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STRUCTLJRAL ANALYSIS OF SHIPPING CASKS 
VOL 1. ANALYSIS OF A SHIPPING CASK SUBJECTED TO INTERNAL PRESSURE 

A b s t r a c t  

Formulas t o  be used by t h e  d e s i g n  e n g i n e e r  t o  c a l c u l a t e  
t h e  maximum s t r e s s  produced i n  a c a s k  used t o  s h i p  r a d i o a c t i v e  
m a t e r i a l s  when it  i s  s u b j e c t e d  t o  i n t e r n a l  p r e s s u r e  a r e  p re -  
s e n t e d  i n  t h i s  r e p o r t .  These fo rmulas  were developed f o r  u s e  
as a guide t o  i n d i c a t e  compliance w i t h  t h e  proposed Atomic 
Energy Commission r e g u l a t i o n  p e r t a i n i n g  t o  t h c  d e s i g n  requi-re- 
ment f o r  r e s i s t a n c e  t o  i n t e r n a l  p r e s s u r e ;  however, u se  of t h e s e  
fo rmulas  does n o t  g u a r a n t e e  compliance w i t h  t h i s  f e g u l a t i o n .  
Formulas, which t a k e  i n t o  accoun t  t h e  e l a s t i c  n a t u r e  of t h e  
l e a d  s h i e l d i n g ,  a r e  d e r i v e d  t o  d e t e r m i n e  t h e  t h i c k n e s s  of  t h e  
c a v i t y  w a l l  f o r  c a s k s  of  b o t h  p r i s m a t i c  and c y l i n d r i c a l  c o n f i g -  
u r a t i o n ,  t h e  fo rmulas  are  t a b u l a t e d ,  and example problems a r c  
g iven .  Creep of t h e  l c a d  s h i e l d  i s  e v a l u a t e d ,  arid i t  i s  con- 
c luded  from t h i s  e v a l u a t i o n  t h a t  t h e  c r e e p  problem t e n d s  t o  be 
se 1 f - a1 1 e v i a t  i n g  . 

1. INTRODUCTION 

T h i s  r e p o r t  p r o v i d e s  t h e  d e s i g n  e n g i n e e r  w i t h  fo rmulas  f o r  u se  i n  

c a l c u l a t i n g  t h e  maximum s t r e s s e s  produced i n  a c a s k  when i t  i s  s u b j e c t e d  

t o  i n t e r n a l  p r e s s u r e .  These fo rmulas  are  o r i e n t e d  p r i m a r i l y  toward t h e  

r e q u i r e m e n t s  o f  t h e  proposed Atomic Energy Commission r e g u l a t i o n  10 CFR 7 1  

r e l a t e d  t o  i n t e r n a l  p r e s s u r e . l  

The proposed r e g u l a t i o n s  p e r t a i n i n g  t o  t h e  shipment of  r a d i o a c t i v e  

mater ia ls  and t h e  s h i p p i n g  c a s k s  used t o  c o n t a i n  r a d i o a c t i v e  m a t e r i a l  

d u r i n g  t r a n s p o r t  govern l i c e n s e e s  o f  t h e  Atomic Energy Commission. One 

o f  t h e s e  r e g u l a t i o n s  p e r t a i n s  t o  t h e  d e s i g n  r e q u i r e m e n t s  Eor r e s i s t a n c e  

t o  i n t e r n a l  p r e s s u r e ,  and i t  s ta tes  t h a t :  

Packaging ( t h e  cask )  s h a l l  be  c a p a b l e  of w i t h s t a n d i n g  a n  
i n t e r n a l  gauge p r e s s u r e  w i t h i n  t h e  containment  v e s s e l  of  20 
pounds p e r  s q u a r e  i n c h  o r  t w i c e  t h e  o p e r a t i n g  gauge p r e s s u r e ,  
whichever  i s  g r e a t e r ,  w i t h o u t  g e n e r a t i n g  stress i n  any  m a t e r i a l  
of t h e  packaging i n  e x c e s s  o f  i t s  y i e l d  s t r e n g t h .  

lCode of F e d e r a l  R e g u l a t i o n s ,  T i t l e  10 P a r t  71 ,  “ P r o t e c t i o n  Aga ins t  
R a d i a t i o n  i n  t h e  Shipment of  I r r a d i a t i o n  Fuel  Elements ,”  F e d e r a l  R e g i s t e r  
Document 61-9151, September 1961. 
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A t  t h e  p r e s e n t  t ime,  e s s e n t i a l l y  a l l  l a r g e  c a s k s  des igned  and Itsed i n  

t h e  United S t - a t p s  a r e  made of  l e a d  encased i n  s t e e l  and have a c y l i n d i i c a l  

o r  p r i s m a t i c  c o n f i g u i a t i u n .  Clic? m a t e r i a l  s most g e n e r a l l y  used i n  c a s k  con- 

s t r u c t i o n  a r e  chemical  l e a d  and t h e  3 0 0 - s e r i e s  s t a i n l e s s  s t e e l ,  brit t u n g s t e n ,  

d e p l e t e d  uranium, carbon stet.1, i r o n ,  and c n q c r e t e  a r e  sometimes used f o r  

s h i e l d i n g  pu rposes .  Some t y p i c a l  p r o p e r t i e s  o f  chemical  l e a d  are  g iven  i n  

'L'ahlcs 1 through 3, and some p r o p e r t i e s  o f  type-347 s t a i n l e s s  s t e e l  a r e  

g iven  i n  Table  4 .  

a 
Ta.ble 1. P r o p e r t i e s  of  Chemical. Lead 

618 
0 

M e l t i n g  p o i n t ,  F 
T e n s i l e  s t  cength ( c a s t ) ,  p s i  3000 

P o i s s o n ' s  r a t i o  0.4 t o  0.45 

Creep i n  % p e r  hour ai- t e m p e r a t u r e s  from room 

Modulus o f  e l a s t i c i t y  i n  t e n s i o n ,  p s i  2 , o  x 106 

E l a s t i c  l i m i t ,  p s i  200 

t o  150°F f o r  
200 p s i  s t r e s s  0.000004 t o  0.0006 
300 p s i  s t r e s s  0.000015 t o  0.0050 
400 p s i  s t n e s s  0.000030 t o  0.0230 

L i n e a r  ( 4 8  t o  272'F, mean) 0.0000163 p e r  F 
Cub ica l  (48 t o  717OF)  0.0000488 p e r  O F  

Cubical ( l i q u i d  a t  m e l t i n g  0.0000717 p e r  O F  

I n c r e a s e  i n  voliimc on m e l t i n g  4% 

C o e f f i c i e n t  o f  expans ion  
0 

t o  6750F) 

a 
A l l  p r o p e r t i e s  g i v e n  f o r  room t empera tu re  

u n l e s s  noted o t h e r w i s e .  

Tab le  2 .  E f f e c t  o f  Temperature on T e n s i l e  P r o p e r t i e s  
o f  Chemical Lead Annealed a t  212OF 

T e n s i l e  Reduction 
Temperature S t r e n g t h  E l o n g a t i o n  i n  Area 

( O F )  ( p s i >  (%I (V 
68 1920 3 1. 

180 1140 24 
302 7 10 3 3  
38 3 570 20 
509 280 20 

100 
100 
100 
l o o  
100 
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Tab le  3 .  Ma.ximuni Al lowable  F i b e r  S t r e s s  
i n  Extruded Chemical Lead P i p e  

Maximum A 1  lowa b l  e 

. 

Temperature  F i b e r  S t ress  

( O F >  ( p s i )  

68 200 
104 180 
140 162 
176 144 
212 127 
2 30 118 
266 100 
30 2 80 

Table  4 .  P r o p e r t i e s  o f  Type 347 S t a i n l e s s  Steel .  a 

Modulus of  e l a s t i c i t y ,  p s i  28,000,000 

Mean c o e f f i c i e n t  o f  thermal  
expans ion  (32 t o  600°F) 

T e n s i l e  s t r e n g t h  of  annea led  
p l a t e ,  p s i  

0 0.0000095 per  F 

90,000 

Y i e l d  s t r e n g t h  o f  a.nnealed p l a t e  35,000 
(0.2% o f f s e t ) ,  p s i  

P o i s s o n ' s  r a t i o  0.3 

a 
A l l  p r o p e r t i e s  g iven  f o r  room tempera tu re  r in less  

no ted  o t h e r w i s e .  

C a v i t i e s  i n  casks f o r  s p e n t  fuel.  e l emen t s  a r e  q u i t e  l a r g e ,  and t h e  

t r e n d  seems t o  b e  toward l a r g e r  ca.sks. Some s i z e s  c h a r a c t e r i s t i c  of typ-  

i c a l  i r r a d i a t e d  f u e l  c o n t a i n e r s  are g iven  i n  Tab le  5 .  It should  be  no ted  

t h a t  t h e  i n n e r  s h e l l  of a l l  c a s k s  l i s t e d  i n  t h e  t a b l e  i s  s t a i n l e s s  s t e e l ,  

The re fo re ,  i t  would be economica l ly  w i s e  t o  make t h i s  i n n e r  s h e l l  as t h i n  

as p o s s i b l e  t o  s a f e l y  r e s i s t  t h e  i n t e r n a l  p r e s s u r e .  One way t o  r educe  t h e  

t h i c k n e s s  o f  t h e  i n n e r  s h e l l  i s  t o  c o n s i d e r  t h e  s h i e l d  a s  a l o a d  b e a r i n g  

member. 

p r e s s u r e  o f  t h e  c a s k  i s  less  t h a n  t h e  minimum d e s i g n  p r e s s u r e  of 20 p s i g  

p r e s c r i b e d  by CFR T i t l e  10 P a r t  7 1  and when t h e  cask i s  of p r i s m a t i c  

c o n f i g u r a t i o n .  

T h i s  ma.y b e  o f  p a r t i c u l a r  advantage  when t h e  a c t u a l  o p e r a t i n g  



Table 5. Typical Characteristics of Irradiated Fuel Containers 

Nominal Thickness Thickness 
o f  Th i ckne s s 0 5  - Outer. Design Empty Inside inner 01 

Cask We igh t D h e n  s ions Shella Lead S t e l l '  Pressure 
Designation Supplier Owner ( t o n s )  (in.) (i.9.) (in.) (in.) (PSi!d 

Chalk River 

Yankee 

Dresden 

GE - Universal 

Tiqua - Elk River 

M-130 

MTR F u e l s  

0. G. Kelley USAEC 45 30 by 132 

Edlow Lead We s t  lnghouse 73 38 diameter 

35 high 

119 high 

Stearns Roger Stanray 71 41 diameter 

Knapp Mills GE 21 13 diameter 

Knapp Mills L S G C  28 30 diamerer 

142 high 

129 high 

83 high 

132 high 

30 high 

Knapp Mills iJ. S. Navy 110 55 diameter 

National Lead National Lead 12 23 diameter 

112 6 314 
c 1 adding 

3 18 10 

s /4 9 1/2 

1 12 8 318 

3 /4  8 

i i o  1/2 

1/2 8 112 

1 12 20 

1 3/8 100 

cladding 

3 / 4  120 

3 14 100 

cladding 

cladding 

I C  100 c 

I C  300 

112 c 20 

"Szainless steel. 

bStainless s t e e l  unless noced ozherwise. 

'Carbon s t ee l .  
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The s h i e l d i n g  m a t e r i a l  i t s e l f  i s  u s u a l l y  very weak. However, because 

of i t s  l a r g e  t h i c k n e s s  ( 6  t o  1 2  i n . ) ,  it may have a r e a s o n a b l e  l o a d  carry- 

i n g  c a p a c i t y .  I f  l e a d  i s  t h e  s h i e l d i n g  m a t e r i a l ,  i t s  c r e e p  under  l o a d  a t  

e l e v a t e d  t e m p e r a t u r e s  shou ld  be e v a l u a t e d .  
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2. SUMMARY 

T o  de.Eine t h e  s t a t e  of  s t r e s s  i n  a s t r u c t u r e ,  t h e  ma.gnitudes and 

d i r e c t i o n s  o f  t h e  t h r e e  p r i n c i p a l  s t resses  must b e  de t e rmined .  When a.t 

l e a s t  two o f  t h e s e  t h r e e  s t r e s s e s  are d i f f e r e n t  from z e r o ,  a s t r e n g t h  

t h e o r y  must be  used t o  d e t e r m i n e  t h e  p r o x i m i t y  t o  y i e l d i n g .  The maximum 

s h e a r  s t ress  t h e o r y  d i s c u s s e d  i n  Chap te r  3 i s  used i n  t h i s  r e p o r t .  

I n  t h e  c a l c u l a t i o n s  f o r  c a s k s  w i t h  a p r i sma t i - c  c o n f i g u r a t i o n ,  the 

w a l l s  o f  t h e  c a s k  a r e  ana lyzed  as a frame c o n s i s t i n g  of t h e  l i n e r  amd 

s h i e l d  loaded  i n t e r n a l l y  by t h e  p r e s s u r e .  For t h i s  c o n f i g u r a t i o n ,  t h e r e  

a r e  two c a s e s  t h a t  must  b e  i n v e s t i g a t e d :  one i s  f o r  t h e  1- iner  and s h i e l d  

bonded t0gethe.r  and t h e  o t h e r  i s  f o r  t h e  l i n e r  and s h i e l d  n o t  bonded. The 

p r o c e d u r e s  f o r  d e v e l o p i n g  the  formulas  f o r  c a l c u l a t i n g  t h e  s t r e s s e s  i n  t h e  

f i r s t  case  a r e :  

1. d e t e r m i n a t i o n  o f  t h e  maximum bending moment i n  t h e  frame, 

2 I d e t e r m i n a t i o n  and d i s t r i b u t i o n  o f  meriibrane f o r c e s  i n  t h e  frame, 

3 .  d e t e r m i n a t i o n  o f  t h e  p r i n c i p a l  s t r e s s e s  i n  t h e  shi-eld,  and 

4 .  d e t e r m i n a t i o n  of  t h e  p r i n c i p a l  s t r e s s e s  i n  t h e  l i n e r .  

The p r o c e d u r e s  f o r  deve lop ing  t h e  formulas  f o r  tal-culating t h e  s t resses  

f o r  t h e  second c a s e  a r e :  

1. d e t e r m i n a t i o n  o f  bending moments and membrane f o r c e s  i n  s h i e l d  and l i n e r ,  

2. d e t e r m i n a t i o n  of  p r i n c i p a l  s t resses  i n  t h e  s h i e l d ,  and 

3. d e t e r m i n a t i o n  oE p r i n c i p a l  s t resses  i n  t h e  l i n e r .  

The formul.as f o r  t h e s e  two c a s e s  a.re d e r i v e d  i n  Chapter  4 of  t h i s  

r e p o r t ,  and f o r  convenience,  t h e y  a r e  t a b u l a t e d  i n  Tab le  6.  

I n  t h e  c a l c u l a t i o n s  f o r  c a s k s  w i t h  a c y l i n d r i c a l  c o n f i g u r a t i o n ,  t h e  

l i n e r  and shie1.d a.re d i v i d e d  i n t o  f o u r  r e g i o n s .  These f o u r  r e g i o n s  a.re:  

r e g i o n  1, t h e  l i n e r  and s h i e l d  remote from d i s c o n t i n u i t i e s ;  r e g i o n  2 ,  t h e  

j u n c t i o n  o f  t h e  c y l i n d r i c a l .  p o r t i o n  o f  t h e  l i n e r  t o  t h e  o f f s e t  f o r  t h e  l i d ;  

r e g i o n  3, t h e  j u n c t i o n  o f  t h e  bottom head t o  t h e  c y l i n d r i c a l .  po rk ion  o f  

t h e  l i n e r ;  and r e g i o n  4 ,  t h e  bot tom head remote from d i s c o n t i n u i t i e s .  

The s t r e s s e s  t h a t  e x i s t  i n  t h e s e  f o u r  r e g i o n s  a r e  c a l c u l a . t e d  i n  Chap te r  5 ,  

and f o r  conveni-ence, t h e y  are  t a b u l a t e d  i n  Table  7 .  
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I f  the s h i e l d i n g  m a t e r i a l  i s  l e a d  and t h e  p r e s s u r e  load  i s  t o  be 

a p p l i e d  f o r  ex tended  p e r i o d s  o f  t ime (weeks), t h e  c r e e p  of t h e  l e a d  must: 

be e v a l u a t e d .  An e v a l u a t i o n  of  c r e e p  f o r  a l e a d  s h i e l d  i s  g iven  i n  

Chapter  6 ,  and it  i s  concluded from the r e s u l t s  of t h i s  e v a l u a t i o n  thatl 

c r e e p  i s  not; r e a l l y  a problem because i t  t e n d s  t o  be s e l f - a l l e v i a t i n g .  

. . . . . . - 
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3 .  STRENGTH 'IIHEOKY 

The s t a t e  o f  s t r e s s  i n  a s t r u c t u r e  i s  comple t e ly  d e f i n e d  when t h e  

magnitudes and d i r e c t i o n s  of t h e  t h r e e  p r i n c i p a l  s t r e s s e s  have been de- 

termined.  I E  a t  l e a s t  two o f  t h e s e  s t r e s s e s  a r e  d i f f e r e n t  from z e r o ,  a 

s t r e n g t h  t h e o r y  must b e  empl.oyed t o  de t e rmine  t h e  proxi.mity t o  y i - e ld ing .  

For  d u c t i l e  m a t e r i a l s ,  t h e  d i s t o r t i o n  energy t h e o r y  more a c c u r a t e l y  p r e -  

d i c t s  y i e l d i n g  t h a n  t h e  maximum s h e a r  s t r e s s  t heo ry ,  b u t  b o t h  a r e  b e t t e r  

p r e d i c t o r s  t han  t h e  maximum normal s t r e s s  t h e o r y  commonly used u n t i l  r ' a i r l y  

r e c e n t  t imes .  S e c t i o n  I11 o f  t h e  ASME Codel i s  based o n  t h e  maximum s h e a r  

s t ress  t h e o r y  because i t  i s  s l i - g h t l y  more c o n s e r v a t i v e  and e a s i e r  t o  a.pply 

than  t h e  d i s t o r t i o n  ene rgy  t h e o r y .  For t h i s  r eason ,  t h e  maximum s h e a r  

s t r e s s  t h e o r y  i.s used i n  t h i s  r e p o r t .  

The maximum s h e a r  s t r e s s  t h e o r y  s t a t e s  t h a t  y i e l d i n g  o c c u r s  when t h e  

maximum s h e a r  s t ress  i n  a s t r u c t u r a l  member becomes equa l  t o  t h e  maximum 

s h e a r  s t r e s s  i n  a t e n s i l e  specimen s u b j e c t  t o  i t s  y i e l d  p o i n t  s t r e s s .  The 

maximum s h e a r  s t r e s s  i n  a s t r u c t u r a l  member e q u a l s  h a l f  t h e  a . l g e b r a i c  d i f -  

f e r e n c e  between t h e  maxiiuum and t h e  minimum principa.1. s t r e s s e s .  T h e r e f o r e ,  

i f  i t  i s  unde r s tood  t h a t  o1 > a2 > o3 where ol, a2, and o3 a r e  t h e  t h r e e  

p r i n c i p a l  stresses,  t h e  maximum s h e a r  s t ress ,  z i.n a s t r u c t u r a l  member 

e q u a l s  (a, - as)/2 , 

y i e l d i n g ,  t h e  maximum s h e a r  s t ress  = ( S  - 0)/2 = S /2, where S i s  t h e  

t e n s i l e  s t r e s s  i n  t h e  specimen a t  y i e l d i n g .  Hence, (ol - u3)/2 = S /2 o r  

max' 
I n  a s imple tensi1.e t e s t ,  o2 = a3 = 0 ;  t h e r e f o r e ,  a t  

YP YP YP 

YP 
- o3 = S i s  t h e  f a i l u r e  c r i t e r i o n .  

YP 
A new term, "stress i n t e n s i t y , "  i s  used i n  S e c t i o n  111 of t h e  ASME 

Code and w i l l  be  used i n  this r e p o r t ,  S t r e s s  i n t e n s i t y ,  S, i s  d e f i n e d  

as t w i c e  t h e  maximum s h e a r  s t ress  and i s  t h e r e f o r e  equa l  t o  t h e  a .b so lu t e  

v a l u e  of  aI - 03.  It i s  d i r e c t l y  comparable t o  S . 'rhus, i f  f a i l u r e  i s  

no t  t o  occur ,  t:he a b s o l u t e  v a l u e  o f  t h e  a l g e b r a i c  d i f f e r e n c e  between t h e  

maximum and t h e  minimum p r i n c i p a l  s t r e s s e s  m u s t  n o t  exceed t h e  y i e l d  p o i n t  

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

YP 

?-ASME ~- B o i J e r  and P r e s s u r e  Vessel Code, S e c t i o n  111, Rules  f o r  Con- 
s t r u c t i o n  of Nuclear V e s s e l s ,  American S o c i e t y  o f  Mechanical Eng inee r s ,  
New York, 1963. 
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4 .  CALCULATIONS FOR CASKS WITH PRISMATIC CONFIGURATION 

The g e n e r a l  c o n f i g u r a t i o n  o f  a p r i s m a t i c  c a s k  i s  i l l u s t r a t e d  i n  F ig .  1. 

The h e i g h t  o f  t h e  c a v i t y ,  h, i s  c o n s i d e r e d  t o  be much l a r g e r  t han  t h e  width,  

w, and t h e  w i d t h  i s  much l a r g e r  t han  t h e  dep th ,  d. The cask,  i s  composed of 

t h r e e  components: t h e  l i n e r ,  t h e  s h i e l d ,  and t h e  j a c k e t .  The c a s k  i s  con- 

s i d e r e d  t o  have a n  i n t e r n a l  p r e s s u r e  of  p .  

ORNL h i g .  65-11822 

S E C T I O N  A - A  

Fig.  1. Genera l  C o n f i g u r a t i o n  of a P r i sma . t i c  Cask.  

I n  o r d e r  t o  s i m p l i f y  t h e  c a l c u l a t i o n s  a.nd r e s u l t s  and a t  t h e  same  

t i m e  o b t a i n  a c o n s e r v a t i v e  r e s u l t ,  i t  w a s  assumed t h a t :  

1. 

2. 

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

t h e  t h i c k n e s s  of t h e  l i n e r  i s  s m a l l  when compared w i t h  t h a t  of  t h e  

s h i e l d i n g ,  

t h e  p r e s s u r e  l o a d  between the  l i n e r  and s h i e l d i n g  i s  uniform o v e r  t h e  

common s u r f a c e  o f  c o n t a c t ,  

3 .  
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4 .  t h e  h e i g h t ,  h, i s  enough l a r g e r  t h a n  t h e  wid th ,  w, ( h  > 2w) so  t h a t  

end e f f e c t s  on t h e  s i d e  w a l l s  can be neg lec t ed . ’  

because t h e  ends a c t u a l l y  h e l p  suppor t  t h e  l o a d .  

Th i s  i s  c o n s e r v a t i v e  

Method o f  Ca lcu la  Lions 

S i n c e  t h e  end e f f e c t s  a r e  assumed n e g l i g i b l e ,  t he  c a s k  w a . l l s  can be  

ana lyzed  a s  a frame c o n s i s t i n g  o f  t h e  l i n e r  and s h i e l d  loaded i - n t e r n a l l y  

by t h e  p r e s s u r e  p .  

t h e  case  where t h e  l i n e r  and s h i e l d  a r e  bonded t o g e t h e r  and t h e  o t h e r  i s  

t h e  c a s e  where no bond e x i s t s .  The p rocedures  t h a t  a r e  fol lowed i n  develop-  

i n g  t h e  formulas  f o r  c a l c u l a t i n g  t h e  s t r e s s e s  f o r  t h e  f i r s t  c a s e  a r e :  

1. d e t e r m i n a t i o n  of  t h e  maximum bending moment i n  t h e  frame, 

2” d e t e r m i n a t i o n  and d i s t r i b u t i o n  o f  t h e  membrane f o r c e s  i n  t h e  frame, 

3 .  d e t e r m i n a t i o n  o f  t h e  p r i n c i p a l  s t resses  i n  t h e  s h i e l d ,  and 

4 .  d e t e r m i n a t i o n  of t h e  p r i n c i p a l  s t r e s s e s  i n  t h e  l i n e r .  

The p rocedures  f o r  deve lop ing  t h e  formulas  f o r  c a l c u l a . t i n g  irhe s t r e s s e s  

f o r  t h e  second c a s e  a r e :  

1. d e t e r m i n a t i o n  of  bending moments a n d  meiilbrane f o r c e s  i n  s h i e l d  and l i n e r ,  

2 determi-oat ion o f  pri .ncipal s t r e s s e s  i n  t h e  shiel-d,  and 

3.  de t e rmina t i -on  o f  p r i n c i p a l  s t r e s s e s  i n  t h e  l i n e r .  

There a r e  two c a s e s  t h a t  must be i n v e s t i g a t e d :  one i s  

The formulas  f o r  t h e s e  two cases a r e  d e r i v e d  i n  che f o l l o w i n g  ca l cu -  

l a t i o n s  and summarized i n  Tab le  6 of  Chap te r  2 ,  T h e i r  a p p l i c a t i o n  i s  i n -  

d i c a t e d  i.n t h e  example c a l c u l a t i o n s  f o r  a. p r i s m a t i c  c a s k  i n  t h i s  c h a p t e r .  

C a l c u l a t i o n s  f o r  Bonded L i n e r  and S h ~ s  

Dete rmina t ion  of -.Maximum Frame Moment 

The d e t e r m i n a t i o n  o f  t h e  maximum bending moment i n  t h e  Erame is based 

on r e f .  2 .  ‘L’he l o a d  diagram f o r  t h e  frame i s  i l l u s t r a t e d  i n  F ig .  2 .  

I S .  P. Timoshenko, p. 116  i n  S t r e n g t h  o f  M a t e r i a l s ,  P a r t  XI, 
D .  Van Nostrand C o . ,  Znc., 3 rd  ed. ,  1956. 

2S. P.  Timoshenko, p .  198 i n  S t r e n g t h  of  M a t e r i a l s ,  P a r t  I, 
D. Van Nostrand Co. ,  I n c . ,  3 rd  ed. ,  1955. 
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ORNL bzg. 65-11823 

F ig .  2 .  Load Diagram f o r  Frame o f  
P r i s m a t i c  Cask w i t h  Bonded L i n e r  and S h i e l d .  

Two c o n d i t i o n s  must e x i s t  a t  t h e  c o r n e r s  (A, B, C, o r  D) i n  o r d e r  t o  

m a i n t a i n  c o n t i n u i t y .  

spans AB and AD, a t  t h e i r  j u n c t i o n  must be e q u a l ,  and t h e  changes  i n  s lope  

o f  these t w o  a d j a c e n t  spans  a t  t he  j u n c t i o n  m u s t  be n u m e r i c a l l y  e q u a l  b u t  

o p p o s i t e  i n  s i g n  i f  t h e  s i g n  conven t ion  of  F i g .  3 i s  used .  F i g u r e  3 shows 

t h e  f ree-body d iagrams of spans  AB and AD. From t h i s ,  

The bending  moments i n  t w o  a d j a c e n t  spans ,  such a s  

, and (1) - 
M~~ - M~~ 

F i g .  3 .  Free-Body Diagrams of Spans AB and AD. 



The s l o p e  o f  span AB a t  A, 

M w  
- pw3 AB 

The s l o p e  of span AD a t  A, 

By u t i l i z i n g  Eqs. 1, 2 ,  3 ,  and 4 ,  

( 3 )  

( 4 )  

The bending moment diagram may be  drawn by p a r t s  and i s  shown i n  Fig. 4. 

ORNL Dwg. 65- 11825 

M O M E N T  

Fig .  4. Bending Moment Diagram €or  Frame o f  P r i s m a t i c  Cask  w i t h  
Bonded L i n e r  and S h i e l d .  

The r e s u l t a n t  moment a t  any p o i n t  i s  t h e  a l g e b r a i c  sum o f  t h P  o r d i -  

n a t e s  o f  t h e  t w o  p a r t s  under c o n s i d e r a t i o n .  

c e n t e r  o f  t h e  span w i l l  occu r  when the  rnd moment i s  a minimum. 

be when t h e  d e r i v a t i v e  of  the moment w i t h  r e s p e c t  t o  span l e n g t h  e q u a l s  

z e r o ;  t h a t  i s ,  when t h e  moment a t  t h e  c e n t e r  of  span AB i s  a maximum, 

The maximum moment a t  t h e  

‘This w i l l  

D i v i d i n g  t h e  numerator  by t h e  denominator  i n  t h e  r igh t -hand  member of  

Eq .  5, 
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Taking t h e  d e r i v a t i v e  of  E q .  6 w i t h  respect t o  d, 

S e t t i n g  Eq .  7 e q u a l  t o  z e r o  and s o l v i n g  f o r  d, 

d ::: ~ / 2  . 
When d ::: w/2,  

The moment a t  t h e  c e n t e r  i s  t h e n  -p$/16; t h a t  is ,  when d = w/2,  t h e  mag- 

n i t u d e s  o f  t h e  moments a t  t h e  ends  and a t  t h e  c e n t e r  of t h e  beam AB a r e  

e q u a l ,  A s  span l e n g t h  d approaches  span  l e n g t h  w (see F ig .  2), the end 

moment approaches  i t s  maximum v a l u e  of  pw/12 and t h e  magnitude o f  t h e  

moment a t  midspan approaches  pw2/24. 

i n  s p a n s  AB, BC, CD, o r  AD i s  a t  t h e  end and i s  e q u a l  t o  

Thus, t h e  maximum bending moment 

p w3 + d” 
1 2 ( w + d ) ’  

($ - wd + d2) o r  

D e t e r m i n a t i o n  and D i s t r i b u t i o n  of  Membrane Forces  

Each  span  i s  unde r  d i r e c t  t e n s i l e  o r  membrane f o r c e s  a s  a r e s u l t  o f  

t h e  p r e s s u r e  f o r c e s  on t h e  a d j a c e n t  spans  and ends.  

c u t  from t h e  i n s i d e  c o r n e r  of t h e  frame a t  j o i n t  A i n  span AD i s  i l l u s t r a t e d  

i n  F i g .  5. 

A d i f f e r e n t i a l  e lement  

ORNT, Dwg. 65-1.1826 

F i g .  5. D i f f e r e n t i a l  Element Cut From I n s i d e  Corner o f  Frame 
A t  J o i n t  A i n  Span  AD of  P r i s m a t i c  Cask w i t h  Bonded L i n e r  and S h i e l d .  

- 
I ....:. -: .......... . . ... .. .. . . .. .. . _. 
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The membrane f o r c e  F, i n  span  AD i s  a r e s u l t  of  t h e  p r e s s u r e  f o r c e s  

on spans  AB and CD. i n  a d d i t i o n  t o  t h e  membrane f o r c e  F,, t h e r e  e x i s t s  

a n o t h e r  membrane f o r c e ,  F,, which a c t s  p e r p e n d i c u l a r l y  t o  F,. T h i s  i s  

caused by [.he p r e s s u r e  l o a d  o n  t h e  ends  

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

i s  s imi la r  t o  t h e  c i r c u m i e r e n t i a l  f o r c e  

f o r c e s  AFl (AFl = F ---> and(C\F2 - F, 

F i g .  5. The v a l u e s  o f  F, and F, a r e :  
A1 

and 

F, = wpd 

o r  heads  o f  t h e  c a s k .  T h i s  f o r c e  

i n  a c y l i n d e r ,  and t h e  f o r c e  F, 

i n  a c y l i n d e r .  The d i f f e r e n t i a l  

*) and moments a r e  n o t e d  i n  
A2 

The f o r c e s  F, and F2 a r e  c a r r i e d  by t h e  l i n e r  and s h i e l d .  When t h e  

l . iner and s h i e l d  a r e  bonded, t h e  p a r t  of Lhe f o r c e  c a r r i e d  by each i s  de- 

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

e q u a l s  t h e  i n c r e a s e  i n  t h e  l e n g t h  o f  t h c  s h i e l d .  The i n c r e a s e  i n  l e n g t h  of 

a me1ube.r due t o  an a x i a l  load,  

Px 6 = -  
AI? 

where 

P = l oad ,  Ib ,  

x = l e n g t h  of member, i n . ,  

A = t h e  t r a n s v e r s e  c r o s s  s e c t i o n a l  a r e a  of  t h e  meniber, in .*? and 

E - t h e  modulus of  e l a s t i c i t y ,  p s i .  

S i n c e  t h e  l i n e r  and s h i r l d  a r e  assumed bonded, 

- 6 s  - 6 L  Y 

o r  

Fl sd 

A E  
s s  A t 

S 
S i n c e  d = d and -- I.-.. , E q .  12a 

Az - tL 
S L  

r educes  t o  

F1 s F I L  - = -  
tsEs kEL. a 



S o l v i n g  Eq. 13 f o r  F, , 
S 

E 
-- (3 FIL . 

EL 
- 

Also, 

Fls + FIT, = F, . 
S o l v i n g  E q s .  13s  and 14 f o r  F, , 

S 

I f  a i s  d e f i n e d  as 

E t  s s  a=-- -  , 
E~ t~ 

E q .  15 r e d u c e s  t o  

a - -  
F l s  - 1 -1. a 

F I L  - 1 + c): 

%I. 

From E q s .  14 and 17  i t  follows t h a t  

1 - 
FI. 

I n  a s i m i l a r  manner i t  i s  found t h a t  

De te rmina t ion  o f  S t r e s s e s  i n  S h i e l d  

Stresses i n  Shie ld  due t o  Moment M The s t ress  d u e  t o  a Sending  
AD' 

moment i s  d e f i n e d  by 

M c  - -  
% - I  I 

where 

ob = bending s t ress ,  p s i ,  

M = bending moment, in.-lb, 

C = d i s t a n c e  from n e u t r a l  a x i s  t o  extreme f i b e r ,  i n . ,  

I = moment of i n e r t i a ,  i n . 4  
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For t h e  case  where t h e  l i n e r  arid s h i e l d  are bonded, t h e  l i n e r  and 

s h i e l d  c o n s t i t u t e  a beam o f  two m a t e r i a l s  t h a t  c a r r i e s  t h e  bending  l o a d .  

I n  o r d e r  t o  de t e rmine  t h e  d i s t r i b u t i o n  of s t r e s s ,  t h e  coniposite beam must 

b e  conve r t ed  t o  an e q u i v a l e n t  s e c t i o n  o n e - m a t e r i a l  beama3 

o f  t h e  composi te  bpsm and an e q u i v a l e n t  one -ma te r i a l  s e c t  ion a r e  i l l u s t r a t e d  

i n  F i g .  6. 

A cross s e c t i o n  

ORNL Dwg. 65-11827 

F i g .  6 .  Cross  S e c t i o n  of Composite Beam and Equival-ent  One-Material  
S e c t i o n  o f  t h e  Same B e a m .  

The a c t u a l  s e c t i o n  i l l u s t r a t e d  i n  F ig .  6 i s  conve r t ed  i n t o  an  equi-va- 

l e n t  s e c t i o n  of  slii.eld mater ia l .  where 

EL n I = - .  

S 
E 

- 
Thp d i s t a n c e  Y from t h e  base  io t h e  n e u t r a l  ax i s ,  

(23)  

where 

A = c r o s s - s e c t i o n a l  a r e a  ol: t h e  component, 

Y = d i s t a n c e  from base  t o  c e n t r o i d  o f  A .  

The re fo re ,  f o r  an a . c tua l  s e c t i o n  1 i n .  wide conve r t ed  t o  a n  equivalent 

s e c t i o n ,  

3P. G .  Laurson and W .  J .  Cox, p p .  322-323 i n  Mechanics o f  M a t e r i a k ,  
l J i l ey  and Sons,  I n c . ,  3 rd  e d . ,  New York, 1 9 4 7 .  
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- 
Once Y i s  known, t h e  moment 

r e s p e c t  t o  t h e  n e u t r a l  a x i s  

of  i n e r t i a  of  t h e  e q u i v a l e n t  s e c t i o n  w i t h  

may be c a , l c u l a t e d .  

- 
- 1) (Y  - tL)‘? + ( ts  -f- tL - Y31. (24) 

By d e f i n i t i o n  from F i g .  6 ,  

and - 
c :::t 1- t  - Y .  (25b) S 2 L  

S i n c e  C, i s  1a.rger t h a n  C, - tL, t h e  l a r g e s t  bending stress i n  t h e  s h i e l d  

i s  a d i s t a n c e  6 ,  from t h e  n e u t r a l  a x i s  and t h i s  s t ress  (from E q s .  5, 21, 

and 2 5 ) ,  
p w3 3- d3 I 

(tL 4- ts - Y) 
12 w + d  (compress ive ) ,  I u =  

c, 
where ‘i? and I are g i v e n  by E q s .  23a and 24, r e s p e c t i v e l y .  

The bending s t ress  i n  t h e  s h i e l d  a t  t h e  l i n e r  t o  s h i e l d  i n t e r f a c e  i s  

w + d  
( t e n s i l e )  , 

‘b = I 
where y and I a r e  g i v e n  by  Eqs. 23a and 24, r e s p e c t i v e l y .  

l oad ,  

S t r e s s e s  i n  S h i e l d  due t o  F, and F,, . The s t ress  due t o  a t e n s i l e  
S S 

P 
A ’  

0 = -  

where 

u = stress, p s i ,  

P = l oad ,  l b ,  

A = area.  o v e r  which P a c t s ,  in.‘ 

The re fo re ,  t h e  s t ress  i n  t h e  s h i e l d  due t o  I?, ( s e e  E q s .  9, 1 7 ,  and 28 ) ,  
S 

0 = (*) ( t e n s i l e )  , (29) 
F I S  

a.nd t h e  s t r e s s  due t o  F, (see E q s .  10, 19,  and 28 ) ,  
S 
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11_- S t r e s s  i n  Shi-eld Due t o  P r e s s u s ,  The p r e s s u r e  l o a d  t r a n s m i t t e d  t o  

t h e  s h i e l d  i s  assumed t o  be e q u a l  t o  t h e  p r e s s u r e .  The re fo re ,  t h e  r a d i a l  

s t ress  or\ t h e  shiel-d,  

0 = p (compressive)  . (31) r 
P 

De t e rmina t i o  n of S t r e  s s e s... i n  T, i n e  r 

S t r e s s e s  in*-Liney due t o  M o m e n s  From E q s .  5, 21., 2 2 ,  and 28a, 
AD * I 

t h e  maximum bending s t r e s s  i n  t h e  l i n e r  when t.he l i n e r  and s h i e l d  a r e  

bonded t o g e t h e r ,  

u = ----- ( t e n s i l e ) ,  
1 

bL 

- 
where Y and I a r e  g iven  by Eqs. 23a. and 24 ,  r e s p e c t i v e l y .  

- Prom Eqs. 9, 18, and 28, t h e  S t r e s s e s  i n  L i n e r  due t o  FIL--and F 
?L 

s t r c s s  i n  the  l i n e r  due t o  F, , 
L 

From E q s .  10, 20, a n d  28, t h e  s t r e s s  i n  t h e  l i n e r  due t o  FZLJ 

S t r e s s  i n  LineT-due t o  P r e s - s ~ .  The l i n e r  i s  s u b j e c t e d  t o  t h c  f u l l  

p r c s s u r e ,  p. T h e r e f o r e ,  t h e  r a d i a l  s tress due t o  p r e s s u r e ,  

3 7 p (compressive)  . r 
P 

C a l c u l a t i o n s  f o r  L i n e r  and S h i e l d i n g  N o t  Bon$& 

(35) 

DeLermination o f  Bending Moments and Membrane Force-s- i n  S h i e l d - a n d  L i n e r  

A view of  a c o r n e r  o f  t h e  frame ABCD under  p r e s s u r e  l o a d i n g  w i t h  t h e  

c o n d i t i o n  g r e a t l y  exagge ra t ed  i s  i l l u s t r a t e d  i n  F i g .  7 ,  and free-body d i a -  

grams o f  a p o r t i o n  o f  t h e  l i n e r  and s h i e l d  a t  t h e  c o r n e r  a r e  s h w n  i n  F i g .  8 .  
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F i g .  7 .  Corner  of  Frame ABCD Under P r e s s u r e  Loading When L i n e r  
and S h i e l d  are n o t  Bonded Together .  

S H I E L D  

ORNL b g .  65-11829 

FI I 

F i g .  8. Free-Body Diagrams o f  P o r t i o n  o f  L i n e r  and S h i e l d  a t  t h e  
Corner  for  t h e  Case Where L i n e r  and S h i e l d  are  n o t  Bonded Together .  

To a r r i v e  a t  formulas  f o r  F, , Fls, F2s, j?$,.. and M i t  w a s  assumed 

t h a t :  L S )  

1. t h e  to t a .1  bending moment g iven  by E q .  5 must be  r e s i s t e d  by t h e  s h i e l d ,  
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2. t h e  i n c r e a s e  i n  t h e  l e n g t h  o f  t h e  span, u S f  of t h e  s h i e l d  i s  produced 

by the  t o t a l  p r e s s u r e ,  and 

pwd . 
s 4 t E  ’ u =  

s s  

3 .  

4 .  

5. 

t h e  e l o n g a t i o n  of t h e  l i n e r  due t o  FIL i s  n e g l i g i b l e ;  

t h e  change i n  s l o p e  o f  t h e  l i n e r  from p o i n t  0 t o  p o i n t s  k o r  q i s  z e r o ;  

t h e  membrane f o r c e  I! PL i s  z e r o .  

The d e f l e c t i o n ,  yL, o f  t h e  segment O q  o r  Ok i n  F i g .  8 may b e  c a l c u l a t e d  

by c o n s i d e r i n g  i t  t o  consist of  t w o  c a n t i l e v e r s  o f  l e n g t h  812, one suppor t ed  

a t  0 and t h e  o t h e r  a t  q ,  w i t h  b o t h  c a r r y i n g  a un i fo rmly  d i s t r i b u t e d  l o a d  

o f  p I b / i n . 2  Assuming t h i s  and a p p l y i n g  r e f .  I t ,  

where R i s  t h e  l e n g t h  o f  t h e  c a n t i l e v e r  i n  i n .  

T h e r e f o r e ,  t he  d e f l e c t i o n ,  

From F ig .  7 i t  i s  a p p a r e n t  t h a t  

us = YL ’ 

For a beam 1 i n .  wi.de, 

1 = -  
L 1 2  a 

Simultaneous s o l u t i o n  of  E q s ,  36, 38,  39, and 40 a l o n g  with Eq .  16 y i e l d s  

where g i s  the unsupported l e n g t h  o f  t h e  l i n e r ,  as shown i n  F i g .  7 .  

g i s  known, t h e  f o r c e s  F1 S and FIL and t h e  moment M I, can be  c a l c u l a t e d .  

When 

4P. G.  Laurson and W. J .  Cox, I). 164 i n  Mechanics of M a t e r i a l s ,  
Wiley and Sons, I n c . ,  3 rd  ed . ,  New York, 1947. 
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Determination of Stresses in Shield 

Stresses in Shield due to Moment M The bending stress in the shield 
S 

for the case where there is no bond between the liner and the shield, 

M c  
( 4 5 )  (tensile at inner surface) . 

S 

Stresses in Shield due to Membrane Forces F, and F . The stress 
S 2 s  

in the shield due to F, , 
S 

The stress in the shield due to F2 
S, 

Stress in Shield due to Pressure. 

transmitted through the liner to the shield. 

due to pressure, 

Assume that all of the pressure is 

Therefore, the radial stress 

( 4 8 )  0 ~2 p (compressive). 
l- 

P 

Cetermination of Stresses in Liner 

Stress in Liner due to Moment %. The bending stress in the liner 

MLJ due t o  

Stresses in Liner due to Membrane Forces F and F,, The stress in 
I L  -L'  

1L' 
the liner due to F 



The s t r e s s  i n  t h e  l i n e r  due t o  F 
2L.’ 

0 = o .  
% L 

S t r e s s  i n  L i n e r  due t o  P r e s s u r e .  The r a d i a l  s t ress  i n  t h e  l i n e r  due 

t o  p r e s s u r e ,  

0 p (compressive)  . 
r 

P 

A p p l i c a t i o n  of  R e s u l t s  of C a l c u l a t i o n s  

The approach t o  be  fol lowed i n  u s i n g  t h e  r e s u l t s  o f  t h e  p r e c e d i n g  

c a l c u l a t i o n s  t o  de t e rmine  t h e  minimum t h i c k n e s s  o f  t h e  l i n e r  i s  t o :  

1. s e l e c t  t h e  r e q u i r e d  s h i e l d  t h i c k n e s s  based on s h i e l d i n g  r equ i r emen t s ,  

? a  assume a Line r  t h i c k n e s s  of t 

3 .  c a l c u l a t e  t h e  maximum p r i n c i p a l  s t r e s s e s  (o1, 02, and 03)  i n  the  s h i e l d  
L’ 

and l i n e r ,  

4 .  compute S (S - u1 - 03) and compare w i t h  t h e  y i e l d  p o i n t  o f  t h e  m a t e r i a l  

i n  q u e s t i o n ,  

5 .  r e p e a t  above f o u r  s t e p s  u n t i l  t h e  c a l c u l a t e d  s t r e s s e s  a r e  a c c e p t a b l e  

( S  < s ) .  
- YP 

Exampl-es f o r  Casks w i t h  P r i s m a t i c  ConEigurat i im 

The m a t e r i a l  p r o p e r t i e s  a r e  o b t a i n e d  from T a b l e s  1 th rough  4, and 

r e f e r e n c e  i s  made t o  Tab le  6 For t h e  formulas  €or s t r e s s .  Assume a c a s k  

of  p r i s m a t i c  c o n f i g u r a t i o n  w i t h  t h e  c h a r a c t e r i s t i c s  l i s t e d  below. 

Dimensions: h = 7 2  i n . ,  w = 36 i n . ,  d = 24 i n . ,  and t = 10 i n .  

Design p r e s s u r e  -- 20 p s i  

Design t e m p e r a t u r e  - 212’F 

S h i e l d i n g  m a t e r i a l :  

L i n e r  m a t e r i a l :  t y p e  347 s t a i n l e s s  s t e e l ,  

Assume t h a t  t = 0.5 i n .  

S 

chemical  l e a d ,  Es = 2 x lo6  p s i 7  U .= 0.4  
S 

= 28 x 10” p s i ,  uT, = 0 . 3  
EL 

L 
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- 
Determination of Constants a ,  g ,  n, Y, and I 

:= 1.429. 
2 x 106 x 10 a = - -  - 

ELtL 28 x 10" x 0 .5  

& "  -(/$ 5 wd = v F )  3 1.43 = 3.767 in. 

n = - -  EL - 28 x 106 - 
2 x 106 - 

S 
E 

I 

Y =  

nt t2 

2 L s  2 
nt 4- ts 

S - L + t t  + -  

L 

14. 

LOO 140 $. (0 .5)(10)  .t - 
= 3.338 in. 

- 2 2 - 
14(0.5) + 10 

I = - 1 [nY3 - (n - I ) ( Y  - tL13 + (ts -+ tT, - - Y)~] 
3 

= 7 1 [14-(3.338)" - 13(2.838)3 + (7.162)3] = 196.972 in." 

Determination o f  Stress Intensities Where Liner and S h i e l d  Are Not Bonded 

Stresses in Shield at Liner-Shield Interface. - 

w + d 

.-- 2 136 - 3.767 + 3b3 + 243 '1 = 133 psi. 

.- 2 10 36 + 24 100 

= 14.4 psi. 
(20) (36) (24) pwd - 

02 = 2t (W -t d) --- 2(10)(36 +- 24) 
S 

03 = -20 p s i .  

The stress intensity = o1 - o3 =: 153 psi. 

Stresses in Shield at Outer Surface. 

o2 = 14.4 psi. 

u3  = 0 .  

The stress intensity = 83 psi. 
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Stresses in Liner, 

o2 = 0. 

a3 = -20  psi. 

The stress intensity is 947 psi. 

Determination of Stress Intensities where Liner and Shield Are Bonded 

Stresses in Shield at Liner-Shield Interface, - 

- -I_ 20 1-363 + 243 . -  3.338 - 0.5 
- 2 1 L 36 + 2 4  6(1.96.972) 

= 8.5 psi. 
1 .429  2 4  2 0 ( 3 6 )  

__1___1 - 
2 .429  36 .I- 24 2 ( 1 0 )  

o3 -- -20 p s i .  

The stress intensity i s  63 .52  psi. 

-______I__ Stresses at Shie1.d Outer Surface 

6 1  
w3 -i- a 3  ,& 
w + d  \ 

20 1 .429  36 363 4 243 10 i- 0.5 - 3.3381 
2 2 , 4 2 9  (5) - 3 6  + 24 6 ( 1 9 6 . 9 7 2 )  J 

. .. .--I I_____ 

= -39.9 psi. 

03 = 0. 

The stress intensity i s  48 .5  psi. 
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S t r e s s e s  i n  L i n e r .  

1 695 p s i .  
20 -14 363  + 243 3 , 3 3 8  + 
=F 36 i- 24 196.972 1 4 -  1.429 0.5.1 = 

_ -  1 24 20(36) = 118 p s i .  
- 2 . 4 2 9  36 -I- 24 2 ( 0 . 5 )  

a3 = -20 p s i .  

The s t r e s s  i n t e n s i t y  i s  7 1 5  p s i .  

Summary o f  Example C a l c u l a t i o n s  

The s t resses  and t h e  stress i n t e n s i t i e s  f o r  t h e  p r i s m a t i c  c a s k  example 

are  t a b u l a t e d  i n  Tab le  8 for  e a s y  comparison.  It should  be no ted  t h a t  t h e  

bonded c a s k  meets t h e  stress r e q u i r e m e n t s  i n  a l l  r e s p e c t s  w h i l e  t h e  153 p s i  

s t ress  i n t e n s i t y  i n  t h e  s h i e l d  of  t h e  unbonded c a s k  i s  n o t  a c c e p t a b l e .  

Tab le  8 .  T a b u l a t i o n  of S t r e s s e s  f o r  Example P r i s m a t i c  Cask 
where t = 10 i n .  

A 1  1 owabl e 
S t r e s s e s  ( p s i )  I n t e n s i t y  Stress  

01 02 a3 ( p s i )  ( p s i >  

S h i e l d  and l i n e r  n o t  bonded 
S h i e l d  a t  l i n e r - s h i e l d  133 14.4 -20 153  127 

S h i e l d  o u t e r  s u r f a c e  -68 .6  14  0 8 3  127 
L i n e r  i n n e r  s u r f a c e  927 0 - 20 947 35,000 

i n  t e r f a.c e 

S h i e l d  and l i n e r  bonded 
S h i e l d  a t  l i n e r - s h i e l d  43 .5  8 “ 5  - 20 63 .5  127 

S h i e l d  o u t e r  s u r f a c e  -40  8.5 0 48.5  127 
L i n e r  i n n e r  s u r f a c e  695 118 - 20 7 1 4  35 ,000  

i n t e r f a c e  
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Portions of  t h e  p reced ing  example f o r  a prisrnati.c c a s k  were r e p e a t e d  

f o r  a s h i e l ~ d i n g  t h i c k n e s s  of  1 1 . 5  i n .  For  t h i s  shi.el.ding t h i c k n e s s ,  t h e  

l a r g e s t  s t ress  i n t e n s i t y  i n  t h e  shie1.d o f  t h e  unbonded c a s k  i s  126  p s i .  

The t ime  r e q u i r e d  t o  c lose  t h e  gap between t h e  j a c k e t  and s h i e l d  i s  2,085 

y e a r s  o r  18,265 h o u r s .  

The p reced ing  a n a l y s i s  for a p r i s m a t i c  c a s k  i s  c o n s e r v a t i v e  f o r  a 

cask w i t h  a r e c t a n g u l a r  c a v i t y  ii1 a c y l i n d r i c a l  j a c k e t  p rov ided  t h e  mini.- 

mum t h i c k n e s s  o f  the s h i e l d  i s  used f o r  t i n  t h e  a n a l y s i s ;  t h a t  i s ,  t h a t  

t i s  l:l)r s m a l l e r  of t and t i l l u s t r a t e d  i.n F i g .  9. 
S 

S a b 

ORNL, Dwg. 65-11830 

J A C K E T  

s H 1 E L. D ......... .. . 

L I N E R  

F ig .  9 .  Cross S e c t i o n  of Rec tangu la r  Cask C a v i t y  i n  C y l i n d r i c a l  
J a c k e t .  
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5 ,  CALCULATIONS FOR CASKS WITH CYLINDRICAL CONFIGURATION 

The g e n e r a l  c o n f i g u r a t i o n  o f  a c y l i n d r i c a l  c a s k  is i l l u s t r a t e d  i n  

F ig .  10. 
ORNL Dwg. 05-11831 

/-GAP 

F i g .  10. Genera l  C o n f i g u r a t i o n  o f  a C y l i n d r i c a l  Ca.sk. 

I n  o r d e r  t o  s i m p l i f y  t h e  c a l c u l a t i o n s  and a t  t h e  same time o b t a i n  

c o n s e r v a t i v e  r e s u l t s ,  i t  was  assumed t h a t :  

1. 

2 .  

3 .  

t h e  j a c k e t  i s  n o t  i n  c o n t a c t  w i t h  t h e  s h i e l d ,  

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

t h e  t h i c k n e s s  of t h e  l i n e r  i s  such t h a t  t h e  t h i n - w a l l  formulas  apply 

( a / t ,  > 10) , 
4 .  t h e  t h i c k n e s s  o f  t h e  s h i e l d  i s  such t h a t  t h e  t h i c k - w a l l  fo rmulas  

apply @/a > 1911, 

5.  

6 .  

t h e  h e i g h t  o f  t h e  c a v i t y ,  

t h e  pressure l o a d  between t h e  l i n e r  and s h i e l d  i s  un i fo rm o v e r  t h e  

common s u r f a c e  of c o n t a c t .  

h ,  i s  g r e a t e r  t h a n  Za, 
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=hod o f  Ca lcu l . a t ions  

Formulas a.re developed f o r  c a l c u l a t i n g  t h e  p r i n c i p l e  s t r e s s e s  i n  t h e  

f o u r  r e g i o n s  o f  t h e  l i n e r  and s h i e l d  i l - l u s t r a t e d  i n  F i g .  11. The f o u r  

r e g i o n s  a r e :  r e g i o n  1, t h e  l i n e r  and shie1.d remote from d i s c o n t i n u i t i e s ;  

r e g i o n  2 ,  t h e  j u n c t i o n  o f  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  l i - n e r  t o  t h e  l i d  

o f f s e t ;  r e g i o n  3, t h e  j u n c t i o n  of  t h e  bottom head t o  the c y l i n d r i c a l  p o r t i o n  

o f  t h e  l i n e r ;  and r e g i o n  4 ,  t h e  bottom hea.d remote from d i s c o n t i n u i t i e s .  

ORNL Dwg. 65- 11832 

L I D  OFF 

L I N E  

Fig .  11. Four Regions of L i n e r  a.nd S h i e l d  i n  C y l i n d r i c a l  Cask. 

The s t r e s s e s  t h a t  e x i s t  i.n t h e  l i ne r  a t  each region a r e :  

r e g i o n  1, iuernbrane s t r e s s e s  due t o  p r e s s u r e ;  

r e g i o n  2,  membrane s t resses  due t o  p r e s s u r e  and 

d i . s c o n t i n u i t y  stresses due t o  the  change i n  s e c t i o n ;  

r e g i o n  3, membrane s t resses  due t o  p r e s s u r e  and 

d i s c o n t i n u i t y  s t resses  due t o  t h e  change i n  s e c t i o n ;  

r e g i o n  4 ,  bending s t r e s s e s  due t o  p r e s s u r e  and 

d i s c o n t i n u i t y  s t r e s s e s  due t o  changes i n  s e c t i o n  of  r e g i o n  3. 

The s t r e s s e s  t h a t  e x i s t  i n  t h e  s h i e l d  were i n v e s t i g a t e d  i n  r e g i o n  1 o n l y  

because  (1) d i s c o n t i n u i t y  s t r e s s e s  do n o t  e x i s t  i n  t h e  s h i e l d  i n  r e g i o n s  2 
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4 

and 3 and (2) the shield and liner are assumed not to be in contact in 

region 4 .  The formulas for each region of the cylindrical c a s k  are derived 

in thc following calculations and tabulated in Table 7 of Chapter 2. T h e i r  

application is indicated i n  the example calculations for a cylindrical cask 

in this chapter. 

Stresses in Region 1 

T'ne liner and shield are in contact in this region, and the radial 

displacement of  the outer surface of the liner is equal to the radial dia- 

placement of the inner surface of  the shield. The total pressure load, p, 

is resisted jointly by the liner and the shield, The internal pressure on 

the shield is denoted by p and the effective internal pressure on the 

liner is denoted by p . Therefore, 
s' 

L 
ps + pz := p. ( 5 3 )  

The ra.dia1 displacement for a thin-walled cylinder subjected to an 

internal pressure and no longitudinal forces, 

-pr" 
'L- - Et ' ( 5 4 )  

where 

p = internal pressure, psi, 

r = radius of cylinder, in., 

E = modulus of  elasticity, psi, 

t = wall thickness, in. 

For a thick-walled cylinder subjected to radial pressure and no longitu- 

dinal forces, the radial displacement at the inner surface,l 

pa b2 + a2 - 
'r - E (b2 - a 2  -I- ') ' 

where 

p = pressure, p s i ,  

a = inside radius, i n . ,  

(55) 

I S .  P. Timoshenko, p .  210 in Strength of  Materials, Part 11, 
D. Van Nostrand Company, Inc., 3rd ed., 1956. 
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b = o u t s i d e  r a d i u s ,  i n . ,  

E modulus 0 1  e l a s t i c i t y ,  p s i ,  

"i) = p o i s s i o n ' s  r a t i o .  

The r a d i a l  d i sp l acemen t  f o r  t h e  l i n e r  e q u a l s  t h e  r a d i a l  d i sp l acemen t  

of t h e  i n n e r  s u r f a c e  of t h e  s h i e l d .  T h e r e f o r e ,  

S o l v i n g  Eq.  56 f o r  ps/pLy 

and d e f i n i n g ,  

From E q s .  53 and 58, t h e  e f f e c t i v e  i n t e r n a l  p r e s s u r e  on t h e  l i n e r ,  

- -L PL - 1,. B Y  

and t h e  e f f e c t i v e  i n t e r n a l  p r e s s u r e  on t h e  s h i e l d ,  

(59) 

Once t h e  e f f e c t i v e  i n t e r n a l  p r e s s u r e s  have been determined,  the  stresses 

can be c a l c u l a t e d .  

___._ S t r e s s e s  i n  S h i e l d .  The s t r e s s e s  f o r  a t h i ck -wa l l ed  c y l i n d e r  sub-  

j e c t e d  t o  i n t e r n a l  p r e s s u r e  are:2 

1. ma.ximurn c i r c u m f e r e n t i a l  s t r e s s ,  

2R. J .  Roark, p .  276 case 27 i n  Formulas f o r  S t r e s s  and S t r a i n ,  
McGraw- I I -L l I  Book Co. , 3rd  ed . ,  1954. 
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2 .  maximum radia .1  stress, 

-Bp. 
cT r = p s -  6 + 1 ’  

3 .  maximum l o n g i t u d i n a l  s t ress ,  

0 = 0 .  x 

S t r e s s e s  i n  L i n e r .  

t o  i n t e r n a l  p r e s s u r e s  a r e : 3  

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

1. maximum c i r c u m f e r e n t i a l  s t r e s s ,  

2, 

c T =  - -  pLr - P (L) . 
e tL I -t- p 9 L 

maximum l o n g i t u d i n a l  s t ress  a.ssuming no h e l p  from s h i e l d  , 
P r  

.- L -- pa . - O x  __ 2 t L  2 t L  

3. maximum radia .1  s t ress ,  

a r = p .  

S t r e s s e s  i n  Region 2 

I n  a d d i t i o n  t o  membrane s t resses ,  d i s c o n t i n u i t y  s t r e s s e s  e x i s t  a t  t h e  

j u n c t i o n  o f  t h e  c y l i n d r i c a l  p o r t i o n  o f  t h e  l i n e r  and t h e  o f f s e t  steI)  f o r  

t h e  l i d ,  as i l l u s t r a t e d  i n  F ig .  1 2 .  

F i g .  12.  J u n c t i o n  of  C y l i n d r i c a l  P o r t i o n  o f  L i n e r  a.nd O f f s e t  f o r  L i d .  

Because of  t h e  many d e s i g n s  t h a t  could p o s s i b l y  be used a t  t h e  l i d  

o f f s e t ,  assume t h a t  t h e  a t t achmen t  between t h e  l i n e r  and t h e  o f f s e t  i s  

comple t e ly  r i g i d ;  t h a t  i s ,  t h a t  no d e f l e c t i o n  o r  r o t a t i o l l  o f  t h e  j o i n t  i s  

3R. J .  Roark, p .  268 c a s e  1 i n  Formulas f o r  S t r e s s  and S t r a i n ,  
McGraw-Hill Book Co., 3 r d  ed .  , 1954. 
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p e r m i t t e d .  

comple t e ly  r i g i d .  

A r a d i a l  

T h i s  i s  a c o n s e r v a t i v e  assumption because  t h e  j o i n t  i s  neve r  

f o r c e  F and a bending moment M o f  magni tudes such t h a t  t h e  

d e f l e c t i o n  and t h e  s l o p e  a t  t h e  j u n c t i o n  are z e r o  must be  a p p l i e d  a t  t h e  

j u n c t i o n ,  a s  i l l u s t r a t e d  i n  F ig .  13. 
ORNL I ~ V P  63-11834 

L I D  O F F S E T  

S H I E L D 

Fi.g. 13.  R a d i a l  Force and Bending Moment a t  J u n c t i o n  of C y l i n d r i c a l  
F o r t i o n  o f  l i n e r  and O f f s e t  f o r  T,id. 

The d e f l e c t i o n  of t h e  l i n e r  remote from d i - s c o n t i n u i t i e s ,  

The moment M and t h e  f o r c e  F must p r e v e n t  t h i s  d e f l e c t i o n  and a l s o  main- 

t a i n  a z e r o  s l o p e  a L  t h e  j u n c t i o n .  
4 D e f l e c t i o n s  due t o  F and My r e s p e c t i v e l y ,  

where 

M = moment, i n . - l b  p e r  i n c h  of  c i r cumfe rence ,  

F = f o r c e ,  l b  p e r  i n c h  o f  c i r cumfe rence ,  

E L t z  

D~ 12(1 - u;j 7 

’S. P .  Timoshenko, p p .  1 2 ,  1 2 6  and 127 i n  S t r e n g t h  o f  Mate r i a l s - ,  
I- P a r t  L I ,  D .  Van Nostrand Co. ,  3 rd  ed., 1956. 
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ypc--+- 
r2 t P  h L =  L 

E q .  68 p l u s  69, S e t t i n g  Eq. 67 e q u a l  t o  

The s lope  produced by F must be c o u n t e r a c t e d  by M ; 4  t h a t  i s ,  

F - 2AM : 0 .  

S u b s t i t u t i n g  f o r  D i n  Eq. 70 and r e a r r a n g i n g ,  
L 

S imul taneous  s o l u t i o n  of E q s .  7 1  and 7 2  y i e l d s ,  

and 

Once t h e  d i s c o n t i n u i t y  f o r c e  and moment have  been de termined ,  t he  

d i s c o n t i n u i t y  s t r e s s e s  i n  t h e  l i n e r  can b e  de termined .  The maximum c i r -  

c u m f e r e n t i a l  s t ress  a t  t h e  j u n c t i o n  o f  t h e  l iner  and o f f s e t  f o r  t h e  l i d  

due t o  F,’ 
2 F k a  

1, 
(-j = -  (compress ive)  . (75) t e 

A t  t h e  j u n c t i o n ,  F produces  no l o n g i t u d i n a l  s t ress .  

A t  t h e  j u n c t i o n ,  t h e  moment M produces  s t resses  (I) i n  t h e  l o n g i t u d -  

i n a l  d i r e c t i o n ,  (2) i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  due t o  t h e  i n c r e a s e  

i n  r a d i u s  a f f e c t e d  by i t ,  and ( 3 )  i n  the c i r c u m f e r e n t i a l  d i r e c t i o n  due t o  

t h e  de fo rma t ion  o f  a t r a n s v e r s e  s e c t i o n  o f  a n  e l emen ta l  l o n g i t u d i n a l  s t r i p .  

These s t resses  are  a maximum a t  t h e  j u n c t i o n ,  and t h e y  a r e : s  

1. 6M = -  
x t; , 

5 R. J .  Roark, p.  271 i n  Formulas f o r  Stress  and S t r a i n ,  McGraw-Hill 
Book C o . ,  3 r d  ed. ,  1954. 
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2 .  

3 .  

2 MA2 a 

L 

- -  ( t e n s i l e )  , O6 - t ( 7 7 )  

‘The stresses g iven  by E q s .  76 and 78  a r e  t e i i s i l p  on t h e  i n n e r  s u r f a c e  o f  

t h e  l i ne r  and a r e  compressive orl t h e  o u t e r  s u r f a c e .  

The t o t a l  p r i n c i p a l  s i resses  i n  t h e  l i n e r  a t  r e g i o n  2 a r e  o b t a i n e d  

by adding t h e  membrane s t r e s s e s  g iven  by E q s ,  54,  65, and 66 t o  t h r  d i s -  

c o n t i n u i t y  s t r e s s e s  g iven  by E q s .  75,  76,  7 7 ,  and 7 8 ,  

St . r e s ses  i n  Kepion 3 

D i s c o n t i n u i t y  s t r e s s e s  i n  a d d i t i o n  t o  membrane s t r e s s e s  e x i s t  a t  t h e  

j u n c t i o n  of  t h e  c y l i n d r i c a l .  p o r t i o n  o f  t h e  l i n e r  and t h e  bottom hend.  I n  

o r d e r  t o  sa t : i s fy  t h e  c o n d i t i o n s  of  c o n t i - n u i t y  a t  t h e  j u n c t i o n  o f  t he  c y l i n -  

d r i c a l .  wall and head, the change o f  s l o p e  of  an el.euiental l o n g i t u d i n a l  s t r i p  

i n  t h e  c y l i n d r i c a l  w a l l  m u s t  e q u a l  the change of s l o p e  o f  t h e  head, and t h e  

r a d i a l  defl.ecti.i:)n o f  t h e  f l a t  head must be  e q u a l  t o  t h e  r a d i a l  d e f l e c t i o n  

o f  t h e  c y l i n d r i c a l  w a l l .  I n  t h e  a n a l y s i s ,  i t  was a.ssumed t1ia.t: 

1. a gap e x i s t s  between t h e  head and s h i e l d i n g  so  t h a t  t h e  head must 

r e s i s t  t h e  t o t a l  p r e s s u r e ,  

2 .  t h e  r a d i a l  d e f l . e c t i o n  o f  the head i s  z e r o .  

A s ec t iona l .  view at r e g i o n  3 i s  il.l!isi:~:ated i n  F i g .  14, arid t h e  f o r c e s  and 

moments  a c t i n g  a t  t h e  j u n c t i o n  a r e  i1 . I .us t ra tcd  i n  F i g .  15. 

I ORNL k z .  65-11838 

F i g .  14.  Sect ional .  V i e w  a.t Region 3 .  
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F i g .  15.  F o r c e s  and Moments Ac t ing  a t  J u n c t i o n  i n  Region 3. 

The change i n  s l o p e  a t  t h e  edge of t h e  head," 

3 p n a " ( y  - l)a 1 2 ( 5  - 1)Ma 
Deh = - + 

27tFLy t jh "% 

The change i n  s lope a t  t h e  edge o f  t h e  l i n e r , "  

S i n c e  b o t h  s l o p e s  were o r i g i n a l l y  z e r o ,  

noL = AQh . 
S u b s t i t u t i n g  E q s .  79 and 80 i n t o  Eq .  81, 

"K. J .  Roark, pp. 194 and 197 i n  Formulas fo r  S t r e s s  and S t r a i n ,  
McGraw-Hill Book Co., 3 rd  ed. ,  1954. 
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E t 3  

Using t h e s e  d e f i n i t i o n s  and 
and i) = _. L -z 

By d e f i n i t i o n ,  m = - 
L 1 2 ( 1  - ” Z )  . 

”L 

s o l v i n g  Eq. 8 2  f o r  M, 

The o t h e r  c o n t i n u i t y  c o n d i t i o n  t h a t  t h e  r a d i a l  deflecti .or1 e q u a l s  z e r o  

i s  employed t o  o b t a i n  a second e q u a t i o n  i-nvolving M and F. rhe r a d i a l  de- 

E l e c t i o n  o f  t h e  l i n e r  w i t h o u t  t h e  r e s t r a i n t  o f  t h e  

The f o r c e  F and t h e  moment M must produce a r e s u l t a n t  d e f l e c t i o n  equa l  and 

o p p o s i t e  t o  t h a t  produced by t h e  p r e s s u r e .  The d e f l e c t i o n ,  6 ,  due t o  a 

radial .  l o a d ,  F,” 

The defl.ecti.on, 6, due t o  a r a d i a l  moment, M,” 

S e t t i n g  Eq. 8 4  e q u a l  t o  Eqs.  85 p l u s  8 6 ,  

a2 F M 

L L  I, L 
-= - - - - -  21). h 2DLhz * E- t 

8 7  r e d u c e s  t o  

p a 2 A 2 t 2  
T T  

S-Cmultaneous s o l u t i o n  o f  Eqs. 83 a n d  88 y i e l d s  

Once F h a s  been determined,  M may be  found from E q .  8 8 .  

A f t e r  M and F have been c a l c u l a t e d ,  the  d i s c o n t i n u i t y  s t r e s s e s  a t  

r e g i o n  3 i n  the c y l i n d r i c a l  p o r t i o n  of t h e  l i n e r  are determined from the 

c i r c u m f e r e n t i a l  s t r e s s  diiz t o  F, tlic r i r c u m f e r c n t i a l  s t ress  due t o  M, t h e  
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longitudinal stress due to M, and the secondary circumferential stress due 

to M . ”  The circumferential stress due to E’, 

0 = 2 A a (compressive) . 
‘F tL L 

The circumferential stress due to M, 

cT = 2M A2a L (tensile) . 
OM tL 

The longitudinal stress due to M, 

6M 
0 = -  
m t? X 

The secondary circumferential stress due to M, 

The stresses given by Eqs. 92 and 9 3  are tensile at the inner surface and 

compressive at the outer surface. 

The total principal stresses in the liner at region 3 are obtained 

by adding the membrane stresses given by E q s .  64, 65, and 66 to the dis- 

continuity stresses given by E q s .  90, 91, 92, and 93.  

The discontinuity stresses at region 3 in the head oE the liner are 

the radial stress due to F, the radial stress due to M, the circumferential 

stress due to F, the circumferential stress due to M, and the traverse 

stress. The radial stress due to F, 

- -  - (tensile) . 
F th Or 

The radial stress due to M, 

6M 
0 = -  

M ‘E r 

The Circumferential stress due to F, 

(tensile) . uLF 0 :: - 
8F th 

(95) 
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The c i r c u m f e r e n t i a l  s t r e s s  due t o  M, 

The t r a v e r s e  s t ress ,  

CJ = p (compressive)  . (98)  
X 

The stresses g iven  by E q s .  95 and 97 a r e  t e n s i l e  on t h e  i n s i d e  s u r f a c e  and 

compressive on t h e  o u t s i d e  s u r f a c e .  The t o t a l  p r inc ipa l .  s t r e s s e s  i n  t h e  

head a t  r e g i o n  3 a r e  found by add ing  l i k e  s t r e s s e s  given by E q s ,  94 through 

98. 

S t r e s s e s  i n  Region 4 

A f ree-body diagram of  t h e  head i s  i l l u s t r a t e d  i n  F i g .  16.  The 

s t r e s s e s  i n  r e g i o n  4 a r e  a f f e c t e d  by t h e  moment M, t h e  f o r c e  E', and t h e  

p r e s s u r e  p. 

ORNL Ddg. 65-11837 

Pa 

F 

F i g .  1 6 .  Free-Body Diagram of  Head i n  Region 4 .  

S t r e s s e s  due t o  M a r e  t h e  r a d i a l  s t r e s s , 6  

6M u = - *  
t2 Y 

M h  
r 

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

6M 
t'3 

'M h 
1- 

S t r e s s e s  due t o  F a r e  t h e  radial .  s t r e s s ,  

or - -  ---  ( t e n s i l e ) ;  
t 

E ' h  

(99)  
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and t h e  c i r c u m f e r e n t i a l  s tress,  

0 z- ( t e n s i l e )  
‘F th  

S t r e s s e s  due  t o  p a r e  t h e  r a d i a l  stress,‘ 

3 a2 o = - ( 3  + uc) ; r 8% 
P 

t h e  c i r  cum% e r en  t i a 1 s t r e s s , 

and t h e  t r a v e r s e  s t r e s s ,  

0 == p (compress ive)  . 
P 

The s t r e s s e s  g iven  by E q s .  99 and 100 a r e  t e n s i l e  on t h e  i n s i d e  s u r f a c e  

and compress ive  on t h e  o u t s i d e  s u r f a c e  whereas  t h e  s t r e s s e s  g iven  by Eqs. 

103 and 104 a r e  compress ive  on t h e  i n s i d e  and t e n s i l e  on t h e  o u t e r  s u r f a c e .  

The t o t a l  p r i n c i p a l  s t r e s s e s  a t  r e g i o n  4 are found by add ing  l i k e  s t r e s s e s  

g iven  by E q s .  99 through 105.  

A p p l i c a t i o n  o f  R e s u l t s  o f  C a l c u l a t i o n s  

The approach t h a t  cou ld  be fo l lowed i n  u s i n g  t h e  r e s u l t s  o f  t h e  p r e -  

ced ing  c a l c u l a t i o n s  c o n s i s t s  o f :  

1. s e l e c t i n g  t h e  r e q u i r e d  s h i e l d  t h i c k n e s s  based on s h i e l d i n g  r equ i r emen t s ,  

2 .  assuming a l i n e r  t h i c k n e s s ,  t and a head t h i c k n e s s ,  t 

3 .  c a l c u l a t i n g  t h e  maximum pr inc ipa .1  stresses (ol, 02, and 03)  i n  t h e  
h.’ L’ 

s h i e l d  and l i n e r ,  

4 .  computing S (S = cr - o ) and comparing w i t h  t h e  y i e l d  p o i n t  o f  
ma x m i  n 

t h e  m a t e r i a l  i n  q u e s t i o n ,  

5 .  r e p e a t i n g  t h e  above f o u r  s t e p s  u n t i l  t h e  c a l c u l a t e d  s t r e s s e s  are 

a c c e p t a b l e  (S 5 S ) .  
YP 
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Example for Cask with Cylindrical Configurat-Lon 

The material properties are obtained from T a b l e s  1 through 4, and 

reference i s  made to Table 7 f o r  the formulas for the stresses. Assume a 

cask of cylindrical conriguration with the characteristics listed below. 

Dimensions: a = 27,5  in., t - 10.5 in., b = 38 in., and h = 132 in. 

Design pressure - 100 psi 

Design temperature = 212'F (wall temperature of  liner) 

Shiclding material: 

Liner material: type 347 sLainless steel, 

Assume that = 1.25  in, a n d  t = 1.5 in. 

S 

chemical lead, Es = 2 x lo6 psi, 2) = 0.4 
S 

= 28 x 10" psi, uL - 0.3 
EL 

L h 
There fore, 

= 0.437, 

De t e r m i n  a t ion o f S t re s s e s 

S t r e s s e s  in ShieLd in Revion 1. 
I- 

s -  t 1) : o~,f2~7x+':o (3.1.99 + 1) = 127 psi. 

Stresses i n  Liner at Linergd OffsetLn- Region 2. 

-- = 3 . 1 7 2 ~  . .- BP F - 
r eg ,  2 A L ( l  + e )  - 0.2194(1  + 0.437) 

P :P - 7 . 2 3 3  e reg. 2 2 l f ( l  -t /?I) 2 x 0.2194*(1 + 0.437) 
M 
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The s t r e s s  i n  t h e  l i n e r  a t  t h e  o u t s i d e  s u r f a c e  i n  r eg ion  2 ,  

2(3.172) (100) (0.2194) (27.5)  
1.25 

2 (7.23) (100) (0 .21942) (27.5) (0 .6)  (0.3) (7.23) (100) + 
1.25 1. 252 

= 1530 - 3062 + 1531 - 833 = -834 psi., 

( l G 0 )  = -30 p s i .  PP - 0.437 - 
1 + 9 1.437 

03 = 

Therefore ,  t h e  s t r e s s  i n t e n s i t y  on  t h e  o u t s i d e  s u r f a c e  of  the  l i n e r  i n  

r eg ion  2 i s  0 - 0  = 943 p s i .  

The s t r e s s  i n  t h e  1.iner a t  t h e  i n s i d e  s u r f a c e  of  r e g i o n  2 ,  

max min 

= 1530 - 3062 + 1531 + 83.3 = +832 p s i ,  

03 = p = -100 p s i .  

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

r eg ion  2 i s  4709 p s i .  

S t r e s s  i n  L i n e r  i n  Region 3 .  

- 100[1..437(27.5 x 0.2194 x 1.25)" + 4(27.5)(0.2L94)(1.253) + 4(1.3)(1.5") 
4(1.437)(0.2194) [ 2 ( 2 7 . 5 > ( 0 . 2 1 9 4 ) ( 1 . 2 5 ~ ' 3 )  + 1.5"] 

- 

= 1453.3. 



pa2?ftf 
r eg .  3 II_ 

F 
- 

r eg .  3 - 6 ( 1  + p ) ( l  - M 

- 1453.3  I lOO(27. 52) (0 .21 91t2) (1, 252) 5899 . 
0.2194 6(1.4*)(0.91)  

The s t r e s s  i n  t h e  l i n e r  a t  t h e  o u t s i d e  s u r f a c e  of t h e  c y l i n d r i c a l  wall, 

2(5899) (O.219Lt2)(27.5) 
1.25 

/ 100 (m) (-)- .. 1 .25  
2(1453.3) (0.2194) (27.5) + 

6(0 .3)  (5899) - 
1.25' 

= 1530 - 14030 -t 12493 - 6796 := -6803, 

-= 1833 - 22652 1. -20,819 p s i ,  
-. pa. - 6Mreg. 3 

O2 - 2 t:, 

0 3 = 9 + 1  --E!-- = -30. 

The re fo re ,  t h e  s t ress  i n t e n s i t y  on t h e  o u t s i d e  s u r f a c e  of  t h e  c y l i n d e r  

p o r t i o n  of  t h e  l i n e r  a t  r e g i o n  3 i s  20,789 p s i .  

The s t ress  i n  t h e  l i n e r  a t  t h e  i n s i d e  s u r f a c e  

= 1530 - 14030 -i- 1.2493 -k 6796 = +6789, 

o f  t h e  c y l i n d r i c a l  w a l l ,  

03 = p :: -100. 

The re fo re ,  t h e  s t r e s s  i n t e n s i t y  on the  i n s i d e  s u r f a c e  o f  the c y l i n d r i c a l .  

p o r t i o n  o f  t h e  l i n e r  a t  r e g i o n  3 i s  24,585 p s i .  

The s t r e s s  i n  t h e  l i n e r  a t  t h e  i n s i d e  s u r f a c e  o f  t h e  head, 



03 = p = -100. 

There fo re ,  t h e  stress i n t e n s i t y  on t h e  i n s i d e  s u r f a c e  o f  t h e  head i n  

r e g i o n  3 i s  16 ,792  p s i .  

The stress i n  t h e  l i n e r  a t  t h e  o u t s i d e  surEace  o f  t h e  head, 

= 962 - 15730 :: -14 ,768 ,  
r e g .  3 I 6Mrea. 3 

F 
0,- := 

o3 ::: 0 . 
There fo re ,  t h e  s t ress  i n t e n s i t y  on t h e  o u t s i d e  sur face  of t h e  head i n  

r e g i o n  3 i s  1 5 , 4 5 1  p s i .  

S t ress  i n  Region 4 .  The stress i n  t h e  l i n e r  a t  t h e  i n s i d e  s u r f a c e  

o f  t h e  head,  

03 = p := -100. 

There fo re ,  t h e  s t ress  i n t e n s i t y  on t h e  i n s i d e  s u r f a c e  of t h e  head  i n  

r e g i o n  4 i s  24,585 p s i .  

The stress i n  t h e  l i n e r  a t  t h e  o u t s i d e  s u r f a c e  of  t h e  head, 

reg, 3 3pa"(3 -k 

t' t h  8 t g  

F 
01 = - 6Mreg. 3 -t- 4- 

h 

= -15730 4- 962 + 41594  = +26,826 p s i ,  

6Mreg' -C ULFreg' 
-f- $ 3 a2 ( 3  f vL) = -15730 -i- 279 + 41594 

h h 
t2 t 

cs2 =-  
h 

= 26,143,  
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03 = 0. 

T h e r e f o r e ,  t h e  s t r e s s  i n t e n s i t y  on t h e  o u t s i d e  s u r f a c e  o f  t h e  head i n  

r e g i o n  4 i s  26,826 p s i .  

- Summary o f  Example C a l c u l a t i o n s  

A s  t h e  above c a l c u l a t i o n s  show, t h e  hpad t h i c k n e s s  can  be reduced 

s l i g h t l y  w i t h  a r e s u l t i n g  s t ress  i n t e n s i t y  c l o s e r  t o  t h e  l i m i t  of  35,000 

p s i .  The t h i c k n e s s  of  t h e  c y l i n d r i c a l  p o r t i o n  o f  t h e  l i n e r  cannot  be 

reduced because  the a l l o w a b l e  stress i n  t h e  s h i e l d  would he  exceeded.  

The s t r e s s  i n t e n s i t i e s  c a l c u l a t e d  f o r  t h e  c y l i n d r i c a l  c a s k  example a r e  

g i v e n  i n  Tab le  9 .  

Tab le  9 .  Tabula t i o n  of  S t r z s s c s  f o r  Example Cy l ind r i ca l .  Cask 
- 

C a l c u l a t e d  

1 lit en 8 i t y 
S t r e s s  A 1  lowab 1 e 

S t r e s s  
( p s i )  ( p s i )  

S t r e s s  i n  S h i e l d  i n  r e g i o n  1 

S t r e s s  i n  l i n e r  i n  r e g i o n  2 
O u t s i d e  s u r f a c e  
I n s i d e  s u r f a c e  

S t r e s s  i n  l i n e r  i n  r e g i o n  3 
O u t s i d e  s u r f a c e  o f  c y l i n d r i c a l  

I n s i d e  s u r f a c e  o f  c y l i n d r i c a l  

I n s i d e  s u r f a c e  o f  head 
O u t s i d e  s u r f a c e  of head 

wa 1 1 

w a l  1 

S t r e s s  i n  l i n e r  i n  r e g i o n  4 
I n s i d e  s u r f a c e  o f  head 
O u t s i d e  s u r f a c e  o f  head 

12 7 

9 34 
4,709 

20,789 

24,585 

16,792 
15,451 

24,585 
26 ,826  

L27a 

35,000 
35,000 

35,000 

35,000 

35,000 
35,000 

35,000 
3.5 , 000 

a 
E l a s t i c  l i m i t  s t r e s s .  
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6. CREEP EVALUATION FOR LEAD SHIELD 

I f  t h e  s h i e l d i n g  m a t e r i a l  i s  l e a d  and t h e  p r e s s u r e  l o a d  i s  t o  be  

a p p l i e d  f o r  extended p e r i o d s  of  t i m e  (weeks), t h e  c r e e p  of t h e  l e a d  must 

be  e v a l u a t e d .  The d e s i g n  l i m i t  f o r  creep i n  p r e s s u r e  v e s s e l s  se t  by 

S e c t i o n  VI11 of t h e  ASME B o i l e r  and P r e s s u r e  Vesse l  Code' i s  1% i n  

10,000 h o u r s .  

t i m e  can  be de t e rmined  a s  g iven  below. 

I f  t h i s  1% c r e e p  l i m i t  i s  used,  t h e  a l l o w a b l e  o p e r a t i o n  

The secondary  creep r a t e  i n c r e a s e s  w i t h  i n c r e a s i n g  s t ress ,  and for a 

c o n s t a n t  t e m p e r a t u r e ,  t h e  r e l a t i o n s h i p  between them i s  most commonly ex- 

p r e s s e d  by t h e  e m p i r i c a l  e q u a t i o n : 2  

; C = ncryTl > I ) ,  (106) 

where 
i n .  / i n .  

h r  
i = c r e e p  s t r a i n  r a t e ,  

C 
? 

0 - stress i n  p s i ,  

B = t e m p e r a t u r e  dependent  c o n s t a n t  w i t h  u n i t s  o f  

11 = t e m p e r a t u r e  dependent  c o n s t a n t .  

( i n  .2 / l b )  rl 
h r  9 

I n  l o g a r i t h m i c  form E q .  106 becomes 

log  = l og  B -t v l o g  0 .  

Given two se t s  o f  d a t a  f o r  and rg a t  a s p e c i f i e d  t empera tu re ,  one can  

w r i t e  

C 

C 

l o g  ( i c ) l  = l o g  B 3. 7 IOg 01, 

and 

l o g  1 l og  B -t 7 l o g  u2. 

S u b t r a c t i n g  t h e  f i r s t  from t h e  second g i v e s  

l o g  - l o g  ( i c ) l  = 7 l o g  si2 - '1 l o g  01, 

'ASME B o i l e r  and P r e s s u r e  Vessel Code, S e c t i o n  V I I I ,  Ru le s  f o r  Con- 
s t r u c t i o n  of U n f i r e d  P r e s s u r e  V e s s e l s ,  American S o c i e t y  o f  Mechanical 
E n g i n e e r s ,  N e w  York. 

? C *  W .  R icha rds ,  pp .  28,  291, and 292 i n  E n g i n e e r i n g  M a t e r i a l s  Sc ience ,  
Wadsworth P u b l i s h i n g  Co., San F r a n c i s c o ,  1961.  
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o r  

(+ 

( e c )  
log 2-2 

log ~ 

7 =  1 

01 

Once 7 i s  de te rmined ,  s u b s t i - t u t i o n  of c o n s i s t e n t  d a t a  f o r  E 

Eq.  106 w i l l  y i e l d  B. 

and (T i n t o  
C 

The d a t a  shown i n  Fi.g. 1 7  may be used t o  e s t a b l i s h  an e q u a t i o n  l i k e  
( i n .  7 / l b )  7 

and B hav ing  u n i t s  o f  - hav ing  u n i t s  of i.n . ,' i n .  E q .  106 b u t  w i t h  
Y r  Y r  C 

CREEP RATE 

ORNL 

I O  100 

A = 6% ant imonia l  lead,  3 O o C  
13 = chemical  l e a d ,  30°C 
C = cornion l e a d ,  3 O o C  
D = chemicaL l e a d ,  100°C 
E 6% a n t i m o n i a l  l e a d ,  100°C 
F = coiiunon l e a d ,  ~ O O O C  

F i g .  1 7 .  
R e f i n i n g  Company). 

Creep Data f o r  Rol-led Lead (from American Smel t ing  and 
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I f  t h e  s h i e l d i n g  m a t e r i a l  i s  assumed t o  b e  chemical l e a d ,  u se  o f  t h e  

e n c i r c l e d  d a t a  011 Fig .  1 7  y i e l d s  B = and 7 = 4 . 5 .  The re fo re ,  t h e  

c r e e p  r a t e  e q u a t i o n  f o r  chemica l  l e a d  a t  ‘3 t empera tu re  o f  212O.P i s  assumed 

t o  b e  

where 
i n .  / i n .  i = c r e e p  r a t e ,  

C Y r  
? 

0 = st ress ,  p s i .  

From Tab le  3 ,  t h e  a l l o w a b l e  s t ress  f o r  chemica l  l e a d  co r re spond ing  t o  an 

o p e r a t i n g  t empera tu re  o f  212OF i s  127 p s i .  The re fo re ,  

i n .  / i n .  
= 0.00888 

Y r  , 
i n .  / i n .  
8760 h r  ’ = 0,00888 

i n ,  / i n .  
h r  ’ = 1.014 x 10”“ 

=- 1.014% i n  10,000 h r .  

Upon o b s e r v i n g  t h i s  r e s u l t  o f  1.014% i n  10,000 h r ,  one s u s p e c t s  t h a t  t h e  

a l l o w a b l e  stress o f  127 p s i  f o r  chemical  l e a d  a t  a t empera tu re  of 212’F 

was e s t a b l i s h e d  by u s i n g  t h e  a forement ioned  ASME s p e c i f i c a t i o n . !  

Ln t h e  development o f  t h e  formulas  t h a t  a r e  p r e s e n t e d  f o r  de t e rmin ing  

t h e  s t resses  i n  t h e  s h i e l d ,  i t  was assumed t h a t  a gap e x i s t s  between t h e  

j a c k e t  and t h e  s h i e l d .  I f  t h e  s h i e l d  c r e e p s  f o r  a s u f f i c i e n t  l e n g t h  of 

t ime,  t h i s  gap i s  c l o s e d  so t h a t  c o n t a c t  between t h e  s h i e l d  and j a c k e t  i s  

e s t a b l i s h e d .  Creep i s  a f f e c t e d  by t h i s  c o n t a c t  i n  two ways. F i r s t ,  t h e  

c o n t a c t  r e s u l t s  i n  a r e d i s t r i b u t i o n  o f  the  load  among t h e  l i n e r ,  s h i e l d ,  

and j a c k e t .  T h i s  c a u s e s  a r e d u c t i o n  i n  t h e  maximum s t ress  i n  t h e  s h i e l d ,  

which i n  t u r n  r educes  t h e  c r e e p  r a t e .  Second, t h e  c o n t a c t  improves t h 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  o f  t h e  cask .  T h i s  r educes  t h e  t empera tu re  o f  

t h e  s h i e l d  and t h i s  a l s o  r e d u c e s  t h e  c r e e p  r a t e .  The re fo re ,  one may conclude  

t h a t  c r e e p  i n  t h e  s h i e l d  t e n d s  t o  be  s e l f  a l l e v i a t i n g .  

A f ree-body d iagram of  a span o f  l e n g t h  w i s  i l l u s t r a t e d  i n  F ig .  18. 

From Eq.  8 ,  t h e  minimum end moment was found t o  be  pw?/l6. The  t i m e  
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I I 1 

65- 11839 

1 ) E2 
R 

Fig .  18. Free-Body Diagram o f  Span of  Length w. 

r e q u i r e d  t o  c l o s e  t h e  gap  between t h e  j a c k e t  and t h e  s h i e l d  wi l l  be  c a l c u -  

l a t e d ,  and the  e l a s t i c  d e f l e c t i o n  w i l l  b e  c a l c u l a t e d  by u s i n g  t h e  minimum 

moment pw2/16 a t  t h e  end of t h e  span .  The d e f l e c t i o n  due t o  c r e e p  w i l l  

a l s o  b e  c a l c u l a t e d  by assuming the  span t o  b e  s imply suppor t ed .  Use of  

t h e  end moment p e r m i t s  t h e  f o l l o w i n g  e q u a t i o n  t o  be  w r i t t e n  t o  e s t a b l i s h  

t h e  p o i n t s  of  z e r o  moment i n  the  span.  

( X  - o.5W)2 = - +0.3535W; x = o.lLC65 W .  

Segments 1 - 2  and 2 - 3  shown i n  F ig .  18 may be  t r e a t e d  as c a n t i l e v e r  

beams suppor t ed  a t  p o i n t  1 and f i x e d  a t  p o i n t  3. The d e f l e c t i o n  o f  p o i n t  

2 wi.th r e s p e c t  t o  p o i n t  1 c o n s i s t s  o f  two p a r t s :  (1) t h e  d e f L e c t i o n  of  

p o i n t  2 due t o  t h e  ro t i a t ion  o f  t h e  j o i n t  a t  p o i n t  1, and ( 2 )  t h e  d e f l e c r i o n  

due t o  t h e  de fo rma t ion  o f  segment 1 - 2 ,  

o f  E q .  8 i n  E q .  3 g i v e s  an ang1.e o f  r o t a t i o n  of t h e  j o i n t  a t  p o i n t  1 o f  

pw3/96EI. T h i s  r o t a t i o n  c o n t r i b u t e s  

A12. The magnitude o f  t h e  end d e E l e c t i o n  o f  a c a n t i l e v e r  beam o f  l e n g t h  

R f i x e d  (no r o t a t i o n )  a t  one end sild c a r r y i n g  a un i fo rmly  d i s t r i b u t e d  

load  o f  1) I b / i n .  i s  pR4/8EI ( r e f .  3 ) .  Thus, t h e  de fo rma t ion  of  segment 1.-2 

Use o f  t h e  end m0men.t pw2/16 and 

p W 3  
( 0 . 1 4 6 5 ~ )  i n .  t o  t h e  d e f l e c t i o n  

9 6EI 

3P. G .  Laurson and W. J .  Cox, p.  164 i n  Mechanics ..-.. of  ~ M a t e r i a l s ,  Wiley 
and S o n s ,  I n c . ,  3 rd  ede, New York, 1.947. 
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(0*1465w) t o  t h e  d e f l e c t i o n  A12* 
8 E I  

c o n t r i b u t e s  Hence, 

= 1.5836 x 1.0-" $ . 
W 4  

S i m i l a r l y ,  A m  = & ( 0 . 3 5 3 5 ~ ) ~  = 1.9519 x LO-" 

e l a s  t i c  d e f l  ec t i o n ,  

, and t h e r e f o r e  t h e  

4 
(108) 

-3 pw 
E 1  ' n13 = (1 .5836 t 1.9519) 10'' E? - 3.5355 x l o  

E 1  

I n  c a l c u l a t i n g  t h e  d e f l e c t i o n  due t o  c r e e p ,  i t  w a s  assumed t h a t  p l a n e  

s e c t i o n s  b e f o r e  bending  remain p l a n e  a f t e r  bending  i n  t h e  p l a s t i c  a s  w e l l  

a s  i n  t h e  e l a s t i c  r ange .  T h i s  u s u a l  assumpt ion  permits t h e  d e r i v a t i o n  

r e l a t e d  t o  t h e  d e f l e c t i o n  of t h e  f ree  end o f  a c a n t i l e v e r  bean  s u b j e c t  t o  

creep t h a t  fo l lows .  The d e f l e c t i o n  o f  a c a n t i l e v e r  beam i s  i l l u s t r a t e d  

i n  F i g .  19. 

F i g .  19.  The D e f l e c t i o n  o f  a. C a n t i l e v e r  Beam. 
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111 F ig .  19,  the l i n e s  AB, A ' B ,  and h " B  r e p r e s e n t  t h e  n e u t r a l  s u r -  

f a c e s  of  t h e  beam s u b j e c t e d  t o  no d e f l e c t i o n ,  e l a s t i c  d e f l e c t j o n ,  and 

e l a s t i c  p l u s  c r e e p  d e f l e c t i o n ,  r e s p e c t i v e l y .  L ikewise ,  CD and EF  a re  

s e c t i o n s  of  the n o n d e f l e c t e d  beam dx u n i t s  a p a r t  and x u n i t s  from t h e  

f r e e  end .  C ' D '  and E ' F '  a r e  f o r  t h e  beam s u b j e c t e d  o n l y  t o  e l a s t i c  

d e f l e c t i o n  and C"D" r e p r e s e n t s  Lhe o r i e n t a t i o n  o€ s e c t i o n  CD w i t h  r e s p e c t  

t o  C ' D '  a f t e r  t h e  o c c u r r e n c c  of  c r e e p .  From F i g .  19 ,  i t  i s  e v i d e n t  t h a t  

cd0 E dx and t h a t  xdo - dA . Hence, t h e  d i f f e r e n t i a l  c r e e p  d e f l e c t i o n ,  
C C 

E 

dG :I: - xdx. 
c c  

C 

E q .  106 may be w r i t t e n  

where 

i, -: c r e e p ,  i n .  / i n .  , 
C 

T = t i m e ,  y r .  

.- i n t o  ~ q .  109, = Bo% and 0 :: - -- M c  
S u b s t i t u t i n g  i 

C I 21 

whence? 

and t h e  end d e f l e c t i o n  due t o  c r e e p ,  

B ~ c ~ - l ~ 2 ~ + ~  
ac = 2 T. 

271'(2?7 t 2) 

Fo r  chemical  l e a d  a t  a t e m p e r a t u r e  o f  21.2'F, E q  110 become s 

b t 3  
S i n c e  I := - 12 where b i s  assumed t o  be 1 i n " ,  E q .  111 reduces  t o  

(112)  
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For pu rposes  of  i l l u s t r a t i n g  the use  o f  E q s ,  108 and 112 i n  e v a l u a t i n g  

t h e  s e v e r i t y  o f  c r e e p ,  suppose a p r i s m a t i c  c a s k  h a s  an i n t e r n a l  p r e s s u r e  

of  20 p s i ,  a lead s h i e l d  10 i n .  t h i c k ,  a span l e n g t h  w = 36 i n , ,  and a n  

o p e r a t i n g  t e m p e r a t u r e  of 212OF. 

By r e f e r r i n g  t o  Tab le  I., i t  may be seen  t h a t  shr i i ikage on c a s t i n g  

i s  t a k e n  i n  p r a c t i c e  t o  be 7 / 6 4  t o  5/16 i n .  p e r  f o o t .  C e r t a i n l y  t h e  lead 

s h i e l d  ~ 7 i t h  i t s  l a r g e  t h i c k n e s s  r e l a t i v e  t o  t h e  l i n e r  t h i c k n e s s  will sub- 

j ec t  t h e  l i n e r  walls to  compressive f o r c e s  s u f f i c i . e n t  t o  s h o r t e n  i f  n o t  

b u c k l e  them. I n  t h e  l i g h t  of t h e s e  ~*,Jo  c o n s i d e r a t i o n s ,  l e t  i t  be assumed 

t h a t  a gap o f  t 160 i n .  w i l l  deve lop  between t h e  s h i e l d  and t h e  j a c k e t  

d u r i n g  f a b r i c a t i o n  o f  t h e  cask .  Note t1 ia. t  t i . s  t h e  t h i c k n e s s  o f  t h e  

s h i e l d  i n  i n c h e s .  

d e f l e c t i o n  p l u s  t.lie d e f l - c c t i o n  due t o  c r e e p  must be no less  t h a n  t / 6 0 .  

S 

S 

If t h i s  gap i s  t o  he c l o s e d ,  t h e  s u m  of  t h e  e l a s t i c  

S 

S i n c e  I = t3/12 and E f o r  lead -= 2 x l o 6 ,  f r o m  E q ,  108, 

S i n c e  h a l f  a. s imp ly  suppor t ed  beam may be t r e a t e d  as a c a n t i l e v e r ,  from 

E q .  112, 

4.5 1Scr  w 
= 3.9385 x lo'"'@ 4-10 * L 

S 

T h e r e f o r e ,  

(113) 

S u b s t i t u t i n g  p = 20, ts = 10, and w = 36 i n t o  E q .  113, 

20) '*5( 36)11 
101" T, 10 - 2.1213 x lo-' -w4- = 3.9385 x lom1" ' 

60 

f o r  which i t  i s  found t h a t  T = 0.5055 y r  o r  4428 h r .  It  w i l l  t h e r e f o r e  

r e q u i r e  a lmos t  4500 h r  01 o p e r a t i o n  of t h e  ca,sk a t  d e s i g n  p r e s s u r e  t o  

c l o s e  t h e  gap between the s h i e l d  and t h e  j a c k e t .  





A = cross sectional area, in.2 

AA = incremental area, in.2 

a = outside radius of liner and inside radius of shield, in. 

{in.2/lb)‘ 
hr 3 = temperature dependent constant with units of 

( in. /lb) ‘ 
yr 

or 

b = outside radius of shield, in. 

c = distance from neutral axis of cross section to outermost fiber 

Et3 , ~blin.2 
12(1 - u21 D =  

d =  

E =  

E =  L 
E =  S 
F =  

AF = 

g =  
h =  

I =  

L =  

R = 

M =  

M =  
AB 

- 
MAD - 

m L =  
n =  

p =  

P =  
- 

p s  - 

PL - 
- 

r =  

s =  
s =  
YP 

s =  

depth of prismatic cavity, in. 

modulus of elasticity, psi 

modulus of elasticity of liner, psi 

modulus of elasticity of shield, psi 

force, lb per in. of length 

incremental mernbrane force, 15 

unsupported length of liner, in. 

height of prismatic cask cavity, in. 

moment of inertia, in.* 

subscript referring to liner 

length of cantilever 

Sending momefit, in.-lb pes inch of length 

bending moment in beam AB at joint A 

bending moment in beam AD at joint A 

the reciprocal of ’u 

EL PS 
load on a tensile member, lb 

internal design pressure, psi 

internal design pressure on shield, psi 

effective internal design pressure (p - p ) on the liner, psi 

radius of liner, in. 

stress intenstty equal to crl - cr3 where o1 > 3, > 03 

tensile stress of a material at yielding 

subscript referring to shield 

S 

time, yr 

material thickness, in. 

increase in length of span of shield, in. 

width of prismatic cask cavity, in. 

longitudinal coordinate or length of a tensile member, in. 

distance from base t o  centroid of  k in Fig. 6 ,  in. 

distance from inner surface of liner to the neutral axis af 
section of composite beam consisting of liner and shield, in. 

deflection of liner as shown in Fig. 9, in. 

1 P Esa 
S - - -  

elongation of memb’er due to tensile load, in. 

radial displacement (deflection) of cylindrical liner, -in. 

radial displacement (deflection) of cylindrical shield, in. 

in. /in. in. /in. 
hr Yr 

creep strain rate, 01 

temperature dependent constant 

angle of rotation or slope 

the slope or angle of rotation of beam AB at joint A 

the slope o r  angle of rotation of beam AD at joint A 

:jL = Poisson’s ratio for the liner material 

= Poisson’s ratio for the shielding material 
’’ s 

CT = stress, psi 

ol, c ’ ~ ,  (r3 = three principal stresses in structural member, psi 

0,. = bending stress in psi 

‘r 

3X 

F,S 

F2 S 

7rmax  

D 

= radial stress in ps< 

= longitudinal stress in psi 

o = hoop or circumferential stress in psi 
0 

0 = stress in shield due to membrane force F, an shield, psi 

= stress in shield due to membrane force F, on shield, psi 

= maxinam shear stress 

CT 

@ = angle of rotation 

C = summation 
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