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PCRV DESIGN AND PRESSURE LIMITS FOR GCFR* 

G. .S. Chow and D. C. A. Koopman 
Ceneral Atomic Company 
San Diego, California 

ABSTRACT 

This paper presents a review of PCRV design with special emphasis on 

pressure limitations for large GCFRs. Disc.i~ssion on major factors affecting 

PCRV design includes tendon layout requirements; location and arrangement 

of major components, especially the steam generators, auxiliary heat 

exchangers, and main and auxiliary circulators; and the balance-of-plant 

interface requirements. 

Joint PCRV and containment design efforts are required to evaluate 

the impact of the horizontal circulator cavity on the PCRV design pressure 

limitation. Without major departure from current design practice and'the 

benefit of detailed assessment of limiting factors, operating pressures up 

to 120 bars are found technically feasible. 

INTRODUCTION 

The use of prestressed concrete for pressure vessels is well established. 

Prestressed concrete reactor vessels (PCRVs) have accumulated over 80 reacror- 

years of successful operating experience in gas-cooled nuclear power plants 

in England and France. More recently, the PCRV has been applied at Fort St. 

Vrain as the primary containment for the high-temperature gas-cooled reactor 

(HTGR) system. This has been followed ' by development of the multicavity 

vessel concept. A major safety advantage of the multicavity PCRV is that 

the entire primary system and a portion of the secondary coolant system o1 
.. the GCFR plant can be contained in a single vessel with the inherent safety 

characteristics of prestressed concrete designs. The following discussions 

*Work supported by the Department of Energy, Contract DE-AT03-76SF71023. 
. . 
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summarize t h e  d e s i g n  c o n s i d e r a t i o n s  o f  t h e  m u l t i c ' a v i t y  v e s s e l s  f o r  a GCFR 

p l a n t ,  w i t h  s p e c i a l  emphasis on impor tan t  f a c t o r s  govern ing  t h e  PCRV 

d e s i g n  and p r e s s u r e  l i m i t s .  

PCRV DESIGN CRITERIA 

The s t r u c t u r a l  r esponse  of a  p r o p e r l y  p r o p o r t i o n e d  PCRV t o  i n c r e a s i n g  

c a v i t y  p r e s s u r e  can  be  c a t e g o r i z e d  i n t o  t h r e e  reg imes ,  as shown i n  F i g .  1 .  

Regime I is  c h a r a c t e r i z e d . b y  e s s e n t i a l l y  l i n e a r  e l a s t i c  r e s p o n s e  t o  s h o r t -  
I 

term p r e s s u r e  changes i n  t h e  o p e r a t i n g  range.  I n  Regime 11, n o n l i n e a r  

behav ior  i n d i c a t e s  t h e  o n s e t  of c o n c r e t e  c r a c k i n g .  Load-deformation 

response  of t h e  PCRV i s  e l a s t i c  and r e v e r s i b l e  upon un load ing .  . P r o g r e s s i v e  

c o n c r e t e  c r a c k i n g  and y i e l d i n g  of s t e e l  e lements  occur  i n  Regime 111. 

The PCRV d e s i g n  is  r e q u i r e d  t o  s a t i s f y  two b a s i c  p e r f o r m a n c e - c r i t e r i a  

i n  s e r v i c e a b i l i t y  and s a f e t y  throughout  i t s  d e s i g n  l i f e .  F i r s t ,  t h e  PCRV 

must be  des igned  t o  have e l a s t i c  r c s p o n s e s  t o  o p e r a t i n g  p r e s s u r e s .  Due 

c o n s i d e r a t i o n  i n  d e s i g n  i s  g iven  t o  t i m e -  and temperature-dependent  s t r u c -  

t u r a l  e f f o r t s ,  i n c l u d i n g  c o n c r e t e  c r e e p  and s h r i n k a g e , a n d  s t e e l  r e l a x a t i o n .  

Secondly,  t h e  PCRV d e s i g n  is r e q u i r e d  t o  demons t ra te  i t s  s t r u c t u r a l  i n t e g -  

r i t y  a g a i n s t  f a i l u r e  f o r  a p o s t u l a t e d  o v e r p r e s s u r e  c o n d i t i o n .  Even though 

p r e s s u r i z a t i o n  of t h e  PCRV beyond t h e  p r e s s u r e  r e l i e f  l e v e l  is  c o n s i d e r e d  

i n c o n c e i v a b l e ,  t h e  PCRV must show an  u l t i m a t e  l o a d  c a p a c i t y  of a t  l e a s t  

t w i c e  t h e  maximum c a v l L y  p r e s s u r e  as  a mcnsure of the r e s e r v e  s t r e n g t h  

d u r i n g  ,normal o p e r a t i o n .  The v e s s e l  i s  p r o p o r t i o n e d  such  t h a t  a s  i t s  

u l t i m a t e  s t r u c t u r a l  c a p a c i t y  i s  approached,  t h e  PCRV r e s p o n s e  shou ld  be  

g r a d u a l ,  o b s e r v a b l e ,  and p r e d i c t a b l e .  Var ious  l o a d  c a t e g o r i e s  and l o a d  

combinat ions  are c o n s i d e r e d  i n  t h e  PCRV d e s i g n .  To e n s u r e  t h a t  t h e  s t r u c -  

t u r a l  performance requ i rements  are m e t ,  t h e  PCRV i s  des igned  t o  meer t h e  
'I 

s t r e s s l s t r e n g t h  limits s p e c i f i c d  i n  t h e  ASME Code, S e c t i o n  III, D i v i s i o n  2. 

. . FACTORS GOVERNING PCRVDESIGN 

. . . ,  Apart  from t h e  s t r ~ ~ c t u r a l  performance r e q u i r e m e n t s ,  major  f a c t o r s  
. . 

a f f e c t i n g  PCRV d e s i g n  i n c l u d e  l o o p  a r rangement ,  component s i z e  and l o c a t i o n ,  



and tendon l a y o u t .  A  t y p i c a l  n u c l e a r  s t eam supply  (NSS).system l a y o u t  f o r  

t h e  th ree - loop  300-MW(e) GCFR p l a n t  is  shown i n  F i g .  2. 'The PCRV l a y o u t  

i n c o r p o r a t e s  t h r e e  steam g e n e r a t o r  and a u x i l i a r y  h e a t  exchanger  c a v i t i e s  

a r r a n g e d  symmet r ica l ly  around t h e  c e n t r a l  c o r e  c a v i t y ,  a s  i l l u s t r a t e d  i n  

F ig .  3.  A similar arrangement i s  employed f o r  t h e  s i x - l o o p  p l a n t .  Recent  

gas-cooled r e a c t o r  d e s i g n s ,  where a p p l i c a b l e ,  have used asymmet r ica l  l a y o u t s  

t o  a c h i e v e  s i z e  r e d u c t i o n s  f o r  t h e  PCRV and conta inment  b u i l d i n g .  Asymmetric 

arrangements  a l s o  p r o v i d e  c o s t  and s a f e t y  advan tages  i n  g roup ing  s team 

g e n e r a t o r s  and t h e i r  a s s o c i a t e d  p i p i n g  c l o s e r  t o g e t h e r  and away from t h e  

s a f e t y - c l a s s  p i p i n g  f o r  t h e  a u x i l i a r y . h e a t  exchangers .  When t h e  number of 

main l o o p s  p e r m i t s ,  t h e  c o r e  c a v i t y  i s  o f f s e t  from t h e  geomet r ic  c e n t e r  o f  

t h e  PCRV f o r  b e t t e r  s p a c e  u t i l i z a t i o n ,  a s  demonstra ted i n  t h e  PCRV l a y o u t  

f o r  t h e  two-loop p l a n t  (F ig .  3 ) .  

For t h e  GCFR d e s i g n s ,  a  major  d e s i g n  c o n s i d e r a t i o n  i s  t h e  i n c l u s i o n  

o f  h o r i z o n t a l  c a v i t i e s  f o r  main c i r c u l a t o r s . i n  t h e  PCRV. The l o c a t i o n  o f  

l a r g e ,  h o r i z o n t a l  c i r c u l a t o r  c a v i t i e s  i n  t h e  PCRV bottom head p r e c l u d e s  

t h e  u s e  of c i r c u m f e r e n t i a l  wire-winding on t h e  lower p o r t i o n  of t h e  PCRV. 

The r e q u i r e d  p r e s t r e s s i n g  i n  t h i s  r e g i o n  is provided by l i n e a r  tendons.  

The r e s u l t i n g  tendon l a y o u t  f o r  t h e  h o r i z o n t a l  c i r c u l a t o r  zone h a s  a  

s i g n i f i c a n t  impact  on t h e  PCRV s i z i n g .  Other  PCRV d e s i g n  a s p e c t s  i n v o l v e  

t h e  PCRV s u p p o r t  sys tem,  suppor t / con ta inment  mat i n t e r f a c e ,  and balance-  

o f - p l a n t  (BOP) requ i rements .  

PCRV ANALYSIS 

A n a l y s i s  of t h e  PCRV i s  performed t o  demons t ra te  t h a t  t h e  v e s s e l  i s  

des igned  f o r  s e r v i c e  c o n d i t i o n s  s t i p u l a t e d  i n  t h e  d e s i g n  s p e c i f i c a t i o n  by 

m a i n t a i n i n g  t h e  l e v e l s  of s t r e s s ,  s t r a i n ,  and deformat ions  t o  l i m i t s  t h a t  

cncure  an  e s s e n t i a l l y  e l a s t i c  r e s p o n s e  under  n o r ~ a l  s e r v i c e  l i f e .  The 

e l a s t i c  stress a n a l y s i s ,  i n c l u d i n g  t e m p e r a t u r e  e f f e c t s ,  i s  performed a t  

General  Atomic (GA) u s i n g  three-dimensional  f i n i t e  e lement  computer c o d e s .  

Invoking t h e  c o n d i t i o n s  o f  symmetry, o n l y  o n e - s - b t h  of t h e  PCRV is  con- 

s i d e r e d  i n  t h e  a n a l y s i s .  The f i n i t e  e lement  model i s  d e p i c t e d  i n  F i g .  4 .  



The model r e p r e s e n t s  a  60-degree s e c t o r  of t h e  PCRV which is  bounded by t h e  

v e r t i c a l  p l a n e s  through t h e  c e n t e r s  of t h e  ~ t e a m . ~ e n e r a . t o r  c a v i t y  and t h e  

a u x i l i a r y  h e a t  exchanger c a v i t y  ( F i g .  2 ) .  The 20-node i s o p a r a m e t r i c  b r i c k  

e lements  a r e  used t o  model t h e  PCRV c o n c r e t e ,  w h i l e  8-node membrane e lements  

a r e  used f o r  s t e e l  p e n e t r a t i o n  l i n e r s .  

For s i m p l i c i t y ,  o n l y  major c a v i t i e s ,  namely, t h e  r e a c t o r  c o r e  c a v i t y ,  

steam g e n e r a t o r  c a v i t y ,  a u x i l i a r y  c i r c u l a t o r  c a v i t y ,  h o r i z o n t a l  main 

c i r c u l a t o r  c a v i t y ,  and t h e  c r o s s  d u c t s ,  a r e  modeled. The PCRV s u p p o r t  

p e d e s t a l  and conta inment  mat a r e  i n c l u d e d  i n  t h e  f i n i t e  e lement  model. 

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

c a v i t y  p r e s s u r e ,  and normal o p e r a t i n g  t e m p e r a t u r e s .  Based on GA e x p e r i -  

e n c e ,  t h e  l o a d i n g  combinat ions  f o r  i n i t i a l  p r e s t r e s s i n g  and normal o p e r a t i n g  

c o n d i t i o n s  a r e  c o n s i d e r e d  c r i t i c a l  i n  PCRV s i z i n g .  S t r e s s  c o n t o u r s  a c r o s s  

t h e  v e r t i c a l  s e c t i o n  of t h e  PCRV through t h e  s team g e n e r a t o r  and c o r e  

c a v i t i e s  f o r  t h e  c r i t i c a l  l o a d i n g  c o n d i t i o n s  a r e  p r e s e n t e d  i n  F i g s .  5 and 

6. F i g u r e s  7 and 8  show t h e  s t r e s s  c o n t o u r s  i n  a  h o r i z o n t a l  s e c t i o n  a t  

midheight  of t h e  PCRV b a r r e l .  A s  can be s e e n  from t h e  s t r e s s  c o n t o u r s ,  

t h e  PCRV has  been c o n s e r v a t i v e l y  s i z e d  f o r  a  9 . 3  MPa (93-bar) o p e r a t i n g  

p r e s s u r e .  

The o v e r a l l  s t r e s s  p a t t e r n s  i n  t h e  PCRV a r e  r e p r e s e n t a t i v e  of t h e  

a n t i c i p a t e d  PCRV s t r u c t u r a l  r esponse .  The s t r e s s  r e s u l t s  i n d i c a t e  t h a t  

c o n c r e t e  compress ive  s t r e s s e s  i n  t h e  i n n e r  l igament  and t e n s i l e  s t r e s s e s  

i n  t h e  o u t e r  l igament  a r e  t h e  c r i t i c a l  d e s i g n  c o n d i t i o n s .  The s t r e s s  con- 

t o u r s  show s t r e s s  c o n c e n t r a t i o n s  on t h e  j u n c t i o n  of v e r t i c a l  steam 

g e n e r a t o r  and h o r i z o n t a l  c i r c u l a t o r  c a v i t i e s .  Loca l  h i g h  c o n c r e t e  

s t r e s s e s  a r e  c o n s i d e r e d  a c c e p t a b l e  s i n c e  t h e y  a r e  n o t  d e t r i m e n t a l  t o  t h e  

long-term behav ior  and s a f e  p ~ r f n r m a n r . ~  n f  t h e  vessel. The s t r e s s  r e s u l t s  

have e s t a b l i s h e d  t h e  f e a s i b i l i t y  of l o c a t i n g  t h e  h o r i z o n t a l  c i r c u l a t o r  

c a v i t y  i n  t h e  PCRV bot tom'head .  



PRESSURE LIMITATION 

Theoretically, the design pressure of the PCRV can.be as high as the 

allowable compressive stresses in the concrete. ,This implies that for a 

concrete compressive strength of 44.8 MPa (6500 psi), the operating 

pressure of the vessel could be of the order of 20 MPa (200 bars) if no 

account is given to practical and economic considerations. In Fig. 9, 

a general trend of the relation between operating pressures and PCRV 

diameters has been established on the basis of overall PCRV stress and 

layout requirements. For high operating pressures, the penetration llners 

and closures, the complexity of structural geometry, and the effectiveness 

of prestressing have significant influences on the- PCRV design pressure 

limits. Limitation of operating pressures for the concrete core c.avity 

closure and penetrations is governed by the ligament stresses. One 

potential design problem involves the introduction of the horizontal 

circulator cavity into the PCRV bottom head. Prestressing forces required 

to counteract the high pressures in the horizontal circulator cavity may 

cause unacceptable tensile st.r'esses in the containment mat. Joint PCRV 

and containment design efforts will be required to evaluate the impact of 

the horizontal circulator cavity on the PCRV design pressure limitation. 

Without major departure from current design practice and without the 

benefit of detailed assessment of limiting factors, operating pressures 

up to 12 MPa (120 bars) are found technically feasible. 
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Fig. 1 .  PCRV s tructural  response t o  increasing cavity pressure 



Fig. 2. 300-MW(e) GCFR nuclear steam supply ayatem 



Fig, 3. Summary of GCFR PCRVs with upflow core (top exhaust steam generator) 



Fig.  4 ,  GCFR PCRV model with horizontal circulator 
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Fig ,  5. PCRV stress contours  due t o  i n i t i a l  p r e s t r e s s  cond i t i on  
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F i g .  6. PCRV s t r e s s  contours due t o  normal opera t ing  condi t ion  
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Fig. 7 .  S t r e s s  con tours  a t  PCRV mid-height due t o  i n i t i a l  p r e s t r e s s  c o n d i t i o n  
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Fig.  8. S t r e s s  con tours  a t  PCRV mid-height due t o  normal o p e r a t i n g  c o n d i t i o n  



PCRV DIAMETER (M) 

Fig.  9. PCRV f c r  GCFR w i t h  upflow c o r e  ( t o p  exhaus t  steam g e n e r a t o r )  
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