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(g)  Continuous  metal  tube  casting  method,  apparatus  and  product. 

@  Dense,  homogeneous  tubular  metal  products  (33)  such 
as  pipe  is  cast  in  long  lengths  continuously  by  introducing  li- 
quid  metal  (32)  into  the  lower  portion  of  an  annular-shaped 
casting  vessel  (11).  The  liquid  metal  (32)  is  withdrawn  in  the 
presence  of  at  least  one  elongated  upwardly  travelling  alternat- 
ing  electromagnetic  levitation  field  and  a  second  inner  elec- 
tromagnetic  containment  field  for  maintaining  the  tubular  liquid 
metal  column  (26)  in  a  substantially  weightless  and  pressure- 
less  condition  while  solidifying.  The  resulting  solidified  tubular 

^   metal  product  (33)  is  withdrawn  from  the  upper  portion  of  the 
field,  cooled  and  further  processed  to  result  in  a  desired  end 
product. 
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F I E L D   O F  I N V E N T I O N  

T h i s   i n v e n t i o n   r e l a t e s   to  a  new  and  i m p r o v e d  

m e t h o d   and  a p p a r a t u s   f o r   t he   c o n t i n u o u s   m a n u f a c t u r e   o f  

t u b u l a r   m e t a l   p r o d u c t s ,   s u c h   as  p i p e ,   and  to   t h e  

r e s u l t i n g   p r o d u c t .  

More  s p e c i f i c a l l y ,   t h e   i n v e n t i o n   r e l a t e s   to  t h e  

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

as  p i p e ,   in  l o n g   l e n g t h s   by  c a s t i n g   in  t h e   p r e s e n c e   o f  

e l e c t r o m a g n e t i c   l e v i t a t i n g   f i e l d s   f o r   m i n i m i z i n g  

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

on  t he   c a s t   t u b u l a r   m e t a l   p r o d u c t   w h i l e   s t i l l   in  a  

m o l t e n   s t a t e   and  w h i l e   m a i n t a i n i n g   maximum  e f f e c t i v e  

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

t he   p r o d u c t   and  a  h e a t   e x c h a n g e r   d u r i n g  

s o l i d i f i c a t i o n .  

BACKGROUND PRIOR ART 

T u b u l a r   m e t a l  p r o d u c t s   in  t h e   fo rm  of   p i p e ,   e t c . ,  

h a v e   b e e n   p r o d u c e d   in  t he   p a s t   by  a  v a r i e t y   o f  

t e c h n i q u e s   i n c l u d i n g   c a s t i n g   w h i c h   h a v e   b e e n   d e s c r i b e d  

in  d e t a i l   in  t h e   p u b l i s h e d   l i t e r a t u r e   r e l a t i n g   to  t h i s  

a r t .   U.  S.  P a t e n t   No.  4 , 2 7 4 , 4 7 0  -   i s s u e d   J u n e   2 3 ,  

1981  in  t he   p r i o r   a r t   s t a t e m e n t   t h e r e o f   a p p e a r i n g   i n  

c o l u m n s   1  and  2,  f o r   e x a m p l e ,   l i s t s   a  number   of   p r i o r  



a r t   p a t e n t s   and  t e c h n i c a l   a r t i c l e s   w h i c h   d e s c r i b e  

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   s u i t a b l e   f o r   use  i n  

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

p i p e ,   and  d i s c u s s e s   t he   s h o r t - c o m i n g s   of  t h e s e   k n o w n  

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

a r t   d i s c l o s u r e s   a r e   U.  S.  P a t e n t   No.  3 , 4 6 7 , 1 6 6  -  

G e t s e l e v ,   e t   a l . ;   U.  S.  P a t e n t   No.  3 , 6 0 5 , 8 6 5  -  

G e t s e l e v ;   U.  S.  P a t e n t   No.  3 , 7 3 5 , 7 9 9  -   K a r l s o n ;   U.  S .  

P a t e n t   No.  4 , 0 1 4 , 3 7 9  -   G e t s e l e v ;   and  U.  S.  P a t e n t   N o .  

4 , 1 2 6 , 1 7 5  -   G e t s e l e v   w h i c h   d e s c r i b e   t h e   use   of  a n  

e l e c t r o m a g n e t i c   mold  to  c o n t a i n   a  p o o l   of  m o l t e n   m e t a l  

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

d o w n w a r d l y   and  in  w h i c h   o u t e r ,   l a t e r a l l y   e x t e n d i n g  

p o r t i o n s   of  t he   p o o l   a r e   b e i n g   s o l i d i f i e d .   In  t h i s  

p r o c e d u r e ,   a c c r e t i o n   of  t he   s o l i d i f i e d   m e t a l   i s  

l o n g i t u d i n a l l y   e x t e n d i n g   and  m e l t   b e i n g   d e l i v e r e d ,  

e i t h e r   s e m i - c o n t i n u o u s l y   or  c o n t i n u o u s l y ,   i f   b y  

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

t h a t   f o r m s   the   s o l i d i f y i n g   i n g o t .   One  of  t he   m o r e  

s e r i o u s   d r a w b a c k s   of  t h i s   p r o c e d u r e   i s   t he   f a c t   t h a t  

t h e   " f a i l   s a f e "   c h a r a c t e r i s t i c s   of  p r e v i o u s l y   k n o w n  

u p w a r d   c a s t i n g   t e c h n i q u e ,   i s   a b s e n t .   H e n c e ,   in  t h e  

e v e n t   of  an  u n e x p e c t e d   e l e c t r i c   power   f a i l u r e ,   e t c . ,  

m o l t e n   m e t a l   may  s p i l l   ou t   of  t h e   d o w n w a r d l y   m o v i n g  

p o o l   of  m o l t e n   m e t a l   i n s t e a d   of  m e r e l y   r u n n i n g   back   a s  

w o u l d   be  t he   c a s e   in  an  u p w a r d   c a s t i n g   s y s t e m .   I n  

a d d i t i o n ,   t he   m o l t e n   m e t a l   o v e r f l o w   and  b r e a k - o u t  



p o s s i b i l i t y   in  t h e s e   known  d o w n w a r d   c a s t i n g   t e c h n i q u e s  

r e q u i r e   c o n s t a n t   c a r e f u l   c o n t r o l   of  b o t h   t h e   m o l t e n  

m e t a l   f e e d   r a t e   and  t he   s o l i d i f i e d   i n g o t   r e m o v a l   r a t e  

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

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

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

c a s t i n g .  

U.  S.  P a t e n t   No.  3 , 7 4 6 , 0 7 7   to  L o h i k o s k i ,   e t   a l .  

and  U.  S.  P a t e n t   No.  3 , 8 7 2 , 9 1 3   to  L o h i k o s k i ,   b o t h  

a s s i g n e d   to  O u t o k u m p o   Oy  of  F i n l a n d ,   d e s c r i b e   a n  

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

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

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

mold  as  f r e s h l y - f o r m e d .   By  t h i s   p r o c e d u r e   c o o l e d   c a s t  

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

c o n t a c t   w i t h   t h e   u p p e r   end  of  t h e   m e c h a n i c a l   mold  i n t o  

w h i c h   t h e   m o l t e n   m e t a l   c o n t i n u o u s l y   i s   b e i n g  

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

c h a r a c t e r i s t i c   of  an  u p w a r d - c a s t i n g   t e c h n i q u e   i s  

a t t a i n e d   b u t   o n l y   a t   t he   e x p e n s e   of  c o n s i d e r a b l e   w e a r  

and  t e a r   on  an  e x t e r n a l   c o n t a c t   mold  w h i c h   w e a r s   o u t  

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

or  s e m i - c o n t i n u o u s   o p e r a t i o n   of  t h e   s y s t e m .   T h u s ,  

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

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

s h o r t c o m i n g s   of  t he   known  p r i o r   a r t   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 s .  



S u m m a r y  o f  I n v e n t i o n  

I t   i s   t h e r e f o r e   a  p r i m a r y   o b j e c t   of  t h e   p r e s e n t  

i n v e n t i o n   to  p r o v i d e   a  new  and  i m p r o v e d   c o n t i n u o u s  

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

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

and  w h i c h   o v e r c o m e s   t h e   s h o r t c o m i n g s   and  d e f i c i e n c i e s  

of  t he   p r e s e n t l y   known  and  u s e d   c o n t i n u o u s   t u b u l a r  

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

d i s c u s s e d   a b o v e .  

A  f e a t u r e   of   t h e   i n v e n t i o n   i s   t h e   p r o v i s i o n   of  a n  

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

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

l o n g   l e n g t h s   by  c a s t i n g   t he   p r o d u c t s   in  t h e   p r e s e n c e  

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

f i e l d   f o r   m i n i m i z i n g   g r a v i t a t i o n a l ,   f r i c t i o n a l   a n d  

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

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

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

and  a  h e a t   e x c h a n g e r .  

In  p r a c t i c i n g   t h e   i n v e n t i o n   a  m e t h o d   a n d  

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

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

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

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

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

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

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



t he   u p w a r d l y   t r a v e l l i n g   l e v i t a t i o n   f i e l d .   S e c o n d  

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

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

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

the   f i r s t   m e n t i o n e d   e l e c t r o m a g n e t i c   c o n t a i n m e n t   f i e l d  

w i t h i n   t h e   c e n t e r   of  t he   a n n u l a r - s h a p e d   c a s t i n g  

v e s s e l .   L i q u i d   m e t a l   is   i n t r o d u c e d   i n t o   t h e   l o w e r  

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

e l e c t r o m a g n e t i c   f i e l d s   to  fo rm  a  t u b u l a r   l i q u i d   m e t a l  

c o l u m n .   The  v a l u e   of  t he   e l e c t r o m a g n e t i c  l e v i t a t i o n  

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

e s t a b l i s h e d   by  s u i t a b l e   means   to  r e d u c e   t h e  

h y d r o s t a t i c   h e a d   of  t h e   c o l u m n   to  a  min imum  w h i l e  

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

b e t w e e n   t h e   o u t e r   and  i n n e r   s u r f a c e s   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   and  the   o p p o s e d   i n t e r i o r  

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

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

t u b u l a r   l i q u i d   m e t a l   c o l u m n   a r e   so  m a i n t a i n e d   t h a t   t h e  

c r o s s   s e c t i o n a l   d i m e n s i o n   of  t he   t u b u l a r   l i q u i d   m e t a l  

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

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

b e t w e e n   t h e   i n n e r   and  o u t e r   s u r f a c e s   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   and  the   o p p o s e d   i n t e r i o r   ' 

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

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

maximum  o b t a i n a b l e   h e a t   t r a n s f e r   b e t w e e n   t h e   t u b u l a r  



l i q u i d   m e t a l   c o l u m n   and  t h e   c a s t i n g   v e s s e l   w h i l e  

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

a d h e s i v e   f o r c e s   to  a  min imum.   The  t u b u l a r   l i q u i d  

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

v e s s e l   w h i l e   t h u s   b e i n g   l e v i t a t e d   and  s o l i d i f i e d   in  a  

s o l i d i f i c a t i o n   r e g i o n   s u r r o u n d e d   by  a  h e a t   e x c h a n g e r  

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

r e m o v e d   f rom  t he   u p p e r   p o r t i o n   of  t he   c a s t i n g   v e s s e l .  

W h i l e   b e i n g   o p e r a t e d   in  t he   c o n t i n u o u s   c a s t i n g  

mode ,   l i q u i d   m e t a l   i s   i n t r o d u c e d   c o n t i n u o u s l y   i n t o   t h e  

l o w e r   p o r t i o n   of  t he   c a s t i n g   v e s s e l   and  s o l i d i f i e d  

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

u p p e r   p o r t i o n   of  t he   v e s s e l   w i t h   t he   r a t e   o f  

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

d e t e r m i n e d   by  c o n t r o l l i n g   the   r a t e   of  r e m o v a l   of  t h e  

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

p o r t i o n   of  t h e   v e s s e l   and  t he   c o r r e s p o n d i n g   r a t e   o f  

i n t r o d u c t i o n   of   l i q u i d   m e t a l   i n t o   t he   l o w e r   p o r t i o n   o f  

t he   v e s s e l .  

In  a  p r e f e r r e d   e m b o d i m e n t   of  t h e   i n v e n t i o n ,   t h e  

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

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

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

d i s p o s e d   w i t h i n   t he   c e n t r a l   o p e n i n g   of  t h e  

a n n u l a r - s h a p e d   c a s t i n g   v e s s e l .  

When  i n i t i a l l y   s t a r t i n g   t he   p r o c e s s ,   a  s t a r t i n g  

m e t a l   t u b e   i s   j o i n e d   to  t he   t u b u l a r   m o l t e n   m e t a l  



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

c o o l i n g   and  s o l i d i f y i n g   t h e   u p p e r   end  of  t he   t u b u l a r  

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

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

z o n e .   Means  a r e   p r o v i d e d   f o r   w i t h d r a w i n g   t he   s t a r t i n g  

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

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

p r o d u c t i o n   of  t he   t u b u l a r   m e t a l   p r o d u c t .   T h e  

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

e m e r g e s   f rom  t he   u p p e r   p o r t i o n   of  t he   c a s t i n g   v e s s e l  

and  i f   d e s i r e d   t h e r e a f t e r   r o l l e d   to  a  d e s i r e d   f i n i s h  

and  s u b s e q u e n t l y   c o o l e d   to  an  a m b i e n t   t e m p e r a t u r e .  

A l t e r n a t i v e l y ,   i f   i n i t i a l l y   c a s t   in  a  d e s i r e d  

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

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

p r e c o o l e d   and  t h e r e a f t e r   f u r t h e r   c o o l e d   to  an  a m b i e n t  

t e m p e r a t u r e   and  s t o r e d .  

B r i e f   D e s c r i p t i o n   o f  D r a w i n g s  

T h e s e   and  o t h e r   o b j e c t s ,   f e a t u r e s   and  many  of  t h e  

a t t e n d a n t   a d v a n t a g e s   of  t h i s   i n v e n t i o n   w i l l   b e  

a p p r e c i a t e d   more  r e a d i l y   as  t he   same  b e c o m e s   b e t t e r  

u n d e r s t o o d   f rom  a  r e a d i n g   of  t he   f o l l o w i n g   d e t a i l e d  

d e s c r i p t i o n ,   when  c o n s i d e r e d   in  c o n n e c t i o n   w i t h   t h e  

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

the   f i g u r e s   a r e   i d e n t i f i e d   by  the   same  r e f e r e n c e  

c h a r a c t e r ,   and  w h e r e i n :  

F i g u r e   1  i s   a  p a r t i a l ,   s c h e m a t i c   f u n c t i o n a l  



d i a g r a m   of  a  new  and  i m p r o v e d   t u b u l a r   m e t a l   p r o d u c t  

c a s t i n g   a p p a r a t u s   a c c o r d i n g   to  t h e   i n v e n t i o n   a n d  

i l l u s t r a t e s   t he   i m p o r t a n t   e l e m e n t a l   p a r t s   of  t h e  

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

t u b u l a r   m e t a l   p r o d u c t s   a c c o r d i n g   to  t he   i n v e n t i o n ;   a n d  

F i g u r e   2  i s   a  f u n c t i o n a l   b l o c k   d i a g r a m   of   a n  

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

m e t h o d   of  t he   i n v e n t i o n   and  w h i c h   e m p l o y s   t h e  

a p p a r a t u s   shown  in  F i g u r e   1 .  

B e s t  M o d e  o f  P r a c t i c i n g  t h e  I n v e n t i o n  

U n i t e d   S t a t e s   P a t e n t   No.  4 , 4 1 4 , 2 8 5  -   i s s u e d  

November   8,  1983  f o r   a  " C o n t i n u o u s   M e t a l   C a s t i n g  

M e t h o d ,   A p p a r a t u s   and  P r o d u c t "  -   Hugh  R.  Lowry  a n d  

R o b e r t   T.  F r o s t  -   i n v e n t o r s ,   a s s i g n e d   to  t h e   G e n e r a l  

E l e c t r i c   Company  d i s c l o s e s   a  n o v e l   c o n t i n u o u s   m e t a l  

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

d e n s e   h o m o g e n e o u s   s o l i d   m e t a l   rod  in  l o n g   l e n g t h s   b y  

i n t r o d u c i n g   l i q u i d   m e t a l   i n t o   t h e   l o w e r   p o r t i o n   of  a  

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

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

l e v i t a t i o n   f i e l d .   The  p r e s e n t   i n v e n t i o n   i s   a n  

i m p r o v e m e n t   in  P a t e n t   No.  4 , 4 1 4 , 2 8 5   in  t h a t   i t  

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

p r i n c i p l e   t a u g h t   in  P a t e n t   No.  4 , 4 1 4 , 2 8 5   to  t h e  

m a n u f a c t u r e   of  t u b u l a r   m e t a l   p r o d u c t s   in  t h e   f o rm  o f  

p i p e ,   e t c .  

F i g u r e   1  i s   a  f u n c t i o n a l   d i a g r a m m a t i c   s k e t c h   of  a  



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

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

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

t he   p r i n c i p l e s   d i s c l o s e d   in  U.  S.  P a t e n t   N o .  

4 , 4 1 4 , 2 8 5 .   The  a p p a r a t u s   shown  in  F i g u r e   1  i s  

c o m p r i s e d   by  an  a n n u l a r - s h a p e d   m o l t e n   m e t a l   r e s e r v o i r  

10  i n t o   w h i c h   i s   s u p p l i e d   m o l t e n   m e t a l   o u t   of  w h i c h  

t he   p i p e   of  o t h e r   t u b u l a r   m e t a l   p r o d u c t   i s   to   b e  

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

r e s e r v o i r   10  w i l l   be  s u p p l i e d   w i t h   s u i t a b l e   r e f r a c t o r y  

l i n e r   i n s u l a t i o n   and  h e a t i n g   e l e m e n t s   f o r   m a i n t a i n i n g  

t he   m o l t e n   m e t a l   c o n t a i n e d   t h e r e i n   in  a  m o l t e n   s t a t e .  

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

e x c h a n g e r   shown  g e n e r a l l y   a t   11  i s   d i s p o s e d   on  t h e  

u p p e r   end  of  r e s e r v o i r   10  w i t h   t h e   a n n u l a r - s h a p e d  

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

v e s s e l / h e a t   e x c h a n g e r   11  b e i n g   a l i g n e d   w i t h   and  h a v i n g  

a c c e s s   to  a  c o r r e s p o n d i n g l y   s h a p e d   o p e n i n g   in  t h e   t o p  

of  m o l t e n   m e t a l   r e s e r v o i r   1 0 .  

The  a n n u l a r - s h a p e d   c a s t i n g   v e s s e l / h e a t   e x c h a n g e r  

11  i s   c o m p r i s e d   by  an  o u t e r   c y l i n d r i c a l l y - s h a p e d  

c e r a m i c   l i n e r   12  w h i c h   i s   s u p p o r t e d   on  and  p r o j e c t s  

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

r e s e r v o i r   10.   An  i n n e r   c e r a m i c   l i n i n g   13  i s   f o r m e d   i n  

the   s h a p e   of  an  u p s i d e   down  cup  d i s p o s e d   o v e r   a  

c e n t r a l   o p e n i n g   14  f o r m e d   in  t he   c e n t e r   of  t h e  

a n n u l a r - s h a p e d   m o l t e n   m e t a l   r e s e r v o i r   10.  The  s i d e  



w a l l s   of  t he   i n n e r   c e r a m i c   cup  l i n e r   13  in  c o n j u n c t i o n  

w i t h   t he   o u t e r   c e r a m i c   l i n e r   12  d e f i n e   an  e l o n g a t e d  

a n n n u l a r - s h a p e d . c a s t i n g   v e s s e l   in  w h i c h   t h e   m o l t e n  

m e t a l   in  r e s e r v o i r   10  i s   to  be  s o l i d i f i e d   in  t h e   f o r m  

of  a  d e s i r e d   t u b u l a r   m e t a l   p r o d u c t   s u c h   as  p i p e .  

D i s p o s e d   a r o u n d   the   o u t e r   c e r a m i c   l i n e r   12  in  t h e  

r e g i o n   i m m e d i a t e l y   a b o v e   t he   m o l t e n   m e t a l   r e s e r v o i r   10 

is   an  a n n u l a r - s h a p e d   h e a t   e x c h a n g e r   15  w h i c h   may  b e  

c o n s t r u c t e d   and  o p e r a t e s   in  t he   same  m a n n e r   as  t h e  

h e a t   e x c h a n g e r   shown  and  d e s c r i b e d   w i t h   r e l a t i o n   t o  

F i g u r e   3  of  U.  S.  P a t e n t   No.  4 , 4 1 4 , 2 8 5 ,   t he   d i s c l o s u r e  

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

in  i t s   e n t i r e t y .   C o o l i n g   w a t e r   i s   s u p p l i e d   to   t h e  

h e a t   e x c h a n g e r   15  t h r o u g h   an  i n l e t   i n d i c a t e d   by  t h e  

a r r o w   16  and  h e a t e d   w a t e r   i s   w i t h d r a w n   f rom  t he   h e a t  

e x c h a n g e r   f rom  an  o u t l e t   i n d i c a t e d   by  an  a r r o w   17.  A 

s e c o n d ,   i n t e r n a l   a n n u l a r - s h a p e d   h e a t   e x c h a n g e r   18  i s  

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

s u r f a c e s   of  t he   i n n e r   c u p - s h a p e d   c e r a m i c   l i n e r   13  f o r  

w i t h d r a w i n g   h e a t   away  f rom  l i n e r   13.  The  i n t e r n a l  

h e a t   e x c h a n g e r   18  i s   d e s i g n e d   w i t h   an  u p p e r   h e a d e r  

p o r t i o n   18A  w h i c h   s e a t s   a g a i n s t   t h e   b o t t o m   s u r f a c e   o f  

t he   u p s i d e   down  c e r a m i c   cup  l i n e r   13  and  f e e d s   c o o l i n g  

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

p o r t i o n s   18B.  The  d o w n w a r d l y   d e p e n d i n g   s i d e  

p o r t i o n s   18B  c o n t a c t   and  w i t h d r a w   h e a t   away  f rom  t h e  

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



c e r a m i c   cup  l i n e r   13  t h a t   in  c o n j u n c t i o n   w i t h   o u t e r  

c y l i n d r i c a l l y - s h a p e d   c e r a m i c   l i n e r   12  d e f i n e   t h e  

a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   in  w h i c h   t h e   t u b u l a r  

p r o d u c t s   a r e   to   be  f o r m e d .   C o o l i n g   w a t e r   i s   s u p p l i e d  

to  t h e   h e a d e r   p o r t i o n   18A  t h r o u g h   a  c e n t r a l   i n l e t   p i p e  

18C  and  t h e n   b r a n c h e s   in  t he   m a n n e r   shown  by  t h e  

a r r o w s   19  and  21  to  s u p p l y   t he   d o w n w a r d l y   d e p e n d i n g  

s i d e   p o r t i o n s   18B  of  t he   i n n e r   h e a t   e x c h a n g e r   18.  T h e  

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

c e n t r a l   o p e n i n g   14  of  t h e   a n n u l a r - s h a p e d   m o l t e n   m e t a l  

r e s e r v o i r   10  by  s u i t a b l e   p h y s i c a l   s u p p o r t s   ( n o t  

s h o w n ) .   I t   w i l l   be  a p p r e c i a t e d   t h e r e f o r e   t h a t   c o o l i n g  

w a t e r   i s   s u p p l i e d   to  t h e   i n n e r   h e a t   e x c h a n g e r   18  v i a  

t h e   c e n t r a l   c o n d u i t   18C  as  i n d i c a t e d   by  t h e   i n l e t  

a r r o w   19,   c i r c u l a t e s   t h r o u g h   t h e   h e a d e r   p o r t i o n   18A 

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

s i d e   p o r t i o n s   18B  and  o u t l e t   c o n d u i t s   18D  w h i c h   d r a i n  

t he   s i d e   p o r t i o n s   18B  as  i n d i c a t e d   by  t he   o u t l e t  

a r r o w s   2 1 .  

A  m u l t i - t u r n   w i n d i n g   22  c i r c u m f e r e n t i a l l y  

s u r r o u n d s   t he   e x t e r i o r   of  t h e   o u t e r   h e a t   e x c h a n g e r   15  

in  t h e   m a n n e r   shown  in  F i g u r e   1.  The  m u l t i - t u r n   c o i l  

22,   f o r   e x a m p l e ,   may  c o m p r i s e   t w e l v e   c o i l s   d i s p o s e d   i n  

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

l i n e r   12  w i t h   t h e   p l a n e s   of  t he   w i n d i n g s   a r r a n g e d  

s u b s t a n t i a l l y   n o r m a l   to  t h e   a x i s   of  t he   c e r a m i c   l i n e r  

t u b e   12.  As  e x p l a i n e d   more  f u l l y   in  t h e  



a b o v e - r e f e r e n c e d   U.  S.  P a t e n t   No.  4 , 4 1 4 ; 2 8 5 ,   a n d  

s p e c i f i c a l l y   w i t h   r e l a t i o n   to  F i g u r e   3  t h e r e o f ,   t h e  

r e s p e c t i v e   c o i l s   of  t he   m u l t i - t u r n   w i n d i n g   22  a r e  

c o n n e c t e d   in  g r o u p s   of  t h r e e   to  s u c c e s s i v e   p h a s e s   of  a  

p o l y p h a s e   e l e c t r i c   c u r r e n t   s o u r c e   s u c h   as  shown  i n  

F i g u r e   2  of  t he   d r a w i n g s   to  c r e a t e   an  u p w a r d l y  

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

A  s o m e w h a t   s i m i l a r   m u l t i - t u r n   w i n d i n g   shown  a t   23 

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

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

t h e   c e n t r a l   a x i s   of  t he   i n n e r   c e r a m i c   i n v e r t e d   c u p  

l i n e r   13.  The  c o i l s   of  w i n d i n g   23  a r e  

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

t he   s i d e   s k i r t s   18B  of  t h e   i n t e r i o r   i n v e r t e d  

c u p - s h a p e d   h e a t   e x c h a n g e r   18.  S u p p l y   e l e c t r i c   c u r r e n t  

i s   p r o v i d e d   to  t he   i n t e r i o r   m u l t i - t u r n   w i n d i n g s   23  v i a  

s u p p l y   c o n d u c t o r s   24.  W h i l e   t he   i n n e r ,   m u l t i - t u r n  

w i n d i n g s   23  p r e f e r a b l y   a r e   e x c i t e d   w i t h   m u l t i - p h a s e  

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

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

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

as  w i l l   be  e x p l a i n e d   more  f u l l y   h e r e a f t e r .   H o w e v e r ,  

in  t he   p r e f e r r e d   e m b o d i m e n t   of  t h e   i n v e n t i o n ,   t h e  

i n n e r ,   m u l t i - t u r n   c o i l   23  i s   c o n n e c t e d   as  a  

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

c u r r e n t s   v i a   the   s u p p l y   c o n d u c t o r s   24.  T h i s   r e s u l t s  

in  t he   p r o d u c t i o n   of  an  u p w a r d l y   t r a v e l l i n g  



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

s u b s t a n t i a l l y   in  p h a s e   w i t h   t he   u p w a r d l y   t r a v e l l i n g  

l e v i t a t i o n   f i e l d   p r o d u c e d   by  t he   o u t e r   m u l t i - t u r n   c o i l  

22  b u t   w h i c h   has   a  c o n t a i n m e n t   f i e l d   c o m p o n e n t   t h a t  

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

t r a v e l l i n g   l e v i t a t i o n   f i e l d s   and  a c t s   in  o p p o s i t i o n   t o  

the   c o n t a i n m e n t   f i e l d   c o m p o n e n t   p r o d u c e d   by  t h e  

e x t e r i o r   m u l t i - t u r n   c o i l   2 2 .  

F i g u r e   2  of  t he   d r a w i n g s   shows   t he   e x t e r i o r  

m u l t i - t u r n   c o i l   22  c o n n e c t e d   to  a  m u l t i - p h a s e   c u r r e n t  

s u p p l y   and  c o n t r o l l e r   25  w h i c h   in  t u r n   may  b e  

i n d e p e n d e n t l y   c o n t r o l l e d   in  f r e q u e n c y   by  a  f r e q u e n c y  

c o n t r o l   26  and  i n d e p e n d e n t l y   c o n t r o l l e d   in  p o w e r   l e v e l  

o u t p u t   by  a  p o w e r   c o n t r o l   27  a l l   of  c o n v e n t i o n a l ,  

known  c o n s t r u c t i o n .   S i m i l a r l y ,   t h e   i n n e r   m u l t i - t u r n  

c o i l   23  of  F i g u r e   1  i s   c o n n e c t e d   v i a   s u p p l y   c o n d u c t o r s  

24  to  an  i n n e r   c o i l   c u r r e n t   s o u r c e   and  c o n t r o l l e r   28 

h a v i n g   an  i n d e p e n d e n t   f r e q u e n c y   c o n t r o l   29  and  a n  

i n d e p e n d e n t   power   c o n t r o l   31  f o r   c o n t r o l l i n g   t h e  

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

s u p p l y   c u r r e n t   s u p p l i e d   by  c o n t r o l l e r   28  to   t h e   i n n e r  

m u l t i - t u r n   c o i l   w i n d i n g s   23.  As  s t a t e d   a b o v e ,   t h e  

m u l t i - t u r n   c o i l   23  may  c o m p r i s e   a  m u l t i - p h a s e   w i n d i n g  

s i m i l a r   to  t he   e x t e r i o r   m u l t i - p h a s e   w i n d i n g   22  i n  

w h i c h   c a s e   t h e   c u r r e n t   s u p p l i e d   by  c o n t r o l l e r   28  v i a  

s u p p l y   c o n d u c t o r s   24  w o u l d   be  a  m u l t i - p h a s e   c u r r e n t  

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



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

p r e f e r a b l y   i s   s u b s t a n t i a l l y   i n - p h a s e   w i t h   t he   u p w a r d l y  

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

m u l t i - t u r n   c o i l   22,   b u t   w h i c h   has   a  c o n t a i n m e n t   f i e l d  

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

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

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

by  e x t e r i o r   m u l t i - t u r n   c o i l   2 2 .  

In  o p e r a t i o n ,   m o l t e n   m e t a l   p r e p a r e d   i n  a   f u r n a c e  

( n o t   shown)   i s   s u p p l i e d   to  t h e   c r u c i b l e   r e s e r v o i r   10  

v i a   an  i n l e t   10A  w h e r e   i t   i s   d i s p l a c e d   f r o m   t h e  

r e s e r v o i r   u p w a r d l y   i n t o   the   l o w e r   p o r t i o n   of  t h e  

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

s u r f a c e s   of  t he   o u t e r   c e r a m i c   l i n e r   12  and  t h e  

e x t e r i o r   d e p e n d i n g   s k i r t   s u r f a c e s   of  t h e   i n v e r t e d  

c e r a m i c   cup  l i n e r   13.  The  a r r a n g e m e n t   i s   s u c h   t h a t  

e i t h e r   by  g r a v i t y   f l o w   or  due  to  p r e s s u r i z a t i o n   by  a n  

i n e r t   gas   c o v e r ,   t h e   m o l t e n   m e t a l   shown  a t   25  i s  

c a u s e d   to  r i s e   w i t h i n   t he   a n n u l a r   c a s t i n g   v e s s e l  

d e f i n e d   b e t w e e n   c e r a m i c   w a l l s   12  and  13  to   a  l e v e l  

j u s t   a b o v e   t he   l o w e r   ends   of  t h e   o u t e r   and  i n n e r   s e t s  

of  m u l t i - t u r n   c o i l s   22  and  23.  The  h o l d i n g   f u r n a c e  

d e l i v e r s   i n l e t   m o l t e n   m e t a l   i n t o   r e s e r v o i r   10  e i t h e r  

i n t e r m i t t e n t l y   or  c o n t i n u o u s l y   as  n e c e s s a r y   d u r i n g  

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

s t a r t i n g   l e v e l   of   m o l t e n   m e t a l   w i t h i n   t h e  

a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   12,   13.  At  t h i s   l e v e l ,  



the   m o l t e n   m e t a l   w i l l   come  u n d e r   t h e   i n f l u e n c e   of  t h e  

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

p r o d u c e d   by  t he   e x t e r i o r   c o i l   22  as  w e l l   as  t h e  

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

i n t e r i o r   m u l t i - t u r n   c o i l   23.  T h i s   i s   t r u e   w h e t h e r   t h e  

f i e l d   p r o d u c e d   by  m u l t i - t u r n   c o i l   23  i s   o n l y   a  

h o r i z o n t a l l y   a p p l i e d   c o n t a i n m e n t   f i e l d   or  a  c o m b i n e d  

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

h a v i n g   a  c o n t a i n m e n t   c o m p o n e n t   t h a t   a c t s   in  o p p o s i t i o n  

to  t h e   c o n t a i n m e n t   c o m p o n e n t   of  t h e   l e v i t a t i n g  

e l e c t r o m a g n e t i c   f i e l d   p r o d u c e d   by  e x t e r i o r   m u l t i - t u r n  

c o i l   2 2 .  

D u r i n g   i n i t i a l   s t a r t - u p ,   a  s t a r t e r   l i f t i n g  

t u b u l a r   member   ( n o t   shown)   i s   i n t r o d u c e d   f rom  t h e  

u p p e r   end  of  t he   a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   12,   1 3 ,  

to  b r i n g   t h e   l o w e r   end  of  t h e   s t a r t e r   t u b e   i n t o  

c o n t a c t   w i t h   t h e   t o p   of  t he   t u b u l a r   l i q u i d   m e t a l  

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

a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   12,   13.  Wi th   c o o l i n g  

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

h e a t   e x c h a n g e r s   15  and  18,   t h e   u p p e r   p o r t i o n   of  t h e  

t u b u l a r   l i q u i d   c o l u m n   shown  a t   26  w i l l   be  s o l i d i f i e d  

in  c o n t a c t   w i t h   t h e   s t a r t e r   t u b u l a r   m e m b e r .   T h e  

s t a r t e r   t u b u l a r   member  and  a c c r e t e d   s o l i d i f i e d   t u b u l a r  

c o l u m n   26  t h e n   w i l l   be  w i t h d r a w n   u p w a r d l y   f rom  t h e  

a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   12,   13  by  s u i t a b l e  

w i t h d r a w a l   r o l l s   as  shown  in  F i g u r e   2.  The  s t a r t e r  



t u b e   and  a c c r e t e d   t u b u l a r   m e t a l   c o l u m n   26  w i l l   b e  

w i t h d r a w n   a t   a  r a t e   d e t e r m i n e d   by  t he   r a t e   o f  

f o r m a t i o n   of  s o l i d   rod  and  w h i c h   in  t u r n   d e t e r m i n e s  

the   r a t e   of  p r o d u c t i o n   of  the   c o n t i n u o u s   c a s t i n g  

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

zone  d e f i n e d   e s s e n t i a l l y   by  the   l e n g t h   of  t h e  

m u l t i - t u r n   c o i l s   22  and  23,   t he   l i q u i d   m e t a l   c o l u m n  

b o t h   in  i t s   m o l t e n   and  s o l i d i f i e d   fo rm  w i l l   b e  

m a i n t a i n e d   in  a  s u b s t a n t i a l l y   w e i g h t l e s s   a n d  

p r e s s u r e l e s s   c o n d i t i o n   by  the   u p w a r d l y   t r a v e l l i n g ,  

e l e c t r o m a g n e t i c   l e v i t a t i o n   f i e l d   as  e x p l a i n e d   m o r e  

f u l l y   in  t h e   a b o v e - r e f e r e n c e d   and  i n c o r p o r a t e d   U.  S .  

P a t e n t   No.  4 , 4 1 4 , 2 8 5 .  

D u r i n g   o p e r a t i o n ,   t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n  

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

in  t he   a b o v e   d e s c r i b e d   m a n n e r ,   b e c o m e s   s u b j e c t   to  a  

u n i q u e   and  u n e x p e c t e d   s e l f - r e g u l a t i n g   c h a r a c t e r i s t i c .  

Due  to   t h i s   s e l f - r e g u l a t i n g   c h a r a c t e r i s t i c ,   i f   t h e  

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

b e c a u s e   t h e   l e v i t a t i o n   f o r c e   is   g r e a t e r   t h a n   t h e  

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

r e d u c t i o n   in  c r o s s - s e c t i o n a l   a r e a   of  t h e   c o l u m n .   T h i s  

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

f o r c e   as  a  c o n s e q u e n c e   of  the   r e d u c t i o n   of   t h e   c r o s s  

s e c t i o n   of   t he   l i q u i d   m e t a l   co lumn   c a u s e d   by  t h e  

g r e a t e r   l e v i t a t i o n   f o r c e .   C o n s e q u e n t l y ,   a  s l o w i n g   o f  

t he   u p w a r d   m o v e m e n t   of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n  



a u t o m a t i c a l l y   w i l l   o c c u r   so  t h a t   t h e   s y s t e m   s t a b i l i z e s  

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

s i t u a t i o n   a l s o   i s   t r u e   in  t h a t   i f   t he   t u b u l a r   m e t a l  

c o l u m n   i s   d e c e l e r a t e d   due  to  a  r e d u c t i o n   in  t h e  

l e v i t a t i o n   f o r c e ,   t h e r e   w i l l   be  an  i n c r e a s e   in  t h e  

c r o s s   s e c t i o n   of  t h e   t u b u l a r   l i q u i d   m e t a l   c o l u m n   w h i c h  

r e s u l t s   in  i n c r e a s i n g   t he   l e v i t a t i o n   f o r c e   a c t i n g   o n  

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

m o v e m e n t   of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n .   T h u s ,  

w i t h i n   t h e   l e v i t a t i o n   zone   ( i . e .   t he   zone   w h e r e   t h e  

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

a c t s   on  t h e   t u b u l a r   m e t a l   c o l u m n   e i t h e r   in  i t s   m o l t e n  

or  s o l i d i f i e d   s t a t e )   i t   w i l l   be  s e e n   t h a t   t h e   s y s t e m  

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

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

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

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

zone   as  d e s c r i b e d   a b o v e .  

W h i l e   t he   f u l l   e f f e c t   of  t he   l e v i t a t i o n  

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

l e n g t h   of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t h e  

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

s o l i d i f i c a t i o n   z o n e ,   t he   p a r t   of  t he   c o l u m n   in  t h e  

l o w e r   and  u p p e r   e x t r e m i t i e s   of  t he   s o l i d i f i c a t i o n   z o n e  

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

of  t he   t h o s e   p r o d u c e d   in  t h e   c e n t r a l   p o r t i o n   of  t h e  

zone )   i s   s u p p o r t e d ,   r e s p e c t i v e l y ,   by  t h e   p r e s s u r e   h e a d  



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

h e i g h t   and  by  t he   l i f t i n g   f o r c e   a p p l i e d   t h r o u g h   t h e  

s t a r t e r   t u b e   d e s c r i b e d   e a r l i e r .   T h u s ,   as  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   i s   b e i n g   e s t a b l i s h e d ,   a  s m a l l  

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

r e g i o n   l e v i t a t i o n   f o r c e s ,   bu t   as  t h e   l i q u i d   m e t a l  

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

p o r t i o n   of  t h e   l e v i t a t i o n   z o n e ,   i t   e n t e r s   f i e l d s  

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

an  e s s e n t i a l l y   w e i g h t l e s s   c o n d i t i o n   and  t h a t   i t s  

c o n t a c t   w i t h   t he   w a l l s   12  and  13  of  t he   a n n u l a r - s h a p e d  

c a s t i n g   v e s s e l   b e c o m e s   s u b s t a n t i a l l y   p r e s s u r e l e s s .   By 

p r e s s u r e l e s s ,   i t  i s   m e a n t   t h a t   t h e r e   i s   no  s u b s t a n t i a l  

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

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

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

c a s t i n g   v e s s e l   12,   13  and  t he   t u b u l a r   l i q u i d   m e t a l  

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

c r i t i c a l   s o l i d i f i c a t i o n   zone   and  g r a v i t a t i o n a l ,  

f r i c t i o n a l   and  a d h e s i v e   f o r c e s   a c t i n g   on  t h e  

s o l i d i f y i n g   m e t a l   c o l u m n   a r e   r e d u c e d   to  a  min imum  i n  

t h i s   c r i t i c a l   z o n e .  

The  i n s i d e   d i a m e t e r   of  t h e   o u t s i d e   c y l i n d r i c a l  

c e r a m i c   l i n e r   12  and  t h e   o u t s i d e   d i a m e t e r   of  t h e  

c y l i n d r i c a l   d e p e n d i n g   s k i r t   p o r t i o n   of  i n n e r   c e r a m i c  

cup  l i n e r   13  a r e   be  so  d e s i g n e d   t h a t   t h e r e   i s   a  

minimum  a n n u l a r   gap  p r o v i d e d   b e t w e e n   t he   e x t e r i o r  



s u r f a c e   of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   25  and  t h e  

o p p o s i n g   s u r f a c e s   of  t he   c e r a m i c   l i n e r s   12,   13.   T h i s  

gap  w h i c h   in  a c t u a l i t y   i s   n o t   a  gap  bu t   a  s p o r a t i c a l l y  

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

s u r f a c e s   of  t he   t u b u l a r   m e t a l   c o l u m n   and  s i d e   w a l l s   o f  

the   c a s t i n g   v e s s e l ,   i s   t oo   s m a l l   to   be  shown  in  t h e  

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

to  m a i n t a i n   t he   d i m e n s i o n s   of  t h i s   gap  to  a  v e r y   s m a l l  

v a l u e .   H o w e v e r ,   an  a t t e m p t   was  made  to  i l l u s t r a t e   t h e  

p l a c e   w h e r e   t h e   gap  o c c u r s   in  F i g u r e s   2  and  3  of  t h e  

a b o v e - r e f e r e n c e d   and  i n c o r p o r a t e d   U.  S.  P a t e n t   N o .  

4 , 4 1 4 , 2 8 5   k e e p i n g   in  mind  t h a t   t h e   i l l u s t r a t i o n   i s  

s c h e m a t i c   and  n o t   i n t e n d e d   as  an  a c u t a l   r e p r e s e n t a t i o n  

of  t he   l o c a t i o n s   or  d i m e n s i o n s   of  t h e   g a p .   The  g a p  

does   o c c u r   h o w e v e r   r a n d o m l y   and  e r r a t i c a l l y   and  i t s  

e x i s t e n c e   i s   e v i d e n c e d   by  t he   e x t e r i o r   s u r f a c e   of  t h e  

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

a  s h i n y   wavy  e x t e r i o r   a p p e a r a n c e .   The  gap  i f   a l l o w e d  

to  become   t o o   l a r g e   due  to  t he   c o n t a i n m e n t   c o m p o n e n t s  

of  t he   u p w a r d l y   t r a v e l l i n g   l e v i t a t i n g   e l e c t r o m a g n e t i c  

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

b e t w e e n   t h e   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t h e  

o p p o s i n g   s i d e   s u r f a c e s   of  t he   c e r a m i c   l i n e r s   12  and  13 

s i n c e   t h e r e   i s   known  to  be  a  s t r o n g   i n v e r s e  

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

r a t e .   C o n s e q u e n t l y ,   t h e   l e v i t a t i o n   f i e l d   s t r e n g t h  

s h o u l d   be  a d j u s t e d   a t   t he   s t a r t   of  a  c a s t i n g   o p e r a t i o n  



to  p r o v i d e   the   d e s i r e d   p r e s s u r e l e s s   c o n t a c t   as  d e f i n e d  

a b o v e   w i t h   minimum  gap  s p a c i n g   c o n s i s t e n t   w i t h   g o o d  

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

m a i n t a i n e d   a t   t h i s   s e t t i n g   and  s h o u l d   n o t   be  c h a n g e d  

d u r i n g   the   c a s t i n g   o p e r a t i o n   even   t h o u g h   t h e   r a t e   o f  

r e m o v a l   ( l i n e   s p e e d )   of  t he   t u b u l a r   l i q u i d   m e t a l  

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

c h a n g e d .  

R e f e r r i n g   to  F i g u r e   2  of  t he   d r a w i n g s ,   i t   w i l l   b e  

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

w i t h d r a w n   f rom  t he   u p p e r   end  of  t h e   l e v i t a t o r   t u b e  

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

34  and  t h r o u g h   w i t h d r a w a l   r o l l s   35  and  36  to  t w o  

t a n d e m   h o t - r o l l i n g   s t a t i o n s   37  and  38  and  t h e n   f i n a l l y  

c o o l e d   and  c o i l e d   a t   a  c o i l i n g   s t a t i o n   3 9 .  

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

33  has   t he   r i g h t   d i a m e t e r   and  f i n i s h   f o r   use   in  a n  

a s - c a s t   c o n d i t i o n ,   i t   i s   w i t h d r a w n   f rom  t h e  

p r e - c o o l i n g   c h a m b e r   34  by  w i t h d r a w a l   r o l l s   35  and  36 

and  d e l i v e r e d   f o r   s u b s e q u e n t   c o o l i n g   and  c o i l i n g  

w i t h o u t   f u r t h e r   p r o c e s s i n g .  

D u r i n g   o p e r a t i o n   t h e   c a s t i n g   s p e e d   ( i . e . ,   t h e  

l i n e   s p e e d   of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   p a s s i n g  

t h r o u g h   t he   h e a t   e x c h a n g e r / l e v i t a t o r   a s s e m b l y   1 1 )  

s h o u l d   be  c o n t r o l l e d   by  c o n t r o l   of  t h e   d r i v e   m o t o r s  

f o r   t he   rod   r e m o v a l   r o l l s   35  and  36  w h i c h   a r e  

s y c h r o n i z e d   w i t h   t he   r o l l i n g   m i l l s   37  and  38  and  t h e  



c o i l i n g   m e c h a n i s m   39.   The  l e v i t a t i o n   f i e l d   s t r e n g t h  

and  e x c i t a t i o n   f r e q u e n c y   s h o u l d   be  e s t a b l i s h e d   at   a  

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

r e s i s t i v i t y   of  t h e   t u b u l a r   m e t a l   b e i n g   c a s t   to   g i v e   a  

l e v i t a t i o n   r a t i o   in  r a n g e   b e t w e e n   75%  and  200%.  In  a  

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

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

and  h i g h e r   t h a n   n o r m a l   l e v i t a t i o n   r a t i o s   in  o r d e r   t o  

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

o p e r a t i n g   c o n d i t i o n s   ( w i t h i n   two  to  t h r e e   m i n u t e s )   t h e  

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

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

u n t i l   c l o s e   to   a  maximum  c a s t i n g   r a t e   in  t e r m s   of  t o n s  

pe r   h o u r   of  c o n v e r s i o n   of  m o l t e n   m e t a l   to  t h e  

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

m a i n t a i n e d   a t   t h i s   s e t t i n g   d u r i n g   t he   c o u r s e   of  t h e  

r u n .   N o r m a l l y ,   i t   w o u l d   be  d e s i r a b l e   to  m o n i t o r   t h e  

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

p r o d u c t   by  m o n i t o r i n g   t h e   p r o d u c t   as  i t   e x i t s   t h e  

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

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

I n d u s t r i a l  A p p l i c a b i l i t y  

The  i n v e n t i o n   makes   a v a i l a b l e   a  n o v e l   m e t h o d   a n d  

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

p r o d u c t s   s u c h   as  p i p e   in  t he   p r e s e n c e   of  a  l e v i t a t i n g  

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

r e q u i r e d   and  wear   and  t e a r   on  t h e   m a c h i n e r y   n o r m a l l y  



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

H a v i n g   d e s c r i b e d   a  m e t h o d   and  a p p a r a t u s   a n d  

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

to  t h e   i n v e n t i o n ,   i t   is   b e l i e v e d   o b v i o u s   t h a t   o t h e r  

m o d i f i c a t i o n s   and  v a r i a t i o n s   of  t h e   i n v e n t i o n   w i l l   b e  

s u g g e s t e d   to  t h o s e   s k i l l e d   in  t h e   a r t   in  t h e   l i g h t   o f  

t he   a b o v e   t e a c h i n g s .   I t   is   t h e r e f o r e   to  be  u n d e r s t o o d  

t h a t   c h a n g e s   may  be  made  in  t h e   p a r t i c u l a r   e m b o d i m e n t s  

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

i n t e n d e d   s c o p e   of  t he   i n v e n t i o n   as  d e f i n e d   by  t h e  

a p p e n d e d   c l a i m s .  



1.  The  m e t h o d   of  p r o d u c i n g   t u b u l a r   m e t a l  

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

f o r m i n g   an  e l o n g a t e d   u p w a r d l y - t r a v e l l i n g   a l t e r n a t i n g  

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

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

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

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

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

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

a c t i n g   in  a  d i r e c t i o n   o p p o s i t e   to  t he   f i r s t   m e n t i o n e d  

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

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

l i q u i d   m e t a l   i n t o   t he   l o w e r   p o r t i o n   of  t h e  

a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   and  t he   f i e l d s   to  fo rm  a  

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

t he   e l e c t r o m a g n e t i c   l e v i t a i o n   f i e l d   a c t i n g   on  t h e  

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

head   of  t h e   c o l u m n   to  a  minimum  w h i l e   m a i n t a i n i n g   a  

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

o u t e r   and  i n n e r   s u r f a c e s   of  t h e   t u b u l a r   l i q u i d   m e t a l  

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

of  s a i d   a n n u l a r - s h a p e d   c a s t i n g   v e s s e l ,   m a i n t a i n i n g   t h e  

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

c r o s s - s e c t i o n a l   d i m e n s i o n   of  t h e   t u b u l a r   l i q u i d   m e t a l  

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

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



b e t w e e n   t he   i n n e r   and  o u t e r   s u r f a c e s   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   and  t he   o p p o s e d   i n t e r i o r  

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

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

maximum  o b t a i n a b l e   h e a t   t r a n s f e r   b e t w e e n   t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   and  t he   c a s t i n g   v e s s e l   w h i l e  

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

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

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

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

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

s o l i d i f i e d   t u b u l a r   m e t a l   p r o d u c t   f rom  t he   u p p e r  

p o r t i o n   of  t he   c a s t i n g   v e s s e l .  

2.  The  m e t h o d   of  c l a i m   1  o p e r a t e d   in  t h e  

c o n t i n u o u s   c a s t i n g   mode  in  w h i c h   l i q u i d   m e t a l   i s  

i n t r o d u c e d   c o n t i n u o u s l y   i n t o   t he   l o w e r   p o r t i o n   of  t h e  

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

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

v e s s e l ,   and  the   r a t e   of  p r o d u c t i o n   of  t he   t u b u l a r  

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

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

p o r t i o n   of  the   v e s s e l ,   c o n t r o l l i n g   the   c o r r e s p o n d i n g  

r a t e   of  i n t r o d u c t i o n   of  l i q u i d   m e t a l   i n t o   t h e   l o w e r  

p o r t i o n   of  t he   v e s s e l   and  w h e r e i n   t h e   s e c o n d  

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

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

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



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

3.  The  m e t h o d   of  c l a i m   2  in  w h i c h   t h e   t u b u l a r  

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

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

w e i g h t l e s s n e s s   so  t h a t   i t   i s   s u b s t a n t i a l l y   w i t h o u t  

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

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

s e t   to  m a i n t a i n   a  p r e d e t e r m i n e d   d i m e n s i o n a l  

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

the   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t h e   i n t e r i o r  

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

v e s s e l   s u c h   t h a t   t h e   c r o s s   s e c t i o n a l   d i m e n s i o n s   of  t h e  

t u b u l a r   l i q u i d   m e t a l   c o l u m n   a r e   m a i n t a i n e d   a t   v a l u e s  

to  p r e v e n t   s u b s t a n t i a l   c o n t i n u o u s   p r e s s u r e   c o n t a c t  

b e t w e e n   t h e   i n n e r   and  o u t e r   s u r f a c e s   of  t he   t u b u l a r  

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

s u r f a c e s   of  t he   a n n u l a r - s h a p e d   c a s t i n g   v e s s e l   and  i t  

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

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

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

min imum  w i t h o u t   i m p a i r m e n t   of  h e a t   t r a n s f e r   b e t w e e n  

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

m e t a l   c o l u m n   w i t h i n   t h e   s o l i d i f i c a t i o n   z o n e .  

4.  The  m e t h o d   of   c l a i m   3  in  w h i c h   as  a  s t e p   i n  

t he   i n i t i a l   s t a g e   of   t h e   p r o c e s s   a  s t a r t i n g   m e t a l   t u b e  

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

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



t he   u p p e r   end  of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n  

w i t h i n   t he   f i e l d   to  t h e   l o w e r   end  of  a  s t a r t i n g   m e t a l  

t u b e .  

5.  The  p r o d u c t   of  t he   p r o c e s s   a c c o r d i n g   to  c l a i m  

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

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

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

i n t r o d u c i n g   l i q u i d   m e t a l   i n t o   t he   l o w e r   p o r t i o n   of  t h e  

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

l e v i t a t i o n   f i e l d   and  c o a c t i n g   c o n t a i n m e n t  

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

m a i n t a i n i n g   the   t u b u l a r   l i q u i d   m e t a l   in  t h e  

s o l i d i f i c a t i o n   zone   in  a  c o n d i t i o n   to  r e d u c e   t h e  

h y d r o s t a t i c   h e a d   of  t h e   l i q u i d   m e t a l   to  a  m i n i m u m  

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

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

t h e   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t h e   s u r r o u n d i n g  

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

v a l u e   such   t h a t   t he   c r o s s   s e c t i o n a l   d i m e n s i o n s   of  t h e  

t u b u l a r   l i q u i d   m e t a l   i s   s u f f i c i e n t l y   l a r g e   to   p r e c l u d e  

f o r m a t i o n   of  a  s u b s t a n t i a l   gap  b e t w e e n   in  i n n e r   a n d  

o u t e r   s u r f a c e s   of  t he   t u b u l a r   l i q u i d   m e t a l   and  t h e  

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

v e s s e l   t h e r e b y   e f f e c t i n g   maximum  o b t a i n a b l e   h e a t  

t r a n s f e r   b e t w e e n   t h e   t u b u l a r   l i q u i d   m e t a l   and  t h e  

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

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



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

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

and  c o a c t i n g   c o n t a i n m e n t   f i e l d s   and  b e i n g   s t i r r e d  

t h e r e b y .  

6.  C o n t i n u o u s   t u b u l a r   m e t a l   p r o d u c t   c a s t i n g  

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

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

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

d e l i v e r i n g   l i q u i d   m e t a l   i n t o   a  l o w e r   p o r t i o n   of  t h e  

a n n u l a r - s h a p e d   v e s s e l   to  t h e r e b y   fo rm  a  t u b u l a r   l i q u i d  

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

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

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

t u b u l a r   m e t a l   p r o d u c t   f rom  an  u p p e r   p o r t i o n   of  t h e  

v e s s e l ,   f i r s t   e l e c t r o m a g n e t i c   l e v i t a t i o n   f i e l d  

p r o d u c i n g   means   d i s p o s e d   a r o u n d   t h e   o u t s i d e   of  t h e  

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

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

d i s p o s e d   w i t h i n   t h e   c e n t e r   of  t h e   a n n u l a r - s h a p e d  

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

c o n t a i n m e n t   f i e l d   c o m p o n e n t   a c t i n g   in  a  d i r e c t i o n  

o p p o s i t e   to  an  e l e c t r o m a g n e t i c   c o n t a i n m e n t   f i e l d  

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

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

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

to  r e d u c e   t he   h y d r o s t a t i c   head   of  t h e   c o l u m n   a n d  

m a i n t a i n   a  p r e d e t e r m i n e d   d i m e n s i o n a l   r e l a t i o n s h i p  



b e t w e e n   t h e   o u t e r   and  i n n e r   s u r f a c e s   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   and  t he   s u r r o u n d i n g   s u r f a c e s   o f  

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

m a i n t a i n i n g   t he   v a l u e   of  t h e   e l e c t r o m a g n e t i c  

l e v i t a t i o n   and  c o n t a i n m e n t   f i e l d s   so  t h a t   t h e   c r o s s  

s e c t i o n a l   d i m e n s i o n s   of  t he   t u b u l a r   l i q u i d   m e t a l  

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

a  s u b s t a n t i a l   gap  b e t w e e n   t he   i n n e r   and  o u t e r   s u r f a c e s  

of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t he   s u r r o u n d i n g  

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

e f f e c t i n g   maximum  o b t a i n a b l e   h e a t   t r a n s f e r   b e t w e e n   t h e  

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

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

f r i c t i o n a l   and  a d h e s i v e   f o r c e s   to  a  m i n i m u m ,   m e a n s  

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

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

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

c a s t i n g   v e s s e l ,   and  means   f o r   r e m o v i n g   s o l i d i f i e d  

t u b u l a r   m e t a l   p r o d u c t   f rom  t he   u p p e r   p o r t i o n   of  t h e  

v e s s e l .  

7.  The  a p p a r a t u s   of  c l a i m   6  in  w h i c h   t h e   s e c o n d  

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

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

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

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

of  e l e c t r o m a g n e t i c   c o i l s   f o r   c o n n e c t i o n   to  s u c c e s s i v e  

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



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

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

8.  The  a p p a r a t u s   of  c l a i m   7  f u r t h e r   i n c l u d i n g   a  

c r u c i b l e   to   c o n t a i n   a  b a t h   of  m o l t e n   m e t a l  

c o m m u n i c a t i n g   w i t h   t he   l o w e r   end  of  t h e   a n n u l a r - s h a p e d  

c a s t i n g   v e s s e l ,   and  means   a s s o c i a t e d   w i t h   t h e   c r u c i b l e  

to  e s t a b l i s h   and  move  a  t u b u l a r   c o l u m n   of  l i q u i d   m e t a l  

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

l e v e l   a b o v e   t h e   l o w e r   end  of  a t   l e a s t   t h e   f i r s t  

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

9.  The  a p p a r a t u s   of  c l a i m   8  in  w h i c h   t h e  

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

o u t p u t   p o w e r   and  f r e q u e n c y   can  be  s e t   to   p r o d u c e   a  

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

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

t h e   t y p e   and  s i z e   of  m e t a l   b e i n g   c a s t .  

10.   The  a p p a r a t u s   of   c l a i m   9  f u r t h e r   i n c l u d i n g  

means   o p e r a b l e   d u r i n g   i n i t i a l   s t a r t - u p   of  t h e  

a p p a r a t u s   f o r   j o i n i n g   a  m e t a l   l i f t i n g   t u b e   to  t he   t o p  

of   t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   by  c o n t a c t i n g   t h e  

t o p   of  t h e   l i f t i n g   t u b e   to  t h e   t o p   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   w h i l e   s t i l l   in  t h e   s o l i d i f i c a t i o n  

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

c o l u m n   to  t h e   end  of   t h e   l i f t i n g   t u b e   and  means   f o r  

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

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

r a t e   of  p r o d u c t i o n   of  t h e   t u b u l a r   m e t a l   p r o d u c t .  



11.  The  a p p a r a t u s   of  c l a i m   10  f u r t h e r   i n c l u d i n g  

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

p r o d u c t   as  i t   e m e r g e s   f rom  t he   u p p e r   p o r t i o n   of  t h e  

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

d e s i r e d   d i m e n s i o n   and  means   f o r   c o o l i n g   t h e   r o l l e d  

p r o d u c t   to   an  a m b i e n t   t e m p e r a t u r e .  

12.  The  a p p a r a t u s   of  c l a i m   10  f u r t h e r   i n c l u d i n g  

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

p r o d u c t   as  i t   e m e r g e s   f rom  t he   u p p e r   p o r t i o n   of  t h e  

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

p r e - c o o l e d   t u b u l a r   m e t a l   p r o d u c t   to  an  a n : b i e n t  

t e m p e r a t u r e .  

13.   The  a p p a r a t u s   of  c l a i m   6  w h e r e i n   t h e   s e c o n d  

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

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

c o n t a i n m e n t   f i e l d   p r o d u c i n g   means   f o r   p r o d u c i n g   a n  

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

a c t i n g   on  t h e   t u b u l a r   l i q u i d   m e t a l   c o l u m n .  

14.   The  a p p a r a t u s   of  c l a i m   13  f u r t h e r   i n c l u d i n g  

means   o p e r a b l e   d u r i n g   i n i t i a l   s t a r t - u p   of  t h e  

a p p a r a t u s   f o r   j o i n i n g   a  m e t a l   l i f t i n g   t u b e   to   t h e   t o p  

of  t h e   t u b u l a r   l i q u i d   m e t a l   c o l u m n   by  c o n t a c t i n g   t h e  

t o p   of  t h e   l i f t i n g   t u b e   to  t he   t op   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   w h i l e   s t i l l   in  t h e   s o l i d i f i c a t i o n  

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

c o l u m n   to  t he   end  of  t he   l i f t i n g   t u b e   and  means   f o r  

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



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

r a t e   of  p r o d u c t i o n   of  t h e   t u b u l a r   m e t a l   p r o d u c t .  

15.   The  c o n t i n u o u s   c a s t i n g   m e t h o d   of  p r o d u c i n g   a  

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

t he   s t e p s   of  f o r m i n g   a  t u b u l a r   l i q u i d   m e t a l   c o l u m n ,  

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

s o l i d i f i c a t i o n   z o n e ,   s i m u l t a n e o u s l y  

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

t he   l e n g t h   of  t he   c o l u m n   in  s a i d   s o l i d i f i c a t i o n   z o n e  

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

h y d r o s t a t i c   h e a d   of  t he   c o l u m n   and  e l e c t r o m a g n e t i c a l l y  

c o n t a i n e d   to  e s t a b l i s h   a  p r e d e t e r m i n e d   d i m e n s i o n a l  

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

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

c a s t i n g   v e s s e l ,   m a i n t a i n i n g   t he   v a l u e   of  t h e  

e l e c t r o m a g n e t i c   l e v i t a t i o n   and  c o n t a i n i n g   f i e l d s   s o  

t h a t   t h e   c r o s s   s e c t i o n a l   d i m e n s i o n   of  t he   l i q u i d   m e t a l  

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

s u b s t a n t i a l   gap   b e t w e e n   t h e   i n n e r   and  o u t e r   s u r f a c e s  

of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t h e   s u r r o u n d i n g  

s u r f a c e s   of  t h e   c a s t i n g   v e s s e l   t h e r e b y   e f f e c t i n g  

p r e s s u r e l e s s   c o n t a c t   and  maximum  o b t a i n a b l e   h e a t  

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

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

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

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

f rom  t h e   s a i d   zone   as  t he   c o l u m n   i s   b e i n g  



e l e c t r o m a g n e t i c a l l y   m a i n t a i n e d .  

16.  The  m e t h o d   of  c l a i m   15  in  w h i c h   t h e   m a j o r  

p o r t i o n   of  the   l e n g t h   of  t h e   t u b u l a r   l i q u i d   m e t a l  

c o l u m n   in  t he   s o l i d i f i c a t i o n   zone   i s  

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

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

s u r f a c e s   of  t he   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  t h e  

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

the   c r o s s   s e c t i o n a l   d i m e n s i o n s   of  t h e   t u b u l a r   l i q u i d  

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

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

b e t w e e n   t h e   i n n e r   and  o u t e r   s u r f a c e s   of  t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   and  t he   s u r r o u n d i n g   s u r f a c e s   o f  

the   c a s t i n g   v e s s e l   and  t h e   c o l u m n   is   w i t h o u t  

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

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

on  t he   s o l i d i f y i n g   m e t a l   c o l u m n   to  a  min imum  w i t h o u t  

s u b s t a n t i a l   i m p a i r m e n t   of  h e a t   t r a n s f e r   b e t w e e n   t h e  

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

m e t a l   c o l u m n .  

17.  The  m e t h o d   of  c l a i m   16  in  w h i c h   t h e   t u b u l a r  

l i q u i d   m e t a l   c o l u m n   i s   c o n t i n u o u s l y   f o r m e d   a n d  

a d v a n c e d   i n t o   t h e   s o l i d i f i c a t i o n   zone   and  in  w h i c h   t h e  

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

r e m o v e d   f rom  t h e   s a i d   zone   by  means   o t h e r   t h a n   s a i d  

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

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



p r o d u c t .  

18.  A  s o l i d i f i e d   t u b u l a r  m e t a l   p r o d u c t   p r o d u c e d  

a c c o r d i n g   to  t h e   p r o c e s s   of  c l a i m   17  and  h a v i n g   a  

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

s o l i d i f i c a t i o n   in  a  l e v i t a t i n g   e l e c t r o m a g n e t i c   f i e l d  

a c t i n g   on  t h e   t u b u l a r   l i q u i d   m e t a l   c o l u m n   and  s t i r r i n g  

i t   w h i l e   i t   i s   n o t   in  c o n t i n u o u s   p r e s s u r e   c o n t a c t   w i t h  

a  c a s t i n g   v e s s e l .  

19.   The  m e t h o d   of  c l a i m   17  w h e r e i n   t h e   u p w a r d l y  

t r a v e l l i n g   e l e c t r o m a g n e t i c   l e v i t a t i o n   f i e l d   has   a  

f r e q u e n c y   in  e x c e s s   of  one  k i l o h e r t z .  

20.   The  m e t h o d   a c c o r d i n g   to  c l a i m   17  w h e r e i n   t h e  

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

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

and  s i z e   of  m e t a l   b e i n g   c a s t   to  p r o v i d e   a  l e v i t a t i o n  

r a t i o   of  f rom  75%  to  200%  of  t h e   w e i g h t  p e r   u n i t  

l e n g t h   of   t h e   l i q u i d   m e t a l .  
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