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A method of calculating the cooling of laminated magnetic circuits 
under vacuum conditions is proposed. The problem is reduced to 
finding the two-dimensional steady-state continuous temperature field 
for mixed boundary conditions. Numerical solutions are obtained for 
a heating core using the analog simulation technique and an EI-12 
integrator. 

This  p a p e r  i s  conce rned  with the  fo r ced  cool ing  of 
l amina t ed  magne t i c  c i r c u i t s ,  t r a n s f o r m e r s ,  e l e c t r i c a l  
m a c h i n e s  and MHD c o n v e r t e r s ,  and the ca l cu la t ion  of 
the c o r r e s p o n d i n g  t e m p e r a t u r e  f i e lds  under  vacuum 
condi t ions .  

A r a t h e r  e f fec t ive  m e a n s  of r e m o v i n g  the jou le  
hea t  f r om a m a g n e t i c  c i r c u i t  i s  to f o r m  channels  in 
the c l amping  p l a t e s  th rough  which coolant  can flow. If 
the  pack  i s  v e r y  th ick  t h e r e  m a y b e  s e v e r a l  such p l a t e s  
(F ig .  1). In th is  a r r a n g e m e n t  the  i n su l a t ed  l a m i n a t i o n s  
a r e  p a r a l l e l  to the p l a t e s .  Although in th i s  c a se  the  
cool ing  r a t e  i s  not as  good as  when the p l a n e s  of the 
cool ing e l e m e n t s  a r e  p e r p e n d i c u l a r  to the l a m i n a t i o n s ,  
the  c o m p r e s s i o n  of the pack  e n s u r e s  c l o s e  con tac t  
with the  cool ing  p l a t e  and the absence  of r a n d o m  gaps ,  
which in a vacuum m a y  l ead  to l a r g e  t e m p e r a t u r e  
d i f f e r e n c e s .  
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Fig. I. Arrangement of cooling channels in 
magnetic circuit: i) laminated magnetic cir- 
cuit; 2) clamping plate with cooling channels; 

3) clamping channel; 4) cooling channel. 

The cool ing  channel  m a y  occupy only p a r t  of the 
to ta l  width of the  pack  (Fig .  1)o 

We inves t i ga t ed  the  cool ing e f f ic iency  by d e t e r -  
min ing  the t e m p e r a t u r e  d i s t r i b u t i o n  ove r  the c r o s s  
s e c t i on  of  the  c o r e  of a l amina t ed  magne t i c  c i r c u i t  
(Fig. 2). 

The c o r e  shown in Fig .  2 is  r e c t a n g u l a r  in c r o s s  
sec t ion .  The cool ing  s ec t i ons  fg and cb occupy  p a r t  of 
the  edges  eh and da.  The jou le  hea t  r e l e a s e d  p e r  unit  
t ime  in unit  vo lume is  equal  to w~ 

It i s  a s s u m e d  tha t :  1) the  c o r e  i s  in f in i te ly  long; 
2) the  lan4inat ions and the  insu la t ion  a r e  i dea l ly  a r -  
r anged  so tha t  the  t e m p e r a t u r e  and the hea t  flow v a r y  
cont inuously;  3) s u r f a c e  r ad i a t i on  is  d i s r e g a r d e d ;  
4) at  the s u r f a c e s  fg and cb t h e r e  is  Newtonian hea t  
exchange  with  the  coolan t  whose  t e m p e r a t u r e  r e m a i n s  
cons tan t  in  t ime ;  5) the  t h e r m o p h y s i c a l  cons tan t s  a r e  
a l l  independent  of t e m p e r a t u r e ;  6) the m u l t i l a y e r e d  
s y s t e m  is  r e p l a c e d  by a cont inuous a n i s o t r o p i c  m a t e -  
r i a l  whose t h e r m a l  conduc t iv i ty  i s  h 1 in a d i r e c t i o n  
p e r p e n d i c u l a r  to the  l a y e r s  and k2 in  a d i r e c t i o n  p a r -  
a l l e l  to the l a y e r s ;  7) hea t  i s  r e l e a s e d  u n i f o r m l y  
throughout  the  s y s t e m  and not only in the  shee t s  of 
m e t a l .  

With  t h e s e  a s s u m p t i o n s ,  the  s t e a d y - s t a t e  p r o b l e m  
is  d e s c r i b e d  by the fol lowing d i f f e r e n t i a l  equat ion for  
the t e m p e r a t u r e  T: 

2,1 - 02T + / ~  O~--~-T + ~ = O. (1) 
Ox~ O f  

The condi t ions  at  the bounda r i e s  a r e  as  fo l lows:  
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Fig .  2. C r o s s  s ec t ion  of 
magne t i c  c i r cu i t .  
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Exper imen ta l  and Calculated Values of the T e m p e r a t u r e  Drop 
in  the Magnetic Circui t  
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Fig. 3. T e m p e r a t u r e  f ield in magnet ic  
c i rcui t .  
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Fig. 4. Maximum temperature 
drop in magnetic circuit as 
a funct ion of the length of the 

cooling sect ion.  

=0 l - ~  ~ ~ho=~ ~ .~=o;  

O T  v: = a (Toc - -  O); 

),~ 07" - -  a (T1g - -  0) .  
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For  s impl ic i ty  it has been a s sumed  that  0 = 0. 
Since for  these  boundary  condit ions the Po i s son  

equation (1) is diff icult  to solve by approximate  a n a -  
lyt ic  methods,  we used analog s imula t ion .  

Mathemat ica l ly ,  the p rob lem of a t e m p e r a t u r e  f ield 
with heat  sources  cor responds  to the p rob lem of an 
e l ec t r i ca l  field with c u r r e n t  sources .  

By way of i l lus t r a t ion ,  we p r e sen t  the r e su l t s  of a 
calcula t ion,  on an EI-12 in tegra to r ,  of the t e m p e r a t u r e  
f ield of a core of r e c t angu l a r  c ros s  sec t ion  made of 
p e r m e n d u r  l amina t ions  insu la ted  f rom each o ther  with 
a specia l  h i g h - t e m p e r a t u r e  composi t ion.  The coolant 
was dowtherm. 

The c ros s  sec t ion  measu red  13.5. J_0 -2 • 13 .5 ,10  -2 
m, ?~1 = 1.52 W / m . d e g ,  k 2 = 15.8 W / m . d e g ;  v~ = 4760 
W / m 2 - d e g ;  w = 1 . 1 5 5 "  I0 ~ W / m  3. 

The d imens ions  of the coo l ingbounda rywere  var ied .  
The t e m p e r a t u r e  field for a qua r t e r  of the c r o s s  

sect ion is  shown in Fig. 3 for a cooling boundary  equal 
to half  the length of the co r respond ing  side. 

In Fig. 4 the max imum t e m p e r a t u r e  of the core  is 
shown as a function of the d imens ions  of the cooling 
boundary.  

The r e su l t s  obtained ana ly t i ca l ly  and on the i n t e -  
g r a to r  were  compared  for the s imple  case when heat  
exchange takes  place over  the en t i r e  su r face  of the 
opposite faces  and the i s o t h e r m s  a re  s t ra igh t  l ines .  
In this  case,  the t e m p e r a t u r e  drop reckoned f rom the 
axis of the core  is  wr i t t en  as 

A ~ -- w 12 ' 
2),1 

where  l is  the d i s t ance  f rom the core  axis to the point  
at which the t e m p e r a t u r e  is  de te rmined .  

The good a g r e e m e n t  between the r e s u l t s  is  evident  
f rom the table,  

NOTATION 

kl is  the t h e r m a l  conduct ivi ty  in  a d i r ec t ion  p e r -  
pend icu la r  to the l aye r s ;  )t 2 is the t h e r m a l  conduct ivi ty  
in  a d i r ec t ion  p a r a l l e l  to the l aye r s ;  w is  the joule heat  
r e l ea sed  i n t he  core  pe r  uni t  t ime  in  uni t  volume; T is 
the t e m p e r a t u r e ;  x and y a r e  Ca r t e s i a n  coordina tes ;  
c~ is  the heat  t r a n s f e r  coefficient;  6 is  the coolant  
t e m p e r a t u r e ;  l is  the d i s tance  f rom core axis;  At is 
the t e m p e r a t u r e  drop over  length 1. 
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