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THERMAL STRESS ANALYSIS OF AN ALUMINUM-MYLAR TRANSFORMER C O I L  

B. R. Dewey 

ABSTRACT 

L i n e a r  f i n i t e - e l e m e n t  modeling t e c h n i q u e s  were used t o  s t u d y  
tempera ture  and stress d i s t r i b u t i o n  i n  a Mylar-aluminum t r a n s -  
former c o i l .  We f i r s t  i n v e s t i g a t e d  approaches t o  d i v i d i n g  t h e  
s t r u c t u r e  i n t o  d i s c r e t e  e lements:  a s i m p l i f i e d  model w a s  ade- 
q u a t e  f o r  p r e d i c t i n g  maximum stresses and displacements .  Stress 
d i s t r i b u t i o n s  produced w i t h  s t a i n l e s s  s t ee l  and w i t h  f i b e r g l a s s  
o u t e r  cover ings  were compared. The f i b e r g l a s s - c o v e r e d  c o i l  
showed a peak i n t e r l a y e r  p r e s s u r e  of about  4.3 MPa (600 p s i )  and 
a maximum hoop stress of about -20 MF'a (3000 p s i ) .  Corresponding 
stresses i n  t h e  s t a i n l e s s - s t e e l - c o v e r e d  c o i l  were about one- th i rd  
h igher .  I n  both cases t h e  maximum i n t e r l a y e r  p r e s s u r e  i s  a t  t h e  
c e n t e r  p lane  of t h e  c o i l  about halfway between t h e  i n n e r  and 
o u t e r  s u r f a c e s .  S impl i fy ing  t h e s e  assumptions should provide  
r e s u l t s  adequate  f o r  i d e n t i f y i n g  problem areas w i t h i n  t h e  c o i l .  

INTRODUCTION 

A new, economical e l ec t r i ca l  t r a n s f o r m e r  des ign  u t i l i z e s  a c o i l  wound 

from a l t e r n a t e  l a y e r s  of aluminum f o i l  and Mylar* f i lm.  

er t ies  tests on t h e s e  materials and on a p r o t o t y p i c  c o i l  have been s t a r t e d  

a t  ORNL. Guidance f o r  t h e  placement and i n t e r p r e t a t i o n  of t h e  instrumen- 

t a t i o n  on t h e  t e s t  c o i l  i s  p r e s e n t e d  i n  t h i s  f i n i t e - e l e m e n t  thermal  stress 

ana  l y  s i s  . 

Mechanical prop- 

ANALYSIS TECHNIQUE 

The f i n i t e - e l e m e n t  technique1 i s  w e l l  e s t a b l i s h e d  f o r  h e a t  t r a n s f e r  

and e l a s t i c i t y  a n a l y s i s .  I n  t h i s  s tudy  w e  i n v e s t i g a t e d  t h r e e  d i f f e r e n t  

b a s i c  models t o  e s t a b l i s h  t h e  v a l i d i t y  of making s i m p l i f i e d  meshes. 

"Trademark, E. I. DuPont de Nemours and Co., Wilimington, Del. 
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1. A 2 1/2-dimensional (D) model is an  axisymmetr ic  r e p r e s e n t a t i o n  

of t h e  c o i l  w i t h  t h e  c e n t e r  p lane  t a k e n  as a p l a n e  of symmetry. T h i s  

model i s  more expens ive  t o  ana lyze  t h a n  are t h e  two methods below. 

2. A p l a n e - s t r e s s  2-D model is a l s o  a n  axisymmetr ic  r e p r e s e n t a t i o n ,  

bu t  has  no c o n s t r a i n t  i n  t h e  a x i a l  d i r e c t i o n .  Because t h e  c o i l  i s  free t o  

d i s p l a c e  a x i a l l y  from t h e  e f f e c t  of tempera ture  and load  , t h e  a x i a l  

stresses are zero.  This  model a l s o  g i v e s  lower r a d i a l  and t a n g e n t i a l  

stresses t h a n  does t h e  2 1/2-D model. 

3. A p l a n e - s t r a i n  2-D model is a l s o  an axisymmetr ic  one, but  t h e  

a x i a l  d i r e c t i o n  i s  f u l l y  c o n s t r a i n e d ,  t h e  axial  stresses are no l o n g e r  

z e r o ,  and t h e  r a d i a l  and t a n g e n t i a l  stresses are h i g h e r  t h a n  i n  t h e  

2 1/2-D model. 

Our f i r s t  assumption w a s  t h a t  models 2 and 3 tended t o  bound t h e  

s o l u t i o n .  It i s  much more economical t o  a n a l y z e  both models 2 and 3 t h a n  

i t  is  t o  determine t h e  f u l l  2 1/2-D s o l u t i o n .  

L i m i t a t i o n s  and assumptions i n  t h i s  s t u d y  should be noted. We dec ided  

n o t  t o  model t h e  material as o r t h o t r o p i c  because no previous  work e x i s t s  

t o  e s t a b l i s h  t h e  o r t h o t r o p i c  e l a s t i c  p r o p e r t i e s  f o r  t h i s  l a y e r e d  con- 

s t r u c t i o n .  The l a y e r s  may o r  may not  be bonded t o g e t h e r ;  t h u s ,  it i s  

u n c e r t a i n  i f  c o n t i n u i t y  of t a n g e n t i a l  and a x i a l  stress d i s t r i b u t i o n  e x i s t s .  

The i n t e r l a y e r  p r e s s u r e ,  which is t h e  n e g a t i v e  of r a d i a l  stress and is 

t h u s  important  i n  t h i s  s tudy ,  is cont inuous because r a d i a l  stress is t r a n s -  

m i t t e d  from l a y e r  t o  layer .  The f i n i t e - e l e m e n t  model g i v e s  c o n t i n u i t y  of 

r a d i a l  d i sp lacements  but  not  e x a c t l y  of stresses because t h e  stresses are 

c a l c u l a t e d  from disp lacements ,  and some numerical  inaccuracy  i s  i n e v i t a b l e .  

The f i n i t e - e l e m e n t  a n a l y s i s  i n c l u d e s  d e s c r i p t i o n s  of t h e  geometry,  mate- 

r i a l ,  and loading  of t h e  s t r u c t u r e .  

Geometric Model 

Dimensions and c o n s t r u c t i o n  of t h e  p a r t i c u l a r  c o i l 2  ana lyzed  are 

shown i n  Fig. 1. The e x t e n s i o n  of t h e  i n n e r  c o r e  above and below t h e  c o i l  

(shown i n  Fig. 1) and t h e  excess  Mylar t h a t  overhangs the aluminum l a y e r s  

( n o t  shown i n  Fig. 1) were not inc luded  i n  t h e  f i n i t e - e l e m e n t  model. 

Because of symmetry, only t h e  top  one-half of t h e  c o i l  i s  c o n s i d e r e d  i n  
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O m - D W G  80-17725R1 INNER COAE. ALUMINUM 
1 6 mm (0 063 in) THICK 
152 4 mm(6 Win)  LONG 

OUTER COVERING. STAINLESS STEEL 
0.36mm( 0.044in) OR FIBERGLASS 

COIL. ALTERNATE LAYERS, 

ALUMINUM 0 1 rnm (0 004in). AND 
MYLAR 005mn(0002in) THICK f 4.Omm ( 0.0401n) THICK 

4 46 mm (575  in) 
INSIDE DIAMETER 

277mm (10.9 in )  

OUTSIDE DIAMETER 

102mm (4  in 

Fig. 1. Aluminum-Mylar t r a n s f o r m e r  c o i l .  

t h e  2 1/2-D model and, of course ,  axisymmetric f i n i t e  e lements  can be used. 

The eight-node i s o p a r a m e t r i c  q u a d r a t i c  element [PAFEC element 36210 

( r e f .  111 w a s  s e l e c t e d  f o r  i t s  g r e a t  t o l e r a n c e  t o  d i s t o r t i o n  of t h e  

height-width r a t i o .  

The f i n i t e - e l e m e n t  model d i d  not  use elements  as t h i n  as t h e  i n d i -  

v i d u a l  l a y e r s  of f o i l  and f i l m  because t h a t  would r e q u i r e  about  700 ele- 

ments i n  t h e  r a d i a l  d i r e c t i o n ,  which would l e a d  t o  a very l a r g e  s o l u t i o n .  

The 2 1/2-D model would a l s o  t a k e  about  50,000 t o  100,000 degrees  of 

freedom (d. f .  >, depending on a s p e c t  r a t i o .  

from 350 t o  1400 d.f.,  where t h e  lower number i s  f o r  p lane  s t r a i n .  

Furthermore,  t h e  ref inement  a f f o r d e d  by t h i s  l a r g e  number of d. f . cannot 

be expected t o  improve accuracy. Hence, we decided t o  use  a more moderate 

number of e lements  - 520 i n  t h e  2 1/2-D a n a l y s i s  (a mesh of 65 elements  i n  

t h e  r a d i a l  d i r e c t i o n  and 8 elements  i n  t h e  a x i a l  d i r e c t i o n )  and 65 i n  t h e  

The 2-D a n a l y s e s  would use  
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2-D ana lyses .  

t o  g i v e  good r e s u l t s  f o r  our problem, a l t h o u g h  t h e  l a y e r s  are t h i c k e r  and 

fewer t h a n  i n  t h e  a c t u a l  c o i l .  

These meshes are small t o  moderate i n  s i z e  but are b e l i e v e d  

The meshes are shown i n  Figs.  2 and 3. The 2 1/2-D mesh i n  Fig. 2 

shows t h e  t h i n n e r  e lements  (Mylar) d i s t o r t e d  i n  height- to-width r a t i o  t o  

about  1 O : l .  Although t h i s  amount of d i s t o r t i o n  i s  i n  t h e  "warning" area 

recommended by PAFEC,l i t  e f f e c t s  a more economical s o l u t i o n  and is  ade- 

q u a t e  f o r  models having small s h e a r  stresses. On t h e  o t h e r  hand, t h e  mesh 

i n  Fig. 3 f o r  2-D a n a l y s i s  c o n t a i n s  e lements  t h a t  are d i s t o r t e d  only 2:1, 

w e l l  w i t h i n  t h e  normal range allowed. 

ORNL-DWG 80-2044 7 R  

Fig. 2. Mesh f o r  2 1/2-D a n a l y s i s .  Bottom of t h e  mesh is  r e s t r a i n e d  
from v e r t i c a l  d i sp lacement ,  which is t h e  symmetry c o n d i t i o n  p e r m i t t i n g  use  
of one-half t h e  c o i l .  
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ORNL-DWG 80-20219R 

Fig. 3. Mesh f o r  2-D a n a l y s i s .  For p l ane  s t r a i n ,  a l l  freedoms are 
r e s t r a i n e d  i n  t h e  v e r t i c a l  d i r e c t i o n .  For p lane  s t r e s s ,  only t h e  bottom 
p l a n e s  of nodes are v e r t i c a l l y  r e s t r a i n e d .  

Material P r o p e r t i e s  

Mechanical and thermal  p r o p e r t i e s  of t h e  aluminum, Mylar, s t a i n l e s s  

s t ee l ,  and f i b e r g l a s s  used were obta ined  from v a r i o u s  sources .  D e f i n i t e  

mechanical  p r o p e r t i e s  f o r  Mylar cannot be quoted;  Mylar i s  a n i s o t r o p i c  

because  of t h e  long-chain molecules  i n  t h e  p l ane  of t h e  f i l m ,  and i t s  

p r o p e r t i e s  vary  from one l o t  t o  another .  Futhermore, Mylar probably i s  

n o t  l i n e a r l y  e l a s t i c ,  a l though we have assumed t h a t  i t  is  f o r  t h i s  

a n a l y s i s .  Because hoop stress i n  t h e  f i b e r g l a s s  predominates ,  t h e  circum- 

f e r e n t i a l  p r o p e r t i e s  of t h e  f i b e r g l a s s  were s e l e c t e d  f o r  an  i s o t r o p i c  

approximat  ion. 

S e l e c t e d  values of p r o p e r t i e s  used i n  the a n a l y s i s  are g iven  i n  

Table  1. I f  i t  is later found t h a t  some of t h e  p r o p e r t i e s  are g r e a t l y  

d i f f e r e n t  from t h e  ones used h e r e ,  r e p e a t i n g  t h e  a n a l y s i s  i s  not a d i f -  

f i c u l t  t a sk .  
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Loading 

Two e f f e c t s  of loading  are cons idered:  (1) t h e  tempera ture  d i s t r i b u -  

t i o n  i n  t h e  c o i l  and ( 2 )  t h e  geometr ic  r e s t r a i n t s  on t h e  boundaries  of t h e  

mesh r e p r e s e n t i n g  t h e  c o i l .  

Two runs  are needed t o  a n a l y z e  thermal  stress. I n  t h e  f i r s t ,  t h e  

h e a t  t r a n s f e r  problem i s  so lved  and t h e  nodal  tempera tures  are s t o r e d  i n  a 

d a t a  set. The second run  starts w i t h  t h e  s t o r e d  tempera tures  and performs 

t h e  e l a s t i c  stress a n a l y s i s .  The tempera ture  d i s t r i b u t i o n  and t h e  mechan- 

i c a l  r e s t r a i n t s  g i v e  rise t o  t h e  p a r t i c u l a r  thermal  stress d i s t r i b u t i o n .  

The same meshes and t h e  same o r d e r  of e lements  are used f o r  t h e  two runs. 

Thus, t h e r e  i s  a one-to-one correspondence of both meshes. 

We suspec ted  t h a t  t h e  c o i l s  could a l s o  have r e s i d u a l  stresses caused 

by winding tens ion .  No method c u r r e n t l y  exis ts  f o r  de te rmining  t h e  r e s i d u a l  

stresses i n  t h e  c o i l ,  bu t  i t  is  reasonable  t o  assume t h a t  they are somewhat 

smaller t h a n  t h e  thermal  stresses. The c o i l  i s  a l s o  loaded by g r a v i t y .  

D i s t o r t i o n  from t h e  weight of t h e  c o i l  may be e v i d e n t  i n  t h e  exper iments ,  

depending on t h e  method of suppor t  and winding tens ion .  However, i n  t h i s  

f in i te -e lement  a n a l y s i s ,  t h e  e f f e c t s  of r e s i d u a l  stress and g r a v i t y  have 

been ignored. 

With t i m e  and tempera ture ,  t h e  materials tend  t o  c r e e p ,  and a stress 

r e d i s t r i b u t i o n  can occur. This  t y p e  of n o n l i n e a r  a n a l y s i s  can be r o u t i n e l y  

performed w i t h  t h e  f i n i t e - e l e m e n t  method, but  we have not  addressed  it here.  

RESULTS 

Meshes f o r  t h e  2 1/2-D and 2-D a n a l y s e s  were prepared. A f t e r  thermal  

and mechanical  a n a l y s e s ,  r e s u l t s  from t h e  t h r e e  b a s i c  approaches (models 

2 1/2-D, 2-D p lane  stress, and 2-D p lane  s t r a i n )  were compared. 

Thermal Analys is  

I d e n t i c a l  t empera ture  d i s t r i b u t i o n s  e x i s t  f o r  t h e  c o n d i t i o n s  assumed 

i n  t h e  2 1/2-D and 2-D models. For s i m p l i c i t y  and f o r  matching t h e  d e s i r e d  

e x p e r i m e n t a l  c o n d i t i o n s ,  we assumed t h a t  t h e  e n t i r e  i n n e r  c o r e  of t h e  c o i l  
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had a tempera ture  of 100°C, t h a t  t h e  o u t e r  cover ing  had a tempera ture  of 

70°C, and t h a t  t h e  edge s u r f a c e s  ( t o p  and bottom i n  Fig. 1) were i n s u l a t e d .  

I n  t h e  a c t u a l  c o i l ,  t h e  Mylar l a y e r s  hang out  t h e  top  and bottom f o r  a 

c o n s i d e r a b l e  d i s t a n c e ,  which s u p p o r t s  t h e  insu la ted-edge  assumption. 

The s tepped-so l id  l i n e  i n  Fig. 4 shows t h e  r e s u l t a n t  tempera ture  

d i s t r i b u t i o n  d e r i v e d  from f i n i t e - e l e m e n t  a n a l y s i s .  Because aluminum is  a 

good conductor  compared w i t h  Mylar, t h e  aluminum l a y e r s  are a t  n e a r l y  

c o n s t a n t  temperature .  I n  c o n t r a s t ,  t h e  Mylar l a y e r s ,  which tend  t o  be 

i n s u l a t o r s ,  show tempera ture  drops. The s o l u t i o n s  do not  change m a t e r i a l l y  

when t h e  cover ing  i s  changed from s t a i n l e s s  s t ee l  t o  f i b e r g l a s s .  

S o l u t i o n  of t h e  F o u r i e r  h e a t  c o n d i t i o n  e q u a t i o n  f o r  t h e s e  c o n d i t i o n s  

i s  r o u t i n e  and l e a d s  t o  a l o g a r i t h m i c  tempera ture  d i s t r i b u t i o n .  For com- 

p a r i s o n ,  t h i s  tempera ture  d i s t r i b u t i o n  i s  shown i n  Fig. 4 as a dashed l i n e  

and l a b e l e d  as t h e  tempera ture  d i s t r i b u t i o n  T, which would occur  i n  a 

homogeneous c y l i n d e r .  The nodal  p o i n t  tempera tures  c a l c u l a t e d  h e r e  are 

used as i n p u t  c o n d i t i o n s  f o r  t h e  stress a n a l y s i s .  

O W - D W G  80-17724 

70 80 90 4 0 0  4IO 4 2 0  430 440 
RADIUS (mm) 

. 

Fig. 4 .  R e s u l t s  of thermal  a n a l y s i s .  
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Elas t ic  S t r e s s  Analys is  f o r  C o i l  w i th  S t a i n l e s s  S t e e l  Outer  Covering 

I n  t h e  f i n i t e - e l e m e n t  method used, d i sp l acemen t s  are f i r s t  c a l c u l a t e d ,  

and s t r e s s e s  are c a l c u l a t e d  on t h e  b a s i s  of t h e  s o l u t i o n  f o r  d i sp lacements .  

Because of t h e  axisymmetry, t h e r e  are only r a d i a l  d i sp lacements  u and axial  

d i sp lacemen t s  W. The most impor tan t  s t r a i n ,  t h e  hoop s t r a i n ,  i s  g iven  by 

t h e  formula u/r, and t h e  r a d i a l  s t r a i n  i s  found from t h e  p a r t i a l  de r iva -  

t i v e  au /ar ,  where r i s  t h e  r ad ius .  

ax ia l  coord ina te .  The geometry of t h e  c r o s s  s e c t i o n  of t h e  t r ans fo rmer  

c o i l  and t h e  r a d i a l l y  only va ry ing  tempera ture  render  t h e  s h e a r  stresses 

small and unimportant .  The 1 O : l  d i s t o r t i o n  of t h e  elements  i n  t h e  mesh of 

Fig.  2 w a s  t h e r e f o r e  assumed t o  be unimportant .  

Axial s t r a i n  i s  aw/az, where z i s  t h e  

The most d i r e c t  way t o  compare t h e  e f f i c a c y  of t h e  2 1/2-D a g a i n s t  

t h e  2-D s o l u t i o n s  i s  t o  compare t h e  r a d i a l  d i sp lacements  u (Fig. 5).  For 

t h e  2 1/2-D a n a l y s i s ,  u is  p l o t t e d  as a f u n c t i o n  of r a d i a l  p o s i t i o n  f o r  

t h e  c e n t e r l i n e ,  f o r  a l i n e  halfway between t h e  c e n t e r l i n e  and o u t s i d e  edge 

38 

36 

34 

.3 2 

30 
E 
E 28 
- 
- 
5 26 
w 5 24 
V 2 22 
v) 
0 20 
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io iz Q i20 4 30 i40 i50 
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Fig. 5. Rad ia l  d i sp lacements  computed f o r  t r ans fo rmer  c o i l  w i t h  
s t a i n l e s s  s teel  o u t e r  covering. 
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( q u a r t e r  p o i n t ) ,  and f o r  a l i n e  on t h e  o u t e r  edge. 

u f o r  p lane  s t r a i n  ( W  = 0) and f o r  p lane  stress ( W  f r e e  t o  d i s p l a c e )  i s  

a l s o  shown i n  Fig. 5. The cross-hatched area r e p r e s e n t s  t h e  scatter band 

p r e d i c t e d  by t h e  two 2-D assumptions.  I n  view of t h e  u n c e r t a i n t y  i n  Mylar 

p r o p e r t i e s ,  l i n e a r  e l a s t i c i t y ,  and r e s i d u a l  stresses, w e  c o n s i d e r  t h i s  

sca t te r  band t o  be acceptab le .  The p l a n e  stress a n a l y s i s  p r e d i c t s  u 

b e t t e r .  Also ,  u i s  not g r e a t l y  d i f f e r e n t  a t  any p a r t i c u l a r  axial  l o c a t i o n  

i n  t h e  c o i l  i n  t h e  2 1/2-D a n a l y s i s .  On t h e  b a s i s  of d i sp lacements  

computed, t h e  e x t r a  expense of a 2 1/2-D a n a l y s i s  is not j u s t i f i e d .  

The s t r a i n s  i n  f i n i t e - e l e m e n t  a n a l y s i s  f o l l o w  from t h e  s t r a i n -  

displacement  e q u a t i o n s  t h a t ,  except  f o r  t h e  hoop s t r a i n ,  i n v o l v e  der iv-  

a t i v e s  of t h e  d isp lacements .  S t r e s s e s  are t h e n  computed from t h e  s t r a i n s  

and t h e  e l a s t i c  p r o p e r t i e s .  I n  t h i s  a n a l y s i s ,  as i n  most cases, t h e  hoop 

stress is t h e  predominant stress. 

For t h e  2-D a n a l y s i s ,  

F i g u r e  6 compares t h e  hoop stresses computed by t h e  2 1/2-D and 2-D 
analyses .  I n  t h e  case of t h e  Mylar, t h e  hoop stresses are small ( a s  

expec ted  f o r  a low-modulus m a t e r i a l )  and a r e  bounded w e l l  by t h e  two 2-D 
a n a l y s e s .  The Mylar h a s  compressive hoop stresses only. On t h e  o t h e r  hand, 

ORNL-DWCI 80-17723 
40 I I I I I I I 1 
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Fig. 6. Hoop stresses comparisons f o r  t r a n s f o r m e r  c o i l  w i t h  s t a i n l e s s  
s tee1 o u t e r  covering.  
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MY 

. 

E 

t h e  hoop stresses i n  t h e  aluminum are not  bracke ted  by t h e  p lane  stress 

and p lane  s t r a i n  l i n e s ,  p a r t i c u l a r l y  on t h e  compressive s i d e .  However, 

t h e  maximum v a l u e s  of hoop stress are o v e r e s t i m a t e d  by t h e  p lane  s t r a i n  

a n a l y s i s ,  and t h i s  is on t h e  s a f e  s i d e  f o r  d e s i g n  work. We t a k e  t h e  com- 

p a r i s o n s  i n  Figs .  5 and 6 as evidence t h a t  t h e  2 112-D a n a l y s i s  is  not  

r e a l l y  j u s t i f i e d  i n  subsequent  work. 

To c l a r i f y  d i f f e r e n c e s  between t h e  v a r i o u s  approaches,  t h e  stresses 

i n  Fig. 6 do not  i n c l u d e  a l a r g e  hoop stress i n  t h e  o u t e r  s t a i n l e s s  s t ee l  

covering.  Drawn t o  l a r g e r  scale, Fig. 7 shows hoop-stress  p r e d i c t i o n s  from 

t h e  p lane  stress and t h e  p lane  s t r a i n  approaches,  i n c l u d i n g  t h e  o u t e r  

covering.  The s t a i n l e s s  s tee l ,  w i t h  the thermal  expansion c o e f f i c i e n t  

mismatch and t h e  h i g h e r  modulus of e l a s t i c i t y ,  becomes h i g h l y  s t r e s s e d .  

The l a r g e  stress i n  t h e  s t a i n l e s s  s tee l  band h a s  some l i m i t e d  e f f e c t  on 

t h e  rest of t h e  s t r u c t u r e .  

E 300L 200 

- 
a" 

I 
v) 
v) w 
CK 
$ 
a 100 
0 
0 I 

FIBERGLASS P L A N E  STRAIN 1 I. 
I 
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4 
I 

FIBERGLASS P L A N E  STRESS 

A L  P L A N E  S T R A I N  

A L  P L A N E  STRESS 

-100 I I I I I I .- - 
70 80 90 100 1 10 4 20 130 140 

RADIUS (mm)  

Fig. 7. Two-dimensional a n a l y s i s  hoop-stress  p r e d i c t i o n s  f o r  c o i l  
w i t h  s t a i n l e s s  s tee l  o u t e r  cover ing  included.  
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Another impor tan t  r e s u l t  i s  t h e  i n t e r l a y e r  p r e s s u r e  d i s t r i b u t i o n  be- 

tween t h e  Mylar and aluminum f o i l .  

a n a l y s i s ,  where t h e  p r e s s u r e  between l a y e r s  i s  t h e  n e g a t i v e  of t h e  r a d i a l  

stress. The l a c k  of a x i a l  r e s t r a i n t  i n  t h e  p l ane  stress a n a l y s i s  causes  a 

s l i g h t l y  lower r a d i a l  stress i n  t h e  Mylar. 

p l a n e  s t r a i n ,  t h e  r a d i a l  stresses are e s s e n t i a l l y  equa l  i n  t h e  two 

materials. The p l o t s  i n  Fig. 8 can be assumed t o  b racke t  t h e  r a d i a l  stress 

d i s t r i b u t i o n  i n  t h e  e n t i r e  c o i l ;  t h e  p l ane  s t r a i n  p r e d i c t i o n s  cor respond 

t o  t h e  r a d i a l  stresses i n  t h e  i n t e r i o r  of t h e  c o i l ,  whereas those  f o r  p lane  

stress cor respond t o  t h e  f r e e  s u r f a c e  of t h e  c o i l .  

F igu re  8 shows r e s u l t s  from t h e  2-D 

With t h e  a x i a l  r e s t r a i n t  i n  

The a n a l y s i s  i n  t h e  preceding  s e c t i o n  f o r  p lane  stress and p lane  

s t r a i n  c o n d i t i o n s  has been r epea ted  wi th  t h e  s t a i n l e s s  s t ee l  o u t e r  cover ing  

r e p l a c e d  by f i b e r g l a s s .  

ORNL-DWG 80-2008 
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Fig. 8. Two-dimensional p r e d i c t i o n s  f o r  r a d i a l  stress i n  c o i l  
covered  w i t h  s t a i n l e s s  steel. 
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Comparison of Fig. 9 wi th  Fig. 5 does not show a s i g n i f i c a n t  d i f -  

f e r e n c e  i n  t h e  p r e d i c t e d  r a d i a l  d i sp lacements  a t  t h e  i n s i d e  of t h e  c o i l .  

A t  t h e  o u t s i d e ,  however, t h e  p lane  s t r a i n  s o l u t i o n  f o r  t h e  g lass -covered  

c o i l  shows s l i g h t l y  less d isp lacement  than  f o r  t h e  s t a i n l e s s  steel. 

ORNL-DWG 81-9985 

- 0.35 

0.1 0 
70 80 90 4 0 0  440 420 430 440 150 

RADIUS ( m m )  

Fig. 9. Radia l  d i sp lacements  computed f o r  c o i l  w i t h  f i b e r g l a s s  
cover ing .  Shaded area shows upper and lower bounds on t h e  s o l u t i o n ;  lower 
bound is  b e t t e r  p r e d i c t o r .  

The hoop stresses i n  t h e  aluminum l a y e r s  of t h e  c o i l  w i t h  t h e  f i b e r -  

g l a s s  cover ing  are somewhat less (Fig. 10 compared w i t h  Figs.  6 and 7).  

T h i s  is a f a v o r a b l e  r e s u l t ,  because t h e  maximum hoop stresses i n  t h e  a l u -  

minum are below t h e  y i e l d  stress, which is t aken  as approximate ly  28 MPa 

( 4  k s i ) .  As b e f o r e ,  a r eg ion  of ze ro  hoop stress is p r e d i c t e d  a t  a r a d i u s  

of about 115 mm (4.5 in . ) .  The hoop stresses i n  t h e  Mylar are even smaller 

t h a n  i n  t h e  p rev ious  a n a l y s i s ,  being, f o r  a l l  p r a c t i c a l  purposes ,  zero. 

Accompanying t h e  decreased  hoop stresses are decreased  i n t e r l a y e r  

p r e s s u r e s .  F igu re  11 shows t h a t  t h i s  p r e s s u r e  has  an upper-bound va lue  of 

4.3 MPa compared w i t h  5.5 MPa (Fig.  8) where t h e  o u t e r  cover ing  is s t a i n -  

less s t e e l .  The maximum r a d i a l  p r e s s u r e  occur s ,  as b e f o r e ,  where t h e  hoop 

stresses are e s s e n t i a l l y  z e r o  i n  t h e  aluminum l a y e r s  of t h e  c o i l .  
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compared w i t h  Fig. 7 ,  t h e  hoop stresses here are 
much lower. 
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CONCLUSIONS AND RECOMMENDATIONS 

These f i n i t e - e l e m e n t  r e s u l t s  should a i d  i n  t h e  des ign  of t h e  t r a n s -  

former c o i l s  and i n  t h e  placement of t r a n s d u c e r s  f o r  measurement of 

p r e s s u r e  and s t r a i n .  The comparisons between t h e  more complete 2 1/2-D 

a n a l y s i s  and t h e  less expensive 2-D a n a l y s e s  v e r i f y  t h e  approach of 

b r a c k e t i n g  t h e  d isp lacements  and stresses w i t h  p lane  s t r a i n  and p lane  

stress r e s u l t s .  The l a r g e  stress i n  t h e  s t a i n l e s s  s tee l  o u t e r  cover  and 

t h e  l a r g e r  stresses i n  t h e  c o i l  i n d i c a t e  t h a t  he f i b e r g l a s s  covering i s  a 

b e t t e r  choice.  

The r e s u l t s  are l i m i t e d  by assumptions of i s o t r o p i c  mechanical  pro- 

p e r t i e s  f o r  Mylar, by t h e  assumption of l i n e a r  e l a s t i c i t y ,  by t h e  n e g l e c t  

of r e s i d u a l  stress, and by t h e  use  of l a y e r s  of aluminum and Mylar t h a t  

are t h i c k e r  t h a n  a c t u a l .  For t h e  r e s u l t s  of t h i s  type  of a n a l y s i s  t o  have 

a h i g h e r  accuracy ,  b e t t e r  mechanical p r o p e r t y  d a t a  are needed. A more 

d e t a i l e d  and expensive i n e l a s t i c  a n a l y s i s  may be a t tempted  a t  a f u t u r e  

t i m e  when creep e q u a t i o n s  can be e s t a b l i s h e d  f o r  t h e  Mylar-aluminum sand- 

wich material. Creep t e s t i n g  of d i r e c t i o n a l l y  o r i e n t e d  samples of Mylar 

could  be a t tempted  t o  improve p r o p e r t y  i n f o r m a t i o n  and perhaps set  t h e  

b a s i s  f o r  a f i n i t e - e l e m e n t  c reep  a n a l y s i s .  

A worthwhile  p r o j e c t  would be t o  c o r r e l a t e  f i n i t e - e l e m e n t  modeling 

(which p r e d i c t s  deformation v e r s u s  t i m e  f o r  a c o i l )  w i t h  l a b o r a t o r y  

experiments .  If confidence i n  such a model could be e s t a b l i s h e d ,  t h e  

changing of v a r i o u s  des ign  parameters  could be economically e v a l u a t e d  by 

f i n i t e - e l e m e n t  s t u d i e s .  Changes might i n c l u d e  d i f f e r e n t  o p e r a t i n g  

t e m p e r a t u r e s ,  d i f f e r e n t  t h i c k n e s s  l a y e r s  of Mylar and/or  aluminum, changing 

t h e  geometry of t h e  c o i l ,  and s u b s t i t u t i n g  d i f f e r e n t  materials. Such a 

procedure  would a i d  i n  a more r a p i d  c y c l e  through des ign ,  t e s t i n g ,  and 

product  ion. 
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