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ABSTRACT 

Th i s  compi la t ion  a d a p t s  s t u d i e s  on s a f e t y .  and r e l i a b i l i t y  i n  f u s i o n  magnets 
t o  s imi l a r '  problems i n  superconduct ing MHD .magnets.  NEID base  load  magnet r equ i r e -  
ments have been i d e n t i f i e d  from r e c e n t  F r a n c i s  B i t t e r  Na t iona l  Laboratory r e p o r t s  
and t h a t  of o t h e r  c o n t r a c t s .  Informat ion  r e l e v a n t  t o  t h i s  s u b j e c t  i n  r e c e n t  
base  load  magnet des ign  r e p o r t s  f o r  AVCO - E v e r e t t  Resea rch .Labora to r i e s  and Mag- 
n e t i c  Corpora t ion  of America i s  inc luded  t o g e t h e r  w i t h  some v i ewpo in t s  from a 
BNL workshop on s t r u c t u r a l  a n a l y s i s  needed f o r  superconduct ing c o i l s  i n  mag- 
n e t i c  f u s i o n  energy.  A summary of d e s i g n  codes used i n  l a r g e  bubble chaniber 
magnet des ign  i s  a l s o  inc luded .  
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Thi s  r e p o r t  r e p r e s e n t s  a  f i r s t  s t e p  i n  accumulat ing op in ions  and expe r i ence  
on XHD magnet des ign  and c c n s i d e r a t i o n s  of magnet r e l i a b i l i t y  and s a f e t y  from 
which a  p r a c t i c a l  phi losophy of s a f e  p r a c t i c e  i n  d e s i g n ,  c o n s t r u c t i o n ,  manufacture,  
i n s p e c t i o n  and o p e r a t i o n  may evolve.  Far  from complete ,  i t  h o p e f u l l y  i n i t i a t e s  
a  cont inuing  d i a logue .  The method adopted has  been t o  compile informat ion  from 
s e v e r a l  r e c e n t  s t u d i e s ,  modif ied i n  some i n s t a n c e s  t o  be  r e l e v a n t  t o  MHD. Basic  
r e p o r t s  have inc luded  t h e  Brookhaven Na t iona l  Labora tory  s t u d i e s  on s a f e t y  and 
r e l i a b i l i t y  i n  f u s i o n  n a g n e t s ,  MCA and AVCO des ign  s t u d i e s  f o r  Base Load PlHD 

'magnets,  op in ions  from a  BNL workshop on s t r u c t u r a l  a n a l y s i s  needs . f o r  magnet ic  
f u s i o n  energy superconduct ing magnets and s a f e t y  r e p o r t s  on t h e  Large Bubble Cham- 
b e r  Magnets from which t h e  d e s i g n  codes used i n  p a s t  d e s i g n s  have been i d e n t i f i e d .  
A n e x t  s t e p  would b e  t o  u s e  and organize ,  t h i s  i n fo rma t ion  t o  b u i l d  a  c h e c k l i s t  
f o r  d e s i g n ,  c o n s t r u c t i o n ,  t e s t i n g  and s a f e t y  and r e l i a b i l i t y  a n a l y s i s  and t o  
i d e n t i f y ,  i n  a  u n i f i e d  manner, t h e  problems t o  be  addressed  i n  producing base  
load  superconduct ing magnets f o r  PRD p l a n t s .  

The v a r i o u s  p a r t s  i n c l u d e  a  summary review of superconduct ing MEiD magnet 
requi rements  f o r  base  load ' sys t ems  as they  a r e  c u r r e n t l y  pe rce ived ,  a  review of 
BNL s t u d i e s  on s a f e t y  and r e l i a b i l i t y  i n  superconduc't ing tokamak systems a s  t hey  
may apply  t o  superconduct ing ?DID c o i l s ,  and r e l e v a n t  e x t r a c t s  from t h e  most re-  
c e n t  and p e r t i n e n t  NKD magnet des ign  r e p o r t s .  

S a f e t y  and r e l i a b i l i t y  i n  superconduct ing magnet systems beg ins  w i t h  con- 
c e p t u a l  des ign  and should be  a  f a c t o r  i n  a l l  phases of d e s i g n ,  p ro to type  develop- 
ment,  eng inee r ing  t e s t  programs, commercial demonst ra t ions ,  and commercial a p p l i -  
c a t i o n .  Apart from t h e  obvious need t o  p r o t e c t  people  from i n j u r y ,  c e n t r a l  
e l e c t r i c  power lp lan ts  a r e  v e r y  expens ive  making excess ive  downtime c o s t l y .  This  
i s  a n  important  p o i n t  t o  remember s i n c e  t h e  most economic eng inee r ing  des ign  from 
t h e  p o i n t  of view of f i r s t  c o s t  may n o t  prove t o  be  t h e  most economic over  ~ l a n t  
l i f e t i m e  i f  t h e  c a p a c i t y  f a c t o r  i s  low. S a c r i f i c e  of r e l i a b i l i t y  t o  minimize 
f i r s t  c o s t  can be  expensive.  Annual c a p a c i t y  f a c t o r s  f o r  t h e  e l e c t r i c a l  indus- 
t r y  a r e  c u r r e n t l y  around 652 which means t h a t  two p l a n t s  have t o  be  a v a i l a b l e  t o  
gua ran tee  t h a t  one can  be o p e r a t i n g  a t  any time. I n  o t h e r  words, t h e  a c t u a l  
c o s t  pe r  p l a n t  is almost  double i t s  c a p i t a l  c o s t  and o p e r a t i n g  expenses.  One 
advantage of MHD p l a n t s  i s  claimed t o  be h igh  o p e r a t i n g  e f f i c i e n c y  which r e s u l t s  
i n  t h e  product ion  of more energy f o r  a  g iven  amount of b a s i c  r e sou rce .  Propo- 
n e n t s  of ?fHD have specu la t ed  t h a t  about  50% of a l l  new power p l a n t s  b u i l t  by 2000 
PD could be  LYHD g iv ing  a  p o s s i b l e  requirement  of 800 GWe of i n s t a l l e d  PIID capa- 
c i t y  a t  t h a t  t ime. Such p l a n t s  would have an  average  e f f i c i e n c y  of a t  l e a s t  
50% compared w i t h  20% average  f o r  U.  S. power p l a n t s  i n  1960 and,  hope fu l ly ,  
30% i n  1980. I n  1972, t h e  e l e c t r i c a l  i n d u s t r y  consumed 22 Q of r e s o u r c e  t o  
d e l i v e r  5.7 Q of e l e c t r i c i t y  t o  i t s  consumers f o r  an  average  e f f i c i e n c y  of 26%. 
Assuming an  average  e f f i c i e n c y  of 30% f o r  t h e  p l a n t s ,  4% of t h e  l o s s  i s  due t o  
e x t r a c t i n g  and t r a n s p o r t i n g  t h e  b a s i c  r e s o u r c e  and t o  t r a n s m i t t i n g  t h e  e l e c t r i c  
power t o  t h e  customer. I n  1972, one AEC e s t i m a t e  of i n s t a l l e d  c a p a c i t y  w a s  
2030 GWe. A t  65% c a p a c i t y  f a c t o r  t h i s  would r e p r e s e n t  1313 GW y r s .  o r  39 @ supp l i ed  
t o  customers.  A t  26% e f f i c i e n c y  t h i s  would r e q u i r e  150 Q of b a s i c  r e s o u r c e  f o r  



t h e  e l e c t r i c a l  i n d u s t r y  a l o n e ,  and a was te  of t o t a l  r e s o u r c e  of 112 Q ,  i .e . ,  
55% g r e a t e r  t han  t h e  t o t a l  r e s o u r c e  consumed f o r  a l l  forms of energy used 
i n  t h e  United S t a t e s  i n  1972. 

I f  800 GWe of i n s t a l l e d  FED c a p a c i t y  were a v a i l a b l e  a t  a n  e f f i c i e n c y  of 
50% t h i s ,  would r e p r e s e n t  520 GIJ y r s .  a t  65% c a p a c i t y  f a c t o r  supply ing  15.5 Q 
i n  e l e c t r i c i t y  t o  cusfomers f o r  an  average  consumption of 33.8 Q of r e s o u r c e  
(46% e f f i c i e n c y ,  assuming 4% o t h e r  l o s s e s )  a s  opposed t o  594 (26%) w i t h  conven- 
t i o n a l  p l a n t s ,  r e p r e s e n t i n g  a sav ing  of 26 Q'. 

Thus t h e  u s e  of r e l i a b l e  MHD i n  2000 AD would r e p r e s e n t  a c a p i t a l  c o s t  of 
$800G o r  more ( i . e . ,  assuming $ 1 ~ / k w  h r .  i n  1978 $) and a . s a v i n g  of 260/yr.  i n  
b a s i c  r e sou rce  provided t h a t  t h e  p l a n t s  can  be  r e l i a b l e  and a t t a i n  average  
c a p a c i t y  f a c t o r s  of a t  l e a s t  65%. 

Loss of  1 u n i t  f o r  one y e a r  would r e p r e s e n t  8760 GW h r s .  A t  5 cents/kW h r .  
t ' h i s  would b e  e q u i v a l e n t  t o  $438 m i l l i o n ,  i .e.,  $1.2M/day. The need f o r  h i g h  
r e l i a b i l i t y  i n  t h e  system becomes obvious.  One aim i n  MHD i s  t o  ach ieve  ope ra t -  
i n g  t imes app.roximating t o  h a l f  a y e a r  b e f o r e  channels  have t o  be  r e p l a c e d .  Two 
channeis  would have t o  b e  a v a i l a b l e  i n  p a r a l l e l  s o  t h a t  cont inuous  o p e r a t i o n  could 
be  achieved du r ing  t h e  replacement  o p e r a t i o n .  I d e a l l y  i s  should b e . p o s s i b l e  t o  
s p l i t  open t h e  magnet a long  i t s  l e n g t h  t o  permi t  i t s  movement t o  t h e  second chan- 
n e l  and i t s  i n s t a l l a t i o n  around i t ,  a l though  t h e  p o s s i b i l i t y  of s l i d i n g  channels  
i n  and o u t  of t h e  magnet c o r e  a l s o  e x i s t s .  S ince  t h e  p re sence  of t h e  magnet 
and i t s  c ryogen ic s  i s  a n  a d d i t i o n a l  compl i ca t ion ,  v e r y  h i g h  r e l i a b i l i t y  w i l l  be  
r e q u i r e d  t o  ach ieve  65% annual  c a p a c i t y  f a c t o r  s i n c e  t h e  ba l ance  of p l a n t  i s  con- 
v e n t i o n a l  and t h e  need t o  change channels  i s  e v i d e n t .  Cooldown of such l a r g e  
magnets may t a k e  a s  much a s  f o u r  weeks and changing of channels  may t a k e  sev- 
e r a l  days. The magnet c u r r e n t  has  t o  be  reduced t o  ze ro  p r i o r  t o  work on t h e  
changeover and then  r a i s e d  t o  i t s  o p e r a t i n g  l e v e l  when t h i s  i s  complete. A s s m i n g  
t h i s  t o  t a k e  p l a c e  3 t imes /yea r  i t  would zggrega te  t o  90 c y c l e s  over  a 30-year 
l i f e .  Hence, f a t i g u e  i n '  t h e  s t r u c t u r e  o r  c o i l s  need n o t  be a cons ide ra t ion .  
Ninety pe rcen t  a v a i l a b i l i t y  i n  t h e  magnet system would permi t  3 6  days downtime 
p e r  yea r .  Th i s  would n o t  b e  long enough t o  open up t h e  c o i l  system f o r  i n s t r u -  
ment r e p a i r  o r  s e n s o r  replacement .  

One approach would be  t o  minimize senso r  replacement  by obta in ing  much in -  
format ion  from CDIF and t h e  eng inee r ing  t e s t  f a c i l i t y  i n  o r d e r  t o  a t t empt  a base  
l o a d  magnet des ign  w i t h  l i t t l e  o r  no i n s t r u m e n t a t i o n  and p a s s i v e  p r o t e c t i o n  
from i n a d v e r t e n t  magnet discharges. .  One f a i l u r e  of t h e  magnet system or, i n s t r u -  
menta t ion  r e q u i r i n g  a c c e s s  t o  t h e  conductors  o r  t h e  i n s i d e  of t h e  hel ium dewar 
could  r e a l i s t i c a l l y  r e q u i r e  a 3-month shutdown r e p r e s e n t i n g  a l o s s  of revenue 
of over  $100 m i l l i o n  f o r  a 1 GW p l a n t  and t h e  need t o  s u b s t i t u t e  l e s s  e f f i c i e n t ,  
more conven t iona l  p l a n t s  which would invo lve  a n  a d d i t i o n a l  consumption of b a s i c  
r e s o u r c e  of around 0.05 Q ( equ iva l en t  t o  more than  % GW y r ) .  TJhile t h e  e x a c t  
c o s t s  of t h e  b a s i c  r e s o u r c e s  a r e  n o t  a v a i l a b l e  t o  t h e  w r i t e r  and cannot be pro- 
j e c t e d  so  f a r  i n t o  t h e  f u t u r e  a n  e q u i v a l e n t  i n  e l e c t r i c a l  energy a t  1 cent/kTJ h r .  
wou ld 'be  more than  20M$. It has  been customary t o  u s e  e l e c t r i c a l  energy p r i c e s  
of 10 mils/k\J h r .  i n  p r o j e c t i o n s  of t h e  p a s t  few y e a r s ;  however, i n  New York C i t y  
f o r  e x a m p l e , r a t e s o f  5 cents/kW h r .  o r  more a r e  p r e v a l e n t  today.  

Thus i f  e x t e n s i v e  shutdowns can  b e  avoided by e i t h e r  ensu r ing  t h a t  no mag- 
n e t  system f a i l u r e  can occur  over  a 30-year l i f e ,  o r  by making c e r t a i n  t h a t  any 
f a i l u r e  can  be r e c t i f i e d  i n  days o r  hours  (by s u b s t i t u t i o n  of d u p l i c a t e ,  a l r e a d y  



a v a i l a b l e  equi2ment) such measures should be  adopted even though they  may appear  
d e c e p t i v e l y  expens ive  i n  f i r s t  c o s t .  I n  concerns of t h i s  n a t u r e  i t  i s  neces sa ry  
t o  be.  f a m i l i a r  w i t h  o v e r a l l  MHD p l a n t  cost,  a s  w e l l  a s  t h a t  p ropor t ion  due t o  t h e  
magnet s y s t q  i f  r e a l i s t i c  d e c i s i o n s  on des ign  and economics a r e  t o  be  made. 

The b lock  diagram of F igu re  1-1 shows t h e  b a s i c  corcponents of a  supercon- 
duc t ing  MHD magnet system. . I n  a d d i t i o n  t o  t h e  magnet and dewar i t  i n c l u d e s  a  
dump swi t ch  and d i s c h a r g e  r e s i s t o r ,  power supply ,  l i q u i d  hel ium s t o r a g e  and l i que -  
f i e r ,  compressors,  gas  s t o r a g e ,  vacuum pumping equipment, c o n t r o l s  and i n s t r u -  
menta t ion .  Various l e v e l s  of r e l i a b i l i t y  a r e  needed f o r  t h e s e  components. 
The base  load  systems desc r ibed  i n  s e c t i o n  I1 of t h i s  r epo r  a r e  sma l l e r  than  t h e  
1 GWe Base Load systems now be ing  d i scussed  and may r e p r e s e n t  t h e  ETF, engineer-  
i n g  t e s t  f a c i l i t y ,  an  e a r l i e r  s t e p  t o  t h e  l a r g e r  systems.  

A s  a n  example of t h e  des ign  c o n s i d e r a t i o n s  involved ,  r e l e v a n t  p o r t i o n s  of 
t h e  MCA s tudy  have been inc luded .  More i n s t r u m e n t a t i o n  might b e  inc luded  i n  t h e  
e a r l i e r  s t e p s  t h a n  might be neces sa ry  f o r  t h e  f i n a l  systems. The base  load  sys- 
t e m  might be e a s i e r  t o  o p e r a t e  and s a f e r  w i t h  a 50,000 A o r  100,000 A .  conductor  
designed t o  absorb  i t s  own energy i n  t h e  event  of a  superconduct ing  t o  normal 
t r a n s i t i o n .  S i z e s  of conductor  and insu1 ,a tor  might t h e n  be  more c o n s i s t e n t  w2th 
w i t h  normal, conven t iona l ,  heavy e l e c t r i c a l  p r a c t i c e  and charge  and discharge" 
v o l t a g e s  and t i m e s  cons ide rab ly  reduced. It should b e  noted  t h a t  a  d.c.  supe;- 
conduct ing magnet is  a s t a t i c  dev ice  o p e r a t i n g  i n  a  c o n s t a n t  tempera ture  environ-  
ment. What exper ience  t h e r e  has  been wi th  l a r g e  bubble chambers h a s  proven t h e  
c o i l s  t o  be  t h e  most r e l i a b l e  component of t h e  system. 

MAGNET SAFETY AND RELIABILITY CONSIDERATION 

S a f e t y  and r e l i a b i l i t y  i s  reviewed i n  s e c t i o n  I11 a s  i t  might app ly  t o  s-uper- 
conduct ing M I D  c o i l s .  Accident c l a s s i f i c a t i o n  and c o n t r o l  s t r a t e g i e s  a r e  disi- 
cussed ,  p o t e n t i a l  a c c i d e n t  i n i t i a t o r s  a r e  summarized 2nd t h e  u s e  of event  and 
f a u l t  trees i s  d i scussed .  Typ ica l  f a u l t  and event  t r e e s  as they  may apply  t o  
MID magnets a r e  i l l u s t r a t e d  t o  show how they  a r e  developed and used. A s  exanples  
p o s s i b l e  f a u l t  t r e e s  l e a d i n g  t o  c o i l  c a s e  rupture1 end conductor  break  a r e  shown 
fol lowed by an  even t  t r e e  which t r a c e s  p o s s i b l e  sequences of even t s  fo l lowing  
a conductor  break. The s e c t i o n  discusses a s p e c t s  of r e l i a b f l i t y  and s a f e t y  a s  
t h o s e  invo lve  s t r u c t u r a l  a n a l y s i s ,  thermal  and e l e c t r i c a l  c o n s i d e r a t i o n s  in-  
s t r w n e n t a t i o n  and p o s s i b l e  engineered  s a f e t y  f e a t u r e s  and concludes (Table 111-4) 
w i t h  a summary of f i n d i n g s  on magnet s a f e t y  and r e l i a b i l i t y  a s  t hey  might apply  
t o  MHD c o i l s .  

ASPECTS OF SAFETY AND RELIABILITY DERIVED FROM MAGNET DESIGN CONSIDERATIONS 

The exhaus t ive  and d e t a i l e d  s t u d i e s  of base  load  FfHD magnet d e s i g n  c a r r i e d  
ou t  by MCA and AVCO conta ined  many i n s i g h t s  which e x p l a i n  more impor tan t  des ign  
c o n s i d e r a t i o n s  and a l s o  conta ined  sugges t ions  o u t l i n i n g  problem a r e a s  and poss i -  
b i l i t i e s  f o r  f u r t h e r  s tudy .  S ince  r e l i a b i l i t y  begins  w i t h  t h e  des ign  s t a g e  and 
p r e s e n t  day knowledge and p r a c t i c e  t h e  more impor tan t  s e c t i o n s  r e l a t i n g  t o  such 
c o n s i d e r a t i o n s  have been e x t r a c t e d  from t h e  r e p o r t s  and inc luded  a s  s e c t i o n  I V  
and V .  These s e c t i o n s  a r e  fol lowed ( s e c t i o n  VI) by a b r i e f  summary of des ign  codes 
a p p l i c a b l e  t o  Large BuLLlt! Cllauber Magnets and a n  appendix i n d i c a t i n g  t h e  concerns 
of s t r u c t u r a l  a n a l y s t s  f aced  w i t h  t h e  problems of computing s t r e s s e s  i n  l a r g e  super-  
conduct ing c o i l s  and t h e i r  p o s s i b l e  e f f e c t s .  



Figure  1-1 Blsck D i a g r a m  s f  Base Load I. lagnet and S u p p o r t  S y j t e c i s  



Thi s  approach t o  t h e  o v e r a l l  problem of des ign  and r e l i a b i l i t y  of n e c e s s i t y  
c o n t a i n s  some r e p e t i t i o n  and p o s s i b l y  even c o n t r a d i c t i o n  b u t  i t  i s  a f i r s t  s t e p  
i n  p r e s e n t i n g  t h e  views of many d i v e r s e  i n d i v i d u a l s  and o r g a n i z a t i o n s  confronted  
w i t h  t h e s e  t a s k s .  A f u r t h e r  step would be  t o  o rgan ize  t h e  m a t e r i a l  more p r e c i s e l y  
and develop needed c h e c k l i s t s  and procedures  l e a d i n g  e v e n t u a l l y  t o  a  formal  
body of des ign  and c o n s t r u c t i o n  procedures  guarantee ing  maximum r e l i a b i l i t y .  



11. SzMf.lARY FZVIEIJ - SUPERCONDUCTING MHD MAGNET REQUIREMENTS FOR BASE LOAD SYSTMS 

A g r e a t  d e a l  of work has  been c a r r i e d  o u t  i n  r e c e n t  y e a r s  t o  develop super-  
conduct ing magnets f o r  exper imenta l  b H D  systems and t o  s tudy  p o s s i b l e  f a v o r a b l e  
o p t i o n s  f o r  base  load  systems.  D e s i r a b l e  parameters  f o r  base  load  systems and 
an  eng inee r ing  t e s t  f a c i l i t y  have been developed (see  Table  1 1 - l ) ,  and c r y o s t a b l e  
conductor  c u r r e n t s  i n  t h e  range  of 50 ki loamperes  a r e  now cons idered  d e s i r a b l e  
t o  r educe  winding e f f o r t  and charge  and d i s c h a r g e  v o l t a g e s ,  The p rog res s ion  of 
magnet s i z e  and e x t e n s i o n  of magnet parameters  as s u c c e s s i v e  systems a r e  con- 
s t r u c t e d  o r  conceived can be  seen  from t h e  l i s t i n g  of Table  11-2 due t o  R. C .  
Neimann.' The b a s i c  c o n f i g u r a t i o n  f o r  a superconduct ing r e c t a n g u l a r  s a d d l e  
magnet f o r  t h e  proposed component d e s i g n  and i n t e g r a t i o n  f a c t i l i t y  (cDIF) can 
be  seen i n  F igu re  11-1. 

A second t y p e  of c o n f i g u r a t i o n  i s  t h a t  u t i l i z i n g  a  c i r c u l a r  s a d d l e  c o i l  
r e i n f o r c e d  by r e c t a n g u l a r  r i n g  g i r d e r s  a s  shown i n  F i g u r e s  11-2 f o r  t h e  base  
load  NED system. Design s t u d i e s  of superconduct.ing magnets f o r  base  load  and 
s m a l l e r  >MD systems have been c a r r i e d  o u t  by teams invo lv ing  Magnetics Corpor- 
a t i o n  of America, Avco E v e r e t t  Research Labora tory ,  General  Dynamics Corpora t ion ,  
and o t h e r s  under t h e  program d i r e c t i o n  of s t a f f  of t h e  F r a n c i s  B i t t e r  Na t iona l  
Labora tory .  These s t u d i e s  have been t h e  s u b j e c t  of comprehensive des ign  r e p o r t s 2  ' 
and s e v e r a l  con£ e r e n c e  papers .  '' Some i d e a  of t h e  c o n s i d e r a t i o n s  and of t h e  
parameters  involved i n  s tudy ing  magnet des igns  of t h i s  t ype  can be obta ined  from 
t h e  fo l lowing  paragraphs which have been e x t r a c t e d  from t h e  MCA s tudy2  on a  base  
' load r e f e r e n c e  des ign .  Th i s  d e s i g n  has  a n  o v e r a l l  l e n g t h  of 26.1 m ,  an o v e r a l l ,  
d i ame te r  of 9.6 m ,  and a weight of 22.64 x l o 5  kg. The system u t i l i z e s  e i g h t  
c o i l s  which inc lude  s i x  r a c e t r a c k s  and two of t h e  s a d d l e  type.  The s t u c t u r e  was 

# .  

based on s t a i n l e s s  s t e e l  and dewar on aluminum R e s u l t s  of a  f a b r i c a t i o n  s tudy  
i n d i c a t e d  t h a t  t h e  major components of t h e  system; i . e . ,  t h e  c o i l  subassembl ies ,  
s t r u c t u r a l  components, and dewar components could be f a b r i c a t e d ,  t e s t e d ,  and 
preassembled o f f  s i t e  and then  p a r t i a l l y  d isassembled ,  shipped and assembled on 
site. 

The major problem which arises is  shipment of t h e  l a r g e  subassemblies  t o  
t h e  s i t e .  The s a d d l e  c o i l  assembly is  ' t h e  l a r g e s t  s i n g l e  component t o  be t r a n s -  
po r t ed  and has  t h e  fo l lowing  o v e r a l l  dimensions and weight :  23.3 m (76.4 f t . )  
l ong ,  6.2 m (20.4 f t . )  wide,  4.0 m (13.1 f t . )  h i g h ,  4.37 x 10' kg (430 t o n s ) .  
T r a n s p o r t a t i o n  of a  u n i t  of t h i s  s i z e  i s  n o n t r i v i a l  b u t  w i t h i n  t h e  p r e s e n t  day 
s t a t e  of t h e  a r t  u s ing  e x i s t i n g  equipment o r  equipment c u r r e n t l y  on t h e  drawing 
boards .  

The des ign  u t i l i z e s  copper and NbTi composite superconductur  of a  type  cur-  
r e n t l y  be ing  produced i n  tonnage q u a n t i t i e s .  A s  such ,  t h e  b a s i c  bui ld ing-b lock  
f o r  t h e  conductors  is  r e a d i l y  a v a i l a b l e  today. I n  a d d i t i o n ,  t h e  des ign  concepts  
t h a t  a r e  be ing  cons idered  f o r  f a b r i c a t i o n  do n o t  p r e s e n t  any insurmountable  manu- 
f a c t u r i n g  problems. A l l  p r o c e s s e s ,  equipment and m e t a l l u r g i c a l  requi rements  a r e  
w e l l  w i t h i n  p r e s e n t  " s t a t e  of t h e  a r t "  c a p a b i l i t i e s .  Many of t h e  c h a r a c t e r i s t i c s  
of t h e  d e s i g n  were genera ted  and determined by c o n s i d e r a t i o n  of f a b r i c a t i o n ,  
hand l ing ,  sh ipp ing  and o n - s i t e  system assembly. 

The dewar uses  a w a r m  b o r e  w i t h  a  squa re  c r o s s  s e c t i o n .  This  r e s u l t e d  i n  
a lower conductor  amp meter  requirement  when compared t o  a  round geometry where 
b o t h . c a s e s  meet t h e  b a s i c  des ign  c r i t e r i a  o u t l i n e d  e a r l i e r .  
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xR. C. Niemann, Superconducing :.lzgnet'System for P j l - 3  Generator Facilities, Applications 
of Cryogenic Technology, Vol. 7, pp: 173-194, Scholium International, Inc., 1978.  
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The magnet o p e r a t e s  on 20,000 amps r e s u l t i n g  i n  an o v e r a l l  c u r r e n t  d e n s i t y  
of 1780/cm2. It i s  e s t ima ted  t h a t  86.7 x 103m (2.84 x 10' f t . )  of con,ductor a r e  
r e q u i r e d  f o r  t h e  e i g h t  ( 3 )  c o i l s  i n  the' system. Th i s  i s  i n d i c a t i v e  o f . t h e  magni- 
tud,e of t h e  magnet assembly o p e r a t i o n  and t h e  manufactur ing f l o o r  a r e a  t h a t  w i l l  
be r equ i r ed  t o  f a b r i c a t e  i t .  The i n t e r n a l  s t r u c t u r a l  weight  i s  g r e a t e r  than  t h e  
conductor weight ,  however, bo th  of t h e s e  i tems  r e p r e s e n t  a  s u b s t a n t i a l  p ropor t ion  
of t h e  t o t a l  weight.  

The system c o n s i s t s  of t h r e e  ( 3 ) . r a c e t r a c k  c o i l s  and one s a d d l e  c o i l  p e r  
magnet-half . Three s i z e s  of r a c e t r a c k  c o i l s  are u t i l i z e d  ( i .  e . ,  s m a l l ,  
medium, and l a r g e ) .  'They n e s t  w i t h i n  t h e . s a d d l e  c o i l s .  The c o i l s  a r e  designed 
t o  o p e r a t e  i n  t h e  superconduct ing s t a t e  a t  a  tempera ture  of 4.5 K and a t  a  p re s -  
s u r e  ( s a t u r a t i o n )  someh7hat g r e a t e r  than  one atmosphere. S t r u c t u r a l  s p a c e r s  a r e  
l o c a t e d  between c o i l s  t o  p rope r ly  p o s i t i o n  them and t o  t r a n s m i t  t h e  f o r c e s  of 
e l ec t romagne t i c  (em) o r i g i n .  

The r a c e t r a c k  c o i l  assembly c o n s i s t s  of t h e  c o i l  s t r u c t u r e  and a  l i q u i d  
helium v e s s e l  subassembly, coapr i sed  of windings,  i n s u l a t i o n ,  i n t e r t u r n  s t r u c -  
t u r e  and a  l i q u i d  hel ium v e s s e l .  The hel ium v e s s e l  i s  designed t o  b e  vacuum t i g h t  
t o  c o n t a i n  t h e  l i q u i d  hel ium whi l e  t h e  s t r u c t u r e  f u n c t i o n s  t o  suppor t  t h e  em and 
g r a v i t a t i o n a l  loads .  The i n t e r t u r n  s t r u c t u r e  t r a n s f e r s  t h e  em f o r c e  through t h e  
windings t o  t h e  c o i l  s t r u c t u r e .  The c o i l  s t r u c t u r e  i n  t u r n  c o n t a i n s  t h e s e  f o r c e s .  
Axia l  and t r a n s v e r s e  l oads  a r e  c a r r i e d  by t h e  top  and bottom p l a t e s .  Tapered 
p l a t e s  which a r e  welded t o  t h e  unde r s ide  of  t h e  assembly a r e  designed t o  p o s i t i o n  
t h e  c o i l  a c c u r a t e l y  r e l a t i v e  t o  t h e  o t h e r  c o i l s  and t o  t r a n s f e r  t h e  a t t r a c t i v e  
f o r c e s  t o  t h e  s a d d l e  c o i l s .  Each r a c e t r a c k  assembly i s  of a  welded and b o l t e d  
c o n s t r u c t i o n  and may be shipped t o  t h e  f i n a l  s i t e  complete and ready  f o r  i n s t a l l a -  
t i o n .  

The b a s i c  concept  f o r  t h e  s a d d l e  c o i l  assembly is s i m i l a r  t o  t h e  r eeee rack  
c o i l  assembly except  f o r  t h e  a d d i t i o n a l  e x t e r n a l  s t r u c t u r e  t h a t  i s  r equ i r ed  t o  
suppor t  t h e  t r a n s v e r s e  and a x i a l  em f o r c e s .  The c l o s e  proximi ty  of t h e  s a d d l e  
c o i l  t o  t h e  w a r m  bo re  tube  nega te s  t h e  p o s s i b i l i t y  f o r  u t i l i z a t i o n  of a  s imple  
t e n s i o n  p L a t e  apprnar.h f n r  t r a n s v e r s e  load suppor t  because they  would i n t e r f e r e  
w i t h  t h e  w a r m  bo re  tube.  The e x t e r n a l  s t r u c t u r e  f o r  t r a n s v e r s e  load  suppor t  con- 
s is ts  of t h r e e  (3) b a s i c  p a r t s :  1) s t r a i g h t  beams, 2) t e n s i o n  p l a t e s ,  and 
3) t i e  rods .  The s t r a i g h t  beams a r e  f a b r i c a t e d  from welded p l a t e s  and a r e  de- 
s igned  t o  c a r r y  t h e  t r a n s v e r s e  l o a d s  v i a  bending t o  t h e  t e n s i o n  p l a t e s  which t r a n s -  
m i t  t h e  l oad  a c r o s s  t h e  magnet. The t i e  rods  a r e  r equ i r ed  f o r  assembly p r p o s e s  
and t o  compensate f o r  t h e  induced couple  i n  t h e  v i c i n i t y  of t h e  s h e a r  s t o p  and 
end of t h e  p l a t e s .  

The windings and hel ium v e s s e l  of t h e  s a d d l e  c o i l  assembly c o n s t i t u t e  
a  c o i l  module ( i . e . ,  hel ium v e s s e l  subassembly) which i s  nes t ed  i n  t h e  s t r u c t u r e ,  
s i m i l a r  t o  t h e  way in which t h e  r a c e t r a c k  c o i l  i s  assembled. Ax ia l  l oads  a r e  
c a r r i e d  by a  system of bu i l t -up  beams and g u s s e t s  and by a x i a l  t i e  b a r s  which 
t r a n s m i t  t h e  load from one end t o  t h e  o t h e r .  

The dewar i s  f a b r i c a t e d  i n  t w n  h a s i c  components; i . e . ,  t h e  o u t e r  dewar, 
which i s  composed of t h e  o u t e r  v a c u g  v e s s e l  and t h e  r a d i a t i o n  s h i e l d ,  and t h e  



 arm bore  tube  assembly c o n s i s t i n g  of t h e  warm bore  t u b e  and t h e  warm bore  
r a d i a t i o n  s h i e l d .  Both components a l s o  i n c l u d e  s u p e r i n s u l a t i o n .  The o u t e r  
dewar .has  been des igned  i n  s e c t i o n s  t o  f a c i l i t a t e  assembly, maintenance and 
i n s p e c t i o n s  'during o p e r a t i o n  and f o r  e a s e  o f s h i p p i n g  and handl ing .  It i s  
s p l i t  a long  t h e v e r t i c a l a x i s  of t h e  magnet t o  a l l ow i t  t o  b e  p u l l e d  away from 
t h e  c o i l s  aria s t r u c t u r e  t o  p rov ide  f r e e  a c c e s s  t o  a l l  a r e a s  of t h e  system. 
I n  a d d i t i o n ,  it h a s  been designed t o  b e  disassembled wi thout  r e q u i r i n g  discon-  
n e c t i o n  of t h e  power l e a d s  and coo lan t  l i n e s .  

The o v e r a l l  l e n g t h  of t h e  system i s  25.3 m (83 f t . )  and t h e  o u t s i d e  d iameter  
i s  9 .6  m (31.5 f  t .) . The maximum h e i g h t  of t h e  assembly t o  t h e  top  of t h e  s e r -  
v i c e  s t a c k  i s  15.6 m (51.2 f t . ) .  The warm bore  t u b e  i s  1.59 rc (5.2 f t . )  squa re  
at t h e  i n l e t  and 3.36 m (11.7 f t . )  and squa re  a t  t h e  o u t l e t .  The h e i g h t  from 
t h e  f l o o r  t o  ' t he  NHD channel  c e n t e r  l i n e  i s  6.7 m (22 £ t . ) .  O v e r a l l  weight  of 
t h e  assembly is es t ima ted  t o  be 22.64 x 10' kg (4.913 x l o 6  ' l b s . ) .  

The main components of t h e  system c o n s i s t  o f . t h e  fo l lowing:  

1. C o i l  System and SLrucLure 
2 .  Dewar 
3 .  G r a v i t a t i o n a l  Support Sys t en  
4.  Cryogenic P ip ing  System 
5. Power Lead Assembly 

The r a c e t r a c k  c o i l s  n e s t  w i t h i n  t h e  s a d d l e  c o i l  and a r e  f a s t e n e d  t o  them 
w i t h  s h e a r  s t o p s  and h igh  s t r e n g t h  b o l t s .  A "magnetic f i e l d  h o r i z o n t a l "  o r i e n t a -  
t i o n  f o r  t h e  c o i l s  w a s  chosen f o r  e a s e  of assembly and a c c e s s i b i l i t y .  

The dewar c o n s i s t i n g  of t h e  o u t e r  v e s s e l  and r a d i a t i o n  s h i e l d ,  w a r m  bore  
t u b e  assembly and t h e  f i x e d . b a s e s  i s  designed such t h a t  it can b e  disassembled 
f o r  r e p a i r ,  maintenance o r  i n s p e c t i o n  purposes.  The c y l i n d r i c a l  o u t e r  v e s s e l  
and r a d i a t i o n  s h i e l d  c o n s i s t  of two s e c t i o n s  each and a r e  "clam s h e l l e d "  a long  
a  v e r t i c a l  l i n e  b o l t e d  and s e a l  welded j o i n t .  I n v e r t e d  heads which a r e  designed 
t o  minimize t h e  e x i t  and e n t r a n c e  l e n g t h  t o  t h e  PIHD channel ,  a r e  b o l t e d  and s e a l  
welded t o  t h e  f l a n g e s  of t h e  o u t e r  v e s s e l  and can be removed and reassembled 
i f  necessary .  The f i x e d  bases  a r e  b o l t e d  t o  t h e  c o n c r e t e  f l o o r  and c o n t a i n  t h e  
v a l v i n g  f o r  t h e  c ryogenic  systems.  The co ld  can of t h e  s e r v i c e  s t a c k  i s  b o l t e d  
t o  t h e  co ld  s t r u c t u r e  and consequent ly  can  remain i n t a c t  du r ing  t h e  dewar d i s -  
assembly. This  means t h e  i n t e r n a l  e l e c t r i c a l  and cryogenic  plumbing can be  l e f t  
i n t a c t  du r ing  i n s p e c t i o n s ,  r e p a i r  o r  main tenarce  s ? t ~ ~ n t i o n s .  

The w a r m  b o r e  t u b e  assembly comes from t h e  f a c t o r y  a s  a  complete u n i t  
and i s  designed t o  b e  s l i d  i n  and o u t  of p o s i t i o n  on r o l l e r s  and guides  which 
a r e  . t emporar i ly  l o c a t e d  on t h e  s a d d l e  c o i l s .  I n  a d d i t i o n ,  b u r s t  d i s c s  a r e  
provided a s  neces sa ry  i n  t h e  event  of an  ove rp re s su re  s i t u a t i o n  and acces s  and 
viewing p o r t s  w i l l  be  u t i l i z e d .  

There a r e  b a s i c a l l y  t h r e e  s e p a r a t e  c ryogenic  p ip ing  systems. (1) i n i t i a l  
f i l l  and v e n t  system, (2)  s t e a d y  s t a t e  o p e r a t i o n  f i l l  and v e n t  system, (3) s t r u c -  
t u r e  c o o l a n t  system. A t  i n i t i a l  f i l l ,  l i q u i d  hel ium e n t e r s  through t h e  bottom 
of each  c o i l  and i s  vented  through t h e  top .  Each v e n t  c o n t a i n s  a  t h r o t t l e  v a l v e  
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which i s  used t o  c o n t r o l ' t h e  f i l l .  t r a n s f e r  r a t e ,  and a  r e l i e f  v a l v e  which i s  
used t o  ven t  t h e  gas  i n  c a s e  of an  ove rp re s su re  s i t u a t i o n .  During o p e r a t i o n ,  
l i q u i d  helium e n t e r s  each c o i l  through t h e  t o p ,  and a l s o  v e n t s  a t  t h e  t o p ,  b u t  
a t  t h e  o p p o s i t e  end of t h e  c o i l .  A v e n t  manifold i s  used t o  p i p e  t h e  v e n t i n g  
gas t o  t h e  s e r v i c e  s t a c k  a t  which p o i n t  i t  i s  r e t u r n e d  t o  t h e  . r e f r i g e r a t i o n  sys-. 
tem. Sepa ra t e  coo lan t  l i n e s  a r e  provided on t h e  o u t s i d e  s u r f a c e s  of t h e  s t r u c -  
t u r e  t o  c o n t r o l  i t s  tempera ture  du r ing  cocldown. One s e r v i c e  s t a c k  i s  provided 
on t h e  assembly and c o n t a i n s  t h e  l i q u i d  helium ho'ldup, t h e  power l e a d  a s sembl i e s ,  
t h e  v e n t  l i n e  and t h e  f i l l  l i n e s  f o r  normal ope ra t ion .  

The c o i l s  are connected e l e c t r i c a l l y  i n  s e r i e s .  This  i s  done by r o u t i n g  
t h e  c u r r e n t  l e a d s  f o r  each  c o i l  through t h e  i n i t i a l  f i l l  p ipes  and making t h e  
s e r i e s  connec t ions  i n  t h e  s e r v i c e  s t a c k .  Th i s  ensu res  a c c e s s i b i l i t y  and an 
abundant l i q u i d  hel ium supply.  The power' l e a d s  w i l l  be  vapor  cooled.  The he l -  
ium l i q u e f i e r  d e l i v e r s  l i q u i d  d i r e c t l y  i n t o  t h e  magnet dewar o r  t o  a l i q u i d  he l -  
ium s t o r a g e  dewar (which may be a n  i n t e g r a l  p a r t  of t h e  main dewar). The pur- 
pose of t h e  l a t t e r  is  t o  provide  s u f f i c i e n t  l i q u i d  c a p a c i t y  t o  a l l ow magnet 
o p e r a t i o n  du r ing  maintenance pe r iods  f o r  o t h e r  components of t h e  l i q u e f a c t i o n  
system. Helium gas from t h e  main magnet dewar i s  f e d  t o  t h e  compressors which 
a l s o  r e c e i v e  make up gas from t h e  h igh  p r e s s u r e  gas s t o r a g e  a r e a .  The magnet 
c u r r e n t  is  provided, by a  power supply  which may be d isconnected  t o  a l l ow t h e  
magnet energy t o  dump i n t o  a  d i s c h a r g e  r e s i s t o r .  , T h e  purpose of t h e  vacuum 
pumping system i s  t o  a l l o w  vacuum t e s t i n g  t o  be  performed a t  v a r i o u s  s t a g e s  
dur ing  system assembly and t o  evacua te  t h e  main dewar i n  p r e p a r a t i o n  f o r  cool-  
d o m .  The main c o n t r o l  pane l  a l lows  a l l  major o p e r a t i o n a l  parameters  t o  be  
remotely monitored and provides  f o r  c o n t r o l  of t h e  system from a remote l o c a t i o n .  

The major components of t h e  assembly; i . e . ,  t h e  c o i l  a s sembl i e s ,  s t r u c -  
t u r a l  components, and dewar w i l l  be  f a b r i c a t e d ,  t e s t e d ,  and preassembled t o  
v e r i f y  proper  f i t  a t  o f f - s i t e  m n u f a c t u r i n g  f a c i l i t i e s .  The system w i l l  t h e n -  
be  par tFaUydisassembled  i n t o  n a j o r  subassemblies  which w i l l  be  shipped t o  - -  - -  
t h e  s i t e  f o r  f i n a l  assembly and t e s t .  * .  

Figure  11-3 i l l u s t r a t e s  t h e  elements  t h a t  go i n t o  a  c o i l / s t r u c t u r e  sub- 
assembly. It beg ins  w i t h  t h e  b a s i c  b u i l d i n g  block--the conductor .  The con- 
d u c t o r ,  s t a i n l e s s  s t e e l  i n t e r n a l  s t r u c t u r e ,  and i n s u l a t i o n  m a t e r i a l s  are then  
wnl~nd i.ntn shape  and ground-wrapped t o  form the  windings. Next. t h e  windings 
a r e  p laced  i n s i d e  t h e  p r e f a b r i c a t e d  l i q u i d  helium v e s s e l  and t h e  cover  of  t h e  
l i q u i d  hel ium v e s s e l  i s  seal-welded i n  p l a c e  t o  produce t h e  c o i l  module. The 
c o i l  module is  then  p o s i t i o n e d  w i t h i n  t h e  s t r u c t u r e  and t h e  top  cover  of t h e  c o i l  
module. The c o i l  module is  then  p o s i t i o n e d  w i t h i n  t h e  s t r u c t u r e  and t h e  top  
cover  of t h e  c o i l  s t r u c t u r e  is b o l t e d  i n t o  p o s i t i o n .  This  subassembly is  re-  
f e r r e d  t o  a s  a  c o i l  assembly and i s  comple te ly  f a b r i c a t e d  o f f - s i t e .  A f t e r  t h e  
t r i a l  assembly of a11 components o f f - s i t e ,  t h e  subassemblies  a r e  t r a n s p o r t e d  t o  
t h e  s i t e  f o r  t h e  f i n a l  system i n s t a l l a t i o n .  Th i s  approach o f f e r s  t h e  fo l lowing  
advantages:  (1) t h e  nunher of p s r t s  t o  be handled on s i t e  wich a r e  a s s o c i a t e d  
wi th  t h e  superconduct ing magnet is he ld  t o  a  minimum, (2)  t h e  l e n g t h  of t ime 
a s s o c i a t e d  w i t h  magnet i n s t a l l a t i o n  i s  reduced,  and (3) t h e  s i z e  of t h e  "clean" 
assembly a r e a  r e q u i r e d  is reduced. 

The two s a d d l e  windings a l o n e  u t i l i z e  approximately 57% of t h e  t o t a l  ampere 
meters  i n  t h e  system, o r  rough1.y 572 of t h e  conductor  weight .  Th i s  i s  due t o  
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, . 

t h e  f a c t  t h a t  t h e  s a d d l e  windings a r e  i n  t h e  r e g i o n  where t h e  conductor  can 
h e  used most e f f i c i e n t l y  t o  g e n e r a t e  f i e l d .  

' 

The average  o v e r a l l  c u r r e n t  d e n s i t y ,  X j ,  f o r  t h e  Base Load system i s  a  
moderate 1,780. ~ / c m ~ .  This  l i m i t a t i o n  r e s u l t s  from a des ign  c r i t e r i a  which 
l e a d s  t c  t h e  u s e  of i n t e r n a l  s t r u c t u r e  w i t h i n  t h e  winding. 

Experience w i t h  superconduct ing c o i l  o p e r a t i o n  i n  r e c e n t  y e a r s  has  l e d  t o  
t h e  hypo thes i s  t h a t  o p e r a t i o n a l  p e r t u r b a t i o n s  may r e s u l t  from t h e  tempera ture  . . 
r i s e  a s s o c i a t e d  w i t h  t h e  h e a t  genera ted  through f r i c t i o n  i n  t h e  event  of r e l a t i v e  
conductor  motion. This  is  a d i r e c t  r e s u l t  of t h e  low h e a t  c a p a c i t y  of m a t e r i a l s  
a t  t h e s e  tempera tures  and t h e  h igh  t u r n  t o  t u r n  loads  experienced between con- 
duc to r s .  Experimental  d a t a  and c r i t e r i a  i n  t h i s  a r e a  are s c a r c e ;  hence a t  t h e  
o u t s e t  of t h i s , d e s i g n  s tudy  t h e  d e c i s i o n  w a s  made t o  u t i l i z e  a n  i n t e r n a l  suppor t  
s t r u c t u r e  around each conductor  which would prevent  t h e  accumulat ion of load  
on t h e  conductors .  When des ign  c r i t e r i a  a r e  f i n a l l y  a v a i l a b l e  on a n  exper imenta l  
b a s i s ,  it may w e l l  b e  p o s s i b l e  t o  i n c r e a s e  t h e  o v e r a l l  c u r r e n t  d e n s i t y  somewhat 
by us ing  i n t e r n a l  s t r u c t u r e  around bundles  of conductor  r a t h e r  t han  around each  
i n d i v i d u a l  conductor .  The approach chosen f o r  t h i s  s tudy  w a s  be l i eved  t o  be  
conse rva t ive  and i s  a t t r a c t i v e  from t h e  f a b r i c a t i o n  s t a n d p o i n t .  

The i n t e r n a l  s t r u c t u r e  provides  a load  pa th  w i t h i n  t h e  winding t h a t  e l i -  
mina tes  any a c ~ ~ u l a t i o n  of Lorentz  f o r c e s  from t u r n  t o  t u r n .  The major 
advantage of t h i s  concept  i s . t h a t  by i s o l a t i n g  each conductor  w i t h . i t s  own s t r u c -  
t u r e ,  t h e  bea r ing  s t r e s s  expe r i enced .by . any  conductor  i s  minimized. Th i s ,  i n  
t u r n ,  minimizes t h e  f r i c t i o n a l  h e a t i n g  gerierated i n  t h e  event  of r e l a t i v e  con- 
duc to r  motion,  s i n c e  f r i c t i o n a l  h e a t i n g  is r e l a t e d  t o  t h e  l e v e l  of bea r ing  
s t r e s s  experienced by t h e  conductor .  

C r y o s t a t i c  s . t a b i l i t y  i s  a c o n s e r v a t i v e  conductor  des ign  c r i t e r i o n  t h a t  r e -  
q u i r e s  t h a t  t h e  superconductor  tempera ture  be  l i m i t e d  t o  i t s  c r i t i c a l  t empera ture  
even i n  t h e  event  of a  complete c u r r e n t  t r a n s f e r  from t h e  superconductor  t o  t h e  
ad j acen t  s t a b i l i z e r .  

An assumption of t h e  s u r f a c e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  t h e  p a r t i c u -  
l a r  conductor  was neces sa ry  and was used w i t h  t h e  peak f i e l d  r e s u l t s  t o  determ5ne 
t h e  amount of conductor  s t a b i l i z e r  t h a t  would be l a r g e  enough t o  l i m i t  t h e  con- 
duc to r  tempera ture .  

The t o t a l  amount of superconductor  i n  t h e  winding was reduced by us ing  a 
conductor  g rad ing  scheme t h a t  d iv ided  t h e  winding bundle i n t o  s e c t i o n s  and s i z e d  
. t he  conductor  w i t h i n  any p a r t i c u l a r  s e c t i o n  accord ing  t o  t h e  maximum f i e l d  l e v e l  
e s t ima ted  f o r  t h a t  r eg ion .  Conductor s av ings  i n  t h e  low f i e l d  r e g i o n s  were 
r e a l i z e d  i n  t h i s  wzy. 

Three b a s i c  conductors  w e r e  s e l e c t e d  f o r  t h e  s a d d l e  winding and t h r e e  were 
s e l e c t e d  f o r  t h e  r a c e t r a c k  windings. The r a c e t r a c k  conductors  have an a spec t  
r a t i o  of about  3 t o  1, w h i l e  t h e  s a d d l e  conductors  a r e  approximately square  s o  
t h a t  t hey  can more e a s i l y  undergo t h e  compound bend t h a t  occurs  i n  t h e  end t u r n  
r e g i o n  of t h e  s a d d l e  winding. 

Each conductor  c o n s i s t s  of a  Ruther ford  t y p e  c a b l e  conductor  and a n  ad jo in -  
i ng  copper s t a b i l i z e r .  The conductor  s t a b i l i z e r s  have .00127 m (50 m i l )  s l o t s  
on t h e i r  l e f t  and r i g h t  f a c e s .  These a r e  coo l ing  s l o t s  t h a t  a l l ow t h e  conductor  



t o  remain i n  thermal  c o n t a c t  w i t h  l i q u i d  hel ium a long  t h e  e n t i r e  l e n g t h  of t h e  
conductor .  

Three d i f f e r e n t  Ru the r fo rd  type  c a b l e s  a r e  u sed ,  two f o r  t h e  s a d d l e  con- 
d u c t o r s  and ano the r  f o r  t h e  r a c e t r a c k  conductors .  The c a b l e s  a r e  composed of 
6.8 . x  m ) .027 i n . )  d iameter  45Nb55Ti superconduct ing f i l a m e n t s  ( c i s c  = 
1 . 8 : l )  t h a t  a r e  b ra ided  t o g e t h e r  t o  form a s i n g l e  bundle of superconductors .  
The bundles  a r e  t hen  packed t o g e t h e r  i n t o  t h e  ~ u t h e r f o r d  type  c a b l e .  

The c a b l e  t y p e  conductor  is  p r e f e r r e d  t o  a mono l i th i c  conductor  because  
t h e  ex t remely  long  l e n g t h s  t h a t  c a b l e  conductor  i s  a v a i l a b l e  i n  minimizes t h e  
number of conductor  connec t ions  t h a t  must be  made w i t h i n  t h e  winding. Mini- 
mizing t h e  number of j o i n t  i n  t u r n  reduces  the. ,  f a b r i c a t i o n  t ime and t h e  e x t e n t  
of t h e  p o t e n t i a l l y  t roublesome j o u l e  h e a t i n g  t h a t  occurs  a t  j o i n t s .  

The p o s s i b i l i t y  of u s ing  superconduct ing  w i r e  l a r g e r  t han  6.8 x 1o04m 
(.027 i n . )  i n  d iameter  was cons idered .  However, i n  terms of p r e s e n t  a v a i l a b l e  
technology,  t h e  6.8 x 10'~ m (.027 i n . )  d iameter  superconduct ing wire seemed 
a b e t t e r  cho ice  f o r  t h e  f o l l i w i n g  r easons .  Because a superconductor  depends 
on h e a t  t r ea tmen t  and co ld  working t o  a t t a i n  its p r o p e r t i e s ,  t h e  c.unsicl er:al-11e 
amount of co ld  working t h a t  occurs  i n  drawing a w i r e  t o  t h i s  s i z e  g i v e s  t h e  w i r e  
e x c e p t i o n a l  c u r r e n t  c a r r y i n g  a b i l i t y .  Larger  w i r e ,  on t h e  o t h e r  hand, cannot  
a c h i e v e  as l a r g e  a c u r r e n t  d e n s i t y  a s  t h e  smaller w i r e .  Consequently,  f o r  t h e  
same c u r r e n t  a c a b l e  made w i t h  l a r g e  w i r e  w i l l  r e q u i r e  more superconductor  t han  
a c a b l e  u s i n g  s m a l l  w i r e .  Furthermore,  t h e  procedure  f o r  manufac tu t ing  6.8 x 
10'~ (.027 i n . )  d i ame te r  superconduct ing  w i r e  is  an  e s t a b l i s h e d  technology 
which Magnetic Corpora t ion  of America has  used i n  producing hundreds of thou- 
sands  of f e e t  of wi re .  

The e f f e c t i v e  s u r f a c e  h e a t  f l u x  t h a t  t h e  conductors  chosen must be  a b l e  t o  
s u s t a i n  because of s t a b i l i t y  c o n s i d e r a t i o n s  is 1 .0  w/cm2. This  is  b e l i e v e d  
t o  be a r ea sonab le  d e s i g n  v a l u e  i n  l i g h t  of t h e  r e s u l t s  of p a s t  measurements 
on o t h e r  winding models. Values of about  1 .2  w/cm2 have been achieved ,  and 
t h e s e  a r e  a t t r i b u t e d  t o  two- and three-dimensional  h e a t  t r a n s l e r  e f l e c c s .  

During t h e  f i n a l  d e s i g n  s t u d y ,  c o n s t r u c t i o n  of a winding model f o r  s t a b -  " 

i l i t y  t e s t i n g  w i l l  b e  neces sa ry .  I f  t h e  winding measurements i n d i c a t e  t h a t  a . 

s u r f a c e  h e a t  f l u x  of 1.0 w/cm2 i s  n o t  c o n s e r v a t i v e ,  t hen  t h e  conductor  may be  
a l t e r e d  t o  reduce  t h i s  va lue .  

The amount of a d d i t i o n a l  s t a b i l i z e r  needed t o  reduce  t h e  maximum s u r f a c e  
h e a t  f l u x  t o  0.8 w/cm2 r e s u l t s  i n  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  t o t a l  con- 
d u c t o r  weight .  The 0.8 w/cm2 conductor r e q u i r e s  about  394,000 kg of con- 
d u c t o r ,  whereas t h e  1.0 w/cm2 conductor  r e q u i r e s  approximately 323,000 kg of 
conductor .  By us ing  t h e  1 .0  w/cm2 conductor ,  t h e r e f o r e ,  a sav ings  of about  
18% i n  n e t  conductor  weight  can  be  r e a l i z e d .  Th i s  computes d i r e c t l y  i n t o  
d o l l a r  s av ings  i n  conductor  c o s t .  

A s  d e s c r i b e d  e a r l i e r ,  t h e  i n t e r n a l  s t r u c t u r e  concept  t h a t  is  used is  based 
on p rov id ing  a means f o r  cumula t ive  load  t r a n s m i t t a l  around each conductor ,  n o t  
th rough ' t h e  conductor .  Th i s  p reven t s  any accumulat ion of b e a r i n g  s t r e s s  from 
conductor  t o  conductor  and t h i s  i n  t u r n  minimizes t h e  f r i c t i o n a l  h e a t i n g  t h a t  
can r e s u l t  i n  t h e  event  of conductor  motion. 



The main s t r u c t u r a l  element i s  a  channel  shaped s t a i n l e s s  s t e e l  e x t r u s i o n .  
Once t h e  conductor  i,s p laced  i n t o  t h i s c h a n n e l  a  s t a i n l e s s  s t e e l  backing i s  
placed i n t o  t h e  remaining space  i n  t h e  channel  s o  t h a t  t h e  conductor  i s  encased 
b y  s t a i n l e s s  s t e e l .  A "B" s t aged  epoxy impregnated t a p e  3.81 x m (15 m i l )  
t h i c k  t h a t  is  wrapped around t h e  s t & c t u r e  ho lds  che  s t a i n l e s s  s t e e l  backing 
i n  p l ace .  T h e m a p  a l s o  provides  t u r n  t o  t u r n  i n s u l a t i o n  a s  w e l l  a s  an i n t e r -  
s t i t i a l  coo l ing  passage  between t h e  cohductors .  



111. A REVIEW OF BNL STUDIES ON SAFETY AND RELIABILITY I N  SUPERCONDUCTING 
TOKAMAK SYSTEMS AS THEY HAY APPLY TO SUPERCONDUCTING KHD COILS 

S t u d i e s  on superconduct ing  magnet s a f e t y  and r e l i a b i l i t y  a s  they  u i ig t t  r e -  
l a t e  tc t h e  t o r o i d a l  f i e l d  c o i l s  of commercial Tokaniak f u s i o n  systems have been 
c a r r i e d  o u t  a t  Srookhaven Na t iona l  Labora tory  a t  a  modest l e v e l  of e f f o r t  over  
t h e  p a s t  few yea r s .  Th i s  work i s  summarized i n  t h e  p r e s e n t  paper  and modif ied 
a s  i t  might apply  t o  MHD c o i l s  f o r  base  load  MHD p l a n t s .  Experience has  shown 
t h a t  n e g l e c t  of i s s u e s  concerning s a f e t y  and r e l i a b i l i t y  r e l a t i n g  t o  commercial 
a p p l i c a t i o n  dur ing  t h e  development s t a g e s  of a  program can  r e s u l t  i n  e x t e n s i v e  
des ign  readjus tment  i n  t h e  f i n a l  s t a g e s  w i t h  consequent s u b s t a n t i a l  p e n a l t i e s  
i n  time and c o s t  f o r  t h e  t o t a l  program. Thus, w h i l e  commercial f u s i o n  is  cur-  
r e n t l y  a hope f o r  t h e  f a r  f u t u r e  i t  is n o t  t oo  e a r l y  t o  i n t r o d u c e  t h e  s u b j e c t  
now. A g r e a t  d e a l  of expe r i ence  i n  t h e s e  m a t t e r s  has  been b u i l t  up i n  p a s t  
y e a r s  i n  t h e  e l e c t r i c a l  i n d u s t r y ,  heavy i n d u s t r y  i n  g e n e r a l ,  and, more r e c e n t l y ,  
i n  t h e  n u c l e a r  i n d u s t r y .  While g u i d e l i n e s  f o r  v e r y  l a r g e  superconduct ing magnet 
systems f o r  power p l a n r s  w i l l  probably r e q u i r e  t h e  IorluulaLiou of completely new 
and d i f f e r e n t  s t a n d a r d s ,  e x i s t i n g  p r a c t i c e s  and codes can  form t h e  b a s i s  f o r  out-  
l i n i n g  approaches t o  both  f u s i o n  and NED systme r e l i a b i l i t y .  These s t a n d a r d s  
would d i f f e r  f o r  t h e  two c a s e s  because magnet ic  f u s i o n  invo lves  r a d i a t i o n  and 
a s s o c i a t e d  hazards  w h i l e  NHD does  n o t .  

L i t t l e  of t h e  p a s t  o p e r a t i n g  and r e l i a b i l i t y  expe r i ence  w i t h  t h e  sma l l e r  
supe rconduc t i rg  magnets of p a s t  y e a r s  w i l l  have r e l evance  f o r  t h e  problems 
ahead i n  F E D  magnet d e s i g n ,  o p e r a t i o n  and maintenance. The combination of very  
h i g h  magnet ic  l o a d s  and l a r g e  s i z e s  w i l l  ampl i fy  t h e  s t r u c t u r a l  changes i n  d i -  
mensions,  o f t e n  n e g l i b i b l e  i n  s m a l l  sys tems,  occu r r ing  a s  a  consequence of s m a l l  
thermal  g r a d i e n t s  due t o  c o o l  down o r  t o  t h e  o n s e t  of normal r e g i o n s  i n  t h e  super- 
conduct ing  composite conductors  of t h e  windings du r ing  abnormal o p e r a t i n g  con- 
d i t i o n s .  Again, f o r  t h e  i n d u s t r y ,  t h e  u s e  of i n s t rumen ta t ion  a t  t h e  ve ry  low 
cryogenic  tempera tures  over  long and curiLii~uuus s e r v i c e  repres t l l~Ls  a new a r e a  i n  
which r e l i a b i l i t y  and i a i l u r e  d a t a  1s n o t  a v a i l a b l e .  

The i n t e r a c t i o n  of s a f e t y ,  r e l i a b i l i t y ,  economics, and p l a n t  a v a i l a b i l i t y  
a l s o  r e q u i r e s  f u r t h e r  s tudy .  I n  t h e  c a s e  3f f i s s i o n  r e a c t o r s ,  u n a n t i c i p a t e d  
changes i n  commercial p l a n t  d e s i g n  a t t r i b u t a b l e  i n  par t  t o  s a f e t y  and environmental  
c o n s i d e r a t i o n s  h a s  l e d  t o  i n c r e a s e s  of  a  f a c t o r  o t  t i v e  from i n l t i a l  es t imaee  
t o  f i n a l  c a p i t a l  c o s t .  E a r l i e r  a t t e n t i o n  t o  t h e s e  d e t a i l s  i n  MHD system develop- 
ment may reduce t h i s  e s c a l a t i o n .  

MHD systems r e q u i r e  superconduct ing  magcets i f  they  a r e  t o  be economical ly 
a c c e p t a b l e ;  w i thou t  superconduct ing  magnets,  such systems may not: eve11 produce 
n e t  power. 

R e s u l t s  from p r e s e n t  c o i l  development programs cannot  be  expected f o r  some 
y e a r s  and d a t a  on r e l i a b i l i t y  and maintenance over  a decade of o p e r a t i o n  w i l l  
n o t  be  a v a i l a b l e  b e f o r e  t h e  mid 1990 ' s .  Even then ,  t h i s  expe r i ence  may n o t  be  
t o t a l l y  r e l e v a n t  f o r  commercial MHD magnets and i n s t r u m e n t a t i o n  a s  t h e  t e s t  
systems a r e  no t  l i k e l y  t o  b e  ope ra t ed  e i t h e r  a s  con t inuous ly  o r  i n  t h e  manner 
r e q u i r e d  f o r  a  commercial system. However t h e  c u r r e n t  U.S. p o l i c y  of e n l i s t i n g  
t h e  suppor t  of l a r g e  i n d u s t r i a l  f i r m s  i n  superconduct ing  magnet development w i l l  
b r i n g  long  e s t a b l i s h e d  p r a c t i c e s  i n  " F a i l u r e  Modes and E f f e c t s  Analys is , "  "Safe ty  
Analyses, ' '  and "Qual i ty  Assurance Techniques," t o  f u t u r e  l a r g e  c o i l  des ign .  



~ y ' ~ ~ ~ l o ~ ~  w i t h  developments i n  t h e  n u c l e a r  f i s s i o n  i n d u s t r y  and i t s  in-  
. . c r e a s i n g  emphasis on q u a l i t y  a s su rance  and s a f e t y  a n a l y s i s ,  bo th  du r ing  devel -  

opnent ' and  commercial a p p l i c a t i o n  we can  apply  t h i s  expe r i ence  and approach i n  
developing a  corresponding approach t o  M I D  p l a n t s .  IJe i d e n t i f y  p r i n c i p a l  a r e a s  
of s tudy  a s  being t o  c o l l e c t  and e v a i u a t e  o p e r a t i o n a l  exper ience  from t h e  p o i n t  
of view of s a f e t y  and r e l i a b i l i t y ,  t o  develop ana lyses  of f a i l u r e ~ c o d e s  and 
e f f e c t s , ' c r e d i b l e  even t s  and s a f e t y ,  t o  a s s e s s ~ p o s s i b l e  r i s k s  and t o  e s t a b l i s h  
g u i d e l i n e s  i n  q u a l i t y  a s s u r a n c e , . d e s i g n  c o n s t r u c t i o n ,  i n s t rumen ta t ion ,  c o n t r o l  
and o p e r a t i o n  f o r  f u s i o n  magnets. 

PRINCIPAL CONSIDERATIONS I N  MAGNET SAFETY AND RELIBILITY 

P l a n t  A v a i l a b i l i t y  and R e l i a b i l i t y  

The most' important  c o n s i d e r a t i o n  is t o  minimize damage t o  t h e  PfHD magnet 
system so  a s  t o  maxmize p l a n t  a v a i l a b i l i t y .  Assuming' a  .30 yea r  p l a n t  l i f e  an 
o v e r a l l  a v a i l a b i l i t y  of 70% o r  more is  d e s i r a b l e .  I n  t h i s  c a s e  t h e  o v e r a l l  
magnet system c o n s i s t s  of t h e  s a d d l e  c o i l s ,  low tempera ture  environment,  con- 
t r o l s  and in s t rumen ta t ion .  Thus, p l a n t  a v a i l a b i l i t y  i s  only  p a r t l y  dependent 
on s a d d l e  c o i l  a v a i l a b i l i t y  and r e l i a b i l i t y .  h i m i c r t a n t  q u e s t i o n  on which 
t h e  success  o r  f a i l u r e - o f ,  t h i s  system w i l l  t u r n  is:  a)llCan t h e  magnet be  taken 
a p a r t  i n  a ' reasonable  t ime i f  c o i l  performance i s  impaired?" 

P l a n t  a v a i l a b i l i t y  is  a combination of t h e  Mean Time Eetween F a i l u r e  and 
Mean Tine t o  Repair  f o r  t h e  v a r i o u s  components of t h e  o v e r a l l  system and t h e  
t h e  needed f o r  r o u t i n e  maintenance. These i n c l u d e  t h e  s a d d l e  c o i l s ,  t h e  r e -  
maining magnet system, and t h e  ba lance  of p l a n t  which i s  mainly convent iona l .  
P re sen t  day p l a n t s ,  l a c k i n g  t h e  added complexi ty of t h e  magnet ic  systems have 
a v a i l a b i l i t i e s  of 65 t o  70% per  yea r .  Hence, a  very  h igh  degree  of s a d d l e  c o i l  
r e l i a b i l i t y  and a v a i l a b i l i t y  i s  mandatory because of t h e  f a c t  t h a t  even wi thou t  
such systems,  p re sen t  day p l a n t  a v a i l a b i l i t i e s  a r e  b a r e l y  accep tab le .  Because . 
of t h e i r  s i z e  and c o s t ,  t h e s e  base  p l a n t s  would be  expected t o  o p e r a t e  a t  t h e  
h i g h e s t  p o s s i b l e  annual  c a p a c i t y  f a c t o r .  . . 

Accident C l a s s i f i c a t i o n s  and Con t ro l  S t r a t e g i e s  

By analogy wi th  s t u d i e s  of f i s s i o n  r e a c t o r  s a f e t y ,  t h e  g u i d e l i n e s  devel-  
oped i n  a s s e s s i n g  a c c i d e n t  r i s k s  i n  commercial n u c l e a r  power p l a n t s  could be 
used a s  a  b a s i s  f o r  developing an  approach t o  s a f e t y  and r e l i a b i l i t y  i n  MtTD sys-  
tems. Th i s  would l e a d  t o  a  d i ag rvn  such a s  F igu re  111-1 which o u t l i n e s  t h e  p r i n -  
c i p a l  t a s k s  w e  envisage  a s  be ing  neces sa ry  t o  ana lyze  MHD magnet s a f e t y .  
Three l e v e l s  of i n c r e a s i n g  d e t a i l  and complexi ty a r e  suggested and a r e  i n d i -  
ca t ed  i n  t h e  diagram by t h e  boundary l e v e l s  A ,  E, and C, where c l a s s i f i c a t i o n  
A i s  t h e  l e a s t  and C t h e  most complex and comprehensive. I n  c l a s s  A ana lyses  
we i d e n t i f y  c r e d i b l e  even t s  i n t e r n a l  o r  e x t e r n a l  t o  t h e  magnet system which could  
induce f a u l t s ,  examine containment f a i l u r e  modes and d e f i n e  p o s s i b l e  sequences 
of even t s  by c r e a t i n g  event  t r e e s .  These ana lyses  a r e  q u a n t i t a t i v e  and theore-  
t i c a l  and a t  some l a t e r  s t a g e  should be  extended t o  c l a s s  B ana lyses  where 
d e f i n i t i o n  of complete magnet d e s i g n s ,  i n c l u d i n g  i n t e g r a t i o n  of a  v a r i e t y  of 
s a f e t y  systems and d e t a i l e d  q u a l i t a t i v e  examinat ion of a l l  impor tan t  f a i l u r e  
and a c c i d e n t  nodes w i l l  b e  necessary .  Q u a n t i t a t i v e  e s t i m a t i o n  of f a i l u r e  
p r o b a b i l i t i e s  and r i s k  assessment ,  shown i n  t h e  "C" l e v e l  boundary, w i l l  prob- 
ab ly  no t  begin  i n  d e t a i l  f o r  a t  l e a s t  ano the r  decade. 
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Within ' these  l e v e l s  of a n a l y s i s  it i s  p o s s i b l e  t o  develop f a u l t  trees 
and event  t r e e s  which can  be, used t o  a n t i c i p a t e  p o t e n t i a l  o p e r a t i n g  d e f e c t s  and 
t o  develop s u i t a b l e  e n g i n e e r e d ' s a f e t y  f e a t u r e s  and o p e r a t i n g  s a f e t y  systems t o  
minircize o r  e l i m i n a t e  t h e i r  occur rence .  . I n  t h e  u n l i k e l y  event  of an  ope ra t ing ,  
f a i l u r e  caus ing  system pl'znt shutdown o r  damage, such a n a l y s e s  and s a f e t y  sys-  
t e n s  w i l l  b e  e s s e n t i a l .  F a u l t  t r e e s ' c a n  be  developed t o , s h o w  t h e  c r e d i b l e  path- 

.ways  t h a t  could ind ica t e .  a  g iven  type  of f a i l u r e .  Event t r e e s  can b e  used t o  
ana lyze  t h e  p o s s i b l e  consequences of t h i s  i n i t i a t i n g  f a u l t  on system ope ra t ion .  

S ince  q u a n t i t a t i v e  f a i l u r e  r a t e  d a t a  a r e  v i r t u a l l y  nonex i s t en t  f o r  super-  
conduct ing magnet systems,  event  and f a u l t  trees can  on ly  be  used. q u a l i t a t i v e l y  
and any assessment of t h e  r e l a t i v e  importance of d i f f e r e n t  a c c i d e n t  pathways 
and i n i t i a t o r s  w i l l  be  h igh ly  s u b j e c t i v e .  

A s  event  t r e e s  presuppose t h e  e x i s t e n c e  of adequate  i n s t rumen ta t ion  and 
a s s o c i a t e d  s a f e t y  f e a t u r e s ,  i t  i s  neces sa ry  f i r s t  t o  cons ide r  what a  h i e r a r c h y  
of o p e r a t i n g  magnet s a f e t y  systems might i nc lude .  Th i s  i s  shown i n  F igu re  111-2  
a s  i t  might a p p e r t a i n  t o  an  MHD magnet assembly. , , 

A l a r g e  number of v a r i o u s  types  of s e n s o r s  w i l l  b e  r equ i r ed  t o  monitor  
c o n d i t i o n s  i n  t h e  magnet c o i l s  and t o  d e t e c t  e v e n t s  which can l ead  to 'magne t  
damage o r  f a i l u r e .  These s e n s o r s  w i l l  have t o  be  i n t e r l o c k e d  so t h a t  they  
cannot be d isconnected  wi thout  s h u t t i n g  down t h e  p l a n t  and w i l l  have t o  be  test-e-d 
f r e q u e n t l y  t o  s e e  i f  they  a r e  f u n c t i o n i n g ' p r o p e r l y .  12 a d d i t i o n ,  s e n s o r s  w i l l  ' 

probably have t o  b e  redundant t o  some degree .  

The f l c w  of i n fo rma t ion  w i l l  probably be  too  g r e a t  t o  be  processed by p l a n t  
o p e r a t o r s  and may need t o  be processed by computer. C e r t a i n  p o r t i o n s  of t h i s  
in format ion  would be  a u t o m a t i c a l l y  d i sp l ayed  t o  t h e  p l a n t  o p e r a t o r s  w h i l e  o t h e r  
p o r t i o n s  would be  d i sp l ayed  upon command. Four l e v e l s  of a c t i o n  a r e  shown i n  
F igure  111-2. I n  l e v e l  1, p o t e n t a i l l y  s e r i o u s  c o n d i t i o n s  i n  t h e  magnet system 
would be d i sp l ayed  by, t h e  computer t o ' a l e r t  t h e  p l a n t  o p e r a t o r s .  I n  l e v e l  2 ,  
cond i t i ons  would be  judged by t h e  computer t o  be  s u f f i c i e n t l y  s e r i o u s  t h a t  t h e  
p l a n t  would b e s h u t  downand a p p r o p r i a t e  a c t i o n  taken  ( tempera ture  e q u i l i z a t i o n ' ,  
energy removal) t o  s a fegua rd  t h e  magnet. A t  l e v e l  2 ,  t h e  computer a c t i o n s  could  
n o t  be  ove r r idden  by p l a n t  o p e r a t o r s .  Level  3 would be  an  a u x i l i a r y  l e v e l  of 
shutdown and p r o t e c t i o n  t h a t  could be  t r i g g e r e d  by r e a c t o r  o p e r a t o r s  i f  d e s i r a b l e  
b e f o r e  au tomat ic  a c t i o n s  were taken  on l e v e l  2.  Level  4 would correspond t o  
shutdown and p r o t e c t i o n  a c t i o n s  neces sa ry  because of s a f e t y  system ma l func t ion ,  
such as mal funct ion  of t h e  computer o r  d a t a  system. 

Ifi-iether o r  no t  p l a n t  o p e r a t o r s  should o v e r r i d e  computer a c t i o n s  on l e v e l  2  
i s  a  d i f f i c u l t  ques t ion .  S t u d i e s  have shown t h a t  i n  approximately 20-30% of h igh  
stress emergency s i t u a t i o n s ,  a c t i o n s  by h i g h l y  t r a i n e d  i n d i v i d u a l s  e i t h e r  make 
no d i f f e r e n c e  o r  make t h e  s i t u a t i o n  worse. However, on t h e  o t h e r  hand, t h e  ac- 
t i o n  of e x p e r t s  i n  avoid ing  preplanned sequences,  e i t h e r  f o r  i n s t r u m e n t a t i o n  o r  
human o p e r a t o r s ,  have on occas ions  a v e r t e d  d i s a s t e r .  

A s  an  i l l u s t r a t i o n ,  we l l s t  i n  Table  111-1 some of t h e  p o s s i b l e  a c c i d e n t  
i n i t i a t o r s  we f o r e s e e  f o r  NHD c o i l  systems.  Each a c c i d e n t  i n i t i a t o r  can i n  t u r n  
r e s u l t  i n  a  Large number of p o s s i b l e  a c c i d e n t  pathweys, depending on t h e  dyna- 
mics of t h e  a c c i d e n t  s i t u a t i o n ,  t h e  n a t u r e  of remedial  a c t i o n s ,  and t h e  succes s  
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TABLE 111-1 -sU?W~RY OF PO'SENTLIIl, ACCIDENT INITIATORS 

Plechanical Initiators Asso.ciated with Operation or Assembly of Magnet 

Fracture of conductor 
Fracture of reinforcement 
Cracking or plas'tic deformation of stabilizer resulting in high resistivity 
Fracture of superconductor filaments (nonOcryogenically-stable conductor) 
Excessive conductor movement (glue fractures) 
Crack in insulation 
Rupture of cryostat 

Electrical Insulation Initiators (Non-MecharLcally Caused) 

Pletal inclusion in insulator (as fabricated or during assenbly) 
Metal particle causes bridging between conductor turns 
Excessive voltage during coil dump or quench 

0 LOW dielectric strength of heated helium 

Q Improper installation of insulation - missing or too thin 

Coolant Initiators 

0 .  Break of coolant line(s) 
0 Coolant channel blockage by broken spacer 

Summary of Potential Accident Initiators 

0 Coolant channel' blockage by conductor or coil movement 
0 Coolant channel blockage by collection of impurities from coolant (from . 

refrigerator or other parts of magnet) .. . . .. 

Conductor Initiators (Non-Mechanically Caused) 

0 Impurities or inclusions in stabilizer from ingot or conductor fabrication 

@ Sudden loss of plasma current. 
B Magnet charge or discharge too rapid 
8 Coils pulsed too fast 

Lead Initiators . 

@ Fracture of lead 
0 Inadequate cooling of lead resulting in melting 

Initiators External to Magnet System 

O Missiles from plant (turbine', coolant line rupture flywheel of energy storage 
systen, etc.) 

0 Missiles external to reactor plant (airplanes, ktc.) 



TABLE 111-1 (Cont inued) ,  

@ Earthquakes 
@ Sabotage 
@ Human Fac to r  

Con t ro l  System Ha.ifunction I n i t i a t o r s  

@ Loss of power t o  c o n t r o l  system 
@ ' F a i l u r e  of s e n s o r s  
@ F a i l u r e  of i n t e r l o c k s  
@ Computer ma l func t ion  
@ F a i l u r e  of energy dump swi t ch ing  



o r  f a i l u r e  of v a r i o u s  s a f e t y  syterrs: Our survey  of o p e r a t i n g  exper ience  w i t h  
superconduct ing magnet syst'ems c o n s t r u c t e d  t o  d a t e  l e d  t o  t h e  conclus ion  t h a t  
e l e c t r i c a l  breakdown, conductor  breakage,  l e a d  f a i l u r e  and coo lan t  channel  
blockage were major causes  of f a i l u r e .  

I n  t h e  event  of a nagnet.  d i s r u p t i o n ,  t h e  prirzary containment system of . 

t h e  c o i l  could be sub jec t ed  t o  t h e  impact, of f ragments  of t h e  conductor  t r a v e l -  
i ng  a t  h igh  speed.  Scch even t s  a r e  no t  unknown i n  systems c o n t a i n i n g  l a r g e  
convent iona l  e lec t romagnets .  The pr imary containment f o r  a n  P B D  c o i l  w i l l  
probably be  a system of r e s t r a i n i n g  g i r d e r s  w i t h  o u t e r  and inne r  vacuw- w a l l s  
o r  both.  

De ta i l ed  ana lyses  should be  c a r r i e d  out  t o  de te rmine  t h e  e f f e c t  of 
m i s s i l e  impact on t h e  primary containment and vacuum w a l l s . t o  des ign  t h e s e  as 
t o  p reven t  p e n e t r a t i o n  by missiles and i f  p o s s i b l e ,  r e t a i n  l e a k  t i g h t n e s s .  

Event and f a u l t  t r e e s  s e r v e  two purposes:  a )  t hey  q u a l i t a t i v e l y  d e f i n e  
t h e  impor tan t  a c c i d e n t  sequences,  h e l p i n g  both  t h e  des fgne r  2nd s a f e t y  a n a l y s t  
t o  v i s u a l i z e  r e a d i l y  what p o t e n t i a l  s a f e t y  problens  e x i s t  and what s t e p s  may 
be taken  t o  minimize them; and b) they  can  be used t o  e s t i m a t e  t h e  p r o b a b i l i -  
t i e s  of v a r i o u s  a c c i d e n t  sequences i f  adequate  component f a i l u r e  r a t e  d a t a  
e x i s t s .  Q u a n t i t a t i v e  informat ion  on f a i l u r e  r a t e s  of i n d i v i d u a l  components and 
in s t rumen ta t ion  does n o t  y e t  e x i s t  f o r  such l a r g e  superconduct ing  magnet systems.  
However, t h e  a n a l y s i s  p roces s  can be  i n v e r t e d  t o  p rov ide  i n s i g h t  i n t o  what 
upper bounds t o  cGmpcnent f a i l u r e  r a t e s  w i l l  be  necessary  t o  s t a y  w i t h i n  allow- 
a b l e  upper bounds f o r  g iven  a c c i d e n t s .  I n  t h i s  p r o c e s s ,  t a k i n g  t h e  p r o b a b i l i t y  
of a g iven  event  t o  be  no more than  a  c e r t a i n  v a l u e  (say <loe3 condcutor  b reaks  
per  magnet--or plant--year)  one can  mzke r easonab le  e s t iGLtes  of t h e  allow- 
a b l e  f a i l u r e  r a t e s  i n  each of t h e  branches of t h e  f a u l t  t r e e .  The l a r g e  number 
of pathways i n  t h e  examples developed h e r e  l e a d s  t o  two conc lus ions ;  comprehen- 
s i v e  s a f e t y  ana lyses  of MHD c o i l s  r e q u i r e  a  l a r g e  e f f o r t ,  and e x t e n s i v e ,  r e l i a b l e  
engineered s a f e t y  f e a t u r e s  w i l l  b e  r e q u i r e d .  

A t y p i c a l  f a u l t  t r e e  i s  developed i n  F igu re  111-3 t o  i l l u s t r a t e  s i ~ p l y  t h e  
p o s s i b l e  pathways l e a d i n g  t o  r u p t u r e  of a  c o i l  ca se .  A more complex example 
( s e e  F igu re  111-4) y e t  s t i l l  s i m p l i f i e d ,  t r a c e s  p o s s i b l e  pathways l e a d i n g  t o  
t h e  breakage of a  conductor  i n  a c o i l  which has  no e x t e r n a l  suppor t  ca se .  Cred- 
i b l e  even t s  stemming from t h e s e  f a u l t s  can  be f o l l o t ~ e d  i n  a branching  event  t r e e .  
A t y p i c a l  event  t r e e  i s  g iven  i n  F i g u r e  111-5 f o r  t h e  p o s s i b i l j . t y  of cocductor  
breakage. Seve ra l  o t h e r  c a s e s ' h a v e  been developed i n  t h e  BNL s tudy .  

STRUCTURAL ANALYSIS - PRESENT STATUS AND FUTURE NEEDS 

~ u ~ e r c o n d u c t i n ~  MHD magnet s t r u c t u r e s  w i l l  b e  made up of complex composites 
i nvo lv ing  superconductors ,  i n s u l a t o r s ,  s t a b i l i z e r s ,  s t r u c t u r a l  r e in fo rcemen t s ,  
g l u e s ,  e t c . ,  a l l  of which a r e  i n t e r s p a c e d  w i t h  v a r i o u s  types  of coo l ing  channel  
con ta in ing  l i q u i d  o r  gaseous helium. These s t r u c t u r e s  tend  t o  be  more complex 
than  t h o s e  u s u a l l y  encountered i n  engineer ing  a n a l y s i s  and sudden l o c a l  o r  gen- 
e r a l  h e a t i n g  may t a k e  p l a c e  due t o  t r a n s i t i o n s  of t h e  superconductors  i n t o  t h e i r  
normal conduct ing s t a t e s , .  Local  movements caused by ex i s tFng  s t r e s s e s  and s t r a i n s ,  
f r a c t u r e  of t h e  g l u e  o r  t h e  o t h e r  magnet components, and f a t i g u e  f a i l u r e  of t h e  
v a r i o u s  m a t e r i a l s  could cause  such t r a n s i t i o n s .  Changing magnet ic  f i e l d s  may 
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a l s o  t r i g g e r  superconduct ing t o  normal t r a n s i t i o n s  d i r e c t l y  o r  by caus ing  
l o c a l  movements of t h e  c u r r e n t  c a r r y i n g  conductors .  Other even t s  such a s  
coo lan t  channel  blockages and e x t e r n a l l y  imposed impulse l o a d s ,  e.g. ,  e a r th -  
quakes, m i s s i l e s ,  dewar r u p t u r e ,  e t c . ,  could a l s o  cause  such  t r a n s i t i o n s .  

D e t a i l e d  ana lyses  of such riagnet s t r u c t u r e s  a r e  beyond t h e  p r e s e n t  s t a t e  
of t h e  a r t  u n l e s s  cons ide rab le  s imp l fy ing  assumptions a r e  ~ a d e .  S t r u c t u r a l  
a n a l y s i s  by i t s e l f ,  no m a t t e r  how d e t a i l e d ,  w i l l  b e  i n s u f f i c i e n t  t o  f u l l y  examine 
a l l  a s p e c t s  of magnet s a f e t y ,  b,ut i t  can p r e d i c t  v a r i o u s  m a t e r i a l  f a i l u r e s  t h a t  
may occur  du r ing  t h e  o p e r a t i o n a l  1 i f e . o f  t h e  magnet s o ' h i g h l i g h t i n g  des ign  prob- 
lems needing f u r t h e r  s tudy .  Magnet a c c i d e n t  a n a l y s i s  codes f o r  computer programs 
which cons ide r  s t r u c t u r a l ,  e l e c t r i c a l  and h e a t  t r a n s f e r  c a l c u l a t i o n s  s imultan-  
eous ly  w i l l  have t o  b e  developed. Such codes can then  be used t o  de te rmine  t h e  
c o n d i t i o n s  l e a d i n g  t o  p o s s i b l e  magnet f a i l u r e  modes and t h e i r  avoidance.  

S t r u c t u r e s  sometimes f a i l  even though t h e  a n a l y s i s  i n d i c a t e s  t h a t  they  should  
n o t ,  due t o  unusual  v a r i a t i o n s  i n  t h e  p r o p e r t i e s  of commercial m a t e r i a l s  o r  un- 
a n t i c i p a t e d  loads .  Designers  u se  e m p i r i c a l  s a f e t y  f a c t o r s  t o  a l low f o r  such 
u n c e r t a i n t i e s .  I n  s i t u a t i o n s  where a c c i d e n t s  m a y , r e s u l t  i n  s e r i o u s  consequences,  
e .g . ,  f i s s i o n  r e a c t o r s  o r  a i r c r a f t ,  and where t h e  number of ' v a r i a b l e s  i s  v e r y  
l a r g e ,  it is  ve ry  d e s i r a b l e  t o  extend t h e  s t r u c t u r a l  a n a l y s i s  by inc lud ing  mean- 
i n g f u l  p r o b a b i l i t y  of f a i l u r e  t o  minimum a l lowab le  r e l i a b i l i t y  p r e d i c t i o n s  
c a r r i e d  ou t  by s t a t i s t i c a l  t echniques .  These methods Should be  c o n s i s t e n t  f o r  
MIID magnets. 

Complex a n a l y t i c a l  methods must be  v e r i f i e d  by c losed  form s o l u t i o n s ,  ex- 
pe r imen ta l  r e s u l t s  o r  both.  Very few c losed  form a n a l y t i c a l  s o l u t i o n s  may e x i s t  
f o r  t h e  computer codes t o  be  developed f o r  magnet s a f e t y  s t u d i e s .  Complete v e r i -  
f i c a t i o n  w i l l  r e q u i r e  a n  exper imenta l  s e t u p  which may have t o  be f a i r l y  complex. 
These experiments  do no t  n e c e s s a r i l y  have t o  be  performed on magnet p ro to types ,  
bu t  a l l  p e r t i n e n t  p h y s i c a l  p r o p e r t i e s  and processes  i n h e r e n t  i n  t h e  magnets must 
be s imu la t ed .  

Computer Program Codes f o r  S t r u c t u r a l  Ana lys i s  

S t r u c t u r a l  a n a l y s i s  of NHD systems can  be  d iv ided  i n t o  two c l a s s e s ;  (1) ana l -  
y s i s  f o r  normal o p e r a t i n g  c o c d i t i o n s ,  and (2) z n a l y s i s  f o r  abnorna l  and/or  a c c i -  
dent  cond i t i ons .  Most publ i shed  a n a l y s e s  have been of t h e  f i r s t  c l a s s  and have 
been r e s t r i c t e d  t o  s i m p l i f y i n g  approximations a s s u ~ i n g  homogeneous m a t e r i a l s ,  
i s o t r o p i c  behav io r ,  and n e g l e c t  of i n t e r l a m i n a r  s l i p  between l a y e r s  of a d j a c e n t  
c o n d i t i o n s  w i l l  probably have more impact on a c t u a l  CTR magnet systen: des igns .  

An approximate unders tanding  of t h e  d e t a i l e d  s t r e s s e s  and s t r a i n s  a c t i n g  
i n  a  heterogeneous magnet s t r u c t u r e  can be  obta ined  by an  a n a l y s i s  of  a  sma l l  
p o r t i o n  of t h e  magnet c o i l  u s ing  a s  i n p u t  boundary c o n d i t i o n s  t h e  s t r a i n s  o r  
f o r c e s  obta ined  from a homogenized a n a l y s i s  of t h e  e n t i r e  magnet s t r u c t u r e .  
Th i s  r e s u l t  i s  s u b j e c t  t o  u n c e r t a i n t i e s  s i n c e  t h e  a p p l i e d  boundary .condi t ions  
a r i s e  from t h e  homogenization approximation.  A c o r r e c t  t h ree -d inens iona l  evalu-  
a t i o n  of t h e  a c t u a l  heterogeneous s t r u c t u r e  w i l l  probably have t o  i n c o r p o r a t e  
d e t a i l s  r ega rd ing  t h e  i n e l a s t i c  behavior  of t h e  copper i n  t h e  composi te ,  t h e  
s l i d i n g  and f r i c t i o n a l  e f f e c t s  of t h e  s p a c e r s  between t h e  d i sc s ,  t h e  behavior  



of t h e  p l a s t i c  s p a c e r s  i n  f r a c t u r e ,  t h e  i n e l a s t i c  and p o s s i b l y  even (because 
of t h e  epoxied f i b e r g l a s s )  t h e  o r t h o t r o p i c  and f r a c t u r e  mechanics behavior  of 
t h e  g lue .  F r a c t u r e  mechanics e f f e c t s  a r e  u sua l ly '  eva lua t ed  from one-dimensional 
t e s t s .  For t h e  three-dimensional  c a s e s  involved i n  an  a c t u a l  magnet, r e l a t i n g  
t h e  one-dimensional measurements t o  t h e  a c t u a l  des ign  e v a l u a t i o n  may be d i f f i -  
c u l t .  The e f f e c t  of h i g h  f requency  v i b r a t i c ~ s ' o n  t h e  magnet s t r u c t u r e  due t o  
gas  f low i n  t h e  MIID channel  should a l s o  b e  c o n s i s t e n t  i n  c a s e  i t  causes  resonances 
and f a t i g u e  e f f e c t s .  

More complex and s o p h i s t i c a t e d  s t r u c t u r a l  a n a l y s i s  methods must be used 
f o r  t h e  second c l a s s  of a n a l y s e s  i nvo lv ing  non-normal o r  a c c i d e n t  c o n d i t i o n s ,  
where m e l t i n g ,  l a r g e  deformat ions  and a l l  t y p e s  of m a t e r i a l  f a i l u r e  may have 
t o  be  s imula ted  under three-dimensional  c o n d i t i o n s  s o  as t o  prevent  t h e i r  
occu r rence  i n  p r a c t i c e .  Some of t h e s e  techniques  a l r e a d y  e x i s t  i n  v a r i o u s  forms,  
b u t  o t h e r s  w i l l  have t o  b e  developed and v e r i f i e d  by exper imenta l  means. The 
p o s s i b i l i t y  of locs2 f a i l u r e  of blues and i n s u l a t i n g  s p a c e r s  due t o  thermal  
s t r e s s e s  du r ing  uniform quenches should be examined. Any quench should be r e -  
garded a s  a  mechanism t h a t  could l e a d  t o  p o t e n t f a 1  c o i l  damage and p u s s i b l e  
l a t e r  f a i l u r e  u n l e s s  s u i t a b l e  r e c o g n i t i o n  i s  a f fo rded  t h e  problem i n  t h e  d e s i g r  
s t a g e .  

Se ismic  a n a l y s e s  of l a r g e  c o i l s  should  be  c a r r i e d  ou t  u s ing  ear thquake  in-  
p u t  s p e c t r a  similar t o  t h o s e  assumed i n  f i s s i o n  r e a c t o r  s a f e t y  s t u d i e s  t o  check 
t h a t  t h e  p o s s i b i l i t y  of d i . s r u p t i o n  of t h e  system due t o  such causes  i s  minimized 
o r  e l i m i n a t e d .  

THERMAL ASPECTS OF MAGNET SAFETY AND RELIABILITY 

Thermal a n a l y s e s  should  be  c a r r i e d  o u t  on NlID c o i l s  f o r  v a r i o u s  assumed 
i n i t i a l  c o n d i t i o n s  i n  a quench s o  t h a t  c a l c u l a t e d  tempera ture  p r o f i l e s  a t  v a r i -  
ous  p o i n t s  i n  t h e  system can  be ob ta ined  as f u n c t i o n s  of t ime a f t e r  t h e  quench 
beg ins .  I n  t h i s  way t h e  d i f f e r e n t i a l s  between v a r i o u s  s t r u c t u r a l  and e l e c t r i -  
c a l  components and t h e i r  p o s s i b l e  e f f e c t s  may be a s ses sed  as t h e  c o i l  xarms 
up. These tempera ture  d i f f e r e n t i a l s  may prove t o  be  s u f f i c i e n t  t o  cause  con- 
d u c t o r  and i n s u l a t o r / g l u e  f r a c t u r e  u n l e s s  i d e n t i f i e d  and c o r r e c t e d  i n  t h e  des igns .  
Thermal a n a l y s e s  should  a l s o  be  c a r r i e d  o u t  assuming t h a t  coo l ing  t o  a l o c a l  
r e g i o n  is  blocked (by i n s u l a t o r  deformat ion ,  impur i ty  bui ldup ,  e t c . ) .  I n  t h e s e  
c a s e s ,  l o c a l  tempera tures  may i n c r e a s e  monotonica l ly  w i t h  t ime and t h e  hea ted  
zone may e i t h e r  remain l o c a l i z e d  o r  spread  v e r y  s lowly  t o  t h e  r e s t  of t h e  c o i l .  
The p ropaga t ion  r a t e  could b e  too  slow t o  prevent  l o c a l  conductor  m e l t i n g  and.  
f a i l u r e .  I f  such l o c a l  c o o l a n t  blockage o c c u r s ,  active s d r ~ y  systems mag be 
needed t o  d e t e c t  t h e  b lockage  and t a k e  remedia l  a c t i o n  i n  t imes  as s h o r t  a s  a  
few seconds.  

ELECTRICAL ASPECTS OF NAGNET SAFETY AND RELIABILITY 

~ u r i n ~  normal o p e r a t i o n  t h e  v o l t a g e s  a c r o s s  DC superconduct ing  magnets 
should  b e  n e g l i g i b l y  s m a l l  s o  t h a t  t h e r e  is  no p o s s i b i l i t y  of e l e c t r i c a l  break- 
down. However, v o l t a g e s  occu r r ing  du r ing  a c c i d e n t  c u u d i t i o n s  may b e  l a r g c  
enough t o  cause  e l e c t r i c a l  breakdown and a r c i n g  which may l e a d  t o  r a p i d  me l t i ng  
and f a i l u r e  of a conductor .  Such a n  event  could  cascade  i f  t h e  t o t a l  magnet 



energy i s  then  d i r e c t e d  t o  conductors  a d j a c e n t  t o  t h e  a r c i n g  r e g i o n  and c o i l  
d i s r u p t i o n  would be  a  p o s s i b i l i t y .  I f  o r g a n i c  i n s u l a t o r s  a r e  used ,  hydrogen 
molecules  .may b e  p re sen t  a s  f rozen  f r e e  rad ica l ' s  and may m i g r a t e  qu ick ly  i n t o  
t h e  helium coo lan t  du r ing  such an  event .  A f e x  p a r t s  p e r  n i l l i o n  of such hydro- 
gen r a d i c a l s  i n  t h e  warm gaseous helium could lower i t s  a l r e a d y  low breakdcm: 
s t r e n g t h  thus  caus ing  e l e c t r i c a l  breakdown.for  ve ry  low i n t e r n a l  c o i l  v o l t a g e s .  

R e l a t i v e l y  smal l  t empera ture  inhomogenei t ies  i n ' n a g n e t s  undergoing a  quench 
may a l s o  'produce s u b s t a n t i a l  v o l t a g e s  between c o i l  s e c t i o n s  which could c suse  
c o i l  breakdown i f  no t  adequa te ly  taken  i n t o  account  du r ing  'des ign .  

INSTRUMENTATION. 

~ n s t r u m e n t a t i o n  i s  v e r y  impor tan t .  Th i s  i s  a new ' technology a r e a  f o r  in -  
d u s t r y  . i n  which exper ience  and background in fo rma t ion  is  l h i t e d .  Many s e n s o r s  . 
may have a  s h o r t  l i f e  compared t o  t h e  30-year des ign  l i f e  of commercial c o i l s  
s i n c e  commercially a v a i l a b l e  s e n s o r s  w i l l  of n e c e s s i t y  have t o  be used t o  avoid  
a  l a r g e ,  long-term development e f f o r t .  Redundancy. of s e n s o r s  may t h e r e f o r e  be  
d e s i r a b l e .  

In s t rumen ta t ion  i n  t h e  form of quench d e t e c t i o n ;  s ens ing  of thermal ,  mech- 
a n i c a l ,  o r  h y d r a u l i c  changes; moni tor ing  of superconductor  performance; and re- 
f r i g e r a t i o n  p l a n t  o p e r a t i o n  i s  v i t a l  t o  t h e  s a f e t y  and r o u t i n e  o p e r a t i o n  of t h e  a 

ve ry  l a r g e  and complex systems con ta in ing  superconduct ing  components ccw be ing  
planned. 

W e  a r e  a l r e z d y  e n t e r i n g  an  e r a . o f  i n c r e a s i n g  s o p h i s t i c a t i o n  i n  super-  
ccnduct ing  magnet system des igns .  Thus, one company.has a l r e z d y  inco rpora t ed  
i t s  f i r s t  mfcroprocessor  product ion  and c o n t r o l  i n t o  a  l a r g e  superconduct ing mag- 
n e t  system. The p r i n c i p a l  l a b o r a t o r i e s  involved i n  h igh  energy a c c e l e r a t o r  ap- 
p l i c a t i o n s  of superconduct ing mzgnets (Brookhaven and Fermi Na t iona l  Labora- 
t o r i e s )  have developed and used much.more s o p h i s t i c a t e d  e l e c t r o n i c  moni tor ing  ' , 

systems f o r  o p e r a t i n g  l a r g e  a r r a y s  of h i g h  c u r r e n t  d e n s i t y  c o i l s  over  t h e  p a s t  
f e w y e a r s .  This  exper ience  should be extended t o  MHD magnets a s  r e q u i r e d .  

The microprocessor  mentionedabove c o n t r o l s  a l l  i n t e r l o c k s ,  i n i t i a t e s  tests, 
moni tors  sys tem parameters ,  l o g s  e r r o r s ,  i n i t i a t e s  a la rms  and p r o t e c t i v e  sequences 
and e n e r g i z e s  t h e  system c o r r e c t l y .  I f  any c a b l e s  a r e  not  connected,  w i re s  
broken,  o r  c i r c u i t s  i nope rab le ,  t h e  microprocessor  l o c k s  up t h e  power supply  s o  
t h a t  t h e  magnet cannot be  opera ted .  P r o v i s i o n s  a r e  made f o r  power f a i l u r e .  
A backup b a t t e r y  system enab le s  t h e  m i c r o p r o c e s s o r , t o  power t h e  system down gent-  
l y .  The microprocessor  a l lows  almost  complete magnet system o p e r a t i o n  w i t h  
l i t t l e  o r  no u s e r  i n t e r v e n t i o n  i n  c a s e  of e i t h e r  normal o p e r a t i o n  o r  system 
mal funct ion .  

A f u r t h e r  c o n t r i b u t i o n  t o  magnet s a f e t y  and r e l i a b i l i t y  f o r  f u t u r e  MHD 
magnets l ies  i n  t h e  v a r i o u s  c o i l  s p e c i f i c a t i o n s  developed f o r  t h e  U.S. Large 
Co i l  P r o j e c t  (LCP) by oak Ridge Na t iona l  Labora tory  and t h e  c o i l  des ign  s t u d i e s  
c a r r i e d  o u t  by t h e  c o i l  c o n t r a c t o r s  i n  t h e  U.S. and t h e  o r g a n i z a t i o n s  i n  Ger- 
many, Swi tzer land  and Japan in t end ing  t o  s u p p l y  i n d i v i d u a l  c o i l s  f o r  t h e  t e s t .  



Table  111-2 o u t l i n e s  t h e  i n s t r u m e n t a t i o n  requi rements  f o r  LCP a s  t hey  have 
been s p e c i f i e d  by Oak Ridge Na t iona l  Labora tory  (ORNL). These could  w e l l  s e r v e  
as a gu ide  f o r  i n s t rumen t ing  l a r g e  magnets . ingenera1 .  Accuracy, 3 db bandwidth, 
and o t h e r  p a r t i c u l a r s  have been s p e c i f i e d  a s  w e l l .  Thermometers t o  monitor  cool-  
down, v o l t a g e  t a p s ,  and d isp lacement  t r a n s d u c e r s  a long  w i t h  moni tor ing  helium 
bo i l -o f f  o r  e x i t  a r e  fundanen ta l  t o  r e l i a b l e  magnet ope ra t ion .  u n c e r t a i n t i e s  
r e n a i n  a s  t o  how much more i n s t r u m e n t a t i o n  w i l l  b e  r e q u i r e d  i n  a  f u s i o n  a p p l i -  
c a t i o n .  The s u p p l i e r s  have recommended redundancy on many of t h e  senso r s .  

I n s t r u m e n t a t i o n  of LCP performs t h r e e  s e r v i c e s :  eng inee r ing  tests may b e  
monitored;  s a f e ,  r e l i a b l e  o p e r a t i o n  may be guaranteed;  and some exper ience  nay be 
gained a s  t o  t h e  placement and o p e r a t i o n  of such senso r s .  I n  o r d e r  t o  accomp- 
l i s h  t h e s e  g o a l s ,  l o s s  of hel ium c o o l a n t ,  conductor  o r  s t r u c t u r a l  motion, e l ec -  
t r i c a l  breakdown, and ' conduc to r  h o t  s p o t s  a r e  t h e  off-normal even t s  t h a t  a r e  
be ing  p r o t e c t e d  a g a i n s t .  A l l  of t h s e s  even t s  have c h a r a c t e r i s t i c  t imes  over  
which d e t e c t i o n  must occur  f o r  e f f e c t i v e  c c i l  p r o t e c t i o n .  Ana lys i s  of coil 
d e s i g n s ,  t r e a t i n g  t h e  d e n s i t y  and s o r t s  of i n s t r u m e n t a t i o n  as v a r i a b l e s  must be 
c a r r i e d  o u t  i f  gua ran tees  of magnet l i f e t i z e  a r e  t o  be  made. Such a n a l y s i s  i s  
b a s i c  t o  t h e  d e t a i l e d  l a y o u t  of  c o i l  i n s t r u e z ~ l a t i o a .  

It i s  a n t i c i p a t e d  t h a t  no f u r t h e r  even t s  a r e  t o  be d e t e c t e d  i n  f u r t h e r  l a r g e  
superconduct ing  c o i l  a p p l i c a t i o n s .  Th i s  i m p l i e s  t h a t  t h e  l o c a t i o n  of s e n s o r s ,  
g.iven s i m i l a r  s o r t s  of d e s i g n s  used i n  LCP w i l l  c a r r y  over  t o  f u r t h e r  a p p l i c a t i o n s .  
The re fo re ,  a  c a r e f u l  s t u d y  of t h e  r e l i a b i l i t y  of LCP s e n s o r s ,  and l e a d s  should 
be  c a r r i e d  o u t .  Furthermore,  vacuum gauges and s e n s o r s  t o  t e s t  f o r  off-normal 
c o n d i t i o n s  (e .g . ,  e l e v a t e d  tempera tures)  e x t e r n a l  t o  t h e  dewar may need t o  be  
added. 

LCP r e l i e s  s o l e l y  on a c t i v e  c o i l  p r o t e c t i o n .  Rased on i n s t r u m e n t a t i o n  out-  
p ~ ~ t s ,  a  d e c i s i o n  i s  made a s  t o  whether o r  n o t  t o  d e p o s i t  t h e  c o i l  energy i n  a n  
e x t e r n a l  r e s i s t o r .  P a s s i v e  systems may be employed i n  f u t u r e  a p p l i c a t i o n s  t o  
reduce  t h e  consequences of a n  undetec ted  off-normal event  and l e s s e n  t h e  need 
f o r  h i g h  d e n s i t y ,  h igh  r e l i a b i l i t y  i n se rumen ta t ion  sumrwIlat. 

Degraded s t z t e s  of t h e  magnet, p o s s i b l y  cor responding  t o  a  s t a r e  s i m i l a r  
t o  t h e  h a l f - t u r n  normal,  may occur  du r ing  t h e  o p e r a t i o n a l  l i f e  of a  c o i l .  These 
a l l o w  f u r t h e r  o p e r a t i o n  a t  t h e  p r i c e  of decreased  c o i l  s t a b i l i t y  and inc reased  
r e f r i g e r a t i o n  requi rements .  Such states p l a c e  a  g r e a t e r  dependency upon i n s t r u -  
men ta t ion  and t end  t o  d e c r e a s e  t h e  c h a r a c t e r i s t i c  t ime du r ing  which event6 may 
b e  d e t e c t e d .  Ana lys i s  of such s i t u a t i o n s  w i l l  need t o  be  c a r r i e d  o u t  i f  opera- 
t i o n  under  degraded s t a t e s  i s  t o  b e  c a r r i e d  o u t  s u c c e s s f u l l y .  

T,nstrurxentation requi rements  f o r  some f u t u r e  Tokamak o r  c o m e r c i a 1  
sys tem may be  d i f f e r e n t  i n  a l l  p r o b a b i l i t y  from t h o s e  f o r  LCP. Here t h e  
a d d i t i o n a l  requirement  w i l l  b e  t o  monitor  t h e  c o n d i t i o n  of a  c o i l  g iven  i ts  
i n t e r a c t i o n s  w i t h  system components. Of major importance i n  t h i s  s i t u a t i o n  w i l l  
be  t h e  g a t h e r i n g  of s u f f i c i e n t  i n fo rma t ion  t o  dec ide  when i t  i s  neces sa ry  t o  
s h u t  do=. t h e  p l a n t  and e i t h e r  remove energy from t h e  c o i l  system o r  absorb t h i s  
energy  i n  t h e  system. Such energy removal o r  a b s o r p t i o n  would be c a r r i e d  o u t  
t o  avo id  o r  minimize magnet damage o r  damage t o  a t h e r  p l s n t  systems.  I n  o r d e r  

t o  minimize f a l s e  shutdowns, i n s t r u m e n t a t i o n  must be  bo th  r e l i a b l e  and redundant .  
By imposing t h e  requirement  of having a t  l e a s t  t h r e e  t o  f i v e  s e n s o r s  a t  each  



TkGLE 111-2-CmRACTERISTICS INSTRLJ?ENTATION REQUIREMENTS FOR TARGE SUPERCONDUCTING COILS 

S e ~ s o r  Type - 

Vol tage  

F remperature 

S t r a i n  

Displacement 

F i e l d  

1 f o r  each'  double  l a y e r  o r  
pancake p l u s  1, and 1 n e a r  . 

ends of t h e  hea t ed  zone 

40-outside winding c a v i t y  
o r  on conductor ,  . shea th  f o r  
cooldown and warmup.. ' 
5-to c a l i b r a t e  c e r t a i n  
carbon-g lass  thermometers 
4-on c u r r e n t  l e a d s  
5- inside,  winding c a v i t y  
(pool  b o i l i n g )  
4 - in s ide  winding c a v i t y  
(pool  b o i l i n g )  
32-paired headed zone 
thermometers 
I n  each fo rced  f low hel ium 
i n l e t  and o u t l e t  l i n e  

50-on t h e  s t r u c t u r e  
24-on conductor  o r  s h e a t h  ' 

10- ins ide  winding c a v i t y  
or  internal t o  c o i l  s t r u c t u r p  

4 - in s ide  winding c a v i t y  
8-in h i g h  f i e l d  r e g i o n  i n s i d e  
v i n d i n g  c a v i t y  
4-in h i g h  f i e l d  r e g i o n  i n s i d e  
winding c a v i t y  

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

P t  r e s i s t a n c e  thermometer 

Ge r e s i s t a n c e  thermometer 

carbon-g lass  thermometer :- 

c a r b o n - r e s i s t a n c e  

c a r b o n - r e s i s t a n c e  

c ryogen ic  t h e r m i s t o r  

350 ohm s t r a i n  sauges  
120 o r  350 ohm s t r a i n  gauges 

s p r i n g  loaded  i n v o l v i n g  s l u g  
displ.acement t r a n s d u c e r  

H a l l  p robe  
Pick-up c o i l  
pick-up c o i l  
non- induct ive ly  wound copper 
magne to re s i s t ance  ? robe  



rnon i to r ing . s t a t i on  i n s t e a d  of  on ly  one be fo re  a c t i o n  i s  t aken ,  t h e  t o t a l  
number c f  r e q u i r e d  s e n s o r s  p e r  c o i l  would' be  m u l t i p l i e d  by t h r e e  o r  f i v e  a s  
compared k i t h  LCP . Furthermore,  LCP s t u d i e s  have i n d i c a t e d  t h a t ,  i n t e r n a l  
s e n s o r s ,  H a l l  p robes ,  s t r a i n  gauges, e t c . ,  a r e  v e r y  n e a r l y  imposs ib l e  t o  r e p l a c e .  
Only such s e n s o r s  a s  v o l t a g e  t a p s  and helium l e v e l  i n d i c a t o r s  which might be 
r eached- th rough  t h e  p o r t  on t h e  top  of t h e  dewar o r  vacuun j a c k e t ,  might be 
r e p l a c e a b l e .  Over t h e  p o s s i b l e  t h i r t y - y e a r s  l i f e  of a  MIiD power p l a n t  s enso r  
replacement  may b e  neces sa ry .  I f  such  is  t h e  c a s e ,  e i t h e r  h ighe r  redundancy 
l e v e l s  o r  s imp le r  o v e r a l l  c o n f i g u r a t i o n s  of  i n s t r u m e n t a t i o n  may be r e q u i r e d .  
Very high s a f e t y  margins a s  i n  road o r  r a i l  b r i d g e s  may be  p r e f e r a b l e ,  so  
e l i m i n a t i n g  t h e  need f o r  i n s t r u m e n t a t i o n  and t h e  p o s s i b i l i t y  of ins t rument  o r  
o p e r a t o r  e r r o r .  Over i n s t r u m e n t a t i o n  may be  s e l f - d e f e a t i n g  and i s  no s u b s t i -  
t u t e  f o r  good eng inee r ing  d e s i g n  and f a b r i c a t i o n .  

A s  t h e  l e v e l  of i n s t r u m e n t a t i o n  i n c r e a s e s ,  two d i f f e r e n t  c o n s i d e r a t i o n s  
come i n t o  play.  F i r s t ,  t h e  number of s e n s o r s  t o  b e  monitored i n c r e a s e s  s i g n i f  i- 
c a n t l y .  Second, a s  may be  wi tnessed  i n  t h e  LCP p re l imina ry  d e s i g n s ,  w i r i n g  
f o r  i n t e r n a l  i n s t r u m e n t a t i o n  is  f a i r l y  complex. A s i g n i f i c a n t  i n c r e a s e  i n  
t h e  amount of w i r i n g ,  e s p e c i a l l y w i t h i n  t h e  c o i l  pack, may compromise o v e r a l l  
magnet system r e l i a b i l i t y ,  Th i s  be ing  t h e  c a s e ,  t h e  q u e s t i o n  arises: What i s  
t h e  optimum l e v e l  of i n s t r u m e n t a t i o n  f o r  PIHD s a d d l e  c o i l s ?  

I n s t r u m e n t a t i o n  of superconduct ing  magnets i n  f u t u r e  MHB a p p l i c a t i o n s  i s  
in t ended  a s  a  means of  gua ran tee ing  s a f e ,  r e l i a b l e ,  and e f f e c t i v e  o p e r a t i o n .  
The fo l lowing  a r e  some o b s e r v a t i o n s  about  t h e  implementat ion of  such i n s t r u -  
menta t ion :  

1. LCP i n s t r u m e n t a t i o n  senses  v c l t z g e ,  t empera ture ,  conductor  s t r a i n ,  con- 
duc to r  d i sp lacement ,  and magnet ic  f i e l d .  It would b e  d e s i r a b l e  t o  know a l l  of 
t h e s e  q u a n t i t i e s  i n  a  f u ~ u r e  MHD system. Sensors  t o  de te rmine  c o n d i t i o n s  e x t e r -  
n a l  t o  t h e  c o i l  (e .g . ,  dewar p r e s s u r e  and ambient tempera ture)  may need t o  be  
added .  

2. Sensors  i n t e r n a l  t o  t h e  conductor  pack a r e  s u s c e p t i b l e  t o  f a i l u r e  i f  
conductor  motion occurs .  

3. The l e v e l  of i n s t r u m e n t a t i o n  and t h e  d e s i r a b i l i t y  of r e p l a c e a b l e  sen- 
s o r s  f o r  f u t u r e  FED c o i l s  are a r e a s  of  importance r e q u i r i n g  f u r t h e r  s tudy .  

t .  C h a r a c t e r i s t i c  times t o  d e t e c t  off-normal s i t u a t i o n s  (e.g., a conductor 
h o t  s p o t )  must b e  determined bo th  f o r  i n i t i a l  magnet c o n d i t i o n s  and degraded con- 
d i t i o n s  f o r  va ry ing  instrumentat ' ion d e n s i t i e s .  

Engineered s a f e t y  f e a t u r e s  are r e q u i r e d  t o  minimize t h e  chance of c o i l  ' f a i l -  
u r e  o r ' t o  minimize i ts  e f f e c t s  i f  i t  should  occur .  A t  a minimum such f e a t u r e s  
s h ~ u 3 d  inclucle t h o s e  l i s t e d  i n  Table  111-3. 

CONCLUSIONS 

Plany p o t e n t i a l  a c c i d e n t  pathways can b e  v i s u a l i z e d  f o r  14HD magnets. A 
q u a n t i t a t i v e  e s t i m a t i o n  of p r o b a b i l i t i e s  i s  n o t  y e t  f e a s i b l e .  

8 Very low f a i l u r e  r a t e s  a r e  r e q u i r e d  f o r  MHD magnets. 



. ' 

TABLE I II-?-T;IPIC.% ?.fK?l FNG1i;EERED SA3ETi FE.4TURES FOR ?.LkGNETS 

S a f e t y  F e a t u r e  

5 s r e c t i o n  S y s t e ~ s  (DS) 

Fun c  t i o n  -- 

G e t e c t  i o c a l  h o t  s p o t s  i n  c o i l  
L e s d  o v e r h e a t i n g  and f a i l u r e  
D e t e c t  arcs i n  c o i 2  

O D e t e c t  l o s s  of  c o o l a n t  o r  f l o w  
G e t e c t  e x c e s s i v e  s ~ i a i n  o r  nove-  .-* .- 

rnent 7 .  . 

T e a p e r z t u r e  E q u a l i z a t i o n  Sys tems '  (TES) ' D r i v e  a l l  c o n d u c t o r s  nor lna l  e a ' r l y  
i n  2 q u z n c h  
Reaove c o o l a n t  r z p i d l y  

- L n e r g y  2,35cval S y s t z n s  (ERS) 

- L n e r g y  D i s p e r s i o n  S y s t e g s  (EDS) 

Con ta  i n n e n t  Spszems (CS) 

Duzp c o i l  e n e r g y  i n  c s t e r n a l  , '1 
r e s i s t z n c e  

? r e v e n t  e x c e s s i v e  i o c a l  depo-  
s i t i o n  

? r e v e n t  o r  z i n i m i z e  c o i l  d l s r u p -  
t i o n  c o c s e q u e n c e s  i f  c o i l  v l n d -  
i n g  f a l l s  ' 



@ C o i l  d i s r u p t i o n  a c c i d e n t s  may i n v o l v e  l o c a l  conc?uctor/reinforcement 
f a i l u r e  w i t h  subsequent  sp read ing  a r c s .  

Q Conductor a r c s  and f a i l u r e s  should be  cons idered  as d e s i g n  b a s i s  a c c i d e n t s .  

8 Most magnet energy may have t o  be  absorbed i n  t h e  c o i l s  t o  prevent  vo l -  
t a g e  breakdown, u n l e s s  ve ry  h i g h  conductor  c u r r e n t s  and v e r y  low inductances  a r e  
used.  

@ Temperature d i f f e r e n t i a l s  must be  minimized d u r i n g  a  quench, t o  reduce  
t h e  chance of l o c a l  mechanical  y i e l d i n g ,  e l e c t r i c a l  breakdown o r  bo th  s imul tan-  
eous ly .  

@ E l e c t r i c a l  breakdown wi ths t and  c a p a b i l i t y  may be  ve ry  l i m i t e d  i f  a  r i g i d  
r e in fo rcemen t  s t r u c t u r e ,  a c t i n g  a s  a  ground p lanebetween magnet t e r m i n a l s ,  is  
used.  

'I'he a b i l i t y  f o  d e r e c e  l o c a l  hor  s p o r s  (due t o  cuula~lL c l ~ a l ~ l l r l  Lluckage, 
e t c . ) ,  i s  d e s i r a b l e .  Large number of d e t e c t o r s  may b e  r e q u i r e d .  

When a c o i l  winding i s  approximated as a homogeneous s t r u c t u r e  and analyzed 
mechan ica l ly ,  complete  f a i l u r e s  seem u n l i k e l y  a l though  l o c a l  y i e l d i n g  may be  con- 
c e i v a b l e .  However, when t h e  a c t u a l  heterogeneous s t r u c t u r e  i s  cons idered ,  w i t h  
i t s  v a r i o u s  combinat ions of conductor ,  i n s u l a t o r  and re inforcement  i n  s u c c e s s i v e  
r a d i a l  o r  az imutha l  l a y e r s  t h e  p o s s i b i l i t y  of p r o g r e s s i v e  f a i l u r e s  through ad ja -  

. c e n t  l a y e r s  should be s t u d i e d .  The t o t a l  s imultaneous and i n t e g r a t e d  e f f e c t  of 
v o l t a g e  breakdown, thermal  energy d e p o s i t i o n  and mechanical  s t r a i n  ( e l a s t i c /  
i n e l a s t i c ) ,  should b e  taken  i n t o  account  i n  t h e  a n a l y s i s .  

Nonuniform tempera ture  c o n d i t i o n s  may a l s o  cause  l o c a l  s t r u c t u r a l  f a i l u r e  
of i n s u l a t o r s  and/or  g l u e s  which may n o t  be  n o t i c e a b l e  when they  occur  b u t  could 
a c t  a s  a c c i d e n t  i n i t i a t o r s  a t  some l a t e r  t ime.  

S u p e r c o n d u c t i n g . ~  magnet coniponents may f a t i g u e  i f  t h e  o p e r a t i n g  p l a n t  
induces  resonances i n  cont inuous  o p e r a t i o n .  Under t h e s e  c o n d i t i o n s ,  sma l l  f l aws  
i n  t h e  v a r i o u s  magnet components (conductors ,  r e in fo rcemen t ,  i n s u l a t o r s ,  and g l u e s )  
could  grow and e v e n t u a l l y  cause  f a i l u r e .  

S t r u c t u r a l  a n a l y s i s  c a p a b i l i t i e s  a r e  g e n e r a l l y  adequate  f o r  t h e  g r o s s  pre- 
d i c t i o n s  o f  t h e  e l a s t i c  behavior  of magnet s t r u c t u r e s  b u t  a r e  no t  adequate  f o r  

. d e t a i l e d  i n v e s t i g a t i o n  of t h e  e l a s t i c  behavior  of  t h e  a c t u a l  heterogeneous mag- 
n e t  s t r u c t u r e s  o r  f o r  t h e  i n e l a s t i c  and f r a c t u r e  mechanics behavior  of t h e  
a c t u a l  s t r u c t u r e s .  Coupled t h e r m a l - e l e c t r i c a l - ' s t r u c t u r a l  codes a r e  e s s e n t i a l  
f o r  meaningful  p r e d i c t i o n  of magnet behavior  du r ing  a c c i d e n t  s i t u a t i o n s ,  b ~ t  t h e s e  - 
c u r r e n t l y  a r e  n o t  a v a i l a b l e ;  they  need t o  be developed. 

Blocked coo l ing  channels  i n  c r y o s t a b l e  conductors  o p e r a t i n g  o u t s i d e  t h e  . 

s a f e  s u r f a c e  formed by t h e  combinat ion of magnet ic  f i e l d ,  c u r r e n t  and super-  
conductor  tempera ture  may i n  some i n s t a n c e s  cause  runaway thermal  cond i t i ons .  
These may r e s u l t  i n  r a p i d  tempera ture  rise i n  l o c a l i z e d  r e g i o n s  of t h e  con- 
d u c t o r  and subsequent  conductor  y i e l d i n g  o r  eved breakage  and a r c i n g .  The 
employment of t echn iques  t o  d e t e c t  such  c o n d i t i o n s  and t a k e  adequate  and t i m e l y '  
c o r r e c t i v e  a c t i o n  s h o u l d - b e  cons idered .  I n  mono l i th i c  d e s i g n s ,  t h e  t e n p e r a t u r e  



d i f f e r e n t i a l s  between t h e  conductors  and t h e  suppor t ing  s t r u c t a r e s  i n  which they  
a r e  embedded should be  kep t  low enough du r ing  abnormal o p e r a t i n g  c o n d i t i o n s  t o  
prevent  t h e  p o s s i b i l i t y  of t h e  conductors  expanding o u t  of t h e  s t a i n l e s s  s t e e l  
suppor t s .  

. . 

A summary of f i n d i n g s  on magnet s a f e t y  and r e l i a b i l i t y  a s  t hey  might app ly  
.' t o  F.II1D c o i l s  i s  g iven  i n  'Table  111-4. 



TABLE III-4-SUMMARY OF FINDINGS ON MAGNET SAFETY AND R~LIABILITY AS THEY MIGHT 
APPLY TO 1m COILS 

Electrical 

0 Helium is weak link in coils with pool cooling - voltage withstand capa- 
bility for coils during quenches is I 1000 volts. 

Rigid netal coil constructions form equipotential surfaces which may permit 
breakdown between widely separated conductors. 

@ Voltage withstand capability may be reduced if cracks appear in glue between 
the conductor jacket and the SS'welded conduits. 

@ Electrical breakdown is possible in coils duing quenches with relatively 
small temperature inhomogeneities. 

@ Technique should be developed to minimize local energy deposition if a 
cull brrakduwu results i l l  ~ h c  formation of a primary arc.  

Structural 

0 Relatively modest temperature inhomogeneities during quenches can. cause 
local plastic deformation and/or failure of magnet reinforcement and/or 
conductors. 

@ Present structural analysis capability must be greatly improved to adequately 
analyze magnets. Homogenized structure, neglect of interlaminar slip, 
simplified fracture theory, etc., can cause serious errors, especially for 
failure evaluation. 

O Constitutive relations for complex.structures and material property data 
are. very inadequate. 

Quench Situations and Energy Removal 

@ Breakdown voltages from conductor to ground or between conductor can occur 
in large superconducting coils during quench or emergency coil discharge 
unless the combination of insulation, conductor current, composite shunt 
resistance and coil inductance is well chosen. The 50 UL current planned 
for base load MHD systems are a well needed step towards safe design. 
Higher currents, say 100 kA would be safer. 

@ Large temperature inhomogeneities may occur in some designs during a coil 
quench, leading to electrical breakdown and mechanical damage, unless the 
.possibility is recognized and avoided for specific designs. Uniform copper 
per ampere and thermal capacity per ampere arc needed to minimize thermal 
inhomogeneities in the conductor. 



TABLE 111-4 (Continued) 

De tec t ion  and Monitor ing 

X6ni tor ing  of many d e t e c t i o n  p o i n t s  may be  necessary  f o r  l a r g e  magnets. 
Seve ra l  redundant  d e t e c t o r s / l o c a t i o n  w i l l  ,be r e q u i r e d  t o  ensu re  r e l i a b i l i t y .  
Agreement of a t  l e a s t  . t h r ee  d e t e c t o r s  w i l l  ,probably be  neces sa ry  a t  each . 

senso r  s t a t i o n  t o  a v o i d  f a l s e  a la rms .  Th i s  can be  a d i lemma.s ince  i n t e r n a l  
i n s t r u m e n t a t i o n  i n  c o i l s  and vacuum'systems can  reduce  r e l i a b i l i t y .  

O Detec t ion  of l o c a l i z e d  r e g i o n s  where 'conductor tempera ture  i s  monotoni- 
c a l l y  i n c r e a s i n g  (due t o  coo lan t  channel  blockage,  e t c . )  appea r s  t h e  
h a r d e s t  d e t e c t i o n  problem. 

O computer moni tor ing  and d e c i s i o n  on magnet shutdown appears  necessary .  

Requirements on S a f e t y  and R e l i a b i l i t y  

@ Experience on e x i s t i n g  l a r g e  SC magnets i s  n o t  s u f f i c i e n t  t o  adequate ly  
p r e d i c t  f a i l u r e  r a t e s  i n  l a r g e  MHD magnets. The technology of e x i s t i n g  
magnets i s  much s impler  and o p e r a t i n g  exper ience  too  l i m i t e d .  A number 
of f a i l u r e s  have occurred i n  e x i s t i n g  SC magnets,  though more e x t e n s i v e  
eng inee r ing  might have prevented them. 

8 Extremely low f a i l u r e  r a t e s  w i l l  be  r e q u i r e d  f o r  PIHE magnets i n  power 
p l a n t s .  Judgments a s  t o  f a i l u r e  r a t e  w i l l  have t o  be based on a n a l y s i s  
s i n c e  r e l e v a n t  exper ience  w i l l  b e  i n s u f f i c i e n t  f o r  many yea r s .  

d A t h i c k  e x t e r n a l  c o i l  c a s e  may b e  d e s i r a b l e  to. c o n t a i n  t h e  c o i l  i f  t h e  SC 
winding f a i l s  o r  t o  i s o l a t e  t h e  SC, winding from e x t e r n a l  a c c i d e n t s .  

O A v e r y  l a r g e  number of a c c i d e n t  pathways can be  envisaged f o r  P.W> magnets,  
and it does no t  appear  f e a s i b l e  t o  q u a n t i t a t i v e l y  e s t i m a t e  a c c i d e n t  probab- 
i l i t i e s ,  a t  l e a s t  f o r  t h e  n e x t  decade. Only q u a l i t a t i v e  judgments w i l l  b e  
p o s s i b l e .  



IV. EXTRACTS RELEVANT TO SAFETY, RELIABILITY, AND DESIGN R E Q U ' I ~ I E N T S  FROM. THE 
AVCO. 1977 DESIGN STUDY PREPARED FOR ERDA ENTITLED "DESIGN OF SUPERCONDUCTING 
MAGNETS FOR PIHD APPLICATIONS, I '  BY A.M. HATCX, ET AL. 

DESIGN ASSUMPTIONS AND ANALYTICAL TOOLS 

Design assumptions on which des igns  and c a l c u l a t e d  v a l u e s  were made inc luded  
t h e  fo l lowing :  

a )  I n  c a l c u l a t i n g  s t r e s s e s  i n  r i n g  g i r d e r s  and g i r d e r  beams, i t  was assumed 
t h a t  t h e  outward magnet ic  f o r c e s  were s u p p o r t e d . b y  t h e  g i r d e r s  a l o n e ,  w i thou t  
any s t r u c t u r a l  a s s i s t a n c e  from t h e  winding i t s e l f ,  i nc lud ing  winding suppor t  
s h e l l s  ( p l a t e s )  and o t h e r  s u b s t r u c t u r e s .  These w i l l  p rov ide  some suppor t ,  and 
t h e  ave rage  s t r e s s e s  i n  g i r d e r s  w i l l  be  lower than  c a l c u l a t e d .  

b )  In  des ign ing  low-heat-leak s u p p o r t s ,  d e s i g n  l o a d s  included l o a d s  caused 
by t he  magnet ic  i n t e r a c t i o n  of t h e  winding w i t h  masses of s t e e l  such a s  b u i l d i n g  
s t r u c t u r e  o u t s i d e  t h e  magnet assembly (and unsymmetr ical ly  d i sposed ) .  These 
l o a d s  were g iven  a r b i t r a r y  va lues .  For example, f o r  t h e  base load  s i z e  magnet, 
i t  w a s  assumed t h a t  t h e  miximum magnet ic  load  on t h e  winding assembly i n  t h e  
v e r t i c a l  d i r e c t i o n  would b e  30% of t h e  t o t a l  weight  of t h e  winding and co ld  
s t r u c t u r e .  

. , 

c) I n  c a l c u l a t i n g  s t r e s s e s  i n  c r i t i c a l  s t r u c t u r e  components, t h e  e f f e c t s  
of s t r e s s - r a i s e r s  such a s  h o l e s ,  sha rp  c o r n e r s ,  e t c .  were neg lec t ed .  Designs 
were n o t  s u f f i c i e n t l y  d e t a i l e d  t o  warrant .  l o c a l  s t r e s s  a n a l y s i s .  An e f f o r t  was 
made t o  o f f s e t  t h i s  d e f i c i e n c y  by des ign ing  f o r  r e l a t i v e l y  c o n s e r v a t i v e  "average" 
stresses. 

d)  F a t i g u e  e f f e c t s  were no t  determined a n a l y t i c a l l y  i n  p repa r ing  d e s i g n s ,  
because  i t  was assumed t h a t  thermal  and f o r c e  c y c l i n g  would be  moderate  and n o t  
an  impor tan t  f a c t o r  i n  t h e  des ign  of s t r u c t u r a l  p a r t s .  It w a s  assumed t h a t  

0 
thermal  c y c l i n g  (cool-down t o  4.5 K and warm-up t o  room tempera ture)  would , 

occur  on ly  o c c a s i o n a l l y  d u r i n g  t h e  l i f e  of a  magnet, (a "worst-case" be ing  
perhaps  4 c y c l e s  pe r  y e a r ) ,  and t h a t  coo l ing  and warming would be  v e r y  g radua l .  
It was f u r t h e r  assumed t h a t  f o r c e  c y c l i n g  due t o  charg ing  and d i scha rg ing  would 
g e n e r a l l y  b e  a t  a slow r a t e  ( ze ro  t o  f u l l  l oad  i n  n o ' l e s s  t han  6 hour s ) .  

e )  I n  connec t ion  w i t h  magnet quench, i t  was assumed ~l.lat the l ~ e l i u m  i n  the 
c o o l i n g  passages  throughout  t h e  winding would be  t ransformed i n t o  a  two-phase 
f l u i d  and t h i s  would be' r a p i d l y  expe l l ed  through t h e  v e n t  s t a c k ( s ) ,  a l lowing  
on ly  a  r e l a t i v e l y  s m a l l  amount of hel ium t o  remain i n  t h e  winding toward t h e  end 
of t h e  f i r s t  minute quench. Th i s  phenomenon was n o t  analyzed and on ly  rough 
c a l c u l a t i o n s  bf p r e s s u r e  rise and I low r a t e s  were made. More c n r c f u l  a n a l y s i s  
of quench b o i l i n g  and v e n t i n g  should  b e  made as p a r t  of any f u r t h e r  work a p p l i e d  
t o  t h e  d e s i g n s  covered h e r e i n .  

A n a l y t i c a l  t o o l s  used inc luded  magnet ic  f i e l d ,  and f in i t e - e l emen t  stress 
a n a l y s i s  computer programs, t h e  l a t t e r  be ing  a p p l i e d  on ly  t o  r i ng -g i rde r s .  S t r e s s -  
e s  i n  s t r u c t u r e  and windings g e n e r a l l y  were c a l c u l a t e d  by hand and r ep resen ted  
p r i m a r i l y  s imple  t e n s i o n ,  compression and bending s t r e s s e s .  F u r t h e r  i n fo rma t ion  
on a n a l y t i c a l  t o o l s  used and f u t u r e  needs i n  t h i s  a r e a  i s  g iven  below. 



Our e v a l u a t i o n  of t h e  adequacy and shortco'mings of t h e  f i e l d  and f o r c e  com- 
p u t a t i o n s  and programs used i n  computing magnet ic  f i e l d s  and f o r c e s  i s  as fo l lows .  

For t h e  a i r - c o r e ,  c i r c u l a r - s a d d l e  windings Program JhCPACS was ve ry  w e l l  
adapted f o r  c a l c u l a t i n g  f i e l d s  produced by c o i l s  of t h e  geometry used ( t a p e r e d  
and "fanned' out"  s a d d l e  c o i l s ) .  Th i s  program has been checked a g a i n s t  o t h e r  
programs i n  t h e  p a s t  and r e s u l t s  found t o . b e  i n  good agreement. 

program JACPACS i n c l u d e  a  f o r c e  r o u t i n e  f o r  c a l c u l a t i n g  magnet ic  f o r c e s  
exe r t ed  on t h e  windings ( i n  t h r e e  dimensions) a t  v a r i o u s  "cu ts"  around t h e  
s a d d l e  i n  one quadrant .  The program is r e l i a b l e  f o r  some "cuts"  ( f o r  example, 
i n  t h e  middle of t h e  c r o s s  ove r s  and i n  t h e  s t r a i g h t - s e c t i o n  of a  s i n g l e  s a d d l e  
c o i l ) .  However, t h e  program i s  no t  p r e s e n t l y  s e t  u p  t o  handle  , i n t e rmed ia t e  c u t s  
i n  t h e  end t u r n s . o r  s ing le-p lane  c.uts i n  t h e  s x r a i g h t  s e c t i o n  of m u l t i + c b i l  
windings. Hence, i t s  u s e  f o r  f o r c e  c a l c u l a t i o n s  i s  l i m i t e d .  

O v e r a l l ,  JACPACS i s  a f a s t ,  f l e x i b l e  ea sy  t o  u s e  program t h a t  m e r i t s  f u r t h e r  
u s e  and upgrading t o  c o r r e c t  shortcomings.  

The program used f o r  computing f i e l d s  i n  t h e  r ec t angu la r - sadd le  magnet is  
be l i eved  t o  be  r e l i a b l e  f o r  c e n t r a l  (on a x i s )  f i e l d s ,  b u t  i s  q u e s t i o n a b l e  
i n  r e s p e c t  t o  computed maximum f i e l d  i n  t h e  winding. I f  windings of t h i s  gen- 
e r a l  shape aye  t o  be  s t u d i e d  i n  more dep th ,  t h e  program should be  upgraded t o  
i n c l u d e  (o r  s imu la t e )  r a d i i  i n  t h e  c r o s s  ove r s  and should be checked f o r  co r r ec t ;  
n e s s  i n  computing f i e l d s  i n  t h e  winding i t s e l f .  

C a l c u l a t i o n s  r e l a t i v e  t o  c r y o s t a t i c  s t a b i l i t y  of windings were s imple  c a l -  
c u l a t i o n s  of hea t - f lux  a t  cooled s u r f a c e s ,  done by hand o r  w i th  computer a s s i s t -  
ance. Likewise,  c a l c u l a t i o n s  of quench propagat ion ,  enhanced by induced-current  
h e a t i n g  i n  aluminum a l l o y  s u b s t r u c t u r e ,  and c a l c u l a t i o n s  of magnetic f o r c e s  on 
t h e  vacuum j a c k e t  (during r a p i d  d i scha rge )  were p r i m a r i l y  hand c a l c u l a t i o n s  t o  b 

o b t a i n  approximate va lues .  

No a n a l y s i s  w a s  a t tempted  r e l a t i v e  t o  s p e c i f i c  motions and f r i c t i o n a l  hea t -  
i ng  i n  t h e  windings and s u b s t r u c t u r e  du r ing  charg ing ,  and t h e  e f f e c t s  on s t a b i l i t y .  

S t a b i l i t y  i n  l a r g e  windings should be  more f u l l y  i n v e s t i g a t e d  i n  t h e  f u t u r e ,  
t ak ing  i n t o  account  winding and s t r u c t u r e  d e s i g n  and t h e  n a t u r e  of mechanical  
d i s t r u b a n c e s  and f r i c t i o n h e a t i n g  poduced.  The pr imary approach i n  t h i s  d e s i g n  
s tudy  w a s  t o  p rov ide  good s t r u c t u r a l  suppor t  f o r  windings,  t o  a i n  t o  reduce 
looseness  i n  t h e  i n i t i a l  "bui ld" and t o  u s e  c o n s e r v a t i v e  h e a t  f l u x  c r i t e r i a ,  
based on p a s t  exper ience .  

Inductance  and s t o r e d  magnet ic  energy were hand-calculated by methods r e -  
p r e s e n t i n g  approximations only .  

. .. 
Ln summary, It i s  be l i eved  t h a t  t h e  assumptions and a n a l y t i c a l  methods 

used i n  t h i s  program were s u f f i c i e n t  f o r  concep tua l  and p re l imina ry  d e s i g n  pur- 
poses ,  and t h a t  t h e  des igns  a r e  t h e r e f o r e  b a s i c a l l y  sound. However, any f u r t h e r  
work toward more d e t a i l e d  des igns  should be  preceded by upgrading of magnet ic  
f i e l d  and f o r c e  programs, by development of a n a l y t i c a l  methods t o  account  f o r  
t h e  s t r u c t u r a l  e f f e c t  of windings and s u b s t r u c t u r e  i n  p a r t i a l l y  suppor t ing  major 
magneric f o r c e s  and the reby  r e l i e v i n g  f o r c e s  on s u p e r s t r u c t u r e  ( r i ng -g i rde r s ,  
e t c . ) ,  and f u r t h e r  R & D work r e l a t i v e  t o  s t a b i l i t y ,  t h e  n a t u r e  and e f f e c t  of 
motion i n  windings,  quench phenomenon and p r o t e c t i v e  methods. 



WINDING GEOMETRY CONSIDERATIONS 

I n  l a r g e  s a d d l e  windings ,  where t h e  winding t h i c k n e s s  o r  "bui ld" is  in -  
h e r e n t l y  s m a l l  r e l a t i v e  t o  t h e  i n s i d e  dimensions of t h e  c o i l ,  t h e  peak f i e l d  
a t  t h e  winding t ends  t o  be  h i g h  r e l a t i v e  t o  t h e  on-axis f i e l d  and t h i s  peak f i e l d  
occu r s  a t  t h @  end-turn r eg ion .  The d e s i g n s  desc r ibed  h e r e  a r e  " tapered ,"  w i t h  
lower f i e l d s  a t  e x i t  end, and t h e r e f o r e  only  t h e  i n l e t  end-turn r e g i o n  i s  s i g n i -  
f i c a n t  when cons ide r ing  peak f i e l d .  

High peak f i e l d s  mean h i g h  l o c a l i z e d  p r e s s u r e s  i n  windings and a l s o  r e -  
q u i r e  h i g h  superconductor  con ten t  i n  t h e  composite conductor ,  which i n c r e a s e s  
c o s t .  Because of t h e s e  f a c t o r s ,  i t  i s  d e s i r a b l e  t o  mimimize peak f i e l d .  Th i s  
can  b e  done by: 

a) I n c r e a s i n g  t h e  b u i l d ,  w i t h  r e s u l t i n g  lowering of o v e r a l l  c u r r e n t  d e n s i t y .  

b) Spreading o u t  ( s t a g g e r i n g )  the end t u r n s ,  r e s u l t i n g  i n  i nc reased  over- 
a l l  l e n g t h  of winding r e l a t i v e  t o  t h e  a c t i v e  l e n g t h  (h igh  f i e l d  r e g i o n  
l e n g t h ) .  

CIXC'UWR VS RECTANGULAR-SADDLE DESIGNS 

The r e s u l t s  of t h e  p re l imina ry  d e s i g n  e f f o r t  showed t h a t  t h e  c i r c u l a r - s a d d l e  
d e s i g n  was s u p e r i o r  t o  t h e  ( a l t e r n a t e )  r ec t angu la r - sadd le  des ign  f o r  t h e  base- 
l o a d  a p p l i c a t i o n  because i t  would be cheaper  i n  m a t e r i a l  and e a s i e r  t o  assemble. 

CONDUCTOR DESIGN, STABILITY @D CURRENT RATING 

It i s  l o g i c a l  t h a t  a  v e r y  l a r g e  magnet be  wound w i t h  a l a r g e ,  h i g h  c u r r e n t  
conductor  i n  o r d e r  t o  avoid a n  e x c e s s i v e  number of t u r n s  and t h e  r e s u l t i n g  l a r g e  
amount of winding l a b o r  involved.  Also,  h i g h  c u r r e n t  means r e l a t i v e l y  low in -  
duc tance  and a  lower v o l t a g e  genera ted  du r ing  quench, The v a l u e  of 1.4,500 
amperes, chosen f o r  t h e  p re l imina ry  d e s i g n  base-luad c i r c u l a r - s a d d l e  magnet con- 
d u c t o r ,  was t h e  l a r g e s t  d e s i g n  c u r r e n t  p r a c t i c a l  based on c o n s i d e r a t i o n s  of edge 
bending and c r y o s t a t i c  s t a b i l i t y ,  f o r  t h e  type  of conductor  chose  (IGC rec tang-  
u l a r - c ros s - sec t ion  c a b l e  t y p e ) .  

T h e  winding design i n  t h e  base-load c i r c u l a r - s a d d l e  magnet could  be  e a s i l y  
redes igned  f o r  h i g h e r  c u r r e n t  and fewer t u r n s  i n  t h e  f u t u r e ,  i f  expe r i ence  
shows t h a t  t h e  s t a b i l i t y  c r i t e r i o n  could  be less c o n s e r v a t i v e  than  t h e  v a l u e  
used ,  which was 0.4 w/cm2. For example, i f  it i s  determined i n  t h e  f u t u r e  
t h a t  a  h e a t  f l u x  of 0.8 w/cm2 i s  s a t i s f n c t o r  , t h e  same s i z e  conductor  could 

jr be  i n c r e a s e d  t o  a d e s i g n  c u r r e n t  of about  2  x 14,500 amps = 20,500 amps. The 
copper t o  superconductor  r a t i o  would b e  reduced ,  b u t  o the rwi se  t h e  conductor  
d e s i g n  would remain e s s e n t i a l l y  t h e  same. With t h e  i n c r e a s e d  des ign  c u r r e n t ,  
t h e  o u t s i d e  d i ame te r  of  t h e  winding and o f , t h e  r i n g  g i r d e r s  could  be reduced and 
t h e  weight  of t h e  g i r d e r s  would become, cons ide rab ly  l e s s .  Inductance  would be 
lower and v o l t a g e  t o  ground on quench would b e  lower.  Thc peak field i n  t h ~  
winding would i n c r e a s e  somewhat. 



OPERATING TEMPERATURE 

0 
The u s e  of an  o p e r a t i n g  tempera ture  s u b s t a n t i a l l y  lower t han  4.5 K a l -  

though no t  necessary  f o r  any of t h e  magnets s t u d i e d ,  would have t h e  advantage 
of reducing  t h e  aaount  of superconductor  (but  no t  n e c e s s a r i l y  copper) r e q u i r e d  
i n  a  g iven  des ign  wi th  r e s u l t i n g  c o s t  s av ings .  However, t h e  c o s t  of r e f r i g e r a -  
t i o n  equipment would be  inc reased  and t h e  r e l i a b i l i t y  of t h e . o v e r a l 1  s'ystem re -  
duced because of t h e  n e c e s s i t y . f o r  o p e r a t i o n  of e x t e r n a l  helium p i p i n g  a t  l e s s  
thari a tmospheric  p r e s s u r e  with'accompanying g r e a t e r  r i s k s  of contaminat ion.  

An example of p o s s i b l e  s av ings  i n  superconductor  (%Ti) is  a s  fo l lows :  
0 

The base-load c i r c u l a r - s a d d l e  magnet designed f o r  4.5 K . o p e r a t i o n  c o n t a i n s  about  
14,700 kg of NbTi, which a 6  $70 p e r  kg c o s t s  about  $1,000,000. Changing t h e  
o p e r a t i n g  tempera ture  t o  3 K would reduce  t h e  amount of r e q u i r e d  NbTi about  35%, 
making a saving  of $350,000 i n  m a t e r i a l .  This  i s  . l e s s  t han  1% of t h e  t o t a l  es-  
t imated  c o s t  of t h e  magnet. It i s  be l i eved  t h i s  s av ing  i s  n o t  enough t o  o f f s e t  
t h e  e x t r a  c o s t  of lower tempera ture  r e f r i g e r a t i o n  and t h e  e x t r a  p recau t ions  and 
r i s k s  involved.  

QUENCH PROTECTION 

The quench p r o t e c t i o n  scheme i n c o r p o r a t e s  e x t e r n a l  emergency shunt  r e s i s -  
t o r s  which i n i t i a t e  a f a s t  d i s c h a r g e  of t h e  magnet, a  l a r g e  amount of aluminum 
sub- s t ruc tu re  around t h e  d o i l s  and ' i n  t h e  p o l a r .  r e g i o n s ,  i n d u c t i v e l y  coupled t o  
t h e  . c o i l s  so  t h a t  c i r c u l a t i n g  c u r r e n t s  w i l l  be  produced i n  t h e  aluminum by t h e  
f i e l d  change; h e a t i n g  of t h e  aluminum w i l l  encourage r a p i d  propagat ion  of t h e  
normal r e g i o n  throughout  t h e  e n t i r e ' w i n d i n g .  There is t h e  p o s s i b i l i t y  of a l s o  
i n c o r p o r a t i n g  a c t i v e ' h e a t e r s ,  o r  p r e f e r a b l y  p a s s i v e  shun t s  a c t i n g  a s  h e a t e r s  
which would make more c e r t a i n  t h e  r a p i d  propagat ion  of t h e  normal r e g i o n s  i n  
t h e  magnet. The ma t t e r  of p r o t e c t i o n  needs f u r t h e r  a n a l y s i s  .and i n v e s t i g a t i o n ,  
n o t  on ly  from t h e  s t a n d p o i n t  of dumping energy i n t e r n a l l y  i n  t h e ' c o i l ,  b u t  a l s o  
w i t h  r ega rd  t o  t h e  type  of s ens ing  system t h a t  may b e  needed t o  d e t e c t  a  sma l l  
normal r e g i o n  immediately and a u t o m a t i c a l l y  a c t i v a t e  t h e  c i r c u i t  b reake r s  which 
c u t  i n  t h e  shunt  r e s i s t o r s  and i n i t i a t e  t h e  f a s t  d i scha rge .  

Conclusions 

No c r i t i c a l  t e c h n o l o g i c a l  o b s t a c l e s  were encountered i n  des ign ing  t h e  s e r -  
i e s  of magnets r epo r t ed  h e r e i n .  No nove l ;  unproven f e a t u r e s  were needed o r  were 
incorpora ted .  

For base-load s c a l e  and ETF s c a l e  magnets up t o  6 T e s l a  c e n t r a l  f i e l d ,  
sound, p r a c t i c a l  p re l imina ry  des igns  were developed u s i n g  cgpper s t a b i l i z e d  
niobium-titanium conductor  bath-cooled and o p e r a t i n g  a t  4.5 K. Extending t h e s e  
d e s i g n s  t o  produce 7 T e s l a  c e n t r a l  f i e l d  appeared e n t i r e l y  f e a s i b l e ,  u s ing  t h e  
same type  of conductor  and o p e r a t i n g  tempera ture .  

The u s e  of co ld  i r o n  w i t h i n  t h e  magnet assembly f o r  magnet ic  f i e l d  enhance- 
ment and shaping  o f f e r s  no o v e r a l l  advantage over  a  s imple  a i r c o r e  magnet des ign .  



The use of Nb Sn superconductor in large MHD magnets of the magnetic field 
3 strengths under consideration (5 T to 7 T) is not required and Nb Sn conductor 

3 at its present stage of development does not offer overall advantage over the 
more fully developed, available forms of NbTi superconcdnctor. However, if and 
when Nb Sn conductor is developed to have handling characteristics comparable 

3 
to NbTi conductor and a comparable cost., it will be advantageous for large 
3lHD magnets. 

Forced circulation cooled (hollow) conductor, in is present state of 
development, does not appear to offer advantages over the more conventional 
bath-cooled conductor as incorporated in the MID magnet designs presented 
herein. 

The circular-saddle-coil design is superior to the (alternate) rectangular- 
saddle-coil design as developed in this program, both in respect to utilization 
of materials and in respect to economy of manufacture. The two designs are be- 
lieved to be essentially equal from the standpoint of potential reliability. 

Rccommendatione 

A program of applied research and development, laboratory experiments, 
engineering and manufacturing studies and modeling should be implemented, start- 
ing immediately, so that an adequate base of engineering and manufacturing tech- 
nology for large Pw> magnets will be available when needed in the National 
M I D  power Generation Program. Important objectives of the program will be 
to improve our understanding of large magnet stability, and means of quench pro- 
tection, to develop and prove large conductor and conductor splicing, to identi- 
fy the types of tooling and manufacturing procedures that will be required for 
manufacturing large magnets, to upgrade designs for greater compatibility with 
rnanuf acturing techniques and to obtain direct manufacturing and assembly exper- 
ience with components or models of components of the types contemplated. Speci- 
fic items which should be included in the program are listed below. 

Samples of conductor of the types selected for large MllD magnets should be 
anufactured and laboratory tested to determine short sample characteristics and 
also the characteristics of winding sections made of this conductor. (Some 
scaling down from base-load size may be considered for initial test samples. 

Joints (splices) of types suitable for use with the large MHD magnet con- 
ductor should be designed, samples should be made and laboratory testing should 
be conducted to develop splicing techniques and prove the suitability of splices 
for use in coils. 

Laboratory experiments should be designed and conducted to determine the 
effect of motion and friction heating on the stability of representative sec- 
tions of winding of the type to be used in large HHD magnets. 

Further analysis and experiments should be conducted to evaluate the pro- 
tective scheme proposed in this report, involving inductive heating of aluminum 
alloy winding forms as a means of rapidly driving the entire winding normal, and 
alternate protective schemes. 



A s tudy  should b e  made of t h e  techniques  and equipment r e q u i r e d  f o r  winding . 

f u l l  s c a l e  c o i l s .  Th i s  work should be  suppor ted  by a c t u a l  modeling of winding 
equipment and t h e  making of t r i a l  windings us ing  dummy conductors .  

Cons t ruc t ion  technology f o r  s e l e c t e d  winding des igns  shculd  be developed % 

by t h e  f a b r i c a t i o n  of l a r g e - s c a l e  winding modules (or models t h e  s i z e  of t h e  
ETF magnet). '  These models should be  made w i t h  dummy conductor  and t h e r e  should 
be  two. o r  more winding modules i n c l u d i n g  suppor t  s t r u c t u r e ,  assembled t o g e t h e r  
. t o  s i m u l a t e  c o n d i t i o n s  t h a t  would e x i s t  i n  a complete magnet. Mechanical t e s t -  

, i n g  should be  conducted on t h e s e  models t o ' d e t e r m i n  t h e  amount of conductor  mo- 
' .  t i o n  t h a t  may t a k e  p l a c e  under magnet ic  f o r c e s .  
. . 

Fla'gnetic-field and f o r c e  computer programs should be  upgraded t o  p rov ide  
more convenient  and a c c u r a t e  ou tpu t  d a t a  on magnet ic  f o r c e s  , and  a l s o  t o  c a l -  
c u l a t e  t h e  inductance  of s a d d l e  shaped co , i l s .  

A manufactur ing f e a s i b i l i t y  s tudy  should  be  eonducted t o w o r k  o u t  t h e  com- 
p l e t e  manufactur ing procedure  f o r  a l l  major components of a base-load s i z e  mag- 
n e t .  Coordinated w i t h  t h i s ,  should be a des ign  upgrading e f f o r t  i n  which t h e  
e x i s t i n g  p re l imina ry  des ign  a r e  modif ied and improved by i n p u t s  from t h e  manu- 
f a c t u r i n g  s tudy .  



V. EXTRACTS FROM THE MCA DESIGN REPORT RELEVANT TO SAFETY AND RELIABILITY IN 
THE,MAGNET DESIGN 

CRITICAL PROBLEMS REQUIRING INVESTIGATION 

A .  Conductor Properties and stability of Operation 

1. Requirements for Stabi1it.y 
. 2. Impact of High Current Conductor on System Cost 

3 .  High Current Conductor Fabrication and Test 
4. Support for Final Conductor Design 

B. Winding Geometry and characteristics 

1. Winding Mechanical and Thermal. Characteristics 
2. Nuck Winrli:llg Fabricatian 

D. High Current Vapor-Cooled Lead Design 

E. Insulation Characteristics 

F. Loads and Structural Support 

1. Transverse and End Structure 
2. Thermal Stresses 
3. Effects of Reaction Location and Assembly Gaps 
4. Stress Concentrations at Connectors and Coil Corners 
5. Gravitational and Environment Loads 

G. Fault Conditions, Instrumentation, Controls, and Interlocks 

' 1. Fault Conditions and System Protection 
2. Component Mock-Up 

H. Interface Problems 

'The generation of the reference designs for the BL and ETF magnet systems , 

represents the first step toward final design and consrruction. Many areas re- 
quiring further investigation were uncovered, and R & D progrsms should be ini- 
tiated. No insurmountable engineering problems were uricuvried; hence further 
refinement and development of the designs is in order. 

SYSTEM OPERATION AM) PROTECTION 

Introduction . . 

In a magnet with the amount of stored energy ("6,710 MJ) .and the physical 
size (%26 m long) of the Base Load system, a reliable e-lectrical and cryogenic' 
support system is of paramount importance in assuring the continuous "on-line" 
operation of the magnet and, in turn, of the MHD generator. Various aspects of 



magnet cooldown and o p e r a t i o n  w i l l  b e  covered i n  t h i s  s e c t i o n .  T.hese i n c l u d e  
t h e  e x t e r n a l  cryogenic '  suppor t  system, t h e  c ryogenic  plumbing w i t h i n  t h e  .dewar, 
i n i t i a l  cooldown c o n s i d e r a t i o n s ,  and e l e c t r i c a l  d i s c h a r g e  c i r c u i t r y .  The h e a t  
load  on t h e  windings,  which d i c t a t e s  l i q u e f i e r  system c a p a c i t y ,  w i l l  be  d i s -  
cussed f i r s t .  

Heat Load 

For normal s t e a d y  s t a t e  o p e r a t i o n  of t h e  Base Load system, t h e  h e a t  load  
t h a t  i s  imposed upon t h e  low tempera ture  windings by t h e  e x t e r n a l  environment 
must be  absorbed by t h e  c ryogenic  system. The sou rce  of t h e s e  h e a t  l e a k s  
fo l lows .  

a .  ~ h e d a l '  r a d i a t i o n  from t h e  room tempera ture  dewar t o  t h e  r a d i a t i o n  s h i e l d  
0 

(average tempera ture  102 K) . 
b. Thermal r a d i a t i o n  from t h e o r a d i a t i o n  s h i e l d  t o  t h e  e x t e r n a l  winding 

s t r u c t u r e  ( tempera ture  4.5 K). 

c .  Conduction h e a t  t r a n s f e r  through t h e  g r a v i t a t i o n a l  suppor t  columns t o  
t h e  low tempera ture  e x t e r n a l  winding s t r u c t u r e .  

d .  Conduction a long  a l l  i n s t r u m e n t a t i o n  l e a d s  and cryogenic  l i n e s  t h a t  
p e n e t r a t e  t h e  room tempera ture  vesse l .  

e .  Conduction and j o u l e  h e a t i n g  w i t h i n  t h e  power l e a d s  a s  t hey  p e n e t r a t e  
t h e  room tempera ture  dewar. 

Although t h e r e  i s  no way t o  e l i m i n a t e  t h e  h e a t  l e a k  t o  t h e  low tempera ture .  
windings,  it can  be  minimized through r e l a t i v e l y  s tandard  des ign  techniques .  
The r a d i a t i o n  l o s s e s  w i l l  b e  c u t  down by us ing  cont inuous .0508 m (2 i n . )  l a y e r s  
of s u p s r i n s u l a t i o n  i n  t h e  vacuum gaps on bo th  s i d e s  of t h e  r a d i a t i o n  s h i e l d .  
A l l  room tempera ture  deyar  p e n e t r a t i o n s  w i l l  u s e  bel lows arrangements  o r  they  
w i l l  h e l p  minimize t h e  conduct ion h e a t  l e a k .  The conduct ion l o s s e s  through t h e  
suppor t  columns a r e  reduced by minimizing t h i s  r a t i o  and by us ing  an epoxy- 
g l a s s  composite m a t e r i a l  (h igh  thermal  r e s i s t a n c e )  i n  t h e  column des ign .  . . 

. . 

One.of t h e  major c o n t r i b u t o r s  t o  t h e  h e a t  l oad  is  t h e  power l e a d s  t h a t  pene- 
t r a t e  t h e  dewar,. The b o i l  o f f  rate f o r  a p a i r  o f  opt imized power l e a d s  i s  about  
t h r e e  l i t e r s  pe r  hour of l i q u i d  hel ium p e r  1,000 amperes per  p a i r  of l e a d s .  The 
b o i l  o f f  r a t e  i s  a s i z e a b l e  60 Rlhr .  p e r  p a i r  of l e a d s  i n  ou r  c a s e  f o r  a n  oper- 
a t i n g  c u r r e n t  of 20,000 amperes. With t h i s  amount of b o i l  o f f  p e r  p a i r  of l e a d s ,  
t h e  only  way t o  minimize t h e  h e a t  l e a k  through t h e  l e a d s  and t h u s  minimize t h e  
r e f r i g e r a t i o n  c o s t  i s  t o  p e n e t r a t e  t h e  dewar wi th  a. s i n g l e  p a i r  of power l e a d s .  

.The s e r i e s  connec t ions  between, c o i l s  i n  t h e  system must t h e r e f o r e  be made a t  . 
l i q u i d  helium temperature.  

The b o i l  o f f  due t o  a l l  t h e  h e a t  l e a k s  i s . a b o u t  187 Rlhr .  About 32%.of  ' t h i s  
i s  caused by t h e  power 1 e a d s . a l o n e .  An a d d i t i o n a l  15% w a s  added t o  a l l o w  f o r  in -  
s t rumen ta t ion  h e a t  l e a k s  a.nd l o s s e s  due t o  unforeseen  sou rces .  



E x t e r n a l  Cryogenic Support  System 

The major components of t h e  e x t e r n a l  c ryogenic  suppor t  system a r e  a  two- 
' 

s t a g e  screw compres.sor and hel ium gas  p u r i f i c a t f o n  system ( a d s o r b e r ) ,  a  l i q u e f i e r  
( co ld  box) t h a t  u t i l i z e s  two gas bea r ing  turbo-expanders ,  a  5,000 R l i q u i d  hel ium 
s t o r a g e  dewar, and c ryogen ic  t r a n s f e r  l i n e s  between t h e  l i q u e f i e r  and t h e  low 
t e m p e r a t u r e . v e s s e l s .  The turbo-expanders ,  which a r e  i n e f f i c i e n t  a t  h igh  tempera- 

' 

. t u r e s ,  a r e  bypassed by a  l i q u i d  n i t r o g e n  p recqo l ing  l6op  t h a t  u t i l i z e s  t h e  con- 
s i d e r a b l e  coo l ing  c a p a c i t y  of a l i q u i d  n i t r o g e n  b a t h  h e a t  'exchanger du r ing  t h e  
i n i t i a l  cooldown. S ince  t h e  r a d i a t i o n  s h i e l d  f o r  t h e  magnet w i l l  be  vapor-cooled 
by l i q u i d  helium b o i l  o f f  and s i n c e  bu lk  l i q u i d  n i t r o g e n  i s  r e l a t i v e l y  inexpen- 
s i v e  and on ly  needed du r ing  cooldown, a  s e p a r a t e  on - s i t e  n i t r o g e n  l i q u e f i e r  
n o t  warran ted .  

The hel ium l i q u e f i e r  should be  s i z e d  w i t h  a  c a p a c i t y  t h a t  is  about  25% 
g r e a t e r  t han  t h e  b o i l  o f f  r a t e  (187 Rlhr . )  t o  p rov ide  a  s a f e t y  f a c t o r .  This  
w i l l  r e s u l t  i n  a r e q u i r e d  power i n p u t  t o  a conven t iona l  l i q u e f i e r  system of about  
750 kW. (An advanced d e s i g n  which may be somewhat l e s s  r e l i a b l e  would u t i l i z e  
about  375  kW.) A d d i t i o n a l  cooldown o r  l i q u e f i e r  c a p a c i t y  can b e  gained a t  a  
later d a t e  by adding compressor modules t o  t h e  system. 

I n i t i a l  F i l l  and Vent L ines ;  Emergency Venting 

Each c o i l  i s  f i l l e d  and vented independent ly  du r ing  cooldown by means of 
a  . I016 m d iameter  (4 i n . )  f eed  l i n e  t h a t  i s  connected t o  t h e  low p o i n t  of t h e  
c o i l .  A .2032 m d i ame te r  (8 i n . )  v e n t  l i n e  i s  l o c a t e d  a t  each end of every  
c o i l .  

The i n d i v i d u a l  f i l l  and ven t  l i n e s  p rov ide  t h e  c o n t r o l  nedded t o  ma in t a in  
a  uniform coo l ing  r a t e  amongst a l l  of t h e  . c o i l s  d u r i n g  coo ldo~m.  Uniformity 
i n  c o o l i n g ,  i n ' t u r n ,  p r e v e n t s  damage induced by thermal  s t r e s s e s .  The a r range-  
ment of a  ven t  a t  b o t h  ends of each c o i l  i s  in tended  t o  f a c i l i t a t e  t h e  c o n t r o l  
of coo l ing  w i t h i n  a n  i n d i v i d u a l  c o i l  and t o  minimize t h e  r i s k  t h a t  a  p r e f e r -  
e n t i a l  f low pa th  might be  s e t  up through one l e g  of a  c o i l .  Th i s  could l e a d  t o  
s e v e r e  s t r e s s  l e v e l s  w i t h i n  t h e  a f f e c t e d  c o i l .  

The v e n t  l i n e s  t h a t  a r e  used du r ing  cooldown have been purpose ly  ove r s i zed  
s o  t h a t  t hey  can hand le  t h e  vapor  d i s c h a r g e  t h a t  could conce ivably  r e s u l t  from 
any c o i l  du r ing  a major system f a i l u r e  such  as complete l o s s  of vacuum. The 

' v e n t s  have been s i z e d  s o  t h a t ,  f o r  a  s o n i c  e x i t  v e l o c i t y ,  t h e  e n t i r e  hel ium vol -  
ume i n  t h e  system can  be  d i scha rged  w i t h i n  one minute.  The maximum i n t e r n a l  
p r e s s u r e  w i t h i n  t h e  winding accompanying t h i s  d i s c h a r g e  is  30 p s i a .  Th i s  i s  
low enough so  t h a t  no damage should r e s u l t  from t h e  p r e s s u r e  i n c r e a s e  r e l a t i v e  
t o  normal o p e r a t i n g  p r e s s u r e .  

The t o t a l  hel ium inven to ry  f o r  t h e  system i s  approximately 24,000 l i t e r s .  

Cooldown 

The cooldown procedure  f o r  t h e  Base Load system i s  a s  fo l lows :  

1 )  300 - 90 '~ :  Helium gas i s  c i r c u l a t e d  through t h e  l i q u i d  n i t r o g e n  pre- 
coo le r  and is  then  c i r c u l a t e d  through t h e  magnet. 



2) Liqyef a c t i o n  is  bepun. Helium gas  i s  ' l i q u e f i e d  and then  s t o r e d  i n  
t h e  5,000 l i t e r  s t o r a g e  dewar. A c e r t a i n  amount of t h e  compressor 
o u t p u t  bypasses  t h e  l i q u e f i e r  and con t inues  t o  main ta in  t h e  c o i l s  
n e a r  l i q u i d  n i t r o g e n  tempera ture  w i t h  t h e  h e l p  of t h e  p r e r o o l e r .  

3 )  90 - 20 '~ :  R e f r i g e r a t i o n  con t inues  w i t h  t h e  u s e  of t h e  turbo-expanders.  

4) 20 - 4.5 '~ :  The l i q u i d  hel ium i n  t h e  5,000 l i t e r  dewar i s  t r a n s f e r r e d  
t o  t h e  magnet w h i l e  t h e  l i q u e f i e r  con t inues  t o  ope ra t e .  

5) Liquid  hel ium is  accumulated i n  t h e  hold-up t ank  and magnet. 

During t h e  cooldown procedure,  a  s e p a r a t e  co ld  gas  coo l ing  loop  t h a t  by- 
passes  t h e  magnet c i r c u l a t e s  helium gas  around the '  r a d i a t i o n  s h i e l d .  Normaily , 
t h e  s h i e l d  i s  cooled by vapor  vented from t h e  c o i l s .  However, t h i s  i s  n o t  done 
dur ing  cooldown because v e r y  l i t t l e  coo l ing  c a p a c i t y  remains i n  t h e  gas  s t ream 
'as i t  l e a v e s  t h e  r e l a t i v e l y  warm c o i l s .  Consequently,  a  warm r a d i a t i o n  s h i e l d  
t h a t  i s  i n e f f e c t i v e  a t  i n t e r c e p t i n g  t h e  r a d i a t i v e  h e a t  load  would r e s u l t  and 
t h i s ,  i n  t u r n ,  would prolong t h e  cooldown t ime.  

The co ld  s t r u c t u r e  e x t e r n a l - t o  each c o i l  i s . p r i m a r i l y  conduct ion  cooled 
through c o n t a c t  w i t h  t h e  winding bundles .  However, h igh  thermal  c o n t a c t  re -  
s i s t a n c e s  between t h e  e x t e r n a l  s t r u c t u r e  and t h e  dewars enc los ing  each c o i l  
may e x i s t  s i n c e  t h i s  c o n t a c t  is  i n  vacuum and can ex tend  t h e  s t r u c t u r a l  coold&m 
t ime cons ide rab ly .  More impor t an t ly ,  however, t h e  h igh  c o n t a c t  r e s i s t a n c e s  . 
can r e s u l t  i n  d i f f e r e n t i a l  c o n t r a c t i o n s  between t h e  c o i l s  and t h e  co ld  s t r u c t u r e  
which may i n d u c e . s i z a b l e  s t r e s s e s  w i t h i n  t h e  windings. It is  p o s s i b l e  f o r  t h e  
conductor t o  y i e l d  i n  t e n s i o n  i f  t h e  winding i s  cooled cons ide rab ly  f a s t e r  t han  
t h e  e x t e r n a l  s t r u c t u r e .  To combat t h i s  problem, cooldown tub ing  w i l l  b e  inc luded  
on both  t h e  s a d d l e  s t r u c t u r e  and on bo th  l a r g e  r a c e t r a c k s  over  t h e i r  e n t i r e  
l eng th .  Because a l l  t h e  co ld  s t r u c t u r e  i s  t i e d  t o g e t h e r ,  t h e  e x t e r n a l  s t r u c t u r e  
nea r  t h e  s m a l l  and medium-sized r a c e t r a c k s  w i l l  f e e l  t h e  e f f e c t s  of t h e s e  t r a c e r  
tubes  a l s o .  The tempera ture  i n  both  t h e  e x t e r n a l  s t r u c t u r e  and i n  t h e  c o i l s ' -  
w i l l  be  monitored and t h e  coo l ing  r a t e s  c o n t r o l l e d  so  t h a t  a n  a c c e p t a b l e  temper- 
a t u r e  d i f f e r e n t i a l  between t h e  c o i l s  ,and t h e  s t r u c t u r e  is  maintained.  

. . -  
0 

When t h e  c o i l  t empera ture  f o r  t h e  s m g l l  r a c e t r a c k  a t  a  g iven  i n s t a n t  i s  100 I<, 
a  s t r u c t u r a l  t empera ture  g r e a t e r  t han  132 K causes  t h e  conductor  t o  exceed i t s  . 

a l lowable  working s t r e s s  i n  t ens ion .  Informat ion  l i k e  t h i s  can  be used du r ing  
cooldown t o  minimize t h e  adve r se  e f f e c t s  of d i f f e r e n t i a l  c o n t r a c t i o n s  i n  t h e  
magnet. 

Cooldown e s t i m a t e s  f o r  t h e  Base Load system were determined.  The r e s u l t  
was a  p r o j e c t e d  cooldown t ime of 14 days. ,In g e n e r a l ,  however, many f a c t o r s  
t h a t  e n t e r  i n t o  t h e  dynamics of t h e  cooldown p roces s  make i t  hard  t o  a c c u r a t e l y  
model t h e  system. With a  magnet of t h e  s i z e  of t h e  Base Load system, t h e r e f o r e ,  
one could e a s i l y  a n t i c i p a t e  a  cooldown i n t e r v a l  of £our o r  f i v e  weeks. 

Discharge C i r c u i t r y  and P r o t e c t i o n  

A bank of d i s c h a r g e  r e s i s t o r s  i n  s e r i e s  i s  connected a c r o s s  t h e  winding 
t e rmina l s .  TJhen i t  i s  d e s i r e d  t o  deene rg ize  t h e  magnet, t h e  dump swi t ch  i s  opened. 



I n i t i a l l y ,  t h e  energy i s  d i s s i p a t e d  through a s i n g l e  dump r e s i s t o r ,  I$,. (The 
o t h e r  r e s i s t o r s  a r e  i n i t i a l l y  shunted by swi t ches  S1 through S .) A r e s i s t a n c e  

N 
of .0125 Q w i l l  l i m i t  t h e  i n i t i a l  t e r m i n a l  v o l t a g e  t o  250 v o l t s .  The i n i t i a l  
d i s c h a r g e  t i n e  c o n s t a n t  f o r  t h e  system i s  then  about  45 minutes .  A s  t h e  cur-  
r e n t  l e v e l  i n  t h e  winding g r a d u a l l y  decays,  a second dump r e s i s t o r  i s  thrown 
i n t o  t h e  c i r c u i t  by opening swi t ch  S Th i s  added r e s i s t a n c e  i n c r e a s e s  t h e  de- 1 ' 
cay t ime c o n s t a n t ,  and t h e  system d i s c h a r g e s  a t  a  f a s t e r  r a t e .  With t h e  l a y e r -  
t o - l aye r  v o l t a g e  be ing  c a r e f u l l y  monitored,  t h e  decay rate can be  a c c e l e r a t e d  
by c u t t i n g  a d d i t i o n a l  r e s i s t o r s  i n t o  t h e  d i s c h a r g e  c i r c u i t  z t  i n t e r v a l s  c o n s i s t e n t  . 
w i l l  a l l o w a b l e  v o l t a g e  a c r o s s  t h e  c o i l  t e rmina l s .  S e v e r a l  f a c t o r s  t h a t  go i n t o  
t h e  s e l e c t i o n  of conductor  and t h e  winding d e s i g n  f o r  t h i s  magnet p rec lude  t h e  
p o s s i b i l i t y  of a complete  t r a n s i t i o n  t o  a  r e s i s t i v e  c o n d i t i o n  (quench) du r ing  
normal o p e r a t i o n s .  The c r y o s t a t i c  s t a b i l i t y  c r i t e r i o n  t o  which t h e  conductors  
a r e  des igned  r e q u i r e s  t h a t  t h e  superconductor  n o t  exceed i t s  c r i t i c a l  tempera-. 
t u r e  even i n  t h e  event  of  a complete c u r r e n t  t r a n s f e r  from superconductor  t o  
t h e  a d j a c e n t  s t a b i l i z e r .  I n  a d d i t i o n ,  a l l  t h e  conductor  w i t h i n  t h e  winding is  
des igned  t o  o p e r a t e  i n  t h e  h igh  f i e l d  r e g i o n  of t h e  winding everl though rlle 
f i e l d  exper ienced  over  most of a s e c r i o n i s  s u b s t a ~ l L i a l l y  lower.  Furthermore,  
when a normal r e g i o n  i s  sensed  a ~ d  t h e  dump swi t ch  between winding and c o i l  
i s  opened, a p a r t i a l  decay i n  t h e  o p e r a t i n g  c u r r e n t  occurs  through d i s s i p a t i o n  
of energy i n  t h e  normal r e g i o n  and t h e  dump r e s i s t o r .  Th i s  i n  t u r n ,  i s  a  s t a b i l -  
i z i n g  f a c t o r .  

A p r e l i m i n a r y  l i s t  of t h e  i n s t r u m e n t a t i o n  t h a t  may be  neces sa ry  f o r  t h e  Base 
Load system i s  g iven  i n  Table V - 1 .  The i n s t r u m e n t a t i o n  w i l l  be used t o  moni- 
t o r  t h e  e x t e r n a l  c ryogentc  suppor t  system, t h e  power supp ly ,  and t h e  winding. 
The v a r i o u s  types  of i n s t r u m e n t a t i o n  l i s t e d  s e r v e  a  p r o t e c t i v e  a s  w e l l  a s  d iag-  
n o s t i c  f u n c t i o n  i n  t h e  system. Many of t h e  items l i s t e d  would be  used s o l e l y  
d u r i n g  t h e  cooldown of t h e s y s t e m t o  a s s u r e  tempera ture  g r a d i e n t s  w i t h i n  allow- 
~ b l e  l i m i c s .  

POTENTIAL AREAS FOR R & D 

During t h e  cou r se  of t h e  s tudy  a n  o v e r a l l  impress ion  was developed of t h e  
s ta te  of t h e  a r t  i n  s u p e r c o n d u c t i v i t y ,  c ryogen ic s ,  s t r u c t u r a l  m a t e r i a l s ,  s t r u c -  
t u r a l  d e s i g n  and f a b r i c a t i o n  techniques .  T h i s  overview, t o g e t h e r  w i t h  t h e  r e f e r - '  
ence  d e s i g n  development,  allowed s p e c i f i c  a r e a s  and problems r e l e v a n t  t o  super-  
conduct ing  MHD magnet system d e s i g n ,  c o n t r u c t i o n ,  and o p e r a t i o n  t o  b e  i d e n t i f i e d .  
Some problems which may arise and r e q u i r e  independent  R & D e f f o r t ,  e i t h e r  theo- 
r e t i c a l  o r  exper imenta l ,  b e f o r e  a f u l l - s c a l e  base  load  superconduct ing  magnet 
f a b r i c a t i o n  is under taken  a r e  d f scussed  below. 

COImUCTOR FROFERTIES MlD ETAEILITY PSQUIBrnENTS 

Requirements f o r  S t a b i l i t y  

A g e n e r a l  i n v e s t i g a t i o n  i n t o  t h e  neces sa ry  and s u f f i c i e n t  c o n d i t i o n s  f o r  
c r y o s t a t i c  s t a b i l i t y  i s  needed a s  w e l l  a s  a  s tudy  of t h e , p o t e n t i a l  sou rces  and 
magnitudes of d i s t r u b a n c e s  ( i . e . ,  d e - s t a b i l i z i n g  i n f l u e n c e s )  i n  magnets of t h i s  
s i z e .  I n  most d e s i g n s  based on c r y o s t a t i c  s t a b i l i t y ,  i t  i s  e x p l i c i t l y  o r  im-  
p l i c i t l y  assumed t h a t  t h e  hel ium gas  gene ra t ed  i n  t h e  v i c i n i t y  of a  d i s t u r b a n c e  
may b e  vented  and r e a d i l y  r e p l a c e d  by ."fresh1' helium. . The a b i l i t y  of t h e  hel ium 
t o  be  vented  and r e p l a c e d ,  however, is  s t r o n g l y  dependent on t h e '  geometry of t h e  
s i t u a t i o n .  For c i r c u i t o u s  hel ium p a t h s  u s u a l l y  i nco rpora t ed  i n  magnets,  t h e  
assumption i s  probably  v a l i d  f o r  s m a l l  d i s t u r b a n c e s  (which a r e  a l s o  s t a b i l i z e d  
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by mult i -dimensional  conduct ion  e f f e c t s )  b u t  n o t  v a l i d  i f  a  l a r g e  r e g i o n  were 
t o  b e  a f f e c t e d .  It i s  u n l i k e l y  t h a t  replacement  of helium can  occur  i f  l a r g e  
r e g i o n s  are i n v o l v e d ; , h e n c e  t h e  l o c a l  o r  "s tored"  hel ium immediately a v a i l a b l e  
dominates  t h e  s i t u a t i o n .  Large magnets can  probably 3 e  des igned ,  b u i l t ,  and 
r e l i a b l y  ope ra t ed  wi thou t  a  thorough unders tanding  of t h e  s i z e  of l i k e l y  d i s -  
t u r b a n c e s  and of e f f i c i e n t  means t o  ach ieve  s t a b i l i t y  i f  s u f f i c i e n t  conserva- 
t i s m  i s  employed. However, .a thorough t h e o r e t i c a l  and exper imenta l  i n v e s t i g a -  
t i o n ' i n  t h i s  a r e a  would ach ieve  c o n s i d e r a b l e  s av ings  i n  m a t e r i a l  f o r  l a r g e  
magnets i n  FMD as w e l l  as o t h e r  a r e a s .  

Impact of High Cur ren t  Conductor on System Cost 

I f  t h e  o p e r a t i n g  c u r r e n t  f o r  t h e  system is r a i s e d ,  t h e  conductor  n e c e s s a r i l y  
becomes l a r g e r ,  The r e s u l t  i s  t h a t  t h e  conductor  is  more d i f f i c u l t  t o  f a b r i c a t e ,  
however, t h e  t o t a l  l e n g t h  r e q u i r e d  i s  reduced and t h e  n e t  impact on t h e  c o s t  of 
t h e  conductor  f o r  t h e  system i s  n o t  c l e a r .  The l a r g e r  conductor  i s  more d i f f i -  
c u l t  t o  hand le  d u r i n g  c o i l  f a b r i c a t i o n ,  however, fewer t u r n s  a r e  neces sa ry  and 
t h e  n e t  impact on winding c o s t  i s  n o t  obvious. The h ighe r  c u r r e n t  r e q u i r e s  
l a r g e r  vapor-cooled l e a d s  and induces  more b o i l o f f ,  which i n c r e a s e s  t h e  c o s t  of 
t h e  c ryogenic  suppor t  system. However, t h e  h ighe r  c u r r e n t  system should be some- 
what e a s i e r  t o  p r o t e c t  because  of t h e  lower inductance .  I n  view of t h e s e  
o f f s e t t i n g  e f f e c t s ,  a  d e t a i l e d  i n v e s t i g a t i o n  i s  r e q u i r e d  t o  de te rmine  t h e  n e t  
e f f e c t  on system c o s t s .  

High Cur ren t  Conductor F a b r i c a t i o n  and Tes t  

The b a s e  load  magnet system w i l l  r e q u i r e  a n  unprecedented q u a n t i t y  of 
conductor  w i t h  a s i z e  cor responding  t o  t e n s  of thousands of amperes of cu r r en t -  
c a r r y i n g  c a p a c i t y .  A d e t a i l e d  f a b r i c a t i o n  a n a l y s i s  would be d e s i r a b l e  t o  d e t e r -  
mine t h e  c o s t  e f f e c t i v e  approach t o  t h e  l a r g e  q u a n t i t y ,  h igh  c u r r e n t  conductor  
p roduc t ion  r equ i r ed .  Cons ide ra t ion  should  b e  g iven  t o  t h e  composi t ion of t h e  
b a s i c  b i l l e t s ,  whether  o r  n o t  cab l ing  i s  d e s i r a b l e ,  t y p e  of c a b l e ,  y i e l d ,  sub- 
s t r a t e  shape ,  s u b s t r a t e  composi t ion,  means f o r  f i n a l  conductor  assembly,  l e n g t h s  
cf  f i n a l  conductor ,  conductor  t r a n s p o r t a t i o n ,  and product ion  schedule. 

Support  f o r  F i n a l  Conductor Design 

The heart of the magnet system i s  t h e  superconductor ,  and t h e  s u c c e s s f u l  
o p e r a t i o n  of t h e  system depends on a  thorough unders tanding  of t h e  eleceromag- 
n e t i c ,  thermal ,  and mechanical  p r o p e r t i e s  of t h i s  component. Candidate  con- 
d u c t o r  c o n f i g u r a t i o n s  may b e  chosen f o r  r e f e r e n c e  des ign  purposes on t h e  b a s i s  

' 

of eng inee r ing  c a l c u l a t i o n s  and publ i shed  d a t a .  However, i n  t h e  p roces s  of f i n a l  
d e s i g n ,  . exper imenta l  work i n  t h e  fo l lowing  a r e a s  should be  cons idered:  

a. measurement of c r i t i c a l  c u r r e n t  and f i e l d  c h a r a c t e r i s t i c s  a t  o p e r a t i n g  
tempera ture ,  

b ,  mcacurcment of t h e  effect of s t r e s s  on, r.ti.ti.c.al. p r o p e r t i e s ,  

c.  measurement of t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  f o r  t h e  conductor  and de- 
t e r m i n a t i o n  of t h e  modulus of e l a s t i c i t y ,  

d .  v e r i f i c a t i o n  of t h e  thermal  c h a r a c t e r i s t i c s  i n  a  model of winding and 
coo l ing  passages  t o  a s s u r e  s a t i s f a c t i o n  of c r y o s t a t i c  s t a b i l i t y  r e q u i r e -  
ment s ,  



e ,  f a b r i c a t i o n  of sample j o i n t s ,  measurement of s t r u c t u r a l  p r o p e r t i e s  of  
t h e  j o i n t s ,  and v e r i f i c a t i o n  of s t a b i l i t y  of o p e r a t i o n ,  and 

f .  measurement of thermal  c o n t r a c t i o n  c o e f f i c i e n t s  f o r  t h e  composite 
conductor .  

\\TINDING GEOMETRY AND CHARACTERISTICS 

Winding Mechanical and Thermal C h a r a c t e r i s t i c s  

The windings i n  t h e  magnet system w i l l  c o n s i s t  of a  combination of many 
m a t e r i a l s  w i t h  v a s t l y  d i f f e r e n t  mechanical  and thermal  c o n t r a c t i o n  c h a r a c t e r i s t i c s .  
Because of t h e  l a r g e  s i z e ,  t h e  thermally-induced s t r e s s e s  can  be  v e r y  l a r g e  
and may l e a d  t o  problems i n  y i e l d  o r  £ a i l u r e  when t h e  a d d i t i o n a l  s t r e s s e s  due . ' 

t o  t h e  e l ec t romagne t i c  l o a d s  a r e  added. Measurements a n d . a n a l y s i s  of t h e  mechani- 
c a l  p r o p e r t i e s  and thermal  c o n t r a c t i o n  c h a r a c t e r i s t i c s  of  scaled-down models of 
cand ida t e  winding and s t r u c t u r a l  c o n f i g u r a t i o n s  may be  h i g h l y  d e s i r a b l e .  

Mock Winding F a b r i c a t i o n  

The s a d d l e  geometry i s  complex and w i l l  r e q u i r e  e x t e n s i v e  t o o l i n g  f o r  t h e  
winding process .  The proper  des ign  of t h e  t o o l i n g  combined w i t h  e v a l u a t i o n - o f  
f a b r i c a t i o n  techniques  can l e a d  t o  c o n s i d e r a b l e  economic sav ings  du r ing  t h e  - 
c o n s t r u c t i o n  process .  Because of t h e  l a r g e  s i z e  involved ,  t h e  t o o l i n g  w i l l  be  
a  major expense;  consequent ly ,  modeling of d i f f e r e n t  f a c e t s  of t h e  c o n s t r u c t i o n  
process  and i tems  of t o o l i n g  may be j u s t i f i e d .  A s  a  minimum, p r a c t i c e  winding 
wtth o rd ina ry  copper conductor  s e c t i o n s  should be  u t i l i z e d ,  t o  de-bug t h e  f i n a l  
t o o l i n g  s e t u p .  I f  s t r u c t u r e  i s  t o  be a n  i n t e g r a l  p a r t  of t h e  winding bundle,  
t h e  t o o l i n g  i s  t h a t  much more complex and e v a l u a t i o n  of f a b r i c a t i o n  techniques  
t h a t  much more impor tan t .  This  program should extend beyond t h e  winding s t a g e  
t o  a  phase invo lv ing  f a b r i c a t i o n  and assembly of s e c t i o n s  of dewar and suppor t  
s t r u c t u r e  t o  be  i n t e g r a t e d  i n t o  a  f u l l - s c a l e  model of a  p o r t i o n  of t h e  system. 
A development program' involv ing  des ign ,  c o n s t r u c t i o n  and t e s t  of s u c c e s s i v e l y  
l a r g e r  magnets would ' then b e  poss ib l e .  

JOINTS 

Es t imates  i n d i c a t e  t h a t  r e s i s t a n c e  of the o r d e r  of lo-' '  $2 would be  de- 
s i r a b l e  i n  t h e  system t o  keep t h e  t o t a l  h e a t  g e n e r a t i o n  by j o i n t s  a t  a  t o l e r -  
a b l e  l e v e l .  Experience w i t h  j o i n t s  f o r  t h e  l a r g e  conduc to r s . env i s ioned  f o r  
t h i s  program is  very  l i m i t e d .  Hence a coord ina t ed  program invo lv ing  j o i n t  
f a b r i c a t i o n  and t e s t  appea r s  necessary .  

HIGH CURRENT VAPOR COOLED LEAD DESIGN 

The.vapor  cooled l e a d s  which w i l l  be  r equ i r ed  ' f o r  t h i s  system w i l l . m o s t  
l i k e l y  be  r e q u i r e d  t o  uperate.at a h ighe r  sready c u r r e n t  l e v e l  t han  any u t i l i z e d  
t o  d a t e .  A s tudy  and o p t i m i z a t i o n  of t h i s  component i n  l i g h t  of  d i f f e r e n t  coo l ing  
op t ions  and t h e  means f o r  i n t e g r a t i o n  w i t h  t h e  system should b e  undertaken.    his 
should i n c l u d e  c o n s i d e r a t i o n  of coo l ing  v i a  b o i l o f f  hel ium, h e a t  i n t e r c e p t  
s t a t i o n s ,  h e a t  exchanger des ign ,  and t e r m i n a l  connec t ions  a t  warm and co ld  ends. 
Heat i n t e r c e p t  s t a t i o n s  could be  based on t h e  u s e  of bu lk  l i q u i d  n i t r o g e n  on a 
r e t u r n  g a s ' l o o p  t o  t h e  main l i q u e f i e r  system o r  on an independent  r e f r i g e r a t o r .  , 



INSULATION CHARACTERISTICS 

The cho ice  of t h e  e l e c t r i c a l  i n s u l a t i o n  f o r  u s e  on t h e  conductor  i s  c r i t i -  
c a l  i n  view of t h e  h igh  i n t e r n a l  l oads  which may be  expected i n  t h e  windings f o r  
s y s t e m  of t h i s  s i z e .  An i n s u l a t i o n  must be  chosen t o  s a t i s f y v o l t a g e  r e q u i r e -  
ments and t o  have s u f f i c i e n t  mechanical  s t r e n g t h .  Data ar2 g e n e r a l l y  no t  a v a i l -  
a b l e  f o r  c a n d i d a t e  i n s u l a t i n g  m a t e r i a l s  a t  c ryogenic  tempera tures  ; consequent ly ,  
a  program of d i r e c t  measurement i s  neces sa ry .  A s  a  minimum t h i s  should inc lude  
mechanical  p r o p e r t i e s ,  v o l t a g e  breakdown s t r e n g t h  and thermal  c o n t r a c t i o n .  I n  
a d d i t i o n ,  i t  may be  d e s i r a b l e  t o  assemble sample l e n g t h s  of conductor  and in su la -  
t i o n  t o  a s s e s s  handl ing  c h a r a c t e r i s i t i c s  and t h e  t o o l i n g  neces sa ry  f o r  i n s u l a t i o n  
a p p l i c a t i o n  du r ing  magnet c o n s t r u c t i o n .  

LOADS AND STRUCTURAL SUPPORT 

~ r a n s v e r s e '  and End Turn S t r u c t u r e  

The l o a d s  of e l ec t romagne t i c  o r i g i n  when t h e  magnet i s  charged appear  a s  
body f o r c e s  d i s t r i b u t e d  over  t h e  c u r r e n t - c a r r y i n g  p o r t i o n s  of t h e  winding-bundle.  
Computer programs e x i s t  f o r  c a l c u l a t i n g  t h e s e  f o r c e s  acd t h e i r  l o c a t i o n  co a 
d e g r e e  of accuracy  l i m i t e d  p r i m a r i l y  by t h e  amount of computer t ime expended. 
Once t h e  f o r c e s  a r e  known, t hey  a r e  t h e  i n p u t  f o r  s t r u c t u r a l  a n a l y s i s .  The 
l a t t e r  may be  d iv ided  i n t o  two r eg ions :  (1) a t r a n s v e r s e  s e c t i o n  of t h e  magnet 
f a r  from t h e  end t u r n s  and (2)  t h e  end t u r n  r e g i o n s  of t h e  nagnet .  The s t anda rd  
mathemat ica l  t o o l s  a v a i l a b l e  t o  c a r r y  o u t  a  thorough a n a l y s i s  i n  t h e s e  two r e g i o n s  
a r e  v e r y  l i m i t e d ;  hence numer ica l  methods aye  e s s e n t i a l .  

A need e x i s t s  f o r  development of e f f i c i e n t  programs based on f i n i t e  element 
an . a lys i s  f o r  t h e  t r a n s v e r s e  s t r u c t u r a l  des ign  and end t u r n  s t r u c t u r a l  des ign .  
The nonhomogeneous and a n i s o t r o p i c  c h a r a c t e r i s t i s  of t h e  a n a l y s i s  programs 
e x i s t  and ,  w i t h  m o d i f i c a t i o n ,  would be  s u i t a b l e  f o r  d e t e r n i n a t i o n  of s t r e s s  
and s t r a i n  d i s t r i b u t i o n s  i n  a  t r a n s v e r s e  s e c t i o n .  For t h e  end t u r n s ,  t h e  
problem 1s three d i m e n s i u ~ i a l ; .  cuusequent ly ,  nna lyoic  i~ more d i f f l , c t i l t  and l i m i t e d  
p r i m a r i l y  by t h e  computer. s t o r a g e  l l rcessary  and the l a r g c  t ime consumed i.n 
c a l c u l a t i o n .  Ex tens ive  development aimed a t  more e f f i c i e n t  c a l c u l a t i o n  i s  nec- 
e s s a r y  and warran ted  because  of t h e  l a r g e  s i z e  and energy involved  i n  t h e  system. 

~ h e r m a l  S t r e s s e s  

Fol.l.owing an a n a l y s i s  of  t h e  stress and s t r a i n  d i s t r i b u t i o n s  due t o  f o r c e s  
of e m  o r i g i n ,  a n  a n a l y s i s  of thermally-induced s t r e s s e s  du r ing  cooidowi is nec- 
e s s a r y .  The s c a l e  of t h e  d e v i c e s  of i n t e r e s t  and t h e  c a p i t a l  investment  i nvo l -  
ved demand complete a n a l y s e s  and unders tanding  p r i o r  t o  commitmefl~ t o  c u n s t r u c t i o n .  

E f f e c t s  of Reac t ion  Locat ion  and Assembly Gaps 
L 

The s t r e s s  and s t r a i n  d i s t r i b u t i o n  which w i l l  r e s u l t  i n  t h e  system is 
dependent  on t h e  a p p l i e d  loads  and a l s o  on t h e  l o c a t i o n  of r e a c t i o n s  and gaps 
between components due t o  f a b r i c a t i o n  and assembly t o l e r a n c e s .  An ex rens ion  
t o  t h e  r e f e r e n c e  d e s i g n  r e s u l t s  would invo lve  e v a l u a t i o n  of t h e  impact of 
t h e s e  i tems .  



S t r e s s  Concent ra t ions  a t  Connectors and C o i l  Corners  

 he em load  d i s t r i b u t i o n  and,  i n  t u r n ,  t h e  s t r e s s  d i s t r i b u t i o n  i t  t h e  
c o r n e r s  of r a c e t r a c k  o r  saddle- type c o i l s  w i l l  b e  dependent on t h e  magnitude 
of t h e  r a d i u s .  Th i s  e f f e c t  could be ' i n v e s t i g a t e d  i n  con junc t ion  w i t h  s t r e s s  
concen t r a t ions  a t  connec tors  between s t r u c t u r a l  components s i n c e  t h i s  repre-.  

' .  
s e n t s  a n  ex tens ion  i n  more dep th  t o  t h e  r e f e r e n c e  des igns  which have been 
genera ted .  

' G r a v i t a t i o n a l  and ~ n v i r o n m e n t a l  Loads 

The base  load  magnet system w i l l  i nvo lve  t h e  suppor t  of a n  unprecedented 
co ld  mass. It i s  neces sa ry ,  t h e n ,  t h a t  t h e  means f o r  g r a v i t a t i o n a l  suppor t  be  
i n v e s t i g a t e d  i n  d e t a i l  and opt imized i n  terms of t h e  means f o r  i n t e r c e p t i o n  of 

a m b i e n t  h e a t  load .  An a n a l y s i s  of t h e  system t o  a s s u r e  s t a b i l i t y  r e l a t i v e  t o  
ear thquake- re la ted  phenomena would be  d e s i r a b l e .  

FAULT COhDITIONS, INSTRIJMENTATION, CONTROLS AND INTERLOCKS 

F a u l t  Condi t ions  and System P r o t e c t i o n  

Because of t h e  l a r g e  energy s t o r e d  and l a r g e  cryogen requi rements  of t h e  
system, a s tudy  invo lv ing  cryogenic  and e l e c t r i c a l  f a u l t  c o n d i t i o n s  is  e s s e n t i a l .  
Th i s  should inc lude :  (1) l o s s  of coo lan t  s u p p l y , t o  t h e  main magnet, h e a t  i n t e r -  
c e p t  s t a t i o n s  and/or  vapor  cooled  l e a d s ;  ,(2) l o s s  of vacuum; (3)  s t r u c t u r a l - f a i l -  
u r e ;  (4 )  l oad  r e d i s t r i b u t i o n  due t o  s h o r t  c i r c u i t s ;  (5) l o s s  of power i n p u t  t o  
t h e  power supply ;  (6) c i r c u i t  b reake r  f a i l u r e  t o  open ( c l o s e )  dur ing  s t a r t u p  o r  
shutdown under normal or .emergency c o n d i t i o n s ;  (7) drop i n  l i q u i d  helium l e v e l  
i n  t h e  main dewar. 

Component Mockup 

A t  t h e  d e s i g n  of t h e  magnet system and F E D  p l a n t  evo lves ,  r equ i r emen t s ' fo r  
i n i t i a l  s t a r t u p ,  o p e r a t i o n ,  c o n t r o l s  and s a f e t y  w i l l  become s o l i d i f i e d .  During 
t h i s  pe r iod  a r e a s  r e q u i r i n g  a n a l y s i s  and breadboard nockup w i l l  a r i s e .  Experi-  
mental  e v e l u a t i o n  of a l t e r n a t e s  may be  d e s i r a b l e .  

, TNTERFACE PR0RT.EM.S 

I n  t h e  cou r se  of developing t h e  f i n a l  p l a n t  d e s i g n ,  t h e  i n t e r f a c e  r e q u i r e -  
ments f o r  t h e  magnet system and a l l  o t h e r  components w i l l  be  i n v e s t i g a t e d  i n  
d e t a i l .  These a r e  prime a r e a s  f o r  development of problems r e q u i r i n g  a d d i t i o n a l  
R & D .  One p o t e n t i a l  problem a r e a  i s  t h e  s t r a y  f i e l d  from t h e  magnet system. 
Its e f f e c t  on o t h e r  IMD p l a n t  components, o r  i n s t rumen ta t ion ,  and on c o n t r o l s  
muot be  i n v e s t i g a t e d  i n  dctnj.1. 

The purpose of t h e  above d i s c u s s i o n  was t o  o u t l i n e  some of t h e  a r e a s  i n  
which R & D may be  neces sa ry  b e f o r e  c o n s t r u c t i o n  of t h e  MHD magnet system begins .  
The c a p i t a l  investment  r e q u i r e d  demands i n v e s t i g a t i o n  of t h e  problems of t h i s  
t ype  and t h e  t i m e  s c a l e  envis ioned  f o r  MHD system development demands t h a t  i n -  
v e s t i g a t i o n  be  i n i t i a t e d  immediately.  



SOME DESIGN CONSIDERATIONS 

J o i n t s  

J o i n t s  between superconductors  have been d.eveloped and used in magnets f o r  
many y e a r s .  The most commonly used geometr ies  a r e  t h e  l a p ,  s c a r f ,  and b u t t  
j o i n t s .  

I n  t h e  l a p  j o i n t  t h e  conductors  a r e  overlapped ( s e v e r a l  i nches  t o  s e v e r a l  
f e e t  depending on conductor  s i z e ,  e s t a b l i s h e d  group p r a c t i c e ,  and des ign  phi lo-  
sophy) and then  clamped i n  a f i x t u r e  w h i l e  t h e  j o i n t  i s  formed. The s c a r f  
j o i n t  beg ins  a s  a l a p  j o i n t ;  however, m a t e r i a l  is  removed from t h e  s e c t i o n s  
i n d i c a t e d  a f t e r  t h e  j o i n t  i s  made. The b a s i c  advantage of t h e  l a t t e r  over  
t h e  former i s  t h a t  .a s c a r f  j o i n t  w i l l  have t h e  same c r o s s  s e c t i o n a l  dimensions 
as t h e  main conductor  and may, t h e r e f o r e ,  b e  wound more e a s i l y  i n t o  t h e  c o i l .  

The b u t t  j o i n t  i s  seldom used except  f o r  s p e c i a l  a p p l i c a t i o n s .  I f  t h e  
conductor  i s  a m u l t i f i l a m e n t  n a t e r i a l  i n  a m a t r i x ,  of copper ,  f o r  example, 
t hen  t h e  b u t t  j o i n r  IS rhe only one of the t I~rer  iu wliicll exposed supcrcanductor  
may 3e j o ined  t o  exposed superconductor  w i t h  t h e  p o t e n t i a l  e x i s t i n g  f o r  a t r u e  
superconduct ing  j o i n t .  O v e r a l l  c r i t i c a l  p r o p e r t i e s  are u s u a l l y  degraded be- 
cause  of t h e  extreme d i f f i c u l t y  of a l i g n i n g  and f u s i n g  a l l  f i l a m e n t s  i n  t h e  
ma t r ix .  

J o i n t s  a r e  u s u a l l y  n o t  superconduct ing.  With proper  des ign  and techni -  
que, however, r e s i s t a n c e s  i n  t h e  l0"to 10" C2 r ange  a r e  common. c o n s i d e r a t i o n  
of t h e  h e a t  genera ted  i n  t h e s e  a r e a s  i s  accounted f o r  i n  t h e  magnet des ign .  

J o i n i n g  methods which have been used f a l l  i n t o  t h e  fo l lowing  c a t e g o r i e s :  

1. s o f t  s o l d e r  
2. s i l v e r  s o l d e r  
3 .  compression 
4 .  u l t r a s o n i c  welding 
5 .  c o l d  welding 
6. e x p l o s i v e  bonding 

The u s e  of s o f t  s o l d e r  i n  l a p  o r  s c a r f  j o i n t s  i s  probably t h e  most common 
t echn ique  f o r  conductors  of a l l  s i z e s .  Conductor ends are u s u a l l y  c l eaned ,  
t i n n e d ,  clamped i n  a f i x t u r e ,  s o l d e r e d ,  machined ( i f  a s c a r f  j o i n t ) ,  c l eaned ,  
and t h e n  i n s u l a t e d .  F o r v e r y l a r g e  conductors ,  c o n t r o l  and a p p l i c a t i o n  of s u f f i -  
c i e n t  h e a t  may b e  a problem a r e a .  Furthermore,  s o f t  s o l d e r  i s  n o t  a s t r u c t u r a l  
m a t e r i a l ,  and j o i n t  suppor t  must be  cons idered  i n  t h e  d e s i g n  and c o i l  f a b r i c a -  
t i o n .  

Attempts  a t  u s i n g  s i l v e r  s o l d e r  i n  t h e  j o i n i n g  p roces s  have been l a r g e l y  
- u n s n c c e s s f u l  because t h e  h i g h  tempera ture  and r e l a t i v e l y  long  t ime involved 

a t  t empera ture  have degrading  e f f e c t s  on superconductor  c r i t i c a l  p r o p e r t i e s .  

Compression j o i n t s  i n  which two conductors  a r e  b o l t e d  t o g e t h e r  w i t h  a 
r e l a t i v e l y  s o f t  m a t e r i a l  (e .g . ,  indium) i n  between have been used p r i m a r i l y  i n  
c a s e s  where disassembly must be accomplished w h i l e  t h e  system is cold .  This  has  



been s u c c e s s f u l l y  used a t  t h e  j u n c t u r e  between c o i l  l e a d s  and vapor-cooled 
power l e a d s  where t h e .  l a t t e r  a r e  removable bu t  i s  n o t  popular  w i t h i n  windings 
where i t  i s  e l e c t r i c a l l y  and . s t r u c t u r a l l y  more conse rva t ive  t o  s o l d e r  t h e  j o i n t .  

U l t r a s o n i c  welding o f f e r s  a  g r e a t  d e a l  of promise and was used i n  j o i n t s  
f o r  t h e  G-25 bypass magnet which was f a b r i c a t e d  a t  t h e  izgonne  Mational  Labora- 
t o r y .  S t r u c t u r a l  and e l e c t r i c a l  r e s i s t a n c e  checks on jo ined  samples have been 
= c e l l e n f ;  however, cons ide rab le  e f f o r t  i s  r e q u i r e d ' i n  f i v t u r i n g  and tun ing  

. .  ' t h e  appara tus .  U t i l i z a t i o n  of t h e  techniques  on t h e  l a r g e '  conductors  expected 
t o  b e  used i n  t h i s  program w i l l  r e q u i r e  some development. However , . the tech-  
n ique  i s  a t t r a c t i v e  because of it's a b i l i t y  t o  b e  c o n t r o l l e d  e x a c t l y  once 
debugged. 

Cold welding has  been used e f f e c t i v e l y  f o r  sma l l  conductors  i n  app l i ca -  
t i o n s  where a  superconduct ing j o i n t  i s  h i g h l y  d e s i r a b l e  and some deg rada t ion  
i n  o v e r a l l  c r i t i c a l  p r o p e r t i e s  may be t o l e r a t e d .  It b a s i c a l l y  c o n s i s t s  of 
forming a  b u t t  j o i n t  under extreme a x i a l  p r e s s u r e .  For  l a r g e  conductors  con- 
s i d e r a b l e  development would be r e q u i r e d ,  and i t  i s  u n l i k e l y  t h a t  t h e  advantages 
of t h i s  method would outweigh o t h e r s  which a r e  more promising.  

Explos ive  bonding i s  a  technique  which i s  under development and has ex- 
h i b i t e d  promising r e s u l t s .  I n  e s sence ,  a  l a p  j o i n t  i s  f  o m e d  u n d e r .  t h e  extreme 
p r e s s u r e  provided by a  shaped exp los ive  charge .  

For on - s i t e  f a b r i c a t i o n  i n  magnets of t h e  s i z e  a n t i c i p a t e d ,  t h e  most pro- 
mis ing  techniques  f o r  j o i n t  format ion  appear  t o  be  u l t r a s o n i c  welding and ex- 
p l o s i v e  bonding. Development would b e  neces sa ry  i n  each case .  A t h i r d  p o s s i b i l -  
i t y  would invo lve  t h e  popular  s o f t  s o l d e r  method. I n  any c a s e ,  development of 
adequate  q u a l i t y  c o n t r o l  procedures  w i l l  be  e s s e n t i a l .  

Plagnetic F i e l d  and Force C a l c u l a t i o n s  

.The t o t a l  f o r c e  on a  s e c t i o n  of c u r r e n t  c a r r y i n g  conductor(s)--for  example, 
a  p o r t i o n  of a  magnet winding--may be found by i r t e g r a t i n g  t h e  Lorentz  f o r c e  
over  t h e  volume of t h e  s e c t i o n  of i n t e r e s t .  To o b t a i n  an  a n a l y t i c a l  r e s u l t  i n  
c losed  mathematical  form, i t  must be p o s s i b l e  t o  perform t h e  fo l lowing  o p e r a t i o n s  
i n  t h e  r eg ion :  

1. Express  7 mathemat ica l ly  

2 .  Express  B mathemat ica l ly  

3. I n t e g r a t e  5 x B- 

The procedure o u t l i n e d  by s t e p s  1, 2 ,  and 3 i s  t r a c t a b l e  on ly  i n  s i t u a t i o n s  wi th  
p a r t i c u l a r l y  s imple  geometry. I n  most c a s e s ,  one o r  more of t h e s e  s t e p s  n u s t  
be r ep l aced  Ly au  a p p r u x h a t l n g  procedure.  

For t h e  s a d d l e  geometr ies ,  a l l  of t h e  above s t e p s  must be  c a r r i e d  o u t  numeri- 
c a l l y .  The b a s i s  f o r  t h e  computation i s  t h a t  it  is  p o s s i b l e  t o  exp res s  i n  c l o s e d  
form t h e  magnet ic  f i e l d  genera ted  by a  s t r a i g h t  c u r r e n t  f i l amen t  o f ' f i n i t e  l eng th .  
The above procedure i s  then  r ep laced  by: 



1. Represent  t h e  e n t i r e  c u r r e n t  c a r r y i n g  winding by a  model composed of 
u r r e n t  , c a r ry ing  " s t i c k s "  of f i n i t e  l e n g t h .  Th i s  requires's spec i -  

f i c a t i o n  of t h e  end poin t , s  o f  each s t i c k  i n  a  s u i t a b l e  c o o r d i n a t e  
system and of t h e  nagn i tude  a n d , d i r e c t i o n  csf t h e  c u r r e n t  c a r r i e d  by 
each s t i c k .  

2 .  s e l e c t  t h e  c o o r d i n a t e s  of p o i n t s  a t  which t h e  magnet ic  f i e l d  i s  t o  
be  determined and c a l c u l a t e  t h e  f i e l d  a t  each  of t h e s e  p o i n t s  by a  
v e c t o r i a l  sum of t h e  c o n t r i b u t i o n s  from each  c u r r e n t  " s t i ck . "  I f  
a p o i n t  l ies  o u t s i d e  t h e  winding model, t hen  c o n t r i b u t i o n s  from a l l  
of t h e  s t i c k s  a r e  summed. However, i f  a  p o i n t  i s  l o c a t e d  on a  s t i c k  
( a s  i s  neces sa ry  i f  t h e  g o a l  i s  t h e  de t e rmina t ion  of t h e  f o r c e  a t  t h a t  
p o i n t ) ,  t hen  i t  i s  neces sa ry  t o  sum a l l  c o n t r i b u t i o n s  except  f o r  t h a t  
duc t o  t h e  c t ic lc  which passes thorugh t h e  p o h t  of i n t e r e s t .  The 
l a t t e r  i s  neces sa ry  t o  avoid  t h e  f a c t  t h a t  t h e  ze ro  c r o s s - s e c t i o n a l  
area of a g iven  s t i c k t o g e t h e r  w i t h  i t o  f i n i t e  a u r r a n t  leads to an 
i n f i n i t e  magnet ic  f i e l d  on t h e  s t i c k  i t s e l f .  

3 .  Eetermine t h e  l o c a l  componenrs of t h e  f o r ce  pe r  u n l i  vu luu~e  a t  a 
g iven  p o i n t  by forming t h e  v e c t o r  c r o s s  product  of t h e  c u r r e n t  c a r r i e d  
by t h e  s t i c k  and t o t a l  magnet ic  f i e l d  c a l c u l a t e d  a t  t h a t  p o i n t  and 
d i v i d i n g  by t h e  winding c r o s s - s e c t i o n a l  a r e a  which t h e  s t i c k  r ep re -  
s e n t s .  

4 .  Find t h e  t o t a l  f o r c e  i n  a  s e l e c t e d  d i r e c t i o n  on a  s e c t i o n  of winding 
by summing t h e  p rope r  components of t h e  f o r c e s  p e r  u n i t  volume mul t i -  
p l i e d  by t h e  inc remen ta l  volumes they  model over  t h e  s e c t i o n .  

I n  g e n e r a l ,  t h e  l a r g e r  t h e  number of s t i c k s  i n  t h e  c u r r e n t  f i l a m e n t  model, t h e  
b e t t e r  t h e  approximation;  however, computa t iona l  t i m e  i n c r e a s e s  r a p i d l y  and 
even t h e  i n i t i a l  t a s k  of merely s p e c i f y i n g  t h e  c o o r d i n a t e s  of t h e  s t i c k s  may 
bec.orne formi.d.ab1.e. 

S e v e r a l  computer programs a r e  a v a i l a b l e  a t  MCA which f a c i l i t a t e  t h e  con- 
s t r u c t i o n  o f  t h e  c u r r e n t  s t i c k  model of t h e  windings and which a l l o w  f i e l d s  and 
f o r c e s  of e l ec t romagne t i c  o r i g i n  t o  be  computed. The ou tpu t  from t h e  above 
programs must t hen  be u t i l i z e d  i n  a  d e t a i l e d  f i n i t e  element a n a l y s i s  t o  a r r i v e  
a t  d i s t r i b u t i o n  of s t r e s s  and s t r a i n .  These a n a l y t i c a l  t o o l s  a r e  n o t  w e l l  de- 
veloped f o r  s a d d l e  magnet des ign  and r e p r e s e n t  a n  impor tan t  a r e a  f o r  f u r t h e r  
i c v e s r i g a t i o n .  

The u s e  of two- and three-dimensional  f i n i t e  element computer codes i n  t h e  
d e s i g n  of  t h e  l a r g e  magnets a n t i c i p a t e d  is  e s s e n t i a l .  Computing t i m e  a n d ' s t o r -  
age  r e q u i r e d  may b e  expected t o  r e s u l t  i n  long  expens ive  runs .  

S t r u c t u r a l  M a t e r i a l s  

a )  Summary' 

A f t e r  a  b r i e f  rev iew of t h e  p o t e n t i a l  s t r u c t u r a l  m a t e r i a l s  t h a t  a r e  a v a i l -  
a b l e  f o r  u s e  i n  t h i s  a p p l i c a t i o n ,  t h e  fo l lowing  conc lus ions  have been drawn. 



a. 310s stainless steel has been chosen as the material for structural 
. components at cryogenic temperatures. The main.reason for the selection 
of this material is the fact that it has similar prior applications, 

0 has not shown signs of undergoing austenitic transformation at.4 K 
during tests, and has favorable manufacturing and strength character- 
istics. 

. . 

b. 5083 aluminum has been chosen as the material for structural components 
at room temGerature. It exhibits the best overall strength and manu- 
facturing characteristics of the candidate materials considered (i.e., 
stainless steel, aluminum, and titanium). 

c. Composites will not be considered as candidate materials for nain 
structural components because: the application does not necessitate 
their use (i.e., low weight, although desirable, is not a requirement), 
compiled data to date does not adequately characterize composite 
materials for design properties at low temperatures, and they have 
fair to poor manufacturing characteristics compared to metals for large 
components using present-day technology.. Composites are an area 
which requires further developmental work'unless they are used in 
simple geometric forms with simple loading patterns. 

b] Introduction . ... 

.Considerable information is available for many metals concerning general 
mechanical and physical properties at cryogenic temperatures. Some metals and 
most composite materials of present and future interest are, however, inadequately 
characterized for full confidence in se1ectio.n and utilization in large-scale 
.cryogenic applications. This is especially true for materials other than metals 
such as ceramics, metal and epoxy matrix composites, fiberglass, plactics, and 
superconducting elements themselves. The general areas in which information 
is scarce include: 

a. Effects of materials processing techniques (both in comnercial practice 
as well as new developmental approaches) cn properties at cryogenic 
temperatures, generally have not been evaluated or well documented. 

b. Effects of fabrication and joining processes (both in commercial prac- 
tice as well as new developmental approaches) have been a similarly 
neglected area. 

c. Available cryogenic materials property data often do not extend to 
liquid hydrogen or to liquid helium temperatures. 

d. Long-term effects such as fatigue and creep have not been thoroughly 
investigated. 

e. Standardized design codes need to be continuously reviewed and updated 
to allow for changes in design criteria levels to account for property 
variations with temperature. 



A d d i t i o n a l  c ryogenic  m a t e r i a l  p r o p e r t y  r e s e a r c h  i s  underway b u t  may o r  may 
n o t  be  keeping pace  w i t h ,  t h e  development of new, p o t e n t i a l l y  u s e f u l  m a t e r i a l s ,  
p a r t i c u l a r l y  composi tes ,  

The s t r u c t u r a l  m a t e r i a l s  f o r  u s e  i n  t h i s  program f a l l  i n t o  t h e  ca t egory  
i d e n t i f i e d  a s  s t a t i c  suppor t  and /o r  containment  s t r u c t u r e ;  i . e . ,  normally low 

' t o  modera te ly  s t r e s s e d  and s u b j e c t e d  t o  s t a t i c  l oads .  For t h i s  a p p l i c a t i o n  t h e r e  
i s  adequa te  c ryogenic  materials d a t a  compiled p r e s e n t l y  on m e t a l s  t o  a l l ow 
m a t e r i a l  s e l e c t i o n  . for  main components w i t h  a  h i g h  deg ree  of conf idence .  T h i s  
i s  n o t  t h e  c a s e  w i t h  composi te  m a t e r i a l s  and o t h e r  non-metals. I n  f u t u r e  d e s i g n  
phases  f o r  magnets of t h e  t y p e  of i n t e r e s t  t o  t h i s  program, m a t e r i a l  s e l e c t i o n  
w i l l  b e  of prime importance and w i l l  r e q u i r e  a  suppor t ing  e f f o r t  i nvo lv ing  m a t e r i a l  - 
p r o p e r t y  v e r i f i c a t i o n  and component mock-up and t e s t .  Under t h i s  program, a  
p r e l i m i n a r y  materials survey  was performed and m a t e r i a l s  t e n t a t i v e l y  s e l e c t e d  
t o  a i i . 0 ~  t h e  d e s i g n  p roces s  t o  be  carrled forward. R e s u l t s  a r e  s u b j e c t  t o  re -  
view and change as a f i n a l  d e s i g n  develops .  

Cryogenic S t r u c t u r a l  A p p l i c a t i o n s  

C e r t a i n  m e t a l s  show a narked  d e c r e a s e  i n  d u c t i l i t y  w i t h  dec reas ing  temper- 
a t u r e .  The e x t e n t  t o  which t h e  d u c t i l i t y  i s  lowered depends l a r g e l y  on t h e  
c r y s t a l  s t r u c t u r e  of t h e  m a t e r i a l ,  on t h e  a l l o y i n g  c o n d i t i o n s ,  and on t h e  s t a b i l -  
i t y  of t h e  m e t a l l u r g i c a l  s t a t e .  Table  P 2 .  shows room tempera ture  and cryogenic  
t empera tu re  p r o p e r t i e s  f o r  a  s e l e c t e d  l ist  of m a t e r i a l s .  They were chosen a s  
l i k e l y  c a n d i d a t e s  o b t a i n  t y p i c a l  p r o p e r t i e s  t o r  u s e  i n  t h e  structural esLiuaLes 
t o  be performed under t h i s  program. A s  t h e  f i n a l  system d e s i g n  is  approached,  
d e t a i l e d  s p e c i f i c a t i o n s  w i l l  have t o  b e  developed f o r  t h e  m a t e r i a l s  t o  be  used. 
I n  Phase I of t h i s  program, co ld  s t r u c t u r a l  weight e s t i m a t e s  were genera ted  
assuming t y p i c a l  p r o p e r t i e s  f o r  s t a i n l e s s  s t e e l  and f o r  aluminum. 

A b r i e f  rev iew of p r e s e n t l y  a v a i l a b l e  p r o p e r t y  in fo rma t ion  a t  4.2K l e a d s  
t o  a  c h o i c e  of 310s s t a i n l e s s  s t e e l .  It i s  one of t h e  most s t a b l e  of t h e ' a u s t e n i -  
t i c  s t a i n l e s s  s t e e l s .  0 the r s .may  undergo a  t r a n s i t i o n  t o  a less d u c t i l e  condi- 
t i o n .  En a d d i t i o n ,  rhe 310s has au ( i n t e g r a t e d )  c o e f f i c i c n t  of thermal expan.- 
s i o n  t h a t  is  c l o s e t  among t h e  c a n d i d a t e  m a t e r i a l s - t o  t h a t  of OFHC copper. 

More in fo rma t ion  would be  d e s i r a b l e  on t h e  aluminums; however, a cho ice  a t  
p r e s e n t  might l e a d  t o  a 5,000 of 6,008 series a l l u y  i n  view of b e t t c r  low tempera- 
t u r e  d u c t i l i t y  fo l lowing  welding. The l a t t e r  w i l l  no doubt  be r e q u i r e d  i n  form- 
i n g  bu i l t -up  s t r u c t u r a l  s e c t i o n s .  

C e r t a i n  a l l o y s  of t i t a n i u m  have promising low tempera ture  c h a r a c t e r i s t i c s ;  
however, more d a t a  is r e q u i r e d .  F a b r i c a t i o n  C h a r a c c c r i s t i c s  are g e n e r a l l y  less 
d e s i r a b l e  than  w i t h  t h e  s t a i n l e s s  steels o r  aluminiums, and t h e  m a t e r i a l  t ends  
t o  b e  cons ide rab ly  more expens ive ;  hence i t  was n o t  used i n  t h e  Phase I d e s i g n  
estimates. 

Room Temperature S t r u c t u r a l  App l i ca t ions  

M a t e r i a l  p r o p e r t y  in fo rma t ion  i s  much & r e  r e a d i l y  a v a i l a b l e  f o r  cand ida t e  
m a t e r i a l s  a t  room tempera ture .  The major  s t r u c t u r a l  member i n  t h i s  ca t egory  i s  
t h e  room tempera ture  dewar s h e l l  which is, b a s i c a l l y ,  a vacuum-tight p r e s s u r e  
v e s s e l .  

60 
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Because of t h e , l a r g e  s i z e  involved, there may be d e f i n i t e  advantages to  fabri-  
cat ion using aluminum.' Estimates i n  Phase I however. were based on both an alu- ' 

minum ax6 a  s t a in l e s s  s t e e l  as  a l te rna tes .  ~ e n e r a l  manufacturing ,. avai labi l i ty . ,  
and ccs t  estimates lead to  a  ten ta t ive  choice of 5083 alumixi&'or 304L s t a in l e s s  
s t e e l .  



V I .  DESIGN CODES APPLICABLE TO W,GE BUBZLE CPAYBER Ft4GKETS 

T i e  l i s t  be low i n c l p d e s  codes  and r e f e r e n c e s , w h i c h  a r e  a p p l i c a b l e  
t o  l a r g e  bubb le  chamber magnet sys tems where s y s t e m  i n c l u d e s  t h e  nag- 
n e t ,  v e s s e l s ,  i n s t r u n e n t a t i o n  and c o n t r o l s ,  e t c .  I &rn unaware t h a t  any 
s i n g l e  code  h a s  been  developed s p e c i f i c a l l y  f o r  t h e  izagnets .  Gene ra l ly  
t h e ' 2 r o c e d u r e  h a s  been t o  s t a t e  d e s i g n  c r i t e r i a  which a u s t  b e  met (BNL) 

. o r  ;he c h a r a c t e r i s t i c s ,  s p e c i f i c a t i o n s ' ,  and c o n d i t i o r i s  (FI\iAL) (A\%). A 
s ta t -==nt  of  d e s i g n  c r i t e r i a ,  ' c h a r a c t e r i s c t ' i c s ,  s p e c i f i c a t i o n s  and con- 
, d i t i c n s  can  b e  found i n  t h e  r e s p e c t i v e  S a f e t y  A n a l y s i s  Repor t s .  

F r e q u e n t l y ,  t o  n e e t , d e s i g n  r e q u r i e n e n t s ,  p a r t i c u l a r l y  f o r  t h e  mag- 
n e t s ,  each of  which h a s  soiile new o r  unique  f e a t u r e s ,  u s e  i s  made of 
proFsr: ies  of  ' m a z e r i a l s  d a t a  which can  b e  found i n  v a r i o c s  r e f e r e n c e s  
en.? a ? p l i e d  ,as  i s  judged by t h e  d e s i g n e r  ( s . ub jec t  t o  r ev i ew)  t o  b e  a?pro- 
p r 4 z t z .  

C062s and Refe rences  
L 

Na:icnal B u i l d i n g  E x i t  Code ( X a t i o n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n  (NFPA) 
S t e ~ d a r d  $101) " I n d u s t r i c a l  Occilpancy-High Hazard." 

NIP.: S tandard  C101, " ~ i f ' e  S a f e t y  Code" 
N a t i o n a l  E l e c t r i c  Code (hTPA) 
A i e r i c a n  S o c i e t y  of I i echan ica l  Engineers  (ASXE) Unf i r ed  P r e s s u r e  Vesse l  

Code, S e c t i o n  V I I I .  
ASME Kuclear  V e s s e l s , S e c t i o n  111 
I n t e r s t a t e  Comxerce ,Comniss ion  (ICC) R e g u l a t i o n s ,  T a r i f f  G19 
S a f e  Handling of Coiiipressed Gases,  P a a 2 h l e t  P-1, C o ~ p r e s s e d  Gas 

A s s o c i a t i o n  (CGA) 
Coinpressed Gases S a f e  T r a c t i c e s ,  P2nph le t  $95, X a t i o n a l  S a f e t y  

Counci l  (NSC) 
A i e r i c a n  S tanda rd  Code f o r  P r e s s u r e  P i p i n g ,  ASA B31.1 and ASA B 3 1 . 3 .  
Handbook of Compressed Gases,  Conpressed Gas A s s o c i a t i o n  

Reinhold P u b l i s h i n g  Corpora t ion ,  K.Y. (3.966) 
S a f e t y  G u i d e l i n e s  f o r  'Eligh Energy A c c e l e r a t o r  F a c i l i t i ' e s ,  U.S. Government 

P r i n t . i n g  O f f i c e ,  Washington, D . C .  
1:. Compendium of t h e  P rope r  t i e s  of ?.la t e r i a l s  a t  Low Temperature 

14.4DD .Technica l  Repor t  60-56. 

S e l e c t e d  Cryogenic  Data  Rotebook, BhZ 
S a f e t y  Repor t  15-foot  Su661e Chamber, ,NAL (.1972) 
7- foot  Bubble Chamber S a f e t y  Ana lys i s  Repor t ,  Ei\Z (1973) 

The l a s t  two r s f z r e n c e s  c o n t a i n  t h e  most  i n f o m a t i o n  r e l a t i n g  
s p e c i f i c a l l y  t o  ~ ~ ~ e r c o n d u c t i n g  magcets . '  



APPENDIX. EDITED EXTRACTS RELEVANT TO MHD 'MAGNET DESIGN FROM: PROCEEDINGS 
OF THE,WORKSHOP OF STRUCTURAL ANALYSIS NEEDS FOR MAGNETIC FUSION ENERGY .SUPER- 
CONDUCTING MAGNETS, M.. REICH ET AL. BSJL REPORT CONF. 760984/VC-20b 

The most important  s t a g e s  l e a d i n g  t o  t h e  manufacture of superconduct ing 
magnets a r e  summarized i n  Ffgure 1. This  procedure i s  t y p i c a l  of t h e  g e n e r a l  
approach used t h e  t h e  p r e s e n t  day c o n t r u c t i o n  of f i s s i o n  r e a c t o r s  and- o t h e r  
' types  of l a r g e  complex s t r u c t u r a l  dev ices .  The des ign  s t a g e  i s  t h e  

f . i r s t  p a r t  of t h e  process .  It i s  h i g h l y  dependent on t h e  f u n c t i o n  of t h e  dev ice  
under c o n s i d e r a t i o n  and on t h e a v a i l a b l e  m a t e r i a l .  The second s t e p  i s  t h e  a n a l y s i s  
s t a g e  where t h e  des ign  i s  eva lua t ed  w i t h  r e s p e c t  t o  i t s  response  t o  s t r u c t u r a l ,  
thefmal ,  and f l u i d ,  e t c .  induced loads .  S t ep  t h r e e  invo lves  u s ing  t h e  r e s u l t s  
of t h e  a n a l y s i s  t o  e v a l u a t e  t h e  s a f e t y  of t h e  des ign  One way of  doing t h i s  i s  
t o  compare t h e  a n a l y s i s  r e s u l t s  e i t h e r  t o  t h e  y i e l d  s t r e s s  of a  one-dimensional . 

specimen o r  t o  t h e  f a i l u r e  s t r e s s  o r  f a i l u r e  s t r a i n  of a one-dimensional spec i -  
men. 

Another approach is  t o  compare t h e  a n a l y s i s  r e s u l t s  t o  c e r t a i n  s t a n d a r d s .  
For i n s t a n c e ,  f i s s i o n  r e a c t o r  des igns  a r e  compared t o  t h e  ASHE and NRC s t anda rds .  
I f  t h e  s t a n d a r d s  a r e  s a t i s f i e d ,  we can proceed wi th  t h e  manufactur ing process .  
I f ,  on t h e  o t h e r  hand, t h e  s t anda rds  a r e  n o t  s a t i s f i e d ,  we must r e t u r n  e i t h e r  
t o  t h e  des ign  s t a g e  and r edes ign  t h e  dev ice  o r  perhaps t o  t h e  a n a l y s i s  s t a g e  and 
c a r r y  o u t  a  more in-depth a n a l y s i s  u s ing  a  more s o p h i s t i c a t e d  method; f o r  i n s t a n c e ,  
c a r r y i n g  o u t  a n  i n e l a s t i c  a n a l y s i s  i n s t e a d  of an e l a s t i c  a n a l y s i s .  Th i s  ,is, 
i n  f a c t ,  t h e  c a s e  i n  many i n s t a n c e s  when t h e  ASFE and NRC s t anda rds  a r e  used and 
found n o t  n o t ' t , o  be s a t i s f i e d  by e l a s t i c  methods b u t  can b e  s a t i s f i e d  by t h e  more 
s o p h i s t i c a t e d  i n e l a s t i c  a n a l y s i s .  The aim of t h e  a n a l y s i s  should  be  t o  d e t e r -  
mine t h e  s t r u c t u r a l  response  of t h e  magnets. I n  o r d e r  t o  ana lyze  t h e  problem 
we need a  p r e c i s e  d e s c r i p t i o n  of t h e  geometr ic  con f igu ra t ion .  This  should in-  . 
c lude  weldments, f l aws ,  and o t h e r  t h i n g s  t h a t  could a f f e c t  t h e  geometry. We 
ceed t o  know t h e  normal as w e l l  a s  t h e  upse t  l oads  t h a t  t h e  dev ice  w i l l  exper- 
i ence  throughout  i t s  o p e r a t i o n a l  l i f e .  A s  i n d i c a t e d  on . the r i g h t  hand s i d e  of 
Table 1, s t a t i c ,  c y c l i c ,  dynamic, magnet ic ,  thermal  and ear thquake  l o a d s ,  e t c .  
must be.known and accounted f o r  i n  d e s c r i b i n g  t h e  p o s s i b l e  i n p u t  cond i t i ons .  
T h i r d l y ,  t h e r e  a r e  t h e  m a t e r i a l  p r o p e r t i e s  of a l l  components compris ing 
t h e  superconduct ing magnet composite. When cons ide r ing  upse t  and quench condi- 
t i o n s ,  we need t o  know me l t ing  p r o p e r t i e s ,  wh i l e  normal o p e r a t i n g  c o n d i t i o n s  in-  
vo lve  p r o p e r t i e s  a t  4R. S ince  c o n d i t i o n s  can  e x i s t  anywhere between t h e s e  ex- 
t remes,  w e  r e q u i r e  a  range  of m a t e r i a l  p r o p e r t i e s  t h a t  v a r y  from 4K t o  mel t .  A s  
shown i n  Table 1 t h e s e  p r o p e r t i e s  i n c l u d e  e l a s t i c  p r o p e r t i e s ,  e l a s t i c - p l a s t i c  
p r o p e r t i e s ,  f a t i g u e  p r o p e r t i e s ,  f racture-mechanics  p r o p e r t i e s ,  thermal  proper- 
t i e s ,  and e l e c t r i c a l  p r o p e r t i e s .  The preceding  p r o p e r t i e s  a r e  u s u a l l y  obta ined  
from one-dimensional t e s t s .  However, s i n c e  w e  a r e  d e a l i n g  w i t h  multi-dimension- 
a l l y  s t r e s s e d  s t r u c t r u e s ,  i t  w i l l  b e  neces sa ry  t o  o b t a i n  some r e l a t i o n s h i p  f o r  
t h e  above mentioned m a t e r i a l  p r o p e r t i e s  t h a t  t a k e s  i n t o  account  t h i s  mutual  
i n t e r a c t i o n .  

The most e x t e n s i v e  technique  i n  u s e  f o r  s t r u c t u r a l  a n a l y s i s  of t h e s e  h i g h l y  
complex s t r u c t u r e s  i s  t h e  f i n i t e  element method. AS' shown i n  Table  2 t h e s e  methods 
a r e  a v a i l a b l e  f o r  e l a s t i c ,  e l a s t i c - p l a s t i c ,  f r a c t u r e ,  and f a i l u r e  behavior .  For  
a well-designed s t r u c t u r a l  system, t h e  des ign  aims a r e  t h a t  t h e  o p e r a t i o n a l  stress- 
e s  remain i n  t h e  e l a s t i c  zone. For t h e s e  c a s e s ,  a l l  t h a t  i s  needed i s  an  e l a s t i c  
eode t h a t  would g ive  s t a t i c  and dynaniic t y p e  of a n a l y s i s ,  p r e f e r a b l y  two-dimensional 





TBLE 1 - INPUT NEEDED FOR THEORETICAL ANALYSIS OF THE STXUCTURAL RESPONSE OF 
SUPERCONDUCTING MAGNETS 

1) Geometric c o n f i g u r a t i o n  

,2) Normal and upse t  l o a d s  
exper iences  throughout  
o p e r a t i o n  l i f e  

3  
3) > l a t e r i a l  p r o p e r t i e s  

from. 4 ' ~  t o  m e l t  

I nc lude  f a b r i c a t i o n  e f f e c t s ,  weldments, 
f l aws ,  e t c .  

S t a t i c ,  c y c l i c ,  dynamic magnetic l o a d s ,  
thermal  l o a d s ,  ear thquake  loads , ' . e . t c .  

a )  ~ l a s t i c  e )  . Thermal 
b )  E l a s t i c - p l a s t i c  f )  E l e c t r i c a l  
c )  F a t i g u e  g)  Mult i-ax? a 1  
d )  F r a c t u r e  R e l a t i o n s h i p s  

TABLE 2 - COMPUTED CODES 1N.CURRENT USE FOR ANALYZING COMPLEX MECHANICAL STRUCTURE' 

(Mote: The most e x t e n s i v e  technique  i n  u s e  today i s  t h e  f i n i t e  e lement .method.)  

Code Ana lys i s  Loading 
3 e s i g n a t i o n  Type Condi t ions  Dimensions Use 

NASTRAN 1) E l a s t i c  S t a t i c  2D, 3D Well designed system 
lYARC Dynamic o p e r a t i n g  c o n d i t i o n s  
SAP TV 
SAFE-3D 
ANSY S 

PIARC 2) E l a s t i c -  
" NONSAP P l a s t i c  

AYSYS 
EERSME 

S t a t i c  
Mono t o n i c  
Cycl ic  
Dynamic 

2D, 3D Upset c o n d i t i o n s  

MARC 3) F a i l u r e  2D, 3D S a f e t y A n a l y s i s :  A 
NASTRAN a )  F r a c t u r e  c o n t r o l l i n g  f a c t o r  i n  
PLAGIC mechanics des ign  
BERSAFE ( g r o s s l y  e l a s t i c  

and i n e l a s t i c )  
b) F a t i g u e  
c )  Large deformation 
d )  Buckling 



and three-dimensional .  The two-dimensional computer codes c o s t  v e r y  l i t t l e  t o  r u n  
compared t o  t h e  three-dimensional  codes.  Names of some a v a i l a b l e  e l a s t i c  codes 
a r e  l i s t e d  i n  Table  2 .  These i n c l u d e  t h e  NASTRAN Code, t h e  MARC and ANSYS Codes 
~ c h i c h  a r e  a v a i l z b l e  f o r  a  f e e ,  and SAP I V  which is  a v a i l a b l e  from t h e  U n i v e r s i t y  
of C a l i f o r n i a .  The SAFE 3-D Code i s  a n  o l d e r  code developed by General  Atomic. 
It  was used i n  f i s s i o n  r e a c t o r  des igns  i n  t h e  e a r l y  1970's .  I n  a d d i t i o n ,  t h e r e  
a r e  a  h o s t  of codes which eve ry  o r g a n i z a t i o n  has ,  f o r  example, Brookhaven Na t iona l  
Labora tory  has  i t s  own; and o t h e r  o r g a n i z a t i o n s  l i k e  Grumman, McDonald-Douglas, . 
e t c .  have t h e i r  in-house developed e l a s t i c  two-dimensional and three-dimensional  
codes.  

There  i s  a need f o r  a  code t h a t  can  p rov ide  a n  e l a s t i c - p l a s t i c  a n a l y s i s  
f o r  u p s e t  c o n d i t i o n s  and i t  should  be capab le  of s t a t i c ,  monotonic, c y c l i c ,  
and dynamic a n a l y s i s .  Both two- and three-dimensional  c a p a b i l i t i e s  w i l l  be  
r e q u i r e d  because  t h e r e  a r e  complex problems where three-dimensional  s t r e s s  
c o n d i t i o n s  p r e v a i l .  Codes t h a t  can  perform e l a s t i c - p l d s t i c  a n a l y s f s  (scc 
Table  2) i n c l u d e  NONSAP, a  p u b l i c  domain code which i s  a v a i l a b l e  a t  a  nomin- 
a l  f e e  from t h e  U n i v e r s i t y  of Berkeley,  Be r sa fe  which i s  a v a i l a b l e  from England 
iit a f e e ,  PIARC, ANSY3 dud thoae  from v a r i o u s  organizations whi.ch liave t h e i r  
own v a r i a t i o n s .  S a f e t y  a n a l y s i s  i s  a c o n t r o l l i n g  f a c t o r  i n  most des igns  and w i l l  
r e q u i r e  a d d l t i o n a l  types  of two- and three-dimensional  computer codes t o  a s s e s  
t h e  m e r i t s  of a p a r t i c u l a r  des ign .  Here we need f r a c t u r e  mechanics codes. I f  
c o n d i t i o n s  a r e  g r o s s l y  e l a s t i c  t h e  types  of codes l i s t e d  i n  Table 2 a r e  a v a i l a b l e ;  
i f  n o t ,  a  f r a c t u r e  mechanics code f o r  g r o s s l y  i n e l a s t i c  c o n d i t i o n s  w i l l  be  needed. 
Such codes a r e  n o t  a v a i l a b l e  except  f o r  some types  of monotonic behavior .  
Methods t o  p r e d i c t  f a t i g u e  behavior  a r e  a l s o  needed. Corcplex three-dimensional  
problems invo lv ing  m a t e r i a l s  c o n t r o l l e d  by l o c a l  p l a s t i c  over load  c o n d i t i o n s  
w i l l  r e q u i r e  l a r g e  deformat ion  fo rmula t ion  and methods t o  e v a l u a t e  f a i l u r e  and 
buckl ing  phenomena. Some of t h e  codes a v a i l a b l e  f o r  some of t h e s e  a n a l y s i s  a r e  
shown i n  Table 2. 

~ ~ . C  c o n t a i n s  some s o r t  of f r a c t u r e  mechanics c r i t e r i a .  The salue i s  t r u e  
f o r  NASTIUN and PIAGIC, which have v e r s i o n s  capab le  of d e a l i n g  with rlasLic 
f r a c t u r e  mechanics behavior .  The Eng l i sh  c l a im  thae  Ber sa fe  a l s o  has f r a c t u r e  
mechanics a n a l y s i s  c a p a b i l i t y .  

MHD magnets l a r g e  and heavy i n  s i z e  c a r r y  l a r g e  c u r r e n t s  a t  magnet ic  f i e l d s  up 
t o  7T and g e n e r a t e  l a r g e  f o r c e s  and p r e s s u r e s .  The systems o p e r a t e  near  4K i n  a  
l i q u i d  hel ium b a t h  of l a r g e  volume. Sudden t r a n s i t i o n s  from helium l i q u i d  t o  
gas  can  produce p r e s s u r e  f n c r e a s e s  t h a t  have t o  be  c a r r i e d  by t h e  p r e s s u r e  
v e s s e l s ,  which a r e  double  wa l l ed  dewars ,  r e q u i r e d  t o  ma in t a in  vacuum f o r  t h e  
low tempera ture  c ryogenic  magnet system. Thus, t h e  dewars a r e  l i a b l e  t o  b e  
p r e s s u r i z e d  from a f r a c t i o n  of a  t o r r  t o  a ve ry  h igh  p r e s s u r e .  Th i s  means 
t h a t  t h e r e  a r e  v e r y  l a r g e  f o r c e s  genera ted  i n  o p e r a t i n g  and f a u l t e d  c m d i t i o n s .  
The p o t e n t i a l  f o r  some kind of a  f a i l u r e  i s  t h e r e  and t h e  consequences of re -  
l e a s i n g  s o  much energy i n  r e l a t i v e l y  s h o r t  t imes could  b e  exp los ive .  Opera tors  
and t h e  p u b l i c  have t o  be  p r o t e c t e d  from such hazards .  

The magnets t h a t  have been b u i l t  t o  d a t e  a r e  compara t ive ly  s m a l l  and whether 
o r  n o t  t h e  f o r c e s ,  thermal  c h a r a c t e r i s t i c s ,  e t c .  a r e  s c a l a b l e  i s  n o t  a  foregone 
conclus ion .  The m a t e r i a l  d a t a  base  needs t o  be extended.  Some of t h e  needed 
in fo rma t ion  i s  t h e r e ,  mos t ly ,  i n  t h e  form of conven t iona l  m a t e r i a l  d a t a  which 
i s  a v a i l a b l e ,  b u t  much more d a t a  i s  r e q u i r e d .  For  i n s t a n c e ,  t h e r e  a r e  ve ry  
s t r o n g  magneto-e las t ic  i n t e r a c t i o n s  t h a t  t h e  d e s i g n e r  does  n o t  have t o  t a k e  i n t o  



account  o r d i n a r i l y  when he  performs, f o r  example, t h e  dynamic a n a l y s i s  f o r  an  
' . earthquake.  The s t anda rd  dynamic procedure  he  goes through modeling an engineer-  

ing  s t r u c t u r e  a s  t e m s  does n o t  and cannot  cons ide r  t h e  s a t u r a t i o n  and i n s t a b i l i t y  
e f f e c t s  t h a t  can be incu r red  due t o  t h e  i n t e r a c t i o n  between t h e  magnetic and 
t h e  i n e r t i a  f o r c e s .  Obviously such an a n a l y s i s  i s  no t  going t o  be v a l i d .  The 
r e a l i s t i c  assessment  of t h e  s t r u c t u r a l ,  . e l ec t romagne t i c ,  c ryogenic  problems i n -  
vo lves  a l a r g e  number of d i f f e r e n t  d i s c i p l i n e s  i n  combination. 

Designers  dnd eng inee r s  l i k e  t o  be  conse rva t ive .  They add mass, f o r  i n s t a n c e ,  
. i nc rease  t h e  s i z e  of beams,. t hey  l i k e  t o  r e i n f o r c e  t h e  s t r u c t u r e  by us ing  h ighe r  
s t r e n g t h  m a t e r i a l s ,  e t c .  I n  a  convent iona l  s t r u c t u r e  t h i s  u s u a l l y  works. 
Eowever, f o r  i n s t a n c e ,  where thermal  g r a d i e n t s  a r e  gene ra t ed ,  t h e  a d d i t i o n  of 
t h i ckness  i s  going t o  i n c r e a s e  t h e  p a r t  of t h e  s t r e s s  f i e l d  t h a t  is  due t o  
t h e  thermal  g r a d i e n t s ; ' w h i l e  i t  may reduce  some o t h e r  s t r e s s e s ,  due t o  pres -  
s u r e ,  mechanical  l oad  e t c . ,  , thus t h e  f a i l u r e  c r i t e r i a  cannot  be  eva lua t ed  
by j u s t  looking  a t  t h e  s t r e s s e s .  The a d d i t i o n  of mass i s  d e f i n i t e l y  d e l e t e r -  
i o u s  f o r  t h e  thermal  f a t i g u e  f a i l u r e  mode wh i l e  t h e  r e d u c t i o n  of t h e  average  
cons t an t  s t a t i c  s t r e s s ,  improves t h e  c o l l a p s e  s t r e n g t h .  ' The q u e s t i o n  of whether 
o r  no t  t h e  des ign  i s  made more o r  l e s s  conse rva t ive  by t h e  added m a t e r i a l ' c a n n o t  
be determined by an  i s o l a t e d  s t r e s s  v a l u e ;  i t  i s  neces sa ry  t o  exp lo re  t h e  e n t i r e  
p roces s  of f a i l u r e  modes eva lua t ion .  The s y s t e m a t i c  s e t  of s t e p s  by which t h i s  
can be c a r r i e d  ou t  i s  v a l u a b l e  i n  i t s e l f  bu t  more impor t an t ly  i t  t a k e s  o u t  t h e  
s u b j e c t i v e  a s p e c t s  of t h e  des ign  development which i s  p a r t i c u l a r l y  necessary 'when , 
t h e  s t a t e  of t h e  a r t  i s  pushed beyond Grhat knowledge based on a c t u a l  exper ience  
has  been accumulated. Thus t h e  d r a f t i n g  of some kind of coord ina ted  des ign  
guide  which t o  some, would seem a s  a  r e s t r i c t i o n ,  would a c t u a l l y  h e l p  i n  t h e  
development of u s e f u l  r e s e a r c h  programs and would b e  p a r t i c u l a r l y  h e l p f u l  i n  f o r -  
mula t ing  t h e  long-range d a t a  and a n a l y s i s  needs f o r  t h e s e  k i n s  of s t r u c t u r e s .  

An a t tempt  t o  show how t h i s  can be done i s  i l l u s t r a t e d  by cons ide r ing  one 
a spec t  of t h e  problem, i . e . ,  t h a t  of s t r e s s  a n a l y s i s  and s t r a i n  eva lua t ion .  It 
is  u s u a l  t o  s p e c i f y  some kind of a l l owab le  s t r e s s  ( u s u a l l y  geared t o  t h e  y i e l d  
s t r e n g t h )  and a l lowab le  d isp lacement  and s t r a i n  v a l u e s  f o r  t h e  superconductor .  
This  i s  because p a r t  of t h e  s t r u c t u r e  i s  v e r y  b r i t t l e  and i t  d o e s n ' t  t a k e  much 
conductor  movement t o  d e s t r o y  t h e  superconduct ive  s t a t e .  Thus t h e  computation 
of s t r e s s e s  has  been going on i n  a  convent iona l  way f o r  t h e s e  v a r i o u s  k i n d s . o f  
s t r u c t u r e s .  

NHD c o i l  systems may expe r i ence  a  r e l a t i v e l y  a r b i t r a r y  set of load  c y c l e s  
throughout  t h e  l i f e  of t h e  s t r u c t u r e ,  i n c l u d i n g  s t a r t u p s ,  shutdowns, some abnor- 
mal c o n d i t i o n s ,  some scheduled ,  some u p s e t s  and perhaps a few emergencies a s  w e l l .  
I f  t h e  m a t e ~ i a l  i t s e l f  i s  c y c l i c a l l y  s e n s i t i v e ,  one has  t o  p o s t u l a t e  e i t h e r  some 
kind of s t anda rd  load  h i s t o r y  o r  a n  e v a l u a t i o n  c r i t e r i a  i s  needed t o  compare t h e  
o p e r a t i n g  and des ign  c o n d i t i o n s  s i n c e  each d i f f e r e n t  sequence could g i v e  you, a  
d i f f e r e n t  s e t  of va lues .  

Thermal c o n d u c t i v i t y  i s  a f u n c t i o n  of t h e  magnetic f i e l d  s t r e n g t h .  Th i s  
is  l i a b l e  t o  change a s  a  f u n c t i o n  of t h e  number of c y c l e s  and magnitude of p l a s t i c  
s t r a i n .  The thermal  c o n d u c t i v i t y  w i l l  i n f l u e n c e  t h e  thermal  s t r e s s e s  which, i n  
t u r n ,  i n f l u e n c e  t h e  thermal  s t r a i n  and hence i n f l u e n c e s  t h e  e l e c t r i c  conduc t iv i ty .  
These t h r e e  i n t e r a c t i n g  components have s o  f a r  been eva lua ted  a s  uncoupled load ing  



components t h a t  can  be  superimposed b u t  t h i s  may n o t  be so .  A s k e t c h  of t h e  re -  
qu i r ed  p r o p e r t i e s  of m a t e r i a l s  r e q u i r e d  t o  des ign  magnets and e s t i m a t e  t h e i r  
performance i n  g iven  i n  F i g u r e  2. I n . a c t u a l  p r a c t i c e  t h e s e  v a r i o u s  c h a r a c t e r i s -  
t i c s  o p e r a t e  s imul taneous ly  and cannot  be i s o 1 a t e d . a ~  shown i n  an a n a l y s i s  of 
behaviors .    he chronology of t h e  development of s t a n d a r d s  f o r  t h e  n u c l e a r  indus- 
t r y  i s  g iven  i n  Table  3 a s  a ccmparis ion t o  show t h e  sequence of development. 

P o s s i b l e  s t e p s  which can  b e  taken.now t o  .develop magnet des ign  s t a n d a r d s  
a r e  g iven  i n  Table 3 .  F i r s t  magnet des ign  invo lves  i n fo rma t ion  on m a t e r i a l s ,  4 

a n a l y s i s ,  and e v a l u a t i o n  c r i t e r i a .  A t  some p o i n t  f a b r i c a t i o n  beg ins  and a  need 
is. developed f o r  v a r i o u s  welding procedures  and q u a l i t y  c o n t r o l .  The n e x t  s t e p  
i s  i n s t a l l a t i o n ,  fo l lowed by s t a r t u p  then  o p e r a t i o n .  Th i s  r e q u i r e s  some k ind  
of q u a l i t y  a s su rance  t echn iques . and  t h i s  r e q u i r e s  a n  in - se r ivce  inspec t ion . .  
Codes o r  s t a n d a r d s  would be  involved  a f t e r  t h e  d e s i g n  a n a 1 y s i s . i ~  completed and 
has  t o  be  eva lua t ed  t o  assess t h a t  i t  s a t i s f i e s  t h e  p r o j e c t e d  l i f e t i m e .  R e l i a b l e  
s t a n d a r d s  a r e  needed f o r  t h e  i n s t a l l a t i o n .  I n  a  f a i l s a f e  des ign  t h e r e  i s  no 
worry about  what is  happening du r ing  t h e  o p e r a t i o n ,  but i n  a safe-iffe  cype of 
d e s i g n ,  it i s  neces sa ry  t o  d e t e c t  t h e  approach of o p e r a t i n g  l i m i t s  o r  mal func t ion  
perhaps t o  r e p l a c e  t h e  components. It is  p o s s i b l e  t o  b u i l d  something t h a t  d o e s n ' t  
have t o  s t a n d  up f o r  t h e  e n t i r e  l i f e ,  depending un what kind of i n s p e c t i o n  s e n s i -  
t i v i t y  and c o n t r o l s  a r e  exe rc i sed .  It is a l s o  p o s s i b l e  t o  d e t e c t  a n  i n c i p i e n t  
f a i l u r e  i n s t e a d  of u s ing  t h e  normal s a f e t y  f a c t o r s ,  which could  be  counter-pro- 
d u c t t v e  i n  a p p l i c a t i o n s  where t h e  m a t e r i a l  p r o p e r t i e s  and mechanical  f o r c e  
f i e l d s  a r e  i n t e r a c t i n g .  It i s  p o s s i b l e  t h a t  such a  s t a n d a r d i z a t i o n  o r  c r i t e r i a  
development would l e a d  t o  a  p r a c t i c a l  des ign  r a t h e r  t han  t h e  one t h a t  h a s  t o  
s t a r t  from t ime ze ro  i n  a  way t h a t  would b e  unchangeable.  

A p o s s i b l e  s t r u c t u r e  of  developmene l e a d i n g  t o  a p p r o p r i a t e  magnet codes and 
l i c e n s i n g  i s  g iven  i n  Table  4.  
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