n v e n t i o n   can  be  sensed  in  any  d e s i r e d   c o n v e n -  

t i o n a l   f a s h i o n .   For  example,  as  shown  in  F igure   2,  the  e r r o r   s i g n a l  

A  from  the  c o n t r o l   system  18  can  be  sensed  by  a  p a r a l l e l   c o n n e c t i o n  

47  to  the  ou tpu t   48  of  the  c o n t r o l   system  18  so  t ha t   the  ou tpu t   4 8  

t h e r e o f   is  a p p l i e d   to  both  the  power  supply  17  and  the  flow  r a t e  

c o n t r o l l e r   by  s u i t a b l y   c o n n e c t i n g   t e r m i n a l   49  to  t e r m i n a l   50  as  by  

a  wire  59  shown  in  p h a n t o m .  



If  the  c u r r e n t   in  the  i n d u c t o r   11  is  to  be  sensed,   t h i s   c a n  

be  accompl i shed   through  the  use  of  a  c u r r e n t   t r a n s f o r m e r   51  whose 

output   is  c u r r e n t   to  vo l t age   s ca l ed   at  S  to  p rovide   a  c o r r e s p o n d i n g  

v o l t a g e   s i g n a l   at  t e r m i n a l   52  which  is  connected   to  t e r m i n a l   5 0 .  

The  v o l t a g e   or  f r equency   ac ross   the  i n d u c t o r   could  be  s e n s e d  

by  means  of  a  d i f f e r e n t i a l   a m p l i f i e r   53,  f i l t e r  5 4   and  f requency   t o  

v o l t a g e   c o n v e r t e r   55  as   d e s c r i b e d   in  U.S.  Pa t en t   4 , 161 ,206 .   In  t h i s  

approach  the  d i f f e r e n t i a l   a m p l i f i e r   53  is  u t i l i z e d   to  provide   a  

v o l t a g e   ac ross   the  i n d u c t o r   11  s i g n a l   at  t e rmina l   56.  The  output  o f  

the  d i f f e r e n t i a l   a m p l i f i e r   53  a l t e r n a t i v e l y   is  fed  to  a  f i l t e r  

c i r c u i t   54  for  e x t r a c t i n g   the  fundamenta l   f r equency .   The  ou tpu t   o f  

the  f i l t e r   54  is  fed  to  a  f r equency   to  v o l t a g e   c o n v e r t e r   55.  The 

output   s igna l   of  the  f r equency   to  v o l t a g e   c o n v e r t e r   55  at  t e r m i n a l  

57  comprises   a  s igna l   p r o p o r t i o n a l   to  the  f r equency   of  the  a p p l i e d  

c u r r e n t .   H y d r o s t a t i c   p r e s s u r e   c o n t r o l   s i g n a l s  B   from  w i th in   the  power 

source  17  such  as  the  c o n t r o l   bus  v o l t a g e   are  provided  at  t e r m i n a l  

58.  In  p r a c t i c e   s e l e c t i v e l y   only  one  of  the  con t ro l   s i g n a l s   A, B,  o r  

0  is  connec ted   to  t e rmina l   50  as  by  a  wire  connec t i ng   tha t   t e r m i n a l  

to  any  of  the  s igna l   t e r m i n a l s   49,  56,  57,  and  58.  A  s u i t a b l e   w i r e  

)  c o n n e c t i o n   59  is  shown  in  phantom  c o n n e c t i n g   t e r m i n a l s   49  and  50  as  

an  example .  

The  means  for  sens ing   the  s i g n a l s   A,  B,  or 0  r e f e r r e d   to  above 

can  be  any  d e s i r e d   means  i n c l u d i n g   a  vo l t   meter,   a  c u r r e n t   meter  o r  

any  o the r   s u i t a b l e   i n s t r u m e n t .  

5  In  o p e r a t i o n   the  appa ra tus   10  of  the  p resen t   i n v e n t i o n  w i l l  

sense  changes  in  the  h y d r o s t a t i c   p r e s s u r e   of  the  molten  metal  head  1 9 .  



If   the  magni tude   of  the  h y d r o s t a t i c   p r e s s u r e   change  s i g n a l   A,  B,  o r  

0  i n c r e a s e s   or  d e c r e a s e s   with  t ime,   depending   on  whether   the  h y d r o -  

s t a t i c   p r e s s u r e   is  i n c r e a s i n g   or  d e c r e a s i n g ,   then  the  set   p o i n t  

c o n t r o l   a m p l i f i e r   38  w i l l   p rov ide   an  a p p r o p r i a t e   c o n t r o l   s i g n a l   V 

for   c o n t r o l l i n g   the  a c t u a t o r   30  of  the  flow  c o n t r o l   valve  27.  I f  

for   example  t h e r e   is   an  i n c r e a s e   in  h y d r o s t a t i c   p r e s s u r e   a s s o c i a t e d  

with  an  i n c r e a s e d   flow  of  mol ten   metal   in to   the  con ta inmen t   z o n e ,  

the  e f f e c t   on  the  c o n t r o l   system  18  for   the  i n d u c t o r   11  would  be  t o  

i n c r e a s e   the  c u r r e n t   to  overcome  the  h i g h e r   h y d r o s t a t i c   p r e s s u r e .  

This  c u r r e n t   i n c r e a s e   would  be  sensed  at  any  of  the  p o i n t s   a s  

d e s c r i b e d   above,   e i t h e r   as  the  c u r r e n t   ou tpu t   s i g n a l   0  i t s e l f   o r  

some  o t h e r   c o r r e s p o n d i n g   s i g n a l   which  could  be  t r a c e d   a l l   the  way 

back  to  the  change  s i g n a l  A   which  caused  the  i n c r e a s e d   c u r r e n t .   The 

change  s i g n a l   A,  B,  o r  0   is  a p p l i e d   to  the  set  po in t   c o n t r o l   a m p l i f i e r  

38  to  g e n e r a t e   an  ou tput   s i g n a l   V  from  the  a m p l i f i e r   which  wou ld  

cause  the  flow  c o n t r o l   va lve   37  to  reduce  the  flow  of  mol ten  m e t a l  

i n to   the  mould.  This  in  t u rn   would  reduce  the  h y d r o s t a t i c   p r e s s u r e  

and  cause  the  c o n t r o l   system  18  fo r   the  power  supply   17  to  reduce  t h e  

c u r r e n t   in  the  i n d u c t o r .   This  would  r e s u l t   in  a  change  s i g n a l   A, 

B,  o r  0   which  would  be  fed  back  to  the  flow  c o n t r o l   system  37  a n d  

the  two  sys tems  18  and  37  w i l l   i n t e r a c t   u n t i l   a  q u i e s c e n t   or  n e a r  

q u i e s c e n t   c o n d i t i o n   is  o b t a i n e d .   I f   some  change  in  the  flow  o f  

mol ten   meta l   i n t o   the  mould  d e s t r o y s   t h i s   q u i e s c e n c e ,   then  the  same 

c o n t r o l   i n t e r a c t i o n   w i l l   occur   a g a i n  u n t i l   a  more  q u i e s c e n t   c o n d i t i o n  

is  a c h i e v e d .  



Of  course ,   i t   is  r e c o g n i z e d   tha t   the  c o n t r o l   system  18  f o r  

the  power  supply  17  is  r e a c t i n g   or  c y c l i n g   in  f r a c t i o n s   of  a  s e c o n d  

whereas  the  c o n t r o l   system  37  for   the  molten  metal  flow  r a t e   i s  

r e a c t i n g   or  c y c l i n g   in  seconds .   In  t h i s   way  i t   is  p o s s i b l e   t o  

c o n t r o l   the  flow  r a t e   i n to   the  c a s t i n g   zone  in  such  a  manner  as  t o  

have  the  c o n t r o l   system  for   the  power  supply  ope ra t e   w i th in   i t s  

optimum  range  of  c o n t r o l .   The  net  r e s u l t   of  the  dual  con t ro l   o f  

both  the  ou tpu t   of  the  power  supply  17  and  the  flow  r a t e   of  m o l t e n  

metal   i n to   the  mould  f u l l y   a u t o m a t i c a l l y   as  d e s c r i b e d   should  be  t o  

p rov ide   cas t   i ngo t s   of  even  more  uniform  c r o s s - s e c t i o n   than  would  be  

o b t a i n e d   by  the  use  of  a  con t ro l   system  18  of  the  Yarwood  et  al  p a t e n t  

or  o the r   system  a l o n e .  

In  the  f i g u r e s   common  e lements   have  the  same  r e f e r e n c e  

n u m b e r s .  

The  flow  c o n t r o l   2I  could  be  s i m i l a r   to  the  Model  7355  t h r e e  

mode  p r o p o r t i o n i n g   c o n t r o l l e r s   manufac tu red   by  Honeywell,   I n c . ,  

M i n n e a p o l i s ,   M i n n e s o t a .  

While  the  c a s t i n g   as  d e s c r i b e d   above  has  been  d e s c r i b e d   a s  

an  i n g o t ,   i t   could  comprise  any  d e s i r e d   type  of  c o n t i n u o u s l y   o r  

s e m i - c o n t i n o u s l y   cas t   shape,  such  as  rods,   ba r s ,   etc.   While  t h e  

i n v e n t i o n   has  been  d e s c r i b e d   by  r e f e r e n c e   to  copper  and  copper  b a s e  

a l l o y s ,   i t   is  b e l i e v e d   tha t   the  appa ra tus   and  p rocess   d e s c r i b e d   above 

can  be  a p p l i e d   to  a  wide  range  of  metals   and  a l l oys   i n c l u d i n g   n i c k e l  

and  n i c k e l   a l l o y s ,   s t e e l   and  s t e e l   a l l o y s ,   aluminum  and  aluminum 

a l l o y s ,   e tc .   While  the  c o n t r o l   c i r c u i t r y   has  been  d e s c r i b e d   in  an 

analog  format ,   i t   should  be  apparent   tha t   d i g i t a l   c i r c u i t r y   could  b e  

s u b s t i t u t e d   i n c l u d i n g   the  use  of  a p p r o p r i a t e   m i c r o - p r o c e s s i n g   a s  

d e s i r e d .  



I n s t e a d   of  c o n t r o l l i n g   the  flow  of  mol ten   metal  i n to   t h e  

mould  by  means  of  a  va lve   27  in  the  down  spout   16  the  va lve   2 7  

could  be  l o c a t e d   in  the  t rough   12  though  t h i s   is  deemed  l e s s  

d e s i r a b l e .   F u r t h e r ,   in  p lace   of  a  va lve   27  the  pour  r a t e   of  t h e  

f u r n a c e   which  p r o v i d e s   the  mol ten   metal   can  be  c o n t r o l l e d   by  a n y  

d e s i r e d   means.  For  example,  i f   a  c o n v e n t i o n a l   t i l t   type  fu rnace   i s  

u t i l i z e d   the  r a t e   at  which  the  f u rnace   is   t i l t e d   could  be  c o n t r o l l e d  

in  a  manner  s i m i l a r   to  the  way  the  va lve   2 7  i n   the  embodiments  

d e s c r i b e d   above  is  c o n t r o l l e d .   This  approach   again   is  not  p r e f e r r e d  

because   i t   is   too far   ups t r eam  of  the  mould.  I d e a l l y ,   the  v a l v e  

should   be  l o c a t e d   as  f a r   downstream  in  the  d i s t r i b u t i o n   system  a s  

p o s s i b l e   in  o r d e r   to  reduce  the  time  i n t e r v a l   n e c e s s a r y   to  c h a n g e  

the  r a t e   of  flow  of  mol ten   metal   in to   the  m o u l d .  

The  terms  mol ten   meta l   flow  or  flow  r a t e   as  used  h e r e i n   r e f e r  

to  the  v o l u m e t r i c   flow  r a t e   of  the  molten  m e t a l .  



1.  An  e l e c t r o m a g n e t i c   c a s t i n g   appa ra tus   compr i s ing   means 

(15,  16)  for   s u p p l y i n g   a  m a t e r i a l   to  be  cast   to  a  c a s t i n g   zone,  an  

i n d u c t o r   (11) ,   a  power  source  (17)  for   supp ly ing   power  to  the  i n d u c t o r  

to  form  a  magnet ic   f i e l d   w i th in   sa id   zone  and  e f f e c t i v e   to  form  t h e  

cast   m a t e r i a l   t h e r e i n   in to   a  d e s i r e d   shape,  means  (12)  for   s u p p l y i n g  

coo lan t   to  the  s u r f a c e   of  the  cast   m a t e r i a l ,   means  (22)  for   w i t h -  

drawing  the  cas t   m a t e r i a l   from  the  c a s t i n g   zone,  and  means  (18)  f o r  

c a n t r o l l i n g   the  power  source  in  r esponse   to  changes  in  the  h y d r o s t a t i c  

p r e s s u r e   in  the  column  of  molten  m a t e r i a l   in  the  c a s t i n g   zone ,  

c h a r a c t e r i s e d   in  t ha t   the  appa ra tu s   f u r t h e r   comprises   means  f o r  

a u t o m a t i c a l l y   c o n t r o l l i n g   the  amount  of  molten  m a t e r i a l   in  the  c a s t i n g  

zone  in  r e sponse   to  sa id   changes  in  said  h y d r o s t a t i c   p r e s s u r e   a n d  

the reby   to  minimize  sa id   c h a n g e s .  

2 .  A n   a p p a r a t u s   a cco rd ing   to  claim  1,  c h a r a c t e r i s e d   in  t h a t  

the  appa ra tu s   comprises   means  (49,  51,  53)  for   s ens ing   an  e l e c t r i c a l  

s igna l   s u p p l i e d   to  or  de r ived   from  said  c o n t r o l   means  (18)  and/or   s a i d  

power  source  (17)  and  which  s igna l   v a r i e s   in  p r o p o r t i o n   to  changes  i n  

sa id   h y d r o s t a t i c   p r e s s u r e ,   and means  (37)  r e s p o n s i v e   to  said  s e n s i n g  

means  for   o p e r a t i n g   the  au tomat ic   con t ro l   means  to  c o n t r o l   the  amount 

of  molten  m a t e r i a l   in  the  c a s t i n g   zone .  

3.  An  appa ra tu s   accord ing   to  claim  2,  c h a r a c t e r i s e d   in  t h a t  

said  s ens ing   means  (49)  ope ra te   to  sense  an  e r r o r   s igna l   from  t h e  

con t ro l   means  to  the  power  source  for  the  purpose  of  r e g u l a t i n g   t h e  



o u t p u t   from  the  power  source  to  the  i n d u c t o r .  

4.  An  a p p a r a t u s   a c c o r d i n g   to  claim  2,  c h a r a c t e r i s e d   in  t h a t  

s a id   s e n s i n g   means  o p e r a t e   to  sense  the  f r e q u e n c y ,   v o l t a g e   or  c u r r e n t  

s u p p l i e d   to  the  i n d u c t o r   from  the  power  s o u r c e .  

5.  An  a p p a r a t u s   a c c o r d i n g   to  claim  2,  3  or  4,  c h a r a c t e r i s e d  

in  t h a t   the  means  r e s p o n s i v e   to  sa id   s e n s i n g   means  comprise   a  c o n t r o l  

c i r c u i t   fo r   r e c e i v i n g   the  sensed   e l e c t r i c a l   s i g n a l ,   comparing  t h a t  

s i g n a l   with  a  r e f e r e n c e   s i g n a l   and  g e n e r a t i n g   an  ou tput   s i g n a l ,   s a i d  

a u t o m a t i c   c o n t r o l   means  b e i n g   r e s p o n s i v e   to  sa id   ou tput   s i g n a l   t o  

i n c r e a s e   or  d e c r e a s e   the  amount  of  mol ten  m a t e r i a l   in  sa id   c a s t i n g  

z o n e .  

6.  An  a p p a r a t u s   a c c o r d i n g   to  any  one  of  c la ims  1-5,  c h a r a c -  

t e r i s e d   in  t h a t   sa id   a u t o m a t i c   c o n t r o l   means  o p e r a t e   to  c o n t r o l   t h e  

f low  of  mol ten   m a t e r i a l   from  the  supply   to  the  c a s t i n g   z o n e .  

7.  An  a p p a r a t u s   a c c o r d i n g   to  claim  6,  c h a r a c t e r i s e d   in  t h a t  

s a id   a u t o m a t i c   c o n t r o l   m e a n s  c o m p r i s e   a  v a l v e   (27)  p o s i t i o n e d   in  t h e  

flow  pa th   of  the  molten  m a t e r i a l   from  the  supply  to  the  c a s t i n g   zone .  

8.  An  e l e c t r o m a g n e t i c   c a s t i n g   p roces s   which  compr ises   f e e d i n g  

a  mol ten   m a t e r i a l   to  be  cas t   to  a  c a s t i n g   zone,  c o n t a i n i n g   t h a t   m o l t e n  

m a t e r i a l   w i t h i n   the  c a s t i n g   zone  by  a p p l i c a t i o n   of  an  e l e c t r o m a g n e t i c  

f i e l d ,   a p p l y i n g   a  coo lan t   to  the  s u r f a c e   of  the  cas t   m a t e r i a l ,   and  



wi thdrawing   the  s o l i d i f i e d   cas t   m a t e r i a l   from  the  c a s t i n g   zone ,  

c h a r a c t e r i s e d   in  t ha t   changes  of  h y d r o s t a t i c   p r e s s u r e   w i th in   the  m o l t e n  

m a t e r i a l   in  the  c a s t i n g   zone  are  minimized  by  s ens ing   changes  o f  

h y d r o s t a t i c   p r e s s u r e   in  the  molten  m a t e r i a l   in  the  c a s t i n g   zone,  and  

a u t o m a t i c a l l y   a d j u s t i n g   the  amount  of  molten  m a t e r i a l   in  said  zone  i n  

r e sponse   to  said  changes ,   t h e r eby   to  keep  sa id   changes  to  a  minimum. 

9.  A  p rocess   a c c o r d i n g   to  claim  8  which  comprises   f e ed ing   a  

molten  m a t e r i a l   to  a  c a s t i n g   zone  su r rounded   by  an  i n d u c t o r ,   s u p p l y i n g  

c u r r e n t   to  the  i n d u c t o r   to  gene ra t e   an  e l e c t r o m a g n e t i c   f i e l d   w i t h i n  

sa id   zone  e f f e c t i v e   to  c o n t a i n   the  molten  m a t e r i a l   in  a  d e s i r e d   s h a p e ,  

app ly ing   a  coo lan t   to  the  su r face   of  the  shaped  m a t e r i a l ,   s e n s i n g  

changes  of  h y d r o s t a t i c   p r e s s u r e   in  the  molten  m a t e r i a l   con t a ined   i n  

the  c a s t i n g   zone,  g e n e r a t i n g   an  e l e c t r i c a l   s i gna l   p r o p o r t i o n a l   to  s a i d  

changes  and  c o n t r o l l i n g   the  cu r ren t   to  the  i n d u c t o r   in  response   t o  

tha t   s igna l   t he r eby   to  m a i n t a i n   the  d e s i r e d   shape,  c h a r a c t e r i s e d   by  

sens ing   tha t   s i g n a l   and  a u t o m a t i c a l l y   a d j u s t i n g   the  amount  of  m o l t e n  

m a t e r i a l   in  the  c a s t i n g   zone  in  response   to  tha t   s igna l   t he reby   t o  

minimize  those   c h a n g e s .  

10.  A  process   acco rd ing   to  claim  9,  c h a r a c t e r i s e d   in  that   t h e  

sensed  s igna l   is  an  e r r o r   s igna l   used  to  c o n t r o l   the  c u r r e n t   flow  t o  

the  i n d u c t o r .  

11.  A  process   a cco rd ing   to  claim  9,  c h a r a c t e r i s e d   in  tha t   t h e  

sensed  s i gna l   comprises   the  c u r r e n t ,   f r equency   or  vo l t age   of  the  s u p p l y  

to  t he   i n d u c t o r .  



12.  A  p rocess   a c c o r d i n g   to  any  one  of  c la ims  8-11,  c h a r a c -  

t e r i s e d   in  t h a t   the  amount  of  mol ten  m a t e r i a l   in  the  c a s t i n g   zone  i s  

c o n t r o l l e d   by  a u t o m a t i c a l l y   a d j u s t i n g   the  r a t e   of  flow  of  the  m o l t e n  

m a t e r i a l   i n to   the  c a s t i n g   z o n e .  

1 3 .  A   p roces s   a c c o r d i n g   to  any  one  of  c la ims   8-12,   w h e r e i n  

the  m a t e r i a l   be ing   cas t   is  a  meta l   or  a l l o y .  
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