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PREFACE 

T h i s  review of t h e  s ta te  of  t h e  a r t  of  l iquid-metal-cooled f a s t  b r e e d e r  

r e a c t o r  (LMFBR) equipment c e l l  l i n e r  technology w a s  w r i t t e n  a t  t h e  r e q u e s t  

of t h e  F a s t  Reac tor  S a f e r y  Branch o f  t h e  USAEC D i v i s i o n  of Reac tor  S a f e t y  

Research. It i s  i n t e n d e d  t o  p r o v i d e  a b a s i s  f o r  de te rmining  i f  a d d i t i o n a l  

r e s e a r c h  and development are needed t o  p e r m i t  a more d e f i n i t i v e  e v a l u a t i o n  

of c e l l  l i n e r  d e s i g n  concepts  t h a t  might b e  employed i n  commercial LMFHlb 

s u b m i t t e d  i n  t h e  f u t u r e  € o r  l i c e n s i n g .  

The scope  of t h e  s t u d y  and t h e  t i m e  a v a i l a b l e  prec luded  a n  e x t e n s i v e  

l i t e r a t u r e  survey  and a thorough assessment  of c e l l  l i n e r  technology.  The 

r e p o r t  is  based  on a review of s e l e c t e d  l i t e r a t u r e  r e f e r e n c e s ,  p r e v i o u s l y  

p u b l i s h e d  technology a s s e s s m e n t s ,  and d i s c u s s i o n s  w i t h  knowledgeable i n -  

d i v i d u a l s .  No a t t e m p t  i s  made t o  e v a l u a t e  and e s t a b l i s h  v a l i d i t y  of d e s i g n  

cr i ter ia ,  methodology, f a i l u r e  modes, f a i l u r e  cr i ter ia ,  and performance 

of c e l l  l i n e r s .  S i m i l a r l y ,  no a t t e m p t  i s  made t o  p r o v i d e  an e x h a u s t i v e  

s v u r c e  of  r e f e r e n c e s ,  a l though a s i z a b l e  l i s t i n g  is  i n c l u d e d  a l o n g  w i t h  a 

s e l e c t e d  b i b l i o g r a p h y .  

A number of  i n d i v i d u a l s  a s s i s t e d  i n  t h e  p r e p a r a t i o n  of t h e  r e p o r t .  I n  

p a r t i c u l a r ,  t h e  c o n t r i b u t i o n s  of T,  W. P i c k e l  and R. A .  J u s t  of  Oak Ridge 

N a t i o n a l  Labora tory ;  R. K. Brown and a s s o c i a t e s  of Hanford Engineer ing  

Development Labora tory  (FFTF s i t e ) ;  J .  M. Ilunstan,  J. 1J. Hempe, and R. S ,  

Tsang of B e c h t e l  C o r p o r a t i o n  ( d e s i g n e r s  o f  FFTF conta inment ) ;  F. Oplie and 

a s s o c i a t e s  a t  General. Atomics; and D. W. Goodpasture,  s t r u c t u r a l  c o n s u l t a n t  

l l n i v e r s i t y  of Tennessee,  are g r e a t l y  a p p r e c i a t e d .  D. D. R e i f f ,  F a s t  

Reac tor  S a f e t y  Branch, USAEC D i v i s i o n  of Reactor  S a f e t y  Research,  and 

PI. H. Fontana,  Oak Ridge N a t i o n a l  Labora tory ,  provided l i a i s o n  and program- 

m a t i c  d i r e c t i o n  f o r  which w e  are g r a t e f u l .  Thanks are a l s o  due t o  Dolores  

Eden and V i o l a  Er ickson  f o r  t y p i n g  t h e  f i r s t  d r a f t  and t o  Linda  Dockery f o r  

t y p i n g  t h e  f i n a l  r e p o r t .  
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ABSTRACT 

C e l l  l i n e r  d e s i g n  concepts  and p r a c t i c e s  used i n  l iquid-metal-cooled 

f a s t  b r e e d e r  r e a c t o r  (LMYBR) systems were surveyed t o  a s c e r t a i n  t h e  manner 

by which t h e  f u n c t i o n a l  requi rements  were s a t i s f i e d ,  t h e  s e v e r i t y  of sodium 

s p i l l s  t h e  l i n e r s  w e r e  des igned  t o  accommodate, and t h e  problems encountered 

i n  d e s i g n  and c o n s t r u c t i o n .  

w i t h  pr imary i n t e r e s t  on r e c e n t l y  c o n s t r u c t e d  p l a n t s  ~ 

The survey  w a s  l i m i t e d  t o  “loop-type“ LMFBRs, 

The r e p o r t  d i s c u s s e s  s t e e l - l i n e d  c o n c r e t e  s t r u c t u r e s  ; d e s c r i b e s  c e l l  

l i n e r  d e s i g n s  used i n  several LMFBR p l a n t s ,  w i t h  p a r t i c u l a r  emphasis on t h e  

Southwest Exper imenta l  F a s t  Oxide R e a c t o r  (SEFOK) and t h e  F a s t  Flux Test: 

F a c i l i t y  (FETF); and i d e n t i f i e s  r e s e a r c h  and development b e l i e v e d  n e c e s s a r y  

t o  permi t  a r a t i o n a l  and thorough assessment  of c e l l  l i n e r  d e s i g n  concepts .  

E a r l y  r e a c t o r  p l a n t s  emphasized t h e  l i n e r  as an a i d  i n  mainc;Xfning 

an  i n e r t - g a s  atmosphere i n  t h e  ce l l s  d u r i n g  normal o p e r a t i o n  and as a 

h a r r i e r  a g a i n s t  l eakage  of r a d i o a c t i v i t y  under a c c i d e n t  c o n d i t i o n s .  Design 

c r i t e r i a  i n c l u d e d  p r e s s u r e s  and tempera tures  expec ted  from sodium r e a c t i o n s  

w i t h  t h e  oxygen i n  t h e  ce l l .  More r e c e n t  d e s i g n s  have a l s o  c o n s i d e r e d  t h e  

l i n e r  as a b a r r i e r  t o  p r e v e n t  c o n t a c t  of t h e  h o t  sodium with t h e  c o n c r e t e  

s t r u c t u r e .  In p a r t i c u l a r ,  t h e  d e s i g n e r s  of SEFOK and FPTF a s s e s s e d  t h e  

performance of  t h e  c e l l  l i n e r s  under assumed massive s p i l l s  o f  c o o l a n t  from 

t h e  pr imary components and systems;  secondary ( i n e . ,  n o n r a d i o a c t i v e  sodium) 

systems and sodium s p r a y s  and j e t s  appear  t o  have been excluded from con- 

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

v ided  f o r  p r o t e c t i o n  a g a i n s t  s p i l l s  from components; double-walled p i p i n g  

h a s  been used i n  some i n s t a n c e s .  

Guard v e s s e l s  have g e n e r a l l y  been pro- 

P r a c t i c a l l y  a l l  LMFBR c e l l  l i n e r s  have been f i r m l y  a t t a c h e d  t o  the 

backup c o n c r e t e  s t r u c t u r e .  Ttie n o t a b l e  e x c e p t i o n  i s  t h e  “ f r e e - f l o a t i n g “  

l i n e r  concept  employed i n  t h e  FETE’. Other  than  t h i s  example, t h e  concepts  

have changed v e r y  l i t t l e  from t h o s e  used i n  t h e  f i r s t  p l a n t s  c o n s t r u c t e d .  

Although a n a l y t i c a l  t e c h n i q u e s  and c o n s t r u c t i o n  d e t a i l s  r e l a t e d  t o  l i n e r  

anchor ing  have evolved c o n s i d e r a b l y ,  i n n o v a t i v e  concepts ,  des igned  t o  

c i rcumvent  o r  a l l e v i a t e  t h e  t h e r m a l  mismatch between t h e  l i n e r  and suppor t -  

i n g  c o n c r e t e  under massive sodium s p i l l  c o n d i t i o n s ,  have no t  appeared i n  

p r a c t i c e .  It i s  concluded t h a t  LMFBR c e l l  l i n e r  technology has  n o t  y e t  

reached  the  level of m a t u r i t y  e v i d e n t  i n  containment  technology f o r  
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water- and gas-cooled ' r e a c t o r s  , even though t h e  concepts  and c o n s t r u c t i o n  

d e t a i l s  are l a r g e l y  d e r i v e d  from t h e s e  s o u r c e s .  

Perhaps t h e  most p r e s s i n g  r e s e a r c h  need i s  an e x p e r i m e n t a l  program 

t o  i d e n t i f y  f a i l u r e  modes, t o  provide  d e s i g n  d a t a ,  t o  p r o v i d e  exper imenta l  

d a t a  f o r  v a l i d a t i o n  of a n a l y t i c a l  models, and t o  p r o v i d e  proof-of-concept 

ev idence  under p o s t u l a t e d  a c c i d e n t  c o n d i t i o n s .  

Also,  s i n c e  t h e  c o s t  of t h e  f r e e - f l o a t i n g  concept  is  f a r  i n  excess o f  

t h a t  of t h e  " f i x e d f r  l i n e r  and s i n c e  t h e r e  i s  some evidence  t h a t  t h e  l a t te r  
can b e  des igned  t o  accommodate massive sodium s p i l l s ,  t h e r e  i s  an immediate 

need f o r  a d e t a i l e d  d e s i g n  s t u d y  and e v a l u a t i o n  of  t h e  two concepts .  Such 

a s t u d y  would reveal problem areas, d e f i c i e n c i e s  i n  a n a l y t i c a l  models and 

t e c h n i q u e s ,  l a c k  of i n p u t  d e s i g n  d a t a ,  f a i l u r e  c r i t e r i a ,  e t c . ,  and would 

permit  b e t t e r  d e f i n i t i o n  of needed r e s e a r s h  and development. 

Several a d d i t i o n a l  areas t h a t  need d a t a  and c r i t e r i a  are p r e s e n t e d  

in t h e  r e p o r t .  While t h e s e  might be  c o n s i d e r e d  t o  have lower p r i o r i t y  than  

t h e  above, they  are b e l i e v e d  n e c e s s a r y  t o  enhance conf idence  i n  t h e  

assessment  of c e l l  l i n e r  des igns .  



A STATE-OF-THE-ART REVIEW OF EQUIPNEEJT CELL LINERS FOR LWBRs 

R. H. Chapman 

INTRODUCTION AND SUMMARY 

Liquid-metal-cooled f a s t  b r e e d e r  r e a c t o r  (LMFBR) b u i l d i n g  s t r u c t u r e s  

are u s u a l l y  d i v i d e d  i n t o  two o r  more zones w i t h  d i f f e r e n t  a tmospheres ,  one 

of which is  a i r  and t h e  o t h e r  an i n e r t  gas  t o  e l i m i n a t e  ( o r  minimize) 

chemical  r e a c t i o n s  w i t h  t h e  c o o l a n t  i f  l e a k s  should  occur .  Thus, f o r  

p r a c t i c a l  purposes ,  t h e r e  are two containment  s t r u c t u r e s :  an i n n e r  (pr imary)  

i n e r t e d  containment  and a n  o u t e r  (secondary)  containment .  The secondary 

containment  normally c o n t a i n s  an a i r  atmosphere.  

sodium-cooled r e a c t o r s ,  e . g . ,  SRE and B a l l a m ,  employed confinement bu-i ld- 

i n g s  f o r  t h e  secondary containment .  ) 'Uhis t y p e  of c o n c e p t u a l  arrangement 

t e n d s  t o  produce a m u l t i p l i c i t y  of equipment ce l l s  (sometimes r e f e r r e d  t o  

as v a u l t s  o r  c a v i t i e s )  w i t h  common w a l l s  and s l a b s  f o r  t h e  i n n e r  conta in-  

ment s t r u c t u r e .  Large p i p e  t u n n e l s  p r o v i d e  communication between t h e  

v a r i o u s  ce l l s .  The ce l l s  and t u n n e l s ,  as w e l l  as t h e  secondary containment  

( i f  c o n s t r u c t e d  of c o n c r e t e ) ,  are l i n e d  w i t h  a t h i n  s teel  membrane suprmrted 

(Some of the  earlier 

by t h e  massive c o n c r e t e  s t r u c t u r a l  and s h i e l d i n g  system. 

The pr imary f u n c t i o n s  of t h e  i n n e r  s t r u c t u r e  l i n i n g  are t o :  

1. 

2. 

3. 

4 .  

provide  a l e a k - t i g h t  (or l o w  i n l e a k a g e )  containment f o r  t h e  i n e r t - g a s  

atmosphere d u r i n g  normal o p e r a t i o n ,  

p r e v e n t  ( o r  minimize) release of f i s s i o n  p r o d u c t s  t o  t h e  secondary 

containment  under a c c i d e n t  c o n d i t i o n s ,  

p revent  c o n t a c t  of t h e  sodium c o o l a n t  w i t h  t h e  c o n c r e t e  s t r u c t u r e  i n  t h e  

e v e n t  of a c c i d e n t a l  sodium s p i l l s ,  

f a c i l i t a t e  c leanup o p e r a t i o n s  f o l l o w i n g  an a c c i d e n t a l  sodium s p i l l ,  

The d e s i g n  concepts  and practices o f  several liquid-metal-cooled 

r e a c t o r s  were reviewed t o  a s c e r t a i n  t h e  manner by which t h e  above f u n c t i o n a l  

requi rements  were s a t i s f i e d ,  t h e  s e v e r i t y  of sodium s p i 1 l s  t h e  l i n i n g s  

w e r e  des igned  t o  accommodate, and t h e  problems encountered  i n  d e s i g n  and 
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c o n s t r u c t i o n .  A t t e n t  i.on was focused p r i m a r i l y  on recenLly c o n s t r u c t e d  

p l a n t s .  The f i n d i n g s  of t h e  survey  w i l l  be  used i n  p a r t  t o  de te rmine  i f  

a d d i t i o n a l  r e s e a r c h  and development are needed t o  provide  a r a t i o n a l  b a s i s  

f o r  e v a l u a t i n g  c e l l  l i n e r  d e s i g n s  t h a t  may b e  cmployed i n  comme.rcia1 LMPHMs 

submi t ted  i n  t h e  f u t u r e  f o r  l i c e n s i n g .  'Chis survey- :i.s no t  intendt?.d t o  b e  a 

thorough technology assessment ;  n e i t h e r  i s  i.t inttmdc:d t o  provide  a n  exhaus ted  

l i s t i n g  of r e f e r e n c e s ,  a l though a broad r e p r e s e n t a t i o n  i s  inc luded .  

C o n s i s t e n t  w i t h  t h e  "zoIi;?d-conl~ajnmenf" phi losophy d i s c u s s e d  above, 

most sodium-cooled r e a c t o r s  b u i l t  to d a t e  have r e s u l t e d  i n  complex cellular 

s t r u c t u r e s .  Reinforced c o n c r e t e  has  been favored  f o r  t h i s  type  of con- 

s t r u c t i o o  for marly reasons ,  F l e x i b i l i t y  i n  C O I Z C I ~ ~ ~ ; ~  c o n s t r u c t i o n  makes i t  

r e a d i l y  a d a p t a b l e  t o  forming t h e  i r r e g u l a r  shapes  of walls and f l o o r s .  

S h i e l d i n g  and s t r u c t u r a l  requi rements  are s a t i s f i e d  c o n c u r r e n t l y  i n  a 

r e l a t i v e l y  e a s y  manner. Concrete  c o n s t r u c t i o n  i s  n o t  as s e n s i t i v e  t o  human 

error as i s  t h e  manufacture  and f a b r i c a t i o n  o f  welded, p l a t e - t y p e  s t ee l  

containment s t r u c t u r e s  Minor d i sc repa ic i e s  i n  placement of r e i n f o r c i n g  

s t ee l  and i n  c o n s t r u c t i o n  oE fozrniwork have l i t t l e  e f f e c t  on th(: load-car ry ing  

a b i l i t y  of t h e  completed s t : ructure .  I n  f a c t ,  a major e r r o r  o r  flaw is 

r e q u i r e d  i n  a re i .n forced  c o n c r e t e  s t r u c t u r e  t o  i n i t i a t e  a s i g a i  Cicant f a i l u r e  

c o n d i t i o n ,  Concrete  (and s t e e l )  s t r u c t u r e s  al.so t:,sati t o  relieve h i g h l y  

stressed p o i n t s  by i n s i g n i f i c a n t  local.i.zed y i e l d i n g  o r ,  p o s s i b l y ,  by creep, 

O n  t h e  o t h e r  hand, a c o n s i d e r a b l e  d isadvantage  r e s u l t s  from t h e  use o f  

r e i n f o r c e d  c o n c r e t e .  The m o n o l i t h i c  s t r u c t u r e  i s  porous and h a s  a s t r o n g  

tendency f o r  1ocal i .zed c r a c k i n g  due t o  t h e  i n a b i l i t y  t o  s u s t a i n  l o c a l  t e n s i o n  

stresses. Although this t y p e  of c r a c k  format ion  i s  n o t  cansi.dered detri- 

mental t o  s t r u c t u r a l  i - n t e g r i t y ,  i t  does reduce  the  e f f e c t i v e n e s s  of t h e  

s t r u c t u r e  as a containment b a r r i e r  and makes it ~ ~ t . . c e s s a r y  t o  provide  an 

i n n e r  s tee1 l i n i n g  t o  a s s u r e  leak--ti.ght c o n s t r u c t i o n .  

Most o f  t h e  e a r l y  T,ME7HR r e a c t o r  p l a n t  desigris emphasized t he  l i n e r  as 

an a i d  i n  maintaining an i.nert-gas atmosphere i n  t h e  ce l l s  d u r i n g  normal 

o p e r a t i o n  and as a b a r r i e r  a g a i n s t  l eakage  o f  r a d i o a c t i v i t y  under a c c i d e n t  

c o n d i t i o n s .  Design c r i t e r i a  i n c l u d e d  p r e s s u r e s  and tempera tures  expecLed 

from sodium r e a c t i o n s  w i t h  t h e  oxygen c o n t e n t  of the c e l l .  More r e c e n t l y ,  

LMTBR des igns  have expanded t h e  f u n c t i o n a l  requireiarnts L O  i n c l u d e  t h e  l i n e r  
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as a b a r r i e r  t o  prevent: h o t  sodium from corning i n t o  c o n t a c t  w i t h  t h e  con- 

crete s t r u c t u r e .  I n  p a r t i c u l a r ,  t h e  d e s i g n e r s  o f  SEFOR and t h e  FFTP 

a s s e s s e d  t h e  performance of the c e l l  l i n e r s  f o r  p o s t u l a t e d  massive s p i l l s  o f  

c o o l a n t  from t h e  primary components and sys  terns ; secondary  t i .  P. ~ nonradio- 

a c t i v e  sodium) systems appear  t o  have been excluded from c o n s i d e r a t i o n  i n  a l l  

t h e  p l a n t s  reviewed. 

t e c t i o n  a g a i n s t  s p i l l s  from components; double-walled p i p f n g  h a s  been used 

in  some i n s t a n c e s .  Sodium s p r a y s  and je ts  have n o t  been p o s t u l a t e d  i n  

a s s e s s i n g  t h e  performance of c e l l  l i n e r s  under a c c i d e n t  c o n d i t i o n s .  

menta l  work i n  d i r e c t  s u p p o r t  of d e s i g n  o r  as proof  of conceplr has n o t  been 

conducted f a r  l i n e r s  des igned  t o  accommodate nassive sodium sp i1 l . s .  Some 

r e l e v a n t  sodium s p i l l  experiments  have been performed iu s u p p o r t  of t h e  

FFTF f i r e  p r o t e c t i o n  system. 

Guard vessels have g e n e r a l l y  been provided  f o r  pro- 

Experi-  

P r a c t i c a l l y  a11 LMFBK c e l l  l i n e r s  have heen f i r m l y  a t t a c h e d  t o  t h e  back ..- 
up c o n c r e t e  s t r u c t u r e  a t  d i scre te  p o i n t s ,  much t h e  same as the pract ic .e  i n  

w a t e r -  and gas-cooled r e a c t o r  technology The n o t a b l e  e x c e p t i o n  i s  t h e  

" f r e e - f l o a t i n g ' t  l i n e r  concept  employed i n  c e r t a i n  areas oE t h e  FETE', Other  

t h a n  t h i s  example, tlhe concepts  have changed V ~ P Y  l i t t l e  from t h o s e  used 

i n  t h e  f i r s t  pl-ants  c o n s t r u c t e d .  Although a n a l y t i c a l  t echniques  and eon- 

s t r u c t i o n  d e t a i l s  r e l a t e d  t o  l i n e r  anchor ing  have evolved c o n s i d e r a b l y ,  

i n n o v a t i v e  concepts ,  des igned  t o  circumvent  o r  a l lev ia te  t h e  thermal  m i s -  

match between t h e  l i n e r  and s u p p o r t i n g  concreCe under massive sodium s p i l l  

c o n d i t i o n s ,  have n o t  appeared i n  p r a c t i c e .  It i s  concluded that: LE4FBR ce l l  

Liner  technology has not y e t  r e a d i e d  t h e  l eve l  of m a t u r i t y  e v i d e n t  i n  eon- 

ta inment  technology f o r  water- and gas-cooled r e a c t o r s ,  even though the  

concepts  and c o n s t r u c t i o n  d e t a i l s  a r e  l a r g e l y  d e r i v e d  from t h e s e  sousces. 

For  obvfous r e a s o n s ,  i t  has been n e c e s s a r y  to r e l y  on a n a l y s i s  t o  

i n f e r  l e a k - t i g h t n e s s  of c e l l  l i n e r s  under p o s t u l a t e d  sodium s p i l l  a c c i d e n t s ,  

and i t  is  expec ted  t h a t  t h i s  p r a c t i c e  w i l l  cont inue .  

r e s p o n s i b i l i t y  on the d e s i g n e r  t o  s p e c i f y  c r e d i b l e  d e s i g n  c r i t e r i a ,  t o  

a n a l y z e  t h e  d e s i g n  w i t h  r e l i a b l e  models of demonstrated vaIidiLy, and tu 

assess t h e  p o s s i b l e  failure modes by comparison w i t h  generalized theoreti- 

c a l l y  a n d l o r  e x p e r i m e n t a l l y  e s t a b l i s h e d  f a i l u r e  c r i te r ia .  

a whole, t h e  ev idence  s u p p o r t i n g  t h e  c o n t e n t i o n  t h a t  t h e s e  a c t i o n s  are 

s a t i s f a c t o r i l y  accounted f o r  i n  the c u r r e n t  s ta te  of the a r t  is  not  t o t a l l y  

T h i s  p l a c e s  a heavy 

When viewed as 
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convinc ing .  

mater ia l . ly  i n c r e a s e d  i .E  r e s e a r c h  and development i n  t h e  areas sugges ted  i n  

t h e  r e p o r t  are pursued a g g r e s s i v e l y .  

It i s  bel- ieved t h a t  conf idence  i n  I.i.ner performance can b e  

Although t h e  b e h a v i o r  of the t h i n  s teel  l i n e r  i s  i n t i m a t e l y  r e l a t e d  t o  

t h a t  of t h e  c o n c r e t e  s t r u c t u r e ,  stress a n a l y s i s  of a l i n e r  i s  u s u a l l y  con- 

s i d e r e d  as a s e p a r a t e  problem.  This  d e r i v e s  from p r a c t i c a l  c o n s i d e r a t i o n s  

i n v o l v i n g  t r e a t m e n t  of anchor  s h e a r i n g  and l i n e r  b u c k l i n g  i n  t h e  c o n c r e t e  

s t r u c t u r a l  a n a l y s i s  Howe.ver, s i n c e  t i l e  l i n e r  in f lue-nce  on t h e  c o n c r e t e  

s t r u c t u r e  i s  n e g l i g i b l e ,  s e p a r a t e  a n a l y s e s  are cons idered  r e a l i s t i c ,  I n  

t h i s  I1uncoupledt’ approach,  t h e  f i r s t  s t e p  i s  t o  determine t h e  l i n e r  “des ign”  

s t r a i n s  from an  a n a l y s i s  o f  t h e  c o n c r e t e  s t r u c t u r e  under t h e  v a r i o u s  d e s i g n  

l o a d i n g s .  S i n c e  t h e  r e l a t i v e l y  f l e x i b l e  s t ee l  l i n e s  i s  assumed c o n s t r a i n e d  

t o  foil-ow t h e  c o n c r e t e  under a l l  c o n d i t i o n s ,  t h e s e  d e s i g n  s t r a i n s  ar2 i m -  

posed on t h e  l i n e r .  A number of stress a n a l y s i s  methods have been developed 

(and are d i s c u s s e d  b r i e f l y  i n  t h e  report) f o r  a n a l y z i n g  l i n e r s  binder these 

l o a d i n g  c o n d i t i o n s .  I n  t h e  event  of a massive high-temperature  sodium s p i l l ,  

g ross  d i s t o r t i o n  of t h e  l i n e r  i s  p r o b a b l e ,  tind i t  i s  not  clear t h a t  t h e  l i n e r  

w i l l  b e  c o n s t r a i n e d  t o  f o l l o w  the backup c o n c r e t e .  

Most of t h e  a n a l y r i c a l  models r e l y  t o  some e x t e n t  on e x p e r i m e n t a l  

s t u d i e s  t o  e i t h e r  e s t a b l i s h  e m p i r i c a l  desigii  c o r r e l a t i o n s  o r  p r o v i d e  proof-  

of--concept ev idence ,  Although most e x p e r i m e n t a l  d a t a  are cons idered  

p r o p r i e t a r y  and t h u s  are not avai1abI.e i n  t h e  p u b l i c  demain, t h e r e  are some 

p u b l i s h e d  r e s u l t s .  Some o f  t h e s e  are d i s c u s s e d  i n  t h e  r e p o r t ,  The approach 

g e n e r a l l y  taken  h a s  been t o  conduct s u f f i c i e n t  rests and a n a l y s e s  t o  j u s t i f y  

p a r t i c u l a r  d e s i g n  parameters  and l o a d i n g  c o n d i t i o n s ,  Only s m a l l  v a r i a t i o n s  

i n  t h e s e  e x p e r i m e n t a l l y  based parameters  are p e r m i t t e d ;  o t h e r w i s e ,  a d d i t i o n a l  

t e s t s  and a n a l y s e s  are cons idered  necessary .  ‘Thfs i s  c o n s i s t e n t  w i t h  t h e  

o b s e r v a t i o n  of Townl.eyl t h a t  d e s i g n  of complex s t r u c t u r e s  f o r  high-temperature  

s e r v i c e  h a s  been l .a+gely d i c t a t e d  by e x p e r i e n c e  an3 by t h e  knowledge t h a t  

cer t :a io  components gave s a t i s f a c t o r y  s e r v i c e .  H e  n o t e s ,  f l i r t h e r ,  t h a t  si.ich 

e x p e r i e n c e ,  by i t s  n a t u r e ,  cannot b e  e x t r a p o l a t e d  w i t h  c e r t a i n t y  t o  s t r u c -  

t u r e s  d i f f e r i n g  i n  s i z e ,  shape,  and materials o r  t o  d i f f e r e n t  l o a d i n g  

condi t i .ons.  

S t r u c t u r a l  a n a l y s e s  of ce.l.1. l i n e r s  p r e s e n t  d i f f i c u l t i e s  , w i t h  t h e  g r e a t -  

e s t  of  t h e s e  b e i n g  r e l a t e d  t o  r e g i o n s  of d i s c o n t i n u i t i e s ,  e.g., p e n e t r a t i o n s  
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and wal l - to-wal l ,  w a l l - t o - f l o o r ,  and wal l - to-wal l - to-f loor  j u n c t i o n s .  Y e t  

it i s  i n  t h e s e  l o c a t i o n s  t h a t  t h e  h i g h e s t  stresses w i l l  b e  c o n c e n t r a t e d  and 

where f a i l u r e  is  l i k e l y  t o  i n i t i a t e .  Almost i n v a r i a b l y ,  e l a s t i c - p l a s t i c  

a n a l y s e s  using two- o r  three-d imens iona l  models are n e c e s s a r y  t o  e v a l u a t e  

t h e  stresses and s t r a i n s  i n  t h e s e  r e g i o n s .  Design of c o n c r e t e  s t r u c t u r e s  

f o r  e l e v a t e d  tempera tures  and l a r g e  tempera ture  g r a d i e n t s  a l s o  p r e s e n t s  

d i f f i c u l t i e s ,  I n  p a r t i c u l a r ,  t h e  a l l o w a b l e  d e s i g n  v a l u e s  and t h e  degrada- 

t i o n  of p h y s i c a l  p r o p e r t i e s  r e s u l t i n g  from s h o r t - t e r m  exposures  a t  h i g h  

t e m p e r a t u r e  levels need c l a r i f i c a t i o n  f o r  u s e  i n  a s s e s s i n g  c o n c r e t e  s t r u c t u r a l  

performance under sodium s p i l l  c o n d i t i o n s .  

S p e c i f i c  d e s i g n  cr i ter ia  f o r  c o n c r e t e  r e a c t o r  and containment  l i n e r s  

have been r e c e n t l y  formula ted  and r e l e a s e d  f o r  t r i a l  u s e  and comment. L t  i s  

expec ted  t h a t  t h e s e  c r i te r ia  w i l l  b e  adopted and will become S e c t i o n  111, 

D i v i s i o n  2 ,  of t h e  ASME B o i l e r  and P r e s s u r e  Vessel Code. 

c r i t e r i a  are n o t  l i m i t e d  t o  a p a r t i c u l a r  t y p e  of r e a c t o r  and do n o t  

s p e c i f i c a l l y  mention equipment c e l l  l i n e r s ,  t h e y  are presumed t o  b e  a p p l i -  

c a b l e  t o  LMFBR c e l l  l i n e r s .  Assuming t h a t  t h e  FFTF ' 'hot' ' l i n e r s  r e p r e s e n t  

t h e  c u r r e n t  s t a t e  of t h e  a r t ,  t h e r e  are a few areas i n  disagreement  w i t h  

t h e  proposed code. Also,  some f a c e t s  of d e s i g n  are n o t  ( o r  i n a d e q u a t e l y )  

covered i n  t h e  proposed code; i n  p a r t i c u l a r ,  t h e  t r e a t m e n t  o f ,  and accept -  

a n c e  cr i ter ia  f o r ,  l iner  anchors  under combined s h e a r - t e n s i o n  l o a d i n g s  (as 

might be  expec ted  i f  g r o s s  d i s t o r t i o n  of t h e  l i n e r  should  occur)  are n o t  

addressed .  

Although t h e s e  

Based on t h e  i n f o r m a t i o n  reviewed f o r  t h i s  s t u d y ,  i t  i s  concluded t h a t  

f u r t h e r  r e s e a r c h  and development are needed t o  permi t  a v a l i d  assessment  of 

LME'BK c e l l  l i n e r s  under  d e s i g n  and p o s t u l a t e d  a c c i d e n t  c o n d i t i o n s ,  

Perhaps t h e  most p r e s s i n g  need i s  an e x p e r i m e n t a l  program t o  i d e n t i f y  

f a i l u r e  modes and p a t t e r n s ,  t o  p r o v i d e  d e s i g n  d a t a ,  t o  p r o v i d e  experiment.al  

d a t a  f o r  v a l i d a t i o n  of a n a l y t i c a l  models,  and t o  p r o v i d e  proof-of-concept 

ev idence  under s i m u l a t e d  a c c i d e n t  c o n d i t i o n s .  C o n s i d e r a t i o n  should  be g iven  

t o  c e l l  l i n e r  response  t o  sodium s p r a y s  and jets and t o  massive sodium 

s p i l l s  w i t h  and w i t h o u t  chemical r e a c t i o n s .  

based on o r  s u b s t a n t i a t e d  by an e x p e r i m e n t a l  test program, 

P r e v i o u s  designs have n o t  been 

The two most r e c e n t l y  c o n s t r u c t e d  LT.LFBR r e a c t o r  p l a n t s  employed r a d i -  

cally d i f f e r e n t  c e l l  l i n e r  d e s i g n  concents  [ i . e . ,  "f ixed" (SEFOR) vs "free- 
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f l o a t i n g "  (FFTF) 1 ,  y e t  bo th  are cLaimcd t o  accommodate massive sodium s p i l l s  

wi thout  loss of containment i - n t e g r i t y .  Since t h e  i - n s t a l l e d  c o s t  of t h e  

f l o a t i n g  concept  i s  €ar i n  excess  of  t h a t  of t h e  f i x e d  l i n e r  concent  and 

s i n c e  t h e r e  i s  some evidence  t h a t  t h e  1atl:er can b e  designed t o  accommodate 

massive sodium s p i l l s ,  t h e r e  i s  an  immediate need f o r  a d e t a i l . e d  d e s i g n  

s t u d y  and e v a l u a t i o n  of  t h e  two concepts  unde r  t h e  same set of  ground r u l e s .  

Such a s t u d y  would r e v e a l  problem areas 

and teci iniques,  l a c k  o f  input: d e s i g n  data, f a i l u r e  c r i t e r i a ,  e t c . ,  and would 

permi t  b e t t e r  d e f i - n i t i o n  of needed r e s e a r c h  and development It i s  sugges ted  

a l s o  t h a t  desigii  s t u d i e s  b e  i n i t i a t e d  t o  e v a l u a t e  new concepts  t o  de te rmine  

t h e i r  f e a s i b i l i L y  and/or  p r a c t i c a l i t y ,  

g a t i o n  i n c l u d e  (1) the us2 of  a zone of high-temperature ,  i n s u l a t i n g  con- 

crete  ( p o s s i b l y  s a c r i f i c i a l )  between t h e  1l.ner and t h e  s t r u c t u r a l  c o n c r e t e ;  

( 2 )  tlie use  of f i b e r  (chopped-wire) r e i n f o r c e d  c o n c r e t e ;  ( 3 )  the use o f  

s t u d - t y p e  anchors  des igned  t o  f a i l  under sodium s p i l l  condi . t ions w i t h o u t  
r u p t u r e  of t h e  l i n e r  p l a t e ;  and ( 4 )  t h e  PCRV h o t  l i n e r  concept  under 

development i n  A~s t r r i a .  

def i -c i -encies  i n  a n a l y t i c a l  models 

Some i-deas t h a t  may wa"rrant i n v e s  t i-  

I n  t h e  c r i t i c a l  r e g i o n s  of a cell 1j.i-ner ( e . g . ,  c o r n e r s  and penet ra -  

t i o n s ) ,  the s u r f a c e s  of t h e  l i n e r  are u s u a l l y  i n  a b i a x i - a l ,  compressive 

stress c o n d i t i o n ,  while  s i g n i f i - c a n t  t r i a x i a l  stress p a t t e r n s  may e x i s t  

through t h e  thickness  o . E  t h e  plate .  S i n c e  niost of the r u p t u r e  data used t o  

assess f a i l u r e  W ~ K E  o b t a i n e d  from uniaxial .  t e n s i l e  specinie:as, i t  i s  offreri 

n e c e s s a r y  t o  p r e d i c t  l i n e r  r u p t u r e  d a t a  iiiider mul t : ias ia l  stresses from these 

d a t a .  I t  w o u l d  appear  t h a t  basi-c r e s e a r c h  i s  needed i n  t h e  a r e a  o f  f r a c t u r e  

mechanics and that:  r e s e a r c h  is needed t o  provide  r u p t u r e  d a t a  on l i ne r  

m.ateria1.s under ,  as a minimum, compressive,  b i a x i a l  l o a d i n g  c o n d i t i o n s .  

A somewhat re la ted probl-em e x i s t s  f o r  welded co i l s t ruc t ion .  Although 

i t  i s  g e n e r a l l y  assumed t h a t  t h e  I.i-ner system behaves as i f  c o n s t r u c t e d  

throughout  of marerials having  u n i f o r m  p r o p e r t i e s  i t  i s  well known tha t  

wel.ds i n t r o d u c e  r e g i o n s  where t h e  r u p t u r e  stress and s t r a i n  may d i f f e r  

s i g n i f i c a n t l y  from t h e  p a r e n t  pl.ate material .  S i n c e  nuiiierous weld j o i n t s  

are r e q u i r e d  i n  t h e  c o n s t r u c t i o n  of a cel.1. l i n e r ,  i t  i s  sugges ted  that: khe 

basic.  r u p t u r e  d a t a  s t u d y  inc'l-ude a n  i n w e s t i g a t i o n  of  t h e  e f f e c t  of wnlding. 

I k s i g n  of a massive c o n c r e t e  s t r u c t u r e  t o  a c c o m o d a t e  s i g n i f i c a n t  

thermal. gradients (that m i g h t  a r i s e  d u r i n g  an a c c i d e n t )  of ten d i c t a t e s  t h e  
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s t r u c t u r a l  requi rements .  T h i s  b e i n g  t h e  case, e x c e s s i v e  conserva t i sm w i t h  

r e g a r d  t o  d e s i g n  l o a d i n g s  (and f a i l u r e  c r i t e r i a )  can r e s u l t  i n  c o s t l y  

s t r u c t u r e s .  

a v a i l a b l e  t o  t h e  d e s i g n e r  t o  p r e d i c t  t h e  performance of t h e r m a l l y  loaded  

c o n c r e t e  s t r u c t u r e s  w i t h  t h e  d e s i r e d  level. of a s s u r a n c e ,  

There appears  t o  b e  i n a d e q u a t e  d e s i g n  d a t a  and failure c r i t e r i a  

I t  i s  sugges ted  
t h a t  r e s e a r c h  and development r e l a t e d  t o  t h e r m a l l y  loaded ,  massive c o n c r e t e  

s t r u c t u r e s  would b e  b e n e f i c i a l ,  

S i m i l a r l y ,  i t  i s  sugges ted  t h a t  r e s e a r c h  and development he i n i t i a t e d  

t o  provide  more d e f i n i t i v e  i n f o r m a t i o n  on (1)  t h e  p h y s i c a l  p r o p e r t i e s  of 

c o n c r e t e s  (both s t r u c t u r a l  and s h i e l d i n g  t y p e s )  as a f u n c t i o n  of tempera ture ,  

( 2 )  a l l o w a b l e  shor t - te rm s t r e n g t h  of c o n c r e t e  as a f u n c t i o n  of tempera ture ,  

( 3 )  t h e  mechanisms and ef f e c t s  of tempera ture  on c o n c r e t e  d e g r a d a t i o n ,  and 

( 4 )  methods f o r  modeling h e a t  t r a n s p o r t  through h e a v i l y  r e i n f o r c e d  c o n c r e t e .  

Recent ly ,  the ACL-ASFE T e c h n i c a l  Committee on Concre te  P res su re  Com- 

ponents  f o r  Nuclear  Service i s s u e d  f o r  t r i a l  use  and comment a “Proposed 

Standard  Code f o r  Concre te  Reac tor  Vessels and Containments.  ’’ Th-i s t ~ i l l  

undoubtedly become, i n  due t i m e ,  t h e  s t a n d a r d  d e s i g n  and c o n s t r u c t i o n  r e f -  

e r e n c e  f o r  n u c l e a r  power p l a n t s  i n  the United States.  T’ne c r i t e r i a  as 

p r e s e n t l y  formula ted  are n o t  a l t o g e t h e r  eompatib l e  w i t h  c u r r e n t  LMFBR c e l l  

l i n e r  concepts  and practices.  An assessment  of tile proposed c r i t e r i a  with 

respect t o  LPIFBR c e l l  l i n e r  a p p l i c a t i o n s  i s  needed t o  i d e n t i f y  areas of 

c o n f l i c t  i n a d e q u a t e  g u i d e l i n e s ,  and l a c k  of  acceptance  c r i t e r i a ,  

Although t h e  r e p o r t  i s  p r i m a r i l y  concerned w i t h  cell liners, i t  is 

perhaps a p p r o p r i a t e  t o  i n d i c a t e  t h e  need f o r  r e s e a r c h  r e l a t e d  t o  sodium 

r e a c t i o n s  and thermal  a n a l y s e s  of sodium s p i l l s .  It is well known c h a t  

sodium i n  c o n t a c t  w i t h  c o n c r e t e  produces a r a t h e r  violent exothermic  

r e a c t i o n .  There a p p e a r s  t o  b e  b o t h  mass and tempera ture  t h r e s h o l d s  below 

which t h e  r e a c t i o n  i s  n o t  s e l f - s u s t a i n i n g .  

needed t o  d e f i n e  the l i m i t s  and t o  permi t  modeling t h e  r e a c t i o n  k i n e t i c s  

s o  t h a t  c e l l  l i n e r  d e s i g n  c r i t e r i a  can be more r e a l i s t i c a l l y  e s t a b l i s h e d .  

Fu r the r  r e s e a r c h  appears  

An i n e r t - g a s  atmosphere is normally mazntained i n  LPiFBR pr imary equip-  

ment: c e l l s  t o  p r e c l u d e  o r  minimize sodium fires.  Sodium-pooL b u r n i n g  i s  

amenable t o  a n a l y s i s  and i s  h i g h l y  dependent on geometry, c e l l  volunie, 

burn ing  s u r f a c e  area, and heat t r a n s f e r  s u r f  a c e  area. Sodium-spray f l r e  
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a n a l y s e s  are less e x a c t ;  oxygen level  and sodi.um tempera ture ,  p a r t i c l e  

s i z e ,  and q u a n t i t y  have a s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t i n g  p r e s s u r e  rise, 

The SgFIRE-II and CACECB programs were used i n  t h e  thermal  a n a l y s i s  

These of  t h e  FFTF equipment ce l l s  under p o s t u l a t e d  acc.ident c o n d i t i o n s .  

are one-dimensional codes and are cimbersome , i n e f f i c i e n t  ( i n  computer 

usage) ,  and r e q u i r e  l a r g e  computer memories. It i s  sugges ted  t h a t  t h e s e  

codes b e  modif ied and improved (1) t o  i n c r e a s e  computer e f f i c i e n c y ,  (2)  t o  

i n c l u d e  s l e n d e r ,  two-dimensional c y l i n d r i c a l  geometry t o  permi t  b e t t e r  

nzodeling of ce l l s ,  and ( 3 )  t o  inc1-ude p r o v i s i o n s  f o r  c e l l - t o - c e l l  t r a n s p o r t  

of  gases  through i n t e r c o n n e c t i n g  p i p e  t u n n e l s  and open p e n e t r a t i o n s .  

C o n s i s t e n t  w i t h  t h e s e  needs ,  t h e  r e p o r t  s u g g e s t s  a s k e l e t a l  o u t l i n e  of 

h o w  a r e s e a r c h  program might b e  l o g i c a l l y  s t r u c t u r e d .  

conf idence  i n  l i n e r  performance can b e  m a t e r i a l l y  i n c r e a s e d  i f  t h e  suggested 

r e s e a r c h  i s  s u c c e s s f u l l y  concluded. 

i t  is b e l i e v e d  t h a t  
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STEEL-LINED CONCRETE REACTOR CONTAINMENT STRUCTUWS 

Background 

S t e e l - l i n e d  c o n c r e t e  containment  s t r u c t u r e s  are i n  widespread use  i n  

t h e  n u c l e a r  power i n d u s t r y .  Based on t y p e  of c o n s t r u c t i o n  and f u n c t i o n a l  

a p p l i c a t i o n ,  they  may b e  c o n v e n i e n t l y  c l a s s i f i e d  as p r e s t r e s s e d  c o n c r e t e  

r e a c t o r  vessels (PCRVs) f o r  gas-cooled-reactor  sys tems,  p r e s t r e s s e d  con- 

crete  containment  vessels (PCCVs), and r e i n f o r c e d  c o n c r e t e  containment  

vessels (RCCVs) p r i m a r i l y  f o r  l i g h t - w a t e r - r e a c t o r  containment  b u i l d i n g s  

and equipment cel ls  o r  compartments ( u s u a l l y  of  RCCV c o n s t r u c t i o n )  i n  
l iqu id-meta l -cooled  r e a c t o r  sys tems.  The f u n c t i o n a l  requi rements  of t h e  

i n n e r  s tee l  l i n e r  are b a s i c a l l y  t h e  same f o r  a l l  t h e s e  a p p l i c a t i o n s ;  indeed ,  

t h e  d e s i g n  procedures  and t h e  c o n s t r u c t i o n  f e a t u r e s  are, i n  p r i n c i p l e ,  t h e  

same and w e r e  developed f i r s t  € o r  PCRVs. 

There i s  an  abundance of p u b l i s h e d  l i t e r a t u r e  r e l a t e d  t o  t h e  d e s i g n  of 

t h e s e  s t r u c t u r e s ,  most of which concerns  r e a c t o r  vessels and containment 

b u i l d i n g s ;  v e r y  L i t t l e  i s  devoted s p e c i f i c a l l y  t o  t h e  p e c u l i a r i t i e s  of 

equipment ce l l s  f o r  l iqu id-meta l -cooled  systems.  T h i s  i s ,  of c o u r s e ,  t o  b e  

expec ted  s i n c e  EMFBR containment  technology h a s  n o t  y e t  ac&eved t h e  degree  

o f  m a t u r i t y  of gas- and water-cooled systems.  

Oak Ridge N a t i o n a l  Labora tory  h a s  p u b l i s h e d  o r  sponsored s e v e r a l  

reports2””’ r e l e v a n t  t o  p r e s t r e s s e d  c o n c r e t e  containment .  Bender2’ t r a c e d  

t h e  e v o l u t i o n  of c o n c r e t e  p r e s s u r e  vessel d e s i g n ,  i d e n t i f i e d  t h e  impor tan t  

c o n s i d e r a t i o n s ,  and d i s c u s s e d  methods t h e n  i n  use  f o r  d e s i g n  of t h e s e  s t r u c -  

t u r e s .  Tan, of  F r a n k l i n  I n s t i t u t e  Research L a b o r a t o r i e s ,  p u b l i s h e d  a n  ex- 
t e n s i v e  b i b l i o g r a p h y 4  and t h r e e  c r i t i c a l  e v a l u a t i o n s .  5-7 

o r i g i n a l l y  i s s u e d  i n  1966 and updated and r e i s s u e d  i n  e a r l y  1969, probably 

r e p r e s e n t s  one of t h e  most complete r e f e r e n c e  s o u r c e s  (most are a n n o t a t e d )  

a v a i l a b l e  through 1968. Tan’s  f irst  two c r i t i c a l  t r e a t e d  pre-  

s t r e s s e d  c o n c r e t e  r e a c t o r  vessels, whereas t h e  t h i r d ’  w a s  devoted t o  con- 

ta inment  vessels. 

The b i b l i o g r a p h y ,  

The B e c h t e l  C o r p o r a t i o n  h a s  p u b l i s h e d  a number of t o p i c a l  r e p o r t s  

r e l a t e d  t o  d e s i g n  of c o n c r e t e  containment  s t r u c t u r e s  f o r  n u c l e a r  power 

p l a n t s ,  of which two are of  p a r t i c u l a r  i n t e r e s t  t o  t h i s  survey:  One s t u d y 8  
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i s  concerned w i t h  d e s i g n  of r e a c t o r  containment s t r ~ c t i i ~ : e s  i n  g e n e r a l ,  

whi le  t h e  o t h e r 9  t reats  t h e  des ign  of s tee l  l i n i n g s  f o r  water -cooled- reac tor  

c-oi-itainment v e s s e l s .  The most r e c e n t  assessment  o f  t h e  behavior  and de.s ign 

methods of  s t ee l  I-iners f o r  c o n c r e t e  r e a c t o r  v e s s e l s  was publ i shed  by 

~ e e  and G U ~ ~ U Z . ~ ~  

I n  addi - t ion  t o  t h e  f o r e g o i n g  review and e v a l u a t i o n  r e p o r t s ,  s e v e r a l  

i n t e r n a t i - o n a l  conferences  have been convened in r e c e n t  y e a r s  t o  review t h e  

s t a t u s  of c o n c r e t e  p r e s s u r e  vessel d e s i g n  and t o  promote i n t e r c h a n g e  of 

in format ion .  The proceedings  of these conferencesl l-1 p r o v i d e  e x c e l l e n t  

summaries 0.E t h e  worldwide e x p e r i e n c e  w i t h  t h e s e  h y b r i d  s t r u c t u r e s .  

'The f o r e g o i n g  r e f e r e n c e s ,  w h i l e  a d m i t t e d l y  incomple te ,  a r e  b e l i e v e d  

t o  b e  r e p r e s e n t a t i v e  of t h e  c u r r e n t  st:al:e oE t h e  a r t ,  The overwhelming 

m a j o r i t y  of t h e  r e f e r e n c e s  are concerned w i t h  s t e e l - l i n e d  c o n c r e t e  s t r u c t u r e s  

f o r  gas- and water-cooled r e a c t o r  a p p l i c a t i o n s ,  Al though l i t t l e  mention i s  

made of equipment c e l l  l i n e r s  f o r  sodium-cocled r e a c t o r s ,  c l e a r l y  much of 

t h e  general .  Lechnology i s  a p p l i c a b l e  t o  t h e s e  r e a c t o r s .  

It i s  perhaps i n s t r u c t i v e  t o  b r i e f l y  d i s c u s s  s t e e l - l i n e d  c o n c r e t e  

p r e s s u r e  ve:;:;els f o r  n u c l e a r  power p l a n t s  i n  g e n e r a l ,  p o i n t i n g  out: some 

s i rn i la r i  t: j.es and d i - f fe rences  as a p p l i e d  to v a r i o u s  r e a c t o r  concepts  e 

The French, i n  t h e i r  gas-cooled-reactor  program, f i r s t  used a steel .-  

l i n e d  p r e s t r e s s e d  c o n c r e t e  vessel as a primary containment f e a t u r e  i n  t h e  

Marcoide G 2  and G 3  r e a c t o r s .  l4 

concave (outward) heads and have an i n s i d e  d iameter  of about  46 f t .  They 

w e r e  designed t o  o p e r a t e  w i t h  C O P  c o o l a n t  a t  216 p s i a ,  w i t h  the blowers  and 

h c a t  exchangers ex terna l .  t o  t h e  PCRV. The f i r s t  "integral-" PCRVs ( h e a t  

exchanger and blowers  i -nside t h e  PCRV) were designed and cons I: riicted by 

t h e  B r i t i s h  f o r  t h e  Oldbury15 s t a t i o n .  

f l a t  end s l a b s ,  having  an i n s i d e  d iameter  o f  7 7  f t ,  and were des igned  t o  

operate w i t h  CO2 coolant  a t  368 p s i a .  

t h e  WylfaI6 power s t a t i o n .  

have a minirni.iin concr  . w a l l  t h i c k n e s s  of 11. f t .  They are b e l i e v e d  t o  b e  

t h e  worl.d's l a r g e s t  PCRVs. They are a l s o  of t h e  i n t x g r a l  concept  and o p e r a t e  

a t  400 psia. Subsequent French, B r i t i s h ,  and UniiCed S ta tes  PCRVs f o r  gas- 

cooled r e a c t o r s  are,  in g e n e r a l ,  v e r t i c a l  c y l i n d e r s  based on t h e  i n t e g r a l  

arrangement,  

These v e s s e l s  are h o r i z o n t a l  cyI.i.nders w-LL1-t 

'These are ver t ica l  c y l i n d e r s  w i t h  

S p h e r i c a l  P C K V s  w e r e  f i r s t  used i n  

These v e s s e l s  a r e  95  f t  i n  inside diameter  and 
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Thermal c o n s i d e r a t i o n s  impose s i g n i f i c a n t  c o n s t r a i n t s  on t h e  des ign  of 

c o n c r e t e  s t r u c t u r e s  t o  avoid  thermal  stress c r a c k i n g  and c o n c r e t e  d e t e r i o r a -  

t i o n .  

t h e s e  problems. Thus, t h e  l i n e r  i n  gas-cooled P C R V s  s e r v e s ,  i n  a d d i t i o n  t o  

tile p r e s s u r e  seal ,  as a h e a t  c o l l e c t o r .  Gene ra l ly ,  t h e  coo lan t  f low i s  

ar ranged  s o  t h a t  t h e  c o o l e r  gas  ( a t  o r  below c o r e  i n l e t  t empera ture)  i s  i n  

c o n t a c t  w i t h  t h e  l i n e r ;  thermal  i n s u l a t i o n  i s  a l s o  provided  t o  minimize 

h e a t  f low t o  t h e  l i n e r .  Cool ing p i p e s  are a t t a c h e d  t o  t h e  back s i d e  o f  t h e  

l i n e r  o r  t o  t h e  anchors  t o  remove h e a t  conducted through t h e  i n s u l a t i o n  and 

h e a t  gene ra t ed  by n u c l e a r  r a d i a t i o n  a b s o r p t i o n  i n  t h e  c o n c r e t e  and t o  con- 

t r o l  t h e  t empera tu re  g r a d i e n t  w i t h i n  t h e  c o n c r e t e  s t r u c t u r e .  Thus, P C R V s  

are d i s t i n g u i s h e d  by t h e i r  h igh  des ign  p r e s s u r e  and t h e  use  of a thermal  

b a r r i e r  s y s  t e m .  

Most PCRVs have  been des igned  t o  o p e r a t e  below about 180°F t o  p rec lude  

A s  t h e  u n i t  s i z e  of l i g h t - w a t e r  r e a c t o r s  i n c r e a s e d  i n  t h e  United S t a t e s  

n u c l e a r  power i n d u s t r y ,  economic c o n s i d e r a t i o n s  favored  t h e  use  o f  s teel-  

l i n e d  containmenc v e s s e l s  i n  p r e f e r e n c e  t o  a l l -s teel  v e s s e l s ;  m o s t  all new 

LWIk employs e i t h e r  p r e s t r e s s e d  and /o r  r e i n f o r c e d  c o n c r e t e  containment  

v e s s e l s  ( i . e . ,  P C C V s ,  RCCVs, o r  a combinat ion of t h e s e ) .  The major d i f -  

f e r e n c e s  between P C C V s  and P C K V s  re la te  t o  des ign  p r e s s u r e  and h e a t  removal. 

Tihereas YCRVs are des igned  t o  o p e r a t e  r o u t i n e l y  a t  s e v e r a l  hundred p s i  

p r e s s u r e ,  F C C V s  are g e n e r a l l y  des igned  f o r  less than  100 p s i  o p e r a t i o n  under 

a c c i d e n t  c o n d i t i o n s .  A l so ,  s i n c e  t h e  ambient tempera ture  w i t h i n  P C C V s  

normally does n o t  exceed tlhe maximum pe rmi t t ed  € o r  t h e  c o n c r e t e ,  e l a b o r a t e  

l i n e r  cooi.ing systems are n o t  necessa ry .  

As t h e  des ign  p r e s s u r e  f o r  t h e  containment  s t r u c t u r e  dec reases  toward 

a tmospher ic ,  t h e  u s e  of e i t h e r  r e i n f o r c e d  c o n c r e t e  containment v e s s e l s  

(RCCVs)  o r  a combinat ion of p r e s t r e s s i n g  and re inforcement  becomes econom- 

i c a l l y  a t t r a c t i v e .  As f a r  as t h e  l i n e r  i s  concerned,  t h e  major d i f f e r e n c e  

between a PCCV and a RCCV i s  t h e  stress s ta te  of t h e  l i n e r .  I n  a PCCV,  

t h e  i n i t i a l  h igh  compressive s t r a i n  imposed on t h e  l i n e r  by t h e  p r e s t r e s s e d  

c o n c r e t e  s t r u c t u r e  i s  such t h a t  s t r a i n  r e v e r s a i s  shou ld  no t  occur  under  

any des ign  c o n d i t i o n .  On t h e  o t h e r  hand, the i n i t i a l  compressive s t r a i n  

i n  an RCCV l i n e r  is r e l a t i v e l y  low, and s t r a i n  r e v e r s a l s  are p o o s i b l e  

under some des ign  loads .  
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B a s i c a l l y ,  containment s t r u c t u r e s  are des igned  t o  resist i n t e r n a l  p r e s -  

s u r e  and v a r i o u s  environmental  ( i - e . ,  missi les ,  e a r t h q u a k e s ,  tsumamis, 

to rnadoes ,  e t c . )  loadings .  These,  coupled w i t h  t h e  r e l a t i v e l y  l a r g e  

expansion volume requi rements ,  s u g g e s t  t h a t  the optimum shape  w i l l  b e  

s p h e r i c - a l ,  c y l i n d r i c a l ,  c o n i c a l ,  o r  some combination of t h e s e ,  The con- 

ta inment  f o r  pressur ized-water  r e a c t o r s  (PWRs) h a s  become f a i r l y  s Irarrtlard- 

i z e d  as a ve r t i ca l  c y l i n d e r  capped w i t h  e i t h e r  a h e m i s p h e r i c a l  o r  a s h a l l o w  

dome and suppor ted  on a f l a t :  foundat ion  s l a b ,  w i t h  o r  w i t h o u t  a l a r g e  sump 

n e a r  t h e  c e n t e r .  Shallow dome covers  are g e n e r a l l y  used f o r  P C C V s ,  w h i l e  

h e m i s p h e r i c a l  domes are p r e f e r r e d  f o r  RCCVs. With a few e x c e p t i o n s ,  t h e  

foundat ion  s l a b  i s  always of r e i n f o r c e d  c o n c r e t e  ( i .  e. , w i t h o u t  prestress- 

i n g ) .  On t h e  o t h e r  hand, r e i n f o r c e d  c o n c r e t e ,  r e i n f o r c e d  c o n c r e t e  w i t h  only  

a x i a l  p r e s t r e s s i n g  of t h e  c y l i n d e r ,  and f u l l y  p r e s t r e s s e d  dome and c y l i n d e r  

are a l l  wide ly  used f o r  t h e  containment s u p e r s t r u c t u r e  Concre te  conta in-  

m e n t  vessels i n  t h e  United States employ welded s t e e l  l i - n e r s ,  v a r y i n g  i n  

t h i c k n e s s  from 114 t o  112 i n . ,  t o  e f f e c t  a p r e s s u r e  seal .  The l i n e r s  are 

anchored t o  t h e  c o n c r e t e  s u p p o r t  s t r u c t u r e  by s t u d s ,  channels ,  a n g l e s ,  

tee s e c t i o n s ,  o r  combinations of t h e s e ,  

S i n c e  c o n c r e t e  containment h a s  been cons idered  f o r  bo i l ing-water  

r e a c t o r  (BWR) a p p l i c a t i o n s  o n l y  r e c e n t l y ,  v e s s e l  c o n f i g u r a t i o n  i s  n o t  as 

uniform as f o r  PWRs. 

S t e e l - l i n e d  equipment ce l l s  f o r  LMFRRs g e n e r a l l y  tend t o  b e  r e c t a n g u l a r  

p a r a l l . e l e p i p e d s  and are r e l a t e d  t o  RCCV cons t ruc t . ion ;  a t  least  t h i s  i s  the 

experi-ence t o  d a t e ,  This  s i t u a t i o n  r e s u l t s  a p p a r e n t l y  from equipment lay-  

o u t ,  economic, and containment  c o n s i d e r a t i o n s .  It i s  a wide ly  accepted  

des ign  phi losophy t h a t  r e c t a n g u l a r  p a r a l l e l e p i p e d  ce l l s  are p r e f e r a b l e  to 

c y l i n d r i c a l  c e l l s ,  s i n c e  they  p r o v i d e  g r e a t e r  v e r s a t i l i t y  i n  equipment 

arrangements  f o r  p i p e l i n e  f l e x i b i l i t y ,  a c c e s s i b i l i t y ,  and maintenance,  

Assurning v a l i d i t y  of t h i s  premise,  r e i n f o r c e d  c o n c r e t e  c o n s t r u c t i o n  i s  

probably mors economical than p r e s t r e s s e d  c o n s t r u c t i o n  i n  term of s p a c e  

requi rements  f o r  t h e  p r e s t r e s s i n g  s y s  ten1 and in o v e r a l l  usage of conta in-  

ment volume ( p r i m a r i l y  c r o s s - s e c t i o n a l  a r e a ) .  Although containment  i n t e g r i t y  

may b e  more d i f f i c u l t  t o  a s s u r e  w i t h  r e c t a n g u l a r  p a r a l l e l e p i p e d  ce l l s  ( a  
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r e s u l t  of t h e  v a r i o u s  types  of d i s c o n t i n u i t i e s  p r e s e n t  i n  t h e  c o n s t r u c t i o n ) ,  

t h i s  i s  o f t e n  n o t  cons ide red  to be  a s e r i o u s  d e f i c i e n c y  s i n c e  u l t i m a t e  

r e l i a n c e  is p laced  on t h e  i n t e g r i t y  of t h e  r e a c t o r  containment  b u i l d i n g .  

From t h e  f o r e g o i n g  d i s c u s s i o n ,  i t  is  apparent  t h a t  LHFBR equipment c e l l  

l i n e r s  c o n s t i t u t e  a p a s s i v e  p r o t e c t i v e  system, and i n  t h i s  r e s p e c t  they  are 

more c l o s e l y  r e l a t e d  t o  PCCVs and RCCVs t h a n  t o  PCRVs. However, c e r t a i n  c e l l  

l i n e r  f u n c t i o n a l  requi rements  are somewhat a k i n  t o  PCRV requi rements .  

p a r t i c u l a r ,  i n  t h e  even t  of a massive sodium s p i l l  from t h e  primary c i r c u l a -  

t i o n  system, t h e  c e l l  l i n e r  and c o n c r e t e  s t r u c t u r a l  suppor t  w i l l  b e  sub- 

j e c t e d  t o  h igh  tempera ture  levels and may r e q u i r e  a heat-removal system t o  

p reven t  e x c e s s i v e  d e t e r i o r a t i o n  of t h e  c o n c r e t e ,  Also,  i f  s e v e r e  sodium 

chemical  r e a c t i o n s  shou ld  occur ,  moderate  t o  h igh  p r e s s u r e s  can be  expec ted ,  

In 

To avoid  d e s i g n i n g  f o r  unusua l  p r e s s u r e  l o a d i n g s ,  an i n e r t  atmosphere i s  

u s u a l l y  provided  i n  the  cells.  Designing f o r  t h e s e  e v e n t u a l i t i e s  i m p l i e s  

c o n s i d e r a t i o n  of c e r t a i n  des ign  f e a t u r e s  of PCRVs. 

Design Cons ide ra t ions  

S t e e l - l i n e d  c o n c r e t e  containment  s t r u c t u r e s  are r a t h e r  unique i n  t h e i r  

a d a p t a b i l i t y  t o  a wide range  of shapes ,  s i z e s ,  and w a l l  t h i c k n e s s e s ;  i n  
t h e i r  c a p a b i l i t y  t o  resist i n t e r n a l  and e x t e r n a l  l o a d s ;  and in t h e i r  a b i l i t y  

t o  p rov ide  l e a k - t i g h t n e s s  and r a d i a t i o n  s h i e l d i n g  under  normal and a c c i d e n t  

c o n d i t i o n s .  

used t o  enhance t h e  s a f e t y  o f  n u c l e a r  power p l a n t s ,  

conf idence  is p l a c e d  i n  the a b i l i t y  of t h e  containment  t o  f u n c t i o n  p r o p e r l y  

when c a l l e d  upon, unusua l  a t t e n t i o n  must b e  g iven  t o  des ign ,  c o n s t r u c t i o n ,  

and proof t e s t i n g  of t h e s e  s t r u c t u r a l l y  redundant  s t r u c t u r e s .  

They c o n s t i t u t e  one of s e v e r a l  engineered  sa fegua rds  wide ly  

S ince  a h i g h  level of 

Many conno ta t ions  are impl i ed  by des ign;  some of t h e  more obvious ones 

are s i z i n g  of components, fo rmula t ion  of  r a t i o n a l  methods and techniques  

f o r  stress a n a l y s i s ,  and assessment  of f a i l u r e  modes. The mere c a l c u l a t i o n  

of stresses and s t r a i n s  does no t  c o n s t i t u t e  a des ign  a n a l y s i s ;  t h e s e  must 

be e v a l u a t e d  i n  l i g h t  of f a i l u r e  c r i t e r i a  f o r  the p a r t i c u l a r  materials of 

c o n s t r u c t i o n  t o  provide  an estimate of t h e  u s e f u l  l i f e  and t h e  safe margin 

a g a i n s t  f a i l u r e .  Needless  t o  s a y ,  t h e  des ign  i s  n o t  complete u n t i l  t h e s e  

tasks are performed. 

.. . .- 
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I n  summarizing s t r u c t u r a l  c o n s i d e r a t i o n s  f o r  f a s t  r e a c t o r s ,  Bergstrom 

e t  al. l 7  p o i n t e d  o u t  t h a t ,  w h i l e  t h e y  are n o t  b a s i c a l l y  d l f f e r e n t  f rom 

t h o s e  encountered i n  o t h e r  n u c l e a r  power p l a n t s ,  there are some problem 

areas r e l a t e d  t o  d e s i g n  and c o n s t r u c t i o n  of t h e  containment .  The p h y s i c a l  

arrangement s e l e c t e d  f o r  t h e  i n n e r  containment o f  most sodium-cooled 

r e a c t o r s  b u i l t  t h u s  f a r  h a s  r e s u l t e d  i n  massive,  complex s t r u c t u r e s  having 

a m u l t i p l i c i t y  of equipment cel ls  w i t h  common walls , f l o o r s ,  and c e i l i n g s  a 

The noniiniformity i n  s i z e ,  shape ,  and w a l l  th:i.ckness makes a n a l y s i s  of t h e s e  

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

s p i l l s  l e a d s  t o  a d d i t i o n a l  a n a l y t i c a l  and c o n s t r u c t i o n  compl ica t ions .  

A s  y e t  t h e r e  i s  no mandatory code i n  e f f e c t  i n  the Unbted States 

c o v e r i n g  d e s i g n  and c o n s t r u c t i o n  of c o n c r e t e  containments .  T h i s  sff:ciation 

should  b e  r e c t i f i e d  i n  t h e  very  n e a r  f u t u r e ,  s i n c e  t h e  ACT-ASME Technica l  

Committee on Concrete  P r e s s u r e  Components f u r  Nuclear  Service r e c e n t l y  

i ssued18 f o r  tr ial .  use  and comment a "Proposed Standard  Code f o r  Concrete  

Reac tor  Vessels and Containments.  I '  When adopted o f f i c i a l l y  by ASMS, t h i s  

proposed code w i l l  become S e c t i o n  111, D i v i s i o n  2 ,  o f  t h e  ASME B o i l e r  and 

P r e s s u r e  Vessel Code and w i l l  1andoubtedly become t h e  s t a n d a r d  d e s i g n  and 

c o n s t r u c t i o n  r e f e r e n c e  f o r  t h e s e  h y b r i d  s t r u c t u r e s .  S i m i l a r l y  a "Br i t i sh  

S tandard  S p e c i . f i c a t i o n  € o r  P r e s t r e s s e d  Concrete  P r e s s u r e  Vessels f o r  Nucleai- 

Reactors ' '  w a s  a l s o  p u b l i s h e d  r e c e n t l y .  l9 

f o r  review. ) These documents are i n t e n d e d  to e s t a b l i s h  g e n e r a l  requi rements  

and acceptance  c r i t e r i a ;  t h e y  do n o t  p r o v i d e ,  i n  g e n e r a l ,  d e t a i l e d  a n a l y t i c a l  

p rocedures .  It  remains t h e  r e s p o n s i b i l i t y  of t h e  d e s i g n e r  t o  s u f f i c i e n t l y  

a.nalyze t h e  s t r u c t u r e  u s i n g  methods based  on accepted  p r i n c i p l e s  of engineer -  

i n g  mechanics a p p r o p r i a t e  t o  t h e  geometry under  c o n s i d e r a t i o n  t o  show com- 

p l i a n c e  w i t h  t h e  code requirements  and t o  j c l s t i f y  t he  h i g h  degree  of con- 

f i d e n c e  p laced  on t h e  i n t e g r i t y  of t h e s e  s t r u c t u r e s .  

(This  r e f e r e n c e  was not  a v a i l a b l e  

The a n a l y s i s  must c o n s i d e r  many d i f fe re .n t .  combinations of p o s s i b l e  

l o a d i n g  c o n d i t i o n s .  These i n c l u d e ,  b u t  are n o t  n e c e s s a r i l y  l i m i t e d  t o ,  

dead l o a d s  of t h e  S ~ K U C ~ U ~ ~ ,  equipment l o a d s ,  temporary c o n s t r u c t i o n  l o a d s ,  

p r e s s u r e  l o a d s  a r i s i n g  from normal and a c c i d e n t  c o n d i t i o n s ,  ear thquake  - 
motions,  wind l o a d i n g s ,  thermal g r a d i e n t s ,   et^. Although a l l  t h e  p o s s i b l e  

l o a d i n g s  would seldom occur  s i m u l t a n e o u s l y ,  s p e c i f i e d  combinat ions must b e  

e v a l u a t e d  t o  de te rmine  t h e  most severe d e s i g n  c o n d i t i o n .  S i n c e  t h e  a l l o w a b l e  



stress cor id i t ion  f o r  v a r i o u s  p a r t s  of t h e  s t r u c t u r e  may vary with t h e  

p o s t u l a t e d  l o a d  combinat ion,  i t  is n o t  p r a c t i c a b l e ,  i n  genera l  to est-imate 

t h e  combinat ion of l o a d i n g  c o n d i t i o n s  that  w i l l  r e s u l t  i n  t h e  m a x i m u m  strtass 

in any p a r t i c u l a r  member.  S e l e c t i o n  of t h e  p r o p e r  des ign  l o a d i n g  ~ r i t e r i s i  

f o r  t h e  computat ion of thermal stresses w i t h i n  t h e  c o n c r e t e  i s  p ; t r t icu la r ly  

i m p o r t a n t ,  s i n c e  t h e  u l t i m t e  c o s t  of t h e  s t e e l - l i n e d  s t r u c t u r e  can be 

a f f e c t e d  s i g n i f i c a n t l y .  D e t a i l e d  a n a l y t i c a l  s tidies t o  define t h e  rcmpet-a- 

t u r e  d i s t r  Lbutions w i t h i n  t h e  c o n c r e t e  s t r u c t u r e s  are re.cortuitt.,nded’ 

t h e  c o s t l y  and o v e r l y  c o n s e r v a t i v e  assumptions o f t e n  posru la ted  l o r  desigri 

purposes  5 

i;tr  id 

Although t h e  b e h a v i o r  o f  t h e  s teel  l i n e r  is intimnte1.y r e l a t e d  t o  zhat  

uE t h e  c o n c r e t e  s t r u c t u r e ,  stress a n a l y s i s  of a l i n e r  i.s usualdy cons idered  

as a s e p a r a t e  problem, T h i s  d e r i v e s  f r o m  p r a c t i c a l  constderations invcIv5ng 

t reacment  of anchor  s h e a r i n g  and 1 i n e r  h u c k i i n g  in t h e  strrnctural c ~ n c  re te  

a n a l y s i s .  However, s i n c e  the  l iuer  i n f l u e n c e  on the c o n c r e t e  s t-rzlctinre i b  

n e g l i g i b l e ,  separate a n a l y s e s  are cons i.dered realist ic.  In this uncoupled 

approach3 t h e  f i r s t  s t e p  is  t o  de te rmine  t h e  l i n e r  “des ign“  s t r a i n s  from an 

m a l . y s i u  of t h e  c o n c r e t e  s t r u c t u r e  under  t h e  d i f f e r e n t  design l o a d  conditions I 

S i n c e  t h e  c o n c r e t e  s u p p o r t  i s  a massive rigid s t r u c t u r e  i n  C Q ~ ~ W Z S O I I  t o  t h e  

r e l a t i v e l y  f l e x i b l e  s tee l  l i n e r ,  i t  i s  assumed t h a t  the l i n e r  i s  ccmstrained 

t o  f o l l o w  the c o n c r e t e  under a l l  condi.t:ions. 

S i n c e  t h i s  s u r v e y  i s  concerned primarily w i t h  cell (and vessel.) liners, 

f u r t h e r  d i s c u s s i o n  of  t h e  c o n c r e r e  s t r u c t u r a l .  sys tem w i  21 b e  ruinlxiiized. Also, 

the p u b l i s h e d  l i t e r a t u r e  r e l e v a n t  t o  c o n c r e t e  d e s i g n  f o r  cont ainment vessels 

is e x r e n s i v e ;  ‘ numerous s u r v e y s ,  e v a l u a t i o n s ,  s tatus r e p o r t s ,  and des i gn 

approaches are 

a s p e c t s  o f  t h i s  t o p i c .  

’O-” f o r  d e t a i l e d  d i s c u s s i o n  of the vari.ous 

‘The m a j o r i t y  of t h e  p u b l i s h e d  l i t e r a t u r e  on liner design techniques  

a i d  p r a c t i c e s  per ta in  t o  P C K V s ,  P C C V s ,  and/or  RCCVs  as would be expected. 

But,  as n o t e d  by  Bergstrom e t  al.,17 l iner  designs f o r  LMFBR ecluipmenp: 

ceLls are not b a s i c d l y  d i f f e r e n t  from these more g e n e r a l  a p p l i c a t i o n s ,  

s i g n i f i c a n t  d i f re rences  derive f r o m  g e o m e t r i c a l  c o n s i d e r a t i c n s  (PClriVs, e tc .  

are g e n e r a l l y  c y l i n d r i c a l  or s p h e r i c a l  whereas equipment ce l l s  .Ire more 

l i k e l y  t o  b e  complex and i r r e g u l a r  i n  shape) and From t h e  f u n c t i o n a l  

requirement  t o  p r e v e n t  c o n t a c t  between the sodium c o o l a n t  and t h e  c o n c r e t e  

The 
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s t r u c t u r e  i n  t h e  event  of an  a c c i d e n t a l  sodium s p i l l .  Thus, t h e  followi.ng 

d i s c u s s i o n ,  w h i l e  p r i m a r i l y  a p p l i c a b l e  t o  PCRVs and P C C V s ,  i s  a l s o  appropr i -  

a t e  t o  c e l l  l i n e r s  of LMFBRs. It i s  unders tood ,  of c o u r s e ,  t h a t  d e t a i l e d  

c o n s i d e r a t i o n  of  LMFBR c e l l  l i n e r s  w i l l  r e q u i r e  c e r t a i n  m o d i f i c a t i o n s  and 

i n t e r p r e t a t i o n s  t o  the more g e n e r a l l y  e s t a b l i s h e d  p r a c t i c e s .  

Normally, t h e  s teel  l i n e r  i s  a t t a c h e d  t o  t h e  s u p p o r t  s t r u c t u r e  by weld- 

i n g  to embedments l o c a t e d  a t  d i s c r e t e  p o i n t s  i n  t.he c o n c r e t e .  The embedments 

may b e  e i t h e r  headed o r  b e n t  s t u d s  o r  s t a n d a r d  s t r u c t u r a l  shapes ( a n g l e s ,  

channels ,  wide f l a n g e s ,  t ee  s e c t i o n s ,  f l a t  b a r s ,  e t c . )  o r  c o n h i n a t i o n s  of 

these .  They are r e f e r r e d  t o  as t i e s  o r  s h e a r  c o n n e c t o r s ,  depending on t h e  

n a t u r e  of  t h e i r  f u n c t i o n .  Ties are n e c e s s a r y  t o  I . imit  d e f l e c t i o n  of t h e  

l i n e r  away from t h e  c o n c r e t e  s u r f a c e ,  whereas s h e a r  connec tors  are r e q u i r e d  

t o  m a i n t a i n  r e a s o n a b l e  c o m p a t i b i l i t y  between the s t r a i n s  i n  the a d j a c e n t  

c o n c r e t e  and t h e  in-p lane  ( o r  membrane) s t r a i n s  i n  t h e  l i n e r .  Forces  

genera ted  i n  t h e  l i n e r  and s h e a r  connec tors  are due t o  defor inat ion of t h e  

suppor t  s t r u c t u r e  and t h e  r e s t r a i n e d  d i f f e r e n t i a l  thermal  expansion between 

t h e  l i n e r  and t h e  c o n c r e t e ;  t h e s e  f o r c e s  are thus s t r a i n  c o n t r o l l e d .  

I n  o r d e r  t o  s a t i s f y  the f u n c t i o n a l  requi rements  of t h e  l i n e r ,  t h e  

fo l lowing  b a s i c  c r i t e r i a  must b e  s a t i s f i e d .  

1. The l i n e r  must b e  c o n s t r u c t e d  from a d u c t i l e  material so  t h a t  

l o c a l  y i e l d i n g  may b e  accommodated w i t h o u t  deve loping  cracks .  

2 .  I t  must n o t  b e  p e r m i t t e d  t o  b u c k l e  o r  deform t o  an e x t e n t  that  

j e o p a r d i z e s  any of t h e  performance c r l t e r i a .  

3 .  The l i n e r  t h i c k n e s s  should  b e  such  t h a t  h i g h - q u a l i t y  welds  can b e  

made r o u t i n e l y .  

4 .  The t h i c k n e s s  must b e  adequate  t o  w i t h s t a n d  l o a d s  a p p l i e d  d u r i n g  

c o n s t r u c t i o n  ( u s u a l l y  due t o  placement of c o n c r e t e )  w i t h  minimum r e i n f o r c e -  

ment and/or  temporary s u p p o r t .  

5 .  It should  b e  of  s u f f i c t e n t  t h i c k n e s s  t o  w i t h s t a n d  t h e  external 

d e s i g n  l o a d s  r e s u l t i n g  from p a r t i a l  e v a c u a t i o n  O K  f r o m  a p p l i e d  p r e s s u r e s  

above atmospheric  w i t h o u t  r e q u i r i n g  e x t e n s i v e  s t i f f e n i n g  r i b s  and/or  ties 

t o  prevent  i t s  c o l l a p s e .  

6 .  The l i n e r  should  b e  as t h i n  as p o s s i b l e ,  c o n s i s t e n t  with t h e  above 

requi rements ,  t o  minimize t h e  l o a d s  on c o r n e r  d e t a i l s  and the anchor  system. 
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S t r a i n s  are induced i n  t h e  l i n e r  by a c t i o n  of t h e  c o n c r e t e  suppor t  

s t r u c t u r e  i n  t h e  fo l lowing  ways:6 

1. 

2. 

3 .  

4 .  

5. 

4 ,  

7 .  

8. 

d e f l e c t i o n s  of t h e  l i n e r  due t o  c o n c r e t i n g  l o a d s  and d iminu t ion  of 

h y d r a t i o n  h e a t ,  

c o n s t r u c t i o n  stresses a r i s i n g  from t h e  weight  of t h e  p a r t i a l l y  complete 

s t r u c t u r e ,  

stresses from p r e s t r e s s i n g ,  .if employed, 

stresses from p r e s s u r e  l o a d i n g s ,  

s h r i n k a g e  and c reep  of c o n c r e t e ,  

t he rma l  c y c l i n g  of t h e  sys tem,  

d i f f e r e n t i a l  expans ion  r e s u l t i n g  from t empera tu re  d i f f e r e n c e s  between 

t h e  l i n e r  and t h e  a d j a c e n t  c o n c r e t e ,  

d e p a r t u r e s  of t h e  geomet r i ca l  shapes  and material  p r o p e r t i e s  from t h o s e  

assumed i n  t h e  des ign  c a l c u l a t i o n s .  

It i s  noted  t h a t  some of t h e  above s t r a i n s  are exper ienced  only  once,  

some are t i m e  dependent ,  some are f u n c t i o n s  of p a s t  h i s t o r y ,  etc.  Thus, i t  

is  n e c e s s a r y  t o  i n v e s t i g a t e  t h e  s t r a i n  behav io r  i n  t h e  l i n e r  (and t h e  sup- 

p o r t  s t r u c t u r e )  th roughout  t h e  p r o j e c t e d  l i f e t i m e .  

A number of f a i l u r e  modes are u s u a l l y  cons idered  i n  t h e  e v a l u a t i o n  of 

l i n e r  des igns .  These i n c l u d e  b u c k l i n g  and e x c e s s i v e  d e f l e c t i o n  o f  t h e  l i n e r ,  
r u p t u r e  of t h e  l i n e r ,  s h e a r  connec tor  f a i l u r e ,  c o n c r e t e  f a i l u r e  i n  t h e  

v i c i n i t y  of t h e  anchors ,  h igh  strain-low c y c l e  f a t i g u e ,  and b r i t t l e  f a i l u r e  

of t h e  l i n e r .  These f a i l u r e  modes are d i s c u s s e d  below. 

P r e s t r e s s e d  c o n c r e t e  r e a c t o r  and containment  v e s s e l  l i n e r s  are i n  
b i a x i a l  compression under most l o a d i n g  c o n d i t i o n s .  [ L i n e r s  i n  r e i n f o r c e d  

(wi thout  p r e s t r e s s i n g )  c o n c r e t e  vessels may be s u b j e c t e d  t o  t e n s i l e  f o r c e s  

under c e r t a i n  load ing  c o n d i t i o n s . ]  For t h i s  reason ,  buck l ing  h a s  been a 

major c o n s i d e r a t i o n  i n  t h e  des ign  of l i n e r s .  I n  p r a c t i c e ,  t h e  l i n e r  i s  sub- 

d i v i d e d  i n t o  p a n e l s  ( u s u a l l y  squa re )  as a n a t u r a l  consequence of t h e  anchor  

sys tem arrangement .  It is  g e n e r a l l y  accep ted  t h a t  geometr ic  imper fec t ions  

e x i s t  i n  t h e  pane l s  as t h e  r e s u l t  of t h e  manufac tur ing  p rocesses .  These 

i n i t i a l  i m p e r f e c t i o n s  can cause  a p a n e l  t o  d e f l e c t  l o c a l l y  away from t h e  

c o n c r e t e  s u r f a c e  due t o  l i n e r  membrane f o r c e s ,  producing bending i n  t h e  
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panel .  This  l o c a l i z e d  behavior  has g e n e r a l l y  been r e f e r r e d  t o  as b u c k l i n g ,  

a l though i t  i s  n o t  t e c h n i c a l l y  a b u c k l i n g  phenomeiion i n  t h e  sense of an 

i n s t a b i l i t y .  A more d e s c r i p t i v e  and,  perhaps ,  a p p r o p r i a t e  terminology 

might b e  "bulging" or "warpage. I '  it  i s  p o s s i b l e  however, € o r  a ''snap- 

through" buckl.ing phennmenon t o  occur  i n  curved panels  i f  t h e  ratio o f  
anchor s p a c i n g  ~ . I : I  p a n e l  th:i ckneas i s  large: 2 1  

T h e  biacliling behavtor  of: t h i n  s h e l l s  hacked by c o n c r e t e  i s  q u i t e  di.f- 

ferent from t h a t  of s h e l l s  without backing,  22 

t o  a p p l y  t h e  resu1 . -s  o f  s t u d i e s  on such s h e l l s  to c e l l  l i n e r s .  A l s o ,  t h e  

b e h a v i o r  of l i n e r s  anchored t o  the c o n c r e t e  s t r u c t u r e  with d i s c r e t e  ( s t u d s )  

aild continuous (:?ml>t:..r:lded s t r u c t u r a l .  shape.9) t i e s  i s  d i f f e r e n t  from t h a t  of 

l i n e r s  wi thout  and-~ors. I f  t h e  1.i.ner i s  n o t  anchored t o  the s u p p o r t i n g  

c o n c r e t e ,  f a i au t r e  under t h e  b i - a x i a l  compressive stress f i e l d  i s  l i k e l y  t o  

b e  o f  a general i n s t a b i l i t y  t y p e  wherein a l a r g e  p o r t i o n  of t h e  l i n e r  

col l .apses .  

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

T h e  a n a l y t i c a l  model usual.ly assurned t o  deterni:ine t h e  magnitude of 

ianiforin s t r a in  a t  wh:i.ch general  i n s t a i 9 i l i t y  occurs c o n s i s t s  o f  a s t r i p  of 

t h e  liner ( a  r i n g  o r  a r i n g  segment) suppor ted  by a r i g i d  ex terna l  

st:ri.lcture. The m o d e l .  i s  used t o  de te rmine  the s t r a i n  r e q u i r e d  t o  produce 

an a l t e r n a t e  (buckled)  e q u i l i b r i u m  p o s i t i o n ;  t h i s  s t r a i n ,  c a l l e d  t h e  minimum 

b u c k l i n g  s t r a i n ,  may b e  used as a f a i l u r e  c r i t e r i o n .  That: i s ,  i f  t h e  s t r a i n  

compufrci:d f o r  t h e  combined I.oadiag c o n d i t  io-ns exceeds t h i s  val.ue I. t i e s  Shnilld 

b e  provided t o  anchor the liner- t o  the support s t r u c t u r e ,  Kicher e t  

reviewed a number of s tudies  i.ii which this approach was adopted,  A s  an 

exampleP the r e s u l t s  of Chan and McMinn?-' will be discussed.  b r i e f l y .  

a u t h o r s  cons idered  a c y l i n d e r  of i n f i n i t e  l e n g t h  s o  that: the problem c o u l d  

b e  reduced  t o  a two-dimensional r i n g .  Add3 t i o n a l  assumptioxis included: 

These 

1 .  the r a d i a l  deformatloit of t h e  vessel i s  n e g l i g i b l e  i n  coinparison t o  t h e  

1-adius 

2 ,  the material i s  e l a s t i c  and obeys Hooke's law t.hroughobt the b u c k l i n g  

process 

3 ,  a l l  t h e  s t s a i n s  a r e  n e g l i g i b l e  i n  comparison w i t h  u n i t y ,  

4 .  t h e  e f f e c t  of shear i n  bend ing  can h e  nep,lectc:cl, 

5. f r i c t i o n  Setween the l i n e r  and the c o n c r e t e  can be  neglected, 
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6. t h e  bending e q u a t i o n  of a s t r u t  w i t h  a l a r g e  de i f lec t ion  and s u b j e c t e d  

t o  end moments is  a p p l i c a b l e ,  

7. t h e  d e f l e c t i o n  curve  can b e  approximated by a s i n e  curve,  

Based on t k s e  assumptions they  d e r i v e d  a dimens ionless  ze l a t j  onship 

f o r  the t h e o r e t i c a l  anchor  spzici ng r e q u i r e d  i n  t h e  c i r c n m l i e r e n t i a l  d i r e c t i o n  

t o  p r e v e n t  buckl ing .  The a n a l y s i s  a l s o  provided  an estimate o f  rhe t h e o r e t -  

ical. s t r a i n  t h a t  cou ld  be t o l e r a t e d  w i t h o u t  buck l ing .  S i n c e  the a n a l y s i s  

does no t  c o n s i d e r  t h e  e f f e c t  of i n i t i a l  i m p e r f e c t i o n s  on buckl ing  b e h a v i o r ,  

t h e  r e s u l t s  m u s t  be  c o n s i d e r e d  as u p p e r - l i m i t  c r i t e r i a .  I t l so ,  as a r e s u l t  

of t he  assumed i n f i n i t e  l e n g t h ,  t h e  anal-ysis  does n o t  p r o v i d e  a x i a l  s p a c i n g  

in iorn ia t ion .  

t h e  ax ia l  s p a c i n g  i s  equated  t o  t h e  c i rcumferent ia l .  spac ing .  

 an^ s u g g e s t s  t h a t  s a t i s f a c t o r y  r e s u l t s  can ?)e expec ted  i f  

Chan and McMinn2’ conducted exper iments  t o  v e r i f y  t h e i r  a n a l y s i s  u s i n g  

t h i n  s t ee l  s t r i p s  backed by a rigid c i r c u l a r  c a v i t y .  T h e  r e s u l t s  showed 

somewhat lower b u c k l i n g  s t r a i n s  t h a n  p r e d i c t e d ;  the kick o f  agreement was 

a t t r i b u t e d  t o  f r i c t i o n .  

number o f  times w i t h o u t  p r i o r  i n d i c a t i o n s  of such behavior .  

Sudden o r  “ e x p l o s i v e ”  b u c k l i n g  was observed a 

conducted a t  Case Western Reserve U n i v e r s i t y  suppor ted  the  

t h e o r y  of Chan and McMinn, l n  t h e s e  tests, t h i n  steel  I jners  were encased 

i n  t h i c k  c o n c r e t e  shells and s t r a i n e d  thermally. Although most of t h e  

test models were provided  w i t h  d i s c r e t e  ties (Nelson s t u d s ) ,  i t  was r e p o r t e d  

t h a t  t h e  r e s u l t s  of t h e  unsupported test model d i d  c o r r e l a t e  w i t h  t h e  a n a l y s i s  

o f  Chan and McMinn. 

Tes t s2  3 9 2?L 

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

in te rva ls ,  t h e  f a i l u r e  mode w i l l  n o t  b e  of t h e  g e n e r a l  - i n s t a b i l i t y  t y p e  as 

d i s c u s s e d  above, 

mode), a x i a l  ( s t r i p  mode), and combined ( l o b a r  mode) b u c k l i n g  of t h e  

i n d i v i d u a l  p a n e l s  as p o s s i b l e  f a i l u r e  modes. 

I n s t e a d ,  one should  c o n s i d e r 2 3 ’ 2 4  c i r c u m f e r e n t i a l  ( r i n g  

Kicher e t  aL. 23-25 s t u d i e d  s tud-anchored Liners  b o t h  t h e o r e t i c a l l y  

and e x p e r i m e n t a l l y ,  The eEEects of b i a x i a l  l o a d i n g  and anchor f l e x i b i l i t y  

w e r e  i n c l u d e d .  S o l u t i o n s  w e r e  o b t a i n e d  f o r  two models one c o n s i s t i n g  

of a two-dimensional c y l i n d r i c a l  shel l .  e lement  ( p a n e l )  suppor ted  by r i g i d  

s t u d s  and t h e  o t h e r  a one-dimensional (ring) beam segment (wi th  f i n i t e  o r  

i n f i n i t e  r a d i u s  of c u r v a t u r e )  r e p r e s e n t i n g  a p a n e l  e lement  s u p p a r t e d  by 

e las t ic  s t u d s .  The a n a l y s i s  is based on t h e  theory  of minimum p o t e n t i a l  
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energy and ai1 assumed displacement  s ta te .  Buckling i.s d e f i n e d  i o  terms of 

Tsien's lower bouild c r i t e r i a .  26 

b i n a t i o n s  of b i a x i a l  l o a d i n g s  are o b t a i n e d  f r o m  t h e  f i r s t  model, and an 

estimate of r e q u i r e d  s t u d  s i z e  t o  s u p p o r t  a buckled p a n e l  i.s o b t a i n e d  from 

the second model., Design c h a r t s  f o r  s p e c i f y i n g  l i n e r  anchor-stud s p a c i n g s  

and s i z e s  were b e i n g  prep; j . red a t  t h e  time Ref ,  2 3  was pub1i.she.d. 

Even though b u c k l i n g  of i n d i v i d u a l  l i n e r  p a n e l s  might occur  wi thout  

Rectangular  s t u d  s p a c i n g s  f o r  v a r i o u s  com- 

r u p t u r e ,  i t  could  cause  premature f a i l u r e  o f  t h e  anchors ,  which, i n  i . t s e l f ,  

might l e a d  t r o  f a i l u r e  ot t i l e  l i n e r .  This  could b e  t h e  c a s e  i f  one p a n e l  

buckled w h i l e  t h e  adjacer i t  p a n e l s  r e t a i n e d  t h e i r  o r i g i n a l  shape ,  t h u s  

irnposing h i g h  s h e a r  l o a d s  on the anchors ,  

The preceding  d i s c u s s i o n  h a s  been concerned w i t h  t h e  g e n e r a l  s t a b i l i t y  

o f  t h e  l i n e r ,  that i s ,  e l a s t i c  atiil p l a s t i c  buckl ing  phenomena, The 

d e s i g n e r  i s  perhaps more i n t e r e s t e d  i n  the f o r c e s  and d isp lacements  imposed 

on a l i n e r  and i t s  anchors  under s p e c i f i e d  l o a d i n g  c o n d i t i o n s  so that  t h e  

des ign  adequacy may b e  a s s e s s e d .  It should  b e  n o t e d  t h a t  t h e r e  i s  a c l o s e  

r e l a t i o n s h i p  between l i n e r  b u c k l i n g  and s h e a r  connec tor  f a i l u r e ,  s i n c e  t h e  

former can l e a d  t o  t h e  l a t t e r ,  The techniques  used t o  i n v e s t i g a t e  the 

f o r c e s  and d isp lacements  are c a l l e d  ''stress a n a l y s i s  methods" by TAee and 

Gurbuz,27 They r e p o r t  t h e  pr imary methods i n  use as f o l l o w s :  

1. 

2 .  

one-dimensional a n a l y s e s  : 

a.  P a r k e r ' s  method," '28 

b .  

c. General  Atomic's (GA) method, 31' 32  

d. B e c h t e l ' s  ~ne t . i iod ,~  

e.  

L. t h e  i n i t i a l  stress method. 9 8 3  * 
two-dimensional a n a l y s e s  : 

a.  F r a n k l i n  I n s t i t u t e  Research L a b o r a t o r y ' s  (FTRL) f i n i t e -  

Doyle and C h u ' s  method, *" 3 0  

the i t e r a t i v e  force d i s t r i b u t  i.on method, 2 7  

c 

element method. 

*Reference 83 came t o  our  a t t e n t i o n  d u r i n g  t h e  f i n a l  s t a g e s  of t h e  
r e p o r t  and is t h e r e f o r e  ou t  of  numerical  o r d e r .  
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P a r k e r ’ s  method has  been wide ly  used i n  PCRV des ign  i n  t h e  United 

Kingdom, and t h e  Gh method has  been used f o r  PCRV des ign  i n  t h e  United 

States. The methods of Doyle and Chu, Bech te l ,  and FLRL have been a p p l i e d  

t o  l i g h t - w a t e r - r e a c t o r  containment  v e s s e l  l i n e r  d e s i g n s .  

f o r c e  d i s t r i b u t i o n  and t h e  i n i t i a l  stress methods w e r e  developed in Lee and 

Gurbuz’s i n v e s t i g a t i o n .  l o  

i n c o r p o r a t i o n  of t h e  i n i t i a l  stress method i n t o  t h e i r  des ign  methodology 

f o r  PCRVs. 

The i t e r a t i v e  

General  Atomic i s  purpor ted3‘  t o  be  c o n s i d e r i n g  

A l l  t h e  one-dimensional methods c o n s i d e r  an i d e a l i z e d  segment o f  t h e  

l i n e r  i n  t h e  mer id iona l  o r  c i r c u m f e r e n t i a l  d i r e c t i o n s .  The a n a l y t i c a l  

model c o n s i s t s  of a s t r i p  of t h e  l i n e r  a t t a c h e d  t o  t h e  c o n c r e t e  w i t h  a 

series of anchors .  The two-dimensional method c o n s i d e r s  a s e c t i o n  of t h e  

l i n e r  t o g e t h e r  w i t h  t h e  anchors  and su r round ing  conc re t e .  The p r i n c i p a l  

d i f f e r e n c e s  i n  t h e  one-dimensional a n a l y s e s  relate t o  assumed boundary 

c o n d i t i o n s ,  assumed component behav io r ,  and t h e  methods employed t o  o b t a i n  

a s o l u t i o n .  

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

r e f e r r e d  t o  t h e  work10’27’ 3 3  of t h e s e  i n v e s t i g a t o r s  f o r  d e t a i l s .  

L e e  and G u r b u ~ ~ ~  provided  an e x t e n s i v e  e v a l u a t i o n  of t h e  v a r i o u s  

8 3  

P a r k e r ’ s  methodz0 ’ 28  i s  probably  t h e  most v e r s a t i l e  stress a n a l y s i s  

method i n  t h a t  i t  pe rmi t s  d i r e c t  c o n s i d e r a t i o n  of l o c a l  v a r i a t i o n s  i n  

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

inward c u r v a t u r e ,  l i n e r  h o t  s p o t s ,  and l o s s  of an anchor .  However, a 

d i f f i c u l t y  e x i s t s  i n  s o l v i n g  s imul t aneous  e q u a t i o n s  i n v o l v i n g  n o n l i n e a r  

c o e f f i c i e n t s  r e s u l t i n g  from n o n l i n e a r  material p r o p e r t i e s ,  The method of 

Doyle and ChuZ9’ 3 0  i s  e s s e n t i a l l y  a s t i f f n e s s  r e f o r m u l a t i o n  o f  P a r k e r ’ s  

approach,  w i t h  t h e  b a s i c  d i f f e r e n c e  be ing  t h e  assumption of uniform i n i t i a l  

p a n e l  f o r c e s .  Th i s  r e s t r i c t s  c o n s i d e r a t i o n  on ly  t o  t h o s e  p a n e l s  symmetrical 

about  a “weak” panel .  S ince  d e t a i l s  of t h e  method used by General  Atomic 

were n o t  a v a i l a b l e  (Ref. 31 w a s  u n a v a i l a b l e  f o r  t h i s  review and Lee  and 

GurbuzZ7 provided  no d e t a i l s  on t h e  procedure  used by GA) ,  we  are unable  t o  

d i s c u s s  t h e  b a s i c  assumpt ions ,  

on uniform des ign  s t r a i n s .  V a r i a t i o n s  i n  l i n e r  t h i c k n e s s  and y i e l d  p o i n t  

can be  accommodated d i r e c t l y ,  bu t  v a r i a t i o n s  i n  anchor  s t i f f n e s s  and s p a c i n g  

cannot  be  inc luded  i n  t h e  a n a l y s i s .  The e f f e c t  of assumed i n i t i a l  inward 

Bech te lq  employs a r e l a x a t i o n  method based 
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c u r v a t u r e  i s  i n c l u d e d  by u s i n g  e x p e r i m e n t a l  c h a r a c t e r i s t i c s  of t he  "weak" 

p a n e l .  

stress are based on t h e  l i n e r  inodel used by P a r k e r ;  t h e  p r i - m r y  

d i f f e r e n c e  i s  i n  the technique  used t o  s o l v e  t h e  n o n l i n e a r  s imul taneous  

e q u a t i o n s .  Average des ign  s t r a i n  i s  an i n p u t  parameter t o  b o t h  methods ~ 

thus p e r m i t t i n g  c o n s i d e r a t i o n  of v a r i a t i o n s  i n  p a n e l  des ign  s t r a i n  as w e l l  

as t h e  p a r a m e t r i c  v a r i a t i o n s  ameaable t o  t r e a t m e n t  w i t h  P a r k e r ' s  method. 

Both t h e  i t e r a t i v e  f o r c e  d i s t r i b u t i o n  r11et:hod~~ and t h e  i n i t i a l  

I t  i s  noted  t h a . ~  d i f f i c u l t i e s  can be. expected i n  atternpti .ag t o  employ 

one-dimensional models t o  ana lyze  1.i.ners i n  the  v i - c i n i t y  of d i s c o n t i n u i  t i e s  

such as 1i.ne.r p e n e t r a t i o n s ,  componen.t s u p p o r t  p o i n t s  wall-to-wa1.l and  

~ l o o r - t o - - w a l l - t o - w a l l  i n t e r s e c t i o n s  in r e c t a n g u l a r  ce l l s  ~ e tc ,  The stress 

s t a t e  and t h e  deformat ions  i n  t h e s e  complex s i t u a t i o n s  should  b e  i n v e s t i -  

ga ted  by more powerful  t e c h n i q u e s ,  p r e f e r a b l y  by a f in i te -e lcm.ent ,  e1nst i . c -  

p1ast i .c  arial.ysis as d i s c u s s e d  by ' rate et: a1~35 

The p r a c t i c e  i n  l i n e r  des ign  has  been t o  use only  s h e a r - s l i p  c h a r a c t e r -  

is t i c s  of anchors  ; t h u s ,  t:i.rc actual s t-ress d i s t r i b u t i o n  i n  t h e  anchor  h a s  

been o f  l.jil:l:li? i n t e r e s t ,  J u s t i f i c a t : i o n  o f  t h i s  approach i s  based  on the 

use o f  dl0wahJ.e  ani:hor shear  f o r c e s  d e r i v e d  from exper imenta l  r e s u l t s .  

C l e a r l y ,  f o r  t h i s  approach t o  b e  v a l i d ,  i t  i s  e s s e n t t a l  t h a t  t h e  e x p e r i -  

iuental models r e f l e c t  t h e  a c t u a l  l o a d i n g  c o n d i t i o n s  i n  t h e  p r o t o t y p e  

s t r u c t u r e .  T e n s i l e  forces  can b e  dcrreloped a l s o  i n  t h e  anchors  by p r e s s u r e  

l o a d i n g s  an.d by b u c k l i n g  ( m o r e  correc-tl .y,  by i n e l a s t i c  bending) o E an 

a d j a c e n t  p a n e l .  The masni.tude ot these forces w t l l  depend on the des ign  

s t r a i n s  ( b i a x i a l ) .  L i t t l e  c o n s i d e r a t i o n  has been g iven  t o  a n a l y s i s  of 

cornbined t e n s i l e - s h e a r  l o a d i n g s  o f  l i n e r  anchors .  Presumably,  t h i s  i s  a 

consequence of  d e s i g n i n g  t h e  l i n e r  t o  p r e c l u d e  buckl-ing? a n d  thus  t h e  problem 

never  a r h e s .  A massive,  h i g h - t e ! n p e r ~ ~ ~ ~ ~ ~ ~ ~  sodi.uiii spi 1.1. w i l l  1ikel.y cause  

gross  d i s t o r t i o n  of  the l i . n e r 3  s u b j e c t i n g  t h e  anchors  t o  2 combination of 

s h e a r  and t e n s i l e  l o a d i n g s .  These should b e  invrsT-igated,  s ince f a i l u r e  of 

t h e  welds  j o i n i n g  t h e  l i n e r  p l a t e  t o  t h e  embedded anchors  couJ.d propagate  

through the l.i.ner I 

Concmte f a i l u r e  i n  t h e  r e g i o n  b e t  ea c l o s e l y  spaced  cool ing  t u b e s .  

may occw i.a l i n e d  v e s s e l s  having  tubes a t t a c h e d  (by welding) f o r  cont:roP of 

the corrcre t:e temperature and the tempera ture  gradienl. e Such fa:i.lures nay 

r e s u l t  from h i g h  b e a r i n g  and/or  s h e a r  stresses; considerable actention h a s  



been devoted t o  t h i s  a s p e c t  i n  t h e  d e s i g n  of YCRVs. 

d e s i g n s  employing s t r u c t u r a l  shapes  f o r  s h e a r  anchors  have c o n s i d e r e d  t h i s  

problem.’ 

n o t  c o n s i d e r e d ,  l o  probably because h i g h  stress concentrations a t  t h e s e  

l o c a t i o n s  cannot  be avoided and adequate  r e l i e f  i s  o b t a i n e d  by l o c a l i z e d  

c r u s h i n g .  

c r u s h i n g  of t h e  c o n c r e t e  adjacent:  t o  tlze anchors ,  

S i m i l a r l y ,  l i n e r  

Local f a i l u r e  i n  t h e  c o n c r e t e  a d j a c e n t  to s t u d  anchors  is u s u a l l y  

The performance o f  the l i n e r  is assumed t o  be  u n a f f e c t e d  by l o c a l  

High s t ra in- low c y c l i c  f a t i g u e  of t h e  l i n e r  has r e c e i v e d  c o n s i d e r a b l e  

a t t e n t i o n  i n  PCRV d e s i g n ,  although the number o f  c y c l e s  expec ted  i n  t h e  l i f e  

of R v e s s e l  i s  s u f f i c i e n t l y  s m a l l  that. i t  i s  r e l a t i v e l y  easy t o  avoid f a t i g u e  

f a i l u r e .  According t o  some this t y p e  of f a i l u r e  i s  con- 

s i d e r e d  h i g h l y  u n l i k e l y  i n  PCRV d e s i g n s .  This  may n o t  b e  a v a l i d  conclus ion  

for c e l l  l i n e r s  s u b j e c t e d  t o  massive s p i l l s  o f  high-teinpet-ature sadium, s i n c e  

t h e  tempera ture  levels involved  are much h i g h e r  t:han those izorrna 1 ly  expec ted  

i n  PCRV a p p l i c a t i o n s .  

L i n e r s  s u b j e c t e d  t o  s i g n i f i c a n t  neutron r a d i a t i o n  3 e v e l s  undergo 

changes i n  p h y s i c a l  p r o p e r t i e s  t h a t  may be of importance.  3 7 9  jA 

i n c r e a s e s  i n  t h e  nil d u c t i l i c y  tempera ture  (NDT) and t h e  y i e l d  s t r e n g t h  

are parameters  o f t e n  cons idered  i n  t h e  d e t a i l e d  e v a l u a t i o n  of FCCV and RCCV 

l i n e r s .  Steels having l o w  LWI’ v a l u e s  are u s u a l l y  s e l e c t e d  f o r  PCRV l i ~ i e r  

a p p l i c a t i o n s  3n h i g h  n e u t r o n  r a d l a t i o n  f i e l d s  t o  minimize rrl-lese effects .  

According t o  Lee and Gurbuz,’O the new British s t a n d a r d L 9  requires con- 

s i d e r a t i o t i  o f  t i e  e f f e c t  of i n c r e a s e d  y i e l d  s t r e n g t h  i n  khe d e s i g n  of the 

lines anchor  system. 

i n  p a r t i c u l a r ,  

T e s t i n g  i n  S u p p o r t  of Design 

P r a c t i c a l l y  a l l  l i n e r  d e s i g n  concepts  r e l y  t o  s o m e  e x t e n t  on exper i -  

mental s t u d i e s  These s t u d i e s  p r o v i d e ,  i n  general, e i t h e r  e m p i r i c a l  liner- 

anchor  des ign  r e l a t i o n s h i p s  or proof-of-concept ev idence ,  The e m p i r i c a l  

c o r r e l a t i o n s  are used i n  p l a c e  of more g e n e r a l ,  t h e o r e t i c a l ,  component 

behavior models i.n t h e  various stress a n a l y s e s  d i s c u s s e d  earlier, Such 

c o r r e l a t i o n s  are restricted to a, narrow range of a p p l i c a b i l i t y  and cannot  

be expec ted  t o  p r o v i d e  g e n e r a l  b e h a v i o r a l  c h a r a c t e r i s t i c s  e Similair ly  
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exper imenta l  d a t a  d e r i v e d  from proof-of-concept tests are l i m i t e d  t o  t h e  

s p e c i f i c  t es t  c o n f i g u r a t i o n .  

AI-though most exper imenta l  d a t a  are c o n s i d e r e d  p r o p r i e t a r y  and thus  

n o t  a v a i l a b l e  i n  t h e  p u b l i c  domain, t h e r e  are some publ i shed  r e s u l t s .  

most comprehensive tes t  program r e l a t e d  t o  l i n e r  segments appears  t o  have 

been performed by Whessoeg Limited,  i n  England. "' 39 O L ' o  

"strong" ( f l a t )  and "weak" ( i n i t i a l l y  d e f l e c t e d )  p a n e l s  under s i m u l a t e d  

l o a d i n g  c o n d i t i o n s  w a s  s t u d i e d .  Square p a n e l s  (about  4 x 4 €t> of t h e  same 

material. and t h i c k n e s s  as t h e  p r o t o t y p e  l i n e r  were a t t a c h e d  t o  a t h i c k  

s teel  backup p l a t e  ( s i m u l a t i n g  t h e  c o n c r e t e  s t r u c t u r e )  b y  s t u d y  a n c h o r s ,  

and :i-n--plane f o r c e s  w e r e  a p p l i e d  t o  t h e  l i n e r  by edge compression. L i n e r  

and anchor  s t r a i n s  and d i s p l a c e r w n t s  were recorded ,  and t h e  d a t a  were 

used2 '  t o  d e r i v e  e n i p i r i c a l  r e l a t i o n s h i p s  f o r  subsequent  u s e  i n  P a r k e r ' s  

stress a n a l y s i s  model. 

The 

The b e h a v i o r  of 

2 0  

S i m i l a r  tes t  specimens were used by General  Atomic i n  a test program'' 

i n  s u p p o r t  o f  t h e  F o r t  S t .  Vrain r e a c t o r .  In the GA t e s t s ,  a c o n c r e t e  

s e c t i o n  was p l a c e d  between t h e  tes t  p a n e l  and a s t ee l  backup p l a t e .  The 

s t u d s  were wrapped i n  Styrofoam to p r e c l u d e  bonding with. the c o n c r e t e  and 

t o  prevent  a p p l i c a t i o n s  of s h e a r  l o a d s .  The c o n c r e t e  s e c t i o n  had a c i r c u l a r  

v o i d  a t  t h e  c e n t e r  of t h e  p a n e l  t o  s i m u l a t e  voids  and t o  permi t  e x t e r n a l  

l a t e ra l  I.oadings. B i a x i a l  compression w a s  i n t r o d u c e d  i n  the test p a n e l s  

by  in-plane edge f o r c e s .  One of the f o u r  specimens t e s t e d  had a weld o f f -  

s e t ,  and a n o t h e r  had a c o o l i n g  t u b e  a l o n g  t h e  c e n t e r  l i n e ,  These tests 

were a p p a r e n t l y  des igned  t o  provide  proof-of-concept evidence.  

Round, s p h e r i c x l l y  d i s h e d  l i n e r  segments were t e s t e d  i n  s u p p o r t  of t h e  

IJylfa s p h e r i c a l  PCRV. 2u' 39 

anchors  tts a backup c o n c r e t e  s e c t i o n ,  and i n - p l a n e  edge l o a d s  w e r e  a p p l i e d  

around t h e  p e r i p h e r y  o f  t h e  p a n e l  segment w i t h  h y d r a u l i c  j a c k s .  Accord- 

i n g  t o  Lee and Gurbuz,l0 t h i s  series of tests i s  one o f  t h e  few i n  which 

t h e  composite a c t i o n  o f  t h e  l iner and t h e  backup c o n c r e t e  was s t u d i e d .  

A 6-f t-diam l i n e r  segment was a t t a c h e d  w i t h  

Bechtel '  t e s t e d  t h r e e  1 /4- in . - th ick  x 6-in.- .wide x 15-i.n.-long 

r e c t a n g u l a r  p l a t e s  under u n i a x i a l  compression. The p l a t e s  were i n i t i a l l y  

deformed 118 i n .  symmetr ica l ly  about  t h e  midpoint  of t h e  l o n g  dimension. 

The t e ~ t  c o n f i g u r a t i o n  c o n s i s t e d  i n  mounting t h e  bent  p l a t e s  v e r t i c a l l y ,  w i t h  

the bottom end f i x e d ,  and a p p l y i n g  an in-p lane  l o a d  on t h e  top  edge,  The 



p l a t e s  were unsupported i n  t h e  l a t e ra l  d i r e c t i o n .  H o r i z o n t a l  d e f l e c t i o n s  

a t  t h e  midpoint  (on t h e  edge of t h e  p l a t e s )  and ver t ica l  d isp lacement  of 

t h e  t o p  edge w e r e  recorded  as a f u n c t i o n  of a p p l i e d  load .  

s c o p e  and t h e  a t y p i c a l  t es t  c o n f i g u r a t i o n  of  t h e s e  s i m p l e  tests, t h e  u t i l i t y  

of t h e  test  d a t a  f o r  d e s i g n  purposes  is n o t  a t  all clear.  

Based on t h e  

Some i m p o r t a n t  r e s u l t s  d e r i v e d  from t h e s e  tests i n c l u d e :  

1. The s t r e s s - s t r a i n  r e l a t i o n s h i p  o f  b o t h  f l a t  and i n i t i a l l y  d e f l e c t e d  

p a n e l s  can b e  approximately c h a r a c t e r i z e d  as e l a s t i c - p e r f e c t l y  p l a s t i c .  

The s t r a i n  r e q u i r e d  t o  i n i t i a t e  b u c k l i n g  i n  t h e  f l a t  test p a n e l s  2. 

( w i t h  anchor s p a c e r  t o  l i n e r  t h i c k n e s s  r a t i o s  r a n g i n g  between 18 and 38) 

corresponded t o  t h e  y i e l d  s t r a i n .  

3 .  I n  t h e  s p h e r i c a l l y  d i s h e d  specimens,  t h e  r e q u i r e d  s t r a i n  was about  

2 .5  t i m e s  g r e a t e r ,  i n d i c a t i n g  t h e  b e n e f i c i a l  e f f e c t  of c u r v a t u r e .  

Although n o t  r e l a t e d  t o  s p e c i f i c  l i n e r  d e s i g n  c o n c e p t s ,  tes ts  i n  sup- 

p o r t  of b u c k l i n g  model s t u d i e s  were conducted by Chan and McMinnZ1 and 

Kicher  e t  al.23--75 These w e r e  d i s c u s s e d  b r i e f l y  i n  t h e  p r e v i o u s  s e c t i o n .  

Tests have been performed on l i n e r - a n c h o r  systems by a number of inves-  

t i g a t o r s  t~ o b t a i n  d a t a  i n  s u p p o r t  of d e s i g n  a n a l y s i s .  I n  a d d i t i o n  t o  t h e  

p r e v i o u s l y  mentioned tests (most o f  which employed s tud- type  a n c h o r s ) ,  

I I  push-out,’’ o r  s h e a r ,  tests have been performed on o t h e r  t y p e s  of anchors .  

In  t h i s  t y p e  of  test ,  t h e  speclmen i s  u s u a l l y  a f l a t  panel  w i t h  one o r  more 

ancliors welded t o  i t ;  t h e  anchors  are cast i n  c o n c r e t e  s o  t h a t  the composite 

i s  r e p r e s e n t a t i v e  of the p r o t o t y p e .  Bonding between t h e  test p l a t e  and t h e  

c o n c r e t e  backing  i s  prevented  t o  minimize f r i c t i o n  f o r c e s .  Shear  l o a d i n g  

of t h e  anchor i s  accomplished by a p p l y i n g  in-p lane  f o r c e s  t o  t h e  edge of  

t-he test p l a t e .  Load-displacement ( s l i p )  c h a r a c t e r i s t i c s  are d e r i v e d  

from t h e  test r e s u l t s .  

and b a r s 4 ? )  have been i n v e s t i g a t e d .  

Various anchor  systems ( e . g . ,  tees.,42 a n g L e ~ , ’ ’ ~ ~  

S t a t i c  and f a t i g u e  c h a r a c t e r i s t i c s  of s t u d  anchors  have a l s o  been 

i n v e s t i g a t e d .  4446 

face of wide-f lange beam sections and embedded i n  c o n c r e t e .  (Although 

t h e s e  tests w e r e  conducted i n  s u p p o r t  of d e s i g n  of composite s tee l  and 

c o n c r e t e  beams, t h e  f l a n g e  of t h e  beam s e c t i o n  may b e  c o n s i d e r e d  represen-  

t a t i ve  of the l i n e r  i n  a s t e e l - l i n e d  c o n c r e t e  s t r u c t u r e . )  In-plane l o a d s  

I n  t h e s e  “push-out“ tests,  s t u d s  were welded t o  t h e  
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were a p p l i e d  t o  e i t h e r  t h e  end of  tile steel. beam45 o r  t o  the edge o f  the 

c o n c r e t e  s e c t i o n .  '"-' 
t h e  stud. by p u l l i n g  o u t  a p o r t i o n  of  the s t e e l  f l a n g e  f a c e  a t  the b a s e  of 

t h e  s t u d  o r  by p u l l i n g  t h e  s t u d  o u t  of t h e  c o n c r e t e  backi-ng. 

modes of f a i l u r e  w e r e  no ted  i n  the f a t i g u e  tes ts .  N o s t  f a i lu i r e s  i n L t i a t e d  

a t  t h e  re inforcement  of the s t u d  weld (probably  a s s o c i a t e d  w i t h  a notch o r  

strtrss r i s e r )  arid p e n e t r a t e d  i n t o  t h e  f l a n g e  s e c t i o n ,  caus ing  a concave 

depres s ion  i n  t h e  f l a n g e .  I n  a few cases, f a i l u r e  propagated  through t h e  

weld j o i n i n g  t h e  s t u d  t o  t h e  f a c e  o f  t h e  wide-Elange s e c t i o n .  

- Ln t h e  s t a t i c  tests,  f a i l u r e  occurred  a t  t h e  shank of 

Two d i f f e r e n t  

A t  t h e  tinie of t h i s  w r i t i n g  (mid-1974) , an e x t e n s i v e  t e s t  program was 

bei.ng conducted a t  t h e  U n i v e r s i t y  of Tennessee under t h e  sponsor sh ip  o f  

the Tennessee Val ley  Author i ty '  

c h a r a c t e r i s t i c s  f a r  use  i n  des ign  of 1 i g h t - w a t . e r - r e a c t o ~  containment  

b u i l d i n g s .  The scope  of  t h i s  program incl-udes : 

1.- l o a d - d e f l e c t i o n  tests of p r o t o t y p e  anchor a.nd p l a t e s ,  w i t h  v a r i o u s  gaps 

t o  v e r i f y  t h e  adequacy of l i n e r  anchorage 

between t h e  p l a t e  :.nd c o n c r e t e ;  

2 .  pu l l -ou t  c a p a c i t y  tests f o r  a n g l e s  embedded i n  conc re t e ;  

3.  tests t o  de te rmine  t h e  s h e a r  l o a d  c a p a c i t y  o f  f i l l e t :  welds  ( j o i r d n g  

t h e  embedded angles  t o  t h e  l i n e r  p l a t e )  a t  v a r i o u s  a n g l e s  of appl ied.  

in -p lane  loads 

R e s u l t s  of t h i s  expe r imen ta l  t es t  program w i l l  b e  pub l i shed  upon com- 

p l e c i o n  of t h e  s tudy .  

L i n e r  l n s n e c t i o n  and Testiiia 

L i n e r s  are des igned  t o  f u n c t i o n  as l e a k - t i g h t  membranes and,  i -dea l ly  , 
are  c o n s t r a i n e d  t o  fo l low the  movements of t h e  c o n c r e t e  s t ruc t i . i r a1  suppor t  

syst:?ir\. These requi rements  d i c t a t e  1:hat t h e  l i n e r  rnater:i,al b e  t h i n  aizd 

posses s  good d u c t i l i t y  and w e l d a b i l i t y  c h a r a c t e r i s t i c s .  Curren t  con ta in -  

ment b u i l d i n g  ( v e s s e l )  p r a c t i c e  i s  t o  use 0 . 2 5 -  t o  0 .50-in.  - t h i c k  carbon- 

s t ee l  l i n e r s .  P r e s t r e s s e d  c o n c r e t e  r e a c t o r  v e s s e l s  tend  t o  u s e  somewhat 

th icker  l iners ,  most ly  i n  t h e  range  oE 0.50 t o  1 , O  in, 

Since  h igh -qua l i ty  p l a t e  material is  s p e c i f i e d  (and can b e  e a s i l y  

i n s p e c t e d )  , probJmis  a s s o c i a t e d  w i t h  l eakage  are u s u a l l y  r e l a t e r !  t o  joint 

des ign  and weld ing ,  p a r t i c u l a r l y  w i t h  o n - s i t e  and i n - s i t u  welding.  'The 
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v a r i e t y  of j o i n t  d e s i g n s  and t h e  t o t a l  l i n e a r  j o i n t  l e n g t h s  involved  are 

such t h a t  t e s t i n g  f o r  l e a k s  (and l o c a t i n g  them f o r  r e p a i r )  i s  a formidable  

t a s k ;  n e v e r t h e l e s s ,  i t  must b e  done w i t h  s c r u p u l o u s  a t t e n t i o n  t o  a s s u r e  a 

l e a k - t i g h t  membrane. 

t h e  l i n e r  p l a t e  j o i n t s  and a t  l i n e r - p e n e t r a t i o n  j o i n t s  t o  f a c i l i t a t e  l e a k  

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

Some d e s i g n s  have i n c o r p o r a t e d  a leak-chase system at  

The proposed c o d e l B  p r o v i d e s  minimum requi rements  f o r  c o n s t r u c t i o n  

t e s t i n g  and examinat ion of l i n e r s ,  w i t h  more e x t e n s i v e  examinat ion b e i n g  

r e q u i r e d  f o r  c o n c r e t e  r e a c t o r  v e s s e l  l i n e r s  than  f o r  containment  vessel 

l i n e r s .  For example, i n  c o n c r e t e  r e a c t o r  vessel l i n e r s ,  100% radiography 

i s  r e q u i r e d  f o r  a l l  butt-weld j o i n t s  (no l i m i t a t i o n  on t h i c k n e s s )  and lOOZ 

vacuum-box t e s t i n g ,  u s i n g  e i t h e r  a bubble  s o l u t i o n  o r  a gas  d e t e c t o r  

technique ,  f o r  a l l  but t -weld j o i n t s  i n  l iners  t h i c k e r  than  3/8  i n ,  The 

rad iography requi rement  i m p l i e s  t h a t  t h e  l i n e r  b e  i n s t a l l e d  p r i o r  t o  place-  

ment of t h e  c o n c r e t e  backing.  O n  t h e  o t h e r  hand, containment vessel l i n e r s  

r e q u i r e  only  s p o t  rad iography of t h o s e  b u t t  welds  a c c e s s - i b l e  t o  t h i s  in- 

s p e c t i o n  technique .  

may be used i n  l i e u  of radiography.  I n  a d d i t i o n  t o  t h e s e  s p o t  examinat ions  

f o r  d e t e c t i o n  of cracks, d e f e c t s ,  f l a w s ,  e tc . ,  a l l  a c c e s s i b l e  p r e s s u r e -  

r e t a i n i n g  l i n e r  p l a t e  welds  must b e  examined f o r  l e a k - t i g h t n e s s  u s i n g  t h e  

vacuum-box technique .  Where vacuum-box examinat ion i s  i m p o s s i b l e ,  due t o  

l a c k  of a c c e s s i b i l i t y  o r  j o i n t  d e s i g n ,  100% m a g n e t i c - p a r t i c l e  o r  l i q u i d -  

p e n e t r a n t  examinat ion i s  r e q u i r e d .  Although t h e  proposed code does n o t  

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

containment  vessel l i n e r s ;  presumably,  t h e  code r u l e s  f o r  t h i s  ca tegory  may 

b e  used as a guide.  

M a g n e t i c - p a r t i c l e  and/or  l i q u i d - p e n e t r a n t  techniques  

'The f requency and t e c h n i q u e s  f o r  t e s t i n g  and t h e  a l l o w a b l e  l e a k  rates 

of l i n e r s  a f t e r  t h e  p l a n t  has been p l a c e d  i n  o p e r a t i o n  must s a t i s f y  t h e  

r e g u l a t o r y  requi rements .  I n t e g r a t e d  l e a k  ra te  t e s t i n g ,  based on e i t h e r  t h e  

a b s o l u t e  or  t h e  r e f e r e n c e  v e s s e l  method, i s  u s u a l l y  performed p e r i o d i c a l l y  

t o  p r o v i d e  a s s u r a n c e  t h a t  concainment i n t e g r i t y  h a s  n o t  been impaired.  

Zappb8 reviewed t h e  s t a t e  of  t h e  a r t  of containment  t e s t i n g ;  t h e  i n t e r e s t e d  

r e a d e r  i s  r e f e r r e d  t o  t h a t  work f o r  a broad d i s c u s s i o n  of t h e  s u b j e c t .  
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DESCRIPTION OF TYPICAT CELL LINERS I N  
LIQUID-METAL-COOTdED REACTORS 

P r a c t i c a l l y  a l l  l iquid-metal-cooled r e a c t o r s  b u i l t  t h u s  f a r  have 

u t i l i z e d  s t ee l  c e l l  l i n e r s  as p r o t e c t i v e  measures.  Some o f  t h e  more 

r e c e n t l y  c o n s t r u c t e d  ones w i l l  b e  d e s c r i b e d  b r i e f l y  t o  i n d i c a t e  t h e  con- 

c e p t  and d e s i g n  c r i te r ia .  

Before d e s c r i b i n g  t h e s e  f a c i l i t i e s ,  i t  should  b e  n o t e d  t h a t  t h e  sys tem 

p h y s i c a l  arrangement i s  o f t e n  used t o  c h a r a c t e r i z e  r e a c t o r s  of  th-Ls t y p e  as 

b e i n g  of t h e  "pot" d e s i g n  o r  of t h e  "l.oop" des ign .  

t h e  pr imary system components ( r e a c t o r  v e s s e l ,  pumps, h e a r  exchangers ,  coii- 

n e c t i n g  p i p i n g ,  e t c . )  are c l o s e l y  connected and submerged i.n an encompass- 

i n g  v e s s e l  f i l l e d  w i t h  low-temperature sodium. i n  t h e  loop concept ,  the  

physi.cal  arrangement i s  s p r e a d  o u t ,  w i t h  the primary components u s u a l l y  

be ing  l o c a t e d  i n  s e p a r a t e  s t e e l - l i n e d  ce l l s  and not. submerged i n  sodium. 

A d i s c u s s i o n  of t h e  advantages and d isadvantages  of t h e s e  arrangements  is  

n o t  p e r t i n e n t  t o  t h e  purposes  o f  t h i s  r e p o r t .  S u f f i c e  it t o  say  t h a t  t h e  

consequences of a high-temperature  sodium s p i l l  i n  t h e  p o t  concept: are  

a m e l i o r a t e d  by t h e  encompassing volume of low-temperature sodium, On the 

o t h e r  hand, a massive s p i l l  o f  h igh- tempera ture  sodium i n  t h e  loop concept 

may p r e s e n t  very  s e r i o u s  problems. For t h i s  reason ,  t h i s  r e p o r t  i s  l i m i t e d  

t o  c o n s i d e r a t i o n  of c e l l  l i n e r s  i n  loop- type  r e a c t o r  p l a n t s .  A s  a matter 

o f  i n t e r e s t ,  LMFBR development i n  France and i n  t h e  United Kingdom i s  based  

on t h e  p o t  concept ,  whereas t h e  loop concept 2s  b e i n g  pursued i n  t h e  United 

States ,  West Germany, and Japan ,  Both concepts  are under  c o n s i d e r a t i o n  i n  

t h e  S o v i e t  Union. 

I n  t h e  p o t  concept ,  

FFTF Cel l  L i n e r s  

The F a s t  F lux  T e s t  F a c i l i t y  (FFTF) c o n s i s t s  of a 400-MW(t) sodium-cooled 

r e a c t o r  and a s s o c i a t e d  equipment,  sys tems,  and s t r u c l - u r e s .  This  l a r g e  system 

( w e l l  a long  Loward complet ion a t  t h e  time of this w r i t i n g )  w i l l  s e r v e  as a 

p r o t o t y p e  f o r  l a r g e  commercial-si zed LMFBRs and presumably represents  t h e  

c u r r e n t  s t a t e  of the a r t  i n  most- areas of sodium-cooled-reactor technology.  

For  t h i s  reason ,  t h e  FETF c e l l  l i n e r s  w i l l  b e  d i s c u s s e d  i n  some d e t a i l .  
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F i g u r e  1 shows t h e  genera l  arrangement;  s a f e t y  d e s i g n  phi losophy and a 

summary of f a c i l i t y  d e s i g n  (as of J u l y  1972) are d e s c r i b e d  i n  Ref.  50. An 

e v a l u a t i o n  o f  t h e  s a f e t y  of t h e  r e a c t o r  ( a s  of l a te  1972) has  been pub- 

l i s h e d .  51’ 52  

A s  i n d i c a t e d  i n  Fig.  1, t h e  FFTF i s  housed i n  a low-leakage s t e e l  con- 

ta inment  b u i l d i n g  t h a t  is  des igned  t o  p r e v e n t  u n c o n t r o l l e d  release of air- 

borne  r a d i o a c t i v i t y  t o  t h e  s u r r o u n d i n g s  i n  t h e  e v e n t  of a n  a c c i d e n t .  The 

f u n c t i o n a l  requi rements ,  d e s i g n ,  and c o n s t r u c t i o n  d e t a i l s  of t h e  conta in-  

ment b u i l d i n g  are much t h e  s a m e  as t h o s e  wide ly  used i n  w a t e r - r e a c t o r  

p l a n t s .  ( S i n c e  t h i s  s e c t i o n  is  concerned w i t h  ce l l  l i n e r s ,  f u r t h e r  d i s c u s s -  

i o n  on t h e  containment  b u i l d i n g  w i l l  b e  omi t ted . )  I n s i d e  t h e  containment 

b u i l d i n g ,  a massive c o n c r e t e  s t r u c t u r a l  and s h i e l d i n g  matrix s u b d i v i d e s  t h e  

s p a c e  below t h e  o p e r a t i n g  f l o o r  i n t o  i n d i v i d u a l  equipment ce l l s  as i n d i c a t e d  

i n  t h e  f i g u r e .  C e l l  geometry i s  g e n e r a l l y  r e c t a n g u l a r  w i t h  rounded c o r n e r s ;  

a n o t a b l e  e x c e p t i o n  is t h e  c y l i n d r i c a l  r e a c t o r  c a v i t y .  Cells c a n t a i n i n g  

sodium components and equipment are s teel  l i n e d  and ac.t as an i n n e r  con- 

ta inment .  Primary sodium equipment ce l l s  have an  i n e r t - g a s  atmosphere t o  

minimize sodium f i r e  h a z a r d s .  The containment  b u i l d i n g  and secondary sodium 

equipment ce l l s  have a n  a i r  atmosphere.  

The s tee l  l i n e r s  of cel ls  t h a t  house pr imary systems and/or  components 

having  sodium i n v e n t o r i e s  s u f f i c i e n t  t o  c o n s t i t u t e  s e r i o u s  f i r e  and/or  r a d i a -  

t i o n  hazards  are des igned  t o  accommodate massive s p i l l s  o f  high-temperature  

sodium w i t h o u t  l o s s  of  containment  i n t e g r i t y .  (Note t h a t  l eakage  t h a t  

might e s c a p e  t h e s e  cel ls  i s  s t i l l  w i t h i n  t h e  containment  b u i l d i n g . )  I n  

a d d i t i o n ,  t h e  r e a c t o r  v e s s e l ,  t h e  pr imary c i r c u l a t i o n  pumps, and t h e  

i n t e r m e d i a t e  h e a t  exchangers  are provided  w i t h  f r e e - s t a n d i n g  guard v e s s e l s ;  

connec t ing  p i p i n g ,  valves, and smaller components are n o t  provided  w i t h  guard 

v e s s e l s .  Catch pans are used i n  some i n s t a n c e s ,  p a r t i c u l a r l y  w i t h  secondary 

sodium system components. The containment  sys tem i s  d e s c r i b e d  i n  d e t a i l  i n  

t h e  system d e s i g n  d e s c r i p t i o n .  5 3  

a v a i l a b l e  f o r  r e f e r e n c e ,  t h e  d e s c r i p t i o n  p r e s e n t e d  h e r e i n  is based  p r i m a r i l y  

on information g a i n e d  from a v i s i t 3 4  t o  t h e  FPTF and i s  supplemented by 

R e f s .  50 and 51.) 

(S ince  t h i s  document w a s  n o t  r e a d i l y  

Although l i n e r  d e s i g n  requi rements  d i f f e r  i n  d e t a i l  f o r  each equipment 

ce l l ,  two g e n e r a l  l i n e r  concepts  evolved d u r i n g  d e s i g n  of t h e  containment  
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system; t h e s e  are r e f e r r e d  t o  "coid" liners and " h o ~ "  l i n ~ ~ z s v  Since 

h o t  l i n e r  i n s t a l l a t i o n  i s  more complex (arid expensive)  thax> the c o l d  

h o t  l i n e r s  are provided  only  i n  the lower p o r t i o n  of those ce l l s  f o r  

t h e  need was jut lped n e c e s s a r y ,  based on t h e  l i k e l i h o o d ,  s e v e r i t y  and e m -  

sequences of a pr imary sodium s p i l l ,  Cold liners are providyd i n  the 11pl~er 

p o r t i o n  o f  t h e  hot Lined ce l l s  and in a l l  o the r  l i n e d  ce l l s ,  

I n  de te rmining  ttie need f o r  ' 3  h o t  l inpr  mid Ehe h.uiK.,itt t:, which it 

sLouLd e x t e n d ,  an a essment was made f o r  each equipmcwt ce l l  and pac;s;.-p,.i- 

way o f  t h e  t y p e  and magnitude of equipment f a i l u r e  that m i  ght be exp~rc ted ,  

t h e  tempera ture  and q u a n t i t y  of sodium tha t  would most l i k e l y  bt:: s p i l l e d ,  

and the t y p e  arid amount of r a d i o a c t i v i t y  t h a t  might b e  released t o  t h e  c e l l  

from t h e  p o s t u l a t e d  f a i l u r e .  

n o t  cons idered;  mass i ve s p i  11s were assumed t.o occur  f r m  c l e a n  doub 1 e- 

ended p i p e  b r e a k s .  The q u a n t i t y  of sodium s p i l l e d  w i t s  e s t lms r t rd  t o  range 

between 7300 ( a ~  1220°F) and  100,000 (a t  1050°F) IS, depending on  c e l l ,  

type ,  and l o c a t i o n  of t t ie  p o s t u l a t e d  f a i l u r e .  Having a s c u r t  ~ i n e d  the  

volurnc. (and depth)  arid tempera ture  of t h e  sodium p o o l  tha t  might: b~ t ~ ~ p e c : t c : d  

i n  park c e l l ,  a t h e r m a l  a n a l y s i s  w a s  made t o  p r e d i c t  t h e  pressure$ and 

tempera ture  d i s t r i b u t i o n  w i t h i n  the c o n r i n e s  cf t h e  cel.1.. These p r e d i c t i o n s  

w e r e  t h e n  used as d e s i g n  c r i t e r i a  f o r  a r i a l y s i s  o f  t h e  l i ne r  and concrete 

s u p p o r t  under  a c c i d e n t  c o n d i t i o n s ,  

Sodium s p i l l s  i n v o l v i n g  sprays and/or  jets WL'TC 

C e l l s  provided w i t h  c o l d  l i n e r s  throughout  a re  d e s i g w J  for contxo 1 led 

in1eakage (l%/day a t  a c e l l  ambient tempera ture  of 1 2 0 ° F  i 3nd  1,25 i n ,  H)O 

prcssr i re  d i f f e r e n t i a l  re la t ive  t o  t h e  contaiiiiiient b u i l d i n g )  to the cnet- t  

atmosphere under normal o p e r a t i n g  c o n d i t i o n s  a Since  massive s ~ d i u m  spi 11s 

i n v o l v i n g  h i g h  tempera ture  and/or s i g n i f i c a n t  r a d i o a c t i  v i  t y  l e v e l s  are riot 

p o s t u l a t e d  f o r  c e l l s  a s s i g n e d  t o  t h i s  c a t e g o r y ,  t h e y  arc> des igned  for. ime 

acckdent  i n  which t h e  p r e s s u r e  would not  exceed 10 p s i g  a t  250°F o r  1 2  p s ~ g  

a t  1 5 0 " ~  w i t h o u t  l o s s  of s t r u c t u r a l  i n t e g r i t y .  Cells provided w i t h  h u t  

l i n e r s  are des igned  For  t h e  same normal operating c o n d i t i o n s  as the cold  

l i n e d  cells .  However, s i n c e  massive high-temperature  siadi urn s p i l l s  are 

p o s t u l a t c d  l o r  these c e l l s ,  more s t r i n g e n t  d e s i g n  requi rements  are L, peci f i e d  

f o r  a c c i d e n t  cond i t ions .  For example, the r e a c t o r  c a v i t y  i s  designed t a  

w i t h s t a n d  35 p s i g  at- 150'F f o r  s h o r t  p e r i o d s  and 1 2  p s i g  dt 250°F f o r  long-  

term e v e n t s  w i t h o u t  loss of  containment  i n t e g r i t y .  



32 

A f i n e  d i s t i n c t i o n  between l i n e r  s t r u c t u r a l  i n t e g r i t y  and containment 

i n t e g r i t y  appears  t o  have been made by t h e  d e s i g n e r s  i n  a s s e s s i n g  the 

adequacy of t h e  des ign .  Apparent ly ,  l e a k - t i g h t n e s s  i s  impl ied  by conta in-  

ment i n t e g r i t y ,  whereas s t r u c t u r a l  i n t e g r i t y  i s  r e l a t e d  t o  g r o s s  f a i l u r e s .  

For example, i f  a sodi.um s p i l l  caused t h e  l i n e r  t o  deEorm s i g n i f i c a n t l y  and 

develop small c r a c k s  o r  tears f rom e x c e s s i v e  t h e r m s l  s t r a i n s ,  s t r u c t u r a l  

i n t e g r i t y  wou1.d n o t  be vi.ol.ated (due t o  t h e  absence of gross  failure), b u t  

containment i n t e g r i t y  might b e  impaired i f  l eakage  occurred ,  

A c t u a l l y ,  two b a s i c  c o l d  l i n e r  d e s i g n s  are used i n  t h e  FFTF t o  provide  

a r i g i d  1-eak-tight membrane over  t h e  s t r u c t u r a l  (and s i i i e l d i n g )  concret:e 

suppor t  system. One d e s i g n ,  q u i t e  s imi l a r  to a concept wide ly  used f o r  

water -cooled- reac tor  containment b u i l d i n g  l i n e r s ,  c o n s i s t s  of l / & i n . - t h i c k  

carbon s t e e l  (A-516, grade 55) p a n e l s  welded t o  3-in, I-beam s e c t i o n s  em- 

bedded in t h e  backup c o n c r e t e  on a 4 - f t  g r i d .  The p a n e l s  were welded t o  the  

embedments, u s i n g  f i l l e t  welds ,  a f t e r  t h e  c o n c r e t e  s t r u c t u r e  w a s  c a s t  and 

cured.  A l l  t h e  c o r n e r s  ( f l o o r  t o  wall and wall t o  w a l l )  are rounded ( 4  i n .  

r a d i i )  t o  minimize t h e  e f f e c t  o f  d i s c o n t i n u i t i e s .  The second c o l d  l i n e r  

d e s i g n  concept  (adopted d u r i n g  cons truct: ion) makes use  o f  EFCO modular con- 

crete forms as t h e  b a s i c  s t r u c t u r a l  e lement .  These s tandard  steel. forms, 

modif ied t o  provide  add . i t iona1  s u p p o r t i n g  a n g l e s  on a 1.2-in, g r i d ,  were 

f a b r i c a t e d  i n t o  l a r g e  p a n e l  s e c t i o n s  u s i n g  groove wel-ds t o  j o i n  t h e  1/4-i11. 

carbon steel. cover  p l a t e s  ( t h e  p l a t e  r h i c k n e s s  was reduced t o  3/16 i n ,  

f o r  p a n e l s  assembled l a t e  i n  t h e  c o n s t r u c t i o n )  e 

s e c t i o n s  were set  i n  p l a c e  w i t h  the smooth s i d e  inward ( t o  becoine t h e  l i n e r )  

and welded i n  p l a c e  t o  serve as t h e  c e l l  i n s i d e  c o n c r e t e  f o m m r k .  The 

c o n c r e t e  was t h e n  p l a c e d  t o  complete the s t r u c t u r e .  U l t r a s o n i c  v i b r a t o r s  were 

used on the l i n e r  s i d e  t o  i n s u r e  complete f i l l i n g  of the voids  behind the 

1.iner . 

The l a rge  p r e f a b r i c a t e d  

Details of  t h e  h o t  I.:i.ners d i f f e r  from c e l l  t o  ce l l  t o  account- f o r  the 

p a r t i c u l a r  requi rements .  The h o t  l i n e r  system i s  designed,  in g e n e r a l ,  t o  

(1) expand t h e r m a l l y  as a r e s u l t  of a h o t  sodiium s p i L l  wi thout  r u p t u r e  o f  

tihe l iner ,  ( 2 )  resist the i n t e r n a l  p r e s s u r e  genera ted  d u r i n g  an accident 

and ( 3 )  a s s u r e  t h e  i n t e g r i t y -  of the c o n c r e t e  s t r u c t u r e  by t h e  u s e  of i n s u l a t -  

i n g  material  between the l i n e r  and the  backup c o n c r e t e .  To inax:i.mi.ze f r e e  

movement o f  the l i n e r ,  t h e  p l a t e  i s  anchored only  ac t h e  t o p  edge ,  where i t  

j o i n s  the  c o l d  l i n e r .  
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T y p i c a l  h o t  l i n e r  d e t a i l s  of a r e c t a n g u l a r  c e l l  a r e  shown i n  F i g .  2 .  

The f l o o r  l i n e r  is  carbon s tee l  (A-516, grade  70) w i t h  a t h i c k n e s s  of 518 

i n .  over  t h e  major p o r t i o n  of t h e  area. It rests on a 4.5-in. t h i c k n e s s  of 

f i r e - r e s i s t a n t  f i r e b r i c k  (ASTM C-27 heavy-duty t y p e  conforming t o  f i r e  c l a y  

r e f r a c t o r y  requi rements  of ASTM C-64) .  A 2.5-in.  t h i c k n e s s  of  i n s u l a t i n g  

f i r e b r i c k  (ASTM C-155, series 20, conEorming t o  requi rements  of ASTM C-434 

f o r  i n s u l a t i n g  f i r e b r i c k )  i s  used between t h e  f i r e - r e s i s t a n t  b r i c k  and t h e  

c o n c r e t e .  T h e  t h i c k n e s s  of  t h e  f l o o r  l i n e r  i s  reduced t o  3/8 i n .  ( t h e  

same a s  t h e  w a l l  l i n e r )  i n  t h e  v i c i n i t y  of t h e  rounded c o r n e r  s e c t i o n s  t o  

i n c r e a s e  f l e x i b i l i t y .  A r e l i e f  (1- in .  depth)  i n  t h e  floo1- s u p p o r t i n g  f i r e -  

b r i c k  i s  provided a l s o  i n  t h e s e  r e g i o n s  t o  permi t  downward movement of  the 

l i n e r .  The w a l l  s e c t i o n  i s  suppor ted  l a t e r a l l y  by f i r e - r e s i s t a n t  and in-  

s u l a t i n g  f i r e b r i c k  a:j i n d i c a t e d .  A 2-in.  a i r  gap a t  t h e  bottom of t h e  w a l l  

s e c t i o n  p e r m i t s  thermal  expansion under a c c i d e n t  c o n d i t i o n s .  'This r e l i e f  

ex tends  t o  t h e  t o p  o f  t h e  f i r e b r i c k  i n  t h e  c o r n e r s  t o  reduce r e s t r a i n t  i n  

t h e s e  r e g i o n s  and t o  p r o v i d e  a passageway f o r  v e n t i n g .  An expansion j o i n t  

i s  provided  i n  t h e  w a l l  l i n e r s  t o  absorb  much of t h e  v e r t i c a l  expansion.  

The h o t  L i n e r  i s  anchored o n l y  a t  t h e  t o p ,  where i t  j o i n s  t h e  c o l d  l i n e r  

p o r t i o n  of  t h e  c e l l .  S t i f f e n i n g  members are welded o v e r  the rounded c o r n e r s  

a t  t h e  bottom of t h e  ce l l  t o  p r o v i d e  s u p p o r t  a g a i n s t  e x t e r n a l  p r e s s u r e  l o a d s  

d u r i n g  normal o p e r a t i o n .  (The use  of t h e s e  s t i f f e n i n g  members appears  t o  

p a r t i a l l y  c o u n t e r a c t  t h e  e f f o r t s  made t o  reduce r e s t r a i n t  i n  t h e s e  areas under 

a c c i d e n t  c o n d i t i o n s .  1 A d d i t i o n a l  d e t a i l s  are g iven  i n  t h e  f i g u r e .  

Details  of t h e  h o t  l i n e r  of t h e  c y l i n d r i c a l  r e a c t o r  c e l l  are shown i n  

Fig.  3 .  S i n c e  t h e  r e a c t o r  and t h e  guard vessel s u p p o r t i n g  s t r u c t u r e  are 

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

e x t e r i o r  t o  t h e  r e a c t o r  guard vessel s u p p o r t .  It i s  j o i n e d  t o  t h e  s u p p o r t  

by a sea l  r i n g  t o  a l l o w  f o r  unequal  r a d i a l  movements of t h e  f l o o r  l i n e r  and 

guard vessel  s u p p o r t  due t o  a tempera ture  d i f f e r e n t i a l .  A rounded (4-in.-  

r a d i u s )  segment j o i n s  t h e  f l o o r  l i n e r  t o  t h e  c y l i n d r i c a l  w a l l  s e c t i o n .  The 

t h i c k n e s s  of t h e  f l o o r  and w a l l  l i n e r  p l a t e s  i s  318 i n .  and t h a t  of t h e  seal  

r i n g  i s  1 / 4  i n . ;  carbon s teel  (A-516, grade  70) i s  used as t h e  cons t ruc- t ion  

material. The f l o o r  p o r t i o n  rests on a 9-in.  t h i c k n e s s  of: f i r e - r e s i s t a n t  

f i r e b r i c k  (ASTM C-27 heavy d u t y  conforming t o  f i r e  c l a y  r e f r a c t o r y  r e q u i r e -  

ments of ASTM C-64); a 6-in. t h i c k n e s s  of f i r e - r e s i s t a n t  f i r e b r i c k  i s  used 
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Fig. 2. Typical FFTF hot liner f o r  rectangular c e l l s .  
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Fig .  3. Details o f  FFTF reactor cavity hot Liner .  
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i.ii t h e  v e r t i c a l  w a l l  s e c t i o n .  A 2-in,  a i r  gap i s  I.ocated between t h e  v e r t i c a l  

p o r t i o n  of t h e  l i n e r  and t h e  f i r e b r i c k  t o  a l low f o r  thermal  expansion of 

t h e  l i n e r  w i t h  minimum r e s t r a i n t ,  S i m i l a r l y ,  a i r  gaps are provided around 

t h e  seal  r i n g  and a t  t h e  o u t s i d e  edge o f  t h e  a n n u l a r  f l o o r .  Unlike t h e  

o t h e r  h o t  l i .ned ce l l s ,  an expansion j o i n t  w a s  omi t ted  i n  t h e  w a l . 1  s e c t i o n  

of t h i s  c e l l  l i n e r .  ( F a b r i c a t i o n  of  a s u i t a b l e  expansion j o i n t  f o r  the 

c y l i n d r i c a l  c a v i t y  w a s  c i t e d  as t h e  reason f o r  t h e  omiss ion . )  

provided behind all t h e  h o t  l i n e r s  t o  a l low escape  t o  the containment 

b u i l d i n g  o f  any steam that. may b e  d r i v e n  o f f  t h e  c o n c r e t e  backup. 

Vents are  

Constructi .on of  t h e  h o t  l i n e r s  proceeded from t h e  o u t s i d e  inward; 

t h a t  i s ,  the. c o n c r e t e  w a s  p laced  f i r s t  w i t h  r e l i e f  f o r  t h e  f i r e b r i c k .  Tlisse 

were t h e n  s t a c k e d  and mortared i n  p l a c e  as r e q u i r e d .  Large,  p r e f a b r i c a t e d  

l i n e r  sectZions were t h e n  i n s e r t e d  and welded i n  p l a c e  u s i n g  f u l l - p e n e t r a t i o n  

b u t t  welds.  The l i n e r  p l a t e  weld j o i n t s  w e r e  v i s u a l l y  i n s p e c t e d  and l e a k  

t e s t e d  d u r i n g  t h e  e r e c t i o n  s t a g e  u s i n g  tile vacuum-box soap-bubble Lechnique. 

U l t r a s o n i c  magnetic-part:i c le  , and l i q u i d - p e n e t r a n t  methods of i n s p e c t i o n  

were used t o  supplement t h e  vacuum-box t e c h n i q u e  i n  l o c a t i o n s  where accessi- 

b i l i t y  w a s  l i m i t e d .  Leak chase provis i .ons a r e  not i n c l u d e d  i n  t h e  l i n e r  

j o i n t  d e s i g n s .  When c o n s t r u c t i o n  of t h e  c e l l  l i n e r s  i s  compl.ete, they w i . 1 1  

b e  l e a k  t e s t e d  a t  d e s i g n  p r e s s u r e  and a t  ambient tempera ture  , presumably 

using t h e  i n t e g r a t e d  l e a k  ra te  method. P e r i o d i c  tests d u r i n g  t h e  o p e r a t i n g  

l i f e t i m e  of t h e  p l a n t  must a l s o  r e l y  011 t h i s  method f o r  determini.ng c e l l  

l i n e r  l e a k - t i g h t n e s s  

The h e i g h t  of t h e  h o t  l i n e r  r e q u i r e d  f o r  each c e l l  w a s  determined from 

a series of thermal  a n a l y s e s ,  c o n s i d e r i n g  the volume and tempera ture  of t h e  

sodium s p i l l  p o s t u l a t e d  f o r  t h a t  p a r t i c u l a r  c e l l .  The a n a l y s e s  were per-  

formed w i t h  the f o l l o w i n g  computer programs * 

1. SQ)FLKE-II ( a  v e r s i o n  of t h e  Atomics I n t e r n a t i o n a l  SflFIRE program 

as modif ied by HEDL) ca lcu l .a tes  sodium p o o l  o x i d a t i o n  and t h e  accompanying 

thermal  t r a n s i e n t s  and p r e s s u r e  i n  t h e  gas  atmosphere and t h e  e n c l o s i n g  

s t r u c t u r e  by u s e  a €  a one-dimensional- h e a t  t r a n s f e r  model. 5 4  

2 ,  CACEC@ i s  a sodium f i r e  code5'+ t h a t  i n c o r p o r a t e s  S@FIRE-I1 as a 

s u b r o u t i n e  and i n c l u d e s  one-dimensional h e a t  t r a n s f e r  i n t o  s t r u c t u r a l  walls 

f l o o r ,  c e i l i n g ,  and o t h e r  compoiients o f  t h e  b u i l d i n g .  
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3 .  HEATING i s  a g e n e r a l i z e d  three-d imens iona l  h e a t  t r a n s f e r  codes5'  56 

i n  which sodium poo l  and c e l l  atmosphere parameters  from CACECQ are used as 

boundary c o n d i t i o n s  t o  c a l c u l a t e  more d e t a i l e d  two-dimensional t r a n s i e n t  

tempera ture  d i s t r i b u t i o n s  i n  t h e  w a l l s  n e a r  t h e  poo l  s u r f a c e .  

The l iner  t empera tu re  w a s  determined as f u n c t i o n s  of h e i g h t  above t h e  

sodium poo l  and of t i m e .  S ince  s t r u c t u r a l  ana lyses  of t h e  co ld  l i n e r s  i n -  

d i c a t e d  containment i n t e g r i t y  would be  main ta ined  ( i . e @ ,  no leakage)  Sor 

tempera tures  up t o  205°F ( a s  opposed t o  t h e  des ign  requi rement  of s t r u c t u r a l .  

i n t e g r i t y  up t o  250"F),  t h e  h o t  l i n e r s  were extended t o  t h e  e l e v a t i o n  cor-  

responding t o  t h e  c a l c u l a t e d  tempera ture  of 205°F. 

provided  c o n c r e t e  tempera ture  as f u n c t i o n s  of d i s t a n c e  from t h e  l i n e r  i n t e r -  

f a c e  and of t i m e .  The t h i c k n e s s  of f i r e b r i c k  w a s  determined t o  l i m i t  t h e  

c o n c r e t e  t empera tu re  t o  a maximum of 270°F ( o r i g i n a l l y  s p e c i f i e d  t o  be  250°F) 

under  a c c i d e n t  c o n d i t i o n s .  Obviously,  t h e  t h i c k n e s s  of t h e  i n s u l a t i n g  

r e g i o n  i s  an impor tan t  des ign  parameter .  If t h e  t h i c k n e s s  i s  inadequa te ,  

t h e  c o n c r e t e  tempera ture  w i l l  tend toward h i g h e r  v a l u e s  and cause  c o n c r e t e  

des ign  d i f f i c u l t i e s  and /o r  u n c e r t a i n  performance. On the o t h e r  hand, i f  

t h e  t h i c k n e s s  is t o o  g r e a t ,  t h e  c o n c r e t e  tempera ture  i s  favored  b u t  the gas 

t empera tu re  w i l l  t end  t o  i n c r e a s e  and cause  h i g h e r  l i n e r  tempera tures  a t  a 

g iven  e l e v a t i o n ,  making i t  necessa ry  t o  ex tend  t h e  h o t  l i n e r  t o  a h i g h e r  

e l e v a t i o n  i n  o r d e r  f o r  t h e  tempera ture  n o t  t o  exceed t h e  des ign  v a l u e  a t  t h e  

t r a n s i t i o n  t o  t h e  co ld  l i n e r .  S ince  t h e  h o t  l i n e r  i s  cons ide rab ly  more 

expens ive  than  t h e  co ld  l i n e r ,  d e t e r m i n a t i o n  of t h e  i n s u l a t i n g  t h i c k n e s s  

has  s i g n i f i c a n t  economic as w e l l  as performance i m p l i c a t i o n s .  

The t h e r m a l  a n a l y s i s  a l s o  

Stress a n a l y s i s  of t h e  c e l l  h o t  l i n e r s  w a s  performed w i t h  t h e  MARC-CDC 

computer programs7 f o r  normal o p e r a t i o n ,  des ign  c o n d i t i o n s ,  and a c c i d e n t  

(massive sodium s p i l l )  c o n d i t i o n s .  For example, des ign  c r i t e r i a  f o r  t h e  

r e a c t o r  c a v i t y  h o t  l i n e r  p l a t e  i n c l u d e  t h e  fo l lowing:  

1. dead l o a d s ,  i n c l u d i n g  weights  of 3/8-in.  l i n e r  p l a t e  and 1/4-in. seal 

r i n g ;  

2 .  maximum normal o p e r a t i n g  

3. maximum normal o p e r a t i n g  

t h e  e r e c t i o n  t empera tu re  

4 .  d e s i g n  n e g a t i v e  p r e s s u r e  

n e g a t i v e  p r e s s u r e  of 0.15 p s i g ;  

t empera tu re  of 120°F o r  a 50°F increment  above 

of 70°F; 

of 0.25 p s i g ;  



5. maximum a c c i d e n t  i n t e r n a l  p r e s s u r e  of 35 p s i g  i n  a d d i t i o n  t o  [.ire weight  

O E  4 .5- f t  sodium p o o l ;  

6 .  maximum a c c i d e n t  tempera ture  o f  1.000"F. 

F o r  normal o p e r a t i n g  condi t i .ons stresses i n  t h e  l i n e r  p l a t e  are 

I- i rni ted t o  v a l u e s  e q u a l  t o  o r  less than  t h e  a l l o w a b l e  v a l u e s  of 23,200 p s i  

i n  t e n s i o n  and 24,000 psi. f o r  bending. ( A  room-temperature v a l u e  o f  

38,000 ps-i. w a s  used i n  t h e  a n a l y s i s  f o r  t h e  y i e l d  s t r e n g t h  of A-516, gsade 

70 s t e e l . )  I n  a d d i t i o n ,  t h e  l i n e r  should  be  s t a b l e  a g a i n s t  e x t e r n a l  l oad  

c o n d i t i o n s .  

For a c c i d e n t  condi.r:i.ons , l o c a l  y i e l d i n g  i s  peru i i t t ed ;  however, ca lcu-  

l a t e d  strai-ns are speci.fi.ed t o  r e m a i . a  saEely below the expec ted  r u p t u r e  

s t r a i n .  Based on a t y p i - c a l  r u p t u r e  s t r a i n  o f  0 . 2 5  in,/in. f o r  s t r u c t u r a l  

s tee l s ,  a c o n s e r v a t i v e  v a l u e  of 0.15 i n . / i n .  bras assumed f o r  r u p t u r e ,  

Allowable s t r a i n s  were t aken  as one-fourth o f  t h i s  v a l u e ,  o r  3 . 7 S X .  'The 

l i n e r  was s p e c i f i e d  t o  reina:in i n  an e l a s t i c  s t a t e  of stress when loaded 

w i t h  t h e  a c c i d e n t  p r e s s u r e  s h o r t l y  a f t e r  a sodium s p i l l  ( b e f o r e  t h e  

tempera ture  i n c r e a s e s  a p p r e c i a b l y )  . For t h i s  coritli.tion, t h e  a l l o w a b l e  

stress was t a k e n  as 90% of t h e  y i e l d  stress ats 70°F.  

A n o n l i n e a r  f i n i t e - e l e m e n t  a n a l y s i s  was used t o  p r e d i c t  t h e  st.resses 

and strailis i n  t h e  l i n e r  pl.ate due t:~:) t h e  v a r i o u s  I-oads. Input: f o r  t h e  two -  

dimensional  model was determined f r o m  one-dimensional c a l c u l a t i o n s  o f  f o r c e -  

displace meat^ 1:elation.s f o r  t h e  c e l l  wa1.l.s arid f l o o r s .  I n  most eases, t h e  

two-.dimensional model w a s  r e p r e s e n t e d  by f l a t .  t r i  angular  f i.11 i. te e lements .  

It  appears  t h a t  t h e  three-d imens iona l  s t i f  f n e s s  o f  t h e  rounded segments 

i n  t h e  wal l - to-wal l ,  wal l - to- f loor  and wall-ts--.wall--to-f l o o r  i n t e r s e c t i o n s  

was n o t  i n c l u d e d  i n  any of t h e  a n a l y s e s ,  'rhe wall l i n e r  t smpera ture  ais-- 
t r i b u t i o n  assumed f o r  t h e  stress a n a l y s i s  o f  t h e  r e a c t o r  c e l l .  i s  SI-iosm i n  

Fig.  4 ;  s i m i l a r  p r o f i l e s  were used f i i r  t h e  o t h e r  c - e l l s .  ( I t  i.s n o t  clear 

from t h e  i-nformation ava i l . ab le  f o r  r e f e r e n c e  how well. t h e  assumed d i s t r i -  

b u t i o n s  r e p r e s e n t  t h o s e  c a l c u l a t e d  i n  t h e  sodiuin s p i l l  thermal  ana lyses .  ) 

Thermal g r a d i e n t s  through t h e  t h i c k n e s s  of t h e  l i n e r  p l a t e  w e r e  n e g l e c t e d .  

' rh i s  may b e  impor tan t  i n  the very  e a r l y  s t a g e s  of an a c c i d e n t ,  
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Nonl inear  material  p r o p e r t i e s  (a t  70°F) used  i n  t h e  a n a l y s e s  are shown 

i n  F ig .  5 .  Temperature-dependent. assumptions w e r e  as fo l lows  : 

1. Y i e l d  s t r e n g t h  i s  c o n s t a n t  a t  38,000 p s i  i n  t h e  range of 70 t o  700°F 

and t h e n  d e c r e a s e s  l i n e a r l y  t o  26,600 p s i  a t  1 O O O " V .  

2 .  The modulus of e l a s t i c i t y  d e c r e a s e s  l i n e a r l y  from 29 x l o 6  p s i  a t  

7 0 " ~  t o  2 4 , 5  x 106 p s i  a t  1 0 0 0 " ~ .  

3.  Poisson's r a t i o  i s  independent  of tempera ture .  

4 .  The thermal  expansion c o e f f i c i e n t  varies with t empera ture  ( i n  OF) 

accord ing  t o  ct = ( 6 . 1  + 0.0019T) x . 
I n  perEorming t h e  n o n l i n e a r  a n a l y s i s ,  s u c c e s s i v e  load  increments  w e r e  

used;  the f i r s t  increment  cons idered  only  the p r e s s u r e  loading .  For t h e  

r e a c t o r  c e l l ,  l o a d  increments  2 through 4 c o n s i d e r e d  uniform tempera ture  

ORNI.-DlnlC; 74-9981 
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Fig. 5.  Nonl inear  s t r e s s - s t r a i n  curve  used i n  stress analysis. 
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increments  of 60°F t o  r e a c h  a 250'F uniform tempera ture ;  t h e  f i n a l  15 l o a d  

increments  c o n s i s t e d  of e q u a l  tempera ture  i n c r e a s e s  from t h e  uniform 250°F 

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

y i e l d i n g  o c c u r s  a t  s e v e r a l  p l a c e s ,  w i t h  t h e  maximum s t r a i n  (8.9 x 

i n . l i n . 1  a t  t h e  p o i n t  where t h e  ho t  l iner  j o i n s  t h e  c o l d  l i n e r .  The com- 

puted  d e f l e c t i o n s  are shown i n  Fig.  6 .  S i m i l a r  a n a l y s e s  were performed 

f o r  t h e  o t h e r  h o t  l i n e r s ,  

Stress a n a l y s e s  of t h e  c e l l  c o l d  l i n e r s  were performed u s i n g  t h e  methods 

d e s c r i b e d  i n  d e t a i l  i n  Ref.  9 and w i l l  n o t  b e  d i s c u s s e d .  As a matter of 
i n t e r e s t ,  i n  t h e  e a r l y  d e s i g n  s t a g e  o f  t h e  ce l l  l i ne r s ,  a t t e m p t s  t o  show 

t h a t  t h e  c o l d  l i n e r  d e s i g n  concept  would a l s o  b e  adequate  f o r  massive sodium 

s p i l l s  proved u n s u c c e s s f u l .  The h o t  l i n e r  concept  evolved  from t h e s e  f i n d -  

ings and subsequent  i n v e s t i g a t i o n s .  Adequacy of t h i s  concept  i s  p r e d i c a t e d  

on a n a l y s i s ;  e x p e r i m e n t a l  t e s t i n g  w a s  n o t  conducted i n  s u p p o r t  o f  t h e  

des ign .  N e i t h e r  have proof-of-concept tests been performed. Some l a r g e -  

scale sodium s p i l l  tests5G60 were conducted f o r  o t h e r  purposes  and are 

r e l e v a n t  t o  t h e  performance of the s t e e l - l i n e d  cells .  (See a l s o  Ref. 8 4 ,  

wliich came t o  o u r  a t t e n t i o n  dur-ing t h e  f i n a l  s t a g e s  of t h i s  r e p o r t . )  

CRBR C e l l  L i n e r s  

The C l i n c h  River Breeder  R e a c t o r  (CRBR) p l a n t  w i l l  serve as a demonstra- 

t i o n  of a commercial-sized LMFRR; d e s i g n  of t h e  f a c i l i t y  i s  i n  p r o g r e s s  a t  

t h e  t i m e  of t h i s  w r i t i n g .  A s  y e t ,  d e t a i l e d  c o n s i d e r a t i o n  h a s  no t  been g iven  

t o  l i n e r  performance c r i t e r i a  and t o  c o n s t r u c t i o n  f e a t u r e s .  It  i s  expected 

t h a t  concepts ,  f e a t u r e s ,  and c o n s t r u c t i o n  d e t a i l s  found a c c e p t a b l e  i n  t h e  

d e s i g n  and o p e r a t i o n  of t h e  FFTF w i l l  b e  g i v e n  pr imary c o n s i d e r a t i o n  f o r  t h e  

CRBR p l a n t .  Thus, i n  t h e  absence  of i n f o r m a t i o n  t o  t h e  c o n t r a r y ,  the con- 

c e p t s  p r e v i o u s l y  d e s c r i b e d  f o r  t h e  FFTF are a l s o  a p p l i c a b l e  t o  the CRBR. 

SEFOR C e l l  Liners 

The Southwest Experimental  P a s t  Oxide Reac tor  (SEFOR) was des igned  t o  

p r o v i d e  d a t a  i n  s u p p o r t  of a tes t :  program t o  demonst ra te  t h a t  f a s t  ceramic- 
f u e l e d  power r e a c t o r s  can b e  des igned  w i t h  d e s i r a b l e  o p e r a t i n g  and s a f e t y  
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c h a r a c t e r i s t i c s  I T h e  20-MV(t) sodium-cooled r e a c t o r  i s  c o n s i d e r e d  repre-  

s e n t a t i v e  of t h e  s ta te  of t h e  a r t  p r i o r  t o  c o n s t r u c t i o n  of t h e  FFTF. Con- 

s t r u c t i o n  of t h e  f a c i l i t y  w a s  completed i n  1968, o p e r a t i o n  commenced i n  

1969,  and t h e  f a c i l i t y  w a s  decommissioned i n  1374.  Design f e a t u r e s  and 

tes t  programs have been r e p o r t e d .  6 1 $ 6 2  

p r i m a r i l y  on i n f o r m a t i o n  p r e s e n t e d  i n  Refs. 60 t o  65. 

The d i s c u s s i o n  g iven  h e r e  i s  based 

The r e a c t o r  sys tem is  housed i n  a low-leakage s tee l  containment  b u i l d -  

i n g  t h a t  i s  des igned  t o  p r e v e n t  u n c o n t r o l l e d  release of a i r b o r n e  rad io-  

a c t i v i t y  t o  t h e  sur roundings  i n  t h e  e v e n t  of a n  a c c i d e n t .  S i m p l i f i e d  

s e c t i o n a l  e l e v a t i o n s  of t h e  containment  b u i l d i n g  showing t h e  i n t e r n a l  

arrangement and l o c a t i o n  of major equipment are g iven  i n  Fig.  7 .  The 

f u n c t i o n a l  requi rements ,  d e s i g n ,  and c o n s t r u c t i o n  f e a t u r e s  of t h e  s tee l  

containment b u i l d i n g  a r e  much t h e  5ame as t h o s e  employed i n  many water- 

cooled  r e a c t o r  p l a n t s  and w i l l  n o t  b e  d i s c u s s e d .  A s  i n d i c a t e d  i n  t h e  f i g u r e ,  

a niassive r e i n f o r c e d  c o n c r e t e  c e l l u l a r  s t r u c t u r e  provides  s e p a r a t i o n  o f  major 

systems a n d / o r  components; t h e  c o n c r e t e  s t r u c t u r e  i s  designed t o  s a t i s f y  

s t ruc :  t u r a l  and b i o l o g i c a l  s h i e l d i n g  requi rements  a Cells hous ing  pr imary 

s o d i u m  systems are provided  w i t h  a welded s tee l  l i n e r  (shown i n  t h e  f i g u r e  

by the heavy out l - ine)  i n  i n t i m a t e  c o n t a c t  w i t h ,  and f i r m l y  anchored t o ,  t h e  

c o n c r e t e  backup t o  p r e v e n t  leakage i n  e i ther  d i r e c t i o n  and t o  p r e s e r v e  t h e  

i n e r t - g a s  atmosphere mainta ined  therein as a p r e c a u t i o n  a g a i n s t  f i r e  hazards .  

The l i n e d  cells c o n s t i t u t e  a n  i n n e r  containment  system wholly w i t h i n  t h e  

o u t e r  (secondary)  containment  b u i l d i n g .  Guard v e s s e l s  are provided f o r  t h e  

r e a c t o r  v e s s e l  and other c r i t i c a l  components t o  reduce  t h e  p r o b a b i l i t y  of 

l o s i n g  c o o l a n t  from regions r e q u i r i n g  cooling. 

The f u n c t i o n a l  d e s i g n  o b j e c t i v e s 6 3  of t h e  i n n e r  containment  are t o  

I, c o n t a i n  t h e  energy and dynamic e f f e c t s  of a des ign-bas is  a c c i d e n t  o f  

n u c l e a r  o r i g i n ,  

m i t i g a t e  t h e  e f f e c t s  of chemical  r e a c t i o n s  w i t h i n  t h e  containment  as 

t h e  r e s u l t  of t h e  des ign-bas is  a c c i d e n t ,  

2 .  

3 .  c o n t a i n  t h e  r a d i o a c t i v e  material r e l e a s e d  as t h e  r e s u l t  o f  che design-  

basis a c c i d e n t  
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4 ,  s u p p r e s s  and c o n t a i n  chemical  r e a c t i o n s  and r a d i o a c t i v e  material t h a t  

may b e  r e l e a s e d  as t h e  r e s u l t  of b r e a k s  i n  t h e  pr imary c o o l a n t  p r e s s u r e  

boundary. 

The i n n e r  containment d e s i g n  c r i t e r i a  f o r  normal o p e r a t i o n  i n c l u d e  a 

p r e s s u r e  l o a d i n g  of  6 i n .  H 2 0  maximum ( e i t h e r  i n t e r n a l l y  o r  e x t e r n a l l y )  a t  

a tempera ture  of 200’F. For  a c c i d e n t  c o n d i t i o n s ,  t h e  d e s i g n  p r e s s u r e  w a s  

s p e c i f i e d  as LO p s i g  ( i n t e r n a l )  a t  250°F f o r  an u n s p e c i f i e d  d u r a t i o n  of 

t i m e .  A l l  c e l l s  w e r e  i n t e r c o n n e c t e d  w i t h  r u p t u r e  d i s k s  set  t o  r e l i e v e  a t  

a d i f f e r e n t i a l  p r e s s u r e  of 4 p s i g .  

s u p p o r t e d  c o n t i n u o u s l y  by t h e  s t r u c t u r a l  c o n c r e t e  backup wi thout  c o n t r i b u t i n g  

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

l i n e r  p l a t e  w a s  d e r i v e d  from an  assumed a c c i d e n t a l  sodium s p i l l  (a t  1000*F),  

r e s u l t i n g  i n  a thermal  l o a d i n g  c a u s i n g  t h e  p a n e l s  t o  buckle  between the  

anchors  t o  relieve t h e  expansion.  Leakage w a s  s p e c i f i e d  t o  b e  less than  1% 
of  t h e  c o n t a i n e d  volume a t  10 p s i g  o v e r  a 24-hr p e r i o d .  

The c e l l  l i n e r  p l a t e s  are cons idered  

The massive c o n c r e t e  s t r u c t u r e  w a s  s i z e d  more f o r  i t s  s h i e l d i n g  a b i l i t y  

than  f o r  s t r e n g t h  r e q u i r e m e n t s ,  This  r e s u l t e d  i n  t h i c k ,  h e a v i l y  r e i n f o r c e d  

s e c t i o n s  t o  resist t h e  l a r g e  thermal  g r a d i e n t s  e x i s t i n g  i n  t h e  w a l l  s e c t i o n s  

under a c c i d e n t  c o n d i t i o n s  p o s t u l a t e d  t o  las t  s u f f i c i e n t l y  long t o  e s t a b l i s h  

q u a s i - s t e a d y - s t a t e  c o n d i t i o n s .  The l o a d i n g s  d e r i v e d  from t h e s e  thermal  

moments s o  completely dominated t h e  d e s i g n  t h a t  o t h e r  t y p e s  of  l o a d i n g s  

became r e l a t i v e l y  i n s i g n i f i c a n t .  The method of a n a l y s i s  w a s  o u t l i n e d  by 

Bergs t r0ml7  and i n  t h e  FDSAR,63’64 

A problem of c o m p a t i b i l i t y  of thermal  deformat ions  a t  corners o f  t h e  

c o n c r e t e  c e l l s  w a s  n o t  r e s o l v e d  a n a l y t i c a l l y ,  b u t  i t  w a s  c la imed t h a t  t h e  

magnitude of the i n c o m p a t i b i l i t y  w a s  such  t h a t  v e r y  s l i g h t  p l a s t i c  deforma- 

t i o n  of r h e  re inforcement  would s u f f i c e  t o  a l l o w  compat ib le  deformation.  I n  

a c e l l  h e a t e d  from t h e  i n s i d e ,  t h e  c o n c r e t e  p a n e l s  w i l l  t end  t o  t a k e  s p h e r i -  

cal c u r v a t u r e  w i t h  t h e  convex s u r f a c e  inward. A t  t h e  j u n c t u r e  of w a l l  and 

r o o f ,  w a l l ,  o r  f l o o r  s l a b ,  remote from c o r n e r s  ( j u n c t u r e  of t h r e e  s l a b s ) ,  

t h e  c u r v a t u r e  can be r e s t r a i n e d  by s u i t a b l e  moment connection i n  a single 

d i r e c t i o n  p e r p e n d i c u l a r  to t h e  edge. A s  the junction of t h r e e  s l a b s  at a 

c o r n e r  i s  approached, i t  i s  n o t  clear what: d i s t r i b u t i o n  of r e s t r a i n t  moment 
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and s h e a r  i s  proper ,  It was assumed t h a t  t h e  r e s t r a i n t s  remote from t h e  

c o r n e r ,  i f  cont inued  t o  tlie c o r n e r ,  wou1.d b e  adequate ,  I f  t h e  assumption 

is  i n a d e q u a t e ,  the i m p e r f e c t l y  r e s t r a i n e d  s l a b s  w i l l  t end  t o  open. at t h e  

o u t s i d e  of the c o r n e r ,  c o n s i s  t e n t  w i t h  t h e  1:endenc.y t o  s p h e r i c a l  bending. 

The d i s t o r t i o n  would b e  l i m i t e d  t o  compatible  thermal  d e f l e c t i o n  and would 

n e c e s s i t a t e  on ly  s l i g h t  y ie ld i .ng  of r e i n f o r c i n g  n e a r  t h e  o u t s i d e  s u r f a c e  t o  

accommodate i t .  The i n s i d e  s u r f a c e  would  tend  t o  compression, and the I.i.ner 

wou1.d b e  r e l a t i v e l y  u n a f f e c t e d .  

The l i n e r  p l a t e ,  3/16-in.- thick carbon s t ee l  (A-283,  grade  C),  i s  

r i g i d l y  a t t a c h e d  t o  tlie c o n c r e t e  a t  i n t e r v a l s  s u f f i c i e n t l y  l a r g e  t o  a l l o w  

e l a s t i c  b u c k l i n g  between t h e  anchors  t o  r e l i e v e  l a r g e  deformat ions .  This  

i s  claimed t o  r e s u l t  i n  an i n h e r e n t l y  f l e x i b l e  membraae. I n  a d d i t i o n ,  t h e  

d u c t i l i t y  of t h e  p l a t e  material  p r o v i d e s  a n o t h e r  mechanism ( p l a s t i c  deforma- 

t i o n )  f o r  accommodating l o c a l  s t r a i n s .  L i n e r  p l a t e  and anchor d e t a i l s  were 

developed on t h e  b a s i s  t h a t  t h e  p l a t e  would expand and buckle  under maximum 

tempera ture  (sodium s p i l l )  c o n d i t i o n s .  

The d e s i g n  assumed t h a t  t h e  maximum p o s i t i v e  p r e s s u r e  -from the o u t e r  

containment (6  i n .  H z O )  p e n e t r a t e d  t h e  c o n c r e t e  of  t h e  i n n e r  containment  

and would be e x e r t e d  on rhe e n t i r e  o u t e r  s u r f a c e  of t h e  s tee l  membrane. 

This  requirement  c o n t r o l l e d  t h e  anchorage t o  t h e  concretre and t h e  t h i c k n e s s  

o f  p l a t e  t o  resist mechanical  l o a d i n g .  The o t h e r  concern f o r  t h i s  l i n e r  w a s  

t h e  thermal  loading .  For  the d e s i g n  opera t i -ng  tempera tures  and coiiiplete 

r e s t r a i n t  of thermal  expansion,  t h e  stress i n  t h e  plate .  w o u l d  b e  below i t s  

y i e l d  s t r e n g t h ,  a l though t h e  abutment l o a d s  on t h e  c o n c r e t e  a t  t h e  c o r n e r s  

would be s l i g h t l y  h i g h e r  than  d e s i r e d ,  For the a c c i d e n t  tempera ture ,  t h e  

stress f o r  complete r e s t r a i n t  i s  above t h e  minimum y i e l d  s t r e n g t h  of t h e  

carbon s t ee l ,  b u t  much below t w i c e  t h e  yie1.d. It w a s  concluded t h a t  t h e  

a c c i d e n t  c o n d i t i o n  d i d  n u t  pose a s e r i o u s  t h r e a t  t o  t h e  l i n e r  o r  t h e  c o n c r e t e ,  

a l though t h e  abutment l o a d s  would i n c r e a s e .  To minimize t h e  abutmerit l o a d s  ~ 

l i n e r  p a n e l s  were i n s t a l l e d  w i t h  anchors  a t  6 - f t  s p a c i n g s  t o  reduce  t h e s e  

l o a d s  by buckl ing .  (Reference 63 g i v e s  the 6 - f t  spac ing;  R e f .  6 4  s ta tes  1 - f t  

s p a c i n g .  The i n f o r m a t i o n  i n  t h e s e  r e f e r e n c e s  i s  n o t  s u f f i c i e n t l y  d e t a i l e d  

t o  c l a r i f y  t h i s  apparent  d i screpancy .  ) 
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R e l i a n c e  a n  b u c k l i n g  t o  re l ieve l o a d i n g  a t  t h e  c o r n e r  j u n c t i o n  o f  

s l a b s  d i d  n o t  appear  f e a s i b l e ;  hence ,  t h e  l o a d i n g  due t o  P u l l  tirermnl 

expansion r e s t r a i n t  w a s  assumed a t  t h e s e  p o i n t s .  Anchorage ti; the c o n c r e t e  

i n  the form o f  embedded s t r a p  anchors  was provided  a t  the p e r i m e t e r  O T  t h i :  

l i n e r  p a n e l s  and at t h e  c o r n e r s  ( j u n c t i o n  of  w a l l - t o - f l o o r  s l a b  o r  wall-to- 

wall s l a b )  s u f f i c i e n t  t o  resist t h e  e x t e r n a l  pressuce arid also to p r o v i d e  

l a t e r a l  r e s t r a i n t  a g a i n s t  b u c k l i n g  a t  t h e s e  s u p p o r t  l o c a t i o n s  T h e  j u n c ~ i o n s  

were tormed by a n g l e  members anchored t o  t h e  c o n c r e t e  with ehe. Liner  plate 

welded t o  t h e  a n g l e .  A t  l i n e r  p l a t e  j o i n t s  away from t h e  c o r n e r s ,  a back- 

i n g  s t r i p  w a s  anchored t o  t h e  c o n c r e t e  by enibedded s t r a p  mc:laors, and t h e  

p l a t e s  were welded t o  each o t h e r  and t o  t h e  backing  s t r i p  coiatir1uous3_y as 

shown i n  Fig.  8 .  'The anchor b a r s  were p r o p o r t i o n e d  to resist the p r e s s u r e  

l o a d ,  o r  2% o f  t h e  colurcu~ l o a d  f o r  l a te ra l  r e s t r a i n t  under thermal l o a d i n g ,  

With normal bond stress. A l l  anchors  had bends For a d d i t i o n a l  s t r e n g t h ,  

i n  a s s e s s i n g  t h e  e f f e c t  of an undef ined  massive c o o l a n t  s p i l l ,  i t  was 

concLuded t h a t :  

"A voluminous s p i l l  of h o t  sodium w i l l .  s t r e s s  t h e  r e s t r a i n e d  
p o r t i o n s  of t h e  l i n e r  p l a t e  w e l l  beyond y i e l d  s t r e n g t h ,  b u t  
t h e r e  appears  t o  b e  l i t t l e  r e a s o n  t o  b e l i e v e  t h a t  r u p t u r e  
would occur .  In  t h i s  e v e n t ,  i t  would appear  mandatory t o  in -  
spect t h e  e x t e n t  of  y i e l d i n g  and r e - e v a l u a t e  t h e  a b i l i t y  of 
the l i n e r  and anchors p r i o r  t o  resuming o p e r a t i o n .  T h i s  s e v e r e  
a c c i d e n t  would r e s u l t  i n  d i s t o r t i o n  and buckl ing  of t h e  l i n e r ,  
b u t  could  n o t  d i s t u r b  i t s  a b i l i t y  t o  ac t  as a membrc3ne."64 

T h e  f l o o r  of t h e  r e f u e l i n g  c e l l  i s  3/16-in.-thick s t a i n l e s s  ~tecll. ( t y p e  

304) t o  resis;t: t r a f f i c  wear. Since l a r g e  c u t o u t s  f o r  access t o  ttap reactor 

vessel and t o  t h e  s p e n t - f u e l  s t o r a g e  t a n k  occupy a large p o r t i o n  of t h e  

f l o o r  area, r e l i e f  of thermal  expansion by b u c k l i n g  of p a n e l s  d i d  not: appear  

f e a s i b l e .  Anchorage t o  t h e  c o n c r e t e  is  a t  i n t e r v a l s  s u f f i c i e n t l y  c l o s e  t o  

p r e v e n t  buckl ing ,  and i n i t i a l  y i e l d i n g  of the f l o o r  and a d j a c e n t  wall p l a t e s  

would force conformance t o  t h e  dimensions of t h e  c o n c r e t e  c e l l .  ht d e s i g n  

o p e r a t i n g  tempera ture  (200'F) and f o r  complete r e s t r a i n t  of thermal  expansionp 

t h e  compressive y i e l d  s t r e n g t h  w i l l  b e  exceeded. T h e  r e s t r a i n t  of thermal  

expansion w i l l  r e s u l t  i n  p l a s t i c  s t r a i n  ( t h a t  may e q u a l  the y i e l d  s t r n t n )  i n  

t h e  u n r e s t r a i n e d  d i r e c t i o n  ( t h i c k n e s s ) .  According t o  t h e  d e s i g n e r ,  t h e  

a b i l i t y  t o  s u s t a i n  s i g n i f i c a n t  e l o n g a t i o n  i n d i c a t e s  t h a t  such compressive 

yielding would cause n o  d i s t r e s s  t o  t h e  material .  
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ORN L-DWG 74--~9979 

Fig.. 8 .  SEIPOR t y p i c a l  l i n e r  p l a t e  anchor .  

The j u n c t i o n  of t h e  s t a i n l e s s  s t ee l  f l o o r  and t h e  carbon s t ee l  wal l  

l i n e r  w a s  n o t  cons idered  t o  b e  a s e r i o u s  d e s i g n  problem, A s t a i n l e s s  s t ee l  

a n g l e  forms t h e  c o r n e r  and i s  b u t t  welded t o  t h e  sta.:i.nless s t e e l  f l o o r  

p l a t e  and to t h e  carbon s t e e l  w a l l  plate. 

thermal  expansion between t h e  wall p l a t e  and the s t a i n l e s s  s t ee l  reduces  

t h e  r e s t r a i n t  stress i n  t h e  carbon steel from t h a t  i n  the s t a i n l e s s ,  b u t  

t h e  deformations are f o r c e d  t o  b e  compat ib le  by t h e  r e s r r a i n t  of t h e  con- 

crete s t r u c t u r e .  It was concluded t h a t :  

The d i f f e r e n c e  in c o e f f i c i e n t  of 

"The d e s i g n  a c c i d e n t  tempera ture  of 250°F w i l l  r e s u l t  i n  a 
p l a s t i c  s t r a i n  of about t w i c e  y i e l d  s t r a i n .  A h o t  sodium 
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s p i l l  could  r e s u l t  i n  g r e a t e r  p l a s t i c  deformat ion ,  b u t  a 
mechanism f o r  c a t a s t r o p h i c  f a i l u r e  i.5 n o t  a p p a r e n t .  Such an 
a c c i d e n t  would r e q u i r e  i n s p e c t i o n  and review p r i o r  t o  re- 
sumption of o p e r a t i o n . " 6 4  

The d i s c u s s i o n  i n  t h e  p r e c e d i n g  paragraphs  (and t h e  q u o t a t i o n s )  i s  

based  on i n f o r m a t i o n  p r e s e n t e d  on pp. 5-7 of Supplement 7 t o  t h e  FDSAR;64 

c l e a r l y ,  one would conclude t h a t  p l a s t i c  deformat ion  would b e  expec ted  

i n  t h e  l i n e r .  However, t h a t  appears  t o  b e  c o n t r a d i c t e d  by t h e  answer sub- 

m i t t e d  t o  Ques t ion  B-5(b) i n  Supplement 1 7  (Ref.  h 5 ) ,  p a r t  oE which i s  

quoted below. 

"AS s t a t e d  i n  FDSAR, S e c t i o n  V I I ,  p 7-8, and d i s c u s s e d  i n  Supple- 
ment 7 ,  p 6 ,  t h e  l i n e r s  are des igned  s o  t h a t  b u c k l i n g  of t h e  l i n e r  
p l a t e s  w i l l  r e l i e v e  t h e  stresses due t o  thermal  expansion well be- 
f o r e  t h e  y i e l d  stress is  approached. T h i s  i s  shown i n  Table  B - 5 . 1  
which lists t h e  b u c k l i n g  stresses, O b ,  f o r  t h e  A-283-4 steel  p l a t e s  
i n  t h e  range  of 500-700 p s i  f o r  a tempera ture  range of 1000°F down 
t o  200°F. 
a t  1000°F t o  39,000 p s i  a t  200°F. 
available,  i t  is concluded t h a t  b u c k l i n g  w i l l  always occur  w e l l  
b e f o r e  t h e  y i e l d  stress i s  approached. I o  

The e f f e c t s  of v a r i a t i o n s  of +0.017 and -0.010 i n .  i n  p l a t e  t h i c k n e s s  

The cor responding  y i e l d  stresses range  from 16,000 p s i  
Because of t h e  wide margins 

and d i f f e r e n c e s  in edge r e s t r a i n t  were i n v e s t i g a t e d .  It w a s  concluded t h a t  

t h e s e  f a c t o r s  a f f e c t  t h e  b u c k l i n g  stress by o n l y  2 t o  3%. Unbalanced 

anchor  f o r c e s  (P - P i n  Fig.  8) r e s u l t i n g  from t h e  use of unequal  pane l  

s i z e s  i n  c o r n e r s  and o t h e r  g e o m e t r i c a l  i r r e g u l a r i t i e s  w e r e  a l s o  i n v e s t i -  

ga ted .  Due t o  t h e  r e l a t i v e l y  g r e a t e r  s t i f f n e s s  of t h e  s m a l l e r  p a n e l s ,  t h e  

b u c k l i n g  stresses are g r e a t e r  and l e a d  t o  unbalanced f o r c e s  on t h e  anchor .  

The wors t -case  combinat ion,  c o n s i s t i n g  of a s t a n d a r d  p a n e l  (10 f t  x 6 f t )  

j o i n e d  t o  t h e  smallest p a n e l  ( 2 . 5  f t  x 1 , 5  f t ) ,  a t  1000'F w a s  judged 

adequate .  

R L  

The expec ted  performance of t h e  l i n e r  can perhaps  b e  summarized by 

t h e  a p p l i c a n t ' s  response6 '  t o  Ques t ion  B-5(c) i n  Supplement 1 7  of t h e  FDSAR 

as : 

'lWhen b u c k l i n g  i s  n o t  r e s t r a i n e d ,  t h e  p l a t e  deformat ion  would 
approximate a sine wave s o  the weld would b e  loaded  i n  bending. 
Stresses due t o  t h i s  l o a d  would b e  w i t h i n  t h e  e las t ic  range f o r  
t h e  d e s i g n  o p e r a t i o n  c o n d i t i o n s  so  t h a t  c y c l i c  l o a d i n g  would n o t  
b e  a problem. The case of unbalanced l o a d i n g  on t h e  anchor h a s  
been covered i n  t h e  answer t o  Ques t ion  B-5b. For t h e  a c c i d e n t  
case, t h e  stresses would b e  above t h e  y i e l d  s t r e n g t h  of t h e  
material, b u t  t h e  l o a d i n g  would n o t  b e  c y c l i c  and t h e  s t r a i n s  



would b e  well below the capirt1,ility o f  t h e  material.. For t h e  
sodi.um s p i l l .  on t h e  18" p a n e l  (worst. case), t h e  s t r a i n  would 
be  less t h a n  0.6% as compared t o  t h e  u l t i m a t e  s t r a i n  c a p a b i l i t y  
of t i le  1.i.i-ter nrate-cizl of about  50%. 

and t o  Quest ion B--5(d):  

"Wheix buck l ing  of  t h e  plates o r  edge members i s  resI:rai.ned, t h e  
des ign  o p e r a t i n g  tempera ture  would n o t  ~ a i i s e  e x c e s s i v e  1.oadi.ng 
of  t h e  p l a t e s .  The t r ans i en l i  t empera tu re  r ise  t o  o p e r a t i r i g  tern- 
p e r a t u r e  w i t h  the coo l ing  system o p e r a t i n g  wou1.d be  3 ramp func t ion  
and n o t  a step teinperat:uri? change, 'The c o e f f i c i e n t  of expans ion  
of  concre. te  and s t e e l  are roughly the smic? and i n  a g r a d u a l  rise 
t o  t empera tu re ,  they  would expaild togecher .  I n  an ac.ci.dent con-. 
d i t i o n ,  t l ie sudden r ise  i n  containment  a ~ m o s p h e r e  tempera ture  t o  
2 5 0 ° F  could i n t r o d u c e  ex;,aris:ion stresses which s l i g h t l y  exceed 
y i e l d  b u t  are much less t h a n  twi.ce yiel .d,  s o  that  a f t e r  t h e  
f i r s t  c y c l e ,  tlie s t ee l  woul-d remain i n  the e l a s t i c  range ,  T u  a l l  
of t h e s e  c a l c u l a t i o n s ,  t ~ h n  i c l i  t-i-a1 f i t - u p  h a s  been  assumed t o  be  
p e r f e c t ,  s o  t h a t  iio c r e d i t  i s  taken  f o r  deEnvmation t o  re l ieve 
stresses; anyth ing  less would reduce  t h e  stresses. I n  t h e  event 
oE a sodium s p i l l  w i t h  p l a t e  t empera ture  reaching 1000°F (des ign  
maximum tempera ture)  , t h e  compiuted e l a s t i c  stresses i n  a 
r e s t r a i n e d  member would exceed y i e l d  by a l a r g e  margin,  but. t h e  
d a t a  i n  Ta1iI.e B-5. I indi-catti!:; t h a t  the t e n s i l e  e longat ior i  
c a p a b i l i t y  of cile metal g r e a t l y  exceed-s the expected compression 
of the p l a t e .  I f  p1asti.c. buckl. ing should  occur ,  t h e  wel-ded 
j u n c t u r e  would actl as a clamped edge,  and a s i n e  wave buck l ing  
p a t t e r n  wo1il.d n o t  load t h e  weld area more seve-rely than t l ~ e  
o t h e r  areas. 

The c e l l  l i n e r  p l a t e s  were j o i n e d  w i t h  ful l -penetrat : i .on b u t t  welds  i n  

accordance  wi th  t h e  r u l e s  of t h e  ASME B o i l e r  and Pressure Vessel Code. 

Weld j o i n t s  t h a t  woiild become i n a c c e s s i b l e  f o r  i n s p e c t i o n  d u r i n g  t e s t i n g  

of t h e  completed c e l l  were ful- ly  rad iographed  p r i o r  to b e i n g  concea led ;  

j o i . n t s  n o t  amenable to rad iography w e r e  given a v isua l .  i -nspec t ion .  Local 

l eakage  checks TJTCire performed d u r i n g  t h e  e r e c t i o n  s t a g e  us ing  a vacuurn- 

box and soap-hubb1.e s o l u t i o n .  LEak chase  p r o v i s i o n s  were n o t  i nc luded  as 

such ,  b u t  a net:wo.trk of d r a i n a g e  c a n a l s  was provided  between the liners and 

t h e  backup conc re t e ;  t h e  c a n a l s  t e r n i n a c e d  i n  a sump and could  b e  used i .n 

cori:junction w i t h  leak t e s t i n g .  Upon complet ion of  c o n s t r u c t  i o n ,  t h e  c e l l s  

were pneumat ica l ly  p r e s s u r i z e d  t o  10 p s i g  ( t h e  d e s i g n  p r e s s u r c )  and l.enk 

t e s t e d  us ing  the i n t e g r a t e d  l e a k  r a t e  t e s t  method48 with a r e f e r e n c e  vo1.ume, 

A f t e r  con1in:issioning o f  t h e  p l a n . t ,  annual  i n t e g r a t e d  l e a k  ra te  t e s t s  wer'c 

s p e c i f i e d  t o  maintain conf idence  i n  t h e  containment i n t e g r i t y  of t h e  c e l l  

l i n e r .  
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Fermi-l  Cel l  L i n e r s  - 

The Enrico Fermi  power plantGC4* 5s a 200--MW(t) 11 sodium-cooled, fas r  

b r e e d e r  r e a c t o r  s y s t e m  b u i l t  i n  t he  l a te  1950 ' s  as a commercial demonstra- 

t i o n  plant:  T h e  r e a c t o r  fuel. handl ing  mechanism, intermediate heat 

exchangers ,  pr imary c i r c u l a t i o n  pumps, arid s t o r a g e  t a n k s  are? "housed i n  a 

s c e e l  containment  b u i l d i n g  as i n d i c a t e d  i n  F i g .  9. 'Ute primary sodium 

system is l o c a t e d  i n  a c o n c r e t e  s t r u c t u r e  h e l o w  the  o p e r a t i n g  f l o o r  as shown 

i n  t h e  f i g u r e .  

F ig .  LO. 

A c r o s s - s e c t i o n a l  pl.axt view O F  the arrangemen& i s  shown i n  

The exposed concrete s t r u c t u r e  is lined with s t e e l  p l a t e s  as 

__iLII __III^cL--------- .... . __-__ ..__.. 3 -i _-- 

Fig. 9 .  Fermi r e a c t o r  b u i l d i n g  a r rangement .  
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i n d i c a t e d  i n  s e c t i o n s  A-A and B-B o f  t h e  f i g u r e  t o  pe rmi t  s e p a r a t i o n  o f  t h e  

space  above and below t h e  o p e r a t i n g  f l o o r .  ( F u r t h e r  d e t a i l s  on t h e  l i n e r  

were n o t  i nc luded  i n  t h e  r e p o r t . 6 6 )  An i n e r t  atmosphere is main ta ined  i n  

t h e  sodium equipment spaces  as a p r e c a u t i o n a r y  measure a g a i n s t  sodium 

f i r e s ,  and double  containment  of  t h e  equipment i s  provided  t o  p reven t  sodium 

leakage .  

The containment  vessel w a s  des igned  acco rd ing  t o  t h e  r u l e s  of t h e  

ASME B o i l e r  and P r e s s u r e  Vessel Code f o r  32 p s i g  a t  650°F. 

subsequent  t o  c o n s t r u c t i o n  of t h e  b u i l d i n g  showed t h a t  t h e  maximum va lues  

of 28 p s i g  f o r  t h e  p r e s s u r e ,  460°F f o r  t h e  s teel  t empera tu re ,  and 1240°F €o r  

t h e  gas  t empera tu re  w e r e  more a p p r o p r i a t e  v a l u e s  f o r  t h e  h y p o t h e t i c a l  con- 

d i t i o n s  assumed f o r  d e s i g n  purposes .  

S t u d i e s  made 

I n  a s s e s s i n g  t h e  s a f e t y  of t h e  r e a c t o r ,  c o n s i d e r a t i o n  appears  n o t  t o  

have been g iven  t o  a massive sodium s p i l l  and i t s  e f f e c t  on t h e  containment 

i n t e g r i t y .  Pr imary concern w a s  devoted t o  release of r a d i o a c t i v i t y  from 

t h e  b u i l d i n g .  Th i s  i s  e v i d e n t  from t h e  fo l lowing  a p p r a i s a l  by Amorosi 

and Yevick: 6 8  

"'It i s  d i f f i c u l t  t o  hypo thes i ze  an a c c i d e n t  as l a r g e  as t h e  one 
f o r  which t h e  b u i l d i n g  is des igned .  Any c r e d i b l e  a c c i d e n t  w i l l  
be  con ta ined  below t h e  r e a c t o r  o p e r a t i n g  f l o o r  and, s i n c e  t h e  a i r  
below f l o o r  is  d e p l e t e d  i n  oxygen, t h e r e  i s  n o t  b a s i s  f o r  t h e  
assumption t h a t  t h e  oxygen i n  t h e  b u i l d i n g  w i l l  burn  a t  t h e  rate 
i n d i c a t e d .  N e v e r t h e l e s s ,  t h e  f o l l o w i n g  c o n d i t i o n s  f o r  t h e  assumed 
a c c i d e n t  were cons idered .  On a wind les s  day i n  summer w i t h  t h e  
a i r  t empera tu re  100°F and t h e  b u i l d i n g  m e t a l  t empera tu re  125"P, a 
major sodium l e a k  develops  below t h e  o p e r a t i n g  f l o o r ,  and the  
r e a c t o r ,  which has  been o p e r a t i n g  a t  430 MW t o  a maximum of 6 2  
bum-up, l o s e s  most of i ts  coo lan t .  
and lower compartments and a i r  from t h e  upper  compartment f l o o d s  
t h e  lower ,  t hus  caus ing  t h e  l e a k i n g  sodium t o  burn.  
t h e  l o s s  of r e a c t o r  c o o l a n t  r e s u l t s  i n  f i s s i o n  p roduc t  release. 

"Three s e p a r a t e  phases  of t h e  a c c i d e n t  are examined: (1) sodium 
burn ing  phase ,  ( 2 )  f i s s i o n  p roduc t  h e a t i n g  phase ,  and ( 3 )  cool- 
i n g  phase." 

A s  i n d i c a t e d  i n  t h e  q u o t a t i o n  and i n  t h e  subsequent  d i s c u s s i o n  of 

Seals f a i l  between t h e  upper  

It i s  assumed 

Amarosi and Yevick, t h e  q u e s t i o n  of what happens t o  t h e  l i n e r  i n  t h e  event 

of a major sodium l e a k  w a s  n o t  addressed .  
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WNPP C e l l  T.,iners 

Although t h e  I i a l l a m  Nuclear  Power F a c i l i t y 6 '  (HNPF) was n o t  a f a s t  

spectrum r e a c t o r ,  high-teiuperature  (945°F)  sodium was used as the coolan t  i n  

t h i s  256-1.IW(t) development r e a c t o r .  This r e a c t o r ,  a l s o  known as t h e  Sodium 

G r a p h i t e  Reac tor  (SGR) ,  w a s  b u i l t  and o p e r a t e d  in the e a r l y  1 9 6 0 ' s ;  i t  i.s 

now decowmissioned. 

The r e a c t o r  and a u x i l i a r y  s y s t e m  w e r e  housed i n  a confine.ment b u i l d -  

i n g  (as opposed t o  a containment bu i l -d ing )  w i t h  t h e  r e a c t o r  and a s s o c i a t e d  

r a d i o a c t i v e  components l o c a t e d  i n  s t e e l - l i n e d  concrete-shiel-ded ce l l s  

below P:he o p e r a t i n g  f l o o r  l e v e l .  The 1 / 2 - i n , - r h i c k  carbon s t ee l  (ASTM 

A-212) l i n i n g  was wel-ded t o  s t e e l  mbedmenCs i n  t h e  s t r u c t u r a l  (and 

s h i e l d i n g )  concreke s u p p o r t .  ( F u r t h e r  d e t a i l s  we.re not: r e p o r t e d .  ") J o i n t s  

i n  the l i n e r s  were welded i n  conformance w i t h  requi rements  of S e c t i o n  

VI11 of t h e  ASME Boil.er a n d  P r e s s u r e  Vessel Code u s i n g  a minimum of two 

weld p a s s e s .  The welds  were v i s u a l l y  i n s p e c t e d  and beak - t e s t e d  d u r i n g  t h e  

e r e c t i o n  s t a g e  u s i n g  a vacuum-box and soap-b ihb le  s o l u t i o n .  

d e s i g n  and test requi rements  are given i n  Table  I., 

Per t - inent  

According t o  the i n f o r m a t i o n  p r e s e n t e d ,  t h e  l i n i n g  was des igned  t o  

p r e v e n t  i n l e a k a g e  of water from the c o n c r e t e  backup h t o  t h e  ce l l s  and to 

mainta in  an  i n e r t - g a s  atinnsphere w i t h i n  t h e  cr l1 .s  as a p r e e a u r i o n a r y  measure 

a g a i n s t  f i r e  hazards .  P r e s s u r e  b u i l d u p  of wa!:er vapor  back o f  t h e  s teel  

l i n e r ,  due t o  heal: g e n e r a t i o n  i n  the  c o n c r e t e ,  would b e  rel.i.eved t o  a recess 

around t h e  p e r i p h e r y  of t h e  c e l l s  ilea?: t h e  top .  'There appears  t o  b e  no 

mention o r  concern about  f a i l u r e  of t h e  l i n e r ,  due t o  e x c e s s i v e  thermal 

s t r a i n ,  under sodium s p i l l  condi t i o n s .  C o n s i d e r a t i o n  of t h i s  a c c i d e n t  was 

a p p a r e n t l y  l i m i t e d  t o  p r e s s u r e  and i;emperature i n c r e a s e s ,  as i n d i c a t e d  by 

the foll.owing q u o t a t i o n  from t h e  F i n a l  Summary Sa teguards  Report :  69 

"Consider ing [:he sodium c o n t a i n e d  b o t h  i n  tlie upper pl.enum of  t h e  
r e a c t o r  and i n  one pr imary l o o p ,  the maximum sodium s p i l l a g e  t ha t  
could  occur  as n r e s u l t  of a pr imary l o o p  r u p t u r e  is  160,000 I b ,  
Even though i t  i s  d i f E i c u 1 t  t o  p o s t u l a t e  a means whereby this 
amount of sodium could be  r e l e a s e d  i n  the p i p e  t u n n e l  or IH): 
ce 1-1, t h e  consequences of an i n s t a n t a n e o u s  s p i l l  of t h i s  magni- 
t u d e  have n e v e r t h e l e s s  been anal.yzed. 

"If 160,000 l b  o f  sodium a t  9 4 5 ° F  (normal. reac ' lor  o u t l e t .  tempera- 
tiire) i s  i n s t a n t a n e o u s l y  s p i l l e d  from t h e  pr imary sodium system 
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i n t o  an  I I iX  c e l l ,  and i f  t h e  n i t r o g e n  c o o l i n g  system c o n t i n u e s  
a t  t h e  r a t e d  n i t r o g e n  f low,  t h e  n i t r o g e n  tempera ture  i n  the  c e l l  
would rise t o  a mean tempera ture  o f  2 4 2 " F ,  which cor responds  t o  
a p r e s s u r e  r ise  of  2 , 8  p s i .  For t h e  s a m e  c o n d i t i o n s  i n  &he p i p e  
t u n n e l ,  t h e  mean n i t r o g e n  tempera ture  would rise t o  285"F, c o r r e -  
sponding t o  a p r e s s u r e  r ise of 3.85 p s i .  

"The p r e s s u r e s  and tempera tures  r e s u l t i n g  from t h e s e  s i t u a t i o n s  
would only  b e  a t t a i n e d  i f  t h e  vent: valves f a i l  t o  r e l i e v e  t h e  
p r e s s u r e ,  and are w i t h i n  t h e  6-psig working limits of t h e  con- 
f inement  s t r u c t u r e  f o r  the  ce l l s  and t u n n e l s . "  

SNR-300 C e l l  L i n e r s  _-.I- 

The SNK-300 reactoi: ,  under c o n s t r u c t i o n  i n  the Federal.  Republ ic  of 

Germany under t h e  sponsorsh ip  of Germany, Belgium, and t h e  Nether lands  , i s  

a 730-?4W(t) LMFBK p r o t o t y p e  t h a t  i s  f o r  c r i t i c a l i . t y  i n  t h e  

p e r i o d  1.978-1979. T h e  containment  concept  s e l e c t e d  f o r  t h e  300-MW(e) p l a n t  

i s  r e p o r t e d T 2  t o  be s u i t a b l e  f o r  s imi la r  p l a n t s  w i t h  r a t i n g s  i n  t h e  range 

1000 t o  2000 rn(e). 

Containment phil-osophy of t h i s  r e a c t o r  p l a n t  i s  based72 on t h e  use  

of i n n e r  and o u t e r  zones of containment ,  The o u t e r  zone, f u n c t i o n a l l y  

s imi l a r  t o  containment b u i l d i n g s ,  i s  a r e c t a n g u l a r  c o n c r e t e  s t r u c t u r e  f a c e d  

on t h e  o u t s i d e  w i t h  a l e a k - t i g h t  s t e e l  s t r u c t u r e  s e p a r a t e d  a f i n i t e  d i s -  

t a n c e  from t h e  c o n c r e t e .  The s p a c e  between the steel  and c o n c r e t e  serves 

as a plenum and r e c i r c u l a t i n g  system. The b u i l d i n g  houses  a l l  r a d i o a c t i v e  

materials and systems.  Znside t h e  r e c t a n g u l a r  containment b u i l d i n g ,  a 

sys tem of s t e e l - l i n e d  c e l l s ,  c o n s t i t u t i n g  t b e  i n n e r  containment ,  c o n t a i n s  

t h e  r e a c t o r ,  t h e  primary h e a t  t r a n s p o r t  s y s t e m s  and a p r e s s u r e - r e l i e f  cell. 

as i n d i c a t e d  i n  F ig .  11. The s t e e l  l i n e r s  are f a s t e n e d  t o  t h e  c o n c r e t e  

backup s t r u c t u r e  ( a d d i t i o n a l  d e t a i l s  were n o t  r e p o r t e d ' 7 2 )  t o  p r o v i d e  a leak-  

t i g h t  membrane f o r  c o n t a i n i n g  an  i n e r t  atmosphere ( n i t r o g e n )  d u r i n g  normal 

o p e r a t i o n  and ' I . . .  t o  p r o t e c t  t h e  c o n c r e t e  a g a i n s t  sodium sprays ."  The 

des ign-bas is  accident:  assumes t h e  pr imary system is open t o  t h e  i .nner  con- 

ta inment .  A dynamic model. f o r  a n a l y z i n g  t h e  p r o g r e s s  sf a n  a c c i d e n t  is 

d i s c u s s e d , 7 2  as well as some r e s u l t s ;  t h e  b e h a v i o r  of t h e  s t ee l  l i n e r  under 

t h i s  a c c i d e n t  w a s  n o t  mentioned. 
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Fig .  11. SNR-300 r e a c t o r  b u i l d i n g  arrangement. 
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DISCUSSION OF LMFRR CELL LINER TECHNOLOGY 

P r a c t i c a l l y  a l l  l iquid-metal--cooled r e a c t o r s  b u i l t  t o  d a t e  have in-  

c luded s t e e l - l i n e d  c o n c r e t e  equipment ce l l s  as p a r t  of t h e  s t r u c t u r a l  

des ign .  The ear l ie r  "loop-type" concepts  ( ' 'pot-type" concepts  are n o t  of 

i n t e r e s t  f o r  t h e  purpose o f  t h i s  r e p o r t )  emphasized t h e  l i n e r  as an a i d  i n  

m a i n t a i n i n g  an  i n e r t - g a s  atmosphere i n  tihe c e l l s  d u r i n g  normal o p e r a t i o n  

arid a s  a b a r r i e r  a g a i n s t  l eakage  of r a d i o a c t i v i t y  under a c c i d e n t  c o n d i t i o n s .  

Design cr i - ter ia  inc luded  p r e s s u r e s  and tempera tures  expected from sodium 

r e a c t i o n s  w i t h  t h e  oxygen c o n t e n t  of t h e  c e l l .  More r e c e n t l y ,  LMFBR desi-gns 

have expanded t h e  f u n c t i o n a l  requi rements  t o  i n c l u d e  t h e  l i n e r  as a b a r r i e r  

t o  prevent  h o t  sodium from coming i n t o  c o n t a c t  w i t h  t h e  c o n c r e t e  s t r u c t u r e ,  

I n  p a r t i c u l a r ,  t h e  d e s i g n e r s  of SEFOR arid FFTF a s s e s s e d  t h e  performance 

of  t h e  c e l l  l i n e r s  under assumed massive s p i l l s  of c o o l a n t  from t h e  pr imary 

components and sys tems;  secondary ( i . ,e . ,  n o n r a d i o a c t i v e  sodium) s y s t e m s  

appear  tic) have been excluded from c o n s i d e r a t i o n .  Guard vessels have 

g e n e r a l l y  t e e n  provided f o r  p r o t e c t i o n  a g a i n s t  s p i l l s  from components; 

double-walled p i p i n g  h a s  been used i n  some i n s t a n c e s .  A s  would b e  expec ted ,  

LMFBK c e l l  l i n e r  technology h a s  n0.t y e t  reached t h e  l e v e l  of m a t u r i t y  

evident.  i.n containment technology f o r  water- and gas-cooled r e a c t o r s ,  even 

though the concepts  and c o n s t r u c t i o n  d e t a i l s  are l a r g e l y  d e r i v e d  from t h e s e  

s o u r c e s .  

I n  a r r i v i n g  a t  a fi.na1 d e s i g n  of a c e l l  l i n e r ,  one h a s  t o  p r o g r e s s  as 

a minimum through t h e  fo l lowing  sequence of e v e n t s :  

1. e s t a b l  islh d e s i g n  c r i t e r i a ,  i n c l u d i n g  p r e s s u r c ,  t empera ture ,  and l eakage  

requi  rernents; 

2 .  produce c o n c e p t u a l  d e s i g n ,  based on sys tem l a y o u t  and f u n c t i o n a l  r e q u i r e -  

ments; 

3 .  analyze  l i n e r  des ign  f o r  a l l  l o a d i n g  c o n d i t i o n s ;  

4 .  assess performance of l i n e r  d e s i g n  i n  l i g h t  of  e s t a b l i s h c d  acceptance  

c r i t e r i a .  

The f i r s t ,  t h i r d ,  and f o u r t h  of t i ieae are t h e  most.. bothersome. 

I n  e s t a b l i s h i n g  t h e  des ign  c r i t e r i a ,  c o n s i d e r a t i o n  s h o u l d  b e  

t o  t h e  f a c t  t h a t  sodium f i r e s  have a much h i g h e r  c n r r g y  release t o  t h e  c e l l  
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atmosphere t h a n  nominal sodium l e a k s ;  exothermic  r e a c t i o n s  are p o s s i b l e  

between sodium and some i n s u l a t i o n  materials, and l i q u i d  sodium w i l l  react 

v i o l e n t l y  w i t h  t h e  w a t e r  normally c o n t a i n e d  i n  c o n c r e t e .  

are amenable t o  a n a l y s i s 5 4  and are  h i g h l y  dependent on geometry,  c e l l  

volume, b u r n i n g  s u r f a c e  area, and h e a t  t r a n s f e r  s u r f a c e  area. 7 7  

o t h e r  hand, sodium s p r a y  f i r e  a n a l y s e s  are less e x a c t ,  a l though upper 

t h e o r e t i c a l  and e x p e r i m e n t a l  limits have been shown t o  b e  p r e d i c t a b l e .  

The oxygen leve l  and sodium t e m p e r a t u r e ,  p a r t i c l e  s i z e ,  and q u a n t i t y  have 

a s i g n i f i c a n t  e f f e c t  on t h e  p r e s s u r e  rise. 

Sodium p o o l  f i r e s  

!In t h e  

7 7  

7 8  

S t r u c t u r a l  a n a l y s e s  o f  c e l l  l i n e r s  p r e s e n t  d i f f i c u l t i e s ,  w i t h  t h e  g r e a t -  

est of  t h e s e  b e i n g  r e l a t e d  t o  r e g i o n s  of d i s c o n t i n u i t i e s  ( e , g . ,  pene t ra -  

t i o n s  and wal l - to-wal l ,  w a l l - t o - f l o o r ,  and wal l - to-wal l - to-f loor  j u n c t i o n s ) .  

Y e t  i t  i s  i n  t h e s e  l o c a t i o n s  t h a t  t h e  h i g h e s t  stresses w i l l  b e  c o n c e n t r a t e d  

and where f a i l u r e  i s  l i k e l y  t o  i n i t i a t e .  Almost i n v a r i a b l e ,  e las t ic-  

p l a s t i c  a n a l y s e s ,  u s i n g  two- o r  th ree-d imens iona l  models,  are n e c e s s a r y  t o  

e v a l u a t e  t h e  stresses and s t r a i n s  i n  t h e s e  r e g i o n s .  A s  p o i n t e d  o u t  by 

'Townley,' u n t i l  r e c e n t l y  l i t t l e  w a s  known about  t h e  f a c t o r s  t h a t  a f f e c t  t h e  

high-temperature  performance o f  complex s t r u c t u r e s .  

d i c t a t e d  by e x p e r i e n c e  and by t h e  knowledge t h a t  c e r t a i n  components gave 

s a t i s f a c t o r y  service. H e  n o t e s  t h a t  such  e x p e r i e n c e ,  by i ts  n a t u r e ,  can- 

n o t  b e  e x t r a p o l a t e d  w i t h  c e r t a i n t y  t o  s t r u c t u r e s  d i f f e r i n g  i n  s i z e  o r  

materials o r  s u b j e c t e d  t o  o p e r a t i o n  i n  a d i f f e r e n t  regime. 

Design h a s  been l a r g e l y  

The c e l l  l i n e r  d e s i g n  used i n  t h e  SEFOR p l a n t  d i f f e r e d  g r e a t l y  from 

t h a t  used f o r  t h e  h o t  l i n e r s  i n  t h e  FFTF s t r u c t u r e  (SEFOR had t h e  l i n e r  

r i g i d l y  a t t a c h e d  t o  t h e  backup c o n c r e t e  s t r u c t u r e ,  whereas t h e  FFTF has  

a " f r e e - f l o a t i n g "  l i n e r )  even though b o t h  concepts  were des igned  t o  

accommodate massive sodium s p i l l s .  Cn assessing d e s i g n  performance,  t h e  

d e s i g n e r s  o f  t h e s e  f a c i l i t i e s  concluded from a n a l y s e s  t h a t  t h e  l i n e r s  

would m a i n t a i n  l e a k - t i g h t n e s s  f o r  t h e  assumed a c c i d e n t  c o n d i t i o n s .  S i n c e  

e x p e r i m e n t a l  work i n  s u p p o r t  of d e s i g n  o r  as proof  o f  concept  w a s  n o t  con- 

duc ted  i n  e i t h e r  case, j u s t i f i c a t i o n  f o r  t h e  c o n c l u s i o n  Is n o t  r e a d i l y  

a p p a r e n t  . 
I n  o u r  d i s c u s s i o n s  w i t h  i n d i v i d u a l s  having  knowledge of sodium tech-. 

nology and i n  o u r  l i m i t e d  l i t e r a t u r e  review, w e  found no r e f e r e n c e  t o  



s i g n i f i c a n t  sodium s p i l l  a c c i d e n t s  i n  s t e e l - l i n e d  c e l l s .  However, one 

i n c i d e n t  79 i n v o l v i n g  t h e  performance of a LWR containment  b u i l d i n g  l i n e r  

i s  p e r t i n e n t  t o  t h i s  survey.  I n  t h e  i n c i d e n t ,  which occurred  a t  t h e  Lntl:i.an 

P o i n t  u n i t  2 p l a n t  i n  November 1973, an 18-in.  feedwater  l i n e  f a i l e d  wi.th a 

f r a c t u r e  a d j a c e n t  t o  a f i l l e t  weld between the feedwater  l i n e  and t h e  end 

p l a t e  t h a t  i s  welded i n t o  t h e  p e n e t r a t i o n  sleeve, The f r a c t u r e  extended 

approximately 180" around t h e  p i p e .  

l i n e r  i n  t h e  v i c i n i t y  o f  t h e  l i n e  b r e a k  caused t h e  l i n e r  t o  h u l g e  inward 

over  a l a r g e  area. 

Impingement of s team and water on t h e  

The l i n e r  , c o n s t r u c t e d  of 3 /8- in . - th ick  ASTM A-442 welded s t e e l  p l a t e s ,  

i s  anchored t o  t h e  4 .5- f t - th ick  c o n c r e t e  s t r u c t u r e  w i t h  1/2-in.-diam by 

7-in.-long s t u d s  on a 14-in.  ve r t i ca l  p i t c h  by 24-in. h o r i z o n t a l  p i t c h .  

The s t u d s  have a 2-in.-long 90" bend a t  t h e  embedded end f o r  a d d i t i o n a l  

p u l l - o u t  s t r e n g t h .  Through a c o n s t r u c t i o n  error  (found a f t e r  t h e  i n c i d e n t ) ,  

two a l t e r n a t e  rows of t h e  s t u d s  were omi t ted  i n  t h e  v i c i n i t y  of t h e  damaged 

area, r e s u l t i n g  i n  a 28-in. v e r t i c a l  s p a c i n g  f o r  t h e  a f f e c t e d  p a n e l s .  

A f t e r  t h e  i n c i d e n t ,  measurements showed t h a t  t h e  l i n e r  had bulged 

inward over an area cover ing  a bandwidth of 2.5 t o  3.0 f t  by %50 f t  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 .  The most h i g h l y  s t r a i n e d  (%1.33%) area occurred  

where t h e  b u l g e  inward w a s  about  1 . 2 5  i n .  The bulged area w a s  more o r  less 

c e n t e r e d  ( e l e v a t i o n  wise)  about  the rows of  miss ing  s t u d s .  Ni.ne s t u d s  i n  

t h e  row between t h e  two miss ing  rows w e r e  determined t o  be  broken. Sub- 

sequent  i n s p e c t i o n  and tests showed no c r a c k s  o r  l e a k s  i n  t h e  l i n e r ,  and 

t h e  l i n e r  was j udged a c c e p t a b l e  f o r  f u r t h e r  o p e r a t i o n ,  

T h i s  i n c i d e n t ,  w h i l e  less severe t h a n  a 111assive sodium s p i l l ,  does 

enhance conf idence  i n  t h e  a b i l i t y  of a stud-anchored l iner  t o  deform 

measurably w i t h o u t  v i o l a t i n g  i t s  containment  i n t e g r i t y .  A l so ,  i t  tends  t o  

s u p p o r t  the c o n t e n t i o n 3 4  of some d e s i g n e r s  t h a t  s tud-anchored l i n e r s  can 

b e  designed t o  accommodate massive sodium spi .1l .s  a 
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C e l l  l i n e r  des ign  p r a c t i c e s  used i n  t h e  p a s t  f o r  l iqu id-meta l -cooled  

r e a c t o r s  evolved  l a r g e l y  from water -cooled- reac tor  containment  expe r i ence .  

I n  f a c t ,  w i t h  t h e  excep t ion  of t h e  h o t  l i n e r  concept  used i n  t h e  FFTF, 

t h e r e  are few d i s t i n g u i s h a b l e  d i f f e r e n c e s .  Cons ide ra t ion  of t h e  conse- 

quences of a massive sodium s p i l l ,  however, does i n t r o d u c e  s i g n i f i c a n t  

d i f f e r e n c e s ,  a t  least i n  t h e  area of des ign  e v a l u a t i o n .  

S p e c i f i c  des ign  c r i t e r i a  f o r  c o n c r e t e  r e a c t o r  and containment  l i n e r s  

have been formula ted  on ly  r e c e n t l y . 1 8  P r i o r  t o  t h i s  t i m e ,  design and con- 

s t r u c t i o n  of steel  l i n e r s ,  fo rma l ly  o r  i n f o r m a l l y ,  fol lowed t h e  a p p l i c a b l e  

r u l e s  of S e c t i o n s  I11 and VIII of t h e  ASME B o i l e r  and P r e s s u r e  Vessel Code. 

General  des ign  p r a c t i c e s  developed d u r i n g  t h i s  p e r i o d  w e r e  summarized by 

Tan.7 More s p e c i f i c  c r i t e r i a  and phi losophy were d i s c u s s e d  i n  d e t a i l  by 

Na l l igan .  8o 

Gurbuz," p r i m a r i l y  w i t h  r ega rd  t o  l i n e r  des ign  f o r  PCKV a p p l i c a t i o n s  i n  
gas-cooled r e a c t o r  technology.  Although t h e  new containment: l i n e r  c r i t e r i a  

are s p e c i f i c a l l y  f o r  n u c l e a r  power p l a n t  containment  s t r u c t u r e s  (as opposed 

t o  r e a c t o r  v e s s e l s )  having a des ign  p r e s s u r e  i n  excess  o f  5 p s i ,  t h e  des ign  

concepts  are g e n e r a l l y  a p p l i c a b l e  t o  LMTBR equipment c e l l  L ine r s .  Some of 

t h e  unique problems a s s o c i a t e d  w i t h  l i q u i d - m e t a l  sys tems,  as r e f l e c t e d  i n  

t h e  fo l lowing  f u n c t i o n a l  r equ i r emen t s ,  r e q u i r e  spec ia l  c o n s i d e r a t i o n  and 

may n e c e s s i t a t e  m o d i f i c a t i o n  and /o r  a d d i t i o n a l  c r i t e r i a .  

The newly formula ted  c r i t e r i a 1 8  w e r e  d i s c u s s e d  by Lee and 

B a s i c a l l y ,  i t  i s  g e n e r a l l y  accep ted  t h a t  LMFBR c e l l  l i n e r s  should be  

des igned  t o  

1. prov ide  a l e a k - t i g h t  ( o r  l o w  in l eakage )  containment  f o r  t h e  i n e r t - g a s  

atmosphere d u r i n g  normal o p e r a t i o n ,  

2. p reven t  ( o r  minimize) release of f i s s i o n  p r o d u c t s  t o  t h e  containment  

b u i l d i n g  under  a c c i d e n t  c o n d i t i o n s ,  

3. p reven t  c o n t a c t  between t h e  sodium c o o l a n t  and t h e  c o n c r e t e  s t r u c t u r e  

i n  t h e  even t  of a c c i d e n t a l  sodium s p i l l s ,  

f a c i l i t a t e  c leanup o p e r a t i o n s  fo l lowing  an a c c i d e n t a l  sodium s p i l l .  4 .  

Cur ren t  des ign  p r a c t i c e s  f o r  ce l l  l i n e r s  are d i s c u s s e d  below, 
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-_ L i n e r  P l a t e s  

T o  s a t i s f y  t h e  above f u n c t i o n a l  requi rements ,  the l i n e r  must b e  de- 

s i g n e d  t o  resisi all d i r e c t  l o a d s  and t o  accommodate imposed deformat ions  

w i t h o u t  l o s s  o f  containment i n t e g r i t y  ( l e a k - t i g h t n e s s ) .  Although t h e  l i n e r  

i s  u s u a l l y  c o n s t r a i n e d  t o  fo l low t h e  c o n c r e t e  backup s t r u c t u r e  (this i s  

r e q u i r e d  in t h e  proposed code18) , l i n e r  s t r e n g t h  i s  n o t  normally cons idered  

i n  a s s e s s i n g  t h e  adequacy of t h e  c o n c r e t e  s t r u c t u r e ,  However, due t o  t h e  

c o n s t r a i n t ,  i n t e r a c t i o n  between t h e  c o n c r e t e  and t h e  l i n e s  must b e  con- 

s i d e r e d  i n  de te rmining  l i n c r  behavior .  Normally this i n v o l v e s  such  l o a d s  

as c o n c r e t e  creep and s h r i n k a g e ,  p r e s t r e s s i n g  (where a p p l i c a b l e ) ,  a c c i d e n t  

p r e s s u r e s ,  normal  and a c c i d e n t  thermal  expans ions ,  normal and abnormal 

dead l o a d s ,  mechanical. l o a d s  (such as r e a c t i o n s  a t  p o i n t s  of s u p p o r t  o r  

p e n e t r a t i o n s )  and ear thquakes ,  

L e e  and Gurbuzl recommend c o n s i d e r a t i o n  of t h e  f o l l o w i n g  c a t e g o r i e s  

of l o a d i n g  combinat ions ( a s  d e f i n e d  i n  t h e  new code18) i n  deterai ining t h e  

l i n e r  d e s i g n  s t r a i n s  T 

1. c o n s t r u c t i o n  ca tegory ,  

2 .  normal c a t e g o r y ,  

3. abnormal c a t e g o r y ,  

4 .  extreme envi ronmenta l  ca tegory .  

The s e v e r e  environmental  ca tegory  i s  n o t  i n c l u d e d  because  t h e  a d d i t i o n a l  

l o a d s  i n t r o d u c e d  i n  t h i s  c a t e g o r y  do n o t  a f f e c t  t h e  l i n e r  d e s i g n  s t r a i n s  

a p p r e c i a b l y .  Not iceably ,  t h e  f a i l u r e  ca tegory  s p e c i f i e d  by  the proposed 

code f o r  s t e e l - l i n e d  c o n c r e t e  r e a c t o r  vessels i s  n o t  b e l i e v e d  a p p l i c a b l e  t o  

l i n e r  d e s i g n .  l o  

ments under f a i l u r e  c o n d i t i o n s  are no t  imposed. S i n c e  soniif o f  the examples 

cons idered  f o r  i n c l u s i o n  in t h i s  ca tegory  by t h e  proposed code are n o t  t o o  

u n l i k e  co .ndi t ions  t h a t  might be hypothes ized  f o r  LMFBR c e l l  l i n e r s ,  t h i s  

e x c l u s i o n  may warran t  f u r t h e r  e v a l u a t i o n .  

In f a c t ,  l i m i t s  on l i n e r  compontz.nt stresses and d i s p l a c e -  

Curren t  d e s i g n  p r a c t i c e  assumes t h a t  t h e  anchor  s p a c i n g  and p l a t e  

t h i c k n e s s  are chosen such t h a t  t h e  p l a t e  does n o t  e x p e r i e n c e  e l a s t i c  buckli-ng. 

Local  inward d e f l e c t i o n  o r  l o c a l  p l a s t i c  b u c k l i n g  may be p e r m i t t e d  i f  i t  can 

b e  shown t h a t  r u p t u r e  does n o t  occur .  S i n c e  t h e  l o a d s  producing inward 
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disp lacements  of t h e  l i n e r  are g e n e r a l l y  r e l i e v e d  by t h e  displacement  o r  

l o c a l  b u c k l i n g ,  the disp lacement  and material s t r a i n s  are s e l f - l i m i t i n g .  

Loca l  b u c k l i n g  is  a c c e p t a b l e  i f  t h e  Local  s t r a i n s  do r io t  exceed a l l o w a b l e  

d u c t i l i t y  l i m i t s  o r  produce f a t i g u e  c r a c k s  i n  cases of cyclic l o a d i n g .  

Limi ted  s t u d i e s  have been conducted t o  e s t a b l i s h  t h e  c o n d i t i o n s  f o r  buck- 

l i n g  and p o s t b u c k l i n g  b e h a v i o r  of s p e c i f i c  l i n e r  plat&-anchor sys tem 
d e s i g n s .  21'25--25941 

ence  w i t h  r e g a r d  t o  buckl ing .  T h e  approach g e n e r a l l y  taken h a s  been t.o 

Lee and Gurbvzl'  summarized p e r t i n e n t  d e s i g n  exper i -  

conduct s u f f i c i e n t  tes ts  and a n a l y s e s  t o  j u s t i f y  p a r t i c u l a r  d e s i g n  parameters 

and loading c o n d i t i o n s .  

r e a c t o r  containment  rechnology.)  Due t o  the u n c e r t a i n t i e s  i n  loca l  buck- 

l i n g  b e h a v i o r ,  on ly  s m a l l  v a r i a t i o n s  i n  t h e s e  e x p e r i m e n t a l l y  based  parameters  

are permi t ted .  It i s  u s u a l l y  c o n s i d e r e d  n e c e s s a r y  t o  perform adsli t iona.1 

t e s t i n g  and a n a l y s i s  i f  s i g n i f i c a n t  changes i n  d e s i g n  parameters  mld/or  

l o a d i n g  c o n d i t i o n s  are encountered.  

( T h i s  i s  p r i m a r i l y  apropos t o  w a t e r -  and gas-cooled 

The stresses, s t r a i n s ,  and d isp lacements  i n  t h e  l i n e r  p la tes  can be 

ana lyzed  by one of the methods d i s c u s s e d  ear l ier .  The computed values 

must n o t  exceed t h e  a c c e p t a n c e  cr i ter ia  e s t a b l i s h e d  i n  t h e  proposed 

code. '*  

p a r t i c u l a r  c r i t e r i o n ,  s i n c e  many of t h e  a l l o w a b l e  parameters are based on 

u l t i m a t e  material c h a r a c t e r i s t i c s .  Lee and Gurbuzl p r o v i d e  a good c l i s -  

c u s s i o n  on t h e  assessment  of t h e  a l l o w a b l e  stress and s t r a i n  v a l u e s .  

T e s t i n g  may b e  n e c e s s a r y  t o  e s t a b l i s h  t h e  p r e c i s e  v a l u e  of a 

The c o n c r e t e  tempera ture  i s  of p a r t i c u l a r  i n t e r e s t  .in e v a l u a t i n g  t h e  

performance of c e l l  l i n e r s  under  sodium s p i l l  c o n d i t i o n s .  Tlle proposed 

code'' s p e c i f i e s  t h e  f o l l o w i n g  l i m i t s  on t h i s  parameter  i n  c o n c r e t e  con- 

ta inment  s t r u c t u r e s  (see paragraph  GC-3430 of Ref. 18) : 

"a. The f o l l o w i n g  t e m p e r a t u r e  l i m i t a t i o n s  are f o r  normal 
o p e r a t i o n  o r  any o t h e r  long-term p e r i o d .  The tempera tures  s h a l l  
n o t  exceed 150"F, e x c e p t  f o r  l o c a l  areas which are al lowed t o  have 
i n c r e a s e d  tempera tures  not  t o  exceed 200°F. 

o r  any o t h e r  s h o r t - t e r m  p e r i o d .  The tempera tures  s h a l l  n o t  exceed 
350'F f o r  t h e  i n t e r i o r  s u r f a c e .  However, l o c a l  areas are 
al lowed t o  r e a c h  650°F from s t e a m  and/or  w a t e r  j e t s  i n  the 
e v e n t  of a p i p e  f a i l u r e .  

(b)  may b e  al lowed i n  t h e  c o n c r e t e  i f  tests are provided t o  

"b. The f o l l o w i n g  tempera ture  l i m i t a t i o n s  are f o r  a c c i d e n t  

"c. Higher  tempera tures  than  g iven  i n  I tems (a)  and 
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e v a l u a t e  t h e  r e d u c t i o n  i n  s t r e n g t h  and t h i s  r e d u c t i o n  i s  
a p p l i e d  t o  t h e  d e s i g n  a l l o w a b l e s .  A l s o  ev idence  s h a l l  b e  
provided which v e r i f i e s  t h a t  t h e  i n c r e a s e d  tempera tures  do 
n o t  cause  d e t e r i o r a t i o n  of t h e  c o n c r e t e  e i t h e r  w i t h  o r  with-  
o u t  load .  ' I  

The l i m i t s  i n  i t e m  b appear  t o  b e  less res t r ic t ive  t h a n  t h o s e  p r e v i o u s l y  

used i n  LKFBR p l a n t s ,  a l though one might q u e s t i o n  what i s  a "shorC-term 

p e r i o d  'I  

L i n e r  p l a t e  m a t e r i a l s  must n o t  be  s u s c e p t i b l e  t u  b r i t t l e  f a i l u r e  and 

must p o s s e s s  s u f f i c i e n t  d u c t i l i t y  t o  accommodate t h e  imposed l o a d s  and 

deformation w i t h o u t  r u p t u r e .  S i m i l a r l y ,  i n  r e g i o n s  s u b j e c t  t o  i n t e n s e  

n e u t r o n  i r r a d i a t i o n ,  c o n s i d e r a t i o n  shoiil d b e  g iven  t o  the d e l e t e r i o u s  

e f f e c t s  o f  n u c l e a r  r a d i a t i o n  on l i n e r  p l a t e  mechanical  p r o p e r t i e s .  

An ch o r s --- 
The proposed code s p e c i f i e s  t h a t  ' I . . . .  The l i n e r  s h a l l  b e  anchored t o  

t h e  c o n c r e t e  containment.  T h i s  docs not p r e c l u d e  l o c a l  f l e x u r a l  deforma- 

t i o n  between anchor  p o i n t s . "  

concept ,  l i q u i d - m e t a l  system ce l l s  have fol lowed t h i s  p r a c t i c e .  This  i s  an 

area where m o d i f i c a t i o n  i n  scope and/or  a d d i t i o n a l  c r i t e r i a  may b e  n e c e s s a r y  

t o  apply  t h e  proposed code t o  f u t u r e  LMFRR d e s i g n s .  

With t h e  e x c e p t i o n  of the FFTF h o t  l i n e r  

The anchors  may b e  e i t h e r  cont inuous  s t r u c t u r a l  s e c t i o n s ,  such as tees, 

a n g l e s ,  c h a n n e l s ,  b a r s ,  e t c . ,  o r  combinat ions of t h e s e  shapes ,  o r  s tudded 

anchors  such  as Nelson s t u d s  o r  L-shaped anchor  s t u d s .  The s i z e  and spac- 

i n g  of tlie anchors  are chosen t o  c o n t r o l  t h e  response  of t h e  l i n e r  p l a t e  i n  

a p r e d i c t a b l e  manner f o r  a l l  l o a d s  and load  combinat ions.  The anchors  must 

b e  designed t o  w i t h s t a n d  f o r c e s  i n  t h e  p l a n e  of tlie l i n e r ,  f o r c e s  normal t o  

t h e  l i n e r ,  and moments imposed by t h e  L i n e r  p l a t e  o r  p e n e t r a t i o n s .  The 

anchor d e s i g n  and a n a l y s i s  should  c o n s i d e r  a t  least- the fo l lowing  f a c t o r s :  

1. unbalanced loads  on the anchor  r e s u l t i n g  f r o m  i n i t i a l  outward curvature.  

of t h e  l i n e r  on one s i d e  of t h e  anchor  and inward c u r v a t u r e  of t h e  l i n e r  

on t h e  o t h e r  s i d e  of  t h e  anchor ,  

2 .  unbalanced l o a d s  on t h e  anchors  r e s u l t i n g  from possible f a i l u r e  of 

a d j  a c e n t  anchors ,  

3. v a r i a t i o n s  i n  l i n e r  plate t h i c k n e s s ,  
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4.  v a r i a t i o n s  i n  material p r o p e r t i e s  ( y i e l d  s t r e n g t h ,  Po i s son‘ s  r a t i o ,  

modulus of e l a s t i c i t y )  of t h e  l i n e r  p l a t e  material ,  

5 .  s t r u c t u r a l  d i s c o n t i n u i t i e s  a t  l i n e r  p l a t e  seams, 

6. v a r i a t i o n  i n  anchor  s p a c i n g ,  

7 .  v a r i a t i o n  i n  anchor  s t i f f n e s s ,  

8. l o c a l  c o n c r e t e  c r u s h i n g  i n  t h e  anchor  zone. 

The anchor  l o a d s  may b e  determined e i t h e r  by assuming the  l i n e r  p l a t e  

remains e l a s t i c  under a l l  load ing  c o n d i t i o n s  o r  by p e r E o m i n g  an elastic- 

p l a s t i c  a n a l y s i s .  

tes t  d a t a  are r e q u i r e d  f o r  t h e  l i n e r  p l a t e  material. 

The des ign  b a s i s  f o r  s e l e c t i n g  t h e  anchor  s i z e  and spac ing  must p r e -  

I f  t h e  l a t te r  method i s  used,  b i a x i a l  compressive y i e l d  

c lude  p r o g r e s s i v e  f a i l u r e  i n  t h e  even t  of a d e f e c t i v e  o r  miss ing  anchor.  

Massive deformat ion  of t h e  l i n e r  p l a t e  must be  prevented .  

requi rements  have r e s u l t e d  i n  t h e  l i n e r  be ing  anchored a t  r e l a t i v e l y  c l o s e  

i n t e r v a l s ,  t y p i c a l l y  1 2  to 1 8  i n .  C lose r  spac ings  (6 t o  8 i n , )  have a l s o  

These des ign  

been used. 

Design l i m i t s  are s p e c i f i e d  i n  t h e  proposed code18 f o r  anchor  mechani- 

c a l  loads  and d isp lacement - l imi ted  loads .  Mechanical loads are those  i n  

which s t r u c t u r a l  deformat ion  does n o t  l e a d  t o  r e l a x a t i o n  of t h e  c o n d i t i o n  

caus ing  t h e  load .  Examples of such loads  are e x t e r n a l  p r e s s u r e  on t h e  l i n e r ,  

equipment a t t achmen t s  ( b r a c k e t s ) ,  and, p o s s i b l y ,  p e n e t r a t i o n s .  Displacement- 

l i m i t e d  l o a d s  are s e l f - l i m i t i n g  o r  s e l f - r e l i e v i n g  i n  n a t u r e ,  

Lee and Gurbuz,” most anchor  l o a d s  are i n  t h e  la t ter  ca t egory ,  

According t o  

Another impor tan t  des ign  problem concerns t h e  i n t e r a c t i o n  of t e n s i l e  

and s h e a r  f o r c e s  on t h e  anchor .  It appea r s  t h a t  l i t t l e  a t t e n t i o n  has  been 

g iven  t o  t h i s  f a c e t  i n  p rev ious  des igns .  

does n o t  a d d r e s s  t h e  problem. Th i s  is  an  area i n  need of c r i t e r i a  f o r  

guidance. 

i n t e r a c t i o n  r e l a t i o n s h i p  b e  used. 

a l l o w a b l e s  f o r  bea r ing - type  b o l t s  be ing  based  on such a curve.  

anchors  are welded t o  t h e  l i n e r  p l a t e  and since weld ing  t ends  t o  b e  a 

t roublesome area w i t h  r e s p e c t  t o  q u a l i t y  c o n t r o l ,  t h e  importance of t h i s  

b i a x i a l  stress c o n d i t i o n  should  n o t  b e  overlooked.  

A l so ,  t h e  proposed code appa ren t ly  

L e e  and GurbuzlO s u g g e s t ,  i n  t h e  absence  of d a t a ,  t h a t  an  e l l i p t i c  

They c i t e  t h e  analogy of t ens ion - shea r  

S ince  t h e  



Pene-t: r a t i o n s  

The ni~inber of p e n e t r a t i o n s  Lh-rough containment  l i n e r s  should. b e  mini- 

ui:ized. The p e n e t r a t i o n s  t h a t  are r e q u i r e d  should  b e  l o c a t e d  ~ whenever 

p o s s i b l e ,  i n  r e g i o n s  o f  low l i n e r  l o a d i n g .  P e n e t r a t i o n s  should b e  designed 

w i t h  s h e a r  anchors  t o  t r a n s m i t  loads  from the penet . ra t ion t o  t h e  s t r u c t u r a l  

c o n c r e t e .  In  a d d i t i o n  t o  s t a t i c  l o a d s ,  the p e n e t r a t i o n  assembly should  b e  

capable  of accommodating dynamic l o a d s  genera ted  by p i p e  r u p t u r e .  T h e  l i n e r  

p l a t e  t h i c k n e s s  may be i n c r e a s e d  n e a r  p e n e t r a t i o n s  t-o reduce sliress concen- 

t r a t i o n s .  Bellows connec t ions  have been used  f o r  p e n e t r a t i o n s  where l a r g e  

l a t e r a l  movement of t h e  connec t ing  p i p e  i.s r e q u i r e d .  

Penet ra t i -on  assembl ies  are ana lyzed  by t h e  a p p l i c a b l e  methods o f  S e c t i o n  
-. 
L . C I ,  D i v i s i o n  1, of t h e  ASME B o i l e r  and P r e s s u r e  Vessel Code, '"he a n a l y s i s  

must c o n s i d e r  t h e  e f f e c t  of  c o n c r e t e  confinement f o r  p e n e t r a t i o n s  embedded 

i n  t h e  c o n c r e t e  s t r u c t u r e .  

S p e c i a l  Des ign  Problems ___ w i t h  Sodium Systems 

The o v e r a l l  o b j e c t i v e s  of sodium c e l l  l i n e r s  are e s s e n t i a l l y  t h e  s a m e  

as contaiumcmt l i n e r s  f o r  o t h e r  r e a c t o r  cool.ant systems. However, t h e r e  are 

s e v e r a l  c h a r a c t e r i s t i c s  o f  sodium systems t h a t  n e c e s s i t a t e  s p e c i a l  des ign  

c o n s i d e r a t i o n s .  Some of  t h e  major c o n s i d e r a t i o n s  are d i s c u s s e d  below, 

The p o s s i . b i l i t y ,  and consequences,  of sodi.um Eire:; i n  t h e  e v e n t  of an  

a c c i d e n t a l  s p i l l  r e q u i r e s  s p e c i a l  d e s i g n  c o n s i d e r a t  ior1.s. Most sodium 

sys tem ce l l s  have been designed t o  opera te  w i t h  n i t r o g e n  atmospheres t o  

p r e v e n t  or minimize t h i s  problem. I n  t h i s  case, i n l e a k a g e  of a i r  i s  a 

d e s i g n  parameter  as w e l l  as o u t l e a k a g e  of ce l l  gas .  'The react i .on o f  sodium 

w i t h  oxygen conta ined  i n  the i n e r t  atmosphere (general . ly 1 t o  52) may b e  a 

s i g n i f i c a n t  s o u r c e  o f  h e a t  and should  h e  c o n s i d e r e d  i n  t h e  thermal  a n a l y s i s  

of a c c i d e n t  c o n d i t i o n s  i n v o l v i n g  sodi.um s p i l l s .  5 4  58--E0 

T h e  energy r e l e a s e d  by o t h e r  chemical  r e a c t i o n s  i n v o l v i n g  sodium is 

a l s o  o f  concern i n  cell. l i n e r  The p o s s i b i l i t y  of sodium 

r e a c t i o n  w i t h  water r e q u i r e s  t h a t  the c d l .  i n t e r i o r  be dry.  F u r t h e r ,  t he  

c o n c r e t e  (and,  p o s s i b l y ,  thermal  i n s u l a t i n g  m a t e r i a l s )  must be  protected 

f r o m  exposure t o  h o t  sodium i.n t h e  event  of s p i l l s .  T h i s  c o n s i d e r a t i o n  pro- 

v i d e s  a d d i t i o n a l  i n c e n t i v e  f o r  d e s i g n  criteria t h a t  p r e c l u d e  l i n e r  f a i l u r e ,  
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The thermal  e f f e c t s  of sodium s p i l l s  i n f l u e n c e  c e l l  l i n e r  d e s i g n  from 

two a s p e c t s .  F i r s t : ,  t h e  i n c r e a s e  i n  tempera tures  may cause  s i g n i f i c a n t  

l i n e r  d i s t o r t i o n  and l a r g e  thermal  expansion l o a d s .  Second, t h e  h i g h e r  

tempera tures  may have a n  a d v e r s e  e f f e c t  on t h e  p h y s i c a l  o r  mechanical  

p r o p e r t i e s  of t h e  s t r u c t u r a l  materials. The e x t e n t  of t h e  problem c r e a t e d  

by thermal  expans ion  i s  n o t  w e l l  d e f i n e d  a t  t h e  p r e s e n t .  

earl ier,  t h e  d e s i g n  of H a l l a m  Nuclear  Power F a c i l i t y  and SEFOR used l iners  

anchored f i r m l y  t o  t h e  c o n c r e t e .  The des ign  of SEFOR was based on a l a r g e  

sodium s p i l l  w i t h  d i s t o r t i o n  and b u c k l i n g  of t h e  l i n e r  p l a t e  b u t  w i t h o u t  

l i n e r  r u p t u r e .  The d e s i g n  of t h e  FFTF used a d i f f e r e n t  phi losophy f o r  t h o s e  

liners o r  p o r t i o n s  of l i n e r s  t h a t  would e x p e r i e n c e  tempera tures  above 205'F 

i n  t h e  e v e n t  of sodium s p i l l s .  The FFTF h o t  Liner  design c o n s i s t s  of a 

f l o a t i n g  l i n e r  concept  t o  accommodate thernial  expansion.  Vert ical  and r a d i a l  

c l e a r a n c e s  are provided n e a r  t h e  f l o o r - t o - v e r t i c a l - w a l l  c o r n e r s  t o  p r o v i d e  

r e l i e f  f o r  thermal  expansion.  Expansion j o i n t s  in t h e  v e r t i c a l  w a l l s  are 

used t 9  p r o v i d e  a d d i t i o n a l  r e l i e f  f o r  thermal  expansion.  S i n c e  the c o s t  

of t h e  f l o a t i n g  l i n e r  may b e  a f a c t o r  o f  LO t i m e s  the c o a t  of anchored 

l i n e r s ,  t h e r e  i s  c o n s i d e r a b l e  economic i n c e n t i v e  to u s e  anchored l i n e r s  

whenever p o s s i b l e .  

A s  d e s c r i b e d  

The a d v e r s e  e f f e c t  o f  t h e  e l e v a t e d  tempera tures  on t h e  p r o p e r t i e s  of 

c o n c r e t e  can b e  e l i m i n a t e d  o r  minimized by us ing  i n s u l a t i o n  and hea t -  

removal sys tems,  A combinat ion of f i r e b r i c k  and i n s u l a t i n g  b r i c k  w a s  used 

between t h e  l i n e r  and t h e  s t r u c t u r a l  c o n c r e t e  i n  t h e  FFTF. Fo r  gas-cooled 

r e a c t o r  d e s i g n s ,  c o o l i n g  c o i l s  between t h e  l i n e r  and c o n c r e t e  and i n s u l a -  

t i o n  on t h e  i n s i d e  o f  t h e  l i n e r  have been used t o  c o n t r o l  b o t h  l i n e r  and 

concrete tempera tures .  

may b e  a t t r a c t i v e  a l t e r n a t i v e s  t o  f l o a t i n g  l i n e r s  f o r  s o l v i n g  thermal  

T h i s  approach and t h e  A u s t r i a n  h o t  l i n e r  concept* '  

expansion problems. 

The c e l l  l i n e r  d e s i g n  must c o n s i d e r  m i s s i l e s  g e n e r a t e d  by e x p l o s i v e  

c o n d i t i o n s  t h a t  may be developed i n  t h e  sodium system. T h e  d e s i g n  of  

EBR-TI used a m u l t i w a l l  l i n e r  of s teel  and c o n c r e t e  as a b l a s t  s h i e l d .  More 

r e c e n t  d e s i g n s ,  i n c l u d i n g  that o f  the FFTP, have used guard vessels around 

t h e  sodium system components. Although t h e  pr imary purpose  of t h e  guard 

vessels is  t o  m a i n t a i n  t h e  c o o l a n t  system, t h e y  also p r o v i d e  some p r o t e c t i o n  

a g a i n s t  missiles f o r  the c e l l  l i n e r .  



F a b r i c a t i o n  and T e s t i n g  

Two approaches have been used f o r  i n s t a l l i n g  anchored c e l l  J - iners ,  

I n  one method, t h e  anchors  are embedded i n  t h e  c o n c r e t e ,  and t h e  l i n e r  

p l a t e  i s  a t t a c h e d  t o  t h e s e  anchors ,  by welding,  a f t e r  t h e  c o n c r e t e  c a s t i n g  

forms are removed. In t h e  second method, t h e  l i n e r  i s  used as a form f o r  

t h e  c o n c r e t e ,  w i t h  t h e  anchors  b e i n g  a t t a c h e d  t o  t h e  p l a t e  p r i o r  t o  i n s t a l -  

l a t i o n .  Temporary s u p p o r t  must b e  provided f o r  t h e  I.i.ner i n  t h e  second 

method t o  prevent  e x c e s s i v e  displacement  o r  b u l g i n g  dur ing  t h e  c o n c r e t e  

c a s t i n g  o p e r a t i o n .  

Rules f o r  c u t t i n g ,  forming, and bending are g iven  i n  t h e  proposed 

c.ode. l8 

bending p r o c e s s e s  forming t o l e r a n c e s ,  and maximum-al.l-otlrable d e f e c t s  i n  

f i n a l  welded j o i n t s  e 

'These r u l e s  i n c l u d e  requi rements  f o r  q u a l i f i c a t i o n  o f  forming and 

The welding of t h e  l i n e r  p l a t e s  and a t tachments  t o  t h e  l i n e r s  must con- 

form t o  the requi rements  of S e c t i o n  I X  of t h e  ASME B o i l e r  and P r e s s u r e  

Vessel Code. A d d i t i o n a l  weld ing  requi rements  are g iven  i n  Ref. 1.8, A l l  

l i n e r  b u t t  welds are r e q u i r e d  t o  b e  radiographed i . F  they  are a c c e s s i b l e  

f o r  such  i n s p e c t i o n ,  A l l  p r e s s u r e - c o n t a i n i n g  welds  are r e q u i r e d  tc:1 b e  

examined by t h e  vacuum-box bubble-so lu t ion  tes t  o r  t h e  gas-medium tes t  

where t h e  welds  are a c c e s s i b l e .  Wliere rad iography and vacuum-box examina- 

t i o n s  are n o t  p o s s i b l e  because  of i n a c c e s s i b i l i t y  o r  w e l d  j o i n t  d e s i g n ,  

magnet i .c-par t ic le  o r  l i q u i d - p e n e t r a n t  examinat ion may b e  used 

S t r u c t u r a l  i n t e g r i t y  and l e a k - t i g h t n e s s  of t h e  ce l l s  must b e  demonstrated.  

Tests may b e  performed t o  c o r r e l a t e  measured s t r u c t u r a l  response  w i t h  

t h e o r e t i c a l  p r e d i c t i o n s .  S t r a i n  measurements are needed u n l e s s  d e f l e c t i o n s  

can b e  c l e a r l y  c o r r e l a t e d  w i t h  s t r a i n .  I n t e g r a t e d  leakage  tests a-re r e q u i r e d  

i n i t i a 1 l . y  and d u r i n g  t h e  s e r v i c e  l i f e  t o  e s t a b l i s h  l e a k - t i g h t n e s s .  
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IDENTIFICATION OF RESEARCH AND DEVELOPMENT NEEDS 

I n  t h e  p a s t ,  t h e  p r a c t i c e  has  been t o  r e l y  on a n a l y s i s  t o  i n f e r  t h e  

adequacy of c e l l  l i n e r s  t o  ma in ta in  t h e i r  l e a k - t i g h t n e s s  under p o s t u l a t e d  

a c c i d e n t  c o n d i t i o n s .  Th i s  p r a c t i c e  w i l l  l i k e l y  con t inue  i n  t h e  f u t u r e ,  

s i n c e  tests on t h e  completed s t r u c t u r e  under s imula t ed  a c c i d e n t  c o n d i t i o n s  

appear  t o  be  a most u n a t t r a c t i v e  a l t e r n a t i v e .  S i m i l a r l y ,  proof-of-concept 

tests on p r o t o t y p i c a l  models may e n t a i l  an undue economic burden,  

t h e  l a c k  of a v i a b l e  a l t e r n a t i v e  t o  a n a l y s i s  p l a c e s  a heavy r e s p o n s i b i l i t y  

on t h e  d e s i g n e r  t o  s p e c i f y  c r e d i b l e  des ign  c r i t e r i a ,  t o  ana lyze  t h e  des ign  

w i t h  r e l i a b l e  a n a l y t i c a l  models of  demonstrated v a l i d i t y ,  and t o  assess 

Thus, 

t h e  p o s s i b l e  f a i l u r e  modes by comparison w i t h  g e n e r a l i z e d  t h e o r e t i c a l l y  

and /o r  expe r imen ta l ly  e s t a b l i s h e d  f a i l u r e  c r i te r ia .  

t i o n  reviewed i n  t h e  p r e p a r a t i o n  of t h i s  r e p o r t ,  t h e  ev idence  i n  suppor t  

of t h e  c o n t e n t i o n  t h a t  t h e s e  a c t i o n s  are s a t i s f a c t o r i l y  accounted f o r  i n  

t h e  c u r r e n t  s ta te  of t h e  a r t ,  when viewed i n  i t s  e n t i r e l y ,  is no t  t o t a l l y  

convinc ing .  This  i s  n o t  i n t e n d e d  as c r i t i c i s m  toward any r e a c t o r  p l a n t  o r  

d e s i g n e r ;  i t  i s  in t ended  t o  r e f l e c t  our  a p p r a i s a l  of t h e  degree  of m a t u r i t y  

a t t a i n e d  thus  f a r  i n  LMFBR c e l l  l i n e r  technology.  There are examples of 

d i s c i p l i n e d  a n a l y s i s ,  and t h e r e  are examples,  i n  our op in ion ,  of u n j u s t i f i e d  

o r  u n s u b s t a n t i a t e d  c la ims .  

Based on t h e  informa- 

It i s  our  op in ion  t h a t  f u r t h e r  r e s e a r c h  and development are needed t o  

pe rmi t  a v a l i d  assessment  of LWBR c e l l  l i n e r s  under a l l  des ign  c o n d i t i o n s .  

It is  b e l i e v e d  t h a t  conf idence  i n  l i n e r  performance can be  m a t e r i a l l y  

i n c r e a s e d  i f  r e s e a r c h  and development i n  t h e  d i r e c t i o n s  sugges ted  are 

pursued a g g r e s s i v e l y .  The need i s  g r e a t e r  i n  some areas t h a n  i n  o t h e r s ,  

b u t  b e n e f i c i a l  r e s u l t s  can be  o b t a i n e d  i n  a l l  t h e  sugges t ed  areas. 

The two most recent LMFBR cel l  l i n e r  des igns  are r a d i c a l l y  d i f f e r e n t  

i n  concept  ( i . e . ,  f i x e d  vs f l o a t i n g  l i n e r ) ,  y e t  bo th  are claimed t o  accom- 

modate massive sodium s p i l l s  w i thou t  l o s s  of containment i n t e g r i t y .  S ince  

t h e  c o s t  of t h e  f l o a t i n g  l i n e r  concept  ( t h e  newer des ign )  g r e a t l y  exceeds 

t h a t  of t h e  f i x e d  l i n e r ,  a thorough des ign  s tudy  shou ld  be  i n i t i a t e d  t o  

e v a l u a t e  i n  d e t a i l  t h e  two concepts  f o r  a common set of assumed c o n d i t i o n s .  
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B e n e f i t s  from such a s t u d y  would i n c l u d e :  

1. an  assessment  of t h e  a n a l y t i c a l  models used t o  ana lyze  t h e  c o n c r e t e  

s t r u c t u r e  and t h e  s tee l  l i n e r ,  p a r t i c u l a r l y  i n  t h e  r e g i o n s  of two- and 

three-dimensional  d i s c o n t i n u i t i e s  ; 

2 .  a d e t a i l e d  a n a l y s i s ,  u s i n g  two- and three-dimensional  n o n l i n e a r  pro- 

grams as r e q u i r e d ,  of t h e  c r i t i c a l  c o r n e r  j u n c t i o n s  t.o de te rmine  

s t resses ,  s t r a i n s ,  and d isp lacements  i n  the l i n e r ;  

an  a n a l y s i s  of t h e  l iner -anchor  combination ( i n  t h e  f i x e d  l i n e r  concept)  

under c o n d i t i o n s  o f  g r o s s  d i s t o r t i o n ;  

3.  

4 .  a c l e a r  and d e f i n i t i v e  s t a t e m e n t  of t h e  f a i l u r e  c r i t e r i a  used t o  judge  

t h e  d e s i g n s ;  

an e x p o s i t i o n  of t h e  re la t ive  complexi ty  ( i n d i c a t i v e  of c o s t )  i n  each 

d e s i g n  concept ;  

5. 

6 .  r e v e l a t i o n  of  t h e  gaps i n  technology a t  eat-h s t e p  of  .the procedure ;  

7. t h e  b a s i s  f o r  an  i n t e g r a t e d  program f o r  r e s o l v i n g  t h e  u n c e r t a i n t i e s  i n  

t h e  d e s i g n .  

1ni t : i .a t ion of  a d e s i g n  s t u d y  such as o u t l i n e d  above would appear  t o  warran t  

hi.gh p r i o r i t y .  

Another area of  researc.h and development b e l i e v e d  t o  h e  of h i g h  impup- 

t a n c e  i n v o l v e s  exper imentas  t e s t i n g  o f  p r o t o t y p e  s t e e l - l i n e d  ce l l s  sub- 

j e c t e d  t o  sodium s p i l l s ,  The i n i t i a l  tests should  c o n c e n t r a t e  on g e n e r a l  

behavi-or of t h e  l i n e r  t o  massive sodium s p i l l s  i n  t h e  a b s m c e  of f i r e s  t c 9  

d e f i n e  s p e c i f i c  problem areas arid g e n e r a l  f a i l u r e  p a t t e r n s .  This  t y p e  of 

in fvr iua t ion  i s  needed t o  provide  d i r e c t i o n  t o  a n a l y t i c a l  s t u d i e s  and t o  

subsequent  tests, Follow-on t e s t i n g  should  b e  d i r e c t e d  toward accumulat ion 

of b a s i c  d e s i g n  d a t a  needed as i n p u t  t o  t h e  a n a l y t i c a l  models. In planning  

t h e  test program, cons idera t i .on  s h o d d  b e  g iven  t o  t h e  response  of t h e  c e l l  

l i n e r  t o  sodium s p r a y s  and j e t s  and t o  sodium s p i l l s  i n v o l v i n g  chemical  

r e a c t i o n s .  A fi .nal  proof-of-concept t es t  series i s  needed t o  v a l i d a t e  

a n a l y t i c a l  models used i n  t h e  des ign  procedure and t o  demonst ra te  t h e  

a b i l i t y  of t h e  l i n e r  t o  r e m a i n  l e a k - t i g h t  d u r i n g  and a f t e r  a massive sodium 

s p i l l . .  

Another area i n  need o f  r e s e a r c h  i s  r u p t u r e  d a t a  under m u l t i a x i a l  

stress s ta tes .  I n  t:he c r i t i c a l . .  regi-ons of a c e l l  l i n e s  ( e . g . ,  c o r n e r s  and 
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p e n e t r a t i o n s ) ,  t h e  s u r f a c e s  of t h e  l i n e r  are u s u a l l y  i n  a b i a x i a l ,  compressive 

stress c o n d i t i o n ,  w h i l e  s i g n i f i c a n t  t r i a x i a l  stress p a t t e r n s  may e x i s t  

through t h e  t h i c k n e s s .  Nost of t h e  r u p t u r e  d a t a  used t u  assess f a i l u r e  

w e r e  o b t a i n e d  from u n i a x i a l  specimens loaded  i n  t e n s i o n ,  and i t  i s  o f t e n  

n e c e s s a r y  t o  p r e d i c t  r u p t u r e  under  m u l t i a x i a l  stresses from t h e s e  d a t a .  

It  would appear  t h a t  b a s i c  r e s e a r c h  is  needed t o  p r o v i d e  r u p t u r e  d a t a  on 

l i n e r  materials und,er, as a minimum, compressive b iax ia l  l o a d i n g  c o n d i t i o n s .  

O f  p a r t i c u l a r  i n t e re s t  is  shor t - te rm,  h i g h - s t r a i n - r a t e  d a t a ,  s i n c e  t h e s e  

c o n d i t i o n s  are expec ted  f o r  c e l l  l i n e r s  under sodium s p i l l  c o n d i t i o n s .  

A somewhat related problem exis ts  f o r  welded c o n s t r u c t i o n .  It is  

g e n e r a l l y  assumed t h a t  t h e  l i n e r  sys tem behaves as i f  con 

o u t  of  material having  uniform p r o p e r t i e s .  

welds i n t r o d u c e  r e g i o n s  where t h e  stress t o  r u p t u r e  and t h e  d u c t i l i t y  a t  
r u p t u r e  are c o n s i d e r a b l y  d i f f e r e n t  from t h e  p a r e n t  p l a t e ,  Evidence c i t e d  

by Townleyl s u g g e s t s  t h a t  t h e  r u p t u r e  l i f e  of a weldment will always b e  

less than  t h a t  of t h e  p a r e n t  material u n l e s s  t h e  deformat ion  rates o f  the 

weld metal and t h e  p a r e n t  metal are c l o s e l y  matched. S i n c e  numerous weld 

j o i n t s  a r e  Jnvolved i n  t h e  c o n s t r u c t i o n  of a c e l l  l i n e r ,  i t  would appear  

t h a t  r e s e a r c h  i s  needed t o  r e s o l v e  t h i s  u n c e r t a i n t y .  

rutted through- 

However, i t  i s  well known c h a t  

Bergstrom e t  a1 . I7  p o i n t e d  o u t  t h a t  d e s i g n  of a massive c o n c r e t e  

s t r u c t u r e  t o  accommodate s i g n i f i c a n t  tempera ture  g r a d i e n t s  t:hat might 

ar ise  d u r i n g  an  a c c i d e n t  o f t e n  d i c t a t e s  t h e  s t r u c t u r a l  requi rements  ‘There 

appear  t o  b e  i n a d e q u a t e  d e s i g n  da ta  and f a i l u r e  c r i te r ia  a v a i l a b l e  t o  tbe 

d e s i g n e r  f o r  p r e d i c t i n g  t h e  performance of t h e r m a l l y  loaded  s t r u c t u r e s  w i t h  

c e r t a i n t y .  While t h i s  is  n o t  a l i n e r  problem p e r  se, the performance of’ 

t h e  l i n e r  i s  i n t i m a t e l y  r e l a t e d  t o  t h a t  oE t h e  c o n c r e t e  backup s t r u c t u r e .  

T h u s ,  i t  is sugges ted  t h a t  r e s e a r c h  and development r e l a t e d  t o  d e s i g n  of 

t h e r m a l l y  loaded massive c o n c r e t e  s t r u c t u r e s  would b e  b e n e f i c i a l ,  

S i m i l a r l y ,  t h e  p r o p e r t i e s  and performance of c o n c r e t e ,  b o t h  s t r u c t u r a l  

and s h i e l d i n g  t y p e s ,  are i n a d e q u a t e l y  known f o r  t h e  range oE tempera tures  

and t i m e s  expec ted  under sodium s p i l l  Condi t ions .  

research and development be  i n i t i a t e d  t o  p r o v i d e  more d e f i n i t i v e  i n f o r m a t i o n  

on (1) t h e  p h y s i c a l  p r o p e r t i e s  of c o n c r e t e  (both  s t r u c t u r a l  and s h i e l d i n g )  

as a f u n c t i o n  of tempera ture ,  (2 )  a l l o w a b l e  s h o r t - t e r m  s t r e n g t h  o f  c o n c r e t e  

Tt was sugges ted34 cha t  
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as a f u n c t i o n  of tempera ture ,  ( 3 )  t h e  mechanisms and e f f e c t s  of tenupera- 

t u r e  on c o n c r e t e  d e g r a d a t i o n ,  and ( 4 )  nethods f o r  modeling h e a t  t r a n s p o r t  i n  

h e a v i l y  r e i n f o r c e d  c o n c r e t e .  

Although t h l s  r e p o r t  i s  p r i m a r i l y  concerned w i t h  c e l l  l i n e r s ,  i t  i s  

perhaps a p p r o p r i a t e  t o  mention t h e  need expressed3" f o r  r e s e a r c h  r e l a t e d  

t o  sodium r e a c t i o n s .  I n  p a r t i c u l a r ,  i t  i s  known that;  high-temperature  

sodium i n  c o n t a c t  w i t h  c o n c r e t e  produces a r a t h e r  v:i.olent exothermix 

r e a c t i o n .  58 

t h r e s h o l d s  below which t h e  r e a c t i o n  i s  riot s e l f - s u s t a i n i n g .  F u r t h e r  r e s e a r c h  

appears  i n  o r d e r  t o  d e f i n e  t h e  l i m i t s  and t o  permi t  modeling t h e  k i n e t i c s  

so t h a t  c e l l  l i n e r  des ign  cr i ter ia  can b e  more r e a l i s t i c a l l y  e s t a b l i s h e d ,  

It appears  t h a t  t h e  r e a c t i o n  h a s  b o t h  mass 'and tempera ture  

Modeling of sodium pool  burn ing  i n  t h e  FFTF w a s  accomplished w i t h  

t h e  SOFIRE-XI and CACECg programs. 54 

are cumbersome, i n e f f i c i e n t  ( i n  computer usage)  , and r e q u i r e  l a r g e  

memories t o  run.  

computer e f f i c i e n c y ,  ( 2 )  i n c l u d e  s l e n d e r ,  two-dimensional c y l i n d r i c a l  

geometry t o  permil: b e t t e r  modeling of ce l l s ,  and ( 3 )  i n c l u d e  p r o v i s i o n s  

f o r  c e l l - t o - c e l l  t r a n s p o r t  o f  gases  through i n t e r c o n n e c t i n g  p i p i n g  t u n n e l s  

and open p e n e t r a t i o n s  d u r i n g  a c c i d e n t  c o n d i t i o n s .  

These are one-dimensional codes and 

A need was expressed34 t o  modify t h e  codes t o  (1) improve 

With t h e  e x c e p t i o n  of the h o t  l i n e r s  i n  t h e  FFTF, c e l l  l i n e r  concepts  

f o r  LMFBRs have advanced v e r y  l i t t l e  from t h o s e  used i n  t h e  f i r s t  p l a n t s  

c o n s t r u c t e d .  Although a n a l y t i c a l  t echniques  and c o n s t r u c t i o n  d e t a i l s  related 

t o  anchor ing  t h e  l i n e r  t o  t h e  c o n c r e t e  have evolved coris iderably,  i n n o v a t i v e  

concepts  have .not appeared i n  p r a c t i c e ,  It i s  sugges ted  t h a t  d e s i g n  s t u d i e s  

be undertak.en t o  e v a l u a t e  new concepts  t o  de te rmine  f e a s i b i l i t y  a n d / o r  

p r a c t i c a l i t y  of promising i d e a s .  Some i d e a s  t h a t  may w a r r a n t  i n v e s t i g a t i o n  

i n c l u d e  (1) t h e  use  of a zone o f  h igh- tempera ture ,  i n s u l a t i n g  c o n c r e t e  

( s a c r i f i c i a l  p o s s i b l y )  between t h e  l i n e r  and t h e  s t r u c t u r a l  c o n c r e t e ;  ( 2 )  

the u s e  of f i . he r  (chopped-wlre) r e i n f o r c e d  c o n c r e t e 8 2  t o  g i v e  h i g h e r  

s t r e n g t h ,  b e t t e r  matching of thermal  expansion,  and improved h e a t  t r a n s p o r t  

c h a r a c t e r i s t i c s  i n  t h e  r e g i o n  a d j a c e n t  t o  t h e  l i n e r ;  ( 3 )  t h e  PCRV h o t  

l i n e r  concept  under development i n  A ~ s t - t - i a ; ~ ~  and ( 4 )  the use  of l i n e r s  

anchored wi.th s t u d s  designed t o  f a i l  (under sodium s p i l l  c o n d i t i o n s )  w i t h o u t  

r u p t u r e  of t h e  l i n e r  p l a t e .  
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It is  apparent  t h a t  containment  s t r u c t u r e  l i n e r  c r i t e r i a  e s t a b l i s h e d  

i n  t h e  proposed code18 are n o t  a l t o g e t h e r  compat ib le  w i t h  c u r r e n t  concepts  

and practices f o r  LMTBR c e l l  l i n e r s .  A n  assessment  of t h e  proposed 

c r i te r ia  w i t h  r ega rd  t o  LMFBR c e l l  l i n e r  a p p l i c a t i o n s  i s  needed t o  i d e n t i f y  

areas of c o n f l i c t ,  i nadequa te  g u i d e l i n e s ,  and l a c k  of  acceptance  c r i t e r i a .  

The r e s u l t s  of such a s tudy  would i d e n t i f y  areas o f  r e s e a r c h  and develop- 

ment necessa ry  t o  p rov ide  t h e  a d d i t i o n a l  d a t a  and would s e r v e  as t h e  b a s i s  

f o r  i n i t i a t i n g  r e v i s i o n  and/or  m o d i f i c a t i o n  of t h e  proposed code, '' 
The above d i s c u s s e d  needs sugges t  t h a t  an  i n t e g r a t e d  r e s e a r c h  and 

development program can,  if s u c c e s s f u l l y  concluded,  r e s o l v e  t h e  u n c e r t a i n t i e s  

and p rov ide  t h e  b a s i s  f o r  i n c r e a s e d  conf idence  i n  t h e  a b i l i t y  of LMFBR c e l l  

l i n e r s  t o  perform as des igned .  

as fo l lows .  

Such a program might be l o g i c a l l y  s t r u c t u r e d  

Task 1 - Program Planninp. and Analys is  

Th i s  t a s k  would p rov ide  f o r  p l ann ing ,  management, d i r e c t i o n ,  a n a l y s i s ,  

and c o o r d i n a t i o n  of t h e  v a r i o u s  a c t i v i t i e s  under  i n v e s t i g a t i o n .  Repor t ing ,  

s chedu l ing ,  scope of  i n v e s t i g a t i o n ,  and o t h e r  manager ia l  f u n c t i o n s  a l s o  

would be  a s s igned  t o  t h i s  t a s k .  

Task 2 - C e l l  L i n e r  Design S t u d i e s  

Th i s  t a s k  would s t u d y  and e v a l u a t e  i n  d e t a i l  e x i s t i n g  and new l i n e r  

des ign  concepts .  I t  i s  b e l i e v e d  t h a t  problem areas, d e f i c i e n c i e s  i n  
a n a l y t i c a l  m d e l s ,  l a c k  of i n p u t  des ign  d a t a ,  f a i l u r e  c r i t e r i a ,  h e a t  

t r a n s f e r  d i f f i c u l t i e s ,  e tc . ,  w i l l  become more r e a d i l y  appa ren t  and s u b j e c t  

t o  b e t t e r  d e f i n i t i o n  through r e a l i s t i c  des ign  s t u d i e s .  R e s u l t s  of t h e s e  

s t u d i e s  would p rov ide  i n p u t  and guidance t o  t h e  o t h e r  t a s k  areas. 

Task 3 - Eva lua t ion  of Concre tes  and Concre te  S t r u c t u r e s  

S ince  t h e  behav io r  of the s t ee l  l i n e r  i s  i n t i m a t e l y  r e l a t e d  t o  t h e  

massive c o n c r e t e  s t r u c t u r e ,  liner a n a l y s i s  must i n c l u d e  t h e  i n f l u e n c e  of 

t h e  s t r u c t u r e .  Th i s  t a s k  would i n v e s t i g a t e  t h e s e  a s p e c t s  as w e l l  as 

p r o p e r t i e s  and performance of c o n c r e t e  under  sho r t - t e rm h igh- tempera ture  
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c o n d i t i o n s .  S p e c i a l  c o n c r e t e  t y p e s ,  such as shiel-di-ng, h igh- tempera ture  

i n s u l a t i n g ,  and f i b e r  r e i n f o r c e d ,  would b e  i n c l u d e d  a s  needed. Both 

exper imenta l  and a n a l y t i c a l  i n v e s t i g a t i o n s  are envis ioned  f o r  t h i s  t a s k .  

Task 4 - E v a l u a t i o n  of A n a l y t i c a s  Models -. - -____. 

A number of models and computer programs are c u r r e n t l y  used by a r c h i t e c t -  

e n g i n e e m  t o  des ign  c e l l  and containment vessel l i n e r s .  This  t a s k  would 

e v a l u a t e  s e l e c t e d  models i.n view o f  t h e  t e s t  r e s u l t s  o b t a i n e d  under Task 5. 

S i m i l a r l y ,  m o d i f i c a t i o n s  and/or  development of new models t o  improve t h e  

a b i l i t y  t o  p r e d i c t  t h e  b e h a v i o r  of c e l l  l i n e r s  under p o s t u l a t e d  a c c i d e n t  

c o n d i t i o n s  would be inc luded .  

Task 5 - Experimental  Model T e s t a  -- - -- 

D i r e c t i o n  and eva1.uat.ion of the a n a l y t i c a l  s t u d i e s  , of n e c e s s i t y ,  depend 

h e a v i l y  on t h e  r e s u l t s  of an e x p e r i m e n t a l  t es t  program. Initial.1.y , r e S a t i v s l y  

s imple  s p i l l  tests should  b e  performed on instrumenced models t h a t  s i m u l a t e  

f l o o r  c o n d i t i o n s  i n  a l i n e d  cell. t o  o b t a i n  an i n d i c a t i o n  of t h e  s e v e r i t y  

of the problem and the t y p e s  of f a i l u r e  l i k e l y  to occur .  Subsequent ly ,  

tests shou1.d h e  conducted t o  o b t a i n  b a s i c  d e s i g n  d a t a  needed as i n p u t  t o  

t h e  a n d y t i c a l  models. F i n a l l y ,  i t  may b e  d e s i - r a b l e  (or necessary) t o  

tes t  s m a l l  modeled ce l l s  s o  t h a t  d a t a  can b e  o b t a i n e d  f o r  eva lua t - ing  and 

va l ida 'c ing  t h e  a n a l y t i c a l  models used i.n t h e  des ign .  Such a tes t  would 

a l s o  s e r v e  as a proof  o f  concept  t o  demonst ra te  t h e  a b i l i t y  of t h e  l i n e r  

t o  remain l e a k - t i g h t  under s i m u l a t e d  a c c i d e n t  condi- t ions.  The test program 

would b e  expected t o  i n c l u d e  tests w i t h  sodium s p r a y s ,  j e t s ,  and massive 

s p i l l s  w i t h  and w i t h o u t  chemical  r e a c t i o n s .  

Task 6 - M e t a l l u r g i c a l  Studi.es _I-..- - 
'This t a s k  would b e  devoted t o  b a s i c  s t u d i e s  r e l a t e d  t o  f r a c t u r e  

mechanics and f a i l u r e  c r i t e r i a  of l i n e r  p l a t e  materials (welded and unwelded) 

under m u l t i a x i a l ,  compressive stress c o n d i t i o n s .  
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Task 7 - Chemical Reac t ions  and Modeling 

T h i s  t a s k  would p r o v i d e  b a s i c  r e a c t i o n  k i n e t i c s  d a t a  as needed ( t o  

supplement e x i s t i n g  programs) t o  permi t  r ea l i s t i c  d e f i n i t i o n  of d e s i g n  

cr i ter ia .  

w o u l d  be  i n c l u d e d .  

M o d i f i c a t i o n  and/or  improvement of e x i s t i n g  models and programs 

Task 8 - A p p l i c a t i o n  of Proposed Code t o  LMFBR C e l l  L i n e r s  

T h i s  t a s k  would assess t h e  a p p l i c a b i l i t y  of t h e  proposed s t r u c t u r a l  

d e s i g n  code t o  LMFBK c e l l  l i n e r  d e s i g n ,  

inadequacy of g u i d e l i n e s ,  and a c c e p t a n c e  cr i ter ia  would be i d e n t i f i e d .  The 

r e s u l t s  would b e  w e d  t o  i n i t i a t e  r e s e a r c h  and development needed t o  p r o v i d e  

a r a t i o n a l  and a c c e p t a b l e  set  o f  code c r i t e r i a  and t o  i n i t i a t e  r e v i s i o n  

and/or m o d i f i c a t i o n  of t h e  code t o  make i t  compat ib le  w i t h  c u r r e n t  LWEK 

cell l i n e r  d e s i g n  concepts  and p r a c t i c e s .  

Areas o f  c o n f l i c t ,  l a c k  of o r  

The i n d i c a t e d  t a s k s  p r e s e n t  a t o p i c a l  o u t l i n e  of how a r e s e a r c h  and 

development program might b e  l o g i c a l l y  formula ted .  Obviously,  t h e  details 

and scope  of such a program r e q u i r e  f a r  more d e f i n i t i o n  t h a n  h a s  been 

g i v e n  i n  t h i s  b r i e f  d i s c u s s i o n .  
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Paper  H 6 1 3 .  
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tempera ture  i n  p r e s t r e s s e d  c o n c r e t e  s t r u c t u r e s .  A l so ,  under  a s u s t a i n e d  
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v o l v e  n e a r  i n s t a n t a n e o u s  rates o f  energy  release t o  t h e  containment  volume, 
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