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@)  Multiple  temperature  autoregulating  heater. 

@  A  multiple  temperature  autoregulating  heater  compris- 
es  a  laminate  of  a  conductive  material,  a  first  ferromagnetic 
layer  on  a  surface  of  the  conductive  material  and  a  second 
ferromagnetic  layer  insulated  from  the  first  layer.  The  lay- 
ers  have  different  Curie  temperatures.  A  switching  device  is 
provided  to  connect  one  or  the  other  of  the  layers  to  be  en- 
ergized  from  a  constant  current  source.  The  device  auto- 
regulates  in  the  region  of  the  Curie  temperature  of  the  se- 
lected  layer.  The  conductive  material  may  be  non-magnetic 
(copper)  or  a  low  resistivity  ferromagnetic  material  having  a 
Curie  temperature  well  above  the  Curie  temperatures  of  the 
autoregulating  layers.  In  the  latter  case,  a  thin  layer  of 
copper  or  the  like  may  be  interposed  between  the  surface 
and  the  conductive  ferromagnetic  material  to  further  inc- 
rease  conductivity.  The  device  may  be  provided  with  mul- 
tiple  ferromagnetic  layers  to  provide  multiple  different  auto- 
regulating  temperatures. 



The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  a u t o r e g u l a t i n g  

e l e c t r i c   h e a t e r s   and  more  p a r t i c u l a r l y ,   to  an  

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

a u t o r e g u l a t e s   at  two  or  more  s e l e c t a b l e   t e m p e r a t u r e s .  

In  the   U.S.  P a t e n t   No.  4 , 2 5 6 , 9 4 5   of  C a r t e r   a n d  

Krumme,  t h e r e   is  d e s c r i b e d   an  a u t o r e g u l a t i n g   e l e c t r i c   h e a t e r  

h a v i n g   a  l a m i n a t e d   s t r u c t u r e ;   one  l a m i n a   of  which  has  h i g h  

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

of  which  is  n o n - m a g n e t i c   and  has  a  low  r e s i s t a n c e   (such  a s  

copper-)  in  e l e c t r i c a l   c o n t a c t ,   and  t h e r e f o r e ,   t h e r m a l  

c o n t a c t   with  the  f i r s t   l a m i n a .   This  s t r u c t u r e   is  a d a p t e d   t o  

be  c o n n e c t e d   a c r o s s   a  c o n s t a n t   c u r r e n t ,   a .c . ,   s o u r c e   s u c h  

t h a t   t he   l a y e r s   a re   in  a  s e n s e   in  p a r a l l e l   a c r o s s   t h e  

s o u r c e .  

Due  to  sk in   e f f e c t ,   the  c u r r e n t   is  i n i t i a l l y   c o n f i n e d  

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

t h a t   P  = KR1  where   P  is   p o w e r ,   K  is   12  w h i c h   is   a  c o n s t a n t ,  

and  R  is  the  e f f e c t i v e   r e s i s t a n c e   of  the   p e r m e a b l e   m a t e r i a l  

at  high  c u r r e n t   c o n c e n t r a t i o n s .   The  d i s s i p a t i o n   of  p o w e r  

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

The  p e r m e a b i l i t y   of  the  l a m i n a   d e c r e a s e s  t o w a r d s   the  l e v e l  

of  the  second   l a y e r ,   c o p p e r   fo r   i n s t a n c e ,   at   abou t   i t s   C u r i e  

t e m p e r a t u r e .   The  c u r r e n t   is  no  l o n g e r   c o n f i n e d   to  the  h i g h  

r e s i s t i v i t y  f i r s t   l amina   by  the  m a g n e t i c   p r o p e r t i e s   of  t h e  

f i r s t  l a m i n a ,   and  s p r e a d s   i n t o   the  c o p p e r   l a y e r ;   t h e  

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

consumed,   P =  KR2  where  R2  «   R1,  is  g r e a t l y   r e d u c e d   and  t h e  

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



d e v i c e   at  or  near   the  Curie   t e m p e r a t u r e .   The  d e v i c e   t h u s  

t h e r m a l l y   a u t o r e g u l a t e s   over   a  narrow  t e m p e r a t u r e   r a n g e  

abou t   the  Cur ie   t e m p e r a t u r e .  

The  c u r r e n t   sou rce   employed  in  the  a f o r e s a i d   p a t e n t  

is  t y p i c a l l y   a  high  f r e q u e n c y   s o u r c e ,   for   i n s t a n c e ,   8  to  20 

MHz  to  i n s u r e   t h a t   the  c u r r e n t   is  c o n f i n e d   to  the  t h i n ,   h i g h  

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

the  m a g n e t i c   m a t e r i a l   is  a t t a i n e d .   S p e c i f i c a l l y ,   t h e  

maximum  r e g u l a t i o n   is  a c h i e v e d   when  the  t h i c k n e s s   of  t h e  

m a g n e t i c   l a y e r   is  of  the   o r d e r   o f ' o n e   s k i n   d e p t h   at  t h e  

f r e q u e n c y   of  o p e r a t i o n .   Under  t he se   c i r c u m s t a n c e s ,   t h e  

maximum  change  in  e f f e c t i v e   r e s i s t a n c e   of  the  s t r u c t u r e   i s  

a c h i e v e d   at  or  abou t   the  Curie   t e m p e r a t u r e .   This   f a c t   c a n  

be  d e m o n s t r a t e d   by  r e f e r e n c e   to  the  e q u a t i o n   fo r   sk in   d e p t h  

in  a  m o n o l i t h i c ,   i . e . ,   n o n - l a m i n a r   m a g n e t i c   s t r u c t u r e :  

S .D.  =   5030  ρ µf  cm,  where  ρ  is  the  r e s i s t i v i t y  

of  the  m a t e r i a l   in  o h m - c m s ,  p   is  m a g n e t i c   p e r m e a b i l i t y   mu 

a n d  f   is  f r e q u e n c y  o f   the  c u r r e n t .   The  f i e l d   f a l l s   o f f   i n  

a c c o r d a n c e   wi th   e-x  where  x  is  t h i c k n e s s / s k i n   d e p t h .  

A c c o r d i n g l y ,   in  a  m o n o l i t h i c   s t r u c t u r e ,   by  c a l c u l a t i o n ,  

63.2%  of  the  c u r r e n t   is  c o n f i n e d   to  one  skin   d e p t h   in  t h e  

high  mu  m a t e r i a l .   In  the  r e g i o n   of  the  Cur ie   t e m p e r a t u r e ,  

w h e r e  P   =  1 ,   the  c u r r e n t   s p r e a d s   i n to   a  r e g i o n   S.D.  =  5030  

ρ  µ f   cm.  If  mu  was  o r i g i n a l l y   equa l   to  2 0 0 ( 2 0 0 - 6 0 0  

be ing   p o s s i b l e ) ,   the  sk in   depth   in  the  r e g i o n   at  the  C u r i e  

t e m p e r a t u r e   i n c r e a s e s   by  the  squa re   roo t   of  200;  i . e . ,   t h e  

skin   dep th   in  the  m o n o l i t h i c   s t r u c t u r e   is  now  14.14  t i m e s  

g r e a t e r   than  w i t h  p  =   200 .  

The  same  type  of  r e a s o n i n g   c o n c e r n i n g   the  sk in   e f f e c t  

may  be  a p p l i e d   to  the  two  l a y e r   l a m i n a r   s t r u c t u r e   in  t h e  



a f o r e s a i d   p a t e n t .   Below  the  Cur ie   t e m p e r a t u r e ,   the  m a j o r i t y  

of  the   c u r r e n t   f l o w s   in  the  m a g n e t i c   l a y e r   when  t h e  

t h i c k n e s s   of  t h i s   l a y e r   is  n o m i n a l l y   one  sk in   d e p t h  o f   t h e  

m a t e r i a l   below  the  Curie   t e m p e r a t u r e .   In  the  r e g i o n   o f  

the  Cu r i e   t e m p e r a t u r e ,   the  m a j o r i t y   of  the  c u r r e n t   now  f l o w s  

in  the  coppe r   and  the  r e s i s t a n c e   d rops   d r a m a t i c a l l y .   If  t h e  

t h i c k n e s s   of  t h i s   high  mu  m a t e r i a l   were  g r e a t e r   than  two 

skin  d e p t h s ,   the  p e r c e n t a g e   change  of  c u r r e n t   f l o w i n g   in  t h e  

high  c o n d u c t i v i t y   copper   would  be  l e s s   and  the  r e s i s t i v i t y  

change  would  not  be  as  d r a m a t i c .   S i m i l a r l y ,   if  t h e  

t h i c k n e s s   of  the  high  mu  m a t e r i a l   were  m a t e r i a l l y   l e s s   t h a n  

one  sk in   d e p t h ,   the  p e r c e n t a g e   of  c u r r e n t   f l o w i n g   in  t h e  

high  r e s i s t i v i t y   m a t e r i a l   at  a  t e m p e r a t u r e   l e s s   than   t h e  

Curie   t e m p e r a t u r e   would  be  l e s s   s o . t h a t   the  change   o f  

r e s i s t a n c e   at  the  Cur ie   t e m p e r a t u r e   would  a g a i n   not  be  a s  

d r a m a t i c .   The  r e g i o n   of  1.0  to  p e r h a p s   1.8  s k i n   d e p t h s   o f  

high  mu  m a t e r i a l   is  p r e f e r r e d .  

An  e x a c t   r e l a t i o n s h i p   for   the  two  l a y e r   case   is  q u i t e  

complex .   The  b a s i c   m a t h e m a t i c a l   f o r m u l a s   for   s u r f a c e  

impedance   from  which  e x p r e s s i o n s   can  be  o b t a i n e d   fo r   t h e  

r a t i o   of  the  maximum  r e s i s t a n c e ,   Rmax,  be low  the  C u r i e  

t e m p e r a t u r e ,   to  the  minimum  r e s i s t a n c e ,   R-min  above   t h e  

Curie   t e m p e r a t u r e ,   are  g i v e n   in  S e c t i o n   5.19,  pp.  298-303  o f  

the  s t a n d a r d   r e f e r e n c e ,   " F i e l d s   and  Waves  in  C o m m u n i c a t i o n s  

E l e c t r o n i c s , "   3rd  E d i t i o n ,   by  S.  Ramo,  J.R.  W i n n e r y ,   and  T. 

VanDuzer ,   p u b l i s h e d   by  John  Wi ley   and  Sons,  New  York,  1965 .  

A l t h o u g h   the  t h e o r y  d e s c r i b e d   in  the  above   r e f e r e n c e   i s  

p r e c i s e   o n l y   f o r   the  c a s e  o f   f l a t   l a y e r s ,   i t   is  s t i l l  

a c c u r a t e   enough  for   a l l   p r a c t i c a l   a p p l i c a t i o n s   in  which  t h e  



sk in   dep th   is  s u b s t a n t i a l l y   l e s s   than  the  r a d i u s   o f  

c u r v a t u r e .  

D i f f i c u l t y   may  a r i s e   in  such  d e v i c e s   when  the  C u r i e  

t e m p e r a t u r e   is  a c h i e v e d   due  to  sp read   of  the  c u r r e n t   a n d / o r  

m a g n e t i c   f l ux   in to   a d j a c e n t   r e g i o n s   o u t s i d e   of  the  d e v i c e ,  

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

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

In  c o p e n d i n g   p a t e n t   a p p l i c a t i o n   of  C a r t e r   and  Krumme, 

S.N.  243,777,   f i l e d   March  16,  1981,  a  c o n t i n u a t i o n - i n - p a r t  

a p p l i c a t i o n   of  the  a p p l i c a t i o n   from  which  the  a f o r e s a i d  

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

p r e v e n t i n g   the  high  f r e q u e n c y   f i e l d   g e n e r a t e d   in  the  h e a t e d  

d e v i c e   from  r a d i a t i n g   i n to   the  r e g i o n s   a d j a c e n t   the  d e v i c e .  

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

o t h e r   m a t e r i a l   of  h igh  c o n d u c t i v i t y   is  s u f f i c i e n t l y   t h i c k ,  

s e v e r a l   sk in   d e p t h s   at  the  f r e q u e n c y   of  the  s o u r c e ,   t o  

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

f e a t u r e   is  i m p o r t a n t   in  many  a p p l i c a t i o n s   of  the  d e v i c e   s u c h  

as  a  s o l d e r i n g   i ron   where  e l e c t r o m a g n e t i c   f i e l d s   may  i n d u c e  

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

which  may  d e s t r o y   such  c o m p o n e n t s .  

As  i n d i c a t e d   above ,   the  m a g n e t i c   f i e l d   in  a  s i m p l e ,  

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

so  t h a t   at   t h r e e   s k i n   d e p t h s ,   the  f i e l d   is  4.9%  of  maximum, 

at  f i v e   sk in   d e p t h s ,   i t   is  0.67%,  and  at  ten  sk in   d e p t h s ,  

the  f i e l d   is  .005%  of  maximum.  For  many  uses ,   t h i c k n e s s e s  

of  t h r e e   skin   d e p t h s   are  s a t i s f a c t o r y   a l t h o u g h   ten  or  m o r e  

may  be  r e q u i r e d   wi th   some  h i g h l y   s e n s i t i v e   d e v i c e s   in  t h e  

v i c i n i t y   of  l a r g e   h e a t i n g   c u r r e n t s .  

The  d e v i c e s   of  the  p a t e n t   and  a p p l i c a t i o n   a r e  



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

s u i t a b l e   s u p p l y ,   but   a  d r a w b a c k   is  the   c o s t   of  t he   h i g h  

f r e q u e n c y   power  s u p p l y .   Where  on ly   a  ve ry   low  f i e l d   may  be  

p e r m i t t e d   to  r a d i a t e   from  the  d e v i c e ,   the  f r e q u e n c y   of  t h e  

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

the  m e g a h e r t z   r e g i o n ,   to  be  a b l e   to  e m p l o y   c o p p e r   or  o t h e r  

n o n - m a g n e t i c   m a t e r i a l   having  r e a s o n a b l e   t h i c k n e s s e s .  

In  a c c o r d a n c e   with  the  i n v e n t i o n   of  c o - p e n d i n g  

a p p l i c a t i o n   of  John  F.  Krumme,  S.N.  4 3 0 , 3 1 7 ,   e n t i t l e d   " A u t o -  

r e g u l a t i n g   E l e c t r i c a l l y   S h i e l d e d   H e a t e r , "   f i l e d   on  9 / 3 0 / 8 2 ,  

a  r e l a t i v e l y   low  f r e q u e n c y   c o n s t a n t   c u r r e n t   s o u r c e   may  be  

employed   as  a  r e s u l t   of  f a b r i c a t i n g   the  n o r m a l l y   n o n -  

m a g n e t i c ,   low  r e s i s t i v i t y   l a y e r   from  a  high  p e r m e a b i l i t y ,  

high  Cu r i e   t e m p e r a t u r e   m a t e r i a l .   Thus,  the  d e v i c e   c o m p r i s e s  

a  h igh  p e r m e a b i l i t y ,   high  r e s i s t i v i t y   f i r s t   l a y e r   a d j a c e n t  

the  c u r r e n t   r e t u r n   path  and  a  high  p e r m e a b i l i t y ,   p r e f e r a b l y  

low  r e s i s t i v i t y   second  l a y e r   remote  from  the  r e t u r n   p a t h ;  

the  second   l a y e r   hav ing   a  h i g h e r   Cur ie   t e m p e r a t u r e   than   t h e  

f i r s t - m e n t i o n e d   l a y e r .  

As  used  h e r e i n ,   the  term  "high  m a g n e t i c   p e r m e a b i l i t y "  

r e f e r s   to  m a t e r i a l s   hav ing   p e r m e a b i l i t i e s   g r e a t e r   than  p a r a -  

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

p e r m e a b i l i t i e s   of  100  or  more  are  p r e f e r r e d   fo r   m o s t  

a p p l i c a t i o n s .  

The  t h e o r y   of  o p e r a t i o n   u n d e r l y i n g   the  i n v e n t i o n   o f  

the  a f o r e s a i d   a p p l i c a t i o n   f i l e d   on  S e p t e m b e r   30  1982  is  t h a t  

by  u s i n g   a  high  p e r m e a b i l i t y ,   high  Cur i e   t e m p e r a t u r e  

m a t e r i a l   as  the  low  r e s i s t i v i t y   l a y e r ,   the  sk in   d e p t h   of  t h e  

c u r r e n t   in  t h i s   s e c o n d   l a y e r   is  such   as  to  c o n f i n e   t h e  



c u r r e n t   to  a  q u i t e   t h in   l a y e r   even  at  low  f r e q u e n c i e s  

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

e l e c t r i c a l l y   and  m a g n e t i c a l l y   but  not  t h e r m a l l y   with  a  l o w  

r e s i s t i v i t y   l a y e r   of  m a n a g e a b l e   t h i c k n e s s .   The  second  l a y e r  

is  p r e f e r a b l y   formed  of  a  low  r e s i s t i v i t y   m a t e r i a l ,   but  t h i s  

is  not  e s s e n t i a l .  

An  example   of  a  d e v i c e   e m p l o y i n g   two  high  mu  l a m i n a e  

u t i l i z e s   a  l a y e r   of  A l l o y   42  h a v i n g   a  r e s i s t i v i t y   of  a b o u t  

70-80  m i c r o - o h m s - c m ,   a  p e r m e a b i l i t y   about   200,  and  a  C u r i e  

t e m p e r a t u r e   of  a p p r o x i m a t e l y   300°  c e n t i g r a d e .   A 

second   l a y e r   is  formed  of  ca rbon   s t e e l   h a v i n g   a  r e s i s t i v i t y  

of  about   10  m i c r o - o h m s - c m ,   a  p e r m e a b i l i t y   of  1000,  and  a 

Cur i e   t e m p e r a t u r e   of  about   760°  c e n t i g r a d e .   The  s k i n  

d e p t h s ,   u s ing   a  60  Hz  s u p p l y   are  .1"  for   A l l o y   42  and  . 025"  

f o r   c a r b o n   s t e e l .   An  e x a m p l e   of  a  p r a c t i c a l   60 Hz  h e a t e r  

based  on  the  p r e s e n t   i n v e n t i o n ,   may  employ  a  c o a x i a l   h e a t e r  

c o n s i s t i n g   of  a  .25  inch  d i a m e t e r   c y l i n d r i c a l   or  t u b u l a r  

coppe r   c o n d u c t o r   (the  " r e t u r n "   c o n d u c t o r ) ,   a  t h i n   l a y e r  

( p e r h a p s   .002  in  t h i c k n e s s )   of  i n s u l a t i o n ,   f o l l o w e d   by  t h e  

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

of  400  and  a  t h i c k n e s s   of  0.1  inch,   and  f i n a l l y   an  o u t e r  

j a c k e t   of  s t e e l   h a v i n g   a  p e r m e a b i l i t y   of  1000  and  a 

t h i c k n e s s   of  0.1  inch.   The  o v e r a l l   h e a t e r   d i a m e t e r   would  be  

a  .65  inch.   If  the  h e a t e r   is  used  in  a  s i t u a t i o n   r e q u i r i n g  

5  w a t t s   per  foo t   of  h e a t e r   l e n g t h   fo r ,   for   i n s t a n c e ,  

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

t h e   h e a t e r   is   1000  f e e t ,   the   r e s i s t a n c e   of  the   h e a t e r   w i l l  

be  1.96  ohms.  T h e  c u r r e n t   w i l l   be  50  amperes ,   and  t h e  

v o l t a g e  a t   the  g e n e r a t o r   end  w i l l   be  140  v o l t s   a t  

t e m p e r a t u r e s   somewhat  below  the  Cur ie   t e m p e r a t u r e   of  t h e  



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

o u t e r   p ipe .   If  t h e r e   were  s u b s t a n t i a l   changes   in  t h e  

e l e c t r i c a l   r e s i s t a n c e   due  to  v a r i a t i o n s   of  the  t h e r m a l   l o a d ,  

the  r e q u i r e d   v o l t a g e   must  vary   in  o r d e r   to  m a i n t a i n   c o n s t a n t  

c u r r e n t .   E i t h e r   of  t he se   l a t t e r   s u p p l i e s   p r o v i d e   c u r r e n t   a t  

c o s t s   c o n s i d e r a b l y   l e s s   than  a  c o n s t a n t   c u r r e n t   s u p p l y   at  8 -  

20  MHz. 

The  power  r e g u l a t i o n   r a t i o s   (AR)  in  such  a  d e v i c e ;  

2:1  to  4:1,  are   not   as  high  as  with  the  d e v i c e   of  the  p a t e n t  

with  a  r e s i s t i v i t y   d i f f e r e n c e   o f  a b o u t   10:1,  bu t   the  AR 

d i f f e r e n c e   may  be  r e d u c e d   by  us ing   m a t e r i a l s   of  h i g h e r   a n d  

lower   r e s i s t i v i t i e s   for   the  low  Cur ie   t e m p e r a t u r e   and  h i g h  

Curie   t e m p e r a t u r e   m a t e r i a l s ,   r e s p e c t i v e l y .   A l s o ,   a  h igh   mu, 

r e l a t i v e l y   low  r e s i s t i v i t y   m a t e r i a l   such  as  i r o n   or  l o w  

carbon   s t e e l   may  be  employed   to  f u r t h e r   i n c r e a s e   the  p o w e r  

r e g u l a t i o n   r a t i o .  

In  a c c o r d a n c e   with  the  i n v e n t i o n   of  c o - p e n d i n g   p a t e n t  

a p p l i c a t i o n   S.N.  4 4 5 , 8 6 2  o f   John  F.  Krumme  f i l e d   on  

December  1,  1982,  a u t o r e g u l a t i n g   power  r a t i o s   of  6:1  to  7 : 1  

are  a t t a i n e d   w h i l e   r e t a i n i n g   the  a b i l i t y   to  u t i l i z e   l o w  

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

f i e l d   r a d i a t i o n .  

The  o b j e c t s   of  the  i n v e n t i o n   are  a c h i e v e d   by  

p r o v i d i n g   a  r e g i o n   of  high  c o n d u c t i v i t y   at  the  i n t e r f a c e   o f  

the  two  members  h a v i n g   high  p e r m e a b i l i t y   as  s e t   f o r t h   in  t h e  

Krumme  a p p l i c a t i o n ,   S.N.  4 3 0 , 3 1 7 ,   f i l e d   on  S e p t e m b e r   30,  1 9 8 2 .  

The  m a t e r i a l   in  the  i n t e r f a c e   r e g i o n   may  be  c o p p e r ,  

for   i n s t a n c e ,   or  o t h e r   h i g h l y   c o n d u c t i v e   m a t e r i a l .   The 

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



m a g n e t i c ,   n o n - m a g n e t i c   and  m a g n e t i c   m a t e r i a l   or  may  be  

bonded  to  the  high  a n d / o r   low  Cur ie   t e m p e r a t u r e ,  

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

r e s i s t i v i t y ,   i n t e r f a c e   r e g i o n .  

T y p i c a l   t h i c k n e s s e s   of  the  s andwich   c o n s t r u c t i o n   at  1 

KHz  are  0.03"  for   both  the  low  and  high  Cur ie   t e m p e r a t u r e  

f e r r o m a g n e t i c   m a t e r i a l s ,   r e s p e c t i v e l y ,   and  .010  inch  for  t h e  

coppe r   l a y e r .  

In  o p e r a t i o n ,   as  the  Cur ie   t e m p e r a t u r e   of  the  f i r s t  

l a y e r   is  a p p r o a c h e d   and  i t s   p e r m e a b i l i t y   r a p i d l y   d e c r e a s e s ,  

the  c u r r e n t   s p r e a d s   in to   the  copper   l a y e r   and  i n t o   t h e  

second   m a g n e t i c   l a y e r .   The  t o t a l   r e s i s t a n c e   of  t h e  

s t r u c t u r e ,   due  to  the  p r e s e n c e   of  the  copper ,   d r o p s  

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

m o s t   of  the   c u r r e n t   is  c o n f i n e d   to  the   c o p p e r   l a y e r   and  o n l y  

a  s m a l l   p e r c e n t a g e   p e n e t r a t e s   i n t o   the  second  m a g n e t i c  

l a y e r .   In  c o n s e q u e n c e ,  t h i s   l a t t e r   l a y e r   need  be  o n l y   3  t o  

5  sk in   d e p t h s   t h i c k   to  e f f e c t   v i r t u a l l y   c o m p l e t e   s h i e l d i n g  

of  the  d e v i c e .   Thus,  the  o b j e c t   of  a  l a r g e   a u t o r e g u l a t i n g  

p o w e r  r a t i o   in  a  r e l a t i v e l y   s m a l l   d e v i c e   u s ing   a  l o w  

f r e q u e n c y   sou rce   is  a c h i e v e d .   By  a  low  f r e q u e n c y   is  meant  a 

s o u r c e   in  the  range  of  50  Hz  to  10,000  Hz  a l t h o u g h   50  Hz-  

8000  Hz  is  f u l l y   a d e q u a t e .  

With  a u t o r e g u l a t i n g   r a t i o s   of  6:1  and  7:1,  t h e  

h e a t i n g   v a r i a t i o n s   below  and  above  Cur ie   t e m p e r a t u r e   a r e  

q u i t e   l a r g e   so  t h a t   the  a p p a r a t u s   may  r e spond   r a p i d l y   t o  

t h e r m a l   load  v a r i a t i o n s   and  thus   m a i n t a i n   a c c u r a t e  

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

f r e q u e n c y .  



In  a c c o r d a n c e   with  the  p r e s e n t   i n v e n t i o n ,   two  o p p o s e d  

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

each  wi th   a  f e r r o m a g n e t i c   m a t e r i a l   of  d i f f e r e n t   C u r i e  

t e m p e r a t u r e .   The  term  " c o n d u c t i v e   m a t e r i a l "   as  used  h e r e i n  

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

as  coppe r   or  a  f e r r o m a g n e t i c   m a t e r i a l   of  r e l a t i v e l y   h i g h  

c o n d u c t i v i t y   and  a  Cur ie   t e m p e r a t u r e   w e l l   above  the  C u r i e  

t e m p e r a t u r e s   of  the  f e r r o m a g n e t i c , s u r f a c e   c o a t i n g s .   In  t h e  

l a t t e r   c a s e ,   a  t h i n   l a y e r   of  c o p p e r   or  the   l i k e   m a y  b e  

i n t e r p o s e d   be tween   the  s u r f a c e   l a y e r s   and  the  f e r r o m a g n e t i c  

s u b s t r a t e   to  i n c r e a s e   c o n d u c t i v i t y   above  the  C u r i e  

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

d e v i c e ,   two  c u r r e n t   r e t u r n   p a t h s   are  employed   each  a d j a c e n t  

to  and  i n s u l a t e d   f rom  a  d i f f e r e n t   one  of  the   l a m i n a t e s   o f  

f e r r o m a g n e t i c   m a t e r i a l ;   the  r e t u r n   pa th   and  f e r r o m a g n e t i c  

m a t e r i a l   be ing  c o n n e c t e d   t o g e t h e r   at  one  end  of  t h e  

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

A  c o n s t a n t   c u r r e n t   s o u r c e   is ,   by  m e a n s  o f   a p p r o p r i a t e  

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

or  the  o t h e r   of  the  p a i r s   of  f e r r o m a g n e t i c   c o a t i n g   and  i t s  

r e t u r n   pa th .   A u t o r e g u l a t i o n   o c c u r s   in  the  r e g i o n   of  t h e  

Cur i e   t e m p e r a t u r e   of  the  c o n n e c t e d   f e r r o m a g n e t i c   c o a t i n g .  

P r e f e r r a b l y   the  c o n d u c t i v e   l a m i n a t e   is  of  s u f f i c i e n t  

t h i c k n e s s ,   5  to  10  sk in   d e p t h s   to  p r e v e n t   i n t e r a c t i o n   of  t h e  

f e r r o m a g n e t i c   l a y e r s .   S ince   each  of  the  two  s u r f a c e  

c o a t i n g s   have  d i f f e r e n t   Cur i e   t e m p e r a t u r e s ,   the  a p p a r a t u s  

a u t o r e g u l a t e s   at  abou t   the  Cur ie   t e m p e r a t u r e   of  the  s u r f a c e  

c o a t i n g   c o n n e c t e d   in  the  c i r c u i t .  



The  term  c o n s t a n t   c u r r e n t   as  employed   h e r e i n   does  n o t  

mean  a  c u r r e n t   t h a t   cannot   vary ,   but  means  a  c u r r e n t   t h a t  

obeys  the  f o l l o w i n g   f o r m u l a :  

S p e c i f i c a l l y ,   in  o r d e r   to  a u t o r e g u l a t e ,   the  power  d e l i v e r e d  

to  the  load  when  the  h e a t e r   exceeds   Cur ie   t e m p e r a t u r e ,   m u s t  

be  l e s s   than  the  power  d e l i v e r e d   to  the  load  below  C u r i e  

t e m p e r a t u r e .   If  the  c u r r e n t   is  he ld   i n v a r i a b l e ,   then  t h e  

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

the  power  s u p p l y   to  r educe   c u r r e n t .   So  long ,   howeve r ,   a s  

the  c u r r e n t   is  r e d u c e d   s u f f i c i e n t l y   to  r educe   h e a t i n g ,  

a u t o r e g u l a t i o n   is  a c h i e v e d .   Thus,  when  l a r g e   a u t o r e g u l a t i n g  

r a t i o s   are  not  r e q u i r e d ,   c o n s t r a i n t s   on  the  d e g r e e   o f  

c u r r e n t   c o n t r o l   may  be  r e l a x e d   thus  r e d u c i n g   the  c o s t   of  t h e  

power  s u p p l y .  

The  above  e q u a t i o n   is  d e r i v e d   by  a n a l y z i n g   t h e  

e q u a t i o n :  

P  =   (I  +  ΔI)2  (R  +  AR)  where  P  is  p o w e r ,  

D i f f e r e n t i a t i n g   P  with  r e s p e c t   to  R 

and  to  s a t i s f y   the  r e q u i r e m e n t s   for  a u t o r e g u l a t i o n  

dR dR  <0.  T h u s ,  I 2  +   2RI (dI DR) <  0  which  r e d u c e s  

to  E q u a t i o n   1  a b o v e .  

A  d e v i c e   t h a t   a u t o r e g u l a t e s   at   more  than  t w o  

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

s p a c e s   be tween   p a i r s   of  a u t o r e g u l a t i n g   d e v i c e s .   S p e c i f -  

i c a l l y ,   the  c o n c e n t r a t i o n   of  c u r r e n t   in  a  c o n d u c t o r   due  t o  

skin  e f f e c t   is  on  the  s u r f a c e   of  the  c o n d u c t o r   a d j a c e n t   t he  



c u r r e n t   r e t u r n   pa th .   If  three  l a y e r s   s e p a r a t e d   h y  

two  c o n d u c t i v e   pa ths   are  e m p l o y e d   in  an  a t t e m p t   to  p r o v i d e   a 

d e v i c e   with  three  (or  more)  a u t o r e g u l a t i n g   t e m p e r a t u r e s ,   a 

c o n d u c t i v e   pa th   is  p r o v i d e d   a l o n g   both   s u r f a c e s   of  t h e  

f e r r o m a g n e t i c   m a t e r i a l ,   and  the  c u r r e n t   w i l l   f l o w   at  a l l  

t imes  p r e d o m i n a n t l y   in  the  c o n d u c t i v e   medium  a n d  

a u t o r e g u l a t i o n   is  de fea ted .   By  p r o v i d i n g   a  n o n - c o n d u c t i v e  

s p a c e   be tween   c e r t a i n   of  the  l a y e r s ,   three  or  m o r e  

t e m p e r a t u r e s   may  be  a c h i e v e d .   S ince ,   howeve r ,   t h e  

b a s i c   c o n c e p t   behind  d e v i c e s   of  this  g e n e r a l   c h a r a c t e r   is  t o  

hea t   a  g i v e n   medium,  i n s u l a t i o n   of  p a r t   of  the  h e a t e r   f r o m  

a n o t h e r   p a r t   may  d e f e a t   the  ba s i c   p u r p o s e   of  the  d e v i c e   u n l e s s  

the  l a y e r s   are  s e p a r a t e d   by  a  hea t   c o n d u c t i n g   e l e c t r i c a l  

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

be tween   the  two  p a r t s   of  the  h e a t e r .   A p p r o p r i a t e   m a t c h i n g  

is  e m p l o y e d   to  m a i n t a i n   the  c u r r e n t   r e t u r n   p a t h   a t   t h e  

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

s u r f a c e   l a y e r .  

I t   is  an  o b j e c t   of  the  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 

m u l t i - t e m p e r a t u r e   a u t o r e g u l a t i n g   h e a t e r .  

A n o t h e r   o b j e c t   of  the  p r e s e n t   i n v e n t i o n   is  to  p r o v i d e  

a  m u l t i - t e m p e r a t u r e   a u t o r e g u l a t i n g   h e a t e r   in  which  t h e  

d e s i r e d   t e m p e r a t u r e   may  be  s e l e c t e d   at  w i l l .  

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

a d v a n t a g e s   of  the  present   i n v e n t i o n   w i l l   become  a p p a r e n t  

upon  c o n s i d e r a t i o n   of  the  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   o f  

one  s p e c i f i c   embodiment   t h e r e o f ,   e s p e c i a l l y   when  t aken   i n  

c o n j u n c t i o n   with  the  accompanying   d r a w i n g ,   w h e r e i n :  



Fig.  1  is  a  p a r t i a l   d i a g r a m m a t i c   and  p a r t i a l  

e l e c t r i c a l   s c h e m a t i c   d iagram  of  one  embod imen t   of  a  d u a l  

t e m p e r a t u r e   h e a t e r   of  the  p r e s e n t   i n v e n t i o n ;  

Fig.  2  is  a  p a r t i a l   d i a g r a m m a t i c   and  p a r t i a l   1 

e l e c t r i c a l   s c h e m a t i c   d iagram  of  a  s e c o n d   embod imen t   of  a 

dua l   t e m p e r a t u r e   h e a t e r   of  the  p r e s e n t   i n v e n t i o n ;  

Fig.  3  is  a  p a r t i a l   d i a g r a m m a t i c   and  p a r t i a l   1 

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

p r e s e n t   i n v e n t i o n ;   and 

F ig .   4  is  a  v a r i a t i o n   of  the  embodiment   of  Fig.   3.  

R e f e r r i n g   now  s p e c i f i c a l l y   to  Fig.   1  of  t h e  

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

h e a t e r   h a v i n g   a  s u b s t r a t e   or  l amina-   1  of  c o n d u c t i v e   m a t e r i a l  

c o a t e d   on  i t s   top   and  b o t t o m   s u r f a c e s   as  i l l u s t r a t e d   in  F i g .  

1,  with  l a y e r s   3  and  5,  r e s p e c t i v e l y ,   of  f e r r o m a g n e t i c  

m a t e r i a l s   of  d i f f e r e n t   Curie  t e m p e r a t u r e s .   L a y e r s   3  and  5 

are  p r o v i d e d   with  i n s u l a t i n g   l a y e r s   2  and  4  l o c a t e d   b e t w e e n  

l a y e r s   3  and  5  and  c u r r e n t   r e t u r n   c o n d u c t o r s   6  and  8 ,  

r e s p e c t i v e l y .   A  c o n s t a n t   c u r r e n t   s o u r c e   7,  has  i t s   t w o  

t e r m i n a l s   c o n n e c t e d   to  m o v a b l e   c o n t a c t s   9  and  10  of  a  d o u b l e  

p o l e   d o u b l e   throw  switch  11.  The  m o v a b l e   c o n t a c t s   9  and  17 

are   s w i t c h a b l e   be tween   s t a t i o n a r y   c o n t a c t s   13  and  15,  on  t h e  

one  hand,   and  c o n t a c t s   19  and  21,  on  the  o t h e r .   C o n t a c t s   13 

and  14  are  c o n n e c t e d   r e s p e c t i v e l y   to  f e r r o m a g n e t i c   l a y e r   5 

and  c o n d u c t i v e   l a y e r   8.  C o n t a c t s   19  and  21  are  connec t ed   t o  

l a y e r s   6  and  3,  r e s p e c t i v e l y .   The  l a y e r s   1,  6  and  8  are   a l l  

c o n n e c t e d   t o g e t h e r   via  a  l e a d   10  a t   the  end  of  the  d e v i c e  

r e m o t e   from  the  c o n n e c t i o n   of  the  s o u r c e   7  to  the  s t r u c t u r e .  



In  o p e r a t i o n ,   if  h e a t i n g   to  the  t e m p e r a t u r e   of  the  l a y e r   3 

is  d e s i r e d ,   the  c o n t a c t s   9  and  17  engage ,   r e s p e c t i v e l y ,  

c o n t a c t s   19  and  21.  I n i t i a l l y ,   due  to  skin  e f f e c t   r e s u l t i n g  

from  a p p r o p r i a t e   s e l e c t i o n   of  the  dep th   of  the  l a y e r   3,  t h e  

mu  and  r e s i s t i v i t y   of  the  l a y e r   3  and  the  f r e q u e n c y   of  t h e  

s o u r c e ,   o v e r   80%  of  the  c u r r e n t   may  be  c o n f i n e d   to  the  l a y e r  

3.  The  r e s u l t a n t   h e a t i n g   q u i c k l y   r a i s e s   the  t e m p e r a t u r e   o f  

the  d e v i c e   to  a b o u t   the  Curie  t e m p e r a t u r e   of  the  l a y e r   3.  

At  this  time,  the  mu  of  the  l a y e r   f a l l s   to  a b o u t   one,  a n d  

the  c u r r e n t   s p r e a d s   i n t o   the  c o n d u c t i v e   l a y e r   1.  The  I 2 R  

l o s s e s   d e c r e a s e   due  to  a  l a r g e   d e c r e a s e   in  the  v a l u e   of  R 

and  the  t e m p e r a t u r e   f a l l s   b e l o w   the  Curie  t e m p e r a t u r e   of  t h e  

l a y e r   3,  the  h e a t i n g   r a t e   i n c r e a s e s   and  the  c y c l e   r e p e a t s   t o  

m a i n t a i n   t e m p e r a t u r e   at  the  de s i r ed   l e v e l .  

If  it  is  wished  to  s e l e c t   the  t e m p e r a t u r e   d e t e r m i n e d  

by  l a y e r   5,  the  swi t ch   11  is  a c t i v a t e d   to  engage   c o n t a c t s   13 

and  15.  The  c y c l e   d e s c r i b e d   a b o v e   is  r e p e a t e d   with  t e m p e r a -  

tu re   m a i n t a i n e d   at  a  t e m p e r a t u r e   d e t e r m i n e d   by  the  m a t e r i a l  

of  l a y e r   5. 



A  t a b l e   of  some  of  the  more  t y p i c a l   f e r r o m a g n e t i c  

m a t e r i a l s   and  a s s o c i a t e d   Curie   t e m p e r a t u r e s   and  o t h e r   p a r a m e t e r s  

as  f o l l o w s :  

The  material   o f   the  l a y e r   1  may  be  c o p p e r   or  the  l i k e  

in  which  case   maximum  a u t o r e g u l a t i o n   r a t i o   is  a c h i e v e d .   I t  

is  p r e f e r a b l e ,   though  not   e s s e n t i a l   in  many  c a s e s ,   t h a t   t he  

l a y e r   1  be  5  to  10  skin  dep ths   thick  to  p r e v e n t   i n t e r a c t i o n  

of  the  two  m a g n e t i c   l a y e r s .  

As  p r e v i o u s l y   i n d i c a t e d ,   the  l a y e r   1  may  a l s o   be  a  

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

Curie  t e m p e r a t u r e   w e l l   a b o v e   those  of  l a y e r s   3  and  5.  The 

a u t o r e g u l a t i o n   r a t i o   of  such  a  d e v i c e   is  not   as  high  as  w i t h  

c o p p e r ,   bu t   the  th ickness   of  the  l a y e r   1  may  be  l e s s   due  t o  

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

l a y e r   1 .  

In  a n o t h e r   a l t e r n a t i v e ,   the  i m p r o v e m e n t   d i s c l o s e d   i n  

A p p l i c a t i o n   S.N.  445,862  may  be  employed.   R e f e r r i n g  



s p e c i f i c a l l y   to  the  end  view  of  such  a  d e v i c e   as  viewed  i n  

Fig.  2  of  the  a c c o m p a n y i n g   d r a w i n g s ,   the  c o m p o n e n t s   common 

to  Fig.  1  c a r r y   the  same  r e f e r e n c e   n u m e r a l s   but   with  p r i m e s  

added.   In  this  embodiment   of  the  i n v e n t i o n ,   the  l a y e r   1,  a s  

w e l l   as  the  l a y e r s   3  and  5,  is  f e r r o m a g n e t i c ,   and  a  t h i n  

l a y e r   of  c o p p e r   or  the  l ike  is  d i s p o s e d   between  l a y e r   1  a n d  

the  l a y e r s   3  and  5.  S p e c i f i c a l l y ,   thin  c o n d u c t i v e   l a y e r s   23 

and  25  are  l o c a t e d   between  l a y e r   1  and  l a y e r s   3  and  5, 

r e s p e c t i v e l y .  

The  r e s u l t   is  a  s h i e l d e d   d e v i c e   t h a t   is  t h i n n e r   t h a n  

the  s t r u c t u r e   of  Fig.  1  and  where  p e r f o r m a n c e   is,  for   m o s t  

purposes . ,   as  e f f e c t i v e   as  t h a t   of  Fig.   1. 

R e f e r r i n g   now  s p e c i f i c a l l y   to  Fig.  3  of  t h e  

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

t e m p e r a t u r e   h e a t e r   p a t t e r n e d   a f t e r   the  d e v i c e   of  Fig.  5  o f  

the  a f o r e s a i d   C a r t e r   et  al  p a t e n t .  

A  s i n g l e   cu r r en t   r e t u r n   c o n d u c t o r   27  of  r e c t a n g u l a r  

c r o s s - s e c t i o n   is  s u r r o u n d e d ,   in  the  o rde r   s t a t e d ,   by  a  h e a t  

c o n d u c t i v e ,   e l e c t r i c a l l y   i n s u l a t i n g   l a y e r   29,  for  i n s t a n c e ,  

of  b e r y l l i u m   oxide,   a  f e r r o m a g n e t i c   l a y e r   31,  a  l a y e r   33 

tha t   is  c o n d u c t i v e   r e l a t i v e   to  l a y e r   31,  a  s econd   t h e r m a l l y  

c o n d u c t i v e ,   e l e c t r i c a l l y   i n s u l a t i n g   l a y e r   35,  a  s e c o n d  

f e r r o m a g n e t i c   l a y e r   37,  and  a  r e l a t i v e l y   c o n d u c t i v e   l a y e r  

39.  F e r r o m a g n e t i c   l a y e r s   31  and  37  have   d i f f e r e n t   C u r i e  

t e m p e r a t u r e s   and  l a y e r s   33  and  39  may  be  n o n - m a g n e t i c  

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

to  Fig.   2.  

In  this  embodiment ,   the  d e v i c e   is  in  a  s h i e l d e d  

c o n f i g u r a t i o n   in  t h a t   by  choos ing   an  a p p r o p r i a t e   t h i c k n e s s  



of  the  l a y e r   39,  g e n e r a t i o n   of  m a g n e t i c   f i e l d s   e x t e r n a l   t o  

the  a p p a r a t u s   may  be  e l i m i n a t e d .   Thus,  the  d e v i c e   is  n o t  

l i m i t e d   in  the  l o c a t i o n   of  i t s   a p p l i c a b i l i t y   and  may  be 

wrapped  a r o u n d   p ipes   to  p r e v e n t   f r e e z i n g ,   used  in  d i e s e l  

f u e l   h e a t e r s   or  any  o ther   l o c a t i o n   where  d u a l   hea t   may  be 

d e s i r a b l e ,   such  as  s u r g i c a l   s c a l p e l s .  

The  e n t i r e   d e v i c e   may  be  c o a t e d   with  b e r y l l i u m   o x i d e  

so  that   it  is  e l e c t r i c a l l y   but  not  t h e r m a l l y   i n s u l a t e d   f rom 

i t s   e n v i r o n m e n t .  

The  d e v i c e   is  c o m p l e t e d   b y  c o n n e c t i n g   t h e  

f e r r o m a g n e t i c   l a y e r s   31  and  37  t o g e t h e r   and  to  the  c o n d u c t o r  

27  via  l e a d s   32,  38  and  28.  A  sou rce   41  has  one  e n d  

connec ted   via  l ead   42  connec ted   to  r e tu rn   c o n d u c t o r   27  a n d  

the  o ther   end  c o n n e c t e d   to  the  c e n t e r   c o n t a c t   44  of  a  s i n g l e  

p o l e   d o u b l e   throw  swi tch   43.  A  c o n t a c t   48  is  c o n n e c t e d   t o  

l a y e r   31  and  a  s econd   c o n t a c t   50  is  c o n n e c t e d   to  l a y e r   37 .  

Thus,  by  e n g a g i n g   c o n t a c t   48  or  c o n t a c t   50,  t h e  

a u t o r e g u l a t i n g   t e m p e r a t u r e   of  the  d e v i c e   may  be  s e l e c t e d  

from  two  d i f f e r e n t   t e m p e r a t u r e s .  

I t   s h o u l d   be  no ted   t h a t   by  making  f e r r o m a g n e t i c  

l a y e r s   31  and  37  e q u a l   to  5  to  10  skin  dep ths   thick,   when 

the  l a y e r s   are  a b o v e   the i r   Curie  t e m p e r a t u r e ,   the  l a y e r s   33 

and  39  may  be  e l i m i n a t e d   s ince   i n t e r a c t i o n   be tween   l a y e r s   31 

and  37  w o u l d   be  o b v i a t e d   and  the  l a y e r   37  w o u l d   be  t h i c k  

enough  to  p r e v e n t   r a d i a t i o n   even   when  the  l a y e r s   become  n o n -  

magnet ic .   Such  a  device   would  not  have  very  g o o d  

a u t o r e g u l a t i o n   bu t   w o u l d   be  s u f f i c i e n t   in  c e r t a i n   a r e a s   o f  

u s e .  

R e f e r r i n g   now  s p e c i f i c a l l y   to  Fig.  4  of  t h e  

a c c o m p a n y i n g   d r a w i n g s ,   there  is  i l l u s t r a t e d   a  c y l i n d r i c a l   1 



v e r s i o n   of  the  d e v i c e   of  Fig.  3.  The  e l e m e n t s   of  Fig.  4 

c o r r e s p o n d i n g   to  those  of  Fig.  3  bear   the  same  r e f e r e n c e  

n u m e r a l s   with  p r i m e s .  

The  d e v i c e   of  Fig.  4  is  a  thru  t e m p e r a t u r e   d e v i c e  

h a v i n g   added  l a y e r s   such  as  l a y e r   45  of  i n s u l a t i o n ,   l a y e r   47 

of  a  f e r r o m a g n e t i c   m a t e r i a l   of  a  th i rd   Curie  t e m p e r a t u r e   a n d  

a  f i n a l   coppe r   ( s h i e l d i n g )   l a y e r   49.  As  in  the  a p p a r a t u s   o f  

Fig.  2,  the  s h i e l d i n g   l a y e r s   331 ,  391 ,  and  49  may  be  

e l i m i n a t e d   by  making  the  f e r r o m a g n e t i c   l a y e r s   5  to  10  s k i n  

d e p t h s   t h i c k .  

The  d e v i c e   is  p r o v i d e d   with  a  s o u r c e   41  and  a  s i n g l e  

p o l e   t r i p l e   th rough   swi tch   51  h a v i n g   s t a t i o n a r y   c o n t a c t s   5 2 ,  

54  and  56  c o n n e c t e d   to  l a y e r   3 l  ,   37  and  47,  r e s p e c t i v e l y ,  

so  t h a t   a n y  o n e   of  the  three  l a y e r s   and  i t s   a s s o c i a t e d   C u r i e  

t e m p e r a t u r e   may  be  s e l e c t e d .   Of  c o u r s e ,   any  number  o f  

l a y e r s ,   within  r e a s o n ,   may  be  added  to  a c h i e v e   even   m o r e  

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

I t   s h o u l d   be  no ted   t h a t   the  i n s u l a t i n g   l a y e r   29  o f  

Fig.  3  has  been  e l i m i n a t e d   to  p r o v i d e   a  gap  be tween   r e t u r n  

c o n d u c t o r   271  and  f e r r o m a g n e t i c   l a y e r   311 .  This  g a p  

i n s u l a t e s   such  members  from  one  a n o t h e r   and  may  be  e m p l o y e d  

to  heat   f l u i d s ;   air ,   gas,  w a t e r ,   or  o the r   l i q u i d ,   fo r   a 

v a r i e t y   of  p u r p o s e s .   Any  one   of  the  i n s u l a t i n g   l a y e r s   may  

be  r emoved   to  a c c e p t   f l u i d   and  in  f a c t ,   three  d i f f e r e n t  

f l u i d s   may  be  hea ted   s i m u l t a n e o u s l y   to  three  d i f f e r e n t  

t e m p e r a t u r e s .   Sp ide r s   of  i n s u l a t i n g   m a t e r i a l   may  be  used  t o  

m a i n t a i n   s e p a r a t i o n   between  the  l a y e r s .  

If  a  c o n d u c t i v e   l i q u i d   is  to  be  h e a t e d ,   the  l i q u i d  

may  c o n s t i t u t e   the  c u r r e n t   r e t u r n   pa th   and  r e p l a c e   t h e  



copper  rod  271.  A l t e r n a t i v e l y ,   the  c o n d u c t i v e   l iqu id   may 

r e p l a c e   a n y  o n e   of  the  c o p p e r   l a y e r s   33  ,   391 ,  or  o t h e r s   a s  

l a y e r s   are  added.   P r e f e r a b l y ,   for   p u r p o s e s   of  h e a t  

t r a n s f e r ,   the  c o n d u c t i v e   l iquid   should   be  c e n t r a l l y   l o c a t e d  

in  the  d e v i c e .  

As  i n d i c a t e d   by  Figs.   3  and  4,  the  d e v i c e s   may  be  

c y l i n d r i c a l   o r   f l a t ,   may  be  a  s o l i d   s t a c k   us ing  b e r y l l i u m  

c o p p e r ,   or  the  l ike ,   s e p a r a t o r s   or  a  h o l l o w   s t a c k   o r  

c y l i n d e r   using  air   gap  s e p a r a t i o n .  

The  swi t ches   e m p l o y e d   may  be  m e c h a n i c a l ,  

e l e c t r o m e c h a n i c a l   or  e l e c t r o n i c   and  if  e i t h e r   of  the  l a t t e r  

two  l end   t h e m s e l v e s   for   use  with  a u t o m a t i c   p r o c e s s  

c o n t r o l l e r s .  



1.  A  m u l t i - t e m p e r a t u r e   a u t o r e g u l a t i n g   h e a t e r  

s t r u c t u r e   c o m p r i s i n g :  

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

s u r f a c e ,  

a  f i r s t   f e r r o m a g n e t i c   l a y e r   on  said  f i r s t   s u r f a c e  

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

at  l e a s t   a  second  f e r r o m a g n e t i c   l a y e r  

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

and  h a v i n g   a  Curie  t e m p e r a t u r e   d i f f e r e n t   from  the  C u r i e  

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

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

e i t he r   one  or  the  o ther   of  said  f e r r o m a g n e t i c   l a y e r s   w i t h  

a l t e r n a t i n g   c u r r e n t .  

2.  The  a p p a r a t u s   a c c o r d i n g   to  c l a i m   1  wherein  s a i d  

c o n d u c t i v e   s u b s t r a t e   has  an  e l o n g a t e d   d imens ion   and  s a i d  

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

a long  i t s   e l o n g a t e d   d i m e n s i o n .  

3.  The  a p p a r a t u s   a c c o r d i n g   to  c l a i m   1  wherein  s a i d  

members  are  e l e c t r i c a l l y   i n s u l a t e d   from  a n o t h e r   by  a  h e a t  

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

4.  The  a p p a r a t u s   a c c o r d i n g   to  c l a i m   1  wherein  s a i d  

members  are  i n s u l a t e d   from  one  a n o t h e r   by  an  a i r   g a p .  

5.  The  a p p a r a t u s   a c c o r d i n g   to  c l a i m   1  wherein  s a i d  

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

s u b s t r a t e   and  wherein  said  f i r s t   f e r r o m a g n e t i c   l a y e r   has  a 

s u r f a c e   s u r r o u n d i n g   said  s u r f a c e   of  said  s u b s t r a t e   a n d  



wherein  said  second  f e r r o m a g n e t i c   l a y e r   s u r r o u n d s   s a i d  

s u r f a c e   of  sa id   f i r s t   f e r r o m a g n e t i c   l a y e r ,  

a  source   of  a . c .   c o n s t a n t   c u r r e n t ,   a n d  

means  c o n n e c t i n g   one  t e r m i n a l   of  sa id   s o u r c e   t o  

said  c o n d u c t i v e   s u b s t r a t e   and  the  o the r   t e r m i n a l   of  s a i d  

s o u r c e   s e l e c t i v e l y   to  one  or  the  o the r   of  said  f e r r o m a g n e t i c  

l a y e r s ,   and  

means  c o n n e c t i n g   said  s u b s t r a t e   and  said  l a y e r s  

toge the r   e l e c t r i c a l l y   at  a  l o c a t i o n   remote  from  c o n n e c t i o n  

of  sa id   s t r u c t u r e .  

6.  The  a p p a r a t u s   a c c o r d i n g   to  c l a i m   5  wherein  s a i d  

s u b s t r a t e   and  sa id   l a y e r s   are  r e c t a n g u l a r .  

7.  The  a p p a r a t u s   a c c o r d i n g   to  c l a i m   5  wherein  s a i d  

s u b s t r a t e   and  sa id   l a y e r s   are  c y l i n d r i c a l .  
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