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©  Temperature  control  during  annealing. 
  Temperature  control  at  a  weld  (52)  between  a  tube  (51) 
and  tube  plate  (53)  having  heat  input  from  an  inductive 
heating  probe  (50)  to  effect  annealing  of  the  weld  is 
performed  with  the  aid  of  a  signal  generating  receptor  coil 
(54)  coupled  with  the  probe  (50).  The  signal  from  the  coil  (54) 
experiences  a  characteristic  change  when  the  temperature  of 
the  weld  reaches  the  required  annealing  temperature  and 
this  signal  is  used  to  control  the  heat  input  to  the  weld.  The 
receptor  coil  can  be  inside  the  tube  (51),  outside  the  tube 
(51),  embracing  a  number  of  similar  tubes  (51)  or  may  be 
inside  an  adjacent  tube  (51).  At  the  anneal,  the  materials  of 
the  tube  and  weld  reach  their  Curie  point  which  brings  about 
a  permeability  change.  The  invention  also  has  application  to 
annealing  a  braze  between  a  ferritic  repair  tube  and  a  ferritic 
tube  in  a  tube  plate  as  can  arise  during  the  repair  of  shell  and 
tube  heat  exchangers  used  in  nuclear  systems. 



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

a n n e a l i n g   of  f e r r o m a g n e t i c   m e m b e r s .  

The  i n v e n t i o n   has  a r i s e n   in  r e s p o n s e   to  p r o b l e m s  

a r i s i n g   in  the   c o u r s e   of  a n n e a l i n g   w e l d s   where   f e r r i t i c  

t u b e s   a r e   w e l d e d   to  t ube   p l a t e s   of  s h e l l   and  t u b e   h e a t  

e x c h a n g e r s   and  e s p e c i a l l y   h e a t   e x c h a n g e r s   as  used   in  t h e  

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

p r e s s u r i s e d   w a t e r   r e a c t o r s .   In  t h e s e   h e a t   e x c h a n g e r s   t h e  

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

a n n e a l i n g   and  t e m p e r a t u r e   m e a s u r e m e n t   is  d i f f i c u l t .   T h u s  

a n n e a l i n g   t e n d s   to  be  c a r r i e d   out  by  an  i n d u c t i v e   p r o b e  

i n t e r n a l l y   of  the   t ube   in  the   r e g i o n   of  the   w e l d .   The  

p r o b e   may  be  in  the   form  of  an  RF  e n e r g i s e d   a n d  

w a t e r - c o o l e d   c o i l   or  may  be  as  d e s c r i b e d   in  our  c o p e n d i n g  

B r i t i s h   A p p l i c a t i o n   P u b l i s h e d   as  GB  2 1 3 0 8 6 0 A .   A n n e a l  

t e m p e r a t u r e   c o n t r o l   is  p e r f o r m e d   by  c o n t r o l   of  power   i n t o  

the  p r o b e   wh ich   has  been  p r e d e t e r m i n e d   by  t r i a l s   on  a 

model   to  o b t a i n   the   r e q u i r e d   a n n e a l .   Th is   form  o f  

c o n t r o l   l e a v e s   u n c e r t a i n t i e s   and  a  r e a l   t ime   c o n t r o l  

would  be  p r e f e r r e d .   The  p r e s e n t   i n v e n t i o n   p r o v i d e s   s u c h  

a  c o n t r o l .  

In  a c c o r d a n c e   w i t h   the   i n v e n t i o n   a  m e t h o d   o f  

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

b e t w e e n   a  f e r r i t i c   t ube   and  a  tube   p l a t e   or  b e t w e e n   a 

f e r r i t i c   r e p a i r   t ube   and  a  f e r r i t i c   t ube   in  a  t u b e   p l a t e ,  

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



the   t u b e ,   is  c h a r a c t e r i s e d   in  t h a t   t h e r e   is  p r o v i d e d   a 

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

and  in  t h a t   the   s i g n a l   g e n e r a t e d   at  the   r e c e p t o r ,   w h e n  

t h e   C u r i e   P o i n t   in  s a i d   j o i n t   is   r e a c h e d ,   is  u sed   t o  

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

The  i n v e n t i o n   r e l i e s   on  t he   f a c t   t h a t   t h e  

t e m p e r a t u r e   of  a n n e a l   is  c l o s e   to  the   C u r i e   p o i n t   of  t h e  

m a t e r i a l   of  t he   t u b e   wh ich   is   h a v i n g   i t s   weld  a n n e a l e d .  

T h u s ,   at  above   a n n e a l i n g   t e m p e r a t u r e ,   t h e r e   is  a 

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

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

t h i s   can  be  u sed   to  r e d u c e   power   i n p u t   to  the  p r o b e   a n d  

v i c e - v e r s a .   The  c h a n g e   is  so  s i g n i f i c a n t   t h a t   t h e  

r e c e p t o r   can  be  l o c a t e d   i n s i d e   an  a d j a c e n t   u n h e a t e d   t u b e  

a n d ,   d e s p i t e   the   f a c t   t h a t   t he   u n h e a t e d   t ube   a c t s   as  a 

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

The  use   of  C u r i e   P o i n t   d e t e c t i o n   as  a  c o n t r o l  

e l e m e n t   is  i t s e l f   w e l l   known.   For  e x a m p l e   GB  3 6 0 , 5 5 2  

shows  the   a u t o m a t i c   movement   of  s t e e l   t h r o u g h   a  f u r n a c e  

when  a  C u r i e   P o i n t   is  r e a c h e d .   For  the   d e t e c t i o n   of  t h e  

C u r i e   P o i n t   a  s o u r c e   of  m a g n e t i c   f l u x   and  means  f o r  

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

can  be  g e n e r a t e d .   The  f u r n a c e   is  h e a t e d   c o n v e n t i o n a l l y .  

GB  1 , 4 6 8 , 8 5 2   is  c o n c e r n e d   w i t h   the   t r u e   d e t e c t i o n   o f  

C u r i e   P o i n t   in  a  v i b r a t i o n a l   s y s t e m .   EP  011862A  has  a 

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

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



r o l l e r .  

The  p r e s e n t   i n v e n t i o n   shows  a  v e r y   e c o n o m i c a l   use  o f  

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

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

a n n e a l   h e a t i n g   is  the   r e c e p t o r ,   wh ich   may  be  a  s i m p l e  

c o i l .   The  ac t   of  a n n e a l i n g   a l r e a d y   r e q u i r e s   an  i n d u c t i v e  

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

p r o b e .   The  m a g n e t i c   f i e l d   w h i c h   is  a f f e c t e d   by  C u r i e  

c h a n g e   is  t h a t   a l r e a d y   p r o v i d e d   f o r   h e a t i n g .   The  i t e m  

w h i c h   has  a  C u r i e   r e s p o n s e   i t   t h a t   b e i n g   p r o c e s s e d   so  

t h a t   no  s u p p l e m e n t a r y   C u r i e   i t e m   has  to  be  p r o v i d e d .   The  

i n v e n t i o n   is  of  p a r t i c u l a r   v a l u e   in  the   s p e c i f i c   c o n t e x t  

of  a n n e a l   in  the  j o i n t   r e p a i r   of  c o n g e s t e d   t ube   and  p l a t e  

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

The  i n v e n t i o n ,   in  v a r i o u s   f o r m s ,   w i l l   now  b e  

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

d i a g r a m m a t i c   d r a w i n g s   in  w h i c h :  

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

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

a  b r a z e   used   in  the   r e p a i r ,   the   s i g n a l   g e n e r a t i n g  

r e c e p t o r   of  the  i n v e n t i o n   b e i n g   l o c a t e d   in  an  a d j a c e n t  

t u b e .  

F i g u r e   2  is  a  s e c t i o n a l   e l e v a t i o n   of  a  tube   to  t u b e  

p l a t e   weld  i n v o l v i n g   an  a n n e a l   at  the   w e l d ,   the  s i g n a l  

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

i t s   weld  a n n e a l e d .  

F i g u r e   3  is  a  c i r c u i t   d i a g r a m   of  a  c o n t r o l   c i r c u i t  



f o r   use  w i t h   the   a r r a n g e m e n t   of  f i g u r e   2,  a n d  

F i g u r e   4  shows  an  a l t e r n a t i v e   a r r a n g e m e n t .  

In  F i g u r e   1  a  t u b e   20  in  a  n e s t   of  c l o s e l y   s p a c e d  

s i m i l a r   p a r a l l e l   t u b e s   in  a  t u b e   p l a t e   21  i s   a s s u m e d  

l e a k i n g   at  the   weld  22.  To  c l o s e   o f f   t h i s   l e a k   a  r e p a i r  

t u b e   23  is  i n s e r t e d   i n t o   t he   l e a k i n g   t ube   20  t h r o u g h   t h e  

t u b e   p l a t e .   The  u p p e r   end  of  t ube   23  is  e x p l o s i v e l y  

w e l d e d   to  t he   t u b e   p l a t e   at   a  r e g i o n   24  ( i n d i c a t e d   b y  

c r o s s e s )   and  the   l o w e r   end  of  t u b e   23  is  b r a z e d   to  t h e  

t u b e   20  at  a  r e g i o n   2 5 .  

To  e f f e c t   the   b r a z e   at  r e g i o n   25  an  i n d u c t i o n  

h e a t i n g   p r o b e   30  ( s e e   f o r   e x a m p l e   GB  2  130  860A)  i s  

i n s e r t e d   i n s i d e   the   t u b e   23.  Th is   p r o b e   has  a  s e r v i c e  

box  32,   w a t e r   c o n d u c t i n g   c a b l e s   33,  34  and  a  h a n d l e   3 5 .  

I n s i d e   the  p r o b e   30  t h e r e   is  a  m a g n e t i c   f l u x  

g e n e r a t i n g   u n i t   and  when  the   p r o b e   is  p o w e r e d   the   b r a z e  

at  r e g i o n   25  is  e f f e c t e d .   A f t e r   mak ing   the   b r a z e   a n  

a n n e a l i n g   p r o c e s s   is   r e q u i r e d .   To  p e r f o r m   t h i s   a n n e a l  

the   p r o b e   is  r e t a i n e d   on  power   but   the   a n n e a l   o p e r a t i o n  

r e q u i r e s   c o n t r o l .  

In  o r d e r   to  p r o v i d e   c o n t r o l   of  the  a n n e a l   a  s i g n a l  

g e n e r a t i n g   f l u x   r e c e p t o r   c o i l   p r o b e   40  is  i n s e r t e d   i n t o   a 

t u b e   20  a d j a c e n t   to  t he   t u b e   20  b e i n g   a n n e a l e d .   The  t u b e  

20  h a v i n g   the   p r o b e   40  can  i t s e l f   be  a  r e p a i r e d   t u b e   ( a s  

shown)   or  an  u n r e p a i r e d   t u b e .  

C o n n e c t i o n s   41  a r e   p r o v i d e d   to  the  f l u x   r e c e p t o r  

p r o b e   40  and  t h e s e   c o n n e c t   w i t h   a  c o n t r o l   u n i t   42  w h i c h  



c o n t r o l s   the   power   i n p u t   to  the  i n d u c t i o n   h e a t i n g   p r o b e  

30  a l o n g   a  c o n t r o l   l i n e   43  a c c o r d i n g   to  the  s i g n a l  

g e n e r a t e d   at  p r o b e   4 0 .  

As  the   a n n e a l i n g   t e m p e r a t u r e   is  r e a c h e d   at  the   b r a z e  

r e g i o n   25  the   C u r i e   p o i n t   of  the   r e p a i r   t ube   is  a l s o  

r e a c h e d .   Th i s   c a u s e s   a  m e a s u r a b l e   r i s e   in  the  f l u x   (1 

m i c r o v o l t   per   t u r n   of  the  c o i l   of  p r o b e   40)  r e c e i v e d   f r o m  

p r o b e   30  at  p r o b e   40  d e s p i t e   the   s h i e l d i n g   e f f e c t   of  t h e  

u n h e a t e d   t u b e   20.  The  l i n k   from  t he   c o i l   of  p r o b e   40  ( i e  

c o n n e c t o r s   41)  is   p r e f e r a b l y   by  o p t i c a l   f i b r e   so  t h a t  

i n d u c e d   e r r o r   s i g n a l s   do  not   o c c u r   in  the   l i n k   as  may 

a r i s e   from  the   i n t e n s e   m a g n e t i c   f i e l d   wh ich   is  c r e a t e d   b y  

the   p robe   3 0 .  

In  F i g u r e   2  an  i n d u c t i o n   h e a t i n g   p r o b e   50  is  s h o w n  

i n s i d e   a  t ube   51,  w e l d e d   at  52  to  a  t u b e   p l a t e   53.  The 

p r o b e   is  l o c a t e d   so  t h a t   the   weld  can  be  a n n e a l e d .   A r o u n d  

the   p r o b e   50  t h e r e   is  a  s i n g l e   t u r n   54  of  a  1mm  d i a m e t e r  

m i n e r a l   i n s u l a t e d   c o n d u c t o r .   Th i s   a c t s   as  a  s i g n a l  

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

1 . 0  -   1.5  mV  when  the   weld  52  is  a b o v e   the  C u r i e  

t e m p e r a t u r e   and  a  s i g n a l   of  a b o u t   0 . 5  -   0.7mV  when  t h e  

weld  is  be low  the   C u r i e   t e m p e r a t u r e .  

F i g u r e   3  shows  a  c i r c u i t   f o r   use   w i t h   t h e  

a r r a n g e m e n t   shown  in  F i g u r e   2 .  

A  20  KHz  g e n e r a t o r   60  is  used   to  power  the  h e a t i n g  

p r o b e   50.  The  s i g n a l   in  the   r e c e p t o r   t u r n   54  is  b a c k e d  

o f f   a g a i n s t   an  EMF  d e r i v e d   f rom  a  c u r r e n t   t r a n s f o r m e r   61 



v i a   a  p o t e n t i o m e t e r   62.  In  t h i s   way  the  o u t p u t   s i g n a l  

f rom  r e c e p t o r   54  can  be  made  ze ro   p r i o r   to  the  C u r i e  

t e m p e r a t u r e   b e i n g   r e a c h e d   and  of  a  m a g n i t u d e   to  e f f e c t  

c o n t r o l   at  the   C u r i e   t e m p e r a t u r e .   The  b a c k e d - o f f   s i g n a l  

p a s s e s   to  an  a m p l i f i e r   63  and  t h e n c e   to  a  c o n t r o l   u n i t   64 

w h i c h   c o n t r o l s   o u t p u t   f rom  the   g e n e r a t o r   60  to  t h e  

h e a t i n g   p r o b e .  

In  F i g u r e   4  a  n e s t   of  t u b e s   51  is  shown  in  s e c t i o n a l  

p l a n .   In  one  of  t h e s e   t u b e s   a  p r o b e   50  is   l o c a t e d .   A 

s i n g l e   t u r n   r e c e p t o r   c o i l   54A  is  p r o v i d e d   e n c l o s i n g   a 

number   of  the   t u b e s   51.  As  the   p r o b e   is  moved  from  o n e  

t u b e   51  to  the   n e x t   the   same  r e c e p t o r   c o i l   54A  can  b e  

used   fo r   c o n t r o l   p u r p o s e .  

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

54A  e n c l o s e s   o n l y   a  s i n g l e   t u b e   51  and  is  moved  from  t u b e  

to  t u b e   as  a n n e a l i n g   t a k e s   p l a c e .   In  ye t   a n o t h e r  

a l t e r n a t i v e   a r r a n g e m e n t   each   t ube   51  has  i t s   own 

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

i t   as  the  h e a t   e x c h a n g e r   is  c o n s t r u c t e d   and  the  c o i l  

t e r m i n a t e s   at  a  p o i n t   o f  a c c e s s   r e m o t e   f rom  the  t u b e s .  

In  t h i s   way,  l a t e r   a n n e a l i n g   can  be  p e r f o r m e d   w i t h o u t   t h e  

need  fo r   a c c e s s   to  the   o u t s i d e   of  the   t u b e s   ( w h i c h   may  b e  

i m p o s s i b l e   e i t h e r   due  to  the   c l o s e   p a c k i n g   of  the   t u b e s  

or  b e c a u s e   the   t u b e s   a re   r a d i o a c t i v e ) .  

In  a r r a n g e m e n t s   h a v i n g   a  c o i l   54  e n c l o s i n g   one ,   o r  

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

C u r i e   t e m p e r a t u r e .   Th i s   may  t y p i c a l l y   be  1.5  v o l t s   for   a 



s i n g l e   t u r n .  

The  i n v e n t i o n ,   p a r t i c u l a r l y   as  e x e m p l i f i e d   by  t h e  
a r r a n g e m e n t   of  F i g u r e   2,  can  be  used   to  c o n t r o l   an  a n n e a l  
at  the   e x p l o s i v e   weld  24  i n d i c a t e d   in  F i g u r e   1 .  



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

a n n e a l i n g   at  a  j o i n t   b e t w e e n   a  f e r r i t i c   t u b e   and  a  t u b e  

p l a t e   or  b e t w e e n   a  f e r r i t i c   r e p a i r   t u b e   and  a  f e r r i t i c  

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

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

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

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

in  t h a t   the   s i g n a l   g e n e r a t e d   at  the   r e c e p t o r ,   when  t h e  

C u r i e   P o i n t   in  s a i d   j o i n t   is  r e a c h e d ,   is  used   to  c o n t r o l  

the   power   i n p u t   to  s a i d   p r o b e .  

2.  A  m e t h o d   as  c l a i m e d   in  c l a i m   1  in  w h i c h   the   r e c e p t o r  

is  l o c a t e d   in  an  a d j a c e n t   f e r r i t i c   t u b e ,   wh ich   does   n o t  

e n t e r   the   C u r i e   P o i n t   r e g i o n .  

3.  A  m e t h o d   as  c l a i m e d   in  c l a i m   1  in  w h i c h   the   r e c e p t o r  

is  a  c o i l   (one   or  more  t u r n s )   l o c a t e d   i n s i d e   the   t u b e   a t  

wh ich   the   j o i n t   is   b e i n g   e f f e c t e d .  

4.  A  m e t h o d   as  c l a i m e d   in  c l a i m   1  in  w h i c h   the   r e c e p t o r  

is  a  c o i l   e n c l o s i n g   one  or  more  t u b e s   j o i n e d   w i t h   t h e  

tube   p l a t e .  

5.  A  m e t h o d   as  c l a i m e d   i n  a n y  o n e   of  c l a i m s   I  to  4  i n  

wh ich   the   a n n e a l i n g   is  at  an  e x p l o s i v e   we ld   made  b e t w e e n  

a  r e p a i r   t u b e   and  a  t u b e   in  a  t ube   p l a t e .  

6.  A  m e t h o d   as  c l a i m e d   in  any  p r e c e d i n g   c l a i m   in  w h i c h  

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

c o n n e c t i o n s   in  r e g i o n s   where   t h o s e   c o n n e c t i o n s   a r e  

s u b j e c t e d   to  an  i n t e n s e   f i e l d   from  the   h e a t i n g   p r o b e .  



7.  A  m e t h o d   as  c l a i m e d   in  any  p r e c e d i n g   c l a i m   in  w h i c h  

the   r e c e p t o r   is  a  c o i l   of  one  or  more  t u r n s   of  m i n e r a l  

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

a s s o c i a t e d   w i t h   the  j o i n t .  

8.  A  s h e l l   and  t ube   h e a t   e x c h a n g e r   in  a  n u c l e a r   r e a c t o r  

s y s t e m   h a v i n g   a  r e p a i r   t u b e   b r a z e d   i n s i d e   one  of  the  t u b e  

of  t he   h e a t   e x c h a n g e r   and  a n n e a l e d   by  any  one  of  t h e  

m e t h o d s   of  C l a i m s   1  to  7 .  
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