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I. INTRODUCTION 

The computation of t he  mechanical stresses i n  c y l i n d r i c a l  magnet ic  f i e l d  c o i l s  
r e q u i r e s  a knowledge of t he  d i s t r i b u t i o n  of fo rces  a c t i n g  upon t h e  conductor ,  and a 
theory whereby t h i s  force  p a t t e r n  may be converted i n t o  a stress p a t t e r n .  

The methods found i n  t h e  l i t e r a t u r e  a re  e i t h e r  accu ra t e  and cumbersome' o r  s i m -  
p l i f i c a t i o n s 2 ~ 3  t h a t  may l ead  t o  s e r i o u s  e r r o r s .  

11. THEORY OF A SIMPLE C O X  

For thick-walled pressure  ves se l s ,  t o  which a c y l i n d r i c a l  c o i l  may be compared, 
t h e r e  e x i s t s  a stress theory4 i n  which i t  i s  pointed out t h a t  t h e  problem is  two- 
dimensional i f  p ressures  are applied i n s i d e  and ou t s ide  . I n  t h i s  case t h e  z component 
of t h e  stress t enso r  i s  zero  everywhere. I f ,  however, 7 x 5 body f o r c e s  are i n t r o -  
duced, t h i s  w i l l ,  i n  gene ra l ,  not be the  case  f o r  an i s o t r o p i c  m a t e r i a l .  However, a 
c o i l  cons i s t ing  of l aye r s  o f  rec tangular  w i r e  o r  of pancakes of m e t a l  r ibbon i s  not  
i s o t r o p i c ,  and s ince  the  w i r e  o r  the  metal  r ibbons  i s  provided w i t h  a t h i n  coa t ing  of  
p l a s t i c  i n s u l a t i o n ,  the  shea r  stress between wires or r ibbons i s  n e g l i g i b l y  small ,  
and t h e  compressive stress i n  the z d i r e c t i o n  w i l l  depend on ly  on t h e  boundary con- 
d i t i o n s . '  I f  w e  assume t h a t  t h e  ax ia l  forces  w i l l  be taken up by s u i t a b l e  c o i l  forms 
repea ted  a t  d i s t ances  small compared t o  the  diameter ,  w e  may n e g l e c t  t h e  e n t i r e  z com- 
ponent of  the stress t enso r ,  and the problem r e v e r t s  t o  the  s imple r  two-dimensional 
case. A d i f f e r e n t i a l  equat ion  may be derived i n  a manner analogous t o  Lam6's o r i g i n a l  

.method. W e  w i l l  he re  fol low the  s tandard textbook5 t reatment  except  f o r  t h e  in t roduc-  
t i o n  of JgB, body forces  and the  new boundary condi t ions  w i t h  z e r o  i n s i d e  and ou t s ide  
pressures .  

Figure 1 shows a view of the c o i l ,  with d e t a i l s  a t  "a" and "b". Under the  in- 
f luence  of the  electromagnet ic  forces ,  the c i r c l e  of r a d i u s  r 'in t h e  uns t ressed  state 
between inner  r ad ius  r i . a n d  ou te r  r ad ius  ro, becomes a circle o f  r a d i u s  r C u,  where 
u i s  the  outward displacement of any po in t ,  r .  Thus ii i s  a f u n c t i o n  of r,  although 
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numerically very sma l l  i n  comparison t o  t. 
r ad ius  r a r e  increased  i n  the  r a t i o  (r + u) f r  .or 1 + (u / r )  .- A p iece  d s  of the c i . rc le  
becomes ds  i- u d s f r ,  which means t h a t  t h e  t angen t i a l  s t r a i n  is u f r .  

A l l  lengths  o f  t he  circle wi th  o r i g i n a l  

To f ind  t h e  s t r a i n  i n  t h e  r a d i a l  d i r e c t i o n ,  w e  look a t  the  d e t a i l  "b" i n  Fig. 1 
showing an element i n  t h e  und i s to r t ed  state i n  f u l l  l i n e s ,  which, a f t e r  loading, goes 
t o  t h e , d o t t e d - l i n e  p i c t u r e .  The l o c a t i o n  o f  the inner po in t  is  r ,  and i t  goes t o  
r + u, because of t h e  magnetic p re s su re .  
and it goes t o  r + d r  + u + du because u varies with r .  Thus the  o r i g i n a l  r a d i a l  
length of t he  p i ece  was d r ,  and i t s  d i s t o r t e d  r a d i a l  length i s  d r  + du = d r ( 1  + du/dr ) .  
Hence the  r a d i a l  s t r a i n  is  du/dr .  

The loca'tion of the  o u t e r  point  w a s  r + d r  

We w i l l  assume t h a t  t h e r e  are no a x i a l  forces  ac t ing  upon t h e  c o i l  and no shear  
forces  be tween, layers  of t h e  winding. The two s t r a i n s  can then be expressed i n  terms 
of the  r a d i a l  and t a n g e n t i a l  stres'ses Sr and St as follows6: 

du 1 
d r  - = E (Sr - @St) * 

E i s  the  Young's modulus and 
three  unknowns u, St, and Sr. 
element dr.rdt3 shown a t  "a" i n  Fig.  1 and enlarged i n  Fig.  2 .  The r a d i a l  force  1 i s  
Sr.rd8 per  u n i t  l e n g t h  perpendicular  t o  t h e  paper. 
both S r  and r a r e  s l i g h t l y  d i f f e r e n t ;  t h u s  force  2 i s  Sr.rdt3 + d(Sr*rdB) and the  re- 
s u l t a n t  of 1 and 2 outward i s  

t h e  Po i s son ' s  r a t i o .  These are two equat ions i n  the 
A t h i r d  equat ion i s  found from the  equi l ibr ium of an  

The fo rce  2 OR top  is s imi la r  but 

The fo rces  3 and 4 a r e  numerical ly  equal  but not q u i t e  oppos i te  s ince  the f aces  
they a c t  upon make an angle  de.  Hence t h e i r  r e s u l t a n t  is  d i r e c t e d  inward and has the  
magnitude 

F3d6 = St d r d e  . 
The f i f t h  f o r c e  t h a t  keeps t h e  element i n  equi l ibr ium i s  t h e  electromagnetic 

body fo rce  JOB, r d e d r  a c t i n g  outward UPOR t h e  volume element wi th  u n i t  length i n  t h e  
z d i r e c t i o n .  

Equating f o r c e s  i n  the r a d i a l  d i r e c t i o n ,  w e  f ind  

F2 - F1 + J8BZ r d 8 d r  = F d6 . 3 

A E t e r  s u b s t i t u t i n g  t h e '  appropr ia te  values and dividing' by drd0 w e  g e t  

6 .  J . P .  Den Hartog, Ref. 5 ,  Eq. ( 8 ) ,  p. 75. 
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Solving E q s .  (1) and (2) f o r  Sr and St ,  w e  f i nd :  

( 4 )  
E du 

r 

st = - (5) 
1-CL 

Subs t i tu t ion  of E q s .  ( 4 )  and (5) i n t o  Eq. ( 3 )  t h e n  y i e l d s  t h e  d i f f e r e n t i a l  equation: 

2 
(6) 

1 d u  u - 1 - C L  
r d r  r2 E J e B Z  * d r  

The homogeneous s o l u t i o n s  of E . (6) are r and l /r .  The genera l  s o l u t i o n  of 
Eq.  (6) may the re fo re  be w r i t t e n  as 7 

( 7 )  
B u = A r - I - -  r a  

where A and B a r e  func t ions  of  r t h a t  s a t i s f y  t h e  first order  d i f f e r e n t i a l  equations: 

(8) 

( 9 )  

- =  dA - l - p z J B  
d r  2E B z  a 

- =  2 9  dB r 
dr. d r  

In t eg ra t ion  of E q s .  (8) and (9) gives  two i n t e g r a t i o n  cons t an t s ,  which are t o  be 
determined by the boundary condi t ion  t h a t  t he  rad ia l  stress S, is  z e r o  a t  t h e  in s ide  
and outs ide  c o i l  r a d i i .  

For a uniform cu r ren t  d e n s i t y  Je,  i t  i s  u s u a l l y  s u f f i c i e n t  t o  assume t h a t  B, 
v a r i e s  l i n e a r l y  with r ad ius  from B 1  a t  the  i n s i d e  r a d i u s  ria t o  a s m a l l  nega t ive  
va lue  Bo a t  the  outs ide  r ad ius  ro. The radial. f o r c e  may then be w r i t t e n :  

J O B Z  = cy - Br , (10) 

where a, and a r e  cons tan ts .  

J e ( B i r o  - B o r i )  
a =  r - r  a 

0 i 

Je(Bi - Bo) 
B =  - r  

0 i 

7 .  D.H. Menzel, Fundamental Formulas of Physics  (Dover Publ . ,  1960), p. 35. 
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Using Eq ( lo ) ,  w e  may e a s i l y  i n t e g r a t e  Eqs. ( 8 )  and ( 9 )  t o  f i n d  .the so lu t ions :  

til 1 1 - u  8r2 ) ( E T - -  4 
A =- 

E 

The cons t an t s  CY and /3 are found from.Eqs. (11) and (12) ,  1-1 i s  Poisson ' s  r a t i o ,  
Note t h a t  the r a d i a l  and t a n g e n ~ t i a l  stresses, Sr and S,, and E i s  Young's modulus. 

do not depend on Young's modulus. 
of Young's modulus. 

The r a d i a l  displacement u i s ,  however, a func t ion  

A s  mentioned above, the  cons tan ts  Cl-and Cg are found by s e t t i n g  S, = 0 at  t h e  
in s ide  and o u t s i d e  c o i l  r a d i i .  This  y ie lds :  

TIL.  APPLICATION TO SIMPLE COIL 

The computation der ived above has  been appl ied  t o  t h e  case of a "superconducting 
co i l . "  
t y ,  and i t  has  a cross sec t ion  l a rge  compared t o  t h a t  of t h e  a c t u a l  superconductor, a 
niobium-tin a l l o y .  The ribbon8 of which t h e  c o i l  is wound c o n s i s t s  of two s t r i p s  of 
copper a few thousandths of an inch th i ck  wi th  the  niobium-t in  of only  a few t en -  
thousandths OF an inch sandwiched between. Therefore ,  i n  the computation the  stress 
con t r ibu t ion  of t h e  niobium-tin mag be e n t i r e l y  ignored even though both  i t s  Young's 
modulus and i t s  u l t ima te  s t rength  are h igher  than those  of copper. 
w e  s h a l l  r e f e r  t o  t h i s  type of superconducting c o i l  as t h e  "copper" c o i l .  
i s  supported by a metal spool 20-in. i . d .  so  t h a t  t he  copper has  an i . d .  equal  t o  
21 i n .  { x i  = 26.67 cm>. 
t h e  s i z e  of a D e w a r  ves se l ,  38-in. i . d . ,  and was consequent ly  assumed t o  be 36-in. 
0.d. (ro = 45.72 cm). 
of a coaxial system of c o i l s ,  and the  f i e l d  va lues  and stresses computed he re  are a l l  

'In t h i s  c o i l  t h e  copper is  employed pr imar i ly  f o r  purposes of thermal s t a b i l i -  

For t h i s  reason  
The c o i l  

The outs ide  diameter of t h i s  p a r t i c u l a r  c o i l  was d i c t a t e d  by 

The a x i a l  dimension of the  c o i l  w a s  4 i n . ,  bu t  i t  formed p a r t  

8.  M.G. Benz, G.E. Research. & Development Center Report No. 66-C-044 (1966). 
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f o r  t h i s  c o i l  as p a r t  of t h e  coaxial fu l ly-energ ized  system. 
l a r g e  s i z e  "end" c o i l ,  t h e r e  be ing  one smal le r  "end" c o i l  beyond i t .  I n  a l l  cases  
cons idered  he re ,  t h e  c e n t r a l  f i e l d  a t  t h e  c e n t e r  of the  assembly and on t h e  a x i s  was 
75 kG. Dig i t a l  computer f i e l d  determinat ions under these  condi t ions  gave f o r  t he  
"copper" c o i l :  
u l u s  of copper a s  1.03 X 10 l2  dyn/cm2 (14.93 x lo6 ps i )  and the  PoissonCL's r a t i o  of 
copper as b . =  0.33,  w e  found f o r  the'"cop er'* c o i l  t he  t angen t i a l  t e n s i l e  stress curve, 

co i l  t o  8.04 X lo8  dyn/cm2 (11 600 p s i )  on t h e  ou t s ide .  
ses are p lo t t ed  as a nega t ive  stress on the  l e f t  i n  Fig.  3 and the  r a d i a l  motion on 
t h e  r i g h t  i n  Fig.  3. 
a l though low for copper, should  be considered w i t h  r e g a r d  t o  t h e  i n s u l a t i o n  used on 
t h e  m e t a l  ribbon. The r a d i a l  motion is g r e a t e s t  on the in s ide  (0.0445 e m  o r  0.0175 in . )  
and a l s o  the l a r g e s t  of t h e  t h r e e  systems Considered. 

The c o i l  w a s  known as a .  

B i  = 91 kG, Bo = -18 kG, and J = 9.88 kA/cm2. Taking t h e  Young's mod- 

so marked i n  Pig.  3 ,  going from 17.2  X 10 t; dyn/cm2 (24 000 ps i )  on the  i n s i d e  of t he  
The r a d i a l  compressive s t res-  

The maximum compressive stress (1.6 X lo8  dyn/cm2 o r  2320 p s i )  

I V .  APPLICATION TO REINFORCED C O I L  . .  

Because of t h e  high t a n g e n t i a l  stress on the  in s ide  (24 900 ps i )  ,it was decided 
t o  cons ide r  o the r  conf igu ra t ions  than t h e  "copper" c o i l .  

The second des ign  cons idered  i s  referred t o  a s  t he  "two band" c o i l .  It has  an 
inne r  "band", c o n s i s t i n g  of  t h e  "copper" winding, of 21-in. i .d .  and 31-in.  0.13. 
(ro = 39.37 c m ) ,  which c a r r i e s  t he  cu r ren t ,  and a s t a i n l e s s - s t e e l  band of 31-in.  i . d .  
and 36-in. 0.d. (rx = 45.72 em), which c a r r i e s  no cur ren t  bu t  se rves  s t r i c t l y  as re- 
inforcement .  Because of t h e  d i f f e r e n t  l o c a t i o n  o€  the  magnetizing ampere t u r n s ,  t h e  
d i g i t a l  computer w a s  aga in  used t o  determine t h e  f i e l d ,  and the  r e s u l t  w a s  B i  = 99 kG 
and Bo = -20 kG and J = 14.7 kA/cm2.  I n  the  mathematical s t r e s s - s t r a i n  t reatment  of 
t h i s  combination, t h e  ''copper" i s  handled a s  before  with the  except ion t h a t  a t  the  , 

o u t s i d e  boundary of t h e  copper t h e  r a d i a l  stress must equal  t h e  r a d i a l  stress of t h e  
s t a i n l e s s  steel. For t h e  s t a i n l e s s  steel ,  E q s .  (21) through (17) may be used provided 

'we set Jg = 0 so cy = 0 and B = 0. 
Another condi t ion  is t h a t  t h e  ex te rna l  r a d i a l  displacement ucu of t he  copper m u s t  
equa l  t h e  i n t e r n a l  r a d i a l  motion uss of t h e  s t a i n l e s s - s t e e l  band. The fou r  unknowns 
C l c u ,  CzCu,  C l s s  and CzSs may therefore  be found from the  four  boundary condi t ions :  
S, = 0 at ri and rx; 

The r a t i o  Ess/Ecu was taken as 2 and uss = 0.30. 

ucu = uSs and Srcu S r s s  a t  to. 

Carrying through t h i s  procedure leads  t o  the  curves marked "two band c o i l "  i n  
F igs .  Sa and 3b. The main s u r p r i s e  i s  t h a t  t h e  improvement i s  so small, t h e  new 
maximum t e n s i l e  stress i n  t h e  copper being 14.9 x lo8 dyn/cm2 o r  2 1  600 p s i .  
maximum compressive stress h a s  more than doubled, 3.6 x lo8 dyn/cm2 o r  5210 p s i ,  and 
t h e  r a d i a l  motion has  been reduced t o  a maximum a t  t h e  in s ide  of t he  c o i l  of  0.0385 cm 
or 0.0251 i n .  

The 

V. COPPER-STEE3.t RIBBON C O I L  

A t h i r d  attempt w a s  made t o  reduce t h e  maximum t e n s i l e  stress i n  t h e  copper, 
while  keeping the  ove r -a l l  dimensions the  same. 
be wound of a combination of copper and s t a i n l e s s - s t e e l  ribbons so  t h a t  i n  t h e  com- 
pound r ibbon the  a r e a  of t h e  copper was twice t h a t  of the  steel. 

This  t i m e  t he  c o i l  w a s  considered t o  

' 
Consider t h i s  compound o r  sandwich c o i l  as cons i s t ing  of a "new" ma te r i a l  with a 

mean Young's modulus expressed as follows: , 

Em = fcEc 1- fsEs 
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and a ,Poisson's r a t i o  

Pm = fckc + fsws 

where f c  i s  the  f r ac t ion  o f  the t o t a l  c ros s  sect ion t h a t  is  copper, f s  i s  the fract ion-  
al  area €or the  s t a i n l e s s  s t e e l ,  and E, and Es the corresponding moduli, e t c ;  This 
value of the mean Young's modulus may be rigorously derived f o r  t h e  case where the com- 
pound rfbbon hangs v e r t i c a l l y  and is  loaded by a weight causing a s t r a i n ,  6, i n  both 
copper and s t a i n l e s s  steel and t e n s i l e  stresses, respect ively Sc and S , .  The matezial  
may even be subjected t o  a stress, Sr,  perpendicular t o  the r ibbon.  

. .  

According t o  Eq. (1) with some rearranging: 

Sc = 6Ec + ucSr and S s  = 6Es + wsSr . 
The mean stress may be wr i t t en  as 

sm = fcSc -I- fsSs , 

or  by subst i tut ion 

= 6fcEc + f ~1 S + 6fsEs 4 fslLsSr 7 sm c c r  

or  rearranged 

S = 6(f E + fsEs) + (fcwc + fsws) Sr , ne c c  

and since for  the "new" material  w e  must. have 

w e  conclude 

. = fcEc + fsEs and Pm - - fCwc + fsUs - 
The r e s u l t s  are shown in  the curves marked "sandwich coil".  The mean Young's 

modulus became 1.37 X 20x2 dyn/cm2 and the mean Poisson's r a t i o  0 . 3 2 ,  when fc  = 2 / 3  
and fs = 113. It can be seen i n  Fig. 3 t h a t  the maximum tangen t i a l  s t r e s s  i n  the 
copper for  the sandwich c o i l  has dropped to  13 X lo8  dynfcmz, which i s  3 / 4  of the 
17.2 x 108 dynlcmz for  the simple copper c o i l .  

8 Note t h a t  the maximum tangent ia l  stress i n  r h e ' s t e e l  o f  26 X 10 dyn/cm2 i s  
twice as great as the 13 x lo8 dyn/cm2 value f o r  the copper, which i s  the same r a t i o  
of two as  €or t h e i r  Young's moduli. T h i s  r a t i o  follows from Eq. (1) i f  w e  r e c a l l  
t h a t  the maximum stress point occurs a t  t he  inside surface of t h e  c o i l  where S r  = 0 .  
Since the r a d i a l  motion u i s  e s s e n t i a l l y  the s a m e  f o r  the copper and s t e e l  i n  the 
ribbon, we then have from Eq. (3 . )  that  SCcu/Ec = Stss/E, ,  which shows tha t  the r a t i o  
of the maximum tangent ia l  s t r e s s e s  i n  t h e  two ma te r i a l s  is  i n  the r a t i o  of t he i r  
Young's moduli. 

- 

A fur ther  point is t h a t  the t o t a l  t angen t i a l  stress S t  a t  a given radius is 
e s sen t i a l ly  the same whether the c o i l  i s  a "simple copper" c o i l  or a "sandwich coi l" .  
For the sandwich co i l  w e  have 

St = cStcu + V i s s  
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where Stcu and Stss a re  t h e  t a n g e n t i a l  stresses i n  the  copper and steel, r e s p e c t i v e l y ,  . 
and fc and f s  a r e  the f r a c t i o n a l  a rea  c ros s  sec t ions  of t h e  copper and steel  i n  the  
sandwich ribbon. 
above equat ion ,  and solve i t  f o r  Stcu: 

A t  t he  i n s i d e  c o i l  sur face  w e  may s u b s t i t u t e  S t s s  = EsStcu/Ec i n  t h e  

Since S t  is the  same f o r  t h e  "simple copper" and "sandwich c o i l " ,  t h e  f a c t o r  
l / ( f c  f fsEs/Ec) gives  the  reduct ion  i n  maximum stress i n  t h e  copper of t h e  "sandwich 
c o i l "  as compared t o  the  "simple copper" c o i l .  For f c  = 213, f ,  = 113 and Es/Ec = 2,  
t h i s  r educ t ion  f a c t o r  i s  314, j u s t  a s  t he  numerical va lues  i n  Pig.  3 show. Also no te  
t h a t  t he  maximum reduct ion occurs  i n  the  l i m i t  of very  l i t t l e  copper ( f c  -+ 0) and 
nea r ly  a l l  steel ( f s  4 11, i n  which case the  reduct ion  f a c t o r  becomes Ec/Es. Thus 
t h e  g r e a t e s t  poss ib le  reduct ion  i n  the copper t angen t i a l  stress i s  50%, which occurs  
when t h e  r ibbon is near ly  a l l  steel. Note t h a t  one-third copper and two- th i rds  steel  
would give a reduct ion  f a c t o r  of  60%. 

VI. CHARTS AND GRAPHS 

For t h e  simple c o i l  w e  have se t  up a computer program t h a t  de te rmines  t h e  f i e l d  
i n  the  c e n t e r ,  i n  the cen te r  plane on the  i n s i d e  wall and on t h e  ou t s ide , '  and i n  
va r ious  p l aces  in s ide  t h e  winding a t  the mean r ad ius .  From these  v a l u e s  the t angen t i a l  
t e n s i l e  and t h e  r a d i a l  compressive stresses are computed. The r a d i a l  components a t  
t h e  m e a q r a d i u s  allow u s  to  compute t h e  maximum a x i a l  compressive stress i n  t h e  c e n t e r .  
W e  are not consider ing the  increased s t r a i n  caused by t h e  supe rpos i t i on  of t a n g e n t i a l .  
t ens ion  and a x i a l  compression no r  what theory of s t r eng th  t o  use. F i g u r e  4 i n  the  
o r i g i n a l  r e p o r t  was a "fold ou t  and fo ld  up" cha r t  i n  which t h e  c e n t r a l  f i e l d  may be 
found from 1eng th l i . d .  and 0 .d . l i .d .  on t h e  left  and to the  right- by means of nomograms 
from current dens i ty  and i . d .  and by a f i n a l  reading on the  extreme r i g h t .  Figure 5 
shows o t h e r  f i e l d  values  expressed i n  the  one read from Fig.  4 .  

Figure  6 is  a char t  s i m i l a r  t o  Fig.  4 showing a t  t he  extreme r i g h t  t h e  maximum 
t a n g e n t i a l  tensile stress based on, from lei3 t o  r i g h t ,  l e n g t h / i . d . ,  o .d . l i .d . ,  c u r -  

' r e n t  dens i ty ,  and i.d.. 

F igure  7 shows o ther  stresses expressed i n  t h e  t e n s i l e  stress read  from t h e  c h a r t .  

If c o i l s  are loosely wound o r  have very compressible i n s u l a t i o n  t h e  t e n s i l e  stress 
becomes h ighe r  than read i n  the  char t .  
f o r  the  "loose" c o i l .  

Figure 8 shows the maximum f a c t o r  of increase  

In  a l l  cases the  space f a c t o r  has been assumed t o  be uni ty .  Actua l  cu r ren t  den- 
si t ies,  t e n s i l e  and compressive stresses a r e  higher  and may be found by d i v i d i n g  by 
t h e  appropr i a t e  space f a c t o r s .  

For c e r t a i n  c o i l  shapes of o.d.1i.d. r a t i o  l a r g e r  than two the  maximum t e n s i l e  
stress may occur  at a r ad ius  l a r g e r  than the  in s ide  and the  compressive srress a t  
smal le r  r a d i i  disappears .  The computer program and the  c h a r t s  take  t h i s  i n t o  account. 
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9,lO V I 1  . CONCLUSION 

We have der ived an .accura te  theory  f o r  t h e  t angen t i a l  and r a d i a l  s t r e s s e s  i n '  
. simple c y l i n d r i c a l  c o i l s .  To apply t h i s  theory ,  t h e  maximum and minimum values  of 

B, should be found by means of  a computer program. 
involves only t h e  de t e rmina t ion  of two i n t e g r a t i o n  constants  i n  the  expressions f o r  
the two stresses and t h e  t a n g e n t i a l  s t r a i n .  

From there  on the  computation 

The theory may ais0 be appl ied  t o  a c o i l  surrounded by a r e in fo rc ing  band, but 
i n  t h i s  case four  c o n s t a n t s  have t o  be determined from the  boundary condi t ions .  

For a t h i r d  s i t u a t i o n ,  where t h e  c o i l  is  wound of a compound r ibbon made up of 
two d i f f e r e n t  m a t e r i a l s ,  our  theory is  adequate  provided w e  use spec i f ied  mean values  
of Young's modulus and Poisson ' s .  r a t i o .  

By means of a computer program c h a r t s  and graphs were p lo t t ed  of magnetic f i e l d s  
i n  var ious p laces  and of the t h r e e  maximum stresses fo r  a l a r g e  range of shapes and 
sizes of c o i l s  of t h e  s i m p l e s t  type. 

9. Since the or iginal .  pub l i ca t ion  d a t e  of t h i s  r epor t  (August 1966, Report 
No. 68-C-255), t h e  fol lowing paper was presented on t h i s  sub jec t ,  which con- 
t a i n s  f u r t h e r  r e f e r e n c e s  t o  recent  l i t e r a t u r e :  A . J .  Middleton and C.W. 
Trowbridge, h o c .  2nd I n t e r n .  Con€. Magnet: Technolopy, Oxford, 1967, p .  140. 

10. R.W. Kilb and W.F. Westendorp, G.E. Research 61 Development Center Report 
NO. 67-C-440 (1967)-  
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Fig. 1. Cross section of coil considered as a thick-walled 
pressure vessel showing stresses (a) and deformation (b). 

Fig. 2. Forces acting on an element. Not shown is the electro- 
magnetic force J B rdedr, directed radially outward. e z  
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+L C~PPER COIL AND 
SANDWICH COIL 

*RADIAL STRESS 

Fig. 3 .  Stresses and r a d i a l  motion shown as a func t ion  of r ad ius .  
For the "copper co i l "  ri - - 26.67 cm, rol= 45.72 cm, 
B i  = 91 kG, Bo = -18 kG, J = 9.88 kA/cm"; "sandwich co i f "  
same as copper  c o i l ;  "two-band coil" ri, = 26.67 cm, 
ro = 39.37 cm,  rx = 45.72 c m ,  B i  = 99 kG, Bo = -20 kG, 
J = 14.7 kA/cm2, E,,/E," = 0.33, us = 0.3 .  

. .  
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Fig. 8. Factor of increase of tangential s t res s  for a "loose" c o i l .  
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