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PREFACE 

This  volume i s  a compilat ion of t e c h n i c a l  papers  and d i s c u s s i o n  of t h e s e  
papers  presented  a t  t h e  A p r i l ,  1968 Nat iona l  Topica l  Meeting on Fas t  Reactor  
Systems, Materials and Components, This  meeting was hos ted  by t h e  Southwestern 
Ohio Sec t ion  of t h e  American Nuclear Socie ty .  

Five s e s s i o n  t o p i c s  were i d e n t i f i e d  by t h e  program committee f o r  t h i s  
meeting : 

1. Appl ica t ions  f o r  Fas t  Reactor  Systems 
2 .  System Requirements f o r  Fas t  Reactors  
3 .  M a t e r i a l s  f o r  Fas t  Reactors  
4 .  Components f o r  F a s t  Reactor Systems 
5. Panel  Discussion:  Review of Problem Areas 

D r .  F.G. Foote d i d  no t  submit a paper  f o r  p u b l i c a t i o n ,  and i t  has been 
omit ted from t h i s  volume. Three a d d i t i o n a l  p r e s e n t a t i o n s  have been omit ted 
from t h i s  volume; they  are: 

D r .  Hoke S.  Greene, Vice P r e s i d e n t  of Research, U n i v e r s i t y  of  C i n c i n n a t i ,  
p resented  comments a t  t h e  opening of  t h e  meeting regard ing  t h e  r e c e n t  changes 
i n  t h e  select ive service deferment r e g u l a t i o n s  f o r  graduate  school  s t u d e n t s  and 
t h e  e f f e c t s  of t h e s e  changes on both graduate  schools  and s c i e n t i f i c  and engi- 
neer ing  programs such as t h e  LMFBR. 

The Honorable W i l l i a m  M. McCulloch, Representa t ive  t o  Congress,  4 t h  D i s t r i c t  
of Ohio and Member, J o i n t  Committee on Atomic Energy, d e l i v e r e d  t h e  banquet 
address .  This  address  has been p r i n t e d  i n  Nuclear News, Vol. 11, No. 5, May, 
1968, and i s  no t  inc luded  i n  t h i s  volume. 

Walter J. McCarthy, A s s i s t a n t  General  Manager, Power Reactor  Development 
Company d e l i v e r e d  a luncheon address  e n t i t l e d  “The Slow Progress  of Fas t  Breeders ,”  
and a t  h i s  r e q u e s t ,  h i s  comments a r e  n o t  included i n  t h i s  volume. 

The coopera t ion  of t h e  AEC, Div is ion  of Technica l  Information Extension 
(DTIE), i n  p a r t i c u l a r  James D .  Cape, A s s i s t a n t  Extension Manager f o r  Science 
Communication, i n  publ i sh ing  t h e  proceedings of t h e  conference i s  g r a t e f u l l y  
acknowledged. 

Our s i n c e r e  thanks a l s o  t o  Mrs. Eva J .  Weber, s e c r e t a r y  of General  E lec t r ic  
Nuclear Systems Program Reactor Engineer ing,  f o r  h e r  a s s i s t a n c e  i n  many d e t a i l s  
p r i o r  t o  and dur ing  t h e  meeting and f o r  t r a n s c r i b i n g  t h e  d i s c u s s i o n s .  

S p e c i a l  a p p r e c i a t i o n  i s  due t o  D r .  Robert VanHouten and Char les  S .  Robertson, Jr. 
who served  as Meeting Chairman and Program Chairman, r e s p e c t i v e l y ,  and t o  t h e  
s e s s i o n  chairmen, l o c a l  c o o r d i n a t o r s ,  a u t h o r s  and p a r t i c i p a n t s  who provided t h e  
informat ion  compiled i n  t h i s  volume. 
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The au thors  were r e s p o n s i b l e  f o r  e d i t i n g  t h e i r  i n d i v i d u a l  papers ,  and w e  
e d i t e d  t h e  d i s c u s s i o n  without  o b t a i n i n g  approval  o f  t h e  p a r t i c i p a n t s .  A s  edi -  
t o r s ,  w e  a t tempted t o  p r e s e r v e  t h e  informal  atmosphere of t h e  s e s s i o n s ,  however, 
i n  some i n s t a n c e s  e d i t o r i a l  changes were nade f o r  c l a r i t y  o r  t o  remove comments 
or' minor im2ortance. To t h o s e  a t t e n d e e s  and p a r t i c i p a n t s  who f i n d  t h e i r  com- 
ments d e l e t e d ,  shor tened ,  u n i n t e n t i o n a l l y  changed i n  meaning, o r  could have 
been expressed more c l e a r l y ,  w e  o f f e r  our  apologies  f o r  our  e d i t o r i a l  changes. 

W.E. Niemuth 
J.F. Weissenberg 

E d i t o r s  
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T- . ---. - 
L.W. F r o m ,  J.P. S w e l b a c h ,  D.E. L u t z ,  and D . H .  Thompson 

Reector Engineer ing Div is ion  
Argonne Nat iona l  L e b o r a t o q  

Pxgonne, I l l i n o i s  

The A E C  program f o r  Liquid Metal F a s t  Breeder Reactor ( L N F B R )  development i s  
besed upon a d i v i s i o n  of  r e s p o n s i b i l i t y  between goverment  and i n d u s t r y .  The gov- 
ernment 's  r e s p o n s i b i l i t y  i s  t o  develop t h e  technology t o  support  t h e  des ign ,  con- 
s t r u c t i o n  and successf 'u l  oge ra t ion  of p r a c t i c a l  LWlT3R power p l a n t s ,  whereas indus- 
t r y ' s  r e s p o n s i b i l i t y  i s  t o  c o n s t r u c t ,  i n i t i a l l y ,  demonstrat ion p l a n t s  (wi th  some 
government s u p p o r t s ) ,  and l a t e r  t h e  cormerc ie l  p l a n t s  which a r e  t h e  " t a r g e t "  p l a n t s  
of t h e  LMFBR development p r o g r m .  These comaerciai  g l a n t s  must be s a f e ,  economic, 
and compet i t ive  w i t h  f o s s i l  ena thermal  r e a c t o r  power p l a n t s  of t h e  pe r iod .  

One of t h e  f i r s t  s t e p s  r equ i r ed  i n  izplementing t h i s  p o l i c y  i s  t o  d e f i n e  t h e  
technology t o  be developed, through e s e r i e s  of s t u d i e s  of p o t e n t i a l  " t a r g e t "  p l a n t s .  
This  i s  one o f  t h e  main goa ls  of t h e  A X  UGBR P lan t  Study program. The s p e c i f i c  
o b j e c t i v e s  of  t h i s  program a r e :  

1. To develop an understanding of t h e  over-a11 t e c h n i c a l  and economic as- 
p e c t s  of l a r g e  LiGBR p l a n t s .  

2 .  To d e f i n e  f h n c t i o n a l  requirements  f o r  p l a n t  systems and components. 

3. To i d e n t i f y  r e sea rch  and development requirements  and t o  a s s e s s  t h e i r  

4 .  To provide bases  fo r  m e a n i n g a l  comparisons of a l t e r n a t i v e  des ign  

5. To i n c r e a s e  t h e  n a t i o n a l  caDab i l i t y  f o r  des ign ,  c o n s t r u c t i o n  and oper- 

r e l a t i v e  va lue  t o  t h e  ove r -a l l  program. 

approaches.  

a t i o n  o f  LMFBR p l a n t s ,  by Dromoting i n d u s t r i a l  p a r t i c i p a t i o n  i n  t h e  
development program. 

The W B R  P l a n t  Study program i s  a s e r i e s  o f  i n v e s t i g a t i o n s  of " t a r g e t "  p l a n t s ,  
i n i t i a l l y  broad i n  scope,  bu t  l a t e r  narrowing t o  s p e c i f i c  problem a r e a s  r e q u i r i n g  
d e t a i l e d  a t t e n t i o n .  The 1000 MGJe I X F B R  Follow-on S tud ie s  r e p r e s e n t  t h e  i n i t i a l ,  
broad phase of t h i s  program. 

The h i s t o r y  of t h e  Follow-on Study program goes back t o  an e a r l y  group o f  
i n v e s t i g a t i o n s 1  conducted i n  1963-64 by four c o n t r a c t o r s  - A l l i s  Chalmers (wi th  
p a r t i c i p a t i o n  by Atomic Power Development Assoc ia tes  and t h e  Babcock and Wilcox 
Company), Combustion Engineer ing,  Inc . ,  General  E l e c t r i c  Company, and Westinghouse 
E l e c t r i c  Corporat ion.  The o b j e c t i v e  of  t h e s e  s t u d i e s  w a s  t o  o b t a i n  conceptua l  de- 
s i g n s  f o r  a sodium cooled f a s t  b reeder  r e a c t o r  s u i t a b l e  f o r  a 1000 MWe power p l a n t .  
The s t u d i e s  were l i m i t e d  t o  t h e  c o r e ,  i nc lud ing  geometry, phys ics  and thermal  
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a c h a r a c t e r i s t i c s ,  and materials; t h e  r e a c t o r  v e s s e l ;  co re  in s t rumen ta t ion ;  c o n t r o l  
and s a f e t y  systems; and f u e l  handl ing  mechanisms. The s t u d i e s  r e s u l t e d  i n  t h e  
d e f i n i t i o n  of four  q u i t e  d i f f e r e n t  r e a c t o r  c o r e s ,  a l l  of which were cons idered  
f e a s i b l e  f o r  t h e  a p p l i c a t i o n .  The d i v e r s i t y  o f  des igns  i n d i c a t e d  t h a t  a number 
of  approaches might be used i n  reaching  t h e  even tua l  des ign  goa l .  

The c u r r e n t  s t u d i e s  a r e  a "follow-on" of t h e  e a r l i e r  i n v e s t i g a t i o n s ,  wi th  
t h e  scopes of work expanded t o  encompass t h e  t o t a l  p l a n t  concept ,  and with t h e  
o b j e c t i v e s  r e d i r e c t e d  t o  emphasize r e sea rch  and development a s p e c t s .  However, 
t h e  expanded s t u d i e s  need not  n e c e s s a r i l y  be based upon t h e  co res  developed i n  
t h e  e a r l i e r  work. The primary o b j e c t i v e s  of t h e  program a l l  concern i d e n t i f i -  
c a t i o n  o f  r e sea rch  and development programs needed, and assessment of  t h e i r  
r e l a t i v e  value.  The o b j e c t i v e s  a r e  met through development of ove r -a l l  p l a n t  
des ign  concepts ,  opt imized through d e t a i l e d  t r ade -o f f  eva lua t ions  and paramet r ic  
s t u d i e s .  

- 

The s p e c i f i c  primary o b j e c t i v e s  o f  t h e  Follow-on S tud ie s  a r e :  

1. To i d e n t i f y  new informat ion  needed beyond c u r r e n t  technology t o  per-  
m i t  s u c c e s s f u l  des ign ,  c o n s t r u c t i o n  and ope ra t ion  of  t h e  indus t ry-  
favored r e fe rence  conceptua l  designs.  

To formulate  a r e sea rch  and development program requ i r ed  beyond ex is -  
ting programs (including redirection of existing programs where nec- 
e s s a r y )  t o  o b t a i n  t h e  new informat ion  so  i d e n t i f i e d .  

2 .  

3. To e s t ima te  t h e  p r o b a b i l i t y  of  s u c c e s s f u l  achievement i n  each of t h e  
a r e a s  comprising t h e  r e sea rch  and development program s o  formulated,  
and t o  a s s e s s  t h e  e f f e c t  on t h e  va r ious  elements of  power c o s t  of non- 
a t t a inmen t ,  or only  p a r t i a l  a t ta inment  o f  t h e  goa l s  i n  each a rea .  

To a s s e s s  t h e  r e l a t i v e  va lue  of performing t h e  s p e c i f i e d  r e sea rch  and 
development i n  each area,  i n  terms of sav ings  a t t a i n a b l e  i n  t h e  va r ious  
elements  of  power c o s t  i n  comparison w i t h  r e sea rch  and development c o s t s .  

4. 

The secondary o b j e c t i v e s  a r e :  

1. To encourage t h e  development of  o r i g i n a l  approaches t o  t h e  design of 

2. To ga in  a b e t t e r  unders tanding  of  s a f e t y  problems a t t endan t  i n  t h e  

3. 

l a rge - sca l e  LMFBR power p lan t ; .  

des ign  and ope ra t ion  of  such p l a n t s .  

To supply i n d u s t r y  wi th  up-to-date e s t ima tes  of f u t u r e  LMFBR system 
f u n c t i o n a l  requirements  which w i l l  d i c t a t e  t h e  des ign  of components 
and s p e c i f i c a t i o n  of m a t e r i a l s  f o r  such p l a n t s .  

To provide  AEC wi th  informat ion  t o  a i d  i n  t h e  cont inuing  formula t ion  
of  t h e  Nat iona l  LMFBR Program Plan.  

4. 

I n  t h e  Follow-on Study program c u r r e n t l y  i n  p rogres s ,  f i v e  i n d u s t r i a l  con- 
t r a c t o r s  a r e  involved ,  a l l  under subcont rac t  t o  Argonne Nat iona l  Laboratory.  
Combustion Engineer ing,  Inc . ,  General  E l e c t r i c  Company, and Westinghouse Elec- 
t r i c  Corporat ion a r e  p a r t i c i p a t i n g  as i n  t h e  e a r l i e r  s t u d i e s .  The Babcock and 
Wilcox Company has  en tered  t o  r e p l a c e  A l l i s  Chalmers, and Atomics I n t e r n a t i o n a l  
has also been added. A l l  of t h e  subcon t rac t s  a r e  based upon t h e  same b a s i c  scope 
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of work, bu t  v a r i a t i o n s  e x i s t  i n  t h e  breadth  of t h e  s t u d i e s  because of v a r i a t i o n s  
i n  f ind ing  a l l o c a t i o n s  made t o  t h e  d i f f e r e n t  c o n t r a c t o r s .  The c o n t r a c t s  inc lude  
fou r  major tasks ,  as fol lows:  

Task I covers  t h e  s e l e c t i o n  by t h e  c o n t r a c t o r  of a b a s i c  r e f e r e n c e  des ign  
concept .  Af t e r  performing pre l iminary  t rade-of f  s t u d i e s  and a n a l y s i s ,  t h e  
c o n t r a c t o r  s e l e c t s  a "company-favored" concept of a p l a n t  which t h e  cont rac-  
t o r  b e l i e v e s  can be mzrketed commercially i n  t h e  per iod  1975 t o  1985, and 
be i n  commercial ope ra t ion  i n  1980 t o  1990. 

Task I1 covers  t h e  more d e t a i l e d  engineer ing  of t h e  r e fe rence  concept .  In  
t h i s  t a s k  t h e  c o n t r a c t o r  conducts engineer ing  s t u d i e s  on t h e  concept us ing  
a system-oriented approach. He then  prepares  a d e t a i l e d  d e s c r i p t i o n  of t h e  
p l a n t ,  i nc lud ing  des ign  requirements  f o r  each of t h e  p r i n c i p a l  systems, 
u s i n g  t h e  AEC-defined "Conceptual System Design Descr ip t ion"  format .  

Task I11 covers  t h e  d e t a i l e d  eva lua t ion  and op t imiza t ion  of  t h e  r e fe rence  
concept .  This  i s  done by performing d e t a i l e d  t rade-of f  eva lua t ions  on var-  
i o u s  p l a n t  f e a t u r e s ,  conduct ing paramet r ic  s t u d i e s  wi th in  t h e  l i m i t s  of  t h e  
des ign  concept ,  and opt imiz ing  t h e  concept i n  accord with t h e  r e s u l t s  of 
t h e  s t u d i e s .  C a p i t a l  and ope ra t ing  c o s t  e s t ima tes  a r e  then  prepared f o r  
t h e  opt imized concept .  

Task IV covers  t h e  d e l i n e a t i o n  of t h e  r e sea rch  and development needed t o  
b r i n g  t h e  optimized r e fe rence  concept t o  commercial f r u i t i o n .  A s  i nd ica -  
t e d  above i n  t h e  primary o b j e c t i v e s  of t h e  program, t h e  new informat ion  
needed i s  f i r s t  i d e n t i f i e d ,  t h e  r e sea rch  and development programs t o  o b t a i n  
t h a t  information a r e  d e l i n e a t e d ,  t h e  p r o b a b i l i t y  of success  f o r  each pro- 
gram i s  e s t ima ted ,  and t h e  e f f e c t  of non-attainment o r  on ly  p a r t i a l  a t t a i n -  
ment of each r e sea rch  and development o b j e c t i v e  i s  a s ses sed  i n  terms of  
e f f e c t s  on t h e  r e fe rence  des ign  and t h e  c o s t  of energy produced by t h e  p l a n t .  

The d e t a i l e d  t r ade -o f f  s t u d i e s  and paramet r ic  s t u d i e s  conducted by t h e  con- 
t r a c t o r s  as p a r t  of s tudy  Task I11 a r e  l i s t e d  i n  Tables  1 and 2. 

The o r i g i n a l  p lan  f o r  conduct ing t h e  follow-on s t u d i e s  c a l l e d  f o r  con- 
c u r r e n t  s t u d i e s  by a l l  of t h e  c o n t r a c t o r s .  However, t h i s  p l an  was upse t  by 
vary ing  d i f f i c u l t i e s  i n  c o n t r a c t  n e g o t i a t i o n ,  and as a r e s u l t  t h e  f i v e  s t u d i e s  
began a t  va r ious  t imes  between October,  1966 and June ,  1967. The Task I work 
has now been completed by a l l  of  t h e  c o n t r a c t o r s ,  and Task I r e p o r t s  have been 
r ece ived  from Babcock and Wilcox and from Combustion Engineering. The r e p o r t s  
from t h e  remaining c o n t r a c t o r s  a r e  expected i n  t h e  next few months. Task I1 
and I11 work by Babcock and Wilcox and Combustion Engineer ing should be com- 
p l e t e d  by t h e  end of June ,  w i th  Atomics I n t e r n a t i o n a l ,  General  E l e c t r i c  and 
Westinghouse completing t h e i r  work on t h e s e  t a s k s  by F a l l  o r  e a r l y  Winter of 
1968. Task IV work should be completed by t h e  c o n t r a c t o r s  a few months a f t e r  
Task 111. The t a s k  r e p o r t s  by t h e  c o n t r a c t o r s  w i l l  be i s sued  p u b l i c l y ,  wi th  
t h e  r e p o r t s  on each t a s k  be ing  r e l e a s e d  s imultaneously a f t e r  completion of a l l  
work on t h a t  t a s k .  

The r o l e  of Argonne Nat iona l  Laboratory i n  t h e  Follow-on Study program, and 
i n  t h e  s e r i e s  of  more d e f i n i t i v e  s t u d i e s  which w i l l  fo l low as p a r t  of t h e  LMFBR 
Plan t  S tud ie s  program, i s  one of c o n t r a c t  nanagement, t e c h n i c a l  review and evalu- 
a t i o n .  A f i n a l  eva lua t ion  r e p o r t  on t h e  Follow-on Study program w i l l  be prepared 
by Argonne a f t e r  a l l  work by t h e  c o n t r a c t o r s  has been concluded. It i s  expected 
a t  t h i s  t ime t h a t  t h i s  r e p o r t  w i l l  be ready f o r  pub l i c  r e l e a s e  e a r l y  i n  t h e  F a l l  
o f  1969. 
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TABLE 1 

Trade-off S tud ie s  

I? Primary System Configurat ion:  

R e f i e l i n g  System Configurat ion:  

Containment P r i n c i p l e :  E n t i r e  b u i l d i n g  E. hot  c e l l  t ype .  

Number of P a r a l l e l  Primary and Secondary Heat T rans fe r  Loops. 

Fue l  Material F l e x i b i l i t y :  

" P O O ~ "  or "pot" t ype  E. loop" o r  "piped" type  
system. 

system. 
Hot c e l l  - vs. under-the-plug or through-the-plug 

Reactor designed f o r  exc lus ive  use  of a s i n g l e  type 
of  f u e l  (e.g.  oxide o r  c a r b i d e )  vs. r e a c t o r  designed f o r  i n i t i a l  u s e  of  one 
t y p e  wi th  a l a t e r  change t o  another  t ype .  

Spent Fuel  Shipping Cask Cooling Medium: 
l i q u i d  metal .  

Fue l  Reprocessing and F a b r i c a t i o n  Location: On-site E. o f f - s i t e .  

Core Type: Modular E. non-modular. 

Reactor S a f e t y  C r i t e r i a :  Design of p l a n t  t o  meet e x i s t i n g  c r i t e r i a  vs. des ign  

Fuel  Venting: Vented - vs. non-vented f u e l .  

Steam Generator  and Superhea ter  Type. 

Steam Cycle P r i n c i p l e :  Non-reheat cyc le  ys-. r ehea t  c y c l e ,  and f o r  t h e  l a t t e r  

Liquid me ta l  - vs.  a i r  or o t h e r  non- 

t o  meet c o n t r a c t o r  s expec ta t ion  of c r i t e r i a  which w i l l  p r e v a i l i n  t h e  1980's. 

case ,  u s e  of  sodium E. o t h e r  media f o r  r ehea t ing .  

TABLE 2 

Par  amet r i c S tud ie s  

Thermal-Hydraulic and Cycle Parameters  

Bulk sodium o u t l e t  temperature .  
Sodium tempera ture  r i se  through core .  
Fue l  s p e c i f i c  power. 
Maximum f u e l  and c l a d  tempera tures .  
In t e rmed ia t e  hea t  exchanger and steam gene ra to r  temperature  d i f f e r e n c e s .  
Turbine i n l e t  steam pres su re  and temperature .  

Core Parameters  

Geometry. 
Fue l  p r o p e r t i e s  - d e n s i t y ,  thermal  conduc t iv i ty ,  d i l u e n t s ,  bond, c l a d  

F i s s i l e  and f e r t i l e  i s o t o p e  p r i c e s .  
Reprocessing and f a b r i c a t i o n  c o s t s .  
Doppler c o e f f i c i e n t .  
Sodium v o i d  c o e f f i c i e n t  s a f e t y  accommodation. 
Refue l ing  i n t e r v a l .  
Doubling t i m e  . 

m a t e r i a l  and th i ckness .  
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Near t h e  conclusion of t h e  1000 MWe Follow-on S t u d i e s ,  t h e  LMFBR P l a n t  S tud ie s  
program w i l l  cont inue  with a d d i t i o n a l  d e f i n i t i v e  i n v e s t i g a t i o n s ,  l a r g e l y  design- 
o r i e n t e d  and based upon t h e  r e fe rence  concepts  developed by t h e  c o n t r a c t o r s  under 
t h e  Follow-on S tud ie s .  The s p e c i f i c  s t u d i e s  t o  be performed a r e  l i s t e d  i n  Table 3,  
i n  p r i o r i t y  groups.  Severa l  p o i n t s  regard ing  t h e  h ighes t  p r i o r i t y  group of s t u d i e s  
a r e  given below. 

P l a n t  S a f e t y  Analysis  

Under t h e s e  s t u d i e s ,  t o  be i n i t i a t e d  i n  June o r  J u l y  of 1968, d e t a i l e d  s a f e t y  
ana lyses  w i l l  be performed on two o r  t h r e e  of t h e  Follow-on c o n t r a c t o r s '  r e f -  
e rence  concepts .  The ana lyses  w i l l  be s imilar  t o  those  normally c a r r i e d  out  
by r e a c t o r  manufacturers  i n  connect ion wi th  an a p p l i c a t i o n  f o r  a c o n s t r u c t i o n  
permi t ,  except  t h a t  t hey  may be l i m i t e d  i n  some a r e a s  by t h e  depth t o  which 
t h e  r e fe rence  concept des ign  has been c a r r i e d .  Pre l iminary  S a f e t y  Analysis  
Reports  w i l l  be w r i t t e n  on t h e  concepts and w i l l  be submit ted t o  t h e  AEC Div- 
i s i o n  of Reactor Licens ing ,  and t o  t h e  Advisory Committee on Reactor  Safe- 
guards (ACRS), f o r  comment. The o b j e c t i v e s  f o r  t h i s  s tudy a r e  t o  provide a 
b e t t e r  understanding of t h e  e f f e c t s  of  s a f e t y  cons ide ra t ions  on p l a n t  des ign ,  
t o  provide  a v e h i c l e  f o r  communication between indus t ry  and t h e  r e g u l a t o r y  
agencies  t o  i d e n t i f y  problems i n  l i c e n s i n g  such p l a n t s  and p l a n  means of 
r e s o l v i n g  those  problems, and t o  permit f i r t h e r  d e f i n i t i o n  of r e sea rch  and 
development requirements .  

De ta i l ed  Pool-Type Primary Systems Study 

This  i s  an in-depth engineer ing  s tudy o f  t h e  "pool" o r  "pot" t ype  primary 
system concept ,  and w i l l  inc lude  such a r e a s  of  d e t a i l  as t h e  des ign  and 
a n a l y s i s  of s t r u c t u r a l  f e a t u r e s ,  methods of  suppor t ,  thermal  d i s t o r t i o n  
e f f e c t s ,  dynamic f o r c e s ,  v i b r a t i o n ,  and seismic problems. The f i r s t  s t a g e  
of t h i s  s tudy ,  a survey of c u r r e n t  s t a t e - o f - t h e - a r t ,  has  a l r eady  been per- 
formed by t h e  Liquid Metals Engineer ing Center  (LMEC). 

De ta i l ed  Loop-Type Primary System Study 

This  s tudy  w i l l  be i d e n t i c a l  t o  t h a t  mentioned immediately above, bu t  w i l l  
c a n s i d e r  t h e  "loop" or  "piped" type  primary system concept.  

Refueling Systems 

This  w i l l  c o n s i s t  of t h r e e  s e p a r a t e  s t u d i e s  on t h e  h o t - c e l l ,  under-the-plug, 
and through-the-?lug r e f u e l i n g  system coiicepts.  In-depth s t u d i e s  w i l l  be 
made t o  explore  t h e  problems t o  be a n t i c i p a t e d  i n  d e t a i l e d  d.esign and oper- 
a t i o n  of t h e s e  systems. 

Dynamic Analysis  and Cont ro l  

This  i s  a d e t a i l e d  s tudy  t o  determine t h e  dynamic behavior  of  two of t h e  
Follow-on Study r e f e r e n c e  des ign  concepts  under s t eady  s ta te  and t r a n s i e n t  
cond i t ions ,  i n i t i a l l y  under normal ope ra t ion  and subsequent ly  under abnormal 
cond i t ions .  
mined. Various c o n t r o l  methods w i l l  also be i n v e s t i g a t e d .  The s tudy  w i l l  
i nc lude  a n a l y t i c a l  methods development where necessary ,  and i s  obviously 
c l o s e l y  r e l a t e d  t o  t h e  P l a n t  S a f e t y  Analysis  S t u d i e s  desc r ibed  above. 

F a i l u r e  modes and e f f e c t s  on des ign  and o p e r a t i o n  w i l l  be  d e t e r -  

The schedule  f o r  ca r ry ing  out  t h e s e  s t u d i e s  i s  not  c l e a r  a t  t h e  p r e s e n t  t ime @ because of  u n c e r t a i n t i e s  i n  f ind ing  a v a i l a b i l i t y .  However, t h e  goa l  i s  t o  complete 

7 



TABLE 3 

Add i t iona l  D e f i n i t i v e  P l a n t  S tud ie s  

F i r s t  P r i o r i t y  

P l a n t  s a f e t y  a n a l y s i s .  
" P O O ~ "  t ype  primary system. 
t t ~ o o p "  type  primary system. 
Refue l ing  systems. 
Dynamic a n a l y s i s  and c o n t r o l .  

Second P r i o r i t y  

P l a n t  design temperature .  
E f fec t s  of vented  f u e l  on p l a n t  design.  

Third P r i o r i t y  

Engineered safeguards :  containment and s h i e l d i n g .  
P l a n t  m a i n t a i n a b i l i t y .  

most of t h e  s t u d i e s  i n  t ime t h a t  t h e i r  r e s u l t s  w i l l  a ss i s t  t h e  des igne r s  of t h e  
demonstrat ion p l a n t s  expected t o  be committed i n  1970. A s  s t a t e d  above, t h e  
P l a n t  S a f e t y  Analys is  S tud ie s  w i l l  beg in  i n  June o r  J u l y  of 1968. 
p r i o r i t y  i tems w i l l  probably be  i n i t i a t e d  s h o r t l y  t h e r e a f t e r ,  w i th  lower p r i o r i t y  
s t u d i e s  delayed u n t i l  one yea r  l a t e r .  

Other h igh  

Reference 

1. L. Link, e t .  a l . ,  ( e d . ) ,  An Evalua t ion  of  Four Design S tud ie s  of  a 1000 MWe 
Ceramic Fueled F a s t  Breeder Reac tor ,  USAEC Report COO-279 ,  Reactor Engineer- 
i n g  Div i s ion ,  Chicago Operat ions Of f i ce ,  U.S. Atomic Energy Commission, 
December 1, 1964. 
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i / INCENTIVES FOR DEVELOPMEXT OF FAST BREEDER REACTOR POWER PLANTS 

Myron C .  Beeknan 

The D e t r o i t  Edison Company 
D e t r o i t ,  Michigan 

Abs t rac t  

The e l e c t r i c  power i n d u s t r y  i s  expected t o  grow a t  about t h e  
sane ra te  as it has dur ing  t h e  p a s t  30 t o  LO y e a r s .  By t h e  
end o f  t h i s  cen tury  perhaps two b i l l i o n  k i l o w a t t s  o f  c a p a b i l i t y  
w i l l  be  i n s t a l l e d ,  about one-half of  which w i l l  be n u c l e a r .  
Power companies w i l l  g e n e r a l l y  s e l e c t  t h a t  type  of  g e n e r a t i o n  
which r e s u l t s  i n  t h e  lowest c o s t .  

The growth 2nd economic p o t e n t i a l  o f  thermal  r e a c t o r  concepts  
p r e s e n t s  s t r o n g  competi t ion t o  t h e  fas t  breeder  r e a c t o r .  If 
nuc lear  power, however, i s  t o  assume an important p o s i t i o n  i n  
t h e  f u t u r e  genera t ion  of  e l e c t r i c  energy,  it appears  necessary  
t o  develop an economic fas t  breeder  r e a c t o r .  This  concept has 
t h e  p o t e n t i a l  o f  reduced power g e n e r a t i o n  c o s t s ,  w i l l  conserve 
low c o s t  uranium, provide 2 premium market f o r  plutonium, and 
can u t i l i z e  t h e  l a r g e  s t o c k p i l e  of deDleted uranium. 

Most peoples  of t h e  world have a t  leas t  one common o b j e c t i v e  -- t h a t  be ing  
a d e s i r e  t o  improve s tandards  of l i v i n g  f o r  themselves ,  t h e i r  f a m i l i e s ,  and 
t h e i r  c o u n t r i e s .  To t h i s  end, w e  have developed a t e c h n o l o g i c a l l y - o r i e n t e d  
c i v i l i z a t i o n  w i l l i n g  t o  r i s k  t i m e ,  e f f o r t  and c e p i t a l  i n  f o s t e r i n g  t h e  devel-  
opment c.f n e w  w a y s  and ideas  t o  ber?efit  nank ind .  By encouragement o f  such 
i n i t i a t i v e ,  w e  are f i n d i n g  new and b e t t e r  methods o f  u t i l i z i n g  e l e c t r i c  energy 
t o  produce t h e  materials 2nd s e r v i c e s  w e  want and need. 

INCREASING REQUIREMENTS FOR ELECTRIC POWER 

Seven y e a r s  ago t h e  Edison E l e c t r i c  I n s t i t u t e  made a f o r e c a s t  of e l e c t r i c  
g e n e r a t i o n  i n  t h i s  country.  
r e s u l t i n g  e r r o r  of l ess  t h a n  one p e r c e n t  has  produced confidence i n  t h e i r  fore-  
c a s t .  Thei r  estimate i n d i c a t e s  t h a t  by t h e  year  2000 t h e  e l e c t r i c i t y  genera ted  
i n  t h i s  count ry  would be between s i x  and t e n  t r i l l i o n  k i lowat thours  a year  as 
compared t o  about one and a q u a r t e r  t r i l l i o n  k i lowat thours  i n  1967. To provide 
t h i s  q u a n t i t y  of energy,  t h e  e l e c t r i c  power i n d u s t r y  would need between 1.8 and 
2 b i l l i o n  k i l o w a t t s  of power producing c a p a b i l i t y ,  about seven t i m e s  t h a t  in- 
s t a l l e d  a t  t h e  end of 1967. I n  view of t h i s ,  w e  heve become keenly conscious 
of our  e n e r a  needs 2nd t h e  resources  e v a i l a b l e  t o  u s .  

This  h a s  been checked annual ly  and t h u s  far t h e  
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Figure  1 shows t h e  U.S. e l e c t r i c  u t i l i t y  i n d u s t r y  i n s t a l l e d  c a p a b i l i t y  be- 
tween 1939 and 1968, and a p r o j e c t i o n  of  f u t u r e  c a p a b i l i t y  through yea r  2000. 
Also shown on t h i s  f i g u r e  are t h e  p re sen t  and p r o j e c t e d  nuc lea r  c a p a b i l i t y ,  
a t t a i n i n g  a l e v e l  of between 7OO,OOO and 1,000,000 megawatts by yea r  2000. The 
nuc lea r  power growth f o r e c a s t  up t o  yea r  1980 w a s  based on t h e  p re sen t  U.S. AEC 
p r e d i c t i o n  of between 120,000 and l7O,OOO megawatts w i th  t h e  b e s t  s i n g l e  e s t i m a t e  
be ing  150,000 megawatts. Between 1980 and y e a r  2000, t h e  AEC f o r e c a s t  w a s  used  
as t h e  lower e s t ima te ,  and t h e  q u a n t i t y  developed by a fast breeder  r e a c t o r  s tudy  
group of t h e  Edison E l e c t r i c  I n s t i t u t e  w a s  used f o r  t h e  h ighe r  number of approxi- 
mately 1,000,000 megawatts. Ce r t a in ly ,  it i s  d i f f i c u l t  t o  r e l i a b l y  p r e d i c t  t h a t  
far i n t o  t h e  f u t u r e .  However, it i s  g e n e r a l l y  agreed t h a t  by t h e  t u r n  of t h e  
cen tu ry  approximately one-half of t h e  i n s t a l l e d  c a p a b i l i t y  w i l l  be nuc lea r ,  and 
one-half of t h e  e l e c t r i c  power genera ted  i n  t h e  United S t a t e s  w i l l  be produced 
from nuc lea r  power p l a n t s .  

UTILITY CAPACITY EXPANSION CONSIDERATIONS 

The need f o r  a d d i t i o n a l  gene ra t ing  c a p a c i t y  on t h e  system o f  an e l e c t r i c  power 
company i s  i n d i c a t e d  by t h e  p r e d i c t i o n s  o f  a l o a d  f o r e c a s t  committee, or some com- 
pa rab le  group. The d e c i s i o n  i s  t h e n  made as t o  what t ype  o f  gene ra t ing  equipment 
should be i n s t a l l e d  t o  meet t h e  p r e d i c t e d  l o a d  demand. There a r e  b a s i c a l l y  t h r e e  
types  a v a i l a b l e  -- base  l o a d ,  i n t e rmed ia t e  e f f i c i e n c y  and peaking equipment. It 
i s  gene ra l ly  agreed t h a t  a complex inc lud ing  a l l  types  i s  necessary  t o  provide t h e  
economics, f l e x i b i l i t y  and r e l i a b i l i t y  needed i n  ope ra t ing  a l a r g e  u t i l i t y  system. 
There a r e  many f a c t o r s  t o  be cons idered  when determining t h e  type  of capac i ty  t o  
be added. Some of t h e s e  are t h e  percentage  of each t y p e  p r e s e n t l y  on t h e  system, 
t h e  percentage  of r e s e r v e  c a p a c i t y  -- both  a t  p re sen t  and a f t e r  t h e  a d d i t i o n ,  t h e  
e x t e n t  o f  i n t e rconnec t ions  wi th  o t h e r  systems, t h e  l e a d  t i m e  necessary  f o r  des ign ,  
purchase and c o n s t r u c t i o n  of  t h e  equipment, t h e  e f f e c t  on system s t a b i l i t y  and 
r e l i a b i l i t y ,  and above a l l  t h e  economic e f f e c t  of t h i s  a d d i t i o n  as r e l a t e d  t o  
system ope ra t ion .  The p resen t  economic advantage of nuc lea r  p l a n t s  can only  be 
r e a l i z e d  if t h e  dec i s ion  i s  made t o  i n s t a l l  base  l o a d  gene ra t ing  equipment. 

The c o s t  of power from any gene ra t ing  equipment, r e g a r d l e s s  of t ype  and whet- 
(1) p l a n t  h e r  it i s  nuc lea r  or convent iona l ,  i s  determined by f o u r  main f a c t o r s :  

investment;  ( 2 )  c a r r y i n g  charges ,  which inc lude  r e t u r n  on t h e  investment ,  depre- 
c i a t i o n ,  t a x e s  (Fede ra l ,  s t a t e  and l o c a l ) ,  and p rope r ty  insurance ;  ( 3 )  ope ra t ing ,  
maintenance and nuc lea r  insurance  expenses;  and ( 4 )  c a p a c i t y  f a c t o r  on t h e  
equipment . 

An e l e c t r i c  power company w i l l  endeavor t o  s e l e c t  t h e  t y p e  of  gene ra t ing  equip- 
ment which r e s u l t s  i n  t h e  lowest  o v e r a l l  c o s t s ,  p rovid ing  it meets system requ i r e -  
ments,  a s s u r e s  a s e r v i c e  of h igh  q u a l i t y  and r e l i a b i l i t y  t o  i t s  customers,  produces 
a f a i r  r e t u r n  t o  i t s  sha reho lde r s ,  and does not  c r e a t e  a pub l i c  nuisance o r  h e a l t h  
hazard.  A p o s s i b l e  except ion  t o  t h e  f i r s t  requirement ,  t h a t  of lowest c o s t ,  i s  
t h e  i n s t a l l a t i o n  of  equipment f o r  r e sea rch  and development purposes o r  t o  o ther -  
wise advance t h e  s ta te  of an art .  

The scope of t h i s  paper  prec ludes  a d e t a i l e d  d i s c u s s i o n  of  each o f  t h e  c o s t  
components and t h e i r  e f f e c t  on t h e  t o t a l  cos t  of power gene ra t ion .  A f e w  remarks, 
however, on accua l  capac i ty  f a c t o r s  and a v a i l a b i l i t y  appear appropr5ate .  
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ANNUAL CAPACITY FACTOR -- AVAILABILITY 

Capaci ty  f a c t o r  can be de f ined  as t h e  r a t i o  of  t h e  average l o a d  on a u n i t  f o r  
t h e  pe r iod  of  t ime under s tudy  t o  t h e  c a p a c i t y  r a t i n g  of  t h e  u n i t .  It i s  expected 
t h a t  a new, low hea t  r a t e ,  base load  u n i t  would have a high capac i ty  f a c t o r  dur ing  
i t s  f irst  s e v e r a l  yea r s  of ope ra t ion ,  r e s t r i c t e d  p r i m a r i l y  because of i t s  avail- 
a b i l i t y  and t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of  t h e  system. Annual a v a i l a b i l i t y  i s  
t h e  r a t i o  of t h e  hours p e r  y e a r  t h a t  t h e  u n i t  i s  a v a i l a b l e  t o  produce fill load  t o  
t h e  t o t a l  hours pe r  yea r .  Subsequently,  as more e f f i c i e n t  u n i t s  a r e  i n s t a l l e d  on 
t h e  system, t h e  capac i ty  f a c t o r  of t h e  o r i g i n a l  u n i t  w i l l  be reduced. Over a 20 
yea r  pe r iod ,  it i s  expected t h a t  t h e  c a p a c i t y  f a c t o r  of  a u n i t  w i l l  reduce from 
about 82 t o  50 pe rcen t .  
s i d e r a b l y  g r e a t e r  t h a n  t h e s e  percentages  depending upon t h e  t o t a l  number o f  u n i t  
ou tages ,  r e s e r v e  margin, economics and sp inning  r e s e r v e  phi losophy of a system. 
Uni t s  30 y e a r s  and o lde r  may have c a p a c i t y  f a c t o r s  ranging from 20 t o  40 percen t .  
Hence, equipment o r i g i n a l l y  i n s t a l l e d  f o r  base  load  ope ra t ion  may i n  l a t e r  yea r s  
be c a l l e d  upon t o  ope ra t e  f o r  load  r e g u l a t i o n  and a t  reduced capac i ty  f a c t o r s .  

I n  a c t u a l  p r a c t i c e  a u n i t  may have a capac i ty  f a c t o r  con- 

Some nuc lea r  p l a n t s ,  I unders tand ,  have been eva lua ted  and s e l e c t e d  based on 
l i f e - t i m e  capac i ty  f a c t o r s  of  85 and 90 percen t .  
i f i a b l e  s i n c e ,  aga in ,  subsequent improved u n i t s  w i l l  be p r e f e r e n t i a l l y  loaded on an 
economic d i spa tch  b a s i s .  It does appear reasonable ,  however, t o  assume t h a t  nuc lea r  
p l a n t s  w i l l  enjoy h igher  c a p a c i t y  f a c t o r s  t han  convent iona l  p l a n t s  throughout  most 
of t h e i r  l i v e s  or u n t i l  nuc lea r  i s  t h e  dominate means of power gene ra t ion  on a sys- 
t e m .  T h i s  i s  expla ined  by t h e  cons iderably  lower incrementa l  c o s t  of power genera- 
t i o n  from a nuc lea r  p l a n t  t han  from a convent iona l  p l a n t  and t h u s  t h e  i n c e n t i v e  t o  
ope ra t e  a nuc lear  p l a n t  a t  maximum load .  

This does not  appear  t o  be j u s t -  

I n  view of t h e  need f o r  l oad  fo l lowing  c h a r a c t e r i s t i c s ,  it appears  t h a t  nuc- 
l e a r  p l a n t s ,  r e g a r d l e s s  of  t y p e ,  should be  designed f o r  an ins tan taneous  step-wise 
change o f  perhaps ? 1 0  percent  and a r a t e  of change of  ? 10  percent  p e r  minute. 
These changes should apply ac ross  t h e  ope ra t ing  l o a d  range. The load  fo l lowing  
requirements  o f  a nuc lea r  u n i t  as it approaches t h e  end of  co re  l i f e  a r e  depen- 
dent  upon many f a c t o r s ,  such as t h e  s i z e  of  t h e  system, t h e  p o r t i o n  of  t h e  system 
which i s  n u c l e a r ,  and t h e  e x t e n t  of  i n t e rconnec t ions  wi th  o t h e r s .  The e x t e n t  and 
e f f e c t  of load  fo l lowing  r e s t r i c t i o n s  imposed by Xenon build-up i n  thermal  r e a c t o r s  
must be  eva lua ted  for each r e a c t o r  des ign  and f o r  each a p p l i c a t i o n .  Fo r tuna te ly ,  
t h i s  i s  one problem not  encountered i n  a fast  r e a c t o r .  There may be cases  i n  which 
an economic pena l ty  i s  j u s t i f i a b l e  i n  o rde r  t o  a t t a i n  u n r e s t r i c t e d  load  fo l lowing  
c a p a b i l i t y .  

The a c t u a l  a v a i l a b i l i t y  t h a t  can be  achieved by a commercial nuc lea r  p l a n t  i s  
s t i l l  unknown. Nuclear p l a n t s  wi th  s i g n i f i c a n t  ope ra t ing  h i s t o r i e s  a r e  s m a l l  i n  
comparison t o  u n i t s  now under c o n s t r u c t i o n  or on o rde r  and a r e  g e n e r a l l y  f i r s t  of  
a kind.  The i r  a v a i l a b i l i t y  r eco rds  from t h e  t ime of  i n i t i a l  ope ra t ion  t o  t h e  pres -  
en t  a r e  not  comparable t o  what could  be  expected from convent iona l  p l a n t s .  On t h e  
o t h e r  hand, for c e r t a i n  t ime pe r iods  t h e y  have demonstrated far b e t t e r  a v a i l a b i l i t i e s  
t h a n  f o r  many f o s s i l - f u e l e d  u n i t s .  

The a v a i l a b i l i t i e s  of t h e s e  developmental  p l a n t s  have been pena l i zed  by t h e  
ques t  f o r  r e sea rch  and development knowledge, t h e  d e f i c i e n c i e s  i n  r e f u e l i n g  des igns ,  
t h e  ope ra t ion  and maintenance edu.cationa1 procedures ,  t h e  l a c k  of  need t o  d o v e t a i l  
r e f u e l i n g  and maintenance outages wi th  system requi rements ,  and o the r  f a c t o r s  pecu- 
l i a r  t o  t h i s  t ype  o f  u n i t .  
f u t u r e  nuc lear  u n i t s  a r e  expected t o  demonstrate dependab i l i t y ,  f l e x i b i l i t y  and 
a v a i l a b i l i t y  comparable t o  modern f o s s i l - f i r e d  u n i t s .  

Through t e c h n o l o g i c a l  des ign  and ope ra t ing  improvements, 
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UPSURGE OF NUCLEAR POWER 

The growth, t e c h n o l o g i c a l  development and acceptance of nuc lea r  power as a 
commercial means of power gene ra t ion  have surpassed even t h e  most o p t i m i s t i c  pre- 
d i c t i o n s  o f  a few y e a r s  ago. I n  1965 about 20 percent  o f  t h e  gene ra t ing  c a p a c i t y  
purchased by investor-owned power companies i n  t h e  U.S. w a s  nuc lea r .  Nuclear 
p l a n t s  accounted f o r  about 50 percent  of  t h e  new gene ra t ing  c a p a c i t y  ordered i n  
both  1966 and. 1967. 

The purchase o f  t h e s e  l i g h t  water-cooled and moderated nuc lea r  power p l a n t s  
by power companies dur ing  t h e  p a s t  two yea r s  can be expla ined  on t h e  basis of 
many reasons .  The f a c t  of  g r e a t e s t  importance i s  t h e  economics of nuc lear  power 
genera t ion .  Figure 2 p r e s e n t s  a c o s t  comparison of a c o a l  and a nuc lea r  power 
p l a n t .  Shown a r e  t h e  major i tems of a p l a n t ' s  c a p i t a l  c o s t s  r e s u l t i n g  i n  a t o t a l  
u n i t  c o s t  f o r  c o a l  of $134 p e r  k i lowa t t  and $148 pe r  k i lowa t t  f o r  nuc lea r .  
power gene ra t ion  c o s t s ,  assuming about an 11 percent  f ixed  charge r a t e ,  and a cap- 
a c i t y  f a c t o r  t h a t  v a r i e s  from 80 percent  i n  t h e  f i r s t  yea r  down t o  58 percent  i n  
t h e  t w e n t i e t h  y e a r ,  a r e  approximately equal .  it should be mentioned t h a t  t h e  f u e l  
component f o r  t h e  c o a l  p l a n t  i n  t h i s  example was assumed t o  be about 22 c e n t s  pe r  
m i l l i o n  Btu i n  a s u p e r c r i t i c a l  u n i t .  This does not n e c e s s a r i l y  r e p r e s e n t  t oday ' s  
economic s tand-off  energy va lue  as e s c a l a t i o n ,  p r o d u c t i v i t y ,  shop loads ,  and o t h e r  
f a c t o r s  have a g r e a t  i n f luence  on t h e  component c o s t s  of  power gene ra t ion .  

The 

Another important  f a c t o r  f avor ing  t h e  i n s t a l l a t i o n  of a nuc lea r  u n i t  i s  t h e  
ever - increas ing  p o l i t i c a l ,  s o c i a l  and h e a l t h  p re s su res  and r e g u l a t i o n s  regard ing  
a i r  p o l l u t i o n  i n  o w  h igh ly  i n d u s t r i a l i z e d  count ry ,  which r e p r e s e n t  s e r i o u s  prob- 
lems t o  coa l - f i r ed  i n s t a l l a t i o n s .  C e r t a i n l y  t h i s  i s  a cha l lenging  s i t u a t i o n  f ac ing  
our  i n d u s t r i e s .  
i n  t h e  United S t a t e s  who a r e  s tudying  and  ana lyz ing  t h e  se r iousness  and e f f e c t s  of 
p o l l u t i n g  our  r i v e r s ,  l a k e s  and atmosphere. 

A t  t h e  p re sen t  t ime t h e r e  a r e  over 600 o rgan iza t ions  and groups 

Although t h i s  i s  a cond i t ion  which i s  d i f f i c u l t  t o  express  i n  an economic 
eva lua t ion  comparing nuc lear  ve r sus  c o a l ,  it neve r the l e s s  must be cons idered  from 
a pub l i c  r e l a t i o n s  and h e a l t h  viewpoint.  U t i l i t i e s ,  as w e l l  8 s  o t h e r  i n d u s t r i e s ,  
a r e  spending huge sums of money t o  minin ize  s t a c k  e f f l u e n t s  r e s u l t i n g  from t h e  
combustion of f o s s i l  f u e l s ,  The use  of nuc lear  power appears  t o  be one method of 
c o n t r o l l i n g  and, i n  t h e  f u t u r e ,  m a t e r i a l l y  reducing t h i s  problem. 

A s  power systems become more and more in te rconnec ted  and as a p a r t i c u l a r  sys- 
tem cont inues  t o  grow, l a r g e r  gene ra t ing  u n i t s  can be i n s t a l l e d  without  reducing 
system r e l i a b i l i t y  o r  g r e a t l y  inc reas ing  r e s e r v e  margins. Through t h e  e f f o r t s  of 
t h e  nuc lea r  i n d u s t r y ,  t h e  c a p i t a l  c o s t  of l a r g e  r e a c t o r  p l a n t s  has been apprec iab ly  
reduced. This  improved f i r s t  c o s t  p o s i t i o n  coupled wi th  t h e  p o t e n t i a l l y  l o w  f u e l  
cyc le  c o s t  has  enabled nuc lear  power t o  be compet i t ive  wi th  o t h e r  means of power 
gene ra t ion  i n  many p a r t s  of t h e  country.  
r e s t r i c t i o n s  be ing  imposed t o  reduce a i r  p o l l u t i o n ,  t h e  problems a s s o c i a t e d  wi th  
handl ing m i l l i o n s  of t o n s  of c o a l  and a sh  each y e a r ,  and even t h e  d e s i r e  t o  "get  
on t h e  band-wagon'' have c e r t a i n l y  played a p a r t  i n  t h e  upsurge of  o r d e r s  f o r  nuc lear  
p l a n t s  . 

Other f a c t o r s ,  such as t h e  more s t r i n g e n t  

The l i g h t  water  r e a c t o r  concepts  s t i l l  have cons ide rab le  p o t e n t i a l  f o r  econ- 
C a p i t a l  c o s t  dec reases  on t h e  o r d e r  of 10  percent  i n  t h e  next omic improvements. 

15 t o  20 yea r s  appear  achievable  through volume exper ience ,  s t a n d a r d i z a t i o n ,  o p t i -  
miza t ion  o f  c o r e  parameters  r e s u l t i n g  i n  sma l l e r  systems and components, and in-  
c r eased  u n i t  s i z e s .  Likewise,  a 30 t o  40 percent  r educ t ion  i n  m e 1  cyc le  c o s t  i s  
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pred ic t ed  as a r e s u l t  of improved f u e l  performance and reduced u n i t  ope ra t ing  
c o s t s .  It, t h e r e f o r e ,  appears  t h a t  t h e  c o n t i n u a l l y  improving economic p o s i t i o n  @ of  l i g h t  water r e a c t o r s  p r e s e n t s  s t r o n g  competi t ion t o  t h e  fas t  breeder  r e a c t o r .  

I n  view of  t h i s  f avorab le  p r e d i c t i o n  f o r  l i g h t  water r e a c t o r s ,  i s  t h e r e  an 
i n t e r e s t  and a r e  t h e r e  s u f f i c i e n t  i n c e n t i v e s  t o  develop f a s t  b reeder  r e a c t o r s ?  

INTEREST I N  FAST BREEDER REACTORS 

A yea r  a f t e r  t h e  1954 Atomic Energy Act Amendment, a group of investor-owned 
power companies submit ted a proposa l  t o  t h e  Atomic Energy Commission f o r  t h e  con- 
s t r u c t i o n  of  a l i q u i d  meta l  cooled ,  fast  b reede r  demonstrat ion r e a c t o r .  This  was 
done i n  t h e  b e l i e f  t h a t  only t h e  f a s t  b reeder  r e a c t o r  could provide  a h igh  thermo- 
dynamic e f f i c i e n c y ,  an e f f i c i e n t  f u e l  conversion c y c l e ,  a reasonable  c a p i t a l  and 
o p e r a t i n g  c o s t ,  and s a f e t y  i n  ope ra t ion .  A t  t h a t  t ime,  t h e r e  were only  a few 
people  and o rgan iza t ions  a c t i v e l y  i n t e r e s t e d  i n  t h e  development of  fas t  breeder  
r e a c t o r s .  Today, v i r t u a l l y  everyone a s s o c i a t e d  wi th  t h e  nuc lea r  i n d u s t r y  agrees  
t h a t ,  i f  nuc lear  power i s  t o  p l a y  an important  p a r t  i n  t h e  gene ra t ion  of e l e c t r i c  
energy i n  t h e  l a t t e r  p a r t  of  t h i s  cen tury  and i n t o  t h e  nex t ,  it appears  necessary  
t o  develop an economic, high performance f a s t  breeder  r e a c t o r .  Furthermore,  it 
i s  agreed t h a t  such development should be done promptly,  commensurate wi th  tech-  
n o l o g i c a l  advancements and s a f e t y .  Such i n t e r e s t  i s  evidenced by t h e  f a c t  t h a t :  

1. The U.S. AEC i s  now a l l o c a t i n g  a major p a r t  of  i t s  c i v i l i a n  power reac-  
t o r  development budget t o  t h e  l i q u i d  me ta l  cooled f a s t  b reeder  r e a c t o r .  
I n  f i s c a l  yea r  1967, t h e  IMFBR rep resen ted  about 40 percent  ($42.6 
m i l l i o n )  of t h e  C i v i l i a n  Power Reactor  Development expendi ture .  This  
i s  expected t o  inc rease  t o  about 55 pe rcen t  ($66 m i l l i o n )  i n  FY 1968, and 
t o  62 percent  ($82 m i l l i o n )  i n  FY 1969. It i s  i n t e r e s t i n g  t o  n o t e ,  with- 
out  comment, t h a t  t h e  AEC’s FY 1969 budget provides  only $1.9 m i l l i o n  f o r  
development work on t h e  a l t e r n a t e  f a s t  b reeder  r e a c t o r  coo lan t s  -- gas 
and steam. 

2. The United Kingdom, France,  Germany, Russ ia ,  and o t h e r  c o u n t r i e s  assoc-  
i a t e d  wi th  them have w e l l  o rganized ,  f inanced and s t a f f e d  programs wi th  
s p e c i f i c  o b j e c t i v e s  i n  t h e  development of t h i s  concept .  F igure  3 shows 
s o m e  of t h e  m a j o r  m i l e s tones  of t h e s e  n a t i o n a l  programs. B e l g i u m  and 
Holland a r e  p a r t i c i p a t i a g  wi th  Gennany i n  i t s  program. 
r e a c t o r  programs i n  I t a l y  and Japan have been more r e c e n t l y  e s t a b l i s h e d  
but  i nc lude  similar o b j e c t i v e s ,  perhaps f i v e  y e a r s  l a t e r  t h a n  France and 
Germany. 

Fas t  b reeder  

3. Most of t h e  U.S. r e a c t o r  manufacturers  have formulated development pro- 
grams. 

Sodium cooled demonstrat ion p l a n t s  i n  s i z e s  from 200 t o  500 W e  a r e  be ing  
developed by Atomics I n t e r n a t i o n a l ,  Babcock & Wilcox, and General E l e c t r i c  
and Westinghouse. Babcock & Wilcox and General E l e c t r i c  have a l s o  s tud ied  
and a r e  developing t h e  steam-cooled r e a c t o r  concept ,  whi le  Gulf General 
Atomic has  been t h e  l ead ing  i n d u s t r i a l  proponent o f  t h e  gas-cooled f a s t  
b reede r  r e a c t o r .  

The e l e c t r i c  power i n d u s t r y  has  provided or committed about  $137 m i l l i o n  
t o  t h e  development of t h e  f a s t  b reeder  concept.  A major p o r t i o n  of t h i s  
has been committed f o r  t h e  Fermi and SEFOR p r o j e c t s .  
of  approximately $16 m i l l i o n  i s  being spent  a t  a r a t e  of about $5.5 m i l l i o n  
p e r  yea r  i n  support  of t h e  sodium-steam and gas-cooled development programs. 

These vary i n  scope,  progress  and ex ten t  of  f i n a n c i a l  suppor t .  

The remaining amount 
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system power gene ra t ion  c o s t s .  The four  major needs f o r  i t s  development, support-  
i ng  t h e  b a s i c  i n c e n t i v e  a r e :  

a. The more e f f i c i e n t  use  of l i g h t  weter  r e a c t o r  produced plutonium, 

b. The economic p o t e n t i a l  of  f a s t  breeder  r e a c t o r s .  

c .  The p r o t e c t i o n  or hedge provided a g a i n s t  r i s i n g  uranium c o s t s .  

d.  The e f f e c t i v e  u t i l i z a t i o n  of dep le t ed  uranium resources .  

Plutonium Product ion and U t i l i z a t i o n  

Plutonium product ion i s  not  on ly  a f u n c t i o n  of  ope ra t ing  power l e v e l  bu t  a l s o  
of  t h e  t y p e  and des ign  c h a r a c t e r i s t i c s  of t h e  r e a c t o r .  For t h e  purpose of t h i s  
d a t a ,  it w a s  assumed t h a t  a l l  l i g h t  water r e a c t o r  c a p a c i t y  c o n s i s t e d  of equal  
amounts of b o i l i n g  water and p res su r i zed  w a t e r  r e a c t o r s .  The des igns  and f u e l  
exposure war ran t i e s  of  present-day l i g h t  water r e a c t o r s  a r e  such t h a t  p l a n t s  would 
have an average t o t a l  plutonium product ion  of about 350 grams p e r  e l e c t r i c  mega- 
w a t t  yea r .  Assuming an 80 percent  c a p a c i t y  f a c t o r  and a 70 percent  f i s s i l e  compo- 
s i t i o n ,  t h i s  would r e s u l t  i n  about 200 grams f i s s i l e  plutonium p e r  megawatt p e r  
ope ra t ing  yea r .  Based on t h i s  u n i t  product ion and p ro jec t ed  nuc lear  growth fo re -  
c a s t s ,  something on t h e  o rde r  of 700 me t r i c  t o n s  of  t o t a l  plutonium w i l l  have been 
recovered by 1990, as shown i n  F igure  4. 
of f i s s i l e  plutonium, t h i s  amounts t o  about $4.5 b i l l i o n .  

A t  t h e  p re sen t  va lue  of $9.28 pe r  gram 

Plutonium i s  a va luab le  f i s s i l e  m a t e r i a l  and c a p i t a l  of  t h i s  magnitude rep- 
r e s e n t s  a cha l l enge  t o  t h e  nuc lear  power i n d u s t r y  i n  determining t h e  b e s t  ways of  
u t i l i z i n g  it. A l l  i n d i c a t i o n s  a r e  t h a t  t h e  va lue  of  plutonium i n  fast breeder  
r e a c t o r s  i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  i n  thermal  r e a c t o r s  due t o  i t s  h igher  neu- 
t r o n  y i e l d .  For a low s p e c i f i c  inventory--high breeding  r a t i o  f a s t  r e a c t o r ,  t h i s  
va lue  might be as much as 50 percent  g r e a t e r  t han  t h e  c o s t  of f u l l y  enr iched  uran- 
ium. If f a s t  r e a c t o r  u t i l i z a t i o n  of plutonium can i n c r e a s e  i t s  va lue  by $5.00 
p e r  gram over  i t s  use  i n  thermal  r e c y c l e ,  a reasonable  amount, t h e  saving t h a t  
w i l l  accrue  t o  t h e  e l e c t r i c  power i n d u s t r y  would be about $2.5 b i l l i o n .  

Economic P o t e n t i a l  

It appears  t h a t  f a s t  breeder  r e a c t o r s  have t h e  p o t e n t i a l  of u l t i m a t e l y  r e -  
ducing t h e  c o s t  o f  power gene ra t ion  by one m i l l  p e r  k i lowat thour  o r  more. 
i n  F igu re  5 are t h e  e s t ima ted  l i g h t  w a t e r  r e a c t o r  and fas t  breeder r e a c t o r  u n i t  
c o s t s  f o r  t h e  pe r iod  1970 t o  yea r  2000. 
f l e c t s  t h e  exper ience ,  s t a n d a r d i z a t i o n  and s i z e  f a c t o r s  p rev ious ly  mentioned. 
The d a t a ,  however, do not  cons ider  t h e  c o s t  i n c r e a s e s  which w i l l  probably occur 
due t o  t h e  inc reased  requirement f o r  coo l ing  towers  t o  minimize thermal e f f e c t s  
i n  l a k e s  and s t reams,  a d d i t i o n a l  engineer ing  safeguards  as s i z e  i n c r e a s e s ,  in -  
c reased  cont ingencies  as a r e s u l t  of scheduled de lays  o r  ope ra t ing  exper ience ,  
and, of  course ,  e s c a l a t i o n .  
i n  t h e  c a p i t a l  c o s t s  of fas t  breeder  r e a c t o r s  i s  expected. The c o s t  of  $200 p e r  
k i lowa t t  f o r  a fas t  breeder  r e a c t o r  i n  1975 i s  based on 300 t o  500 Mw demonstra- 
t i o n  t y p e  p l a n t s .  
i s  ga ined ,  a r educ t ion  i s  expected i n  t h e i r  u n i t  c a p i t a l  c o s t s .  
he re  t h a t  t h i s  c o s t  w i l l  cont inue  t o  decrease  t o  something on t h e  o rde r  of  $130 
a k i l o w a t t ,  perhaps 5 percent  h ighe r  t h a n  l i g h t  water  r e a c t o r s  i n  t h e  yea r  2000. 

Shown 

The r educ t ion  i n  l i g h t  water  p l a n t s  r e -  

S i m i l a r l y ,  and perhaps more pronounced, a decrease  

A s  fas t  r e a c t o r s  a r e  b u i l t  i n  l a r g e r  s i z e s  and more exper ience  
It i s  assumed 
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A comparison of  l i g h t  water  and fast  breeder  r e a c t o r  t o t a l  power gene ra t ion  
C e r t a i n l y  t h e  d a t a  used i n  compiling t h e  l i g h t  c o s t s  are p resen ted  i n  F igu re  6. 

water  r e a c t o r  i s  b e t t e r  grounded t h a n  t h a t  of t h e  f a s t  r e a c t o r .  The d a t a  r e f l e c t e d  
by t h e  l i g h t  water  r e a c t o r  curve inc lude  t h e  decrease  i n  u n i t  c a p i t a l  c o s t s  and t h e  
changing l i g h t  water  r e a c t o r  f u e l  cyc le  c o s t s  p rev ious ly  mentioned. 

Fue l  cyc le  c o s t s  f o r  f a s t  b reede r  r e a c t o r s  a r e  d i f f i c u l t  t o  a s s e s s  a t  t h i s  t i m e .  
For purposes of  t h i s  a n a l y s i s  t hey  were assumed t o  be 1.4 m i l l s  pe r  k i lowat thour  i n  
1975 and t o  reduce t o  0.3 m i l l s  p e r  k i lowat thour  by yea r  2000. It i s  r e a l i z e d  t h a t  
cons ide rab le  developmental  and r e s e a r c h  work w i l l  have t o  be accomplished success-  
f u l l y  i f  va lues  such as t h e s e  a r e  t o  be a t t a i n e d .  However, i n  view of t h e  p r e s e n t  
s t a t u s  of  technology and t h e  o v e r a l l  development programs f o r  fast  breeder  r e a c t o r s ,  
t h e r e  appears  t o  be  reasonable  assurance  t h a t  fast r e a c t o r s  and l i g h t  water  r e a c t o r s  
w i l l  a t t a i n  an economic s tand-off  i n  1985. 

S ince ,  i n  p repa r ing  t h e s e  curves ,  it w a s  f e l t  t h a t  t h e  d a t a  used f o r  l i g h t  
water r e a c t o r s  i s  somewhat o p t i m i s t i c  and it w a s  in tended  t h a t  t h e  fas t  r e a c t o r  
d a t a  be conse rva t ive ,  t h e  a c t u a l  c rossover  po in t  may w e l l  occur be fo re  t h e  yea r  
1985. I n  any case ,  based on t h e s e  curves ,  a 1,000 megawatt fast  r e a c t o r  p l a n t  
i n s t a l l e d  i n  1980 would be compet i t ive  over t h e  l i f e t i m e  o f  t h e  p l a n t  w i th  t h e  
l i g h t  water  r e a c t o r  o f  t h e  same s i z e .  

P r o t e c t i o n  Against  R i s ing  Uranium Costs  

If t h e  nuc lea r  power growth f o r e c a s t  shown ear l ier  i s  t o  be met, cons ide rab le  
q u a n t i t i e s  o f  uranium w i l l  be requi red .  F igure  7 shows t h e  cumulative U.S. uran- 
ium requirements  p r i o r  t o  yea r  1990 as w e l l  as t h e  p re sen t  AEC es t imated  r e s e r v e s  
wi th in  t h e  $15.00 p e r  l b  p r i c e  range. It should be  noted t h a t  of  t h e  200,000 t o n s  
reasonably  a s su red  i n  t h e  $5.00 t o  $10.00 p e r  l b  p r i c e  range,  about 50,000 t o n s  are 
now i n  t h e  AEC s t o c k p i l e  and are expected t o  be made a v a i l a b l e  t o  i n d u s t r y  a t  some 
f u t u r e  t i m e ;  25,000 t o n s  a r e  y e t  t o  be d e l i v e r e d  t o  t h e  AEC; and about 40,000 t o n s  
have been purchased a l r e a d y  by t h e  power indus t ry .  Based on an i n s t a l l e d  nuc lea r  
c a p a c i t y  of  390,000 megawatts i n  1990, n e a r l y  one m i l l i o n  t o n s  of  uranium w i l l  
have t o  be supp l i ed  t o  provide  f u e l  up t o  t h a t  t ime.  

The mining i n d u s t r y  i s  o p t i m i s t i c ,  based on p a s t  exper iences ,  t h a t  substan-  
t i a l  a d d i t i o n a l  low-cost uranium d e p o s i t s  w i l l  r e s u l t  from t h e  major e x p l o r a t i o n  
d r i l l i n g  now under way. Never the less ,  it appears  t h a t ,  i f  t h e  nuc lea r  growth fore-  
c a s t s  a r e  r e a l i s t i c ,  h ighe r  uranium c o s t s  w i l l  be  incu r red  i n  f’uture yea r s .  The 
e x t e n t ,  t iming  and e f f e c t  of  such i n c r e a s e s  on t h e  compet i t ive  economics of nuc lea r  
power cannot be  a s ses sed  a t  t h i s  t ime because of t h e  many unknown f a c t o r s .  

Light  water  r e a c t o r s  r e q u i r e  over  a 30 yea r  l i f e  about f i v e  t o n s  of  uranium 
p e r  e l e c t r i c a l  megawatt, i f  plutonium i s  recyc led .  Without plutonium recyc le ,  t h i s  
amount i n c r e a s e s  t o  about seven t o n s  p e r  megawatt. Using t h e  lower consumption, 
t h e  amount of uranium needed t o  f u e l  t h e  nuc lea r  c a p a c i t y  added between now and 
1980 f o r  30 y e a r s  o f  ope ra t ion  would be  750,000 tons .  
t i o n  t o  an i n s t a l l e d  nuc lea r  c a p a c i t y  i n  year  2000 of  700,000 megawatts would re- 
s u l t  i n  a t o t a l  uranium requirement o f  3,500,000 t o n s .  

Applying t h i s  u n i t  consump- 

The i n t r o d u c t i o n  of fast  r e a c t o r s  i n  1980 and assuming t h a t  a l l  nuc lea r  capa- 
c i t y  added a f t e r  1990 w a s  of t h i s  concept would r e s u l t  i n  reducing t h e  cumulative 
nuc lear  uranium requirement by 35 percent .  It i s ,  t h e r e f o r e ,  i n  t h e  i n t e r e s t  of  
t h e  i n d u s t r y  t o  develop t h e  fast b reede r  r e a c t o r  i n  order  t o  s u b s t a n t i a l l y  reduce 
U 0 requi rements ,  t he reby  de lay ing ,  i f  not  o f f s e t t i n g ,  f u t u r e  uranium p r i c e  i n c r e a s e s .  3 8  
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Full U t i l i z a t i o n  of  Natura l  Resources 

Only by t h e  use  of  f a s t  b reeder  r e a c t o r s  can we e f f e c t  f U l  u t i l i z a t i o n  of our  
n a t u r a l  r e sources .  Today’s l i g h t  water r e a c t o r  i n d u s t r y  can release only  about one 
percent  of t h e  p o t e n t i a l l y  a v a i l a b l e  energy from uranium. Most of t h e  uranium mined 
ends up i n  t h e  dep le t ed  uranium s t o c k p i l e ,  which i s  of l i t t l e  o r  no va lue  t o  l i g h t  
water  r e a c t o r s  or t h e  n a t i o n ’ s  economy. 

The Atomic Energy Commission has s t a t e d  t h a t  cumulat ive u308 d e l i v e r e d  t o  them 
from a l l  sources  between 1942 through 1970 w i l l  be approximately 330,000 t o n s .  
t h e  50,000 t o n s  p r e s e n t l y  s t o c k p i l e d  and t h e  25,000 t o n s  y e t  t o  be  d e l i v e r e d  are  de- 
ducted from t h i s  amount, and it i s  assumed t h a t  t h e  remaining 255,000 t o n s  have been 
processed through t h e  d i f f u s i o n  p l a n t s  as s l i g h t l y  enr iched  uranium, perhaps 170,000 
t o n s  of uranium a r e  now s tockp i l ed .  If t h e  nuc lear  growth f o r e c a s t  p r o j e c t e d  h e r e i n  
m a t e r i a l i z e s ,  an es t imated  340,000 t o n s  of U308 w i l l  be r equ i r ed  by 1980 t o  meet t h e  
c i v i l i a n  power r e a c t o r  demands. This  w i l l  r e s u l t  i n  an a d d i t i o n a l  amount of  about 
230,000 t o n s  of  dep le t ed  uranium meta l .  

I f  

Therefore ,  by 1980 t h e r e  w i l l  be a s t o c k p i l e  of about 400,000 t o n s  of uranium. 
This m a t e r i a l  can be used as a d i l u e n t ,  f e r t i l e  m a t e r i a l  i n  f a s t  breeder  r e a c t o r s .  
By such use ,  most of i t s  p o t e n t i a l  energy can be r e l e a s e d  through t h e  conversion o f  
uranium 238 t o  t h e  f i s s i l e  m a t e r i a l  plutonium 239, apprec i ab ly  inc reas ing  t h e  wor ld’s  
energy r e sources .  

CONCLUSIONS 

I n  conclus ion ,  f o r  some y e a r s  t o  come t h e  power i n d u s t r y  i s  expected t o  grow a t  
approximately t h e  same r a t e  experienced dur ing  t h e  p a s t  30 t o  40 y e a r s ,  t h a t  i s ,  doub- 
l i n g  about every t e n  yea r s .  By t h e  end of t h e  cen tu ry ,  perhaps 2 b i l l i o n  k i l o w a t t s  
of e l e c t r i c  gene ra t ing  c a p a c i t y  would be i n s t a l l e d ,  and about one-half  of  t h i s  prob- 
ab ly  w i l l  be nuc lea r .  To meet t h i s  tremendous growth, more o r e  w i l l  be r equ i r ed  t h a n  
i s  p r e s e n t l y  a v a i l a b l e ,  and p r e s e n t l y  es t imated  t o  e x i s t .  However, t h e  mining and 
m i l l i n g  i n d u s t r i e s  are now undertaking l a r g e  e x p l o r a t i o n s  i n  t h i s  a r e a ,  and it i s  
expected t h a t  s u f f i c i e n t  uranium o r e  can be recovered a t  reasonable  p r i c e s  t o  sus- 
t a i n  t h i s  growth f o r  some pe r iod  of t ime.  

The electric p o w e r  companies a r e  c o n t i n u a l l y  s t r i v i n g  t o  improve s e r v i c e  t o  
t h e i r  customers and provide t h e i r  product  a t  t h e  lowest p o s s i b l e  c o s t .  The p r e s e n t  
s t a t u s  of t h e  l i g h t  water  r e a c t o r  concept  and t h e  probable  f u t u r e  improvements pre-  
s e n t  a wor thy  cha l l enge  t o  t h e  development of  fast breeder  r e a c t o r s .  

If nuc lea r  power, however, i s  t o  p l a y  an important  p a r t  i n  t h e  gene ra t ion  of 
e l e c t r i c a l  energy dur ing  t h e  l a t t e r  p a r t  of t h i s  cen tu ry  and i n t o  t h e  next  century ,  
it appears  necessary  t o  develop an economic, high performance f a s t  b reeder  r e a c t o r .  

S u b s t a n t i a l  sav ings  r e s u l t i n g  from t h e  development and commercial a p p l i c a t i o n  
of fast  b reede r  r e a c t o r s  are p r e d i c t e d  f o r  t h e  indus t ry .  
ings  of  w e l l  over  a b i l l i o n  d o l l a r s  appear  t o  be a t t a i n a b l e  w i t h i n  1 5  yea r s  a f t e r  
i n t roduc ing  a compet i t ive  fas t  breeder  r e a c t o r .  
p l a n t  and a l i g h t  water  r e a c t o r  p l a n t  have equa l  power gene ra t ion  c o s t s  a t  t h e  t i m e  
of i n i t i a l  ope ra t ion ,  a $50 m i l l i o n  sav ing  may be r e a l i z e d  over  a 20 yea r  per iod  by 
t h e  i n s t a l l a t i o n  of t h e  f a s t  b reeder .  To r e a l i z e  such sav ings ,  l a r g e  amounts of 
t ime and money must be spent  on r e sea rch  and development i n  b r ing ing  t h e  f a s t  reac-  
t o r  t o  f r u i t i o n .  

Present  worth i n d u s t r y  sav- 

Assuming a f a s t  b reeder  r e a c t o r  

The reward c e r t a i n l y  would seem t o  j u s t i f y  such an e f f o r t .  
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It i s  f e l t  t h a t  through t h e  r e a c t o r  manufac turer ' s  programs, t h e  effort sup- 
po r t ed  by t h e  AEC i n  t h e  development of b a s i c  technology,  and t h e  growing i n t e r e s t  
and support  of  t h e  e l e c t r i c  power i n d u s t r y ,  fast breeder  r e a c t o r s  w i l l  be a t t a i n e d  
provid ing  abundant and inexpensive e l e c t r i c a l  power f o r  gene ra t ions  to come. 

24 



DISCUSSION 

F. O'Hara (Un ive r s i ty  of C inc inna t i )  - Pir. Beekman, I wish you would comment 
on t h e  f a c t  t h a t  nuc lea r  power i s  no t  now compe t i t i ve  wi th  f o s s i l  f u e l  u n t i l  
approximately 800 megawatts e l e c t r i c a l  compared wi th  maybe 500-600 megawatts a 
few y e a r s  ago, and what e f f e c t  t h i s  w i l l  have on t h e  f u t u r e  of n u c l e a r  power. 
This  w a s  r e p o r t e d  i n  t h e  Nuclear News and brought  ou t  i n  t h e  J C A E  hear ing .  

M.C.  Beekman - I f  I heard t h e  q u e s t j o n  c o r r e c t l y ,  you were say ing  t h a t  nuc- 
l ear  power i s  now compet i t ive  wi th  roughly 800 megawatts whereas a few y e a r s  ago 
i t  w a s  some lower megawatts. I t h i n k  t h e r e  a r e  many o t h e r  people  p r e s e n t  who a re  
b e t t e r  q u a l i f i e d  t o  answer t h i s  t han  I am. I am speaking of t h e  r e a c t o r  manufac- 
t u r e r s .  I t h i n k  t h a t  I would have t o  ag ree  wi th  P l r .  Sporn t h a t  t h e  development 
o r  t h e  p rogres s  i n  t h e  c o s t i n g  of n u c l e a r  p l a n t s  and t h e  c o s t i n g  of conven t iona l ly  
f i r e d  p l a n t s  has  g o t t e n  a l i t t l e  b i t  ou t  of hand. I can r e a d i l y  a p p r e c i a t e  t h i s  
a f t e r  having spent  on ly  two months i n  t h e  cos t - con t ro l  department of t h e  company 
and s e e i n g  what i s  happening t o  our  p r o d u c t i v i t y / l a b o r .  I c a n ' t  answer t h e  ques- 
t i o n  e x a c t l y  o r  d i r e c t l y .  I a m  s u r e  t h a t  t h e r e  i s  something i n  h e r e  t h a t  a f f e c t e d  
manufac turers  who presumably went a long  on a shoe s t r i n g  wi th  n u c l e a r  power f o r  a 
long t i m e  and perhaps now they  a r e  t r y i n g  t o  r e g a i n  some of t h e i r  l o s s e s  o r  a t  
l e a s t  t o  e a r n  some money f o r  a change. Perhaps t h e  manpower, t h e  p r o d u c t i v i t y  of 
t h e  l a b o r  involved i n  t h e  n u c l e a r  p l a n t  has  more s e v e r e l y  h u r t  them than  i t  has  
t h a t  of a f o s s i l  fue l ed  p l a n t .  I would a p p r e c i a t e  any comments t h a t  anyone e lse  
might have on t h i s  s u b j e c t .  I t h i n k  you a re  r i g h t ;  I a m  j u s t  i nadequa te ly  f o r t i -  
f i e d  t o  e x p l a i n  why. 

E.C.  Pandorf - Apparently everybody e l s e  i s  inadequa te ly  f o r t i f i e d  i n  t r y i n g  
t o  e x p l a i n  why. One t h i n g  t h a t  I would l i k e  t o  comment about ,  Myron, i s  t h a t  w e  
are c o n s t a n t l y  worrying about  t h e  known U.S. r e s e r v e s  o r  t h e  p r e d i c t e d  U . S .  re- 
s e r v e s  of uranium i n  some form o r  ano the r .  I t  would seem t o  m e  as  though w e  are  
t a k i n g  an awful ly  narrow viewpoint when we t a l k  on ly  about  what i s  a v a i l a b l e  h e r e  
i n  t h e  United S t a t e s .  I t  i s  p e r f e c t l y  obvious t h a t  we a r e  importing from o t h e r  
c o u n t r i e s  many m a t e r i a l s  f o r  many purposes and one of t h e  t h i n g s  t h a t  i r r i t a t e s  
m e  tremendously, having v i s i t e d  a year  or so  ago i n  Southern A f r i c a ,  i s  t h e  f a c t  
t h a t  t h e  United S t a t e s  which used t o  buy 75% of t h e  cbromium from Rhodesia i s  no 
longe r  buying chromium from Rhodesia because of  t h e  ban i n  e x p o r t s  from Rhodesia. 
For t h i s  reason  w e  a re  not  buying i t ,  they  are  s e l l i n g  i t  t o  t h e  Russ ians  and 
then  we t u r n  around and buy i t  from Russia .  \de  d o n ' t  have chromium i n  t h i s  
count ry ;  maybe we d o n ' t  have enough uranium, b u t  i f  i t  i s  a v a i l a b l e  i n  o t h e r  
p l a c e s  l i k e  i n  South A f r i c a ,  why do we c o n s t a n t l y  worry about  t h e  domestic 
uranium supply?  

M.C.  Beekman - I t h i n k  t h i s  comes about  f o r  a couple  of reasons .  Compared 
t o  t h e  res t  of t h e  world w e  have, of cour se ,  i n  t h i s  count ry  a l a r g e  uranium de- 
p o s i t  as  does Canada. We a l s o  know t h a t  t h e  rest of t h e  world, a l though they  have 
s u b s t a n t i a l  q u a n t i t i e s  of  uranium, a l s o  have a n u c l e a r  power program of t h e i r  own. 
It i s  g e n e r a l l y  assumed t h a t  t h e  growth r a t e  of  overseas  n u c l e a r  power programs 
as  compared t o  t h e i r  t o t a l  uranium d e p o s i t s  are  roughly i n  p ropor t ion  t o  ou r  
growth r a t e  compared t o  our  uranium d e p o s i t s .  
embargo w i l l  be  l i f t e d ,  I ' m  s u r e  i t  w i l l  be i n  t h e  f u t u r e ,  and w e  could import 
uranium from overseas  c o u n t r i e s .  I d o n ' t  kn0~7 how t h i s  w i l l  compare wi th  t h e  

It i s  ve ry  p o s s i b l e  t h a t  t h e  
A 
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p r i c e  t h a t  i s  a v a i l a b l e  i n  t h i s  country.  I am no t  t r y i n g  t o  say h e r e  t h a t  w e  
are  going t o  run out of uranium - t h e r e  i s  no ques t ion  i n  my mind t h e r e  i s  
p l e n t y  of uranium i n  t h e  world t o  l a s t  us  f o r  as long  a s  w e  want - t h e  only 
ques t ion  i s  how much are you going t o  have t o  pay f o r  i t .  The p o s s i b i l i t y  of 
running out  of low c o s t  uranium o r e  (maybe $10 o r  $15 p e r  pound) on a l i g h t  
water  r e a c t o r  only expansion appears  q u i t e  probable  sometime i n  t h e  f u t u r e .  
C e r t a i n l y  t h e  mining and m i l l i n g  i n d u s t r i e s  have a very a c t i v e  and progress ive  
program o f  e x p l o r a t i o n  of d r i l l i n g ,  and they w i l l  come up wi th  new q u a n t i t i e s .  
So ,  i t  i s  only a ques t ion  of t i m e  and i t  i s  a very d i f f i c u l t  t h i n g  t o  say a t  
t h i s  t i m e .  

G .L .  Wensch (USAEC) - From t h e  s tandpoin t  of accuracy,  Myron, I t h i n k  
your s l i d e s  showing t h e  experience of t h e  American program i n  sodium d o e s n ' t  
l a y  i t  out  i n  proper  p e r s p e c t i v e .  It a l s o  makes a comparison of r e a c t o r s  which 
have d i f f e r e n t  va lues .  For exanpie ,  you have EVESR down t h e r e  and yoc; omit ted 
SRE and Hallam. I a l s o  n o t i c e d  t h a t  you e l imina ted  LAMPRE. Frankly,  I t h i n k  
t h a t  i f  one wishes t o  add t h e  proper  worth t o  t h e s e  f a c i l i t i e s  i n  terms of t h e  
c o n t r i b u t i o n s  they  have made t o  sodium systems, one could e a s i l y  e l i m i n a t e  
Clementine and put  down SRE and Hallam. 
n o t  added as much t o  our  experience i n  terms of sodium systems. That i s  p o i n t  
i l l .  Po in t  112 - I am no t  s u r e  t h e r e  i s  an i m p l i c a t i o n  h e r e  t h a t  t h e  U.S.  program 
wi th  a l l  t h i s  experience has  a s lower program than  t h e  o t h e r  c o u n t r i e s  wi th  a 
lesser experience.  I would l i k e  t o  have (1) your views on my c l a r i f i c a t i o n  of 
y o u r  s l i d e s  and ( 2 )  w h a t  you meant by making comDarisons of  schedules  h e r e  and 
abroad. A r e  you r a i s i n g  an i m p l i c a t i o n  by s t a t i n g  t h a t  i n  view of t h e  v a s t  
American experience i n  f a s t  r e a c t o r s ,  our  schedule  has  s l i p p e d  o r  i s  behind 
those  of t h e  o t h e r  n a t i o n a l  programs? 

I t h i n k  by t h e  same token EVESR has  

1I.C. Beekman - By t h e  use of t h a t  s l i d e ,  and I w i l l  mention aga in  t h a t  i t  
i s  a g r e a t l y  condensed v e r s i o n  over  t h e  d a t a  t h a t  are i n  t h e  r e p o r t ,  I was no t  
t r y i n g  t o  imply t h a t  t h e  United States was no t  f u l f i l l i n g  t h e i r  o b l i g a t i o n s  i n  
f a s t  r e a c t o r  development o r  i n  p r o g r e s s ;  I was no t  t r y i n g  t o  be c r i t i c a l .  From 
t h e s e  d a t a  developed i n  t h e  E E I  f a s t  r e a c t o r  s tudy  group, I w a s  t r y i n g  t o  p o i n t  
o u t  t o  t h e  b e s t  of my knowledge f o r  t h e s e  c o u n t r i e s ,  when t h e  i n i t i a l  s t u d i e s  
were s t a r t e d ,  what experiments w e  had i n  o p e r a t i o n ,  t h e  c u r r e n t  amount of funds,  
and recognize  t h a t  when you are t r y i n g  t o  guess i n  t h e  m i l l i o n s  what Russia ,  
France,  Germany, e tc . ,  have spent  f o r  r e s e a r c h  and development on f a s t  r e a c t o r s ,  
i t  i s  somewhat a r b i t r a r y ,  i n c l u d i n g  our own. I w a s  j u s t  t r y i n g  t o  p o i n t  o u t  t h a t  
t h e s e  are t h e  d a t a  t h a t  w e  have c o l l e c t e d  i n  t h e  E E I  f a s t  r e a c t o r  s tudy  r e p o r t .  
By my p r e s e n t a t i o n  t h i s  morning, as I say ,  I w a s  no t  t r y i n g  t o  be  c r i t i c a l  bu t  
t o  t h e  b e s t  of my knowledge, t h e  d a t a  repor ted  i n  t h a t  s l i d e  are c o r r e c t .  
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Abs t rac t  

I n  choosing an energy source f o r  d e s a l t i n g  seawater ,  t h e  econ- 
omic c r i t e r i o n  i s  s o l e l y  t h a t  t h e  c o s t  of a thousand pounds of 
low p res su re  steam s h a l l  b e ' a s  low as p o s s i b l e .  A method i s  
shown f o r  comparing widely d i f f e r i n g  steam sources  on an equ i t -  
a b l e  basis,  and t h i s  method i s  app l i ed  t o  fou r  types  of ad- 
vanced breeder  r e a c t o r s .  A new concept us ing  unclad meta l  
f u e l  i n  ii sodiun coolan t  i s  shorn as z r o n i s i n g  t h e  loT.rest 
e n e r a  c o s t s  of  t h e  r e a c t o r  t y p e s  s t u d i e d  so  fa r .  

A source  of  hea t  energy f o r  seawater  evapora tors  i s  sub jec t  t o  a d i f f e r e n t  
group of c o n s t r a i n t s  and i s  valued i n  a d i f f e r e n t  t p e  of u n i t  t han  i s  a source 
of  hea t  energy f o r  producing e l e c t r i c  power. The seawater evapora tor  can u t i l -  
i z e  hea t  a t  a r e l a t i v e l y  low temperature  on ly ,  beczuse of t h e  chemical proper- 
t i e s  of seawater ,  while  f o r  power product ion  t h e  h igher  t h e  tempera ture ,  t h e  
b e t t e r  t h e  thermal  e f f i c i e n c y .  I n  comparing d i f f e r e n t  hea t  sou rces ,  t h e  econ- 
omics of  water  product ion  e r e  determined Gy t h e  c o s t  o f  a m i l l i o n  B tu ' s  o f  
hea t  ( o r  a thousand pounds of steam) at  t h e  evapora tor  i n l e t  t empera ture .  For 
power product ion ,  t h e  economics are determined by t h e  cos t  of hea t  and by i t s  
e l e c t r i c  y i e l d ,  i . e . ,  i t s  temperature.  The temperature m a y  vary w i d e l y  w i t h  
d i f f e r e n t  sou rces ,  so t h a t  steam c o s t  a lone  does not determine economic m e r i t .  
Thus, if t h e  c o s t  of prime steam i s  S, t h e  va lue  for power product ion  i s  mea- 
su red  by S I & ,  where E i s  t h e  n e t  thermal  e f f i c i e n c y .  But S a lone  i s  t h e  c r i -  
t e r i o n  f o r  seawater  use i n  a water-only s t a t i o n .  

I n  a dual-purpose p l a n t  b u i l t  p r i m a r i l y  f o r  power product ion ,  t h e  va lue  of  
p a r t i a l l y  expanded evapora tor  stem obta ined  from a back-pressure t u r b i n e  must 
be something less  than  S.  
non-subsidy method o f  a s s ign ing  a v a l u e ,  K ,  t o  such exhaust steam based on t h e  
l o s s  of p o t e n t i a l  e l e c t r i c  ou tpu t .  
method of c o s t  a l l o c a t i o n ,  I p resen t  he re  t h e  f i n a l  r e s u l t s  as fo l lows:  

A s  d i scussed  i n  another  paper , '  t h e r e  i s  an e q u i t a b l e  

Without r e p e a t i n g  t h e  d e r i v a t i o n  of t h i s  

I n  t h e  above equat ion  S ,  E ,  and C a r e  t h e  economic v a l u e s ,  o r  c o s t s ,  o r  
prime steam, back-pressure exhaust steam, and s t e m  e n t e r i n g  a waste condenser ,  
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The program of  t h e  Desa l t i ng  Branch o f  t h e  AEC has inc luded  a sea rch  a t  I 

Oak Ridge of  r e a c t o r  t ypes  p o t e n t i a l l y  s u i t e d  for low c o s t  d e s a l t i n g .  
s tudy  has had many i n t e r e s t i n g  a spec t s  and has covered a wide v a r i e t y  of  t y p e s ;  
it i s  s t i l l  under way. Today I w i l l  r e p o r t  i n  a very  pre l iminary  way on one 
p o r t i o n  of  t h e  s t u d i e s  we have made o f  breeder  r e a c t o r s  of t h e  dual-purpose 
type .  It i s  c l e a r  t h a t  under c e r t a i n  c i rcumstances a s ingle-purpose r e a c t o r ,  
one t h a t  produces l o w  tempera ture  steam on ly ,  might be p r e f e r r e d ,  bu t  so far 
t h e r e  has  been much g r e a t e r  i n t e r e s t  i n  producing power as w e l l  as water .  

This  

r e s p e c t i v e l y .  C i s  u s u a l l y  nega t ive  i n  va lue .  The q u a n t i t y  E i s  t h e  ne t  t h e r -  
m a l  e f f i c i e n c y  of  t h e  normal power c y c l e ,  u s i n g  a condenser ,  and B i s  t h e  n e t  
thermal  e f f i c i e n c y  u s i n g  t h e  back-pressure t u r b i n e .  

I n  t h e  f i rs t  te rm o f  t h e  equat ion ,  t h e  q u a n t i t y  ( E  - @ ) / E  r e p r e s e n t s  t h e  
f r a c t i o n  of  t h e  e l e c t r i c a l  ou tput  t h a t  i s  s a c r i f i c e d  by d i v e r t i n g  steam t o  t h e  
water  p l a n t  i n s t e a d  o f  expanding it f u l l y ,  and t h e  q u a n t i t y  1/(1 - 6 )  c o r r e c t s  
f o r  t h e  f a c t  t h a t  H and S do not  con ta in  t h e  same number of thermal  u n i t s .  

I n  t h e  second te rm,  t h e  q u a n t i t y  B / E  r e p r e s e n t s  t h e  p o r t i o n  o f  t h e  c o s t  of  
condensing steam t h a t  i s  a s s ignab le  t o  power, t h e  q u a n t i t y  (1 - E )  c o r r e c t s  f o r  
t h e  f a c t  t h a t  t h e  number of  thermal  u n i t s  d e l i v e r e d  t o  t h e  condenser of  a con- 
densing t u r b i n e  i s  l e s s  t han  t h e  number t h a t  e n t e r  t h e  t u r b i n e  t h r o t t l e .  The 
denominator s e rves  t h e  same func t ion  as i n  t h e  f i r s t  term. 

This a n a l y t i c a l  express ion  i s  an abbrevia ted  summary of  a much more de- 
t a i l e d  and s p e c i f i c  method o f  c o s t  a l l o c a t i o n  a p p l i c a b l e  t o  rea l  s i t u a t i o n s .  
This  method i s  s p e l l e d  out  i n  t h e  r e fe rence  given.  Here I wish only  t o  make 
use  of t h e  a b i l i t y  it provides  t o  t r a n s l a t e  a steam c o s t  a t  one cond i t ion  t o  
an e q u i t a b l e  va lue  a t  another  cond i t ion ,  under t h e  circumstances a p p l i c a b l e  
t o  d e s a l t i n g .  Using t h i s  method, we can compare s e v e r a l  r e a c t o r s ,  producing 
steam a t  widely d i f f e r e n t  tempera tures ,  p r e s s u r e s ,  and c o s t s ,  and g e t  a cor- 
r e c t  p i c t u r e  of t h e i r  r e l a t i v e  a t t r a c t i v e n e s s  as energy sources  f o r  d e s a l t i n g .  

I n  Table 1, f o u r  advanced breeder  r e a c t o r s  a r e  compared as t o  t h e  c o s t  of  
evapora tor  steam which t h e y  could f u r n i s h  a t  a tempera ture  of  300°F.* 
not  a l l  of  t h e s e  systems a r e  e q u a l l y  w e l l  developed, t h i s  comparison can only  
be t e n t a t i v e .  Hence, Table 1 i s  more i l l u s t r a t i v e  than  de te rmina t ive ;  a l l  a r e  
compared a t  a s i z e  of  5000 M W ( t ) .  Adjustments i n  s i z e  from t h e  o r i g i n a l  c o s t  
e s t ima te  were made by i n t e r p o l a t i o n  from l a r g e r  and sma l l e r  s i z e s .  Steam c o s t s  
were a d j u s t e d  t o  300' by t h e  method c i t e d  i n  Reference 1. 

Since  

The CEFBR i s  a des ign  prepared  for t h e  AEC by Combustion Engineer ing Corpor- 
a t i o n . 2  
steam tempera ture  of  1000°F. 

It uses  a ca rb ide  f u e l  c l a d  i n  s t a i n l e s s  s t e e l  and ope ra t e s  a t  a prime 

The VLFBR3 w a s  designed by Argonne Nat iona l  Laboratory wi th  t h e  a s s i s t a n c e  
of Westinghouse Corporat ion.  This work w a s  performed as p a r t  of t h e  d e s a l t i n g  
program a t  ORNL. The o r i g i n a l  s i z e  w a s  10,000 M W ( t ) ,  and we have sca l ed  it 

*The temperature  a t  which present-day evapora tors  can accept  steam i s  about 2 6 0 ~ ~  
f o r  f l a s h  evapora tors  and somewhat h ighe r  f o r  v e r t i c a l  t ube  p l a n t s .  Developments 
now under way i n  t h e  OSW program should r a i s e  t h i s  tempera ture  s u b s t a n t i a l l y .  
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TABLE 1 

Breeder Reactors  Compared a s  Evaporator Heat Sources 

CEFBR VLFBR MSBR U b B R  

Prime Steam Temp., OF 1000 900 1000 690 

Net Thermal Ef f i c i ency  ( E )  .425 .372 .449 .366 

Prime Steam C o s t , t  s (d/MBtu) 10.3 9 .4  1 1 . 2  5.6 
Power Index,  S / E  24.2 25.3 24.9 1 5 . 3  

Value of Exhaust Heat ,  H 
(d/MBtu) , a t  300°F 4 .O 4.2 3.8 2 -  5 

+Municipal f i nanc ing .  

down f o r  comparison. The core  f u e l  i s  c a r b i d e ,  c l a d  i n  s t a i n l e s s  s t e e l .  The 
unique f e a t u r e  of  t h e  design i s  i t s  use  of uranium metal  i n  t h e  b l anke t .  

The P4SBR4 i s  an advanced concept us ing  a l i q u i d  f u e l  con ta in ing  2 3 3 U .  
f i s s i o n  neut rons  a r e  thermal ized  by g r a p h i t e .  The MSR experiment a t  Oak Ridge 
has been performing w e l l  t h i s  p a s t  y e a r ,  and r ecen t  developments i n d i c a t e  t h a t  
a one-region b reede r ,  l e s s  expensive and complicated than  t h e  two-region ver- 
s i o n  shown h e r e ,  may be f e a s i b l e .  The molten sal t  breeder  produces very high 
thermal  e f f i c i e n c y  . 

The 

Finally, t h e  UMBR5 i s  a new concept which achieves very e f f i c i e n t  nuc lea r  
performance because of  t h e  use of unclad meta l  f u e l .  Thorium metal i s  used as 
p a r t  of t h e  f u e l  a l l o y  t o  provide g r e a t l y  improved m e t a l l u r g i c a l  and r a d i a t i o n  
e f f e c t s  p r o p e r t i e s  compared t o  uranium-based a l l o y s .  

I n  Table 1, it i s  of  i n t e r e s t  t o  note  t h e  r e l a t i o n s h i p s  between t h e  unit 
c o s t  of prime s t e m  ( S )  and t h e  c o s t  o f  steam pe r  u n i t  of power produced ( S / E ) .  
This q u a n t i t y  i s  t h e  b o i l e r  p o r t i o n  of  power c o s t .  Adding t h e  t u r b i n e  genera- 
t o r  and condenser c o s t s  would g ive  t h e  t o t a l  power c o s t ,  bu t  t h e s e  l a t t e r  com- 
ponents a r e  not very s e n s i t i v e  t o  t h e  type  of r e a c t o r .  
( s / E )  i s  a very u s e f u l  c r i t e r i o n  of mer i t  i n  comparing r e a c t o r s  as power sources .  
The q u a n t i t y  H ,  computed from S by t h e  method r e f e r r e d  t o ,  i s  t h e  economic c r i -  
t e r i o n  needed t o  compare t h e s e  same r e a c t o r s  as d e s a l t i n g  sources .  

Thus t h e  power index 

The comparison i n  Table 1 i s  made at a r e a c t o r  s i z e  of 5000 M W ( t )  and uses  
t h e  pub l i c  f inanc ing  f i x e d  charges a p p r o p r i a t e  t o  d e s a l t i n g  economics. 
of  i n t e r e s t  t o  compare prime steam and exhaust steam c o s t s  as a func t ion  of  s i z e ,  
as i s  shown i n  F igures  1 and 2.  

It i s  

You w i l l  no te  t h a t  t h e  unclad me ta l  b reede r ,  @ 
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UMBR, shows a r e l a t i v e l y  g r e a t e r  advantage a t  t h e  l a r g e r  s i z e s ,  approaching a 
steam c o s t  on ly  h a l f  t h a t  of t h e  o t h e r  t ypes .  This concept i s ,  of  cour se ,  not  
y e t  on as f i rm a basis as t h e  o t h e r s ,  so  t h e  i n d i c a t i o n s  so far  can only  be 
taken  as promising. I n  t h e  p a s t  t h r e e  y e a r s ,  however, a cons iderable  amount of 
in format ion  has been c o l l e c t e d  bea r ing  on t h e  gene ra l  f e a s i b i l i t y  of t h e  UMBR 
concept .  This information i s  now be ing  reviewed by t h e  AEC. It i s  c e r t a i n  t h a t  
some a d d i t i o n a l  experimental  d a t a  w i l l  he  needed be fo re  reaching  a f i n a l  evalu-  
a t i o n  of t h e  concept ,  

The i r r a d i a t i o n  d a t a  and o t h e r  in format ion  a v a i l a b l e  a r e  presented  i n  de- 
t a i l  i n  ORNL-4202, now i n  process  of p u b l i c a t i o n ,  and I w i l l  not r epea t  it he re .  
I n  F igures  3-7 and Tables 2-4, however, I p resen t  some of  t h e  more important  
p r o p e r t i e s  of  t h e  system as now envis ioned.  

You w i l l  no te  t h a t  t h e  f u e l  i n  t h e  co re  i s  p r i m a r i l y  thorium meta l .  The 
s t r e n g t h ,  conduc t iv i ty ,  and i r r a d i a t i o n  s t a b i l i t y  o f  thorium appear t o  be main- 
t a i n e d  if t h e  a l l o y  i s  s u f f i c i e n t l y  d i l u t e  i n  o t h e r  meta ls .  F igure  3 shows t h e  
phase diagram of t h e  Th-U-Pu system, a t  700°C, as obta ined  by Argonne Nat iona l  
Laboratory.  

F igure  4 shows a ske tch  of t h e  c a s t  f u e l  shapes of  dep le t ed  U which might be 
used i n  t h e  b l anke t .  
u s ing  a bu i l t -up  compact made from hexagonal t ubes  having h a l f  t h e  w a l l  t h i c k -  
ness  shown he re .  The  t ubes  are m a d e  from a l l o y  powder by ex t ruding ,  s i n t e r i n g ,  
and drawing t o  f i n a l  s i ze ,  c u t t i n g  t o  t h e  co re  l e n g t h  of 18", and s t ack ing  
t o g e t h e r  t o  form t h e  f i n a l  core  element,  which i s  about fou r  inches  ac ross .  
The element i s  p laced  i n  a r e f r a c t o r y  meta l  can wi th  t h e  upper and lower a x i a l  
b l anke t  p o r t i o n s  and s t e e l  r e f l e c t o r  s e c t i o n s .  The can i s  p r imar i ly  a handle 
t o  lift t h e  assembly i n  and out  of  t h e  co re .  Sodium coolant  e n t e r s  a nozzle  at 
t h e  bottom of t h e  can and flows up through t h e  openings i n  t h e  element.  F igure  
5 shows t h e  assembly. 

A very similar conf igu ra t ion  i s  proposed f o r  t h e  c o r e ,  

The most important  c h a r a c t e r i s t i c s  of  t h i s  r e a c t o r  stem d i r e c t l y  from t h e  
o m i s s i o n  of t h e  f u e l  c ladding .  F i r s t ,  f u e l  f a b r i c a t i o n  techniques  which would 
not be a p p l i c a b l e  t o  a c l a d  f u e l  can be used. The neu t ron ic  e f f i c i e n c y  i s  
g r e a t l y  enhanced, s i n c e  about 30% of t h e  co re  volume, normally occupied by 
c l add ing ,  i s  rep laced  by f e r t i l e  m a t e r i a l .  This means t h a t  t h e  spectrum i s  
ha rde r ,  t h e  breeding  r a t i o  i s  h ighe r ,  and t h e  s p e c i f i c  power i s  h igher  t han  
f o r  an equ iva len t  c l a d  f u e l  without  any corresponding pena l ty  i n  hea t  t r a n s f e r  
parameters .  However, t h e  h ighe r  hea t  r e l e a s e  p e r  l i t e r  means t h a t  t h e  a c t i v e  
co re  l e n g t h  must be  r e l a t i v e l y  s h o r t ,  i n  t h i s  ca se  18". 

The high hea t  conduc t iv i ty  and high mel t ing  po in t  of  thorium a r e ,  of  course ,  
advantages.  The p r o p e r t i e s  of  thorium and t h e  shape of  t h e  core  combine t o  g ive  
a nega t ive  sodium void  c o e f f i c i e n t .  Other des ign  c h a r a c t e r i s t i c s  a r e  shown i n  
t h e  f i g u r e s .  

I n  summarizing our work so far on low cos t  energy sources  f o r  d e s a l t i n g ,  
w e  f i n d  t h a t  breeder  r e a c t o r s  i n  gene ra l  o f f e r  p rospec t s  f o r  much lower c o s t  
hea t  t han  do t o d a y ' s  r e a c t o r s  and t h a t  t h e  unc lad  m e t a l  b r eede r ,  i f  it can be  
made t o  work, may o f f e r  s t i l l  another  s i g n i f i c a n t  advance. 
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ORNL- DWG 67-10461 

Fig .  4 .  Basic  Fuel  Block 
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O R N L -  DWG 67-4705AR 

Fig. 5 .  Fuel Element; Assembly 
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Fig. 6. Schematic of Core Arrangement 
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TABLE 2 
UMBR Fuel and Blanket Composition 

(Mixed Cycle , Power Version) 

Core Fuel Elements 

Thorium 

Uranium 

Plutonium 

Fission Products 

73% 
16% 
6% 
5% 

Radial and Axial Blanket Elements 

99% Uranium 

Plutonium 1% 

TABLE 3 

UMBR Design Characteristics 
(Mixed Cycle, Power Version) 

Reactor Power , Mw( t ) 
Core Diameter, ft 

Core Height, ft 

Blanket Thickness, ft 

Maximum Fuel Temperature, OC 

Primary Sodium Temperature, inlet/outlet, OC 

Secondary Sodium Temperature, inlet/outlet, O C  

Steam Temperature/Pressure, OC/psi 

Net Thermal Efficiency, % 
Average Core Specific Power , kw( t ) /kg heavy metal 
Average Core Power Density, kw(t)/l liter 

Maximum Core Burnup before Refabrication, Mwd/T 

Average Core Burnup before Reprocessing, Mwd/T 

Core Enrichment, % 
System Specific Power, kw(t)/kg fissile 

Total Breeding Ratio 

System Doubling Time, years 

3500 
8.2 
1 . 5  
1.5 
650 

345/525 
324/473 
366/1450 

36.6 
220 
1284 

40 , 000 
100 , 000 

12.5 

1037 
1.64 
3.4 
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TABLE 4 

R e a c t i v i t y  Worths (Mixed Cycle ,  Power Version)  

6 
-6 

Core Doppler C o e f f i c i e n t  a t  5 3 5 O C ,  611/OC -2.4 x 10- 

Fuel Expansion C o e f f i c i e n t ,  6k/'C -0.7 x 10 

Sodium Loss from T o t a l  Core and Blanket ,  6k -0, ooh 

Fue l  Element I n s e r t  i o n ,  Maxinun 6k +o.  002 
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DISCUSSION 

K.A. T r i c k e t t  (USAEC) - Would you l i k e  t o  t e l l  us  what are  some of t h e  prob- 
l e m s  you have t o  s u c c e s s f u l l y  s o l v e  t o  make t h e  b a r e  metal  r e a c t o r  i n t o  a power 
p l a n t ?  

R.P. Hammond - Well, t h a t  i s  not  r e a l l y  t h e  t o p i c  of my p a p e r  but  i t  i s  t h e  
s u b j e c t  of a forthcoming r e p o r t  a t  Oak Ridge, ORNL-4202, which i s  not  q u i t e  f i n -  
i shed  y e t .  However, b r i e f l y ,  t h e r e  are  problems more of v e r i f i c a t i o n  than  of 
b a s i c  concern;  t h e  thermodynamic s t a b i l i t y  of uranium-thorium i n  sodium i s  w e l l  
known. The problems have t o  do wi th  i m p u r i t i e s  i n  sodium. It i s  q u i t e  s u r e  
t h a t  t h i s  unclad uranium b lanke t  w i l l  p r i m a r i l y  be t h e  s i n k  f o r  most i m p u r i t i e s  
i n  t h e  system and so t h e  ra te  a t  which i m p u r i t i e s  l e a k  i n t o  t h e  sodium has  t o  be 
compatible  wi th  t h e  r a t e  a t  which f u e l  i s  taken  ou t  of t h e  b l anke t  f o r  process-  
ing.  The f u e l  i n  t h e  b l anke t  i s  not  recyc led  so i t  w i l l  be  t h e  main g e t t e r ,  and 
our  c a l c u l a t i o n s  i n d i c a t e  t h i s  i s  a very  t o l e r a b l e  s i t u a t i o n .  There are  a few 
o t h e r  problems having t o  do wi th  improvement of t h e  gas  clean-up system. These 
are  matters of degree  compared t o  vented f u e l  r a t h e r  than  economy, and I d o n ' t  
t h i n k  i t  i s  a ques t ion  of f e a s i b i l i t y  t h e r e ,  i t  i s  more t h e  ques t ion  of  c o s t .  
There are  c e r t a i n l y  problems having t o  do wi th  how you f a b r i c a t e  thorium a l l o y s  
cheaply  enough. W e  have only  begun t o  exp lo re  t h a t  area,  and I c a n ' t  g ive  you 
any f i n a l  answer. 

P.F. Gast (ANL) - I a m  a l i t t l e  b i t  mys t i f i ed  about  where t h e s e  c o s t  sav- 
i n g s  come from as compared wi th  t h e  more convent iona l  r e a c t o r  design.  You have 
a very  complex f u e l  shape. You are  going t o  r ep rocess  o r  a t  least  r e f a b r i c a t e  
a f t e r  40,000 megawatt days pe r  t on ,  whereas i n  t h e  convent iona l  des igns  people  
u s u a l l y  p o s t u l a t e  100,000. You have a low-temperature r e a c t o r  w i th  f i s s i o n  pro- 
d u c t s  normally i n  t h e  coo lan t  and low temperature  steam which i m p l i e s  l a r g e  
s i z e s  f o r  your equipment. I wonder i f  you could exp la in  a l i t t l e  b i t  j u s t  what 
t h e  sources  of t h e  c o s t  sav ings  are. 

R.P. Hammond - Everything you say  is  t r u e  - t h e  f i s s i o n  products  are i n  t h e  
sodium and those  f i s s i o n  products  ra i se  t h e  r a d i o a c t i v i t y  of sodium by perhaps 
10% over  t h e  r a d i o a c t i v i t y  t h a t  is  a l r e a d y  the re .  This  i s  an economics prob- 
l e m  bu t  no t  one of f e a s i b i l i t y .  The exper ience  i n  sodium g r a p h i t e  r e a c t o r s  
show t h a t  f i s s i o n  products ,  carbon and many o t h e r  t h ings  i n  sodium can be suc- 
c e s s f u l l y  c leaned by t r app ing  and exper ience  a t  Los Alamos confirms t h i s  a l s o .  
A s  t o  t h e  ques t ion  of c o s t  of f a b r i c a t i n g  compared t o  t h e  burnup, t h e  economic 
c r i t e r i a  i s  t h e  r a t i o  of d o l l a r s  per  kilogram t o  megawatt days p e r  kilogram 
which i s  d o l l a r s  p e r  megawatt day, and so i f  w e  have about 1 / 3  of t h e  burnup 
of c l a d  f u e l ,  w e  must f i n d  a f a b r i c a t i n g  method t h a t  w i l l  c o s t  about 113 as 
much. It  a p p e a r s  t o  be f e a s i b l e  t o  do s o  because i t  i s  c lear  t o  almost anyone 
t h a t  a t  least  2 /3  of t h e  c o s t  of t h e  f u e l  i s  i n  t h e  c ladding  and t h e  opportun- 
i t i e s  w e  have i n  t h e  methods of making unclad f u e l s  i n  very  e f f i c i e n t  shapes 
appear q u i t e  good. For example, t h i s  complex shape you s a w  t h e r e  i s  a c t u a l l y  
made by ex t rud ing  powder t o  form hexagon tubes  wi th  h a l f  t h e  wall t h i ckness  and 
these  are j u s t  s tacked  toge the r  t o  form t h e  hexagonal f u e l  element so t h a t  t h e  
f a b r i c a t i o n  c o n s i s t s  of ex t rud ing  t h e  s i n g l e  tubes .  Well, i t  i s  t h i s  r a t i o  
t h a t  i s  an  important  economical f a c t o r  and we t h i n k  i t  i s  very  promising. 
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FAST REACTOR SYSTEf6 FOR SPACE POIER 

Car l  E. Johnson 

U .  S, Atomic Energy Commission 
Washington, D ,  C . 

Abst rac t  

It appears  t h a t  t ens-of -k i lowat t s  of  e l e c t r i c  power w i l l  be 
needed i n  space i n  t h e  1970's and hundreds-of-ki lowatts  i n  
t h e  1980's. The Atonic Energy Commissions' r e a c t o r  space 
power development program t o  meet t h e s e  needs emphasizes 
t h r e e  r e a c t o r  concepts :  t h e  zirconium hydride thermal  
r e a c t o r  f o r  use with the rmoe lec t r i c  o r  dynamic conversion 
f o r  t h e  tens-of -k i lowat t s  range i n  t h e  1970's, and t h e  
thermionic  and advanced l i q u i d  meta l  cooled r e a c t o r s  f o r  
use with a v a r i e t y  of power conversion systems by around 
1980. The paper d i scusses  t h e  development o b j e c t i v e s  of  
t h e  space power r e a c t o r  program, and desc r ibes  a n  i r r a d i a -  
t i o n  capsule  and a l i q u i d  meta l  co r ros ion  capsule  which 
might be u s e f u l  i n  o t h e r  f a s t  r e a c t o r  p r o j e c t s .  

I N T R O D U C T I O N  

A s  we make u s e  of our near -ear th  space c a p a b i l i t i e s  and f 'u r ther  explore  
t h e  s o l a r  system, i n c r e a s i n g  amounts of  e l e c t r i c  power w i l l  be needed, A s  
shown i n  Figure 1, we expect t h a t  long- l ived  space power s u p p l i e s  i n  t h e  t ens -  
o f -k i lowa t t s  range w i l l  be needed dur ing  t h e  1970's, and t h a t  hundreds-of- 
k i l o w a t t s  w i l l  be needed i n  t h e  1980 ' s . l  A t  t h e s e  power l e v e l s ,  r e a c t o r  power 
systems a r e  a t t r a c t i v e .  

The o b j e c t i v e s  of t h e  Atomic Energy Commission's space power r e a c t o r  dev- 
elopment program t o  meet t h e s e  a n t i c i p a t e d  needs a r e  i l l u s t r a t e d  i n  F igure  2.  
For t h e  tens-of -k i lowat t s  range i n  1970 ' s ,  w e  a r e  developing a zirconium hydride 
thermal  r e a c t o r .  T h i s  r e a c t o r  can be used w i t h  t he rmoe lec t r i c  power conversion 
t o  provide  10 t o  25 KWe i n  t h e  e a r l y  t o  mid 1970's. "his same r e a c t o r  can be  
used wi th  NASA's mercury Rankine c y c l e ,  SNAP-8 system and p o s s i b l y  with Brayton 
o r  organic  Rankine cyc le  power conversion when they  a r e  developed t o  provide  up 
t o  100 KWe. 

The second range of power shown on Figure  2 i l l u s t r a t e s  where fast  r e a c t o r s  
a r e  expected t o  p lay  a r o l e .  
These advanced power p l a n t s  a r e  intended f o r  use as advanced secondary power 
sources  and f o r  unmanned e l e c t r i c  propuls ion .  

This  i s  i n  t h e  50-300 KW range dur ing  t h e  1980's. 

@ 
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The t h i r d  ca tegory  of  r e a c t o r  power systems i s  i n  t h e  megawatt range f o r  
manned e l e c t r i c  propuls ion  i n  t h e  l a t e  1980 ' s  o r  1990 ' s .  

Our approach t o  developing t h e  advanced, i . e . ,  f a s t  r e a c t o r s ,  i s  shown i n  
The i n i t i a l  o b j e c t i v e  f o r  t h e  advanced r e a c t o r s  i s  t o  develop a 50- Figure 3. 

300 KW power p l a n t  f o r  secondary power and unmanned e l e c t r i c  propuls ion .  
a d d i t i o n ,  w e  want t o  use  t h i s  technology as a s t epp ing  s tone  t o  t h e  megawatt- 
range power p l a n t s .  The long  te rm o b j e c t i v e s  f o r  megawatt-range systems i s  f o r  
manned e l e c t r i c  propuls ion .  
t o  develop a t  t h e  50-300 KWe range f o r  t h e  1980's  should have t h e  performance 
p o t e n t i a l  f o r  reaching very low s p e c i f i c  weight.  These two advanced r e a c t o r  con- 
c e p t s  are t h e  thermionic  r e a c t o r  and t h e  advanced l i q u i d  meta l  cooled r e a c t o r  
p r i m a r i l y  f o r  u se  wi th  a potassium Rankine cyc le .  

I n  

Therefore ,  t h e  power p l a n t  concepts  which we p l a n  

PERFORMANCE OF ALTERNATE POWER SYSTEMS 

There a r e  two b a s i c  reasons  why fast  r e a c t o r s  have been s e l e c t e d  f o r  p r i -  
mary emphasis i n  our  advanced r e a c t o r  program. These a r e :  requirements  f o r  
high energy d e n s i t i e s  and h igh  tempera tures .  These tempera tures  f o r  t h e  advanced 
r e a c t o r s  must be a s u f f i c i e n t l y  l a r g e  i n c r e a s e  over t h e  1300'F zirconium hydr ide  
r e a c t o r s  t o  make t h e  advanced technoAogy worth working on. 
high energy d e n s i t y  a t  t h e s e  tempera tures  without  excess ive  f u e l  burnup, most of 
t h e  co re  volume should be composed of  f u e l  such as U02, UN or UC. 

I n  o rde r  t o  achieve  

The  i n c e n t i v e  f o r  high tempera tures  f o r  space power p l a n t s  i s  i l l u s t r a t e d  
i n  F igure  4. 
w a s t e  hea t  from t h e  power p l a n t  c y c l e ,  ( i . e . ,  t o t a l  r a d i a t o r  area inc lud ing  power 
cond i t ion ing  d iv ided  by n e t  condi t ioned  power o u t p u t )  as a func t ion  of  f u e l  e l e -  
ment s u r f a c e  tempera tures  i n  t h e  r eac to r .*  
reduced r a d i a t o r  area as t h e  cyc le  t o p  tempera ture  goes up. This  occurs  because 
i n  o r d e r  t o  i n c r e a s e  t h e  r a d i a t o r  tempera ture  and s t i l l  main ta in  a reasonable  
cyc le  e f f i c i e n c y  t h e  cyc le  t o p  temperature  must a l s o  go up. F igure  4 a l s o  shows 
t h e  approximate tempera ture  o b j e c t i v e s  of  t h e  t h r e e  r e a c t o r s  which t h e  AEC i s  
developing.  These a r e :  t h e  zirconium hydride r e a c t o r  wi th  a 1300'F coolant .  
o u t l e t  t empera ture ,  t h e  advanced l i q u i d  meta l  cooled r e a c t o r  wi th  a coolan t  
o u t l e t  t empera ture  around 2200'F, and t h e  in-core thermionic  r e a c t o r  ope ra t ing  
wi th  an emi t t e r - c l ad  tempera ture  over  3000'F, bu t  w i th  a coolan t  tempera ture  
around 1300'F. 

This graph2 shows n e t  s p e c i f i c  r a d i a t o r  area requ i r ed  t o  r e j e c t  

F igure  4 shows a c l e a r  t r e n d  towa:-d 

Reactor  energy d e n s i t y  i s  important  because r e a c t o r  s i z e  a f f e c t s  t h e  s h i e l d  
F igure  5 , 3  for example, shows an approxi- weight f o r  given miss ion  c o n s t r a i n t s .  

mate r e l a t i o n s h i p  between r e a c t o r  co re  volume and f u e l  volume f r a c t i o n . '  The 

*Radiators  a r e  assumed r a d i a t e  t o  a s i n k  temperature  of  -20'F wi th  a product  of  
( emi t t ance )  ( f i n  e f f e c t i v e n e s s )  of 0.81. Power cond i t ion ing  i s  assumed t o  be 
85 percent  e f f i c i e n t  f o r  t h e  d i r ec t - cu r ren t  t h e r m o e l e c t r i c  and thermionic  power- 
p l a n t s  and 90 percent  e f f i c i e n t  f o r  t u r b o a l t e r n a t o r  systems. Power cond i t ion ing  
waste hea t  i s  assumed t o  be r e j e c t e d  a t  100'F. 

c r o s s  s e c t i o n s 4  f o r  a U235 fue l ed  r e a c t o r ,  and assumes a two t o  t h r e e  inch  
r e f l e c t o r  sav ings .  

'The minimum c r i t i c a l  co re  volume shown i n  F igure  5 i s  computed wi th  one-group 
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fast  r e a c t o r s  we a r e  p lanning  on f o r  t h e  50-300 KW range gene ra l ly  f a l l  i n  one 
of  two p laces  on t h i s  graph. For example, a two M W t  advanced l i q u i d  metal  cooled 
r e a c t o r  des ign  t y p i c a l l y  has a f u e l  volume f r a c t i o n  around 55 t o  60 pe rcen t ,  and 
gene ra l ly  f a l l s  on Figure 5 nea r  t h e  i n t e r s e c t i o n  of t h e  c r i t i c a l i t y  l i m i t  wi th  
t h e  one percent  burnup p e r  y e a r  l i n e  f o r  a 2 M W t  r e a c t o r .  In-core thermionic  reac-  
t o r s  on t h e  o t h e r  hand, g e n e r a l l y  have a f u e l  volume f r a c t i o n  around 30-40 per-  
cen t  and,  t h e r e f o r e ,  t e n d  t o  have a minimum c r i t i c a l  co re  volume about t h r e e  t o  
fou r  t imes  l a r g e r  t han  an equiva len t  l i q u i d  me ta l  cooled r e a c t o r .  

The e f f e c t  of r e a c t o r  core  s i z e  on s h i e l d  weight i s  i l l u s t r a t e d  i n  F igure  6 
f o r  two s e t s  of a r b i t r a r i l y  assumed manned s h i e l d  c r i t e r i a ;  i . e . ,  a dose ra te  of  
10 mr/hr a t  a sepa ra t ion  d i s t a n c e  of  100 f e e t  over a dose p l a n t  100 f e e t  i n  d ia -  
meter and 30 f e e t  i n  diameter . ’  For t h e  core  volumes i n  t h e  two r e a c t o r  examples 
d i scussed  above, Figure 6 i n d i c a t e s  t h a t  t h e  l a r g e r  d iameter ,  manrated s h i e l d  for 
a t y p i c a l  2 MWt l i q u i d  meta l  cooled r e a c t o r  would weigh about 17,000 pounds and 
an equiva len t  s h i e l d  f o r  a t y p i c a l  i nco re  thermionic  r e a c t o r  would weigh about 
22,000 t o  25,000 pounds. I n  gene ra l ,  t h e  weight of a shadow s h i e l d  would be ex- 
pec ted  t o  be approximately p ropor t iona l  t o  r e a c t o r  volume r a i s e d  t o  t h e  1/3 t o  
2/3 power. For a c r i t i c a l i t y - l i m i t e d  r e a c t o r ,  t h e r e f o r e ,  shadow s h i e l d  weight 
i s  approximately i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f i r s t  o r  second power of t h e  f u e l  
volume f r a c t i o n .  For burnup l i m i t e d  r e a c t o r s ,  shadow s h i e l d  weight i s  approxi- 
mately i n v e r s e l y  p r o p o r t i o n a l  t o  f u e l  volume f r a c t i o n  r a i s e d  t o  t h e  1 / 3  t o  2 /3  
power. 

The two items j u s t  d i scussed ,  i . e . ,  t h e  s h i e l d  and t h e  r a d i a t o r ,  a r e  t y p i -  
c a l l y  t h e  h e a v i e s t  components i n  a r e a c t o r  space power system. An es t ima te  of 
t h e  t o t a l  sh i e lded  weight of  va r ious  r e a c t o r  power systems i s  i l l u s t r a t e d  i n  
F igure  7.2* The weight advantage of t h e  advanced r e a c t o r  power p l a n t s  appears  
p a r t i c u l a r l y  a t t r a c t i v e  i n  t h e  power range above 50 t o  100 KWe. 

THERMIONIC REACTOR PROGRAM 

The c u r r e n t  o b j e c t i v e s  of t h e  thermionic  r e a c t o r  program are t o  develop and 
demonstrate  a long-l ived thermionic  f u e l  element and t o  demonstrate  ope ra t ion  of 
a thermionic  r e a c t o r  experiment u s ing  t h i s  f u e l  element.  A t y p i c a l  minimum c r i t -  
i c a l  s i z e ,  U235 fue l ed  thermionic  r e a c t o r  might be  composed of about 1000 t h e r -  
mionic d iodes .  These diodes might be a r ranged  as shown schemat i ca l ly  on t h e  
r i g h t  hand s i z e  of F igure  8. 
s e r i e s  a x i a l l y  as i n  t h e  so-ca l led  f l a s h l i g h t  concept ;  or t h e  d iodes  i n  each 
l a y e r  might be wired t o g e t h e r  i n  a p a r a l l e l - s e r i e s  network as i n  t h e  so-ca l led  
u n i t - c e l l  concept.  

A dozen or so diodes might be wired t o g e t h e r  i n  

The s t e p s  i n  developing thermionic  f u e l  elements a r e  a l s o  i l l u s t r a t e d  i n  
The i n i t i a l  experimental  d iodes  a r e  shown on t h e  l e f t  hand s i d e  of 
These experimental  diodes a r e  in tended  t o  measure t h e  performance of  

F igure  8. 
F igure  8. 

*In F igure  7 t h e  t o p  o f  t h e  weight range f o r  each concept i s  f o r  a manned shadow 
s h i e l d ,  for 1 0  mr/hr over a 75 foo t  diameter  dose p l ane ,  150 f e e t  from t h e  reac-  
t o r .  
fast nvt  and 10  6 r ads  of gamma rays  over a 20 f o o t  diameter  dose p l a n t  100 f e e t  
from t h e  r e a c t o r .  

The bottom of t h e  weight range i s  f o r  an unmanned shadow s h i e l d  f o r  10l2 
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simple diodes du r ing  i r r a d i a t i o n  and t o  i n v e s t i g a t e  i r r a d i a t i o n  and tempera ture  
e f f e c t s  on t h e  high tempera ture  f u e l  and e m i t t e r .  
i t s  o b j e c t i v e  of  provid ing  i n - p i l e  d a t a  on s a t i s f a c t o r y  f u e l  and e m i t t e r s  t o  10,000 
hours of  ope ra t ion .  

This work i s  underway towards 

The next  s t e p s  i n  developing t h e  f u e l  element involve  adding t o  t h e  b a s i c  
diode a l l  of t h e  f e a t u r e s  which would be r equ i r ed  i n  a r e a c t o r  f u e i  e lement ,  al-  
though t h e  dimensions of t h e s e  pro to type  o r  m u l t i p l e  diodes nay d i f f e r  from th -?  
f i n a l  fue l  element des ign .  The pro to type  d lodes  Lnclude t h e  so-ca l led  t r i - l a y e r  
( i . e . ,  a t h i n  c o l l e c t o r ,  t h e  shea th  i n s u l a t o r ,  and t h e  e x t e r n a l  shea th )  an3 a 
pro to type  s e a l  i n s u l a t o r  ope ra t ing  a t  t h e  t e m p e r a t w e s  expected I n  t h e  r e a l  f u e l  
element.  For t h e  f l a s h l i g h t  concept ,  p ro to type  diodes a r e  t e s t e d  i n  a t h r e e - c e l l  
f l a s h l i g h t  arrangement which inc ludes  t h e  i n t e r c e l l  e l e c t r i c a l  l e a d s .  

Most of our diode development e f f o r t  i s  now going towards experimental  d iodes ,  
s i n g l e  pro to type  c e l l  d iodes ,  and t h r e e - c e l l  p ro to type  f l a s h l i g h t s .  Full l e n g t h  12- 
c e l l  f l a s h l i g h t  and mul t i -uni t  c e l l  i r r a d i a t i o n s  a r e  plamned i n  about two yea r s .  
The experience o f  General E l e c t r i c ,  Gulf General  Atomic and Thermo E lec t ron  Corp- 
o r a t i o n  wi th  i n - p i l e  ope ra t ion  of  thermionic  diodes i s  summarized i n  F igure  9. 
The longes t  ope ra t ion  of  an experimental  diode has been about 8000 hours ,  and 
p ro to type  diodes have opera ted  about 2000 hours .  

Fas t  neutron i r r a d i a t i o n  e f f e c t s  on e l e c t r i c a l  i n s u l a t o r s  f o r  use  i n  t h e r -  
mionic f u e l  elements a r e  a l s o  be ing  eva lua ted .  An i r r a d i a t i o n  capsule  which the 
Los Alamos S c i e n t i f i c  Laboratory has devised f o r  t h i s  purpose may be of  i n t e r e s t  
for o t h e r  i r r a d i a t i o n  experiments .  This  i r r a d i a t i o n  capsule  uses  a hea t  p ipe  wi th  
a gas bulb t o  main ta in  a cons t an t  temperature  on i n s u l a t o r  m a t e r i a l s  i r r a d i a t e d  
i n  t h e  EBR-I1 where instrument  l e a d s  i n t o  t h e  i r r a d i a t i o n  experiment a r e  imprac- 
t i c a l .  A h e a t  p ipe  shown schemat ica l ly  i n  F igure  10 ,  i s  b a s i c a l l y  a r e f l u x  con- 
denser  w i t h  a wick on t h e  w a l l  so t h a t  c a p i l l a r y  a c t i o n  w i l l  pump t h e  condensed 
l i q u i d  back t o  t h e  evapora tor  s e c t i o n .  The hea t  p ipe  concept has been app l i ed  
t o  t h e  LASL's i r r a d i a t i o n  capsule  des ign  as shown i n  F igure  11.6 
cep t  i s  be ing  i n v e s t i g a t e d  t o  r e g u l a t e  temperatures  i n  a uranium n i t r i d e  f u e l  
i r r a d i a t i o n  capsule  be ing  designed by t h e  Lawrence Radia t ion  Laboratory.  

A s imi la r  con- 

ADVANCED L I Q U I D  METAL COOLED REACTOR PROGRAM 

Some key f e a t u r e s  of t h e  advanced l i q u i d  meta l  cooled r e a c t o r  concept a r e  
summarized i n  F igure  1 2 .  The r e fe rence  des ign  i s  a minimum c r i t i c a l  s i z e ,  f a s t  
r e a c t o r  with a thermal  power l e v e l  of  about two M W t .  The coolan t  o u t l e t  temper- 
a t u r e  w i l l  be about 2200'F. The r e a c t o r  w i l l  be fue l ed  with uranium n i t r i d e  w i t h  
a d u c t i l e  t ungs t en  a l l o y  c l a d .  The coolan t  w i l l  be l i t h i u m  i n  a r e f r a c t o r y  meta l  
a l l o y  primary loop .  

This r e a c t o r  can be used wi th  any of s e v e r a l  t ypes  of power conversion.  
Potassium Rankine cyc le  power conversion would be used f o r  a high performance 
power p l a n t  for use  wi th  e l e c t r i c  propuls ion .  The r e a c t o r  can a l s o  be used 
with a Brayton cyc le  or poss ib ly  with high temperature  silicon-germanium 
the rmo-e lec t r i c s .  
be ing  considered f o r  u se  wi th  out-of-core thermionics .  

A 1500OC hea t  p ipe  cooled ve r s ion  of t h i s  r e a c t o r  i s  a l s o  

The primary emphasis i n  t h i s  program has been i n  m a t e r i a l s  development. 
Lawrence Radia t ion  Laboratory has devised  an i n t e r e s t i n g  technique  f o r  l i q u i d  
meta l  t e s t i n g  which may be a p p l i c a b l e  t o  o t h e r  p r o j e c t s .  
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This  technique  i s  a p q e d  capsule  f o r  sc reening  t e s t s  on mass t r a n s f e r  i n  
flowing l i q u i d  me ta l  systems. 
r e l a t i v e l y  simple caDsule i n s t e a d  of a loop. The bas i c  idea  i s  t o  p l ace  a mem- 
brane a x i a l l y  dovn t h e  middle of  t h e  capsule  so  t h a t  flow can go up one s i d e  of 
t h e  capsule  and dovn t h e  o t h e r  s ide .  
e lec t romagnet ic  pump by flokring e l e c t r i c i t y  ac ross  one s i d e  of t h e  capsule  and 
imposing a magnetic f i e l d  perpendicular  t o  t h e  e l e c t r i c a l  c u r r e n t .  One end of 
t h e  capsule  i s  then  heated and r a d i a t o r  f i n s  f o r  coo l ing  a r e  a t t a c h e d  t o  t h e  
o the r  end. The cagsu le  shown i n  F i g w e  1L ;<:as t e s t e d  i n  l i t h i u m  i n  a tungs ten-  
molybdenum-rhenium a l l o y  a t  lhOO°C r a i t i !  a 200°C AT i n  a t u r b u l e n t  flow f o r  1000 
hours .  

The concept ,  shown i n  F igures  13 and 1 4 ,  u ses  a 

@ 
One s i d e  of  t h e  capsule  i s  nade i n t o  an 

SUMMARY 

I n  summary, t h e  space r e a c t o r  ?over p r o g a q  i s  concen t r a t ing  on t h r e e  reac-  
t o r s  as shown i n  F igure  1 5 .  

The f i r s t  i s  a zirconium hydride r e a c t o r  f o r  use with e i t h e r  l e a d - t e l l u r i d e  
the rmoe lec t r i c  conversion o r  w i t h  dynamic conversion f o r  u se  i n  t h e  tens-of-  
k i l o w a t t s  range i n  t h e  1970 ' s .  

Two r e a c t o r  t echno log ie s  a r e  be ing  aeveloped f o r  high performance, high 
power systems f o r  t h e  1980 ' s .  
thermionic  r e a c t o r  and t h e  advanced l i q u i d  meta l  cooled r e a c t o r  which i s  in -  
tended p r i m a r i l y  f o r  use  
i b i l i t y  f o r  use  with a v a r i e t y  of power conversion systems. 

The two competing advanced concepts  a r e  t h e  

w i t h  t h e  po ta s s i a?  Rankine cyc le  but  which has  f l e x -  
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FACTORS AFFECTING THE DESIGN 

OF GAS-COOLED FAST BREEDER REACTORS 
by G . ?le les  e-d ’ Hos p i t  a 1  

Gulf General  Atomic Incorporated 

ABSTRACT 

Gas-Cooled F a s t  b reeder  Reactors are c h a r a c t e r i z e d  by a 
g r e a t  design f l e x i b i l i t y  because of t h e  decoupling of gas 
temperature  and p r e s s u r e ,  t h e  smal l  coolant  n u c l e a r  i n t e r -  
a c t i o n ,  and t h e  l a c k  of chemical and neutron a c t i v a t i o n  of 
helium. Performance, such a s  10 years  doubl ing t i m e  o r  40% 
thermal e f f i c i e n c y ,  comparable t o  those of high-gain oxide- 
f u e l e d  LMFBR, are o b t a i n a b l e  wi th  GCFR a t  modest p r e s s u r e s  
(70-100 atm) and p r e s s u r e  drops (Ap/p = 5%) f o r  maximum c l a d  
temperatures  of 650-700°C. Besides t h e  advantage of easier 
gas  technology compared t o  sodium, GCFR can b e n e f i t  from b e t t e r  
f u e l s  such as carb ides  and from t h e  s i m p l e r  d i r e c t  gas  t u r b i n e  
cyc le .  

INTRODUCTION 

When f a s t  b reeder  r e a c t o r s  were f i r s t  considered some twenty y e a r s  ago, 
i t  w a s  thought t h a t  only a l i q u i d  metal  had t h e  necessary h e a t  t r a n s f e r  and 
t r a n s p o r t  p r o p e r t i e s  t o  cool  t h e  h igh  power d e n s i t y  co res  without  t oo  much 
n e u t r o n i c  p e n a l t y .  Besides ,  sodium can o p e r a t e  a t  e l e v a t e d  temperature  with- 
o u t  h igh  p r e s s u r e  because of i t s  8 8 1 O C  b o i l i n g  p o i n t .  
ment of p r e s t r e s s e d  concre te  p r e s s u r e  v e s s e l s  conta in ing  t h e  whole primary 
system of gas-cooled r e a c t o r s  i n  t h e  e a r l y  1960’s  l e d  t o  t h e  real  p o s s i b i l i t y  
of us ing  a p r e s s u r i z e d  gas as a coolan t  f o r  f a s t  b reeder  power r e a c t o r s .  

The s u c c e s s f u l  develop- 

Among t h e  gases  which may be considered,  some are excluded f o r  chemical 
o r  m e t a l l u r g i c a l  reasons ( a i r ,  hydrogen o r  CO), some f o r  poor h e a t  t r a n s f e r  
p r o p e r t i e s  (neon and argon) ,  and some because of high neut ron  a c t i v a t i o n  
( n i t r o g e n ) .  
thermal  r e a c t o r s ,  o r  proposed f o r  f a s t  r e a c t o r s ,  are carbon d ioxide ,  helium 
and steam. All of them a r e  r e a d i l y  a v a i l a b l e ,  even helium, which can b e  ex- 
t r a c t e d  from t h e  n a t u r a l  gas  of t h e  North Sea. A s  opposed t o  sodium, they  
are a l l  compatible wi th  water and a i r ,  do n o t  b o i l  and are t r a n s p a r e n t .  
Furthermore,  they  are n o t  much a c t t v a t e d  by neut rons ,  may b e  used i n  a d i r e c t  
cyc le  o r  wi th  an i n d i r e c t  steam cyc le ,  and do n o t  r e q u i r e  t h e  i n t e r m e d i a t e  
loop necessary wi th  l i q u i d  meta ls .  Therefore  t h e  c a p i t a l  c o s t  wi th  gas cool- 
i n g  is expected t o  be  lower than  wi th  sodium cool ing,  perhaps as much as 10-15% 
lower f o r  t h e  same p l a n t  s i z e .  Besides ,  maintenance and r e p a r a b i l i t y  should 
be  much easier wi th  a gas  than  wi th  a l i q u i d  meta l .  

The only t h r e e  gases  which have been u t i l i z e d  as coolan ts  of 

There i s  l i t t l e  t o  choose between carbon d ioxide ,  helium and steam from 
a h e a t  t r a n s f e r  viewpoint (1-4) and a l l  of  them can l e a d  t o  co re  thermal  per- 
formance comparable t o  t h a t  of sodium. The d a t a  shown i n  Table  1 i n d i c a t e  
t h a t  s i m i l a r  v a l u e s  of  h e a t  t r a n s p o r t  p e r  u n i t  f low area and s u r f a c e  h e a t  f l u x  
can be  obta ined  wi th  sodium and wi th  100 a t m  helium i n  proper ly  designed f a s t  
r e a c t o r  co res .  The cyc le  h e a t  r a t i n g  i s  2-3% lower wi th  sodium than wi th  helium 
i n  view of t h e  h i g h e r  pumping power r e q u i r e d  by helium ( f o r  t h e  same l i m i t i n g  
c l a d  tempera ture) .  Some of t h e  thermodynamic advantage of sodium is  l o s t  i n  
t h e  i n t e r m e d i a t e  sodium loop,  and t h e  n e t  e f f e c t  on t h e  low f u e l  cyc le  c o s t  i s  
minimal. 

@ 
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Table 1 

COMPARISON OF HELIUM AND SODIUM AS FAST REACTOR COOLANTS 

Coolant 

Average p r e s s u r e  (atm) 

Flow v e l o c i t y  ( m / s )  

Core Temperature rise ("C) 

Heat t r a n s p o r t  p e r  u n i t  
flow area 
pvCp AT(Kw/cm*) 

Average f i l m  drop. ("C) 

Heat t r a n s f e r  c o e f f i c i e n t  
(W/Crn* "C) 

Surface  h e a t  f l u x  (w/cm2> 

H e l i u m  

100 

100 

300 

100 

200 

I* 

200 

Sodium 

1- 7 

5 .5  

170 

100 

20 

10 

200 

* P a r t i a l  roughening of t h e  f u e l  rod s u r f a c e  doubles t h e  
h e a t  t r a n s f e r  c o e f f i c i e n t  and t r i p l e s  t h e  f r i c t i o n  
f a c t  o r .  
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Because of t h e  h ighe r  dens i ty  of steam, t h e  p r e s s u r e  drop i s  much h i g h e r  
than wi th  hel ium f o r  t h e  same coolant  p r e s s u r e  and comparable performance, 
l ead ing  t o  more d i f f i c u l t  mechanical and v i b r a t i o n  problems. Furthermore,  
t h e  breeding  ga in  of steam-cooled f a s t  r e a c t o r s  i s  very low because of  t h e  
moderating and abso rp t ion  p r o p e r t i e s  of steam and t h e  h ighe r  a lpha  va lues  of 
plutonium i n  t h e  s o f t e r  neut ron  spectrum. I n  view of t he  l a r g e  r e a c t i v i t y  
i n s e r t i o n  caused by sudden l o s s  of steam, d r a s t i c  des ign  compromises are 
needed t o  i n s u r e  r e a c t o r  s a f e t y .  F i n a l l y ,  s i n c e  reasonably low f u e l  cyc le  
c o s t s  r e q u i r e  a l a r g e  f u e l  burnup, a s a t i s f a c t o r y  c l ad  must be  found wi th  
h igh  s t r e n g t h ,  low neut ron  abso rp t ion ,  and good cor ros ion  and i r r a d i a t i o n  
behavior  i n  h igh  temperature ,  high p res su re  steam and f a s t  neut ron  f l u x .  
Design improvements f e a s i b l e  wi th  o t h e r  gases ,  such as p r e s t r e s s e d  concre te  
p r e s s u r e  v e s s e l  o r  s u r f a c e  roughening, become less a t t r a c t i v e  wi th  steam, 
which i s  both condensable and co r ros ive .  

A s  mentioned p rev ious ly ,  t h e  whole r e a c t o r  primary system is  enc losed  
w i t h i n  a p r e s t r e s s e d  conc re t e  p re s su re  vessel (PCRV) inc lud ing  hel ium com- 
p r e s s o r s ,  p ip ing  and steam gene ra to r s .  
cooled r e a c t o r s  has  been d i scussed  f r e q u e n t l y  (5 ,6) :  i t  i s  t h e  small p r o b a b i l i t y  
of c a t a s t r o p h i c  v e s s e l  f a i l u r e ,  because of t h e  m u l t i p l e  redundancy of t h e  t e n s i o n  
members ( p r e s t r e s s i n g  tendons) ,  which are w e l l  p r o t e c t e d  from thermal  and r ad ia -  
t i o n  e f f e c t s  and may be  r e a d i l y  in spec ted  and r ep laced .  Furthermore,  t h e r e  i s  
no main coo lan t  p ip ing  o u t s i d e  of t h e  v e s s e l  i n  t h e  i n t e g r a t e d  des ign ,  and t h e  
coolan t  p re s su re  i s  no t  l i m i t e d  by t h e  v e s s e l  s i z e .  A l s o ,  s i t e  c o n s t r u c t i o n  is  
much easier  than  wi th  s t ee l  p r e s s u r e  v e s s e l s  and no l a r g e  p a r t s  have t o  be  
t r anspor t ed  from t h e  shop t o  t h e  s i t e .  Large conc re t e  v e s s e l s ,  60 f t .  i n t e r n a l  
diameter  by 120 f t .  long, have a l r eady  been b u i l t  a t  p r e s s u r e s  up t o  620 p s i .  
Sca le  models designed f o r  1500 p s i  have been b u i l t  and t e s t e d ,  and no s p e c i a l  
cons t ruc t ion  problems are expected up t o  about 2000 p s i .  
p re s su re  i n  GCFR'S could probably go up t o  about 150 atm. 

The main advantage of PCRV's f o r  gas- 

I 

Therefore ,  t h e  coo lan t  

I 0 

Much of t h e  technology of gas-cooled thermal  r e a c t o r s  ( e s p e c i a l l y  AGR 
and HTGR) i s  a p p l i c a b l e  t o  GCFR, as w e l l  as much of t h e  phys ics  and f u e l  element 
development program f o r  LMFBR ( 5 ) .  V e r y  good b reede r  performance i s  a n t i c i p a t e d  
wi th  hel ium because i t  does no t  b r ing  any s i z a b l e  neut ron  i n t e r a c t i o n  and i s  
i n e r t .  No undes i r ab le  des ign  compromise i s  r equ i r ed  wi th  Gas-Cooled Fas t  
Reactors  which can be designed f o r  minimum power c o s t s .  

GENERAL DESCRIPTION OF A 1000 MWe GCFR 

Because of t h e  small  amount of r e a c t i v i t y  inves t ed  i n  t h e  hel ium coo lan t ,  
much less than  one d o l l a r  a l t o g e t h e r ,  t h e  GCFR core  w i l l  n o t  become prompt 
c r i t i c a l  as a r e s u l t  of complete l o s s  of coo lan t ,  as may be t h e  case f o r  
sodium o r  steam cooled b reede r s .  A core  wi th  h igh  i n t e r n a l  breeding  r a t i o ,  
( c l o s e  t o  un i ty )  a l lows ba tch  r e f u e l i n g  a t  long i n t e r v a l s ,  two-to-three y e a r s ,  
wi thout  more than  about one d o l l a r  of r e a c t i v i t y  r equ i r ed  f o r  burnup c o n t r o l .  
Furthermore,  i n  view of t h e  ha rde r  neut ron  spectrum, t h e  o v e r a l l  b reeding  r a t i o  
averaged over  l i f e t i m e  i s  approximately 1 . 5  wi th  mixed Pu02-U02 and 1 .6  w i t h  
ca rb ide  f u e l s .  With helium cool ing ,  t h e  core  des ign  may be opt imized f o r  maxi- 
mum performance and low f u e l  cyc le  c o s t  wi thout  compromising r e a c t o r  s a f e t y .  
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Figure (1) shows a des ign  of a PCRV f o r  a 1000 MWe GCFR o p e r a t i n g  a t  
1000 p s i ,  s i m i l a r  t o  t h a t  ob ta ined  dur ing  j o i n t  s t u d i e s  of Gulf General  
Atomic and t h e  East C e n t r a l  Nuclear Group ( 7 ) .  The n u c l e a r  steam supply,  
wi th  t h e  r e a c t o r  co re ,  helium d u c t s ,  s t e a m  g e n e r a t o r s  and helium c i r c u l a t o r s  
and d r i v e s ,  i s  i n t e g r a t e d  i n s i d e  a p r e s t r e s s e d  concre te  p r e s s u r e  vessel. 
Separa te  c a v i t i e s  have been provided f o r  t h e  steam g e n e r a t o r s  and helium 
compressors i n  o r d e r  t o  f a c i l i t a t e  r e p a i r  and maintenance. The concre te  
w a l l s  only see room temperature  gas ,  t h u s  e l i m i n a t i n g  t h e  need f o r  expen- 
s i v e  thermal  i n s u l a t i o n .  

P r e s t r e s s e d  Concrete P r e s s u r e  Vessel 

The concre te  vessel (PCRV) i s  h o r i z o n t a l  wi th  p r i s m a t i c  e x t e r n a l  shape 
approximately 128 f t .  long and 55 f t .  square .  The i n t e r n a l  c a v i t y  i s  n e a r l y  
c i r c u l a r  wi th  an average diameter  of  about 32 f t .  This  vessel c a v i t y  i s  
d iv ided  i n t o  t h r e e  compartments by a c y l i n d r i c a l  b u l k  s h i e l d  s t r u c t u r e :  t h e  
c e n t r a l  reg ion ,  about 18  f t .  i n  diameter ,  c o n t a i n s  t h e  r e a c t o r  core;  t h e  
o t h e r  two compartments l o c a t e d  on each s i d e  of t h e  core  are about 35 f t .  long, 
and each conta ins  two steam g e n e r a t o r s  and t h r e e  helium c i r c u l a t o r s .  The 
p r e s t r e s s i n g  tendon system comprises a x i a l ,  c i r c u m f e r e n t i a l  and end tendons.  
The PCRV steel  l i n e r  does n o t  r e q u i r e  thermal  i n s u l a t i o n  s i n c e  i t  only sees 
helium a t  a temperature  of about 65°C (150°F). The concre te  i s  maintained 
below 65°C (150°F) by t h e  u s u a l  system of cool ing  c o i l s  embedded i n  t h e  con- 
crete and welded t o  t h e  l i n e r .  The steam g e n e r a t o r  compartments are s e p a r a t e d  
from t h e  r e a c t o r  compartment by 10 f t .  t h i c k  b u l k  s h i e l d  s t r u c t u r e s  which may 
be  water cooled. These p a r t i t i o n s  are designed t o  provide t h e  necessary  
s h i e l d i n g  t o  prevent  a c t i v a t i o n  of t h e  h e a t  exchangers.  I n  o r d e r  t o  prevent  
neut ron  s t reaming,  t h e  h o t  and co ld  helium d u c t s  have two r i g h t  angle  bends 
w i t h i n  t h e  b u l k  s h i e l d  s t r u c t u r e .  I n  t h e  steam g e n e r a t o r  compartments, f lowing 
helium i s  contained w i t h i n  d u c t s  and cas ings  wi th  e x t e r n a l  i n s u l a t i o n .  Thus 
t h e  v o i d  space i n  t h e s e  two compartments i s  maintained a t  about 65°C (150°F), 
p e r m i t t i n g  t h e  i n s t a l l a t i o n  of e l e c t r i c a l l y  opera ted  c o n t r o l s  and valves. 
Each of t h e  two ends of  t h e  PCRV conta ins  a c e n t r a l l y  l o c a t e d  8 f t .  d iameter  
p e n e t r a t i o n  f o r  i n s t a l l a t i o n  o r  removal of s e c t i o n s  of t h e  steam g e n e r a t o r s .  
One a u x i l i a r y  helium c i r c u l a t o r  i s  mounted i n  each o f  t h e s e  two l a r g e  end 
p e n e t r a t i o n s ;  t h e  main c i r c u l a t o r s  are l o c a t e d  i n  smaller p e n e t r a t i o n s  i n  t h e  
ends of t h e  PCRV. A l l  p e n e t r a t i o n s  are doubly conta ined ,  i . e . ,  each PCRV 
p e n e t r a t i o n  h a s  two p r e s s u r e  seals ,  each designed f o r  a t  l eas t  2.5 t i m e s  t h e  
des ign  pressure .  The p r e s t r e s s e d  concre te  p r e s s u r e  vessel a l s o  serves as a 
b i o l o g i c a l  s h i e l d  f o r  t h e  r e a c t o r  core  s i n c e  t h e  concre te  t h i c k n e s s  i s  adequate 
i f  boron f r i t s  are i n c o r p o r a t e d  i n  t h e  i n n e r  p o r t i o n  of t h e  concre te  t o  reduce 
t h e  product ion of c a p t u r e  gamma r a y s  i n  t h e  concre te .  

Reactor  Core 

The r e a c t o r  c o r e  is  suspended from a deep g r i d  p l a t e  which i s  k e p t  a t  
coolan t  i n l e t  temperature  wi th  t h e  gas  flowing down through t h e  co re .  The 
des ign  of t h e  g r i d  p l a t e  i s  t h u s  s i m p l i f i e d  and i t s  r e l i a b i l i t y  i s  i n c r e a s e d .  
Furthermore,  thermal ly  induced d i s t o r t i o n s  of  t h e  g r i d  p l a t e  are reduced 
because t h e  coolan t  i n l e t  temperature  is  n e a r l y  cons tan t  a c r o s s  t h e  co re .  
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Figure 1 - Prestressed concrete reactor v e s s e l  for  1000 NWe GCFR 



The depth of t h e  g r i d  p l a t e  is  s u f f i c i e n t  t o  e l i m i n a t e  any l a t e ra l  motion 
of t h e  c a n t i l e v e r e d  f u e l  elements.  The c o n t r o l  rods are l o c a t e d  above t h e  
co re  i n  a reg ion  a t  coolan t  i n l e t  temperature .  The bottom of t h e  c o r e  i s  
f r e e  f o r  f u e l  loading and unloading. Figure (2) shows a t y p i c a l  f u e l  element 
conta in ing  about 250 s t a i n l e s s  s t ee l  c l a d  f u e l  p i n s  s e p a r a t e d  by s p a c e r s .  
There are approximately 280 f u e l  e lements  i n  t h e  co re  and 30 c o n t r o l  rod 
boxes, and about 200 r a d i a l  b l a n k e t  e lements  w i t h  t h e  same o v e r a l l  dimensions 
b u t  conta in ing  fewer and l a r g e r  p i n s  made of  deple ted  U 0 2 .  
are i n t e g r a l  p a r t s  of t h e  f u e l  p i n  and a l s o  conta in  deple ted  U 0 2 .  
i n t a l l e d  i n  t h e  c e n t e r  of  each l a t t i c e  c e l l  a t  t h e  top  of t h e  g r i d  p l a t e .  
The f u e l  element l i f t i n g  device passes  through t h i s  c o l l a r  and i s  fas tened  
t o  t h e  g r i d  p l a t e  wi th  t h e  f u e l  element locking t o o l .  Each f u e l  element has  
a v a r i a b l e  o r i f i c e  t o  main ta in  cons tan t  gas  o u t l e t  temperature  a c r o s s  t h e  
co re .  The core and b l a n k e t  are surrounded by thermal  s h i e l d s  t o  reduce t h e  
neut ron  and gamma f l u x e s  a t  t h e  s tee l  l i n e r  and concre te  t o  a c c e p t a b l e  l e v e l s .  

The a x i a l  b l a n k e t s  
A c o l l a r  i s  

Refuel ing 

The r e a c t o r  i s  r e f u e l e d  o f f  load  a t  atmospheric p r e s s u r e  wi th  continuous 
gas  cool ing  i n  t h e  f u e l  t r a n s f e r  machine. There i s  a s tandpipe  v e s s e l  pene- 
t r a t i o n  above each f u e l  element through which i t  i s  p o s s i b l e  t o  re t ract  f u e l  
i n t o  t h e  co re  and t o  manipulate  t h e  f u e l  from o u t s i d e  t h e  v e s s e l .  The f u e l  
handl ing  and s t o r a g e  f a c i l i t y  i s  l o c a t e d  below t h e  r e a c t o r  compartment of t h e  
PCRV (Figure 3 ) .  Thus, t h e  s p e n t  f u e l  e lements  can be  t r a n s f e r r e d  d i r e c t l y  
t o  t h e  f u e l  s t o r a g e  pool  without  a f u e l  t r a n s f e r  cask. New f u e l  i s  loaded 
from t h e  f u e l  handl ing  room. The f u e l  e lements  a r e  r a i s e d  i n t o  t h e  PCRV by 
t h e  loading  t o o l  and i n s t a l l e d  i n  t h e  f u e l  t r a n s f e r  machine, which then  pos i -  
t i o n s  t h e  element below t h e  d e s i r e d  l o c a t i o n  i n  t h e  g r i d  p l a t e .  The f u e l  
element i s  r a i s e d  i n t o  p o s i t i o n  i n  t h e  g r i d  p l a t e  wi th  t h e  f u e l  element locking  
device  which p e n e t r a t e s  t h e  top of t h e  PCRV. The f u e l  element locking  n u t  i s  
l o c a t e d  o u t s i d e  of t h e  PCRV. The f u e l  t r a n s f e r  machine i s  s i m p l i f i e d  because 
t h e  locking  (and o r i f i c i n g )  device performs t h e  more complex o p e r a t i o n s  dur ing  
loading  o r  unloading. Spent f u e l ,  unloaded by r e v e r s i n g  t h e  loading  procedure,  
i s  t r a n s f e r r e d  t o  t h e  s t o r a g e  pool  where i t  w i l l  cool  u n t i l  i t  i s  ready f o r  
process ing .  

Blowers 

Four t w o s t a g e  a x i a l  helium compressors provide about 5% p r e s s u r e  r ise and 
are d r i v e n  by integrally-mounted series steam t u r b i n e s .  The series steam 
t u r b i n e  i s  a s i n g l e - s t a g e  a x i a l  machine l o c a t e d  i n  t h e  cold r e h e a t  l i n e .  A 
steam t u r b i n e  d r i v e  permi ts  s h o r t  term overspeeding t o  i n s u r e  adequate cool ing  
a f t e r  l o s s  of coolant  p r e s s u r e  wi th  a reduced number of c i r c u l a t o r s  i n  opera t ion .  
I n  view of t h e  redundancy of independent and widely s e p a r a t e d  main c i r c u l a t o r s ,  
t h e  most probable  emergency t o  be d e a l t  wi th  i s  t h e  l o s s  of motive power r a t h e r  
than  s imultaneous mechanical f a i l u r e  of a l l  f o u r  c i r c u l a t o r s .  I n  t h i s  l a s t  case, 
t h e  two a u x i l i a r y  blowers,  with a t o t a l  power of about 1000 hp, l o c a t e d  a t  each 
end of t h e  PCRV, would provide t h e  necessary coolan t  c i r c u l a t i o n .  These c i r c u -  
l a t o r s  could be  dr iven  e i t h e r  by t h e  main steam supply,  o r  by an a u x i l i a r y  source  
of steam. 
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Figure 3 - Fuel handling f a c i l i t y  for 1000 MWe GCFR 
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8 Loss of Coolant 

S ince  t h e  whole primary r e a c t o r  s y s t e m  i s  completely enc losed  w i t h i n  
a p r e s t r e s s e d  concre te  p r e s s u r e  v e s s e l  wi th  doubly-contained p e n e t r a t i o n s ,  
a sudden d e p r e s s u r i z a t i o n  i s  considered very u n l i k e l y .  Furthermore,  wi th  
hel ium cool ing ,  t h e  r e a c t i v i t y  in t roduced  by complete l o s s  of  coolan t  i s  less  
than  one d o l l a r ,  t hus  al lowing r a p i d  i n s e r t i o n  of s a f e t y  rods wi thout  f e a r  of 
f a s t  power r ise .  I n  case of a s i z a b l e  l e a k  i n  t h e  p r i m a r y  c i r c u i t ,  t h e  r e a c t o r  
i s  assumed t o  be scrammed a f t e r  a 5 second de lay  and feed h e a t i n g  t o  t h e  b o i l e r s  
i s  reduced l i n e a r l y  wi th  t i m e  over  a pe r iod  equa l  t o  one p r e s s u r e  decay t i m e  
cons t an t ,  l ead ing  t o  100°C r e a c t o r  i n l e t  gas  temperature .  The r e a c t o r  can 
s u r v i v e  wi thout  f u e l  c l ad  meltdown seve re  coolan t  leakage  acc iden t s  w i th  ex- 
p o n e n t i a l  p re s su re  decay t ime cons t an t s  as s h o r t  as 30-60 seconds,  a f t e r h e a t  
removal be ing  provided by va r ious  combinations of main and a u x i l i a r y  c i rcu-  
l a t o r s .  

I N F L U E N C E  OF D E S I G N  PARAMETERS O N  G C F R  PERF0IWA"E 

Typ ica l  performance of a 1000 mnde helium-cooled f a s t  b reede r  i s  shown on 
Table  2 wi th  e i t h e r  mixed Pu02-U02 o r  ca rb ide  f u e l s .  
12.7%, t h e  r a d i a l  maximum t o  average f l u x  i s  kept  a t  1 . 1 7  by proper  r a d i a l  
zoning, and a 27 c m  a x i a l  r e f l e c t o r  sav ing  i s  assumed. The c e n t r a l  f u e l  h o l e  
d iameter  i s  20% of t h e  rod diameter  and t h e  c l ad  th i ckness  i s  4% of t h e  d iameter .  
This  t h i n  c l a d  i s  pe rmis s ib l e  because of e q u a l i z a t i o n  of i n s i d e  and o u t s i d e  can 
p res su res .  The maximum des ign  c l ad  temperature  i s  700"C, wh i l e  t h e  h o t  spo t  
temperature  of t h e  s t a i n l e s s  s t e e l  c l ad  wi th  10% overpower i s  about 825°C. The 
f r o n t a l  area blockage due t o  s t r u c t u r e  and c o n t r o l  rods i s  10% and t h e  r a t i o  of  
pumping t o  thermal  power i s  4 % .  A r t i f i c i a l  roughening of t h e  downstream p a r t  of 
t h e  c l a d  s u r f a c e  doubles the  h e a t  t r a n s f e r  c o e f f i c i e n t  and t r i p l e s  t h e  cor res -  
ponding f r i c t i o n  f a c t o r .  By i n c r e a s i n g  t h e  coolan t  p r e s s u r e  from 85 t o  119 a t m  
and al lowing a l a r g e r  f i l m  drop, t h e  l i n e a r  r a t i n g  and power d e n s i t y  can approxi-  
mately be  doubled wi th  mixed carb ide  f u e l s ,  which have both  h i g h e r  d e n s i t y  and 
h i g h e r  thermal  conduc t iv i ty  than oxide  f u e l s .  The doubl ing t i m e  i s  ha lved  wi th  
ca rb ides  because of  t h e  h i g h e r  conversion r a t i o  and s p e c i f i c  power. Since t h e  
coolan t  tempera tures  m u s t  be  lowered wi th  ca rb ide  f u e l  t o  keep t h e  s a m e  maximum 
c l a d  temperature ,  t h e  steam cond i t ions  are lower and t h e  n e t  thermodynamic cyc le  
e f f i c i e n c y  i s  s l i g h t l y  decreased.  But t h e  improved core  performance wi th  car-  
b i d e  l e a d s  t o  a decrease  i n  f u e l  cyc le  c o s t  from (1/2)  mill/Kw-hr t o  less  than 
(1/10) mill/Kw-hr f o r  a 75,000 MWe assumed i n d u s t r y  s i z e .  With a 15,000 MWe 
i n d u s t r y  s i z e ,  t he  f u e l  cyc le  c o s t s  would be r e s p e c t i v e l y  approximately 1 m i l l /  
Kw-hr and 0.6 m i l l  Kw-hr. 

The f u e l  enrichment i s  

E f f e c t  of Coolant P res su re  

An average coolan t  p re s su re  of 85 atmospheres was chosen f o r  oxide f u e l  
on Table  2 as a r easonab le  e x t r a p o l a t i o n  o f  e x i s t i n g  PCRV technology: t h e  
v e s s e l  t o  be  b u i l t  f o r  t h e  F o r t  S t .  Vrain HTGR w i l l  have a des ign  p r e s s u r e  of 
50 a t m .  I n  o r d e r  t o  see t h e  i n f l u e n c e  of t h e  coolan t  p r e s s u r e  on G C F R  perform- 
ance,  l e t  us main ta in  a f i x e d  maximum des ign  c l a d  tempera ture  (700°C) and f i x e d  
helium i n l e t  and o u t l e t  t empera tures  (340-640°C) a n d  steam cond i t ions .  F igure  
( 4 )  shows how co re  geometry and performance vary  wi th  core  shape when both  
average coolan t  p re s su re  and f r a c t i o n a l  pumping power are f ixed .  Core l eng th ,  
core  volume, rod diameter  and l i n e a r  r a t i n g  a l l  i n c r e a s e  wi th  i n c r e a s i n g  co re  
l eng th  t o  d iameter  r a t i o  (L/D). 

@ 
The core  power d e n s i t y  and number of rods 
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Table 2 

TYPICAL PERFORMANCE OF 1000 MW(e) HELIUM-COOLED FAST BREEDER 

Fuel  I Oxide 1 Carbide 

Gas P r e s s u r e  (atm) 
Coolant Temperatures ("C) 
Core L / D  Rat io  
Maximum Linear  Rating (Kw/ft, w/cm) 
Core Volume ( l i t e r )  
Act ive Core Length (cm) 
Fuel  Volume F r a c t i o n  
Coolant Volume F r a c t i o n  
Rod Diameter (cm) 
Number of  f u e l  Rods 
Average S p e c i f i c  Power 

T o t a l  MWt/Kg Core F i s s i l e  ( i n i t i a l )  
Average Core Power Density (MWt/li ter)  
Assumed Maximum Burnup (MWd/Kg) 
Average Conversion Rat io  ( t o t a l )  
Core L i f e  (yea r )  
Out of P i l e  T i m e  (yea r )  
F r a c t i o n a l  I n c r e a s e  i n  F i s s i l e  Pu 

Geometric Doubling T i m e  (year)  
S t e a m  P r e s s u r e  (atm, p s i )  
Steam & Reheat Temperatures ("C, OF) 
Feedwater Temperature ("C, OF) 
N e t  P l a n t  E f f i c i e n c y  ( X )  
Fuel  Cycle Cost (mill/Kw-hr) 

p e r  Cycle 

85 

0.60 
17 .1  (565) 
8590 
157.5 
0.30 
0.54 
0.795 
39 180 

340-6 35 

0.90 
0.273 
100 
1 . 5 1  
2.36 
1.0 

0.27 
9 .0  
163 (2400) 
538 (1000) 
190 (375) 
39.7 
0.50 

119 
315-587 
0.50 
33.5 (1100) 
4225 
110 
0.29 
0.55 
0.765 
29010 

1.51 
0.586 
140 
1.60 
2.44 
0.5 

0.62 
4 .3  
123 (1800) 
482 (900) 
135 (275) 
37.3 
0.08 



1.8 

I .6 

I .4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

1/10 CORE 

k r C L E  (MILL /KW - H R) COST 

\DOUBLING (YI 
-1 

SPECIFIC POWER 

FUEL VOLUME 
L FRACTION 

POWER DENSITY 
(MW/ I 

LENGTH (MI 

0.9 
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0.6 
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0.4 
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0. I 
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CORE L I D  
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F i g u r e  4 - V a r i a t i o n s  of  1000 MWe CCFR Per fo rmance  with Core  Shape f o r  
F i x e d  llaximum Clad Tempera tu re  ( 7 0 0 ° C ) ,  C o o l a n t  T e m p e r a t u r e s  
(340-640°C) and F r a c t i o n a l  Pumping Power (47;). Oxide  f u e l  
w i t h  85  atm he l ium 
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decrease  wi th  i n c r e a s i n g  L/D, w h i l e  t h e  s p e c i f i c  power and doubl ing t i m e  are 
c l o s e  t o  optimum f o r  t h e  v a l u e  L/D = 0.4.  S ince  f u e l  cyc le  c o s t s  i n c r e a s e  
w i t h  i n c r e a s i n g  number of rods  and i n c r e a s i n g  f u e l  inventory ,  a minimum f u e l  
cyc le  c o s t  i s  obta ined  a t  about 17  Kw/ft f o r  a v a l u e  L / D c 0 . 7 .  A t  LID = 0.5, 
t h e  f u e l  cyc le  c o s t  is  only  4% (o r  0.02 mill/Kw-hr) above i t s  minimum, whi le  
t h e  doubling t i m e  is  o n l y  2.5% above i t s  minimum v a l u e  of  about 8 years .  T h i s  
co re  shape t h e r e f o r e  g i v e s  a s a t i s f a c t o r y  compromise between low f u e l  cyc le  
c o s t  and low doubling t i m e  ( o r  h igh  s p e c i f i c  power). S i m i l a r  r e s u l t s  are 
obta ined  a t  d i f f e r e n t  p r e s s u r e  levels f o r  f i x e d  pumping f r a c t i o n .  Figure (5) 
shows t h e  v a r i a t i o n s  of t h e  optimum core  shape ( f o r  minimum f u e l  cyc le  c o s t ) ,  
and t h e  corresponding co re  parameters ,  versus  t h e  average coolan t  p r e s s u r e .  
For p r e s s u r e s  from 50 t o  120 atm, t h e  co re  l e n g t h  s t a y s  approximately cons tan t  
whi le  t h e  optimum (L/D) and t h e  rod diameter  b o t h  i n c r e a s e .  The power d e n s i t y ,  
s p e c i f i c  power and maximum l i n e a r  r a t i n g  i n c r e a s e  w i t h  i n c r e a s i n g  coolan t  
p r e s s u r e  whi le  t h e  doubl ing t i m e ,  t h e  number of  rods and t h e  f u e l  cyc le  c o s t  
decrease .  But t h e  comparison of r e a c t o r  performance a t  d i f f e r e n t  p r e s s u r e s  
i s  n o t  very  s a t i s f a c t o r y  because t h e  maximum f u e l  temperature  varies widely 
between t h e  cases a t  50 a t m  and a t  120 a t m ,  s i n c e  t h e  maximum l i n e a r  r a t i n g  
i n c r e a s e s  from 9.6 t o  24.5 Kw/ft. 
p r e s s u r e s  f o r  t h e  same maximum l i n e a r  r a t i n g  is t h e r e f o r e  p r e f e r a b l e .  The 
r e s u l t s  of such a comparison a t  16 Kw/ft are shown on Figure  (6) f o r  p r e s s u r e  
v a r i a t i o n s  from 70 t o  120  a t m .  C o r e  (L/D), core  l e n g t h  and rod diameter  a l l  
decrease  wi th  i n c r e a s i n g  p r e s s u r e ,  w h i l e  t h e  s p e c i f i c  power and power d e n s i t y  
both  i n c r e a s e .  T h e  number of rods  w i l l  i n c r e a s e  approximately as t h e  r e c i p r o c a l  
of t h e  co re  l e n g t h ,  i .e. ,  by a f a c t o r  c l o s e  t o  2.5 between 70 and 120 a t m .  The 
f u e l  cyc le  c o s t  reaches a minimum value  of about 0.5 mill/Kw-hr f o r  p r e s s u r e s  
between 85 and 95 a t m .  This  minimum i s  very f l a t ;  t h e  f u e l  c y c l e  c o s t  i s  w i t h i n  
5% o f  t h e  minimum from 75 t o  105 a t m .  A p r e s s u r e  of 85 a t m  t h e r e f o r e  seems t o  
b e  a reasonable  compromise between cheaper PCRV c o n s t r u c t i o n  ( a t  75 atm) and 
lower doubling t i m e  ( a t  105 atm). I f  t h e  co re  shape and l i n e a r  r a t i n g  were 
f i x e d ,  s p e c i f i c  power, power d e n s i t y  and number of rods  would i n c r e a s e  w i t h  
i n c r e a s i n g  p r e s s u r e  w h i l e  core  volume, rod diameter  and doubl ing t i m e  would 
decrease.  E i t h e r  t h e  i n l e t  temperature ,  o r  t h e  coolan t  temperature  rise are 
assumed t o  s t a y  cons tan t .  Fue l  cyc le  c o s t s  decrease  s l i g h t l y  w i t h  i n c r e a s i n g  
p r e s s u r e ,  by less t h a n  5% from 80 t o  120 a t m .  

Comparison of  core  performance a t  v a r i o u s  

I n f l u e n c e  of Pumping Power 

The amount of  power s p e n t  f o r  pumping a f f e c t s  bo th  t h e  cyc le  e f f i c i e n c y  
and t h e  c a p i t a l  c o s t  of t h e  compressors and t h e i r  d r i v e s .  Furthermore,  mech- 
a n i c a l  problems may ar ise  i n  t h e  case of  l a r g e  core p r e s s u r e  drop, and flow 
induced v i b r a t i o n s  may b e  c r e a t e d  by h igh  dynamic head (much more s e v e r e l y  
f o r  gases  denser  than  helium). 
appears  t o  be  f e a s i b l e  wi th  a helium p r e s s u r e  r a t i o  of 1.05. (An a x i a l  com- 
p r e s s o r  would r e q u i r e  two s t a g e s . )  
power t o  thermal  power of  approximately 4 % .  The same pumping f r a c t i o n  would 
r e q u i r e  a p r e s s u r e  r a t i o  of  1.10 wi th  C02. 
0.4 and l), maximum c l a d  temperature  (700OC) and helium temperatures  (300 t o  
640°C), t h e  t o t a l  pumping f r a c t i o n  l e a d i n g  t o  minimum f u e l  cyc le  c o s t s  is  
approximately 6.5% f o r  average coolan t  p r e s s u r e s  from 50 t o  120 a t m .  But t h e  
f u e l  cyc le  c o s t  i s  only  5% above i t s  minimum a t  a pumping f r a c t i o n  of  5%. 
When both  maximum c l a d  temperature  and maximum l i n e a r  r a t i n g  are given,  t h e  

A s i n g l e  s t a g e  40,000 hp c e n t r i f u g a l  compressor 

This  corresponds t o  a r a t i o  of  t o t a l  pumping 

For f i x e d  core  shape (L/D between 
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pumping f r a c t i o n  l e a d i n g  t o  minimum f u e l  cyc le  c o s t  i n c r e a s e s  wi th  i n c r e a s i n g  
coolant  p r e s s u r e  a t  a given maximum l i n e a r  r a t i n g .  For i n s t a n c e ,  a t  85 a t m  
and f o r  a m a x i m u m  l i n e a r  r a t i n g  of 16  K w / f t ,  t h e  t o t a l  pumping f r a c t i o n  lead-  
i n g  t o  minimum f u e l  cyc le  c o s t  i s  approximately 4 . 3 %  (Figure 7 ) .  But t h e  f u e l  
cyc le  c o s t  i s  i n c r e a s e d  by only about 5% ( o r  0.02 mill/Kw-hr) f o r  a pumping 
f r a c t i o n  of 3 . 4 % .  S i m i l a r l y ,  t h e  economic optimum ( f o r  low t o t a l  power c o s t )  
a t  85 a t m  and 18 Kw/ft corresponds approximately t o  t h e  4% pumping f r a c t i o n  
mentioned previous ly  (see Tables  2 - 4 ) .  

Clad and Fuel  TemDeratures 

Other  important  design parameters are t h e  maximum p e r m i s s i b l e  c l a d  
temperature  and t h e  l i n e a r  r a t i n g ,  which obviously a l s o  a f f e c t  t h e  maximum 
i n t e r n a l  f u e l  temperature .  For a maximum l i n e a r  r a t i n g  f i x e d  a t  18 Kw/ft, 
Table 3 shows t h e  v a r i a t i o n s  of performance of a 1000 MWe helium-cooled 
b r e e d e r  (with oxide f u e l )  versus  m a x i m u m  c l a d  temperature .  The co re  shape 
i s  f i x e d  and n e a r  optimum (L/D = 0 .6 )  and t h e  pumping f r a c t i o n  remains 4 % .  
By proper  choice of  coolant  tempera tures ,  t h e  s p e c i f i c  power and t h e  power 
d e n s i t y  may be  kept  approximately cons tan t  f o r  maximum c l a d  temperatures  
between 600 and 700OC. An i n c r e a s e  i n  thermodynamic cyc le  e f f i c i e n c y  and a 
decrease  i n  co re  volume and number of rods  l e a d  t o  a decrease i n  f u e l  cyc le  
c o s t ,  b u t  only by 10% ( o r  0.05 mill/Kw-hr). On Table 4 ,  w e  have var ied t h e  
maximum l i n e a r  r a t i n g  and m a x i m u m  c l a d  temperature  t o g e t h e r  and showed t h r e e  
designs wi th  decreas ing  degrees  of conservat ism.  By p r o p e r l y  a d j u s t i n g  coolan t  
tempera tures ,  t h e  s p e c i f i c  power and power d e n s i t y  are about t h e  same f o r  a l l  
t h r e e  des igns .  The h i g h e r  core  volume and l a r g e r  number of rods  of t h e  most 
conserva t ive  des ign  i n c r e a s e s  t h e  f u e l  c y c l e  c o s t ,  bu t  only by about 1/10 
mill/Kw-hr when going from a very conserva t ive  des ign  (12 Kw/ft, 60OoC) t o  
a more reasonable  design (18 Kw/ft ,  700OC) which should avoid f u e l  mel t ing  a t  
t h e  h o t  s p o t .  

Sur face  Roughening 

W e  have a l s o  shown on Table 4 ,  t h e  performance o b t a i n a b l e  w i t h  smooth as 
w e l l  as rough c l a d  s u r f a c e s .  Comparing smooth and rough co res  f o r  t h e  same 
maximum c l a d  temperature  and pumping f r a c t i o n ,  w e  see t h a t  t h e  coolan t  t e m -  
p e r a t u r e  must b e  lower wi th  smooth rods i n  o r d e r  t o  o b t a i n  reasonable  power 
d e n s i t y ,  s p e c i f i c  power and power r a t i n g .  I n  o r d e r  t o  reduce t h e  number of 
smooth rods ,  t h e  co re  must be much longer .  The f u e l  cyc le  c o s t  i s  about 25% 
h i g h e r  wi th  smooth rods ,  t h e  cyc le  e f f i c i e n c y  is  somewhat lower and t h e  s p e c i f i c  
power i s  only 80% of t h e  va lue  f o r  roughened rods .  A d e t a i l e d  s tudy  o f  t h e  
optimum degree of s u r f a c e  roughening and t h e  corresponding optimum core  shape 
h a s  a l r e a d y  been r e p o r t e d  (8 ) .  More r e c e n t  d a t a  on h e a t  t r a n s f e r  and f r i c t i o n  
f a c t o r  of bundles  of a r t i f i c i a l l y  roughened rods ( 9 )  e s s e n t i a l l y  confirm t h e  
exper imenta l  d a t a  used i n  Ref. (8). These s t u d i e s  have a l s o  been extended t o  
C02 cool ing and carb ide  f u e l s .  When i n l e t  and o u t l e t  coolan t  p r e s s u r e  and 
coolan t  i n l e t  temperature  are f i x e d ,  and m a x i m u m  s u r f a c e  and i n t e r n a l  f u e l  
temperatures  are k e p t  c o n s t a n t ,  t h e  co re  shape l e a d i n g  t o  minimum f u e l  cyc le  
c o s t  i s  such t h a t  t h e  r a t i o  o f  active co re  l e n g t h  t o  diameter  i s  approximately 
0.6.  This  r e s u l t  i s  v a l i d  f o r  a range of m a x i m u m  c l a d  temperatures  ( a t  l eas t  
600-700°C), maximum l i n e a r  r a t i n g s  (10-20 Kw/ft f o r  oxide and 20-40 Kw/ft f o r  
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Table  3 

INFLUENCE OF ?IAsI?f.Iui*I CLAD TEHPERATURE ON PERFORMANCE OF 
1000 PikTe GCFR FOR FI,XED ?fAYI?lLJN LINEAR R A T I N G  

Maximum C l a d  Temperature ( " C )  

Coolant I n l e t  Temperature ( " C )  

Coolant O u t l e t  Temperature ( " C )  

Net Cycle E f f i c i e n c y  (%I 

S p e c i f i c  Power (MJt/Kg) 

Power Densi ty  ( M J t / l i t e r )  

Core Volume ( l i t e r )  

Core Length (cm) 

Coolant Void F r a c t i o n  

Rod Diameter (cm) 

Number of Rods 

Fuel  Cycle Cost (mill/Kw-hr)* 

600 

275 

5 30 

34 

0.85 

0.234 

11660 

174.4 

0.575 

0.835 

39600 

0.549 

650 

3 15 

5 80 

37.2 

0.82 

0.233 

10790 

170 

0.565 

0.845 

37000 

0.533 

700 

340 

6 30 

39.5 

0.85 

0.25 

9365 

16 2 

0.55 

0.835 

36500 

0.50 

Maximum l i n e a r  r a t i n g :  18 Kw/ft (590 w/cm) wi th  oxide f u e l .  

85 a t m  helium wi th  4% r a t i o  o f  pumping power t o  thermal  power. 

Fixed co re  L / D  = 0.6. P a r t i a l  s u r f a c e  roughening doubles  t h e  
h e a t  t ransfer  c o e f f i c i e n t  and t r i p l e s  t h e  f r i c t i o n  f a c t o r .  

"75,000 MWe i n d u s t r y  s i z e  and 100 MYd/Kg m a x i m u m  burnup. 
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Table 4 

1000 MWe GCFR PERFORMANCE WITH ROUGHENED OR SMOOTH 
SURFACES AND VARIOUS LIMITING TEMPERATURE CONDITIONS 

Clad Surface  

Maximum Clad Temperature ("C) 
Maximum Linear  Rat ing (Kw/ft, w/cm) 
Coolant I n l e t  Temperature ("C) 
Coolant O u t l e t  Temperature ("C) 
Net Cycle E f f i c i e n c y  (%) 
S p e c i f i c  Power (Mwt/Kg) 
Power Densi ty  (MWt/li ter)  
Core Volume ( l i t e r )  
Core Length ( c m )  
Core L I D  
Coolant Void F rac t ion  
Rod Diameter (cm) 
Number of Rods 
Fuel  Cycle Cost (mill/Kw-hr)** 

Roughened* 

600  6 50 7 0 0  
12 ( 3 9 5 )  15  ( 4 9 2 )  18 ( 5 9 0 )  
275 315 340 
550 590  6 30 
34 .4  37 .4  39 .5  
0 . 8 5  0 . 8 2  0 . 8 5  
0 . 2 3 4  0 . 2 3 3  0 . 2 5  
11530  10690 9365  
174  170 16 2 
0 .6  0 . 6  0 . 6  
0 . 5 7 5  0 . 5 6 5  0 . 5 5  
0 . 6 8  0 .77  0 . 8 3 5  
59500  45000  36500 
0 . 6 1  0 . 5 5 5  0 . 5 0  

Smooth 

7 0 0  
10.3 ( 3 3 8 )  
3 15 
590  
37 .4  
0 . 6 9  
0 . 1 7  
14400  
264  
1.0 
0 . 6 0 5  
0 . 6 8 5  
43500  
0 . 6 3  

85 a t m  helium cool ing  w i t h  a 4% r a t i o  of pumping power t o  thermal  power. Oxide f u e l .  

*The h e a t  t r a n s f e r  c o e f f i c i e n t  i s  doubled and the  f r i c t i o n  f a c t o r  t r i p l e d .  

**75,000 MWe i n d u s t r y  s i z e  and 100 MWd/Kg maximum burnup. 



@ ca rb ide ) ,  and coolan t  p r e s s u r e s  (70-120 atm).  The t o t a l  n e t  e l e c t r i c  power 
remains cons tan t  (250-1000 NWe) and p a r t i a l  s u r f  ace roughening i s  assumed 
such t h a t  t he  r a t i o  of Stanton number ( o r  dimensionless  h e a t  t r a n s f e r  c o e f f i -  
c i e n t )  t o  i t s  smooth va lue  may be anywhere from 1 . 5  t o  3 .  I f  w e  e i t h e r  choose 
t h e  optimum va lue  of L I D  f o r  each degree of s u r f a c e  roughening o r  t ake  t h e  
same n e a r  optimum value  L / D  = 0.6,  doubl ing t h e  S tan ton  number wi th  r e s p e c t  
t o  smooth rods  l e a d s  approximately t o  maximum s p e c i f i c  power and power dens i ty  
and t o  minimum f u e l  cyc le  c o s t .  This  r e s u l t  i s  v a l i d  f o r  t he  g e n e r a l  cond i t ions  
s t a t e d  i n  t h e  preceding paragraph.  I t  remains v a l i d  whether t h e  rough f r i c t i o n  
f a c t o r  i s  t r i p l e d  o r  quadrupled wi th  r e s p e c t  t o  i t s  smooth va lue ,  depending on 
t h e  type  of s u r f a c e  roughening and t h e  flow Reynolds number. I n  a l l  t hese  
cases, t h e  f u e l  cyc le  cos t  minimum i s  very f l a t ,  which allows a g r e a t  f l e x i -  
b i l i t y  i n  core  des ign .  

H e l i u m  ve r sus  CO, 

The performance f i g u r e s  f o r  GCFR cores  cooled by e i t h e r  C 0 2  o r  helium are 
very c l o s e  f o r  t h e  same l i m i t i n g  cond i t ions ,  such as maximum c l a d  temperature ,  
l i n e a r  r a t i n g ,  and pumping f r a c t i o n .  
h i g h e r  than  w i t h  helium, by a f a c t o r  of 2 t o  2 .5 .  
compared f o r  t h e  same core  p re s su re  drop, performance wi th  helium would become 
much b e t t e r  than  wi th  C02.  Typ ica l ly ,  wi th  hel ium, t h e  s p e c i f i c  power would be 
30% h ighe r  and t h e  power dens i ty  45% h ighe r .  A t  t h e  same pumping f r a c t i o n ,  t h e  
h i g h e r  p r e s s u r e  drop and dynamic head wi th  C02 could l e a d  t o  s e r i o u s  core  mech- 
a n i c a l  and v i b r a t i o n  problems. Furthermore,  i n  view o f  t h e  l a r g e r  Reynolds 
numbers, by about a f a c t o r  of 5 as compared t o  helium, s u r f a c e  roughening i s  
less e f f i c i e n t  w i th  C 0 2 .  For i n s t a n c e ,  f o r  t he  same doubl ing of t h e  S tan ton  
number, t h e  f r i c t i o n  f a c t o r  may be t r i p l e d  wi th  helium and quadrupled wi th  C02. 
The r o t a t i n g  machinery w i l l  obviously be q u i t e  d i f f e r e n t  f o r  C02 and f o r  helium 
wi th  t h e  same pumping p a r e r .  

But t h e  p re s su re  drop wi th  C02 i s  much 
I f  C 0 2  and hel ium were now 

Other Design Parameters  

Var i a t ions  of s e v e r a l  o t h e r  des ign  parameters  have a l s o  been cons idered  
(8) .  For i n s t a n c e ,  f o r  f i x e d  o v e r a l l  core  geometry, coolan t  p r e s s u r e  and t e m -  
p e r a t u r e  cond i t ions ,  and f i x e d  maximum c l a d  temperature ,  t he  i n c r e a s e  i n  l i n e a r  
r a t i n g  ( o r  s u r f a c e  h e a t  f l u x )  over  i t s  va lue  f o r  smooth rods simply depends 
upon t h e  r e l a t i v e  i n c r e a s e  i n  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  due t o  s u r f a c e  
roughening (F ig .  8 ) .  Also,  core  performance and f u e l  cyc le  c o s t  are no t  very 
s e n s i t i v e  t o  v a r i a t i o n s  i n  f r i c t i o n  f a c t o r  f o r  f i x e d  h e a t  t r a n s f e r  cha rac t e r -  
i s t ics ,  o r  t o  v a r i a t i o n s  i n  core  (L/D) f o r  given roughening p r o p e r t i e s  a l though 
t h e r e  i s  an optimum value  of (L/D)leading t o  minimum f u e l  cyc le  c o s t .  For 
f i x e d  core  performance, t h e  m a x i m u m  c l a d  temperature  v a r i e s  i n  a narrow range 
f o r  r a t h e r  l a r g e  v a r i a t i o n s  of s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t .  The l i n e a r  
r a t i n g  i s  found t o  i n c r e a s e  approximately l i n e a r l y  wi th  t h e  d i f f e r e n c e  
between maximum c l a d  temperature  and coolan t  e x i t  temperature ,  whether t h e  
coolan t  i n l e t  temperature  o r  t he  coolan t  temperature  r i s e  remains cons t an t .  
F igure  ( 9 )  shows t h a t  t h e  rod diameter  a l s o  i n c r e a s e s  q u a s i l i n e a r l y  wi th  in -  
c r eas ing  temperature  d i f f e r e n c e ,  wh i l e  t h e  number of rods and t h e  f u e l  cyc le  
c o s t  decrease ;  t h e  o the r  core  parameters are no t  very s e n s i t i v e  t o  t h i s  t e m -  
p e r a t u r e  d i f f e r e n c e ,  f o r  f i x e d  core  (L/D). Doubling the  c l a d  th i ckness  from 4% t o  
8% of t h e  rod diameter  f o r  f ixed  maximum c lad  and f u e l  t empera tures ,  coolan t  i n l e t  
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temperature  and core L/D,  l e a d s  t o  a small  decrease  i n  s p e c i f i c  power (8%) 
and t o  an i n c r e a s e  i n  rod diameter  (10%) and f u e l  cyc le  c o s t  (about 10%).  
For t h e  same f i x e d  condi t ions ,  t h e r e  i s  an optimum f i s s i l e  enrichment l e a d i n g  
t o  minimum f u e l  cyc le  c o s t .  F i n a l l y ,  a l l  o t h e r  condi t ions  remaining t h e  same, 
ha lv ing  t h e  f u e l  burnup, l e a d s  t o  an i n c r e a s e  i n  f u e l  cyc le  c o s t  from 0.50 t o  
about 0.90 mill/Kw-hr (10) .  

FUTURE PROSPECTS OF GCFR 

W e  have seen t h e  des ign  f l e x i b i l i t y  of 
For i n s t a n c e ,  very s a t i s f a c t o r y  performance 
f o r  a wide range of  coolant  p r e s s u r e s ,  c l a d  

Gas-Cooled Fas t  b r e e d e r  Reactors .  
may be  obta ined  by proper  design 
temperatures  and maximum l i n e a r  

r a t i n g s .  
o r  may be  cooled e i t h e r  by helium o r  by carbon d ioxide .  Helium-cooled f a s t  
b r e e d e r s  may f u l l y  u t i l i z e  t h e  p o t e n t i a l  sav ings  brought  about by b e t t e r  f u e l s ,  
such as carb ides ,  which, of course,  a r e  h a r d l y  compatible wi th  C02 o r  steam 
cool ing.  
primary c i r c u i t  makes p o s s i b l e  a compact and a s a f e  power p l a n t .  With low 
f u e l  cyc le  c o s t  because of good core  performance and cheaper components due 
t o  t h e  s imple gas technology, t h e  t o t a l  power c o s t s  of GCFR are expected t o  
be  s u b s t a n t i a l l y  lower than  those  of o t h e r  f a s t  b reeder  systems,  even a t  r a t h e r  
modest helium p r e s s u r e  and temperature  l e v e l s .  Furthermore,  r e f u e l i n g ,  main- 
tenance and r e p a i r s  are b e l i e v e d  t o  b e  s u b s t a n t i a l l y  easier w i t h  a g a s  r a t h e r  
t h a n  wi th  a l i q u i d  meta l  system. 

S i m i l a r l y ,  GCFR may b e  designed wi th  smooth o r  roughened f u e l  rods,  

The use  of a p r e s t r e s s e d  concre te  p r e s s u r e  v e s s e l  around t h e  whole 

A f u r t h e r  r e d u c t i o n  i n  c a p i t a l  c o s t s  could p o s s i b l y  arise from t h e  use 
of a d i r e c t  gas  t u r b i n e  cyc le .  For i n s t a n c e ,  l a r g e  s i z e  gas  t u r b i n e s ,  about 
200-300 MWe, could be  incorpora ted  i n  t h e  w a l l s  of a m u l t i c a v i t y  p r e s t r e s s e d  
concre te  p r e s s u r e  vessel. Such des igns  have a l ready  been proposed f o r  High 
Temperature Gas-Cooled Reactors  o p e r a t i n g  wi th  helium a t  h i g h e r  o u t l e t  gas  
temperatures  (750-850°C), b u t  lower p r e s s u r e s  (40-60 atm). Even w i t h  t h e  
p r e s e n t  maximum des ign  c l a d  temperature  l i m i t a t i o n s  of s t a i n l e s s  s t ee l  a t  
about 7OO0C, a n e t  p l a n t  e f f i c i e n c y  of  34%-36% could be  obta ined  wi th  85 a t m  
helium i n  a d i r e c t  cyc le .  Core performance and f u e l  cyc le  c o s t  a r e  very  c l o s e  
t o  t h e  va lues  wi th  a steam cycle  a t  t h e  same maximum c l a d  temperature  and l i n e a r  
r a t i n g ,  whi le  c a p i t a l  c o s t s  a r e  expected t o  be  lower, even wi th  80% r e g e n e r a t i o n  
i n  t h e  gas  t u r b i n e  c y c l e .  The number of s t a g e s  of t h e  r o t a t i n g  machinery i s  
h i g h e r  wi th  helium than  wi th  COZY b u t  t h e  optimum p r e s s u r e  r a t i o  i s  much smaller 
wi th  helium. Therefore  t h e  helium p r e s s u r e  i s  much h i g h e r  i n  t h e  l o w  p r e s s u r e  
s i d e  of t h e  r e g e n e r a t o r ,  l e a d i n g  t o  b e t t e r  h e a t  exchange and a smaller system 
f o r  t h e  same top p r e s s u r e .  The cyc le  e f f i c i e n c y  i s  comparable wi th  helium and 
CO2 f o r  t h e  same top condi t ions .  With h i g h e r  o u t l e t  gas  temperatures  allowed 
wi th  r e f r a c t o r y  meta ls  (vanadium a l l o y ) ,  chromium cermet f u e l ,  o r  even g r a p h i t e  
and Sic-coated p a r t i c l e s  ( l l ) ,  t h e  n e t  cyc le  e f f i c i e n c y  wi th  a gas t u r b i n e  c y c l e  
would run from 40% with  720°C gas  a t  100 a t m  t o  about 50% wi th  930" gas.  

While gas  cool ing f o r  f a s t  r e a c t o r s  has  such long  range p o s s i b i l i t i e s ,  a 
s a t i s f a c t o r y  helium-cooled f a s t  b reeder  r e a c t o r  could b e  developed i n  t h e  same 
t i m e t a b l e  a s  sodium-cooled breeders .  Much of t h e  requi red  technology f o r  GCFR'S 
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is  e i t h e r  a v a i l a b l e  o r  being developed f o r  o t h e r  gas-cooled thermal  r e a c t o r s  
o r  l i q u i d  metal-cooled f a s t  b reede r s  ( 5 ) .  For i n s t a n c e ,  l a r g e  p r e s t r e s s e d  
conc re t e  p r e s s u r e  v e s s e l s  have been b u i l t  i n  Europe f o r  COZ-cooled r e a c t o r s  
(Magnox o r  AGR) and one i s  being b u i l t  i n  t he  U .  S .  f o r  a helium-cooled r e a c t o r  
(HTGR). While these  v e s s e l s  ope ra t e  a t  lower p re s su re  (up t o  about 50 atm),  
some of them are l a r g e r  than t h e  v e s s e l  proposed f o r  t h e  1000 mnJe GCFR; f u r t h e r -  
more, scale  models of PCRV designed f o r  100 atm p res su re  have been s u c c e s s f u l l y  
t e s t e d .  Much of  t h e  helium technology such as handl ing ,  p u r i f i c a t i o n  and 
s t o r a g e  a l ready  e x i s t s  o r  i s  being developed i n  Europe and i n  t h e  U .  S .  f o r  
High Temperature Gas-cooled Reactors  ( 1 2 ) .  S i m i l a r l y ,  steam-driven hel ium 
c i r c u l a t o r s  and once-through steam gene ra to r s  developed f o r  t h e  HTGR program 
would c o n t r i b u t e  d i r e c t l y  t o  t h e  technology r equ i r ed  f o r  G C F R ' S .  Most of t h e  
phys ics  d a t a  and much of t h e  m e t a l l u r g i c a l  d a t a  w i l l  be  obta ined  from o t h e r  
f a s t  r e a c t o r  programs. The GCFR w i l l  use mixed uranium and plutonium oxide  
f u e l s  i n  s t a i n l e s s  s t e e l  o r  n i c k e l  base  a l l o y  cans,  very s imilar  t o  those  used 
i n  l i q u i d  metal  f a s t  b reede r s ,  except  t h a t  t h e  p i n  diameter  w i l l  be  l a r g e r  and 
t h e  c l a d  w i l l  be  a r t i f i c i a l l y  roughened as f o r  AGR f u e l  rods .  The assumed 
burnup f o r  GCFR i s  t h e  same as f o r  LiFBR, b u t  t h e  maximum des ign  c l ad  tempera- 
t u r e  may be somewhat h i g h e r ,  a l though i t  i s  lower than i n  AGR. But even wi th  
a maximum c l a d  temperature  reduced t o  65OoC, t h e  GCFR g ives  very s a t i s f a c t o r y  
performance and low f u e l  cyc le  c o s t .  The main d i f f e r e n c e  between LMFBR and 
GCFR f u e l  p ins  i s  t h e  presence o f  high ex te rna l  coolan t  p r e s s u r e  which may 
c r e a t e  stresses a t  t h e  beginning of l i f e  i f  t h e  i n t e r n a l  and e x t e r n a l  p r e s s u r e  
are no t  ba lanced ,  a l though i t  w i l l  counterbalance stresses caused by f i s s i o n  
gas bui ldup  dur ing  l i f e t i m e .  With p r e s s u r e  e q u a l i z a t i o n  o r  ven t ing  of f i s s i o n  
product  gases  t o  a manifolded plenum (and no t  t o  t h e  main c o o l a n t ) ,  t h e  f u e l  
development problem i s  very similar f o r  sodium o r  helium-cooled r e a c t o r s .  

CON CLUS I O N  

Gulf General  Atomic has  been s tudying  gas  cool ing  of f a s t  r e a c t o r s  s i n c e  
1961, bo th  a t  GGA Europe (Zurich)  and i n  t h e  USA ( i n  San Diego). J o i n t  s t u d i e s  
wi th  t h e  USAEC are be ing  pursued and pre l iminary  des ign  s t u d i e s  of a 1000 MW(e) 
power p l a n t  have been performed wi th  t h e  East C e n t r a l  Nuclear  Group of U .  S .  
u t i l i t i e s .  More r e c e n t l y ,  a j o i n t  GCFR development program has been i n i t i a t e d  
by t h e  S w i s s  Federa l  I n s t i t u t e  f o r  Reactor  Research and Gulf General  Atomic. 
Capsule i r r a d i a t i o n s  are done a t  t h e  Oak Ridge Na t iona l  Laboratory and phys ics  
experiments  are performed i n  coopera t ion  wi th  t h e  USAEC. I t  i s  proposed t o  
perform f u r t h e r  f u e l  i r r a d i a t i o n  i n  EBR 11, i n  a gas  loop i n  t h e  Fas t  Flux T e s t  
Reactor  F a c i l i t y  and a l s o  i n  a r e a c t o r  experiment ,  GCFRE. The e s s e n t i a l  f e a t u r e s  
of  t h i s  small  r e a c t o r  experiment are a d r i v e r  s e c t i o n  us ing  low performance f u e l  
and a to t a l ly -con ta ined  c e n t r a l  t es t  loop (13).  This  experiment should provide  
n u c l e a r  d a t a ,  i n d i c a t e  burnup e f f e c t s  on f u e l  and c l a d ,  and demonstrate  t h e  
performance o f  f u l l  scale  f u e l  boxes and subsystems. Since most of the f u e l  
of GCFRE ope ra t e s  under thermal  cond i t ions  w i t h i n  e x i s t i n g  technology,  e a r l y  
r e a c t o r  ope ra t ion  should  b e  f e a s i b l e  wi thout  f u r t h e r  f u e l  development. With 
s t a t i s t i c a l  informat ion  on f u e l  element performance i n  a f a s t  f l u x  obta ined  from 
GCFRE, a l a r g e  GCFR power p l a n t  could b e  i n  ope ra t ion  i n  t h e  e a r l y  1980 ' s .  
Together  wi th  such advanced conve r t e r s  as HTGR's, Gas-Cooled F a s t  b reede r  Reactors  
should then  provide  maximum u t i l i z a t i o n  of world uranium and thorium resources  a t  
h igh ly  compet i t ive  power c o s t s .  
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D I s c us s I ON 

R.W. Dickinson (Liquid  Metal Engineer ing Center )  - I n  t h e  r e f u e l i n g  of  t h i s  
very high power d-ensity r e a c t o r ,  it has prev ious ly  been suggested t h a t  it be re -  
fue l ed  under v a t e r  y e t  I d i d n ' t  n o t i c e  any p rov i s ions  he re .  Iias t h i s  been t r i e d ;  
do t h e  helium c i r c u l a t o r s  and e l e c t r i c  n o t o r s  work we l l  under water  a f t e r  t hey  
have been f looded?  This i s  s o r t  of  ar, engineer ing  ques t ion .  Second, it appears  
t h a t  your blower d r i v e  motors a r e  running i n  helium. I f  so,  how a r e  t h e s e  l u b r i -  
ca t ed  and maintained,  and how does one solxre t h e  e l e c t r i c a l  i n s u l a t i o n  problem of 
running very l a r g e  motors i n  high temperature  helium? Thi rd  - it appears  t h a t  
t h e r e  i s  q u i t e  a high t e n p e r a t u r e  g rad ien t  ac ross  your r e a c t o r ;  something i n  t h e  
o rde r  of  4 . 5  o r  5' p e r  cen t ime te r .  
t h e  c ladding  w i l l  permit  t h i s  high t e n p e r a t u r e  g r e d i e n t ?  

Is t h e r e  evidence t h a t  t h e  thermal  s t r a i n s  i n  

G.B. Melese d 'Hospi ta1  - The r e f u e l i n g  i s  done a.t atmospheric p re s su re  with 
helium and wi th  continuous helium cool ing  at atmospheric p r e s s u r e ;  s o  it i s  a dry 
r e f u e l i n g .  Now, on t h e  ques t ion  of  compressor d r i v e s ,  e t c . ,  i n  helium, I t h i n k  
it i s  b e s t  answered by t h e  f a c t  t h a t  we a r e  p r e s e n t l y  ope ra t ing  f o r  t h e  For t  S t .  
Vrain r e a c t o r ,  a 6000 horsepower helium compressor a t  a p re s su re  of about 50 
atmospheres (700 p s i )  and a temperature  q u i t e  comparable and probably h igher  t han  
t h e  one considered he re  f o r  t h i s  r e a c t o r .  So, t h e  groblem i s  so lvab le  and t h i s  i s  
t h e  k ind  of  development p e r f o m e d  f o r  a high temperature  gas r e a c t o r  which would 
apply t o  gas cooled f a s t  b reede r s .  The t h i r d  ques t ion  of t h e  temperature  g r a d i e n t  - 
t h e  tempera ture  g rad ien t  i n  t h e  co re  i s  not bad, on ly  about 300'C. We haven ' t  
t e s t e d  any f u e l  element. wi th  t h i s  temperature  g r a d i e n t  y e t .  
t h i n g  about t e s t i n g  - from c a l c u l a t i o n s ,  it seems t h a t  a t  t h e  des ign  c l ad  temp- 
e r a t u r e  which i s  about 700'C with a hot  spot  below 8 O O 0 C ,  t h a t  it shou ldn ' t  be 
any major problem but  t h i s  i s  p r e c i s e l y  why we want t o  b u i l d  a gas cooled fas t  
r e a c t o r  experiment and t e s t  a l l  t h e s e  ques t ions .  Mow we have performed capsule  
t e s t s  a t  t h e  Oak Ridge Nat iona l  Laboratory a t  tempera tures  of about 700'C c l a d  
tempera ture  and 15-16 k i l o w a t t s  p e r  f o o t .  
1000 p s i  o u t s i d e  p re s su re  i n  t h e  ORR and have reached a burnup t o  15-20,000 
megawatt days pe r  t o n  appa ren t ly  without  any d e l e t e r i o u s  e f f e c t s .  W e  cannot 
answer any f u r t h e r  ques t ions  u n t i l  we reach  t h e  burnup t h a t  w e  a r e  shoot ing  f o r  
which i s  j u s t  l i k e  everybody - 50,000 rnegawatt days p e r  t o n  f i r s t ,  and then  
100,000 megawatt days p e r  t o n .  The main development problem we s e e  f o r  t h i s  
r e a c t o r ,  j u s t  l i k e  t h e  l i q u i d  metal. f a s t  b reeder  r e a c t o r ,  i s  t h e  Diel develop- 
ment. But w e  b e l i e v e  t h a t  i f  we use  a des ign  f o r  p r e s s u r e  e q u a l i z a t i o n  or pro- 
v i s i o n  f o r  ven t ing  t o  a plenum, t h a t  t h e  cond i t ions  would be v e q -  similar t o  
t h o s e  of t h e  l i q u i d  meta l  f a s t  b reede r  r e a c t o r  f u e l  and, t h e r e f o r e ,  much of t h e  
exper ience  coming from t h e  l i q u i d  meta l  program would be a g p l i c a b l e  t o  t h e  gas  
program. 

1'11 mention one 

These rods a r e  cooking p r e s e n t l y  wi th  

K.A. T r i c k e t t  ( U . S .  A E C )  - The gas  cooled r e a c t o r  has a much h igher  f i l m  
drop so i f  t h e  commonality of m e 1  elements  i s  assumed and you run  t h e  sodium 
and gas r e a c t o r s  a t  t h e  same m a x i m u m  c l a d  tempera ture ,  what s o r t  o f  a p e n a l t y  
does t h i s  g ive  you i n  t h e  gas cooled r e a c t o r ?  
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G.B. Melese d’Hospi ta1  - Well, I mentioned t h i s  b r i e f l y .  I said t h a t  t h e r e  
w a s  some obvious thermodynamic advantage i n  sodium i n  view of t h e  f a c t  t h a t  t h e  
f i l m  drop  i s  more l i k e  2 5 O  i n  sodium and maybe 10Oo-15O0 i n  gas ,  I a g r e e ,  bu t  t h e  
problem i s  t h i s .  We have a s i n g l e  loop  system - we don‘ t  have a double loop  sys- 
t e m  - and w i t h  a 50° d i f f e r e n c e  between t h e  t empera tu res  i n  t h e  steam g e n e r a t o r ,  
w e  don’ t  have t o  pay a ve ry  h igh  p e n a l t y ,  we b e l i e v e ,  because t h e  steam g e n e r a t o r  
h o p e f u l l y  w i l l  be s imple r  w i t h  helium on one s i d e  and steam on t h e  o t h e r  t h a n  
wi th  sodium on one s i d e  and steam on t h e  o t h e r .  
w e  may have a s impler  des ign  which means t h a t  t h e  c a p i t a l  c o s t  w i l l  be  comparable. 

W e  need more s u r f a c e  a r e a  b u t  

88 



4' 

--THE~~STIMGHOUSE 1000 3 e  FOLLOW-ON STUDY, 
r,-- 

TASK I: "8ADE-OPF STUDIES 
-5? 

Carl A. Anderson, Jr. 

Westinghouse E l e c t r i c  Corporat ion 
Advanced Reactors  Div is ion  

Madison , Pennsylvania  15663 

Abst rac t  

Technical  and economic comparisons, o r  t r ade -o f f  s t u d i e s ,  a r e  
r epor t ed  f o r  s e v e r a l  design f e e t u r e s  of a 1000 MWe l i q u i d  
me ta l  f a s t  b reeder  r e a c t o r .  The des ign  f e a t u r e s  s e l e c t e d  
a r e :  a four-module co re ,  f u e l  vented t o  coo lan t ,  combined 
h o t - c e l l  r e f u e l i n g  and contairment  , two heat-removal loops , 
a piped primary system, a non-reheat steam cyc le .  

IMTRODUCTION 

The Westinghouse E l e c t r i c  Corporat ion i s  one of  f i v e  i n d u s t r i a l  c o n t r a c t o r s  
performing 1000 MWe LNFBR Follow-On S tud ie s  f o r  t h e  Argonne Nat iona l  Laboratory.  
The primary o b j e c t i v e  of t h e s e  S t u d i e s  i s  " t o  provide informat ion  which w i l l  be 
o f  a s s i s t a n c e  t o  t h e  AEC i n  t h e  fu r the rance  o f  t h e  Nat iona l  LMFBR Program Plan. ' '  
This broad o b j e c t i v e  i s  used t o  guide t h e  s p e c i f i c  o b j e c t i v e s  of t h e  Study which 
a r e  : 

a. t o  conceptua l ly  des ign  a nuc lea r  steam supply system and energy conver- 
s i o n  system which could be  committed t o  s a l e  i n  1980; 

b. to optimize t h i s  conceptua l  des ign  for min imu  power c o s t ;  

c .  t o  perform a number of  paramet r ic  ana lyses ;  

d .  t o  i d e n t i f y  d a t a  and informat ion  which a r e  l ack ing ,  t h e  l a c k  of  which 
a f f e c t s  t h e  s a f e  and economic c o n s t r u c t i o n  o f  an LMFBR p l a n t  based on 
t h i s  des ign;  

l ack ing  informat ion;  
e. t o  recommend re sea rch  and development programs needed t o  supply t h e  

f .  t o  a s s e s s  t h e  r e l a t i v e  va lue  of such r e sea rch  and development programs. 

With t h e  prev ious  MFBR des ign  s tudy  performed by Westinghouse f o r  t h e  AEC' 
as a s t a r t i n g  p o i n t ,  t h i s  Study i s  now i n  t h e  phase i n  which t h e  conceptua l  des ign  
of t h e  nuc lea r  steam supply system i s  being performed. 
c o s t l y  and time-consuming procedure of c a r r y i n g  a l a r g e  number o f  p o s s i b l e  des ign  

Rather t h a n  fo l low t h e  @ 
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concepts  through t h e  conceptua l  des ign  s t a g e ,  Westinghouse has  chosen t o  perform 
a number of b ina ry  t r ade -o f f  s t u d i e s  f i r s t ,  the reby  e l i m i n a t i n g  a number of  con- 
c e p t s  at an e a r l y  des ign  s t age .  The t r ade -o f f  s t u d i e s  which have been performed 
are : 

a. Four-module vs. seven-module vs . pancake cores '  

b. Vented vs. s e a l e d  f u e l  rods3  

c .  Hot-cel l  vs .  under-the-plug r e f u e l i n g 2  

d. 

e. 

f .  Piped primary coolan t  system vs.  i n t e g r a l  ( a l s o  c a l l e d  sea-of-sodium 

g. Sodium rehea t  steam c y c l e s  vs .  steam r e h e a t  or mois ture  s e p a r a t i o n  

Hot-cel l  containment vs .  p re s su re  s h e l l  containment2 

Two vs.  t h r e e  coolan t  loops5  

o r  combined u n i t  r e a c t o r  v e s s e l )  primary coolan t  system6 

steam cyc le s4  

Other s t u d i e s  needed t o  e s t a b l i s h  the  des ign  concept ( such  as a determina- 
t i o n  and comparison o f  f u e l  p r o p e r t i e s )  were performed i n  p a r a l l e l  wi th  t h e  
t r ade -o f f  s t u d i e s .  

Those who planned t h i s  meeting wi se ly  suggested t h a t  we avoid  d e t a i l e d  papers  
on the s u b j e c t s  of economics and s a f e t y ,  because t h e  f c r x e r  i s  p r e s e n t l y  conjec- 
t u r a l  and t h e  l a t t e r  i s  o u t s i d e  t h e  scope o f  t h e  meeting. However, t h e  work r e -  
po r t ed  i n  t h i s  paper  r e l i e s  r a t h e r  h e a v i l y  on t h e  "con jec tu ra l "  economics. 
comparing a l t e r n a t e  des ign  concepts ,  we seek f i r s t  t o  have each meet t h e  t e c h n i c a l  
requi rements ,  second t o  have each meet s a f e t y  requirements ,  and f i n a l l y  w e  s e l e c t  
t h e  a l t e r n a t e  des ign  concept which we t h i n k  w i l l  minimize t h e  c o s t  of power. 

I n  

The economic a s p e c t s  o f  some comparisons a r e  c l ea r - cu t .  Thus, as we s h a l l  
s e e  l a t e r ,  t h e  economic comparison of  sodium-reheat steam c y c l e s  wi th  mois ture  
s e p a r a t i o n  or l i v e  steam rehea t  steam cyc le s  shows sodium rehea t  steam c y c l e s  t o  
be more c o s t l y  f o r  a wide range of f u e l  c o s t s ,  c a p i t a l  c o s t s  and p l a n t  cos t  
s c a l i n g  f a c t o r s .  The des igns  and c o s t s  involved i n  t h e  comparison a r e  reason- 
ab ly  w e l l  known, t h e  two systems be ing  compared are very much a l i k e ,  and t h e  c o s t  
comparison u n c e r t a i n t y  i s  s m a l l .  

On t h e  o t h e r  extreme, t h e  economic comparison of a piped primary coolan t  
system wi th  an i n t e g r a l  primary coolan t  system has a l a r g e  u n c e r t a i n t y  a s s o c i a t e d  
wi th  it. The des ign  of  each system l a c k s  t h e  t e s t  of t ime,  t h e  component c o s t s  
f o r  each system a r e  u n c e r t a i n ,  and t h e  systems be ing  compared a r e  not very  
similar. 

I n  s p i t e  of our  i n a b i l i t y  t o  be s u r e  of  c o s t s  o r  o f  des ign  d e t a i l s ,  a choice 
between concepts  must be made. The l a r g e r  t h e  c o s t  d i f f e r e n c e  between two sys- 
tems, t h e  more l i k e l y  it i s  t h a t  t h e  c o r r e c t  choice can be made. The sma l l e r  t h e  
c o s t  d i f f e r e n c e  between two systems, t h e  sma l l e r  a r e  t h e  economic p e n a l t i e s  t h a t  
w i l l  r e s u l t  from having made t h e  wrong choice.  

Because of l i m i t e d  t ime,  t h e  bulk of  t h i s  paper w i l l  be devoted t o  a presen-  
t a t i o n  o f  r e s u l t s ,  l eav ing  d i scuss ions  of  t h e  d e t a i l s  of t h e  work f o r  t h e  more 
complete r e p o r t s  i n  t h e  r e fe rence  l i s t .  
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DISCUSS ION 

A. Four-module vs .  Seven-module vs .  Pancake Cores @ 
A s  a r e s u l t  of  concern over t h e  s e v e r i t y  of t h e  power excurs ion  which could 

r e s u l t  from sodium b o i l i n g ,  a c r i t e r i o n  w a s  e s t a b l i s h e d  f o r  t h i s  s tudy  t h a t  t h e  
r e a c t i v i t y  i n s e r t i o n  r e s u l t i n g  from void ing  of co re  and a x i a l  b l anke t  be zero  o r  
nega t ive .  Twelve r e a c t o r  conf igu ra t ions  were s tud ied  (Table  1), with  t h e  a i m  of  
choosing,  from t h o s e  conf igu ra t ions  which s a t i s f i e d  t h e  sodium void c o n s t r a i n t ,  
t h a t  r e a c t o r  conf igu ra t ion  which minimized f u e l  cyc le  c o s t s .  

Deple t ion  ana lyses  were performed, f o r  t h e  average equi l ibr ium burnup of  
67,000 MWD/Tonne, p r i o r  t o  c a l c u l a t i o n  of  t h e  void ing  r e a c t i v i t y .  
enrichment zones were considered f o r  t h e  modular co res  and t h r e e  f o r  t h e  pancake 
core .  
(except  l e n g t h )  w a s  used f o r  a l l  twelve r e a c t o r  conf igu ra t ions .  

Two f u e l  

Chromium carbide-modified ( U , p U ) C  f u e l  i n  assemblies  o f  t h e  same dimensions 

The sodium voiding r e a c t i v i t y  i s  shown i n  F igure  1, from which it can be 
seen t h a t  a nega t ive  sodium void ing  r e a c t i v i t y  change i s  p o s s i b l e  f o r  t h e  core  
s i z e s  cons idered  i n  both t h e  four-module and pancake c o n f i g u r a t i o n s .  The seven 
module core  he igh t  would have t o  be e i t h e r  much smal le r  o r  much l a r g e r  t han  those  
cons idered  here .  
-4.6 x 10-3 (T/k)(Ak/AT) f o r  e leven of  t h e  conf igu ra t ions .  Conf igura t ion  J had 
a Doppler c o e f f i c i e n t  of  -2.9 x 10-3 (T/K)(Ak/AT). 

The Doppler c o e f f i c i e n t s  f e l l  i n  t h e  range -3.6 x 10-3 t o  

The eva lua t ion  of  t h e  f u e l  cyc le  economics w a s  performed on t h e  basis o f  a 
t h r e e  y e a r  f u e l  c y c l e ,  with 113 of t h e  co re  and b lanket  r ep laced  and reprocessed  
each y e a r .  The average burnup of t h e  d ischarged  co re  w a s  assumed t o  be 100,000 
MWDITonne. The fo l lowing  f a c t o r s  were cons idered  i n  t h e  eva lua t ion :  

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

b . f a b r i c a t i o n  c a p i t a l i z a t i o n  charge 

c .  plutonium c r e d i t  

d. inventory  charge 

e .  sh ipping  cos t  

f .  sh ipping  c r e d i t  

g. r ep rocess ing  c o s t  

h .  r ep rocess ing  c r e d i t .  

Using p resen t  b e s t  e s t ima tes  f o r  these f a c t o r s ,  a plutonium va lue  of  $10/gram, 
6 months f u e l  f a b r i c a t i o n  t ime ,  36 months co re  r e s idence  t i m e ,  4 months f o r  coo l ing  
and sh ipping  and 2 months s t o r a g e ,  t h e  f u e l  cyc le  c o s t s  of  Figure 2 were obta ined .  

O f  t h e  des igns  having accep tab le  sodium void  c o e f f i c i e n t s ,  t h e  four-module 
c o n f i g u r a t i o n s  have t h e  lowest  f u e l  c y c l e  c o s t s  and, consequent ly ,  a four-module 
des ign  w a s  chosen. 
g iv ing  a reasonable  ba lance  between f u e l  c y c l e  c o s t  and sodium void  r e a c t i v i t y .  
A ske tch  of t h e  r e s u l t i n g  r e a c t o r  conf igu ra t ion  i s  shown i n  F igure  3. 

A blanket- to-core volume r a t i o  of 2.86 w a s  s e l e c t e d  as one 
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TABLE 1 

Summary of Core Designs Studied 

Designat ion 

D 
B 
E 
A 

I 
H 
G 
F 

UI M 
L 
K 
J 

N 

Blanket Thickness 

Core Height ,* Core D i a m .  , Radial Axial  
Modules L ( i n . )  D ( i n . )  L /D ( i n . )  ( i n . )  

7 60.56 
52.38 

43.07 
I 1  

4 

31.03 1.94 14.81 12.08 
33.36 1.56 11.54 

36.79 1.16 11.23 

II 

II 

I 1  

I 1  11 18.33 

48.99 45.64 1.06 15.45 15.10 
36.92 52.57 0.696 22.86 

30.96 
33.52 55'.18 0.603 24.24 

11 

II 

I 1  

I 1  ll I 1  

1 (pancake) 30.37 113.56 0.267 16.55 18.12 
23.51 

11 
0.178 16.35 

I 1  I 1  22.44 
131.77 ll 

II 

15.52 162.18 0.0954 16.75 II 

*All dimensions for t h e  hot condi t ion of t h e  core (890'F). 
' Isotopic composition of t h e  plutonium: 

Pu-239 61 W/O 
Pu-240 22 W/O 
Pu-241 13 W/O 
PU-242 4 W/O 

Blanket Width 
( i n  assembly 

widths) 

' I n i t i a l  Average 
Pu Core Loading 

Pu 
P U + U ' %  

4 
3 
5 
3 

3 
5 
7 
5 

2 
2 
3 
2 

21.25 
19.63 
21.78 
19-52 

1'7 * 70 
19.12 
19.40 
19.64 

16.08 

18.80 
25.67 

18.80 
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WHEN ONE MODULE CORE AND ITS 
AXIAL BLANKET I S  VOIDED. 

.ES 

I. 0 

ACTIVE CORE HEIGHT (INCHES) 
FIG. 1 VOID REACTIVITY VS CORE HEIGHT 
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TOTAL FUEL CYCLE COST VS 
BLANKET=TO=CORE VOLUME RATIO 

RADIAL BLANKET FABRICATION RATE = $791 kg 

G 

2.0 3.0 4.0 

TOTAL BLANKET VOLUME/ CORE VOLUME 
FIG. 2 TOTAL FUEL CYCLE COST VS BLANKET-TO-CORE VOLUME RATIO 
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POSSIBLE 

= 2.86 61 ASSEMBLIESIMODULE 
vC 

LESS 9 RODS FOR CONTROL 
LESS 4 RODS FOR STRONGBACK 1 6 x  16=256 RODSIASSEMBLY 

(92. 71 cm. 1 36. 5" ACTIVE HEIGHT 
( I  5.09 cm. ) 5.94" - LENGTH OF ASSEMBLY SI DE 
(38. IO cm. 1 15" BLANKET THICKNESS TOP + BOTTOM EACH 

FIG.  3 SCHEMATIC REACTOR CROSS SECTION 
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B. Vented vs .  Sea led  Fuel  Rods 

Because t h e  f u e l  inventory  and f a b r i c a t i o n  c o s t s  a r e  high f o r  fas t  breeder  
power r e a c t o r s ,  it i s  necessary  t o  ope ra t e  t h e  f u e l  at  a high s p e c i f i c  power and 
f o r  high burnup. Such ope ra t ion  produces a l a r g e  amount of f i s s i o n  product gas ,  
a p o r t i o n  of  which can escape t h e  f u e l .  I n  s p i t e  of t h e  probable  economic pen- 
a l t i e s ,  a l l  fas t  breeder  r e a c t o r s  designed t o  d a t e  con ta in  t h e  f i s s i o n  product  
gas wi th in  t h e  f u e l  rod.  The inc reased  m e 1  rod l e n g t h  needed t o  accommodate 
t h e  gas inc reases  t h e  c o s t  of t h e  v e s s e l ,  f u e l  handl ing  machines, pumps and 
v e s s e l  i n t e r n a l s .  There a r e  a l s o  p o t e n t i a l  s a f e t y  hazards  a s s o c i a t e d  w i t h  such 
f u e l  rods :  t h e  p o s s i b i l i t y  of  gas b l anke t ing  a f u e l  assembly i n  t h e  event  of  
an in-core c ladding  r u p t u r e ,  and t h e  p o s s i b l e  hazard o f  handl ing f u e l  e lements  
w i th  l a r g e  q u a n t i t i e s  of p r e s s u r i z e d  r a d i o a c t i v e  gas .  

Sodium bonded mixed ca rb ide  f u e l s  a r e  considered i n  t h i s  s tudy .  Based on 
t h e  pre l iminary  f i s s i o n  gas r e l e a s e  curve o f  F igure  4, and t h e  c a l c u l a t e d  f u e l  
temperature  d i s t r i b u t i o n ,  a r e l e a s e  r a t e  of  about 20 percent  i n  t h e  hot  rod and 
an average r e l e a s e  r a t e  of 5 percent  were determined. The assumed f i s s i o n  pro- 
duct  gas  r e l e a s e  s t r o n g l y  a f f e c t s  t h e  comparison of  vented and sea l ed  f u e l  rods .  
Fur ther  f i s s i o n  product gas r e l e a s e  s t u d i e s  have cor robora ted  t h e  vent ing  analy- 
s i s ,  but t h e  d a t a  spread i s  s t i l l  l a r g e .  A very much lcwer f i s s i o n  product  gas 
r e l e a s e  could e l imina te  t h e  economic advantage ( b u t  not  t h e  p o t e n t i a l  s a f e t y  
advantage) of  t h e  vented f u e l  rod.  

The non-vented rod r e q u i r e s  a plenum l eng th  above t h e  t o p  ax ia l  b lanket  of  
48 inches  t o  accommodate f i s s i o n  product  gases  and an a d d i t i o n a l  11 t o  13 inches  
t o  accommodate sodium bond expansion. Seve ra l  vented rod des igns  were cons idered ,  
i nc lud ing  d iv ing  b e l l ,  e l a s t i c  t ube  va lve ,  mechanical check va lve  and porous p lug .  
All of  t h e  des igns  can meet t h e  performance requirements  b u t  a l l  a l s o  r e q u i r e  dev- 
elopment and t e s t i n g ,  
t h e  bond sodium expansion plenum and t h e  vent mechanism. 

A t o t a l  l eng th  of 26 inches  w a s  be l i eved  adequate  f o r  both 

The economic a n a l y s i s  cons idered  t h e  c a p i t a l  c o s t  d i f f e r e n c e s  of  t h e  v e s s e l ,  
f u e l  handl ing  equipment, b u i l d i n g ,  pumps, gas  p u r i f i c a t i o n  system and sodium pur i -  
f i c a t i o n  system. The ope ra t ing  c o s t  d i f f e r e n c e s  due t o  t h e  coolan t  pumping power 
and t h e  f u e l  f a b r i c a t i o n  charge were a l s o  cons idered .  Cost d i f f e r e n c e s  due t o  
co re  i n t e r n a l s ,  i n s t rumen ta t ion ,  sh ipping ,  maintenance problems, f a i l e d  f u e l  de- 
t e c t i o n  system and gas  p u r i f i c a t i o n  r e f r i g e r a t i o n  systems were not q u a n t i t a t i v e l y  
compared, bu t  were not  expected t o  a l t e r  t h e  cos t  comparison apprec iab ly .  

The comparison f o r  t h e  gas p u r i f i c a t i o n  system assumed t h a t  one percent  o f  
t h e  40,992 rods i n  t h e  non-vented co re  would f a i l  dur ing  t h e  pe r iod  1-112 yea r s  
t o  3 yea r s  a r t e r  loading .  
vented and t h e  non-vented des ign ,  a l though a r educ t ion  of 2 t o  4 m i l s  appeared 
reasonable  f o r  t h e  former. 

A c ladding  t h i c k n e s s  of 1 4  m i l s  w a s  used f o r  bo th  t h e  

The vented concept w a s  found t o  have a $788,000 c a p i t a l  c o s t  advantage and 
a $293,000 annual  ope ra t ing  c o s t  advantage over t h e  non-vented rod.  
t h a t  t h e  c o s t  comparison i s  not comprehensive (e .g .  , maintenance c o s t s  were not  
cons ide red ) ,  it appears  t h a t  t h e  cos t  advantage of t h e  vented concept i s  not  
s u f f i c i e n t l y  g r e a t  t o  make a c lear -cu t  choice.  However, t h e  vented des ign  has  
a p o t e n t i a l  s a f e t y  advantage by enabl ing  r e t e n t i o n  of t h e  sodium bond i n  t h e  
event  of  a p inhole  c ladding  f a i l u r e ,  by decreas ing  t h e  p r o b a b i l i t y  of  gas blan-  
k e t i n g  i n  t h e  event  of  c ladding  r u p t u r e ,  and by minimizing t h e  amount o f  p re s su r -  
i z e d  r a d i o a c t i v e  gases  t o  be handled o u t s i d e  t h e  core .  Thus, i n  s p i t e  o f  t h e  many @ 
development problems remaining, t h e  vented-to-coolant f u e l  rod des ign  was chosen. 

Remembering 
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C. Hot-Cell vs .  Under-the-Plug Refue l ing  

The h o t - c e l l  r e f u e l i n g  system i s  one i n  which t h e  r e a c t o r  s h i e l d  p lug  i s  re- 8 
moved f o r  r e f u e l i n g  and t h e  r e f u e l i n g  i s  performed by equipment i n  a r e f u e l i n g  
c e l l ,  or hot  c e l l ,  l o c a t e d  d i r e c t l y  above t h e  r e a c t o r .  The hot  c e l l  concept has  
t h e  advantage of i nhe ren t  f l e x i b i l i t y  t o  handle  or support  an unexpected e f f o r t  
i n  f u e l  handl ing equipment meintenance or i n  r e a c t o r  maintenance. It a l s o  pro- 
v ides  t h e  means f o r  removal and i n s p e c t i o n  o f  r e a c t o r  vessel i n t e r n a l s  as r equ i r ed .  

The under-the-plug system ope ra t e s  wi th  t h e  r e a c t o r  s h i e l d  p lug  i n  p l a c e  
dur ing  r e f u e l i n g .  
p lug  or by equipment l o c a t e d  under t h e  p lug .  
decay hea t  pe r iod  i s  i n  t h e  r e a c t o r  v e s s e l  or i n  an ad jo in ing  t ank .  This  system 
has a good p o t e n t i a l  f o r  e f f i c i e n t  f’uel handl ing  which could reduce p l a n t  down- 
t ime . 

Fuel  handl ing i s  performed by equipment working through t h e  
Fuel  assembly s t o r a g e  dur ing  t h e  

I n  a cask system, t h e  f u e l  i s  removed from t h e  r e a c t o r  without  an ex tens ive  
wa i t ing  pe r iod  f o r  dec rease  of  f i s s i o n  product decay hea t ing .  Sh ie ld ing  of  t h e  
f u e l  handl ing machine i s  adequate t o  permit  personnel  access  t o  t h e  r e a c t o r  a r e a  
dur ing  r e f u e l i n g .  
ience  t o  d a t e  has i d e n t i f i e d  and r e so lved  many problems. 

The p r i n c i p a l  advantage o f  t h i s  system i s  t h a t  ope ra t ing  exper- 

Both t h e  hot  c e l l  and under-the-plug concepts  errvisage l a t e r a l  t r a n s f e r  of 
t h e  f u e l  element from t h e  r e a c t o r  v e s s e l  t o  t h e  f u e l  s t o r a g e  t a n k ,  under sodium. 
Table 2 o u t l i n e s  t h e  concept comparisons which l e d  to e l imina t ion  of t h e  sh i e lded  
t r a n s f e r  cask and narrowed t h e  comparison t o  a t r ade -o f f  of  t h e  h o t - c e l l  concept 
a g a i n s t  t h e  under-the-plug concept .  

These two concepts  were c a r r i e d  through t h e  conceptua l  des ign  s t a g e ,  and c o s t  
e s t ima tes  were prepared  which considered a l l  p o r t i o n s  of  t h e  p l a n t  which d i f f e r e d  
f o r  t h e  two concepts .  Figure 5 shows t h e  des ign  of  t h e  h o t - c e l l  r e f u e l i n g  con- 
c e p t ,  while  F igure  6 shows t h e  under-the-plug r e f u e l i n g  concept .  

The c a p i t a l  c o s t  comparison of  t h e  two concepts  inc luded  b u i l d i n g ,  r e a c t o r  
v e s s e l  and p lug ,  f u e l  handl ing equipment and miscel laneous equipment. A range 
of $4 / lb  t o  $8/1b w a s  cons idered  f o r  t h e  v e s s e l  and p lug  c o s t s .  
i n g  c a p i t a l  cos t  d i f f e r e n c e  between t h e  two concepts  w a s  1 .26 t o  2.46 m i l l i o n  
d o l l a r s  i n  favor  o f  t h e  h o t - c e l l  concept .  

The correspond- 

Operat ing c o s t  d i f f e r e n c e s ,  p r i m a r i l y  due t o  p l a n t  downtime, were not  consid- 
e red  i n  t h e  c o s t  comparison. Planned downtime f o r  r e f u e l i n g  w i l l  be g r e a t e r  f o r  
t h e  h o t - c e l l  concept ,  bu t  planned downtime f o r  i n s p e c t i o n  and maintenance of  equip- 
ment below t h e  p lug  w i l l  be g r e a t e r  f o r  t h e  under-the-plug concept .  Unexpected 
downtime f o r  r e p a i r  o f  equipment w i t h i n  t h e  v e s s e l  w i l l  a l s o  be  g r e a t e r  f o r  t h e  
under-the-plug concept.  Thus, one cannot now say  which concept w i l l  y i e l d  a 
b e t t e r  o v e r a l l  p l a n t  a v a i l a b i l i t y .  

Although t h e  c a p i t a l  c o s t  d i f f e r e n c e  i s  s m a l l  and t h e  ope ra t ing  c o s t  d i f f e r -  
ence i s  u n c e r t a i n ,  t h e  g r e a t e r  f l e x i b i l i t y  of t h e  h o t - c e l l  concept t i p s  t h e  balance 
and it has been chosen f o r  t h e  r e fe rence  des ign .  

A 
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Table 2 

Fuel Handling Concept Comparison 

Under-the-Plug 
tat ing 

Poor Complex mechanisms i n  sodium, 
sodium vapor¶ and radiation. 
Design w i l l  have t o  be refined 
t o  a high degree t o  give long 
term r e l i a b i l i t y .  

Poor Difficult  and time consuming t o  
repair  equipment under the  plug. 
Can only be done with reactor 
down. 

- -- ~ 

Rating Factors Cask 
Rating 

Good Limited exposure t o  so- 
dium¶ sodium vapor and 
radiation. Available 
f o r  preventive mainte- 
nance. 

Ave. Good access ib i l i ty  t o  
fue l  handling cask. Ro- 
t a t i n g  plugs require 
reactor downtime t o  

Hot -Cell 

L .  Re l i ab i l i t y  

2 .  Accessibil i ty 
fo r  

Maintenance 

Rating 

Good 

Good 

Limited exposure t o  sodium, 
sodium vapor¶ and radiation. 
Available for  preventive 
maintenance. 

Good accessibil i ty.  W i l l  no- 
interrupt reactor operation, 
but may require remote 
maintenance. 

3. Ease of 
Operat ion 

9. Safety 

5 .  Development 

6 .  System Compat- 
i b i l i t y  with 
Reactor Main. 
& Inspection 

Poor Hequires high degree of oper 
a tor  s k i l l  t o  perform remote 
manual operations. Reactor 
plug handling presents a l ign  
ment problem. 

good radiation and missile 
protection. Reduces possi- 
b i l i t y  of sodium and a i r  
react ion. 

vapor deposition. Fission 
product control, decont ami- 
nation ¶ and equipment oper- 
a t  ion i n  ine r t  atmosphere. 

Good Hot c e l l  with remote equip- 

Good Hot c e l l  design provides 

Ave. Development needed i n  sodium 

ment provides excellent 
f a c i l i t y  f o r  reactor inspec- 
t ion or  maintenance. 

Good 

System refinement estimated 
t o  have average potential .  

Locations a r e  pre-indexed. Ope -Ave. Somewhat higher level  o 
r i s k  fo r  personnel expo 
sure t o  radiation. 

ations a r e  interlocked. Not 
dependent upon operator. I 

Ave. Low leve l  r i s k  f o r  personnel Ave . 
exgosure -GO radiat  ioii. Mal- 
f'unction may damage equipment 
or  core. 

Poor 
- -  ~ 

Development of high r e l i a b i l i t y  Good 
mechanisms a must t o  o f f se t  
poor access ib i l i ty .  

r i s k  for  personriel expo 
sure t o  radiation. 

Experience t o  date show 
equipment O.K. High 
decay heat dissipation 
w i l l  require more work. 

Poor Requires erection of hot c e l l  Poor Requires erection of hot 
t o  gain access t o  reactor 
in te rna ls .  reactor internals.  

c e l l  t o  gain access t o  

7. Potent ia l  f o r  
High Plant 
Availabil i ty 

Ave. Good System refinements appear t o  Poor L i t t l e  potent ia l  f o r  
of fe r  poss ib i l i t y  of e f f i c i en t  significant improvement. 
f'uel handling. 
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D. Hot-Cell Containment vs. Pressure-Shel l  Containment 

Af'ter a q u a l i t a t i v e  review of s e v e r a l  containment des ign  concepts ,  and a f t e r  
pre l iminary  s a f e t y  ana lyses  had provided informat ion  f o r  s p e c i f i c a t i o n  of a des ign  
p r e s s u r e  of 30 p s i g ,  two concepts  were judged t o  mer i t  a more complete comparison. 
These two concepts  , t h e  h o t - c e l l  containment concept (F igure  5 )  and t h e  p r e s s u r e  
s h e l l  containment concept (F igu re  7 )  , were c a r r i e d  through t h e  s t a g e s  of conceptua l  
design and comparative c o s t  e s t ima t ion .  

The two des igns  a r o s e  from t h e  t e c h n i c a l  s p e c i f i c a t i o n s  on a r e a ,  headroom and 
des ign  p res su re .  They were judged t o  be equa l ly  safe, al though f u r t h e r  a n a l y t i c a l  
and experimental  v e r i f i c a t i o n  i s  needed f o r  bo th  t o  ensure t h a t  no c r e d i b l e  m i s s i l e  
can p e n e t r a t e  t h e  outermost gas b a r r i e r .  

The cos t  advantage of t h e  h o t - c e l l  containment des ign  over  t h e  p re s su re - she l l  
containment des ign  i s  $5,450,000. Changed i n  equipment l ayou t  could decrease  t h i s  
c o s t  advantage by reducing t h e  diameter  and th i ckness  o f  t h e  s t e e l  s h e l l  i n  t h e  
p r e s s u r e - s h e l l  containment concept ,  bu t  could not  e l i m i n a t e  t h e  c o s t  advantage.  
Use of t h e  p re s su re - she l l  containment w i t h  an under-the-plug r e f u e l i n g  scheme 
would r e s u l t  i n  a more reasonable  des ign ,  bu t  it i s  not  be l i eved  t h a t  it would 
be economically or t e c h n i c a l l y  supe r io r  t o  t h e  combination h o t - c e l l  r e f i e l i n g  
and containment of F igure  5. Hot -ce l l  containment w a s  s e l e c t e d .  

E. Two vs. Three Coolant Loops 

Q u a l i t a t i v e  s t u d i e s  of component arrangements,  probable  1980 manufacturing 
c a p a b i l i t y ,  component c a p a c i t y  requirements  and system complexity preceded t h i s  
comparison of  two-loop and three- loop p l a n t s .  Discussions wi th  t h e  des igners  
and manufacturers  o f  i n t e rmed ia t e  hea t  exchangers , pumps and steam gene ra to r s  
l e d  t o  t h e  conclus ion  t h a t  t h e  c a p a b i l i t y  f o r  manufacture of t h e s e  by 1980 w i l l  
no t  l i m i t  t h e  choice o f  a two loop or of a t h r e e  loop p l a n t  o f  t h e  s izes  consid- 
e r e d  i n  t h i s  s tudy .  

The comparison o f  two loop and t h r e e  loop  p l a n t s  cons idered  s a f e t y ,  relia- 
b i l i t y ,  a v a i l a b i l i t y  and c o s t ,  i n  a d d i t i o n  t o  t h e  f a c t o r s  mentioned i n  t h e  pre-  
ceding paragraph.  It w a s  concluded t h a t  t h e  l a r g e r  number of components i n  t h e  
t h r e e  loop  p l a n t  decreased o v e r a l l  p l a n t  r e l i a b i l i t y ,  i nc reased  maintenance c o s t s ,  
had v i r t u a l l y  no e f f e c t  on p l a n t  thermal  e f f i c i e n c y ,  and inc reased  a l lowable  p a r t  
l o a d  a v a i l a b i l i t y  ( a  maximum of  759 MWe for 2-out-of-3 loops ,  616 MWe f o r  1-out- 
of-2 l o o p s ) .  S a f e t y  w a s  no t  a f f e c t e d  by t h e  number o f  l oops ;  bo th  concepts  employ 
a s iphon b reake r  i n  t h e  v e s s e l  and a combination auxiliary-emergency coo l ing  loop.  

The economic comparison considered a l l  p a r t s  of  t h e  p l a n t  t h a t  d i f f e r  f o r  t h e  
two concepts ,  i nc lud ing  b u i l d i n g s ,  hea t  t r a n s f e r  components, p i p i n g ,  pumps and hand- 
l i n g  equipment. 
t h e  t h r e e  loop  concept ,  and w a s  consequent ly  chosen. 
t h r e e  loops  were t e c h n i c a l l y  or economically s u p e r i o r  t o  two loops ,  t h e n  it would 
have been necessary  t o  s tudy  p l a n t s  w i th  a l a r g e r  number of  loops.  
p l a n t  does not  appear  t o  be f e a s i b l e  by 1980. 

The r e s u l t  w a s  t h a t  t h e  two loop  concept c o s t  $4,220,000 less  t h a n  
Had t h e  r e s u l t  been t h a t  

A one loop  

F. Piped Primary Coolant System vs .  I n t e g r a l  Primary Coolant System 

I n  t h e  piped primary coolan t  system, a l l  of t h e  primary system components a r e  
in t e rconnec ted  wi th  p ip ing ,  and are conta ined  i n  i n e r t  g a s - f i l l e d  equipment v a u l t s .  
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The primary system components of  an i n t e g r a l  primary coolan t  system a r e  conta ined  
i n  a common t ank  which i s  f i l l e d  wi th  sodium. The i n t e g r a l  primary system coolant  
communicates with t h e  sodium f i l l i n g  t h e  t ank  a t  one o r  more p o i n t s .  

The advantage normally c i t e d  f o r  t h e  i n t e g r a l  primary system i s  t h a t  t h e  core  
can never be d ra ined  o f  sodium -- e.g. ,  as a result of  a p ip ing  f a i l u r e .  This  
f e a t u r e  can be achieved i n  t h e  piped primary system only  by a more complex des ign  
t h a n  would o therwise  be needed -- e.g. ,  by a d d i t i o n  of a double v e s s e l  w a l l ,  a 
s iphon breaker  o r  double-walled p ip ing ,  o r  a u x i l i a r y  sodium s to rage .  

The t rade-off  s tudy  of  t h e  two systems r equ i r ed  t h a t  both  meet t n e  same oper- 

Both t h e  t e c h n i c a l  com- 
a t i o n a l  ana s a f e t y  requirements .  After some i n i t i a l  scoping s t u d i e s ,  t h e  two 
des igns  which were compared a r e  shown i n  F igures  5 and 6. 
par i sons  and t h e  economic comparisons a r e  very complex,6 and an adequate d i scuss ion  
i s  beyond t h e  scope of t h i s  paper .  'The two systems a r e  so d i f f e r e n t  t h a t  t h e  econ- 
omic comparison, summarized i n  Table 3, has a l a r g e  degree of  u n c e r t a i n t y .  However, 
it should be  noted t h a t  t h e  piped primary system i s  favored by from $5,600,000 t o  
$15,488,000 i n  c a p i t a l  c o s t ,  depending p r i m a r i l y  on t h e  assumptions made f o r  v e s s e l  
c o s t s  ( $ 4 / l b  t 0 $ 8 / l b  f o r  t h e  piped primary system v e s s e l ,  $2 / lb  T O  $4 / lb  f o r  t h e  
i n t e g r a l  primary system t a n k )  and emergency cooi ing  requirements .  

The piped primary system w a s  s e l e c t e d  on t h e  b a s i s  of t h i s  c a p i t a l  c o s t  advan- 
t a g e ,  r e in fo rced  by t h e  b e l i e f  t h a t  des ign  a n a l y s i s ,  des ign  f l e x i b i l i t y ,  and main- 
tenance  a l s o  favor  t h e  piped primary system. 

G.  Sodium Reheat S t e m  Cycles vs .  Steam Reheat o r  Moisture  Separa t ion  Steam Cycles 

S t r a i g h t  expansion o f  steam through t h e  t u r b i n e s  i s  unacceptab le ,  s i n c e  exces- 
s i v e  e ros ion  of t h e  low-pressure t u r b i n e  b l ades  would r e s u l t .  A s  a consequence, 
mois ture  s e p a r a t i o n  o r  r ehea t  a r e  rzq'.iired. The mois ture  s e p a r a t i o n  can be done 
i n t e r n a l l y ,  between t u r b i n e  s t a g e s ,  o r  e x t e r n a l l y ,  i n  a s e p a r a t e  mois ture  separa-  
t o r .  Reheat can use  e i the r  steam o r  sodium as t h e  hea t  source.  

Pre l iminary  s t u d i e s  i n d i c a t e d  t h a t  some mois ture  s e p a r a t i o n  steam cyc le s  may 
not  r e q u i r e  an e x t e r n a l  mois ture  s e p a r a t o r ,  bu t  one i s  needed f o r  t h e  2400 p s i g /  
900°F cond i t ion  which i s  t h e  r e fe rence  po in t  f o r  t h i s  t rade-of f  s tudy .  Fu r the r  
p re l imina ry  s t u d i e s  showed only  a s l i g h t  hea t  r a t e  advantage f o r  a l i v e  steam 
rehea t  cyc le  over  an e x t e r n a l  mois ture  s e p a r a t i o n  cyc le ,  and s i n c e  t h e  steam re -  
hea t  cyc le  r e q u i r e s  a g r e a t e r  c a p i t a l  investment ,  l i v e  steam rehea t  w a s  not con- 
s i d e r e d  f u r t h e r .  This l e f t  a comparison of  mois ture  s e p a r a t i o n  steam cyc le s  wi th  
sodium rehea t  system cyc le s .  

The mois ture  s e p a r a t i o n  cyc le  i s  p r e f e r r e d  on t e c h n i c a l  grounds because of  
t h e  a d d i t i o n a l  complicat ion and reduced r e l i a b i l i t y  a s s o c i a t e d  with t h e  sodium 
r e h e a t e r s .  The mois ture  s e p a r a t i o n  cyc le  i s  a l s o  favored economically.  The c o s t  
comparison inc luded  a l l  p l a n t  f a c t o r s  which d i f f e r e d  between t h e  two des igns  
( e .g . ,  s t r u c t u r e s ,  pumps, o t h e r  
o f  t h e  two c y c l e s ,  and i n d i c a t e s  a c a p i t a l  cos t  advantage of  $6,106,000 f o r  t h e  
mois ture  s e p a r a t i o n  cyc le .  

c omponents) . Table 4 summarizes t h e  f e a t u r e s  

I n  g e n e r a l ,  t h e  c o s t  d i f f e r e n c e  between mois ture  sepa ra t ion  cyc le s  and sodium 
r e h e a t  cyc le s  depends on t h e  assumed f i e 1  cyc le  c o s t ,  t h e  t o t a l  p l a n t  c a p i t a l  c o s t ,  
and t h e  c a p i t a l  c o s t  s c a l i n g  f a c t o r ,  n.  Figure 9 shows t h a t  t h e  choice of a mois- 
ture  s e p a r a t i o n  steam cyc le  i s  s t i l l  v a l i d  f o r  a very  wide range of  t h e s e  v a r i a b l e s .  
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TABLE 3 

Comparison of  Piped- and Pool-Type Primary Systems 

A. I d e n t i c a l  Emergency Cooling (Sepa ra t e  C i r c u i t s )  

Thousands of  Do l l a r s  

Low High Low High 
Piped Pool 

T o t a l  D i r e c t  Costs  
T o t a l  I n d i r e c t  Costs  

T o t a l  Costs 

Minimum D i f f e r e n t i a l  $ 9,237 
Maximum D i f f e r e n t i a l  $15,488 

20183 24929 26553 35610 
9082 11218 11949 16025 

29265 36147 38502 51635 

B. D i f f e r e n t  Emergency Cooling (Sepa ra t e  C i r c u i t  f o r  Piped Primary System. 
Pony Motors on Main Pumps f o r  I n t e g r a l  Primary System) 

Thousands of  Do l l a r s  

Low High Low High 
Piped Pool 

T o t a l  D i rec t  Costs  
Tot a1 I n d i r e c t  Cost s 

Total Costs  

Minimum D i f f e r e n t i a l  $ 5,800 
Maximum D i f f e r e n t i a l  $11,138 

22603 28029 26603 35710 
10171 12613 11971 16070 
32774 40462 38574 51780 

TABLE 4 
Moisture  Sepa ra t ion  vs. Sodium Reheat Steam Cycle 

T h r o t t l e  p r e s s u r e  , p s i g  
T h r o t t l e  tempera ture  , OF 
Reheat tempera ture ,  OF 
Feedwater tempra ture  , OF 
Heat i n p u t ,  MWt 
Turbine Type 
Net Heat Rate , Btu/kW-hr 
Net p l a n t  e f f i c i e n c y ,  % 
Net e l e c t r i c a l  output  , MWe 
S.R.-M.S. C a p i t a l  c o s t  d i f f e r e n c e ,  $ 

Moisture Sepa ra t ion  

2400 
900 

500 

TCbF/44 
8490 

1045 

-- 

2600 

40.20 

106 

Sodium Reheat 

2400 
900 
900 
500 

2600 

8281 

1072 
6,106,000 

CC4F/44 

41.22 
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It has a l s o  been shown' t h a t  t h e  choice i s  l i k e l y  t o  be t h e  same f o r  a wide range 
of  t h r o k t l e  steam tempera tures .  The only  reason  t h i s  choice  would not  be  c o r r e c t  
would be if t h e  hea t  r a t e  d i f f e r e n c e  were apprec iab ly  more t h a n  t h e  209 Btu/kW h r  
shown i n  Table 4. 

CONCLUSIONS 

The r e s u l t s  o f  t h e s e  t r ade -o f f  s t u d i e s ,  p l u s  p a r a l l e l  s t u d i e s  on f u e l  proper-  
t i e s ,  sodium p u r i f i c a t i o n ,  design b a s i s  a c c i d e n t s ,  va r ious  I H X  and steam gene ra to r  
concepts ,  component and p l a n t  r e l i a b i l i t y ,  and t h e  s u i t a b i l i t y  o f  oxide f u e l  i n  a 
co re  designed f o r  ca rb ide  f u e l ,  de f ine  t h e  Task I r e f e r e n c e  des ign  concepts  (Table  
5 ) .  The next 
erit i r e  p l a n t .  

p h a s e  of t h e  s tudy  w i l l  proceed through t h e  conceptua l  des ign  of  t h e  
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TABLE 5 

Some C h a r a c t e r i s t i c s  o f  t h e  Task I Reference Design 

Thermal power 

N e t  e l e c t r i c a l  power 

T h r o t t l e  steam p r e s s u r e  

T h r o t t l e  steam temperature  

Vessel  nozzle-to-nozzle p r e s s u r e  drop 

Vesse l  i n l e t  temperature  

Vessel o u t l e t  temperature  

Maximum f u e l  c e n t e r l i n e  temperature  

M a x i m u m  c ladding  s u r f a c e  temperature  

Core he ight  

Core mDdule diameter  ( e f f e c t i v e ,  one 
module ) 

2600 w i t  

1074 MWe 

2415 p s i a  

900°F (no  r e h e a t )  

90.0 p s i  

770°F 

1000°F 

2624OF 

1313OF 

38.4 i n .  

46.6 i n .  

Tandem comFound, quadruple f low,  4 4  inch  l e s t  s t a g e  b lade  
t u r b i n e  with e x t e r n a l  mois ture  s e p a r a t o r .  

Two 1300 M W t  steam g e n e r a t o r s .  

Two 1300 M W t  i n t e r m e d i a t e  hea t  exchangers.  

Two 129,000 gpm primary sodium pumps. 

Two 106,000 gpm secondary sodium pumps. 

Combined h o t - c e l l  r e f u e l i n g  and containment s t r u c t u r e .  

Piped primary coolant  system. 

Four core  modules. 

C added t o  hypostoichiometr ic  (U,Pu)C f i e l .  Cr26 6 
Fuel  vented t o  coolan t .  

Type 316 SS f u e l  c ladding .  

Incoloy 800 steam genera tor  tub ing .  

All o t h e r  s t r u c t u r a l  material  Type 304 SS. 
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D I S C U S S I O N  

I 

I 

G. Wensch ( U . S .  A E C )  - I am somewhat s u r p r i s e d  t o  see  t h i s  l a r g e  c o s t  d i f -  
f e r e n t i a l  between t h e  one pot des ign  and t h e  v e s s e l  and e x t e r n a l  p ip ing  des ign .  
The ques t ion  I have i s  t h i s  - i n  t h e  one pot  des ign  d i d  you inc lude  a l l  dump 
capac i ty?  

C.A. Anderson, Jr. - W e  had a long  h a s s l e  on t h a t  t r y i n g  t o  dec ide  whether 
we should be  c o n s i s t e n t  and we f i n a l l y  decided t h a t  t h e  reasons f o r  which you 
have fill dump c a p a c i t y  i n  t h e  p ipe  system i s  t h e  same as t h e  reasons  f o r  which 
you could want fill dump capac i ty  i n  t h e  pool  system. So we d i d  put  t h a t  i n .  
I don ' t  remember t h e  number a s s o c i a t e d  w i t h  t h a t ,  it w a s  something l i k e  1.2 
m i l l i o n  d o l l a r s  f o r  t h a t  s t o r a g e .  

G. Wensch - The o t h e r  p a r t  of my ques t ion  i s  i n  having t h e  e x t e r n a l  p ip ing ,  
d i d  you inc lude  a l l  t h e  t r a c i n g s ,  x-ray,  c a l r o d s ,  proeramming and hea t ing  up t h e  

I p ip ing?  

C.A. Anderson, Jr. - Yes. For every th ing  t h a t  w a s  d i f f e r e n t  between t h e  
two. Things t h a t  t h e y  had i n  common, we d i d  not cons ider  as g r e a t l y ,  I'll t e l l  
you, bu t  e v e r y t i n g  t h a t  was d i f f e r e n t  between t h e  two, such as t h o s e  you men- 
t i o n e d ,  we d i d  cons ider .  We had a r c h i t e c t  engineers  who a r e  c r e d i t e d  i n  t h e  
paper - t h e y  d i d  much of t h i s  work f o r  us; w e  d i d  some of it our se lves .  
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FAS.T STWI -CQXUD REACTOR : SYSTEM PFBSSURE CONSIDERATION, 
-. 

9 0 - y  PROTOTYPE AND AN APPROPRIATE TESTBED FOP, FUEL ELEbEMTS 
_J 

c 

J. F i s c h e r ,  P. K i l i a n ,  A .  Kirchenmayer 

Allgemeine E l e k t r i c i t a t  s -Gese l l schaf t  ( A E G )  
Kernenergieversuchsanlage GroBwelzhein, Germany 

Summary 

A system p r e s s u r e  o f  120 atmosphere has been found s u i t a b l e  
for t h e  pro to type  o f  t h e  S t e m  Cooled F a s t  Reactor  by con- 
s i d e r i n g  economical i n f l u e n c e s  and development r i sks .  .@, 

pre l iminary  des ign  f o r  t h e  300 !&e pro to type  i s  proposed. 
E s s e n t i G  f e a t u r e s  a r e  a d i r e c t  c y c l e ,  a pressure-suppress-  
i o n  containment and a s t e e l  p r e s s u r e  v e s s e l  wi th  t h e  L a f f l e r  
c y c l e  components arranged i n  compact loops.  For fuel  t es t -  
i n g ¶  an a l l  f a s t  r e a c t o r  i s  proposed. I t s  core  and main 
components can be housed i n  t h e  e x i s t i n g  p r e s s u r e  v e s s e l  
o f  t h e  Superheat Reactor a t  GroBwelzheim. 1' 

INTRODUCTION 

The f i r s t  des ign  i d e a s  of t h e  Germen 300 W!e fas t  steam cooled r e a c t o r  ( D S R )  
have been shown at  t h e  ANS Meeting i n  San Franc isco  l a s t  y e a r ' .  
b r i e f l y  re - in t roduce  t h e  concept on which our  c o n s i d e r a t i o n s  are  based,  a sche- 
mat ic  flow diagram i s  shown i n  Figure 1. The r e a c t o r  working as a mere super- 
h e a t e r  i s  used i n  connect ion wi th  a normal L o f f l e r  c y c l e  and t h e  blower i s  
d r i v e n  by a steam t u r b i n e  t h e  o u t l e t  o f  vhich i s  f ed  i n t o  t h e  medium p r e s s u r e  
s t a g e  of  t h e  main t u r b i n e .  

I n  order  t o  

7 5 %  2 5 %  15% 

Fig.  1 Steam Cooled Fas t  Reactor (DSR): Schematic Flow Diagram 
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SYSTEN PRESSURE CONSIDERATION 

Af te r  it w a s  decided t o  use a d i r e c t  cyc le  t h e  most important  ques t ion  
seemed t o  be which system p res su re  should be s e l e c t e d .  Two i n f luence  a reas  
have been i d e n t i f i e d :  

a. C a p i t a l  and f u e l  cyc le  c o s t s ,  
b. Sa fe ty  cons ide ra t ions  and development problems. 

The f i r s t  i tem can be measured under u s u a l  assumptions f o r  f u e l  c o s t ,  fab- 
r i c a t i o n  and r ep rocess ing  c o s t s ,  and e s t ima tes  f o r  t h e  c o s t  of p l a n t  construc-  
t i o n ,  components, and equipment. However, t h i s  i s  not  as simple f o r  t h e  second 
p o i n t  mentioned. Only semiquan t i t a t ive  arguments can be found and have t o  be 
eva lua ted .  

Cost In f luences  

I n  order  t o  l i m i t  t h e  parameters  t o  be v a r i e d  dur inf  t h e  a n a l y s i s ,  a co re  
l a t t i c e  w a s  used as proposed i n  t h e  Kar l s ruhe  D 1 study.  No a t tempt  w a s  made 
t o  f u r t h e r  opt imize or re -eva lua te  t h e s e  f i n d i n g s  which have l e d  t o  a l a t t i c e  
w i t h  f a b r i c a b l e  p i t c h  t o  diameter  r a t i o s  and f u e l  element diameters .  Fur ther -  
more, it i s  not t h e  t a r g e t  of our pro to type  t o  show a maximum breeding g a i n ,  
bu t  rather an optimum i n  power gene ra t ing  c o s t ,  wi th  emphasis on a r e l i a b l e  and 
s a f e  system. 

So long  as one keeps t h e  core  l a t t i c e  and t h e  maximum admiss ib le  c ladding  
tempera ture  cons t an t ,  one can f i x  t h e  core  he igh t  according t o  a m a x i m u m  breed- 
i n g  r a t i o ,  t o  a minimum f i s s i l e  inventory ,  t o  a c e r t a i n  steam e x i t  t empera ture  
o r  t o  a maximum cyc le  e f f i c i e n c y .  We d i d  t h e  l a s t ,  because t h e  e f f i c i e n c y  has 
a s t rong  in f luence  on c a p i t a l  and on f u e l  cyc le  c o s t s .  The r e s u l t  of  t h i s  pro- 
cedure can be seen  i n  F igure  2. With decreas ing  p r e s s u r e ,  t h e  co re  he igh t  must 
decrease  i n  o rde r  t o  avoid  excess ive  pumping power. 
0.5 t o  0.13. Having i n  mind t h i s  way of  op t imiz ing  t h e  system, one comes t o  t h e  
fo l lowing  s e t  of v a r i a b l e s  which a r e  shown i n  F igure  3 as f u n c t i o n  of p re s su re .  
The assumed co re  has  tu rbu lence  promoters and t h e  system uses  a t u r b i n e  cyc le  
wi th  r e h e a t .  While t h e  e f f i c i e n c y  o f  t h e  system i s  i n c r e a s i n g  wi th  p r e s s u r e ,  
t h e  breeding  r a t i o  and t h e  f i s s i l e  inventory  i s  decreas ing .  The e f f e c t  of  t h e s e  
v a r i a b l e s  on t h e  f u e l  cyc le  c o s t  i s  shown i n  t h e  l as t  diagram o f  F igu re  3. There 
i s  a d e f i n i t e  bu t  low drop i n  c o s t  w i th  h igher  p re s su re  as one would expec t .  

The H/D r a t i o  v a r i e s  from 

0.38 m 

130at 0.50 m 

0.62 rn 

Fig.  2 DSR 300 W e :  V a r i a t i o n  of Core Shape wi th  P res su re  
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Fig .  3 DSR 300 ?.Ne: E f f i c i ency ,  Breeding R a t i o ,  F i s s i l e  Inventory ,  
and Fuel  Cycle Costs as Funct ion of  System Pres su re  

For t h e  f u e l  cyc le  cos t  c a l c u l a t i o n ,  t h e  fo l lowing  assumptions have been 
made : 

Plutonium 10 $/g 

Blanket Fab r i c a t  i on  

Core F a b r i c a t i o n  250 $/kg 
Fuel  Reprocessing 50 $/kg 

50-60 $/kg 

Another f a c t o r  i n  t h i s  ca tegory  i s  t h e  p l a n t  c o s t .  We t r i e d  t o  e s t ima te  those  
p a r t s  of  t h e  system which a r e  e s s e n t i a l l y  p r e s s u r e  dependent.  
t h a t  t h e  s t r o n g e s t  i n f luence  comes from t h e  v e s s e l  i n t e r n a l s  and from t h e  tur-  
b ine  i f  t h e  abso lu te  p r i c e s  a r e  cons idered .  

Table 1 i n d i c a t e s  

Thus bo th ,  t h e  f u e l  cyc le  and t h e  c a p i t a l  c o s t  have a weak bu t  c l e a r  t r e n d  
t o  lower va lues  a t  h igher  p r e s s u r e s  as has been found a l s o  by 
v a r i a t i o n  amounts t o  5 t o  10% between 120 and 160 atmospheres.  

The 

S a f e t y  Fea tures  

To t h e  o t h e r  ca tegory  of f a c t o r s  which in f luence  t h e  choice of  system pres-  
s u r e  belong a l l  s a f e t y  cons ide ra t ions .  
t h e  l o s s  of coolan t  i n  t h e  steam cooled r e a c t o r  i n t roduces  a p o s i t i v e  r e a c t i v i t y  
which i s  more or  l e s s  balanced by an adequate  Doppler c o e f f i c i e n t .  
i n a r y  acc iden t  a n a l y s i s  t h e  opinion developed t h a t  t h e  r a t i o  of loss of coolan t  
r e a c t i v i t y  and i so thermal  Doppler cons t an t  should be p r e f e r a b l y  below a va lue  

S i m i l a r  t o  t h e  sodium void c o e f f i c i e n t  

Af t e r  prelim- 

~ @ 
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TABLE 1 

DSR 300 We: Est imate  of  P res su re  Depending C a p i t a l  Costs  

System Component 

Pressure  Vessel  
Vessel I n t e r n a l s  
Steam Generator  
Steam Blower 
Reheat e r  
Tip i r:g 
Cont a i iment  
Tui-bine-Senerat o r  

Cost Var i a t ion  
between 100 and 190 a t .  % 

10 
50 - 
- 
30 
10 

5 
io - 15 

Tendency wi th  
i n c r e a s i n g  p res su re  

Decreasing 
Decreasing 
Min. a t  160 at.. 
None 
Decreasing 
Ir icreasing 
Decreasing 
Decreasing 

which i s  about 2.  A s  w i t h  decreasir ,g  o t e g x d e n s i t y  and w i t h  t h e  f l a t t e n i n g  
of t h e  co re  t h e  l o s s  of coolan t  r e a c t i v i t y  decreases  cons iderably ,  t h e r e  i s  a 
pronounced tendency t o  lower p re s su res  a l though t h e  Doppler shows a s l i g h t  oppo- 
s i t e  t r e n d ,  It i s  d i f f i c u l t  t o  de f ine  a d i s t i n c t  va lue  f o r  t h e  system p res su re  
above which ope ra t ion  would be unsafe .  
seems t o  be acceptab le .  

But t h e  range below 140 or 130 atmospheres 

- Fuel  Development Problems 

There i s  s t i l l  t h e  ques t ion  l e f t  which d i f f i c u l t i e s  may a r i s e  w i t h  h ighe r  
p r e s s u r e  i n  o rde r  t o  develop t h e  new components of  t h e  system. Steam g e n e r a t o r ,  
t u r b i n e  d r iven  blower and o t h e r  p a r t s  of t h e  coo l ing  loop  a r e  cons idered  t o  be 
more o r  l e s s  convent iona l  equipment which needs development bu t  t h e  problems 
should not be much g r e a t e r  t han  with o t h e r  machinery and it should not  be  pres -  
s u r e  dependent. The r e a c t o r  p re s su re  v e s s e l  might cause welding problems because 
i t s  w a l l  t h i c k n e s s  exceeds 200 mm ( 8  inches )  at  high p res su res  and t h e  r e l a t e d  
high tempera ture ;  bu t  t h i s  po in t  was not  thought  t o  be  l i m i t i n g .  The most d i f f i -  
c u l t  problem, however, a r e  t h e  f u e l  elements.  There i s  experience wi th  f u e l  p i n s  
under steam coo l ing  only  f o r  p re s su res  of  70 a t  and f o r  lower l i n e a r  power. Also  
geometry, neut ron  spectrum, burnup, and f u e l  chemical composition are d i f f e r e n t .  
While one can compensate t h e  e f f e c t  of  system p r e s s u r e  on t h e  c ladding  by pre-  
p r e s s u r i z a t i o n  of  t h e  f u e l  p i n  under normal ope ra t ing  cond i t ions ,  t h i s  i s  not  t h e  
case  a f t e r  a system p res su re  l o s s ;  because now t h e  p i n  s t ands  under a much h ighe r  
i n t e r n a l  p re s su re .  Espec ia l ly  a t  t h e  end of  i t s  l i f e  when a l l  t h e  f i s s i o n  gas  
has been produced and mostly been r e l e a s e d  t o  t h e  plenum, t h e  p r o b a b i l i t y  of a 
rup tu re  of t h e  p i n  i s  g r e a t e r  f o r  h ighe r  p re s su re .  This  problem i s  independent 
of t h e  swe l l ing  f o r c e s  of  t h e  f u e l .  It w i l l  be so lved  mainly by a s u i t a b l e  
canning m a t e r i a l  which r e v e a l s  t h e  necessary  s t r e n g t h  and d u c t i l i t y  a f t e r  long  
t i m e  i r r a d i a t i o n .  Today commercially a v a i l a b l e  m a t e r i a l  wi th  s u f f i c i e n t  corro-  
s i o n  r e s i s t a n c e  may cause a pena l ty  because one has  t o  have a r a t h e r  g r e a t  w a l l  
t h i ckness .  Apart from t h e s e  cons ide ra t ions  t h e  p re -p res su r i za t ion  of  t h e  f u e l  
p i n s  i s  a new technique  and would be accepted wi th  r e se rve  u n t i l  l a r g e  s c a l e  fab- 
r i c a t i o n  exper ience  i s  a v a i l a b l e .  

114 



Summarizing t h e  mentioned f ind ings  it can be s t a t e d  t h a t  t h e  c o s t  ca l cu la -  
t i o n s  emphasize t h e  h igher  Dressure range f o r  t h e  system - and t h i s  i s  congruent 
wi th  t h e  c a l c u l a t i o n s  of  o t h e r  sources  - +it s a f e t y  c o n s i d e r a t i o n s  as w e l l  as 
t h e  f e a s i b i l i t y  of t h e  flrel  conceDt mdces it wise t o  s t a y  with a lower p re s su re  - 
a t  l e a s t  f o r  t h e  prototyDe, i . e . ,  t h e  f i r s t  r e a c t o r  of i t s  k ind .  
r e s e n t s  t h i s  s i t u a t i o n  q u a l i t a t i v e l y  and shows t h e  f i n a l  d e c i s i o n  t o  s e t  t h e  
system p r e s s u r e  a t  120 atmos9heres a t  core  i n l e t .  

@ 
Figure  4 rep- 

Power Generating Costs 
I 
I 

I 

(Safely and Fuel 
Dereiownent Problems) 

I 
i 

d 
120 ata System Pressure 

Fig.  4 DSR 300 MWe: Expected Power Generat ing Costs and Development 
Risk as Funct ion of P res su re  

THE 300 MWE PROTOTYPE DESIGN 

Flow Scheme 

Figure  5 shows t h e  arrangement of t h e  r e a c t o r ,  t h e  components and t h e  tur- 
b ine  i n  an d i r e c t  cyc le .  
The steam flow a t  t h e  r e a c t o r  e x i t  i s  d iv ided  i n t o  4 loops f o r  steam gene ra t ion  
and t o  t h e  t u r b i n e .  
The 20 atmospheres exhaust steam i s  f e d  i n t o  t h e  low p res su re  s e c t i o n  of t h e  
main turbine. 
of  t h e  r e l a t i v e l y  low system p res su re .  
a r e  given i n  Table 2. 

Sa tu ra t ed  steam i s  superheated i n  t h e  r e a c t o r  t o  4 6 O O C .  

The steam c i r c u l a t o r s  a r e  dr iven  by high p r e s s u r e  t u r b i n e s .  

Steam c i r c u l a t i n g  power i s  h igh ,  50 MW, which i s  a consequence 
The essent ia l  d a t a  of t h e  stem cyc le  

TABLE 2 

DSR 300 MWe: P lan t  Data 

Net P l a n t  Output 300 MW 

Turbine I n l e t  P res su re  103 ata 

S teau  Flow 1200 t / h  
Turbine Exhaust P res su re  0.04 a t a  
Feedwater Temperature 218 O C  

Net Ef f i c i ency  35.5 % 

Turbine I n l e t  Temperature 455 OC 
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A 

I n  t h e  p re sen t  concept ,  r ehea t  i s  provided. This  i s  done by hea t  exchangers,  
a t  24 atmospheres and 4 2 0 O C .  It looks a t t r a c t i v e  t o  omit t h e  r e h e a t ,  because t h e  
p l a n t  c o s t  would be lower and a t  p r e s e n t  t h e  r i s e  i n  e f f i c i e n c y  does not balance 
t h e  d i f f e r e n c e  i n  pltifit c o s t .  On t h e  o the r  hand a t u r b i n e  without  r ehea t  a t  DSR 
steam cond i t ions  would be an e x t r a  des ign  with probably h igher  p r i c e ,  and some 
of t h e  sav ings  i n  p l a n t  c o s t  w i l l  be l o s t .  Furthermore,  it i s  u n c e r t a i n  t o  what 
e x t e n t  t h e  contaminat ion of  t h e  t u r b i n e  i s  a f f e c t e d  by r ehea t  and a c l e a r  d i s t i n c -  
t i o n  does not seem p o s s i b l e .  A t  p r e sen t  rehea t  has been included i n  t h e  cyc le  as 
p a r t  of  u sua l  steam technology. 

Containment 

It w a s  s t r a igh t fo rward  t o  start  a des ign  with a d ry  containment because t h e  
amount of steam i n s i d e  t h e  p re s su re  v e s s e l  and t h e  r e c i r c u l a t i o n  loops  seemed t o  
be much l e s s  t han  t h e  corresponding amount of  water i n  a b o i l i n g  water r e a c t o r .  

La te r  on,  t h e  blow down process  w a s  eva lue ted  i n  more d e t a i l  and a p res su re  
suppress ion  system w a s  designed i n  order  t o  explore  t h e  i n c e n t i v e s  of t h i s  sys- 
t e m  f o r  t h e  steam cooled r e a c t o r .  It turned  out  t h a t  a comgact arrangement i s  
p o s s i b l e  and f o r  t h e  p re sen t  des ign ,  a p re s su re  suppress ion  system i s  proposed. 

A s t e e l  sphere  of approximately 30 ~1 diameter  houses t h e  r e a c t o r ,  t h e  compo- 
nents  o f  t h e  LBffler-cycle ,  and t h e  emergency coo l ing  system. The p r e s s u r e  v e s s e l  
i s  l o c a t e d  i n  t h e  c e n t e r  of t h e  sphere .  The components of t h e  steam c i r c u l a t i n g  
loops  form a r i n g  of  p re s su re  v e s s e l s  around t h e  r e a c t o r  o u t s i d e  t h e  conc re t e  
s h i e l d i n g .  Four loops with blower and con tac t  b o i l e r  a r e  provided.  Outside of 
t h e  r i n g  of component v e s s e l s ,  t h e  abso rp t ion  chamber f i l l s  t h e  remaining space 
up t o  t h e  w a l l  of t h e  sphere.  The dry-well i s  formed by t h e  a i r  volume around t h e  
p re s su re  v e s s e l s  and t h e  components. Steam p ipes  a r e  arranged i n  t h e  upper and 
lower p a r t  of  t h e  s p h e r i c a l  bu i ld ing .  The main steam l i n e s  a r e  equipped wi th  
flow l i m i t e r s  so t h a t  steam flow cannot exceed 200% of  r a t e d  f low i n  case  of a 
p ipe  break o u t s i d e  t h e  containment.  Besides t h r t ,  t v o  i s o l a t l o n  va lves  i n  each 
l i n e  b - i l l  s t o p  t h e  l o s s  of steam out  o f  t h e  co r i t a imen t .  Mcre d e t a i l s  w l l l  be 
given i n  ( 4 ) .  

P re s su re  Vessel  

According t o  t h e  p re sen t  t h i n k i n g  about t h e  p ro to type ,  t h e  p re s su re  v e s s e l  
has most o f  t h e  features of l i g h t  w a t e r  r e a c t o r s .  Other techniques  l i k e  pre- 
s t r e s s e d  conc re t e  v e s s e l s  have not  been t aken  i n t o  cons ide ra t ion  because t h e  
pro to type  p l a n t  shoula  r e t a i n  as much proven technology as p o s s i b l e .  

The p r e s s u r e  v e s s e l ,  as it i s  shown i n  F igure  6 t u r n s  out  t o  be sma l l e r  
i n  he igh t  and b igger  i n  diameter  t han  a b o i l i n g  water  r e a c t o r  of t h e  same power. 
Rad ia l  s h i e l d i n g  i s  e f f e c t e d  by a water  b l anke t .  I n  an e a r l i e r  des ign  a s t e e l  
s h i e l d i n g  w a s  eva lua ted  as w e l l .  It w a s  found t h a t  t h e  a t t e n u a t i o n  of  neutrons 
below 1 MeV w a s  r a t h e r  weak and t h a t  a high amount o f  s t e e l  w a s  necessary  f o r  
proper  s h i e l d i n g .  Besides t h a t ,  t h e  p re sen t  water b lanket  w i l l  be used as a 
steam r e s e r v o i r  which might slow down t h e  l o s s  of steam p res su re  i n  case  of  a 
p ipe  break.  

The p r e s s u r e  vesse l  i s  connected wi th  t h e  components of t h e  L6ffler cyc le  

@ 
by c o a x i a l  steam p i p e s .  The l o c a t i o n  i s  above t h e  l e v e l  of t h e  core  wi th in  t h e  
v e s s e l  and t h e  co re  can be f looded,  even when a l a r g e  nozzle  i s  broken. The 
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s a t u r a t e d  steam e n t e r s  t h e  v e s s e l  i n  t h e  o u t e r  p ipe .  It i s  d i s t r i b u t e d  t o  t h e  
f u e l  bundles of  t h e  r a d i a l  b l a n k e t ,  t h e  s h i e l d i n g  a s s e g b l i e s  o u t s i d e  t h e  r a d i a l  
b lanket  and t h e  c o n t r o l  rod d r i v e s  i n s i o e  t h e  co re .  After t h i s ,  t h e  d i f f e r e n t  
steam flows a r e  combined i n t o  a p l e n i a  of  s l i g h t l y  superheated stem beneath t h e  
r e a c t o r  co re .  Fina1l.y t h e  s t e m  i s  hea ted  on i t s  way up through t h e  c o r e  where 
it passes  t h e  gas  plenun,  t h e  lower axial b l a r k e t ,  t h e  c o r e  r e g i o n  and t h e  upper 
ax ia l  b l a n k e t .  The f'uel elements are connected t o  a plenum o f  superheated steam, 
where t h e  steam i s  c o l l e c t e d  and l e d  t o  t h e  inner  p i p e s  of  t h e  c o a x i a l  steam 
nozz les .  Each e x i t  p i p e  i s  equipped wi th  a v e n t w i  t y p e  flow l i m i t e r .  
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The c o n t r o l  rod d r i v e s  are a t  t h e  bottom of t h e  p r e s s u r e  v e s s e l ,  mainly be- 
cause t h i s  arrangement preserves  many f e a t u r e s  of an e x i s t i n g  d r i v e  f o r  b o i l i n g  
water r e a c t o r s  so tha.t  only minor modi f ica t ions  are necessary.  The d r i v e  i s  
"reversed" so  t h a t  shutdcwn of  t h e  r e a c t o r  i s  e f f e c t e d  by downward movement o f  
t h e  a b s o r b e r ,  which i s  i n  c o n t r a s t  t o  t h e  arrangement i n  an BYR. A p re l iminary  
a n a l y s i s 5  of  t h e  shutdown behavior  of  t h e  sy-stem showed t h a t  a moderate a c c e l e r -  
a t i o n  would be  s u f f i c i e n t  f o r  s a f e t y  purposes ,  whereas t h e  d e l a y  t i m e  must be 
s h o r t e r  and should be approximately 50 msec i n s t e a d  of 200 msec. Present  exper- 
iments showed t h a t  t h i s  can be o3tained a f t i r  some development e f f o r t .  

Reactor Core 

A s  can be seen from t h e  preceding d i s c u s s i o n  and t h e  t a b l e  of core  d a t a  
(Table  3 )  a f l a t  pancaked c o r e  shape r e s u l t s  as a consea-uence of  t h e  d e s i r e  t o  
have an opt imal  thermal  e f f i c i e n c y .  This  determines t h e  he ight  of t h e  c o r e ,  
because a l a r g e  h e i g h t  wi th  a dense ly  packed l a t t i c e  would r e q u i r e  much pumping 
power and a corresponding loss  i n  e f f i c i e n c y .  A small h e i g h t  wi th  t h e  same 
l a t t i c e  l e a d s  t o  low steen temperatures  and a g a i n  low e f f i c i e n c y .  Between 
both  extremes,  t h e  e f f i c i e n c y  has  a f l a t  optimuF. I n  a s t r a i g h t f o r w a r d  a p p l i -  
c a t i o n  of' t h i s  a n a l y s i s ,  a core  w a s  a e f i n e d  wi th  180 subassemblies ,  arranged 
i n t o  two zones o f  d i f f e r e n t  enrichment and 19 c o n t r o l  rods .  The composition 
o f  t h e  core  i s :  41% f u e l ,  28% c o o l a n t ,  25% c l a d  and s t r u c t u r e ,  and 6% c o n t r o l  
rod.  

TASLE: 3 

DSR 300 !+/e: Core Data 

Core Diameter 
Core Height 
Number o f  Fuel  Bundles 
Fuel P i n s  p e r  Bundle 
Number of Cont ro l  Rods 
Reactor I n l e t  P r e s s u r e  
Core P r e s s u r e  Drog 
R i a c t o r  &it Temperature 
Steam Flow Rate 
Average Enrichment 

dk Breeding R a t i o  
Doppler Constant T - kT Void R e a c t i v i t y  
Flooding R e a c t i v i t y  

2.59 m 
0 .44  m 

180 
397 
19 
120 ata  

7 a ta  
460 O C  

6000 t /h 
17 % 
1.05 

- 0.008 
+ 0.02 
- 0.03 

A 

The f'uel p i n s  nave 7 m o u t e r  diameter  wi th  0.4 m cladding  t h i c k n e s s .  397 of  
them form a subassembly i n  an hexagonal a r r a y .  The f u e l  p i n s  w i l l  be  opera ted  



wi th  a l i n e a r  rod power of 490 W/cm i n  t h e  h o t t e s t  p i n  w i t h  t o l e r a n c e s  inc luded .  
This corresponds t o  a c e n t r a l  fUel temperature  c l o s e  t o  mel t ing .  The tempera ture  
of t h e  c l ad  su r face  i s  65Ooc,  and aga in  t h i s  i s  v a l i d  f o r  t h e  hot  channel w i t h  a l l  
f a c t o r s  included.  S ince  t h e  r e s u l t i n g  steam tempera ture  would be r a t h e r  l o w  under 
t h e s e  conserva t ive  assumptions,  a ga in  i n  hea t  t r a n s f e r  w a s  assumed i n  t h e  des ign  
as it can be obta ined  by tu rbu lence  promoters.  According t o  experiments ,  a g a i n  
i n  hea t  t r a n s f e r  by a f a c t o r  of  2 and inc rease  of  5 i n  t h e  f r i c t i o n  c o e f f i c i e n t  
have been app l i ed .  The longt ime behaviour of such tu rbu lence  promoters i s  s t i l l  
i n  ques t ion ,  and appropr i a t e  experiments a r e  h igh ly  d e s i r a b l e .  

a 

The shape of t h e  core  r e s u l t s  i n  a high leakage and g ives  a f a i r l y  high en- 
richment of 17% f i s s i l e  plutonium. 
proposed c l a d  m a t e r i a l  - i ncone l  625 - t h e  breeding  r a t i o  i s  only 1 . 0 5  which has 
been c a l c u l a t e d  f o r  t h e  equi l ibr ium core  w i t h  f i s s i o n  products  according t o  
75,000 MWd/t d i scharge  burnup of t h e  elements and plutonium i n  t h e  b l anke t s .  
The f looding  curve ,  r e a c t i v i t y  versus  water d e n s i t y  i n  t h e  coolant  channels ,  i s  
r e l a t i v e l y  f l a t .  
These va lues  r e f e r  t o  a core a t  t h e  end of  an equi l ibr ium cyc le  which i s  loaded 
wi th  plutonium wi th  h igh  Pu 240 con ten t .  

Because of t h e  high n i c k e l  conten t  of t h e  

The void r e a c t i v i t y  i s  +2%, t h e  f lood ing  r e a c t i v i t y  i s  -3%. 

FUEL E L W N T  TESTBEE 

A s  mentioned e a r l i e r  t h e  development o f  t h e  f i e 1  elements i s  a key problem. 
Unfor tuna te ly  t h e r e  i s  no r e a c t o r  a v a i l a b l e  w h i c h  w o u l d  a l l o w  t h e  i r r a d i a t i o n  o f  
fue l  p i n s  under fas t  neut ron  spectrum and a t  t h e  same t ime have steam cool ing  a t  
t h e  proper  p re s su re  l e v e l .  One can  t r y  t o  s u b s t i t u t e  t h e  va r ious  cond i t ions  by 
i r r a d i a t i n g  e i t h e r  under t h e  r i g h t  steam p r e s s u r e  and thermal  f l u x  o r  under f a s t  
f l u x  and low p res su re  sodium. These t e s t s  can be made i n  e x i s t i n g  r e a c t o r s ,  as 
e .g .  i n  t h e  Kahl Experimental  Superheat Loop6 and i n  t h e  Dounreay F a s t  Reactor .  
I n  t h e  Kahl Loop four  f i e 1  p i n s  a r e  p r e s e n t l y  under i r r a d i a t i o n  i n  thermal  neu- 
t r o n  spectrum ( s i n c e  September 196'0 and have reached a peak burnup of more than  
30,000 MWd/t a t  425 W/cm peak l i n e a r  rod power. P repa ra t ions  a r e  made t o  i n s e r t  
1 2  f'uel p i n s  i n  t h e  DFR a t  October 1, t h i s  yea r .  

A yea r  ago i n  San Franc isco  we desc r ibed  a Mixed Spectrum Reactor  which pro- 
v ides  a c e n t r a l  t e s t  zone w i t h  t h e  r i g h t  cond i t ions .  I n  t h e  meantime, however, 
it w a s  i'ound t h a t  because of  t h e  demand t o  f i t  t h e  co re  i n t o  t h e  e x i s t i n g  p res su re  
v e s s e l  of t h e  Thermal Superheat Reactor  ( H D R )  a t  Grof3welzheim7, t h e  f a s t  core  por- 
t i o n  became t o o  small and had unwanted nuc lea r  c h a r a c t e r i s t i c s .  

A new des ign  wi th  t h e  same cond i t ion  of  u s ing  t h e  HDR p re s su re  v e s s e l  w a s  
made: an a l l  f a s t  co re  with 75 MW thermal .  The p res su re  v e s s e l  i s  b u i l t  f o r  
90 atmospheres ope ra t ing  p res su re .  I n  order  t o  a r r i v e  as c l o s e  as p o s s i b l e  a t  
t h e  p re s su re  of t h e  pro to type  des ign ,  a p re s su re  tank  t o  house t h e  r e a c t o r  core  
i s  p laced  i n t o  t h e  HDR p re s su re  v e s s e l .  F igure  7 shows a c r o s s  s e c t i o n  through 
t h e  v e s s e l  and i t s  i n t e r n a l s .  The cool ing  works as fo l lows:  t h e  s a t u r a t e d  steam 
compressed by t h e  4 blowers which a r e  f langed t o  t h e  t o p  of t h e  HDR v e s s e l  f lows 
down t o  t h e  co re  t ank ,  e n t e r s  f i r s t  t h e  r e f l e c t o r  downwards and goes then  through 
t h e  core  upwards, l eav ing  t h e  core  t ank  through steam p ipes  which prevent  t h e  
water of  t h e  water  j a c k e t  around t h e  t ank  from e n t e r i n g  t h e  core .  The superheated 
steam now goes two ways: t h e  b igges t  p a r t  e n t e r s  t h e  water cups of t h e  steam gen- 
e r a t o r  which surround t h e  c e n t r a l  space i n  t h e  shape of t o r u s s e s ,  t h e  o the r  p a r t  
of t h e  steam l eaves  t h e  v e s s e l  t o  t h e  main t u r b i n e  and t h e  d r i v e  t u r b i n e s  o f  t h e  
blowers.  The s a t u r a t e d  steam generated i n  t h e  water cups flows upwards and e n t e r s  
t h e  four  s u c t i o n  p o r t s  of  t h e  blowers a f t e r  having been dryed i n  t h e  head of  t h e  
v e s s e l .  
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The arrangement of t h e  i n t e r n a l s  i s  such t h a t  f o r  normal r e f u e l i n g ,  it i s  not  
necessary  t o  remove t h e  water  cups. The l i d  of co re  t ank  provides  an opening suf -  
f i c i e n t  t o  remove t h e  f u e l ,  b u t  not  t h e  r e f l e c t o r  which i s  pure n i c k e l .  The blowers 
a r e  f langed t o  t h e  p r e s s u r e  v e s s e l  head such t h a t  no e x t e r n a l  p ip ing  i s  necessary  
and t h a t  a p ipe  break has not  t o  be considered i n  t h e  acc iden t  a n a l y s i s .  This  i s  
not  t h e  case  f o r  t h e  p ip ing  of t h e  d r i v e  t u r b i n e s .  The cups a r e  f e d  wi th  water  
from t h e  t o p .  The h ighes t  cup i s  working only  as a p rehea te r  whi le  t h e  o t h e r  
which g e t  t h e i r  feed  water  through an overflow from above a r e  gene ra t ing  steam. 
The water j a c k e t  i s  working as s h i e l d i n g  and a l s o  as a water  r e s e r v o i r .  

The fol lowing t a b l e  g ives  t h e  main va lues  f o r  t h e  r e a c t o r .  It i n d i c a t e s  t h a t  
t h e  core  i s  not  cons idered  t y p i c a l  as a whole for t e s t i n g  t h e  pro to type  f i e 1  bu t  
t h a t  r a t h e r  a c e n t r a l  s e c t i o n  of 6 f u e l  bundles  r e p r e s e n t s  t h e  t e s t z o n e  i n  which 
t h e  maximum s p e c i f i c  power i n  t h e  f u e l  i s  r e p r e s e n t a t i v e  f o r  t h e  pro to type  f u e l .  

TABLE 4 
DSR Testbed: Reactor Data 

T o t a l  Reactor Power 75 M W t  
Power of  Testzone 8.6 Mwt  
Power of  Dr iver  65.2 Mwt  
Power of R e f l e c t o r  1 . 2  MWt 
Feedwater I n l e t  Temperature 115 O C  

Reactor  I n l e t  P res su re  103 a t a  
Reactor  I n l e t  Temperature 325 O C  

Reactor E x i t  P re s su re  90 a ta  
Reactor  Ex i t  Temperature 405 O C  

Steam Flow 800 t / h  

The t o t a l  power of t h e  r e a c t o r  i s  determined e s s e n t i a l l y  by t h e  space a v a i l -  
a b l e  i n  t h e  v e s s e l .  Both, t h e  space f o r  t h e  core  and t h e  a v a i l a b l e  he igh t  f o r  t h e  
L 'dff ler  wi th  a s u f f i c i e n t  c e n t r a l  opening f o r  r e f u e l i n g  l i m i t e d  t h e  power t o  a 
maximum of  about 80 MW. The r e a c t o r  i n l e t  p re s su re  w a s  achieved by adding t h e  
t o t a l  p r e s s u r e  drop t o  t h e  e x i t  p r e s s u r e  which i s  governed by t h e  e x i s t i n g  pres -  
s u r e  v e s s e l .  The tempera ture  of  t h e  superheated steam i s  wi th  405OC f a i r l y  low. 
The reason  l i e s  i n  t h e  assumption which w a s  made wi th  thi .s  f i r s t  des ign  t h a t  t u r -  
bulence promoters should not  be app l i ed  - except  i n  t h e  t e s t  zone. It w a s  a l s o  
assumed t h a t  t h e  only  a v a i l a b l e  space r s  a r e  s p i r a l  wrapped wi re s ,  a des ign  which 
has some drawbacks and g ives  a h ighe r  p re s su re  drop t h a n  i n t e g r a l l y  f inned  tubes .  

The main core  d a t a  a r e  g iven  i n  Table 5. They a r e  very s i m i l a r  t o  t h o s e  of  
t h e  p ro to type  des ign  except  f o r  t h e  core  diameter .  For a b e t t e r  comparison o f  
t h e  m e 1  d a t a  i n  t h e  p ro to type  des ign  and i n  t h e  t e s t b e d  Table 6 l i s t s  t h e  main 
va lues  which show a p a r t  from t h e  mentioned d i f f e r e n c e  i n  t h e  p r e s s u r e  l e v e l ,  two 
o t h e r  e s s e n t i a l  d i f f e r e n c e s  ( a )  The fast f lux i n  t h e  t e s t b e d  i s  by a f a c t o f  o f  2 
smal le r  t h a n  i n  t h e  p ro to type ,  which i s  a consequence of t h e  h ighe r  f i s s i l e  con- 
c e n t r a t i o n ,  and ( b )  t h e  number of p i n s  p e r  bundle i s  only  one f o u r t h  of t h a t  i n  
t h e  p ro to type  des ign .  

We cons ide r  t h e s e  d i f f e r e n c e s  t o  be not d e t r i m e n t a l  for t h e  r e p r e s e n t a t i v e  
t e s t i n g  of f u e l  f o r  a fast  steam cooled  r e a c t o r .  It i s  planned t o  s tar t  t h e  
ope ra t ion  o f  t h e  t e s t b e d  e a r l y  1972. 
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TABLE 5 
DSR Testbed: Core Data 

Core Height 
Lower R e f l e c t o r  Height 
Upper R e f l e c t o r  Height 
Equivalent  Diameter 

Tes t  zone 
Driver 
Ref l e c t o r  

of Driver  Elements 
o f  Cont ro l  Elements 

Ifumber o f  Test  Elements 

Ifumber o f  P i n s  p e r  Element 
Outer P i n  Diameter 
P i t c h  of  P i n s  
Canning Wall Thickness 
Canning Material 

0 .5  m 
0.4 m 
0.3 m 

0.26 m 
0.94 m 
1 .43  m 
6 

72 
19 
91 

7 m m  
8.2 mm 
0.4 mm 

Inconel  625 

TABLE 6 
Comparison of Fuel  Design Data f o r  

t h e  DSR Proto type  and Testbed 

Pro to type  Testbed 

System Pressure  ( a t )  
llax. Linear  Rodpower (W/cm) 
Flux 1 . 4  MeV (n/cm2 s e c )  
Act ive Coreheight (cm) 
P e l l e t  Diameter ( m m )  
Number of P i n s  per  Bundle 
M a x .  Can Temperature 

h ax. Steam V e l o c i t y  (m/sec) 
Composition o f  Oxyde fuel  

(Cent re  of  wa1.1) ("c) 

120 

6 10 
LL 

397 

490,4 

6.02 

680 
45 

25% Pu 
75% U n a t  

103 
4 6 5 i 4  3 10 

50 

91 
6.02 

680 
70 

30% Pu 
20% U 235 
50% u n a t  
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DISCUSSION 

G.B. Melese d 'Hosp i t a l  (Gulf General  Atomics) - I n  view of  t h e  low n e t  t h e r -  
m a l  cyc le  e f f i c i e n c y  t h a t  you mentioned, which i s  probably due t o  t h e  very  high 
blower power, t h e  low breeding r a t i o  t h a t  you quote - and it i s  s t i l l  not c l e a r  
whether you inc luded  t h e  new a lpha  va lue  of  plutonium which might a f f e c t  t h i s  
number, and t h e  high f u e l  cyc le  c o s t s  t h a t  you a l s o  mentioned i n  your t a l k ,  it 
i s  not t o o  c l e a r  f o r  what reason  t h e r e  i s  much work being done i n  Germany 
r i g h t  now on steam cooled r e a c t o r s ,  I wondered i f  you would c a r e  t o  compare 
t h i s  work w i t h  t h e  work a l s o  being done a t  Karlsruhe on sodium r e a c t o r s .  

P. K i l i a n  - The second ques t ion  should be answered f i r s t .  We d i d  not in -  
c lude  t h e  e f f e c t  of t h e  high a lpha  va lues ;  we used t h e  o l d  c r o s s  s e c t i o n  t a b l e s  
of  t h e  AEN s e t .  The breeding  r a t i o  i s  low because of  t h e  high n i c k e l  conten t  
of t h e  c ladding  m a t e r i a l s  and it would be p o s s i b l e  t o  use  Incoloy i n s t e a d  of 
Inconel  as h a s  been suggested by many o the r  groups.  That would be a l l  r i g h t  
a f fo rd ing  1 0  o r  20 p o i n t s  i n  breeding r a t i o .  There i s  cons ide rab le  pumping 
power, a drawback f o r  t h i s  des ign ,  which makes a l l  of  t h e  l o s s  of e f f i c i e n c y  
and which i s  undes i r ab le .  The t h i r d  ques t ion  concerning f i e 1  cyc le  c o s t s ;  
t h e s e  numbers have not been made t o  show economic p o t e n t i a l .  The corresponding 
f i g u r e s  should be taken  from t h e  B-1 des ign  and t h e  sodium-1 des ign  of Karlsruhe 
and we make p r i v a t e  assumptions which d o n ' t  belong t o  an e s t a b l i s h e d  market i n  
fast  b reede r s  and t r y  t o  t a k e  i n t o  account t h e  permutat ion of c o s t s  which might 
be expected f o r  an assumed pro to type  i n  Germany and f o r  h ighes t  i n t e r e s t  r a t e s  
and so on. 
r e p r e s e n t a t i v e  of  a l a r g e  p l a n t .  It was p o s s i b l e  t o  make a comparison of t h e  
f u e l  cyc le  c o s t s  f o r  t h e  l a r g e  p l a n t s  and t h i s  one and it seemed t o  be c o n s i s t e n t .  

So t h e  second in fe rence  i s  from t h e  h igher  plutonium content  and i s  not 

D . C .  Schluderberg (Babcock 8: Wilcox) - I w a s  wondering i f  you would c a r e  t o  
t e l l  us  t h e  maximum c lad  su r face  temperature  t h a t  you have i n  mind f o r  use  wi th  
~ncone l -625  and a l s o  i f  you could g ive  us  soae a d d i t i o n a l  in format ion  about t h e  
f u e l  assembly des ign  phi losochy,  f o r  i n s t a n c e ,  t h e  spacer  g r i d ,  t h e  spac ing  of  
t h e  p i n s ,  w h a t  s o r t  of f u e l  boxes do you p lan  t o  use,  and so on. I i :c ident ly ,  
i n  your defense ,  t h e  use  of ~ncone l -625  i s  a very conse rva t ive  approach because 
t h e  nuc lea r  c r o s s  s e c t i o n  may be twice  as high as it would be f o r  t ype  316 s t a i n -  
l e s s  and t h i s  should be taken  i n t o  account when you compare a gas  des ign  wi th  a 
steam des ign  as you desc r ibed .  
g e t  a cons iderable  imsrovement i n  breeding  r a t i o .  

If you use  316 s t a i n l e s s ,  you would c e r t a i n l y  

P. K i l i a n  - This  l a t t e r  i n fe rence  has  been i d e n t i f i e d  a l r e a d y  and we eval-  
ua t ed  comparative des igns  wi th  Inconel  and even wi th  s t a i n l e s s  s t e e l  and found 
a cons ide rab le  i n c r e a s e  i n  breeding  r a t i o .  The f u e l  element des ign  r e s t s  on t h e  
concept t h a t  t h e  f i e 1  p i n  should have s i x  i n t e g r a t e d  p i n s ,  s p i r a l  p i n  spac ing  
and t h e y  w i l l  be compressed t o g e t h e r  by a c e l l u l a r  channel  which i s  a s u i t a b l e  
s t r u c t u r a l  material, Inconel  or Incoloy.  This  channel  has  cons ide rab le  th i ckness  
according t o  t h e  p re sen t  t h ink ing .  Maximum c ladd ing  tempera ture  has been allowed 
t o  be 650Oc which i s  a very  low number, and t h i s  has  been app l i ed  t o  t h e  very hot  
spot  i nc lud ing  a l l  s t a t i s t i c a l  ho t  channel  f a c t o r s ,  T h i s  makes t h e  numbers look  
r a t h e r  poor ,  bu t  we f e e l  t h a t  we should have a conse rva t ive  approach t o  ge t  t h i s  
t h i n g  working and s e p a r a t e  from t h i s ,  t h e r e  must be concept s t u d i e s  f o r  l a r g e  
p l a n t s  which have a l i t t l e  more o p t i m i s t i c  view. 
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G.A. Englesson (General  E l e c t r i c )  - Is t h i s  a proposa l  or a c o n t r a c t  t o  
run  a f u e l  element system i n  t h e  superheat  loop? 

P. K i l i a n  - A t  t h e  moment, t h e  numbers which I showed i s  an in t e rmed ia t e  
s t e p  i n  t h e  d i r e c t i o n  necessary  t o  g e t  such a des ign  and we adopted t h e  approach 
t h a t  we should make t h e  plunge and l a t e r  c a r e  f o r  t h e  f a l l .  This  work i s  i n  
progress  and w i l l  be  f i n i s h e d  i n  August, approximately.  Our c o n t r a c t  i s  t h a t  
we make a proposa l  at  t h e  end of 1969 so t h e r e  are some f i n d s  wi th  which t o  work 
and we hopefu l ly  can u s e  it for improvement of t h e  co re  c h a r a c t e r i s t i c s .  
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2- 
A' UTILITY COl.IPk''JY PER SPCCTIVE ON FAST-RREEDER DCi4ONSTRATIOi.i PLATJTS 

C.R. Zi tek  

Commonweal t 11 Et1 i son Compar i y 
Chicago, I1 l i n o i s  

There a r e  conipellinF: reasons  f o r  tlie e l e c t r i c  u t i l j  t y  company's i n t e r e s t  
i n  developing f u l l - s c a l e  f a s t  b reeder  r e a c t o r  power p l a n t s .  The g r e a t l y  acce l -  
e r a t e d  growth ra te  of thermal  r e a c t o r  i n s t a l l a t i o n s  lias made i t  u rgen t ly  
d e s i r a b l e  f o r  tlie u t i l i t y  t o  pursue f a s t  b reeder  technology. 

The prime reason behind t h e  u t i l i t y ' s  i n t e r e s t  i n  f a s t  b reede r s  i s  t h e  
prospec t  of lower e l e c t r i c  gene ra t ing  c o s t s ,  F a s t  b reede r s  o f f e r  v a s t l y  more 
e f f i c i e n t  use of  f u e l ,  i nc lud ing  tlie a h i l i t y  t o  use plutonium arid, u l t i m a t e l y ,  
t h e  dep le t ed  uranium d i scha rge  from thermal  r e a c t o r s ,  Comrncrcially f e a s i b l e  
f a s t  b reede r s  seem t o  have t h e  p o t e n t i a l  t o  lower f u e l  c o s t s  and make nuc lea r  
ki lowatt l iours  l a r g e l y  independent of U308 c o s t s .  Stretch-out  of uranium re- 
s e r v e s  i s  a l s o  i n  t h e  n a t i o n a l  i n t e r e s t .  

Fu l l - sca l e  f a s t  b reeder  r e a c t o r  power p l a n t s  probably cannot be success-  
f u l l y  b u i l t  wi thout  going throiigli the demonstrat ion phase. Therefore ,  w e  a t  
Cormonwealth Edison Conpany t h i n k  t h a t  a t  l e a s t  two d i f  ferer i t  types  of demon- 
s t r a t i o n  p l a n t s  should be undertaken i n  t h e  next few yea r s  f o r  ope ra t ion  i n  
tlie mid-1970's. 

The d e c i s i o n  t o  proceed,  however, must await  s u c c e s s f u l  completion of t h e  
demonstrat ion p l a n t  des ign  s t u d i e s  now under ~ ~ a y .  Tliere i s  much u n c e r t a i n t y  
about f a s t  b reede r s  and i t  i s  s t i l l  too  e a r l y  t o  abandon any of t h e  concepts  
r ece iv ing  a c t i v e  cons ide ra t ion  today. By about 1370, tlie u t i l i t i e s  should he 
ready t o  commit themselves t o  a t  l e a s t  t h e  f i r s t  demonstrat ion p l a n t .  W e  
b e l i e v e  such a p l a n t  should be f inanced j o i n t l y  by tlie owning u t i l i t y ,  i t s  
p a r t n e r s  arid t h e  manufacturer ,  perhaps w i t h  government a s s i s t a n c e  j n  t h e  form 
of r e sea rch  and development suppor t .  Operat ion should be by t h e  owning u t i l -  
i t y .  Since t h e s e  demonstrat ion p l a n t s  t r i l l  be  looked upon as p ro to types  of 
f u l l - s c a l e  commercial p l a n t s  t o  he b u i l t  l a t e r ,  they  must f i r s t  demonstrate  
t o  t h e  u t i l i t y  i n d u s t r y  t h e  s a f e t y ,  r e l i a b i l i t y  and p o t e n t i a l  economy of 
ope ra t ion  which i s  necessary  i n  gene ra t ing  f a c i l i t i e s .  

Commonwealth Edison 's  proposed approach t o  t h e  f a s t  b reeder  demonstrat ion 
p l a n t  i s  similar t o  t h a t  wliich we followed i n  a r r i v i n g  a t  t h e  decis ior i  t o  b u i l d  
Dresden Nuclear Power S t a t i o n  i n  1955. I n  1951 a s tudy  group w a s  set up t o  
s tudy  t h e  f e a s i b i l i t y  of  b u i l d i n g  a nuc lea r  power p l a n t .  A f t e r  making s t u d i e s  
of t h e  v a r i o u s  r e a c t o r  concepts  be ing  proposed, one of t h e s e ,  t h e  b o i l i n g  water 
r e a c t o r ,  vas s e l e c t e d  f o r  c l o s e r  s tudy.  Two members of t h e  s tudy  group were 
loaned t o  Argonne Nat iona l  Laboratory;  one t o  work wi th  Argonne personnel  on 
t h e  Borax Reac tors  and the ot!ier t o  work on t h e  EC!JR des ign .  Tliree o t h e r  
englrieers were a l s o  loaned t o  Argonnc du r ing  s t a r t - u p  and i n i t i a l  opera t ion .  
When, i n  1955 General E l e c t r i c  Company proposed a 180 N!ie b o i l i n g  water reac- 
t o r  des ign  t o  Commonwealth Edison Company, because we had confidence i n  t h e  
b a s i c  r e a c t o r  concept ,  t h e  c o n t r a c t  t o  bu i ld  Dresden S t a t i o n  was consummated. 
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Another s tudy group was then  assigned t o  fo l low t h e  ass is t  i n  t h e  d e t a i l e d  
design work. 

Ear ly  i n  1967 Commonwealth Edison Company set up t h e  Advance Reactor  Study 
Croup t o  fol low developments of f a s t  b reeder  r e a c t o r  technology and t o  a c t i v e l y  
engage i n  sodium-cooled f a s t  b reeder  r e a c t o r  demonstrat ion p l a n t  des ign  s t t l d i e s .  
I n  1967 w e  en te red  i n t o  f a s t  b reeder  r e a c t o r  des ign  s tudy  c o n t r a c t s  wi th  both 
General Electr ic  Company and Westinghouse Elec t r ic  Corporation. An engineer  
was ass igned  t o  each company t o  work wi th  t h e  manufacturers '  engineers  on t h e i r  
demonstrat ion p l a n t  des ign  s t u d i e s .  
t r a c t s  i s  t h e  des ign  of a sodium-cooled f a s t  b reeder  r e a c t o r  demonstrat ion 
p l a n t  which could be committed t o  c o n s t r u c t i o n  w i t h i n  two o r  t h r e e  years .  A 
t h i r d  member of t h e  Advance Reactor  Study Group was assigned t o  fo l low t h e  
AEC's LMFRR progran and was loaned t o  ANL t o  becone acquainted f i r s t h a n d  wi th  
t h e  o p e r a t i o n  of EDR-11. 
our  o b j e c t i v e  w i l l  be t o  e v a l u a t e  t h e  p o t e n t i a l  f o r  s u c c e s s f u l  achievement 
of t h e i r  des ign  g o a l s  a long wi th  t h e  progress  i n  f a s t  b reeder  technology. 
Before making a d e c i s i o n  t o  b u i l d  a f a s t  b reeder  demonstrat ion p l a n t ,  our 
Company and t h e  manufacturer  must have f u l l  confidence i n  t h e  p l a n t  design.  

The o b j e c t i v e  of each of t h e s e  s tudy  con- 

A s  t h e  GE and Westinghouse s t u d i e s  are completed, 

A s  t o  demonstrat ion p l a n t  des ign ,  w e  are i n  accord wi th  t h e  T 3 F R R  program's 
choice  of p l a n t  s i z e .  
o f  180 ElWe was a scale-up of about a factor of forty, compared to EBIR arid 
VBWR. The p r e s e n t  f a s t  b reeder  demonstrat ion p l a n t  des ign  is  shoot ing  f o r  
about 300 MWe, which i s  a scale-up of a f a c t o r  of about twenty from E3R-11, 
o r  only a f a c t o r  of t h r e e  o r  f o u r  i f  compared t o  t h e  Fermi p l a n t .  However, 
t h e  r i s k  seems t o  be  about t h e  same cons ider ing  t h e  s ta te  of  t h e  f a s t  r e a c t o r  
and sodium technology compared t o  t h a t  of t h e  thermal  r e a c t o r s  and water  
technology i n  1955. 

Dresden Nuclear Power S t a t i o n ' s  o r i g i n a l  power l e v e l  

There a r e  f o u r  p r i n c i p l e  areas t h a t  t h e  demonstrat ion p l a n t s  m i i s t  prove 
ou t  t o  s a t i s f y  t h e  needs of t h e  e lec t r ic  u t i l i t y  companies. They are: 

1. Safe ty  
2 .  O p e r a b i l i t y  
3 .  R e l i a b i l i t y  
4 .  P o t e n t i a l  economics 

F i r s t :  S a f e t y  of t h e  p r o t o t y p e  sodium-cooled f a s t  r e a c t o r  power p l a n t  
i s  paramount. 
power p l a n t  t h a t  i s  n o t  s a f e .  All of you know t h a t  a r e q u i s i t e  of t h e  de- 
mons t ra t ion  p l a n t  des ign  i s  t h a t  i t  ~ r i l - 1  be l i c e n s a b l e  by t h e  AEC. The 
i n d i v i d u a l  manufacturers  cannot be  s u r e  t h a t  des ign  of t h e  safeguard equip- 
ment w i l l  be a c c e p t a b l e  t o  t h e  AEC u n t i l  they  have had a s e s s i o n  o r  two 
wi th  t h e  AEC Div is ion  of  Reactor  Licensing and perhaps even wi th  t h e  ACRS. 
The s a f e t y  of a f a s t  r e a c t o r  of n e c e s s i t y  i n c l u d e s  ins t rumenta t ion .  The 
LNFBR program c a l l s  f o r  an e x t e n s i v e  r e s e a r c h  and development program on 
ins t rumenta t ion  which extends i n t o  1374. One of  t h e  i t e m s  w e  w i l l  be  
looking a t  i s  t h e  need f o r  in-core ins t rumenta t ion  which a t  t h e  p r e s e n t  
t i m e  has  l i m i t e d  technology a t  t h e  h igh  temperatures  being considered. 

No u t i l i t y  company w i l l  cons ider  b u i l d i n g  a demonstrat ion 

128 



The ins t rumen ta t ion  i n s t a l l e d  i n  t h e  Dresden 1 thermal  r e a c t o r  has  proved 
i t s e l f  a t  ope ra t ing  temperature  5 5 0 " .  
a t  1050'F and h igher .  This  i s  one a r e a  i n  which t h e  i n c r e a s e  i s  probably too  
g r e a t .  Perhaps i t  would be prudent t o  t a k e  a smaller jump i n  temperature  tin- 
less adequate  in s t rumen ta t ion  pe r fonmnce  i n  t h e  r e a c t o r  co re  o r  v e s s e l  can 
be proven through o t h e r  developments. 

However, t h e  f a s t  r e a c t o r s  are  aiming 

Second: The demonstrat ion p l a n t  n u s t  prove ou t  t h e  o v e r a l l  o p e r a b i l i t y  of  
t h e  sodium-cooled f a s t  r e a c t o r  pover p l a n t .  O p e r a b i l i t y  of course  inc ludes  
s t a r t u p  and shutdovm, ope ra t ion  a t  s teady  s t a t e ,  nianeuver:i:iilit:, r e f u e l i n g ,  
and m a i n t a i n a b i l i t y .  

A .  

B. 

C. 

D. 

E. 

P l a n t  s t a r t u p  and shutdovm should be smooth and not  have  nuc lea r  o r  
thermal  c h a r a c t e r i s t i c s  which inipose hazards  t o  the r e a c t o r  o r  p l a i t  
components. The in s t rumen ta t ion  of t h e  s a f e t y  system should prove 
ou t  t h e  absence of nu isance  o r  spu r ious  t r i p s .  The dua l  s a f e t y  
system of Dresden 1 proved very  e f f e c t i v e  i n  t h i s  a r e a .  

Operat ion a t  full-power s t e a d y s t a t e  cond i t ions  sounds easy  but  un- 
less t h e  i n d i v i d u a l  p l a n t  components have lieen proper ly  engineered., 
designed and b u i l t ,  t h i s  s t a t e  of ope ra t ion  may impose seve re  limi- 
t a t i o n s  on p l a n t  ou tput .  Again, D r e s d e n  1 ope ra t ion  proved t h e  
manufac turer ' s  a b i l i t y  t o  des ign  t h e  i n d i v i d u a l  components w i th  a 
good degree  of accuracy.  

Operat ion of tlie demonstrat ion p l a n t  must prove c a p a b i l i t y  f o r  maneu- 
v e r a b i l i t y .  E l e c t r i c  load pickup and r e j e c t i o n  n u s t  be done smoothly 
and quick ly .  Dresden 
1 was opera ted  hase loaded du r ing  i t s  f i r s t  f u e l  c y c l e  but  then was 
put  on a load  f o l l o v i n g  schedule  a long v i t l i  t h e  convent iona l  f o s s i l -  
f i r e d  u n i t s .  
c o n t r o l l e d  than a convent iona l  coa l - f i r ed  u n i t .  The magnitude of  
t h e  load swings w a s  l imi t ed  ty t h a t  of tile turh ine-genera tor  u n i t .  
CJe w i l l  exDect t h e  f a s t  b reede r  demonstrat ion p l a n t  t o  prove i t s e l f  
i n  t h e  same manner, 

T h e r e  a re  some e l e c t r i c  u t i l i t y  companies which may not  r e q u i r e  t h i s  
load fo l lowing  c a p a b i l i t y  i n  a 300 HTle p l a n t .  W'hen t h e  f u l l  s c a l e  
p l a n t s  of 1000 ?We are  b u i l t ,  however, t h e  load fo l lowing  c a p a b i l i t y  
w i l l  be  a n e c e s s i t y  and must have been demonstrated i n  t h e  p ro to type  
p l a n t .  

Again we can u s e  Dresden 1 as  an i l l u s t r a t i o n .  

It proved i t s e l f  ver:? w e l l  and a c t u a l l y  w a s  no re  e a s i l y  

Refue l ing  of t h e  r e a c t o r  co re  a c t u a l l y  i s  p a r t  of p l a n t  ope ra t ion .  
This  i s  an  item of g r e a t  concern and t h e  method of refuel inF:  and t h e  
r e f u e l i n g  equipment of t h e  p ro to type  p l a n t  w i l l  have t o  be proven 
out .  Although our  ope ra t ing  personnel  are  experienced wi th  d i r e c t  
viewing of t h e  r e f u e l i n g  ope ra t ion  of thermal  water r e a c t o r  co res ,  
w e  have no pre-conceived no t ions  r eza rd ing  open-head v e r s u s  through- 
head f u e l i n g .  
b e s t  method. I t  will be important  t o  accomplish r e f u e l i n g  i n  as 
s h o r t  t i m e  as poss ib l e .  

\*?e hope our  s tudy  e f f o r t s  w i l l  h e lp  us  determine t h e  

Las t ,  but  no t  l e a s t ,  m a i n t a i n a b i l i t y  of t he  sodium-cooled f a s t  
b reede r  r e a c t o r  system m u s t  be demonstrated.  ?!aintenance and 
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p o s s i b l e  modi f ica t ion  of sodium systems must be done i n  t h e  minimum 
amount of t i m e .  Worker s a f e t y  and r a d i a t i o n  l i m i t a t i o n s  make t h i s  a 
chal lenge.  General ly  t h e r e  are t h r e e  phases  of maintenance work i n  
br inging  i n  a new power p l a n t .  (1) During t h e  f i r s t  phase of opera- 
t i o n ,  t h e  amount of maintenance i s  high because of g e t t i n g  t h e  ''hugs" 
out  of tlie systems and p o s s i b l y  making modi f ica t ions .  During t h i s  
per iod ,  t h e  r a d i a t i o n  problem i s  s l i g h t  and p o s s i b l y  non-exis tant .  
(2)  During t h e  next  few y e a r s ,  t h e  amount of maintenance should be 
low and t h e  r a d i a t i o n  problem starts i n c r e a s i n g .  
of maintenance w i l l  i n c r e a s e  i n  amount and t h e  r a d i a t i o n  problem w i l l  
i n c r e a s e ,  p a r t i c u l a r l y  i f  t h e  p l a n t  cont inues  o p e r a t i o n  wi th  "leakj-ng" 
f u e l  elements.  It i s  d i f f i c u l t  t o  p r e d i c t  how long a f t e r  p l a n t  s t a r t u p  
t h i s  phase of  maintenance w i l l  begin.  

( 3 )  The next  phase 

8 

Experience a t  Dresden 1 h a s  i n d i c a t e d  t h a t  a demonstrat ion power p l a n t  has 
t o  be i n  o p e r a t i o n  a t  l eas t  f i v e  y e a r s  o r  even longer  b e f o r e  a t r u e  assessment 
of maintenance problems and c o s t s  can be made. U t i l i t y  management w i l l  want t o  
view f a s t  b reeder  demonstrat ion u n i t s  i n  o p e r a t i o n  f o r  fou r  o r  f i v e  y e a r s  b e f o r e  
dec id ing  t o  b u i l d  commercial p l a n t s .  Therefore ,  t h e  c u r r e n t  t h i n k i n g  of making 
t h e  d e c i s i o n  t o  b u i l d  a f u l l  scale f a s t  b reeder  power p l a n t  a f t e r  only two t o  
t h r e e  y e a r s  of t h e  p r o t o t y p e ' s  o p e r a t i o n  i s  open t o  ques t ion .  

The third a r e a  of concern w h i c h  has t o  be  s a t i s f a c t o r i l y  demonstrated by 
t h e  pro to type  f a s t  b reeder  power p l a n t  i s  r e l i a b i l i t y .  The a v a i l a b i l i t y  f a c t o r  
should be  h i g h  -- about 30%. The p l a n t  should n o t  be  plagued w i t h  nuisance  o r  
s p u r i o u s  shutdowns. 
a s m a l l  percentage  and probably would riot cause  l o s s  of service t o  customers 
o r  i n i t i a t e  a "black out" i n  t h e  area. 
come i n t o  o p e r a t i o n ,  the problem t a k e s  on g r e a t e r  s i g n i f i c a n c e .  

A 300 EIW u n i t  t r i p o u t  on a 14,000 llW e l ec t r i ca l  system i s  

However, when t h e  f u l l  scale p l a n t s  

There i s  a n o t h e r  s e r i o u s  problem r e s u l t i n g  from s p u r i o u s  t r i p o u t s .  Each 
t i m e  t h e  u n i t  i s  t r i p p e d  ou t  from f u l l  l oad ,  stresses w i l l  be imposed on in-  
d i v i d u a l  components t h a t  may e v e n t u a l l y  cause damage t o  equipment and p o s s i b l y  
t h e  f u e l  a l s o .  

The demonstrat ion p l a n t  should be r e l i a b l e  according t o  t h e  d i c t i o n a r y  
d e f i n i t i o n  a l s o .  When t h e  load d i s p a t c h e r  a s k s  f o r  a load pick-up, t h e  oper- 
a t o r  should b e  a b l e  t o  i n c r e a s e  t h e  u n i t ' s  ou tput  w i t h  a f l i c k  of a switch.  
When a scheduled s t a r t u p  i s  undenray, t h e  u n i t  should be  on t h e  l i n e  a t  t h e  
scheduled t i m e ,  n o t  hours  la te .  

The las t  of t h e  fou r  p r i n c i p a l  areas t o  be proven by t h e  p r o t o t y p e  power 
p l a n t  i s  t h e  p o t e n t i a l  economics. It w i l l  be d i f f i c u l t  f o r  t h e  f i r s t  two pro- 
t o t y p e  p l a n t s  t o  demonstrate  t h e  expected economics of t h e  f u l l  scale f a s t  
b reeder  power p l a n t s .  F i r s t  of a l l ,  t h e  c a p i t a l  c o s t s  arc expected t o  be high 
and t h e  f i r s t  c o r e  f u e l  c o s t  w i l l  n o t  be  lower than  t h a t  of t h e  thermal  water 
r e a c t o r s .  However, tlie u t i l i t y  companies w i l l  expect  t h e  f a s t  hreeder  r e a c t o r  
c o s t s  t o  f o l l o w  t h e  p a t t e r n  set  by t h e  r a p i d  decrease  i n  c o s t  of t h e  thermal  
r e a c t o r  power p l a n t s ,  bu t  aga in  i t  w i l l  t a k e  more than  two o r  t h r e e  y e a r s '  
o p e r a t i o n  t o  prove ou t  t h e  expected lower f u e l  c o s t s  and e v e n t u a l l y  lower 
c a p i t a l  c o s t s .  
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I n  conclus ion ,  Commonwealth Edison Company b e l i e v e s  t h a t  f a s t  b reede r  r e a c t o r  
technology i s  advancing at a r a t e  t h a t  w i l l  i n  t h e  next  few yea r s  hope fu l ly  ju s -  
t i f y  a t  least  two demonstrat ion o r  p ro to type  f a s t  b reede r  power p l a n t s  t o  he 
undertaken. 
degree ,  nor  w i l l  t h e  ope ra t ing  tempera tures  have t o  be pushing t h e  upper l i m i t s .  
The des igns  w i l l  have t o  prove ou t  t h e  fou r  p r i n c i p l e  areas of concern: 

However, t h e  des igns  w i l l  no t  have t o  be optimized t o  t h e  n ' t h  

1. Safe ty  
2. O p e r a b i l i t y  
3.  R e l i a b i l i t y  
4 .  P o t e n t i a l  economics 

13 1 



DISCUSSION 

G.L. Weil (Consu l t an t )  - I j u s t  wanted t o  ask  whether t h e  Commonwealth 
6 Edison Company has considered t h e  r ep rocess ing  of  t h e  fce l ,  i n  o t h e r  words, 

s i n c e  p ipe  l i n e  inventory  i s  an important  p a r t  of  your economics, a r e  you 
looking  a t  both r ep rocess ing  a t  p l a n t  s i t e  as w e l l  as t h e  shipment t o  some 
rep rocess ing  c e n t e r ?  

C.B. Z i tek  - I a m  s u r e  t h a t  both of our des ign  s t u d i e s  have not reached 
t h a t  p o i n t .  J u s t  o f f  hand, I would say t h a t  we would not  cons ide r  on - s i t e  
reprocess ing  and r i g h t  now, as f a r  as I know, t h e  fas t  r e a c t o r  oxide f u e l  
should be a b l e  t o  be reprocessed  i n  t h e  convent iona l  aqueous r ep rocess ing  
f a c i l i t i e s .  

F.A. Smith (ANL) - You mentioned t h a t  t h e r e  i s  about t h e  same element of  
r i s k  f o r  t h e  sodium f a s t  b reeder  as t h e r e  w a s  f o r  Dresden and e s p e c i a l l y  i n  
t h e  a r e a  o f  sodium technology.  Would you c a r e  t o  amplify your d e f i n i t i o n  o f  
sodiun technology e s p e c i a l l y  wi th  emphasis on t h e  words r i s k  a s s o c i a t e d  wi th  it. 

C.B. Z i t ek  - I thought  t h a t  comment may cause some concern.  This  i s  r e a l l y  
a pe r sona l  f e e l i n g  t h a t  sodium technology has not  advanced t o  a g r e a t  degree i n  
t h e  p a s t  s i x  o r  seven y e a r s .  When I got  ou t  t o  EBR-11, I s t i l l  had t h e  r e a c t i o n  
t h a t  t hey  had not l ea rned  a l o t  about sodium s i n c e  t h e  EBR-I days.  Perhaps I a m  
wrong. 

G. Wensch ( U . S .  A E C )  - F i r s t  of a l l  I wish t o  commend t h e  speaker  f o r  a very  
r e a l i s t i c  p r e s e n t a t i o n .  I have two ques t ions  - t h e  first one. What i s  t h e  c r i -  
t e r i a  which made you s e l e c t  load  fol lowing c h a r a c t e r i s t i c s  f o r  your demonstrat ion 
p l a n t  r a t h e r  t h a n  put  it on a base load  cond i t ion?  

C.B. Z i tek  - I t h i n k  t h e  ope ra t ion  of Dresden I i l l u s t r a t e s  our phi losophy 
t h a t  whenever we put  a u n i t  on t h e  system, w e  expect  it t o  be a b l e  e v e n t u a l l y  
t o  o p e r a t e  l i k e  a convent iona l  u n i t ,  and r e g a r d l e s s  of  how low t h e  f u e l  c o s t s  
a r e  i n  a fas t  breeder  r e a c t o r ,  a u t i l i t y  company w i l l  not  be a b l e  t o  say  
we a r e  j u s t  going t o  base load  t h a t  u n i t  and t a k e  a l l  t h e  swings on some o t h e r  
u n i t s  - it j u s t  doesn ' t  work t h a t  way. 

G .  Wensch - That i s  why I r a i s e d  t h e  ques t ion  - because t h e  fuel c o s t s  are 
low, it seems t o  me you would put  it on a base load  average.  The o t h e r  ques t ion  
I have f o r  M r .  Z i t ek  i s  a f a i r l y  s imple one. You t a l k  about p o t e n t i a l  economics 
of t h e  p l a n t .  Are you say ing  t h a t  t h e  f i r s t  demonstrat ion p l a n t  must be economic? 
O r  would you look towards some o t h e r  arrangement wi th  t h e  r e a c t o r  manufacturers  
o r  someone? 

C.B. Z i tek  - Well, I t h i n k  when we come t o  t h e  p o s i t i o n  of  making a dec i -  
s i o n ¶  t h e  f inances  w i l l  probably be handled i n  much t h e  same manner as we d i d  
f o r  Dresden I. The c a p i t a l  c o s t s  may be p a r t i a l l y  covered by r e s e a r c h  money, 
bu t  I doubt very much t h a t  we would expect  t h e  demonstrat ion p l a n t  t o  be a b l e  
t o  compete with t h e  o t h e r  u n i t s .  
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ABSTRACT 

Atomics  International i s  one of five c o n t r a c t o r s  participating in the 
Atomic Energy  Commiss ion ' s  Liquid Metal F a s t  B r e e d e r  Reactor  Follow-on 
Study P r o g r a m .  This  paper  r e p o r t s  on the m a j o r  considerat ions,  t r a d e  s tud-  
i e s ,  and ana lyses  leading to the selection of the AI 1000-Mwe b a s e  design 
LMFBR f o r  Task  I of the study. The m a j o r  t r ade  s tudies  r e l a t e  to  the s e l e c -  
tion of:  
c i r cu i t s ,  ( 3 )  the c o r e  height and m a j o r  p r o c e s s  t e m p e r a t u r e s ,  and (4 )  the fuel 
handling concept.  
geomet ry  c o r e ,  a loop concept with th ree  hea t  t r a n s f e r  c i r cu i t s ,  and a double 
rotating plug fuel handling s y s t e m .  
and the outlet t e m p e r a t u r e  i s  1060°F.  The s t e a m  cycle i s  2 4 0 0  ps i ,  9 0 0 ° F ,  
with rehea t  to 900°F.  

( 1 )  a p r i m a r y  s y s t e m  a r r a n g e m e n t ,  ( 2 )  the number  of h e a t  t r a n s f e r  

The selected design f e a t u r e s  a mixed Pu-U fueled regular  

The r e a c t o r  inlet  t e m p e r a t u r e  i s  760°F,  

INTRODUCTION 

Atomics  International (AI) i s  one of the five cont rac tors  on the 1000-Mwe 
Liquid Metal  Fast  B r e e d e r  Reac tor  (LMFBR)  Follow-on Study P r o g r a m  which 
i s  being managed by Argonne National Labora tory  fo r  the Atomic Energy  Com- 
m i s s i o n  (AEC).::: The object ives  of th i s  study a r e  to identify the r e s e a r c h  and 
development (R&D) n e c e s s a r y  to l ead  to a safe ,  re l iable ,  and competit ive 
LMFBR,  and to es tabl ish r e l a t ive  values  of proposed RGrD. The  study objec-  
t ives  will be m e t  through the development  of a r e f e r e n c e  plant des ign  and eval-  
uation of the design to d e t e r m i n e  the RGrD p r o g r a m  n e c e s s a r y  to proceed  with 
the final engineering and construct ion of the plant. This  paper  r e p o r t s  on the 
m a j o r  considerat ions,  t r a d e  s tudies ,  and a n a l y s e s  leading to the select ion of 
the AI  1000-Mwe b a s e  design LMFBR ( T a s k  I of AI con t r ac t ) .  

AI, in per forming  Task  I, h a s  drawn heavily f r o m  the Company F B R  pro-  
g r a m  and f r o m  the recent ly  completed study made  for  The E m p i r e  State 
Atomic Development Assoc ia tes  (ESADA) of the technical  feasibi l i ty  and eco-  
nomic pe r fo rmance  of a n e a r - t e r m  1000-Mwe FBR.  The relat ionship of these 

:::ANL Contract  No. 31-109-38-1966 
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p r o g r a m s  and the proposed plan leading to l a r g e  LMFBRs i s  shown in F ig -  
u r e  1. The demonst ra t ion  plant will  be a prototype of the l a r g e  unit. 
demonst ra t ion  plant p r o g r a m  will  ut i l ize  much of the on-going AEC LMFBR 
effor t ,  a s  well  a s  the F B R  development work in  p r o g r e s s  in  the United King- 
dom and other  European  p r o g r a m s .  

The AI 

PLANT DESCRIPTION 

The bas i c  flow d iag ram is shown in  F igu re  2. Heat  i s  t r a n s f e r r e d  f r o m  
the radioact ive p r i m a r y  c i r cu i t  to the nonradioact ive secondary sodium c i r -  
cuit  fo r  the production of s t eam.  The p r i m a r y  coolant s y s t e m  is composed of 
t h ree  ident ical  hea t  t r ans fe r  loops,  operat ing in  para l le l ,  with a common inlet  
and d i scha rge  f r o m  the r e a c t o r  ves se l .  The p r i m a r y  coolant e n t e r s  a t  760°F ;  
and, with a 3 0 0 ° F  t e m p e r a t u r e  r i s e ,  i t  exi ts  a t  1060°F.  
f e r r e d  f r o m  the p r i m a r y  s y s t e m  to the secondary  s y s t e m  i n  the in te rmedia te  
hea t  exchanger .  
one i n  s e r i e s  with each p r i m a r y  loop. 
through the shel l  s ide  of the in te rmedia te  hea t  exchanger  and s t e a m  genera tor .  
Steam, a t  2400 p s i g / 9 0 0 " F / 9 0 0 " F  i s  genera ted  in  single-wall ,  shel l -and-tube 
hea t  exchangers  of the modular  type. The turb ine-genera tor  complex i s  s i m -  
i l a r  to  that used  in fos s i l e  fuel  plants.  

The energy  is t r a n s -  

The secondary  s y s t e m  cons is t s  of t h ree  independent loops,  
The secondary  sodium i s  pumped 

The r e a c t o r  building, shown in  F igu re  3, i s  of conventional re inforced  
concre te ,  with a s t ee l  l i n e r  to control  leakage.  
to r  and fuel handling equipment,  and all port ions of the p r i m a r y  sodium s y s -  
tem,  including the in te rmedia te  hea t  exchangers  (IHX). Double containment  
i s  provided by the building l i n e r  and the ce l l s  which enclose the r e a c t o r  and 
p r i m a r y  sys t em,  to  p ro tec t  aga ins t  the acc identa l  r e l e a s e  of radioact ivi ty .  

The building houses  the r e a c -  

The s t e a m  g e n e r a t o r s  a r e  loca ted  i n  a sepa ra t e ,  enclosed,  s t ee l  s t r u c -  
This  building a l s o  contains the s t e a m  gene ra to r  sodium side p r e s s u r e  ture .  

re l ief  equipment and secondary  sodium pump and su rge  tank. 
gene ra to r  building houses  the p r i m e  mover  and i t s  assoc ia ted  equipment.  
following pa rag raphs  br ief ly  d e s c r i b e  the m a j o r  port ions of the plant.  

The  turb ine-  
The 

Reac tor  

The m a j o r  r e a c t o r  c h a r a c t e r i s t i c s  a r e  shown in  Table  1. 
cons is t s  of a cen t r a l  cy l indr ica l  a r r a y  of fuel  e l emen t s  (i. e.  , the c o r e ) ,  s u r -  
rounded by two rows  of blanket e lements .  
U 0 2 ,  and the blanket m a t e r i a l  is depleted U 0 2 .  
used.  

The  r e a c t o r  

The c o r e  fuel  m a t e r i a l  i s  P u 0 2 -  
Tantalum cont ro l  rods  a r e  

The r e a c t o r  i s  shown in  elevat ion in  F i g u r e  4. The v e s s e l  h a s  th ree  
l a r g e  in le t  and outlet  m a i n  coolant loop pipe pene t ra t ions ,  and th ree  s m a l l  i n -  
l e t  pene t ra t ions  to provide a small amount  of flow to the l o w - p r e s s u r e  region 
below the gr id  plates .  
vection cooling of the cont ro l  rods  and spent  fuel  e lements  in  s torage .  Sodium 
e n t e r s  the r e a c t o r  a t  the bot tom h i g h - p r e s s u r e  plenum, and flows upward pas t  
the fuel and blanket e lements .  
through the fuel  e lements .  
f low of coolant by a hydraul ic  holddown a r r a n g e m e n t  in  the lower  plenum. 

This l a t t e r  supply of coolant i s  used  f o r  t h e r m a l  con- 

Fixed or i f ices  a r e  used  f o r  cont ro l  of flow 
The e lements  a r e  held down aga ins t  the upward 

The upper  c losu re  of the r e a c t o r  v e s s e l  is a double ro ta tab le  shield plug 
The r e a c t o r  i s  refueled on a 

Two r e -  

which a c t s  a s  p a r t  of the fuel  handling sys tem.  
s ix-month cycle ,  with one-third of the co re ,  one-sixth of the inner  blanket, 
and one-ninth of the outer  blanket being rep laced  a t  each refueling. 
fueling machines  a r e  used ,  one f o r  i n -vesse l  fuel  handling and one f o r  ex-  
ve s s e l  handling. 
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TABLE 1 

MAJOR REACTOR CHARACTERISTICS 

Thermal  -Hvdraulic P e  rf ormanc e 
~~ 

Total reac tor  thermal  power, Mwt (nominal) 
Peak nominal l inear  rod power, kw/ft  

Overall  power peaking factor  
Reactor mix-mean tempera ture  r i s e ,  O F  

Reactor outlet coolant tempera ture ,  O F  

Maximum nominal cladding inner surface 

Hot spot cladding inner surface tempera ture ,  

Core p r e s s u r e  drop, psi  

(1 00% power) 

tempera ture ,  O F  

"F 

Mid- Cycle Equilibrium Nuclear Charac te r i s t ics  

Number of fuel e lements  (Pu, wt 70) 
Inner zone 
Outer zone 

Inner zone 
Outer zone 

Core height, in. 
Axial blanket length (upper and lower) ,  in. 
Radial blanket height ( inner /outer ) ,  in. 
Number of control rods 

Number of radial  blanket e lements  

Shim- safety 
Safety 

F i s s i l e  m a s s e s ,  kg 
Core 
Radial blanket 
Axial blanket 

Total 
Breeding ra t io  
Initial loading, kg (Pu t U )  

Core 
Radial blanket 
Axial blanket 

Doppler constant (T  dk/d t )  .!, 

Prompt  (Doppler) power coefficient,"' 

Delayed (sodium) power coefficient'' 
Overall  power coefficient" 

105Ak/k/% power 

':'At full power 

2500 

15 
1.58 
300 
1060 

1130 

1200 
100 

118 (11.6) 
138 (16.0) 

60 
66 
50 
12 
62/ 50 

9 
6 

1760 
330 
100 
2190 
1.3 

13,300 
15,200 
7400 
- 0.0094 

-5.10 
to. 75 
-4.35 
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Sodium Heat T rans fe r  System 

Three  one-third capacity hea t  t ransfer  c i rcu i t s  a r e  provided. The cha r -  
ac t e r i s t i c s  a r e  given in  Table 2. 
hea t  removal  i s  a s s u r e d  by natural  convection circulat ion through any one of 
the three  loops;  and uncovering of the core ,  a s  the r e su l t  of a heat  t ransfer  
sys tem leak, i s  prevented. 

The IHXs a r e  elevated, such that co re  decay 

The sodium pumps a r e  var iable-speed,  f r ee - su r face ,  s ingle-s tage cen- 
tr ifugal units.  The ma in  loops a l so  contain loop isolation valves,  a flow con- 
t ro l  butterfly valve to control thermal  convection flow following a s c r a m ,  and 
a check valve to prevent  backflow f r o m  the h igh -p res su re  plenum on loss  of a 
pump. The IHXs a r e  counterflow, shell-and-tube hea t  exchangers ,  with the 
p r imary  sodium on the tube side.  

The evaporator ,  superhea ter ,  and rehea ter  modules a r e  a l l  of s imi l a r  de-  
These sign, varying only in  the number of tubes p e r  module and the tube s ize .  

a r e  s t ra ight  shell-and-tube hea t  exchangers ,  with the s t eam on the tube side. 
Relief piping i s  provided to vent the react ion products in  the event of a l a r g e  
water- to-  sodium leak. 

Turbine -Generator  Plant  

The turbine-generator  i s  a 3600 /1800  r p m ,  cross-compound quadruple 
flow, 43-in. L a s t  Stage Blading (LSB) unit. 
a t  0% makeup and 1 .5  in .  Hg abs .  
the throt t le  with 900°F  reheat .  

The ra ted  capabili ty is  1066 Mw 
Steam conditions a r e  2400 psig/90O0F a t  

SAFETY REQUIREMENTS 

The AEC Genera l  Design Cr i t e r i a  have formed the bas i s  fo r  the main  
safety guidelines and safety design fea tures  incorporated in the Base  Plant.  A 
summary  of those guidelines mos t  influential i n  the design, together with brief 
s ta tements  of the manner  of the i r  implementation, is descr ibed  below. 
summary  is  provided to highlight the influence of safety on the plant design. 

This  

Guideline NO. 1 

7'he renctor bui ldinq c o m p l e x  wi l l  b e  desicyned to  u s m r e  i t . 9  mechanical integrity under m m -  
imum nccident  contlitioiis, .YO u s  t o  m e e l  t h e  guidelines established in 10 CF'R 100. 

Containment and radioactivity control over  any radioactivity re leased  
f r o m  the p r i m a r y  sys t em is  achieved by providing a r eac to r  building cons is t -  
ing of an  outer and inner  containment b a r r i e r  (F igure  5).  

The outer  containment b a r r i e r  i s  a re inforced concrete ,  al l-welded s teel ,  
containment building. This  building is  designed for  conditions which exceed 
the maximum credible  t rans ien ts  of p r e s s u r e  and tempera ture  assoc ia ted  with 
the design bas is  accident,  and within leakage l imi t s  (0.50/o/day a t  10 psig and 
1 0 0 ° F )  selected,  in par t ,  to mee t  the s i te  exposure guidelines se t  for th  in  
10 CFR 100, with adequate marg ins  fo r  uncertaint ies .  

The inner  containment b a r r i e r ,  a s  defined by the metal- l ined,  re inforced 
concrete  vaul ts  and the top shield containment dome, containing the r eac to r ,  
p r i m a r y  system, and associated equipment, is designed to maintain an i n e r t  
gas  a tmosphere  ( 2 %  0 2  maximum) during r eac to r  operation. 
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TABLE 2 

SODIUM HEAT TRANSFER SYSTEM CHARACTERISTICS 
~~~~ ~~ 

P r i m a r y  Heat Transfer  Loops, number 

Pumps p e r  loop 

Pumpf low,  gpm 

Pump head, f t  

IHXs P e r  Loop 

Secondary Heat Transfer  Loops, number 

Pumps per  loop 

Pumpf low,  gpm 

Pump head,  f t  

3 

1 

76,000 

355 

2 

3 

1 

8 6 , 0 0 0  

250 
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Engineered safeguards a r e  provided to maintain the effectiveness and in-  
tegr i ty  of the containment boundaries,  during and following the design base  
accident.  The following sys t ems  a r e  .provided: reac tor  cavity l i ne r  cooling 
sys tem,  top shield holddown, p r e s  s u r e  relief d i sc s  between equipment vaults,  
and outer containment a tmosphere  cleanup sys tem.  

Guideline NO. 2 

T h e  s y s t e m  d e s i g n  x i l l  p r o 1  i d e  h i g h l y  re l iab le  con ta inmen t  and control ober  l ~ q u i d  m e t a l s .  
t o  p r e i e i i i  or I i n i i t  f i r e  and o ther  c h e m i c a l  i n t e r a c t i o n s  

All p r i m a r y  (radioact ive)  sodium equipment i s  contained within me ta l -  
Each of the three  p r i m a r y  lined shielded vaults with an  ine r t  a tmosphere.  

loops has  isolation valves,  a s  well a s  a check valve to minimize thermal  
shocks i f  a pump fai ls .  
s t eam gene ra to r s  by the secondary sodium loops.  
loops a r e  protected against  high p r e s s u r e ,  which would resu l t  f r o m  a s team 
genera tor  fa i lure ,  by a relief sys t em which provides for  the safe handling of 
the react ion products.  

The p r i m a r y  sodium i s  isolated f r o m  the water in  the 
The secondary sodium 

Guideline No. 3 

D e s i q n  p r o r ~ i s i o n s  icill he  made to  a s s u r e  h i g h l y  rel iable  nnd redundnnt e m e r g e n c y  core  
c'o o lirig s y st. e m .s . 

Reactor  Cooling - Three  independent hea t  t ransfer  c i rcu i t s  a r e  provided 
Each circui t  i s  designed to pro-  for  normal  and emergency r eac to r  cooling. 

vide the capability for  removing a l l  the r eac to r  decay hea t  by natural  convec- 
tion. 

Reactor  Coolant Loss Protect ion - A r eac to r  containment tank and a n  e le -  
vated loop  a s s u r e  that,  in the event of a pipe rupture  o r  r eac to r  ves se l  fa i lure ,  . .  

the co re  inlet  and exit nozzles r ema in  covered with coolant. 
gether  with a n  elevated loop design, a s s u r e s  f r e e  convection cooling in the 
p r i m a r y  loops.  

This  fea ture ,  to- 

Guideline No. 4 

T h e  control and pro tec t  1 1  e s y s t e m  u i l l  be s u j j x i e n t l y  i n d e p e n d e n t .  redundant ,  and rapid  t o  
p r e u e n f  significant damage  to  t h e  core jrom all  c red ib l e  a c c i d e n t s  

Two separa te  and independent banks of abso rbe r  rods  a r e  provided fo r  
protect ive sys t em functions. 
setback r a t e .  

Both banks can be dr iven into the c o r e  a t  a f a s t  

The shim-safety control rod sys t em i s  capable of being dr iven in  o r  out of 
the co re  by posit ive e lec t ro-mechanica l  means ,  and of being r e l eased  for  
gravi ty  drop. 
l imited,  such that a control rod ejection a t  full power will not cause fuel rod 
damage (cladding fa i lure)  in  the hot channel. 
available.  

The maximum worth of the mos t  effective sh im-safe ty  rod i s  

A fas t  setback r a t e  i s  a l so  

The safety rod sys t em employs gravi ty  drop  for  emergency shutdowns, 
and provides  a l a r g e  marg in  of reactivity worth to over r ide  a m a j o r  refueling 
e r r o r .  The safety rods  a l so  can be dr iven in by a positive mechanical  dr ive.  
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Guideline NO. 5 

T h e  core wil l  be des igned  to provide an  overall negat ive  power coef f ic ient  at all operating 
condi t ions;  the integrated Doppler e f fec t  from operating condi t ions to  the onse t  of fuel  damage 
wil l  be suf f ic ient  t o  counteract all credible rapid react iv i ty  perturbations; and the reactor a,nd 
fuel  e lements  wi l l  be des igned  t o  minimize interact ion be tween  fuel  e lements  wlrich could lead 
t o  s igni f icant  fuel  e lement- to-element  failure propagation. 

The co re  design i s  such that the combination of the positive coolant t em-  
pe ra tu re  coefficient and the Doppler coefficient r e su l t  in  a net negative over -  
a l l  power coefficient during s ta r tup  and a t  power operating conditions. It i s  
designed so  that fuel subassembly bowing does not r e su l t  in  a positive r eac -  
tivity inser t ion.  The loca l  power coefficient is negative in all co re  positions. 
The co re  and react ivi ty  control  sys t em a r e  designed so  that all credible  rapid 
react ivi ty  per turbat ions a r e  l e s s  than those which can be compensated for  by 
the negative Doppler effect. Each fuel e lement  is  provided with two exit  ther -  
mocouples to detect  abnormal  t empera tu res  and to pe rmi t  control against  
damage propagation. 
fa i lure  propagation. 

The element  housing thickness is  adequate to prevent 

POOL vs  LOOP 

An ea r ly  ma jo r  decision with which a sodium-cooled fas t  reac tor  designer  
i s  faced i s  the choice of p r i m a r y  sys t em configuration [ i .  e . ,  should the reac-  
tor ,  pumps, and in te rmedia te  hea t  exchangers  a l l  be located within a single 
ves se l  ("pool" design) ,  o r  should they be separated by a piping sys t em ("loop" 
design)] .  AI 'S conclusions and underlying considerations in  this r ega rd  have  
a l ready  been repor ted  a t  l a s t  y e a r ' s  FBR Topical Meeting. The "loop" is the 
favored concept, for  reasons  br ief ly  outlined below. 

Both concepts have the i r  par t icu lar  advantages.  The loop concept pe rmi t s  
the maximum access ib i l i ty  fo r  maintenance, provides a configuration which i s  
s t ra ightforward to analyze f o r  hydraul ics ,  s t r e s s ,  and the rma l  behavior,  and 
pe rmi t s  equipment improvement  and modification with minimum effects on the 
remainder  of the sys tem.  This  equipment separat ion a l s o  e a s e s  development 
and construction schedule constraints .  

The pool concept provides  a s imple tank design, with few i f  any penet ra -  
t ions,  a high degree  of a s su rance  of maintaining co re  cooling a t  all t imes ,  a 
l e s s  complicated,  m o r e  compact,  l e s s  cost ly  a r r angemen t  of p r imary  sys t em 
components,  and a sma l l e r  r eac to r  building. 

A comparison of the capital  cos ts  of these two concepts was made  for  a 
1 000-Mwe, sodium-cooled f a s t  b reede r  r eac to r  power plant, a s  indicated in  
Table 3. 
$1.1 x 106 lower  in f i r s t  cost  than the loop concept. 
substantial  savings in r eac to r  building and p r i m a r y  piping sys t em cos ts .  
These savings overshadow the higher  cos ts  associated with the l a r g e  ves se l  
and i t s  internal  shielding. The pool concept r equ i r e s  a much l a r g e r  sodium 
inventory than the loop concept, however,  and this  reduces  i t s  cost  advantage 
to about $0.7 x l o 6 .  

It was found, a s  expected, that the pool concept i s  l ikely to be about 
This  is  p r imar i ly  due to 

If i t  were  possible to design the pool type IHX with a s  few tubes and a s  
long a s  that for  the loop concept, the two plants would be expected to have ap -  
proximately equal availabil i t ies.  However, a method for  achieving this goal i s  
not readi ly  apparent .  Therefore ,  based on the bes t  fa i lure  ra te  data  available 
a t  this t ime,  i t  i s  es t imated that the pool concept would have a plant availabil-  
ity about 1.8% lower than that of the loop concept. 
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T A B L E  3 

PLANT CAPITAL COST COMPARISON 

B a s e  

B a s e  

$lOOOs 

I t em 

- $ 2 , 0 0 0  

t600 
Reac to r  Building and S u b - s t r u c t u r e  

Reac to r  V e s s e l  

Neut ron  Shield 

Cavi ty  L i n e r  / Insu la t ion  

P r i m a r y  Piping S y s t e m  

Pumps 

IHXS 

Prehea t ing  

Sub t o t a 1 s 

Sodium Inventory 

Tota l  

B a s e  

B a s e  

B a s e  

B a s e  

B a s e  

B a s e  

B a s e  

14 5 

- 2 , 4 5 0  

- 570 

$2,600 

- 3 0 0  

- $ 1 , 0 6 5  

t 4 0 0  

- 6 6 5  

B a s e  

B a s e  

t 9 8 5  

t70 



A qualitative review of the safety a spec t s  of the pool and loop designs d i s -  
c loses  no reason  why e i ther  concept should not be capable of meeting the AEC 
safety c r i t e r i a .  A p r i m a r y  advantage of the pool concept is  i t s  m o r e  compact 
and s impler  p r i m a r y  coolant boundary, which should make  i t  e a s i e r  to mee t  
coolant sys t em integri ty  c r i t e r i a .  On the other hand, the loop concept, 
through i t s  l a r g e r  containment building and l a r g e  ine r t  a tmosphere  vaults,  can 
e a s i e r  m e e t  the ul t imate  containment and radiological r e l ease  c r i t e r i a .  

Both concepts c a r r y  with them technical r i s k s  which should be reduced 
The r i s k s  assoc ia ted  with by fur ther  analysis  and /o r  development testing. 

the loop concept a r e  in  connection with l a r g e  valves,  l a r g e  d iameter  piping in-  
tegr i ty  and support ,  g a s  entrainment ,  and f iss ion product migrat ion and de-  
position. 
constraints ,  possible  thermal  dis tor t ion of components, IHX reliabil i ty,  c o r e  
and p r i m a r y  loop instrumentat ion,  prediction of thermal /hydraul ic  pe r fo rm-  
ance and s t ruc tu ra l  behavior,  and vesse l  fabrication. 

The pool concept r i s k s  a r e  in connection with pump and IHX s ize  

On an  overal l  bas i s ,  the loop concept continues to appear  m o r e  a t t rac t ive  
to AI (although init ially slightly m o r e  cost ly) ,  because of i t s  g r e a t e r  maintain-  
abil i ty and reliabil i ty.  
about 0.02 mil l /kwh in favor of the loop concept. 
the loop concept i s  i t s  flexibility to take advantage of component improve-  
ments  (e.  g . ,  el imination of the secondary sys tem,  a l e s s  cost ly  pump o r  heat  
exchanger) .  In view of above considerations and AI 'S past  experience,  the 
loop concept has  been retained for  the 1000-Mwe plant. 

The differential  overal l  energy cost  i s  es t imated a t  
An additional advantage of 

NUMBER O F  HEAT TRANSFER CIRCUITS 

In any plant design, one of the ma jo r  decis ions that h a s  to be made  is  the 
number of hea t  t r ans fe r  c i rcu i t s  which will be used. Into the decision, one 
h a s  to factor  safety,  economics,  availabil i ty,  and the s ta te  of the a r t  a t  the 
t ime of construction. The LMFBR, a s  any other  plant, required a decision 
a s  to the number of c i r cu i t s ;  therefore ,  a compar ison  study of two, three,  and 
four  hea t  t r ans fe r  c i rcu i t s  was conducted. 

In the c a s e  of the four -c i rcu i t  and three-c i rcu i t  sys t ems ,  a fa i lure  in one 
c i rcu i t  (e.  g . ,  a pump dr ive  fa i lure)  does not prevent  continued r eac to r  opera-  
tion a t  reduced load on the remaining c i rcu i t s .  If a c c e s s  to the pipe vaults i s  
required,  the affected c i rcu i t  can be shut down, and the p r i m a r y  loop isolated 
f r o m  the r eac to r  by closing the block valves.  
r equ i r e s  about 10  days,  the r eac to r  can be shut down and the vault entered fo r  
inspection and r e p a i r s .  

After decay of Na-24, which 

In a two-circuit  plant, both c i rcu i t s  mus t  be in  operation. 
mus t  be shut down f o r  r epa i r s ,  the en t i re  plant mus t  be shut down. 
approach is based on the philosophy that there  mus t  always be one hea t  t r a n s -  
f e r  c i rcu i t  available for  decay hea t  removal .  

If one c i rcu i t  
This  

The two-, t h ree - ,  and four -c i rcu i t  hea t  t r ans fe r  sys t ems  were  compared 
by estimating hea t  t r ans fe r  sys t em cost  and plant availabil i ty different ia ls  
associated with them. Cost favors  the two-circuit  concept, because overal l  
hea t  t r ans fe r  sys t em cos ts  dec rease  (although not s t rongly)  with the number 
of c i rcu i t s ,  and a l so  because a dec rease  in r eac to r  building s ize  is expected 
to accompany a reduction in the number of hea t  t r ans fe r  c i rcu i t s .  
s u m m a r y  i s  shown in Table 4. 

A cost  

Plant  energy  unavailability, due to forced outages of the heat  t r ans fe r  
sys t em equipment, was a l so  est imated.  As would be expected, the two- 
c i rcu i t  plant suffers  a g r e a t e r  unavailability than e i ther  the th ree -  o r  the 
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TABLE 4 

HEAT TRANSFER SYSTEM DIFFERENTIAL COSTS 
~~ 

Number 
of 

Ci  r cu i  t s 

~~~ ~~~ 

Heat T rans fe r  Building Total  
S y s t e m  ACos t  ACos t  ACos t  

$ $ $ 
I I 

4 6 t1.9 x 10 t0.4 x 10 t2.3 x 10 

3 I Base I Base I Base  

- 2 . 8  x 10 6 - 2 . o x  l o 6  1 -0 .8  x 1 0  

14 7 



four -c i rcu i t  sys tem,  in  spite of the fewer number of c r i t i ca l  components, be-  
cause of the requi rement  that the en t i re  plant be shut down if one circui t  shuts 
down. A summary  of es t imated hea t  t ransfer  sys t em unavailabil i t ies i s  
shown in Table 5. 
cos t  comparison can be made  as  shown in Table 6. 

Assuming that the cost  of unavailability i s  2 mil ls /kwh,  a 

On this bas i s ,  i t  would appear  that a two-circuit  plant i s  slightly m o r e  
economical than a three-c i rcu i t  one. However, the three-c i rcu i t  plant h a s  
bet ter  availabil i ty than ei ther  a two- o r  four -c i rcu i t  design. In addition, the 
r i s k s  associated with extrapolation of component s i ze  to the two-circuit  plant 
a r e  much g r e a t e r .  
c i rcui t  plant a l so  may  be g rea t e r .  Therefore ,  based on these considerations,  
the three-c i rcu i t  design was chosen, s ince i t  offered the bes t  compromise  of 
a l l  f ac to r s ;  even though, on a n  economic bas is ,  i t  was not the best .  

The r i s k s  re la t ive to guillotine pipe rupture  in  the two- 

CORE GEOMETRY 

The a r e a  which perhaps h a s  received the g rea t e s t  attention by U. S. de-  
s igners  of sodium-cooled FBRs is  that of the influence of the posit ive sodium 
void worth on co re  geometry  selection. 
t ions of l a r g e  void worth h a s  led  to numerous studies of "compromised" c o r e  
geometr ies  (pancake, modular ,  annular) .  
s tudies  in  this  a r e a  were  repor ted  in  detail  a t  l a s t  y e a r ' s  ANS F a s t  Breede r  
Reactor  Topical Meeting in  San Francisco. '  At that t ime,  AI had selected a 
modular  co re  for  the demonstrat ion plant. 

Concern fo r  potential safety implica-  

The r e su l t s  of our  pre l iminary  

These pre l iminary  studies revealed no advantage f o r  such compromised 
geometr ies ,  other  than possibly that attached to a low void worth. 
t r a r y ,  disadvantages in  both safety and economics have consistently been 
found in  high-leakage co res .  
leakage geometry  co re  i s  a substantial  reduction in  Doppler effect, which r e -  
sul ts  f r o m  a requi rement  to inc rease  fuel enr ichment  and thereby harden  the 
neutron spec t rum.  
associated reduction in  in-core  breeding rat io;  this  r e su l t s  in  a requi rement  
for  m o r e  excess  react ivi ty  in  the newly refueled co re .  The re  a r e  accident 
si tuations,  such as  the plugging of one or  a few fuel e lements  o r  passage  of 
gas  bubbles through the core,  in  which a posit ive sodium effect can be bene- 
f ic ia l  in  providing a sensit ive signal source  for  informing the opera tor  of the 
malfunction. 

On the con- 

The m o s t  important  disadvantage of the high- 

A second disadvantage of spoiling the geometry  i s  the 

The r e su l t s  of the continuing s tudies  a t  AI on the significance of a posit ive 
void worth in  l a r g e  oxide-fueled FBRs continue to confirm these conclusions.  
In summary ,  a posit ive void worth is  of no substantial  disadvantage,  and can 
have the advantage of forewarning the opera tor  of the onset  of fuel damage. 
It m a y  a l so  reduce  the destruct ive potential of postulated seve re  accidents .  
The regular  geometry  co re  has  a l a r g e r  negative Doppler coefficient, and r e -  
qu i res  l e s s  excess  react ivi ty  for  operation. 
regular  cylindrical  geometry  c o r e  fo r  the Task  I base  design, with height and 
d iameter  l imited only by considerations of per formance  and economics.  

W e  therefore  have selected a 

REFERENCE 

1. H. Dieckamp et a l ,  Atomics International,  Atomics International Demon- 
s t ra t ion  F a s t  Bree'der Reactor ,  in  ANS Northern California Section National 
Topical Meeting, San Franc isco ,  Apr i l  1967 
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TABLE 5 

HEAT TRANSFER SYSTEM UNAVAILABILITY 

I 
0.062 

0.059 

0.069 

Number 
of 

Ci rcu i t s  

Pa l a m e  te r 

Capital  Cost 

Unavailability 

Tota ls  

Unavailability 

Nurnber of Circui ts  

2 1 3 1 4  

-0.077 B a s e  $0.063 

t0.020 B a s e  t0.006 

-0.057 Base  t0.069 

A Unavailability 

4 

3 

2 

$0.003 

Base  

$0.010 

TABLE 6 
ECONOMIC COMPARISON MATRIX 

mill s / kwh 

1 4 9  



CORE HEIGHT - AT - SYSTEM STUDIES 

The combined r eac to r  - hea t  t ransfer  - energy conversion sys t em h a s  
been analyzed to de te rmine  the effects of co re  height, c o r e  AT, and s t eam 
cycle on sys t em costs .  
sign selected f o r  Task  I was near-opt imum. A m a t r i x  of nine co re  configura- 
tions and three  s t eam cycles  was studied. Core heights of about 3 ft, 3 - l / 2 f t ,  
and 4 ft, with co re  ATs of 260, 280, and 300"F,  were  considered. The s t eam 
cycles  considered were  2400 psi ,  85OoF/850"F, 900°F/9000F,  and 950"F/  
950°F.  
costs ,  as  a function of the sys t em var iab les ,  w e r e  determined by a n  AI- 
developed sys t em survey  computer code. 

The purpose of this study was to confirm that the de-  

The study ground ru les  a r e  summar ized  in Table 7. The differential  

Shorter  c o r e s  and higher  ATS re su l t  in  lower sodium volume fract ions.  
This  reduces  f i ss i le  inventory and improves  breeding ra t io  slightly. 
tion of c o r e  height,  however,  a l so  resu l t s  i n  higher  fabr icat ion cos ts  and in- 
c r eased  fuel handling t imes .  

A reduc-  

F igu re  6 shows the fuel cycle cos t  as  a function of AT fo r  the different 

If cladding ductility i s  assumed to l imi t  fuel burnup, the 
heights.  
peak fuel burnup. 
result ing fuel cycle cos ts  will be near ly  f la t  with co re  height. 
e r age  burnup i s  assumed (fixed refueling schedule),  there  i s  a slight penalty 
f o r  sho r t e r  co res .  Thus, the conclusion drawn f r o m  this  analysis  is  that, 
within the f r amework  of our  present  s ta te  of knowledge of fuel burnup l imi ta -  
t ions,  the fuel cycle cos ts  a r e  insensi t ive to these  co re  geometry  changes.  

The fuel cycle cos ts  shown a r e  based on a n  assumption of a constant 

If constant av -  

These  fuel cycle cos ts  were  then used a s  input to the sys t em survey  code, 
which combines the fuel cycle cos ts  with the cos ts  of the r eac to r ,  p r i m a r y  
and secondary loop, hea t  exchanger,  turbine-generator  plant, r eac to r  building, 
and plant unavailability to de te rmine  differential  power cos ts  fo r  the var ious  
combinations selected.  

The p a r a m e t e r  of principal in te res t  in  this study was c o r e  height. 
mat ion was a l so  generated on p r i m a r y  and secondary ATs and s t e a m  cycles .  
F igure  7 shows the differential  power cos ts  a s  a function of co re  height f o r  
the 300°F  r eac to r  AT and 2400 ps i /90OoF/900"F base  case .  
general ly  typical of all the c a s e s  studied. 
co re  height i s  negligible, a s  d e c r e a s e s  in  r eac to r  height a r e  l a rge ly  offset by 
inc reases  i n  d iameter .  The main  i t em affecting the selection of c o r e  height is 
the fuel cycle cost .  F igure  7 shows the effect of the previously mentioned fuel 
burnup models  on power costs .  
l imited burnup model is  probably the mos t  rea l i s t ic .  
there  is a sl ight incentive toward c o r e s  of about 38 to 4 0  i n . ,  ins tead of the 
re ference  50 in . ,  but i t  i s  c lear ly  within the l imi t s  of uncertainty (cO.01 mills/ 
kwh). The cos ts  a r e  based on e s t ima tes  of future  fabr icat ion capability. Con- 
s iderat ion of the cos ts  for  the demonstrat ion plant, which is  shown a s  a dashed 
l ine,  and other  possible  n e a r - t e r m  plants favor  ta l le r  co res .  
des i red  prototype relat ionship between the 1000-Mwe and the demonstrat ion 
plants,  the 50-in. co re  was retained for  the present  t ime fo r  the 1000-Mwe 
plant design, a s  this provides the mos t  economical solution fo r  the ea r ly  
LMFBRs.  

Infor- 

These  t rends  a r e  
The capital  cost  differential  with 

It i s  our opinion that the cladding-ductility- 
Considering this model,  

Because of the 

F igure  8 shows differential  power cos ts  fo r  the specific s t eam cycles  s e -  
lected.  The curve,  of course ,  i s  not continuous, but i s  shown to m o r e  c lear ly  
indicate that the 2400 ps i /900"F /900"F  cycle gives  minimum cos ts  fo r  the 
base  r eac to r  conditions. 
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T A B L E  7 

STUDY GROUND RULES 

B a s i c  S y s t e m  

1 0 6 0 ° F  Reac to r  Sodium Outlet  

9 5 0 ° F  S t e a m  G e n e r a t o r  Sodium Inlet  

2400  ps ig  Reheat  S t e a m  Conditions 

Core  

-1 5 kwt / f t  Maximum L i n e a r  Heat  Rate  

-30 fps  Maximum Coolant Veloci ty  

6 month Refueling Cycle 

-75,000 Mwd/MT Average  F u e l  Burnup 

3 y e a r  Inne r  Blanket  Res idence  T i m e  

6 y e a r  Outer  Blanket  Res idence  T i m e  

12-in.  Axia l  Blankets  

Economic  

13% Annual Capi ta l izat ion Ra te  

2 mi l l / kwh  Unavai labi l i ty  Cost  

0.80 P lan t  F a c t o r  
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0.86 

0.84 

0.82 

0 .80  

0 .78  

0.76 

0.74 
34 36  38 40 42 44 4 6  48  50 

ACTIVE CORE HEIGHT, in .  

F I G U R E  6.  Total  Mid-Equilibrium F u e l  Cycle  Cos t s  
8-M26-050-3 
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F I G U R E  7.  Differen t ia l  P o w e r  Cos t s  a s  a Function of Core  Height 
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Additional studies of the effects of principal p a r a m e t e r s  on the plant de-  
sign and on economics will be c a r r i e d  out l a t e r  in the program.  These  future  
s tudies  may  indicate changes to be made for  the final 1000-Mwe reference  de-  
sign which may a l so  influence the demonstrat ion plant. 

F U E L  HANDLING 

The t ime required for  refueling operat ions in nuclear power stations i s  
one of the ma jo r  contr ibuters  to plant unavailability. 
approaches have been examined to se lec t  the mos t  a t t rac t ive  sys tem.  
sys t ems  were  discussed in Reference 1.  Ea r ly  studies narrowed the field 
down.to the following four ,  which were  descr ibed  in Reference 1 ( s e e  F i g -  
u r e  9 ) :  

Several  fuel handling 
These 

1 )  Double rotating plug with in-vesse l  s torage  

2 )  Fixed top shield with three  rotating and ar t icu la tory  a r m  handling 
machines  and in-vesse l  s torage  

3 )  Single rotating plug with a single nonrotating ar t iculat ing a rm han-  
dling machine and in-vesse l  s torage  

4) Removable plug in a hot cel l  with in -vesse l  s torage.  

The f ac to r s  involved in comparing these concepts were  plant availabil i ty,  
simplicity,  maintainabili ty,  safety, development requi rements ,  and cost .  

With r ega rd  to plant availability, the double rotating plug concept, with 
all mechanisms external  to the r eac to r  vesse l ,  was favored. The articulating 
arm approach h a s  a lower rat ing,  because of the need to r a i s e  the control  rod 
ac tua tors  to the underside of the top shield before moving elements .  Also,  the 
ar t iculat ing a rm i s  a complex mechanism,  with which l i t t le  operating exper i -  
ence h a s  been obtained. Similar ly ,  the hot cel l  approach is  penalized by 
radioactive sodium contamination of the cel l  and the handling equipment.  
addition, the anticipated advantages of visual a c c e s s  for  handling a r e  achieved 
a t  the expense of slower operat ions,  cha rac t e r i s t i c  of hot cell  manipulations.  
These  considerat ions favor the double rotating plug concept, f r o m  the stand- 
point of maintenance operat ions.  
vantage for  any concept. 

In 

Safety considerat ions showed no dis t inct  ad - 

The double rotating plug concept, with a separa te  machine fo r  in -core  
fuel t r ans fe r  and a sepa ra t e  machine for  ex -co re  operations,  involves the de-  
sign fea tures  employed in  the SRE and Hal lam fuel handling machines ,  and 
the ex -co re  machine designed and fabricated by AI for  F e r m i .  Based on this 
pas t  experience,  new development will be minimal .  
has  minimum development requi rements ,  because of s implici ty  of handling 
operat ions.  
cant development effor ts .  

The hot cel l  concept a l so  

The ar t iculat ing arm fuel handling machines  will requi re  signifi- 

These f ac to r s  a r e  reflected in the economic evaluation summar ized  in 
Although the fixed plug and single rotating plug concepts have the Table 8. 

lowest  capital  costs ,  these savings a r e  m o r e  than offset by the est imated 
availabil i ty penalty and additional development cos ts .  
indicates  the double rotating plug i s  the bes t  selection; however,  the hot cel l  
concept i s  a l so  a very  a t t rac t ive  approach.  
the two is  probably within the e r r o r  band of our es t imates .  
ing plug was selected over the hot cell  on the weight of past  AI development 
and operating experience,  and the bas i s  of m o r e  easi ly  maintainable equip- 
ment .  

The economic analysis  

The economic difference between 
The double ro ta t -  
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FIXED SHIELD 
/ PLUG 

V 
C 

7 

DOUBLE ROTATING F IXED PLUG WITH 3 SINGLE ROTATING PLUG 
PLUG WITH ARTICULATING ARM WITH A SINGLE NONROTATING REMOVABLE PLUG IN HOT 
IN-VESSEL F U E L  F U E L  HANDLING 
STORAGE 

ARTICULATING ARM AND 
MACHINES AND IN-VESSEL FUEL STORAGE STORAGE 
IN-VESSEL F U E L  
STORAGE 

C E L L  WITH IN-VESSEL FUEL 

F I G U R E  9. Fuel Handl ing Concepts  7-00-042 - 7 A  



T A B L E  8 

L M F B R  F U E L  HANDLING ECONOMIC ANALYSIS 
DIFFERENTIAL COSTS 

mills / kwh 

Double F ixed  Plug ,  Single Rotating 
Rotating Ar t icu la t ing  Plug,  Ar t icu la t ing  

Plug A r m s  A r m  

Capi ta l  Cos t  

Hot 
Cell 

B a s e  I -0 .027 -0.019 I t0.013 
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Avai lab i l i ty  

To ta l  

B a s e  t0 .060  t0 .073  t0 .005  

B a s e  t 0 . 0 3 3  $0.054 t0 .018  



FUEL SYSTEM 

The principal requi rements  that  the fuel sys t em mus t  mee t  a r e :  

1 )  Availability of a sufficient technological base  by 1976 to 1977 to 
pe rmi t  the design of a highly rel iable  c o r e  with sat isfactory p e r -  
formance  cha rac t e r i s t i c s  (i. e.  , hot spot cladding tempera ture  of 
>1200"F, maximum nominal l inear  power rating of >15 kwt/ft ,  and 
average  core  fuel exposure of >75 Mwd/kg) 

2 )  The abil i ty to take maximum advantage of the projected LWR fuel 
cycle industry,  so  as  to minimize fabricat ion and reprocess ing  
cos ts  during the ea r ly  LMFBR introduction per iod;  the ta rge t  fo r  
combined co re  fabrication plus fuel recovery  cos ts  is  -$300/kg by 
1985. 

With respec t  to the availabil i ty of a sufficient technological base  by 1976 
to 1977, mixed oxides i s  the p re fe r r ed  fuel system. Considerable re la ted 
operational and production experience is becoming available f r o m  LWR UO2 
use.  
f r o m  Pu-recyc le  in  LWRs. 

Also, there  will be a g rea t  deal  of applicable information and experience 

The f i r s t  LMFBR c e r a m i c  fuel  experience on a l a rge - sca l e  bas i s  will be 
in  F F T F ,  which will u s e  mixed oxide through the 1970s. The AI demonst ra -  
tion plant will provide additional experience,  s tar t ing about 1975. These  two 
faci l i t ies ,  plus the planned AEC development program,  will provide the pro-  
duction and technological bases  necessa ry  f o r  the ea r ly  commerc ia l  plant. In 
addition, all the prototypes cur ren t ly  planned and under construction by other 
countr ies  will u s e  mixed oxide. 
edge regarding mixed oxide fuel. 

These p rograms  will add significant knowl- 

The ESADA 1000-Mwe study showed that mixed oxide fueled LMFBRs can  
achieve sat isfactory economic performance i f  the l i s ted  requi rements  a r e  
met .  The fuel cycle cos ts  fo r  the base  design 1000-Mwe LMFBR fo r  var ious  
burnup leve ls  a r e  shown in Table 9. 
f o r  LWRs, achievement  of a burnup of 75,000 Mwd/MT will give the LMFBR 
a fuel  cos t  advantage of about 0.6 mill /kwh. 
will pe rmi t  the LMFBR to incur  a capital  cos t  disadvantage of up to about 
$30/kwe above the LWR before reaching the breakeven point. 

Based on es t imates  of fuel cycle cos ts  

This  fuel cycle cos t  advantage 
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T A B L E  9 

1 9 8 6  t o  1 9 9 0  Economy 
F B R  F U E L  CYCLE COST v s  CORE BURNUP 

F a b r i c a t i o n  

Core  

Blanket  

F u e l  Recove ry  

E x - C o r e  Inventory 

Net  P u  Cred i t  (Af te r  2% L o s s )  

F u e l  Expense  

In-  Core  Inventory 

To ta l  Fue l  Cycle Cos t  

m i l l s  1 kwh 

C o r e  Burnup 

50,000 I 75,000 I 100,000 
Mwd / MT Mwd / M T  Mwd / M T  

0.40 

0.07 

0 . 2 5  

0.20 

(0 .32)  

0.60 

0 .34  

0.94 

0 .28  

0.07 

0.18 

0.13 

( 0 . 2 9 )  

0.37 

0 .35  

0.72 

0 .24  

0 .06  

0 . 1 6  

0.10 

( 0 . 2 6 )  

0.30 

0.35 

0.65 
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DISCUSSION 

C.B. Zitek (Commonwealth Edison Company) - Did I misunderstand? I heard 
that the 1000 megawatt reactor is going to be ready for construction in 1975. 

R. Aronstein - Our time scale which we have selected for the ANL follow- 
on studies calls for the sale of the plant about 1975-76, which according to 
the ground rules which you laid down, 4-5 or 6 years operating time, there 
isn't that much time between completion of the demonstration plants and our 
schedule. 

C.B. Zitek - When are the demonstration plants to start up? 
R. Aronstein - The schedule for the demonstration plant start-up, I believe, 

is about 1975-76. 
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DISCUSSION - SESSION I1 

D.A. Minner (Babcock & Wilcox) - My quest ion i s  d i r e c t e d  t o  M r .  Beekman. 
M r .  Beekman, i n  t h e  EEI r epor t s  i s  t h e r e  any commentary, o r  can you t e l l  us 
anything,  about t h e  p o t e n t i a l  f o r  r ecyc l ing  plutonium i n  t h e  thermal  r e a c t o r s  
vs  saving it up f o r  use i n  t h e  e a r l y  breeders?  

M . C .  Beekman - Yes, t h e  EEI r epor t  does comment on t h i s .  Based on t h e  
growth expansion f o r  plutonium product ion r a t e s  t h a t  I w a s  speaking of t h i s  
morning and t h e  f a c t  t h a t  commercial f a s t  breeder  r e a c t o r s  could come i n  be- 
tween 1980 and 1985, it appears as though t h e r e  w i i l  be l a r g e  aqounts,  maybe 
6 c ,  €9, o r  100 tGns of f i s s i l e  plutonium t h a t  w i l l  be recycled i n  thermal  reac- 
t o r s .  The problem t h a t  comes here  i s  when t h e  plutonium i s  generated i n  a water 
r e a c t o r  whether t h e  opera tor  decides  t o  hold h i s  plutonium u n t i l  he can s e l l  it 
f o r  t h e  fast  r e a c t o r ,  presumably a t  a higher  p r i c e ,  o r  whether he recyc les  it 
i n  h i s  own r e a c t o r .  Based on economics with some thought inc luding  t h e  present  
worth e f f e c t  of holding and hoping t o  g e t  a higher  p r i c e  l a t e r  on, it looks l i k e  
t h e  thermal  r e a c t o r  opera tor  might hold t h i s  m a t e r i a l  f o r  3 t o  5 years  - 5 years  
as a maximum - before  he a c t u a l l y  l o s e s  money and t h a t  would come assuming t h a t  
he g e t s  a $3 per  gram d i f f e r e n t i a l  between h i s  ovn va lue  f o r  recyc led  plutonium 
and what he might s e l l  it f o r  t o  a f a s t  r e a c t o r  oFerator .  

K.A. T r i c k e t t  (U.S. AEC) - Afte r  l i s t e n i n g  t o  t h e s e  papers and r e a l i z i n g  how 
d i f f i c u l t  and tenuous some of t h e s e  choices  have been i n  design concepts ,  I won- 
der  i f  someone from Argonne would l i k e  t o  t e l l  us what c r i t e r i a  t hey  a r e  going 
t o  use when they  eva lua te  t h e s e  var ious  s t u d i e s .  We s t a r t e d  out with t h e  assump- 
t i o n  t h a t  when a l l  t h i s  w a s  done they  were going t o  eva lua te  these .  
r e a l l y  su re  what t h a t  means. 

I ' m  not 

L.W. F r o m  (ANL) - Actual ly  I c a n ' t  say t o o  much about t h a t  a t  t h i s  p o i n t .  
As far  as eva lua t ion  of t h e s e  r e p o r t s  t h a t  we a r e  r ece iv ing ,  we a r e  p r imar i ly  
not a t tempting a comparison. The p r i n c i p l e  of our eva lua t ion  i s  based upon 
looking a t  each ind iv idua l  design i n  itself and evaluat ing it w i t h  regard t o  
check c a l c u l a t i o n s  and t h i s  s o r t  of t h i n g  t o  check t h a t  t h e  conclusions reached 
and basis f o r  t h e  design a r e  reasonable  and as accura t e  as can be expected w i t h  
t h e  a n a l y t i c a l  methods t h a t  we use.  

K.A. T r i c k e t t  - The e s s e n t i a l  p a r t  of my ques t ion  i s  t h a t  Argonne mentioned 
one of t h e  reasons f o r  t h e s e  s t u d i e s  w a s  t o  determine t h e  technologica l  problems 
t h a t  were a p r e r e q u i s i t e  t o  t h e  des igner  having some of t h e s e  choices  we've 
heard.  
be experimented upon exceed t h e  a v a i l a b l e  funds l i k e  t h e  t y p i c a l  market. I 
r e a l l y  wondered t o  what degree Argonne's eva lua t ion  i s  going t o  be used t o  
focus on which technology g e t s  developed and which doesn ' t .  

I t ' s  been my experience t h a t  t h e  number of experimenters and t h i n g s  t o  

L.W. Fromm - I t h i n k  what we are going t o  do along those  l i n e s  i s  t o  look 
a t  each of t h e  con t r ac to r s  recommendations and a n a l y s i s  wi th  regard t o  t h e  cos t  
bene f i t  t h a t  can r e s u l t  from performing a given p i ece  of R&D i n  comparison wi th  
t h e  cos t  of performing t h a t  research  and development. Obviously, with f i v e  
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c o n t r a c t o r s  t h e r e  a r e  c e r t a i n  r e sea rch  and development programs t h a t  w i l l  be 
c a l l e d  f o r  by a l l  f i v e  as compared wi th  o t h e r  areas i n  which r e s e a r c h  and dev- 
elopment needs w i l l  be unique t o  t h e  p a r t i c u l a r  des ign .  
eva lua t ions  t o  s o r t  a l l  of t h i s  out  and t o  check t h e  b a s i s  f o r  t h e  a s s e r t i o n s  
made by t h e  va r ious  c o n t r a c t o r s  and i n d i c a t e  what w e  t h i n k  are t h e  R&D r o u t e s  
t h a t  w i l l  prove most p r o f i t a b l e .  I c e r t a i n l y  agree  wi th  you t h a t  t h e  p o t e n t i a l  
f o r  p o s s i b l e  R&D t o  be  performed always exceeds t h e  funds a v a i l a b l e ,  

We w i l l  a t tempt  i n  our  @ 

162 



SESSION 111 

A p r i l  3 ,  1968 

MATERIALS FOR FAST REACTORS 

Chairman: James F. Schumar 
Argonne N a t i o n a l  L a b o r a t o r y  

Loca l  Co-ord ina tor :  Layton J. Wi t t enbe rg  
Monsanto Research Corporation 

163 





4 E R A M I C  FUELS FOR FP.ST REACTORS 
Stanley Goldsmith, I?. J. Jackson, and E. T. Weber 

Battelle Memorial Institute, Pacific NortSwest Laboratory 
Richland, Washington 

ABSTFJCT 

Fast reactor fuels are subjected to considerably 
more severe operatinr; conciitions than are ther- 
mal reactor fuels. 

Differences in service conditions and design 
parameters for fast reactor and thermal reac- 
tor fuels are described. 

Currently, three uranium-plutonium ceramic con- 
pounds - oxides, carbides, and nitrides - all 
have high potential as fast reactor fuels. The 
relative merits of these compounds are assessed 
by comparinq their thermal properties, swelling 
behavior, and compatibility characteristics. 
The design factors affecting performance of fast 
reactor ceramic fuels are identified. 

INTRODUCT I OM - 
The economic suacess of fast breeder reactors depends upon 
developing reactor fuels capable of operatincj to long ex?o- 
sures at high specific powers in high fast neutron fluxes. 
Currently, ceramic fuels are most likely to meet these con- 
ditions. Of the ceramic fuels, oxides, carbides, and 
nitrides have been developed to the point where a prelimi- 
nary assessment of their value as fast reactor fuels can be 
made by comparing key material characteristics. 
sentation some of the more important properties of these cera- 
mic fuel materials are broadly compared. In addition, key 
design factors for ceranic f u e l s  are identified, and the per- 
formance potential of each type of fuel is assessed. 

In this pre- 

CRITERIA FOR FAST REACTOR FUEL 

The operating conditions imposed on fast reactor fuels require, 
if not new technologies, considerable advances in existing tech- 
nologies. 
range which permit prudent extrapolation from existing experience. 
A few of the  service conditions for fast reactor fuels are listed 
in Table 1. 

These conditions for the most part are beyond the 

@ 
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Table  1 
T y p i c a l  S e r v i c e  Cond i t ions  

For  Fas t  and Therna l  Reac tor  Oxide F u e l s  

F lux ,  T o t a l ,  nv 

F r a c t i o n  w i t h  
E>0.1 MeV 

Burnup, I%Jd/ton 

Cladding  Dose, n/cm 2 

S p e c i f i c  Power, 
krv/I<g (U-Pu) 

Coolant  Outlet T e m p . ,  OF 

Therna l  R e a c t o r s  

l 0 l 4  

0 . 3  - 0 . 4  

1 0 , 0 0 0 - 2 0 , 0 0 0  

1 O 2 O  - 10 2 1  

2 5 - 3 0  

500-600  

Fas t  Reac to r s  

0 . 3  - 1 . 0  x 

0.6  - 0.8 

100,000 
2 4  - 10 

2 0 0 - 2 5 0  

8 0 0 - 1 2 0 0  
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AS seen in this table, the flux levels and neutron fluences 
to which the fuel and c1addir.g materials are exposed in a 
fast reactor may be several orders of magnitude greater than 
in the thermal reactor. Fuel burnup may be between 5 and; 10 
times greater. Specific power in a fast reactor may be 7 to 
10 times greater than that encountered in thermal reactors. 
The coolant temperature in a sodium cooled fast reactor is 
about twice as high as in a water cooled thermal reactor. 

@ 

Figure 1 contrasts the physical differences in thermal and fast 
reactor fuels. 
and the fuel pin are shown to a relative scale so that the COT?.- 
ponents of each are in proportion. 
mal fuel rod is ~ 1 2  ft long while the 1/11 
reactor fuel pin is ~8 ft long. 
is necessary to allow for the higher specific power at which 
fast reactor fuels operate. 
reactor fuel occupies about 90% of the rod length. 
reactor pin, the fuel column lengt5 is only about half the pin 
length. 
a blanket material located above and below the fuel colunn to 
enhance breeding gain. 
greater fission gas concentration obtained in a fast reactor 
fuel, the ratio of plenum length to fuel column length in a 
fast reactor fuel pin is about an order of naqnitude (Treater 
than in a thermal reactor fuel roc?. 

The schematic representation of the fuei rol! 

The 1/2 in. diameter ther- 

The smaller diameter fuel pin 
in. diameter fast 

The fuel column in a thermal 
In a fast 

The fast reactor fuel pin conts.ins an extra component, 

Because of the hiqher hurnup and 

In addition to these differences in service conditions and 
design features, there are very significant differences in t h e  
distribution of power and temperature in fast and thernal reac- 
tor fuels. 
attenuated by the fuel material, and consequently, a larger num- 
ber of fissions occur in the peripheral region of the f u e l  rod 
than in the central region. This flux depression affects the 
power profile in the fuel, as shown in Figure 2. The specific 
power at the surface of the fuel is about 50% greater than at 
the center of the fuel. In a fast reactor, practically no flux 
depression occurs, and the specific power is uniforn across the 
radius, t h u s  giving an essentially f l a t  power profile. 

In a thermal reactor, the flux is depressed or 

As shown in Figure 3 ,  the maximum fuel temperature ani! the ten- 
pera+ure profile in a thermal reactor fuel rod and a fast reac- 
tor fuel pin are not the same because of differences in power ’ 
profiles and in surface temperatures. At a linear heat ratinq 
of 16 ktJ/ft the maximum fuel temperature is about 800 OC higher 
in a fast reactor fuel pin than in a thermal reactor fuel rod. 
For the example shown here, about half of this difference is 
due to the lower surface temperature of thermal reactor fuel 
and half to the flux depression. 

If fuel temperature is plotted as a function o f  fuel radius 
rather than fraction of the radius, the gradient in the sinaller 
diameter fast reactor pin as compared to the therrnal reactor 
fuel rod would be even Treater than that shown in Figure 3 .  
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Design 
Parameters 

Length, ft 

Diameter, in. 

Fuel Col. Lgth. ft 

Blanket Lgth. in. 

Ratio-Plenum to 
Fuel Co lumn 

Claddi n g  Material 

Thermal Reactor 
Fuel Rod 

4 2  

0.5 

-1 1 

0.08 

6 -8 

0.25 -0.30 

3 -4 

-10 Top & 

1-1.5 

Zi  rca loy Sta in  I ess 

FIGURE 1: THERMAL AND FAST REACTOR FUEL 
DES IGN PARAMETERS 
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1.25 

1.20 

1.15 

1.10 

1.05 

1.00 

0.95 

0.90 

0.85 

0.80 

FIGURE 2: POWER PROFILES FOR FAST AND THERMAL REACTOR 
FUELS 
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FIGURE 3: TEMPERATURE PROFILES FOR FAST AND THERMAL 
REACTOR FUELS 
(OXIDE FUEL 63 16 kwlft) 
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IclriTE RIAL C HARAC TE RI S T IC S 

Of the ceramic fuels being considered for fast reactor use, 
the uranium-plutonium oxides are by far the most developed, 
and consequently may be expected to be used in the first fast 
breeder reactors. Such properties as chenical and mechanical 
stability, compatibility with cladding, and high melting point, 
which have made oxide the preferred fuel material for thermal 
reactors, are also desirable for fast reactors. However, the 
relatively low thermal conductivity of oxides limits permissi- 
ble pin Fowers. With the ''no melting" criteria imFosed on 
reactor fuel, l o p 7  thermal conductivity severely limits oxide 
fuel yerfornance. Additionally, the breeding gain with oxide 
fuel, while acceptable for early fast breeder reactors, nay 
be too low to provide optimurn economic performance. 

The uranium-plutonium carbides and nitrides, while not as 
fully developed as the oxides, do have considerably higher 
thermal conductivity, and also by virtue of their higher metal 
density, have tne potential for providing higher breeding 
gains. The metal densities of ( U o .  8P.Uo. 2 )  C and ( U o .  ~ P U O .  2) N are 
12.9 and 13.5 grn/cc as compared to 9.7 gm/cc for (Uo,8Pu0.2)02. 
Thus, carbide and nitride fuels are expected to yield breeding 
gains somewhat greater than oxide f u e l s .  For these reasons, 
the carbides and nitrizes are.-considered excellent candidate 
n-iaterials for fast reactor fuels. Considerably more testing 
and evaluation of these materials, however, are required to 
assess their real worth. Fuel-cladding compatibility and- 
swellins behavior of carbide fuels are the principal area-s of 
concern. Swelling behavior of the nitrides is expected to be 
about the same as in the carbides, but comFatibility should 
not be a pro5lem. Ejecause of the higher capture cross-secti-on 
of nitrogen compared to carbon; the breeding gains with nitrides 
may be somewhat less than with carbides. The difference, how- 
ever, is marginal, and it is not expected to be a significant 
factor in evaluating the two fuel materials. UnGoubtedly, many 
of the existing reservations regarding carbides and nitrides 
are speculative and arise from insufficient irradiation exper- 
ience with these fuel materials. .It is. interesting to note 
that in some cases the same property data are lacking f o r  
oxides that are lacking for carbides and fiitrides. In the case 
of oxides,. however, this lack is partially offset by empirical 
relationships obtained through the extensive use of oxides as 
thermal reactor fael. 

To a large extent, the relative merits of oxides, carbides, and 
nitrides can be assessed by comparing their the-mal propertses, 
swelling behavior, anu compatibility characteristics. 

Thermal Properties 

Melting ?oint, thermal expansion, and thermal cond-uctivity are 
the thermal pro2erties of principle interest. 

The uranium-plutoniun oxides, carbides, and nitrides all are 
refractory compounds with melting points ranging between 2470 
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and 2800 OC. Melting points for the stoichiometric composi- 
tion of these materials are shown in Table 2. Because of 
their high thermal conductivity, the melting temperatures of 
the carbides and nitrides are not as critical in limiting fuel 
performance as in the oxide case. Without an initial nitrogen 
overpressure, the nitride starts to decompose at temperatures 
below the true melting point. In a closed system, as a free 
metal (liquid) phase is formed, nitrogen is released, thus 
providing a nitrogen over pressure which retards further decom- 
position. With one atmosphere of nitrogen the temperature at 
which decomposition occurs, 2720 OC,(l)is within 50 OC of the 
congruent melting point. Decomposition temperature in one 
atmosphere of helium without any nitrogen overpressure is still 
sufficiently high, 2435 OC,(2)to prevent thermal decomposition 
from limiting nitride fuel performance. 

The nelting point for oxides varies with stoichiometry, reach- 
ing a maximum at an 0/14 ratio of 1.97 to 1.98. ( 3 )  
imum thermal conductivity is obtained with stoichiometric oxide 
compositions,(4) the 100 OC hiqher meltinq point obtained at an 
O/Pl ratio of 1.97 to 1.98 has a greater influence on maximum 
permissible specific powers. For this reason, the slightly 
hypostoichiometric oxide is considered the preferred conposi- 
tion. 

Although max- 

Thermal expansion values for uranium-plutonium ceramic fuel 
materials are quite similar, largely in the range of 9.0 to 12.0 
x lO-G/OC. {Jranium dioxide undergoes a 9.G% volume increase 
upon melting.(5) The extent of volume increase on melting in 
mixei! oxides, nitrides, and carbides has not been determined. 

Thermal conductivity, because of its role in establishin9 fuel 
tenperature, is by far the most important of the thermal pro- 
perties. Depnding on temperature, stoichiometry, and plutonium 
content, the thermal conductivity of carbides and nitrides is 
3 to G times higher than that of the oxides. Figure 4 presents 
a comparison of the thermal conductivities of these three mater- 
ials as a function of temperature. The thermal conductivity of 
mixed oxides reaches a minimum between 1600 O-1800 OC. ( 6 - 9 )  
The thermal conductivity of the carbide and nitride fuels 
increases with tenperature, ilrdicatin a fundamental difference 
in the mechanisix of heat conduction. (40-12) The similarity of 
chemical bonds in nitrides and carbides results in essentially 
identical thermal conductivity at the temperatures of interest 
for fast reactor fuel designs. For mixed oxides, the spread in 
the low tempxature data represents the effect ofstoichiometry 
on the conductivity of the single phase oxide.(l3) At tempera- 
tures above 1400 O C ,  effects of stoichiometry have not been 
determined and the s read represents the range of uncertainty 
in reported da'ca. (7-5) The general upswing in UO2 conductivity 
above ~1800 OC should also occur for mised oxide. In fact, 
plutonium additions to about 20 vol% do not markedly chznge the 
thermal conductivity fron that of UQ2. Mixed carbides and 
nitrides, however, show a definite decrease in thermal conduc- 
tibit relative to pure UC aiid UN with the addition of pluton- 
ium.( 1%) 
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Table 2 
Melting Points of Cerarnic F u e l  Flaterials 

Material 

('0. g p U 0 .  2 ) 0 2 . c ) 0  

("0. gpU0.  2 )  

('0. gpU0. 2 )  

!le 1 ti ng 
Point, O C 

2 8 0 0  ( L i q u i d u s )  

2 4 7 5  ( L i q u i d u s )  

2 7 2 0  

2 4 3 5  

2 7 7 0  (Congruen t  m e l t  
1 0 - 1 5  a t m s  p J 2 )  

(Deconpos i t i o n  
1 a t m  I \ i 2 )  

1 atn He) 
(Decomposition 
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I n  F i g u r e  5 ,  t5e e f f e c t  of s t o i c h i o m e t r y  on t h e  t h e r m a l  conduc- 
t i v i t y  of t h e s e  ceraxic f u e l  m a t e r i a l s  i s  shown. With tlie 
mixed o x i d e s ,  gaxizuin t h e r m a l  c o n d u c t i v i t i e s  are  o b t a i n e d  ~t7i th  
a s t o i c h i o m e t r i c  c o m p o s i t i o n .  (4) 

I t  s h o u l d  b e  r e c o g n i z e d  t h a t  d e v i a t i o n s  fron.  s t o i c h i o m e t r y  i n  
o x i d e s  r e s u l t  i n  c r y s t a l l i n e  d e f e c t s  i n  a s i n q l e  p h a s e  mater- 
i a l .  I n  c a r b i d e s  o r  n i t r i d e s ,  d e p a r t u r e  f rog.  s t o i c h i o m e t r y  
a f f e c t s  t h e r m a l  c o n d u c t i v i t y  by t h e  f o r m a t i o n  of a second p 5 a s e  
i n  a d d i t i o n  t o  t h e  n o n o c a r b i d e  or  x o n o n i t r i d e .  T h i s  second 
p h a s e  i s  e i t h e r  (U,Pu)  ne t a l  i n  a h y g o s t o i c 5 i o m e t r i c  composi- 
t i o n ,  o r  a h i q h e r  c a r b i d e  o r  n i t r i d e  p h a s e  i n  t h e  h y p e r s t o i c h l o -  
met r ic  c o m p o s i t i o n .  

A t  room t e m p e r a t u r e ,  maximum t h e r m a l  c o n d u c t i v i t i e s  a.re o b t a i n e d  
w i t h  c a r b i d e s  ha.ving a b o u t  4 . 9  w e i g h t  p e r  cenk c a r b o n .  ( l g )  I n  
r!iised n i t r i d e s ,  t h e r m a l  c o n d u c t i v i t y  a .ppa ren t ly  decreases w i t h  
i n c r e a s i n q  n i t r o q e n  c o n t e n t .  ( I4 )  
t h i s  t r e n d  fo r  n i t r i d e  have  n o t  been  d e f i n e d .  

The c o m ~ o s l t i o n  lirnits o f  

T e s t s  t o  d e t e r m i n e  burnup e f f e c t s  on t h e r m a l  c o n d u s t i v i t i e s  o f  
cerarnic f u e l  m a t e r i a l s  are  c u r r e n t l y  i n  p r o g r e s s .  ~ J O  s i g n i f i -  
c a n t  d a t a  f rom t h e s e  t e s t s  a re  y e t  a v a i l a b l e .  G e n e r a l l y ,  it 
i s  assumed t h a t  t h e r m a l  c o n d u c t i v i t y  o f  tile f u e l  d e c r e a s e s  v i t l i  
bu rnup .  However, t!ie e x t e n t  o f  d e c r e a s e  may n o t  b e  t h z  same 
f o r  c a r b i d e s  and n i t r i d e s  a s  it i s  f o r  o x i d e s .  

S w e l l i n g  S e h a v i o r  

P o t e n t i a l l y  t h e  nost  l i m i t i n g  f a c t o r  i n  ceranic f u e l  n e r f o r n a n c e  
i s  f u e l  s w e l l i n q .  
of solid and  g a s e o u s  f i s s i o n  p r o d u c t s  i n  t h e  f u e l  ma te r i a l .  
V h i l e  t!ie a n o u n t  of f i s s i o n  p r o d u c t s  formed i s  a f u n c t i o n  of 
bu rnup ,  t h e  r e s u l t a n t  swe11Fnq i s  r e l a t e d  t o  f u e l  t e m p e r a t u r e ,  
f u e l  p o r o s i t y  c r e e p  s t r e n g t h ,  and  m e c h a n i c a l  r e s t r a i n t .  Eiigh 
t e m p e r a t u r e s  t e n d  t o  r e d u c e  s w e l l i n g  by r e l e a s i n g  f i s s i o n  q a s e s  
and. by i n c r e a s i n g  f u e l  p l a s t i c i t y ,  t h e r e b y  acconmodat ing  fuel 
s w e l l i n g  i n  a v a i l a b l e  i n t e r n a l  p o r o s i t y .  

F u e l  s w e l l i n g  i s  c a u s e d  by an  accuk.ulatFon 

I n  F i g u r e  6 ,  t h r e e  t e z p e r a t u r e  r e g i o n s  i n  o x i d e  f u e l  are  i d e n -  
t i f i e d  and r e l a t ed  t o  f u e l  s w e l l i n g .  I n  t h e  c e n t r a l  r e g i o n ,  
p r a c t i c a l l y  a l l  of t!ie f i s s i o n  g a s e s  a re  r e l e a s e d  and  a re  ab le  
t o  move f r e e l y  t h r o u g h  t h e  h i g h l y  p l a s t i c  f u e l  ma te r i a l  t o  t h e  
plenum o r  f i s s i o n  gas v e n t .  Thus,  f i s s i o n  p r o d u c t s  f o r n e d  i n  
t h i s  r e g i o n  c a u s e s  no s w e l l i n g .  The boundary  t e n p e r a t u r e  of 
t h i s  r e g i o n  i s  n o t  w e l l - d e f i n e d  b u t  i s  c o n s i d e r e d  t o  be be tween 
1 6 0 0  and  1 8 0 0  OC. I n  t h e  a d j a c e n t  r e g i o n ,  which h a s  a lower  
t e m p e r a t u r e  of a b o u t  1 4 0 0  OC, t h e  f u e l  i s  s t i l l  somewhat p l a s -  
t i c :  f i s s i o n  g a s e s  a re  released from t h e  l a t t i c e  a n 6  coalesce 
t o  b u i l d  up  stresses which p l z s t i c a l l y  deform t h e  f u e l .  F o r c e  
i s  t h u s  a p p l i e d  t o  t h e  o u t e r  r e g i o n  of t h e  f u e l  by t h i s  p l a s t i c  
d e f o r m a t i o n .  I n  t h i s  o u t e r  r e g i o n  2 r a c t i c a l l y  a l l  of t h e  f i s -  
s i o n  g a s e s  a re  r e t a i n e d ,  b u t  t h e  f u e l  m a t e r i a l  has s u f f i c i e n t  
s t r e n g t h  t o  r e s t r a i n  s w e l l i n g .  However, i n  tlie " c r a c k e d  f u e l "  
s w e l l i n g  model i t  i s  assfined t h a t  t h e  f u e l  i n  t h i s  o u t e r  r e g i o n  
i s  c r a c k e d  and t h u s  t r a n s m i t s  t h e  f o r c e s  froin t h e  a d j a c e n t  2 las-  
t i c a l l y  deformed r e g i o n  t o  t h e  c l a d d i n g .  An a l t e r n a t e  n o d e l  
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FIGURE 6: TEMPERATURE REGIONS FOR FUEL SWELLING MODEL 
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assumes that plastic deformation can occur from this interme- 
diate region to the edge of the fuel. In this model, stress is 
uniformly applied to the cladding. 

Swelling rates equivalent to 1% AV/at% burnup have been mea- 
sured for mixed oxides. (I5) This rate is considerably lower 
than the rate of 1.7 AV/at% burnup measured for U02 fuel. 

Limited swelling data are available on mixed carbides. Swell- 
ing rates between 1.1 and 1.7 AV/at% burnup in highly restrained 
specimens have been reported for hyperstoichiometric mixed car- 
bides over a maximum tenperature range of 790 t o  1150 OC.(17) 
Swelling rates obtained in hyperstoichiometric nixed carbides in 
the Dounreay Reactor were 2% A17/at% burnup at 1500 OC and 0.5% 
AV/at% burnup at 950 OC. (18) 
rate between 950 and 1500 OC appears to indicate that the "break- 
away" swelling which has been observed for UC in this temperature 
range will also occur in mixed carbides. 

The swelling behavior of mixed nitrides has not been determined. 
Swelling data. from tests of uranium nononitride indicate rates 
of approximately 1.4 to 2 . 0 %  AV/at% burnup at temperatures to 
1200 O C , ( 1 9 )  A similarity of swelling behavior for carbides and 
nitrides is to be expected because of their similarity in chemi- 
cal and physical properties. In general, measured and inferred 
rates for both the carbides and nitrides appear to be somewhat 
higher than for the oxides. The higher swellinq rates may be 
caused by the lower tenperatures at which carbide and nitride 
fuels operate rather than by any inherent characteristic of the 
material. For example, at 15 kW/ft, maximum fuel temperature in 
carbides would be about 1050 O C  with a helium bond and 800 OC 
with a sodium bond. At twice the linear power, 30 kW/ft, t h e  
maximum fuel temperature obtained in the fuel would be about 
1500 O with a helium bond and abolit 1050 OC with a sodium Sonci. 
These temperatures are probably too low to provide siqnificant 
plasticity in the fuel or a high fission qas release rate. Thus, 
at specific powers which appear feasible for current fuel design 
somewhat more swelling can be expected with carbide an6 nitride 
fuels than with oxide fuels. 

The large increase in swelling 

Compatibility 

A key criterion for LFlFBR fuel material is compatibility with 
cladding and with sodium. Oxide fuels are cJenerally considered 
to be compatible with stainless steel; however, there is evidence 
that some reaction between the oxises and stainless steel does 
take place.(20) 
observed is detrimental to fuel performance. 

There is no evidence that the linited reaction 

Although oxide fuels are expected to utilize a helium bond, con- 
cern reqarding oxide-sodium compatibility exists because contact 
between these materials might result from cladding failure or, in 
the case of a vented fuel, from entry of sodium throug'n the vent. 
Out-of-reactor tests have shown that stoichiometric and hypo- 
stoichiometric mixed oxides do not chemically react with sodium 
at 750 O C .  Hyperstoichiometric mixed oxide pellets in contact 
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with sodium at 750 OC were reduced to powder. (21) In-reactor 
tests have shown slight reaction of mixed oxides with sodium, 
but no detrimental effects have been observed. 

It is difficalt to generalize on the compatibility problems of 
mixed carbide fuels with stainless steels. Recent experiments 
have shown that problems anticipated on the basis of uranium 
carbide experience may not exist with mixed carbides. When 
composition and impurities in the mixed carbides were closely 
controlled, no Compatibility problems with stainless steel were 
encountered. However, the possibility for carbon transfer to 
stainless steel is always present if departure from the monocar- 
bide composition occurs. 

The higher carbides (U, Pu) 2C3 and (U, Pu) C2 occurring in hyper- 
stoichiometric fuel apparently are solely responsi1)le for trans- 
fer of carbon from the fuel to other portions of the system. 
Reaction with stainless steel always occurs in the presence of 
dicarbide (U,Pu)C2 but is quite liinited or absent if only the 

Within a composition range limited to the stoichiometric or 
slightly hyperstoichiometric carbon contents, the nixed carbides 
aFpear stable at 800 OC in both direct contact and sodium bonded 
designs.(23) 
associated with high carbon activity, but the free metal phase 
can react with cladding to form intermetallic compounds or low 
melting eutectic compositions. As with the hyperstoichiornetric 
fuel, the reactivity is greatest with large departures from 
stoichiometry. Slightly hypostoichiometric compositions 
(~4.7-4.8 wt% C) have been shown to be stable in contact and sodium 
bonded systems with stainless steels.(24) 

sesquicarbide (U,Pu)C3 is present in concentration near 10 ~ 0 1 % .  ( 2 2 )  

Hypostoichiometric compositions do not pose problems 

One reason for the attractiveness of nitride fuels is their favor- 
able compatibility characteristics as compared to the carbides. 
Virtually all tests to date indicate that stoichiometric nitrides 
are compatible w'th stainless steel in both direct contact and a 
sodium bond. ( 2 5 )  t 2 6 )  
nitrides and carbides in this respect involves the relative ease 
with which nitride stoichiometry can be controlled during fabri- 
cation and the somewhat simpler phase diagram relationships in 
nitride systems. In tests in which nitrides, deliberately syn- 
thesized to contain a large excess of nitrogen (i.e., containing 
a sesquinitride phase) some nitriding of stainless steel was 
observed. The nitrides appear to be particularly stable in a 
sodium bond, even when penetrated by sodium to the interior of 
the fuel at temperatures above 1000 0C.(27) 

Apparently the actual difference between 

DESIGN FACTOXS INFLUENCING FUEL PIN PERFORMANCE 

Before reliable designs for ceramic fuels can be established, 
information is needed on fuel pin behavior under steady-state, 
off-standard, and transient conditions. To a large extent, this 
information must be obtained on prototype or near'prototype fuel 
pins with temperatures afid burnups representative of those 
obtained in LMFBR's. Fuel development efforts underway and planned A 
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are focused on obtai-ning performance data needed in the near 
future for designing mixed oxide fuels for the Fast Flux Test 
Facility (FFTF) and early demonstration reactors. The longer 
range aspects of some of these efforts are expected to provide 
data for designing oxide and carbide or nitride fuels for com- 
mercial LMFBR's. 

An important factor in any fuel design is the manner in which 
released fission gases are handled. Providing a plenum as an 
integral part of the fuel pin is probably the simplest method 
of handliq released fission gases. Elowever, the gas pressure 
buildup in such a pin design will (a) affect cladding strength 
requirements, and (b) could, in the event of cladding failure, 
cause serious consequences. A vented fuel system, while eli- 
minating the problems associated with the plenum, raises prob- 
lems with the handling of vented radioactive gases and possible 
backflow of coolant sodium into the pin. Fuel designs for the 
FFTF and early demonstration reactors will probably utilize 
gas pLenums. 
vented fuel designs to achieve desired high burnups at high 
specific powers. 

Sodium bonding provides a means of enhancing effective thermal 
conductivity and providing an annular space (without signifi- 
cantly increasing fuel temperatures) for accommodating fuel swell- 
ing. 
iously affected, however, by degradation or partial loss of the 
bond during irradiation. 
a heat transfer medium may be reduced by the buildup of fission 
products in the sodium. A l s o ,  released fission gases may form 
bubbles in the bond, thus creating hot spots. In high thermal 
conductivity fuels such as carbides or nitrides, voids or bubbles 
in the sodium bcnd may not be as detrimental as in oxide fuel. 

The potential problem resulting from fuel failures must be deter- 
mined. Until the consequences of fuel pin failures can he estab- 
lished, fuel designs and operating limits must be conservative. 
Items of concern are : 

Commercial LMFBR's will probably have to employ 

The performance potential of sodium bonded fuel may be ser- 

The effectiveness of the sodium bond as 

0 Failure propagation in the closed packed fuel pin sub- 
assemblies; 

0 Ejection of the sodium at a defect by the pressure of 
contained fission gases in sodium bonded unvented fuel; 

0 Formation of a gas blamket around the defected and 
adjacent pins by fission gases forced out of gas bonded, 
unvented fuel, 

0 Necessity for immediate reactor shutdown to remove fai-lecl 
fuel; and 

0 The extent to which fuel material may be washed out by 
the sodium coolant. 
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Smear density and void deployment nay be key factors in accornmo- 
dating fuel swelling. Void volume in fuel pins may be obtained 
by the use of (a) an annular gap with high density pellets, (b) 
cored pellets, (c) low density pellets, and (d) vibratory com- 
pacted fuel particles. The relative merits of uniformly distri- 
buted void volume (as obtained wich low density pellet or vibra- 
tory cmpacted particles) and "concentrated" void volume (as 
obtained witi-: high density pellets with annular gaps or core 
pellets) have not been determined. Smear density and void 
deployment can also affect effective thermal conductivities; thus, 
specification of smear density and void deployment must consider 
fuel temperature limitations as well as fuel swelling behavior. 

@ 

imum fuel temperatures at limiting specific powers will be 1750 OC 
with a helium bond and 1150 OC with a sodium bond. Fuel designs 

SUI@lARY AND CONCLUSIONS 

Ceramic compounds offer the best possibility of meeting the 
stringent performance requirements of LMFBR's. Although there 
are large qaps in the ma'ierial properties data and irradiation 
experience available for oxides, carbides, and nitrides, there 
appears to be no unfavorable characteristics inherent in these 
materials that would prevent their use as fast reactor fuels. 
Realizing their potential performance capabilities will be largely 
dependent upon developing designs capable of exploiting favorable 
characteristics of the materials. 

Oxides 

Oxide fuels are to be used in the FFTF and early demonstration 
reactors. Development efforts underway and plannzd, if reason- 
ably successful, should provide designs capable of achieving 
50,000 MWd/tonne. With additional developncnt effort and exper- 
ience obtained from these early oxide cores, fuel designs capable 
of attaining 100,000 ?IWd/tonne should be available for commercial 
LMFBR's. The economic performance of oxide fuels may be limited 
by its low thermal conductivity and low breeding ratio. Permis- 
sible burnup may be limited by fuel swelling. 
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are needed which can better utilize the thermal conductivity 
advantage of carbides and nitrides. 
for developing such designs is not now available. 

The limited data available on the properties of carbides and 
nitrides will permit only very tentative conclusions regard- 
ing their mosk restrictive characteristics. 
carbide fuels may be limited by high swelling rates and fuel- 
clad compatibility problems. Swelling is also of concern 
with nitride fuels, but there should be no compatibility prob- 
lems with stainless steels. 

Sufficient information 
@ 

Performance of 
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DISCUSSION 

C.A. Anderson (Westinghouse) - On your comment on uranium-plutonium carbide 
breakaway swelling - I may have been misleading in my talk yesterday when I showed 
a very large scatter in the swelling vs. temperature data, but since then we have 
looked at this again and what we have done is sort of like taking a random aud- 
ience and saying that 50% of the men and women are wearing dresses. But then 
later on if you break apart the population, you find that 100% of the women are 
wearing dresses and none of the men. On the uranium carbide swelling data we 
found that the breakaway swelling which occurred was mostly in the hypostoichio- 
metric material. The population was essentially the same at low temperatures, but 
we got only 5% probability that the populations were the same for hyper and hypo 
above the breakaway swelling point. We find no breakaways for hyper at temperatures 
up to about 14OO0C. 
iometric f'uels that we are using in our design to behave similarly to the hyper- 
stoichiometric. We don't expect these large swelling rates above the breakaway 
temperatures. 

Another comment on the venting mechanism and your worry about cleanup of gas 
in sodium. I don't think this is serious because if you are going to hypothesize 
the commercial design, you are going to have to tolerate some leakage of fuel 
element at sometime in plant life, 
core failures sometimes toward the end of the core life. Once you have done that 
you have the problem anyway. 

Similarly, we expect the chromium carbide modified hypostoich- 

Our general idea is something like 1% of the 

C.B. Zitek (Commonwealth Edison Company) - Is there any chance that some of 
the early work that was done on the oxide f'uel is still classified? I am primar- 
ily concerned with the problem of propagation of failure. Do you know, has all 
the previous work on oxide fuels been declassified? 

S. Goldsmith - I don't know of any classified information on oxide fuel fail- 
ures which would add a great deal to what we already know and is already available 
in the unclassified literature. 

C.B. Zitek - Has anyone made a survey of the previous work? I know way back 
there was a lot of work done on oxide and I was wondering whether all of this has 
been declassified or not. 

S. Goldsmith - To my knowledge the vast majority of the information has been 
declassified. 

P. Cohen (Westinghouse) - If you are referring to the progressive failure 
tests of the water reactors, there w a s  a program in connection with the Shipping- 
port plant for which I was responsible and a number of progressive failure tests 
were run. We came to the conclusion that it was not a significant factor in the 
Shippingport design. I don't want to imply, since I have no basis for saying so, 
that there isn't. such a problem in the liquid metal reactors, but I would suggest 
that a considerable amount of out-of-pile work be undertaken before any in-pile 
tests on this problem are done because it is just one hell of a problem. 
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S. Goldsmith - Yes, I agree. Actually the problem in LMFBR may be some- 
what more severe than in thermal reactors because of the closer packing of the 
fuel pins. 

(Anon-vmous) - I was wondering - when you compare swelling with U02, UN, 
and UC, since it is pretty strongly temperature dependent, shouldn't you really 
compare them at about the same temperatures or equivalent temperatures? For 
instance, with a UN fuel pin, you probably go to no helium bond or maybe a 
larger diameter pin, so for swelling comparison purposes, shouldn't it really 
be done at about the same temperatures? 

S. Goldsmith - Yes, this is my contention that most of the data on the car- 
bide and nitride have been obtained at temperatures considerably lower than the 
oxide and, of course, I think the reason for this is that the actual operating 
temperatures for carbides and nitrides w i l l  probably be considerably lower; so 
that while you are not getting a true comparison of the material characteristics 
by comparing them at these different temperatures, you are getting a comparison 
of the fuel performance properties. 

J.F. Schumar - Cliff, one piece of information - the ANS and the AEC are 
having a monograph prepared by Massoud Simnad at General Atomic on all the 
operational histories available on fast reactor fuel elements. I don't know 
when the monograph is coming out. 
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ABSTRACT 

The e f f e c t s  o f  i r r a d i a t i o n  on t h e  m e c h a n i c a l  and p h y s i c a l  
p r o p e r t i e s  of  mater ia l s  t o  b e  used  as  c l a d d i n g  and s t r u c t u r a l  
components  i n  f a s t  r e a c t o r s  are o f  g r e a t  i n t e r e s t  t o  t h e  
r e a c t o r  d e s i g n e r .  I n  t h i s  p a p e r  t h e  g e n e r a l  a s p e c t s  o f  t h e  
problem are  d i s c u s s e d  i n  terms o f  t h e  obse rved  changes  i n  
p r o p e r t i e s  and m i c r o s t r u c t u r e  and t h e  p o s s i b l e  mechanisms 
t h a t  might  e x p l a i n  t h e  obse rved  e f f e c t s .  The d i s c u s s i o n  i s  
conce rned  p r i m a r i l y  w i t h  t h e  a u s t e n i t i c  s t a i n l e s s  s tee l s  and 
w i t h  changes  i n  m e c h a n i c a l  p r o p e r t i e s  which o c c u r  a t  t e s t  
t e m p e r a t u r e s  n e a r  t h e  i r r a d i a t i o n  t e m p e r a t u r e s .  F o r  con- 
v e n i e n c e  t h e  problem i s  d i v i d e d  i n t o  t h r e e  r a n g e s  o f  i r r a d -  
i a t i o n  t e m p e r a t u r e :  low t e m p e r a t u r e s ,  T < 0.40 Tm; i n t e r -  
m e d i a t e  t e m p e r a t u r e s ,  0.40 Tm < T < 0.55 Tm;  and h i g h  
t e m p e r a t u r e s ,  T > 0.55 T,. 
t h e  a b s o l u t e  t e m p e r a t u r e  s c a l e . )  On t h e  b a s i s  o f  d a t a  
p r e s e n t l y  a v a i l a b l e  t h e  damage a p p e a r s  t o  be s i g n i f i c a n t l v  
d i f f e r e n t  f o r  e a c h  t e m p e r a t u r e  r ange .  I n  t h e  low- tempera tu re  
r a n g e  t h e r e  i s  an  i n c r e a s e  i n  y i e l d  s t r e n g t h  and r e d u c t i o n  
of work-hardening c o e f f i c i e n t  and un i fo rm s t r a i n .  These 
e f f e c t s  r e s u l t  p r i m a r i l y  from t h e  i n t e r a c t i o n  o f  d i s l o c a -  
t i o n s  w i t h  i r r a d i a t i o n - p r o d u c e d  d e f e c t s .  A t  i n t e r m e d i a t e  
t e m p e r a t u r e s  i r r a d i a t i o n - p r o d u c e d  changes  i n  t h e  p r e c i p i -  
t a t i o n  p r o c e s s  become i m p o r t a n t ,  I n  t h i s  same t e m p e r a t u r e  
r a n g e  t h e  f o r m a t i o n  of  v o i d s  and d i s l o c a t i o n  l o o p s  a f t e r  
i r r a d i a t i o n  t o  h i g h  f a s t  n e u t r o n  f l u e n c e s  c a u s e  l a r g e  
i n c r e a s e s  i n  y i e l d  s t r e n g t h  and l a r g e  r e d u c t i o n s  i n  duc- 
t i l i t y  p a r a m e t e r s .  A t  h i g h - i r r a d i a t i o n  t e m p e r a t u r e s  
s t r e n g t h  p r o p e r t i e s  are n o t  a f f e c t e d ;  however ,  d u c t i l i t y  
i s  s e v e r e l y  reduced .  These  e f f e c t s  r e s u l t  from he l ium 
produced  by v a r i o u s  ( n , a )  r e a c t i o n s .  

(Tm i s  t h e  m e l t i n g  p o i n t  on 

INTRODUCTION 

Changes i n  m e c h a n i c a l  and p h y s i c a l  p r o p e r t i e s  o f  f u e l  c l a d d i n g  and r e a c t o r  
s t r u c t u r a l  components  which o c c u r  a s  a r e s u l t  o f  n e u t r o n  i r r a d i a t i o n  a re  of 
m a j o r  i m p o r t a n c e  t o  t h e  r e a c t o r  d e s i g n e r .  Fo r  example ,  l a r g e  r e d u c t i o n s  i n  
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e i t h e r  t h e  s t r e n g t h  o r  d u c t i l i t y  of t h e  material used as a f u e l  c ladding would 
seve re ly  l i m i t  i t s  a b i l i t y  t o  withstand t h e  imposed stresses without excess ive  
deformation o r  f r a c t u r e .  Materials used i n  a f a s t  r e a c t o r  system must r e t a i n  
adequate s t r e n g t h  p r o p e r t i e s  under r a t h e r  severe ope ra t ing  condi t ions .  
f u e l  c ladding w i l l  ope ra t e  a t  temperatures  between 400 and 7OO0C, w i l l  be 
exposed t o  f a s t  neutron f l u x e s  of 1 x 1015 t o  1 x 1016 neut rons  cm-2 sec-1 
and during i t s  l i f e t i m e  i n  t h e  r e a c t o r  w i l l  r ece ive  f a s t  neutron f luences  i n  
excess  of 1023 neutrons/cm2. 
what lower temperatures  and neutron f luxes  but  because of t h e i r  longer res idence  
t i m e  i n  t h e  r e a c t o r  they may receive s i g n i f i c a n t l y  h igher  neutron f luences .  

8 
The 

Other s t r u c t u r a l  components may opera te  a t  some- 

Data descr ib ing  t h e  e f f e c t s  of such i r r a d i a t i o n  condi t ions  on t h e  mechan- 
i c a l  and phys ica l  p r o p e r t i e s  of materials are very  l imi t ed .  
e s sa ry  t o  combine t h e  r e l evan t  d a t a  obtained from i r r a d i a t i o n s  conducted i n  
thermal  r e a c t o r s  wi th  t h e  d a t a  from f a s t  r e a c t o r  i r r a d i a t i o n s  i n  o rde r  t o  
eva lua te  t h e  expected changes i n  mechanical and phys ica l  p rope r t i e s .  

It i s  thus  nec- 

We s h a l l  res t r ic t  our  d i scuss ion  mainly t o  t h e  behavior of a u s t e n i t i c  
s t a i n l e s s  steels and inc lude  resul ts  from o t h e r  a l l o y  systems only t o  demon- 
strate gene ra l  conclusions.  
l i q u i d  metal f a s t  b reeder  r e a c t o r s  w i l l  be cons t ruc ted  of t h e s e  a l l o y s  and 
because t h e  e f f e c t s  of i r r a d i a t i o n  on mechanical and phys ica l  p r o p e r t i e s  are 
b e s t  understood i n  t h e s e  a l l o y  systems. 

This  l i m i t a t i o n  i s  imposed because t h e  f i r s t  

PRODUCTION OF DEFECTS 

Neutron i r r a d i a t i o n  of a c r y s t a l  has  two b a s i c  e f f e c t s .  F i r s t ,  neut rons  
c o l l i d e  wi th  l a t t i c e  atoms and may d i s p l a c e  some atoms. 
ment l eaves  one l a t t i c e  s i te  vacant ,  a vacancy, and l o c a t e s  one atom i n  an 
o f f - l a t t i c e  p o s i t i o n ,  an i n t e r s t i t i a l  atom. The second e f f e c t ,  t ransmuta t ion ,  
i s  i n i t i a t e d  by a neut ron  cap tu re  and r e s u l t s  i n  a changed m a s s  number of t h e  
captur ing  atom. 

A s i n g l e  d isp lace-  

Vacancies and i n t e r s t i t i a l s  are produced p r imar i ly  as a r e s u l t  of c o l l i -  
s i o n s  between moving par t ic les  (neutrons o r  d i sp l aced  atoms) and l a t t i c e  atoms. 
Assuming t h a t  such c o l l i s i o n s  can be t r e a t e d  as e l a s t i c  c o l l i s i o n s  between hard 
spheres ,  t h e  maximum energy t r a n s f e r r e d  when a pa r t i c l e  of mass m l  and energy 
E s t r i k e s  a par t ic le  of mass m2 a t  rest is  

Since t h e  neutron has  a mass number of 1, t h i s  becomes 

Emax 

where A2 is  t h e  mass number of t h e  s t r u c k  p a r t i c l e .  
f e r  i s  h a l f  t h e  maximum amount. 
exceeds some threshold  va lue ,  u sua l ly  es t imated t o  be about 25 ev, t h e  atom 
w i l l  be d isp laced  from i t s  l a t t i c e  s i te .  

The average energy t r ans -  
Now, i f  t h e  energy t r a n s f e r  t o  t h e  s t r u c k  atom 

Such an atom, termed a primary knock-on, 
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w i l l  i n t e r a c t  w i t h  l a t t i c e  atoms i n  i t s  v i c i n i t y ,  p o s s i b l y  d i s p l a c e  some of  them, 
and g r a d u a l l y  come t o  rest. I f  t h e  s t r u c k  atom r e c e i v e s  a l a r g e  amount of  ene rgy ,  
i t s  more l o o s e l y  bound e l e c t r o n s  w i l l  he  s t r i p p e d  from i t ,  l e a v i n g  i t  h i g h l y  
i o n i z e d .  Under t h e s e  c o n d i t i o n s  i t  w i l l  i n i t i a l l y  l o s e  energy p r i m a r i l y  th rough  
e l e c t r o n i c  i n t e r a c t i o n s ,  b u t  as i t  slows down i t  w i l l  make f r e q u e n t  c o l l i s i o n s  
w i t h  l a t t i c e  atoms, t h e  frequency i n c r e a s i n g  as t h e  energy of t h e  knock-on 
d e c r e a s e s .  

C a l c u l a t i o n  o f  t h e  t o t a l  number of d i s p l a c e d  atoms produced i s  o b v i o u s l y  a 
complex problem. To i l l u s t r a t e  t h e  o r d e r  of magnitude of  t h e  number w e  w i l l  
f o l l o w  t h e  t r e a t m e n t  of  Kinchin and P e a s e . ( l )  They assume t h a t  t h e  knock-on 
l o s e s  energy e n t i r e l y  by i o n i z a t i o n  above some c u t o f f  ene rgy  approx ima te ly  
e q u a l  t o  t h e  mass number of  t h e  s t r u c k  atom i n  thousands of  e l e c t r o n  v o l t s  
and e n t i r e l y  by e l a s t i c  c o l l i s i o n s  w i t h  l a t t i c e  atoms below t h i s  c u t o f f  energy.  

The number of  a d d i t i o n a l  d i s p l a c e d  atoms produced p e r  pr imary knock-on 
atom i s  approx ima te ly  

Nd = - E f o r  2Ed < E < Ei ( 3 )  
Ed 

and 

where 

E = t h e  ene  

i f o r  E > E - Ei Nd - - 
Ed 

gy of  t h e  pr imary knock-on, 

( 4 )  

Ed = t h e  t h r e s h o l d  d i sp lacemen t  ene rgy ,  approx ima te ly  25 e v  f o r  metals ,  

Ei = t h e  energy of t h e  pr imary above which i t  i s  assumed t h a t  o n l y  ion-  
i z a t i o n  and no d i s p l a c e m e n t s  are produced. 

For  example, i f  an i r o n  atom (M = 56) i s  s t r u c k  by a l-Mev n e u t r o n ,  t h e  
maximum energy t r a n s m i t t e d  t o  t h e  p r imary  i s  [by Eq. (211  

= - %  4 x 1  56 % 0.07 Plev max E 

Th i s  i s  above t h e  i o n i z a t i o n  energy,  s o  t h e  number of d i s p l a c e m e n t s  p e r  p r i -  
mary is [by Eq. (411 

3 - 56'000 2 10 d i s p l a c e m e n t s  Nd - 2 x 25  

It is  impor t an t  t o  r e a l i z e  t h a t  t h e  d i s p l a c e d  atoms are n o t  produced homo- 
geneous ly  throughout  t h e  mater ia l .  For  an i n d i v i d u a l  c o l l i s i o n  t h e  d e f e c t s  
r e s i d e  i n  a small  volume around t h e  t r a c k  o f  t h e  p r imary  knock-on, which typ-  
i c a l l y  e x t e n d s  a few t e n s  o r  pe rhaps  hundreds of  angstroms. T h i s  volume i s  
termed a d i sp lacemen t  cascade ,  b u t  i n  r e a l i t y  i t  may be composed of subcas-  
cades  produced by secondary knock-ons. 
v a c a n c i e s  and i n t e r s t i t i a l  atoms w i t h i n  a cascade  i s  n o t  uniform. 

Note t o o  t h a t  t h e  d i s t r i b u t i o n  o f  
I n  g e n e r a l ,  
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t h e  i n t e r s t i t i a l s  are d i s p l a c e d  outward, l e a v i n g  a vacancykrich c o r e  i n  t h e  c e n t e r  
of t h e  cascade.  

Such r e g i o n s  are  g e n e r a l l y  u n s t a b l e  and some dynamic recovery  occurs .  The 
amount of recovery  and t h e  f i n a l  c o n f i g u r a t i o n  of t h e  d e f e c t s  depend c r i t i c a l l y  
on t h e  i r r a d i a t i o n  tempera ture .  A t  t empera tures  of in te res t  f o r  normal r e a c t o r  
o p e r a t i o n ,  both t h e  i n t e r s t i t i a l s  and v a c a n c i e s  have s u f f i c i e n t  thermal  energy  
t o  m i g r a t e  through t h e  l a t t i c e .  Many of  t h e  o r i g i n a l  d e f e c t s  are des t royed  by 
recombinat ion,  t r a p p i n g  a t  i m p u r i t i e s ,  o r  a b s o r p t i o n  by d i s l o c a t i o n s  and g r a i n  
boundaries .  Those which s u r v i v e  c l u s t e r  t o g e t h e r  t o  form s t a b l e  c o n f i g u r a t i o n s .  
A t  t empera tures  i n  e x c e s s  of approximately one-half t h e  a b s o l u t e  m e l t i n g  p o i n t  
(0.5 Tm) v a c a n c i e s  have s u f f i c i e n t  thermal  energy t o  overcome t h e  b inding  en- 
e r g y  of c l u s t e r s  and t o  m i g r a t e  f r e e l y  through t h e  l a t t i ce .  Thus a t  s u f f i c -  
i e n t l y  high i r r a d i a t i o n  tempera tures  d e f e c t s  are a n n i h i l a t e d  cont inuous ly  
wi thout  c l u s t e r  formation.  

Transmutat ion r e a c t i o n s ,  i n  p a r t i c u l a r  t h o s e  which produce gaseous s p e c i e s ,  
may a l s o  have impor tan t  e f f e c t s  on p r o p e r t i e s .  Table  1 l i s t s  t h e  r e a c t i o n s  and 
t h e i r  approximate c r o s s  s e c t i o n s  f o r  a number o f  impor tan t  cases. We see t h a t  
helium and hydrogen may be produced i n  metals through n e u t r o n  r e a c t i o n s  both  
w i t h  in1  u r i t i e s  i n  t h e  metals and w i t h  t h e  n a j o r  a l l o y i n g  elements .  Alter and 

i n  v a r i o u s  m a t e r i a l s  and concluded t h a t  f o r  t h e  i ron-  o r  n icke l -base  a l l o y s  
used as f u e l  c l a d d i n g ,  approximately 100 ppm H e  and a few thousand par t s -per -  
m i l l i o n  hydrogen would be produced i n  a f a s t  r e a c t o r  i n  n few y e a r s  o p e r a t i o n .  
I n  a d d i t i o n  t o  t h e s e  t ransmuat ion  r e a c t i o n s  producing gaseous p r o d u c t s ,  o t h e r  
p o s s i b i l i t i e s  e x i s t  i n  which s o l i d  i m p u r i t i e s  are produced. 

Weber(2 P have made c a l c u l a t i o n s  of t h e  amounts of hydrogen and helium produced 

EFFECTS OF IRRADIATION ON MECHANICAL PROPERTIES 

Changes i n  mechanical  p r o p e r t i e s  produced by n e u t r o n  i r r a d i a t i o n  are a 
s e n s i t i v e  f u n c t i o n  of b o t h  i r r a d i a t i o n  and tes t  v a r i a b l e s .  Important  i r rad-  
i a t i o n  v a r i a b l e s  i n c l u d e  i r r a d i a t i o n  tempera ture ,  thermal  n e u t r o n  f l u e n c e s ,  
f a s t  n e u t r o n  f l u e n c e s ,  and p o s s i b l y  f a s t  n e u t r o n  f l u x .  Important  test 
v a r i a b l e s  i n c l u d e  t e s t  tempera ture  and s t r a i n  r a t e .  Other  f a c t o r s  such as 
p r e i r r a d i a t i o n  h e a t  t r e a t m e n t  ( i n  o r d e r  t o  c o n t r o l  g r a i n  s i z e ,  d i s l o c a t i o n  
s t r u c t u r e ,  a n d  p r e c i p i t a t e  d i s t r i b u t i o n )  and time a t  tempera ture  ( thermal  
ag ing)  e i t h e r  b e f o r e  o r  fo l lowing  i r r a d i a t i o n  have been shown t o  b e  impor- 
t a n t .  Because of t h e  l a r g e  number of v a r i a b l e s  and t h e  vast amount of 
in format ion  which h a s  been publ i shed  i n  t h i s  area w e  w i l l  n o t  a t t e m p t  a 
complete l i t e r a t u r e  review. 
g e n e r a l  c lass  of metals and a l l o y s  ( t h o s e  having a face-centered c u b i c  
c r y s t a l  s t r u c t u r e )  and w i l l  be  concerned p r i m a r i l y  w i t h  t h e  mechanical  
p r o p e r t i e s  a t  tes t  tempera tures  n e a r  t h e  i r r a d i a t i o n  temperature .  For 
convenience w e  d e f i n e  t h e  fo l lowing  tempera ture  ranges:  low t e m p e r a t u r e s ,  
T < 0.40 Tm (where Tm i s  t h e  m e l t i n g  p o i n t  of t h e  a l l o y  i n  d e g r e e s  a b s o l u t e ) ;  
i n t e r m e d i a t e  tempera tures ,  0.40 Tm < T < 0.55 Tm; and h igh  tempera tures ,  
T > 0.55 Tm. 
changes i n  p r o p e r t i e s ,  p o i n t  o u t  t h e  impor tan t  v a r i a b l e s ,  i l l u s t r a t e  changes 
i n  m i c r o s t r u c t u r e  and where p o s s i b l e  c o r r e l a t e  t h e s e  changes w i t h  s p e c i f i c  
mechanisms. 

Rather  w e  w i l l  restrict  o u r  d i s c u s s i o n  t o  a 

Our approach t o  t h e  s u b j e c t  w i l l  be  t o  summarize t h e  observed 
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Table 1. Transmutat ion Reac t ions  i n  ? l e t a l s  

Neutron Energy 
Cross S e c t i o n  Assoc ia t ed  w i t h  

Nu c 1 eu s React i o n  (barns) a Cross S e c t i o n  

x ( n , a >  4 1  F i s s i o n  
1 4  

1°B ( n , a >  3800 Thermal 

( n , a >  635 F i s s i o n  

56Fe (n , a>  0.35 F i s s i o n  

h , P )  0.87 F i s s i o n  

58Ni ( n , a >  0.5 F i s s i o n  

(n,P)  11 1 F i s s i o n  

a -24 2 1 b a r n  = 10  cm . 
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Low Temperatures 

T e n s i l e  deformation of  face-centered  c u b i c  metals a t  low tempera tures  i s  
u s u a l l y  te rmina ted  by a p l a s t i c  i n s t a b i l i t y ,  termed necking,  which l e a d s  t o  
t h e  development of a l o c a l  reduced d iameter  r e g i o n  followed by a s h e a r  f r a c -  
t u r e  i n  t h i s  necked reg ion .  This  l o c a l  necking l i m i t s  t h e  e l o n g a t i o n  of t h e  
material. The c o n d i t i o n s  under which t h i s  i n s t a b i l i t y  o c c u r s  can be repre-  
s e n t e d  a n a l y t i c a l l y .  (3)  Assuming c o n s t a n t  volume and a power-law r e l a t i o n -  
s h i p  between t r u e  stress ( a )  and t r u e  s t r a i n  (:) of t h e  form 

-n - 
a = kE (5) 

where k i s  a c o n s t a n t ,  i t  can be shown t h a t  t h e  p l a s t i c  i n s t a b i l i t y  occurs  
when t h e  work-hardening exponent 

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

n = E  (7)  

F igure  1 shows t h a t  Eq. (7)  i s  reasonably  w e l l  obeyed f o r  t y p e  304 s t a i n l e s s  
s t ee l ,  but  t h a t  n is n o t  c o n s t a n t  over  t h e  e n t i r e  tes t .  

When a u s t e n i t i c  s t a i n l e s s  s t ee l s  are i r r a d i a t e d  and t e n s i l e  t e s t e d  i n  t h i s  
low-temperature range,  t h e r e  i s  a l a r g e  i n c r e a s e  i n  y i e l d  stress and l a r g e  de- 
creases i n  t r u e  uniform s t r a i n  and work-hardening exponent.  (4s5)  F igure  2 
shows t h e  room-temperature y i e l d  stress of t y p e  304 s t a i n l e s s  s t ee l  a f t e r  
i r r a d i a t i o n  t o  7 x 1020 neutrons/cm2 ( E  1 Nev) and 9 x lo2' neutrons/cm2 
( thermal )  a t  v a r i o u s  tempera tures .  For i r r a d i a t i o n  a t  t empera tures  between 
93 and 3OO0C (approximately 0.35 T,) t h e  y i e l d  stress w a s  i n c r e a s e d  by approx- 
i m a t e l y  a f a c t o r  of 3. Typica l  s t r e s s - s t r a i n  c u r v e s  from t h i s  i n v e s t i g a t i o n  
are r e p l o t t e d  i n  F igure  3. For i r r a d i a t i o n  tempera tures  of 33 and 30OoC t h e  
t r u e  f r a c t u r e  stresses and t r u e  s t r a i n s  were approximately t h e  same a s  t h e  
u n i r r a d i a t e d  specimen. Values of e n g i n e e r i n g  e l o n g a t i o n  were somewhat less  
f o r  t h e  i r r a d i a t e d  specimens. A f t e r  i r r a d i a t i o n  a t  454°C t h e  e l o n g a t i o n  h a s  
i n c r e a s e d  a g a i n ,  bu t  t h e  f r a c t u r e  stress and s t r a i n  were somewhat lower t h a n  
i n  t h e  o t h e r  tests,  i n d i c a t i n g  t h a t  a d i f f e r e n t  mechanism i s  o p e r a t i n g  a t  
4 5 4 O C  t h a n  a t  t h e  lower tempera tures .  F i g u r e  4 shows t h a t  t h e  work-hardening 
exponents  i n  t h e  p l a s t i c  range are c o n s i s t e n t  w i t h  t h e  uniform and t o t a l  
e l o n g a t i o n  v a l u e s  a s  p r e d i c t e d  by Eqs. (5) through (7). 

Before examining t h e  e f f e c t s  of neut ron  f l u e n c e ,  t es t  tempera ture  etc. ,  
w e  should f i r s t  c o n s i d e r  t h e  behavior  i n  terms of m i c r o s t r u c t u r a l  changes and 
t h e  i n t e r a c t i o n  of d i s l o c a t i o n s  w i t h  t h e  i r r a d i a t i o n - p r o d u c e d  d e f e c t  c l u s t e r s .  
A t  i r r a d i a t i o n  tempera tures  of approximately 35OOC and l o v e r  "black s p o t s "  
on t h e  o r d e r  of a few t e n s  of angstroms i n  d iameter  are observed i n  t h e  
m i c r o s t r u c t u r e  of i r r a d i a t e d  specimens. An example of t h i s  t y p e  of damage 
f o r  i r r a d i a t i o n  a t  93OC i s  shown i n  F i g u r e  5. A t  h i g h e r  i r r a d i a t i o n  temp- 
e r a t u r e s  t h e  s p o t s  have a l a r g e r  s i z e  and decreased  d e n s i t y ,  as shown i n  
F i g u r e  6 .  
( s e e  F igure  2 )  are decreased  markedly. I r e g u l a r l y  shaped p l a n a r  d e f e c t s ,  

A f t e r  i r r a d i a t i o n  a t  371OC both  t h e  s p o t  d e n s i t y  and y i e l d  stress 
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probably p r e c i p i t a t e s ,  developed,  but  t h e s e  were widely enough spaced t h a t  t h e y  
d i d  n o t  a f f e c t  t h e  y i e l d  stress. A t  an i r r a d i a t i o n  tempera ture  of 454°C t h e  
d o t - l i k e  d e f e c t  c l u s t e r s  were completely absent .  
was e x t e n s i v e  p r e c i p i t a t i o n  a t  t h i s  tempera ture ,  i n c l u d i n g  a heavy p r e c i p i t a t e  
l a y e r  and a n  a s s o c i a t e d  denuded zone a t  t h e  g r a i n  boundaries .  

A s  shown i n  F igure  7 ,  t h e r e  

These o b s e r v a t i o n s  are i n  good agreement w i t h  t h o s e  of Armijo et a l .  (6) 
who d e t e c t e d  a d o t - l i k e  damaged s t r u c t u r e  i n  t h e  same material i r r a d i a t e d  a t  
43 and 343'C t o  f a s t  neut ron  f l u e n c e s  of 1020 and 1021 neutrons/cm2, respec-  
t i v e l y .  These a u t h o r s  r e p o r t  t h a t  t h e  d e f e c t s  were c o n s i d e r a b l y  l a r g e r  i n  
t h e  specimen i r r a d i a t e d  t o  t h e  h i g h e r  f l u e n c e  a t  t h e  h i g h e r  temperature .  

Recent q u a n t i t a t i v e  e l e c t r o n  microscopy s t u d i e s  of i r r a d i a t e d  face-centered 
c u b i c  metals have a t  v a r i o u s  t i m e s  claimed t h e  d o t  d e f e c t s  t o  b e  e x c l  

m i x t u r e s  composed of small vacancy c l u s t e r s  and l a r g e r ,  r e s o l v a b l e  inter-  
s t i t i a l  loops.  (11,121 A s  t h e s e  d i f f e r e n c e s  s t i l l  have n o t  been r e s o l v e d ,  
w e  must a t  t h i s  p o i n t  conclude t h a t  a l l  can probably b e  formed b u t  t h a t  
exper imenta l  c i rcumstances  ( i r r a d i a t i o n  tempera ture ,  f l u x ,  and f l u e n c e )  
determine t h e  p r o p o r t i o n s  i n  which each occur.  

vacancy c l u s t e r s  and loops ,  i n t e r s i t i t a l  c l u s t e r s  and loops ,  (9 ,18Yi:y 

of  p o s t - i r r a d i a t i o n  deformed s i n g l e  (13-16) Transmission e l e c t r o n  microscopy 
c r y s t a l s  of copper  and molybdenum h a s  shown channels  i n  which t h e  r a d i a t i o n -  
induced d e f e c t  s t r u c t u r e  h a s  been e l imina ted .  The i n t e r p r e t a t i o n  i s  t h a t  g l i d e  
d i s l o c a t i o n s  sweep out  o r  i n  some manner remove t h e  rad ia t ion- induced  d e f e c t s .  
The channels  are g e n e r a l l y  clean except  f o r  deformation-induced t a n g l e s  and 
d i p o l e s .  The r a d i a t i o n  d e f e c t s  are completely e l i m i n a t e d  from t h e  channels  (16) 
and n o t  s imply pushed t o  t h e  edge of t h e  channel ,  as w a s  o r i g i n a l l y  suggested.(13)  
Sharp (16) examined annea led  specimens c o n t a i n i n g  channels  and found no develop- 
ment of s t r u c t u r e  w i t h i n  t h e  channels ,  as would be expec ted  i f  t h e y  conta ined  
a h igh  d e n s i t y  of p o i n t  d e f e c t s  o r  po in t -defec t  c lusters  below t h e  r e s o l u t i o n  
l i m i t  of  t h e  microscope. The mechanism by which t h e  moving d i s l o c a t i o n s  des- 
t r o y  t h e  radiat ion-produced d e f e c t s  h a s  n o t  been determined. The s l i p  assoc-  
i a t e d  w i t h  t h e  channels ,  d e t e r n i n e d  by measuring t h e  s l i p  l i n e  o f f s e t s ,  
c o r r e s p o n d s  t o  t h e  passage  of  two o r  t h r e e  d i s l o c a t i o n s  on each p l a n e  w i t h i n  
t h e  channel ,  so  ample o p p o r t u n i t y  e x i s t s  f o r  d i s l o c a t i o n s  t o  remove a l l  t h e  
d e f e c t s  p r e s e n t .  

The channels  g r a d u a l l y  f i l l  w i t h  t a n g l e s  and deformation-induced d e b r i s ,  

Sharp(16) observed a h i g h e r  d e n s i t y  of d e b r i s  e x i s t i n g  on a 
through normal work-hardening p r o c e s s e s ,  and t h i s  u l t i m a t e l y  h a l t s  deformat ion  
i n  t h e  channels .  
smaller scale i n  t h e  channels  than  i n  u n i r r a d i a t e d  material, b u t  a t t r i b u t e d  
t h i s  t o  t h e  h i g h e r  stress a t  which t h e  s l i p  band developed. 
s t a g e s  of  deformat ion  t h e  s l i p  l i n e  p a t t e r n  of i r r a d i a t e d  c r y s t a l s  appears  
similar t o  t h a t  of u n i r r a d i a t e d  materials. 

During t h e  l a t te r  

S e e g e r ( l 7 )  sugges ted  t h a t  t h e  d e f e c t  c l u s t e r s  harden t h e  l a t t i c e  by pro- 
v i d i n g  o b s t a c l e s  which moving d i s l o c a t i o n s  must c u t  w i t h  t h e  combined a i d  of 
t h e  a p p l i e d  stress and thermal  f l u c t u a t i o n s .  
t h e  d e f e c t s  are g r a d u a l l y  reduced i n  s t r e n g t h  and u l t i m a t e l y  d e s t r o y e d  o r  e l i m -  
i n a t e d  by t h e  d i s l o c a t i o n s ,  l e a d i n g  t o  t h e  channels  t h a t  are observed. 

As a r e s u l t  of t h i s  chopping, 

Makin and Sharp (I8) p o i n t e d  o u t  t h a t  i n  i r r a d i a t e d  materials r e l a t i v e l y  
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Q few s l i p  l i n e s  are observed,  i n d i c a t i n g  t h a t  few s o u r c e s  are a c t i v a t e d ,  t h a t  f u l l -  
grown s l i p  l i n e s  form dynamical ly  i n  t i m e s  of t h e  o r d e r  of a m i l l i s e c o n d ,  and 
t h a t  p a r t i a l l y  formed s l i p  l i n e s  are n o t  observed,  They proposed on t h e  b a s i s  
of e l i m i n a t i o n  of t h e  d e f e c t s  by moving d i s l o c a t i o n s  t h a t  t h e  c r i t i c a l  stress 
t o  form a s l i p  band i s  t h e  stress r e q u i r e d  t o  o p e r a t e  a s o u r c e  i n  t h e  environ-  
ment of t l ie d e f e c t  s t r u c t u r e .  Subsequent l o o p s  can be formed more e a s i l y ,  s i n c e  
t h e  f i rs t  one clears a p a t h  f o r  them, A p i l e u p  t h e n  forms and expands,  crea- 
t i n g  t h e  c l e a r e d  channel  v e r y  r a p i d l y  a t  t h e  h i g h  stress l e v e l s  necessary  t o  
g e n e r a t e  t h e  f i r s t  d i s l o c a t i o n .  The r e s u l t  is  c r e a t i o n  of a s o f t  zone i n  a 
hardened m a t e r i a l  i n  which e x t e n s i v e  l o c a l i z e d  s h e a r  o c c u r s  i n  a s h o r t  t i m e  
u n t i l  work hardening h a l t s  t h e  deformation.  

These o b s e r v a t i o n s  provide  a q u a l i t a t i v e  e x p l a n a t i o n  f o r  t h e  reduced work- 
hardening c o e f f i c i e n t s ,  i n c r e a s e d  y i e l d  stress, and low uniform e l o n g a t i o n s  i n  
i r r a d i a t e d  m a t e r i a l s .  The channel ing  produces a s o f t  zone i n  a v e r y  hard  ma- 
t e r i a l ,  zones i n  which e x t e n s i v e  s l i p  occurs .  Because of t h e  l i m i t e d  number 
of s o u r c e s  o r  s l i p  systems t h e  d i s l o c a t i o n  t a n g l i n g  and i n t e r a c t i o n s  which 
normally l e a d  t o  work hardening occur  more s lowly  and r e s u l t  i n  a reduced 
ra te  of hardening.  F i g u r e  8 i l l u s t r a t e s  t h e  narrow r e g i o n s  t o  which s l i p  i s  
confined i n  s t a i n l e s s  s t ee l  i r r a d i a t e d  a t  121'C and deformed 10% by r o l l i n g  
a t  room tempera ture .  The d e f e c t  s t r u c t u r e  i s  s t i l l  c l e a r l y  v i s i b l e  i n  t h e  
r e g i o n s  between s l i p  bands. The m a g n i f i c a t i o n  is  n o t  h i g h  enough t o  r e v e a l  
d e f e c t - f r e e  s l i p  channels .  

Within tlie low-temperature range changes i n  mechanical  p r o p e r t i e s  a r e  a 
f u n c t i o n  of f a s t  n e u t r o n  f l u e n c e  and i r r a d i a t i o n  tempera ture .  (4,19-20) F igure  9 
shows t h e  e f f e c t s  of f a s t  neut ron  f l u e n c e  on t h e  y i e l d  stress and e l o n g a t i o n  f o r  
v a r i o u s  i r r a d i a t i o n  tempera tures .  Note t h a t  t h e  i n c r e a s e  i n  y i e l d  stress and 
r e d u c t i o n  i n  e l o n g a t i o n  are g r e a t e s t  f o r  i r r a d i a t i o n  tempera tures  i n  t h e  range  
of 160 t o  290°C, but  t h a t  d i f f e r e n c e s  do n o t  develop u n t i l  t h e  material  h a s  re- 
c e i v e d  f a s t  neut ron  f l u e n c e s  of approximately 1 x 1020 neutrons/cm2. 
s u g g e s t s  t h a t  t h e  d e f e c t  c l u s t e r s  grow more complex w i t h  i n c r e a s i n g  n e u t r o n  
f l u e n c e .  Without f u r t h e r  d i r e c t  evidence one can only  s t a t e  i n  q u a l i t a t i v e  
terms t h a t  t h e  importance of i r r a d i a t i o n  tempera ture  stems from i t s  i n f l u e n c e  
on t h e  m o b i l i t y  of v a r i o u s  d e f e c t s .  A t  t h e  lowest  tempera tures  vacancy m o b i l i t y  
i s  i n s u f f i c i e n t  t o  a l l o w  t h e  formation of  vacancy c l u s t e r  . This  i s  suppor ted  
by t h e  o b s e r v a t i o n s  of Wilsdorf and Kuhlmann-Wilsdorf (21e t h a t  no d e t e c t a b l e  
d e f e c t  c l u s t e r s  formed i n  t y p e  304 s t a i n l e s s  s t e e l  i r r a d i a t e d  a t  ambient reac- 
t o r  tempera ture  t o  1019 neutrons/cm2 and by t h e  o b s e r v a t i o n s  of Bloom e t  d 5 )  
t h a t  f o r  i r r a d i a t i o n  a t  93'C t h e  d e f e c t  c l u s t e r s  were s m a l l  and showed ex- 
t remely  weak c o n t r a s t  w h i l e  a t  1 2 1 ' C  t h e i r  s i z e  and c o n t r a s t  had i n c r e a s e d  
s i g n i f i c a n t l y .  

This  

The n a t u r e  of t h e  damage i n  t h e  low-temperature range i s  a p p a r e n t l y  unchanged 
a t  v e r y  high f a s t  neut ron  f l u e n c e s .  Cawthorne and F u l t o n ( 2 2 j  r e p o r t  t h a t  f o r  an  
a u s t e n i t i c  s t a i n l e s s  s t ee l  i r r a d i a t e d  t o  f a s t  neut ron  f l u e n c e s  of up t o  5 x 1022 
neutrons/cm2 a t  tempera tures  between 270 and approximately 350'C "black spot"  
d e f e c t s  a r e  p r e s e n t  i n  t h e  m i c r o s t r u c t u r e .  On p o s t - i r r a d i a t i o n  a n n e a l i n g  t h e  
d e f e c t s  grow i n t o  d i s l o c a t i o n  loops.  
a t  about  700'C. 

These l o o p s  f i n a l l y  d i s a p p e a r  on a n n e a l i n g  
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I n t e r m e d i a t e  Temperatures 

Temperatures i n  t h e  range of approximately 0.40 t o  0.55 T,,, (380 t o  55OOC 
f o r  a u s t e n i t i c  s t a i n l e s s  s t e e l s )  are p a r t i c u l a r l y  impor tan t  to"'the f i r s t  gener- 
a t i o n  f a s t  b r e e d e r  r e a c t o r s .  It is  a l s o  i n  t h i s  tempera ture  range t h a t  r a d i a -  
tion-damage phenomena are leas t  t inderstood. Two s e p a r a t e  e f f e c t s  have been ob- 
served .  The f i r s t  i n v o l v e s  p r e c i p i t a t i o n  and t h u s  w i l l  be  dependent on t h e  
a l l o y  system. The second e f f e c t  i s  r e l a t e d  t o  displacement  p r o c e s s e s  and 
appears  t o  be impor tan t  a t  h igh  f a s t  neut ron  f l u e n c e s .  

A s  d i s c u s s e d  i n  t h e  r e v i o u s  s e c t i o n ,  i r r a d i a t i o n  of t y p e  304 s t a i n l e s s  
s t ee l  a t  454OC t o  7 x neutrons/cm2 (E > 1 MeV) r e s u l t e d  i n  a n  i n c r e a s e  of  
t h e  room-temperature y i e l d  stress from approximately 30,000 t o  approximately 
43,000 p s i  and s m a l l  r e d u c t i o n s  i n  t h e  f r a c t u r e  stress and s t r a i n . ( 5 )  Examin- 
a t i o n  of t h e  m i c r o s t r u c t u r e  of  t h i s  specimen r e v e a l e d  e x t e n s i v e  p r e c i p i t a t i o n ,  
i n c l u d i n g  a heavy l a y e r  a long  g r a i n  boundaries .  Unlike t h e  d e f e c t  c l u s t e r s  
formed a t  lower t e m p e r a t u r e s ,  such p r e c i p i t a t e s  are n o t  removed by d i s l o c a t i o n s  
b u t  r a t h e r  provide  permanent o b s t a c l e s  and si tes f o r  t a n g l i n g .  Deformation 
t h u s  l e a d s  t o  t h e  t a n g l e d  d i s l o c a t i o n  c o n f i g u r a t i o n s  shown i n  F i g u r e  10. 

A r k e l l  and P f e i 1 ( 2 3 )  showed t h a t  p r e c i p i t a t e  s t r u c t u r e s  i n  a niobium- 
s t a b i l i z e d  s t a i n l e s s  s t ee l  i r r a d i a t e d  a t  tempera tures  between 450 and 75OoC were 
s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h o s e  p r e s e n t  i n  u n i r r a d i a t e d  samples w i t h  i d e n t i c a l  
thermal  h i s t o r i e s .  I r r a d i a t e d  samples e x h i b i t e d  enhanced p r e c i p i t a t i o n  w i t h i n  
t h e  g r a i n s .  

Mar t in  and Weir(4) r e p o r t e d  t h e  e f f e c t s  of  i r r a d i a t i o n  tempera ture  on t h e  
p o s t - i r r a d i a t i o n  s t r e s s - s t r a i n  behavior  of t y p e s  304 and 347 s t a i n l e s s  s teel  
i r r a d i a t e d  t o  7 x 1020 neutrons/cm2 (E > 1 MeV) and 9 x lo2' neutrons/cm 
( thermal ) .  
w a s  observed f o r  tes t  tempera tures  up t o  approximately 600OC. 
i n c r e a s e  f o r  t y p e  347 s t a i n l - e s s  s teel  which c o n t a i n s  approximate ly  1% Nb w a s  
s i g n i f i c a n t l y  l a r g e r  t h a n  t h a t  which occurred  i n  t y p e  304 s ta inless  s t ee l  
( u n s t a b i l i z e d ) .  S ince  niobium i s  a s t r o n g  c a r b i d e  former,  i t  might b e  postu-  
l a t e d  t h a t  p r e c i p i t a t i o n  p r o c e s s e s  are involved  i n  t h e  hardening mechanisms. 

2 
For a n  i r r a d i a t i o n  tempera ture  of  400°C an  i n c r e a s e d  y i e l d  stress 

The s t r e n g t h  

More r e c e n t l y  i t  h a s  been observed (22  , 24-2 7, t h a t  i r r a d i a t i o n  of a u s t e n i t i c  
s t a i n l e s s  steels a t  tempera tures  between 350 and 6OOOC t o  h i g h  f a s t  n e u t r o n  

m i c r o s t r u c t u r e s .  
scopy t o  examine t h e  f u e l  c l a d d i n g  from e x p e r i m e n t a l  f u e l  p i n s  and t e n s i l e  
specimens i r r a d i a t e d  i n  t h e  Dounreay f a s t  r e a c t o r  t o  n e u t r o n  f l u e n c e s  up t o  
6 x 
tempera tures  above approximately 35OoC v o i d s  which v a r i e d  i n  s i z e  from t h e  
smallest r e s o l v a b l e  t o  approximately 500 A were p r e s e n t .  Voids c o n s t i t u t e d  
1 t o  2% of t h e  volume of  t h e  material  and could be e l i m i n a t e d  by a n n e a l i n g  a t  
900Oc. 

Data o b t a i n e d  by Murphy and Strohm (26) and Holmes e t  a1 (24)  have demon- 

f l u e n c e s  (>  neutrons/cm 2 ) r e s u l t s  i n  l a r g e  changes i n  b o t h  p r o p e r t i e s  and 
Cawthorne and F ~ l t o n ( ~ ~  ,25) used t r a n s m i s s i o n  e l e c t r o n  micro- 

neutrons/cm2 a t  tempera tures  between 270 and 600OC. A t  i r r a d i a t i o n  

s t r a t e d  t h a t  t h i s  t y p e  of damage causes  l a r g e  i n c r e a s e s  i n  t h e  y i e l d  s t r e n g t h  
and l a r g e  r e d u c t i o n s  i n  d u c t i l i t y  parameters .  
l a t e d  t h e  changes i n  y i e l d  s t r e n  t h  of t y p e  304 s t a i n l e s s  s t ee l  i r r a d i a t e d  a t  
approximate ly  53OoC t o  1 .4  x lo2$ neutrons/cm2 (E > 0.18 Ilev) w i t h  t h e  

Holmes e t  a l ( 2 4 )  have cor re-  
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i r r a d i a t i o n - p r o d u c e d  d e f e c t  s t r u c t u r e .  The a s - i r r a d i a t e d  s t r u c t u r e  c o n s i s t e d  of  
Frank sessile d i s l o c a t i o n  l o o p s ,  about  400 A i n  d i a m e t e r  and w i t h  a d e n s i t y  of 
3.7 x 1015 l o o p s  cm3, and p o l y h e d r a l  c a v i t i e s  approx ima te ly  150 A i n  d i a m e t e r  
and abou t  2 x 1014 cavities/cm3 i n  number. F i g u r e  11 i s  a p l o t  of  t h e  y i e l d  
stress ( c o r r e c t e d  f o r  t e m p e r a t u r e  dependence of t h e  s h e a r  modulus) as a f u n c t i o n  
of  test t e m p e r a t u r e ,  
shows a t h e r m a l l y  a c t i v a t e d  t e m p e r a t u r e  dependence. The a t h e r m a l  y i e l d  stress 
component i s  a t t r i b u t e d  t o  t h e  s t r e n g t h e n i n g  expec ted  from t h e  Frank sessile 
loops .  
p e r f e c t  l o o p s  which i n t e r a c t  t o  form a d i s l o c a t i o n  network upon a n n e a l i n g  a t  
593°C. Above 648°C t h e  c a v i t i e s  o r  a combinat ion of  c a v i t i e s  and d i s l o c a t i o n  
network accoun t  f o r  t h e  a t h e r m a l  s t r e n g t h  increase t h a t  p e r s i s t  t o  760°C. F u l l  
r ecove ry  of t h e  y i e l d  s t r e n g t h  was observed a t  816°C where n e i t h e r  t h e  c a v i t i e s  
n o r  t h e  d i s l o c a t i o n  network was d e t e c t e d .  

Murphy and Strohm ( 2 6 )  have conducted t u b e  b u r s t  tests on i r r a d i a t e d  E R K - I 1  

A t  test  t e m p e r a t u r e s  less t h a n  380°C t h e  y i e l d  stress 

Above approx ima te ly  538°C t h e  sessile Frank l o o p s  t r a n s f o r m  t o  g l i s s i l e  

t y p e  304L s t a i n l e s s  s tee l  f u e l  c l a d d i n g  f o l l o w i n g  i r r a d i a t i o n  t o  approx ima te ly  
1 x 1022 neutrons/cm2 ( f a s t ) .  Over t h e  l e n g t h  of t h e  c l a d d i n g  t u b e  t h e r e  i s  a 
t e m p e r a t u r e  g r a d i e n t  such t h a t  t h e  t e m p e r a t u r e  r anges  from 370°C a t  t h e  bottom 
t o  500°C a t  t h e  top .  
r anges  from about  1 x 1015 n e u t r o n s  cm-2 sec-1 a t  t h e  t o p  and bottom t o  2.5 x 1015 
n e u t r o n s  cn-2 sec-1 a t  t h e  midplane.  
e x h i b i t e d  a l a r g e  i n c r e a s e  i n  b u r s t  s t r e n g t h  and l a r g e  r e d u c t i o n  i n  d u c t i l i t y  
as measured by d i a m e t e r  i n c r e a s e  a t  t h e  edge of t h e  f r a c t u r e .  F i g u r e  12 i s  a 
p l o t  o f  d u c t i l i t y  as a f u n c t i o n  o f  test t empera tu re .  Between room t e m p e r a t u r e  
and approx ima te ly  G00"C t h e  d u c t i l i t y  i s  reduced t o  ex t r eme ly  low v a l u e s ,  on 
t h e  o r d e r  of  1 t o  2%. A t  700°C and above t h e r e  i s  some recove ry  of d u c t i l i t y  
bu t  t h e  v a l u e s  remain much lower t h a n  t h e  u n i r r a d i a t e d  v a l u e s .  I r r a d i a t e d  
specimens which were g iven  a p r e t e s t  a n n e a l  a t  900°C and t h e n  t e s t e d  a t  500°C 
recove red  a l l  t h e  p r e i r r a d i a t i o n  d u c t i l i t y  and t h e  s t r e n g t h  was reduced t o  
t h a t  of  t h e  u n i r r a d i a t e d  tubes .  

I n  a d d i t i o n ,  t h e r e  i s  a g r a d i e n t  i n  t h e  n e u t r o n  f l u x  t h a t  

I n  tests a t  500°C t h e  i r r a d i a t e d  t u b e s  

S t i e n l e r  e t  a1 ( 2 7 )  have examined t h e  t v p e  304L s ta in less  s t ee l  c l a d d i n g  - 
from a s imilar  EBR-I1  f u e l  e lement .  Two s t r u c t u r a l  f e a t u r e s ,  namely v o i d s  
and d i s l o c a t i o n  l o o p s ,  were p r e s e n t  i n  a l l  specimens.  
approximate i r r a d i a t i o n  t e m p e r a t u r e s ,  n e u t r o n  f l u e n c e s ,  and vo id  d e n s i t i e s  
f o r  each s e c t i o n  examined. A comparison of t h e  r e s u l t s  f o r  s e c t i o n s  1 and 
5 and 2 and 4 i n d i c a t e s  t h a t  f o r  t h e  c o n d i t i o n s  examined the void d e n s i t y  
d e c r e a s e s  w i t h  i n c r e a s i n g  i r r a d i a t i o n  t e m p e r a t u r e  f o r  a c o n s t a n t  f l u e n c e .  

Tab le  2 l i s t s  t h e  

F i g u r e  13 shows a h i s tog ram of t h e  v o i d  s i z e s  observed i n  s e c t i o n  3. On 
t h e  b a s i s  of  t h i s  vo id  s i z e  d i s t r i b u t i o n  and t h e  number of v o i d s  p e r  u n i t  
volume l i s t e d  i n  Table  2 ,  i t  was c a l c u l a t e d  t h a t  t h e  c l a d d i n g  d e n s i t y  was 
d e c r e a s e d  0.17% by i r r a d i a t i o n .  
f o r  t h r e e  d i f f e r e n t  i r r a d i a t i o n  c o n d i t i o n s .  It i s  r e a d i l y  a p p a r e n t  t h a t  
vo id  s i z e  increases w i t h  i n c r e a s i n g  i r r a d i a t i o n  t empera tu re .  

F i g u r e  14 shows examples o f  v o i d s  observed 

The d i s t r i b u t i o n  of  t h e  v o i d s  w a s  remarkably homogeneous. V a r i a t i o n s  
observed between d i f f e r e n t  micrographs p robab ly  r e f l e c t  d i f f e r e n c e s  i n  f o i l  
t h i c k n e s s .  It i s  s i g n i f i c a n t ,  however, t h a t  no v o i d s  were p r e s e n t  i n  t h e  
g r a i n  b o u n d a r i e s .  I n  f a c t ,  t h e  vo id  d e n s i t y  w i t h i n  about  0.1 p of t h e  
boundary was reduced,  p robab ly  by a n n i h i l a t i o n  of v o i d s  c o n t a c t i n g  t h e  
boundary o r  t h e  i n f l u e n c e  of t h e  boundary on t h e  void-formation p r o c e s s .  

@ 
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Table 2. Irradiation Conditions and Void Density 
Measurements for EBR-I1 Fuel Cladding 

Irradiation Fast Neutron Voids per 
Section Temperature Fluence Cubic 

Centimeter (neutrons/cm 2 ) Number ("C) 

1 
2 

370 

398 

438 

465 

4 7 2  

22 
x 10 

0.8 

1.2 

1.4 

1.3 

0.9 

15 x 10 

1.4 

1.3 

1.3 

0.9 

0.4 
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A v e r y  complex d i s l o c a t i o n  s u b s t r u c t u r e  bras p r e s e n t  i n  each of t h e  f i v e  

8 s e c t i o n s .  A t  t h e  lower i r r a d i a t i o n  tempera tures  t h e  s t r u c t u r e  was s o  complica- 
t e d  t h a t  i n d i v i d u a l  loops  could n o t  be observed. 
l o o p s  were reso lved  as shown i n  F i g u r e  15. These l o o p s  l i e  on El111 and appear  
f a u l t e d ,  s u g g e s t i n g  t h a t  t h e y  are Frank sessile l o o p s  formed by t h e  p r e c i p i t a -  
t i o n  of i n t e r s t i t i a l  atoms. The loops  ranged i n  d iameter  from 200 t o  300 A and 
were p r e s e n t  t o  a d e n s i t y  of about  2 x 1015/cm3. 

A t  472'C, however, wel l -def ined 

Changes i n  m i c r o s t r u c t u r e  as a r e s u l t  o f  p o s t - i r r a d i a t i o n  a n n e a l i n g  were 
examined f o r  specimen 3. 
and were rep laced  by a d i s l o c a t i o n  network. A t  p r o g r e s s i v e l y  h i g h e r  a n n e a l i n g  
t e m p e r a t u r e s ,  t h e  d i s l o c a t i o n  d e n s i t y  decreased.  A f t e r  1 h r  a t  900°C t h e  d i s -  
l o c a t i o n  d e n s i t y  was comparable t o  t h a t  of an u n i r r a d i a t e d  annealed specimen. 
Concurrent  w i t h  changes i n  l o o p  and d i s l o c a t i o n  s t r u c t u r e ,  t h e  void d e n s i t y  
decreased.  Neasurements o f  v o i d  s i z e  d i s t r i b u t i o n  a f t e r  annea l ing  i n d i c a t e d  
t h a t  t h e  smaller v o i d s  anflealed more r a p i d l y .  A l l  v o i d s  were removed a f t e r  
annea l ing  f o r  1 :ir a t  90OOC. 

A f t e r  1 h r  a t  600'C t h e  d i s l o c a t i o n  loops  disappeared 

These o b s e r v a t i o n s  a l l o w  a q u a l i t a t i v e  i n t e r p r e t a t i o n  of t h e  d a t a  of Murphy 
and Strohm. (26) 
which cause an  i n c r e a s e  i n  s t r e n g t h ,  p o s s i b l y  through t h e  mechanism as d i s -  
cussed by Holmes e t  a l .  (24)  
of  p o s t - i r r a d i a t i o n  a n n e a l i n g  a t  900°C i s  a r e s u l t  of t h e  complete recovery  of 
the damage. A t  700'C and above t h e  as-irradiated s t r u c t u r e  r e c o v e r s  v e r y  r a p i d l y ;  
t h u s  a p a r t i a l  r e t u r n  of s t r e n R t h  and d u c t i l i t y  t o  u n i r r a d i a t e d  v a l u e s  i s  ob- 
served .  It is  impor tan t  t o  n o t e  t h a t  d u c t i l i t y  i s  n o t  completely recovered a t  
test  tempera tures  i n  t h e  range of  700 t o  1000°C. The r e a s o n s  f o r  t h i s  w i l l  be 
d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

The a s - i r r a d i a t e d  t u b i n g  conta ined  v o i d s  and d i s l o c a t i o n  loops  

The recovery  of  p r o p e r t i e s  a t  500'C as a r e s u l t  

The format ion  of  v o i d s  and d i s l o c a t i o n  l o o p s  as a r e s u l t  of i r r a d i a t i o n  t o  
h i g h  f a s t  n e u t r o n  f l u e n c e s  n o t  o n l y  c a u s e s  l a r g e  e f f e c t s  on mechanical  p r o p e r t i e s  
bu t  a l s o  l e a d s  t o  s w e l l i n g  o r  a d e c r e a s e  i n  t h e  d e n s i t y  of t h e  material .  F igure  
1 6  shotrs t h e  c o r r e l a t i o n  between t h e  d e n s i t y  d e c r e a s e  and t h e  f a s t  neut ron  f l u e n c e  
f o r  a u s t e n i t i c  s t a i n l e s s  s teels  i r r a d i a t e d  a t  tempera tures  between 370 and 56OOC. 
It should b e  noted  t h a t  some of t h e s e  d a t a  were o b t a i n e d  by d i r e c t  d e n s i t y  meas- 
urements and some by c a l c u l a t i o n s  from void  d e n s i t y  and s i z e  measurements. 
Several of t h e  r e s u l t s  were obta ined  from specimens removed from a c t u a l  f u e l  
c l a d d i n g  and t h u s  t h e  material  w a s  s u b j e c t e d  t o  stress d u r i n g  i r r a d i a t i o n  and 
t h e r e  can be l i t t l e  doubt t h a t  t h i s  w i l l  i n f l u e n c e  void  growth. 
of t h e  d a t a  i n  terms of mechanisms is  t h u s  d i f f i c u l t .  F i g u r e  16 ,  which i s  a 
summary of t h e  a v a i l a b l e  s w e l l i n g  d a t a ,  (22,25,27-28) does i l l u s t r a t e ,  however, 
t h a t  f o r  some combinat ion of tempera ture ,  stress, arid f l u e n c e s  i n  e x c e s s  of 
1023 neutrons/cm' volume i n c r e a s e s  g r e a t e r  t h a n  10% may occur .  

I n t e r p r e t a t i o n  

Iligh Temper a t  u r e s  

A t  t empera tures  above 0.55 t o  0.60 Tm, t h e  i r r a d i a t i o n - p r o d u c e d  v a c a n c i e s  
and i n t e r s t i t i a l s  are s u f f i c i e n t l y  mobile  t o  a l l o w  cont inuous  recovery  of de- 
f e c t s  d u r i n g  i r r a d i a t i o n .  It i s  s t i l l  observed,  however, t h a n  when t h e  i ron-  
and n icke l -base  a l l o y s  are i r r a d i a t e d  and t h e n  t e s t e d  a t  t h e s e  h igh  tempera tures ,  
t h e r e  a r e  s e v e r e  changes i n  mechanical  p r o p e r t i e s .  These changes are charac- 
t e r i s t i c a l l y  d i f f e r e n t  from t h o s e  observed a t  lower tempera tures .  I n  t e n s i l e  
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tests t h e  stress n e c e s s a r y  t o  produce a g iven  amount of s t r a i n  i s  unchanged; b u t  
i r r a d i a t e d  specimens f a i l  a t  a s t r a i n  much smaller t h a n  t h a t  a t  which an  u n i r r a d -  
i a t e d  specimen f a i l s .  I n  c r e e p  tests t h e  s t r a i n - t i m e  r e l a t i o n s h i p  i s  approxi-  
mate ly  t h e  same f o r  i r r a d i a t e d  and u n i r r a d i a t e d  specimens. 
d u c t i l i t y ,  however, t h e  r u p t u r e  l i f e  i s  s i  n i f i c a n t l y  reduced. 
r e d u c t i o n  i n  d u c t i l i t y  and r u p t u r e  l i f e (  297 i n  t y p e  304 s t a i n l e s s  s tee l  are 
shown i n  F i g u r e s  17  and 18, r e s p e c t i v e l y .  

@ 
Because of  t h e  reduced 

Examples of t h e  

There are several impor tan t  exper imenta l  o b s e r v a t i o n s  which i n d i c a t e  t h e  
S ince  n e i t h e r  t h e  y i e l d  n o r  u l t i m a t e  t e n s i l e  n a t u r e  and cause  of t h e  damage. 

s t r e n g t h s  are a f f e c t e d ( 5 ~ 3 O )  and t h e  d u c t i  i t y  cannot be recovered by high- 
tempera ture  p o s t - i r r a d i a t i o n  annea l ing ,  (31f i t  can be concluded t h a t  n e i t h e r  
displacement  damage nor  p r e c i p i t a t i o n  r e a c t i o n s  are t h e  pr imary cause.  
t h e  l o s s  of d u c t i l i t y  is a s s o c i a t e d  w i t h  t h e  grain-boundary f r a c t u r e  p r o c e s s  and 
becomes more s e v e r e  as t h e  tes t  tempera tures  i s  i n c r e a s e d  and t h e  s t r a i n  rate 
decreased.  For thermal  r e a c t o r  i r r a d i a t i o n s  t h e  p o s t - i r r a d i a t i o n  d u c t i l i t y  i s  
r e l a t e d  t o  t h e  i n i t i a l  l 0 B  c o n t e n t  of t h e  a l l o y  and t h e  thermal  n e u t r o n  f luence .  
Boron-10 h a s  a l a r g e  c r o s s  s e c t i o n  (3800 barns)  f o r  t h e  10B(n,a)7Li  r e a c t i o n  w i t h  
thermal  n e u t r o n s  - each r e a c t i o n  producing a hel ium and l i t h i u m  atom. By cyclo-  
t r o n  i n j e c t i o n  of helium and l i t h i u m  i o n s  i n t o  an a u s t e n i t i c  a l l o y  Higgins  and 
Rober t s  (34) demonstrated t h a t  of t h e s e  two t ransmutat ion-produced i s o t o p e s ,  o n l y  
helium had a l a r g e  d e l e t e r i o u s  e f f e c t  on e leva ted- tempera ture  d u c t i l i t y .  

Secondly,  

(32,331 

The most wide ly  accepted  model f o r  the loss of e leva ted- tempera ture  d u c t i l i t y  
stems p r i m a r i l y  from t h e  work of Hyam and Sumner,(35) R i m m e r  and C o t t r e l l , ( 3 6 )  
C o t t r e l l ,  (37) and Barnes(38) and i s  summarized as fo l lows .  
i s  produced from l O B ( n , ~ x ) ~ L i  r e a c t i o n s  w i t h  thermal  n e u t r o n s  and (n ,a )  r e a c t i o n s  
between f a s t  n e u t r o n s  and most a l l o y  c o n s t i t u e n t s ,  h a s  a v e r y  low s o l u b i l i t y  i n  
t h e  m a t r i x  and p r e c i p i t a t e s  t o  form bubbles .  When a normal stress (a)  i s  a p p l i e d  
t o  a bubble  having an i n i t i a l  r a d i u s  (y )  l a r g e r  t h a n  a c r i t i c a l  r a d i u s  ( r c )  g iven  

The hel ium, which 

by 

rc = 0.76 y l a  (8) 

where y i s  t h e  s u r f a c e  energy,  t h e  bubble  w i l l  become u n s t a b l e  and expand indef -  
i n i t e l y .  
t u r e  i n i t i a t i o n  f o r  s e v e r a l  reasons :  

Those bubbles  which a r e  l o c a t e d  a t  g r a i n  boundar ies  can l e a d  t o  f r a c -  

1. Due t o  h i g h e r  g r a i n  boundary d i f f u s i v i t i e s  helium i s  s u p p l i e d  t o  t h e s e  
bubbles  and they  can grow much f a s t e r  t h a n  bubbles  l o c a t e d  i n  t h e  m a t r i x .  

2. As a r e s u l t  of g r a i n  boundary s l i d i n g ,  stresses may be c o n c e n t r a t e d  a t  
g r a i n  boundary j o g s  and t r i p l e  g r a i n  j u n c t i o n s ;  t h u s ,  a bubble  l o c a t e d  
i n  such a r e g i o n  w i l l  be  s u b j e c t e d  t o  a normal stress several times 
t h e  a p p l i e d  stress. 

3. Once a g r a i n  boundary c r a c k  i s  formed, i t s  ra te  of propagat ion  may be 
i n c r e a s e d  by t h e  presence  of g r a i n  boundary bubbles .  

F igure  19 shows t h a t  t h e  e leva ted- tempera ture  t e n s i l e  d u c t i l i t y  of t y p e  304 
s t a i n l e s s  s t ee l  i s  a s e n s i t i v e  f u n c t i o n  of t h e  t o t a l  helium c o n c e n t r a t i o n .  (3*) 
These d a t a  were obta ined  from a l l o y s  c o n t a i n i n g  v a r i o u s  amounts of boron and 
i r r ad ia t ed  t o  v a r i o u s  neut ron  f lucnces .  

210 



40 

EFFECT OF N E U T R O N  I R R A D I A T I O N  O N  THE RUPTURE L IFE OF TYPE 3 0 4  S T A I N L E S S  S T E E L  A T  650.C 

0 - UNIRRADIATED 
- IRRADIATED AT 650°C. 

2.0 x 40" neutrons/crn2 ( E s 2 . 9 M e u )  
2.0 I ioz0neutrons/crn2 ( THERMAL) 

F i g u r e  1 7  

50 

35 

- 30. 
m n 
.- 

25 - 
v) 
v) 
W 

v) 

a 
I- 20 

t 5 -  

30+ 

RUPTURE LIFE ( h r )  

I I I 

( 0  (00 4,000 4 0,000 

E F F E C T  OF NEUTRON IRRADIATION O N  T H E  TOTAL ELONGATION 
A T  FRACTURE OF T Y P E  3 0 4  STAINLESS S T E E L  A T  6 5 0 ' C  

F i g u r e  18 

2 1 1  



b
 

u) 

(3
 

3
 I 

z
 
0
 

a
 

b
 

u) 
I 

(3
 

I 
z
.
 

0
 

4
 

a
 

‘‘I 
0
 

m
m

m
m

 
E Q

 
Q

 E
 

Q
 

Q
 E

 
Q

 
Q

 E Q
 

Q
 

0
0

 
- 

0
 

0
 

0
 

0
 

0
 

CD 
Ln 

d- 
rr, 

cu 

z 3
 

-J
 

W
 
I
 

L
L

 
0

 
z
 

0
 

I- 
0

 

[r 
LL 

z 0
 

I- 0
 

W
 

I- 

-I 
3

 
0

 
J
 

0
 

-
 

-
 

a
 

a
 a
 a
 

N
 

r
(
 

N
 



H e l i u m  bubb les  have been observed (3g'40) i n  bo th  t h e  m a t r i x  and t h e  g r a i n  
boundar i e s  a f t e r  high-temperature  i r r a d i a t i o n ,  F i g u r e  20 shows helium bubb les  
i n  t y p e  304L s t a i n l e s s  s t ee l  i r r a d i a t e d  a t  700OC and c o n t a i n i n g  approx ima te ly  
35 x 10-6 atom f r a c t i o n  helium. Rowcl i f f e  e t  a l ( 3 8 )  have observed t h e  growth 
of  hel ium bubb les  under  stress a t  750°C as would be p r e d i c t e d  by Eq. (8) .  

For mater ia l  i r r a d i a t e d  i n  t h e r m a l  r e a c t o r s ,  t h e  d i s t r i b u t i o n  o f  helium 
bubb les  i s  c o n t r o l l e d  p r i m a r i l y  by t h e  i n i t i a l  boron d i s t r i b u t i o n .  Woodford, 
e t  have observed h a l o s  of bubb les  around p r e c i p i t a t e  p a r t i c l e s  i n  a 
p r e c i p i t a t i o n - h a r d e n i n g  a u s t e n i t i c  s t a i n l e s s  s tee l ,  i n d i c a t i n g  t h a t  boron i s  
c o n t a i n e d  w i t h i n  t h e s e  p r e c i p i t a t e s .  I n  t h i s  case t h e r e  was a r e d u c t i o n  i n  b o t h  
d u c t i l i t y  and c r e e p  ra te .  The reduced c r e e p  r a t e  r e s u l t e d  from t h e  p i n n i n g  of  
d i s l o c a t i o n s  by bubbles .  The same e f f e c t  could a l s o  be r e s p o n s i b l e  f o r  t h e  
reduced d u c t i l i t y .  

It i s  impor t an t  t o  n o t e  t h a t  f o r  i r r a d i a t i o n s  conducted i n  f a s t  r e a c t o r s  i n  
which t h e  t h e r m a l  f l u x  i s  e s s e n t i a l l y  ze ro  most of  t h e  helium w i l l  be  produced 
as a r e s u l t  of (n , a )  r e a c t i o n s  between f a s t  n e u t r o n s  and n e a r l y  a l l  a l l o y  con- 
s t i t u e n t s .  Under t h e s e  c o n d i t i o n s  t h e  i n i t i a l  helium d i s t r i b u t i o n  w i l l  be 
n e a r l y  homogeneous. 
t h a t  homogeneous helium d i s t r i b u t i o n s  produced by i n j e c t i n g  a p a r t i c l e s  i n t o  
t y p e  304 s t a i n l e s s  s tee l  cause  r e d u c t i o n s  i n  e l eva ted - t empera tu re  d u c t i l i t y  
s imilar  t o  t h o s e  observed a f t e r  i r r a d i a t i o n  i n  the rma l  r e a c t o r s .  

It has '  been shotm by King and Weir(42) and Kramer e t  a l ( 4 3 )  

The o b s e r v a t i o n s  by Xurphy and Strohm (26)  t h a t  even a t  h i g h  tes t  tempera- 
t u r e s  t h e  d u c t i l i t y  of i r r a d i a t e d  EBR-I1  f u e l  c l a d d i n g  i s  n o t  r ecove red  s u g g e s t s  
t h a t  hel ium i s  r e s p o n s i b l e ,  Th i s  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  s t r e n g t h  prop- 
er t ies  are  e s s e n t i a l l y  t h e  same as t h o s e  of u n i r r a d i a t e d  t u b i n g .  

The e l eva ted - t empera tu re  embr i t t l emen t  problem h a s  been found t o  be  a func- 
t i o n  of s t r u c t u r a l  and compos i t iona l  v a r i a t i o n s .  Decreasing t h e  g r a i n  s i z e  o r  
producing g r a i n  boundary p rec ip i t a t e s  by p r e i r r a d i a t i o n  ag ing  t r e a t m e n t s  g i v e  
s i g n i f i c a n t  improvements i n  t h e  p o s t - i r r a d i a t i o n  t e n s i l e  and c r e e p - r u p t u r e  
d u c t i l i t y  of t y p e  304 s t a i n l e s s  s t e e l . ( 3 0 )  
due t o  t h e  d e c r e a s e d  tendency f o r  i n t e r g r a n u l a r  f r a c t u r e  as a r e s u l t  of  t h e  
i n c r e a s e d  stress n e c e s s a r y  t o  n u c l e a t e  and p r o p a g a t e  g r a i n  boundary c r a c k s .  

These e f f e c t s  are b e l i e v e d  t o  he  

Rober t s  and Harries(44) found t h a t  t h e  p o s t - i r r a d i a t i o n  t e n s i l e  d u c t i l i t y  
of a 20% Cr-20% N i  n i o b i u m - s t a b i l i z e d  a u s t e n i t i c  s t a i n l e s s  s t ee l  was s i g n i f i -  
c a n t l y  improved by ag ing  100 h r  a t  750°C b e f o r e  i r r a d i a t i o n ,  
r e s u l t s  were i n t e r p r e t e d  i n  t e rms  of t h e  e f f e c t s  of g r a i n  boundary p r e c i p i -  
t a tes  on t h e  fo rma t ion  of "wedge" t y p e  c r a c k s  d u r i n g  t e s t i n g .  
shown i n  t h i s  i n v e s t i g a t i o n  t h a t  t h e  magnitudes of t h e  p o s t - i r r a d i a t i o n  
d u c t i l i t y  i n  a 18% Cr-10% N i  n iob ium-s t ab i l i zed  a l l o y  dec reased  w i t h  i n c r e a s i n g  
boron c o n t e n t  up t o  50 t o  70 ppm (weight)  and are t h e n  p a r t i a l l y  r ecove red  i n  
a l l o y s  c o n t a i n i n g  h i g h e r  boron c o n t e n t s .  

Again, t h e  

It was a l s o  

Titanium a d d i t i o n s  of approx ima te ly  0.2 w t  X g i v e  s i g n i f i c a n t  imporvement 
i n  t h e  p o s t - i r r a d i a t i o n  t e n s i l e  and c r e e p - r u p t u r e  d u c t i l i t y  of t y p e s  304 and 
304L s t a i n l e s s  s teel .  

F i g u r e  21 compares t h e  p o s t - i r r a d i a t i o n  c r e e p - r u p t u r e  d u c t i l f t y  of t y p e s  
3011, 304L, and 304L + 0.2% T i  s t a i n l e s s  s t ee l s  a t  t es t  t e m p e r a t u r e s  of 650 and 
70OoC. T h i s  e f f e c t  i s  b e l i e v e d  t o  be  a r e s u l t  of (1) t h e  dec reased  tendency of 
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t h e  t i tanium-modif ied a l l o y  t o  f r a c t u r e  i n t e r g r a n u l a r l y ,  p o s s i b l y  as a r e s u l t  o f  
t h e  r e d i s t r i b u t i o n  of e lements  such as n i t r o g e n ,  oxygen, etc. ,  (2) t h e  s e g r e g a t i o n  
of boron i n t o  p r e c i p i t a t e s ,  t h u s  reducing  t h e  amount o f  helium produced i n  t h e  
g r a i n  boundar ies ,  and (3)  a re f inement  i n  g r a i n  s i z e .  

Piaterials s e l e c t e d  f o r  u s e  as c ladding  and s t r u c t u r a l  components i n  a f a s t  
r e a c t o r  system will o p e r a t e  o v e r  a wide range of  tempera ture ,  neut ron  f l u x ,  and 
stress c o n d i t i o n s .  The changes i n  mechanical  and p h y s i c a l  p r o p e r t i e s  which occur  
as a r e s u l t  of n e u t r o n  i r r a d i a t i o n  are a f u n c t i o n  of many v a r i a b l e s ,  t h e  most 
impor tan t  of which appear  t o  be i r r a d i a t i o n  tempera ture  and neut ron  f luence .  
With regard  t o  t h e  a u s t e n i t i c  s t a i n l e s s  steels i t  a p p e a r s  t h a t  a l l  knobm f o m s  
of damage may occur.  I n  components wliich o p e r a t e  a t  t h e  lower end of t h e  temp- 
e r a t u r e  range (below approximately 3 8 O O C )  t h e  work-hardening c o e f f i c i e n t s  and 
uniform e l o n g a t i o n s  w i l l  b e  reduced. 
n e u t r o n  f l u e n c e s  i n  e x c e s s  of 1022 neutrons/cm2 i s  unknown. 

IIow s e v e r e  t h e s e  e f f e c t s  will be a t  f a s t  

Damage may t a k e  on several forms i n  t h e  tempera ture  range 380 t o  approxi-  
mate ly  600°C. Changes i n  t h e  p r e c i p i t a t e  d i s t r i b u t i o n  and morphology have been 
observed. The ways i n  which t h e s e  changes a f f e c t  mechanical  p r o p e r t i e s  are n o t  
e n t i r e l y  understood. Very r e c e n t l y  the  format ion  of v o i d s  and d i s l o c a t i o n  loops  
as a r e s u l t  of i r r a d i a t i o n  i n  t h i s  tempera ture  range t o  f a s t  n e u t r o n  f l u e n c e s  i n  
e x c e s s  of approximately lo2*  neutrons/cm2 h a s  been observed. T h i s  damage c a u s e s  
d r a s t i c  r e d u c t i o n s  i n  d u c t i l i t y  parameters  and a d e n s i t y  d e c r e a s e  or s w e l l i n g  
of t h e  material. A v a i l a b l e  d a t a  sugges t  t h a t  t h i s  form of damage i s  most severe 
a t  tempera tures  n e a r  550OC and t h a t  f o r  f a s t  neut ron  f l u e n c e s  of 1 x 1023 
neutrons/cm2 d e n s i t y  d e c r e a s e s  as l a r g e  as 10% may occur .  

A t  t empera tures  above 60OoC one would expec t  displacement  damage t o  be un- 
s t a b l e  and t o  r e c o v e r  i n  s h o r t  t i m e s  a f t e r  it i s  c r e a t e d .  Under t h e s e  condi- 
t i o n s  changes i n  s t r e n g t h  p r o p e r t i e s  are small. Reduct ions i n  d u c t i l i t y  which 
become more severe a t  h i g h e r  tempera ture  and lower s t r a i n  rates are, however, 
observed. These e f f e c t s  are a r e s u l t  of hel ium which is  produced by v a r i o u s  
(n ,a )  t r a n s m u t a t i o n  r e a c t i o n s  d u r i n g  i r r a d i a t i o n .  
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A DISCUSSIOW 

J . F .  Schumar - A r e  we going t o  be a b l e  t o  q u a l i f y  s t a i n l e s s  s t e e l s  f o r  l a r g e  
fas t  b r e e d e r  r e a c t o r s ?  

J . R .  Weir - According t o  t h e  Liquid  ?!eta1 P r o g r m  O f f i c e ,  t h a t  i s  about a $10 
m i l l i o n  q u e s t i o n .  

E.C. Kovacic (APDA) - Piy q u e s t i o n s  are wi th  r e g a r d  t o  t h e  s w e l l i n g  of t h e  
s t a in l e s s  s t e e l .  Could you corment on what you t h i n k  t h e  e f f e c t  o f  t h e  f l u x  l e v e l  
might be as opposed t o  t h e  f l u e n c e  end a t  :abet f lux  l e v e l  were t h e  d a t a  o b t a i n e d  
t h a t  you have l i s t e d  t h e r e ?  

J . R .  Weir - A l l  t h o s e  d a t a  were obtained. i n  e i t h e r  EBR-I1 o r  Counreay and t h e  
fas t  f l u x  o f  t h o s e  r e a c t o r s  was be tveen  2 and 3 x 1015. The p a r t  of your q u e s t i o n  
concerning whether  it i s  f l u x  s e n s i t i v e ,  we c a n ' t  r e a l l y  answer. ?4y  guess  i s  t h a t  
it i s  n o t .  That i s  a. guess .  The basis f o r  t h e  -mess i s  a t h e o r y  by J o e  B e e l e r .  
H i s  computer t h e o r y ,  accord ing  t~ J o e ,  a c t u a l l y  p r e d i c t e d  t h e  voids  b e f o r e  t h e y  
were observed exper imenta l ly .  Ard eccord ing  t o  t h i s  model, it i s  probably not  
v e r y  flux s e n s i t i v e ;  i . e . ,  a l l  t h a t  it r e q u i r e s  i s  a high  energy neut ron  and g iven  
enough of them, you w i l l  end u~ w i t h  voids  t h e t  a r e  l a r g e  enough t o  s e e  i n  t h e  
e l e c t r o n  microscope. 

E.C.  Kovacic - My second q u e s t i o n  i s  i n  r e g a r d  t o  t h e  i m p l i c a t i o n  of  t h i s  

22 s w e l l i n g  on t h e  use o f  s t a i n l e s s  s t e e l  as a f a s t  r e a c t o r  c l a a .  If I remember 
t h e  d a t a  c o r r e c t l y ,  it i n d i c a t e d  about 8 -f/o i n c r e a s e  a t  a f l u e n c e  of % 8 x 1 0  . 
This  seems t o  be more t h a n  t h e  m&yirnum voluze  i n c r e a s e  t h a t  you could accommodate 
i n  a fas t  r e a c t o r  c o r e  d e s i g n  and y e t  t h o s e  f l u e n c e  l e v e l s  seem q u i t e  low t o  m e  
i n  terms o f  t h e  kind o f  burnup we have t o  o b t a i n  f o r  economic f u e l  performance. 
Would you comment on t h a t ?  ?,hat i s  t h e  i m p l i c a t i o n  o f  t h i s  on t h e  use  of  c l a d  
i n  f a s t  r e a c t o r  f u e l s ?  

J.R. Weir - Well, I think t h a t  t h e  f i r s t  r e a l  assessment  of  t h i s  problem i s  
o c c u r r i n g  r i g h t  now i n  t h e  PFTF p r o j e c t ,  and I h a v e n ' t  t a l k e d  t o  t h e  d e s i g n  peo- 
p l e  t h e r e .  It i s  amazing t o  m e t a l l u r g i s t s  how n?ilch t r o u b l e  w e  can g i v e  a d e s i g n e r  
and h e  can d e s i g n  h i s  way o u t  o f  i t ,  sometimes. This  n i g h t  be t h e  c a s e  w i t h  t h e  
volume i n c r e a s e  i n  t h e  f a s t  r e a c t o r s ,  a l though you a r e  l i m i t e d  by t h e  p r o p e r t i e s  
of t h e  c o o l a n t  and t h e  geometry of t h e  c o r e  from t h e  s a f e t y  s t a n d p o i n t .  We c a n ' t  
r e a l l y  say  what a f f e c t  t h i s  w i l l  have u n l e s s  a l a r g e  group of people  t a k e  a ser- 
i o u s  look a t  it i n  a r e a c t o r  d e s i g n .  A s  far  2 s  I know, t h a t  i s  going on r i g h t  
now o n l y  i n  t h e  FFTF. PerhaDs t h e r e  i s  some work l i k e  t h i s  i n  England where t h e y  
a r e  l o o k i n g  at t h i s  e f f e c t .  

D.H. Gurinsky (BNL) - J i m ,  I would a p p r e c i a t e  your  commenting on t h e  r e s u l t s  
you r e p o r t e d  i n  a t r i p  r e p o r t  on t h e  s i n g l e  c r y s t a l  work on n i c k e l  which I t h i n k  
i s  a f a i r  s u b s t a n t i a t i o n  of t h i s  hel ium embr i t t l ement  phenomenon. 

J . R .  Weir - Well ,  I h a v e  w r i t t e n  lots of  t r i p  r e p o r t s  and I am not  sure j u s t  
which one you are  r e f e r r i n g  t o .  The h e l i u n  embr i t t l ement  occurs  i n  a wide range  
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of  ma te r i a l s .  It occurs  i n  pure n i c k e l  i f  it i s  p o l y c r y s t a l l i n e .  It does not 
occur i n  s i n g l e  c r y s t a l  n i c k e l  ( t h a t  i s  French  work). It occurs i n  pure i r o n ,  
it occurs  i n  pure copper,  and it occurs only i n  t h e  temperature range i n  which 
t h e  m a t e r i a l  l i k e s  t o  f r a c t u r e  in t e rg ranu la r ly .  So, anytime t h e  m a t e r i a l  t ends  
t o  f r a c t u r e  i n  t h e  g r a i n  boundaries anyway, i f  you in t roduce  t h e  void n u c l e i  o r  
bubbles i n  t h e  g r a i n  boundaries ,  it induces f r a c t u r e  a t  much, much lower s t r a i n  
and, t h e r e f o r e ,  producing t h e  d u c t i l i t y  e f f e c t .  
t h e  helium e f f e c t .  

There i s  l o t s  of evidence f o r  
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ABSTRACT 

A genera l  review i s  made of t h e  e f f e c t s  of  neutron 
i r r a d i a t i o n  on t h e  e levhted  temperature mechanical 
p r o p e r t i e s  of r e f r a c t o r y  metals and a l l o y s .  P a r t i c u l a r  
a t t e n t i o n  i s  pa id  t o  t h e  importance of t h e  i r r a d i a t i o n  
and t e s t  temperature and t o  t h e  r e s u l t i n g  sub-s t ruc ture  
on t h e  observed changes i n  t h e  mechanical p r o p e r t i e s .  

INTRODUCTION 

This  p re sen ta t ion  w i l l  be centered around one important simple equat ion 
which i s  as follows: 

h = bvp (1) 

This s t a t e s  t h a t  t h e  creep r a t e ,  h ,  i s  equal  t o  t h e  Burgers vec to r  b ,  mobile 
d i s l o c a t i o n  dens i ty  p ,  and average d i s l o c a t i o n  v e l o c i t y  v. I n  many experiments 
on mechanical proper ty  determinat ions,  t h e  creep r a t e  i s  determined as a 
func t ion  of appl ied  stress. O r  f o r  a cons tan t  s t r e s s ,  t he  creep ra te  i s  
determined as a func t ion  of  temperature .  It i s  very d i f f i c u l t ,  t h e r e f o r e ,  t o  
proper ly  i n t e r p r e t  t h e  experimental  data i n  greater de t a i l  when t h e  creep ra te  
i s  known t o  be a func t ion  of two v a r i a b l e s ,  t h e  mobile d i s l o c a t i o n  dens i ty  ( p )  
and the  average d i s l o c a t i o n  v e l o c i t y  (.v), without  some knowledge of t h e  depen- 
dence of t h e s e  two v a r i a b l e s  on stress and temperature.  

The i r r a d i a t i o n  induced de fec t s  which w i l l  a f f e c t  d i s l o c a t i o n  mobi l i ty  (v) 
and d i s l o c a t i o n  m u l t i p l i c a t i o n  ( i . e .  d i s l o c a t i o n  d e n s i t y  p )  are not  very d i f f e r e n t  
than  t h e  l a t t i c e  d i so rde r  o r  second phases t h a t  phys i ca l  m e t a l l u r g i s t s  are q u i t e  
familiar wi th  i n  p r e c i p i t a t i o n  hardening a l l o y s ,  i n  cold worked m a t e r i a l s ,  and 
i n  those  materials which a r e  r ap id ly  quenched and aged. 
found t h a t  a quenched metal  r e s u l t s  i n  a super -sa tura t ion  of vacancies  which, a t  
t h e  proper  aging temperature ,  t end  t o  form c a v i t i e s  and voids .  

For in s t ance ,  it i s  

A s  a gene ra l  

* 
This paper  o r i g i n a t e d  from work sponsored by t h e  Fuels and Materials Branch, 
U. S. A t m i c  Energy Commission, under Contract  AT( 40-1)-2847. 
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TABLE I 

EFFECTIVE ABSORPTION CROSS SECTIONS FOR LMFBR FU??L-CLADDING MATERIALS 

S o f t  Spectrum Hard Spectrum 
Mean Fiss ion  Energy % 120 kev Mean Fiss ion  Energy 305 kev 

General E l e c t r i c  Oxide-Fueled Reactor* Combustion E n g i n e e r i n g  Carbide-Fueled Reactor** 

Material 3 -1 10 l a ,  cm 

1.16 

1.60 
1 .78  

1.45 

5.30 
6.40 
6.54 
6.56 
6.61 
6.74 
7.64 
7.64 

8.15 
8.52 

7 - 9 1  

10.6 
13.6 

16.5 
16.6 

61.6 

69.3 

14.0 

31.1 

65.4 

91.3 
174.0 

V 
Z r  
V-2OTi 
V-15Ti-7.5Cr 
Fe-15Cr-kAl-lY 
304 SS 
347 & 348 SS 
19-9DL 
316 ss 
Incoloy 800 
Inco X-750 
Hastel loy R-235 
Hastel loy X 

Inconel  625 
Haynes #25 
N b - 1 Z r  
m-752 
Mo-O.5Ti 
Mo 
W 
W-25Re-30Mo 
W-25Re 
Mo-50Re 
T a  
R e  

UMCO-50 

-1 Mater i a1 3 10 l a ,  cm 

0.82 
0.97 
1 .03  
1 . 1 4  

3.21 
2.66 

3.74 
3.86 
3.97 
3.97 
3.98 
4.18 
b.75 
4.78 
4.86 
5.30 
8.66 
8.68 
9.46 
9.56 

17.4 
29.6 
31.8 
32.0 
41.5 
77.8 

V 
ZT 
V-20Ti 
V-15Ti-7.5Cr 

Fe-15Cr-kAl-lY 
Haynes #25 
304 SS 

UMCO- 5 0 

347 & 348 ss 

316 ss 
Incoloy 800 
Has tel loy-X 
Hastel loy R-235 
Inco  X-750 
I n c o n e l  625 
Mo-O.5Ti 
MO 
Nb-1Zr  
Cb-752 
W 
W-25Re-30Mo 
Mo-50Re 

T a  
Re 

19-9DL 

w- 2 5 Re 

* 
"Liquid Metal Fas t  Breeder Reactor Design Study , It  G W - 4 4 1 8 ,  General E l e c t r i c  

"Liquid Metal F a s t  Breeder Reactor Design Study , I 1  CEND-200 Combustion 
Engineering Company, January 1964. 

,,,,Company, January 1964. 
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r u l e ,  most of t h e s e  processes  l e a d  t o  an inc rease  i n  t h e  s t r e n g t h  of  t h e  
material and a corresponding decrease i n  d u c t i l i t y .  
d e f e c t s ,  resembling c a b i n a t i o n s  of  quenched, worked and p r e c i p i t a t i o n  hardened 
material, w i l l  a f f e c t  both d i s l o c a t i o n  v e l o c i t y  and a l s o  d i s l o c a t i o n  mul t ip l i ca -  
t i o n  leading  t o  changes i n  t h e  creep rate. I n  some cases ,  and e s p e c i a l l y  at 
c e r t a i n  temperatures ,  it i s  found t h a t  t h e  creep rate i s  acce le ra t ed  when com- 
pared t o  an u n i r r a d i a t e d  specimen; i n  most i n s t ances ,  however, it i s  found t h a t  
t h e  creep rate i s  reduced. 

The r a d i a t i o n  induced 

To e s t a b l i s h  a proper  pe r spec t ive  regarding t h e  s t r e n g t h  of t h e  r e f r a c t o r y  
meta ls  and a l l o y s  compared t o  o t h e r  s t r u c t u r a l  metals, Figure 1 shows t h e  
stress f o r  1% s t r a i n  as a func t ion  of a temperature-time p a r a m e t e r . ( l )  
t h i s  case t h e  Larson-Miller parameter w a s  s e l ec t ed .  Z i rca loy ,  which r e a c t o r  
des igners  are q u i t e  familiar wi th ,  i s  q u i t e  low i n  s t r eng th .  The a u s t e n i t i c  
s t a i n l e s s  s tee l s ,  niobium base a l l o y s ,  molybdenum, tungsten and tantalum a l l o y s  
are i n d i c a t e d  as w e l l  as some of t h e  vanadium a l l o y s  and coba l t  base a l loys .  
The shaded reg ion  r ep resen t s  a temperature reg ion  o f  6 5 0 ' ~  and 7 6 0 ' ~  which i s  
p resen t ly  of  primary i n t e r e s t  t o  LMFBR des igners .  

I n  

The c a l c u l a t e d  e f f e c t i v e  absorpt ion c ross  s e c t i o n ( 2 )  f o r  LMFBR fuel  c l a d  
materials i n  two d i f f e r e n t  s p e c t r a  are l i s t e d  i n  Table 1. The vanadium base 
a l l o y s  seem t o  be t h e  most a t t r a c t i v e  from t h e  r e a c t o r  physics  s tandpoint .  
Tungsten i s  a very poor material f o r  an economic breeder ,  b u t  it i s  used i n  
o ther  fast r eac to r  concepts. This order ing of ma te r i a l ,  of course,  depends on 
t h e  assumptions made i n  t h e  ca l cu la t ions .  I n  any event ,  vanadium base  a l l o y s  
appear t o  be t h e  most a t t r a c t i v e ,  b u t  un fo r tuna te ly ,  t h e  least amount of  i n fo r -  
mation i s  known about t h e s e  a l l o y s  i n  t h e  areas of  r a d i a t i o n  e f f e c t s .  

I n  t h i s  p r e s e n t a t i o n ,  it i s  hoped t o  develop an understanding o f  t h e  
gene ra l  e f f e c t s  of  r a d i a t i o n  on t h e  BCC m e t a l s  as a c l a s s  of  a l l o y s  and much 
of  t h i s  knowledge w i l l  be based on tungsten of which, it i s  be l i eved ,  most of  
t h e  u s e f u l  information i s  known. 
app l i e s  t o  t h e  molybdenum a l l o y s  and f i n a l l y  suggest  t h a t  t h e  vanadium a l l o y s  
should - t o  a f irst  approximation, behave i n  a similar manner. 

Next i s  t o  show t h a t  t h i s  understanding a l s o  

POINT DEFECTS 

R e s i s t i v i t y  measurements (3 '4 )  are gene ra l ly  used t o  o b t a i n  information on 
po in t  de fec t  migra t ion  behavior .  The r e s i s t i v i t y  i s  measured at some f i x e d  
temperature  fol lowing e l eva ted  temperature anneals  f o r  some cons tan t  time; i . e . ,  
i sochronal  annealing. The de fec t s  are introduced through working, quenching, 
aging,  i r r a d i a t i n g  and/or combinations of  t h e s e  processes .  As an example, f o r  
t h e  case of r e c r y s t a l l i z e d  tungsten i r r a d i a t e d  a t  about 70°C t o  neutron f luences  
ranging up t o  1 .5  x 1021 n cm-2 (E > 1 Mev), it is  shown i n  Figure 2a  t h a t  t h e  
po in t  d e f e c t s  are removed according t o  a f i x e d  p a t t e r n  r ega rd le s s  of  t h e  degree 
of i r r a d i a t i o n .  Another important observat ion i s  t h a t  f o r  anneal  temperatures  
above 1000°C and up t o  IgOO'C, a r e s i d u a l  r e s i s t i v i t y  remains and t h i s  i s  a t t r i -  
buted t o  t ransmutat ions of  tungsten i n t o  rhenium and osmium atoms. 

By determining t h e  s lope  of t h e  i sochronal  recovery curves [d(Ap/Apo)/dT] 
information on t h e  ra te  of de fec t  recovery may be obtained.  Figure 2b shows 
t h i s  de fec t  recovery s p e c t r a  which c l e a r l y  sugges ts  t h a t  unique temperature  
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reg ions  e x i s t  and t h e s e  a r e  a t t r i b u t e d  t o  t h e  migrat ion of d i f f e r e n t  spec ie s  of 
p o i n t  defec ts .  I n  p a r t i c u l a r ,  prominent temperature reg ions  occur at about 
0.15 Tm, 0.22 T,, and 0.31 Tm where t h e  f irst  and las t  values  are gene ra l ly  re- 
f e r r e d  t o  as Stage I11 and Stage I V  recovery reg ions ,  r e spec t ive ly .  

Although t h e  na tu re  of  t hese  de fec t  stages are important i n  t h e  eva lua t ion  
of experimental  d a t a  and e s p e c i a l l y  t o  t h e  a p p l i c a t i o n  of  t h i s  information t o  
r e a c t o r  design,  t h e  po in t  be ing  made i n  t h i s  paper i s  t h a t  unique recovery 
temperatures do e x i s t  i n  t h e s e  i r r a d i a t e d  materials. S imi la r  s t ages  have been 
observed t o  occur a t  t h e  same homologous temperatures i n  molybdenum and o t h e r  
bcc metals. 
i n t e r s t i t i a l s  migra te  i n  Stage I11 and t h a t  free vacancies migrate  i n  Stage I V .  
The region a t  0.22 Tm may be due t o  t h e  migrat ion of divacancies  o r  t o  t h e  release 
of impurity atoms o r  free i n t e r s t i t i a l s  from t r a p s .  

For t h e  p re sen t  t i m e ,  assume t h a t  free i n t e r s t i t i a l s  and/or impuri ty  

CLUSTER DEFECTS 

As a r e s u l t  of t h e  p o i n t  de fec t  migrat ion processes ,  t h e r e  i s  a tendency 
f o r  some of t h e s e  t o  accumulate i n t o  p l ana r  c l u s t e r s  which may co l l apse  i n t o  
vacancy o r  i n t e r s t i t i a l  d i s l o c a t i o n  loops.  Some of t h e  po in t  de fec t s  may migra te  
t o  o t h e r  f r e e  su r faces  such as g r a i n  boundaries o r  t o  t h e  e x i s t i n g  d i s l o c a t i o n  
s t r u c t u r e s  a l ready  i n  t h e  material as w e l l  as t o  those  c l u s t e r  de fec t s  due t o  the  
r e l a x a t i o n  of  t h e  displacement sp ikes .  Under proper  temperature and f l u x  dens i ty  
condi t ions  it i s  a l s o  poss ib l e  f o r  t h e  vacancies t o  form polyhedra l  and/or 
s p h e r i c a l  voids .  Figure 3 shows t h e  genera l  f e a t u r e s  of  t h e  vacancy o r  i n t e r -  
s t i t i a l  loops (two dimensional)  as w e l l  as y p i c a l  damage region ( t h r e e  
dimensional)  due t o  t h e  displacement sp ike .  t5f 

C l u s t e r  d e f e c t s  a f f e c t  t h e  mechanical p r o p e r t i e s  i n  a manner similar t o  a 
p r e c i p i t a t i o n  haxdening a l loy .  Gl i ss i le  d i s l o c a t i o n s  i n t e r a c t  with t h e  c l u s t e r s  
and must overcome these  obs t ac l e s  by bowing out  between them, by c u t t i n g  through 
o r  by climbing over.  The climb mechanism becomes poss ib l e ,  as a gene ra l  r u l e ,  
a t  temperatures above one-half t h e  absolu te  mel t ing temperature due t o  t h e  r o l e  
which vacancies  p lay  i n  t h e  d i s l o c a t i o n  climb processes .  The vacancy concentra- 
t i o n  i n  thermal  equi l ibr ium become apprec iab le  a t  t h e  h igher  temperatures .  There 
i s ,  however, a poss ib l e  inf luence  of t h e  r a d i a t i o n  induced vacancies ,  which t end  
t o  g ive  a l o c a l  super-sat-mation of  vacancies a t  temperatures  below 0.5 Tm, i n  
promoting d i s l o c a t i o n  climb at t h e  lower temperatures;  i . e . ,  i n  t h e  region of 
0.31 Tm when they  become mobile and t h e r e f o r e  may i n t e r a c t  with d i s l o c a t i o n s  over  
a longer  range i n  t h e  l a t t i c e .  

Figure 4 shows t y p i c a l  de fec t  c l u s t e r s  observed i n  tungsten with t h e  t r a n s -  
mission e l e c t r o n  microscope. Dis loca t ion  loops which, depending on i r r a d i a t i o n  
and t e s t i n g  temperatures ,  are i n t e r s t i t i a l  o r  vacancy i n  na tu re  have been i d e n t i -  
f i e d . ( 6 , 7 )  
f luence ( 8)  and also wi th  anneal ing (and/or  t e s t i n g )  temperature.  t 9  The temper- 
a t u r e  dependence suggests  an aging phenomena and these  d e n s i t i e s  have a c t u a l l y  
been determined f o r  t h e  case of tungsten as shown i n  Figure 5. These loops t end  
t o  harden t h e  material and t h e  degree of hardening w i l l  depend on t h e i r  s i z e  ( d )  
and dens i ty  (N) which, i n  t u r n ,  determines t h e i r  d i spers ion  (L) according t o  
L = (Nd)-1/2. 
s t r e n g t h  ( A t )  may be r e l a t e d  by 

The dens i ty  of  t h e s e  de fec t  c l u s t e r s  w i l l  vary with r r a d i a t i o n  

Dis loca t ion  t h e o r y ( l 0 , l l )  suggest t h a t  t h e  inc rease  i n  shea r  
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Pb 
L A t = a -  n 

where p and b are the  shear  modules and Burger 's  vec tor ,  respec t ive ly .  The 
constant  a represents  an i n t e r a c t i o n  parameter of  t he  d i s loca t ion  and obs tac le  
and w a s  found t o  be approximately 1/5 i n  reasonable agreement w i t h  t h e o r e t i c a l  
computer ca lcu la t ions  (1/4) f o r  t he  f cc  metals.  (11) 
t o  a f i r s t  approximation, a co r re l a t ion  may be made between t h e  microscopic 
observation (micro-metallurgy) of de fec t s  i n  t h e  m e t a l  t o  t h e  mechanical pro- 
p e r t i e s  (macro-metallurgy ) measure with t e n s i l e  tes t  equipment. 

The po in t  being made t h a t  , 

TRANSMUTATION PRODUCTS 

A t  h igher  temperatures,  t h e  poin t  defec ts  are e s s e n t i a l l y  completely re-  
moved as are a l s o  most of  t he  defec t  c l u s t e r s  which have been formed d i r e c t l y  
o r  through the  aggregation of  po in t  defec ts .  
defec ts  have been removed, it i s  observed (Figure 6 )  t h a t  t he  creep r a t e  of  
tungsten,  when t e s t e d  at a constant appl ied  stress and temperature, i s  reduced 
by a f a c t o r  of 600 with a co r re l a t ed  increase  i n  the  rupture  l i f e .  This l a rge  
change i n  s t r eng th  i s  a t t r i b u t e d  t o  t h e  presence of transmutation products 
according t o  s o l i d  so lu t ion  s t rengthening theo r i e s .  

Although these  i r r a d i a t i o n  induced 

A s  shown i n  Figure 4, a f e w  defec t  c l u s t e r s  may s t i l l  remain a t  t h e  llOO°C 
The c l u s t e r  defect  d e n s i t i e s ,  however, a r e  seve ra l  (0.37 Tm) tes t  temperature. 

orders  of  magnitude lower than those observed f o r  t he  t e n s i l e  tests and do not 
account f o r  t h e  observed increase  i n  creep s t rength .  The loops are completely 
removed at temperatures approaching 0.5 Tm unless  they are s t a b i l i z e d  by prec ip i -  
tates formed from t h e  presence of impurity atoms i n  the  mater ia l .  These prec ip i -  
have been observed t o  decorate the  loops as bends i n  a necklace. 

The smooth curve drawn i n  Figure 6 shows t h e  exce l l en t  agreement between 
By assuming the  creep r e l a t ionsh ip  theory and experiment. 

-AH /RT E = A ' f ( u ) e  c ( 3 )  

w i t h  A '  being a constant which includes t h e  usual  pre-exponential f a c t o r s ,  
AHc the e f f e c t i v e  ac t iva t ion  energy f o r  creep, R and T ,  t h e  gas constant  and 
absolute  t e s t  temperature,  respec t ive ly .  The stress funct ion has many forms 
which may be propor t iona l  t o  t h e  Hyperbolic Sine,  a power l a w  ( an )  o r  an ex- 
ponent ia l  l a w  (eB0). 
experiment t h e  power l a w  may be used. 

For t h e  range of p l a s t i c  flow s t r e s s e s  used i n  t h i s  
The flow s t r e s s  u i s  defined as 

i' u = u  - u  a ( 4 )  

Where ua i s  the  i n i t i a l  appl ied s t r e s s ,  and U i  t he  l a t t i c e  f r i c t i o n a l  stress 
due t o  the  presence of long range i n t e r n a l  s t r e s s  f i e l d s .  Therefore,  f o r  t h e  
case of a f ixed  appl ied  s t r e s s  and temperature, Equation 3 may be wr i t t en  as 
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I n  t h e  case  of t h e  u n i r r a d i a t e d  r e c r y s t a l l i z e d  specimens, and f o r  t h e s e  
t es t  temperatures ,  t h e  value of U i  << U a  and t h e  creep r a t e  may be expressed 
as a f 'unction of  Ua"  where both cons tan ts  of  Equation 5 ( A  and n )  may be 
determined. For t h e  case of  t h e  i r r a d i a t e d  specimens, it is  shown t h a t  rhenium 
atoms are formed which i n  t u r n  increases  the  value of  a i  according ( f o r  d i l u t e  
a l l o y s )  t o  t h e  r e l a t i o n s h i p  

where C R e  i s  t h e  atom f r a c t i o n  of rhenium atoms and k '  a cons tan t  convert ing 
t h i s  r e l a t i o n s h i p  i n t o  the  appropr ia te  s t r e s s  units. 
(611 may a l s o  be w r i t t e n  as 

The expression [Equation 

s i n c e  t h e  rhenium atom concentrat ion i s  e s s e n t i a l l y  d i r e c t l y  p ropor t iona l  t o  
t h e  thermal  neutron f luence .  

Cmbining Equations ( 5 )  and ( 7 )  [or  Equation (611, a gene ra l  expression 

may be obtained.  Conversely t h e  appl ied  s t r e s s  requi red  t o  maintain a cons tan t  
creep-rate  a t  a f i x e d  temperature may be r e l a t e d  t o  t h e  thermal neutron f luence  
( 4 t h )  as fol lows:  

o r  

which sugges ts  t h a t  t h e  inc rease  i n  s t r e n g t h  is  p ropor t iona l  t o  t h e  square 
r o o t  of  t h e  thermal neutron f luence ,  provided t h e  da t a  i s  eva lua ted  wi th in  
those limits where A and n a r e  constant. The constant k will vary s l i g h t l y  
with temperature  f o r  values 0.35 < T < 0.5 Tm. 
s t rengthened  materials,  t he  inf luence  of rhenium a t  temperatures above 0.5 Tm 
w i l l  no t  be very s i g n i f i c a n t .  

Typical  of  most s o l u t i o n  

For t h e  case of tungs ten ,  it i s  now shown t h a t  s t rengthening  mechanisms 
due t o  observable de fec t  c l u s t e r s  and due t o  t ransmutat ion products  can be 
adequately explained by e x i s t i n g  d i s l o c a t i o n  t h e o r i e s  and t h a t  t h e s e  mathe- 
ma t i ca l  r e l a t i o n s h i p s  may be used as guide l i n e s ,  f o r  a first approximation 
a n a l y s i s ,  i n  t h e  design of components f o r  condi t ions  at which no experimental  
engineer ing  mechanical proper ty  d a t a  ex i s t s .  
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Figure 6 - Flinimum creep-rate o f  i r r a d i a t e d  p o l y c r y s t a l  1 i n e  
tungsten tes ted  a t  a f i x e d  temperature of 1100°C 
and an app l ied  s t ress  o f  18.28 kp mm-2 as a 
f u n c t i o n  of thermal neutron f luence.  The maxi- 
m u m  f luence y i e l d e d  about 2.7 atom percent  rhenium 
atoms. 
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RADIATION ENHANCED PRECIPITATION 

Specimens i r r a d i a t e d  a t  e leva ted  temperatures ,  and i n  p a r t i c u l a r  f o r  
0.31 < T < 0.50 Tm which i s  above and below t h e  c r i t i c a l  temperature  0.35 T,, 
show t h a t  some r a d i a t i o n  induced de fec t s  a r e  s t i l l  present  and these  tend  t o  
s t rengthen  t h e  material above and beyond t h a t  observed f o r  specimens i r r a d i a t e d  
t o  t h e  same fast  (and thermal )  neutron f luence  a t  r e a c t o r  ambient temperatures .  
This  phenomenon cannot be c o r r e l a t e d  with observable  c l u s t e r  de fec t s  and/or 
t ransmutat ion products  i n  t h e  manner d iscussed  previous ly  ( i . e .  t e n s i l e  pro- 
p e r t i e s  a t  24OoC o r  creep-propert ies  a t  llOO°C). 

A s  an example, Figure 7 shows a t y p i c a l  family of creep curves f o r  molybdenum 
The i r r a d i a t e d  t o  a fas t  neutron f luence  of 1 . 4  t o  1.8 x 1020 n cm-2 ( E  > 1 Mev). 

i nc rease  i n  t h e  rupture  l i f e  compared t o  t h a t  o f  t h e  un i r r ad ia t ed  specimen f o r  
t h e  cons tan t  l oad  and f ixed  temperature t e s t s  a r e  f a c t o r s  of 2 .7 ,  12 and 17 f o r  
specimens i r r a d i a t e d  a t  70, 700, and 1000°C, r e spec t ive ly .  These temperatures 
r ep resen t  t h e  0.12, 0 .34,  and 0.44 Tm values  i n  t h e  same order .  The two h igher  
temperatures were s e l e c t e d  t o  bracke t  t he  0 . 4 1  Tm temperature value where most 
of t h e  observable  c l u s t e r  
t h r e e  orders  of  magnitude. 112) 

l oop)  de fec t s  i n  molybdenum were reduced by about 

The l a r g e  inc rease  i n  creep s t r e n g t h  of molybdenum and t o  a l e s s e r  ex ten t  
on tungsten* suggest  t h a t  r a d i a t i o n  induced c l u s t e r  de fec t s  ( c o l l i s i o n  cascade 
region of t h e  displacement s p i k e )  a r e  nuc lea t ing  s i t e s  f o r  t h e  formation of 
carb ide  ( o r  n i t r i d e )  p r e c i p i t a t e s  from t h e  impurity atoms which a r e  i n  s o l u t i o n  
a t  t h e  e l eva ted  i r r a d i a t i o n  temperatures .  I t  i s  a l s o  reasonable  t o  assume t h a t  
t h e  carbon i n  s o l u t i o n  a t  the  e l eva ted  temperature may p r e c i p i t a t e  on some of t h e  
c l u s t e r  de fec t s  during r e a c t o r  shutdown where t h e  carbon s o l u b i l i t y  decreases  
r a p i d l y  with temperature.  The number of carbon atom jumps requi red  t o  reach a 
r e l axed  displacement sp ike  (compact c l u s t e r  o r  loop d e f e c t )  w i l l  be much smal le r  
than  t h a t  r equ i r ed  t o  reach o t h e r  l a t t i c e  imperfect ions such as the  g ra in  
boundaries ,  incoherent  po r t ions  of  twins o r  e x i s t i n g  d i s l o c a t i o n  networds wi th in  
t h e  mat r ix .  

Although not  d i r e c t l y  observed, it i s  a l s o  poss ib l e  t h a t  t h e  inc rease  i n  
t he  rupture s t r e n g t h  ( i . e . ,  rup ture  l i f e )  i n  the  case of  t h e  molybdenum and 
tungsten may be a t t r i b u t e d  t o  t h e  presence of sub-microscopic voids  (vacancy 
c l u s t e r s  and/or vo ids )  which m a y  harden t h e  m a t e r i a l  according t o  t h e  r e l a t i o n -  
s h i p  shown i n  Equation ( 2 ) .  Voids have been observed, f o r  i n s t ance ,  i n  t h e  
case of unalloyed vanadium(l3) i r r a d i a t e d  i n  EBR-11. 

RADIATION EFFECTS ON ALLOYS 

The inf luence  of neutron i r r a d i a t i o n  on s e v e r a l  a l l o y s  of t h e  bcc c r y s t a l  
l a t t i c e  s t r u c t u r e  sugges ts  t h a t  many of those  de fec t s  a s soc ia t ed  with t h e  Stage 
I11 recovery are s t i l l  present  i n  t h e  a l l o y  provided t h a t  t h e  l i qu idus  temperature 

-2 * 
I r r a d i a t e d  t o  1 . 4  t o  1 .8  x lo2' n cm ( E  > 1 M e V )  a t  70, 1000, and 13OO0C; 
i.e., 0.09, 0.34 and 0.43 T,. 

n 
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@ i s  used t o  determine t h e  corresponding homologous temperature .  A remarkable 
d i f f e rence  between t h e  unalloyed metal  and the  a l l o y  of t he  same metal  i s  t h e  
lack  of  pronounced 0.22 and 0.31 Tm (Stage I V )  recovery regions f o r  t he  case of 
t h e  a l l o y s .  

R e s i s t i v i t y  s t  d i e s  show t h a t  Stage I V  defec t  i s  not s i g n i f i c a n t l y  present  
i n  W-25Re a l l o ~ . ( ~ ~ Y  I n  add i t ion ,  t e n s i l e  t e s t s  and hot-hardness r e s u l t s  show 
t h a t  t h e  thermal  hardening component, which i s  be l ieved  t o  be due t o  t h e  migra- 
t i o n  and c l u s t e r i n g  of those  po in t  de fec t s  i n  t h e  0.22 and 0.31 Tm recovery 
reg ion ,  i s  absent i n  a l l o y s  such as W-25Re W-25Re-30Mo and Mo-50Re but  i s  very 
pronounced i n  t h e  base metals W and Mo. (15  

Transmission e l ec t ron  microscopy s t u d i e s  (16) on Cu and a d i l u t e  A 1  a l l o y  
of Cu r evea l  t h a t  "black spot"  c l u s t e r  de fec t s  be l ieved  t o  be very small 
vacancy c l u s t e r s  as w e l l  as the  l a r g e r  p l ana r  de fec t s  (vacancy and/or i n t e r -  
s t i t i a l  p l a t e l e t s  o r  l oops )  a r e  p re sen t  i n  t h e  pure Cu but  only loops a r e  
p re sen t  i n  t h e  d i l u t e  a l l o y  f o r  equiva len t  i r r a d i a t i o n s .  This suggests  t h a t  
two d i s t i n c t  types of r a d i a t i o n  induced de fec t s  a r e  present  i n  the  unalloyed 
meta ls  and they  should a l s o  have d i f f e r e n t  degrees of  thermal s t a b i l i t y  as 
we l l  as d i f f e r e n t  i n t e r a c t i o n s  (hardening e f f e c t s )  with g l i s s i l e  d i s l o c a t i o n s .  

This apparent d i f f e rence  between t h e  a l l o y  and t h e  base metal  should tend  
t o  suppress  t h e  c l u s t e r  induced changes i n  mechanical p r o p e r t i e s ,  o f  t h e  bcc 
a l l o y s  ( i . e .  V-20Ti) i r r a d i a t e d  i n  t h e  EBR-I1 s ince  the  sodium ambient tempera- 
t u r e  w i l l  be above t h e  0.22 T, temperature l e v e l .  

SUMMARY 

Although very l i t t l e  e f f o r t  has been appl ied  t o  t h e  i n v e s t i g a t i o n s  of t h e  
e f f e c t s  of  r a d i a t i o n  on t h e  mechanical and phys ica l  p r o p e r t i e s  of t h e  r e f r a c t o r y  
metals and a l l o y s ,  compared t o  t h e  work repor ted  on t h e  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  and o t h e r  f c c  a l l o y s ,  it i s  be l ieved  t h a t  some important prel iminary 
observa t ions  may be recorded. They a r e :  

1. The t ransmission microscope has con t r ibu ted  valuable  information on 
t h e  e f f e c t s  of  r a d i a t i o n  t o  t h e  bcc meta ls .  I t  has been shown 
t h a t  mechanical p r o p e r t i e s  may be c o r r e l a t e d  w i t h  observable  c l u s t e r  
de fec t s  by t h e  use of p re sen t ly  accepted d i s l o c a t i o n  t h e o r i e s .  

2.  Transmutation products  a r e  s i g n i f i c a n t  con t r ibu to r s  t o  the  s t r e n g t h  
of  t h e  i r r a d i a t e d  metals. This i s  shown t o  be t h e  case of tungsten 
and it should a l s o  be t r u e  f o r  tantalum and any o the r  high thermal 
neutron absorbing metal and a l l o y .  

3. Elevated temperature ( T  > 0.5 Tm) d u c t i l i t y  i s  not s e r i o u s l y  a f f e c t e d  
by neutron i r r a d i a t i o n .  It i s  poss ib l e  t h a t  t h e  c r y s t a l  s t r u c t u r e  
p lays  an important r o l e  i n  t h e  r e s u l t i n g  d u c t i l i t y  i n  t h a t  t h e  f c c  
metals appear t o  be much more s e n s i t i v e  t o  t h i s  embri t t lement .  

A 
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4. Alloys of t h e  bcc metals are not a f f ec t ed  as much as t h e  r e spec t ive  
base m e t a l  f o r  equiva len t  i r r a d i a t i o n  f luences  and temperatures .  
The a l l o y  may show b e t t e r  d u c t i l i t y  a t  temperatures  above 0.22 Tm 
than  t h e  base m e t a l  wi th  both showing poss ib l e  complete recovery at  
temperatures  above 0.35 Tm. 

5. Due t o  t h e  low s o l u b i l i t y  of i n t e r s t i t i a l  impur i t i e s  i n  Mo and W ,  
e l e v a t e d  temperature i r r a d i a t i o n s  of t h e s e  two metals t end  t o  show 
i r r a d i a t i o n  induced nuc lea t ion  of  p r e c i p i t a t e s  ( o r  vo ids )  which result 
i n  a f u r t h e r  hardening of  t hese  metals. 
o t h e r  metals T a ,  Nb, V and C r  should not  e x h i b i t  a similar phenomena. 

There i s  no reason why the  

6 .  It i s  only r e c e n t l y  t h a t  p re l iminary  tes t  d a t a  a r e  r epor t ed  on t h e  
e f f e c t s  of i r r a d i a t i o n  on vanadium and i t s  a l l o y s .  Ind ica t ions  are 
t h a t ,  based on homologous temperatures ,  t h e s e  metals behave similar 
t o  t h e  o t h e r  bcc metals and a l l o y s .  

7. I r r a d i a t i o n ,  anneal and t e s t  temperature  p lays  a very important r o l e  
i n  t h e  inf luence  of neutron i r r a d i a t i o n  on t h e  phys ica l  and 
mechanical p r o p e r t i e s  of r e f r a c t o r y  metals and a l l o y s .  
of reasonable  p u r i t y  t h e  unique temperature  reg ions  may be 0.15,  
0.22, 0.31, 0.35, 0.41 and 0.50 Tm wi th  poss ib ly  another  reg ion  a t  a 
temperature of about 0.71 Tm. 
t r i b u t i n g  mechanisms f o r  some of  t he  r e f r a c t o r y  metals a r e  summarized 
i n  Figure 8. 

For metals 

The temperatures  and poss ib l e  con- 
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DISCUSSION 

J.F.  Schumar - I am s u r e  t h a t  a f t e r  John M o t e f f ' s  t a l k ,  we know more of t h e  
John,  my q u e s t i o n  would be - do YOU t h i n k  t h a t  mechanics o f  i r r a d i a t i o n  damage. 

w e  can s y n t h e s i z e  some a l l o y s  t h a t  w i l l  go t o  1030 nvt  and s t i l l  have 50% elonga- 
t i o n  and no c r e e p ?  

J. Moteff - Yes, and I t h i n k  t h a t  i f  we can g e t  Congress t o  ?ass a r u l e  t h a t  
t h e  mechanical  p r o p e r t i e s  should go a c c o r d i n g l y ,  we w i l l  be  i n .  
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LIQUID SODIUM AS A REACTOR COOLANT ./= 

Kurt Goldmann 
United Nuclear Corporation 

Elmsford, New York 

ABSTRACT 

The attainment of high breeding ratios, leading to 
low fuel cycle costs and conservation of our natural ura-  
nium resources, is shown to be the primary reason for 
selecting sodium as a reactor coolant. Reliability of so-  
dium systems is discussed. Failures in existing systems, 
which operate a t  sodium temperatures below 1000"F, are 
attributed generally to poor engineering practices rather 
than to a lack in sodium materials technology. If further 
reductions in power costs a r e  to be realized by raising 
sodium temperatures to 1200°F to 1400°F to generate 1050°F 
steam, the state -of -the -art of sodium technology must 
be extended in the areas of fuel cladding and steam gen- 
erator materials and sodium purity control. 
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INTRODUCTION 

When asked to present  a paper on “Liquid Sodium as a Reactor 
Coolant,” I was immediately confronted with the problem of not being 
able to cover all that might be sa id  on this broad subject within the al- 
located time. Instead of touching briefly on a large number of i tems,  I 
decided to l imit  the paper to a few topics w h c h  I considered particularly 
timely. In selecting these topics, I was a l so  guided by the P rogram Com- 
mittee’s des i r e  to convey to the audience an idea of the potential useful- 
ness  and limitations of sodium as a reac tor  coolant and i ts  present  s ta tus  
of development. I purposely omitted much detail and oversimplified, 
where appropriate,  to place emphasis on basic advantages and problems. 

T o  keep the scope of the paper within manageable l imits ,  it  ad-  
d r e s s e s  itself only to nuclear plants for central  station power. In the 
text, the word “liquid” is dropped from the title, i .e . ,  “sodium” stands 
for  “liquid sodium” - not sodium vapor. 

WHY SODIUM? 

Table 1 shows the effects of sodium’s favorable propert ies  on 
plant character is t ics .  

Sodium has excellent high-temperature heat t ransfer  and t r ans  - 
port  properties.  * These  propert ies  permit  high heat re lease  ra tes  o r ,  
ir. reac tor  terminology, high power densit ies.  Low plant heat ra tes  o r  
high thermal  efficiencies can be attained because (1) high reac tor  out- 
le t  temperatures  obtainable with sodium lead to highly superheated 
s team,  which is one requisite for  high Rankine cycle efficiencies, and 

*In this paper,  “ t ransport  properties’’  re fe r  to all thermophysical prop- 
erties which affect coolant sys tem and pumping cost, i.e., coolant den- 
s i ty ,  specific heat, thermal  conductivity, viscosity and vapor pressure .  
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TABLE 1 - FAVORABLE PROPERTIES O F  SODIUM AND THEIR 
EFFECTS ON PLANT CHARACTERISTICS 

Heat Transfer  and Transport  Propert ies  

0 High Heat Release Rates (High Power Densities) 
0 Low Plant Heat Rates (High Thermal  Efficiencies) 
0 Thin-Walled Containment 
0 Emergency Cooling 

Cost of Sodium 

0 -20 cents/lb 

Nuclear Propert ies  

0 High Breeding Ratios 
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(2) pumping power requirements for coolant circulation a r e  relatively 
low. Because of sodium's low vapor pressure ,  sodium containment 
vessels  and pipes can be thin-walled. I ts  propert ies  a r e  ideal for pro-  
viding emergency cooling, although there are still some uncertainties 
in regard  to sodium superheat and two-phase flow phenomena which 
must  be resolved. 

Q 

Sodium is readily available and can be purchased a t  a reasonable 
cost  - approximately 20 &/1b. 

High breeding rat ios  can be attained with sodium a s  a reac tor  
coolant. The two basic charac te r i s t ics  which contribute to this are:  

1. Scattering of neutrons by sodium does not greatly reduce 
their  energies;  

2.  With plutonium, the average number of neutrons l iberated for 
each neutron absorbed in the fuel, ( q ) ,  increases  with i n -  
c reased  neutron energy. 

Therefore ,  more  neutrons are liberated per  fission i f  the reac tor  
coolant is sodium than would be l iberated i f  the coolant contains hydro- 
gen o r  other  low-weight a toms which slow down neutrons during sca t -  
tering. A l a rge r  number of neutrons is then available to convert more  
fer t i le  U238 into fissile plutonium. High breeding ratios a r e  fur ther  a s -  
su red  because a hard neutron energy spectrum leads to relatively low 
parasi t ic  absorption of neutrons in  sodium and s t ruc tures .  

The major  reasons for selecting sodium over  other coolants a r e  

Relatively low cost is the principal factor for selecting sodium 
over  other alkali metal  coolants. One of these,  lithium, appears  a t -  
t ract ive because of i ts  high specific heat, 1 Btu/lb-"F vs  0 . 3  Btu/lb-"F 
for sodium. However, in addition to i ts  higher cost ,  the cor ros ive-  
ness  of lithium makes its containment with conventional mater ia l s  
most  difficult. Lithium a lso  has a relatively low atomic weight; there-  
fore,  neutrons a r e  slowed down and breeding ratios a r e  reduced. Po-  
tass ium, as an alloying element,  can suppress  the melting point of 
sodium. Thus, NaK was selected as a reactor  coolant for s eve ra l  
plants because it was thought to be advantageous for  the coolant to 
be liquid a t  room temperature .  However, NaK reac ts  more  vigorous- 

depicted in Table 2. 

A 
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TABLE 2 - REASONS FOR SELECTING SODIUM 
OVER OTHER COOLANTS 

Coolants 
P r imary  S econda r y 
Reason Reason 

Other Alkali Metals Coolant cost  

Water 

Gas 

Nuclear Heat t ransfer  
and t ransport  

Heat t ransfer  
and t ransport  
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l y  in air, and experience has shown that maintenance and repa i r  are 
actually facilitated by the fact that sodium can be frozen in the adjoin- 
ing piping. 

In comparing heat t ransfer  and transport  properties of sodium 
with those of water,  it is immediately apparent that sodium’s high ther -  
mal  conductivity and low vapor pressure  give it a distinct advantage. 
In the ear ly  days of reactor  inventing, i t  was thought that these favor- 
able properties were sufficient to warrant  the selection of sodium over  
water as a reactor  coolant. However! in view of the tremendous pro-  
g r e s s  which has been made with water-cooled reactors  and the util- 
i t ies’  traditional use and familiarity with water,  it appears doubtful 
that these advantages a r e  sufficient in  themselves for the selection 
of sodium over water a t  this time. 

Nevertheless, the near and distant future hold strong economic 
incentives for  the use of sodium, rather  than water o r  s team, as a r e -  
actor  coolant. These incentives a r i s e  because the hydrogen in water 
o r  s team slows down neutrons, and, as described above, this leads to 
lower breeding ratios. Significantly higher breeding ratios can be at - 
tained with sodium -cooled reactors ,  leading to lower fuel cycle costs 
and to the conservation of our  natural uranium resources.  

It has been estimated that the plutonium, which wi l l  be produced 
in  water-cooled plants in the foreseeable future, might be worth twice 
as much to an operator of a sodium-cooled breeder than to one with 
a water-cooled plant. Serious studies are under way to determine how 
much plutonium should be held for future use in sodium-cooled, fast 
breeders  in lieu of recycling it in water plants. The s takes  are large. 
To demonstrate their o rde r  of magnitude, one may take a n  estimate 
that 300 tons of fissile plutonium wi l l  have been produced in water 
plants by 1985. If the plutonium will be worth twice as much, e.g., 
20 $/g vs 10 $/g, the potential savings a r e  3 billion dollars. With 
an estimated production of 40 tons of fissile plutonium during 1985, 
the potential annual savings are 400 million dollars at that time. For 
the initial demonstration and prototype plants, these savings in fuel 
cycle costs may be offset by higher plant capital costs. Nevertheless, 
it is expected that the net power costs for  subsequent sodium-cooled, 
fast breeders  wi l l  be less than those for water o r  steam-cooled plants. 
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Even i f  trade-off studies show that only a fraction of the potential 
savings can be realized, it is obvious from the magnitude of the num- 
be r s  that the economic incentives are substantial. Similarly, it can be 
demonstrated that the higher breeding ratios of sodium -cooled reactors  
will decrease the doubling t ime of plutonium production, and thereby, 
substantially reduce uranium mining requirements. The goal of con- 
serving uranium resources  is further aided by the fact that high specif-  
ic powers can be attained in sodium-cooled breeders ,  s o  that inven- 
tory requirements for fissile isotopes are relatively low. 

Those who favor gas as a reactor  coolant claim the same nucle- 
ar  advantages with even higher breeding ratios. However, gases have 
very poor heat t ransfer  and transport  properties in comparison to those 
of sodium. Even under the proposed pressures ,  gases do not have the 
potential for  attainment of the high heat release rates and low plant 
heat ra tes  predicted for  sodium. Of special  concern with gas-cooled 
reac tors  are the possible damage and safety problems resulting from 
a loss -of -coolant flow and/or gas pressure .  In contrast ,  sodium has 
particularly favorable properties to cope with an accidental loss of 
pumping power and/or coolant pressure ,  although further efforts are 
required to establish what features must be incorporated into a reac- 
to r  design to a s su re  that sodium voiding during an extremely large 
excursion can be handled in a safe manner. 

Q 

In summary,  the principal reasons for  selecting sodium as a 
reactor  coolant are its potential f o r  high breeding ratios,  high heat 
re lease rates, high thermal efficiencies, and its inherently favorable 
emergency cooling characterist ics.  Since the high breeding ratios rep-  
resent  a n  overriding economic incentive, thermal performance param - 
e t e r s  such as maximum sodium temperatures,  heat fluxes, sodium 
velocities, etc.,  may be held a t  modest levels in ear ly  plants. The 
advantage of better performance with higher values remains as a 
potential improvement for later plants. These last considerations are 
important to the assessment  of the state-of-the art  of sodium technol- 
ogy, which wi l l  be discussed later.  

Regardless of how high its thermal efficiency o r  how low its 
initial cost, no plant produces power economically unless it demon- 
s t r a t e s  a high availability factor. This means that plant components 
and sys tems must have a high degree of reliability. 
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RE LIABILITY 

One frequently hears  r emarks  such a s ,  ‘Well ,  sodium as a r e -  
ac tor  coolant looks attractive on paper,  but will sodium sys tems ever  
be reliable ? ’‘ 

’ In spite of the continued difficulties encountered with existing 
sodium sys tems,  I would like to s ta te  a t  the outset that there  should 
be no question a s  to whether they can ever  be made reliable, that in 
fact we already have proof that it can be done. 

Figure 1 is a symbol of that proof. It is a picture which appeared 
on the front page of the New York Times  on September 27, 1957, more  
than 10 years  ago. It shows President  Eisenhower looking through a 
periscope of the submarine Seawolf while i t  was submerged 60 ft 
beneath the surface of the ocean. Powered by the sodium-cooled S2G 
plant, the Seawolf operated as a unit of the Atlantic Fleet for nearly 
two years .  I ts  excellent performance record  during this period and 
the implications from this picture should leave very little doubt that 
sodium sys tems can be reliable. 

Fig. 1 - President  Eisenhower Viewing the Sea Above the Seawolf 
Through a Periscope 
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The Seawolf is usually remembered for the difficulties encoun- 
tered during the development of its sodium-cooled power plant, rather 
than for its successes. There were many difficulties during the de- 
velopment phases, including some with the sodium-heated steam gen- 
erator equipment, about which more will be said later. However, once 
commissioned, the sodium system performed reliably. 

In spite of its reliability, the S2G plant was replaced with a pres- 
surized water plant, because it was not economic for the Navy to con- 
tinue with two completely different systems. It might also be noted 
that requirements for compactness would not allow breeding. Thus, 
the primary reason for selecting sodium for central station power 
plants was not a controlling factor in the Navy’s decision. 

Why was the S2G plant so  reliable and why today, 10 years later, 
do we still encounter crippling failures in almost every operating 
sodium system? There is no single answer to this question, but I 
would like to advance a few thoughts which hopefully can be applied 
toward the prevention of similar difficulties in the future. 

1. Many sodium systems, including full-size reactor plants, 
have been built for “experimental” purposes. As with 
many experimental projects, reliability considerations 
were not given the high priority which they deserved. 

2. Most failures have not been due to a lack in technology, 
but, rather, due to a lack of applying existing technology. 
For example, sodium circulation and gas entrainment 
problems have been encountered repeatedly because of 
insufficient attention to well-established rules regarding 
venting, draining, and liquid level requirements. The 
use of improper cleaning and storage procedures has led 
to many failures. Such difficulties can be prevented 
in the future if  greater insistence is placed on requiring 
engineers and supervising personnel to be fully familiar 
with the existing sodium technology before assigning 
them the responsibility for designing, installing, or oper - 
ating sodium components and systems. (This may require 
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3. 

overcoming a new Parkinson’s law which seems  to 
have become firmly established. It says that  any o r -  
ganization which works on sodium equipment for the 
first time will make again the s ame  mistakes that all 
the others have made before.) 

Don’t design and build your own sodium components 
because you think you can do it at a lower cost than 
buying them from a commercial  supplier. In many in- 
stances, in the past, this kind of reasoning was faulty. 
Sodium heaters  are a typical example, but represent  
only a smal l  fraction of failures caused by such deci- 
sions. Many sodium leaks have resulted from a shor t -  
circuiting arc between a home-made electr ic  resis- 
tance heater and a sodium pipe o r  vessel. It would 
have been less expensive to buy a proven heater,  even 
though initial costs might have been higher. Buying 
components f rom commercial  suppliers has the addi- 
tional advantage of providing direct  support to an infant 
sodium component industry which must become viable 
to supply improved, reliable components in the future. 

4. Complete component and system testing during the 
development phases contributed, perhaps more  than 
any other cause, to  the reliability of operation of the 
Seawolf plant. No other past sodium project had the 
benefit of such rigorous testing. 

5. Another major contribution to reliability was the em-  
phasis on detailed engineering plans and specifications, 
and stringent quality control procedures during all 
s tages  of the Seawolf program. Recognition of this has 
undoubtedly led to  the disciplined engineering approach 
which is now being taken by the U. S. Atomic Energy 
Commission in its Liquid Metal Fast Breeder Reactor 
(LMFBR) Program. 
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It should be noted that, in this tally, failures are attributed most- 
ly to engineering practices ra ther  than to mater ia ls  technology. The 
present status of sodium mater ia ls  technology and some future needs 
a r e  discussed in the following section. 

MATERIALS TECHNOLOGY 

We reviewed the s ta te  -of -the -art of sodium technology three 
years  ago,’ and concluded that: 

1. “The existing plants have an inherent capability of producing 
900°F s team with sodium temperatures up to 1000°F. Sodium 
technology for these sys tems is well in hand. They can oper-  
ate under cold-trapped conditions without exceeding accept - 
able corrosion rates of available materials.  Sodium -sampling 
techniques, chemical analysis methods, and on -line indicators 
a r e  available to monitor sodium purity in cold-trapped s y s -  
tems. 

2. “The fast breeder reactors  of the future are projected to 
produce 1050°F steam with maximum sodium temperatures 
in  the 1200 to 1400°F range. If these temperatures  are to be 
achieved with economic plants, the state-of-the-art of sodium 
technology must be extended in the areas of fuel cladding and 
s team generator mater ia ls  and related sodium purity con- 
trol .  ’’ 

We also indicated that some development would be required to 
cope with sodium frost  accumulation in cover gas spaces and to select  
adequate hard-facing mater ia ls  for  higher temperature systems.  

These statements are s t i l l  valid today, although in retrospect it 
appears that we could have been more conservative in regard to s team 
temperatures for existing plants. Accordingly, I have lowered this 
value to 800°F in Table 3. 

Much new information has become available during the last three 
years. Sodium technology is being advanced around the world in con- 
siderable breadth and depth, as illustrated by the resul ts  which were 
reported a t  three international conferences in 1966. These conferen- 
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TABLE 3 - MATERIALS TECHNOLOGY 

E xis ting 
Plants 

Targe t  
Plants 

Steam Temperature ,  OF 800 1050 
Max, Sodium Tempera  - 

Required Technology In hand 0 Fuel cladding 
ture ,  OF 1000 1200 to 1400 

mate rials 
0 Steam generator 

mate rials 
0 Sodium purity 

control 
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ces were: “An International Symposium on the Alkali Metals,” held 
at  Nottingham; an IAEA sponsored “Symposium on Alkali Metal Cool- 
ants ” in Vienna; and an “International Conference on the Properties 
of Liquid Metals” held at Brookhaven National Laboratory. The pro- 
ceedings of these conferences were published last year in References 2, 
3, and 4, respectively. They include 148 papers, of which 112 are 
directly concerned with sodium. In content, they range from funda- 
mental investigations, such as “Interatomic Distances in Liquid Metals 
and Alloys,” to applied topics, such as “Effects of Sodium on the Metal- 
lurgical and Mechanical Properties of Candidate LMFBR Alloys. ” A 
list of these papers, under subject headings, is appended for conveni- 
ent reference. 

No attempt is made here to review each paper o r  to list hun- 
dreds of other pertinent art icles and reports which have been pub- 
lished in recent years. A Liquid Metal Information Center has been 
established at Santa Susana, California, under the auspices of the 
U. S. Atomic Energy Commission. It is available for literature 
searches and other source information in this field. 

In general, the recent literature indicates that the empirical 
approach of the past is being supplemented by new fundamental inves- 
tigations. These should lead to the better understanding of basic mech- 
anisms which will  be required to extend the existing sodium tech- 
nology to the higher temperature reactors. The previously mentioned 
major areas of concern have been selected for further comment. 

Fuel Cladding: Materials 

Fuel cladding and core structures for fast breeder reactors 
must not only be compatible with the sodium, but they must also with- 
stand high radiation levels, particularly high-energy neutron fluxes, 
for long times. Irradiation resistance of applicable materials was  
the subject of two preceding papers at this Session, and will,  therefore, 
not be discussed further here. Compatibility with sodium in the 1200 
to 1400°F temperature range is intimately tied to sodium purity con- 
trol, about which more will  be said later in this paper. 
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Steam Gene rat0 r Mate r ia l s  

A ser ious  mater ia ls  problem exists with sodium-heated s team 
generators .  It is one of s t r e s s  corrosion on the water  s ide,  not on the 
sodium side.  

Type 300 s e r i e s  s ta inless  s tee ls  a r e  preferred for sodium con- 
tainment, but they a r e  highly susceptible to s t r e s s  corrosion attack 
in aqueous media, especially under the sensit ized conditions which per  - 
tain a f t e r  long-term operation a t  elevated temperatures .  The sodi-  
um-heated s team generators ,  which were  developed for the Seawolf, 
were  the f i r s t  to experience this type of attack. Others  followed with 
the la tes t  incident being a s team pipe failure in  the Sodium Component 
T e s t  Installation (SCTI) a t  the Liquid Metal Engineering Center.  This 
pipe and associated fittings, which were  fabricated from type 347 
s ta inless  s tee l ,  failed, while no s t r e s s  corrosion attack was noted in 
the s team generator which was under tes t  a t  the same  time. The 
s team generator  did not fail because al l  water-exposed sur faces  were  
clad with Inconel to make this unit, which is otherwise fabricated with 
type 316 s ta inless  s tee l ,  l e s s  susceptible to s t r e s s  corrosion.  Thus, 
this incident demonstrates that Inconel cladding of water-exposed s u r -  
faces is a possible solution to the s t ress -cor ros ion  problem. 

The use of Inconel cladding is relatively expensive. A l e s s  ex-  
pensive solution is the use of low-chromium alloy s tee ls  throughout 
a s team generator .  These fe r r i t i c  s tee ls  a r e  less  susceptible to 
s t r e s s  corrosion than the austenitic s tee ls ,  although caustic embr i t  - 
tlement is of concern. Thei r  strength and resis tance to decarburiza-  
tion in a sodium environment decreases rapidly as temperatures  ap-  
proach 1000°F. Their  maximum useful temperatures  in this regard  
a r e  not known, but i t  appears  cer ta in  that target  temperatures  of 
1050°F s team cannot be attained with the presently available fe r r i t i c  
s tee ls .  A s  mentioned before, maximum thermal  performance is not 
essent ia l  for ear ly  plants to be economically attractive,  and the re -  
fore ,  low -chromium alloy steels a r e  likely candidates. 

Power Facility (HNPF), Experimental  Breeder  Reactor II (EBR-11), 
and Enrico F e r m i  Atomic Power Plant (EFAPP)  use such s tee ls  
throughout. 

The sodium-heated s team generators  a t  the Hallam Nuclear 
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It should be noted that these solutions utilize commercially avail- 
able materials. Another long-term approach, which perhaps should r e  - 
ceive more attention than it has been getting in the past, would be to de- 
velop new materials. Such materials should have a low susceptibility 
to s t r e s s  corrosion, high resistance to carbon transfer, and adequate 
mechanical properties. Some success in this direction has been 
achieved by additions of carbide formers,  e.g., niobium and titanium 
to the low-chromium alloy steels. 

@ 

It is obvious, from the experience to date, that there is no guaran- 
tee that s t r e s s  -corrosion failures will  never occur in sodium-heated 
steam generators. Steps which may be taken to prevent their occur- 
rence include: 

1. Select materials which have a low susceptibility to s t r e s s  
corrosion; 

2. Prevent contact of these materials with undesirable substances 
during fabrication and storage; 

3. Utilize proven cleaning fluids and procedures; 

4. Maintain complete control over water chemistry at all times; 
and 

5. Operate the steam generator only under approved conditions. 

These material considerations may be augmented further by 
special design features, such as “no crevices, ” drainability, etc. 
With these approaches, it should be possible to achieve a negligibly 
small  incident rate. 

If a failure does occur, it is possible to cope with sodium-water 
reactions. A s  has been demonstrated repeatedly during tests and acci-  
dental failures, no serious damage should result i f  certain precautions 
a r e  taken. These include special venting arrangements, means for early 
detection of a leak, and prompt dumping of water and steam to reduce 
pressure,  Venting is required to prevent buildup of excessive pressures 
on the sodium side, and to prevent hydrogen, which is released in so-  
dium-water reactions, from forming explosive mixtures with oxygen. 
Leaks a r e  detected by increases in pressure o r  increases in hydrogen 
concentration in the cover gas of the sodium system and/or by in- 
line, sodium purity monitors which will  be described further. 
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Sodium Puri ty  Control 

During ear ly  experience with sodium sys tems,  plugging of sma l l  
l ines was frequently encountered. It was soon established that the plugs 
were  caused by precipitating oxides, result ing from the fact that the 
oxygen solubility in sodium decreases  with decreasing temperatures .  
The remedy for this problem was a cold t r ap  in which the oxides were  
removed f r o m  the sodium by precipitation under controlled conditions. 
Grea te r  precautions were taken to prevent the contamination of sodium 
with oxygen, and the plugging me te r  was invented to maintain a check 
on oxide precipitation tempera tures  for the circulating sodium. Plug- 
ging temperatures  of 300°F or oxygen concentrations of 20  ppm* were 
considered acceptable. 

As sodium temperatures  rose  above 1000"F, it was recognized 
that oxygen a l so  played a n  important role in corrosion and m a s s  t r a n s -  
fer processes .  To l imit  such effects, it  became desirable to hold oxy- 
gen concentrations a t  10 ppm o r  less. 

A number of problems a r o s e  wi th  the advent of 10 ppm maxi-  
mum oxygen. F i r s t ,  there  was no proven method for oxygen analysis 
in the 1 to 10 ppm range; secondly, the solubility of oxygen in this 
range was not well established; and thirdly, other  impurit ies appeared 
to be present  a t  comparable levels.  This las t  problem manifests i t -  
self in many ways and is s t i l l  of concern today, especially in regard  
to other  intersti t ial  impurities: carbon, hydrogen, and nitrogen. 

Two methods , amalgamation and vacuum distillation, a r e  corn - 
monly used for  chemical analysis for oxygen. With both methods, 
sodium is separated f rom a residue, which, in the past? has been as- 
sumed to be sodium oxide. The  presence of other  compounds in the 
residue,  e. g., carbonates,  hydroxides, o r  hydrides, leads to e r r o r s  
in the oxygen determination. Attempts a r e  being made now to identi- 
fy these compounds, so that the analysis may yield total oxygen and 
the form in which the oxygen is present.  

+In this paper,  par t s  per  million (ppm) signifies the impurity contained 
in sodium on a weight basis.  
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Q The presence of other impurities also affects the interpretation 
of plugging meter readings. If sodium oxide is the only impurity present, 
a plugging meter reading can be related to oxygen concentration, pro- 
vided that the oxygen solubility and the meter’s characteristics in r e -  
gard to velocity and cooling rate effects are known. With other im- 
purities present, the plugging meter is only a “something precipitat- 
ing meter, ” it is not an oxygen meter. Al l  too frequently, plugging 
meter readings a r e s t i l l  being reported as ppm oxygen. This should 
not be done, unless there is assurance that the dominant impurity is 
oxygen, which in today’s systems is generally not the case. 

This does not mean that the plugging meter has lost its useful- 
ness. On the contrary, it should continue to prove to be a most valu- 
able instrument for detecting precipitating impurities, especially fol- 
lowing accidental contaminat ion of the sodium. 

Another “something” monitor is the Rhometer, which detects 
changes in the electrical resistivity of sodium. Most impurities cause 
changes in resistivity but they a r e  frequently comparable in magnitude 
to those resulting from normal sodium temperature changes. Attempts 
a t  developing temperature compensating devices for the Rhometer con- 
tinue to meet with difficulties. 

Plugging meter and Rhometer readings for sodium systems a r e  
analogous to total dissolved solids and electrical resistivity measure - 
ments for  water systems, respectively. Another analogy can be drawn 
between anoxygen activity meter for sodium systems and a pH meter 
for water systems. 

Most everyone knows that pH control is essential to the preven- 
tion of excessive corrosion in water systems, but few remember the 
full significance of pH readings. For present purposes, I would like 
to recall that a pH meter measures the hydrogen ion concentration in 
water, o r ,  more strictly speaking, the hydrogen ion activity. It is this 
hydrogen ion activity, rather than total hydrogen content, which plays 
a major role in water-corrosion processes. Many pH meters have 
millivolt scales to indicate oxidation-reduction potentials. 

An analogous instrument, a Liquid Metal Oxygen Meter, measures 
the oxidation-reduction potential of oxygen in sodium directly, and, like 
a pH meter, operates on the principle of an electrochemical cell. It 
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was developed under the auspices of the U. S. Atomic Energy Commis-  
s ion and is now commercially available. As with water sys t ems ,  the 
oxygen potential o r  oxygen activity is expected to be a more  significant 
parameter  than total oxygen for assess ing  corrosion potentials in sodi-  
um sys tems.  It should be remembered,  though, that activity is a the r -  
modynamic property,  and, a s  such, is not a measure  of reaction ra tes .  

Similar  considerations lead to the conclusion that carbon t ransfer  
in a sodium sys tem,  e .g . ,  carbon t ransfer  f rom fer r i t i c  to austenit ic 
steels, o r  f rom s t ee l s  to other fuel cladding mater ia ls ,  is controlled 
by differences in carbon activit ies.  Therefore ,  carbon activity o r  c a r -  
burizing potential measurements  for sodium would be of g rea t e r  in - 
t e r e s t  than total carbon determinations. An on-line carbon me te r  which 
measu res  these propert ies  is also being developed under the auspices 
of the U. S. Atomic Energy Commission. Prototype models have been 
built and a r e  ready for field tes ts  at  Commission-designated s i tes .  
Chemical analysis for  carbon and carbon solubility studies have gen- 
e ra ted  controversial  resu l t s ,  and it is hoped that with the use of the 
carbon me te r  a better understanding of carbon t ransfer  processes  will 
be gained. Carbon t ransfer  is of concern because a loss of carbon 
usually reduces strength,  and pickup of carbon can lead to extreme 
embrit t lement of containment and s t ruc tura l  mater ia ls .  

The monitoring of hydrogen in sodium is of special  in te res t  as 
a means for  detecting a water-to-sodium leak in a s team generator .  
An instrument based on the diffusion of hydrogen through a hydrogen 
permeable membrane and cover gas chromatography a r e  the principal, 
existing hydrogen monitors for leak detection. Hydrogen is a common, 
low-level impurity in all sodium sys tems.  It can affect the mechanical 
propert ies  of fuel clads and other s t ruc tures  i f  they a r e  made of hydro- 
gen-sensitive mater ia l s  such as niobium o r  zirconium. The develop- 
ment of a hydrogen activity me te r  has  been initiated recently. 

Nitrogen t ransfer  has  been observed in sodium sys t ems ,  but 
little is known about the basic mechanisms involved. No ser ious  dif- 
ficulties have been t raced  to nitrogen t ransfer ,  although changes in 
mechanical propert ies  might be expected. 

The greatest  uncertainties l ie in the interactions between the 
intersti t ial  impurities: oxygen-carbon-hydrogen-nitrogen. They af - 
fect not only impurity detection and corrosion processes ,  but a l so  the 
de s i g n and p e r f o r ma n c e o f pur i f i cat  io n e qu i p m e n t . 
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Much work remains to be done in regard to sodium purification. 
The general conclusions which we reached three years ago a re  still 
valid today: 

"At the anticipated higher temperatures of future plants, cold 
trapping may still produce acceptable sodium purities for all- 
steel  systems. If refractory metals a r e  used as cladding materi- 
als in systems that operate above 1000"F, oxygen levels may 
have to be reduced further by gettering. Presently available 
cri teria for the design of hot traps a r e  empirical, and more fun- 
damental data a r e  needed to achieve economic designs. The ef- 
fects of impurity interactions a re  not well understood but may 
play an important role in gettering performance and in the mag- 
nitudes of corrosion rates. Refinements of existing techniques 
o r  new approaches will  be required to determine sodium purity 
a t  hot-gettered levels. " 

1. 

2. 

3. 

4. 

5. 

CONCLUSIONS 

Sodium is of interest primarily because high breeding ratios 
may be attained with sodium as  a reactor coolant. High breed- 
ing ratios lead to low fuel cycle costs and to the conservation 
of our natural uranium resources. 

Sodium has excellent heat transfer and transport properties 
which hold a potential for further improvements in heat re- 
lease rates and plant heat rates beyond initial demonstration 
plants. 

Sodium systems can be made reliable. 

Most failures which have been experienced in sodium systems, 
which operate at temperatures below 1000"F, can be attributed 
to poor engineering practices rather than to a lack in sodium 
mat e rials te c hno lo gy. 

If the projected target temperatures of 1050°F steam with 
1200 to 1400°F sodium temperatures a re  to be attained, the 
state -of -the -art of sodium technology must be extended in 
the a reas  of fuel cladding and steam generator materials and 
sodium purity control. 
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DISCUSSION 9 

E.E. Hoffman (General E l e c t r i c )  - K u r t ,  one problem f o r  which I r e a l i z e  you 
c a n ' t  g ive  me much d e t a i l ,  bu t  t h e r e  seems t o  be q u i t e  a b i t  of a c t i v i t y  going 
on by people i n t e r e s t e d  i n  fas t  r e a c t o r s  on l i q u i d  sodium superhea t ,  and I wonder 
how se r ious  do you consider  t h i s  problem, and i f  it i s  a problem, what a r e  some 
of t h e  s o l u t i o n s  t h a t  a r e  being considered? 

K.  Goldmann - I only mentioned l i q u i d  superheat i n  pass ing ,  po in t ing  out  
t h a t  t h i s  i s  a p o t e n t i a l  problem and i n  case  you do have very l a r g e  excursions 
i n  t h e  r e a c t o r ,  you can ge t  t o  r a t h e r  high temperatures ,  temperatures t h a t  a r e  
p r e t t y  fa r  above t h e  s a t u r a t i o n  temperature of  t h e  sodium, and subsequently you 
can ge t  a sudden expuls ion of  t h e  sodium. Now, I b e l i e v e  t h a t  answers as t o  
what one does about t h i s  have t o  come from design s t u d i e s  and a l s o  from a g r e a t  
d e a l  more experimental  and development work t o  e s t a b l i s h  t,o what ex ten t  super- 
hea t  as such i s  a problem. A s  long as t h e  sodium does not suddenly form l a r g e  
volumes of v a p o r ,  superheat  i s  no problem. It only becomes, o r  could become, 
a problem i f  you suddenly genera te  a l a r g e  amount of vapor.  I t h i n k  t h e  answers 
t o  what i s  requi red  t o  do t h i s ,  what you could do t o  prevent  l a r g e  amounts of 
superheat from occurr ing ,  and how you could prevent l a rge  r e a c t i v i t y  excursion 
a r e  design problems. 
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/ - FFTE mTEL DEVELOPMENT P R O G W f l  
..-e---- -- 

C. A .  Burgess, J .  E. Hanson, B. R .  Hayward 
P a c i f i c  Horthwe st  Labora tor ies  

The FFTF Driver  Fuel  Development program i s  d i r e c t e d  
toward high f u n c t i o n a l  r e l i a b i l i t y  and s a f e t y  of  t h e  i n i t i a l  
core  through t h e  use of convent ional  f u e l  element materials 
and f u e l  component design.  
primary phases of t he  development program; process  develop- 
ment and i r r a d i a t i o n  t e s t i n g .  Tnese a c t i v i t i e s  are 
i n t e g r a t e d  with t h e  U P B R  program. 

T'nis paper desc r ibes  t n e  two 

The p r i n c i p a l  i r r a d i a t i o n  t es t s  c o n s i s t  of encapsulated 
f u l l  l eng th  p i n s  i n  GETR, p ro to typ ic  bare  p i n  assemblies  i n  
EBR-11, and t r a n s i e n t  tes ts  i n  TREAT. 

The candidate  and alternate f u e l  f a b r i c a t i o n  r o u t e s  are 
d iscussed .  The re ference  mixed oxide p e l l e t  f a b r i c a t i o n  
method i s  mechanical blending,  cold press ing ,  and s i n t e r i n g  
s o l i d  c y l i n d r i c a l  p e l l e t s .  Large s c a l e  f a b r i c a t i o n  
demonstration rounds by indus t ry  are planned. 

The r e s u l t s  f r o m  t h i s  program w i l l  provide ex tens ive  
b a s i c  knowledge and f u e l  performance d a t a  f o r  t h e  r ap id ly  
developing fas t  r e a c t o r  era.  

The r a p i d l y  growing power requirements i n  t h e  United S t a t e s  t o g e t h e r  
with t h e  need f o r  t o t a l  energy conservat ion have r e su l t ed  i n  USAEC sponsored 
development programs f o r  f a s t  b reeder  r e a c t o r s .  

I n  t h i s  program, t h e  Fas t  Flux Test F a c i l i t y ,  a l s o  known as t h e  FFTF, i s  
one of the major facilities for t h e  U. S. Liquid Metal Fast Breeder Reactor 
Program. 
Reactor o r  FTR and (2)  t h e  Nuclear Proof T e s t  F a c i l i t y  o r  NPTF, t o  be used f o r  
physics .  
i n  Richland, Washington with a c r i t i c a l  date i n  November, 1971 f o r  t h e  NFTF 
and November, 1973 f o r  t h e  FTR. 

Th i s  f a c i l i t y  c o n s i s t s  of two primary p l a n t s :  

These p l a n t s  w i l l  be cons t ruc ted  a t  t h e  P a c i f i c  Northwest Labora tor ies  

(1) t h e  Fas t  Test 

The main purpose of t h e  FTR i s  t o  provide a r ep resen ta t ive  and con t ro l l ed  
sodium cooled fast f l u x  t es t  environment i n  which t o  conduct l a r g e  s c a l e  t es t s  
of materials and r e a c t o r  components. 
and commercial b reeder  p h n t s .  
components ope ra t ing  i n  severe fast  r e a c t o r  environments and on methods of 
manufacturing mixed oxide f u e l s  f o r  fas t  r e a c t o r s .  The success fu l  completion 
of t h e  development programs descr ibed he re in  w i l l  provide t h e  means t o  a s su re  
t h e  high r e l i a b i l i t y ,  s a f e t y ,  and f u n c t i o n a l  e f f i c i e n c y  f o r  t h e  F'FTF. 

The results w i l l  l ead  t o  both demonstration 
Only l i m i t e d  d a t a  now e x i s t  on materials and 
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The mater ia l s  and f u e l  processing problems f o r  t he  FFW a r e  s i g n i f i c a n t l y  
more d i f f i c u l t  than those of t h e  thermal r eac to r s .  The high coolant temperatures, - 1000-1200 OF, and high fas t  neutron f lux ,  upward of 6 x 1015 n/cm2 sec,  point  
t o  t echn ica l  unce r t a in t i e s  t h a t  w i l l  not y i e ld  t o  ex t rapola t ion  from thermal 
r e a c t o r  t e s t  da ta .  Similar ly ,  the  handling of l a rge  q u a n t i t i e s  of plutonium 
f r o m  fu tu re  pa re r  r eac to r  discharges t h a t  contain a high percentage of isotope 
Pu 241 r equ i r e s  spec ia l  handling techniques.  
problems, t h e  f u e l  development program for t h e  FFTF i s  concentrat ing on two 
spec i f i c  a reas :  (1) process development and (2 )  i r r a d i a t i o n  t e s t i n g .  This 
in tegra ted  program begins on the  e x i s t i n g  base of  cu r ren t ly  ava i l ab le  materials 
and processing technology and i r r a d i a t i o n  data. 
the  FFTF operate  with a high a v a i l a b i l i t y  f a c t o r ,  thus  p a r t i c u l a r  emphasis i s  
placed on func t iona l  r e l i a b i l i t y .  
assur ing  t h e  q u a l i t y  of a l l  materials and components used i n  t h e  p lan t ,  and 
by having t3oroughly t e s t e d  pro to typic  mater ia l s  and components i n  appropriate  
environments. Spec ia l  emphasis i s  a l s o  placed throughout t h e  program on 
instrumented l a r g e  sca l e  s t a t i s t i c a l  t e s t s  and thorough pre-  and pos t - t e s t  
charac te r iza t ion .  

I n  recogni t ion of these  and o the r  

It i s  highly important t h a t  

This pos i t i on  w i l l  be achieved by thoroughly 

The cur ren t  re ference  FTR d r i v e r  f u e l  p in  design cons i s t s  of a 32-inch 
The f u e l  column enclosed i n  0.250 inch diameter 316 SS tube 16 m i l s  t h i ck .  

o v e r a l l  l ength  of t h e  p in  i s  s i x  f e e t .  The s o l i d  mixed oxide f u e l  p e l l e t s  a r e  
935 tlieoretj.ca1 dens i ty .  The fuel-cladding diametral  gap of 6 m i l s  r e s u l t s  i n  
a f u e l  smeared dens i ty  of 885 t h e o r e t i c a l  dens i ty .  

A .  PROCESS DEVELOPMENT PRC€ZAM 

The ob jec t ives  of t h e  process development program are: (1) t o  
develop processes,  spec i f i ca t ions ,  and q u a l i t y  s tandards which w i l l  assure  
high FTR f u e l  performance r e l i a b i l i t y ;  and ( 2 )  t o  assure  a technological  
base which i s  adaptable  t o  i n d u s t r i a l  use.  

The proposed reference process f o r  f a b r i c a t i n g  NFTI? and FTR f u e l  p ins  
b a s i c a l l y  c o n s i s t s  of mechanically blending mixed oxide powders, pressing,  
s in t e r ing ,  and loading the  p e l l e t s  i n t o  t h i n  walled tubing. 
desc r ip t ion  of  each major process operat ion follows. 
process development phase i s  t o  obta in  a thorough knowledge of t h e  main 
process va r i ab le s  a f f e c t i n g  the  product and t o  demonstrate t he  a b i l i t y  
t o  cons i s t en t ly  produce t h e  product t o  t i g h t  spec i f i ca t ions .  A p i l o t  
p l an t  f o r  t h i s  process  i s  being i n s t a l l e d .  

A brief 
The purpose of the  

1. Raw Mater ia l s  

The reference route  for r a w  ma te r i a l s  f o r  t h e  mechanical blending 
process includes:  (a)  the  preparat ion of Pu02 (average p a r t i c l e  
diameter 2 t o  4 microns) by ca lc in ing  Fu(1V) oxala te  p rec ip i t a t ed  
from plutonium n i t r a t e  so lu t ions  and ( b )  t he  use of commercially 
ava i l ab le ,  ceramic grade U02. 
end p e l l e t s  w i l l  be s in t e rab le  ceramic grade produced by f h e  
conventional ammonium diurana te  (AW) process.  

The n a t u r a l  or depleted UO f o r  t h e  

The mixed oxide f u e l  preparat ion phase includes rece iv ing  U02 
and PUO2 powders t ha t  are f u l l y  character ized.  
i s  then mixed, screened, and blended i n  a "V" type blender  adapteg-witg 
an i n t e n s i f i e r  u n i t .  

The preweighed UO PuO 

274 



The p rocess  development work inc ludes  an  in t ens ive  ana l? ; t i ca l  
program with numerous i n d u s t r i a l  f a b r i c a t i o n  s i tes  p a r t i c i p a t i n g .  
Ana ly t i ca l  methods f o r  plutonium assay  have been e s t ab l i shed ,  5 u t  t he  
accuracy i s  unce r t a in  and f u r t h e r  development i s  requi red .  

2. Ball M i l l  

The blended powders are then  d ry  b a l l n i l l e d  f o r  a predetermined 
t i m e  t o  produce optimum sur face  area and a uniform plu tonia-urania  
micro d i spe r s ion .  The spec i f ied  l i m i t s  f o r  f i n a l  s in t e red  d e n s i t y  
and PU homogeneity are 93-95'$ t h e o r e t i c a l  dens i ty  and 50 micron 
maximum Pu02 p a r t i c l e s .  

Each ba tch  of powder has  s p e c i f i c  c h a r a c t e r i s t i c s  re la ted t o  t i m e  
o f  m i l l i n g  and sur face  area. 
and 5-8 square meters per gram, r e spec t ive ly .  

These f a c t o r s  genera l ly  run 20-40 hours 

The mil led powders are placed i n  t h e  "V" blender  w i t h  i n t e n s i f i e r  
f o r  an  a d d i t i o n a l  f i v e  minutes t o  break any agglomerates and are  then  
passed through a 100 mesh screen.  

Alternate techniques be ing  examined inc lude :  

a. Short Mil l ing  Time Only - Purchase powders s l i g h t l y  c o a r s e r  than  
requi red  f o r  s i n t e r i n g  and m i l l  f o r  a shor t  time t o  in te rmix  and 
a c t i v a t e  t h e  powders. 

b.  Mixing OnQ - Purchase powders t o  s ize  f o r  s i n t e r i n g  and j u s t  
in te rmix  by "V" blender ,  high speed mixer o r  a i r  mixer. 

Mechanical blending i s  t h e  re ference  process  p r imar i ly  due t o  t h e  
experience with mixed oxide f u e l  f a b r i c a t i o n  f o r  thermal r e a c t o r s .  
Coprec ip i t a t ion  w i l l  a l s o  be evaluated. 
con t ro l l ed  screening  f o r  p a r t i c l e  s i z e  assurance and a complete process  
v a r i a b l e s  study covering a l l  opera t ions  through p e l l e t i z i n g  and 
s i n t e r i n g .  

Development e f f o r t s  inc lude  

3. Binder Addit ion 

Carbowax 20,000 b inde r  i s  added t o  1 kg of mixed oxide ( t h i s  
material is nominally 2% d r y  weight of a 20% aqueous s o l u t i o n ) .  
C r i t i c a l i t y  cons ide ra t ions  now l i m i t  t h e  batch opera t ions  t o  a t o t a l  
o f  1 kg of f u e l .  
o f  geometr ica l ly  c r i t i c a l l y  safe equipment. 
t h e  powders are dr ied a t  - 68 OC f o r  two hours i n  a c i r c u l a t i n g  a i r  
oven. 
provide f ree  f lowing press feed. 
without  b inde r s  are be ing  considered as a l t e r n a t e  techniques .  

This  quan t i ty  can be s i g n i f i c a n t l y  increased by use 
Following b inde r  add i t ion ,  

The d r i e d  f u e l  i s  granulated and screened t o  -20 +lo0 mesh t o  
The use of d r y  b inde r s  o r  p re s s ing  

4. P e l l e t  P re s s ing  and S i n t e r i n g  

P r i o r  t o  p e l l e t i z i n g  a powder l o t ,  t e n  t e s t  p e l l e t s  are s in t e red  
t o  determine t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  and t o  make minor p r e s s  and/or 
d i e  adjustments .  Dependent upon t h e  c h a r a c t e r i s t i c s  of t h e  feed material 
e i t h e r  of two p res s ing  methods are used t o  f a b r i c a t e  t h e  p e l l e t :  
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Reference Fuel Fabrication Process 
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a. A d i r e c t  p r e s s  and s i n t e r  cycle ,  o r  

b. A "slugging" process  i n  which t h e  powder i s  pressed t o  a r e l a t i v e l y  
low green dens i ty ,  g ranula ted ,  and repressed t o  a high d e n s i t y  and 
then  s i n t e r e d .  

Samples are se l ec t ed  f o r  r e l a t i v e  oxygen t o  metal conten t  a n a l y s i s  
and geometr ical  dens i ty  c a l c u l a t i o n s .  P e l l e t s  low i n  dens i ty  w i l l  be 
r e s i n t e r e d .  If t h e  spec i f i ed  dens i ty  i s  no t  achieved a f te r  r e s i n t e r i n g ,  
e i t h e r  ( a )  a waiver w i l l  be requi red  for use of  the  fue l  i n  t h e  process ,  
( b )  the  material w i l l  be recycled,  o r  ( c )  the m a t e r i a l  w i l l  be he ld  f o r  
recovery.  

5. Recycle Material 

The material be ing  considered f o r  c lean  recyc le  inc ludes  p e l l e t s  
( a )  which d id  not  meet d e n s i t y  s p e c i f i c a t i o n s ,  o r  (b )  which show excess ive  
c racking  o r  chipping. 
( a )  crushed, mi l led  and recycled through t h e  process  commencing w i t h  t h e  
b inde r  add i t ive ;  ( b )  crushed t o  -10 +lo0 mesh s i z e  and added t o  t h e  f u e l  
t o  assist i n  c o n t r o l l i n g  t h e  s i n t e r e d  dens i ty ;  or ( c )  s en t  through a n  
oxida t ion  and reduct ion  cyc le  t o  produce p r e s s  feed  material. 
i s  p re fe r r ed  s ince  it i s  t h e  s imples t  and, as a minor d i l u e n t ,  does not  
g r o s s l y  a f f e c t  t he  s i n t e r i n g  c h a r s c t e r i s t i c s  of t h e  f u e l  t o  which it i s  
added. ?"ne e f f e c t s  of recyc le  m a t e r i a l  a d d i t i o n s  w i l l  be evaluated i n  
t he  development prograrn. 

The r ecyc le  f u e l  m a t e r i a l  w i l l  e i t h e r  be 

Method ( b )  

6. Grinding 

It may be necessary t o  gr ind  sow o r  a l l  of t h e  p e l l e t s  t o  f i n a l  
s i z e  (* ,@OO5 i n c h ) .  
depending on feed  rate and t o t a l  s t a t i o n  throughput.  The g r inde r  s c rap  
generated by t h i s  ope ra t ion  w i l l  r e q u i r e  chemical recovery.  El imina t ion  
of t h i s  s t e p  i s  one of t h e  major goa l s  of t h e  process  development 
program. 

This ope ra t ion  nay be done e i ther  w e t  or dry  

7. Cleaning 

A l l  p e l l e t s  are cleaned of loose d u s t  by vacuum or by j e t  
techniques.  

8. P in  Assembly 

The p in  assembly phase of  t he  process  c o n s i s t s  of t h e  f u e l  loading,  
decontamination, plenum hardware i n s e r t i o n ,  and f inal  end cap c losure  
opera t ion .  Figure 1 .2  i s  a flow diagram of  t h e  i n d i v i d u a l  process  s t e p s .  

9. F'uel Loading 

P e l l e t  columns are assembled t o  meet length  and weight requirements.  
Then (a )  two i n s u l a t o r  wllets (deple ted  U 0 2 )  are weighed and added t o  
each end of  t h e  f u e l  column, ( b )  t h e  e n t i r e  column i s  loaded i n t o  t h e  
316 SS c ladding  tube ,  ( c )  a neutron r e f l e c t o r  ( N i  r od )  i s  placed on t o p  
of  t he  i n s u l a t o r  p e l l e t  and a n  Inconel  spr ing  i s  placed on t o p  of t h e  
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10. 

r e f l e c t o r .  The reference  design FFTF f u e l  p in  i s  shown i n  Figure 1.3. 
The p i n  i s  then  removed f r o m  t h e  loading s t a t i o n  f o r  decontamination. 
Automation techniques  f o r  powder and p e l l e t  handl ing ope ra t ions  w i l l  be 
developed. 

Decontamination 

The o u t e r  sur face  and t o p  1/k - 3/6 inch of t h e  i n n e r  sur face  
of t h e  loaded f u e l  tube  a r e  decontaminated t o  s tandard acceptab le  
l e v e l s  of < 500 d / m  smearable. 

11. 

12. 

1.3 - 

14. 

Outgassing plugs are p h c e d  i n  t h e  en6 of each p i n  and t h e  p i n s  
a r e  t r a n s f e r r e 6  t o  t h e  welding box. 

Welding 

The f u e l  p i n s  are TIG welded i n  one atmosphere of helium. 
pumping down and b a c k f i l l i n g  the  welding chember, t he  o f fgas  plug i s  
removed and a plenum tube  (extending above t h e  f u e l  t u b e )  i s  i n s e r t e d .  
The end cap i s  pressed and held down a g a i n s t  t he  plenum tube ,  which 
i n  t u r n  compresses t h e  Inconel  spr ing .  T h i s  p revents  subsequent 
movement of t h e  f u e l  column. The end c losu re  i s  then  welded. A 
welding development program i s  i n  progress  t o  a s su re  t he  cons is tency  
and in spec t ion  methods f o r  high q u a l i t y  welds. 

After  

Inspec t ion  

Following a lpha  monitoring of t h e  weld and a visual check, t h e  
(a )  weld dimensions and p i n s  are inspec ted  by the  fo l lowing  tes t s :  

radiography, (5) p in  radiography, ( c )  leak t e s t ,  ( d )  gamma scan, 
( e )  p i n  dimensional t e s t .  

The p i n s  a r e  cleaned and pass iva t ed  i n  n i t r i c  a c i d .  

Storage 

P i n s  are aga in  checked f o r  sur face  contamination, i n d i v i d u a l l y  
sea led  i n  p l a s t i c  tub ing ,  and s to red  i n  f u e l  t r a n s p o r t  boxes f o r  
w i r e  wrapping and assembly of t h e  subassembly. 

Clad 

The cu r ren t  re ference  c ladding  material i s  316 SS. However, 
i n i t i a l  development work and i r r a d i a t i o n  t es t s  are be ing  conducted wi th  
304 SS. 
program i s  a l s o  i n  progress .  
emphasized i n  both t h e  c ladding process  development and i r r a d i a t i o n  
t e s t i n g  phases.  The main process  a c t i v i t i e s  are concerned w i t h  t h e  
sources  of  and d e t e c t i o n  of d e f e c t s  i n  t h e  tub ing  and the  s e n s i t i v i t y  
of the nondes t ruc t ive  t e s t i n g  methods t o  be used. 
of  producing cold worked cladding,  i t s  e f f e c t s  on performance, and the  
mechanisms of c l a d  swel l ing  are be ing  inves t iga t ed .  

I n  a d d i t i o n  t o  f i e 1  development, an  ex tens ive  c ladding  development 
The c ladding  development a c t i v i t i e s  are be ing  

The d e t a i l e d  methods 
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15. Subassembly 

The w i r e  wrap concept i s  t h e  re ference  p in  design.  The subassenbly 
assembly opera t ion  s t a r t s  with the  wire wrap and i s  completed wi th  t h e  
at tachment  of t h e  flow duct .  The w i r e  wrap i s  welded t o  each end of t he  
p in .  The p i n s  are assembled i n  s t r i g s  which are then  welded t o  a g r i d  
spacer  t o  form t h e  217-pin subassembly. The a c t i v e  development program 
i n  t h i s  area inc ludes  w i r e  wrap versus  g r i d  spacers ,  f r e t t i n g  and wear, 
personnel  exposure t o  gamma and neutron hazaAs ,  thermal  hydraul ic  
c h a r a c t e r i s t i c s ,  weld q u a l i t y  v e r i f i c a t i o n  and dimensional t o l e rance  
bui ldup  of i nd iv idua l  components. 
r e l a t i v e l y  new and w i l l  become inc reas ing ly  s i g n i f i c a n t  as  t h e  
content  i nc reases .  
The assembly of t h e  f i r s t  t e s t  subassembly i s  shown i n  F igures  1 .5 ,  
1.6, and 1.7. 

The Pu2c1 handl ing hazard i s  

The conceptual  subassembly i s  shown i n  Figure 1 .4 .  

16. Fue l  Suppl ie rs  Program 

The a n t i c i p a t e d  schedule f o r  t h e  f u e l  supp l i e r  q u a l i f i c a t i o n  program 
and t h e  NFTF-FTR core f a b r i c a t i o n s  a r e  i l l u s t r a t e d  i n  F igure  1.8. 
schedule r e f l e c t s  t h e  proposed AEC gu ide l ines  f o r  procurement of t e s t  
and research  r e a c t o r  f u e l s .  

This  

The o v e r a l l  vendor q u a l i f i c a t i o n  program i s  d iv ided  i n t o  t h r e e  
phases.  

a. Development Phase - To set  up equipment and develop process  
c a p a b i l i t i e s  t o  e n t e r  t h e  l a t t e r  two phases.  
a d a t e  y e t  t o  be decided.)  
Indus t ry  must recognize the importance of t h i s  a n a l y t i c a l  e f f o r t  
and should inc rease  staff and f a c i l i t i e s  accordingly.  

(About A p r i l ,  1968 t o  
Emp:hasis i s  placed on a n a l y t i c a l  chemistry.  

b .  P r e q u a l i f i c a t i o n  Phase - Fabr i ca t ion  of p ro to tgp ic  p i n s  October,  1968 
t o  J u l y ,  1969. 

c.  Q u a l i f i c a t i o n  Phase - Fabr i ca t ion  of - 1000 prototype FTR f u e l  p i n s  
f o r  t h e  NFTF, September, 1969 - Apr i l ,  1970. 

Fabr i ca t ion  of t h e  "F core i s  t o  begin about September, 1969 with 
t h e  q u a l i f i c a t i o n  phase l ead ing  i n t o  t h e  f u l l  NPTF core  f a b r i c a t i o n  - A p r i l ,  1970. This i n i t i a l  FTR core f a b r i c a t i o n  w i l l  begin about 
July, 1970 and be completed i n  November, 1972. 

B e  IRRADIATION TESTING PROCRAM 

The p r i n c i p a l  o b j e c t i v e  of t h e  i r r a d i a t i o n  t e s t i n g  program i s  t o  
demonstrate r e l i a b l e  performance of t h e  re ference  des ign  FTR d r i v e r  f u e l .  
Secondary o b j e c t i v e s  are (1) t o  provide a broad base o f  s t a t i s t i c a l l y  
s i g n i f i c a n t  i r r a d i a t i o n  experience wi th in  a range of  f u e l  parameters t h a t  
w i l l  permit i n t e r p o l a t i o n  of t h e  d a t a  obta ined  t o  optimize t h e  re ference  
FTR fuel design,  (2)  t o  provide t h e  i r r a d i a t i o n  experience with mixed 
oxide fuel necessary f o r  t h e  development of a n a l y t i c a l  performance models 
t o  be u s e f u l  f o r  t h e  des ign  of IMFBR fuel,  (3)  t o  provide d a t a  trhich w i l l  
permit assessment of t h e  nonstandard ope ra t ing  condi t ion  ( t r a n s i e n t  ) 
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Figure 1 . 5  F i r s t  Row of P ins  i n  Subassembly 
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Figure 1.6 Fourth Row of Pins in Subassembly 
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Figure 1 7 Completed Subassembly 
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behavior  of t h e  f u e l  and cladding.  S p e c i f i c a l l y ,  t h e  t r a n s i e n t  f a i l u r e  
th re sho lds  and mechanisms are t o  be, e s t a b l i s h e d  f o r  t h e  re ference  design 
FTR f u e l  i n  s u p p r t  of core  design s a f e t y  a n a l y s i s ,  ( 4 )  t o  provide d a t a  
on t h e  behavior  of f u e l  t y p i c a l  of t h a t  a n t i c i p a t e d  f o r  p r o t o t g e  fast 
ceramic r e a c t o r s .  

The i r r a d i a t i o n  t e s t i n g  program f o r  t h e  development of FTR d r i v e r  
fbel  i s  an  i n t e g r a t e d  program which both complements i r r a d i a t i o n  t e s t  
r e s u l t s  from t h e  U.S., U.K. and French fast r e a c t o r  development programs 
and t h e  process  development program. 
pre l iminary  information fmm which t h e  re ference  FTR d r i v e r  f u e l  has  been 
designed. (F igure  1 .3)  

These programs have provided t h e  

A s  a consequence of a l a c k  of sufff ic ient  information concerning t h e  
behavior  of f u e l  as a func t ion  of  sineared d e n s i t y  over  t h e  range of 
i n t e r e s t  t o  t:ne FTR d r i v e r  f u e l ,  alternate re ference  f u e l  p i n  parameters 
have been e s t ab l i shed  as shown i n  Figure 1.9. Tnese alternate parameters 
a r e  incorporated i n  t h e  FI’R d r i v e r  f u e l  i r r a d i a t i o n  t e s t i n g  program. 
The s t a t i s t F c a 1  mat r ix  of t h e s e  tes ts  emphasizes t h e  re ference  design b u t  
t h e  alternate t e s t s  w i l l  a l s o  provide s t a t i s t i c a l l y  s i g n i f i c a n t  d a t a  f o r  
eva lua t ion .  I n  t h i s  way, it w i l l  be possible t o  develop a re ference  f u e l  
which w i l l  meet FTR requirements and Frovide a broader  base f o r  t h e  i n t e r -  
p r e t a t i o n  of  t h e  i r r a d i a t i o n  tes t  results t h a t  w i l l  be obtained.  

1. Thermal F l u  I r r a d i a t i o n  Tests 

I r r a d i a t i o n s  are be ing  conducted i n  t h e  lTCR/ETR on mixed oxide fue l  
specimens with varying oxygen t o  metal r a t i o s .  S p e c i f i c a l l y ,  f u e l  
specimens comprising 13-1/2 inches  of UO -Pu02 f u e l ,  c l ad  i n  304 SS, 
and having oxygen t o  metal r a t i o s  of 1.&, 1.96 and 2.00 are be ing  
i r r a d i a t e d  t o  high burnups (50,000 and 100,000 MWd/tonne) t o  assess 
t h e  e f f e c t  of t h i s  important fuel c h a r a c t e r i s t i c  on t h e  be’mvior  of t h e  
f u e l  a t  these  high exposures.  

I r r a d i a t i o n s  being conducted i n  t h e  GETR c o n s i s t  o f  pro to tyTic  
FTR-length f u e l  specimens (approximately 32 inches  f u e l  column l e n g t h ) .  
These i r r a d i a t i o n s  w i l l  provide d a t a  on t h e  s t eady- s t a t e  i r r a d i a t i o n  
behavior  of f u l l  l eng th  f u e l  colim.ns. These t es t s  are considered t o  
be extremely important t o  t h e  FTR fuel  development program, as r ecen t  
r e s u l t s  f r o m  o t h e r  programs have ind ica t ed  t h a t  t h e  l eng th  of t h e  f u e l  
column may s i g n i f i c a n t l y  a f fec t  t h e  swel l ing  behavior  of t h e  f u e l  p in .  
I n  a d d i t i o n  t o  provid ing  s t eady- s t a t e  i r r a d i a t i o n  data from 
long f u e l  columns, t h e  tes t  capsules  were designed t o  be d i r e c t l y  
reencapsulated f o r  t r a n s i e n t  i r r a d i a t i o n  i n  t h e  TREAT f a c i l i t y .  
Trans ien t  t e s t i n g  of t h e  i r r a d i a t e d  f u e l  specimens w i l l  provide data 
on t h e  t r a n s i e n t  f a i l u r e  th re sho lds  and failure mechanisms of t h e  
re ference  FTR f u l l  l eng th  specimens. Here aga in ,  p re l iminary  d a t a  
i n d i c a t e  t h a t  t h e  l eng th  of t h e  f u e l  column may be a s i g n i f i c a n t  
f a c t o r  i n  determining t h e  t r a n s i e n t  behavior  of t h e  f u e l  p in .  

2. F a s t  Flux I r r a d i a t i o n s  

The bulk  o f  t h e  FTR f u e l  development i r r a d i a t i o n  t e s t i n g  program 
involves  i r r a d i a t i o n s  of  both unencapsulated and encapsulated f u e l  
specimens i n  t h e  EBR-I1 fas t  r e a c t o r .  
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Some encapsulated f u e l  p in  i r r a d i a t i o n s  c u r r e n t l y  i n  EBR-I1 inc lude  
f u e l  specimens t h a t  conta in  f u e l  a x i a l  motion r e s t r i c t o r s .  Following 
completion of s t eady- s t a t e  i r r a d i a t i o n  i n  E S R - I 1  t o  burnups of 10,000 
and 50,000 MWd/tonne se l ec t ed  p i n s  w i l l  be reencapsulated and t r a n s i e n t  
i r r a d i a t e d  i n  TREAT. Addi t iona l  encapsulated f u e l  p i n  i r r a d i a t i o n s  
are planned t o  eva lua te  the  per fomance  of mixed oxide f u e l  t o  burnups 
on the  o r d e r  of 100,000 MWd/tonne. 
review of  t h e  a v a i l a b l e  fast f l u x  i r r a d i a t i o n  data f o r  mixed oxide f u e l  
c lad i n  a u s t e n i t i c  s t a i n l e s s  s t e e l ,  it i s  obvious t h a t  not  enough 
a t t e n t i o n  has  been paid t o  t h e  e f f e c t  of added cladding th i ckness  on 
r e s t r a i n t  o f  f u e l  swel l ing  and growth. Accordingly, encapsulated 
f u e l  p i n s  with d i f f e r e n t  c ladding th icknesses  a r e  planned f o r  i r r a d i a t i o n  
i n  EBR-11. 

Fur ther ,  as  deduced from a recent  

The h e a r t  of t he  FTR f i e 1  development i r r a d i a t i o n  t e s t i n g  program 
i s  i n  planned i r r s d i a t i o n s  of unencapsulated f u e l  specimens i n  t h e  EBR-11. 
This  p l an  r e q u i r e s  twelve 37-pin subassemblies.  The f i r s t  t h r e e  subassemblies, 
scheduled f o r  i n s e r t i o n  i n  mid-1968 a r e  p r i n c i p a l l y  f u e l  development 
tests.  That is, they  incorpora te  f u e l  parameters based on t h e  
aforementioned re ference  f u e l  design and a l t e r n a t e  f u e l  des igns .  
Except f o r  t h e  f u e l  parameters,  t hese  t e s t s  w i l l  not  be p ro to typ ic  of 
t h e  FTR pin  design.  Three subassemblies are required i n  t h i s  series of 
t e s t s  t o  cover t h e  range of opera t ing  condi t ions  a n t i c i p a t e d  f o r  t h e  
FTR d r i v e r  f u e l ;  i . e .  a t  l i n e a r  hea t  genera t ion  r a t e s  of 6 kW/f t ,  
10 kW/ft ,  and 1 4  kW/ft .  
normal, 45% 235U, and 93% 2351J, r e spec t ive ly .  
f u e l  i r r a d i a t i o n  t e s t s  a r e  of p a r t i c u l a r  importance t o  approach 
p ro to typ ic  FTR c ladding  f luence - fue l  burnup r a t i o  and f u e l  chemistry.  

Uranium i n  these  mixed oxide p ins  w i l l  be 
Tne normal U enrichment 

A second set  of t h r e e  subassemblies will incorpora te  f u e l  p i n s  
which, except  f o r  fue led  length ,  a r e  pro to tbTic  of t h e  FTR d r i v e r  f u e l  
p in  des ign .  Obviously, the  l 3 - l / 2  inch core length  i n  EBR-I1  p revents  
i r r a d i a t i o n  of t h e  re ference  FTR 32-inch f u e l  column. Consequently, 
t h e  d i f f e r e n c e  between 32 inches and l3 - l /2  inches w i l l  be made up by 
depleted U02 p e l l e t s  i n  the  EBR-I1  specimens. 
f u e l  p i n s  w i l l  be r ep resen ta t ive  of t he  FTR f u e l  p in  re ference  design;  
i n t e r n a l  hardware, plenum s i z e ,  n i c k e l  r e f l e c t o r ,  e t c .  

A l l  o t h e r  a s p e c t s  of t h e  

A t h i r d  group of t h r e e  subassemblies t o  be proposed f o r  i r r a d i a t i o n  
i n  EBR-I1 w i l l  use a s p e c i a l l y  designed subassembly t h a t  i nco rpora t e s  
as many of t he  design f e a t u r e s  of t h e  re ference  FTR f u e l  subassembly as 
poss ib l e .  For  example, t h e  p in  support  spacing system and t h e  p i t c h - t o -  
diameter  r a t i o  w i l l  d u p l i c a t e  that  of t h e  FTR reference  assembly. 
Again, i r r a d i a t i o n s  a t  t h r e e  l e v e l s  of l i n e a r  hea t  genera t ion  rates are 
requi red .  These t es t s  are intended t o  c o n s t i t u t e  proof t e s t s  of t he  
re ference  F T R  subassembly design.  

A f o u r t h  s e t  of t h r e e  subassemblies incorpora t ing  t h e  re ference  
FTR assembly design f e a t u r e s  w i l l  a l s o  be proposed f o r  i r r a d i a t i o n  i n  
EBR-11. The p r i n c i p a l  parameter i n  t h e s e  tes ts ,  however, w i l l  be t h e  
amount of cold work i n  t h e  316 SS cladding.  It i s  c u r r e n t l y  planned 
t o  evaluate t h r e e  l e v e l s  of cold work i n  these  tes ts ;  5$, lo$ and 20%. 
The incen t ive  f o r  conducting t h e s t  t e s t s  i s  p r i n c i p a l l y  based on t h e  
observations from t h e  U.K. data t h a t  cold worked c ladding  may resist  
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f u e l  swel l ing  and growth induced deformation of t he  cladding and a l s o  
may be more r e s i s t a n t  t o  swel l ing  of the cladding.  
phenomenom i s  a r e l a t i v e l y  new observat ion and has maJor lmpl ica t ions  
t o  t he  f u e l  des ign  c r i t e r i a  and the  i r r a d i a t i o n  tes t  program. 

This  l a t te r  

Provis ion  :?as a l s o  been made i n  t h e  fast  flux i r r a d i a t i o n  program 
t o  i r radiate  f u e l  specimens i n  t h e  Enrico Fermi r e a c t o r  when t h a t  
f a c i l i t y  i s  re turned  t o  opera t ion .  These i r r a d i a t i o n  t e s t s  w i l l  
a l s o  be of g r e a t  s ign i f i cance  t o  t h e  FTR f u e l  development program 
because, i n  t h i s  r eac to r ,  it would be poss ib l e  t o  i r radiate  p ro to typ ic  
FTR l eng th  p ins .  

Tne program has a l s o  made pre l iminary  p rov i s ions  for the i r r a d i a t i o n  
t e s t i n g  of f u e l  p i n s  obtained as part of t he  f u e l  supp l i e r  f a b r i c a t i o n  
q u a l i f i c a t i o n  program. 

The FFTF f u e l  development program j u s t  descr ibed  r ep resen t s  a c t i v e  
programs and the p resen t  PNL/AEC planning.  It i s  sub jec t  t o  modif icat ion 
on the basis of schedule, cos t ,  concept, and a v a i l a b l e  t e s t  f a c i l i t i e s .  
T h i s  program i s  a key p a r t  of t h e  i n t e g r a t e d  USPLEC-LMFBR f u e l  development 
e f f o r t .  The r e s u l t s  obtained w i l l  s u b s t a n t i a l l y  extend fas t  r e a c t o r  
mixed oxide f u e l  technology and provide a s t rong  i n d u s t r i a l  f a b r i c a t i o n  
base f o r  t h e  development of demonstration and commercial fast breeder 
r e a c t o r s .  
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/FUEL ELEMENT DESIGN AND CLADDING FLUERIAL DEVELOPEENT 
FOR H I G H  PRESSURE COOLANT FAST BREEDER REACTORS 

Lars Unneberg 

Sec t ion  f o r  Fuel Elements 
AB Atomenergi, Box 43041, STOCKHOLM 43, Sweden 

The Swedish f a s t  r e a c t o r  program has s o  f a r  been l i m i t -  
ed t o  comparative s t u d i e s  of d i f f e r e n t  coolan ts .  Prob- 
lems of c r i t i c a l  na ture  have been inves t iga t ed  i n  some 
d e t a i l .  Ca lcu la t ions  of creep co l l apse  of canning tubes 
have been performed with a method t h a t  permits  re laxa-  
t i o n  and thermal s t r e s s e s  t o  be considered. C r i t e r i a  
such a s  creep due t o  i n t e r n a l  overpressure a t  end-of- 
l i f e  condi t ions  and s h o r t  time f a i l u r e  due t o  core de- 
p r e s s u r i z a t i o n  o r  shut-down have a l s o  been inves t iga t ed .  
Fuel v i s c o s i t y  i s  be l ieved  t o  be very important i n  con- 
nec t ion  with swel l ing  and an i r r a d i a t i o n  experiment t o  
e l u c i d a t e  t h i s  i s  presented.  A new s e r i e s  of canning ma- 
t e r i a l s  f o r  f a s t  r e a c t o r s  i s  descr ibed.  

INTRODUCTION 

Sweden i s  of course aware of the  f a c t  t h a t  f a s t  r e a c t o r s  w i l l  p lay  an 
important r o l e  i n  the  f u t u r e  bu t  major e f f o r t s  towards the  development 
of such r e a c t o r s  have no t  y e t  s t a r t e d .  Nevertheless ,  the  need has been 
f e l t  t o  i nc rease  the  knowledge of t he  problems involved. Therefore work 
was s t a r t e d  about two years  ago i n  cooperat ion between AB Atomenergi and 
the  ASEA Company with the purpose t o  compare d i f f e r e n t  f a s t  r e a c t o r  sys- 
tems. The f i r s t  phase of t h i s  comparison has now been accomplished. It 
has of course no t  been poss ib l e  t o  pene t r a t e  a l l  a r eas  i n  d e t a i l .  The 
work has been concentrated on such problems t h a t  a r e  be l ieved  t o  be c r i t -  
i c a l .  Fuel and cladding c e r t a i n l y  belong t o  these  c r i t i c a l  a reas .  

The major e f f o r t s  have been devoted t o  the  steam-cooled r eac to r s .  This  
does not mean t h a t  Sweden has an a p r i o r i  preference f o r  t h i s  coolant .  
Fur ther  work nus t  be done before  a d e f i n i t e  choice can be made. 

Most of the work presented i n  t h i s  paper i s  based on the  steam-cooled 
s tudy b u t  t h i s  i s  not  thought t o  l i m i t  i t s  a p p l i c a b i l i t y  s ince  the  prob- 
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lems and methods are of a genera l  na ture .  For t h i s  reason no d i r e c t  r e f -  
erence w i l l  be made t o  t h e  steam-cooled design study. It i s  mentioned 
only as a background f o r  the  a p p l i c a t i o n  of the  methods. 

BASIC IDEAS 

Swelling r ep resen t s  one of t he  most c r i t i c a l  l i m i t a t i o n s  f o r  f u e l  per- 
formance i n  f a s t  r eac to r s .  The problem a l s o  e x i s t s  i n  thermal r e a c t o r s ,  
e s p e c i a l l y  f o r  t he  high peak bum-ups now being considered,  bu t  it i s  
much less c r i t i c a l .  It i s  we l l  known t h a t  measures such as  low-density 
f u e l ,  annular  o r  dished p e l l e t s  and high e x t e r n a l  r e s t r a i n t  t o  a c e r t a i n  
e x t e n t  can l i m i t  major geometric changes. It  i s ,  however, no t  poss ib l e  
t o  completely suppress  such deformations except f o r  cases  where the  f u e l  
temperature throughout t he  p i n  i s  s u f f i c i e n t l y  high. 

I n  the  absence of adequate knowledge of f u e l  mechanical p r o p e r t i e s  i t  i s  
poss ib l e  t o  v i s u a l i z e  two extreme cases .  I n  the  f i r s t  one the  f u e l  i s  so 
r i g i d  t h a t  i t  cannot r e a l l y  be p l a s t i c a l l y  deformed. 

Tie swel l ing ,  i f  any, w i l l  then be " i r r e s i s t i b l e "  and, i n  the  case of a 
f u e l  p i n ,  cause d iamet ra l  increase .  This  w i l l  s t r a i n  the cladding and 
u l t ima te ly  crack i t ,  i f  i t  i s  b r i t t l e ,  o r  o b s t r u c t  t h e  coolant  sub-chan- 
n e l s .  The second case rep resen t s  a f u e l  t h a t  has a very  low v i s c o s i t y .  
The swel l ing  w i l l  then  be pushed towards t h e  c e n t r a l  ho le  which i s  
formed during the  i r r a d i a t i o n  o r  which may ex i s t  a l r eady  from the  begin- 
ning.  I n i t i a l  po ros i ty  w i l l  a l s o  be f i l l e d  e f f e c t i v e l y .  I f ,  as  is  the  
case i n  the  steam-cooled f a s t  r e a c t o r ,  t h e  coolan t  p re s su re  is  h igh ,  
then t h e r e  w i l l  even be a r i s k  f o r  o v a l i z a t i o n  and p a r t i a l  co l l apse  of 
the  p i n  i f  the  cladding i s  weak. None of t hese  two extreme condi t ions  
r ep resen t s  t h e  t r u e  f u e l  behaviour b u t  un fo r tuna te ly  enough is  n o t  known 
about f u e l  v i s c o s i t y  in-p i le  t o  permit good guesses.  A s  t h e  f u e l  tempe- 
r a t u r e  i n  f a s t  oxide f u e l l e d  r e a c t o r s  tends t o  be q u i t e  high,  even i n  
the  o u t e r  r i m ,  t he re  a r e  reasons t o  be l i eve  t h a t  t he  f u e l  can flow t o  a 
g r e a t  ex ten t .  A few d a t a  t h a t  can be i n t e r p r e t e d  i n  t h i s  way can be 
found i n  the  l i t e r a t u r e '  s 2 .  

Based on t h i s  d i scuss ion  we can de f ine  two d i f f e r e n t  f u e l  c ladding design 
concepts.  The f i r s t  i s  free-s tanding where the  cladding does no t  have t o  
r e l y  on support  from t h e  f u e l  and which, as w i l l  be seen ,  can be accom- 
p l i shed  f o r  t he  steam-cooled r e a c t o r  by a r t i f i c i a l  means such a s  prepres-  
s u r i z a t i o n  of t he  pin.  The second i s  t h e  c o l l a p s i b l e  design which must 
r e l y  on suppor t  from t h e  f u e l .  The l a t t e r  concept i s  completely impos- 
s i b l e  i f  t he  f u e l  i s  t o o  viscuous.  Even i f  t h e  f u e l  i s  r i g i d ,  t h e r e  a r e  
seve ra l  s e r i o u s  d i f f i c u l t i e s  wi th  t h i s  concept. 

FUEL ELEMENT DESIGN 

I n  the  case of steam-cooled r e a c t o r s  the  coolan t  pressure  w i l l  be very  
high. The mechanical problems f o r  t he  cladding are thus very pronounced. 
For t h i s  reason it was considered necessary t o  devote some work t o  a 
d e t a i l e d  ana lys i s  of t h e  creep of  s l i g h t l y  oval  tubes under ex te rna l  
overpressure.  Published work, f o r  i n s t ance  t h a t  of HOFF e t  a1.3, d id  n o t ,  
according t o  our  view, s u f f i c i e n t l y  we l l  r ep resen t  the  t r u e  condi t ions  
s ince  r e l a x a t i o n  and thermal s t r e s s e s  are no t  gene ra l ly  considered. 
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In t h i s  p a p e r  on ly  some c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  method w i l l  be 
p r e s e n t e d .  The work r e p r e s e n t s  an e x t e n s i o n  and m o d i f i c a t i o n  of  t h a t  
p r e s e n t e d  a t  l a s t  y e a r s  T o p i c a l  Meeting on F a s t  Reac to r s  i n  San Fran- 
c i s c o .  A s l i g h t l y  o v a l  t ube  i s  c o n s i d e r e d  and i t s  c i r cumfe rence  i s  r e -  
p r e s e n t e d  by a polygon of  an a r b i t r a r y  number of s t r a i g h t  e lements  
which g e n e r a l l y  a r e  t aken  s h o r t e r  t han  t h e  va11 t h i c k n e s s .  An e x t e r n a l  
p r e s s u r e  and a the rma l  g r a d i e n t  a r e  imposed and t h i s  will s e t  up a 
stress and s t r a i n  p a t t e r n  which can be c a l c u l a t e d .  T h i s  s t a t e  i s  t h e n  
i n t r o d u c e d  a s  t h e  i n i t i a l  boundary c o n d i t i o n  i n  t h e  c r e e p  e q u a t i o n s  
(Nor ton ' s  l a w  w i t h  c e r t a i n  m o d i f i c a t i o n s )  and t h e  changes i n  s t r e s s e s  
and s t r a i n s  w i t h  t ime a r e  c a l c u l a t e d .  They can be fol lowed a t  any p o i n t  
on t h e  o u t e r  as w e l l  as on t h e  i n n e r  s u r f a c e .  The c a l c u l a t i o n  may be i n -  
t e r r u p t e d  a t  any moment and a new s e t  of  boundary c o n d i t i o n s  can be in -  
t roduced ,  f o r  i n s t a n c e  t o  r e p r e s e n t  a shut-down, a t r a n s i e n t  e t c .  I t  i s  
t h u s  p o s s i b l e  a l s o  t o  e s t i m a t e  t h e  deg ree  of p l a s t i c  f a t i g u e  o r  s i m i l a r  
s i n c e  a l l  s t r a i n s  can be fol lowed.  

For  t h e  purpose of f u e l  element d e s i g n  we have a p p l i e d  t h i s  method s imply  
t o  f i n d  t h e  t h i c k n e s s e s  n e c e s s a r y  t o  w i t h s t a n d  t h e  e x t e r n a l  p r e s s u r e  a t  
g iven  r a t i n g  and t empera tu re  a t  t h e  o u t e r  s u r f a c e .  F i g u r e  1 shows as a n  
example cu rves  f o r  t h r e e  m a t e r i a l s  and r e p r e s e n t s  450  \d/cm l i n e a r  p i n  
power, 6.50 mm o u t e r  p i n  d i a m e t e r  and 700OC o u t e r  s u r f a c e  t empera tu re .  
The c r i t e r i o n  f o r  c r e e p  c o l l a p s e  was t h a t  t h e  s l o p e  i n  t h e  o v a l i t y - t i m e  
cu rve  shou ld  be t h r e e  t imes i t s  lowest  v a l u e  which, f o r  an i n i t i a l  ova l -  
i t y  of 0.02 mm, happened t o  occur  a t  an o v a l i t y  of about  0 ,06  m a f t e r  
13000 h r s ,  which was t h e  t ime s e l e c t e d  f o r  t h e  c a l c u l a t i o n s .  

Th i s  c a l c u l a t i o n  g i v e s  a c o n s e r v a t i v e  r e s u l t  s i n c e  i t  does n o t  t a k e  i n t o  
accoun t  t h e  f i s s i o n  gas  p r e s s u r e  bui ld-up t h a t  t ends  t o  r e l i e v e  t h e  c l ad -  
d i n g  s t r e s s .  I t  i s  n e v e r t h e l e s s  e v i d e n t  t h a t  a p r e p r e s s u r e  m u s t  be ap-  
p l i e d  f o r  a l l  t h r e e  m a t e r i a l s .  The lower l i m i t  f o r  t h i s  p r e p r e s s u r e  i s  
t h u s  given.  

The n e x t  c r i t e r i o n  t o  c o n s i d e r  i s  t h e  i n t e r n a l  o v e r p r e s s u r e  t h a t  r e i g n s  
d u r i n g  shut-down o r  d e p r e s s u r i z a t i o n  of t h e  c o r e .  Th i s  can o n l y  occur  
a t  r e l a t i v e l y  low t empera tu res  where c reep  does n o t  c o n t r i b u t e .  T h i s  
c r i t e r i o n  g i v e s  an upper l i m i t  t o  t h e  i n t e r n a l  p r e s s u r e  a t  e n d - o f - l i f e .  

In steam-cooled a s  w e l l  a s  i n  sodium-cooled r e a c t o r s  t h e  i n t e r n a l  p re s -  
s u r e  may be h i g h e r  t h a n  t h e  c o o l a n t  p r e s s u r e  a t  e n d - o f - l i f e  c o n d i t i o n s .  
It i s  then  n e c e s s a r y ,  however, t o  c o n s i d e r  c r e e p  of  t h e  c l a d d i n g  i n  t h e  
o p p o s i t e  d i r e c t i o n .  This  c o n s t i t u t e s  o u r  t h i r d  c r i t e r i o n .  

A l l  t h r e e  c r i t e r i a  can  be summarized i n  one p i c t u r e  a s  shown i n  F i g u r e  2 
which r e f e r s  t o  Sandvik 1 2 R 7 2 H V  and s p e c i f i c a l l y  a p p l i e s  t o  a steam- 
coo led  p i n  w i t h  t h e  f i s s i o n  gas  plenum a t  c o r e  i n l e t .  I f  t h e  i n i t i a l  i n -  
t e r n a l  p r e s s u r e  i s  lower t h a n  t h e  cu rve  A-B c o l l a p s e  due t o  e x t e r n a l  
o v e r p r e s s u r e  can be expec ted .  T h i s  l i m i t  i s  c o n s e r v a t i v e  s i n c e  i t  i m -  
p l i e s  t h a t  t h e  o v e r p r e s s u r e  i s  c o n s t a n t  throughout  t h e  f u e l  l i f e .  I f ,  
on t h e  o t h e r  hand,  t h e  f i n a l  i n t e r n a l  p r e s s u r e  i s  h i g h e r  t h a n  t h e  curve 
C-D, u n a c c e p t a b l e  outward c r e e p  w i l l  r e s u l t .  (The s t r a i g h t  h o r i z o n t a l  
l i n e  r e p r e s e n t s  t h e  e x t e r n a l  c o o l a n t  p r e s s u r e . )  I f  t h e  curve E-F i s  
r eached  a t  e n d - o f - l i f e ,  t h e  c l a d d i n g  may b u r s t  a t  shut-down o r  dep res -  
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F I G U R E  1. W a l l  t h i c k n e s s  v s  c r e e p  c o l l a p s e  p r e s s u r e  for t h r e e  c l a d d i n g  
m a t e r i a l s .  L i n e a r  p i n  power  4 5 0  h n ,  s u r f a c e  t e m p e r a t u r e  7 0 r c ,  
o u t e r  d i a m e t e r  6 ,50 am. The c u r v e s  r e p r e s e n t  c o l l a p s e  i n  
13000  h r s  a s  d e f i n e d  i n  t e x t ,  



s u r i z a t i o n .  I t  can be no ted  t h a t  t h e  l a t t e r  c r i t e r i o n  o n l y  i s  a p p l i c a b l e  
t o  v e r y  t h i n  c l a d d i n g  a t  t h e  s e l e c t e d  c o o l a n t  p r e s s u r e  of  130 b a r s .  

These c o n s i d e r a t i o n s  pe rmi t  t h e  n e c e s s a r y  plenum l e n g t h  t o  be c a l c u l a t e d  
on t h e  b a s i s  o f  an assumed f r a c t i o n a l  r e l e a s e  of  f i s s i o n  g a s e s .  I n  o u r  
s t u d y  we found t h a t  i t  was economical ly  f e a s i b l e  t o  s e l e c t  a plenum 
l e n g t h  such t h a t  t h e  i n t e r n a l  p r e s s u r e  neve r  o v e r r i d e s  t h e  c o o l a n t  p r e s -  
s u r e .  This  must be cons ide red  a s  an advantage o v e r  t h e  sodium-cooled 
r e a c t o r  w i t h  non-vented f u e l  s i n c e  t h e  c a p a b i l i t y  of t h e  c l a d d i n g  t o  r e -  
s t r a i n  f u e l  s w e l l i n g  i s  f u l l y  r e t a i n e d  and n o t  p a r t l y  s p e n t  i n  r e s i s t i n g  
a n  i n t e r n a l  o v e r p r e s s u r e .  

From F i g u r e  2 i t  can a l s o  be seen  t h a t  t h e  c o o l a n t  p r e s s u r e  can be in -  
c r e a s e d  from t h e  s e l e c t e d  v a l u e  of 130 b a r s  w i t h o u t  changing t h e  c l ad -  
d i n g  t h i c k n e s s ,  provided t h e  p r e p r e s s u r i z a t i o n  of t he  p i n s  i s  i n c r e a s e d .  

Thus o u r  c a l c u l a t i o n s  i n d i c a t e  t h a t  i t  i s  p o s s i b l e ,  u s i n g  t h e  new c l a s s  
of  a l l o y s  t o  be  d e s c r i b e d  below, t o  d e s i g n  t h e  c l a d d i n g  f o r  h igh  p r e s -  
s u r e  c o o l a n t  f a s t  r e a c t o r s  acco rd ing  t o  t h e  f r e e - s t a n d i n g  concep t ,  where- 
as f o r  I n c o l o y  800, which i s  roughly e q u i v a l e n t  from n e u t r o n i c s  p o i n t  of 
view, a n  e x c e s s i v e  plenum l e n g t h  would be r e q u i r e d .  I t  shou ld  be remem- 
be red  t h a t  most of t h e  c a l c u l a t i o n s  a r e  based on e s t i m a t e d  i n - p i l e  mecha- 
n i c a l  p r o p e r t i e s  f o r  m a t e r i a l s  t h a t  a r e  n o t  w e l l  known. We a r e ,  however, 
c o n f i d e n t  t h a t  t h e s e  e s t i m a t e s  do n o t  i nvo lve  un reasonab le  a s sumpt ions ,  
i . e .  t h a t  t h e  n e u t r o n  i r r a d i a t i o n  w i l l  have l i t t l e  i n f l u e n c e  on t h e  
c r e e p  r a t e s  a t  tile h i g h  t empera tu res  under c o n s i d e r a t i o n .  

N e v e r t h e l e s s ,  i t  i s  of i n t e r e s t  a l s o  t o  s t u d y  t h e  c o l l a p s i b l e  c o n c e p t .  
We have s t a r t e d  t h e o r e t i c a l  work t o  e l u c i d a t e  t h i s  i n  some d e t a i l .  The 
same methods f o r  c r eep  c a l c u l a t i o n s  a s  above will be used.  Here t h e  de- 
fo rma t ions  must be c a l c u l a t e d  a s  w e l l  a s  t h e i r  s i g n s  and magnitudes i n  
d i f f e r e n t  r e g i o n s  of t h e  c l a d d i n g .  Since t h e  c l a d d i n g  w i l l  f o l l o w  t h e  
f u e l  much more c l o s e l y  t h a n  i n  t h e  f r e e - s t a n d i n g  concep t ,  t h e  l o c a l  de- 
fo rma t ions  will be g r e a t e r .  The s t r a i n  inc remen t s  must be accumulated 
and c o r r e l a t e d  w i t h  some damage c r i t e r i o n  which should combine t h e  
damage c r e a t e d  by c r e e p  and f a t i g u e  r e s p e c t i v e l y .  A c r i t e r i o n  has  been 
proposed b u t  we have n o t  y e t  been a b l e  t o  v e r i f y  i t .  I t  i s  s imply a sum 
of two terms r e p r e s e n t i n g  c r e e p  and f a t i g u e  damage as expres sed  by t h e  
l i f e - f r a c t i o n  r u l e  and Coffin-Wanson’s law r e s p e c t i v e l y  w i t h  c o r r e c t i o n  
f a c t o r s  t o  t a k e  account  of t h e  i n f l u e n c e  of  i r r a d i a t i o n .  

A s  can be understood from t h e  i n t r o d u c t o r y  c o n s i d e r a t i o n s ,  we r ega rd  
f u e l  v i s c o s i t y  a s  ex t r eme ly  i m p o r t a n t .  To s t u d y  t h i s  p r o p e r t y  i n  some 
more d e t a i l  we hope t o  be a b l e  t o  perform a s e r i e s  o f  i r r a d i a t i o n  ex- 
pe r imen t s  i n  t h e  Swedish R 2  r e a c t o r .  A p r e l i m i n a r y  t e s t  was made i n  
March 1968 b u t  t h e  p o s t - i r r a d i a t i o n  i n v e s t i g a t i o n s  have n o t  y e t  been 
completed.  

The t e s t  p i n  had a d i a m e t e r  of 6 nun and a l e n g t h  of  about  100 mm. I t  was 
loaded w i t h  e n r i c h e d  U02,  s i n t e r e d  w i t h  a c e n t r a l  h o l e .  The c l a d d i n g  was 
very t h i n  - about  0.16 rmn (x 7 m i l s )  A I S 1  316 - and could n o t  much pro- 
t e c t  t h e  f u e l  from t h e  e x t e r n a l  p r e s s u r e  which was abou t  80 b a r s .  The 
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c l a d d i n g  s u r f a c e  t empera tu re  was planned t o  be 65OoC and we hope t o  have 
a t t a i n e d  t e m p e r a t u r e s  on t h e  f u e l  s u r f a c e  of  t h e  r i g h t  o r d e r  of magni- 
t ude .  The r a t i n g  shou ld  have been h i g h e r  t han  500 W/cm and t h e  i r r a d i a -  
t i o n  t i m e  was abou t  1 2  days.  The t e s t  pa rame te r s  a r e  much more s e v e r e  
t h a n  w e  e x p e c t  i n  a steam-cooled f a s t  r e a c t o r .  I f  t h e  p i n  has  r e t a i n e d  
i t s  c i r c u l a r  shape we have a t  l e a s t  an i n d i c a t i o n  t h a t  t h e  chances a r e  
f a i r l y  f a v o r a b l e  f o r  t h e  a p p l i c a t i o n  of  a c o l l a p s i b l e  d e s i g n  a s  f a r  a s  
f u e l  i s  concerned. However, t h e  behav iour  of mixed ox ide  under  long  
t i m e  i r r a d i a t i o n s  must be  s t u d i e d  b e f o r e  any d e f i n i t e  c o n c l u s i o n s  can 
be  drawn. 

CLADDING 

Cladding f o r  f a s t  r e a c t o r s  must be s t r o n g  and d u c t i l e  a t  t h e  same t i m e  
and a l s o  compa t ib l e  w i t h  t h e  f u e l  and c o o l a n t  environments .  Nost s t a i n -  
less s t e e l s  and n i c k e l  base  a l l o y s  t h a t  have been cons ide red  a r e  more 
or less  s e r i o u s l y  e m b r i t t l e d  by i r r a d i a t i o n  due t o  t h e  fo rma t ion  o f  
he l ium which, a t  high t empera tu res ,  c o a l e s c e  t o  bubbles  and p a r t l y  con- 
c e n t r a t e  i n  t h e  g r a i n  boundar i e s .  Under c r e e p  c o n d i t i o n s  most s t e e l s  
r u p t u r e  i n  t h e  g r a i n  boundar i e s  and i t  i s  t h e r e f o r e  c l e a r  t h a t  t h e  he- 
l i u m  bubb les  s e r i o u s l y  must reduce d u c t i l i t y  under  t h e s e  c i r cums tances .  

The SAhDVIK s t e e l  company h a s ,  some y e a r s  ago, developed a s t e e l  f o r  
non-nuclear  a p p l i c a t i o n s  ( s u p e r h e a t  tubing. f o r  f o s s i l  f u e l l e d  s team 
g e n e r a t o r s )  d e s i g n a t e d  12R72HV. I t s  composi t ion i s  shown i n  Table  1. 
Creep t e s t i n g  of t h i s  a l l o y  r e v e a l e d  d u c t i l i t y  v a l u e s  a s  h i g h  a s  50-GO 
p e r  c e n t  a t  650°C and c r e e p  s t r e n g t h s  much h i g h e r  t h a n  i n  o r d i n a r y  
a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  whereas t h e  t e n s i l e  s t r e n g t h  i s  roughly 
e q u i v a l e n t  t o  t h a t  of t h e  l a t t e r .  I t  h a s  been shown t h a t  c r e e p  r u p t u r e  
i n  t h i s  a l l o y  i s  predominant ly  t r a n s c r y s t a l l i n e  which shou ld  reduce t h e  
e m b r i t t l i n g  e f f e c t  of g r a i n  boundary he l ium bubb les .  S ince  t h e  h i g h  tem- 
p e r a t u r e  i r r a d i a t i o n  e m b r i t t l e m e n t  seems t o  be i n t e r c r y s t a l l i n e  i n  n a t u r e ,  
t h i s  f a c t  was c o n s i d e r e d  a s  v e r y  i n t e r e s t i n g .  I t  vas t h e r e f o r e  dec ided  t o  
i n v e s t i g a t e  t h e  p o t e n t i a l  of t h i s  and s i m i l a r  a l l o y s  a s  c l a d d i n g  f o r  f a s t  
r e a c t o r s .  

Boron h a s  g e n e r a l l y  n o t  been c o n s i d e r e d  a c c e p t a b l e  a s  an a l l o y i n g  e l e -  
ment i n  c o r e  m a t e r i a l s  ( e x c e p t  n e u t r o n  a b s o r b e r s )  s i n c e ,  b e s i d e s  be ing  
a n e u t r o n  p o i s o n ,  i t  causes  hel ium fo rma t ion .  I n  t h e  p r e s e n t  c a s e  t h e  
s i t u a t i o n  is  d i f f e r e n t  because of  t h e  compara t ive ly  l o w  ( n , a )  c r o s s  sec- 
t i o n  f o r  boron i n  h igh  energy s p e c t r a .  Floreover, r e c e n t  measurements a t  
AB Atomenergi4 have shown t h a t  t h e  ( n ,  a) c r o s s  s e c t i o n  f o r  n i c k e l  i s  
much h i g h e r  t h a n  p r e v i o u s l y  though t  and on t h e  b a s i s  of t h i s  it i s  found 
t h a t  t h e  c o n t r i b u t i o n  t o  he l ium fo rma t ion  from boron can  be n e g l e c t e d  i n  
t h e  p r e s e n t  c a s e  ’. 
The f a b r i c a t i o n  p r o p e r t i e s  of t h e  12R72HV a l l o y  a r e  s i m i l a r  t o  t h o s e  o f  
o r d i n a r y  s t a i n l e s s  s t e e l s  and much more f a v o u r a b l e  t h a n  t h o s e  of h i g h  
c r e e p  s t r e n g t h  a l l o y s  such a s  Incone l  625. I t  i s  expec ted  t h a t  t h e  same 
w i l l  be t r u e  f o r  t h e  modif ied a l l o y s ,  d i s c u s s e d  below. 

We b e l i e v e  t h a t  t h e  12R72HV a l l o y  h a s  a g r e a t  p o t e n t i a l  as c l a d d i n g  ma- 
t e r i a l  f o r  sodium cooled f a s t  r e a c t o r s .  I n  s t eam environment t h e  n i c k e l  
c o n t e n t  i s ,  however, t o o  low from t h e  c o r r o s i o n  p o i n t  of view. T h e r e f o r e  
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we have decided t o  i n v e s t i g a t e  a l l o y s  wi th  h igher  chromium and n i cke l  
conten ts .  Table 1 shows f i v e  a l l o y s  which now a r e  being s tudied .  

A s  can be seen from the  Table the s t e e l s  a r e  a l loyed  with t i t an ium,  mo- 
lybdenum and boron. It  i s  n o t  y e t  c l e a r  why t h i s  type of s t e e l  behaves 
i n  such a d u c t i l e  manner. It  seems, however, probable t h a t  chromium car-  
b ides ,  which p r e c i p i t a t e  i n  g r a i n  boundaries ,  p lay  an important r o l e .  
One poss ib l e  explana t ion  of t he  good d u c t i l i t y  may be t h a t  t hese  car- 
b ides  a r e  e f f e c t i v e  i n  prevent ing g r a i n  boundary s l i d i n g .  Titanium, on 
the o t h e r  hand, con t r ibu te s  t o  the  s t r e n g t h  as it can be made t o  precip-  
i t a t e  i n  the  form of carb ides  o r  ca rbon i t r ides  on d i s loca t ions .  It can 
be expected t h a t  t he  r e l a t i v e  conten ts  of t i t an ium and carbon (and a l s o  
n i t rogen)  should be important.  Therefore so-cal led over -s tab i l ized  as 
we l l  as  under -s tab i l ized  compositions are being inves t iga ted .  Molybdenum 
i s  probably inc reas ing  the  mat r ix  s t r eng th .  

The inf luence  of s t r u c t u r e  and h e a t  t reatment  on out-of-pi le  creep and 
o the r  p r o p e r t i e s  i s  now being inves t iga t ed  i n  some d e t a i l .  Prel iminary 
r e s u l t s  i n d i c a t e  t h a t  t he  b e s t  creep p rope r t i e s  a r e  obtained i f  the a l -  
loys a r e  f in i shed  i n  one of t he  fol lowing ways: 

- Afte r  f i n a l  cold reduct ion  the  s t e e l  i s  annealed a t  1 1 5 O o C  and r ap id ly  
cooled. 

- The a l l o y  i s  annealed a t  115OoC and r a p i d l y  cooled before  t h e  f i n a l  
cold reduct ion.  It  i s  thought t h a t  t h e r e  e x i s t s  a range 0.f co ld  re -  
duc t ions  t h a t  g ive  optimum prope r t i e s .  F i n a l l y ,  t h e  a l l o y  i s  annealed 
a t  about 850OC.  

I n  the  f i r s t  case most t i t an ium carb ides  are pu t  i n t o  s o l u t i o n  and they 
can r e p r e c i p i t a t e  during creep and thus con t r ibu te  t o  s t r eng th .  The se- 
cond t rea tment  r e s u l t s  i n  a m a t e r i a l  t h a t  i s  recovered bu t  no t  r e c r y s t a l -  
l i z e d .  I n  t h i s  case  the  t i t an ium carb ides  a r e  a l r eady  p r e c i p i t a t e d .  Fur- 
t h e r  i n v e s t i g a t i o n s  w i l l  show which t rea tment  i s  t o  be p re fe r r ed  bu t  
t he re  a r e  a t  l e a s t  two reasons t o  be l i eve  t h a t  t he  850°C anneal  w i l l  be 
chosen. A t echn ica l  reason i s  t h a t  it i s  e a s i e r  t o  anneal c ladding tubes 
a t  a lower temperature.  From t h e  i r r a d i a t i o n  embri t t lement  po in t  of view 
it seems t o  be p re fe rab le  t o  have a s t r u c t u r e  t h a t  i s  as s t a b l e  as pos- 
s i b l e  a s  f a r  as p r e c i p i t a t i o n s  a r e  concerned and t h i s  i s  b e s t  f u l f i l l e d  
by the  low temperature anneal.  

Mechanical p r o p e r t i e s  which a r e  r ep resen ta t ive  f o r  t he  condi t ions  t h e  
p o t e n t i a l  m a t e r i a l s  w i l l  have as cladding could of course no t  be pre- 
sented a t  t h i s  time. To g ive  an idea  it can be mentioned t h a t  1 2 R 7 2 H V  
a t  7OO0C has a 10000 hours creep rupture  s t r e n g t h  of about 11 kg/mm2 
(16000 p s i ) .  This i s  much h ighe r  than  f o r  Incoloy 800 but  lower than 
f o r  Inconel 625.  The creep d u c t i l i t y  i n  the  1000 - 10000 hours range 
of rup tu re  times i s  of t he  o rde r  of 30-60 2.  

An extens ive  i r r a d i a t i o n  program i s  being s t a r t e d  i n  the  sp r ing  of 1968 
and specimens w i l l  be i r r a d i a t e d  i n  the  Swedish thermal R2 r e a c t o r  a t  
7OO0C up t o  f a s t  doses of about 3 1O2I n/cm2 (> 1 MeV). Pos t - i r rad ia-  
t i o n  creep and t e n s i l e  t e s t i n g  w i l l  be performed a t  var ious  temperatures.  
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TABLE. Nominal chemical compositions of investigated cladding alloys. Q 
Designation Chemical composition, w/o 

Mo 

0.9 

0.9 

0.9 

0.9 

0.9 

Ti B 

0.45 0.008 

0.45 0.008 

0.45 0.008 

0.45 0.008 

0.45 0.008 

C 

7XR72 0.05 

12XR72 0.10 

7XlR72 0.05 

12XlR72 0.10 

12R7 2HV 0.10 
A. 
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Cr 

19 

19 

19 

19 

15 

Ni 

34 

34 

25 

25 

15 



The cor ros ion  p rope r t i e s  have s o  f a r  no t  been inves t iga t ed  i n  d e t a i l .  
We be l i eve ,  however, t h a t  t he  compa t ib i l i t y  wi th  steam should be of t he  
same cha rac t e r  as f o r  corresponding s t r a i g h t  chromium-nickel a l loys .  We 
p lan  t o  i n v e s t i g a t e  t h i s  f u r t h e r  i n  h igh  pressure  steam and we a l s o  hope 
t o  t e s t  t he  low n i c k e l  a l loys  i n  a sodium environment. 

The development and in t roduc t ion  of new cladding ma te r i a l s  i s  no easy 
t a s k  and l a r g e  t e s t i n g  e f f o r t s  a r e  needed before  they can be s a f e l y  used 
i n  r eac to r s .  Our program i s  i n  an e a r l y  s t a g e  and many d i f f i c u l t i e s  w i l l  
probably appear before  w e  can draw d e f i n i t e  conclusions.  We be l i eve ,  how- 
ever ,  t h a t  t he  road we have chosen w i l l  l ead  t o  improved cladding mate- 
r i a l s  f o r  f a s t  r eac to r s .  A s  has a l ready  been pointed out ,  t h i s  b e l i e f  
does no t  only r e f e r  t o  high p res su re  steam- o r  gas-cooled r e a c t o r s  bu t  
a l s o  t o  l i q u i d  metal  f a s t  b reeder  r e a c t o r s .  
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INTRODUCTION 

Development of  a steam cooled f a s t  r e a c t o r  (SCFR) i s  a l o g i c a l  a p p l i c a t i o n  
of t h e  e x t e n s i v e  and w e l l  developed steam technology of f o s s i l - f i r e d  and thermal  
n u c l e a r  power p l a n t s .  A l a r g e  i n d u s t r y  e x i s t s  f o r  t h e  manufacture  of conven- 
t i o n a l  steam c y c l e  components, and t h e  bulk  of power u t i l i t y  o p e r a t i n g  exper- 
i e n c e  h a s  been o b t a i n e d  w i t h  steam as a p r o c e s s  f l u i d .  The steam c y c l e  most 
i d e a l l y  s u i t e d  t o  t h e  steam cooled f a s t  r e a c t o r  i s ,  however, a r e l a t i v e l y  un- 
f a m i l i a r  one r e q u i r i n g  components such a s  steam c i r c u l a t o r s  t h a t  are n o t  found 
i n  t o d a y ' s  product  l i n e  of c o n v e n t i o n a l ' n u c l e a r  and f o s s i l - f i r e d  power p l a n t s .  
The s u c c e s s  of any contemplated steam r e a c t o r s  such as a 50 FlWe demonst ra t ion  
p l a n t  now under s t u d y  by our companv depends t o  a l a r g e  degree  on t h e s e  compo- 
n e n t s .  For t h a t  reason  a d e t a i l e d  c o n s i d e r a t i o n  of t h e  non-nuclear system com- 
ponents  has  been made and i s  summarized h e r e .  

Cycle Background 

The c o o l a n t  system of SCFR i s  g e n e r a l l y  based on a c losed  loop ,  d i r e c t  
c y c l e  known as t h e  L o e f f l e r  cyc le .  I n  t h i s  c y c l e ,  s a t u r a t e d  steam i s  super-  
hea ted  i n  t h e  r e a c t o r  c o r e  and only  a f r a c t i o n  of t h i s  superhea ted  steam 
(approximately one-fourth)  i s  used t o  d r i v e  t h e  main t u r b i n e .  The remaining 
f r a c t i o n  i s  used t o  g e n e r a t e  d r y ,  s a t u r a t e d  steam i n  c o n t a c t  b o i l e r s  by mixing 
t h e  superhea ted  steam i n  d i r e c t  c o n t a c t  w i t h  t h e  condensate  r e t u r n i n g  from 
t h e  main t u r b i n e  condenser.  The r e s u l t i n g  s a t u r a t e d  s t e a m  i s  t h e n  pumped 
back t o  t h e  r e a c t o r  c o r e  t o  become superhea ted  and complete  a n o t h e r  c y c l e .  
A s m a l l  p o r t i o n  of t h e  steam genera ted  is  g e n e r a l l y  used t o  d r i v e  t u r b i n e -  
d r i v e n  c i r c u l a t o r s  which pump t h e  s a t u r a t e d  steam back t o  t h e  r e a c t o r .  
s i m p l i f i e d  diagram of such a c y c l e  f o r  SCFR is  shown i n  F igure  1. 

A 

I n i t i a l  r e s e a r c h  and development on t h i s  c y c l e  w a s  performed by 
D r .  Stephan L o e f f l e r  d u r i n g  t h e  y e a r s  1923-1926, u s i n g  a test p l a n t  e r e c t e d  
a t  t h e  Vienna Locomotive Vorks Company. T h i s  work l e d  t o  t h e  c o n s t r u c t i o n  
of t h e  f i r s t  l a r g e  scale L o e f f l e r  system a t  t h e  V i t k o v i c e  Mines, S tee l  and 
I r o n  Works i n  Czechoslovakia.  
i n d u s t r i a l  a p p l i c a t i o n s  of t h e  L o e f f l e r  c y c l e  were made, i n c l u d i n g  c e n t r a l  
s t a t i o n  p l a n t s ,  s h i p  p r o p u l s i o n  u n i t s ,  and steam locomotives ,  w i t h  most o f  
t h e  i n s t a l l a t i o n s  b e i n g  i n  C e n t r a l  and E a s t e r n  Europe. 
p a r t  i n  Table  1. 

Durinz t h e  1930 ' s  and 1940 ' s ,  a number of 

These are  l i s t e d  i n  

Aside from some of t h e  Components of t h e  L o e f f l e r  c y c l e  and t h e  r e a c t o r  
c o r e ,  t h e  remainder of t h e  S C F R  equipment can be e s s e n t i a l l y  of c o n v e n t i o n a l  
power p l a n t  des ign .  
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TABLE 1 

SELECTED LOEFFLER CYCLE INSTALLATIONS 0 
B o i l e r s  

MOSCOW, USSR 

Brimsdown Power S t a t i o n *  
England 

Leverkusen, Germany 

Hachst ,  Germany 

t 
Grand Couronne, F r a n c e  

G r o z a v e s t i ,  Romanial 

Nihon Kasei, Japan 

S.S. "Conte ROSSO," I t a l y  

Schwarzkopf-Loeffler 
Locomotive, Germany 

S t a r t u p  
I n s t a l l e d  A t  Date 

Kraf twerk K a r o l i n e n s c h a f t  1930 
Vitkovice ,  Czechoslovakia  1 9 3 1  

Kraftwerlc Trebovice 1933 
Czechoslovakia  1938 

1939 
1949 

1934 

1937 
1942 

1936 

1936 
1940 

1938 

1940 

1939 

1937 

1330 

*Running as of March, 1906 

'Last spare parts i n  1964 

Running as of 1965 .f: 
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Number 
I n s t a l l e d  

2 
2 

3 
1 
1 
1 

2 

2 
2 

2 

3 
1 

1 
1 
3 

1 
1 

Feed Flow 
l b l h r  

90,000 

200,000 

150,000 

- 
- 

420,000 

300,000 

250,000 
210,000 

120,000 

90,000 
120,000 

140,000 

360,000 

- 
44,000 

- 

Pres s u r  e 
P s i  

1760 
1850 
-- 
-- 
-- 
-- 

1850 

2000 
1920 

1850 

1650 
1650 

1850 

1850 

1640 

1850 

1 7  00 

Temp 
OF 

935 
935 
- 
- 
- 

- 
935 

935 
950 

935 

335 
935 

- 
- 
- 

890 

890 



Steam C i r c u l a t o r s  and Drives 

Large steam c i r c u l a t o r s  have been b u i l t  and s u c c e s s f u l l y  opera ted  i n  t h e  
i n d u s t r i a l  i n s t a l l a t i o n s  mentioned previous ly .  The f i r s t  c i r c u l a t o r s  were of 
t h e  r e c i p r o c a t i n g  t y p e ,  l a t e r  be ing  succeeded by t h e  r o t a t i n g  c e n t r i f u g a l  type.  
Development of t h e s e  c i r c u l a t o r s  was guided by D r .  L o e f f l e r  i n  co-operat ion 
w i t h  t h e  manufac turers ,  Escher-Wyss of Zurich,  Swi tzer land .  

A s  s e e n  i n  Tables  1 and 2, t h e  f low c a p a c i t i e s  of t h e  c i r c u l a t o r s  ranged 
up t o  1,360,000 l b / h r  of 2000 p s i  s a t u r a t e d  steam w i t h  heads up t o  100 p s i .  
S ingle-s tage  overhung i m p e l l e r s  were used,  d r i v e n  by steam t u r b i n e s  a t  speeds 
up t o  9000 RMP. Labyrinth- type seals were used,  w i t h  superhea ted  steam a t  a 
p r e s s u r e  s l i g h t l y  h i g h e r  t h a n  p r o c e s s  steam p r e s s u r e  b e i n g  i n j e c t e d  i n t o  t h e  
seals t o  p r e v e n t  leakage  of t h e  p r o c e s s  steam through t h e  seals. The b e a r i n g s  
were o i l - l u b r i c a t e d .  

I n  r e c e n t  y e a r s ,  small c i r c u l a t o r s  have a l s o  been b u i l t  f o r  u s e  i n  steam 
tes t  loops  w i t h  flow c a p a c i t i e s  r a n g i n g  up t o  70,000 l b / h r .  
have used b o t h  o i l - l u b r i c a t e d  and w a t e r - l u b r i c a t e d  b e a r i n g s  w i t h  speeds ranging  
t o  25,000 W M .  Both s t e a m  and h i g h  p r e s s u r e  water have been used as t h e  s e a l i n g  
medium . 

These c i r c u l a t o r s  

For u s e  i n  SCFR's t h e  c i r c u l a t o r s  are r e q u i r e d  t o  pump s a t u r a t e d  steam 
which i s  a t  p r e s s u r e s  of 1500-2500 p s i .  T y p i c a l  q u a n t i t i e s  would b e  800,000 
l b / h r  f o r  a 50 llWe p l a n t  o r  6,000,000 l b / h r  f o r  a 1000 MJe p l a n t ,  assuming t h r e e  
loops  f o r  t h e  50 MlJe p l a n t  and s i x  l o o p s  f o r  t h e  1000 MWe p l a n t .  

S i n c e  t h e  head t h a t  must b e  developed by t h e  c i r c u l a t o r  i s  only  t h e  f r i c -  
t i o n a l  f low l o s s  i n  t h e  system, t h e  r e q u i r e d  d i f f e r e n t i a l  p r e s s u r e s  a c r o s s  t h e  
c i r c u l a t o r  are  r e l a t i v e l y  modest, b e i n g  i n  t h e  o r d e r  of 150 t o  250 p s i .  

Designs c u r r e n t l y  b e i n g  proposed f o r  t h e  c i r c u l a t o r s  t o  b e  used i n  a 50 
PfWe demonst ra t ion  p l a n t  u t i l i z e  t h e  technology t h a t  h a s  been developed f o r  B1JX 
and PIJ'R r e c i r c u l a t i n g  pumps. For  example, one proposed d e s i g n  u s e s  a s i n g l e  
s t a g e  overhung c e n t r i f u g a l  i m p e l l e r  suppor ted  inboard  by a steam l u b r i c a t e d  
b e a r i n g  and outboard  by a convent iona l  o i l  l u b r i c a t e d  j o u r n a l  and t h r u s t  bear ing .  

The components of t h i s  proposed d e s i g n  t h a t  are common t o  a r e c i r c u l a t i n g  
pump are t h e  c a s i n g ,  water-cooled seals, i m p e l l e r  and inboard  bear ing .  T h i s  i s  
d e p i c t e d  i n  F i g u r e  2. The d i f f e r e n c e s  are i n  t h e  method of s u p p o r t i n g  t h e  bear-  
i n g  by steam r a t h e r  t h a n  by water, and t h e  h o r i z o n t a l  arrangement r a t h e r  t h a n  
ver t ical .  A h o r i z o n t a l  arrangement i s  r e q u i r e d  t o  d i r e c t  couple  t o  t h e  d r i v i n g  
t u r b i n e  which c o n v e n t i o n a l l y  i s  h o r i z o n t a l .  

Another proposed d e s i g n  (F igure  3) i s  s imi la r  t o  t h e  above, except  t h a t  t h e  
s i n g l e  s t a g e  i m p e l l e r  trould be a double  f l o w  t ~ r p e  (back-to-back i m p e l l e r )  t o  re- 
duce t h e  load  on t h e  t h r u s t  bear inq .  Both j o u r n a l  and t h r u s t  b e a r i n g s  would b e  
water l u b r i c a t e d  i n  t h i s  proposed des ign .  

A t h i r d  a l t e r n a t e  u t i l i z e s  gas  t u r b i n e  compressor technology i n  t h a t  i t  
u s e s  a two-staae a x i a l  f low impel ler .mounted i n  an  overhung arrangement.  This  
i m p e l l e r  would b a s i c a l l y  b e  a m o d i f i c a t i o n  of an e x i s t i n g  a i r c r a f t  gas  t u r b i n e  
compressor s t a g e .  The b e a r i n g s  are proposed t o  b e  water l u b r i c a t e d .  
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TABLE 2 

P-GE OF STEAM CIRCULATOR EXPERIENCE 

Pressure Impeller Impeller 
Capacity Pressure Temp Differential Diameter Speed Bearing 

O F  p s i  and Type rpm Lube Seal TvPe Manufacturer lb/hr psig - 
Escher 'IJyss 160,000 1600 900 40 9-1/2" to 2,000 oil Various types used. 

to to to to 18" centrifugal to Latest is superheated 
1,360,000 2000 350 105 9,000 steam buffered . 

Orenda Ltd., 72,000 1600 650 350 Regenerative 3,600 oil Face type. Mechanical. 
C ana da (@ 800 psi 

inlet 1 

Orenda Ltd., 70,000 1500 1050 100 5" Centrifugal 25,000 water Buffer water type. 
Canada Backed by ring seals. 
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A s  can b e  seen ,  t h e  d e s i g n  of steam c i r c u l a t o r s  can b e  based on e x i s t i n g  
technology,  a t  least  i n  t h e  case of r e l a t i v e l y  small  s i z e d  SCFR p l a n t s .  D i f f i -  
c u l t y  i n  f i n d i n g  a d e s i g n  w i t h  o p e r a t i o n a l  h i s t o r y  t o  back i t  up i s n ' t  encoun- 
t e r e d  u n t i l  s c a l i n g  up t o  s i z e s  l a r g e r  t h a n  needed f o r  t h e  50-300 We range o r  
a change t o  a non-conventional b e a r i n g  i s  a t tempted .  

R e l i a b i l i t y  of t h e  c i r c u l a t o r ,  i t s  d r i v e r ,  and i t s  c o n t r o l s  i s  of para-  
mount importance i n  o r d e r  t o  a s s u r e  r e q u i r e d  steam flow through t h e  c o r e  under 
a l l  normal o r  abnormal o p e r a t i n g  c o n d i t i o n s ,  

S e a l s  are a v e r y  impor tan t  f a c e t  of b o t h  t h e  c i r c u l a t o r  and d r i v e  t u r b i n e  
des ign .  P o s i t i v e  containment of  t h e  steam i s  r e q u i r e d ,  e i t h e r  by h e r m e t i c a l  
s e a l i n g  o r  by u s e  of c o n t r o l l e d  leak-off  systems,  because t h e  c i r c u l a t o r s  and 
t u r b i n e s  must b e  c a p a b l e  of s u s t a i n e d  o p e r a t i o n  even though t h e  steam may b e  
contaminated by r a d i o a c t i v e  material. 
t r o l l e d  leak-off  appears  t o  b e  o p e r a t i o n a l l y  d e s i r a b l e .  One such system i s  
shown i n  F igure  4. 

A t echnique  u s i n g  c l e a n  steam w i t h  con- 

S i n c e  t h e  steam c i r c u l a t o r  c a s i n g  forms an i n t e g r a l  p a r t  of t h e  r r i m a r y  
p r e s s u r e  envelope,  i t  must b e  des igned  t o  meet t h e  same s t r i c t  i n t e g r i t v  re- 
qui rements  as t h e  r e a c t o r  p r e s s u r e  vessel and p i p i n g .  

To avoid any p o s s i b l e  contaminat ion  of  t h e  steam working f l u i d ,  t h e  bear-  
i n g  l u b r i c a n t  should be e i t h e r  steam o r  water. U s e  of e i t h e r  r e p r e s e n t s  an 
area r e q u i r i n g  development a t  t h e  p r e s e n t  t i m e ,  hence an o i l  l u b r i c a t i o n  sys- 
t e m  may b e  used on e a r l y  u n i t s  i f  p r o p e r l y  i s o l a t e d .  

The steam g e n e r a t i n g  and dry inq  equipment upstream of t h e  c i r c u l a t o r s  are 
r e q u i r e d  t o  p r o v i d e  a minimum steam q u a l i t y  of 99.9% t o  t h e  c i r c u l a t o r s .  T h i s  
p r o v i d e s  thoroughly  d r y  steam t o  t h e  c o r e  and a v o i d s  m o i s t u r e  d i f f i c u l t i e s  i n  
t h e  c i r c u l a t o r s .  However, t h e  c i r c u l a t o r s  should b e  c a p a b l e  of c i r c u l a t i n g  
steam w i t h  a q u a l i t y  as low as 80% (homogeneous mixture)  f o r  s h o r t  p e r i o d s  of 
t i m e  (% 30 minutes)  w i t h o u t  c a t a s t r o p h i c  f a i l u r e  of t h e  i m p e l l e r s  and b e a r i n s s  
o r  l o s s  of  p r e s s u r e - r e t a i n i n g  c a p a b i l i t v  i n  t h e  event  t h a t  e x c e s s i v e  c a r r y o v e r  
from t h e  b o i l e r s  were exper ienced .  

The d e s i g n  speed of t h e  c i r c u l a t o r s  should be such t h a t  i t  can b e  d i r e c t -  
coupled t o  a steam t u r b i n e  e l i m i n a t i n g  any need f o r  gear ing .  Use of steam t u r -  
b i n e s  f o r  d r i v i n g  r o t a t i n g  equipment such as t h e  c i r c u l a t o r s  and b o i l e r  feed  
pumps i s  a l o g i c a l  c h o i c e  i n  t h e  steam c o o l a n t  c y c l e  n o t  on ly  because of t h e  
a v a i l a b i l i t y  of a steam supplv ,  bu t  because steam t u r b i n e s  have t h e  f o l l o w i n g  
advantages over  e lec t r ica l  d r i v e s :  

1. The t u r b i n e  d r i v e  can be independent of  t h e  e l ec t r i c  supply  system and 

2. V a r i a b l e  speed d r i v e  i s  much more e a s i l y  obta ined  t h a n  w i t h  e l ec t r i c  

3 .  Convent ional  t u r b i n e  r o t a t i o n a l  speeds are  more i n  l i n e  w i t h  t h o s e  

t h e r e f o r e  can p o s s e s s  a hip,h d e g r e e  of r e l i a b i l i t v .  

drives.  

r e q u i r e d  by t h e  c i r c u l a t o r s  (5,000-10,000 RPM); t h e r e f o r e ,  t h e  need 
f o r  geared speed i n c r e a s e r s  i s  e l i m i n a t e d .  

4 .  A b e t t e r  c y c l e  e f f i c i e n c y  can be gained because t h e r e  i s  less t r a n s -  
f e r  l o s s  t h a n  between t h e  e l ec t r i c  g e n e r a t o r  and t h e  d r i v e  motor. 
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The s e l e c t i o n  of t u r b i n e  t y p e  as t o  s u p e r h e a t e d l s a t u r a t e d  steam i n l e t ,  
condensinglback-pressure is governed by t h e  l o c a t i o n  of t h e  d r i v e  t u r b i n e  i n  
t h e  c y c l e .  It i s  p o s s i b l e  t o  l o c a t e  t h e  d r i v e  t u r b i n e s  i n  t h e  c y c l e  i n  sev- 
eral  p l a c e s .  Some of t h e  more r e a s o n a b l e  l o c a t i o n s ,  sho1.m i n  F i g u r e  5 ,  are: 

1. 

2. 

3 .  

4.  

Downstream of t h e  main t u r b i n e ,  u s i n g  steam b l e d  from a low pres-  
s u r e  stace of t h e  t u r b i n e .  I n  o r d e r  t o  keep t h e  c i r c u l a t o r  running 
on a main t u r b i n e  shutdolm, an a l ternate  l i n e  from t h e  main steam 
header  can supply superhea ted  steam t o  t h e  t u r b i n e  by means of a 
dual-admission valve on t h e  t u r b i n e .  The steam discharged  from t h e  
d r i v e  t u r b i n e  would b e  condensed i n  t h e  main t u r b i n e  condenser.  
This  t u r b i n e  would b e  similar t o  t h o s e  used f o r  d r i v i n g  b o i l e r  
feed  pumps i n  c o n v e n t i o n a l  c e n t r a l  s t a t i o n s .  

An al ternat ive t o  t h e  one above i s  t o  r o u t e  t h e  d i s c h a r g e  steam 
back t o  a lower p r e s s u r e  s t a g e  of  t h e  main t u r b i n e .  I n  t h i s  case 
a bypass  l i n e  would b e  r e q u i r e d  t o  send t h e  steam d i r e c t l y  t o  t h e  
main condenser  on a t u r b i n e  t r i p .  

The t u r b i n e  could  be run on superhea ted  steam e x i t i n g  from t h e  reac- 
t o r ,  w i t h  an a u x i l i a r y  l i n e  from t h e  c o n t a c t  b o i l e r  d i s c h a r g e  supply- 
i n g  s a t u r a t e d  steam should t h e r e  be a l o s s  i n  t h e  pr imary superhea ted  
steam supply.  Again, one could e i t h e r  r o u t e  t h e  d i s c h a r g e  steam d i r -  
e c t l y  t o  t h e  main condenser o r  t o  a low p r e s s u r e  s t a g e  of t h e  main 
t u r b i n e .  

Superimposing t h e  d r i v e  t u r b i n e  on t h e  main t u r b i n e .  I n  t h i s  case 
a l l  o r  p a r t  of t h e  superhea ted  steam would pass through t h e  d r i v e  
t u r b i n e s  b e f o r e  e n t e r i n g  t h e  steam c h e s t  of t h e  main t u r b i n e .  Again, 
a bypass  l i n e  t o  t h e  main condenser would be r e q u i r e d .  

There are manv c o n s i d e r a t i o n s  t h a t  go i n t o  t h e  s e l e c t i o n  of d r i v e  t u r b i n e  
l o c a t i o n  such as cont inui ty-of -cool ing  requi rements ,  q u a n t i t v  arid s i z e  of p i p e  
l i n e s  r e q u i r e d ,  placement of main t u r b i n e - g e n e r a t o r  and condenser  i n s i d e  o r  
o u t s i d e  of pr imary containment  b u i l d i n g ,  e tc .  A major  c o n s i d e r a t i o n  t o o ,  i s  
t h e  p o t e n t i a l  f o r  contaminat ion  from r a d i o a c t i v e  steam. It i s  n o t ,  however, 
t h e  i n t e n t  of  t h i s  pzper  t o  recommend t h e  l o c a t i o n  of t h e  d r i v e  t u r b i n e s ,  b u t  
merely t o  i l l u s t r a t e  some of t h e  t u r b i n e  t y p e s  and t h e i r  l o c a t i o n  which can 
b e  cons idered .  

Contact  B o i l e r  

The c o n t a c t  b o i l e r  must b e  designed t o  desuperhea t  t h e  r e a c t o r  o u t l e t  
superhea ted  steam r e l i a b l y  t o ,  o r  v e r y  n e a r  t o ,  s a t u r a t e d  c o n d i t i o n s .  It 
must b e  r e l a t i v e l y  i n s e n s i t i v e  t o  system u p s e t s ,  such a s  a feedwater  f a i l u r e ,  
and must c o n t i n u e  t o  p r o v i d e  s a t u r a t e d  steam w h i l e  o p e r a t o r  c o r r e c t i v e  a c t i o n  
is t a k e n  fo l lowing  t h e  u p s e t .  Drying of t h e  steam l e a v i n g  t h e  b o i l e r  must b e  
v e r y  e f f e c t i v e  t o  o b t a i n  an  e x i t  q u a l i t y  of about 99.9 w/o steam t o  provide  
good decontaminat ion f a c t o r s  and nrevent  undue m o i s t u r e  from e n t e r i n g  t h e  down- 
stream c i r c u l a t o r s  and t h e  r e a c t o r  core .  

Q 

Large c o n t a c t  b o i l e r s  have a l s o  been b u i l t  and s u c c e s s f u l l y  o p e r a t e d  i n  
These have a l l  been s i m -  t h e  i n d u s t r i a l  i n s t a l l a t i o n s  mentioned p r e v i o u s l y .  

i l a r  t o  t h e  d e s i g n  D r .  L o e f f l e r  developed. 
of water through m u l t i p l e  n o z z l e s  and t h e  r e s u l t i n g  w e t  steam i s  al lowed t o  

The steam i s  r e l e a s e d  i n t o  a drum 
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d r y  through f r e e  s u r f a c e  s e p a r a t i o n  o r  i s  mechanica l ly  d r i e d  w i t h  m o i s t u r e  sep- 
a r a t o r s  and d r y e r s .  Genera t jon  of t h e  s a t u r a t e d  steam u s i n g  convent iona l  desu- 
p e r h e a t e r s  i s  also p o s s i b l e ,  9rovidinK a known and c o n t r o l l a b l e  d i s c h a r q e  steam 
c o n d i t i o n .  The t e c h n o l o p  o f  t h e  desuperhea t ing  and m o i s t u r e  removing f u n c t i o n s  
of b o t h  methods i s  f a i r l y  well e s t a b l i s h e d .  What i s  n o t  p r e s e n t l v  well known i n  
e i t h e r  method, i s  t h e  a b i l i t v  of t h e  c o n t a c t  b o i l e r  t o  remove p a r t i c u l a t e  o r  so l -  
u b l e  gas f i s s i o n  p r o d u c t s  t h a t  may b e  i n  t h e  superhea ted  steam coming from t h e  
r e a c t o r .  It i s  e m e c t e d  t h a t  t h i s  a b i l i t v  w i l l  b e  somewhat s e n s i t i v e  t o  t h e  quan- 
t i t y  and drop s i z e  of water t h a t  remains a f t e r  t h e  steam i s  completely desuper- 
hea ted .  Experience w i t h  t h e  b o i l i n g  water r e a c t o r s  p o i n t s  toward a decontamina- 
t i o n  f a c t o r  of aDproximately 1,000 i f  t h e  steam water c o n d i t i o n s  i n  t h e  c o n t a c t  
b o i l e r  a f t e r  desuperhea t ing  are similar t o  t h o s e  i n  a BIJR. The technology dev- 
e loped by t h e  chemical  and gas  i n d u s t r y  f o r  s c r u b b e r s  of v a r i o u s  t v p e s  i n d i c a t e s  
t h a t  s u b s t a n t i a l  decontaminat ion could b e  provided blr a spray-tvpe d e s u p e r h e a t e r  
w i t h  as l i t t l e  as a few p e r c e n t  of e x c e s s  m o i s t u r e  spray .  

G 

Designs c u r r e n t l y  b e i n g  cons idered  f o r  ttic c o n t a c t  b o i l e r s  of a demonstra- 
t i o n  p l a n t  u t i l i z e  one o r  more of t h e s e  t e c h n o l o g i e s .  For example, one d e s i g n  
(F igure  6)  i n v o l v e s  s imply a scale-un i n  p r e s s u r e  of a n  e x i s t i n g  produce l i n e  
drum-type d e s u p e r h e a t e r  which i s  somewhat s imi la r  t o  t h e  b o i l e r s  u t i l i z e d  by 
L o e f f l e r .  A s  i n  t h e  L o e f f l e r  d e s i g n ,  o p e r a t i o n a l  c o n t r o l  of t h e  q u a l i t y  of 
steam-water m i x t u r e  a f t e r  complet ion of desuperhea t ing  i s  n o t  p r a c t i c a l .  A 
secondary s p r a y  scrubber  may, however, be u t i l i z e d .  

A second proposed design uses spray desuperhea ters  t o  p r o v i d e  both t h e  
water n e c e s s a r y  t o  desuperhea t  t h e  steam and an excess amount of s p r a y  water 
for scrubbing .  The steam-water m i x t u r e  i s  d ischarged  i n t o  a s e p a r a t i o n  and 
reserve water tank.  The d r y e r s  u t f l i z e d  f o r  s e p a r a t i o n  i n  t h i s  t a n k  are iden- 
t i c a l  t o  t h o s e  i n  a number of t o d a y ' s  product  l i n e  n u c l e a r  r e a c t o r s  w h i l e  t h e  
steam c o n d i t i o n s  e n t e r i n g  t h e  d r v e r s  are a l s o  comparable t o  t o d a y ' s  r e a c t o r s .  
The d i s a d v a n t a g e  of t h e  desuperhea t ing  s p r a y  system r e g a r d i n g  feedwater  f a i l u r e  
i s  overcome i n  t h i s  proposed d e s i g n  by having a p o r t i o n  of t h e  t o t a l  water re- 
quirements  r e c i r c u l a t e d  by g r a v i t p  f e e d  and from t h e  reserve water tank .  Other  
d e s i g n s  i n c l u d e  t h e  u s e  of bubble-cap t r a y s ,  foaming d e v i c e s ,  etc. 

The requi rements  p laced  on t h e  c o n t a c t  b o i l e r  d u r i n g  normal o p e r a t i o n  and 
d u r i n g  o p e r a t i n g ,  o r  emergency t r a n s i e n t s ,  make i t  an  ex t remelv  c r i t i c a l  p i e c e  
of equipment;  i t  is  t h e  prime s o u r c e  f o r  s a t u r a t e d  steam, s a t u r a t e d  water, o r  
a steam-water m i x t u r e  f o r  c o o l i n g  t h e  core .  During a l l  p o s s i b l e  c o n d i t i o n s ,  i t  
i s  r e l i e d  upon t o  prevent  r e c i r c u l a t i o n  of  any steam i n  a s t i l l  h i g h l y  super- 
h e a t e d  c o n d i t i o n .  S p e c i f i c  t r a n s i e n t s  which could  c a u s e  d i f f i c u l t p  i n  t h i s  
regard  and which t h e  component d e s i g n  must accommodate, i n c l u d e :  feedwater  
f a i l u r e ,  e i t h e r  from valve m a l f u n c t i o n  o r  pump f a i l u r e ,  r a p i d  system p r e s s u r e  
changes i n  e i t h e r  d i r e c t i o n ,  r a p i d  changes i n  steam flow i n  e i t h e r  d i r e c t i o n ,  
and r a p i d  changes o f  i n l e t  steam c o n d i t i o n s .  Except f o r  some s h o r t - d u r a t i o n  
t r a n s i e n t s  t h e  c o n t a c t  b o i l e r  s e p a r a t i o n  equipment must p r o v i d e  v e r y  d r y  steam 
s o  t h a t  carry-over  of  d i s s o l v e d  s o l i d s  is  k e p t  t o  a minimum. Dryness of 99.9% 
steam i s  reasonably  a t t a i n a b l e  i n  l i g h t  of BITR e x p e r i e n c e ,  w i t h  p o s s i b l e  i m -  
provement above t h a t  f i g u r e  w i t h  s l i g h t  o v e r s i z i n g  of d r y i n g  equipment. 

Engineer ing  Safeguards Systems f o r  C o n t i n u i t y  of  Core Cooling 

The c o n t i n u i t y  of  c o r e  c o o l i n g  requi rements  f o r  t h e  SCFR are s imilar  t o  
t h o s e  f o r  any o f  t h e  water cooled r e a c t o r s .  The major d i f f e r e n c e  i s  r'ound i n  

314 



-JII 

I I 

315 



t h e  somewhat h i g h e r  i n i t i a l  c l a d  and f u e l  tempera tures  and h i g h e r  power densi-  
t i e s  which demand somewhat q u i c k e r  response  t i m e s  from t h e  emergency systems. 
These f a s t e r  response  requi rements  n e c e s s i t a t e  re f inement  of t h e  normal opera- 
t i n g  equipment t o  a s s u r e  cont inuous c o o l i n g  under  a l l  c o n d i t i o n s .  For example, 
t h e  feedwater  and condensate  pumps can b e  upgraded i n  r e l i a b i l i t y  and redun- 
dancy s o  t h a t  t o t a l  l o s s  of feedwater  i s  e l i m i n a t e d  as a p o s s i b l e  a c c i d e n t .  

A d e s i g n  c r i t e r i a  t h a t  i s  d e s i r a b l e  f o r  any r e a c t o r  concept ,  and which h a s  
been a p p l i e d  t o  t h e  engineered  safep,uards f o r  cont inuous  c o r e  c o o l i n g  i n  t h e  
SCFR, i s  t h a t  a comFlete and o r d e r l y  shutdown ( u l t i m a t e l y  t o  c o l d  s tandby)  
should be t h e  au tomat ic  and i n h e r e n t  r e s u l t  o f  any manual o r  s a f e t y  system 
shutdown. I d e a l l y ,  t h i s  u l t i m a t e  s a f e  c o n d i t i o n  should  come about wi thout  
any o p e r a t o r  a c t i o n  and w i t h  minimum r e l i a n c e  on moving equipment. 
c o n s i d e r e d  as a g o a l  f o r  a product  l i n e  p l a n t  of wel l -understood c h a r a c t e r i s -  
t i c s ,  b u t  more r i g o r o u s l y  f o r  a f i r s t -of -a -k ind  p l a n t  such as t h e  50 ?fire demon- 
s t r a t i o n  des ign .  This  p h i l o s o p h i c a l  p o i n t  and any d i s c u s s i o n  about i t  would 
perhaps b e t t e r  f i t  i n  a paper  deal inR w i t h  o v e r a l l  system s a f e t y  r a t h e r  t h a n  
component requi rements ;  unders tanding  of  t h e  p o i n t ,  however, i s  important  i n  
e s t a b l i s h i n g  t h e  components needed f o r  c o n t i n u i t y  of c o r e  cool ing .  This  con- 
c e p t  i s ,  of course ,  n o t  new, having i n f l u e n c e d  t h e  d e s i g n  of  o t h e r  r e a c t o r s  
t h a t  were f i r s t -of -a -k ind ,  n o t a b l y  t h e  General  E lec t r ic  EVESR (ESADA V a l l e c i t o s  
Experimental  Superheat  R e a c t o r ) .  

T h i s  i s  

The f i r s t  l o g i c a l  s t e p  t o  m a i n t a i n i n g  cont inuous c o o l i n g  of t h e  c o r e  i s  t o  
assure c o n t i n u i t y  of t h e  primary steam c o o l a n t  flow even d u r i n g  such advers i t ies  
as complete l o s s  of e l e c t r i c a l  power. 
a l r e a d y  o p e r a t i n g  t u r b i n e - d r i v e n - c i r c u l a t o r ,  u t i l i z i n g  t h e  s t o r e d  energy i n  t he  
h igh  p r e s s u r e  s a t u r a t e d  water of t h e  c o n t a c t  b o i l e r s  t o  d r i v e  t h e  t u r b i n e s .  
C o n t r o l s  f o r  t h e  t u r b i n e  under t h i s  c o n d i t i o n  must,  of c o u r s e ,  b e  conipletely 
independent  of any e x t e r n a l  pover s u p p l i e s .  
7 )  a f e a t u r e  has been provided whereby a s m a l l  p o r t i o n  of t h e  d r i v e  t u r b f n e  
steam does n o t  pass through t h e  normal admission v a l v e s  which would c l o s e  on 
c e r t a i n  f a i l u r e s ,  b u t  r a t h e r  p a s s e s  through a pre-ad jus ted  o r i f i c e  which con- 
t r o l s  t h e  steam r e c i r c u l a t i o n  f low r a t e  and p r o v i d e s  f o r  a slow, non-damaging, 
d e p r e s s i l r i z a t i o n  r a t e  of t h e  primary system, 

The l o g i c a l  component t o  do t h i s  i s  t h e  

On t h e  50 TnTe p l a n t  d e s i g n  (F igure  

klfhough a v e r v  h i g h  degree  of  r e l i a b i l i t y  can be o b t a i n e d  through redun- 
dancy and d i v e r s i t y  of t h e  steam c i r c u l a t o r  c o o l a n t  l o o p s ,  p r o v i s i o n  f o r  a 
backup c o o l a n t  seems prudent  t o  provide  c o r e  c o o l i n g  upon l o s s  of  t h e  pr imary 
steam c o o l a n t .  The l o g i c a l  c o o l a n t  f o r  backup of t h e  steam is water. The 
end r e s u l t  of i n j e c t i o n  of  backup c o o l a n t  i s  f l o o d i n g  of t h e  c o r e  w i t h  sat- 
u r a t e d  water fol lowed by removal of  t h e  c o r e  decay h e a t  i n  much t h e  same 
manner as a b o i l i n g  water r e a c t o r .  The components used f o r  t h i s  f u n c t i o n  
are r a t h e r  convent iona l  t a n k s  of h i g h  p r e s s u r e  s a t u r a t e d  w a t e r  w i t h  assoc-  
i a t e d  pumps and valves. 
have s u f f i c i e n t  water reserve t o  perform t h e  f l o o d i n g  f u n c t i o n  and are e l e v a t e d  
above t h e  r e a c t o r  s o  t h a t  t h e  water w i l l  f low i n t o  t h e  c o r e  by g r a v i t y  when cir-  
c u l a t o r  f low (and hence c o r e  pressure-drop)  h a s  dropped by coastdown t o  a med- 
ium-low va lue .  Once f looded ,  a n a t u r a l  convec t ion  loop  i s  formed between t h e  
r e a c t o r  vessel and c o n t a c t  b o i l e r s ,  a g a i n  u t i l i z i n g  BWR proven technology.  
Pumps can b e  provided i n  t h e s e  loops  t o  r e l e g a t e  t h e  n a t u r a l  c i r c u l a t i o n  
c a p a b i l i t y  t o  a backup p o s i t i o n .  
very-close- to  s a t u r a t e d  c o n d i t i o n s  w i t h  v e r y  low net  p o s i t i v e  s u c t i o n  head, 
t h u s  are b a s i c a l l y  t h e  same t y p e  as p r e s e n t l y  used f o r  BLJR r e c i r c u l a t i o n  pumps. 

For example, on t h e  50 MWe d e s i g n  t h e  c o n t a c t  b o i l e r s  

These f l o o d i n g  pumps c i r c u l a t e  water a t  
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Another component which can provide t h i s  backup coolant  f e a t u r e  I s  a tank  
of water maintained a t  a s a t u r a t i o n  pressure  w e l l  above the  core  pressure.  On 
demand, t h e  water i n  t h i s  tank  can be f lashed  through t h e  core  providing a cool- 
a n t  which i s  a mixture of steam and water, o r  fog, charac te r ized  by very good 
hea t  t r a n s f e r  and t r a n s p o r t  p rope r t i e s .  Through proper  s e l e c t i o n  of s i z e  and 
pressure ,  t h e  end r e s u l t  of d i scharge  of t h i s  tank  i s  aga in  a flooded core.  
This  type  of tank i s  planned as a backup method i n  t h e  50 MWe design and a l s o  
incorpora tes  t he  s t a r t u p  hea t  source of e l e c t r i c a l  h e a t e r s  needed t o  pressur-  
i z e  t h e  system from cold standby. 

Valves and Seals 

A somewhat h ighe r  p o t e n t i a l  f o r  contamination than  on convent ional  water 
cooled r e a c t o r s  p laces  a more s t r i n g e n t  requirement f o r  i n t e g r i t y  on a l l  p r i -  
mary system va lves  and seals. 
l e a k  t i g h t n e s s  o f  system va lves  and atmospheric seals is  c r i t i c a l  t o  success- 
f u l  opera t ion  of a d i r e c t  cyc le  steam p lan t .  The most s a t i s f a c t o r y  performance 
i n  the  high pressure ,  high temperature steam environment has been obtained ( i n  
our experience) with e s s e n t i a l l y  convent ional  va lves  having w e l l  cooled, extended 
bonnets placed i n  well v e n t i l a t e d  areas. The key t o  success fu l  opera t ion  i s  t h e  
placement of each va lve  such t h a t  prevent ive  maintenance can be performed promptly 
when i n c i p i e n t  leakage occurs  (Figure 8).  

Experience to-date  i n d i c a t e s  t h a t  maintaining 

Development Required 

For t h e  f i r s t  s m a l l  experimental  p l a n t ,  t h e  development needs of t h e  c i rcu-  
l a t o r s ,  d r i v e  tu rb ines ,  contac t  b o i l e r s  and va lves  are r a t h e r  modest and present-  
day technology should l a r g e l y  s u f f i c e  f o r  t hese  out-of-reactor  components. 
areas of development cen te r  mainly around t h e  use  of steam o r  water l u b r i c a t e d  
bear ings,  e s p e c i a l l v  o r i en ted  toward t h e  upgrading of r e l i a b i l i t y  of t hese  bear- 
ings  under both normal and abnormal opera t ing  condi t ions .  The opera t ion  of such 
an  experimental  p l a n t  would provide a major test f a c i l i t y  f o r  both i d e n t i f y i n g  
and i n v e s t i g a t i n g  t h e  poss ib l e  development problems of t h e  more advanced, c e n t r a l  
power s t a t i o n  scale SCFR's of t h e  fu tu re .  

The 
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- D I S C U S S I O N  

J . C .  Fox (Bat te l lc -Nor thwes t )  - Because t h e  steam-cooled f a s t  r e a c t o r  does 
n o t  appear  t o  have as g r e a t  an u l t i m a t e  p o t e n t i a l  i n  f u e l  u t i l i z a t i o n  (and hence 
f u e l i n g  c o s t )  as t h e  l i q u i d  metal-or-gas-cooled f a s t  b r e e d e r s ,  i t s  p r o s p e c t s  de- 
pend l a r g e l y  on whether  o r  n o t  i t  can b e  develoned more r a p i d l y  and a t  lower c o s t  
t h a n  i t s  compet i tors .  S ince  t h e  developing of r e l i a b l e  components f o r  t h e  LMFBR 
i s  a n  area o f  maior  concern and s u b s t a n t i a l  e x p e n d i t u r e ,  i t  is  impor tan t  t o  make 
a c a r e f u l  e v a l u a t i o n  of t h e  performance requi rements ,  s t a t e  of e x i s t i n g  technol -  
ogy, and development e f f o r t  needed f o r  SCFBR components, i n  o r d e r  t o  de te rmine  
t h e  i n c e n t i v e  f o r  developing t h i s  concept .  The a u t h o r s  d i s c u s s  many of t h e  p o i n t s  
p e r t i n e n t  t o  such an  e v a l u a t i o n ,  w i t h  respect t o  components of  t h e  h e a t  t r a n s p o r t  
system. 

a d i s c r e t e  development and t e s t i n g  program. E i t h e r  t h e  r a d i a l  o r  a x i a l  f low com- 
p r e s s o r s  a p p e a r  t e c h n i c a l l v  f e a s i b l e ,  and d e s i g n e r s  are p r e s e n t l y  d i v i d e d  i n  
choice.  The b a s i c  technology of  steam c i r c u l a t o r s  and c o n t r o l l e d  leakage  seals 
f o r  steam service e x i s t s .  Although some development would b e  r e q u i r e d  f o r  t h e  
s team-or-water- lubricated bearings f o r  t h i s  service, there appears  t o  b e  no f o r -  
midable  t e c h n i c a l  b a r r i e r  t o  success .  It remains t o  p u t  t h e s e  i t e m s  t o g e t h e r ,  
scale them up c o n s i d e r a b l y  i n  s i z e ,  and demonst ra te  o v e r a l l  r e l i a b i l i t y .  T h i s  
probably should  be done i n  a s e p a r a t e  t es t  program, somewhat analagous t o  t h e  
sodium pump tes t  program € o r  t h e  LMFBR, a l though it  h a s  been e s t i m a t e d  t h a t  t h e  
f a c i l i t y  r e q u i r e d  and t h e  o v e r a l l  development would b e  somewhat l o v e r  i n  c o s t  
t h a n  f o r  t h e  sodium pump program. S i n c e  t h e  a u t h o r s  have been engaged i n  d e s i g n  
s t u d i e s  of t h e  L o e f f l e r  c y c l e  components f o r  some t i m e ,  i t  would b e  h e l p f u l  i f  
a t  t h i s  p o i n t  t h e y  could  b e  more e x p l i c i t  about  t h e  developnent  program v i s u a l -  
i z e d ,  as  well as i n  i d e n t i f y i n q  a p r e f e r r e d  c i r c u l a t o r  concept and d r i v e  t u r b i n e  
l o  cat  ion .  

The c o n t a c t  b o i l e r  i s  a component f o r  which c o n s i d e r a b l e  technology exis ts ,  
and t h e  problem h e r e  i s  p r i m a r i l y  one of s e l e c t i n g  t h e  approach which w i l l  y i e l d  
t h e  b e s t  c o n t r o l  over  p a r t i c u l a t e  o r  s o l u b l e  contaminants  and steam c o n d i t i o n s  
under  a l l  o p e r a t i n g  c i rcumstances  i n  t h e  system, and de termining  i f  i t s  p e r f o r -  
mance i s  adequate  f o r  t h e  n u c l e a r  p l a n t  requi rements .  A t  p r e s e n t ,  most d e s i g n e r s  
p r e f e r  s p r a y  d e s u p e r h e a t e r s ,  u s i n g  a few p e r c e n t  excess  water s p r a y  f o r  contam- 
i n a t i o n  c o n t r o l .  A s  t h e  a u t h o r s  imply, i t  i s  probably n e c e s s a r y  t o  i n c o r p o r a t e  
more t h a n  one t y p e  of c o n t a c t  b o i l e r  i n t o  a s m a l l  exper imenta l  n u c l e a r  power 
p l a n t  i n  o r d e r  t o  make comparat ive performance e v a l u a t i o n s ,  s i n c e  t h i s  cannot  
b e  done c o n c l u s i v e l y  except  when t h e  b o i l e r  i s  i n c o r p o r a t e d  i n  a r e p r e s e n t a t i v e  
s y s t em.  

r e a c t i v i t y  c o e f f i c i e n t s  of t h e  SCFBR which can a f f e c t  t h e  requi rements  f o r  res- 
ponse of  emergency systems i n  c e r t a i n  abnormal s i t u a t i o n s ,  o r  could i n  some 
d e s i g n s  p r o s c r i b e  t h e  u s e  of c o r e  f looding .  
s u b j e c t  r e a c t o r  h a s  a n e g a t i v e  e f f e c t  on r e a c t i v i t y ,  which i n  t u r n  i m p l i e s  t h a t  
t h e  procedure  f o r  s t a r t u p  from a f looded  c o n d i t i o n  must b e  v e r y  c a r e f u l l y  con- 
t r o l l e d .  Being a b l e  t o  f lood  t h e  c o r e  r e l i a b l y  would b e  a s i g n i f i c a n t  a t t r i b u t e  

The steam c i r c u l a t o r s  are t h e  most impor tan t  components which would r e q u i r e  

I n  t h e  d i s c u s s i o n  on engineered  s a f e g u a r d s ,  t h e  a u t h o r s  do n o t  r e f e r  t o  

It i s  i n f e r r e d  t h a t  f l o o d i n g  t h e  
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t o  SCFBR s a f e t y .  Not a l l  o t h e r  desiffners have taken  t h i s  approach t o  backup 
c o o l i n g ,  a p p a r e n t l y  because i n  low p r e s s u r e  d e s i g n s  in tended  t o  a c h i e v e  h i g h  
breeding  r a t i o ,  i t  can l i m i t  c o r e  des ign  and p e n a l i z e  u l t i m a t e  performances.  

With r e g a r d  t o  v a l v e s  and seals ,  o p e r a t i n g  e x p e r i e n c e  a t  EVESR h a s  em- 
phas ized  t h e  importance of a t t e n t i o n  t o  d e t a i l  i n  d e s i g n  and c a r e f u l  mainte- 
nance procedures ,  bu t  t h e s e  do n o t  appear  t o  b e  important  development problems. 

The o v e r a l l  impress ion  t h a t  a rev iewer  of t h i s  paper  receives i s  t h a t  t h e  
major  d e s i g n ,  development, and t e s t i n g  problems of t h e  SCFBR p l a n t  ( e x c l u s i v e  
o€ t h e  r e a c t o r  c o r e )  are n o t  component n r o b l e n s ,  b u t  system problems. T h i s  i s  
i l l u s t r a t e d  by t h e  f a c t o r s  which i n f l u e n c e  l o c a t i o n  of t h e  c i r c u l a t o r  d r i v e  
t u r b i n e  i n  t h e  steam c y c l e ;  by t h e  performance c r i t e r i a  which t h e  c o n t a c t  
b o i l e r  must meet; and, of course ,  by t h e  engineered s a f e g u a r d s  systems.  I n  
d i s c u s s i n g  t h e  requi rements  p laced  on t h e  c o n t a c t  b o i l e r ,  t h e  a u t h o r s  b r i n g  
t h i s  o u t  r a t h e r  well. I n  p lanning  a development program f o r  t h e  SCFBR, one 
might expec t  t o  p l a c e  ear l ier  emphasis on a r e a c t o r  experiment t h a n  f o r  t h e  
LYFBR o r  GCFBR, where t h e  e a r l v  t h r u s t  would be on component development and 
f u e l  t e s t i n g .  

F.J. L e i t z ,  G.J. Rit tenmyer ,  and H . J .  Schneider  - Your conclus ion  regard-  
i n g  t h e  a v a i l a b i l i t y  of steam cooled r e a c t o r  Components seems i n  agreement w i t h  
our  s t u d y .  An i n t e g r a t i o n  of  t h e s e  components i n t o  a s a f e  and workable  system 
i s  t h e  major t a s k .  D e t a i l e d  d i s c u s s i o n  on our  system was bevond t h e  scope of 
t h i s  p a p e r ,  bu t  i t  i s  in tended  t o  t rea t  t h a t  i n  d e t a i l  i n  f u t u r e  t o D i c a l  meet- 
i n g s .  To somewhat o f f s e t  t h e  o p t i m i s t i c  p i c t u r e  r e q a r d i n g  components please 
n o t e  our  c a u t i o n a r y  o b s e r v a t i o n s  r e g a r d i n g  system contaminat ion  and scale-up 
d i f f i c u l t i e s .  A f u r t h e r  c a u t i o n a r y  n o t e  may7 be  i n  o r d e r  re la t ive  t o  c a p i t a l  
c o s t s ;  t h e  amount of steam which must b e  handled per megawatt of r e a c t o r  power 
i s  several  t i m e s  t h a t  of thermal  r e a c t o r s  w h i l e  t h e  feedwater  system i s  onl17 
f r a c t i o n a l l y  s m a l l e r .  Eandl ing t h i s  steam i n  n u c l e a r  grade systems w i l l  c o s t  
money. Our c o s t  e s t i m a t i n g  work f o r  t h e  50 megawatt p l a n t  i s  going on r i g h t  
now. 

Regarding t h e  steam c i r c u l a t o r  t y p e  f o r  t h e  f i r s t  g e n e r a t i o n  o f  p l a n t s ,  
w e  have p laced  much g r e a t e r  emphasis on h e a t  c h a r a c t e r i s t i c s  t h a n  on e f f i c -  
i e n c y  o r  s i z e .  S p e c i f i c a l l v ,  we have caut ioned  vendors  t h a t  t h e  c i r c u l a t o r  
should n o t  have a narrow s u r g e  margin,  d i s p l a y i n g  i f  p o s s i b l e  a c o n s t a n t l y  
r i s i n g  head curve .  To d a t e ,  t h i s  c r i t e r i o n  h a s  been s a t i s f i e d  ( a t  l eas t  u n t i l  
some proof  t e s t i n g  i s  completed) by c e n t r i f u g a l  d e s i g n s  with some hope held 
o u t  f o r  a x i a l  machines w i t h  v e r y  few s t a g e s ,  perhaps  no more t h a n  t h r e e .  We 
of c o u r s e ,  l i k e  t h e  h i g h e r  e f f i c i e n c v  claimed f o r  t h e  a x i a l  machine, bu t  t h e  
r e s u l t s  of o u r  s t u d y  i n d i c a t e  t h a t  t h e  compet i t ion  f o r  t h e  machines of a t  
l eas t  t h e  demonst ra t ion  p l a n t  i s  be ing  l e a d  by t h e  c e n t r i f u g a l  concept .  

A s  we i n d i c a t e d  i n  t h e  paper ,  t h e  p o s i t i o n  of t h e  d r ive  t u r b i n e  i s  a f f e c -  
t e d  by many system c o n s i d e r a t i o n s  and i n  t u r n  a f f e c t s  system performance. 
t i o n a l l y ,  t h e  p r e f e r e n c e  i n  a s m a l l  demonst ra t ion  p l a n t  may be d i f f e r e n t  t h a n  
i n  a l a r g e  p l a n t .  A s  we have a l r e a d y  i n d i c a t e d ,  t h e s e  as w e l l  as o t h e r  com- 
ments you had r e g a r d i n g  systems,  w i l l  undoubtedly b e  t r e a t e d  i n  f u t u r e  Dapers 
r e s u l t i n g  from our  p r o j e c t .  

e n t l y  t h a n  you proposed i n  your comments r e g a r d i n g  contaminat ion  c o n t r o l .  We 
f e e l  t h a t  i t  i s  most important  t h a t  t h e  thermal  and s a f e t y  performance of t h e  
c o n t a c t  b o i l e r s  used i n  t h e  f i r s t  g e n e r a t i o n  of  p l a n t s  be more t h a n  j u s t  

Addi- 

We have approached t h e  c o n t a c t  b o i l e r  requirement  a l i t t l e  b i t  d i f f e r -  
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adequate ,  bu t  r e p r e s e n t  t h e  b e s t  t h a t  i n d u s t r y  can p r o v i d e ,  W e  b e l i e v e  t h a t  i f  
t h e  b o i l e r  i s  designed t o  do t h e  b e s t  p o s s i b l e  j o b  as a desuperhea t ing  steam gen- 
e r a t o r  under a l l  s t e a d y - s t a t e  and t r a n s i e n t  c o n d i t i o n s ,  i t s  performance as a 
s c r u b b e r  w i l l  t u r n  o u t  t o  b e  adequate .  I f  s u f f i c i e n t  f l e x i b i l i t y  i s  incorpor-  
a t e d  i n  t h e  d e s i g n ,  t h e n  t e s t i n g  and in-serv ice-modi f ica t ions  can b e  accomplished 
t o  improve t h e  decontaminat ing c a p a b i l i t y .  Your comment r e g a r d i n g  t h e  i n t e r r e l a -  
t i o n s h i p  between r e a c t i v i t y  c o e f f i c i e n t s  and a c t i o n  t a k e n  by emergency systems 
r e c o g n i z e s  a n o t h e r  area of  conserva t i sm which w e  r e f l e c t e d  i n  t h e  paper .  W e  
r e c o g n i z e  t h a t  s a f e t y  should  n o t  completely d i c t a t e  c o r e  d e s i g n ,  bu t  f e e l  t h a t  
a t  least  i n  t h e  f i r s t  g e n e r a t i o n  of p l a n t s  it must p l a y  a v e r y  dominant r o l e ,  
hence a c o r e  void  c o e f f i c i e n t  and f l o o d i n g  r e l a t i o n s h i p  which enhances s a f e t y  
f o r  which w e  have d e s c r i b e d  t h e  important  components. 

D.C. Schulderberg (Babcock & WLlcox) - T h i s  paper  d e s c r i b e s  t h e  r e q u i r e -  
ments and development s t a t u s  of several major SCFR components t o  i n d i c a t e  t h a t  
R&D requi rements  are l a r g e l v  conf ined  t o  f i r s t -of -a -k ind  e n g i n e e r i n g  and test  
a s s o c i a t e d  w i t h  a p a r t i c u l a r  s i z e  and c o n f i g u r a t i o n .  

i l a r  development s t a t u s .  T h i s  i n c l u d e s  t h e  r e a c t o r  vessel ,  c o r e  t a n k ,  conta in-  
ments,  f u e l  h a n d l i n g  equipment,  s t a r t u p  b o i l e r ,  e tc .  T h i s  s t a t e  of t h e  a r t  i n  
component development s u p p o r t s  t h e  p o i n t  of view t h a t  steam-water technology is 
a l o g i c a l  p a t h  f o r  t r a n s l a t i o n  of t h e  e l ec t r i c  power i n d u s t r y  i n t o  b r e e d e r  reac- 
t o r  technology.  

a power demonst ra t ion  r e a c t o r  (300-500 W e )  and l a t e r  commercial u n i t s  (1000 MWe 
o r  l a r g e r )  nay b e  reduced by u s i n g  4 c i r c u l a t o r s  i n  t h e  power demonst ra t ion  reac- 
t o r  and 8 u n i t s  of similar s i z e  and c o n f i g u r a t i o n  i n  t h e  1000 MVe p l a n t .  

Perhaps,  i t  i s  a p p r o p r i a t e  t o  add a few remarks t o  t h o s e  g iven  r e g a r d i n g  
t h e  d i r e c t  c o n t a c t  b o i l e r .  I n  a d d i t i o n  t o  steam p u r i f i c a t i o n ,  t h e  d i r e c t  con- 
t ac t  b o i l e r  can b e  made t o  p l a y  a very  impor tan t  r o l e  i n  t h e  p l a n t  s a f e t y  and 
k i n e t i c  behavior .  
t r e a t e d  i n  some d e t a i l  i n  a r e c e n t  German paper'. Excess s p r a y  i n  combinat ion 
w i t h  a c h a r a c t e r i s t i c  SCFR p o s i t i v e  void c o e f f i c i e n t  can b e  u t i l i z e d  t o  provide  
a degree  of system s t a b i l i t y  which e n a b l e s  t h e  p l a n t  t o  f o l l o w  l o a d  swings and 
minimize t h e  consequences  of  system leakage .  Thus, t h e  d i r e c t  c o n t a c t  b o i l e r  
d e s i g n  should t a k e  i n t o  account t h i s  important  f u n c t i o n .  

The d i s c u s s i o n  of c o r e  c o o l i n g  c o n t i n u i t y  i l l u s t r a t e s  t h e  v a r i e t y  of app- 
roaches  t o  t h i s  problem c h a r a c t e r i s t i c  of steam-water technology.  It  i s  f e l t  
t h a t  t h i s  d i s c u s s i o n  would b e  more complete if some r e f e r e n c e  were made t o  t h e  
r o l e  of  o t h e r  components (such as t h e  p r e s s u r e  v e s s e l )  and t h e  t h e  Dlant a r range-  
ment ( i n t e g r a l  vs. s p r e a d o u t ) .  

The remaining components i n  an SCFR p l a n t  would a l s o  appear  t o  en joy  a s i m -  

It i s  b e l i e v e d  t h a t  steam c i r c u l a t o r  e n g i n e e r i n g  and tes t  requi rements  f o r  

T h i s  i s  r e f e r r e d  t o  i n  a p r e v i o u s  B&IJ paper1 and h a s  been 

F.J. L e i t z ,  C . J .  F i t tenmyer ,  and H . J .  Schneider  - W e  are i n  b a s i c  agree-  
ment w i t h  your c o n t e n t i o n  t h a t  p r e s s u r e  v e s s e l s  and t h e  l i k e  d o  not  r e p r e s e n t  
special  problems as evidenced by o u r  e x c l u s i o n  of them from t h e  paper .  
g e n e r a l ,  t h e y  merely r e q u i r e  j u d i c i o u s  a p p l i c a t i o n  of e x i s t i n g  BWR/PWR tech-  
nology and i n t e l l i g e n t  adherence t o  codes.  The components t h a t  w e  d i d  select 
f o r  s t u d v  and d i s c u s s i o n  were t h o s e  i t e m s  t h a t  had f u n c t i o n a l  requi rements  n o t  
u s u a l l y  found i n  e i t h e r  f o s s i l  o r  n u c l e a r  power p l a n t s .  Prudent  s e l e c t i o n  of 
a number of loops  as p l a n t  s i z e  i n c r e a s e s  i s  c e r t a i n l y  a good way t o  a m e l i o r a t e  

I n  
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scale-up problems f o r  t h e  c i r c u l a t o r s .  I n t e r e s t i n g l v ,  t h e  c o n t a c t  b o i l e r s  i n  
t h e  loops  a l s o  en joy  t h i s  advantage,  a l l o v i n g  a n  i n c r e a s i n g  number of b o i l e r s  @ t o  reduce  scale-up d i f f i c u l t i e s .  

The main t h r u s t  of our  e v a l u a t t o n  v a s  t o  d e t e r n i n e  what t o d a y ' s  technology 
could o f f e r  i n  way of  b u i l d i n g  b locks  f o r  t h e  SCFR. Perhaps we missed an  oppor- 
t u n i t y ,  bu t  w e  d i d  n o t  choose t o  d i s c u s s  such svstem advantages as t h e  a f f e c t  on 
a p o s i t i v e  void  c o e f f i c i e n t  d i s p l a y e d  by t h e  d i r e c t  c o n t a c t  b o i l e r .  A s  you i n d i -  
cate ,  however, t h i s  has  a l r e a d y  been t r e a t e d  i n  prev ious  papers .  

1J.R. G a l l  (Oak FLid,qe N a t i c n a l  Laboratorv)  - I am i n c l i n e d  t o  a g r e e  w i t h  
t h e  g e n e r a l  p o s i t i o n  of t h e  a u t h o r s  t h a t  t h e  e x t e n s i v e  and well  developed steam 
technology i n  f o s s i l - f i r e d  and thermal  n u c l e a r  p l a n t s  can be a p p l i e d  t o  t h e  dev- 
elopment of components f o r  steam-cooled r e a c t o r s .  I a l s o  a g r e e  t h a t  t h e  devel- 
opment o f  c i r c u l a t o r s  f o r  a 50 ?.!??e r e a c t o r  experiment p l a n t  could be accomplished 
on t h e  b a s i s  of t h e  concepts  d e s c r i b e d  i n  t h e  paper .  The d i s c u s s i o n  of s a f e -  
guards  systems also seems adequate ,  e s p e c i a l l y  i f  t h e  goal of a complete and 
o r d e r l y  shutdown can b e  m e t  under t h e  c o n d i t i o n s  s t a t e d .  The two p r i n c i p a l  a r e a s  
t o  which I would d i r e c t  my comments a r e :  (1) t h e  s e n s i t i v i t p  of t h e  c o r e  t o  
steam c o n d i t i o n s  as a f f e c t e d  by performance of t h e  components; and (2) t h e  con- 
ponents  of t h e  system t h a t  heve c o t  been covered i n  t h e  pa.per, b u t  which map 
require some s p e c i a l  a t t e n t i o n .  

S team Condi t ions  - The a u t h o r s  have s t a t e d  a need f o r  a c h i e v i n g  a h i g h  
q u a l i t y  ( d r y )  s a t u r a t e d  steam a t  t h e  s u c t i o n  of t h e  steam c i r c u l a t o r .  They 
have a l s o  poin ted  o u t  i n  d i s c u s s i n g  t h e  s t e a n  g e n e r a t o r  requi rements ,  t h e  not-  
so-obvious requirement  € o r  complete desuperhea t ing  of t h e  superhea ted  steam 
s u p p l i e d  t o  t h e  L o e f f l e r  b o i l e r .  
v e r g e n t  on t h e  steam g e n e r a t o r  and a l s o  s i n c e  passage  of  s l u g s  of vrater o r  even 
d r o p l e t s  i n t o  t h e  r e a c t o r  c o r e  vould have some p o s s i b l e  r e a c t i v i t y  e f f e c t s ,  why 
i s  i t  impor tan t  t h a t  steam be a t  s a t u r a t i o n  c o n d i t i o n s  a t  t h e  r e a c t o r  i n l e t ?  A s  
a n  example, assumins t h e  r e a c t o r  i n l e t  p r e s s u r e  of 2000 p s i a  and L o e f f l e r  b o i l e r  
p r e s s u r e  of 1800 p s i a ,  t h e  pump in^ vork  adds approximatelv 10  BTU'S p e r  pound of 
steam c i r c u l a t e d ,  I f  t h e  steam leaviny, t h e  b o i l e r  i s  drv and s a t u r a t e d  a t  1800 
p s i a ,  i t  w i l l  r e a c h  t h e  r e a c t o r  i n l e t  v i t h  approximately 10°F  s u p e r h e a t ,  due 
t o  t h e  combinat ion of pump work and t h e  s h i f t  i n  s a t u r a t i o n  e n t h a l p y ,  o r  con- 
v e r s e l y ,  i f  e x a c t l y  s a t u r a t e d  steam a t  2000 p s i a  i s  r e q u i r e d  a t  r e a c t o r  i n l e t ,  
the q u a l i t y  leaving the 1800 nsia boiler s h o u l d  be 962. Thus, the p r o v i s i o n  of 
d r y ,  s a t u r a t e d  steam t o  t h e  r e a c t o r  a l o n e  does n o t  impose t h e  requirement  of 
99.9% q u a l i t y  a t  t h e  b o i l e r  e x i t .  On t h e  o t h e r  hand, i t  may b e  d e s i r a b l e ,  i f  
n o t  n e c e s s a r y  t o  m a i n t a i n  t h i s  h i g h  l e v e l  of q u a l i t y  f o r  t h e  p r o t e c t i o n  of t h e  
c i r c u l a t o r  i t s e l f .  

From a n u c l e a r  s t a n d p o i n t ,  i t  i s  less important  t o  a c h i e v e  complete de- 
s u p e r h e a t i n g  of t h e  s t e a n  t h a n  i t  i s  t o  a c h i e v e  complete dryness .  I n  f a c t ,  
i f  t h e  steam i s  superhea ted  a t  t h e  c o r e  i n l e t ,  t h e  r e a c t o r  w i l l  b e  s u b j e c t e d  
t o  less danger  of r e c e i v i n g  s l u g s  o r  d r o p l e t s  of water and t h e r e f o r e ,  would 
b e  s a f e r  from a n u c l e a r  s t a n d p o i n t .  T h e r e f o r e ,  I am l e d  t o  wonder i f  t h e  de- 
s i g n e r s  have cons idered  a c y c l e  i n  which t h e  steam e n t e r s  t h e  r e a c t o r  i n  t h e  
superhea ted  c o n d i t i o n  by d e s i g n ,  r e c o g n i z i n g  t h a t  t h i s  of c o u r s e ,  imposes a 
h e a t  t r a n s f e r  p e n a l t y  i n  t h e  c o r e  i t s e l f  bu t  one which i s  b n s i c a l l y  a d e s i g n  
problem. 
steam i s  i n j e c t e d  i n t o  t h e  water, i t  i s  obvious ly  n o t  l i k e l y  t h a t  t h e  b o i l e r  
would produce superhea ted  steam, but  steam j e t s  could be added i n  t h e  steam 
phase  of t h e  b o i l e r  drum o r  i n  t h e  e x i t  p i p i n g  l e a d i n g  t o  t h e  c i r c u l a t o r .  

S ince  t h e s e  requirements  are somewhat con- 

V i t h  t h e  tlrpe of L o e f f l e r  b o i l e r  t h a t  i s  proposed where superhea ted  

@ 

323 



Another n u c l e a r  e f f e c t  t o  b e  cons idered  i s  t h e  e f f e c t  of steam d e n s i t y  on 
r e a c t i v i t y .  S ince  t h e  steam d e n s i t y  i s  a f u n c t i o n  of bo th  tempera ture  and pres-  
s u r e ,  f l u c t u a t i o n s  of e i t h e r  of t h e s e  due t o  o p e r a t i o n a l  v a r i a t i o n s  i n  t h e  c y c l e  
w i l l  f e e d  back t o  t h e  c o r e  and r e s u l t  i n  r e a c t i v i t y  changes.  T h i s  imposes a 
need f o r  p r e c i s e  and r e l i a b l e  c o n t r o l s  f o r  b o t h  p r e s s u r e  and tempera ture  and 
perhaps  f low i n  t h e  e x t e r n a l  system t h a t  would n o t  b e  e q u a l l y  necessary  i n  a 
f o s s i l - f i r e d  system. T h i s  i s  a development problem Cot discussed. i n  t h e  paper .  

I;+Xculators - Undoubtedly much of t h e  e x p e r i e n c e  i n  d e s i g n i n g  pumps f o r  BUR 
and PWR systems will b e  of b e n e f i t  i n  d e s i g n i n g  and b u i l d i n g  t h e  c i r c u l a t o r s  f o r  
steam-cooled r e a c t o r s  when combined w i t h  t h e  e x p e r i e n c e s  ouoted from Furoncan 
p r a c t i c e s .  I q u e s t i o n  two p o i n t s  i n  t h e  d i s c u s s i o n  of t h e  c i rc r !q+nr  nn a v e r v  
minor level ;  one be ing  t h e  need f o r  t h e  steam l u b r i c a t e d  h e a r i n g s ,  t h e  o t h e r  
be ing  t h e  s i m i l a r i t y  of t h e  i m p e l l e r  i n  t h i s  case t o  t h a t  i n  t h e  water  c i r c u l a -  
t i o n  pump. These are minor q u e s t i o n s ,  b u t  I wonder i f  water  l u b r i c a t e d  b e a r i n e s  
could n o t  be used i n s t e a d  of steam l u b r i c a t e d  b e a r i n g s ,  and I a l s o  wonder i f  t h e  
i m p e l l e r  d e s i g n  f o r  steam would n o t  b e  q u i t e  d i f f e r e n t  from t h a t  f o r  water. I 
a m  l e d  by t h e  only  c u r s o r y  s t u d y  of v a r i o u s  t v p e s  of  c i r c u l a t o r s  t o  t h e  impres- 
s i o n  t h a t  t h e  pumping c h a r a c t e r i s t i c s  o f  a n  a x i a l  f low c i r c u l a t o r  d i r e c t l v  
coupled t o  a steam t u r b i n e  might b e  p r e f e r a b l e  t o  t h o s e  of a c e n t r i f u g a l  c i r -  
c u l a t o r  a l s o  d r i v e n  by steam t u r b i n e .  So ,  I merelv q u e s t i o n  whether t h e  cen- 
t r i f u g a l  t y p e  c i r c u l a t o r  i s  p r e f e r a b l e  where t h e  d r i v e  u n i t  i s  a steam t u r b i n e  
and t h e  speed w i l l  b e  v a r i e d  as t h e  load  v a r i e s .  

t o r  t h a t  may have s n e c i a l  problems i n  t h e  steam cooled svstem and a r e  n o t  d i s -  
cussed i n  t h e  paper  i n c l u d e  t h e  c o n t r o l  rod  d r i v e s ,  t h e  v e s s e l s  ( i n c l u d i n g  t h e  
r e a c t o r  v e s s e l ) ,  t h e  p i p i n g ,  and t h e  d e v i c e s  f o r  c o n t r o l l i n g  p r e s s u r e s ,  temp- 
e r a t u r e s  and flows i n  t h e  steam and feedwater  systems. Although f o s s i l  f u e l e d  
steam power p l a n t s  u s e  superhea ted  steam, t h e  d e s i g n ,  and c o n s t r u c t i o n  t e c h n i q u e s  
f o r  t h e s e  n u c l e a r  components f o r  tempera ture  above 800°F a r c  n o t  e s t a b l i s h e d .  
( I t  i s  assumed t h a t  t h i s  tempera ture  \7ollld be exceeded.)  

Other  Components Not Covered - Some o t h e r  components e x t e r n a l  t o  t h e  reac-  

Conclusions - I n  summary, t h e  importance of d e s u p e r h e a t i n q  t h e  r e a c t o r  out-  
l e t  steam t o  s a t u r a t e d  c o n d j t i o n s  as c o n t r a s t e d  t o  d e s i a n i n g  t h e  system t o  oper- 
a t e  e n t i r e l y  w j t h i n  t h e  superhea ted  r e g i o n  i s  ques t ioned .  It i s  a l s o  mentioned 
t h a t  steam c o o l i n g  pushes tempera ture  l e v e l s  f o r  n u c l e a r  components t o  l e v e l s  
above t h o s e  now i n  use.  

I b e l i e v e  most of t h e  major problems e x t e r n a l  t o  t h e  r e a c t o r  have been rec- 
ognized i n  t h e  paper  and some d i s c u s s i o n  of them given ,  b u t  s n e c i f i c  s o l u t i o n s  
are  n o t  e n t i r e l y  d e f i n e d .  For example, importance of r e l i a b i l i t v  of t h e  c i r c u -  
l a t o r  i s  recognized ,  but  i n f o r m a t i o n  on r e l i a b i l i t v  of proposed d e s i g n s  i s  n o t  
g iven  . 

The c o n s t r u c t i o n  and o p e r a t i o n  of a 50 W r e  p l a n t  of t h e  t y y e  pronosed would 
c o n t r i b u t e  much toward answering a u e s t i o n s  about t h e  s a f e t v  and k i n e t i c s  of t h e s e  
systems,  and would probably d i s c l o s e  nroblems n o t  f o r e s e e n  a t  t h i s  t i m e .  

F.J. L e i t z ,  G . J .  Ri t tenmyer ,  and J . H .  Schneider  - One of t h e  major advan- 
t a g e s  enjoyed by t h e  steam cooled r e a c t o r  concept  when u t i l i z i n g  t h e  1 , o e f f l e r  
c y c l e  ( o r  f o r  t h a t  m a t t e r  some o t h e r  s a t u r a t e d  steam supply system) i s  t h a t  t h e  
c o r e  i n l e t  t empera ture  can be made r e l a t i v e l v  i n s e n s i t i v e  t o  t h e  system malfunc- 
t i o n s .  This  advantage can of  course ,  he s t rengthened  o r  weakened by v a r i a t i o n s  
i n  t h e  c o n t a c t  b o i l e r  d e s i g n .  For example, t h i s  advantaqe i s  n e a r l y  e l i m i n a t e d  
i n  a s p r a y  desuperheated system if t h a t  system r e l i e s  e n t i r e l y  on v a l v e s  and/or  
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pumps f o r  c o n t i n u o u s  f l o w  of t h e  s p r a v  waLer, s i n c e  n a l f u n c t i o n  o f  a component 
c a n  r e s u l t  i n  sys t em f a i l u r e .  T h i s  i s  n o t  t o  s a y  a r e a c t o r  u t i l i z i n g  a comp- 
l e t e l y  s u p e r h e a t e d  c y c l e  c o u l d  n o t  h e  b u i l t  and o p e r a t e d ;  i n  f a c t ,  t h e  g a s  
c o o l e d  t h e r m a l  r e a c t o r s  now i n  e x i s t e n c e  c o n s t i t u t e  such  a sys tem.  We f e e l  
t h a t  t h e  t h e r m a l  f l y w h e e l  o r  t h e r m a l  a n c h o r  e f f e c t  a f f o r d e d  by  t h e  c o n t a c t  
b o i l e r  i s  a most  i m p o r t a n t  s a f e t y  a t t r i b u t e  t o  t h e  SCFR. R e h e a t i n g  t h e  b o i l e r  
o u t l e t  steam by b y p a s s i n g  some s u p e r h e a t e d  steam t o  a s s u r e  d r y n e s s  a t  t h e  c o r e  
i n l e t  i s  a c o n s i d e r e d  a l t e r n a t e ;  t7e have  conc luded  t h a t  t h e  combina t ion  o f  d r y e r  
s y s t e m s  s u c h  as  t h o s e  p r e s e n t l y  i n  R W R ' s  and t h e  s l i g h t  r e h e a t i n q  p r o v i d e d  by 
t h e  c i r c u l a t o r s  will p r o v i d e  a r e l i a b l e  sys tem.  I n  r e g a r d  t o  your  p o i n t  f o r  
t h e  need  f o r  p r e c i s e  and r e l i a b l e  c o n t r o l  o f  p r e s s u r e  t e m p e r a t u r e  and f low,  we 
f e e l  t h a t  t h L s  i s  morc of a d e t a i l  des ig r ,  t a s k  r a t h e r  t h a n  a development  prob-  
l e m ,  by p r u d e n t  a p p l i c a t i o n  of develonment  i n f o r n a t i o n  g a t h e r e d  from such  s i m -  
i l a r  s y s t e m s  as t h e  f l u x  f l o w  t e m p e r a t u r e  computer  sys t em u t i l i z e d  on t h e  EVESR. 

We c e r t a i n l v  a g r e e  w i t h  your  q u e s t i o n  on t h e  need f o r  s t e m  l u b r i c a t e d  
b e a r i n q s .  A s  we p o i n t e d  o u t ,  e a r l y  p l a n t s  may i n  f a c t  u s e  p r o p e r l y  i s o l a t e d  
o i l  l u b r i c a t e d  b e a r i n g s .  A s  w e  i n d i c a t e d  i n  t h e  answers  t o  Yr. Fox, t h e  cen.- 
t r i f u z a l  t y p e  i m p e l l e r  ( i n  f a c t  v e r v  s imi l a r  t o  t h e  o n e s  u s e d  i n  water c i r c u -  
l a t i o n  pumps) seems t o  b e s t  meet o u r  r e q u i r e m e n t s  based  on t h e  s t a b l e  head f l o w  
c h a r a c t e r i s t i c  c r i t e r i a .  Our t r a n s i e n t  s t u d i e s  o f  t h i s  t y p e  of c i r c u l a t o r  
d i r e c t - d r i v e n  by a steam t u r l i i n e  have  n o t  been  comple ted  and we c a n  onl:? p re -  
l i m i n a r i l y  i n d i c a t e  t h a t  t h i s  combina t ion  looks l i k e  a good one.  L!e have  ir,- 
c i d e n t a l l y ,  done  a r e l i a b i l i t y  a n a l y s i s  o f  a m u l t i p l e - l o o p  t u r b i n e - d r i v e n -  
c i r c u l a t o r  sys t em f o r  t h e  50 ?ilJe p l a n t  u t i l i z i n g  a code  deve loped  bv t h e  
G e n e r a l  E l e c t r i c  A r i c r n f t  Cas T u r b i n e  p e o p l e  and t h e  answers  o b t a i n e d  were 
v e r y  e n c o u r a 3 i n g .  \.!e r e c o g n i z e ,  of c o u r s e ,  t h a t  t h i s  a n a l y s i s  i s  q u i t e  p re -  
l i m i n a r y  u t i l i z i n g  o n l y  r e l a t e d  r a t h e r  t h a n  d i r e c t  r e l i a b i l i t y  i n f o r n a t i o n  
a p p l i e d  t o  t h e  b e s t  o f  o u r  p r e s e n t  a b i l i t y .  

n u c l e a r  svstens h a s  been  s u f f i c i e n t l y  e s t a b l i s h e d  h.1 t h e  c o n s t r u c t i o n  and ope r -  
a t i o n  of s u c h  n u c l e a r  s u p e r h e a t  p l a n t s  as t h e  B O W S  and EVESR t o  a l l o w  a d i r e c t ,  
b u t  p r o b a b l y  c o n s e f v a t i v e  r o u t e  t o  t h e  f i r s t  g e n e r a t i o n  of steam c o o l e d  f a s t  
r e a c t o r s .  It w i l l  r emain  f o r  l a t e r  r e v i s i o n s  of a p p l i c a b l e  codes  t o  pare o u t  
some o f  t h e  c o n s e r v a t i s m  t o  t h e  b e n e f i t  of l a te r  p l a n t s .  

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

R e  f e relic e s 

1. TP-269, S t e a m  Coo l ing  f o r  F a s t  R e a c t o r s ,  by R.A. Webb and D.C.  S c h l u d e r b e r g ,  
p r e s e n t e d  a t  Confe rence  on S a f e t y ,  Fuels anc! Core Des ian  i n  La rge  F a s t  rower  
R e a c t o r s ,  Argonne K a t i o n a l  L a b o r a t o r v ,  Oc tobe r  11, 1965. 

2. KFK-655, The S a f e t y  of Steam-Cooled F a s t  R e a c t o r s  as I n f l u e n c e d  by t h e  
Des icn  and Arrangement  of  t h e i r  Components, bv F. E r b a c h e r ,  I.!. C r i s c h ,  
!J. Iiubschmann, L. R i t z ,  and C.. Woite ,  O c t o b e r ,  1 9 6 7 .  

A 
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'/" COMPONENTS FOR MAIN HEAT-TRANSPORT SYSTEMS 
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S O D I U M ~  OOLED FAST BREEDER REACTORS 

W.  R .  Simmons 
Argonne National Laboratory 

Argonne , Il l inois 

ABSTRACT 

The operations and development programs of EBR-11, 
Enrico Fermi, SRE , and Hallam provide the bulk of our U .  S .  
experience with components for main heat-transport sys-  
tems--specifically,  pumps , intermediate heat exchangers ,  
and some elements of piping systems; the  subjects  of this  
paper.  Some 5 0 , 0 0 0  hours of reactor operation and a few 
hundred thousand hours of experience with ma in  heat- 
transport  system components have been accumulated by 
t h e s e  four plants .  
44,000 hours of sodium service with over half above 500°F 
and some 1000  hours above 900'F. 
system components and Enrico Fermi primary- system 
components have logged separately more than 2 3 , 0 0 0  hours 
While problems have been encountered with pumps , inter- 
mediate hea t  exchangers and piping, they have been 
remedied. 

Components for SRE alone have logged 

EBR-I1 secondary- 

The thrust of component development is now being 
directed to  m e e t  t he  needs of a rapidly developing LMFBR 
industry.  
ent technology that  will support commercial LMFBR 
central-station power plants .  Recently, the  AEC has  pre- 
pared a comprehensive Component Development Plan. The 
plan is geared to  the  needs  of large LMFBRs that  may require 
pumps of 4 0 , 0 0 0  to  120,000 gpm, heat  exchangers of 400 
to 1300 MW and piping systems to  handle 6 0 , 0 0 0  to  
120,000 gpm of sodium at up to  1200°F. These require- 
ments are  typical of the greatly increased demands that  will  
b e  made upon components for LMFBR central-station service.  

This requires the  development of a firm compon- 

INTRODUCTION 

The development of components for the Liquid Metal Fast Breeder 
Reactor (LMFBR) da tes  from the  early days of reactor development i n  t h i s  country. 
Starting with Clementine in 1948 at  25 kWt, we have progressed to  the  current 
EBR-I1 and Enrico Fermi plants with design capac i t ies  of 62.5 MWt and 430 MWt, 
respectively.  
pertinent parameters are l i s ted  in Table 1. These first-of-a-kind facilities have 
provided the bulk of our operating experience with main components for liquid- 
metal heat-transport systems.  

U.  S. liquid-metal-cooled reactor faci l i t ies  and some of their  
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TABLE 1. U. 5. L iqu id  Metal  Cooled Reactor Faci l i t ies and Related Parameters 

F i rs t  Coolant Temp 
Coolant Fuel  Loading I n / O u t  ( O F )  Fac i I i t  ies Statu ,(a) Power ( k W t )  

Fast Reactors: 

P u  (metal)  25 Hg C lement ine  o (b )  

Lampre I o (b )  1,000 Na P u  (mol ten)  

EBR-I o(b) 1,400 Na K ~ 2 3 5  (metal)(d) 

SEFOR C 20,000 Na Pu-U  (oxide) 700 I820 

EBR-II 0 62,500 Na ~ 2 3 5  (metal)  700 / 883 

Fermi  (EFAPP) 0 430,000(c) Na ~ 2 3 ~  (metal)  550/800 

FFTF D 400.000 Na Pu-U (oxide) 800/1100 

Thermal Reactors: 

Na $35 (metal)  (e ) /  to 1030 SRE o (b )  20,OOo 
Hal lam (HNPF) o (b )  256.000 Ea ~ 2 3 5  (metal)  610/945 

(a)O--Completed reactors tha t  have Operated. C--Reactors in Const ruc t ion .  D--Reactors in Design. 
(b)Subsequent ly decommissioned. 
(c)Design Value--Ul t imate power capabil ity. 
(d)Final f ue l  loading was P u  (metal). 
(e) I n let  temperature va r ia bl  e. 

TABLE 2. Reactor P lan t  Operat ing Data 

EBR-I I  Fermi(4) SRE(5) Hal la m(6) Rap sod id7) 
Par am eter (9- 1967 1 ( 11 - 1966) (1965) (9-1964) (2-1968) 

Integrated reactor power (MWt-day) 13,895 855 6,700 26,615 -3,000 

Hours  of reactor operat ion (hr) 10,260 2,089 27,300 - 10,000 

Integrated electr ical  ou tpu t  (MWe-day) 3.547 48 1,550 8,019 

Hours  of pump operat ion 

P r i m a r y  pump No. 1 (hr) 

P r i m a r y  pump No. 2 (hr) 

Pr imary  pump No. 3 (hr) 

Secondary pump No. 1 (hr) 

Secondary pump No. 2 (hr) 

Secondary pump No. 3 (hr) 

- 1 4 , W  26.427 44,000" 21,198 7,280 

- 14.000 24,529 21,677 8,600 

23,934 21,897 

23,000 14,976 44,000" 17,375 11,000 

13,162 18,470 9,880 

18,172 16.597 

'The ma in  system pumps fo r  SRE-PEP accumula ted  about 17.01x) h o u r s  in addi t ion to those indicated. 
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A good appreciation of current component experience and technology 
is essent ia l  to  a full understanding of component needs.  
vances  made with pumps, intermediate heat exchangers,  and steam generators 
during the  1950s and ear ly  1 9 6 0 s  were d iscussed  by  Morabito and Savage(1) at 
the  1965 ANS Fast  Reactor Technology National Topical Meeting. 
of many of t hese  components or related development programs has  continued. 
In addition, some new programs have begun. The development of steam 
generators,  in particular,  has  received considerable attention s ince  1965. The 
problems of fuel handling are a l so  receiving increasing attention. 
t hese  components--i.  e .  , steam generators and fuel-handling equipment--are 
the  subjects  of other papers a t  th i s  meeting. (283) This paper descr ibes  recent 
experiences and development act ivi t ies  with pumps, intermediate heat  exchangers ,  
and components for piping sys tems.  

The significant ad- 

The operation 

The s ta tus  of 

Prime sources  of component experience a re  reactor plants that  have 
operated.  Those of principal interest  for components in sodium service in the  
U . S .  are EBR-11, Fermi, SRE, and Hallam; the  foreign plants of principal inter- 
e s t  are  Dounreay, Rapsodie, and BR-5. These plants consti tute the  bulk of our 
operating experience with components of pract ical  s i ze .  A compilation of 
reactor and pump operating t i m e s  for the  U .  S . plants  is given in Table 2 .  
bined to ta l s  of about 50 , 000 hours of reactor operation and a few hundred 
thousand hours of experience with components of main heat-transport systems 
have been accumulated. SRE components , for example , have operated a s  much 
as 44,000 hours with about half of t h e s e  hours at sodium temperatures of 3 0 0  
to  500"F, half at 500 t o  1030°F and about 1000 hours above 900°F. (8) Much of 
the  operating t i m e  for t he  sodium s y s t e m s  of EBR-11, Fermi, and Hallam is for 
service conditions between 500 and 900°F. 

Com- 

In the  foreign programs , Rapsodie is of particular current interest .  
It was  fi l led with sodium in mid-1966 and went cri t ical  in January 1967. To date  
the  sodium loops have been drained and fi l led seven  t i m e s  and exposed t o  15 
operating cyc les  from 300°F t o  -930°F. (7) An equivalent 150  full-power (20 MWt) 
days have been accumulated. 
power level  h a s  been raised t o  2 4  MWt at an  inlet  temperature of 760°F and a n  
outlet  temperature of 925°F. 

Since the  f i rs t  of this  year ,  the  normal operating 

The thrust  of component development in  th i s  country is changing. In 

For the future,  the  broader, more exacting needs of 
the  pas t  , emphasis  was  focused mainly upon the  specif ic  needs of the  reactor 
faci l i t ies  l i s ted  in Table 1. 
a competitive , multi-billion-dollar LMFBR industry are being anticipated.  This 
is evidenced by the  recent completion of a f i r s t  draft of a comprehensive 
Component Development Plan. The plan,  prepared by the  AEC's LMFBR Program 
Office a t  Argonne National Laboratory, is directed to the development of a well- 
es tabl ished , broad-based technology. I t  encompasses  all major LMFBR compon- 
ents  for sodium service. These include: steam generators,  intermediate heat  
exchangers , pumps , piping system components , reactor vessel , control drive 
mechanisms , and fuel handling equipment. The plan assumes  a 1973 completion 
of the Fast  Flux Test Facility (FFTF) , currently a major AEC project,  and the 
commitment of 300 t o  500-MWe demonstration plants no earlier than 1970. 
Implementation of t he  plan has  been init iated by t h e  AEC. 

Component development needs a re  subordinate to ,  and stem from, 
the  functional and design requirements of plants .  
LMFBR plant design will b e  upon safety and reliabil i ty.  The select ion of sui t -  
able  plant concepts and design parameters,  however, will do much to  avoid un- 
duly restrictive component requirements. Table 3 lists some pertinent parameters 
for main heat-transport components for (a) current p lan ts ,  (b) plants  being con- 
sidered for the  1970s,  and (c) more nearly commercial LMFBRs expected in the  
1 9  80 s . Current technology is primarily representative of that  embodied in the  

Init ially,  the emphasis of 
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TABLE 3 .  Component Des ign  Parameters  

Current  N ear-Term* Longer-Range 
(To Date) (1970s) (1980s and  beyond)  

Plant  Des iqn  

Ne t  elec. (MWe) 150 300-500 

Total thermal  (MWt) 430 750-1250 

Pumps 
C a p a c i t y  (gpm) 1 3 , 0 0 0  20 ,000-60 ,000  

H e a d  (ft.) 300 - 
D e s i g n  temp.  (OF) 1 0 0 0  1000-1100 

M e c h a n i c a l  M e c h a n i c a l  
Free  Surface  Free  Surface  

H e a t  Exchanqers  
C a p a c i t y  (MWt) 143  100-500 
Sodium temp.  (OF) 1 0 0 0  1000-1  100  

Vertical Vertical 
She l l  & Tube She l l  & Tube 

Primary s i d e  AP 
-5 - (P S i> 

Pipinq , Valves , Etc. 

Flow rate/ loop (gpm) 1 2 , 0 0 0  20 ,000-60 ,000  
Pipe size,  OD (in.)  30 - 

Fluid ve loc i ty  (fps) 5-15 - 
Large valves Few Yes 

800 and  g rea t e r  

2400 and  grea te r  

60 , 000-120 , 000 
300-450 

1000-1200 

M e c h a n i c a l  
Free Surface  

400-1300 
1000-1200 

Vertical 
She l l  & Tube 

2-10 

60 ,000-120 ,000  

30-50 
Yes 

10-30  

*Data  from papers p resen ted  at ANS Nat iona l  Topical M e e t i n g  o n  F a s t  
Reactors i n  San  F r a n c i s c o ,  April 10-12,  1967.  
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Enrico Fermi  plant.  
papers presented at the  ANS National Topical Meeting on Fast  Reactors in San 
Francisco, April 10-12 ,  1967 .  
author 's  v iews .  A review of t hese  parameters provides some insight into the  
future needs  of components. 
1 9 8 0 s  are  l ikely t o  need heat  exchangers of 400  to  1300 MWt, pumps of 4 0 , 0 0 0  
to 1 2 0 , 0 0 0  gpm, and piping components t o  handle sodium flow ra tes  of 6 0 , 0 0 0  
to  120 , 000 gpm--all operating a t  temperatures t o  12OOOF. 

The near-term (1970s)  plant information was compiled from 

The data  for longer-term plants reflect  the  

For example,  typical commercial plants in the 

PUMPS 

0 p era t in g Experience 

Since Reference 1 was  presented in April 1 9 6 5 ,  many thousands of 
hours of relatively trouble-free operation have been accumulated with the  two 
5500-gpm EBR-I1 primary pumps and the three 11 , 800-gpm primary and the  three 
1 3  , 000-gpm secondary pumps of Fermi. Two pump problems have been reported 
for EBR-11. 
operating t i m e  of 4442 hours. 
could not b e  s tar ted.  
manual lowering and raising. 
seals was  increased from about 1 to  2 cu ft/hr t o  deter t he  possible  buildup of 
sodium deposi ts  in shaft-clearance regions.  
subsequent pump operation was  sat isfactory until quite recently.  
malfunctions of pump controls and motor-generator brushes have caused some 
unscheduled downtime of the reactor.  

Sticking of the  shaf t  of primary pump M-1 occurred a t  a total  
Twice within a few days thereafter the pump 

Each t ime,  the shaft-impeller assembly was  freed by 
The flow ra te  of f resh argon bleed-gas past shaft  

N o  further trouble occurred and 
Early th i s  year 

The Fermi pumps have required frequent replacement of shaf t  seals-- 
Seal replacement requires removal of the pump a t  intervals of about six months. 

from service.  Improved s e a l s  are being designed to  correct the s i tuat ion.  

In January 1 9 6 7 ,  Rapsodie went cr i t ical .  Prior t o  th i s  da te ,  pre- 
operational checking of plant systems included final in-place tes t ing of sodium- 
system components. During th i s  phase ,  two pump seizures  were encountered: 
f i r s t ,  a secondary pump and then ,  about six weeks la ter ,  a primary pump. In 
each  instance system temperatures were above 500°C and the  seizure was  
gradual--i .e.  , a s low loading of the drive motors was  observed. 
Reference 9 ,  

A s  reported in 

' I .  . . a secondary pump seized up and the reactor had t o  be  
emptied. 

"The cause  of the  seizing up was  not determined. However, 
suspect ing abnormal deformations of the pump she l l  under sol ic i ta-  
t ions coming from the  piping, or displacements of the framework, 
systems were instal led to  k e e p  these  displacements under permanent 
inspection. 
between their shel l  and inlet  piping. 

In addition, the pumps were reinforced at t h e  connection 

" During the  last temperature r i s e ,  before the sub-crit ical  
approach, a primary pump seized up under conditions similar t o  
those  of the  secondary pump incident (temperatures above 500°C) .  
A s  with the f i rs t  seizing up this  second one  could not be fully 
explained. Analysis of the phenomena, however, sugges ts  that  it 
may be  due to  lack of res i s tance  in the bearing materials.  " 

The performance of materials for hydrostatic bearings was  investi-  
gated.  
the following: 

The French report (7) that  sat isfactory service has  been attained with 
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(1) S te l l i t e  Grade 6 on S te l l i t e  Grade 1 2  

(2) Colomonoy Grade 5 on Colomonoy Grade 6 

( 3 )  Hard chrome on Tungsten Carbide 

(4) Alacrite 554 on Alacrite 602 

The Ste l l i t es  and Colomonoys a re  currently in service in the  Rapsodie pumps. 
Original ly ,  the  bear ings for both t h e  primary and secondary pumps were 
Colomonoy. After t h e  s e i z i n g  diff icul t ies  the  bearing material  in  t h e  secondary 
pumps w a s  changed t o  S te l l i t e .  In addi t ion,  running c learances  were increased  
from 280 micron (0.011 in . )  t o  400 micron (0.016) .  The Alacrite mater ia ls  have  
accumulated 9000 hours of sa t i s fac tory  service in  a 4 4 0  gpm pump. 

The des ign  of the  PFR pumps is b a s e d  upon recent  experience with a 
7 1 0 0  gpm prototype pump (Fig. 1) .  
in Table 4 .  A s  reported in Reference 10: 

The pump des ign  charac te r i s t ics  a re  l i s ted  

"The pump w a s  s tar ted for t h e  f i r s t  t i m e  in November 1964,  and 
removed for examination in September 1965. During t h i s  period it 
ran f a u l t l e s s l y  for over 3000 hours a t  var ious s p e e d s  between half 
and full s p e e d ,  and w a s  s topped and s tar ted over 250 t i m e s .  The 
oi l  l eakage  p a s t  t h e  shaft  s e a l s  decreased  from 1 cm3/hr a t  t h e  
beginning of t h e  t e s t s  t o  0 . 2  cm3/hr during t h e  f inal  run. 

" During t h e  tests a s ignif icant  amount of sodium mist  w a s  s e e n  
above t h e  sodium pool ,  and some sol id  sodium w a s  depos i ted  in t h e  
s ight  tubes  which penetrate  into the  main pump vessel , but when t h e  
pump w a s  removed only minimal quant i t ies  of sodium were found on 
the-pump components.  
t h o s e  par ts  which were above t h e  sodium l e v e l ,  and t h o s e  below 
t h e  sodium had drained almost  completely.  

N o  s ignif icant  deposi t ion had occurred on 

"While  t h e  pump w a s  being par t ia l ly  dismantled before steam 
c leaning ,  some diff icul ty  w a s  experienced in removing t h e  bol t s  
and separat ing t h o s e  f langes  which had been immersed in  t h e  sodium. 
Apparently t h e  liquid metal  had penetrated in to  the  f ine  c l e a r a n c e s  
between t h e  mating par ts  and w a s  caus ing  some form of adhesion 
even when heated above its melting point,  al though when separa ted  
t h e  mating sur faces  showed no s ign  of pickup or diffusion welding. 
This information will  inf luence t h e  detai led des ign  of t h e  PFR pump: 
in  par t icular ,  jacking bolts wil l  b e  f i t ted to fac i l i t a te  t h e  separat ion 
of f l a n g e s .  

"After s team cleaning t h e  pump was thoroughly examined. The 
sodium-lubricated bottom bearing w a s  found to b e  i n  perfect  condi- 
t ion ,  with no s ign of wear  on e i ther  t h e  shaf t  or  t h e  sleeve. In t h e  
oil-lubricated top  bearing t h e  oil s e a l s  were in exce l len t  condi t ion,  
but t h e  unloaded taper  roller bearing showed a small amount of 
c a g e  w e a r ,  poss ib ly  c a u s e d  by incorrect c learance  in t h e  assembly .  
There w a s  minor cavi ta t ion damage to t h e  pump impeller and diffuser,  
poss ib ly  c a u s e d  by running t h e  pump away from t h e  des ign  point 
during measurements of t h e  pump hydraulic performance. " 

Extensive t e s t i n g  is planned for t h e  f i rs t  primary and  secondary 
pumps made for PFR. 

331 



TABLE 4. Sodium Pump Design Charac ter is t i cs ( l0 - l4 )  

W 
w 
N 

Plant PFR PFR PFR Phen ix  BN-350 BN-35U 

Count ry  

Location 

System 

Type 

No. of u n i t s  

Capacity (gpm) 

Dynamic head ( f t )  

Design temperature (OF) 

Motor speed (rpm) 

Motor horsepower (hp) 

Seal ing ar rangement  

Mater ia l  

Type of speed cont ro l  

Sodium bear ing 

UK 

Risley 

Prototype 

Mechan ica l  
Free-surface 

1 

7,100 

160 

750 

980 I 100 

475 

Mechan ica l  
Shaft  Seal 

ss  

Induc t ion  
Regulator 

Hydrostatic 

UK 

Dounreay 

Pr imary  

Mec ha n ica I 
Free-surface 

3 

18,000 

320 

750 

1,900 

Mechan ica l  
Shaft  Seal 

ss 
Var iable-speed 
Hydraul ic 
Coup I i n g  

Hydrostatic 

UK 

Doun r eay 

Secondary 

Mechan ica l  
Free-surface 

3 

15,000 

120 

700 

925 

700 

Mechan ica l  
Shaft  Seal 

321 S S  

Variable-speed 
Hydrau l i c  
Coupl ing 

Hydrostatic 

France 

Pr imary  

Mechan ica l  
Free-surface 

3 

17,600 

290 

1,000 

Mechan ica l  
Shaft  Seal 

Var  iable-speed 
Motor 

Hydrostatic 

USSR 

Mangysh lak 
Pen insu la  

P r imary  

Mechan ica l  
Free-surface 

6 

14,200 

360 

1,000/250 

2,280 

Mechan ica l  
Shaft  Seal 

2-speed Motor 

USSR 

Mangyshlak 
Pen insu la  

Secondary 

Mec h a n  ical 
Free-surface 

6 

17,000 

230 

1,000 / 250 

1,470 

Mechan ica l  
Shaft  Seal 

2-speed Motor 



New Plant Components 

The United Kingdom is construct ing a 250-MWe PFR, with operat ion 
schedu led  for t he  ea r ly  1970s .  In F rance ,  Phenix,  a 250-MWe fac i l i t y ,  is being 
des igned  with t h e  start of construct ion schedu led  for 1969. Russia is cons t ruc t -  
ing both BOR-60 (60 MWt) and BN-350 (350 MWe) , with operat ion expec ted  in 
1970,  and is planning a new plant  BN-600 (600 MWe).  
developing conceptual  d e s i g n s  of LMFBR demonstration p l an t s  of 200 t o  300 MWe. 
Each of t h e s e  facilities wil l  require  large sodium pumps and other  r e l a t ed  compon- 
e n t s .  A universal  preference for t he  mechan ica l ,  centr i fugal  pump h a s  been  
e x p r e s s e d .  

Germany is currently 

Table  4 lists des ign  cha rac t e r i s t i c s  for some of t h e s e  pumps. 

PFR Primary Pump (18,000 qpm) (Fiq. 2 ) .  (11’12) The des ign  empha- 

The drive 
s i z e s  r e l i ab i l i t y  and long l i fe .  
t ype  (free sodium level)  unit  for use with a pool-type primary sys t em.  
motor, f luid coupl ing,  and pump impeller a r e  ve r t i ca l ly  a l igned on a s ing le  
s h a f t .  
l oca t ed  above  t h e  biological  s h i e l d .  
cool ing condi t ions.  The impeller is of the mixed-flow type.  
by  a f ixed - speed ,  squirrel-cage motor and a var iable-speed , fluid coupl ing.  
Normal coolant  operating temperatures  are about  750°F .  

The pump is a mechan ica l ,  centr i fugal ,  sump- 

The drive motor, f luid coup l ing ,  and shaf t  s e a l s  a r e  a c c e s s i b l e  and are 
A pony-motor drive is u s e d  for emergency 

Speed is controlled 

Phenix Primary Pump (1 7 , 600 gpm) (Fig. 3 ) .  (13) The primary pumps 
are similar t o  t h o s e  in s t a l l ed  on Rapsodie: 
sha f t  and a f r ee  sodium l eve l .  The motor drive is a c c e s s i b l e  and is loca ted  
above  t h e  upper sh i e ld ing ,  a s  are t h e  upper bear ing and  mechanical  sha f t  seal. 
The sha f t  is approximately 1 6 . 4  f t  (5 m)  long and is supported nea r  t h e  impeller 
by  a hydros t a t i c  bear ing suppl ied with sodium from the  output of t h e  pump. A 
va r i ab le - speed  drive motor probably wil l  b e  u s e d .  

centrifugal pumps,  with a ve r t i ca l  

BN-350 Primary Pump (14,200 gpm) (Fiq. 4 ) .  (14) The primary and 
secondary  pumps a r e  s imilar  in  des ign .  Each is of t he  free-surface type with no  
bea r ings  operat ing i n  sodium. The ve r t i ca l  shaf t  is mounted on o n e  radial- thrust  
s l i d ing  bear ing and guided by a r ad ia l  bearing about  6 . 5  f t  (2 m) below t h e  th rus t  
bear ing.  
in  sodium. In the  region between t h e  cover  of t h e  pump housing and t h e  lower 
bear ing is a NaK cool ing s y s t e m ,  which r educes  t h e  axial flow of h e a t  towards 
t h e  upper bea r ings .  A mechan ica l  sha f t  s e a l  is u s e d .  The upper bea r ings  and 
seal can b e  maintained without removal of t h e  pump. The pump is driven by  a 
two-speed motor. N o  other  s p e e d  control is ut i l ized.  

The pump housing con ta ins  a biological  shield which is partly submerged 

Current Work 

The AEC is currently sponsoring with Byron-Jackson and  Wes t inghouse  
Electr ic  con t r ac t s  for  pump development .  
a n a l y s i s  s t u d i e s  a r e  being performed for pumps t o  s a t i s f y  d e s i g n  condi t ions of 
60,000 gpm f low r a t e ,  350-ft h e a d ,  and 40-ft NPSH at sodium temperatures  t o  
120OOF. 
performed at t h e  Liquid Meta l  Engineering Cen te r  (LMEC) operated by Atomics 
Internat ional .  The s u c c e s s f u l  completion of t h i s  p h a s e  of t h e  work should l ead  
to t h e  d e s i g n  and ul t imately fabrication of pumps for t e s t i n g  in the  Sodium Pump 
Test Faci l i ty  (SPTF) p re sen t ly  being des igned .  This f ac i l i t y  wil l  b e  a b l e  t o  test 
pumps with c a p a c i t i e s  a s  large as  1 2 0 , 0 0 0  gpm at  temperatures  t o  1200°F .  
wil l  be loca ted  at t he  LMEC. 

Preliminary d e s i g n  and  parametric 

Bearing and seal development programs a r e  inc luded ,  with t e s t i n g  to b e  

It 

Phase  I of t he  Wes t inghouse  s t u d y  is nearing completion. ( I5)  Two 
reference pump concep t s  have  b e e n  t en ta t ive ly  recommended to the  AEC--one for 
a loop (piped) sys t em and one  for a pool (sea-of-sodium) sys t em.  

333 



T H E R M A L -  
B A R R I E R  

HYDROSTATIC 
B E A R I N G  

h MOTOR 

Fig. 1. PFR Prototype Pump('') 
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Fig. 3. Phenix Primary Pump(13) 
(17,600 gpm) 
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Fig. 4. BN-350 Primary Pump(14) 
(14,200 gpm) 
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A similar  s tudy  a t  Byron-Jackson is in p rogres s ,  but f inal  information 
on Phase  I work h a s  not been  reported.  

Development Needs 

Operat ing problems with l a r g e ,  mechan ica l ,  centr i fugal  pumps in  
sodium service have  r e su l t ed  principally from insuff ic ient  running c l e a r a n c e s ,  
s t ructural  d i s to r t ions ,  combinations thereof ,  and unrel iable  seals. Running 
c l e a r a n c e  and structural-distortion problems a r e  difficult  t o  s e p a r a t e .  
have b e e n  co r rec t ab le ,  t o  d a t e ,  by inc reas ing  c l e a r a n c e s  a n d ,  in some cases-- 
e.  g .  , Hallam--by improving temperature dis t r ibut ions to reduce dis tor t ions of 
t h e  pump c a s i n g .  Thermal dis tor t ion cons ide ra t ions  and long-term effects on 
material  s t ab i l i t y  wil l  cont inue t o  b e  problems. 
tails should he lp  t o  a l l ev ia t e  undesirable  temperature g rad ien t s .  Problems of 
material  s t ab i l i t y  a re  not so e a s i l y  r e so lved .  These  will  require a n  improved 
knowledge of c a s i n g  d e s i g n  and f ab r i ca t ion ,  and a bet ter  understanding of the  
s t ab i l i t y  of mater ia ls  when exposed  to  1 0 0 , 0 0 0  t o  2 0 0 , 0 0 0  hours of LMFBR oper- 
a t ing  cond i t ions .  

T h e s e  

C l o s e r  a t tent ion to des ign  de-  

S e a l s  have been  par t icular ly  t roublesome,  The u s e  of hydrocarbon 
lubricants  aggrevate  t h e  problem, s i n c e  hydrocarbons cannot  b e  to l e ra t ed  i n  
primary sodium s y s t e m s .  A more s u i t a b l e  lubricant  i s  des i r ab le .  Above a l l ,  
seals must  function rel iably.  Unscheduled downtime of reactor-coolant  pumps 
imposes  too great  a n  economic pena l ty  for s u c h  condi t ions to b e  to l e ra t ed  fre- 
quent ly .  
s e a l  s p e c i a l i s t s .  

Pump-shaft s e a l s  require thorough development and prooftest ing by  

Future pump requirements for LMFBRs wil l  c r e a t e  new diff icul t ies .  
Pump c a p a c i t i e s  will  great ly  i n c r e a s e ,  resul t ing i n  larger  impel lers  and cas ings :  
larger  and  p o s s i b l y  longer  sha f t s ;  l a rge r ,  higher-voltage motor dr ives;  larger  
seals; l a rge r ,  more heav i ly  loaded bearings: and greater  diff icul t ies  i n  meeting 
NPSH requirements .  
potent ia l .  
design--such as  I shorter  pump s h a f t s  vs less difficult  plant  configurat ions,  low 
vs high cover-gas  p re s su re ,  and hot-leg v s  cold- leg locat ion.  
plant  ava i l ab i l i t y  wil l  require improved r e l i ab i l i t y  of component ope ra t ion ,  re- 
duced ma in tenance ,  and improved maintenance p r a c t i c e s .  

Higher sodium temperatures  wil l  i n c r e a s e  sodium-deposit ion 
Resolution is needed of confl ic t ing n e e d s  of plant  and component 

The need for high 

INTERMEDIATE HEAT EXCHANGERS 

Operat ing Experience 

Operat ing expe r i ence  at  EBR-I1 wi th  t h e  intermediate  hea t  exchange r  
and  o the r  portions of t h e  secondary  sys t em h a s  b e e n  ve ry  good. 
reported that: (1 6) 

It h a s  b e e n  

" N o  signif icant  t roubles  have  developed.  Intermediate 
hea t  exchange r  performance is as  predicted I both thermally 
and  hydraul ical ly .  Sodium ac t iv i ty  induced by  p a s  s a g e  through 
t h e  h e a t  exchanger  ( located i n  t h e  primary tank) is negligible--  
on ly  a f ew mr/hr c a n  b e  observed at  sys t em pipe s u r f a c e s .  " 

The EBR-I1 intermediate  hea t  exchanger  is comprised of a ve r t i ca l ly  

This nozz le  
or iented t u b e  bundle a t t ached  to t h e  lower end  of a shield plug (Fig. 5 ) .  The 
unit is loca ted  i n ,  and supported b y ,  a n o z z l e  i n  t h e  primary t ank .  
or c a s i n g  ex tends  upward to t h e  top  of t he  primary-tank-support s t ructure  and 
downward in to  t h e  tank about 10 - f t  t o  form a c a s i n g  or open-ended s h e l l  for t h e  
tube  bundle .  An annular  c l ea rance  of about 1 /2  inch is provided between t h e  

335 



shield plug and the  nozzle  (Detail A ,  Fig. 5 ) .  
volume sees the  pressure head of sodium at the inlet t o  the shel l  (primary 
coolant) s ide .  This pressure head,  about 3-5 p s i  a t  full f low, causes  the  
sodium to  rise into the  annulus.  This , in turn,  influences the temperature and 
temperature distribution at the weld joint between the lower cover plate of the  
primary tank and the casing of t he  heat  exchanger. 
thermal cycles  on the  weld joint ,  espec ia l ly  as caused by reactor scrams,  is of 
some concern. An ana lys i s  has  indicated that the  si tuation should be  sa t i s -  
factory for projected operation at  full  power (62.5 MWt) . However, i f  the  heat  
exchanger should ever b e  removed for other r easons ,  modifications would b e  
made to  improve the  si tuation. 

This totally enclosed clearance 

The effects of possible  

Intermediate heat  exchangers frequently a re  low-pressure-drop 
units --particularly on the  primary-coolant s i d e .  
distribution under these  conditions is important. 
a shel l  s ide  AP of about 3-5 ps i  a t  full flow. 
a low-pressure-drop orifice plate  a t  each end of the  tube bundle (Detail B, 
Fig. 5) .  
These openings range from a nominaldiameter of 0 . 7 1 4  2 0.002-in. for the outer 
row of tubes to  0 . 7 4 8  2 0.002-in. for the inner row. Thermocouples are located 
on the  upper and lower orifice plates  to  provide some insight into the result ing 
flow distribution. These data have not been fully analyzed. 

The attainment of uniform flow 
The EBR-I1 unit operates with 

Flow distribution is provided by 

The orificing is comprised of an annular opening around each  5/8-in. tube 

The Fermi  intermediate heat  exchangers have a combined rating of 
430 MW. 
total  power of 100  MWt, approximately 25  percent of design rating. 
experience (17) is: 

These units have operated a t  part load--three loops operating at  a 
The reported 

"The hea tba lance  tests (at 100 MWt) confirmed that the 
performance of the  intermediate heat exchangers between the pri- 
mary and secondary sodium systems was  approximately 50 per 
cent  of that  predicted by the  manufacturer, and approximately 
35 per cent of what had been predicted using the manufacturer's 
data  for the total  heat transfer a r ea ,  combined with more recent 
liquid-metal heat transfer correlations.  
for the poor performance have been proposed and are  l i s ted  
below: 

Several possible  causes  

(1) Sodium maldistribution on the shel l  s ide  (primary). 

(2) Stagnation a reas  on the shel l  s ide  a t  t he  free sodium 
surface and adjacent  t o  the lower tube shee t .  

(3) Fouling of the tubes with sodium impurities. 

(4) Reduction in heat  transfer properties of the secondary 
sodium due to  high impurity leve ls .  

(5) Bypass flow around the  seals between the inlet and 
outlet sodium on either the  she l l  s ide ,  tube s ide  or 
both. 

"Further tes t ing  is necessary  to  determine which cause  or 
combination of causes  is responsible  for the poor performance. 
The magnitude of the discrepancy between the  actual and pre- 
dicted performance is disturbing, especial ly  s ince  the  s t a t e  of 
the art for th i s  component was  considered by most t o  b e  wel l  
advanced,  requiring a minimum of further development. " 
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I 

The SRE and Hallam intermediate heat  exchangers  have been reported 
several t i m e s .  Reference 18 is the l a t e s t .  In brief: 

"The SRE intermediate heat  exchanger w a s  a horizontal  
U-tube des ign .  Excessive log mean temperature differences 
observed during t h e  f i r s t  power runs ref lected ineff ic iency of 
t h e  unit and excessive thermal s t r e s s e s  a t  t h e  tube s h e e t s .  
The hea t  t ransfer  surface in  t h e  bend area  w a s  not e f fec t ive ,  
due  to sodium flow bypass ing  t h e  t u b e s  a s  a resu l t  of poor 
baff le  des ign .  Following a reactor  sc ram,  with the  sodium 
flow reduced t o  a low value: i t  w a s  found tha t  a temperature 
difference of more than 200°F could develop between t h e  top  
and bottom of t h e  heat  exchanger  s h e l l ,  due to s t ra t i f icat ion 
of t h e  secondary sodium on t h e  s h e l l  s i d e  and t o  recircula-  
t ion of the  primary sodium from the top t o  t h e  bottom t u b e s .  

"The HNPF intermediate h e a t  exchangers  did not 
suffer from the hea t  transfer and temperature s t ra t i f icat ion 
problems experienced with t h e  SRE u n i t s ,  b e c a u s e  they 
were mounted ver t ical ly  and were adequately baffled.  How- 
ever ,  in  November 1 9 6 2 ,  a secondary-sodium t o  primary- 
sodium leak w a s  detected in the  intermediate heat  exchanger  
unit 1-A. It w a s  found tha t  a tube had f a i l e d ,  due to vibration- 
induced fat igue in  t h e  region of a baff le  p la te .  
t ion  w a s  corrected by instal l ing dampening shims between t h e  
t u b e s .  Subsequent vibration t e s t i n g  showed tha t  t h e  vibration 
had been  eliminated and t h e  units operated with no further 
difficulty.  

This condi- 

" A s  a resu l t  of t h e  HNPF intermediate h e a t  exchanger  
vibration exper ience ,  t h e  new SRE-Power Expansion Program 
intermediate heat  exchanger ,  rated a t  40 MWt , w a s  ana lyzed  
and  found t o  b e  subjec t  to  vibration diff icul t ies .  
w a s  therefore shimmed before being operated.  
in t h e  s y s t e m ,  no vibration could b e  d e t e c t e d . "  

This unit  
Upon t e s t i n g  

Present ly  ins ta l led  in  t h e  SCTI is a n  Alco-BLH hea t  exchanger .  This 
unit wil l  b e  t e s t e d  under t h e  AEC's Component Development Program. 
Nuclear  Corporation h a s  been  retained by t h e  AEC t o  ana lyze  and eva lua te  t h e  
performance of t h e  uni t .  Analysis h a s  indicated t h a t  forcing f requencies  may b e  
higher t h a n  t h e  natural  frequency of t h e  t u b e s  a n d ,  therefore ,  tube vibration is a 
poss ib i l i ty .  Test da ta  tend to confirm a resonant condition at approximately 40% 
flow, as compared with 38% by a n a l y s i s .  
flow. 
impact is unlikely.  
gat ion is continuing. 

United 

An addi t ional  peak w a s  found a t  20% 
The amplitude of vibration is bel ieved to be small  enough tha t  damaging 

G a s  entrainment is considered a poss ib le  c a u s e .  The inves t i -  

- 
exgectations. (7) Init ial  da ta  ind ica tes  a log mean temperature difference of 
2 7  F.  This compares with t h e  ca lcu la ted  va lue  of 3 4 ° F .  The only difficulty,  
to d a t e ,  h a s  resu l ted  from a n  improper des ign  de ta i l .  Originally,  t h e  internal  
volume of t h e  hea t  exchanger  w a s  connected to t h e  annular s p a c e  between t h e  
double-walled pipe.  
plug above t h e  tube bundle .  
c l e a n  t h e  unit .  

The Rapsodie hea t  exchangers  have performed in  accordance  with 

A sodium leak  in to  t h e  piping s p a c e  flooded t h e  sh ie ld  
It w a s  n e c e s s a r y  t o  dismantle  t h e  heat  exchanger  t o  

New Plant Components 

Several  intermediate heat  exchangers  a re  in des ign  , construct ion,  or 
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nearing operation for the  PFR, Phenix, and BN-350 facilities. 
of their pertinent character is t ics .  

Table 5 lists some 

PFR Intermediate Heat Exchanger (112 MW) (Fig. 6 ) .  The PFR 
units are  of the counterflow, shel l  and tube type with primary coolant on the  tube 
s ide .  The secondary coolant is supplied t o  the bottom of the  she l l  s ide  through 
a central  pipe. Above the tube bundle the  secondary inlet  and outlet pipes are  
concentrically located with outlet  coolant flowing upward in the annulus region. 
A shut-off valve is provided at t he  primary inlet .  Flexibility between tubes and 
she l l  is provided by sinusoidal bends in the  tubes .  
supports at periodic intervals are  expected t o  minimize tube vibration. Tests on 
ful l -scale  rigs have shown no problems with vibration or coolant distribution. 

The shel l  is unbaffled. Tube 

(7113) The Phenix Intermediate Heat Exchanger (100 MW) (Fig. 7 ) .  
Phenix heat  exchangers are of t he  counterflow, shel l  and tube type with primary 
coolant on the shel l  s ide .  The units are  similar t o  the Rapsodie heat  exchanger. 
Some of its features are: a primary-coolant inlet  va lve ,  staggered inlet  and 
outlet  piping in the shield plug region, and a cylindrical s leeve of borated steel 
around the  tube bundle for neutron shielding. 
Rapsodie unit is the  use  of straight tubes .  Primary sodium enters the  she l l  s ide  
of tube bundle through a 16-in. high opening,flows downward, and exits through 
a 24-in. opening in the  tube-bundle shroud. Secondary sodium flows downward 
through the  center of the  tube bundle in a 15-in. pipe and then upward through 
some 2450 tubes.  
Hydraulic pressure l o s s e s  are calculated to  b e  -0.6 p s i  on the primary s ide  and 
-8 ps i  on the  secondary s ide .  A logarithmic temperature difference of -45'F is 
projected. Hydraulic tes t ing with water on a full-scale unit is planned t o  
invest igate  flow distribution, pressure losses , and tube vibration considerations.  

BN-350 Intermediate Heat Exchanger (200 MW) (Fig. 8) ( I4)  

One of the differences from the  

The tubes have diameters of 12 mm internal and 14 mm external.  

The 
BN-350 units are described in Reference 12: 

"The intermediate heat  exchanger is a shel l  and tube 
structure in two sect ions connected in parallel .  The sect ion is 
made in the form of a horizontal v e s s e l  of rectangular c ross -  
sect ion with 3 heat-transfer bundles in it .  Each bundle con- 
sists of 3 4 3  U-shaped tubes 28 x 2 mm in diameter arranged 
with a pitch s ideways and in depth of 35 mm.  
exchanger is made of 18 Cr 9 N i  s t ee l .  The bundles in each  
sect ion are connected in  ser ies  with respec t  t o  the coolant 
in the primary circuit  and in the secondary circuit .  Move- 
ment of the  coolants is counter-current with cross  flow. The 
radioactive sodium of the  primary circuit enters the  space  
between the tubes where it gives  up i t s  heat  t o  the  sodium 
in the secondary circuit which is moving inside the tubes .  
The vertical  U-shaped tube bundle has  a cylindrical shape.  
Therefore, t o  ensure uniform distribution of the flow of 
coolant across  the  she l l ,  the  tube system of each  bundle 
is extended to  a rectangular shape  by fitting fixed non- 
operative straight tubes .  

The heat 

"To create  a uniform primary sodium flow an equal- 
izing grid is fitted a t  t he  entry to  the  f i rs t  bundle. When 
necessary ,  any bundle in the heat exchanger can b e  taken 
out and replaced by a new one. To ensure the  possibil i ty 
of carrying out the  work of extraction of t he  bundle, 
biological shielding is provided a t  its inlet  and outlet 
chamber in the secondary circuit , with special  channels 
for the passage  of the  secondary sodium. The bundle is 
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(7 1 1 13 1 4 )  TABLE 5 .  Des ign  C h a r a c t e r i s t i c s  of H e a t  Exchangers  

Plant  PFR BN-3 50 Phenix 

Country U.K. USSR France  

Locat ion Dounre a y M angys  hlak 
Pennis  ula  

-- 

C a p a c i t y  (MW) 1 1 2  200 100 

No.  of Un i t s  6 6 6 

She l l - s ide  f luid 

Flow r a t e  (10 

Temp. in  (OF) 

Temp. out  (OF) 

6 

I b / m  
3 . 8 7  5 . 8  4 . 1  

698 523 

1045 84 7 

10 60 

7 90 

Tube-s ide  f lu id  
b Flow r a t e  (10 

Temp. in ( O F )  

Temp. out  ( O F )  

lb/hr) 
4 .25  5 . 2  3 . 1  

1085 

788 

93 2 

572 

6 80 
1040 

H e a t  t r ans fe r  

N o .  of t u b e s  1800 3 4 3/b und le 
3 bundles / sec t ion  

2 sec t ions /un i t  

1 . 1  

0 . 0 8  - 1 2 , 1 0 0  

2 4 5 0  

Tube s i z e ,  OD (in.)  

Wal l  t h i c k n e s s  (in .) 

Area (sq. f t . )  

0 . 7 5  

0 . 0 4  - 5400 

0 . 5 6  

0 . 0 4  
-4670 

Mate r i a l  ss 18 Cr 9 N i  ss 
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\ DETAIL B / I 

Fig. 5. EBR-I1 Heat Exchanger 
(62.5 MW) 

-INLET 

SECONDARY SODIUM 

-OUTLET 

TUBESHEET 

TUBE BUNDLE 
(Single w a l l  tube 

TUBESHEET 

Fig. 7. Phenix Heat Exchanger(13) 
(100 MW) 

TOP FACE OF 
VAULT ROOF 

Na LEVEL 
PRIMARY FLOW -IN VESSEL 
SHUT OFF VALV 

TUBE BUNDLE 
(Single wall tubes) 

OUTLET 

Fig. 6. PFR Heat Exchanger('') 
(112 MW) 

SECONDARY 
SODIUM 
OUTLET 

SECONDARY 
SODIUM 
I N L E T  

I 
SHELL U - T Y P E  T U B E  BUNDLE 

(Single w a l l  tubes)  

Fig. 8. BN-350 Heat Exchanger(14) 
(200 MW) 
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f a s t e n e d  LO t he  neck with a s p e c i a l  locking dev ice  and the  
bundle chamber and neck a r e  s e a l e d  by "mous tache  welding."  

Current Work 

The AEC's Component Development Program c a l l s  for t he  thorough 
development of a technology for intermediate  heat  exchange r s ,  culminating in the  
fabricat ion and t e s t ing  of t e s t  u n i t s .  The plan inc ludes  the  following t a s k s :  

(1) Determination of functional requirements 

(2) Documentation of t he  s ta te-of- the-ar t  and the development of 
c r i t e r i a ,  qual i ty  a s s u r a n c e  procedures ,  and s t anda rds  

(3) Development of des ign  technology 

(4) Development of new hea t  exchanger  concep t s  

(5) Development of fabrication technology 

(6) Test ing of model hea t  exchangers  

The program provides for t he  complete  development of a number of h e a t  exchange r s  
with the  t e s t i n g  of models of 30 to  50 MW. 
ex tens ion  of the  current program which includes t e s t ing  t h e  Alco-BLH unit in  t he  
SCTI. 

This program is a cont inuat ion and 

Preparation for implementation of the  work is in p rogres s .  

Qeve 1 op m e  n t N e  e d s 

Principal problems with hea t  exchangers  have been  undesirable  flow 
and temperature dis t r ibut ions and tube  vibrat ion.  
l imited plant  ope ra t ions ,  t o  d a t e ,  but portend condi t ions tha t  could b e  t roublesome 
in t h e  future.  Horizontal  heat  exchanger  uni ts  a r e  inherently s u s c e p t i b l e  t o  mal- 
dis t r ibut ion of temperature e s p e c i a l l y  during condi t ions of low flow. The return- 
bend portion of a U-bundle unit  requires  s p e c i a l  a t tent ion t o  f low dis t r ibut ion or 
short-circui t ing of flow will  occur .  
p re s su re  l o s s e s  a r e  a l s o  vulnerable  to  poor flow dis t r ibut ion.  Very careful  a t t en -  
t ion t o  flow a n a l y s i s ,  baffle des ign  and p l acemen t ,  and  flow pat terns  is required.  
The r e s u l t s  of poor distribution of flow c a n  cause high s t r e s s e s  and s t r a i n s ,  
s t ructural  f a i l u r e s ,  and poor t h e r m a l  e f f i c i ency .  

These  problems have not s eve re ly  

Vertical exchangers  with low hydraulic 

Tube vibrat ions a r e  a particular concern b e c a u s e ,  in  most i n s t a n c e s ,  
their  natural  f requency c h a r a c t e r i s t i c s  a r e  low. Tube vibration c a n  quickly r e su l t  
i n  wea r ,  material  f a t igue ,  and s t ructural  failure. Structural  vibration in  sodium 
h e a t  exchange r s  is a complex s i tuat ion developing from many contributing c a u s e s .  
Because of difficulty in performing ma in tenance ,  e .  g .  , finding and repairing a 
l e a k ,  LMFBR hea t  exchange r s  must have  a high degree of reliabil i ty--higher t han  
hea t  exchange r s  for service in wa te r  r e a c t o r s .  
i ncen t ive  t o  inves t iga t e  tube  vibration problems and t o  develop bet ter  methods to 
ana lyze  and avoid t h e s e  d i f f i cu l t i e s .  

Therefore,  there  is a cons ide rab le  

Other a r e a s  of concern inc lude  the  e f f ec t s  of thermal t r a n s i e n t s ,  g a s  

Improved design 
All of t h e s e  should b e  ref lected in  codes  

entrainment i f  t h e  u s e  of a free internal  l iquid l eve l  is cons ide red ,  and fabrication 
methods and qua l i ty  a s s u r a n c e  procedures  for very large un i t s .  
p rac t i ces  and procedures  a r e  required.  
and s t anda rds  tha t  adequa te ly  r e f l ec t  LMFBR requirements. 
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PIPING, VALVES, ETC. 

Operatinq Experience--Piping 

The bulk of experience with large-diameter sodium-piping systems 
exists for design temperatures up to  1000°F and for piping diameters of 1 2  inches 
or less. The s ta in less  steels (mainly, Type 304) are the principal materials of 
construction, although some ferritic piping (2-1/4 Cr-1 Mo) is used in the  EBR-I1 
secondary system. 
for t hese  conditions.  

Conventional design procedures have been adequate to  date  

The principal sources  of experience with piping of diameters greater 
than 1 2  inches are Hallam and Fermi. Piping up  t o  16  inch diameter was  used at 
Hallam, and the  then current technology was  deemed adequate for t hese  systems.  
At Fermi, piping of 30 inch diameter by 3/8 inch wall  is used between the outlet 
of the reactor ves se l  t o  the intermediate heat exchanger: a length of about 70 f t .  
The l ine is designed to  operate at 900°F, at virtually atmospheric pressure.  
of experience with such systems required modification of usual piping design and 
fabrication procedures. Some practices insti tuted for Fermi, as reported by 
Peters (19) are: 

Lack 

Studies to  determine the effects of mass transport ,  corrosion, and 
thermal shock. 

Design requirements , which included 100% cold spring , minimum 
number of field welds ,  no rings (e. g. , r i se r  clamps) on piping 
circumference, and in  the primary system, no backing rings for 
welding. 

Fabrication tes t ing , including complete ultrasonic tes t ing  of 
f la t  p la tes  prior t o  shaping, radiographic inspection of all cir-  
cumferential and longitudinal welds , liquid pentrant examination 
of all weld jo in ts ,  hydrostatic tests in the  shop--none in the 
f ie ld ,  and mass spectrometer leak tests of a l l  piping assemblies  
and field welds .  

Rigid specif icat ions on the  quali ty of inside surface f inish,  
material chemistry,  c leaning,  shipping, and s torage.  

Experiences with LMFBR piping is generally favorable. However, 
some difficult ies have been reported. These include: 

Difficulties(”) in welding large diameter piping due to  the 
shrinkage character is t ics  of austeni t ic  material. 
cumferential joint of a 30  inch Fermi pipe reduced the  diameter by one inch. 
fu l  control of heat  input during welding can  minimize such difficult ies.  

(1) 
In one instance , welding a cir- 

Care- 

(2) Many cracks (20) were discovered in a 2-1/2 inch Type 304 L 
s ta in less  steel pipe tee and adjacent piping that  were used to  m i x  two streams of 
sodium a t  different temperatures in the  LASL 2000-kW Sodium Test Facility. Two 
major cracks and numerous smaller ones were observed upon disassembly of the  
loop. Each large crack was  about 1-3/4 inch long and and penetrated about 75 
percent of the  wall thickness  from the  inside.  
t he  mixed-flow outlet  end of the  tee was  severely cracked for about 18 inches.  
The cracks were transgranular and penetrated about 12-1 /2  percent of the  thick- 
n e s s  of the pipe wall .  
cycl ic  temperature conditions caused by the mixing of hot and cold streams. 
Stream temperature differences varied from a maximum of 361°F  to a minimum of 
2 70 F during s teady operation. 

The inside surface of the piping at 

It was  concluded that  thermal-stress fatigue resulted from 
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Mixing coolant  s t r eams  of different temperatures  is of par t icular  

Low thermal r e s i s t a n c e  of t h e  fluid a t  t he  boundary of t h e  pipe wa l l  i nduces  
concern in sodium s y s t e m s  as i l lustrated by the  condi t ions desc r ibed  in  Reference 
2 0 .  
t h e  temperature  of t h e  pipe wa l l  t o  fol low c l o s e l y  t h e  temperature of t he  f luid.  
Rapid c h a n g e s  in fluid temperature c a u s e s  rapid changes  in  the  temperature and 
s t r e s s  condi t ion of t h e  inner f ibe r s  of t h e  pipe w a l l .  With suff ic ient  c y c l e s ,  a 
funct ion of the  AT, t h e s e  condi t ions c a n  l ead  to thermal-s t ress  f a t igue  and 
even tua l ly  f a i lu re  of the  mater ia l .  
condi t ions a re  t h e  mixing juncture  of b y p a s s  l i n e s  around hea t  exchange r s ,  t he  
point of return of effluent from hot and cold t r aps  to t h e  main s y s t e m ,  and the  
mixing of b y p a s s  s t r eams  around the  r eac to r .  

System a r e a s  e s p e c i a l l y  s u s c e p t i b l e  to  t h e s e  

(3) 
t ank  at Hallam fai led a t  t h e  point of junction of t h e  tank wal l  and a n  internal 
baff le .  ( 2 1 )  The tank w a s  fabricated of Type 304 s t a i n l e s s  s t e e l .  The baffle w a s  
joined to the  tank by f i l e t  we lds .  
corrosion cracking c a u s e d  by loca l ly  high s t r e s s e s  and highly corrosive material  
trapped within the f i l e t  weld.  A secondary leak developed owing to g r o s s  a t t ack  
of t h e  outer  su r f ace  of t h e  v e s s e l  by sodium reac t ion  products resul t ing from t h e  
l e a k .  

After about 1 5 , 0 0 0  hours of ope ra t ion ,  a secondary expans ion  

The primary leak w a s  c a u s e d  by  s t r e s s  

(2 2) (4) A report  on t h e  operat ions of BR-5 inc ludes  the following: 

"At the  opening s t a g e  of operation when the  p i l e  worked 
on a low power l e v e l ,  two cases were recorded when wire 
e l e c t r i c  hea te r s  burnt f i r s t  the pu l se  tube  and then  t h e  
drainage pipel ine of t h e  primary c i r cu i t .  
ven t  s u c h  developments  a n  e l ec t r i c  heat ing supply diagram 
w a s  carr ied out on t h e  in s t a l l a t ion  for t he  c i r cu i t s  through 
the  sepa ra t ing  transformer,  which made i t  p o s s i b l e  t o  rule  
out burning through the  p ipe l ines  when the  e l ec t r i c  h e a t e r s  
sho r t ed .  " 

In order t o  pre- 

(5) Final ly ,  a l eak  occurred in  the  DFR ea r ly  in  1967. The plant h a s  
b e e n  shu t  down s i n c e  July 1967 for r epa i r s .  
in one  of t h e  2 4  hea t  exchanger  connect ing p i p e s ,  N o .  10A, about a foot from 
t h e  bottom i n  t h e  region of t he  r eac to r -vesse l  n o z z l e .  
p rog res s ,  with plant  operation not expec ted  for some months.  

Late in  1967,  t he  l eak  w a s  loca ted  

Repair procedures a r e  in  

Operat ing Experience s--Valves 

With some e x c e p t i o n s ,  v a l v e s  for sodium s y s t e m s  have convent ional  
configurat ions and a r e  used  for convent ional  p u r p o s e s ,  s u c h  a s  i s o l a t i o n ,  ant i -  
f low r e v e r s a l ,  and flow control.  Many of the  larqer  v a l v e s  that  h a v e  been  used  
for  sodium service a r e  desc r ibed  in Table 6 .  
cant service a r e  t h e  Hallam (HNPF) v a l v e s  and the  Fermi check  v a l v e s .  
configurat ions of t h e s e  v a l v e s  a r e  shown in Figures 9 ,  1 0 ,  11, and 1 2 .  

The l a rges t  t ha t  have s e e n  s ignif i -  
The 

The blocking v a l v e  (Fig. 9) for  t h e  HNPF main heat- t ransfer  sys t em 
is a 14 - in . ,  al l-welded s t a i n l e s s - s t e e l  g a t e  va lve  (sold-wedge type)  with a s tem 
f r e e z e  seal. 
l o o p s .  
matic-turbine operators  equipped with manual overr ide.  These  v a l v e s  performed 
we l l .  
l ow t o  b e  inconsequen t i a l .  

There is o n e  in e a c h  of t h e  th ree  primary and secondary  sodium 
The v a l v e s  a r e  operated through drive s h a f t s  by remotely loca ted  pneu- 

Some l e a k a g e  a c r o s s  t h e  s e a t  w a s  de t ec t ed  but the r a t e  w a s  suff ic ient ly  

The thrott l ing v a l v e  (Fig. 10) for the  HNPF main  heat- t ransfer  s y s t e m ,  
is a 14-in. a l l -welded s t a i n l e s s - s t e e l  valve of t he  venturi-ball  type with a s tem 
f r e e z e  s e a l .  There is  one  in e a c h  oi t h e  th ree  primary and  secondary  sodium 
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TABLE 6. Summary of Valve Designs 

HNPF Fermi EBR-II Pump 
HNPF HNPF HNPF Moderator SCTl SRE LCTL Fermi Blanket Test Loop 

Throt t l ing Blocking Check Throt t l ing Butterf ly Blocking Blocking Check Throttle Throt t l ing Flow Control Flow Control 
Valve Valve Valve Valve Valve Valve Valve Valve Valve Valve Valve Valve 

Size (in.) 

Type 

14 14 14 6 8 6 

Lift-plug 

8 16 6 

Plug 

12 

Globe 

10 12 

Ventur i -  
ball 

Solid-wedge 
gate 

Swing 
gate 

Ventur i -  Butterf ly 
ball 

Double- Balanced- 
disc gate disc 

Modified 
Plug 

Modified 
Plug 

Operating conditions 

Fluid 

Temp (OF, max) 

Sodium 

945 

Sodium 

610 

Sodium Sodium 

610 1,300 

50 125 

(Design) 

Sodium 

525 

Sodium Sodium 

1,000 550 

N /A 50" 

(Design 1 

Sodium 

550 

Sodium Sodium 

1,000 
(Design) 

100 
(Design) 

2,oo0,000 

Torque- 
tube 

Sodium 

1,000 
(Design) 

100 
(Design) 

N /A 

Sodium 

610 1,000 
(Design) 

150 
(Design) 

N /A 

W Pressure (psig) c 
c'- 

50 50 50 100 
(Design) 

510,000 

Freeze 

50" 

Flow rate ( Ibs lh r ,  max) N/A 1,400,000 

Freeze Freeze 

480,000 2,950,0[)(1" 

Freeze None 

350,000' 

Double 
bellows 

2,800,000 

Freeze 

2,800,000 

Freeze 

2,800,000 

None Bellows Enclosed 
stator 
assembly 

Westing house 

Stem seal 

Manufacturer General 
Kinet ics 
Corp. 

Cooper 
Alloy 
Corp. 

Cooper 
Alloy 
Corp. 

None 

General Continental 
Kinet ics Equipment 
Corp. co. 

Wedgeplug 
Valve Co. 

Cooper Edward 
Alloy Valves 
Corp. Inc. 

None 

Manual o r  
Pneumatic 

Copes-Vulcan 
Division 
Blaw-Knox Co. 

Crane Co. Ohio 
In jector 
co. 

Operator 

Type Pneumatic Pneumatic Manual-  
handwheel 

Manual- 
handwheel 

Manual or 
Electric 

Electric 
Permanent 
magnet 
coupling 

Limitorque 

Pneumatic Pneumatic Man ua I - 
handwheel 

Same Same Manufacturer EIM Co. EIM Co. EIM Co. Fisher 
Governor 
co. 

Atomics 
Internat ' l .  

Same Same 

"200-MWt reactor power. 



TO 

Fig. 9. HNPF 14-in. Primary 
Blocking Valve(27) 

KNIFE-EDGE TYPE 
HINGE PIN 

WELDED 
JOINT 

NEGATIVE SEAT-+ 
ANGLE (Topermit& 
low flow velocity 
drain) I 

I ’  r 
[-VALVE DISC AT REST IN I VERTICAL POSITION 

(No back f l o w )  

I 

Fig. 10. HNPF 14-in. Primary 
Throttling Valve(28) 

&PONY MOTOR 

Fig. 11. HNPF 14-in. Primary 
Check Valve(28) 

Fig. 12. Fermi Primary Pump and 
30-in. Check Valve(28) 
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loops.  
turbine operators equipped with manual override. The primary functions of the  
throttling valves  were to  regulate natural-convection sodium flow in the primary 
and secondary loops following a reactor scram, and to  serve a s  a blocking valve 
as required during a loop shutdown. 
quick act ing,  automatically controlled by the  plant control system, actuated by 
the  reactor scram circui ts ,  and tight at shutoff. 

The va lves  operated through drive shaf ts  by remotely located pneumatic- 

The throttling valve was  designed t o  be  

Several malfunctions occurred in the throttling-valve systems during 
plant startup and the init ial  operating period. Most of the  difficulties occurred 
in the drive system, which cons is t s  of the operator, drive t ra in ,  and topworks. 
Only one valve proper failed.  The cause  of this  failure was  not determined 
precisely; however, examination of the  valve after removal from the  system 
showed a cracked back-seat surface and a slightly bent s t e m .  (23) The valve 
performed without difficulty when it was  re-installed after repair by the manu- 
facturer.  During the periods of plant startup and init ial  operation, a ser ies  of 
modifications were made to  the  drive systems of the throttling-valves, especial ly  
the topworks. Init ially,  the  va lves  performed satisfactorily.  Later, minor diffi- 
cul t ies  occurred and the application of torque required to  actuate  the valves  
often damaged the  topworks. These difficult ies,  in conjunction with the  need 
for faster-acting va lves ,  resul ted in the  decis ion t o  redesign and fabricate new 
topworks. The va lves  and valve-drive systems performed without difficulty after 
new topworks were instal led and a s l ip  clutch was  added to  each  of the valve op- 
erators.  

The HNPF check va lve  (Fig. l l ) ,  one in  each  primary loop, is a 14-  
inch,  all-welded s ta in less  steel, swing-gate type with a negative off-set seat. 
No  difficult ies were encountered with these  valves. 

Check va lves  are  employed in each  of the three primary sodium loops 

The 16-in. balanced disc-type valves (Fig. 1 2 )  are attached to  the  
of the  Fermi  Plant t o  prevent reverse  flow of sodium in the  event of a primary- 
pump failure.  
discharge nozzle  of each  of t he  three primary pumps and are removable with the  
pump. The valves are  fabricated of Type, 304 s t a in l e s s  steel and l ined with 
Stel l i te  t o  prevent gall ing wherever metal-to-metal contact exists. 
circulation channels are provided along contacting surfaces  to  prevent a n  accumu- 
la t ion of solid impurities. 

Sodium- 

During pre-operational tes t ing of t he  primary system abrupt c losure of 
the  valve was  detected.  Visual inspection disclosed pipe movements of consid- 
erable  magnitude--both when a s ingle  pump was  s tar ted and when a s ingle  pump 
was  tripped with two or three pumps running in  parallel .  
c losure of the  check va lve ,  which slammed shut with a n  audible sound. A s  a 
resul t  of special  system tests and s tudies  (24), the  check va lves  were replaced 
with valves  of a new design,  which incorporated a larger body, spring-loaded 
hinge pins ,  and a sodium-filled dashpot.  In the new des ign ,  the d i sc  operates  
through the  first 40" by the  action of hinge p ins ,  while t he  dashpot controls the  
d i sc  through the  last 1 2 "  of closure.  
because  the  valve is designed t o  hang open at 1 2 "  when the pump is shut down. 
System operation s ince  installation of new check valves has  shown the  slamming 
problem to  be resolved. 

The cause  was  the  rapid 

In each  loop, natural circulation is adequate 

Argonne National Laboratory (ANL) purchased three valves  for use  in  
the EBR-I1 Pump Test Loops--one valve for each  of three loops.  
were 12-in. , s ta in less -s tee l ,  Y-pattern globe valves  with a bellows-sealed s t e m ,  
designed for sodium service at 150  psig and 1000°F. They were manually opera- 
ted with a handwheel drive through an  integral bevelgear drive. 

The valves  
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The valves  were sat isfactory except when used to  throttle flow. 1 

Throttling between 75 and 100 percent of full closure produced excess ive  vibra- 
t ion of the  plug. N o  effort was  made to  correct the vibration, s ince  the  tests 
were designed for pump development , not valve development. One of the valves  
is now in use  in  the drain system of EBR-11. 
factorily.  
open or full-close posit ion.  

' @ 
~ 

Thus far ,  it has  performed satis- 
The valve is not used for throttling flow and is used either in the full- 

In the SCTI, sodium-flow-control va lves  are 6-  and 8-in. cast 
s ta in less  s t e e l ,  butterfly type,  with a metal piston ring around the d i s c  and a 
s t e m  freeze seal cooled by natural convection. 
system and one in the secondary system. 
type operators are  used.  The valves  regulate flow in the main primary and 
secondary sodium loops and component bypass  loops.  The use  of a butterfly 
valve resu l t s  in low pressure drop, relatively small  va lves ,  and a minimum of 
distortion due to  thermal t ransients .  The primary-system va lves  have operated 
without difficulty through 5000-6000 operating hours of the  SCTI primary system , 
at sodium temperatures ranging from 300" to 800°F.  The flow-control valve in 
the  secondary loop a l so  has  operated without difficulty, but for a shorter t i m e .  

There are five in the  primary 
Remotely controlled pneumatic-piston 

The SRE blocking valves  are  6-in. s ta in less -s tee l  , plug-type va lves  
with a s t e m  freeze sea l .  
loop. 
through a handwheel and flexible drive shaf t .  
ac ross  the s e a t  when closed and were difficult to  operate.  

Originally, they were instal led in the  primary sodium 

Frequently, t hese  va lves  leaked 
They were manually operated from outs ide of the  primary system vault  

A flow-control valve and operator were developed by the Ohio Injector 
Company (OIC), Wadsworth, Ohio,  (under AEC contract) for use  in sodium systems.  
The development program included design , development , construction of a proto- 
type ,  and tes t ing in air  and water.  In addition, the  prototype device was tes ted  
s u c c e s s f u l l y ( ~ ~ )  (by Atomics International) in a sodium test loop a t  design 
temperatures and flow ra tes .  Subsequently,  the  prototype was instal led in the 
Sodium Reactor Experiment (SRE) primary loop during the  Power Expansion Program 
modifications. 

The OIC flow-control valve prototype is a 10-in. modified-plug 
va lve ,  with a torque-tube shaft  seal. 
through environmental t e s t s  of the  s e a l  conducted by Atomics International. 
seal withstood 1000 operational cyc les  in sodium a t  1000°F and 1200°F without 
developing a l e a k .  
ment, which provides hydrostatically and hydrodynamically balanced fluid forces  
on the  movable control element. Throttling character is t ics  a re  predetermined and 
controlled by contoured throttling apertures in the  body wal l .  The operator design 
permits three drive modes: 
seconds  for full  closure) , (2) electric-motor drive for slow operation (about 60 
seconds for full  closure) , and (3) operation with a handwheel. 

The torque-tube s e a l  concept was  evaluated 
The 

The device ut i l izes  a cylindrical body-control element arrange- 

(1) electric-motor drive for f a s t  operation (about two 

A flow-control valve and operator assembly was  a l s o  developed by 
Westinghouse Electric Corp. (under AEC contract) for u s e  in sodium sys tems.  A 
horizontally positioned control cone actuated by a screw-type, duplex-toggle-arm 
linkage throttled the flow. 
transmitted the rotary motion of a drive screw into l inear motion. Toggle arms 
converted the  vertical  l inear motion into horizontal motion of the  cone ,  thereby 
effecting a variable orifice between the cone and the  valve body. The drive 
screw was  driven by a totally enclosed s ta tor  driven by flux l inkages supplied by 
an  electr ic  drive through a thin-wall container.  
the cone actuating mechanisms fai led.  

Roller nu ts ,  equipped with Stell i te bal l  bearings 

During a hot-gas test a t  1 0 0 0 ° F  
Further development was discontinued. 
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Development Needs 

Prevail ing p rac t i ces  h a v e  b e e n  adequa te  for piping sys t em components 
fo r  current p l a n t s .  
e x c e e d  t h o s e  now in u s e .  
ough inves t iga t ion  o€ piping technology is required.  
i n spec t ion  t echn iques  for thin-wall  s t a i n l e s s  steel components must be  
developed and/or appl ied to  f ie ld  e rec t ed  piping. 
r ev i sed  and deve loped ,  prat icular ly  in regard to methods for f lexibi l i ty  ca l cu la -  
t i o n s ,  u s e  of ex i s t ing  f lexibi l i ty  and s t r e s s - in t ens i f i ca t ion  f ac to r s  , and c reep  in  
t h e  a rea  of concentrated l o a d s .  
with new problems s u c h  a s  l a rge  load c h a n g e s  from empty t o  fu l l ,  t he  effects of 
maldistribution of temperature during hea tup  on a n  empty piping s y s t e m ,  and t h e  
accommodation of thermal expansion--bellows a r e  unproven and currently un- 
accep tab le  for t h i s  s e r v i c e .  
temperatures  to  1 2 0 0  OF is a further considerat ion.  

Large LMFBRs , however ,  wil l  require components t ha t  far 
Because of the  vi ta l  role of t h e s e  components ,  a thor- 

Fabrication procedures  and 

Design p rac t i ces  must b e  

Piping support  and  heat ing p rac t i ces  a r e  f a c e d  

Instabi l i ty  of large , thin-walled piping operat ing at 

Valves have  a l w a y s  required maintenance and have been s u s c e p t i b l e  
t o  maloperation. Valve problems s t e m  chief ly  from t h e  need t o  transmit motion 
through t h e  coolant-pressure boundary. A va r i e ty  of s e a l s ,  s u c h  a s  be l lows  and  
f r e e z e  s e a l s  have  been  u s e d  to exc lude  l e a k a g e .  
maloperat ion,  whereas  f r eeze  seals t end  to require high torque l o a d s  by  valve 
ope ra to r s .  
va lve  operat ion and less ma in tenance ,  des igne r s  wil l  avoid their  u s e  where 
p o s s i b l e .  

Bellows a r e  qu i t e  vulnerable  to 

Until  problems with v a l v e  s e a l s  a r e  s o l v e d ,  permitting more r e l i ab le  

T h e s e  problems emphas ize  the  need  for development work in  t h e s e  
a r e a s  and t h e  importance of a thorough review and upgrading of c o d e s  and s t and-  
a r d s  for LMFBR condi t ions.  
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DISCUSSION 

IC. Goldniann (United Nuclear) - Tnis paper p re sen t s  ap a u t h o r i t a t i v e  sur- 
vey OY p a s t  experience,  cu r ren t  work and development needs f o r  sodium system 
c cmponent s . 
couraging. Considering, hovever, tha t  t h e s e  were a l l  f i rs t -of-a-kind,  un te s t ed  
components, t h e  inc ident  r a t e  does not appear t o  be excess ive ly  high. It should 
be noted f u r t h e r ,  t h a t  t h e  d i f f i c u l t i e s  could u s u a l l y  be overcome wi th  engineer- 
ing  measures and t h a t  none could be t r a c e d  t o  a l a c k  of  sodium m a t e r i a l s  tech-  
r,clogy. This provides  PJr$her support  t o  similar s ta tements  which t h i s  reviewer 
made e a r l i e r  today.* 

There are still cons iderable  unce r t a l l i t i e s  as t o  t he  proper formulat ion of cross-  
flow hea t  t r a n s f e r  c o r r e l a t i o n s  f o r  sodium. Of s p e c i a l  concern here  a r e  t h e  pre- 
d i c t e d  she l l - s ide  hes t  t r a n s f e r  c c e f f i c i e n t s  f c r  s i z i n g  sur face  a reas  of i n t e r -  
mediate hea t  exchangers. A muck l a r g e r  f r a c t i o n  of t h e  d i f fe rence  betweer pre- 
d i c t e d  and observed performance of t h e  EFAPP exchangers than  t h a t  s t a t e d  ir- t k c  
gaper ,  may be due t o  t h i s  unce r t a in ty .  
t h e  p r e d i c t i o n  o f  she l l - s ide  hea t  t r a n s f e r  c o e f f i c i e n t s  t o  t h e  development needs. 

The long l i s t  of f a i l u r e s ,  descr ibed  i n  t h e  paper ,  may a t  f i r s t  seem dis -  

One a r e a ,  which w a s  not covered I n  my paper w a s  hea t  t r a n s f e r  p red ic t ions .  

It nay be d e s i r a b l e ,  t h e r e f o r e ,  t o  add 

R.W. Dickinson (Liquid Metal Engineering Center)  - The experience summarized 
i n  this  p a p e r  i n d i c a t e s  t h a t  sodiam system components can be designed and con- 
s t r u c t e d  t o  give re l i -ab le  s e r v i c e ,  an3 tha t  scdium p e r  s e  i s  not an i n t r a c t a b l e  
f l u i d .  I be l i eve ,  however, ",at t h e  conponents b u i l t  and demonstrated t o  d a t e  
a r e  evolu t ionary  , and r ep resen t  ex t r apo la t ions  of l abora to ry  s c a l e  equipment. 
I n  t h e  LMFER Progmii, we a r e  f ac ing  more than  evolu t ion  and ex t r apo la t ion ,  as 
t h e  capac i ty  an3 c a p a b i l i t y  of com2onents must be increased  approximately 5y arA 
order  of magnitude. While components of  t h i s  s i z e  i n  o ther  s e r v i c e  have c e r t a i n l y  
been cons t ruc ted ,  t hey  have not Seen r equ i r ed  t o  opera te  through t h e  temperature  
ranges necessary i n  a sodium sys t en ,  I=or face  t h e  r a t e s  of change of  temperature  
which may be encountered.. 
frorr, t h e  ccns t ruc t ion  o f  k r g e ,  lo5.r t e r p e r a t u r e  systems can be appl ied  "across  
t h e  5oard" t o  sodium systems. It i s  recognized t h a t  t h e  au thor  does not recom- 
mend t h i s ;  my poin t  i s  t h a t  development o f  t h e s e  l a r g e r  components i s  not an 
easy mat te r .  For i n s t ance ,  t h e  w a l l  t h i ckness  of a 3C-in. p ipe  f o r  sodium sgs- 
tems i s  apt  t o  be 1/2 t o  3/4-in.;  o rd inary  p ip ing  calcul-at ions app l i cab le  t o  
14 inch Schedule 40 p ip icg  do not contend with t h i s  s i t u a t i c n  as buckl ing and 
i n e l a s t i c  behavior mechanisms are  a F t  t o  erlter prominently. The same philosophy 
a p p l i e s  t o  o the r  compcnents ; f o r  i n s t ance ,  simple ex t rapolaf t ion  of  va lve  tech-  
nology vould r e s u l t  i n  massive va lve  bodies  wh:'.ch would be suscep t ib l e  t o  t h e r -  
m a l  shock ir, sodium se rv ice .  I be l i eve  t h e r e  is a r e a l  cha l l en re  t o  component 
des igne r s ,  who must understand all t h e  f a c e t s  of sodium systems, inc luding  
maintenance, f a b r i c a t i o n ,  r e s i s t a n c e  t o  thermal  t r a n s i e n t s ,  and full u t i l i z a t i o n  
of t h e  unique p r o p e r t j e s  of sodfun, r a t h e r  Wan r e l y i n g  on p a s t  experience t o  
s5mply make components "bigger and be t t e r . "  
by t h e  
t o  assure success .  

Consequently, I do not b o l i e w  t h a t  technology der ived  

The program plans  b r i e f l y  ou t l ined  
au thor  must b e  f u l l y  recognized by t h e  p o t e n t i a l  vendors i n  t h i s  f i e l d  

*"Liquid Sodium as a Reactor Coolant" by K. Goldmann, t h i s  conference.  
Reference No. 26. 
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R.W. Lockhart (General E l e c t r i c )  - i n  t t i s  peper ,  Wally Simmons has updated 
t h e  Morabito-Savage sodium component paper of 1965, de l inea ted  t h e  present  AEC- 
Sodium Component Development p lans  and has a l s o  descr ibed development needs f o r  
sodium system components. Thus, t h i s  i s  a u s e f h l  s t a t e  of t h e  a r t  s u m a r y .  It 
i s  encouraging t o  rr,e t o  see  so much herdware o r i en ted  opera t ion  an\; development 
woriz i n  plannjng and i n  progress .  

Recently t h e  U.S. l i g h t  water and B r i t i s h  gas-cooled thermal  power r e a c t o r  
bus iness  has grown t o  t h e  poin t  where mul t ip l e  " i d e n t i c a l  design" p l a n t s  a r e  
opera t ing  o r  a r e  under cons t rdc t ion .  I be l i eve  t h e  two SIR p i a n t s  a r e  t h e  only 
"Rear dupl ica t ion"  sodiua-caoled p l a n t s .  When t h e  FBR p l a n t s  a r e  ordered i n  
m u l t i p l i c i t y ,  I t h i n k  it w i l i  be soon enough t o  cons ider  upping p l an t  opera t ing  
c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  t h e  r e a c t o r  v e s s e l  o u t l e t  temperature .  

i n  t h e  paper f o r  t h e  var ious  components. However, I would l i k e  t o  see  f i l l e r  
u t i l i z a t i o n  of e x i s t i n g  a n d  aear  term da ta  f o r  system aspec t s  of des ign .  For 
in s t ance :  

8 

Today's programs should inc lude  t h e  developments t h a t  have been recommended 

1. System a v e i l a b i l i t y  analyses  
2.  System cos t  e f f ec t iveness  ana lyses  
3. System m a t e r i a l  app l i ca t ion  and mass t r a n s f e r  p red ic t ions  
5. "Old fashioned" type  engineer ing-operat ions system a i d  corriponent 

Conponent, r e l i a b i l i t y  and/or i n t e g r i t y  i s  niost d e s i r a b l e  but  p l a n t  a v a i l a b i l -  

des igc  i n t e g r a t i o n .  

i t y  i s  t h e  r e a l  system measme. Considerable ( a d d i t i o n a l )  des ign ,  a c c e s s i b i l i t y  
and r e p r i r  t ime work i s  warranted a t  t h i s  t ime. R e a l i s t i c  cos t  e f f e c t i v e n e s s  r e -  
l a t i o n s h i p  of t h e s e  systems a i d  components w i l l  a f f e c t  t h e  design an6 opera t ing  
c h a r a c t e r i s t i c s  of t h e  primary system, system components and a u x i l i a r i e s .  These 
system i n t e g r a t i o n  thoughts  a r e  not intended t o  d e l e t e  or de1e.y t h e  component 
development, bu t  I th ink  t h e  c o l l e c t i o n  of input  d a t a  and f u l l e r  u t i l i z a t i o n  of 
s t a t i s t i c a l  techniques and ana lyses  w i l l  provide sharper  focus on t h e  r e a l  prob- 
l e n  a reas  and enhance t h e  p o s s i b i l i t y  of meeting sone of t h e  mid-1970 schedule 
da tes .  

W.R. Simmons - Each of t h e  commentators has a wesl th  of experience i n  t h e  
f i e l d  of conponents f o r  sodiuq systems -- d a t i n g  t o  t h e  e z r l y  days of SIR. 
has made a number of pe r t inen t  comments with which I'm iri genera l  harmony. 

It i s  gene ra l ly  agreed t h a t  much work l i e s  ahead t o  develop commercial 
UFaRs and t h a t  one of t h e  l a r g e r  areas of e f f o r t  w i l l  be component development. 
One o f  t h e  more urgent  t a sks  c u r r e n t l y  before  us i s  t h e  d e l i n e a t i o n  of equipment 
needs. 
d i d a t e s  f o r  commercial a p p l i c a t i o n  and t h e  func t iona l  requirements of components 
f o r  t h e s e  systems. 
i n  progress .  
t h e  l a t e  70 ' s  and e a r l y  80's.  
s t r a t i o n  p l a n t s ,  f o r  cons t ruc t ion  i n  t h e  e a r l y  7 0 ' s .  
p r i n c i p a l  sources  of system information during t h e  next few formative years  ahead. 
The s y s t e n a t i c  d e l i n e a t i o n  of t h i s  i n f o m t i o n  i s  u rgen t ly  needed t o  e s t a b l i s h  
d e f i n i t i v e  f i n c t i o n a l  needs t o  guide t h e  development of components. 
t i o n  wi th  t h e s e  developments, tile advice and experience of:component vendors i s  
needed t o  determine t h e  F r a c t i c a l i t y  a f  t h e s e  requirements.  

Each 

This r equ i r e s  a good understanding of  t hose  p l a n t s  t h a t  are l i k e l y  can- 

AEC and indus t ry  sponsored p l a n t  design s t u d i e s  are c u r r e n t l y  
The former i s  d i r e c t e d  t o  1000-MWe s i z e  p l a n t s  f o r  app l i ca t ion  i n  

Tnese s t u d i e s  w i l l  be t h e  
The l a t t e r  i s  d i r e c t e d  toward smal le r  s i z e  demon- 

I n  conjunc- 
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J. S. McDonald, Atomics I n t e r n a t i o n a l  

P. J. P r o b e r t ,  Babcock & Wilcox 

ABSTRACT 

T h i s  pape r  i s  a r e p o r t  o f  t h e  a v a i l a b l e  i n f o r m a t i o n  
on t h e  development  o f  sodium h e a t e d  s team g e n e r a t o r s  i n  
t h e  Un i t ed  S t a t e s .  It  u p d a t e s  s imi la r  r e p o r t s  t h a t  were 
made a t  p r e v i o u s  ANS N a t i o n a l  T o p i c a l  Meet ings  (ANS-100 
and ANS-101). The p a p e r  i n c l u d e s  d i s c u s s i o n s  o f :  r e p a i r s  
t o  t h e  E n r i c o  Fermi Atomic Power P l a n t  s team g e n e r a t o r s ;  
d e s i g n  and development  o f  t h e  Atomics I n t e r n a t i o n a l  modu- 
lar s team g e n e r a t o r ;  c o n s t r u c t i o n  o f  t h e  Babcock & Wilcox 
p r o t o t y p e  u n i t ;  r e s u l t s  o f  t h e  l a r g e - l e a k  sodium w a t e r  
r e a c t i o n  tests a t  Atomics I n t e r n a t i o n a l ;  and t h e  small- 
l e a k  sodium w a t e r  r e a c t i o n  t e s t s  a t  Atomic Power Develop- 
ment Associates, Inc. 

E N R I C O  FERMI ATOMIC POWER PLANT STEAM G E N E R A T O R S  -- 

T h i s  p a p e r  r e p o r t s  t h e  e x p e r i e n c e  f o r  t h e  approx ima te  p e r i o d  March, 
1967 t o  March, 1968. D e t a i l e d  d e s c r i p t i o n s  o f  t h e  steam g e n e r a t o r s  and  
o f  t h e  e x p e r i e n c e  p r i o r  t o  March, 1967 have been  s o  o n l y  t h e  
h i g h l i g h t s  a r e  r e p e a t e d  he re .  

I n  t h e  E n r i c o  Fermi P l a n t  t h e r e  a r e  t h r e e  s team g e n e r a t o r s .  They a r e  
v e r t i c a l ,  s h e l l - a n d - t u b e ,  c r o s s  and c o u n t e r  f low,  once- through u n i t s  w i t h  
sodium on  t h e  s h e l l  s i d e  and  w a t e r  and s team on t h e  t u b e  s i d e .  F i g u r e  1 
i s  a s c h e m a t i c  d iagram o f  t h e  u n i t s .  I n s t a l l a t i o n  o f  t h e  u n i t s  a t  t h e  p l a n t  
was made i n  1960. I n  1961, p r i o r  t o  o p e r a t i o n  w i t h  sodium, b u t  subsequen t  
t o  h y d r o s t a t i c  t e s t i n g ,  l e a k s  which l a t e r  were found t o  be due t o  c r a c k s  
o c c u r r e d  i n  t h e  t u b e  bends  i n  No. 2 u n i t .  Examinat ion  o f  t h e  c r a c k s  8nd , 
chemica l  a n a l y s i s  o f  r e s i d u e s  i n s i d e  t h e  t u b e s  showed t h a t  t h e  c r a c k s  were 
a t t r i b u t a b l e  t o  s t r e s s  c o r r o s i o n  caused  by r e s i d u a l  c l e a n i n g  s o l u t i o n  l e f t  
i n s i d e  t h e  t u b e s .  The No. 2 u n i t  was comple t e ly  r e t u b e d  i n  1962. S e r v i c e  
i n  sodium was i n i t i a t e d  i n  November 1962. I n  December 1962 s e v e r a l  t u b e s  
i n  t h e  N o .  1 steam g e n e r a t o r  f a i l e d  due t o  v i b r a t i o n .  The v i b r a t i o n  prob- 
lem was s o l v e d  by i n s t a l l a t i o n  o f  impact  b a f f l e s  between t h e  sodium i n l e t  
n o z z l e s  and t h e  t u b e  bund le  and  t h e  v e r t i c a l  t u b e  r i s e r s  were l a c e d .  

One o f  t h e  p r i n c i p a l  d i f f i c u l t i e s  w i t h  t h e  u n i t s  h a s  been  t h e  l e a k i n g  
t u b e  s h e e t  welds .  The o r i g i n a l  t ube - to - tube  s h e e t  welds  c o n s i s t e d  o f  a 
f u s i o n  weld l o c a t e d  a t  t h e  t o p  s u r f a c e  o f  t h e  t u b e  s h e e t s  a s  i s  shown i n  
F i g u r e  2. 
have  been e x p e r i e n c e d  i n  a l l  t h r e e  u n i t s  main ly  i n  t h e  w a t e r  h e a d e r ,  and hun- 
d r e d s  o f  t h e  welds  have been f i e l d  r e p a i r e d  i n  a n  a t temDt  t o  a l l e v i a t e  

During t h e  s e v e r a l  y e a r s  o f  sodium s e r v i c e  numerous l e a k i n g  welds  
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t h e  l e a k a g e  problem. G e n e r a l l y  t h e  d e f e c t s  were found t o  be p i n h o l e s  a l t h o u g h  
t h e r e  were some c r a c k s .  The f i e l d  r e p a i r s  i n v o l v e d  o v e r l a y i n g  t h e  o r i g i n a l  

@ weld w i t h  a d d i t i o n a l  weld m e t a l  o r  w i t h  n i c h r o b r a z e  180. 

Dur ing  o p e r a t i o n  o f  t h e  s team g e n e r a t o r s  a t  power l e v e l s  o f  33 and  67 
M w t  i n s t a b i l i t y  was e x p e r i e n c e d  which r e s u l t e d  i n  abnorma l ly  h i g h  o s c i l l a -  
t i o n s  i n  t h e  sodium o u t l e t  t e m p e r a t u r e .  D e t a i l e d  a n a l y s i s  t o g e t h e r  w i t h  t e s t  
d a t a  showed t h a t  t h e  i n s t a b i l i t y  was due t o  f low r e v e r s a l s  i n  t h e  w a t e r  t u b e s  
which was caused  by a combina t ion  o f  s e v e r a l  f a c t o r s .  To p r e v e n t  t h e  f low 
r eve r sa l s  i t  was dec ided  t o  i n s t a l l  a n  o r i f i c e  i n  t h e  t u b e s  t h a t  would i n c r e a s e  
t h e  p r e s s u r e  d r o p  between t h e  w a t e r  and s team man i fo lds .  

Throughout  t h e  p a s t  y e a r  t h e  u n i t s  have been  o u t  o f  s e r v i c e  because  t h e  
p l a n t  h a s  n o t  been  i n  o p e r a t i o n  f o l l o w i n g  t h e  Oc tobe r  6 ,  1966 f u e l  meltdown 
i n c i d e n t .  Dur ing  t h i s  time major  e f f o r t s  were u n d e r t a k e n  t o  r e p a i r  t h e  tube -  
t o - t u b e  s h e e t  welds  and t o  i n s t a l l  f low r e s t r i c t o r s  i n  t h e  t u b e s .  

The weld r e p a i r  c o n s i s t s  o f  making a n  e n t i r e l y  new s e p a r a t e  s e a l  weld 
be tween t h e  t u b e  and  t u b e  s h e e t  u t i l i z i n g  a n  i n t e r n a l  b o r e  we ld ing  method 
deve loped  by t h e  Fos te r -Wheeler  Company. T h i s  method employs a mach ine - ro t a t ed  
t u n g s t e n  i n e r t  g a s  weld ing  head which i s  i n s e r t e d  i n t o  t h e  s team g e n e r a t o r  t u b e s .  
As shown i n  F i g u r e  2 a s i n g l e - p a s s  f u s i o n  weld th rough  t h e  t u b e  w a l l  i n t o  t h e  
t u b e  s h e e t  i s  made a b o u t  3/4 i n c h e s  below t h e  t u b e  s h e e t  t o p  s u r f a c e .  The welds  
a re  l e a k  t e s t e d  by wa te r  f l o o d i n g  t h e  t u b e s  and t u b e  s h e e t ,  p r e s s u r i n g  t h e  s h e l l  
w i t h  a r g o n  g a s  a t  30 t o  40 p s i g ,  and v i s u a l  o b s e r v a t i o n  f o r  g a s  b u b b l e s  on t h e  
water s i d e .  A l l  1200 water man i fo ld  tube - to - tube  s h e e t  welds  i n  each  o f  t h e  
t h r e e  s team g e n e r a t o r s  a r e  b e i n g  r e p a i r e d .  The r e p a i r s  were begun i n  1967 and 
w i l l  be comple ted  i n  1968. 

The m o d i f i c a t i o n  t o  p r e v e n t  f low i n s t a b i l i t i e s  c o n s i s t s  o f  i n s t a l l i n g  a n  
o r i f i c e  i n  e a c h  o f  t h e  1200 downcomer t u b e s  o f  each  s team g e n e r a t o r .  The o r i -  
f i c e  i s  d e s i g n e d  t o  i n c r e a s e  t h e  p r e s s u r e  d r o p  from t h e  w a t e r  man i fo ld  t o  t h e  
steam man i fo ld .  With t h e  o r i g i n a l  d e s i g n  t h e  p r e s s u r e  d r o p  a t  f u l l  l o a d  i s  
o n l y  5 p s i  and  i s  l e s s  a t  p a r t i a l  l o a d ,  s o  t h a t  p r e s s u r e  d r o p  i m b a l a n c e s  i n  
t h e  water and  s team m a n i f o l d s  and  i n  t h e  t u b e s  a r e  b e l i e v e d  t o  have  caused  
f low s t a r v a t i o n  and  even f low r e v e r s a l  i n  some t u b e s .  With t h e  o r i f i c e  t h e  
p r e s s u r e  d r o p  a t  f u l l  l o a d  w i l l  be a p p r o x i m a t e l y  50 p s i g .  A s  shown i n  F i g u r e  3 
t h e  o r i f i c e  c o n s i s t s  of  a 16-1/2 f o o t  l e n g t h  of 3/16 i n c h  O.D. x 20 gage  s t a i n -  
l e s s  s t e e l  t u b i n g  i n s e r t e d  i n t o  t h e  t u b e  a t  t h e  f eedwa te r  heade r .  A 5 / 8  i n c h  
d i a m e t e r  s t a i n l e s s  s t e e l  b a l l  i s  a t t a c h e d  t o  t h e  t o p  o f  t h e  o r i f i c e  and  r e s t s  
on  a s t a i n l e s s  s t e e l  s l e e v e  i n s e r t  a s  shown i n  t h e  s k e t c h .  In normal o p e r a t i o n ,  
g r a v i t y  and  t h e  h y d r a u l i c  f o r c e  o f  t h e  w a t e r  w i l l  s e a l  t h e  b a l l  on t h e  i n s e r t  
caus ing  t h e  f e e d w a t e r  t o  f low t h r o u g h  t h e  o r i f i c e .  However, i n  t h e  e v e n t  o f  
a water dump o p e r a t i o n  s u c h  a s  would be r e q u i r e d  f o l l o w i n g  a l a r g e  sodium w a t e r  
r e a c t i o n ,  t h e  b a l l  w i l l  be  l i f t e d  o f f  i t s  s e a t  and  t h e  e n t i r e  c r o s s  s e c t i o n  o f  
t h e  downcomer t u b e  w i l l  be  a v a i l a b l e  f o r  removal  o f  t h e  water. Thus t h e  b a l l  
and  s l e e v e  f u n c t i o n  a s  a check v a l v e .  The s l e e v e  a l s o  p r o v i d e s  a t h e r m a l  shock  
p r o t e c t i o n  t o  t h e  t u b e - t o - t u b e  s h e e t  welds .  

O r i f i c e s  were i n s t a l l e d  i n  a l l  t u b e s  of  a l l  t h r e e  u n i t s  i n  1967. 

A 
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BABCOCK & WILCOX STEAM GENERATORS 
--__I------- -- 

Design -- 
Under  c o n t r a c t  t o  t h e  U n i t e d  S t a t e s  Atomic E n e r g y  Commiss ion ,  t h e  

Babcock & W i l c o x  Company h a s  b e e n  c a r r y i n g  o n  a p r o g r a m  t o  d e v e l o p  a 
s a f e ,  r e l i a b l e ,  e c o n o m i c a l  sodium h e a t e d  steam g e n e r a t o r .  The p r o g r a m  
h a s  i n c l u d e d  p r e l i m i n a r y  d e s i g n  c f  a f u l l  s i z e  steam g e n e r a t o r ,  s u p p o r t -  
i n g  r e s e a r c h  a n 3  d e v e l o p m e n t  work ,  p r e l i m i n a r y  d e s i g n  o f  a p r o t o t y p e  
steam g e n e r a t o r ,  a n d  d e t a i l  d e s i g n  a n d  f a b r i c a t i o n  o f  t h e  p r o t o t y p e .  Fab- 
r i c a t i o n  o f  t h e  p r o t o t y p e  i s  i n  p r o g r e s s  a n d  t e s t i n g  w i l l  b e  d o n e  a t  t h e  
Sodium Components  T e s t  I n s t a l l a t i o n  (SCTI )  n e x t  y e a r .  D e s c r i p t i o n  o f  
b o t h  t h e  f u l l  s i z e  d e s i F n  a n d  t h e  p r o t o t y p e  d e s i g n  a r e  p u b l i s h e d . 2  

To h a v e  h i g h  r e l i a b i l i t y  a n d  low c o s t  Babcock & Wilcox  h a s  s e l e c t e d  
l a r g e  i n t e g r a l  s u p e r h e a t  u n i t s  a s  shown i n  F i g u r e  4. The o n c e - t h r o u g h  
t y p e  w a s  s e l e c t e d  r a t h e r  t h a n  t h e  r e c i r c u l a t i n g  t y p e  b e c a u s e  i t  h a s  shown 
b e t t e r  a b i l i t y  t o  f o l l o w  l o a d  c h a n g e s  a n d ,  i n  l a r g e  s i z e s ,  h a s  l o w e r  c a p i -  
t a l  c o s t .  A s i n g l e  t u b e  wall  s e p a r a t e s  t h e  w a t e r  from t h e  sodium. 

E x p e r i e n c e  h a s  shown t h a t  d o u b l e  w a l l  t u b e s  do  n o t  a b s o l u t e l y  p r e -  
v e n t  a s o d i u m - w a t e r  r e a c t i o n ,  and  by u s i n g  s i n g l e  w a l l  t u b e s  t h e  steam 
g e n e r a t o r  i s  s i m p l e r  a n d  e a s i e r  t o  i n s p e c t ;  a n d  b e c a u s e  o f  t h i s  i t  w i l l  
b e  more r e l i a b l e  i n  o p e r a t i o n .  The h e a t i n g  s u r f a c e  i s  a r r a n g e d  i n  con-  
c e n t r i c  h e l i c a l  c o i l s .  The sod ium f l o w s  downward o v e r  t h e  c o i l s  o f  s u p e r -  
h e a t e r  a n d  b o i l e r  t u b e s .  Wate r  f l o w s  upward t h r o u g h  t h e  t u b e s ,  and  l e a v e s  
a s  s u p e r h e a t e d  steam. 

A p r o t o t y p e  o f  t h e  f u l l  s i z e  s t e a m  g e n e r a t o r  i s  b e i n g  m a n u f a c t u r e d  
a n d  i s  t o  b e  t e s t e d  a t  SCTI. The p r o t o t y p e  i s  n o t  a n  optimum h e a t  ex- 
c h a n g e r  i n  i t s e l f ,  b u t  i s  d e s i a n e d  t o  model  s i g n i f i c a n t  p r o b l e m  a reas  i n  
d e s i g n ,  m a n u f a c t u r e  and o p e r a t i o n .  The d i a m e t e r ,  l e n g t h ,  a n d  t h i c k n e s s  
o f  t h e  t u b e s  o f  t h e  p r o t o t y p e  a r e  t h e  same d i m e n s i o n ?  a s  t h e  f u l l  s i z e  
s t e a m  g e n e r a t o r ;  however  t h e r e  a r e  p r o p o r t i o n a t e l y  f e w e r  t u b e s  i n  t h e  p r o -  
t o t y p e  t h a n  i n  t h e  f u l l  s i z e  s t e a m  g e n e r a t o r .  The c o i l  b u n d l e s  a n d  t h e  
r i s e r  a n d  downcomer t u b e s  o f  t h e  p r o t o t y p e  a r e  a r r a n g e d  t o  p r e s e n t  t h e  
same r e s t r i c t i o n s  t o  a c c e s s  f o r  a s s e m b l y  a n d  w e l d i n g  a s  t h e  f u l l  s i z e  
steam g e n e r a t o r .  Tube s h e e t s  a n d  n o z z l e s  a r e  a r e a s  o f  c o n c e r n  i n  t h i s  
t y p e  steam g e n e r a t o r ,  s o  t h e s e  a r e a s  w i l l  b e  i n s t r u m e n t e d  t o  m e a s u r e  
t h e r m a l  g r a d i e n t s  and s t r a i n s  d u r i n g  s t e a d y  s t a t e  a n d  t r a n s i e n t s .  The 
t e s t  o p e r a t i o n  w i l l  b e  a r r a n g e d  t o  i n s u r e  t h a t  t h e  p r o t o t y p e  u n d e r g o e s  
t r a n s i e n t s  a t  l e a s t  a s  s e v e r e  a s  t h e  f u l l  s i z e  steam g e n e r a t o r .  A f t e r  
c o m p l e t i o n  o f  t e s t i n g  a t  SCTI i t  i s  p l a n n e d  t o  do a d e s t r u c t i v e  examina -  
t i o n  o f  t h e  p r o t o t y p e .  V i s u a l  a n ?  m e t a l l o g r a p h i c  e x a m i n a t i o n s  w i l l  b e  
made o f  s e l e c t e d  a r eas  t o  c o n f i r m  t h a t  t h e  p r o t o t y p e  w i t h s t o o d  t h e  t e s t i n g  
w i t h o u t  damage. 

--- M a n u f a c t u r i n g  o f  t h e  P r o t o t y p e  S team G e n e r a t o r  - 
F a b r i c a t i o n  o f  t h e  p r o t o t y p e  s t e a m  g e n e r a t o r  was a p p r o x i m a t e l y  75% 

c o m p l e t e  when a n  o v e r h e a t e d  s p o t  was found  o n  a s u p e r h e a t e r  r i se r  t u b e .  
T h e s e  t u b e s  a r e  Type 316 s t a i n l e s s  s t e e l .  They w e r e  c o l d  b e n t  t o  s h a p e  
a n d  s t ress  r e l i e v e d .  A f t e r  s t r e s s  r e l i e v i n g  t h e y  went t h r o u g h  a "check-  
a n d - s e t "  o p e r a t i o n  wh ich  meant  e a c h  t u b e  was compared t o  a f u l l  s i z e  
l a y o u t  a n d  i f  a n y  b e n d s  were  o u t  o f  t o l e r a n c e  t h e y  were  r e s e t  by h e a t i n g  
them a n d  a d j u s t i n g  them by hand.  T h e r e  was a n  i n a d e q u a t e  s p e c i f i c a t i o n  
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f o r  t h i s  o p e r a t i o n  i n  t h a t  i t  d i d  n o t  s p e c i f y  l i m i t s  t o  t h e  t e m p e r a t u r e  
a t  which  t h e  t u b e s  were  t o  b e  worked,  o r  how t h e  t e m p e r a t u r e  was t o  b e  
measured .  The r e s u l t  w a s  o n e  t u b e  Y i t h  a b u r n e d  s p o t  d u e  t o  i m p r o p e r  
t o r c h  h e a t i n g .  A l l  t h e  c o i l s  were d i s a s s e m b l e d ,  c l e a n e d  a g a i n ,  a n d  d y e  
c h e c k e d .  I n  a d d i t i o n  t o  t h e  o n e  d e f i n i t e  o v e r h e a t e d  s p o t  t h r e e  o t h e r  
a r e a s  were  f o u n d  t h a t  showed some d y e - p e n e t r a n t  i n d i c a t i o n s .  A l t h o u g h  
t h e s e  a r e a s  c o u l d  b e  c l e a r e d  by b u f f i n g ,  a l l  t h e  a f f e c t e d  t u b e s  were 
removed a n d  s c r a p p e d .  

A l t h o u g h  a l l  s u r f a c e  i n d i c a t i o n s  o f  o v e r h e a t i n g  had b e e n  removed 
t h e r e  were  s t i l l  r e s e r v a t i o n s  a b o u t  m i c r o f i s s u r e s  o r  g r a i n  b o u n d a r y  
damage t h a t  d i d  n o t  h a v e  s u r f a c e  i n d i c a t i o n s  a n d  t h e r e b y  c o u l d  n o t  b e  
d e t e c t e d .  Even t h o u g h  t h e  s t e a x  T e n e r a t o r  rnisht  w i t h s t a n d  a y e z r  o f  t e s t -  
i n g  w i t h o u t  l e a k i n g  t n e r e  was a p o s s i b i l i t y  t h a t  unknown c o n d i t i o n s  
w i t h i n  t h e  d e p t h  o f  a t u b e  w a l l  m i g h t  i n t e r f e r e  w i t h  i n t e r p r e t a t i o n  o f  
t h e  r e s u l t s  o f  t h e  d e s t r u c t i v e  e x a m i n a t i o n .  B e c a u s e  o f  t h e s e  r e s e r v a -  
t i o n s  a b o u t  t h e  e x a c t  c o n d i t i o n s  o f  t h e  s t a i n l e s s  s t e e l  t u b e s ,  a n d  
b e c a u s e  t h e r e  i s  c o n s i d e r a b l e  c o n c e r n  a b o u t  s t r e s s  c o r r o s i o n  o f  s t a i n -  
l e s s  s t e e l  from momentary u p s e t s  i n  c o n t r o l  o f  f e e d w a t e r  c h e m i s t r y ,  a 
s t u d y  a n d  recommendat ion  was made t o  t h e  AEC t o  r e - d e s i g n  t h e  steam 
g e n e r a t o r  t o  e l i m i n a t e  t h e  s t a i n l e s s  s t e e l  p r e s s u r e  p a r t s .  

LMFEI? p l a n t  s t u d i e s  c a r r i e d  o n  s i n c e  t h e  p r o t o t y p e  steam g e n e r a -  
t o r  w a s  d e s i g n e d  h a v e  i n d i c a t e d  t h a t  t h e  optimum steam t e m p e r a t u r e  is  
a p p r o x i m a t e l y  900°F t o  950°F. B&W h a s  s e l e c t e d  950°F i n s t e a d  o f  t h e  
1050°F o r i g i n a l l y  s p e c i f i e d  f o r  t h e  p r o t o t y p e ,  The sodium i n l e t  temp- 
e r a t u r e  i s  lO25OF i n s t e a d  o f  1140°F. The l o w e r  t u b e  m e t a l  t e m p e r a t u r e s  
a l l o w  u t i l i z i n g  C r o l o y  2-1/4 t h r o u g h o u t  t h e  steam g e n e r a t o r .  E l i m i n a -  
t i o n  o f  t h e  s e p a r a t e  s t a i n l e s s  s t e e l  s u p e r h e a t e r  w i l l  a l l o w  u s e  o f  a 
s i n g l e  C r o l o y  b u n d l e  f o r  b o t h  b o i l e r  a n d  s u p e r h e a t e r .  T h i s  w i l l  s i m p l i f y  
t h e  d e s i g n ,  e l i m i n a t e  t h e  need f o r  e x t e r n a l  i n t e r c o n n e c t i n g  p i p i n g  a n d  a 
d i s s i m i l a r  w e l d ,  and  r e d u c e  t h e  c o s t .  The s i m p l e r  d e s i g n  w i l l  h a v e  b e t t e r  
a cces s  f o r  a s s e m b l y  a n d  i n s p e c t i o r ?  s o  t h e  o v e r a l l  steam g e n e r a t o r  w i l l  h a v e  
b e t t e r  a s s u r a n c e  o f  r e l i a b l e  a n d  t r o u b l e  f r e e  o p e r a t i o n ,  t h e r e b y  m e e t i n g  
t h e  o v e r a l l  p rogram o b j e c t i v e  o f  d e m o n s t r a t i n g  s a f e ,  r e l i a b l e ,  e c o n o m i c a l  
power from LMFBR s y s t e m s .  

ATOMICS INTERNATIONAL MODULE DESIGN 

I n  c o n n e c t i o n  w i t h  i t s  F a s t  B r e e d e r  R e a c t o r  program e f f o r t s ,  A t o m i c s  
I n t e r n a t i o n a l  h a s  a d o p t e d  a s t e a m  g e n e r a t o r  c o n c e p t  e m p l o y i n g  a number o f  
small m o d u l a r  u n i t s  i n  a bank i n  o r d e r  t o  b e n e f i t  from s e v e r a l  i n t r i n s i c  
a d v a n t a g e s  which  s u c h  a n  a p p r o a c h  o f f e r s  o v e r  a u n i t i z e d  steam g e n e r a t o r .  
T h e s e  a d v a n t a g e s  i n c l u d e : .  1) l o c a l i z a t i o n  o f  a n d  r e d u c e d  s u s c e p t i b i l i t y  t o  
a d v e r s e  e f f e c t s  f rom t u b e  l e a k s ;  2 )  w i t h  h y d r o g e n  d e t e c t o r s  a t  t h e  e x i t  o f  
e a c h  module ,  h i g h e r  s e n s i t i v i t y  f o r  l e a k  d e t e c t i o n ;  3 )  p o s s i b l e  h i g h e r  a v a i l -  
a b i l i t y  t h r o u g h  ease o f  l o c a t i n g  l e a k s  a n d  r e p l a c i n g  d e f e c t i v e  m o d u l e s  w i t h  
s p a r e s ;  4 )  s i m p l i f i e s  a c h i e v e m e n t  o f  h i g h  l e v e l  o f  i n s p e c t a b i l i t y ;  5 )  f a c i l i -  
t a t e s  f u l l  s c a l e  p r o t o t y p e  p r o o f  t e s t s .  The steam g e n e r a t o r  a r r a y  i s  d e s i g n e d  
t o  f u r n i s h  2400 psig/900°F/9000F steam a t  t h e  t u r b i n e  t h r o t t l e .  S i m p l e  s t r a i g h t  
s h e l l  and  t u b e  c o n f i g u r a t i o n s  were s e l e c t e d  f o r  t h e  s e p a r a t e  e v a p o r a t o r ,  s u p e r -  
h e a t e r ,  and  r e h e a t e r  modules .  F i g u r e  5 shows a n  e v a p o r a t o r  module.  Sodium 
w i l l  f l o w  t h r o u g h  t h e  s h e l l  c o u n t e r c u r r e n t  t o  w a t e r  and  steam i n  t h e  t u b e s .  
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All m o d u l e s  w i l l  b e  mounted v e r t i c a l l y  w i t h  sodium i n l e t s  a n d  steam 
e x i t s  a t  t h e  t o p  t o  a v o i d  p r o b l e m s  w i t h  sodium t h e r m a l  s t r a t i f i c a t i o n  
a t  low f l o w s .  The e l e v a t i o n  o f  t h e  steam g e n e r a t o r  u n i t s  r e l a t i v e  t o  
t h e  i n t e r m e d i a t e  h e a t  e x c h a n g e r  w i l l  p e r m i t  r e m o v a l  o f  p o s t - s h u t d o w n  
a f t e r g l o w  h e a t  by n a t u r a l  c o n v e c t i o n  f l o w  w i t h o u t  r e a c h i n g  e x c e s s i v e  
t e m p e r a t u r e s  or t e m p e r a t u r e  d i f f e r e n c e s .  Key c h a r a c t e r i s t i c s  o f  t h e  
r e f e r e n c e  m o d u l e s  i n  t h e  500 Mwe f a s t  b r e e d e r  r e a c t o r  p l a n t  c o n c e p t u a l  
d e s i g n  a r e  summar ized  i n  T a b l e  1. 

Module S i z e  S e l e c t i o n  

I n  T a b l e  2 a r e  i n d i c a t e d  ways i n  which v a r i o u s  f a c t o r s  i n f l u e n c e  
t h e  s e l e c t i o n  o f  module s i z e .  The a p p r o x i m a t e  100 t u b e  l i m i t  shown 
f o r  p u r p o s e s  o f  d e t e c t i n g  t u b e  l e a k s  d e p e n d s  o n  t h e  u s e  o f  d e t e c t o r s  
a t  t h e  e x i t  o f  e a c h  module a n d  i s  p r e d i c a t e d  o n  two e s t ima tes :  1) a 
"minimum damaging" t u b e  l e a k  r a t e ,  a n d  2 )  a p r o j e c t i o n  o f  s e n s i t i v i t y  
a c h i e v a b l e  w i t h  d i f f u s i o n  t y p e  h y d r o g e n  e t e c t i o n  d e v i c e s  s i m i l a r  t o  
t h o s e  e x p e r i m e n t e d  w i t h  a t  A I 3  a n d  APDA.' To a r o u g h  f i r s t  a p p r o x i m a -  
t i o n ,  t h e  "minimum damaging" l e a k  r a t e  i s  e s t i m a t e d  t o  b e  - 6  x 10-5 
l b / s e c  ( f o r  minimum 1/4  i n c h  d i s t a n c e  b e t w e e n  s u r f a c e s  o f  a d j a c e n t  
t u b e s )  b a s e d  o n  a n  a n a l y s i s  o f  a v a i l a b l e  e x p e r i m e n t a l  d a t a .  T h i s  l e a k  
r a t e  c o r r e s p o n d s  t o  f l o w  t h r o u g h  a 1 m i l  d i a q e t e r  o r i f i c e  n e a r  t h e  eva-  
p o r a t o r  water i n l e t .  A l e a k  o f  t h i s  m a g n i t u d e  w i l l  n o t  c a u s e  h i g h  p r e s -  
s u r e s  i n  t h e  module.  However,  i f  t h e  water f l o w  i s s u e s  i n  a w e l l  d i r e c -  
t e d ,  unimpeded j e t  ( a s  from a p i n h o l e  d e f e c t ) ,  i t s  impingement  upon a n  
a d j a c e n t  t u b e  may c a u s e  h e a t i n g  ( d u e  t o  sodium-water  r e a c t i o n )  a n d  t h i n -  
n i n g  ( p r o b a b l y  d u e  m a i n l y  t o  e r o s i o n )  o f  t h e  w a l l - - u l t i m a t e l y  r e s u l t i n g  
i n  a l a r g e  s e c o n d a r y  l e a k  which  c a u s e s  h i g h  p r e s s u r e s  i n  t h e  module.  It  
i s  e s t i m a t e d  t h a t  f o r  l e a k s  o f  s m a l l e r  s i z e  t h a n  t h a t  a b o v e  t h e  j e t  s t r e n g t h  
w i l l  b e  s u f f i c i e n t l y  d i m i n i s h e d  b e f o r e  impingement  a s  n o t  t o  damage n e a r b y  
t u b e s .  It i s  p o s s i b l e  t h a t  s m a l l e r  l e a k s  may o v e r  t h e  l o n g  t e r m  c a u s e  
e n l a r g e m e n t  o f  t h e  d e f e c t  a n d  damage o f  t u b e s  i n  t h e  v i c i n i t y  d u e  t o  c o r r o -  
sion r e s u l t i n g  i n  t h e  d e v e l o p m e n t  o f  l a r g e r  l e a k s .  However,  more t e s t  d a t a  
are  n e e d e d  i n  o r d e r  t o  d e t e r m i n e  w h e t h e r  o r  n o t  t h i s  w i l l  b e  t h e  c a s e  as  
w e l l  a s  t o  more a c c u r a t e l y  e v a l u a t e  t h e  minimum l e a k  r a t e  and  o t h e r  c o n d i -  
t i o n s  w i t h  which  t h e  d e s i g n e r  must b e  c o n c e r n e d .  

4 The l e a k  d e t e c t o r  r e f e r r e d  t o  a b o v e  i n v o l v e s  1) d i f f u s i o n  o f  hydro-  
g e n  ( p r e s e n t  i n  t h e  sodium as t h e  r e s u l t  o f  a l e a k )  t h r o u g h  a n i c k e l  mern -  
b r a n e ,  where  2 )  i t  i s  c a t a l y t i c a l l y  r e c o m b i n e d  w i t h  oxygen p r e s e n t  i n  a n  
a r g o n  c a r r i e r  gas ,  a n d  3 )  s e n s e d  a s  m o i s t u r e  by a h y g r o m e t e r .  A p rogram 
o f  f u r t h e r  d e v e l o p m e n t  a n d  q u a l i f i c a t i o n  t e s t i n g  o f  s u c h  d e t e c t o r s  f o r  
p l a n t  u s e  i s  u n d e r  way a t  AI u n d e r  a Company f u n d e d  program.  With  a d e v i c e  
of t h i s  t y p e ,  i n d i c a t i o n s  a r e  t h a t  i t  may b e  p o s s i b l e  t o  d e t e c t  l e a k s  o f  
smaller  s i z e  (down t o  -3  ppb h y d r o g e n  i n  sodium e q u i v a l e n t )  t h a n  t h e  e s t i -  
mated  minimum p o t e n t i a l  damaging l e v e l ,  p r o v i d e d  t h a t  sodium f l o w  t h r o u g h  
t h e  module i s  no more t h a n  lo6 l b / h r .  F o r  t h e  s e l e c t e d  d e s i g n ,  t h i s  would 
b e  t h e  f l o w  r a t e  t h r o u g h  a module h a v i n g - 1 0 0  t u b e s .  F o r  l e a k s  o f  t h i s  
s i z e  a n d  l a r g e r  ( u p  t o  -loW2 l b / s e c )  i t  s h o u l d  b e  p o s s i b l e  t o  d e t e c t  a n d  
c o r r e c t  t h e  p r o b l e m  p r i o r  t o  t h e r e  o c c u r r i n g  a m a j o r  sodium-water  r e a c t i o n .  
E x t r a p o l a t i o n  o f  maximum p e n e t r a t i o n  r a t e s  measured  f o r  w e l l  d i r e c t e d  j e t s  
i n d i c a t e ,  t h a t  p i n h o l e  t y p e  l e a k s  a p p r o a c h i n g  l b / s e c  c a n  c a u s e  f a i l u r e  
o f  a d j a c e n t  t u b e s  b e f o r e  d e t e c t i o n  and  shutdown c a n  b e  a c c o m p l i s h e d .  S t i l l  
l a r g e r  i n i t i a l  l e a k s  ( E l  l b / s e c )  c a n  by t h e m s e l v e s  c a u s e  m a j o r  sodium-water  
r e a c t i o n s  e v e n  w i t h o u t  s e c o n d a r y  t u b e  f a i l u r e s .  I t  i s  c o n s i d e r e d  t h a t  few 
o f  t h e  l e a k s  which may d e v e l o p  a r e  l i k e l y  t o  p r o d u c e  a w e l l  d i r e c t e d  
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TABLE 1 

A I  -FBR STEAM GENERATOR MODULE CHARACTERISTICS 
* 

Power Wyt )  
Number 
Area per  Module ( f t  
Number Tubes 
S h e l l  Diameter ( in . )  
Tube ( in . )  
Length ( f t )  
Temperature (OF) 

N a  in/out  
H20 in/out 

2 

Steam Pressures  ( p s i a )  

'500 Mwe FBR 

Evaporator 

12 
63 
760 
91 
10 

51 

862/700 
472/715 
2700 

5/8 x 0.095 

Superheater  

7.5 
30 
652 
79 
10 

5/8 x 0.109 
50.6 

950/862 

2600 
715/905 

Reheater 

18 
12 

1705 
161 
18 

1 x 0,095 
SO 

950/862 
540/90!5 

540 

*Estimated requirement t o  provide 95% p r o b a b i l i t y  of achiev ing  
lo@ of r a t e d  performance 
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TABLS 2 

MODVILE S I E  SEUCTION 

F a c t o r  

Leak D e t e c t i o n  S e n s i t i v i t y  

Thermal-Mechanical L i m i t s  of 
Simple C o n f i g u r a t i o n  wi thout  
Expansion Compensation 

C a p i t a l  Cost  

A v a i l a b i l i t y  

A b i l i t y  t o  T e s t  P r o t o t y p e  

E f f e c t  

N 100 Tube L i m i t  

91 Tube L i m i t  w i t h  S a f e  Design Margin 

Very S l i g h t  Decrease w i t h  S i z e  I n c r e a s e  

Minimize S i z e  

N 35 M w t  L i m i t  (SCTI) 
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damaging j e t  toward a n  a d j a c e n t  tube .  

The s i z e  l i m i t  shown f o r  t h e  second i t e m  i n  T a b l e  2 a p p l i e s  t o  
t h e  s i m p l e  c o n f i g u r a t i o n  p i c t u r e d  i n  F i g u r e  5. The lower  l i m i t  on 
s h e l l  t h i c k n e s s  f o r  a g i v e n  module s i z e  i s  s e t  by t h e  d e s i g n  r e q u i r e -  
ment t o  s a f e l y  w i t h s t a n d  p r e s s u r e s  a r i s i n g  from major  t u b e  l e a k s .  The 
s p e c i f i c  d e s i g n  b a s i s  l e a k  c r i t e r i a  have  n o t  a s  y e t  been  f i n a l i z e d .  The 
uppe r  l i m i t  on s h e l l  t h i c k n e s s  i s  s e t  by t h e  need t o  match t h e  t h e r m a l  
t ime c o n s t a n t s  o f  s h e l l  and  t u b e s  i n  s u c h  a way a s  t o  a v o i d  e x c e s s  d i f -  
f e r e n t i a l  t e m p e r a t u r e s  between t h e  two d u r i n g  t h e r m a l  t r a n s i e n t s .  These  
two c o n s t r a i n t s  on s h e l l  t h i c k n e s s  t o g e t h e r  w i t h  c o n s i d e r a t i o n s  o f  econo- 
mic t u b e  w a l l  t h i c k n e s s  and r e a s o n a b l e  t u b e  s p a c i n g  and  sodium v e l o c i t i e s  
s e t  t h e  f o l l o w i n g  s p e c i f i c a t i o n s  f o r  t h e  e v a p o r a t o r  and  s u p e r h e a t e r  modules:  
1) 10 i n c h  d i a m e t e r ,  s c h e d u l e  40 s h e l l ,  2 )  5/8 i n c h  d i a m e t e r  t u b e s ,  3 )  9 1  
and  75 t u b e s  f o r  e v a p o r a t o r  and  s u p e r h e a t e r  modules r e s p e c t i v e l y .  Analy- 
s e s  o f  t h e  r e f e r e n c e  modules  i n d i c a t e  t h a t ,  unde r  t h e  w o r s t  d e s i g n  t r a n -  
s i e n t s  a small and a c c e p t a b l e  amount o f  i n e l a s t i c  a c t i o n  may occur .  Sev- 
e r a l  subassembly  t e s t s  a r e  p l anned  f o r  t h e  v e r i f i c a t i o n  o f  t h e  s t r u c t u r a l  
i n t e g r i t y  o f  t h e  d e s i g n ,  i n c l u d i n g  s t u d i e s  o f  b o t h  t u b e  and t u b e  s h e e t  
r e s p o n s e  t o  t h e r m a l  t r a n s i e n t s ,  s h e l l  margin f o r  w i t h s t a n d i n g  p r e s s u r e  
p u l s e s ,  and tube - tube  s h e e t  weld margin  t e s t i n g .  F u r t h e r  c o n f i r m a t i o n  
w i l l  b e  p r o v i d e d  by t h e  p l anned  Uni ted  S t a t e s  Atomic Energy Commission 
s u p p o r t e d  t e s t s  o f  modules a t  t h e  L i q u i d  M e t a l s  E n g i n e e r i n g  Cen te r .  

I n  t h e  e v e n t  t h a t  a l e a k  i s  d e t e c t e d ,  t h e  l o o p  i n v o l v e d  w i l l  b e  
shut  down and  t h e  d e f e c t i v e  u n i t  r e p l a c e d .  It  i s  e s t i m a t e d  t h a t  a b o u t  
8 d a y s  w i l l  be r e q u i r e d  f o r  r ep lacemen t  o f  a d e f e c t i v e  u n i t  and r e t u r n  
o f  t h e  l o o p  t o  s e r v i c e .  Should  h i g h  p r e s s u r e s  caused  by a l a r g e  r u p t u r e  
i n  a t u b e  c a u s e  blowout  o f  a r u p t u r e  d i s c ,  a s i g n a l  from a s w i t c h  i n d i c a -  
t i n g  d i s c  f a i l u r e  w i l l  i n d i c a t e  i n  which module t h e  a c c i d e n t  o c c u r r e d .  
I n  s u c h  c a s e s ,  b o t h  sodium and w a t e r  s i d e s  o f  t h e  s team g e n e r a t o r  w i l l  
a u t o m a t i c a l l y  be  va lved  o f f ,  and t h e  w a t e r  s i d e  w i l l  be  dumped ( i n  l e s s  
t h a n  30 s e c o n d s )  and  b a c k f i l l e d  w i t h  i n e r t  g a s  a t  a p r e s s u r e  above  t h a t  
o f  t h e  s h e l l s i d e  sodium. The sodium w i l l  be  d r a i n e d  from t h e  steam gen- 
e r a t o r  t a n k  a f t e r  c o m p l e t i o n  o f  t h e  w a t e r  dump. S t u d i e s  i n d i c a t e  t h a t  
damage s h o u l d  b e  l i m i t e d  t o  t h e  module i n  which t h e  problem o r i g i n a t e d .  
Ana lyses  f u r t h e r  i n d i c a t e  t h a t  w i t h  l a r g e r  modules ,  l ower  p r e s s u r e s  re- 
s u l t  i n  t h e  f a u l t e d  module from major  t u b e  l e a k s .  I n  F i g u r e  6 a r e  shown 
t h e  c a l c u l a t e d  peak p r e s s u r e s  t h a t  o c c u r  f o l l o w i n g  t h e  s i m u l t a n e o u s  g u i l -  
l o t i n e  r u p t u r e s  o f  t h r e e  5/8- inch t u b e s  i n  t h e  e v a p o r a t o r  a t  t h e  l o c a t i o n  
marked by t h e  a s t e r i s k .  The t h r e e  numbers a t  v a r i o u s  s t a t i o c s  i n  t h e  l o o p  
c o r r e s p o n d  t o  c a l c u l a t e d  p r e s s u r e s  when t h e  e v a p o r a t o r  module d i a m e t e r s  
a r e  6 - inch  ( 3 7  t u b e s ) ,  10 - inch  ( 9 1 1 ,  and 12 - inch  (127  t u b e s ) .  The l a t t e r  
c a s e  was i n c l u d e d  t o  a i d  i n  a s s e s s i n g  s i z e  e f f e c t s  even  though i t  exceeds  
t h e  s i z e  l i m i t  i n d i c a t e d  i n  T a b l e  2. 

Des ign  F e a t u r e s  and M a t e r i a l s  

U n d e s i r a b l e  c r e v i c e s  and  t r a n s i t i o n s  from. t .hin t o  t h i c k  s t r u c t u r a l  
s e c t i o n s  a r e  a v o i d e d  i n  t h e  tube - tube  s h e e t  j o i n t s  by b u t t  we ld ing  t h e  
t u b e s  t o  b o s s e s  machined i n t o  t h e  t u b e  s h e e t .  T h i s  t y p e  o f  j o i n t  e l imi-  
n a t e s  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  c r e v i c e s  such  a s  t h o s e  i n v o l v e d  
in c o n v e n t i o n a l  r o l l e d  and s e a l  welded j o i n t s ,  and i t  can  a l s o  be  r e a d i l y  
X-rayed. I t  is  s u s p e c t e d  t h a t  i f  l e a k s  do o c c u r ,  t h e y  a r e  most l i k e l y  t o  
a p p e a r  i n  t h e  weld r e g i o n .  
w i l l  b e  p l a c e d  c o n c e n t r i c a l l y  a round  a l l  welds .  A s  d i s c u s s e d  i n  a l a t e r  

I n c o l o y  800 s l e e v e s ,  s e v e r a l  i n c h e s  i n  l e n g t h ,  
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s e c t i o n ,  I n c o l o y  800 h a s  p roven  i n  t e s t s  t o  be  h i g h l y  r e s i s t a n t  t o  w a s t -  
age.  P r o t e c t i v e  s l e e v e s  o f  t h i s  m a t e r i a l  w i l l  s u b s t a n t i a l l y  i n c r e a s e  t h e  
time a v a i l a b l e  f o r  d e t e c t i o n  and  c o r r e c t i v e  a c t i o n  ( b e f o r e  s i g n i f i c a n t  
was tage  t a k e s  p l a c e )  i n  t h e  e v e n t  t h a t  l e a k s  do occur .  Inves tmen t  c a s t -  
i n g s  w i l l  be  used  f o r  t u b e  s u p p o r t s .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e r e  
s h o u l d  be  no t u b e  v i b r a t i o n  and  f r e t t i n g  problem; however, t e s t s  w i l l  
b e  conducted  f o r  v e r i f i c a t i o n .  Ana lyses  a l s o  i n d i c a t e  t h a t  no f low i n s t a -  
b i l i t y  problem s h o u l d  e x i s t  a t  any  o p e r a t i n g  c o n d i t i o n .  N e v e r t h e l e s s ,  t h e  
t h e  p o s s i b l e  a d d i t i o n  o f  o r i f i c e s  a t  a l l  e v a p o r a t o r  t u b e  i n l e t s  i n  o r d e r  
t o  p r o v i d e  a n  added margin  o f  s t a b i l i t y  i s  b e i n g  c o n s i d e r e d .  

I 

F e r r i t i c  2-1/4 C r  - 1 Mo m a t e r i a l  was s e l e c t e d  f o r  a l l  modules i n  
o r d e r  t o  a v o i d  t h e  r i s k  ( a t t e n d a n t  t o  t h e  u s e  o f  a u s t e n i t i c  s t a i n l e s s  
s t e e l s )  o f  e x p e r i e n c i n g  c h l o r i d e  s t r e s s  c o r r o s i o n  f a i l u r e s  d u r i n g  t h e  
30 y e a r  p l a n t  l i f e  o f  t h e  u n i t s .  I n c o l o y  800 w a s  g i v e n  s e r i o u s  c o n s i d e r a -  
t i o n  a s  a s team g e n e r a t o r m a t e r i a l ,  b u t  was d e c i d e d  a g a i n s t  because  o f  l i m i -  
t e d  e x p e r i e n c e  w i t h  i t  i n  steam p l a n t  s e r v i c e  and i n  sodium sys t ems .  O t h e r  
m e a n s f o r  a l l e v i a t i n g  t h e  s t r e s s  c o r r o s i o n  r i s k  were c o n s i d e r e d  ( s u c h  as  re-  
c i r c u l a t i n g  a r r a n g e m e n t s ) ,  b u t  were d i s c a r d e d  on  economic grounds  i n  f a v o r  
o f  t h e  a l l  f e r r i t i c  s team g e n e r a t o r .  The 2-1/4 C r  - 1 Mo d e s i g n  a l l o w a b l e  
s t r e s s e s  were a d j u s t e d  t o  7500 p s i  a t  950°F ( l e s s  t h a n  t h e  code a l l o w a b l e s ) ,  
c o r r e s p o n d i n g  t o  t h e  250,000 hour  d e s i g n  l i f e  and  a c c o u n t i n g  f o r  t h e  e f f e c t s  
o f  d e c a r b u r i z a t i o n  due  t o  sodium s e r v i c e .  These  a l l o w a b l e  s t r e s s e s  -- 
a l o n g  w i t h  w a l l  t h i c k n e s s  l i m i t s  o n  i n t e r n a l  we ld ing  o f  5/8 t u b e s  -- d i c t a t e  
a l i m i t  o f  a p p r o x i m a t e l y  95OoF f o r  maximum secondary  sodium t e m p e r a t u r e s .  
T e s t  r e s u l t s  and  a n a l y s e s  i n d i c a t e  t h a t  t h e  c a r b o n  t o  b e  t r a n s f e r r e d  o v e r  
t h e  p l a n t  l i f e  t o  t h e  s t a i n l e s s  s t e e l  i n t e r m e d i a t e  h e a t  exchanger  from 
t h e  f e r r i t i c  steam g e n e r a t o r  w i l l  c a u s e  no s t r u c t u r a l  p roblems i n  e i t h e r  
t h e  s team g e n e r a t o r s  o r  i n t e r m e d i a t e  h e a t  exchanger .  

A s i z e a b l e  North American Rockwell-General  P u b l i c  U t i l i t i e s  deve lop-  
ment and p r o o f  t e s t  program i s  now under  way t o  back up t h e  s team gene ra -  
t o r  e n g i n e e r i n g  a n d  d e s i g n  e f f o r t .  These  a c t i v i t i e s  w i l l  i n v o l v e  t h e  
areas o f  s t r u c t u r a l  and  m a t e r i a l s  i n t e g r i t y ,  development  o f  w e l d i n g  and  
p r o d u c t i o n  s p e c i f i c a t i o n s ,  i n s p e c t i o n  and  q u a l i t y  a s s u r a n c e ,  l e a k  d e t e c -  
t o r s ,  and  t u b e  l e a k  e f f e c t s  -- r e l i e f  and r e c o v e r y .  Under Atomic Energy 
Commission s u p p o r t ,  two e v a p o r a t o r  and two s u p e r h e a t e r  modules have  been  
f a b r i c a t e d  and  a r e  a w  i t i n g  t e s t i n g  i n  SCTI. These  u n i t s  have  been  de- 
s c r i b  ed p r e v i o u s l y  .5 8 

SODIUM-WATER R E A C T I O N S  

The s u c c e s s f u l  development  o f  a steam g e n e r a t o r  i s  one  o f  t h e  most c r i -  
t i c a l  r e q u i r e m e n t s  o f  t h e  L i q u i d  Metal F a s t  Breede r  R e a c t o r  program. The 
l a r g e  ene rgy  r e l e a s e  from sodium-water  r e a c t i o n s  and t h e  l a r g e  q u a n t i t y  and  
chemica l  n a t u r e  o f  t h e  r e a c t i o n  p r o d u c t s  makes t h i s  a most d i f f i c u l t  r e q u i r e -  
ment. I f  a number o f  LMFBR p l a n t s  a r e  b u i l t ,  some l e a k s  i n  s team g e n e r a t o r s  
a r e  c e r t a i n  t o  o c c u r  d u r i n g  t h e i r  o p e r a t i n g  l i f e t i m e  -- t h e r e f o r e ,  t h e  conse-  
quences  o f  l e a k s  o n  t h e  steam g e n e r a t o r  and on t h e  e n t i r e  s econdary  h e a t  t r a n s -  
p o r t  sys t em must b e  unde r s tood .  

Concern o v e r  sodium-water  r e a c t i o n s  i n  N a  and  i n  N a K  c o o l e d  r e a c t o r s  l e d  
t o  t h e  u s e  o f  doub le -wa l l  t u b e  d e s i g n s  i n  t h e  SRI ,  EBR-I and EBR-11, SRE and  
"PPF. T h i s  t y p e  o f  d e s i g n  i s  l e s s  economica l  t h a n  t h e  s i n g l e - w a l l  d e s i g n  and  
f u r t h e r m o r e  i t  d o e s  no t  a b s o l u t e l y  p r e v e n t  sodium-water r e a c t i o n s .  Compared 
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t o  t h e  d o u b l e  w a l l  d e s i g n ,  t h e  s i n g l e  w a l l  d e s i g n  i s  s i m p l e  and e a s i e r  t o  i n F  
e p e c t ;  s o  because  o f  t h i s  i t  i s  e x p e c t e d  t o  be more r e l i a b l e  i n  o p e r a t i o n .  
A l l  deve lopmen ta l  e f f o r t  on  sodium h e a t e d  steam g e n e r a t o r s  i n  t h e  Un i t ed  S t a t e s  
i s  now on t h e  s i n g l e - w a l l  t u b e  d e s i g n .  To d a t e  t h e  o n l y  s i n g l e - w a l l  t u b e  de- 
s i g n s  i n  t h e  Un i t ed  S t a t e s  o n  which t h e r e  i s  o p e r a t i n g  e x p e r i e n c e  a r e  t h e  150 
M w t  E n r i c o  Fermi P l a n t  u n i t s ,  t h e  LAMPRE u n i t s  a t  LASL and t h e  3 U  M w t  Alco- 
Baldwin-Lima-Hamilton p r o t o t y p e  which h a s  been t e s t e d  f o r  730 h o u r s  i n  t h e  
SCTI a t  v a r i o u s  power l e v e l s  up t o  9 M w t ;  o t h e r  s i n g l e - w a l l  d e s i g n s  a r e  two 
7.4 Mw e v a p o r a t o r  u n i t s  and two 3.4 Mw s u p e r h e a t e r  u n i t s  b u i l t  by Atomics 
I n t e r n a t i o n a l  and  t h e  26 M w t  aabcock  & Wilcox p r o t o t y p e  which i s  unde r  con- 
s t r u c t i o n .  These u n i t s  a r e  s c h e d u l e d  f o r  t e s t i n g  i n  t h e  SCTI. 

The major  c o n c e r n  t o  d a t e  h a s  been  ove r  l a r g e  l e a k s ,  t h a t  i s  s i n g l e  and  
m u l t i p l e  t u b e  r u p t u r e s ,  and t h e i r  e f f e c t s  on s t r u c t u r a l  i n t e g r i t y .  T e s t s  
i n v o l v i n g  s i n g l e  t u b e  r u p t u r e s  have been  conducted  f o r  t h e  Fermi u n i t s  and 
f o r  t h e  A I  modular  u n i t s ;  and  t h e s e  t e s t s  demons t r a t ed  t h a t  t h e  ene rgy  r e -  
l ea se  was accommodated w i t h o u t  damage t o  t h e  s team g e n e r a t o r  s h e l l .  Mathe- 
m a t i c a l  a n a l y s i s  o f  t h e  Fermi u n i t s  and  o f  t h e  B&W s team g e n e r a t o r  d e s i g n  
f o r  a 1000 m e g a w a t t - e l e c t r i c  p l a n t  show t h a t  m u l t i t u b e  r u p t u r e s  c a n  b e  accom- 
modated s a f e l y .  

R e c e n t l y ,  a t t e n t i o n  h a s  been  g i v e n  t o  l e a k s  t h a t  a r e  l e s s - t h a n - s i n g l e  
t u b e  r u p t u r e s ,  f o r  example l e a k s  t h a t  would r e s u l t  from weld and  t u b i n g  ma- 
t e r i a l  d e f e c t s .  Expe r i ence  w i t h  t h e  Fermi u n i t s  i n d i c a t e d  t h a t  small l e a k s  
c o u l d  c a u s e  h i g h  m e t a l  loss r a t e s  on a d j a c e n t  tubes.’ A program t o  measure 
t u b e  damage r a t e s  caused  by small  l e a k s  i s  i n  p r o g r e s s  a t  Atomic Power Develop- 
ment A s s o c i a t e s ,  I n c .  under  AEC s p o n s o r s h i p .  

ESADA Sponsored  Sodium-Water R e a c t i o n  S t u d i e s  

In 1965-1966, sodium wa te r  r e a c t i o n  t e s t s  were conduc ted  by Atomics 

The p r imary  
I n t e r n a t i o n a l  f o r  Empire S t a t e  Atomic Development A s s o c i a t e s ,  I n c . ,  a t  
t h e  F i e l d  T e s t  L a b o r a t o r i e s  i n  t h e  S a n t a  Susana  mounta ins .7  
o b j e c t i v e s  o f  t h i s  e f f o r t  were t o  s t u d y  t h e  t r a n s i e n t  phenomena and  d e t e r -  
mine t h e  damage a t t e n d a n t  t o  major  r u p t u r e s  o f  s team g e n e r a t o r  t u b e s .  
I n i t i a l  sodium and water -s team t e m p e r a t u r e s  and p r e s s u r e s  d u r i n g  t h e  t e s t s  
were t h o s e  a p p r o p r i a t e  f o r  s team g e n e r a t o r s  s u p p l y i n g  2400 p6i/100O0F s team.  

T e s t  System - Shown i n  F i g u r e  7 i s  a diagram o f  t h e  sys t em i n  which 
t h e  t e s t s  were conduc ted ,  and  F i g u r e  8 i s  a pho tograph  t a k e n  p r i o r  
t o  t h e  b e g i n n i n g  o f  t e s t i n g .  The sys tem c o n s i s t e d  o f  a t e s t  s e c t i o n  
i n  which t h e  r e a c t i o n  took  p l a c e ,  a r e l i e f  sys tem and  r e c e i v e r  t a n k  
f o r  t h e  p r o d u c t s  e x p e l l e d  from t h e  t e s t  s e c t i o n  by r e a c t i o n ,  a h igh-  
p r e s s u r e  s team s u p p l y  sys t em,  a h i g h - p r e s s u r e  w a t e r  s u p p l y  sys t em,  
and  a sodium s t o r a g e  and  s u p p l y  sys tem.  A s t a t i c  sodium sys t em was 
used  s i n c e  i t  was c o n s i d e r e d  t h a t  t h e  t e s t  r e s u l t s  s h o u l d  be t h e  same 
r e g a r d l e s s  o f  whether  o r  n o t  t h e  sodium was f lowing  i n i t i a l l y .  The 
s team s u p p l y  sys t em was d e s i g n e d  t o  p r o v i d e  2400 p s i  s team a t  1000°F, 
and t h e  w a t e r  s u p p l y  sys tem was des igned  t o  p r o v i d e  w a t e r  a t  2800 
p s i  and  47OOF. Each system w a s  c a p a b l e  o f  p r o v i d i n g  f low f o r  a t  
l e a s t  40 seconds .  

The s h e l l  o f  t h e  main t e s t  s e c t i o n  was made o f  8- inch  d i a m e t e r ,  
S c h e d u l e  80, Type 304 s t a i n l e s s  s t e e l  p i p e ,  and  i t s  o v e r a l l  l e n g t h  
was 16 f e e t .  T e s t  s e c t i o n  l e n g t h s  o f  up t o  46 f e e t  were o b t a i n e d  
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by a d d i n g  p i p e  l e n g t h s  t o  t h e  main t e s t  s e c t i o n .  The t u b e  b u n d l e  
mock-up w i t h i n  t h e  t e s t  s e c t i o n  c o n s i s t e d  o f  a c e n t r a l  r u p t u r a b l e  
t u b e  su r rounded  by t h r e e  rows o f  5 / 8  i n c h  s t a i n l e s s  s t e e l ,  g a s  
f i l l e d  t u b e s  ( t o t a l  o f  36 t u b e s )  and  s e a l e d  a t  b o t h  ends.  I n  one 
o f  t h e  r u n s  ( d e s i g n a t e d  3 J )  t h e  r u p t u r a b l e  t u b e  w a s  man i fo lded  w i t h  
t h e  s i x  immedia t e ly  s u r r o u n d i n g  t u b e s  and  a l l  were f i l l e d  w i t h  p r e s -  
s u r i z e d  water d u r i n g  t h e  t e s t .  The t u b e s  were p o s i t i o n e d  o n  a p i t c h  
o f  a p p r o x i m a t e l y  1 i n c h  by i n v e s t m e n t  c a s t i n g  s p a c e r s .  I n  15 o f  
t h e  17  t e s t s  t h e  mock-up t u b e  bund le  was o f  4 f o o t  l e n g t h ,  b u t  i n  
t h e  r e m a i n i n g  two t e s t s  a 1 4  f o o t  b u n d l e  was employed. The main 
t e s t  s e c t i o n  w a s  equipped  w i t h  f o u r  l a t e r a l  n o z z l e s .  Two o f  t h e s e  
were c l o s e d  w i t h  b l i n d  f l a n g e s ,  e x c e p t  d u r i n g  one  s e r i e s  o f  r u n s  
when t h e y  were used  i n  l i n k i n g  a s i m u l a t e d  p a r a l l e l  module t o  t h e  
main t e s t  s e c t i o n .  The o t h e r  two f l a n g e s  were f i t t e d  w i t h  6 - inch  
d i a m e t e r ,  125  p s i  r u p t u r e  d i s c s  and  were connec ted  t o  t h e  r e l i e f  
sys tem.  The 6 - inch  l i n e s  c o n n e c t i n g  t h e  r u p t u r e  d i s c  t o  t h e  re-  
a c t i o n  p r o d u c t s  r e l i e f  t a n k  were o f  ca rbon  s t e e l .  The r e a c t i o n  
p r o d u c t s  tank was a l s o  made o f  c a r b o n  s t e e l ,  and  i t  was r a t e d  f o r  
150 p s i  a t  8 5 0 0 ~ .  The 16 - inch  r e l i e f  v a l v e  on  t o p  o f  t h e  t a n k  w a s  
o f  s u f f i c i e n t  s i z e  t o  p a s s  up t o  100 f t 3 / s e c  vapor  a t  5 p s i .  
e a c h  t e s t  e x c e p t  t h e  l a s t ,  low-pres su re  steam flowed i n t o  t h e  tank 
t o  comple te  t h e  c h e m i c a l  r e a c t i o n  o f  sodium r e c e i v e d  from t h e  t e s t  
s e c t i o n .  T h i s  steam was s u p p l i e d  a t  90 p s i  by a g a s - f i r e d  u t i l i t y  
b o i l e r .  Fo l lowing  a t e s t ,  t h e  r e l i e f  s y s t e m ,  t e s t  s e c t i o n ,  and  
r e a c t i o n  p r o d u c t s  t a n k  were f l u s h e d  w i t h  w a t e r  and  d r a i n e d .  T h e  
r e l i e f  v a l v e  c o v e r  was d e s i g n e d  t o  p i v o t  upward t o  open ,  a n d  t h e  
a d j u s t a b l e  w e i g h t s  on  t h e  v a l v e  cove r  were such  t h a t  2 t o  3 p s i  
cou ld  be m a i n t a i n e d  i n  t h e  tank.  

Dur ing  

Two d i f f e r e n t  schemes were employed f o r  t h e  r u p t u r a b l e  tube .  
I n  t h e  f i r s t ,  which was used  f o r  12 o f  t h e  17 t e s t s ,  a 4 - inch  l o n g  
f l a t  r e g i o n  w a s  machined on  t h e  t u b e  OD -- r e d u c i n g  t h e  w a l l  t h i c k -  
n e s s  t o  -0.006-inch. Toward t h e  end o f  t h e  e x p e r i m e n t a l  program, 
"dead end" t y p e  r u p t u r e s  were produced th rough  t h e  u s e  o f  0.0035- 
i n c h  t h i c k  I n c o n e l  r u p t u r e  d i s c s  s e c u r e d  o v e r  t h e  end o f  t h e  rup -  
t u r e  t u b e  w i t h  a h i g h - p r e s s u r e  t u b e  f i t t i n g .  Tube r u p t u r e s  were 
caused  by p r e s s u r i z i n g  t h e  c e n t r a l  t u b e  w i t h  e i t h e r  water o r  steam. 
I n i t i a l l y ,  t h e  water o r  steam was p r e v e n t e d  from e n t e r i n g  t h e  wea- 
kened c e n t r a l  t u b e  by means o f  a b l o c k i n g  d i s c  l o c a t e d  i n  t h e  s u p p l y  
l i n e  a t  a d i s t a n c e  o f  a p p r o x i m a t e l y  25 f e e t  from t h e  f a i l u r e  s i t e .  
To i n i t i a t e  t h e  f a i l u r e  sequence ,  t h e  d i s c  w a s  p i e r c e d  and  expanded 
i n  a p e r i o d  o f  5 msec by a s p r i n g - d r i v e n ,  p o i n t e d  v a l v e  s t em,  t h u s  
a l l o w i n g  h i g h  p r e s s u r e  f l u i d  t o  e n t e r  t h e  tube .  

A t  t h e  t e s t  sys t em c o n s o l e ,  manual c o n t r o l s ,  i n t e r l o c k s ,  and  
i n d i c a t o r s  were p r o v i d e d  f o r  remote o p e r a t i o n  o f  t h e  sys tem s o l e n -  
o i d  and  motor -opera ted  v a l v e s .  A d d i t i o n a l  c o n s o l e  i n d i c a t o r s  were 
p r o v i d e d  f o r  m o n i t o r i n g  e x p l o s i v e  b o l t  a rming  s t a t u s ,  equipment  
power,  and  wind c o n d i t i o n s .  Also  a v a i l a b l e  a t  t h e  c o n s o l e  were 
t h e  p r o c e s s  t e m p e r a t u r e -  and  p r e s s u r e - i n d i c a t i n g  r e c o r d e r s ,  a 
c l o s e d  c i r c u i t  t e l e v i s i o n  sys t em,  and t h e  f a c i l i t y  communicat ions 
system. The sodium-water  t e s t  i t s e l f  w a s  i n i t i a t e d  by t h e  t e s t  
e v e n t  s e q u e n c e r .  T e s t  p r o c e d u r e s  were a s  o u t l i n e d  i n  t h e  f low 
d iagram o f  F i g u r e  9. 
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During  t h e  t e s t s ,  t e m p e r a t u r e s ,  p r e s s u r e s ,  s h i e l d  s t r a i n s ,  water 
and s team f low r a t e s ,  and  f low ra tes  o f  t h e  m i x t u r e  t h r o u g h  t h e  
r e l i e f  sys tem p i p i n g  were measured. The t y p e s  o f  p r e s s u r e  s e n s o r s  
used  were: 1) q u a r t z  c r y s t a l  t r a n s d u c e r s  ( f r e q u e n c y  r e s p o n s e  -150 
k c p s ) ;  2 )  unbonded s t r a i n  wire t r a n s d u c e r s ;  and  3 )  diaphragm-actu-  
a t e d  d i f f e r e n t i a l  t r a n s f o r m e r s  -- which proved  t o  be  i n a d e q u a t e  f o r  
t h e  p u r p o s e s  o f  t h i s  t e s t .  C a l i b r a t i o n s  o f  t h e  p r e s s u r e  measure- 
ment ~ y s t e m  were made b e f o r e  and a f t e r  each  t e s t .  Because o f  temp- 
e r a t u r e  l i m i t a t i o n s  o f  t h e  t r a n s d u c e r s ,  s t a n d  o f f  mounting a r r a n g e -  
ments  were used i n  many c a s e s  t o  p l a c e  t h e  i n s t r u m e n t s  i n  a c o o l e r  
envi ronment .  Two t y p e s  o f  s t r a i n  gages  were used:  1 )  f lame-spray  
bonded (which proved  t o  be  u n s a t i s f a c t o r y  above  700°F and 2 )  s p o t  
welded. Tempera tu res  were moni tored  w i t h  chromel-alumel  thermocou- 
p l e s .  Sodium e j e c t i o n  r a t e s  were de t e rmined  by t h e  u s e  o f  s h o r t i n g  
s w i t c h e s  i n s t a l l e d  i n  s e r i e s  i n  t h e  d i s c h a r g e  l i n e s .  Gross  measure- 
ments  o f  w a t e r  f low r a t e s  were o b t a i n e d  d u r i n g  t h e  t e s t s  u s i n g  a 
t u r b i n e  t y p e  v o l u m e t r i c  f low me te r  l o c a t e d  i n  t h e  h i g h  p r e s s u r e  water 
t a n k ;  however ,  i t  w a s  no t  p o s s i b l e  t o  d e t e r m i n e  t r u e  t r a n s i e n t  f l ows  
t h r o u g h  t h e  t u b e  open ing  w i t h  t h i s  a r r angemen t .  The s i g n a l s  from 
t h e  above  s e n s o r s  were t r a n s m i t t e d  t o  t h e  c o n t r o l  room f o r  c o n d i t i o n -  
i n g ,  a m p l i f y i n g ,  and r e c o r d i n g  on  h igh-speed  ( -6  msec/in.)  o s c i l l o -  
g r a p h i c  r e c o r d e r s .  

Q 

T e s t s  were conduc ted  w i t h  t h e  sys t em c o n f i g u r a t i o n s  p i c t u r e d  
i n  F i g u r e  10, w h i c h  a l s o  i n d i c a t e s  t h e  l o c a t i o n s  o f  p r e s s u r e  trans- 
d u c e r s  o n  t h e  main t e s t  assembly.  T e s t  S e r i e s  A and B s e r v e d  t o  
v e r i f y  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  t e s t  s e c t i o n  and  t o  check 
t h e  sys t em per formance ,  t h e  t e s t  p r o c e d u r e s ,  and  t h e  i n s t r u m e n t a -  
t i o n .  I n  a d d i t i o n ,  t h e y  p r o v i d e d  d a t a  f o r  a b a s e l i n e  case o f  s y s -  
tem i n e r t i a  and  c a p a c i t a n c e  v a l u e s .  The second c o n f i g u r a t i o n  was 
used  f o r  T e s t  S e r i e s  C and  D. T h i s  assembly  w a s  deve loped  by t h e  
a d d i t i o n  o f  two p i p e  s p o o l s  o f  6- inch  S c h e d u l e  80 p i p e  t o  t h e  main 
t e s t  s e c t i o n ,  t h u s  i n c r e a s i n g  t h e  t o t a l  t e s t  s e c t i o n  l e n g t h  from 
16 t o  46 f e e t .  S e r i e s  C r e p r e s e n t e d  a t u b e  r u p t u r e  o c c u r r i n g  n e a r  
t h e  lower  end o f  a s u p e r h e a t e r  module,  where sodium a t  915OF might  
r e a c t  w i t h  w a t e r  a t  47O0F. S e r i e s  D c o n d i t i o n s  were f o r  t h e  c a s e  
where t u b e  r u p t u r e  would o c c u r  n e a r  t h e  lower  end o f  a n  e v a p o r a t o r  
module where t h e  sodium t e m p e r a t u r e  i s -675OF.  The c o n f i g u r a t i o n  
f o r  S e r i e s  E p l a c e d  t h e  main t e s t  s e c t i o n  i n  t h e  c e n t e r  o f  t h e  46- 
f o o t  a s sembly ,  p r o v i d i n g  a s t u d y  o f  t h e  e f f e c t s  o f  hav ing  columns 
o f  sodium b o t h  above  and below t h e  r u p t u r e  p o i n t .  I n  t h i s  c o n f i g -  
u r a t i o n ,  t h e  r u p t u r e  d i s c s  were e q u i d i s t a n t  from t h e  t u b e  r u p t u r e  
p o i n t .  The o t h e r  c o n f i g u r a t i o n  i n  F i g u r e  10 was used  f o r  t e s t s  i n  
S e r i e s  J. The t e s t  assembly  w a s  i d e n t i c a l  t o  t h a t  u sed  f o r  S e r i e s  
C and  D ,  excep t  t h a t  a p a r a l l e l  s e c t i o n  o f  6 - i n c h  p i p e ,  16 f e e t  l o n g ,  
w a s  a d j o i n e d  t o  t h e  main t e s t  s e c t i o n .  T h i s  s e r i e s  w a s  i n t e n d e d  
t o  s i m u l a t e  t o  some e x t e n t  t h e  e f f e c t s  o f  a c l o s e l y  coup led  p a r a l l e l  
steam g e n e r a t o r  module. The p a r a l l e l  s e c t i o n  was connec ted  t o  t h e  
two l a t e r a l  c o n n e c t i o n s  t h a t  f o r  p r e v i o u s  t e s t s  had been  c l o s e d  w i t h  
b l i n d  f l a n g e s .  P r o v i d e d  i n  each  c a s e ,  i n c l u d i n g  t h e  p a r a l l e l  s h e l l  
i n  S e r i e s  J ,  w a s  a cover -gas  s p a c e  e q u i v a l e n t  t o  8 t o  10"k o f  t h e  
t o t a l  sodium volume i n  t h e  assembly .  The c o v e r  g a s  w a s  n i t r o g e n  a t  
50 p s i .  

T e s t  R e s u l t s  - I n d i c a t e d  i n  T a b l e  3 a r e  key  d a t a  from t h e  experiments .  
T h i s  t e s t  e f f o r t ,  and  i n  p a r t i c u l a r  t h e  e a r l y  r u n s ,  were i n  a s e n s e  
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TEST 

1A 
2A 

1B 
2B 
3B 

1c 
2c 
3c 
LC 

1D 

3D' 
bD* 

4 rn 

1 J* 
2 J* 
3 JH 

INITIAL 
SODIUM 
TEMP., 
OF 

757 
917 

920 
900 
918 

922 
919 
922 
920 

6 76 
67L 
691 
6 81 

680 

911 
886 
933 

~~ 

INITIAL 
WATER 

OF 
TEMP., 

970 
1038 

L80 
L55 
L5 5 

h6 9 
L72 
h6 7 
I170 

L71 
A66 
L 26 
L o o  

L78 

L6 8 
L68 
L76 

TABLE 3 

ESADA SODIUM-WATER REACTION TESTS - SUMMARY OF TEST DATA 

INITIAL 
WATER 
PRESSURE 
K l G  

2 6 0  
2180 

2750 
2540 
27LO 

2760 
2770 
2690 
2780 

2760 
2770 
2650 
2650 

2770 

2760 
2760 
27LO 

IME TO 
'4ITIAL 
RESSURE 
EAK, 
4SEC 

0.13 
0.33 
0.33 
0.25 

0.25 
0.25 
0.5 
0.3 

0.2 
0.3 
0.25 

I 

W E  TO 
:AI LURE 
3F LOWER 
X C ,  
*SEC 

2.0 

1.5 

2.5 
2.5 
2.9 
1.7 

1.8 
1.h 
1.5 
1.5 

L.1 

1.5 
1.5 
1.6 

TIME TO 
FAILURE 
OF UPPER 
DISC, 
MSEC 

-1 

6.3 

1% 
15l.8 
175.7 
169.9 

105.1 
108.7 
109.8 
108.2 

l3h.3 

105.1 
110.7 
lolr.8 

MAXIMUM 
lU0E 
.EAK 
UTE, 
. B/S EC 

11.1 

12.6 
11.6 
12.2 
12.2 

13.2 
12.8 

19.2 

1L.6 

17.3 
17.3 

INITIAL 
PEAK 
PRESSURE 
AT 
RUPTURE 

PSlG 
SITE, 

800 

.1500 

601r 
h8L 
9l5 
7h5 

1850 
2780 
2110 
1290 

1050 
1 U O  
905 

-- 

TIME AFTER TUBE RUPTURE. ** 
(N) 
+ 

7 CENTRAL TUBES CONTAIN PRESSURIZED WATER. 
NO SECONDARY PEAK - PRESSURE SHOWN I S  AVERAGE FOR - 10 MSEC FOLLOWING INITIAL PULSE. 
"DEAD END" RUPTURE TUBE USED. 

PEAK 
PRESSURE 
5 F r  
ABOVE 
RUPTURE, 
PSlG 

L o o  

380 
3L7 
160 

300 
276 
485 
L75 

1136 
1030 

970 

1100 

526 
1080 
1890 

PEAK 
PRESSURE 
5 FT 
BELOW 
RUPTURE, 
PSlG 
-- 

3: 5 

580 
335 
L81 

LlO 
335 

1155 

7 70 
6% 
318 
Loo 
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e x p l o r a t o r y  s i n c e  t h e r e  was l i t t l e  p r e v i o u s  d a t a  upon which t o  
b a s e  e x p e c t a t i o n s  o f  t h e  t e s t  r e s u l t s .  As a c o n s e q u e n c e ,  some 
o f  t h e  i n s t r u m e n t a t i o n  i n  ear ly  r u n s  p r o v e d  t o  b e  u n s a t i s f a c t o r y  
a n d  g a p s  i n  t h e  t e s t  i n f o r m a t i o n  r e s u l t e d .  C r o s s  c o m p a r i s o n s  o f  
d a t a  i n d i c a t e  t h a t  t h e  v a l u e s  f o r  peak  p r e s s u r e s  a t  t h e  r u p t u r e  
s i t e  a n d  f o r  t ime t o  r u p t u r e  d i s c  f a i l u r e  s h o u l d  b e  f a i r l y  a c c u r a t e .  

@ 

I n  g e n e r a l ,  a l l  r u n s  f o r  a p a r t i c u l a r  t e s t  s e r i e s  ( e . g . ,  1 C  
t h r o u g h  4 C )  were  i n t e n d e d  t o  b e  d u p l i c a t e s ;  however ,  i t  may b e  
n o t e d  t h a t  s i g n i f i c a n t  v a r i a t i o n s  i n  peak  p r e s s u r e s  o c c u r r e d  from 
t e s t  t o  t e s t .  A s  t h e  program p r o g r e s s e d ,  i t  was d e d u c e d  t h a t  t h e s e  
d e v i a t i o n s  were  a t t r i b u t a b l e  p r i m a r i l y  t o  v a r i a t i o n s  i n  t h e  p r e s s u r e s  
a t  which  t h e  m i l l e d  t u b e s  f a i l e d .  To examine t h i s  p o i n t ,  t h r e e - m i l l e d  
f l a t  r u p t u r e  s e c t i o n s  were  h y d r o s t a t i c a l l y  t e s t e d  a t  room t e m p e r a t u r e .  
One r u p t u r e d  a t  1940 p s i ,  o n e  a t  2400 p s i ,  a n d  o n e  a t  3200 p s i .  The 
v a r i a t i o n s  i n  f a i l u r e  p r e s s u r e  c o r r e s p o n d e d  t o  v a r i a t i o n s  i n  t h i c k -  
n e s s  d u e  t o  m a c h i n i n g  t o l e r a n c e s .  To i m p r o v e  p r e s s u r e  r e p r o d u c i b i l i t y ,  
t h e  "dead end" t y p e  I n c o n e l  r u p t u r e  d i s c  d e v i c e  was a d o p t e d .  T e n  room- 
t e m p e r a t u r e  t e s t s  were  made o f  this d e v i c e ,  a n d  t h e  r e s u l t i n g  r u p t u r e  
p r e s s u r e s  r a n g e d  from 1675 t o  1780 p s i .  T h i s  d e s i g n  was u s e d  i n  a l l  
b u t  o n e  o f  t h e  t e s t s  s u b s e q u e n t  t o  t e s t  2 D .  

E v a l u a t i o n s  o f  t h e  d a t a  d u r i n g  a n d  i m m e d i a t e l y  f o l l o w i n g  t h e  
t e s t s  -- a n d  a l s o  c u r r e n t l y  w i t h  improved  a n a l y t i c a l  m o d e l s  -- i n d i -  
c a t e  t h a t  e v e n t s  f o l l o w i n g  t h e  f a i l u r e  o c c u r r e d  g e n e r a l l y  a s  d i s -  
c u s s e d  below.  Upon r u p t u r e  o f  t h e  t u b e ,  a b u b b l e  i s  formed which 
c o n s i s t s  o f  a m i x t u r e  o f  m o i s t  s t e a m  a n d  h y d r o g e n  e v o l v i n g  from t h e  
r e a c t i o n  o f  sodium a n d  water.  I m m e d i a t e l y  a p r e s s u r e  wave o r i g i -  
n a t e s  a t  t h e  f a i l u r e  s i t e .  About 0.3 msec l a t e r ,  t h e  wave a t t e n u -  
a t e d  by r e f l e c t i o n  a n d  r e f r a c t i o n  from i n t e r m e d i a t e  t u b e s ,  i s  d e t e c t e d  
by t h e  p r e s s u r e  s e n s o r  a d j a c e n t  t o  t h e  r u p t u r e  s i t e .  The r e c o r d e d  
t r a c e s  show t h e  i n i t i a l  p u l s e  r i s i n g  t o  a maximum i n  a n o t h e r  0.1 t o  
0.5 msec ,  f o l l o w e d  by a r a p i d  d e c a y .  The i n i t i a l  p u l s e  t r a v e l s  t h r o u g h  
t h e  a s s e m b l y  t o  t h e  r e l i e f  s y s t e m  r u p t u r e  d i s c ,  a r r i v i n g  t h e r e  a p p r o x -  
i m a t e l y  1.5 msec a f t e r  t h e  r u p t u r e .  I n  a l l  t e s t s  t h e  e n e r g y  o f  t h e  
i n i t i a l  p r e s s u r e  p u l s e  was i n s u f f i c i e n t  t o  c a u s e  r u p t u r e  d i s c  f a i l u r e .  
F l a s h i n g  water c o n t i n u e s  t o  f l o w  t h r o u g h  t h e  t u b e  b r e a c h  a n d  a s e c o n -  
d a r y  r i s e  i n  b u b b l e  p r e s s u r e  d e v e l o p s  due  t o  t h e  i n e r t i a  o f  t h e  sodium. 
The l o w e r  r e l i e f  d i s c  b l o w s  a p p r o x i m a t e l y  2 msec a f t e r  t h e  t u b e  r u p -  
t u r e ,  t e n d i n g  t o  r e l i e v e  p r e s s u r e  i n  t h e  b u b b l e  w h i l e  t h e  i n - f l o w i n g  
water m i x t u r e  t e n d s  t o  c a u s e  p r e s s u r e s  t o  r i s e .  The b u b b l e  p r e s s u r e  
c a u s e s  a c c e l e r a t i o n  o f  t h e  column o f  sodium i n  t h e  s h e l l  ( w i t h  a so-  
i n c i d e n t  d e c l i n e  i n  p r e s s u r e )  t o  v e l o c i t i e s  u p  t o  150 f t / sec .  Most 
o f  t h e  sodium i n  t h e  s h e l l  below t h e  r u p t u r e  p o i n t  v e n t s  t o  t h e  r e -  
a c t i o n  p r o d u c t s  r e l i e f  t a n k  a f t e r  a p e r i o d  o f - 1 5 0  msec. The sodium 
column a b o v e  t h e  "bubble"  b e h a v e s  l i k e  a p i s t o n  a n d  c o m p r e s s e s  t h e  
i n e r t  g a s  c o v e r  g a s  u n t i l  t h e  u p p e r  r e l i e f  r u p t u r e  d i s c  fa i l s .  That 
p o r t i o n  o f  t h e  sodium which i s  n o t  v e n t e d  t h r o u g h  t h e  u p p e r  r u p t u r e  
d i s c  f a l l s  back  a n 6  m i x e s  w i t h  t h e  "bubble"  r e g i o n .  I f  i n t i m a t e  
m i x i n g  o f  water a n d / o r  steam a n d  sodium o c c u r s ,  t h e  r e s u l t i n g  re-  
a c t i o n  c a u s e s  d e l a y e d  p r e s s u r e  p u l s e s ,  se ldom o f  m a g n i t u d e  compar- 
a b l e  t o  t h e  i n i t i a l  p u l s e .  L e s s  e n e r g e t i c  r e a c t i o n s  a l s o  o c c u r r e d  
when t h e  sodium c l i n g i n g  t o  t h e  i n t e r i o r  s u r f a c e s  o f  t h e  v e s s e l  re -  
a c t e d  w i t h  t h e  e x p a n d i n g  s t e a m - w a t e r  m i x t u r e .  T h e s e  r e a c t i o n s  c a u s e  
t e m p e r a t u r e s  of t h e  o r d e r  o f  Z O O O O F  a b o u t  1 s e c  a f t e r  t h e  i n i t i a l  
t u b e  r u p t u r e .  On o c c a s i o n ,  r a p i d  r e a c t i o n s  o c c u r r e d  i n  t h e  
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r e a c t i o n  p r o d u c t s  r e l i e f  tank, t h u s  r e t a r d i n g  t h e  c o n t i n u i n g  o u t -  
f low o f  r e a c t a n t s  and  r e a c t i o n  p r o d u c t s  from t h e  s h e l l .  Dur ing  
t h e  t e s t s  water f lowed i n t o  t h e  s h e l l  f o r  a p e r i o d  o f  a b o u t  40 
seconds .  Low-pressure steam c o n t i n u e d  t o  f low i n t o  t h e  r e a c t i o n  
p r o d u c t s  t a n k  f o r  f i v e  t o  t e n  m i n u t e s ,  a f t e r  which t h e  r e a c t i o n  
p r o d u c t s  t a n k  became q u i e s c e n t  and r e c o v e r y  o p e r a t i o n s  began. 

E f f o r t s  t o  d e v e l o p  a f u l l  u n d e r s t a n d i n g  o f  r e s u l t s  o b t a i n e d  
i n  t h e  ESADA tests a re  c o n t i n u i n g .  I n  F i g u r e  11 i s  shown a r e p r e -  
s e n t a t i v e  p l o t  o f  p r e s s u r e s  measured by a t r a n s d u c e r  on t h e  s h e l l  
o p p o s i t e  t h e  r u p t u r e  s i t e .  A l s o  shown f o r  comparison a r e  a n a l y -  
t i c a l  r e s u l t s  o b t a i n e d  f o r  t h e  same i n i t i a l  c o n d i t i o n s  employing 
one  d i m e n s i o n a l  model. The h i g h  f r equency  r i n g i n g  w a s  found t o  b e  
caused  by t h e  i n f l u e n c e  o f  s h e l l  s t r u c t u r a l  dynamics. 

The t e m p e r a t u r e  d a t a  were o b t a i n e d  w i t h  the rmocoup les  hav ing  
c o m p a r a t i v e l y  s low r e s p o n s e s  ( * 5 O  msec) and  i n d i c a t e  o n l y  gross 
e f f e c t s .  The re  w a s  c o n s i d e r a b l e  f l u c t u a t i o n  o f  t e m p e r a t u r e s  w i t h  
t i m e ,  p r o b a b l y  due i n  p a r t  t o  t h e  b reakup  c h a r a c t e r i s t i c s  o f  t h e  
sodium column a f t e r  t h e  uppe r  r u p t u r e  d i s c  w a s  blown. The peak 
measured t e m p e r a t u r e s  w i t h i n  t h e  s h e l l  ranged  from 1800 t o  2100OF; 
however,  t h e  s h e l l  t e m p e r a t u r e s  remained w i t h i n  a p p r o x i m a t e l y  l O O O F  
o f  t h e i r  i n i t i a l  v a l u e s .  P r e s s u r e  measurements  i n  t h e  r e l i e f  sys tem 
l i n e s  d u r i n g  some o f  t h e  t e s t s  show peak p r e s s u r e s  up t o  425 p s i  f o r  
s h o r t  durations. These  p r e s s u r e s  were also r e c o r d e d  at t h e  t o p  o f  
t h e  t e s t  s e c t i o n  i n  some o f  t h e  t e s t s .  The maximum t e m p e r a t u r e  mea- 
s u r e d  i n  t h e  r e l i e f  l i n e  w a s  2120OF ( T e s t  IC). S u r f a c e  t e m p e r a t u r e s  
a t  t h e  bot tom o f  t h e  r e a c t i o n  p r o d u c t s  t a n k  exceeded  1200OF (maximum 
case -1350OF) f o r  a b o u t  10 m i n u t e s  d u r i n g  t h e  C S e r i e s  t e s t s .  I n  
S e r i e s  D ,  J,  and  E, t h e  t a n k  t e m p e r a t u r e s  were l e s s  t h a n  1200°F0 

The mater ia l  v e n t e d  from t h e  r e a c t i o n  p r o d u c t s  t a n k  c o n s i s t e d  
o f  steam, sodium, sodium o x i d e ,  sodium h y d r o x i d e ,  and  hydrogen.  The 
d i s c h a r g e  c o n t i n u e d  a s  l o n g  as  sodium and incoming steam o r  w a t e r  
were a v a i l a b l e ,  somet imes  f o r  a 15 minute  p e r i o d .  I n  T e s t  lE, where 
u t i l i t y  s team was w i t h h e l d  from t h e  r e a c t i o n  p r o d u c t s  t a n k ,  t h e  d i s -  
c h a r g e  c e a s e d  a b r u p t l y  when t h e  h i g h - p r e s s u r e  water f low s t o p p e d ,  
The d i s c h a r g e  r e s t a r t e d  when t h e  s team w a s  t u r n e d  o n ,  a b o u t  1 minu te  
l a t e r  . 

The 17 t e s t s  were comple ted  w i t h  v e r y  l i t t l e  damage t o  t h e  ove r -  
a l l  t e s t  f a c i l i t y .  I n  s e v e r a l  o f  t h e  t e s t s  t h e  t u b e s  s u r r o u n d i n g  
t h e  f a i l u r e  s i t e  were bowed s l i g h t l y  outward toward t h e  s h e l l .  No 
m e t a l l u r g i c a l  e x a m i n a t i o n  w a 6  made o f  t u b e s  i n  t h e  v i c i n i t y  o f  t h e  
f a i l u r e ;  however,  t h e r e  w a s  no v i s u a l  e v i d e n c e  o f  t u b e  w a l l  wastage.  
The o n l y  damage o b s e r v e d  o t h e r  t h a n  t h e  t u b e  bowing i n v o l v e d  t h e  aus -  
t e n i t i c  s t a i n l e s s  s t e e l  n o z z l e  l e a d i n g  t o  t h e  uppe r  r u p t u r e  d i s c ,  
Examinat ion  showed t h e  n o z z l e  t o  have  b r a n c h i n g  t r a n s g r a n u l a r  c r a c k s ,  
t y p i c a l  o f  s t r e s s  c o r r o s i o n  c r a c k i n g .  The c h l o r i n a t e d  c i t y  w a t e r  
u sed  f o r  f l u s h i n g  t o g e t h e r  w i t h  t h e  n o n - s t r e s s - r e l i e v e d  welds  proba-  
bly p r o v i d e d  t h e  c o n d i t i o n s  n e c e s s a r y  t o  p roduce  t h e  obse rved  c r a c k s .  

I n  summary, i t  w a s  found t h a t  f o l l o w i n g  a major  t u b e  r u p t u r e  
t h e r e  i s  1) a n  i n i t i a l  h i g h  p r e s s u r e  p u l s e  o f  i n s u f f i c i e n t  s t r e n g t h  
t o  c a u s e  blowout o f  t h e  r u p t u r e  d i s c s ,  a f t e r  which 2 )  more modera te  
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p r e s s u r e s  ( g e n e r a l l y  l e s s  t h a n  one  t o  two t h i r d s  o f  t h e  i n i t i a l  
peak )  p e r s i s t  f o r  up t o  100 msecs. The i n i t j a l  peak  p r e s s u r e s  
i n  t h e  t e s t s  were e q u a l  t o  o r  l e s s  t h a n  t h e  w a t e r  s i d e  p r e s s u r e .  
S t r a i n s  i n  t h e  t e s t  s e c t i o n  s h e l l  n e a r  t h e  p o i n t  o f  t u b e  r u p t u r e  
were v e r y  low,  and  t u b e s  s u r r o u n d i n g  t h e  r u p t u r e  s i t e  e x p e r i e n c e d  
n e g l i g i b l e  was tage  and  minor bowing. It  w a s  conc luded  from t h e  
t e s t  r e s u l t s  t h a t  i t  s h o u l d  be  p o s s i b l e  f o r  modular  s team gene ra -  
t o r s  t o  s a f e l y  c o n t a i n  t h e  p r e s s u r e s  r e s u l t i n g  from major  t u b e  
l e a k s ,  and damage s h o u l d  be  l a r g e l y  r e s t r i c t e d  t o  t h e  d e f e c t i v e  
module. F u r t h e r ,  i t  s h o u l d  be  p o s s i b l e  t o  s a f e l y  h a n d l e  t h e  re- 
a c t i o n  p r o d u c t s  r e s u l t i n g  from s u c h  a n  a c c i d e n t .  

A P D A  Smal l  Leak S t u d i e s  

Tube Wastage T e s t s  - I n  December 1962 a l a r g e  sodium w a t e r  r e a c -  
t i o n  was e x p e r i e n c e d  i n  one o f  t h e  Enr i co  Fermi P l a n t  s team gen- 
e r a t o r  u n i t s  a s  a r e s u l t  o f  t u b e  f a i l u r e  caused  by v i b r a t i o n .  
Subsequen t  e x a m i n a t i o n  r e v e a l e d  t h a t  f o u r  t u b e s  i n  t h e  v i c i n i t y  
o f  t h e  sodium-water  r e a c t i o n  f a i l e d  by p r e s s u r e  r u p t u r e  due t o  
g e n e r a l  t h i n n i n g  o f  t h e  t u b e  w a l l .  T h i s  o b s e r v a t i o n  was s u r p r i s i n g  
because  m e t a l  was t age  had n o t  been  e x p e r i e n c e d  i n  l a r g e  sodium-water 
r e a c t i o n  t e s t s .  It was conc luded  t h a t  t h e  t u b e  was tage  w a s  caused  
sometime d u r i n g  t h e  45 minu tes  l o n g  p e r i o d  when t h e  l e a k  r a t e  was 
small ,  i . e .  b e f o r e  t h e  l a r g e  l e a k  o c c u r r e d .  T h i s  e x p e r i e n c e  l e d  t o  
i n v e s t i g a t i o n s  i n t o  t h e  c a u s e  o f  t h e  t u b e  was tage  and t h e  p o t e n t i a l  
consequences  o f  s m a l l  l e a k s  i n  t h e  Fermi u n i t s .  T e s t s  conducted  
by D e t r o i t  Edison  Company w i t h  l e a k a g e  r a t e s  i n  t h e  r a n g e  o f  0.03 
t o  0.5 l b / s e c  showed was tage  r a t e s  r a n g i n g  from 0.2 m i l s / s e c  t o  
2.0 m i l s / s e c  o v e r  a l o c a l i z e d  a r e a  o f  a b o u t  1/8 i n c h  d i a m e t e r .  I n  
1963 a program t o  s t u d y  t u b e  was tage  r a t e s  caused  by small  l e a k s  
was begun a t  APDA under  AEC s p o n s o r s h i p .  A d e t a i l e d  d i s c u s s i o n  o f  
t h e  e a r l y  l a n n i n g  and  o f  t h e  p r e l i m i n a r y  t e s t  r e s u l t s  have  been  
pub1ished.g T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  s i n c e  a b o u t  
J a n u a r y  1967. 

A s p e c i a l  t e s t  a p p a r a t u s  d e s i g n a t e d  as  R ig  10 and shown i n  
F i g u r e  1 2  was c o n s t r u c t e d  t o  c a r r y  o u t  t h e  t e s t  program. P r i o r  
t o  s t a r t i n g  a t e s t ,  a measured amount o f  w a t e r  i s  added  t o  t h e  
i n j e c t i o n  w a t e r  s t o r a g e  t a n k ,  and t h e  c i r c u l a t i n g  water sys t em i s  
f i l l e d .  Both sys t ems  a r e  p r e s s u r i z e d  t o  2650 p s i g  w i t h  n i t r o g e n  
g a s .  The l o o p  sys t em i s  b rough t  up t o  t e m p e r a t u r e  o f  400°F and  
i s  f i l l e d  w i t h  a p p r o x i m a t e l y  7000 pounds o f  sodium. With t h e  sodium 
c i r c u l a t i n g ,  t h e  sys t em t e m p e r a t u r e  i s  g r a d u a l l y  i n c r e a s e d  t o  t h e  t e s t  
t e m p e r a t u r e  o f  6 2 5 0 ~ .  Dur ing  t h i s  p e r i o d  t h e  sodium i s  c o l d  t r a p p e d  
u n t i l  t h e  p l u g g i n g  t e m p e r a t u r e  i s  below 40O0F. The i n j e c t i o n  water 
and t h e  c i r c u l a t i n g  w a t e r  a r e  h e a t e d  by t h e  sodium t o  625OF, and t h e  
c i r c u l a t i n g  w a t e r  f lows  t h r o u g h  t h e  t u b e  b u n d l e  by n a t u r a l  c i r c u l a -  
t i o n .  

A c r o s s  s e c t i o n a l  view o f  t h e  t u b e  b u n d l e  shown i n  F i g u r e  13 
shows t h e  r e l a t i v e  p o s i t i o n  o f  t h e  w a t e r  i n j e c t i o n  n o z z l e  t o  t h e  
t a r g e t  t ube .  The i n j e c t i o n  n o z z l e ,  which u i m u l a t e s  a l e a k i n g  t u b e ,  
can Le p o s i t i o n e d  between l / 4 - i n c h  t o  1-1/2 i n e h e s  from t h e  t a r g e t  
t u b e .  T h e  l e a k  i s  i n i t i a t e d  b y  b r e a k i n g  o?f t h e  t i p  o f  t h e  c a r b u r i z e d  
c a p i l l a r y  t u b e  from t h e  i n j e c t i o n  n o z z l e  by a n  a i r  a c t u a t e d  g u i l l o t i n  
Thermocouples  swaged down t o  0.040 i n c h  i n  d i a m e t e r  a t  t h e  
t i p s  a r e  l o c a t e d  th roughou t  t h e  t u b e  bund le  w i t h  a 
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c i r c u l a r  a r r a y  o f  s i x  thermocouples  mounted on t h e  t a r g e t  t u b e  
i n  t h e  target  a r e a .  I n  a d d i t i o n  t o  measu r ing  t e s t  t e m p e r a t u r e s  
t h e  the rmocoup les  a r e  connec ted  t o  a n  o p t i c a l  o s c i l l o g r a p h  used  
t o  i n d i c a t e  when t h e  t e s t  i s  i n i t i a t e d  and completed.  

The i n i t i a l  p h a s e  o f  t h e  small  l e a k  t e s t  program c o n s i s t e d  
o f  a s e r i e s  o f  s t a t i s t i c a l l y  d e s i g n e d  t e s t s  t o  a s s e s s  t h e  s i g n i -  
f i c a n c e  on  t u b e  was tage  r a t e  o f  w a t e r  l e a k  r a t e ,  d u r a t i o n  o f  
l e a k ,  t u b e  s p a c i n g ,  and  sodium v e l o c i t y  i n  t h e  v i c i n i t y  o f  t h e  
l e a k .  O t h e r  p e r t i n e n t  v a r i a b l e s  were i d e n t i f i e d  which u e r e  con- 
s i d e r e d  t o  be  l e s s  i m p o r t a n t ,  namely: w a t e r  t e m p e r a t u r e ,  p r e s s u r e ,  
and f l o w r a t e ;  sodium t e m p e r a t u r e  and sodium head ;  and  t u b e  material. 
A h a l f  r e p l i c a t e  s t a t i s t i c a l  program c o n s i s t i n g  o f  e i g h t  t e s t s  w a s  
d e s i g n e d  based  on two l e v e l s  o f  t e s t  f o r  t h e  f o u r  v a r i a b l e s .  An a d d i -  
t i o n a l  f o u r  t e s t s  were p l anned  t o  e s t a b l i s h  t h e  r a n g e  o f  v a r i a b l e s  t o  
b e  used  i n  t h e  h a l f  r e p l i c a t e  t e s t  program. 

The g e n e r a l  t e s t  c o n d i t i o n s  s e l e c t e d  f o r  t h e  s t a t i s t i c a l  p ro-  
gram were as  f o l l o w s :  

1. 
2 .  
3 .  
4. 
5. 
6. 
7. 
8. 

Sodium t e m p e r a t u r e ,  OF 6 25 
I n j e c t i o n  w a t e r  t e m p e r a t u r e ,  OF 625 
I n j e c t i o n  w a t e r  p r e s s u r e ,  p s i g  2650 
R e c i r c u l a t i n g  w a t e r  t e m p e r a t u r e ,  OF 6 25 
R e c i r c u l a t i n g  water p r e s s u r e ,  p s i g  2650 
R e c i r c u l a t i n g  w a t e r  f l o w r a t e ,  gpm 1 
Tube m a t e r i a l  2-1/4 C r - 1  Wo 
Tube d imens ions  1 i n c h  OD x 0.120 i n c h  w a l l  

The a c t u a l  t e s t  c o n d i t i o n s  and  t h e  metal was tage  r e s u l t s  f o r  
t h i s  t e s t  and  t h e  i n i t i a l  s e r i e s  o f  twe lve  p l anned  t e s t s  a r e  sum- 
mar ized  i n  T a b l e  4. I n  t h e  f i r s t  t e s t  t h e  w a t e r  i n j e c t i o n  n o z z l e  
i n a d v e r t e n t l y  w a s  1 8 0 0 ~  o u t  o f  p o s i t i o n  s o  t h e  l e a k  impinged on  
t h e  c a r b o n  s t e e l  flow sh roud  i n s t e a d  o f  on t h e  t a r g e t  t ube .  I n  
T e s t  No. 2 a f t e r  322 seconds  t h e  t a r g e t  t u b e  f a i l e d  from p r e s s u r e  
r u p t u r e  caused  by e x c e s s i v e  t h i n n i n g ,  which p e r m i t t e d  l e a k a g e  o f  
w a t e r  from t h e  w a t e r  c i r c u l a t i n g  sys tem i n t o  t h e  sodium. T h i s  s e c -  
onda ry  l e a k ,  w h i c h  w a s  a t  a much h i g h e r  r a t e  t h a n  t h e  primary l e a k ,  
impinged on  t h e  i n j e c t i o n  n o z z l e  and  on  t h e  flow sh roud  c a u s i n g  
s e v e r e  m e t a l  was tage .  A d e t a i l e d  d i s c u s s i o n  o f  t h e  r e s u l t s  o f  T e s t  
Nos. 1 and 2 h a s  been  p u b l i s h e d a 8  

Tes t  Nos. 3 ,  4 ,  and  5 were s c o p i n g  t e s t s  t o  e s t a b l i s h  t h e  r a n g e  
o f  v a r i a b l e s  f o r  t h e  h a l f - r e p l i c a t e  s t a t i s t i c a l  program; based  on  t h e  
r e s u l t s  o f  t h e s e  t e s t s  t h e  f o l l o w i n g  l e v e l s  were s e l e c t e d  f o r  t h e  
r ema inde r  o f  t h e  program. 

Varia b 1 e s L e v e l s  

1. I n j e c t i o n  r a t e ,  l b / s e c  0 . 0012 0.0022 
2. I n j e c t i o n  d u r a t i o n ,  s e c  100 250 
3. S p a c i n g ,  i n c h  1/4 1 
4. Sodium v e l o c i t y ,  f t / s e c  1 2 
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TABLE 4 

APDA SMALL LEAK STUDIES - TEST NOS. 1-13 -- ---- --- 
S T  N 0. -- i- 

28 
.12 
58 

892 

5000 
42500 
37500 

I 

5 
400 
-2 

62 5 

.48 
625 

2650 
. a 6  
1.0 
290 

.0017 

2650 

72 
.5a 
298 
970 

3000 
20500 
17500 

9 
200 
-1 

610 

.24 
610 

2650 
.W6 

1/4 
125 

.Wl9  

2650 

100 
.37 
167 

10 w 

3250 
49000 
45750 
103 

470 

4 

395 
-2 

615 

.60 
615 

2650 
.006 
1.0 
269 

.0022 

2650 

13-15 
.05 
29 

947 

10000 

38550 
48750 

100 

460 

6 

200 
-1 

608 

.24 
608 

2650 
.006 
1.0 
104 

0 0023 

2650 

110 

420 

a 
400 
-2 

605 

.48 
605 

2650 
.oc6 
1.0 
2 30 

.0021 

2650 

105 

315 

2 

400 
- 2  

618 

.88 
618 

2650 
.008 
1.0 
322 

.0029 

2650 

c- 

7 

400 
-2 

605 

.24 
605 

2650 . 006 

107 
.0022 

114 

2650 

10 

200 
-1 

603 

.30 
603 

2650 
-004 
1.0 
235 

.0013 

2650 

11 

400 
-2 
613 

.11 
619 

2650 
.004 
1.0 

.0014 
78 

2650 

13 

200 
- 1  
605 

0.14 
60 5 

2650 
.004 

125 
.0011 

114 

2650 

12 

400 
- 2  
628 

0.24 
628 

2650 
.m4 

196 
.0012 

114 

2650 

420 
-2 

611 

.24 
611 

2650 
006 
1.0 

98 
.0025 

2650 

Veloc i ty  past t a r g e t  tube ,  f t / s e c  
Bulk Temperature, 

I n j e c t i o n  Water System 
Water added, l b s  
Temperature, F 
Pressure ,  ps ig  
O r i f i c e  s i z e ,  i n .  (nominal) 
I n j e c t i o n  poin t - to- ta rge t  spac ing ,  in 
I n j e c t i o n  du ra t ion ,  s e c  
I n j e c t i o n  r a t e ,  lbs / sec(  d )  

. a8 
632 

2650 
.ma 

2 
(C) 
(C) 

Reci rcu la t inR Water System 

Pressure  ps ig  1 2650 

1 C.S. - 2-1/4 C r - 1  No S t e e l  ~ 

19 
-18 
79 

1042 

a0 
.75 
J 30 

1075 

0 
0 
0 

778 

2 
.O3 

7 
777 

Depth o f  pene t r a t ion ,  m i l s  
Wastage r a t e ,  mils/sec 
Wastage r a t e ,  mi l s / lb  water 
Maximum measured tube temperature,  F 1214 1030 

3z$: ? 6 m  
29500 19750 
110 

480 320 

Hydrogen Behavior i n  Cover Gas 
Concent ra t ion  before  t e s t ,  ppm 
Peak concent ra t ion ,  ppm 
Hydrogen concent ra t ion  change, ppin 
Elapsed time between leak i n i t i a t i o n  

and i n i t i a l  i nc rease  i n  H2 concentrat  
s e c  

and peak H2 concen t r a t ion ,  s e c  
Elapsed time between leak  i n i t i a t i o n  

2000 
23300 
21300 

89 

5050 
28000 
22950 

97 

22 50 
35500 
33250 

110 

4500 
20000 
15500 

122 

294 390 315 

(a) Unknown; a s sumed  t o  be  a p p r o x i m a t e l y  e q u a l  t o  t h a t  i n  r e s t  No. 2.  
( b )  Tube  f a i l e d  by p r e s s u r e  f o l l o w i n g  t h i n n i n g  by w a s t a g e .  
( c )  T e m p e r a t u r e  b e f o r e  t a r g e t  t u b e  r u p t u r e .  
(d) No t h e r m o c o u p l e s  i n  w a s t a g e  a r e a .  

Note :  I n  T e s t  No. 5 t h e  water i n j e c t i o n  w a s  d i s p l a c e d  from t h e  - 
t a r g e t  c e n t e r ;  i n j e c t i o n  n o z z l e  was p o s s i b l y  p a r t i a l l y  p lugged .  



From a compar ison  o f  t h e s e  v a l u e s  w i t h  t h e  d a t a  i n  T a b l e  4 
i t  can  be s e e n  t h a t  t h e  i n j e c t i o n  r a t e  and t h e  i n j e c t i o n  dura-  
t i o n  i n  t h e  i n d i v i d u a l  t e s t s  v a r i e d  c o n s i d e r a b l y  from t h e  de- 
s i r e d  v a l u e s .  T h i s  s i t u a t i o n  i s  a r e s u l t  o f  t h e  non-uniform- 
i t y  i n  t h e  b o r e  s i z e  o f  t h e  c a p i l l a r y  t u b i n g  t h a t  w a s  u sed  t o  
c o n t r o l  t h e  l e a k  r a t e .  C a p i l l a r y  t u b i n g  o f  0.004 i n c h  and 
0.006 i n c h  nominal bo re  was p rocured  from a commercial  s o u r c e .  
E f f o r t s  t o  o b t a i n  h i g h e r  p r e c i s i o n  b o r e  c a p i l l a r y  o r  o r i f i c e s  
i n  t i m e  f o r  t h e  t e s t s  were not  s u c c e s s f u l .  

F i g u r e  1 4  shows a c o r r e l a t i o n  o f  t u b e  was tage  r a t e  VS. 
l e a k  r a t e  for T e s t  Nos. 3 th rough  13. It is  e v i d e n t  from t h e  
g r a p h ,  and  v e r i f i e d  by s t a t i s t i c a l  a n a l y s i s ,  t h a t  o f  t h e  f o u r  
v a r i a b l e s  t h e  l e a k  r a t e  and t h e  l e a k - t o - t a r g e t  d i s t a n c e  were 
t h e  s i g n i f i c a n t  v a r i a b l e s .  Ana lyses  were made  t o  d e t e r m i n e  
i f  t h e r e  a r e  o t h e r  and/or  b e t t e r  c o r r e l a t i n g  p a r a m e t e r s ,  namely 
t o t a l  m e t a l  loss, m e t a l  l o s s  r a t e ,  and t o t a l  w a t e r  i n j e c t e d ;  b u t  
no s u c h  c o r r e l a t i o n  was found. 

During t h e  conduct  o f  t h e  i n i t i a l  t e s t  s e r i e s  i n  t h e  Rig  10 
t e s t  a p p a r a t u s ,  some s i m i l a r  t e s t s  were r u n  i n  a s i m p l e  s t a t i c  
sys t em f o r  s c r e e n i n g  c a n d i d a t e  t u b i n g  m a t e r i a l s  p r i o r  t o  t e s t i n g  
them i n  Rig  10. The s t a t i c  sys t em,  d e s i g n a t e d  a s  Rig  43 ,  i s  
shown i n  F i g u r e  15. The Rig 43 r e a c t i o n  v e s s e l  i s  a 1 2  i n c h  d i a -  
m e t e r ,  42 i n c h  l o n g ,  low ca rbon  s t e e l  v e s s e l .  A p r e s s u r e  c o n t r o l  
v a l v e ,  s e t  a t  f i v e  p s i g ,  normal ly  v e n t s  t h e  hydrogen;  and  f o r  
abnormal  c o n d i t i o n s ,  a s i x  i n c h  d i a m e t e r  r u p t u r e  d i s k ,  d e s i g n e d  
t o  r u p t u r e  a t  30 p s i g ,  i s  p rov ided .  Both r e l i e f  d e v i c e s  d i s -  
c h a r g e  t h r o u g h  a s i x  i n c h  p i p e  t o  a n  o i l  f i l l e d  r e a c t i o n  p ro -  
d u c t s  t ank  which removes s o l i d s  and l i q u i d s .  The hydrogen  
p a s s e s  th rough  a f lame a r r e s t o r  t o  t h e  a tmosphere .  The w a t e r  
i n j e c t i o n  sys tem i s  v e r y  s i m i l a r  t o  t h e  one used  i n  Rig  10. 
N i t r o g e n  a t  2650 p s i g  p r e s s u r i z e s  t h e  i n j e c t i o n  s y s t e m ,  and 
low p r e s s u r e  n i t r o g e n  i s  used  a s  a c o v e r  g a s  i n  t h e  r e a c t i o n  
v e s s e l  and  t h e  r e a c t i o n  produc . t s  t a n k .  P r i o r  t o  f i l l i n g  t h e  
r e a c t i o n  v e s s e l  w i t h  sodium, t h e  water i n j e c t i o n  a n d  t r i g g e r  
assembly  i s  i n s t a l l e d ,  f i l l e d  w i t h  d i s t i l l e d  w a t e r ,  and p r e s -  
s u r i z e d .  The sodium is  t h e n  loaded  i n t o  t h e  r e a c t i o n  v e s s e l  
and b r o u g h t  t o  t h e  t e s t  t e m p e r a t u r e .  T h e  w a t e r  i n j e c t i o n  t r i g -  
g e r  assembly  i s  t h e n  a c t u a t e d  i n j e c t i n g  t h e  w a t e r  i n t o  t h e  sod-  
ium pool .  

I n  p l a n n i n g  t h e  m a t e r i a l s  s c r e e n i n g  t e s t s  t o  be  r u n  in 
Rig 43, a q u e s t i o n  was r a i s e d  c o n c e r n i n g  t h e  e x p e c t e d  r e p r o -  
d u c i b i l i t y  o f  R ig  43 and R ig  10 r e s u l t s  inasmuch a s  t h e r e  a r e  
major  d i f f e r e n c e s  between t h e  two r i g s  namely: 
sodium p a s t  t h e  t a r g e t ;  2 )  sodium head above  t h e  r e a c t i o n  p o i n t ;  
and  3 )  c o n g e s t i o n  a round  t h e  t a r g e t ,  i . e .  i n  Rig  43 a s i n g l e  
t a r g e t  t u b e  i s  used  whereas  a t u b e  bund le  i s  used  i n  Rig 10 
and  4 )  c o o l i n g  o f  t h e  t a r g e t  t u b e .  E v a l u a t i o n  o f  t h e  s i g n i f i -  
cance  o f  t h e s e  d i f f e r e n c e s  wi th  r e s p e c t  t o  t e s t  r e s u l t s  was 
u n d e r t a k e n  by c o n d u c t i n g  a s e r i e s  o f  t h r e e  t e s t s  i n  Rig 43 
w i t h  t e s t  c o n d i t i o n s  t h a t  were w i t h i n  t h e  r a n g e  o f  t h e  R ig  10 
h a l f  r e p l i c a t e  t e s t  s e r i e s .  The t e s t  c o n d i t i o n s  and r e s u l t s  
a r e  g i v e n  i n  T a b l e  5. Based on t h e  Rig  10 t e s t  r e s u l t s  pene- 
t r a t i o n s  o f  70 t o  80 m i l s  were expec ted  i n  t h e  Rig  43 t e s t s ;  
s o  i t  was v e r y  s u r p r i s i n g  t h a t  no p e n e t r a t i o n  was expe r i enced .  

1 )  v e l o c i t y  of 
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TABLE 5 

APDA SMALL LEAK STUDIES 
SUMMARY OF R I G  43 WASTAGE TEST RESULTS 

T e s t  No. 
1 3 2 

O r i f i c e  S i z e  ( n o m i n a l ) ,  i n .  
Water Added, lb. 
P r e s s u r e  o f  I n j e c t e d  Water, p s i g  
Bulk Sodium Tempera tu re ,  OF 
I n j e c t i o n  P o i n t - t o - T a r g e t  S p a c i n g ,  i n .  
T a r g e t  Material 
I n j e c t i o n  D u r a t i o n ,  s e c  
I n j e c t i o n  R a t e ,  l b / s e c  
Maximum Measured Tube Tempera ture ,  OF 
Depth o f  P e n e t r a t i o n ,  m i l s  

0.008 0.008 0.008 

2650 2650 2650 
630 630 630 
1/4 1/4 1/4 

+-.Croloy 2-1/4 ____C 

70 61 52 
0 0035 0.0040 0.0047 
1440 1390 1610 
-Negligible - 
0.24 0.24 0.24 

3 88 



To u n d e r s t a n d  which o f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  two t e s t  
r i g s  were  r e s p o n s i b l e  for t h e  u n e x p e c t e d  t e s t  r e s u l t s ,  i t  
w a s  d e c i d e d  t o  r u n  some s p e c i a l  t e s t s  i n  R i g  10 i n  which  
R i g  43 t e s t  c o n d i t i o n s  would b e  r e p r o d u c e d .  The t e s t  con- 
d i t i o n s  and  t e s t  r e s u l t s  a r e  g i v e n  i n  T a b l e  6.  T e s t  Nos. 1 4  
a n d  23  were r u n  w i t : ?  s t a g n a n t  n i t r o g e n  i n  t h e  t a r g e t  t u b e  
i n s t e a d  o f  c i r c u l a t i n g  water.  T e s t  Nos. 15 a n d  2 2 A  were r u n  
i n  s t a t i c  sodium i . e .  t h e  sodium pumps were  t u r n e d  o f f .  T e s t  
No. 16  a l s o  was r u n  i n  s t a t i c  sodium b u t  w i t h  a r e d u c e d  sodium 
l e v e l ,  a n d  T e s t  No. 17 was r u n  w i t h  a v e r y  l o w  sodium f low.  
The w a s t a g e  r a t e  VS.  l e a k  r a t e  d a t a  f o r  t h e s e  t e s t s  a r e  shown 
i n  F i p u r e  15 f o r  c o m p a r i s o n  w i t h  t h e  d a t a  o b t a i n e d  u n d e r  n o r -  
mal R i g  10 t e s t i n g  c o n d i t i o n s .  The s u b s t i t u t i o n  o f  s t a g n a n t  
n i t r o g e n  f o r  c i r c u l a t i n g  w a t e r  d o e s  n o t  a D p e a r  t o  b e  s i g n i f i -  
c a n t .  A t  f i r s t  ? l a n c e  i t  a p p e a r s  t h a t  sodium v e l o c i t y  a n d  
head  o f  sodium a r e  s i g n i f i c a n t  b u t  t h i s  may n o t  b e  s o  -- t h e  
number o f  d a t a  a r e  few a n d  t h e y  may b e  w i t h i n  t h e  r a n g e  o f  
t h e  s t a t i s t i c a l  v a r i a n c e  o f  a l l  t h e  d a t a .  I n  c o n c l u s i o n .  t h e  
a b s e n c e  o f  a n y  w a s t a s e  i n  t h e  Ri,5 43  t e s t s  i s  n o t  u n d e r s t o o d .  
A sodium c i r c u l a t i o n  s y s t e m  h a s  s i n c e  b e e n  a d d e d  t o  R i g  43  a n d  
t e s t i n g  w i l l  b e  i n i t i a t e d  s o o n  t o  i n v e s t i g a t e  f u r t h e r  t h e  e f f e c t  
o f  sodium v e l o c i t y  and  o t h e r  v a r i a b l e s .  

The t h i r d  p h a s e  o f  small  l e a k  t e s t i n g  i n  R i g  10 h a s  con- 
s i s t e d  o f  c o m p a r i n g  o t h e r  c a n d i d a t e  s t e a m  g e n e r a t o r  t u b e  m a -  
t e r i a l s  t o  2-1/4 C r - l  Wo. I n  s e l e c t i n 5  a l i s t  o f  c a n d i d a t e  
t u b e  m a t e r i a l s  t h e  f o l l o w i n g  C o n p a n i e s  a n d  f a c i l i t i e s  were 
c o n t a c t e d :  Argonne N a t i o n a l  L a b o r a t o r y ,  Babcock & Wilcox,  
W e s t i n g h o u s e  Atomic Power D e p a r t m e n t ,  A t o m i c s  I n t e r n a t i o n a l ,  
a n d  U n i t e d  N u c l e a r  C o r p o r a t i o n .  The c a n d i d a t e  m a t e r i a l s  
r a n k e d  i n  t h e  o r d e r  o f  t h e i r  e s t i m a t e d  r e l a t i v e  a b i l i t y  t o  
w i t h s t a n d  t h e  e f f e c t s  o f  a sodium w a t e r  r e a c t i o n  a r e  I n c o n e l ,  
I n c o l o y ,  t h e  s t a i - l e s s  s t e e l s ,  t h e  C r o l o y s ,  and  c a r b o n  s t e e l o  
Thus  f a r  e i z h t  t e s t s  h a v e  b e e n  r u n  w i t h  I n c o l o y  800 a n d  two 
w i t h  321 SS. The t e s t  c o n d i t i o r , s  a n d  r e s u l t s  a r e  g i v e n  i n  
T a b l e  7. F i T u r e  17 shows t h e  w a s t a g e  d a t a  for t h e s e  mater ia ls  
compared t o  C r o l o y  2-1/4 - 1 Mo. T h e s e  r e s u l t s  a r e  c o n s i s t e n t  
w i t h  t h e  e x p e c t e d  r e l a t i v e  r e s i s t a n c e s  o f  t h e s e  m a t e r i a l s  t o  
t h e  sodium-water  r e a c t i o n .  

A t  t h i s  t ime  t h e  f o u r t h  p h a s e  o r  t h e  small l e a k  s t u d i e s  
a r e  i n  p r o g r e s s .  T h i s  p h a s e  c o n s i s t s  o f  t e s t i n g  2-1/4 C r - 1  
Mo a n d  304 SS at, i n c r i a s i n g l y  l a r g e r  l e a k  r a t e s .  It i s  ex- 
p e c t e d  t h a t  t h e r e  i s  some h i g h e r  l e a k  r a t e  a t  which  t h e  w a s -  
t a g e  r a t e  w i l l  r e a c h  a maximum a n d  that a t  s t i l l  h i g h e r  l e a k  
ra tes  t h e  w a s t a g e  r a t e  w i l l  d e c r e a s e .  The  b a s i s  f o r  t h i s  be- 
l i e f  i s  t h a t  t h e  r e a c t i o n  r a t e  becomes s o  l a r g e  t h a t  t h e  hydro-  
g e n  w i l l  f o r c e  away t h e  r e a c t a n t s  t h e r e b y  r e d u c i n g  t h e  t u b e  
damage. It i s  known t h a t  i n  l a r g e  l e a k  t e s t s  t h e r e  h a s  b e e n  
no e v i d e n c e  o f  t u b e  material  w a s t a r e .  

C a u s e s  o f  Tube Wastage - The t u b e  w a s t a g e  t e s t s  a r e  b e i n g  con- 
d u c t e d  p r i m a r i l y  o n  a n  e m p i r i c a l  b a s i s .  B e c a u s e  o f  t h e  l a r g e  
number o f  t e s t  v a r i a b l e s  a n d  t h e  i n t e r e s t  i n  s e v e r a l  t u b e  
ma te r i a l s  t h e  number o f  t e s t s  r e q u i r e d  i s  v e r y  l a r g e  e v e n  t o  
o b t a i n  a s k e t c h y  u n d e r s t a n d i n g  o f  t h e  i n t e r a c t i o n  of t h e  
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TABLE 6 

APDA SMALL LEAK STUDIES 
R I G  10 TESTS SIMULATING R I G  43 CONDITIONS 

TEST NO. 
14 15 16 17 22A 23 

Sodium Sys tem 
Flowra t e  , gpm 
Velocity past t a r g e t  tube,  f t / s ec  
Bulk Temperature, OF 
Sodium l e v e l  above t a r g e t  tube,  ft 

I n j e c t i o n  Water System 
Water added, l b s  
Temperature , OF 
Pressure,  p i g  
O r i f i c e  s i z e ,  i n .  (nominal) 
I n j e c t i o n  point-to-target spacing,  in .  
I n j e c t i o n  dura t ion ,  sec 

w I n j e c t i o n  r a t e ,  lbs/sec 
\D 
0 

Reci rcu la t ing  Water System 
Pressure,  pig 

Wastage 
Mater ia l  
Depth of pene t ra t ion ,  m i l s  
Wastage r a t e ,  mils/sec 
Wastage r a t e ,  mils/ lb water 
Maximum measured tube temperature, OF 

400 ,(a) ,(a) 20(b) ,(a) 400 
2 0 0 .1 0 2 

610 610 620 610 600 602 
8.4 8.4 1.25 8.4 8.4 8.4 

0.24 0.24 0.24 0.24 0.24 0.24 
610 610 620 605 600 602 

2650 2650 2650 2650 2650 2650 
0.006 0.006 0.006 0.006 0.006 0.006 

1-14 114 1/4 1/4 114 114 
133 12 5 153 145 236 145 

0 . 0017 0.0012 0 .*9@39 0.0016 0 . 0017 0 * 0010 

( C )  No Water 2650 ( C )  No Water 2650 2650 No Water (C) 

2-1/4 C r - 1  Mo S t e e l  
12 27 35 21 41 

158 50 113 146 87.5 170 
0.10 0.18 0.24 0.09 0.28 

38 
0.20 

1240 1380 1180 960 1780 940 

( a >  Sodium pump turned o f f .  
(b) 
( c )  

Nominal flow r a t e  -- a c t u a l  flow r a t e  estimated t o  be between 0 and 40 gpm. 
Tes t  was run with s tagnant  ni t rogen i n  the t a r g e t  tube. 
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TABLE 7 

APDA SMALL LEAK STUDIES TUBE WASTAGE TESTS - MATERIALS COMPARISON 

Sodium System 
Flowrate, Rpm 

19A --- 21 24 25 26 27 28 18 - '-9 I_--- 

400 400 400 400 400 400 409 400 400 400 . _ _  
Velocity past t a rge t  tube, f t / s e c  2 2 2 2 2 2 2 2 2 2 
Bulk temperature, O F  610 6 10 604 600 400 625 602 610 605 622 

In j ec t ion  Water System 
Water Added. l b s  1.3 ( a )  1.3 1.3 1.3 0.65 0.24 0.2 4 1.3 1.3 
Temperature, OF 608 613 604 600 600 625 603 610 6 05 622 

a W Ori f i ce  s i z e ,  i n .  (nominal) 0.006 0.004 0.004 0.006 0.006 0.010 0.004 0.006 0.016 0.040 
Presswe ,  psig 2650 2650 2650 2650 2650 2650 2650 2650 2650 2650 

1 114 114 1/4 114 114 1/4 1/4 v4 1/4 
In j ec t ion  duration, s ec  799 856 861 691 570 103 208 618 100 23 

N In j ec t ion  point-to-target spacing in .  

In j ec t ion  r a t e ,  lbs/sec 0.0016 (a> 0.0015 0.0019 0.0023 0.0063 0.0012 0.0021 0.0013 0.0565 

Recirculating Water Sys tem 
Pressure,  psig 2650 2650 2650 2650 2650 2650 2650 2650 2650 2650 

Inc oloy I n  co loy Wastage Incoloy Incoloy Incoloy Incoloy Incoloy Incoloy 
Mat e r i a l  800 800 800 800 800 800 321 ss 321 ss 800 800 
Depth of penetration, m i l s  0 0 0 0 12 4 0 17 0 0 
Wastage, r a t e  mils/sec 0 0 0 0 0.02 0.04 0 0.03 0 0 
Wastage r a t e ,  mi l s / lb  water 0 0 0 0 9.2 6.2 0 13.1 0 0 
Maximum measured tube temperature, OF 1020 1190 1150 1186 1343 1621 1081 1526 1803 1793 

(a)  Test  terminated due to  plugged capi l lary.  
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i m p o r t a n t  v a r i a b l e s .  I n  a n  a t t e m p t  t o  p u t  t h e  t e s t  program 
o n  a more fundamen ta l  b a s i s  and  a l s o  t o  p r o v i d e  b a s i c  d a t a  
f o r  i n t e r p r e t a t i o n  o f  t e s t  r e s u l t s ,  a p a r a l l e l  e f f o r t  i s  
b e i n g  c a r r i e d  t h a t  i s  aimed a t  o b t a i n i n g  a n  u n d e r s t a n d i n g  
o f  t h e  was tage  phenomena. T h i s  e f f o r t  c o n s i s t s  o f  s e v e r a l  
p a r t s  namely: Sodium-water r e a c t i o n  j e t  c h a r a c t e r i s t i c s ,  
t u b e  s u r f a c e  t e m p e r a t u r e s ,  m e t a l l u r g i c a l  examina t ion  o f  
t a r g e t  t u b e s  i n  t h e  a r e a  a d j a c e n t  t o  metal was tage ,  e r o s i o n  
e x p e r i m e n t s ,  and c o r r o s i o n  exper iments .  

When h i g h  p r e s s u r e  w a t e r  l e a k s  t h r o u g h  a small h o l e  i n t o  
h i g h  t e m p e r a t u r e  sodium t h e r e  o c c u r s  i n  t h e  immedia te  v i c i n i t y  
a complex phenomena d i s t i n g u i s h e d  by v e r y  h i g h  f l u i d  v e l o c i t i e s ,  
a v i g o r o u s  exo the rmic  chemica l  r e a c t i o n ,  g e n e r a t i o n  o f  large 
volumes o f  hydrogen  g a s ,  and g e n e r a t i o n  o f  r e a c t i o n  p r o d u c t s  
t h a t  a r e  known t o  be  e x t r e m e l y  c o r r o s i v e  i n  sodium s y s t e m s  
i.e. sodium h y d r o x i d e ,  sodium h y d r i d e ,  a n d  sodium o x i d e s .  It  
i s  b e l i e v e d  t h a t  t u b e  was tage  i s  caused  e i t h e r  by e r o s i o n  o r  
c o r r o s i o n  o r  b o t h ,  and  t h a t  t e m p e r a t u r e  i s  a most s i g n i f i c a n t  
f a c t o r .  

Under t h e  c o n d i t i o n s  o f  steam g e n e r a t o r  t e m p e r a t u r e s  and  
p r e s s u r e s ,  t h e r e  w i l l  b e  some f l a s h i n g  o f  t h e  water as i t  l e a k s  
t h r o u g h  t u b i n g  and  weld d e f e c t s ;  and  t h e  j e t  i s s u i n g  from t h e  
d e f e c t  i n t o  t h e  sodium w i l l  c o n s i s t  o f  a s t e a m - l i q u i d  mix tu re .  
Fo r  a t y p i c a l  R i g  10 t e s t ,  t h e  j e t  as  i t  d i s c h a r g e s  from t h e  
d e f e c t  i n t o  t h e  sodium i s  c a l c u l a t e d  t o  have  a c o m p o s i t i o n  o f  
80% w a t e r  a n d  20% steam, and  t h e  c a l c u l a t e d  v e l o c i t i e s  o f  t h e  
w a t e r  and steam p h a s e s  a r e  306 f t / s e c  and  1050 f t / s e c  r e s p e c -  
t i v e l y .  Measurements o f  t h e  t e m p e r a t u r e s ,  d imens ions ,  a n d  
s t a b i l i t y  o f  t h e  sodium-water r e a c t i o n  zone  have  been  o b t a i n e d  
w i t h  a nominal  0.008 i n c h  d i a m e t e r  l e a k .  The t e s t s  were con- 
d u c t e d  i n  R ig  43. The g e n e r a l  t e s t  c o n d i t i o n s  were t y p i c a l  
o f  t h e  R ig  10  was tage  t e s t s  and  were as f o l l o w s :  

Sodium Tempera tu re ,  OF 6 00 
I n j e c t i o n  Water Tempera ture ,  OF 6 00 
I n j e c t i o n  Water P r e s s u r e ,  p s i g  2650 
Weight o f  Water I n j e c t e d ,  lb 0.11 
I n j e c t i o n  R a t e ,  l b / s e c  3 10-3 
I n j e c t i o n  Nozzle  C a p i l l a r y  I D ,  i n .  0.008 

( nominal  1 

R e a c t i o n  zone t e m p e r a t u r e s  were measured u s i n g  thermocouple  
t a r g e t  a s s e m b l i e s  which were p o s i t i o n e d  a t  v a r i o u s  d i s t a n c e s  
from t h e  l e a k .  One a s sembly ,  shown i n  F i g u r e  18  c o n s i s t e d  o f  
s i x t e e n  1/16 i n c h  d i a m e t e r ,  Type 304 s t a i n l e s s  s t e e l  s h e a t h e d  
the rmocoup les  swaged down t o  0.040 i n c h  a t  t h e  h o t  j u n c t i o n .  
The thermocouples  a r e  mounted i n  a 3 i n c h  d i a m e t e r  r i m  s i m i -  
lar t o  s p o k e s  on a wheel ,  and  t h e  s i x t e e n  h o t  j u n c t i o n s  form 
a p l a n e  t a r g e t  a p p r o x i m a t e l y  3/4 i n c h  i n  d i a m e t e r .  
t e s t s ,  t h e  s p a c i n g  be tween t h e  l e a k  and t h e  p l a n e  t a r g e t  assem- 
b l y  was v a r i e d  o v e r  t h e  r a n g e  1/4 i n c h  t o  1-1/2 i n c h e s .  Dur ing  
a t e s t ,  t e m p e r a t u r e s  were r e c o r d e d  on a h i g h  speed  o s c i l l o g r a p h .  
The maximum t e m p e r a t u r e s  measured as  a f u n c t i o n  of  d i s t a n c e  
from t h e  l e a k  a r e  shown i n  F i g u r e  19. They a r e  much lower  t h a n  

I n  t h e  
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t h e  c a l c u l a t e d  a d i a b a t i c  r e a c t i o n  t e m p e r a t u r e  o f  3000°F. It 
is b e l i e v e d  t h a t  t h e  r e a c t i o n  t e m p e r a t u r e s  a r e  h i g h e r  f o r  l a r g e r  
l e a k s .  The  t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  s p a t i a l  o r i e n t a t i o n  
of t h e  j e t  was v e r y  s t a b l e  a n d  t h a t  t h e  c r o s s - s e c t i o n  o f  t h e  
r e a c t i o n  z o n e  w a s  small  -- b e i n g  a b o u t  1/4 i n c h  i n  d i a m e t e r  
a t  a d i s t a n c e  o f  1-1/4 i n c h e s  from t h e  l e a k .  T h e s e  o b s e r v a -  
tions a r e  c o r r o b o r a t e d  by t h e  R i g  10 t e s t s  i n  which  t h e  t u b e  
w a s t a g e  g e n e r a l l y  w a s  c o n c e n t r a t e d  a t  o n e  s p o t ,  a b o u t  l/8 i n c h  
t o  1/4 i n c h  i n  d i a m e t e r .  

M e t a l l u r g i c a l  e x a m i n a t i o n  h a s  b e e n  made i n  t h e  v i c i n i t y  
of t h e  w a s t a g e  o f  a l l  t a r g e t  t u b e s  from R i g  10 T e s t  Nos. 3-13 
i n  a n  a t t e m p t  t o  u n d e r s t a n d  t h e  mechanism o f  t u b e  w a s t a g e .  
A summary o f  t h e  i n f o r m a t i o n  o b t a i n e d  i s  a s  f o l l o w s :  

1. T h e r e  i s  no e v i d e n c e  t h a t  d u r i n 5  t h e  t e s t  t h e  m a t e r i a l  
t e m p e r a t u r e  was a s  h i g h  a s  t h e  e u t e c t o i d  t e m p e r a t u r e .  

2 .  T h e r e  i s  no m i c r o s t r u c t u r a l  e v i d e n c e  f o r  t h e  e x i s t -  
e n c e  d u r i n g  t h e  t e s t s  o f  a n y  t e m p e r a t u r e  s i g n i f i c a n t l y  
a b o v e  t h e  o p e r a t i n g  t e s t  t e m p e r a t u r e .  The c e m e n t i t e  
p r e s e n t  i n  t h e  m i c r o s t r u c t u r e  d i d  n o t  s p h e r o i d i z e ,  
a n d  t h e r e  w a s  no g r a i n  g r o w t h  i n  t h e  f e r r i t e  p h a s e o  

3 .  The l a c k  o f  a n y  d e t e c t a b l e  b u l g i n g  o f  t h e  m a t e r i a l  
r e m a i n i n g  i n  t h e  b o t t o m  o f  t h e  e r o s i o n  p i t  o f  s p e c i -  
men No. 4 ,  which  had o n l y  a n  a p p r o x i m a t e  0.020 i n c h  
o f  w a l l  t h i c k n e s s  r e m a i n i n g ,  i n d i c a t e  t h a t  t h e  maxi- 
mum t e m p e r a t u r e  o f  t h e  w a l l  c o u l d  n e v e r  h a v e  b e e n  
much a b o v e  t h e  sodium t e m p e r a t u r e .  

4. T h e r e  i s  no e v i d e n c e  o f  a n y  c o r r o s i v e  a t t a c k  o n  t h e  
t a r g e t  t u b e s  by t h e  sodium-water  r e a c t i o n  j e t .  The 
s u r f a c e  f e a t u r e s  o b s e r v e d ,  b e i n g  b r i g h t  and  semimatte  
i n  a p p e a r a n c e ,  a r e  c o n s i s t e n t  w i t h  a n  e r o s i o n  mechan- 
i s m  for t h e  r e m o v a l  o f  t h e  metal  i n  t h e  t a r g e t  a r e a s o  
C r o s s - s e c t i o n  m i c r o s t r u c t u r a l  e x a m i n a t i o n  i n  b o t h  t h e  
a s - p o l i s h e d  a n d  p o l i s h e d - a n d  e t c h e d  c o n d i t i o n s  f a i l e d  
t o  show t h e  p r e s e n c e  o f  a n y  t y p e  o f  s u r f a c e  f i l m .  

A t e s t  program i s  a b o u t  t o  b e g i n  o n  i n v e s t i g a t i n g  e r o s i o n  
a n d  c o r r o s i o n  a s  t u b e  w a s t a g e  mechanisms.  High v e l o c i t y  
j e t s  o f  s o d i u m ,  sodium h y d r o x i d e ,  a n d  water  a t  steam g e n e r a -  
t o r  t e m p e r a t u r e s  and  p r e s s u r e s  w i l l  b e  i m p i n g e d  on c a n d i d a t e  
t u b i n g  mater ia l s .  The t e s t  a p p a r a t u s  i s  e s s e n t i a l l y  c o m p l e t e  
a n d  t e s t i n g  w i l l  b e g i n  t h i s  s p r i n g .  

3 9 7  



REFERENCES 

1. ANS-100, F a s t  Reac to r  Technology N a t i o n a l  T o p i c a l  Meet ing,  American 
Nuclear  S o c i e t y ,  D e t r o i t ,  Michigan,  A p r i l  26-28, 1965. 

2. ANS-101, F a s t  R e a c t o r s  Na t iona l  T o p i c a l  Meet ing,  American Nuclear  S o c i e t y ,  
Nor thern  C a l i f o r n i a  S e c t i o n ,  San  F r a n c i s c o ,  C a l i f o r n i a ,  A p r i l  10-12, 1967. 

3. H. S t r a h l ,  "A Device f o r  Cont inuous D e t e c t i o n  o f  Hydrogen i n  Sodium," 
NAA-SR-6986, May 1962. 

4. J. H. Coleman, E. F. H i l l ,  "In-Line D e t e c t o r  f o r  Hydrogen i n  Sodium," 
APDA-222, t o  be r e l e a s e d .  

5. D.  F. Casey, " F i n a l  Design o f  Sodium Heated Modular Steam Genera to r  for 
t h e  SCTI , NAA-SR-9826, February  11, 1965 . 

6. L. Bogae r t ,  llModular Steam Genera to r  F a b r i c a t i o n , ?  NAA-SR-11739, February  8, 
1966 . 

7. L. Goodman, e t  a l , % f f e c t s  o f  a Sodium Water R e a c t i o n  i n  a Modular Steam 
- G e n e r a t o r ,  a n  Exper imenta l  S tudy , "  AI-66-152, September 24, 1966. 

8. H. 0. Muenchow and W. L, Chase,  Atomic Power Development A s s o c i a t e s ,  Inc . ,  
"An I n v e s t i g a t i o n  o f  Tube Wastage Caused by Smal l  Leaks o f  Water i n  Sodium- 
Heated Steam G e n e r a t o r s , "  i n  Symposium on A l k a l i  Metal  Coo lan t s  - Cor ros ion  
S t u d i e s  and System O p e r a t i n g  Exper i ence ,  Vienna,  November 28 t o  December 2 ,  

398 



D I  S Cl JSSI 08 

0 

D.P. White (Sargent  PC Lundy) - I wish t o  preface  my remarks by saying t h a t  

We a t  Sargent & Lundy f ee l  t h a t  t h e  work t h a t  t h e  Authors have 
it has been a o l easu re  t o  be given t h e  opportuni ty  t o  review and submit comments 
on t h i s  paper.  
done i n  a s ses s ing  t h e  s t a t u s  of t h e s e  p r o j e c t s  has been inva luable  i n  t h e  over- 
a l l  eva lua t ion  of  t h e  WFBR Frogram. 

Dos i t ive  conclusions cannot be d iscussed  a t  t h i s  t ime. The problems discovered 
i n  t h e  manufacturing and design of t h e  Enrico Fermi steam genera tors  during i t s  
l i m i t e d  opera t ion  and t h e  i n - f i e l d  s o l u t i o n s  can be used t o  advantage i n  t h e  de- 
s i c n  and manufacturing of  f'uture steam genera tors .  It w i l l  be i n t e r e s t i n g  t o  
no te  on t h e  performance i n  t h i s  uni t  after t h e  modi f ica t ions  a r e  completed. 

The proper  func t ioning  of t h e  sodium-water r e a c t o r  r e l i e f  system on n m b e r  
one system genera tor  h e l m  t o  e s t a b l i s h  f a i t h  i n  t h e  steam genera tor  p r o t e c t i o n  
systems. This  r e l i a b i l i t y  of t h e  r e l i e f  system i s  s i g n i f i c a n t  i n  an opera t ing  
viewpoint. The ESADA sponsored sodium-water r e a c t i o n  t e s t s  can o f f e r  inva luable  
a s s i s t a n c e  t o  steam generator  des igners ,  primary i n  m a t e r i a l  s e l e c t i o n  and tube  
design.  The c o r r e l a t i o n  between t h e  t e s t  r e s u l t s  and t h e  a n a l c i c a l  model seem 
encouraging from a design s tandpoin t  and tend  t o  he lp  e s t a b l i s h  re1 iab i l i t . r  o f  
t h e  nodel.  

The development of t h e  sodium t o  water steam generator  i s  a major t a s k  i n  
t h e  o v e r a l l  development of  a l i a u i d  metal r e a c t o r .  It i s  apparent t h a t  consid- 
e rab le  e f f o r t  i s  being expended a long  t h e s e  l i n e s .  The o roof - t e s t ing  of  t h i s  
u n i t  and i t s  s a f e t y  system i s  of Daramount importance t o  t h e  LWBR Program. 
The design and c a p a b i l i t y  of t h e  steam genera tors  i s  q u i t e  s i g n i f i c a n t  i n  t h e  
o v e r a l l  l avout  of t h e  p l a n t .  The steam genera tors  r equ i r ed  f o r  a l a r g e  l i q u i d  
m e t a l  r e a c t o r  power genera t ion  s t a t i o n  c o n s t i t u t e  a major p iece  of equipment - 
comparable i n  magnitude t o  t h e  r e a c t o r  and turbine genera tor .  
about t h e  phys ica l  size, shape and opera t ing  c h e r a c t e r i s t i c s  of t h e  steam gen- 
e r a t o r  e a r l y  i n  t h e  design of  a p l a n t ,  t h e  e a s i e r  and less expensive w i l l  be 
t h e  layout  of t h e  p l a n t  bu i ld ings  and o the r  equipment. The sodium-water reac-  
t i o n  re l ie f  system has a major bear ing  on t h e  design of t h e  f a c i l i t y  and i t s  
inf luence  on t h e  r e a c t o r  system must be known e a r l y  i n  t h e  design.  F ina l ly ,  
a comparison of t h e  opera t ing  c h a r a c t e r i s t i c s  and c o s t  between t h e  modular 
and s i n g l e  u n i t  system genera tors  would a i d  t h e  designer  considerably i n  per- 
forming p l a n t  eva lua t ion ,  layout  and design.  

and design of sodium heated steam genera tors ;  however, t hey  do not seem monu- 
menta l  and wi th  cont inuing e f f o r t ,  t h e  remaining Ques t ions  can be resolved.  

Since t h i s  paper p re sen t s  an updated s t a t u s  r epor t  on a cont inuing  p r o j e c t ,  

The more known 

It i s  apparent t h a t  some Droblem arezs s t i l l  e x i s t  i n  t h e  manufacturing 

P.A. Salmon (Publ ic  Serv ice  E l e c t r i c  & Gas Company) - This  i n t e r e s t i n g  
paper w i l l  be  useful t o  a l l  those  who a r e  contemplating t h e  genera t ion  of 
steam by hea t  exchange from hot  sodium. The B&H I n t e g r a l  Superheat Steam 
Generator and t h e  Atomics I n t e r n a t i o n a l  Module concepts d i f f e r  widely i n  
design philosophv. The A I  desi-  apea r s  t o  be aimed a t  high a v a i l a b i l i t y  

399 



i n  s p i t e  of l eaks ,  while  t h e  B&W design assumes t h a t  i t s  f e a t u r e s  assure r e l i -  
able opera t ion .  
e s t ,  as w i l l  t h e  modified Fermi steam genera tors .  Experience t o  date has  taught  
us  t h e  importance of  AWie;ninR 
materials, and proper  c a r e  of  t h e  equipment after manufacture is  completed. 

a f te r  reading  t h e  data on tube  wastage. It must have been d isappoin t ing  t o  f i n d  
t h e  l a c k  o f  c o r r e l a t i o n  between t h e  r e s u l t s  of  tes ts  i n  APDA Rigs 10 and 43. I n  
t h e  paper No. 5B/1 "Sodium Technology and Equipment of t h e  BN-350 I n s t a l l a t i o n "  
by A . I .  Leipunski i ,  e t  a l . ,  p resented  at t h e  London Conference on F a s t  Breeder 
Reactors  i n  May, 1966, t hey  r e p o r t  ''There was never any f r a c t u r e  of t h e  ad jacent  
tubes  f i l l e d  w i t h  water a t  a p res su re  of 50-60 kg/cm*". This  sugges ts  agreement 
w i t h  t h e  r e s u l t s  i n  Rig 10. 

c l i n e d  t o  ask whether t h e r e  should not be a back-up e f f o r t  such as a b inary  
cyc le  i n  which t h e  heat of the  primary sodium i s  used t o  b o i l  mercury which, 
i n  condensing, b o i l s  water, or some o the r  cyc le  i n  which t h e  leakage of steam 
o r  water i n t o  sodium i s  less l i k e l y  than  it i s  i n  a sodium-heated stem 
generator .  

The proof t e s t i n g  o f  t h e  two w i l l  be watched w i t h  great i n t e r -  

t o  avoid tube  v i b r a t i o n ,  c a r e f u l  s e l e c t i o n  of 

The inportance of an e f f e c t i v e  and r a p i d  leak-detect ion system i s  evident  

I n  view of t h e  need f o r  higher  coolant  and steam temperatures ,  one i s  in-  

K.D. Kuczen (ANL) - Each of t h e  au thors  have been a c t i v e l y  engaged i n  t h e  
development of sodium-heated steam genera tors .  Therefore ,  it i s  appropr i a t e  
t h a t  they d iscuss  t h e  cu r ren t  a c t i v i t i e s  of t h e i r  r e spec t ive  companies p e r t i n e n t  
t o  LNFBR steam genera tor  development. 

e r a t u r e s  are now lower than  they  were a few yea r s  aKo. This comes as no sur- 
p r i s e ,  bu t  t h e  impression one has i s  tha t  t h e  lower temperatures  are related 
t o  t h e  use  of s t a i n l e s s  s tee l ,  p a r t i c u l a r l y  with r e s p e c t  t o  i t s  s u s c e p t i b i l i t y  
t o  c h l o r i d e  stress cor ros ion .  

S t a i n l e s s  s t ee l  f o r  superhea ters ,  va lves ,  t u r b i n e  nozz les ,  and main steam 
p ip ing  has been i n  use  for several years .  Experience wi th  Type 347 has been 
l e s s  t han  desirable because of cracking ad jacent  t o  welds. However, several 
l a r g e  s t a t i o n s  have shown success fu l  a p p l i c a t i o n  of Type 316l. 
e r a t o r  f o r  SRE has logged approximately 19,000 hours of ope ra t ion  at sodium temp- 
e r a t u r e s  varying from 750 t o  106O0F. "InsDection of t h e  i n t e r n a l s  on t h e  steam 
s i d e  ind ica t ed  no observable  depos i t s ,  cor ros ion ,  or o the r  untoward phenomena". 
The u n i t  employs Type 304 stainless s t e e l  and i t s  exce l l en t  condi t ion  i s  a t t r i -  
buted t o  c a r e f u l  c o n t r o l  of t h e  water p u r i t y .  Ce r t a in ly ,  stress cor ros ion  of 
t he  s t a i n l e s s  s t e e l s  i s  an important cons idera t ion  i n  t h e  choice of m a t e r i a l s .  
However, it appears t h a t  water F u r i t y  can be con t ro l l ed  t o  minimize, t o  a l a r g e  
e x t e n t ,  t h e  p r o b a b i l i t y  of f a i l u r e  due t o  stress cor ros ion .  
c o w s e ,  o t h e r  cons idera t ions  which may d e t e r  t h e  s e l e c t i o n  of s t a i n l e s s  s t e e l ,  
for i n s t ance ,  t h e  formation of t h e  signa phase,  carb ide  p r e c i p i t a t i o n  i n  t h e  

Both Mr, Probert  and Mr. McPonald have ind ica t ed  t h a t  optimum s t em temp- 

The  stem gen- 

There a r e ,  of 

]Baker, R.A. and Soldan, H.N., "Service Experiences a t  1050°F and llOO°F of 

2Rudney, G. S . ,  "Liquid-Metal-Heated S t e m  Generator Operating Experience," 

Piping Aus ten i t i c  S t ee l s , "  Proc. I n s t .  Mech. Engrs. 178, P t  3A, 4-35 (1963-64). 

Liquid Metal Engineering Center,  NAA-SR-12534, November 1, 1967. 
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u n s t a h i l i z e d  s t e e l s  and t h e  a b i l i t y  t o  r e s i s t  thermal shock f a t i g u e .  Row much 
of a d e t e r r e n t  each of t h e s e  rnay be appears t o  be open t o  ques t ion .  Test  re- 
s u l t s  on " p e  316 show t h a t  ''as carb ide  p r e c i p i t a t i o n  inc reases  with t ime a t  
temperature (1200'F) t h e  hardness and  ultSmate stren,qth values  a r e  r a i s e d  and 
t h e  impact va lues  and d u c t i l i t y  values  a r e  lowered. However, t h e  verv excel-  
l e n t  values  of  t h e  impact t e s t s  a t  t h e  opera t ing  temperatures  of  1200'F w i l l  
be  noted ( i n  t h e  r e fe rence )  and t h e  r e s u l t s  of t e s t s  a t  room temperature  are 
s t i l l  q u i t e  good compared w i t h  o the r  ma te r i a l s  , I r 3  

t i o n  of thermal  conduct iv i ty ,  c o e f f i c i e n t  of thermal expansion and t h e  modulus 
of e l a s t i c i t y ,  t h e  s t a i n l e s s  s t e e l s  can be shown t o  be l e s s  r e s i s t a n t  than  t h e  
chrome-moly a l l o y s .  However, t h e r e  a r e  o the r  parameters which a r e  important ,  
such as d u c t i l i t y ,  f a t i g u e  s t r e n g t h ,  s e v e r i t y  of t h e  thermal shock and t h e  
geometry of t h e  reg ion  i n  ques t ion .  Onlv when t h e s e  a r e  considered can a 
quan t i tR t ive  comparison anong ma te r i a l s  be made. 

a c t e r i s t i c s  f o r  U4FRR app l i ca t ion .  I t s  use i n  p lace  of t h e  low a l l o y  f e r r i t i c s  
p r a c t i c a J l y  e l imina te s  t h e  mass t r a n s f e r  of carbon. 
fer  i n  a mono-material system because of temnerature d . i f ferences.  ) 
of  carbon dep le t ion  o f  t h e  low a l l o y  f e r r i t i c s  over a t h i r t y  year  l i f e  w i l l  be 
s i g n i f i c a n t  and w i l l  adverse ly  e f f e c t  t h e  mechanical p rope r t i e s .  The degree 
t o  which t h e  p r o p e r t i e s  a r e  e f f ec t ed  i s  unknown but  could be s i z n i f i c a n t .  The 
use of  s t a b i l i z e d  low a l l o y  f e r r i t i c s  may be an a l t e r n a t i v e .  

more r e s i s t a n t  t o  wastage thzn  2-1/4 Cr-lNo. 
Experiments, have found s i m i l a r  r e s u l t s  f o r  Tme 316.4 
of 2-1/4 Cr-1Mo was found t o  be almost t h i r t y  t imes g r e a t e r  than  t h e  weight 
l o s s  measured f o r  m e  316. 

Rather ,  he i s  at tempting t o  poin t  out  t h a t  t h e r e  may be se r ious  l i m i t a t i o n s  t o  
t h e  101.1 a l l o y  f e r r  it i c  s t e e l s  e spec i a1 l v  dec a rbur  i z at ion-carbur i z a t  ion e f f e c t  s 
and perhaps tube  w a s t w e  duriny a sodium-water r eac t ion .  These disadvantages 
m a j r  overshadow t h e  a b i l i t y  of t h e  f e r r i t i c s  t o  r e s i s t  s t r e s s  cor ros ion  cracking.  
Perhaps Flr. Probert  and/or Mr. VcDonRld would comment f u r t h e r  upon t h e i r  b a s i s  
f o r  material s e l e c t i o n  and a l s o  i n d i c a t e  whether t h e  present  choice i s  assumed 
t o  be app l i cab le  t o  t h e  f a r  term,  1000 W e  ( o r  g r e a t e r )  commercial, ISTFRR p l a n t s .  

d i c a t e s  t h a t  r e l i e f  systems w i l l  prevent ca t a s t roph ic  f a i l u r e  of t h e  s h e l l .  
i s  apparent ,  t h e r e f o r e ,  t h a t  t h e  design of such systems must have a very high 
degree of  r e l i a b i l i t y .  
such as, sodium and/or i t s  oxide build-up on t h e  face  of ruptured d i s c s ,  must 
be prevented,  Equally important i s  prena ture  f a i l u r e  of t h e  d i s c  which would 
s e r i o u s l y  e f f e c t  t h e  F l a n t ' s  a v e i l a b i l i t y .  This  i s  e s p e c i a l l y  s i g n i f i c a n t  i n  
systems which employ vent  p ip ing  which i s  common t o  seve ra l  u n i t s  where d i s c  
fa i lure  could "const ipate"  t h e  e n t i r e  vent  system. 
requi red  t o  r ep lace  o r  r e p a i r  and cleanup a steam genera tor  a f t e r  a sodium-water 

If t h e  a b i l i t v  t o  r e s i s t  thermal shock f a t i g u e  i s  considered t o  be a func- 

On t h e  o the r  hand, t h e  s t a i n l e s s  s teels  have at l e a s t  two d e s i r a b l e  char- 

(There may be carbon t r a n s -  
The amount 

As i nd ica t ed  by Flr. Kovacic, Ty-pe 321 s t a i n l e s s  s t e e l  e.ppears t o  be much 

The t o t a l  weight l o s s  
The B r i t i s h ,  i n  t h e i r  Small Sca le  

The w r i t e r  i s  not t r y i n g  t o  develop a case  f o r  t h e  use of s t a i n l e s s  s t e e l .  

Present  d a t a  on sodium-water r e a c t i o n s  both i n  t h i s  country and abroad in- 
It 

Conditions which might i n t e r f e r e  with proper opera t ion ,  

One mig,ht es t imate  t h e  t i m e  

3Mochel, N.L.; A\lnan, C.W. ; Wiedersum; and Zong, F.H., "Performance of m e  
316 S t a i n l e s s  S t e e l  Piping et 500 P s i  and 1200°F," Proceedings of t h e  Ameri- 
can Power Conference, Volume XXXII, 1966, pp. 556-568. 

Reaction Experiments on Model P.F.R. Heat Exchanger - The NOAH Rig Tes ts , "  
TRG Report 1519 ( D ) ,  1967, The Reactor Group HQ,, Ris l ey ,  Warrington, Lancs. 

4Bray, J.A.  ; Bleazard,  J.M.E. ; Hargreaves, K .  ; and Ward, B . ,  "Sodium-Water 
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r e a c t i o n ,  bu t  t h e  effects upon t h e  contiguous system are l a r g e l y  unknown. The  
B r i t i s h ,  i n  t h e i r  NOAH experiments,  found it necessary t o  d r i l l  out  t h e  d ra in  
p ip ing  which became clogged wi th  r e a c t i o n  products .  
l e a k  experiments should be performed on steam genera tors  i n  an environment which 
simulates t h e  contiguous system. Would Mr. KovaCfC c a r e  t o  comment? 

Obviously, l eak  d e t e c t i o n  methods must be s e n s i t i v e  enough t o  s i g n a l  shut- 
down before  t h e  vent  system i s  ac t iva t ed .  Small l eaks  must be de t ec t ed  before  
tube  f a i l u r e  i s  propagated. The des igner  has some f l e x i b i l i t y  i n  t h i s  r e s p e c t ,  
H e  can provide s a c r i f i c i a l  b a r r i e r s  between tubes o r  groups of t ubes ;  use  a aa- 
t e r i a l  which i s  r e l a t i v e l y  resistant t o  wastage; des i sn  t h e  shell s i d e  as t h e  
water/steam s i d e  -- t h e  modular concept appears amenable t o  t h i s  approach; o r  
even provide double wall tubes .  Exclusive of t h e  SIR steam genera tor  
t e s t s  where thermal  oerformance and not  s t r u c t u r a l  i n t e g r i t y  w a s  emnhasized, 
t h e  w r i t e r  i s  not  aware of failures i n  double w a l l  u n i t s  which r e s u l t e d  i n  
sodium-water r eac t ions . )  
approaches can only be evaluated. a f te r  more i s  known about l o c a l  and sys t eq  
e f f e c t s  due t o  sodium-water r eac t ions .  

It would appear,  then  t h a t  

(Note: 

I n  t h e  w r i t e r ' s  oyinion,  t h e  economics of t h e s e  

The w r i t e r ' s  l a s t  comment i s  d i r e c t e d  t o  M r .  Kovacic. Current information 
shows t h a t  l o c a l  high tem?eratures are developed dur ing  t h e  r e a c t i o n  of water 
with sodium. Is  it poss ib l e  t h a t  enough f r e e  oxygen i s  produced by t h e  d i s -  
a s soc ia t ion  of  water a t  t h e  h ieh  temneratures  t o  account f o r  r ap id  tube  wastage? 
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&”-. FUEL HANDLING MECHANISMS 

FOR LMFBR SYSTEMS 

D. R. Anderson 

Atomics International 
A Division of North Amer ican  Rockwell Corporat ion 

ABSTRACT 

Because of i t s  effects on plant availabil i ty,  fuel han-  
dling i s  the m o s t  important  sys t em in the LMFBR. Major  
scheduled outage is  for  refueling and for  no other  reason .  
A semiannual  refueling outage of 10-days fo r  a 1000-Mwe 
P lan t  would cost  $480,000 based on a 2 mil l lkwh r e s e r v e  
capacity incrementa l  charge .  
ex -co re  fuel inventory holdup t ime can reduce fuel cycle  
cos ts  by 0.017 mil l /kwh.  

A one-month d e c r e a s e  in the 

Genera l  requi rements  f o r  fuel handling mechanisms 
a r e  identified by examining in te r faces  with the other  r eac to r  
plant sys t ems .  The impact  of fuel handling on containment,  
c o r e ,  ves se l ,  fuel management ,  and decay s torage  a r e  d i s -  
cussed .  
i s  emphasized.  

The preserva t ion  of fuel integrity during handling 

The technology of refueling s y s t e m s  in exis tence today 
i s  explored in t e r m s  of advantages,  disadvantages,  and the 
technical  bas i s  for  future  sys ten is .  In-vesse l  v s  ex-vesse l  
s torage  and on-line vs  off-line refueling schemes  a r e  c o m -  
pa red  and the economics of in -vesse l  s torage  fo r  var ious  
refueling in te rva ls  is  presented .  

Conclusions a r e  drawn f r o m  the LMFBR refueling con- 
cepts  being considered by the m a j o r  r eac to r  plant suppl ie rs .  
The cautious extrapolation of existing technology i l l u s t r a t e s  
the uncertainty in mechanisms that opera te  in sodium. De-  
velopment and quality a s s u r a n c e  p rocedures  for codes and 
s tandards  a r e  the key e lements  in achieving successfu l  fuel 
handling mechanisms for  industry use .  

INTRODUCTION 

At p re sen t ,  the fuel handling sys t em of a l iquid-metal  cooled, f a s t -  

In addition, the 
Sweek and 

neut ron  flux, b reede r  r eac to r  (LMFBR) i s  one of the most  important  s y s t e m s  
of such a plant in t e r m s  of i ts  effects on plant availabil i ty.  
fuel handling sys t em can affect e s - c o r e  fuel inventory cos t s ,  
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Amoros i  r a t e  fuel handling components second only to  safety in the i r  d i scus -  
s ions of the U.S. p r o g r a m  on the LMFBR. 1 

The ma jo r  scheduled outage of an  LMFBR is for  refueling and for  no 
o ther  purpose .  Turbine maintenance i s ,  of course ,  requi red  but may be a s  
infrequent a s  once in  five y e a r s .  It is optimistically a s sumed  that a refuel-  
ing outage could be a s  shor t  at 10 days ( i f  accomplished semiannually) for  
a 1000-Mwe plant;  based on a 2 mi l l s /kwh r e s e r v e  capacity incrementa l  
charge ,  such an outage would cost  $480,000.  

The refueling s y s t e m  a l s o  affects fuel cycle economics via the t ime spent 
by the fuel outside the co re .  
and reprocess ing  t ime a r e  not affected by the refueling scheme;  however,  the 
t ime requi red  before  the fuel can be shipped is  a var iable  affected by choice 
of refueling sys t em.  
cycle cos ts  by 0 . 0 1 7  mil l /kwh for  a 1000-Mwe plant. 

The in-core  res idence  t ime ,  and the shipping 

A one-month d e c r e a s e  in this t ime can reduce fuel 
2 

The high cos t  of f i s s i le  inventory is fur ther  identified by J .  R. Dietr ich3 
a s  having a se r ious  effect on the fuel cycle cos t s  of the fast b r e e d e r ,  and the 
necessi ty  of keeping this  cost  within acceptable bounds accounts for  one of 
the mos t  difficult aspec ts  of the fas t  b r e e d e r  development.  

The preceding f ac to r s ;  i. e . ,  plant availabil i ty and ex-core  fuel inven- 
tory cos ts ,  a r e  those which mus t  be weighed against  safety,  capital  cost ,  
development cos t ,  and r i s k  in  selecting optimum refueling s y s t e m s  fo r  
LMFBR's .  

FUEL HANDLING MECHANISM REQUIREMENTS 

The genera l  r equ i r emen t s  for  fuel handling mechan i sms  can be ident i -  
f ied by examining the i r  in te r faces  with the r eac to r  plant sys t ems .  

The requi rements  imposed by the fuel and co re  components t o  be han-  
The extrapolated dled de te rmines  the s i ze  of the fuel handling equipment.  

t a rge t  burnup on fuel s e t s  decay heat load requi rements .  The fuel may b e -  
come ext remely  f rag i le  a t  high burnups; however ,  the fuel handling des igner  
mus t  m e e t  the r equ i r emen t s  to  p r e s e r v e  the physical and chemica l  c h a r a c -  
t e r i s t i c s  of the fuel during handling f r o m  the co re  to  the point of examination, 
to  p r e s e r v e  the key data  which will allow extending fuel burnup. 
the opera tor  mus t  limit burnup according to  the observed  condition of the fuel 
a f t e r  it has  been removed f r o m  the c o r e  by the handling sys t em.  

Ultimately,  

The interface with the co re  and vesse l  imposes  requi rements  on the fuel 
handling des igner  t o  pro tec t  the co re  f r o m  damage and el iminate  the poss i -  
bility of mel t ing o r  otherwise damaging the fuel. 
s torage  is to  be uti l ized, the design of the s torage  scheme mus t  be optimized 
to  add as l i t t le  as possible  to  the v e s s e l  s ize .  Capability to  r ecove r  f r o m  
off -normal  conditions incorpora tes  requi rements :  
o r  d i s tor ted  fuel,  t o  recover  f r o m  fuel s tuck i n  the c o r e  o r  in  the handling 
sys t em,  and to  routinely manage plutonium and f iss ion products  assoc ia ted  
with failed fuel.  

Where  in-vesse l  decay 

to routinely handle failed 

The in te r face  with the containment design r equ i r e s  c lose examination of 
equipment s i ze .  In some  fuel handling schemes ,  the handling mechanisms 
se t  the s i ze  of the containment s t ruc tu re ,  and ma jo r  tradeoff f ac to r s  ex is t .  

Decay heat  removal  requi rements  a r e  principally functions of what han-  
dling operat ion i s  being pe r fo rmed  and of the decay t ime s ince shutdown. 
Withdrawal f r o m  the co re  within a few hour s  a f te r  shutdown requ i r e s  con- 
s ider ing decay heat loads in excess  of 100 kw p e r  fuel subassembly .  
concepts r equ i r e  maintaining continuous submers ion  in  liquid meta l .  

P r e s e n t  
After 
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d e c a y  p e r i o d s  in the o r d e r  of 6 m o n t h s ,  t h i s  is down t o  about 5 kw. 
d r a w a l  of t he  s u b a s s e m b l y  f r o m  the r e a c t o r  i n  a sod ium-f i l l ed  con ta ine r  such  
as is  u s e d  in  the  E n r i c o  F e r m i  s y s t e m  is l imi t ed  to  below 5 0  kw in a s t agnan t  
g a s  a t m o s p h e r e ,  depending on the length and s u r f a c e  a r e a  of the con ta ine r .  
Handling a b a r e  s u b a s s e m b l y  in  a s t agnan t  g a s  a t m o s p h e r e  i s  l i m i t e d  t o  1 o r  
2 kw with 5 h o u r s  b e f o r e  t e m p e r a t u r e  l i m i t s  a r e  exceeded .  

With- 

P R E S E N T  T E  CHN OLOG Y 

The  d e s i g n  approach  to  fuel  handling s y s t e m s  in e x i s t e n c e  today h a s  been 
d i c t a t ed  by the  d e s i g n  ob jec t ives  of the individual plant .  
w a s  l e s s  e m p h a s i s  on refuel ing r a t e s  than tha t  expec ted  of f u t u r e  s y s t e m s .  
T h e  high c o s t  of downtime f o r  a l a r g e  F B R  i s  l ikely to  m a k e  high refuel ing 
r a t e s  a p r i n c i p a l  t radeoff  f a c t o r  in the fu tu re .  

In  a l l  c a s e s ,  t h e r e  

F u e l  handling m e c h a n i s m s  f o r  sod ium-coo led  r e a c t o r s  in  e x i s t e n c e  today 
h a v e  s e r v e d  the indus t ry  as  well  as could be expec ted ,  cons ide r ing  tha t  all 
w e r e  built  on l imi t ed  p r o j e c t - o r i e n t e d  r e s e a r c h  with c o n s i d e r a b l e  i n - s y s t e m  
t e s t ing  and r e w o r k .  Without t he  ex i s t ence  of codes  and s t a n d a r d s ,  the fuel 
handling d e s i g n e r  h a s  had l i t t l e  choice but t o  p r o c e e d  on t h i s  b a s i s .  
p r o j e c t  could,  in the p a s t ,  a s s u m e  the c o s t s  of s t a n d a r d s  deve lopmen t .  

No one 

F u e l  handling m e c h a n i s m s  f o r  l iquid - m e t a l  s y s t e m s  in  e x i s t e n c e  today 
a r e  b road ly  c h a r a c t e r i z e d  in  two c a t e g o r i e s :  unde r - the  - sh i e ld  handling, and 
th rough- the  -shield handl ing.  
v e s s e l  d e c a y  s t o r a g e  a r e  EBR-11 and E n r i c o  F e r m i .  
handling e x a m p l e s  a r e  SRE,  Ha l l am,  Dounreay,  and Rapsod ie .  

E x a m p l e s  of unde r  - sh i e ld  handling with i n -  
Through- the  - sh i e ld  

Under  -the -shield handling, with i n - v e s s e l  s t o r a g e ,  shown s c h e m a t i c a l l y  
in  F i g u r e  1,  h a s  a potent ia l  f o r  high refuel ing r a t e s  and a m i n i m u m  of p r e p a -  
r a t ion  t i m e .  
pe r iod  h a s  t r a n s p i r e d  t o  p e r m i t  g a s  cool ing,  thus min imiz ing  the poss ib i l i t y  
of fuel  ove rhea t ing .  

T h e  fuel is ma in ta ined  unde r  sodium until a suff ic ient  decay  

Di sadvan tages  of t h i s  g e n e r a l  a p p r o a c h  a r e :  

T h e  difficulty of maintaining the r ad ioac t ive  fuel handling m e c h a -  
n i s m s ,  should a malfunct ion o c c u r  du r ing  ope ra t ion ,  

0 Opera t ion  of some of the fuel  handling m e c h a n i s m s  in l iquid 
s o d i u m ,  

An i n c r e a s e  in v e s s e l  s i z e  t o  m a k e  r o o m  fo r  the i n - v e s s e l  s t o r a g e  
pos i t i ons ,  and . P o s s i b l e  sa fe ty  p r o b l e m s  in  connect ion with r e m o v a l  of fuel f rom 
i n - v e s s e l  s t o r a g e  with the r e a c t o r  in ope ra t ion .  If t h i s  ope ra t ion  
i s  ru l ed  out f o r  s a fe ty  r e a s o n s ,  the fuel may have t o  be l e f t  in  the 
r e a c t o r  v e s s e l  unti l  the next refuel ing shutdown, t h e r e b y  i n c u r r i n g  
a n  e x - c o r e  inventory penal ty .  

Through- the - sh ie ld  handling, with e x - v e s s e l  s t o r a g e ,  shown s c h e m a t -  
ical ly  in  F i g u r e  2 ,  is a s y s t e m  which h a s  been popular  in the p a s t  on r e a c t o r  
d e s i g n s  in which the fuel e l e m e n t s  have had r e l a t ive ly  low d e c a y  h e a t  g e n e r -  
a t ion r a t e s  a f t e r  r e a c t o r  shutdown. T h i s  p e r m i t t e d  s i m p l e  g a s  cooling of the 
f u e l  e l e m e n t  as  it was lif ted d i r e c t l y  f r o m  the c o r e .  
method a r e  that  i t  i s  r e l a t ive ly  s i m p l e ,  a f fo rds  s e p a r a t i o n  of the fuel  handling 
s y s t e m  and the r e a c t o r  d e s i g n ,  p e r m i t s  sh ipmen t  of fuel  a s  soon as  i t  h a s  
decayed  suff ic ient ly ,  i s  independent of r e a c t o r  ope ra t ion ,  and p e r m i t s  a v e s -  
s e l  of m i n i m u m  s i z e ,  s i n c e  no i n - v e s s e l  s t o r a g e  i s  r e q u i r e d .  

T h e  advan tages  of t h i s  

( I t  should be 
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noted that this last advantage applies p r imar i ly  to  "loop -vessel"  type r eac to r  
designs.  The v e s s e l  of a "pool" type r e a c t o r  is usually l a rge  enough, for  
other  r easons ,  t o  accept  in -vesse l  s torage  with no cos t  penalty. ) This  s y s -  
t em,  however ,  becomes  m o r e  complex as  fuel e lement  decay heat  loads 
inc rease  to  the 5 0  t o  1 0 0  kw range expected for  an  LMFBR. 
t e m  for  the fuel handling machine mus t  be ex t remely  rel iable .  
cooling may  be requi red  for  adequate heat t r a n s f e r .  
motion s tudies  pe r fo rmed  to  date  indicate that  this  s y s t e m  i s  likely to be 
s lower than the under  -the -shield sys tem.  

The cooling s y s -  
Liquid-metal  

In addition, t ime-and-  

Fuel  handling mechanisms which have matured  through se rv ice  have 
demonst ra ted  adequate safety.  
re l iabi l i ty  of the under  -shield equipment. 
fo r  example,  completed over  3 0 0 0  in-core  handling cycles .  While this i s  
encouraging, in t e r m s  of an  es t imated  7 0 0 0  rep lacements  of fuel,  blanket 
re f lec tor ,  and control  e lements  in the life of a 1000-Mwe co re ,  the pe r fo r -  
mance  of the ex -co re  mechan i sms  h a s  not been sa t i s fac tory ,  Both plants 
have experienced l e s s  difficulty with the under -shield equipment than with 
the mechanisms ex terna l  to the ~ o r e . ~ , ~  
equipment receiving m o r e  attention because of i t s  c r i t i ca l  nature .  

They have a l so  demonst ra ted  relatively high 
EBR-I1 and F e r m i  sys t ems  have, 

This  i s  probably due to  the in-core  

Direc t  g a s  cooling of the fuel e lement ,  such as used in the EBR-11, has  
The l imitat ions on gas  cooling l i t t le  potential for  use  in future sys t ems .  

make it unsuitable for  FBR fuel without prohibitively long decay per iods which 
add to  fuel inventory.  
l i t t le  o r  no marg in  in the event of loss of  c i rculat ion.  The t rans i t ion  through 
the sodium/gas  in te r face  leaves  the fuel uncooled during some  per iod o f t ime .  
If the gas  coolant s t r e a m  i s  s ta r ted  p r io r  t o  lifting fuel c l e a r  of the sodium, 
gas  bubbles and the potential fo r  gas  entrainment  in the p r i m a r y  s y s t e m  i s  
encountered. Sodium entrainment  in the cooling -gas s t r e a m  introduces ope r -  
ating and maintenance difficult ies although these have solutions.  I f  g a s  cool- 
ing i s  to  be used in FBR fuel handling, i t  will probably uti l ize a sodium-fil led 
container  which builds on the F e r m i  experience.  

The lack of t he rma l  iner t ia  of g a s  cooling provides  

Liquid-Metal F a s t  -Reactor  fuel handling s y s t e m  experience h a s  der ived 
pr incipal ly  f r o m  EBR-11, F e r m i ,  and Dounreay r eac to r  sys t ems .  Some 
p e r i m e t e r  experience has  been gained with the SRE and Hal lam s y s t e m s .  
Although the re  have been developmental  p roblems with a l l  of these  machines ,  
they have been minimal  for  this  c l a s s  of equipment.  
e r s  did a r emarkab le  job in anticipating and avoiding potential p roblems asso- 
ciated with sodium and sodium vapor .  
been ovcrcome with rework.  

In genera l ,  the design-  

Those problems that did exis t  have 

F U E L  HANDLING SYSTEMS AND MECHANISMS FOR FUTURE 
LMFBR PLANTS 

Refueling s y s t e m s  for  future  LMFBR plants  will be based  in whole o r  in 
p a r t  on the proven concepts d i scussed  in the preceding paragraphs .  
be s e e n  in Table 1 ,  a wide var ie ty  of s y s t e m s  and mechanisms for  LMFBR 
refueling a r e  being ser ious ly  pursued both domest ical ly  and abroad.  
Russ i an  BN-350 refueling s y s t e m  is not shown in the table because of lack  of 
recent  published descr ip t ions  of the plant; however ,  e a r l i e r  documents  indi-  
cated a double rotating plug with a t r ans fe r  tool l imited to  ver t ica l  motion. ) 

As can 

(The  

Two of the seven r eac to r  designs l is ted uti l ize an  iner t  hot-cell  f o r  
fuel t r a n s f e r .  
a c c e s s  to  the fuel e lements .  
i s  t r a n s f e r r e d  under  sodium to s torage  r acks  within the ves se l ,  a s  shown 
schematical ly  in F igure  3 .  L a t e r ,  a f te r  a suitable decay per iod,  spent fuel 
can  be removed f r o m  the s torage  a r e a  into a fuel t r ans fe r  cel l ,  with the 

In both s y s t e m s ,  the r eac to r  top shield is removed to  provide 
In the hot -ce l l / in -vesse l  s torage  concept,6 fuel 
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TABLE 1 

PROPOSED REFUELING SYSTEiMS FOR L M F B R ' S  

R e a c t o r  

G E  300-Mw Demo.  

AI 500-Mw Demo.  

W 200 -Mw Demo.  

B&W 1000-Mw 

B r i t i s h  P F R  
2 50 -Mw 

F r e n c h  Phen ix  
250 -M\v 

G e r m a n  Na-2  
300-MW 

Refuel ing iMethod 

Hot - ce l l  and  r e m o v a b l e  
sh ie ld  

Double ro t a t ing  plug and  
v e r t i c a l  t r a n s f e r  t oo l  

Hot - ce l l  and  r e m o v a b l e  
sh ie ld  

Double ro t a t ing  p lugs  
and  v e r t i c a l  t r a n s f e r  
too l  

Single  ro t a t ing  plug a n d  
"pantograph"  t r a n s f e r  
arm 

Single ro t a t ing  plug and  
ro ta t ing ,  r ig id ,  t r a n s  - 
f e r  a rm 

T r i p l e  ro t a t ing  p lugs  and  
v e r t i c a1 t r a n  s f e r too  1 

Decay  
S to rage  

In -vesse l  

In -ve s sel  

E x  -ve s sel  

In -ve s se l  

I n - v e s s e l  

In -ve s s el  

In -ve s sel 
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R e m o v a l  
F r o m  
Decay  
S t o r a g e  

On - l ine  

Off - l ine  

On - l ine  

On - l ine  

On - l ine  

Off - l ine  

Off - l ine  

Ref .  

6 

6 

6 

7 

6 -8  

6 
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r eac to r  on-line. In the hot -ce l l /ex-vesse l  s torage  concept,  F igure  4 ,  a s i m -  
i l a r  i ne r t  hot-cel l  i s  used,  but the fuel e lements  a r e  withdrawn into a 
cooled fuel handling machine which t r anspor t s  the e lement  to a decay s torage  
a r e a .  After  the shield i s  installed on the r eac to r  and the r eac to r  re turned  to  
power,  fuel e lements  can be removed f rom decay s torage  for  shipment a s  
soon as they have decayed sufficiently. 

Both hot -cel l  concepts have the following advantages.  . The shield i s  of s imple design requir ing a make-and-break  s ta t ic  
s e a l  and no bear ings .  . The open vesse l  r e su l t s  in potential visual  fuel handling and d i r ec t  
a c c e s s  to  every  co re  component. . The concept is  s imple .  All mechanisms a r e  access ib le  for  hot-  
ce l l  maintenance.  

Sodium frost ing of refueling mechanisms should not be a problem. 

Unforeseen maintenance t a sks  on r eac to r  and refueling components 
can be per formed.  

In addition, the hot -ce l l / in -vesse l  s torage  concept appea r s  t o  requi re  r e l a -  
t ively l i t t le  development,  
On the other  hand, the ho t - ce l l / e s -vesse l  s torage  concept minimizes  ves se l  
s i ze ,  s ince no in-vesse l  s torage  is requi red .  

s ince a cooled fuel handling machine i s  not required.  

The disadvantages of the hot -cel l  concept follow. 

A l a r g e  shielded and heated, gas- t ight  cel l  mus t  be provided to  
house the en t i re  fuel handling sys t em.  

Direc t  personnel  a c c e s s  during fuel handling i s  not possible .  

Maintenance of control  rod d r ives  and in-core  instrumentat ion will 
be difficult. 

The mechanism and sur face  a r e a s  that become contaminated a r e  
s e v e r a l  o r d e r s  of magnitude higher  than that of c losed vesse l  
concepts . 

0 Remote emergency  handling equipment and p rocedures  mus t  be 
developed. 

Additional disadvantages,  i f  the s torage  vesse l  i s  s epa ra t e  f rom the r e -  
ac to r  ves se l ,  can be charged to  the fuel handling machine used to  t r a n s f e r  
fuel f r o m  the r e a c t o r  ves se l  to  the decay s torage  vesse l .  Th i s  machine mus t  
be capable of handling ve ry  high (50  to 100 kw) decay heat  loads ;  hence,  liquid 
me ta l  cooling m a y  be requi red .  

I t  should be recognized, of cour se ,  that  the hot-cel l  concept does not 
r equ i r e  a removable  r eac to r  shield plug. 
shield fuel handling can  be combined with the hot -cell  to  provide the advantage 
of both types of sys t ems  at  an additional cost  penalty. 

Under -the -shield o r  through-the-  

The remaining s ix  of the seven r eac to r  designs tabulated uti l ize var ious 
These  a r e  shown schemat -  types  of under- the -shield fuel handling sys t ems .  

ically in F igu res  5 ,  6 ,  and 7 .  The double rotating p lug  with in-vesse l  s torage  
is  the s imples t  of the three  under- the-shield concepts s ince the in-vesse l  fuel 
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handling mechanism operates  only in the up-and-down direction. This con- 
cept i s  currently ser iously being considered by AI, B & W ,  and the Germans.  
(The Germans add a third rotating plug to reduce vessel  d iameter . )  The 
advantages of this concept follow. 

The concept i s  simple.  
maintenance. 

All mechanisms a r e  accessible for contact 

Fuel handling i s  performed straight down through the top shield by 
using only push o r  pull movements. 

The in-core fuel handling machine requires  minimum shielding. 

The control rod dr ives  need not be removed from the reactor  du r -  
ing fuel handling. 

Additional direct  access  to any core o r  storage position can be 
provided by additional por t s  in the smal le r  rotating plug. 

The indexing of the fuel handling machine to any core position can 
be verified by direct  vision. 

There  can be no loss  of fuel element cooling during in-vessel 
t ransfer  because the fuel element never leaves the sodium pool. 

Instrument " t rees"  need only be ra ised approximately 6 inches 
during reactor  refueling. 
ne c t ed. 

Instrument leads need not be discon- 

The rotating plug concept has  been proven by the Dounreay, Fe rmi ,  
and EBR-I1 reac tors .  

The disadvantages a r e :  

Fabrication and transportation of large rotatable plugs require  
spe cia1 conside ration, 

In-vessel s torage increases  the diameter  of the reac tor  vessel  
(disadvantage to  the "loop" concept only), 

0 Sodium frosting in the annuli of the rotating plugs may eventually 
cause plug binding, and 

A second fuel handling machine i s  required for ex-vessel  fuel 
handling. 

0 

Figure 6 shows a single rotating plug with a rotating-arm, fuel-handling 
machine. This i s  the system used in the F e r m i  reac tor  and has been s e -  
lected for the French  Phenix reactor .  
ble those for the double rotating plug concept. 

The advantages of this concept r e s e m -  

Only one rotating plug i s  required.  

0 There  a r e  no mechanical res t r ic t ions to  the selection of a control 
rod pattern.  

There can be no loss  of fuel element cooling during in-vessel 
t ransfer  because an element never leaves the sodium pool. 

0 This concept has been successfully demonstrated by the Fe rmi  
reac tor .  
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T h i s  concept  h a s  the following d i sadvan tages  in addi t ion to  those  l i s t ed  
f o r  the double - rotat ing plug:  

0 D i r e c t  through-the-plug a c c e s s  t o  e a c h  c o r e  posi t ion c a n  not he 
p r ovid e d , 

0 C o n t r o l  rod d r i v e s  and s o m e  i n - c o r e  i n s t r u m e n t a t i o n  m u s t  be 
r a i s e d  approx ima te ly  15 feet  t o  the unde r  s ide  of the r e a c t o r  top 
sh ie ld  du r ing  fuel handling, 

0 Remova l  of the i n - c o r e  handling mach ine  f r o m  the r e a c t o r  f o r  
ma in tenance  is  a m a j o r  ope ra t ion  r equ i r ing  r e a c t o r  shutdown, and 

0 The  az imuth  posi t ion of the fuel handling mach ine  cannot be v e r i -  
f ied by d i r e c t  vis ion.  

T h e  t h i r d  u n d e r  -the -shield fuel  handling s y s t e m  unde r  c o n s i d e r a t i o n  by 
r e a c t o r  d e s i g n e r s ,  F i g u r e  7 ,  i s  a s ingle  rotat ing plug with a nonrotat ing a r -  
t iculat ing a rm.  T h i s  c o n -  
c e p t  is being i n c o r p o r a t e d  into the B r i t i s h  P F R ,  and although somewha t  m o r e  
compl i ca t ed  than  e i t h e r  the double rotat ing plug o r  s ingle  rotat ing plug with 
ro t a t ing  a r m ,  h a s  the following addi t ional  advan tages  o v e r  the l a t t e r .  

T h i s  a l s o  u t i l i ze s  i n - v e s s e l  s t o r a g e  of spen t  fue l ,  

0 The  c o n t r o l  rod d r i v e s  need not be r e m o v e d  f r o m  the r e a c t o r  d u r -  
ing fuel  handling, only t h e i r  actuat ing m e c h a n i s m s  need be r a i s e d  
app  r oxim a t  e 1 y 6 inch e s , 

The  i n - v e s s e l  fuel handling mach ine  i s  r e m o v e d  f r o m  the r e a c t o r  
a f t e r  complet ing refuel ing,  p e r m i t t i n g  in spec t ion  and m a i n t e n a n c e  
between r e fue l ings .  

P a r t i c u l a r  d i sadvan tages :  

0 D i r e c t  through-the-plug a c c e s s  t o  e a c h  c o r e  posi t ion cannot  be 
p r ov id e d , 

0 The  r a d i a l  posi t ion of the fuel handling machine g r a p p l e  cannot  be 
ve r i f i ed  v i sua l ly ,  and 

The a r t i cu la t ing  m e c h a n i s m  r e q u i r e s  c o n s i d e r a b l e  deve lopmen t  and 
t e s t ing .  

R e f e r e n c e  aga in  to  T a b l e  1 shows tha t  of the s i x  d e s i g n s  which i n c o r p o -  
r a t e  i n - v e s s e l  s t o r a g e  f o r  d e c a y  of spen t  fuel ,  t h r e e  ( A I ,  P h e n i x ,  and N a - 2 )  
p l an  t o  r e m o v e  t h i s  fuel f r o m  s t o r a g e  f o r  shipping only with the r e a c t o r  shut  
down. s i n c e  r e m o v a l  
of fuel f r o m  the v e s s e l  involves  a p e n e t r a t i o n  of a con ta inmen t  boundary.  
While t h i s  c a n  be done in a m a n n e r  which d o e s  not c o m p r o m i s e  sa fe ty  s ign i f -  
icant ly  ( e .  g . ,  t he  fuel t r a n s f e r  c e l l  within the refuel ing ho t - ce l l ) ,  the g e n e r -  
a l i za t ion  c a n  be m a d e  that a s i m p l e r  d e s i g n  r e s u l t s  if fuel is not r e m o v e d  
f r o m  the r e a c t o r  v e s s e l  while the r e a c t o r  is  in  o p e r a t i o n ,  T h i s  d e s i g n  s im- 
pl i f icat ion,  h o w e v e r ,  c a n  r e s u l t  in  addi t ional  e x - c o r e  fuel i nven to ry  c o s t  i f  
the  refuel ing i n t e r v a l  is a p p r e c i a b l y  g r e a t e r  t han  the d e c a y  t i m e  r e q u i r e d  
b e f o r e  fuel  c a n  be  shipped.  
ple  s tudy f o r  a v e s s e l - l o o p  type r e a c t o r  with i n - v e s s e l  s t o r a g e  of s p e n t  fuel  
and a nomina l  a v e r a g e  bu rnup  of 75  Mwd/kg at d i s c h a r g e  a f t e r  18 mon ths  fuel  
r e s i d e n c e  i n  the c o r e .  

T h i s  is  bas i ca l ly  a dec i s ion  in  the d i r e c t i o n  of s a fe ty ,  

T h i s  effect  is i l l u s t r a t e d  by the following e x a m -  

T h e  refuel ing i n t e r v a l  t r adeof f s  a r e  l i s t ed  in T a b l e  2 f o r  t h r e e  refuel ing 
m o d e s ,  one - s ix th  of the c o r e  e v e r y  3 m o n t h s ,  one - th i rd  of the c o r e  e v e r y  
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TABLE 2 

REFUELING INTERVAL TRADE OFF^^) 

Base 

Base 

T r adeo f f  It e m  

t 2  

+2 

Capital  Cos ts  

Base 

Base 

2 wk /y r  

3 t o 5  

Vesse l /Top Shield Size, ft 

Number Control Rods 

+1.3 

$1 .O (allowance) 

2 wk /y r  

6 t o 8  

Fuel  Cvcle 

Fuel  Burnup, Mwd/kg 

Breeding Gain 

Cooling Time,  days 
(in s torage)  

Process ing  Time,  days 

Reprocessing Cleanup Time,  
days I y r  

Plant  Availability 

Scheduled, 70 
Unscheduled, 70 
TG Maintenance 

Refueling Time,  days 

Refueling Interval  Months 

3 1  6 9 

Core  Frac t ion  Replaced 

116 1 1 / 3  

Base 

Base 

Base 

Base 

Base 

-4 

-0 .007  

+90 

4-3 3 

-6 

4 18 

t 4  

t 4  

-8 
-0 .O 14 

+180 

t 6  6 

-8  

t 1 . 4  

t l . 5  (allowance) 

3 wk/18 mo 

9 to 11  



6 m o n t h s ,  and one-half  of the c o r e  e v e r y  9 m o n t h s .  Cap i t a l  c o s t  is i n c r e a s e d  
by the addi t ional  i n - v e s s e l  s t o r a g e  s p a c e  and by the addi t ional  c o n t r o l  rod  r e -  
q u i r e m e n t  f o r  e x c e s s  r eac t iv i ty .  
t ion in  a v e r a g e  bu rnup  a s  l a r g e r  f r a c t i o n s  of the c o r e  a r e  r e p l a c e d ,  l o s s  in 
b reed ing  r a t i o  due t o  addi t ional  con t ro l  r o d s ,  t i m e  l o s t  due t o  l o n g e r  i n - v e s s e l  
s t o r a g e ,  i n c r e a s e d  r e p r o c e s s i n g  t i m e ,  and saving of r e p r o c e s s i n g  plant 
c l eanup  t i m e  f o r  l a r g e r  b a t c h e s .  
shutdowns and s t a r t u p s ,  and by reducing equipment  diff icul t ies  which a c c r u e ,  
due  t o  s t a r t u p  and shutdown c y c l e s .  

F u e l  cyc le  c o s t s  a r e  affected by the r e d u c -  

P l a n t  avai labi l i ty  i s  i n c r e a s e d  b e c a u s e  of 

A s s i g n m e n t  c o s t s  t o  the t radeoff  f a c t o r s  a s  shown in T a b l e  3 ,  show tha t  
t he  magn i tude  of s av ings  is in f a v o r  of the s h o r t e r  refuel ing p e r i o d s ,  the 
l a r g e s t  s ing le  f a c t o r  being e x - c o r e  inventory c o s t s .  
not include the added c o s t  of shipping c a s k s  fo r  shipping the l a r g e r  b a t c h e s a t  
l e  s s f r equen t  int e r v a l  s . 

T h i s  t r a d e  s tudy d o e s  

In the  p reced ing  s tudy,  i t  m u s t  be r ecogn ized  tha t  n e i t h e r  a 9 -mon th  n o r  
a 3 -mon th  refuel ing i n t e r v a l  i s  d e s i r a b l e  f r o m  a uti l i ty s tandpoint ;  t h e s e  in -  
t e r v a l s ,  t h e r e f o r e ,  a r e  s e l e c t e d  to  show the c o s t  t r e n d ,  not t o  be p roposed  
as  a c t u a l  shutdown i n t e r v a l s .  Monetarily-,  e i t h e r  a 6-month o r  a 12-month 
r e fue l ing  i n t e r v a l  is  accep tab le .  
e n e r g y  c o s t  penal ty  of approx ima te ly  0.03 m i l l / k w h  when c o m p a r e d  with a 
3 -mon th  refuel ing i n t e r v a l  if the fuel i s  not r e m o v e d  i r o m  i n - v e s s e l  decay- 
s t o r a g e  du r ing  ope ra t ion .  

A 6-month refuel ing i n t e r v a l  i n t r o d u c e s  a n  

CONCLUSION 

I t  is evident  f r o m  the foregoing d i s c u s s i o n  that  a n  o p t i m u m  refuel ing 
s y s t e m  f o r  L M F B R ' s  will  not r e s u l t  f rom d e s i g n  s t u d i e s  now unde rway ,  but 
f r o m  a combinat ion of d e s i g n ,  deve lopmen t ,  and ope ra t ing  e x p e r i e n c e  in the 
d e m o n s t r a t i o n  p l an t s  and probably du r ing  the f i r s t  round of power  p l an t s  b e -  
yond t h e s e  d e m o n s t r a t i o n s .  
s ib l e  fuel  handling s y s t e m s  and m e c h a n i s m s  c a n  be sub jec t ed  to  the s t r i n g e n t  
t e s t  of ac tua l  ope ra t ion  in a f a s t  b r e e d e r  r e a c t o r  plant .  

I t  is encourag ing  that  s o  many  a p p a r e n t l y  f e a -  

The  refuel ing d e s i g n s  p roposed  f o r  the f i r s t  round of d e m o n s t r a t i o n  
p l an t s  in  the USA c a n  be c h a r a c t e r i z e d  as  a cau t ious  ex t r apo la t ion  of e s i s t -  
ing technology.  
u t i l i ze  a m i n i m u m  of m e c h a n i s m s  that  o p e r a t e  s u b m e r g e d  in s o d i u m ,  t o  m i n -  
imize  deve lopmen t  cos ts  and  r i s k s .  

T h e s e  d e s i g n s  ( h o t - c e l l  and double  rotat ing plug c o n c e p t s )  

I n f o r m a t i o n  on the p e r f o r m a n c e  of m e c h a n i s m s  in sod ium wil l  b e c o m e  
ava i l ab le  a s  a r e s u l t  of AEC s p o n s o r e d  deve lopmen t  w o r k  and e x p e r i e n c e  with 
ope ra t ing  l i qu id -me ta l  cooled r e a c t o r s .  As a r e s u l t ,  the d e s i g n s  of refuel ing 
s y s t e m s  f o r  L M F B R ' s  wil l  p r o g r e s s  t o  g r e a t e r  u s e  of s u b m e r g e d  m e c h a n i s m s  
t o  s p e e d  up r e fue l ing ,  and hopefully cut  plant cap i t a l  c o s t .  

The  r e l i ab i l i t y  of the v a r i o u s  refuel ing s y s t e m s  d i s c u s s e d  i n  th i s  p a p e r  
is  thus  far  a m a t t e r  of specu la t ion ;  high reliabil i ty- of the v a r i o u s  m e c h a -  
n i s m s  i s  n e c e s s a r y  to p e r m i t  refuel ing within the t a r g e t  t i m e  p e r i o d .  
a n i s m s  of both known and unknown P e r f o r m a n c e  r e q u i r e  o v e r - t e s t i n g  t o  e s -  
t ab l i sh  l i m i t s  of p e r f o r m a n c e .  
c a n  be  s e l e c t e d  such  tha t  the r e l i ab i l i t y  of the m e c h a n i s m  is p red ic t ab le  with a 
high l e v e l  of confidence.  
s e a l s ,  b e a r i n g s ,  gu ides ,  and the se l ec t ion  of m a t e r i a l s  of c o n s t r u c t i o n  to  
withstand s e r v i c e  in  l i qu id -me ta l .  

M e c h -  

When the l i m i t s  a r e  known, the d e s i g n  m a r g i n s  

Key i t e m s  r equ i r ing  deve lopmen t  a r e  the g r i p p e r s ,  

In  p a r a l l e l  with deve lopmen t  t e s t i n g ,  product  a s s u r a n c e  me thods  m u s t  be 
deve loped  which e m b r a c e  the e n t i r e  eng inee r ing ,  f ab r i ca t ion ,  and t e s t ing  



TABLE 3 

REFUELING INTERVAL v s  COST,(‘) lo3 $ 

1,300 

500 

3,300 

(1,600) 
3,500 

Capital  Cost 

2,500 

1,000 

(2,200) 

6,600 

7,900 

Vesse l /Top Shield 

Number of Control Rods 

Subtotal 

Total  

Energy Cost  mil l /kwh 

Fue l  Cycle‘:’ 

Fue l  Burnup 

Breeding Gain 

Ex-Core  Inventory 

Reprocessing 

Subt ot a1 

Base 2,000 6,400 

Base +O .03 t0.09 

Plant  Availability 

Scheduled a t  1 mil l /kwh 

Unscheduled a t  2 mills /kwh 

Subtot a1 

3 m o  

Base 

Base 

Base 

Base  

Base  

Base 

Base 

Base 

Interval 

6 m o  

500 

100 

600 

9 m o  

1,100 

2 0 0  

1,300 

Base 

Base 

Base 
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p r o c e s s .  
c e d u r e s ,  c o d e s ,  and s t a n d a r d s  n e c e s s a r y  t o  e s t a b l i s h  reproducib i l i ty  of S U C  - 
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ABSTRACT 

The need for  component testing in  the LMFBR program 
is defined by the lack of evolutionary experience and the 
highly acce lera ted  requi rements  fo r  re l iable  components.  
P a r t i a l  sys t em testing is a useful and a lmost  inevitable by- 
product of component testing for  ful l -s ize  components. The 
g r o s s  t e s t  conditions of maximum tempera ture ,  p re s su re ,  
and r a t e  of change and t empera tu re  t rans ien ts  have been 
tentatively establ ished and a r e  presented.  Necessary  en- 
gineering compromises  a r e  outlined, and those which can-  
not reasonably be compromised  without derogating the value 
of the p rogram a r e  identified. 
ponent testing and the concomitant sys t em testing in l a rge  
LMFBR tes t '  faci l i t ies  a r e  necessary ,  and that the resu l t s  
of design and operation of these  faci l i t ies  a r e  of value to the 
LMFBR community in  addition to  that gained by t e s t  and 
evaluation of the t e s t  a r t i c l e s  themselves .  

It is concluded that com-  

INTRODUCTION 

To d iscuss  faci l i t ies  for  tes t ing of LMFBR components and sys tems,  it is 
necessa ry  to d iscuss :  

1 )  What purposes  a r e  served  by testing 

2)  The t e s t  conditions necessa ry  to  demonstrate  per formance  

3)  What t e s t  compromises  a r e  requi red  and acceptable .  

This paper  will add res s  i tself  to  the genera l  p roblems of LMFBR t e s t  facil i-  
t i es ,  r a the r  than catalog the existing and proposed faci l i t ies .  
have been adequately descr ibed,  albeit  in sca t te red  documents;  proposed facil i-  
t i es  a r e ,  with few exceptions, not sufficiently defined to  make  the i r  public dis-  
cussion of significant value now. 

Existing faci l i t ies  

::This work i s  supported by the U.S. Atomic Energy Commission under 
Contract AT(04-3)-700. 
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Need and P u r p o s e  of Test ing 

Sodium Component tes t ing i s  n e c e s s a r y  p r i m a r i l y  because  t h e r e  i s  not  a long 
evolut ionary history- of development ,  with r a t h e r  s m a l l  i n c r e m e n t a l  changes  to  
i m p r o v e  re l iab i l i ty  and capabi l i ty ,  as is the c a s e  in  m o s t  conventional and engi- 
n e e r i n g  s y s t e m s .  A 1000-Mwe f o s s i l - f i r e d  p lan t  buil t  today employs  compo- 
nents  which have been u n d e r  deve lopment  for  l i t e r a l l y  hundreds  of y e a r s  in one 
f o r m  o r  another .  Thus,  t h e r e  i s  qui te  a backlog of s u c c e s s f u l  (and u n s u c c e s s -  
f u l )  e x p e r i e n c e  on  which to draw.  
technology (including i n d u s t r i a l  sodium u s a g e  dating back to the e a r l y  1 9 0 0 ' s )  
h a s  been  usefu l  in  the se lec t ion  of deve lopment  paths  f o r  sodium s y s t e m s  and 
components ,  i t  m a y  be i l luminat ing to r e c a l l  tha t  the prototype of the 1000-iMwe 
F B R  of the 1 9 7 0 ' s  was  a 300-kwe s y s t e m  f i r s t  o p e r a t e d  in  1951. 
nology h a s  thus r e q u i r e d  a n  a c c e l e r a t e d  growth  in  capac i ty  and capabi l i ty ,  a s  
t e m p e r a t u r e s  and flows have i n c r e a s e d  f r o m  EBR-I  to the confidently pro jec ted  
c o m m e r c i a l  f a s t  b r e e d e r s ,  which m u s t  have "power plant  avai labi l i ty .  " Some 
opera t ing  e x p e r i e n c e  in  m o d e r a t e l y  l a r g e  s y s t e m s  h a s  been obtained up  to 
H a l l a m  and F e r m i  s i z e s  (75  to 100 Mwe); component  capabi l i ty  i s  now r e q u i r e d  
a t  1 0 0 0  h4we and up  to Z O O ' F  h igher  t e m p e r a t u r e s  than those  plants .  

While m u c h  of this  recent ly  developed 

Sodium tech-  

Added to  the difficult ies i n h e r e n t  i n  rap id  expansion of technical  capabi l i t i es  
i s  the f a c t  that  s o d i u m  i s  not " jus t  another  fluid." The t e m p e r a t u r e  r a n g e s  o v e r  
which components  m u s t  o p e r a t e  both i n  s t a r t u p  and in  casua l ty  conditions induce 
engineer ing  p r o b l e m s  which s t r e t c h  t rad i t iona l  approaches .  
which t e m p e r a t u r e  and flow conditions m a y  change,  and the exce l len t  h e a t  t r a n s -  
f e r  p r o p e r t i e s  of sodium,  in t roduce  unfami l ia r  p r o b l e m s  when ex t rapola t ing  
exper ience  f r o m  s i m i l a r  components  opera t ing  with o ther  fluids.  
p r o b l e m s  a r e  s i m p l y  not  amenable  to  e x a c t  and opt imized so lu t ions ;  a des igner  
m u s t  then fall back on safety m a r g i n s  and engineer ing  c o n s e r v a t i s m  i n  l ieu of 
exper ience .  
e r a t i o n  of f a s t  b r e e d e r  r e a c t o r s ,  which a r e  to o p e r a t e  re l iab ly  and m u s t  have 
r e a s o n a b l e  capi ta l  cos ts .  Test ing,  t h e r e f o r e ,  h a s  at l e a s t  two p u r p o s e s :  p r o -  
vis ion of confidence in  the ( s u c c e s s f u l )  des igns  t e s t e d ,  s o  that  they m a y  be im- 
media te ly  appl ied to the LMFBR P r o g r a m ,  and  the furn ish ing  of des ign  da ta  and  
opera t iona l  exper ience  for  the p e r f o r m a n c e  and c o s t  opt imizat ion of t h e s e  c o m -  
ponents i n  someth ing  l e s s  than the t i m e  which h a s  been  avai lable  for  m o r e  con-  
ve n ti on a 1 p o me r p 1 an t s . 

The rap id i ty  with 

Some of t h e s e  

A c c e l e r a t e d  tes t ing m u s t  provide  this  e x p e r i e n c e  f o r  the next gen- 

The LMFBR s y s t e m s  a r e  p e r h a p s  unique i n  tha t  component  deve lopment  
r a t h e r  than vice r e q u i r e m e n t s  a r e  being s e t  by o v e r a l l  p lan t  r e q u i r e m e n t s ,  

v e r s a .  
m e n t s  i n  components  and materials to a l a r g e  d e g r e e ,  although the economic  
benefi ts  of i m p r o v e m e n t s  p e r h a p s  provided the  economic  impetus  f o r  a c c o m -  
pl ishing s u c h  development .  Ln the c a s e  of F B R ' s ,  the capaci ty  and t e m p e r a t u r e  
capabi l i t ies  of the  components  are  set  i n  advance,  by the s y s t e m  d e s i g n e r s  and 
o p t i m i z e r s ,  s o  tha t  the component  deve loper  and suppl ie r  can  no longer  p r o c e e d  
p r e t t y  m u c h  at h is  own pace  in  making  i n c r e m e n t a l  i m p r o v e m e n t s  o v e r  a s p a n  of 
decades .  Thus,  component  deve lopment  is  being f o r c e d  into u n f a m i l i a r  technica l  
t e r r i t o r y ,  r a t h e r  than leading the way gradual ly  into these  a r e a s .  

The s i z e  and t e m p e r a t u r e  capabi l i t ies  of fossi l  p lan ts  followed develop- 

A good t e s t  bed f o r  components  m i g h t  be a r e a c t o r  s y s t e m  embodying all 
the p a r a m e t e r s  thought t o  be r e q u i r e d ,  making  changes  and a l t e r a t i o n s  as 
engineer ing  and t e s t s  indicate ,  and accept ing the  probabi l i ty  that  at least 
s o m e  of t h e s e  h igh- inves tment  p lan ts  m a y  be c o m p l e t e  fa i lures .  This  i s  im- 
p r a c t i c a l  b e c a u s e  of the i n v e s t m e n t  r e q u i r e d  and the t i m e  s c a l e  upon which it 
i s  now a p p a r e n t  F B R ' s  m u s t  be developed to  s e r v e  the i r  purpose  i n  the power 
and  fuel  economies  of the U. S. Consequently,  i t  will be n e c e s s a r y ,  i n  
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many cases ,  to compromise  the fu l l - sca le  integrated tes t ing of a component by 
performing t e s t s  of individual components and utilizing engineering judgment to 
synthesize the resu l t s  of these  t e s t s  into a per formance  prediction of the total  
sys tem.  Typical of the compromises  one mus t  accept  a r e  the omission of radio-  
activity in  p r i m a r y  sys t em component testing and the necess i ty  for  modeling 
s t eam gene ra to r s  as the facil i ty and operating cos ts  of integrated t e s t s  approaches 
that  of the eventual power plant i tself .  
amined for  i t s  c r i t i ca l  unknowns, and the t e s t  p rog ram and facil i ty design mus t  
be adjusted to sat isfy the  component requi rements  in  o r d e r  of pr ior i ty  derived 
f r o m  its eventual u se  in the power plant. 
s t eam genera tor  hea t  exchange sur face  may  not be necessary ,  but a substan- 
t ially ful l -scale  t e s t  of c r i t i ca l  tubesheet configurations may well be required.  
In all of t hese  compromises ,  judgment and application of the relatively sma l l  
amount of experience obtained to  date mus t  be uti l ized; in many c a s e s  the tech-  
nical  r i s k s  can  only be minimized and cannot be completely eliminated. One 
sal ient  point in  applying judgment is to t e s t  in the l a rges t  sca le  pract icable ,  and 
under the mos t  prototypical conditions that can  be engineered into tes t  facil i t ies 
within technical and financial  constraints .  

Each component to be tes ted mus t  be ex- 

For  instance,  a ful l -scale  t e s t  of 

Tes t  Conditions 

To plan for  requi red  faci l i t ies ,  including modification of existing ones to meet  
today's demands,  i t  i s  necessa ry  that the conditions which will be mocked up by 
the t e s t  faci l i t ies  be establ ished.  Curren t  requi rements  have been surveyed, 
utilizing all the  information available a t  p resent .  The gross t e s t  conditions a r e  
tabulated in Table  1 ;  it  should be noted that these  a r e  tentative and subject to 
change as  detailed design and optimization of LMFBR plants continues.  
however,  r ep resen t  a " f i r s t  cut" a s  a bas i s  for  planning, with the exception of 
instrumentat ion t e s t  faci l i t ies .  Instrumentation has  been deliberately omitted, 
a s  it should be the subject of a paper  by i tself .  Each of the components l is ted 
will r equ i r e  additional, detailed, t e s t  conditions; for  instance,  valves must  be 
tes ted  fo r  s ea t  leakage; opening and closing torque requi rements ;  s t eam sea l  
per formance;  operabili ty before,  a f te r ,  and during t empera tu re  changes;  v ibra-  
t ion; and flow cha rac t e r i s t i c s .  It i s  evident, however, f rom the tentative r e -  
quirements  identified so  far, that  the liquid me ta l  component testing faci l i t ies  
requi red  a r e  unique, and with few exceptions, a r e  unavailable today to pe r fo rm 
the broad spec t rum of testing and evaluation which i s  necessa ry  to  a s s u r e  r e -  
l iable operation of the LMFBR power generating plants.  F r o m  th is  summary ,  
which i s  considered indicative of the capabili t ies requi red  of LMFBR t e s t  facil i-  
t ies ,  although cer ta inly not definitive a t  this t ime,  it i s  apparent  that  a substan-  
t i a l  number  of unique faci l i t ies  must  be made  available to  pe r fo rm the testing 
and evaluation of components in the depth requi red  to a s s u r e  requi red  per for -  
mance  and availabil i ty of the complete LMFBR power plant sys tem.  

They do, 

Tes t  Conditions and Compromises  

Having se t  as  a goal of the component development p rogram the demonst ra -  
tion of re l iable  individual components and sys tems,  and having a t  l eas t  tenta-  
tively identified the g r o s s  conditions under which these  components and sys t ems  
mus t  operate ,  the means for  accomplishing this  goal in the absence of the com-  
plete assemblage  of components and sys t ems  into a power plant mus t  be examined. 

It i s  evident that the effects of p r imary  sodium gamma radiation cannot be 
demonstrated easi ly  in  the absence of a r eac to r .  Therefore ,  those portions of 
components which might be expected to be affected by radiation mus t  be tes ted 
for  this  effect separately,  a s  well as under nonradioactive sys t em conditions. 
Fortunately,  there  do not s e e m  to be many of these subcomponents which a r e  
absolutely required,  and the component designer  must  be made  fully aware  of 
t he i r  l imitations before i r revocably including them. 
of the component o r  sys t em of components must  be made  t o  es tabl ish any potential 

A complete design review 
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Tempera tu re  P r e s  s u r  e 
(OF) 

Sodium to  
1210 (design) 

Flow Therma l  Trans ien ts  
(gpm) 

Sodium side - 
to  1200 

Steam side - 
to  1050 

To 225 where 
applicable (in 
sodium) 

To 50 (in 
cover  gas )  

To 1200 Applicable only to 
in-line s a m p l e r s  

To 225 (design) 

To 225 
(design) 

0 t o  1000 ( se rv i ce  
sys t ems)  

0 to  20,000 ( F F T F  
ma in  loops, LMFBR 
s e rv ic  e sys t ems  ) 

20,000 to  120,000 
(LdMFBR main  heat 
t r ans fe r  loops) 

Fluid velocit ies to  1 )  1 0 " F / s e c  for  30 s e c  
40 ft/sec, s i z e s :  f r o m  800 to  1100 "F 

1) 1 0 " F / s e c  for  30 s e c  
f r o m  800 to 1100 "F 
2) 1 0 " F / s e c  for  30 s e c  
f r o m  1200 to 900 "F 

3) 4 " F / s e c  for  120 s e c  
f r o m  600 to  1080 "F 

4 )  4 " F / s e c  fo r  120 s e c  
f r o m  1200 to  7 2 0 ° F  

1) Grea te r  than 30 in. 
(LMFBR main  loop) 

2) Less  than 30 in. 
(LiMFBR se rv ice  loop) 

2. STEAiM GENERATORS 

2) 1 0 " F / s e c  for  30 s e c  
f r o m  1200 to  900 "F 

3) 4 " F / s e c  for  120 s e c  
f rom 600 to  1080 "F 

Sodium side - 
to  225 

Steam s ide  - 
to  2500 

1) Tes t  s t eam gen- 
e r a t o r s  (-30 iMwt) 
-2700 sodium 

2 )  LhlFBR prototypes 
(30 to  50 Mwt) 3000 to 
5000 sodium 

Required t h e r m a l  t r a n -  
s ients  have not been e s -  
tablished for  a l l  s t eam 
gene ra to r s .  Tentative 
requi rements  a r e :  

1) - 3 5 " F / s e c  for  3 sec,  
change f r o m  1175 to 
775°F in  14 s e c  

2) f 5 0 " F / s e c  for  3 sec ,  
change f r o m  775°F to  
1175 "F in 9 s e c  

3) - 3 5 " F / s e c  for  3 sec ,  
change f r o m  1175 to  
650°F  in 16 s e c  

~~~ 

4.  SODIUM PIPLNG SYSTEMS 

Applicable only for  in-  
l ine s a m p l e r s  with 
mechanical  joints 

To 1210 
(design) 

14) 4 " F / s e c  for  120 s e c  
I f r om 1200 to  7 2 0  " F  - ~ - .  
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Tempera tu re  
( O F )  

The rma l  Trans ien ts  P r e s  s u r  e 
( p i g )  

1 )  1 0 " F / s e c  for  30 s e c  
f r o m  800 t o  1100°F 

2)  lO"F / sec  fo r  30 s e c  
f r o m  1200 to  900 " F  

To 1000 To 150 ( F F T F  To 3000 ( F F T F  
module) module) 

3) 4 " F / s e c  fo r  120 s e c  
f rom 600 t o  1080°F  

4)  4 " F / s e c  for  120 s e c  
f r o m  1200 t o  720 " F  

8. PIPE AND VESSEL PREHEAT SYSTEM83 

Information not available 

To 1200 To 225 
AT up to  600 

Unknown Information not available 

Sodium to  1200 

Sodium to  
1200 

12. COLDTRAP 

0 to  225 Not applicable 

Ambient to  Not applicable 
350 

426 

Not applicable Not applicable 

Sodium t o  1200 To 225 Not applicable 
Air  to  150 

Not applicable 

To 1200 vapor  To 50 cover  
gas  p r e s s u r e  

Not applicable Not applicable 
(vapor only) 

To 1300 To 225 To 100 a t  1300°F Applicable fo r  t r a p s  util- 
To 250 a t  1200 "F izing mechanical  joints 

To  225 0 to  250 Applicable only if  mech-  
anical  joints a r e  used to  
connect the t r a p  to the 
sys t em 



T e m p e r a t u r e  P r e s  s u r e  
( O F )  (ps ig)  

T o  1300 in 
sodium;  t o  
1500 in  a i r  

T h e r m a l  T r a n s i e n t s  Flow 
(gpm)  

T o  225 f o r  sub-  
m e r s i o n  type 

14. SODIUM PUiMP SHAFT SEALS 

- 6 0 0  f o r  F F T F  
c losed- loop  h e a t e r  

Not ava i lab le  

- ~~ 

Sodium vapor  T o  50 
t o  1200 ( c o v e r  g a s )  

Not appl icable  Not appl icable  

To 1200 T o  120 0 t o  7000 
( tentat ive e s t i m a t e )  

15. INTERMEDLATE HEAT EXCHANGERS (conventional o r  pot type)  

1 )  1 0 " F / s e c  f o r  30 s e c  
f r o m  800 t o  1 1 0 0 ° F  

2) 1 0 " F / s e c  for 30 s e c  
f r o m  1200 t o  900 "F 

3)  4 " F / s e c  f o r  120 s e c  
f r o m  600 t o  1 0 8 0 ° F  

4)  4 " F / s e c  f o r  120 sec 
f r o m  1200 t o  720 " F  

T o  1200 
i n  s o d i u m ;  
LMAT t o  
200 

~~ 

1 )  0 t o  1000 
(FFTF closed  loop) 

2 )  0 t o  13,000 
(FFTF m a i n  loop and  
LMFBR m o d e l )  

16. PUMPS 

T o  1200 T o  225 1 )  0 t o  3000 ( s m a l l  
s e r v i c e  pumps)  
2 )  3000 to 20,000 
(FFTF m a i n  loop o r  
LMFBR s e r v i c e )  

3) 20,000 t o  120,000 
(LIMFBR m a i n  loop) 

1 )  1 0 " F / s e c  f o r  30 s e c  
f r o m  800 t o  1100 " F  

2 )  1 0 " F / s e c  f o r  30 s e c  
f r o m  1200 t o  900 "F 

3) 4 " F / s e c  f o r  120 s e c  
f r o m  600 to  1080 "F 

4 )  4 " F / s e c  f o r  120 s e c  
f r o m  1200 t o  720 " F  

5)  L e s s e r  t r a n s i e n t s  
as  r e q u i r e d  

1 )  1 0 " F / s e c  f o r  30 s e c  
f r o m  500 t o  1 1 0 0 ° F  
2) 10"F/sec f o r  30 sec 
Erom 1200 t o  900 "F 

3) 4 " F / s e c  f o r  120 sec 
f r o m  600 t o  1080 "F 

4) 4 " F / s e c  f o r  120 s e c  
f r o m  1200 to  7 20 " F  

5) * 1 0 0 " F / h r  f r o m  70 
to 1 2 0 0 ° F  



Sources of radiation effects, and a plan to tes t  for  these potential effects using 
radioactive facil i t ies must  be made. Engineering analysis i s  necessary  to de- 
termine whether the synthesis of these separa te  tes t s  i s  sufficient to provide 
the required assurance of reliability. 

Physical s ize  of components necessi ta tes  a compromise in  some cases,  p r i -  
mar i ly  in  heat exchange equipment. 
sys tem may well be possible, but i t s  practicali ty in  t e r m s  of schedule and money 
i s  certainly questionable even without exhaustive analysis. 
c loser  to the r ea lm of practicali ty,  a s  regenerative heating may be used, but the 
expense and t ime involved in even this facility (which should incorporate a s team 
generator to more  closely duplicate the r e a l  t ransients  and t ransfer  functions of 
a s t eam generating sys tem)  appears  a lmost  prohibitive a t  this time. Compro- 
mises  in  the "full-scale testing" principle a r e  c lear ly  in  order ;  under the fore-  
seeable c i rcumstances of t ime and money, it appears  that model tes t s  a r e  the 
only pract ical  solution. Scale models a r e ,  however, completely inadequate. 
Cri t ical  a r e a s  in the design, and those not amenable to reasonably exact design, 
mus t  be identified in  the detailed design of a full-scale component before em-  
barking on a model design. 
should be made on the component, a s  i f  it were the final ar t ic le ,  i f  the model 
tes t s  a r e  to be meaningful. 
engineering a reas  where accurate  techniques and data do not exis t  to the degree 
necessary  to provide confidence. Once these a reas  a r e  defined a s  well a s  pos- 
sible,  a model can be constructed intelligently to provide the missing informa- 
tion or  confirmation, and no one should be d is t ressed  because i t  looks, perhaps,  
grotesque compared to the full-scale design. 

Mocking up an 800-Mwt s t eam generator 

A full-size IHX i s  

This means that a very substantial design effort  

"Cartoons" will not suffice to identify the subtle 

Thermal  t ransients ,  and the features  to control their  effects on components 
and sys tems,  admit l i t t le compromise in tes t  facilities. 
t ransients  a r e  a lmost  unique in  their  magnitude and in their  effects on the sys-  
tem. 
experience f rom other engineering systems to apply to sodium components and 
sys tem design. Therefore,  testing for confirmation of this imperfectly under-  
stood design feature is  vitally necessary  and the tes t  apparatus must  reproduce 
predicted thermal  transients a s  accurately a s  possible. An interesting corol lary 
exis ts ;  as the tes t  apparatus i s  presumably built to tes t  more  than one component 
o r  sys tem as  p a r t  of the development program, it mus t  sustain more  thermal  
t ransients  than any one tes t  art icle.  This makes for  interesting problems in  the 
design of facil i t ies,  including recognition of the possibility of selective replace- 
ment  of pa r t s  of the tes t  sys tem which may have deter iorated a s  a resu l t  of 
thermal  abuse. 
may provide accelerated life tes t  data on the behavior of mater ia l s  and com- 
ponents in  rea l  LMFBR systems as  a "fringe benefit" to tes t  and evaluation 
operation. 

Sodium sys tem thermal  

Because of this singularity, there  i s  a corresponding lack of data and 

In fact, a planned surveil lance program over the tes t  facil i t ies 

Flow and p res su re  and temperature  conditions do not generally lend them- 
selves to compromise,  a s  acceptance of the "full-size" principle for testing 
automatically provides a full flow and p res su re  requirement.  The hydraulic and 
s t r e s s  conditions must  be thoroughly investigated to ensure that difficult-to- 
predict  vibrations, cavitations, and flow disturbances do not jeopardize the sys-  
t e m  reliability. Temperature,  too, should simulate that predicted, since in  the 
ranges of interest  (700  to 1200'F) temperature  has a significant and increasing 
effect on the strength and elasticity of mater ia l s ,  and a satisfactory component 
a t  900'F may well behave mechanically differently a t  1200'F. This i s  particu- 
la r ly  t rue if  the indication of lifetime performance i s  desired,  since corrosion 
and erosion effects may also be deceiving a t  lower than typical operating 
temperatures .  
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SUMMARY 

To provide maximum assu rance  that LMFBR power plants have rel iabi l i ty  
and availabil i ty comparable  to  conventional plants,  in the face  of t ime  schedules 
which do not permi t  incrementa l  advances and a shortage of basic  technology and 
experience at the sys t em conditions required,  it is requi red  to  tes t  components 
under the mos t  prototypical conditions possible.  These  conditions have been 
reasonably well  identified; the facil i t ies to tes t  components and sys t ems  for  
LMFBR application do not, with a few ma jo r  exceptions, exis t .  These  faci l i t ies ,  
which a r e  cost ly  both in construction and operation, mus t  be chosen carefully,  
and the i r  design pursued with minimum compromise  so that the end resu l t  of a 
planned component development p rogram will produce the goal of components 
and sys t ems  which will pe r fo rm reliably in  an  LMFBR plant. 
t i es ,  i n  which the design solutions to novel LiMFBR problems mus t  be achieved 
in  advance of tackling them in LMFBR plants,  can provide design and pe r fo r -  
mance  data beyond that requi red  for  t he i r  basic  function, i f  p roper ly  planned. 
Thus, the t e s t  faci l i t ies  must  be regarded  a s  m o r e  than "r igs ,"  but as  p r e -  
prototypes,  engineering mockups,  and learning tools  in the rapid development 
of LMFBR plants .  

These  t e s t  faci l i -  
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DISCUSSION 

D.A. Minner (Babcock & Wilcox) - M r .  Dickinson 's  paper  i s  a c lear  exposi-  
t i o n  of  what i s  now be ing  done toward t e s t i n g  of components f o r  sodium r e a c t o r  
systems.  H e  p o i n t s  o u t  t h a t  t h e  LMEC i n s t a l l a t i o n  i s  n o t  in tended  t o  incorpor-  
a t e  i r r a d i a t i o n  t e s t i n g .  H e  a l s o  makes t h e  important  p o i n t  t h a t  some substan-  
t i a l  p a r t s  of  such t e s t i n g  as i s  t o  be done a t  LMEC are l i m i t e d ,  i n  t h e  p r a c t i -  
ca l  s e n s e ,  t o  model techniques .  

must t a k e  d e p a r t u r e  i n  a s s e s s i n g  whether  o r  n o t  t h i s  approach i s  enough t o  g i v e  
us t h e  l i q u i d  m e t a l  f a s t  b r e e d e r  r e a c t o r  i n  commercially s a i e a b l e  form. 

Current  d e s i g n s  f o r  t h e  LMFBR d i s p l a y  b o t h  t h e  pot- type and t h e  piped-type 
pr imary system l a y o u t .  There may b e  s i g n i f i c a n t  i r r a d i a t i o n  exposure s e r v i c e  
requi rements  f o r  30-year l i f e t i m e  components i n  t h e  two systems i f  one i s  t o  min- 
imize  i n i t i a l  system c o s t s .  Can w e  draw c o n c l u s i o n s ,  f o r  example, from component 
tests of I H X  u n i t s  and pr imary c o o l a n t  pump u n i t s  w i t h o u t  i r r a d i a t i o n  exposure 
t h a t  w i l l  b e  t r u l y  v a l i d  f o r  any v e r s i o n  of  t h e  p o t  concept?  O r  are w e  t o  be 
f o r c e d ,  because of test  c a p a b i l i t y  l i m i t a t i o n s ,  t o  convergence on a p a r t i c u l a r  
system l a y o u t  minimizing component i r r a d i a t i o n ?  The p e n a l t y  a t t a c h e d  t o  such 
convergence would b e  i n i t i a l  d e n i a l  t o  t h e  r e a c t o r  u s e r s  o f  t h e  s i n g u l a r  advan- 
t a g e s  of a p o t e n t i a l l y  less expens ive  system simply because our "proofing" capa- 
b i l i t y  cannot r e a c h  t o  i t s  e s s e n t i a l s .  

f u l l y  t h a t  v e r y  s u p e r i o r  e n g i n e e r i n g  judgment w i l l  b e  r e q u i r e d  t o  t i e  t o g e t h e r  
i r r a d i a t i o n  tests and t h e  tes ts  a t  LMEC. W i l l  t h e  r e g u l a t o r y  and l i c e n s i n g  
people  b e  prepared  t o  a c c e p t  such judgments,  however, and t o  what degree?  This  
could b e  a s i g n i f i c a n t  c o s t  f a c t o r  i n  e a r l y  b r e e d e r  p l a n t s  t e n d i n g  t o  d i s c o u r a g e  
u t i l i t i e s  from a c c e p t f n g  t h e  r i s k s  i n  b u i l d i n g  t h e s e  p l a n t s  on a t i m e l y  b a s i s .  

A s  a second p o i n t ,  i t  might w e l l  be  a p p r o p r i a t e  t o  a t t e m p t  t o  f a c t o r  i n t o  
component t e s t  p lanning  a more c o n c i s e  e v a l u a t i o n  of s a f e t y  c r i t e r i a  and t h e  po- 
t e n t i a l  a t t i t u d e s  of t h e  AEC i n  i t s  r e g u l a t o r y  c a p a c i t y .  I would sugges t  t h a t  
t h i s  should  n o t  b e  done simply by manufac turers '  and LMEC s t a f f ' s  ' ' c r y s t a l  b a l l "  
t e c h n i q u e s ,  bu t  r a t h e r  t h a t  i t  r e q u i r e s  t h e  d e l i b e r a t e  and t i m e  consuming par-  
t i c i p a t i o n  of  exper ienced  personnel  i n  t h e  A E C ' s  r e g u l a t o r y  s t a f f .  
l e a r n i n g  today ,  a t  some s u b s t a n t i a l  c o s t ,  t h a t  what i s  p e r f e c t l y  s a t i s f a c t o r y  
t o  u s  as d e s i g n e r s  and manufac turers  i s  n o t  n e c e s s a r i l y  so  a c c e p t a b l e  t o  t h e  
people  who have t o  b e a r  t h e  burden of i s s u i n g  l i c e n s e s  f o r  power r e a c t o r s .  
is  n o t  always f a i r  f o r  u s  t o  say ,  "They a s k  t o o  much!"; w e ,  i n  t h e  b r e e d e r  bus- 
i n e s s ,  must f a c e  up t o  t h e  c h a r a c t e r  of t h e i r  r e s p o n s i b i l i t y .  I t h i n k  s e c u r i n g  
t h e i r  h e l p  from t h e  o u t s e t  might b e  product ive .  

It seems t o  m e  t h a t  i t  i s  from t h e s e  two prime areas of r e s t r a i n t  t h a t  w e  

I f e e l  M r .  Dick inson ' s  paper  t o  be eminent ly  sound i n  p o i n t i n g  o u t  s o  force-  

We are 

It 

T h i r d l y ,  I t h i n k  w e  have t o  c o n s i d e r  most c a r e f u l l y  whether  t h e  f u l l  scale 
t e c h n i q u e s  themselves ,  o r  t h e  model techniques  where used,  w i l l  g i v e  u s  enough 
t o  have t h e  r e q u i s i t e  c o m p e t i t i v e  d e s i g n  freedom. We a l l  know t h a t  t h e r e  are 
e n g i n e e r s  who w i l l  permi t  n e i t h e r  i n t e r p o l a t i o n  nor  e x t r a p o l a t i o n  re la t ive  t o  
t es t  r e s u l t s .  I f  w e  l e t  o u r s e l v e s  b e  put  i n t o  a non-ext rapola t ion  p o s t u r e  on 
LMFBR components, t h e  u t i l i t i e s  w i l l  n o t  have a c h o i c e  of d e s i g n s  n o r  w i l l  t h e y  
see compet i t ion ;  t h e y  w i l l  have only  a c h o i c e  of name t o  put  i n  t h e  preamble t o  
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a c o n t r a c t .  I submit t h a t  i t  i s  an o b j e c t i v e  of t h e  LMFBR program t o  t u r n  now 
t o  d e t e r m i n a t i o n s  of  how much l a t i t u d e  a component t e s t  w i l l  s e c u r e  f o r  u s  i n  
f u t u r e  d e s i g n s .  T h i s  means t o  m e  a d e l i b e r a t e  a p p l i c a t i o n  of  s t a t i s t i c a l  t h e o r y  
t e c h n i q u e s  so  as t o  i n c r e a s e  t h e  range o f  u s e f u l n e s s  of  a g i v e n  series of  tes ts ,  
Such s t a t i s t i c a l  a n a l y s i s  ought t o  have t h e  b e n e f i t  of o b j e c t i v e  a d v i c e  from t h e  
Commission's r e g u l a t o r y  s t a f f  so as t o  a c h i e v e ,  i n s o f a r  as p o s s i b l e ,  p r i o r  agree-  
ment upon t h e  a c c e p t a b i l i t y  of t h e  c o n c l u s i o n s .  

t e s t i n g  of components. I f  a l l  o u r  c a p a b i l i t i e s  i n  t e s t  f a c i l i t i e s  are t o  be  
c o n c e n t r a t e d  i n  l a r g e  government f a c i l i t i e s ,  where a re  w e  t o  f i n d  c a p a b i l i t y  f o r  
proof  t e s t i n g  of  a c t u a l  r e a c t o r  p l a n t  components? One h a s  t o  a g r e e  t h a t  t e s t  
f a c i l i t i e s  i n  t h i s  b u s i n e s s  are v e r y  expens ive ;  b u t  i t  does seem t h a t  w e  shou ld  
be  g i v i n g  thought  t o  t h e  v e r y  p r a c t i c a l  b u s i n e s s  of q u a l i t y  and performance 
a s s u r a n c e  r equ i r emen t s  i n h e r e n t  i n  a p l a n t  c o n s t r u c t i o n  c o n t r a c t .  

L a s t l y ,  i t  appea r s  t h a t  we deem o u r  m i s s i o n  t o  be  p r i m a r i l y  developmental  

F.A. Smith (Argonne N a t i o n a l  Labora to ry )  - M r .  D ick inson ' s  pape r  i s  a c lear ,  
u n d e r s t a n d a b l e  assessment  of  t h e  p r e s e n t  requirement  f o r  sodium component t es t -  
i n g .  Two " c l i c h e  p o s t e r s "  l o c a t e d  i n  my o f f i c e  s t a r e  "DO SOMETHING - LEAD, FOLLOW, 
OR GET OUT OF THE WAY," and "DO SOMETHING - EVEN I F  ITS WRONG." 
and a g r e e  w i t h ,  t h e  compell ing need t o  t e s t  l i q u i d  metals systems and components. 

components h a s  been p r e s e n t e d  a l i t t l e  d i f f e r e n t l y  by Admiral Rickover .  I n  a 
March, 1968, JCAE h e a r i n g  p u b l i c a t i o n ,  "Naval Nuclear  P r o p u l s i o n  Program - 
1967-1968," Admiral Kickover s t a t e s ,  p .  61: 

I b e l i e v e  i n ,  

M r .  D i c k i n s o n ' s  concern f o r  a c t i v e  c o n s t r u c t i o n  and t e s t i n g  of p l a n t - s i z e d  

However, i n  t h e  Navy, we now devo te  our t i m e  t o  making s t u d i e s  -- n o t  
b u i l d i n g  s h i p s .  

A l l  of t h e s e  s t u d i e s  remind m e  of t h e  s t o r y  by Bret Harte i n  t h e  poem, 
'Ca ldwe l l  of  S p r i n g f i e l d , '  about  t h e  Reverend James Caldwell .  On June  
23, 1780, d u r i n g  t h e  Ba t t l e  of S p r i n g f i e l d  i n  t h e  Revo lu t iona ry  War, 
Reverend C a l d w e l l ' s  w i f e  was k i l l e d  by t h e  B r i t i s h .  
t r o o p s  r a n  o u t  of cannon wadding, t h e  Reverend c a r r i e d  from h i s  church 
a n  a rmfu l  of hymnals by t h e  t h e o l o g i a n ,  I s a a c  Watts. H e  urged t h e  
t r o o p s :  'Now pu t  Warts i n t o  ' e m  boys.  Give 'em Watts!' 

I n  eve ry  w a r  w e  have t o  f i g h t  w i t h  t h e  weapons we ! i a T i e ;  I suppose i n  
t h e  n e x t  war, w e ' l l  bc e x h o r t i n g  uur s a i l o r s :  
i n t o  ' e m  boys. Give ' e m  s t u d i e s ! '  

T h i s  i s  one supp ly  of  ammunition t h a t  i s  i n e x h a u s t a b l e ! "  

11 

When t h e  l o c a l  

'Now p u t  t h e  s t u d i e s  

The p o s s i b i l i t y  of t h e  need f o r  n u c l e a r  s h i p s  and t h e  p o s s i b i l i t y  of  t h e  
need f o r  c i v i l i a n  f a s t  r e a c t o r  power development f o c u s  on t h e  need f o r  sound 
a p p l i e d  e n g i n e e r i n g  i n  b o t h  f i e l d s .  Fo re ign  governments have conducted f a s t  
r e a c t o r  s t u d i e s  and are  implementing t h e i r  s t u d i e s  w i t h  b o t h  f a s t  r e a c t o r  pro- 
j e c t s  and component test  f a c i l i t i e s .  When t h e  " h a t t l e "  f o r  f a s t  r e a c t o r  sa les  
does m a t e r i a l i z e ,  t h e  "winner" w i l l  be  armed w i t h  d a t a  r e l a t i v e  t o  power c o s t ,  
p l a n t  performance,  f u e l  performance, and maintenance c o s t s  of real  p l a n t s .  Sales 
o f  f a s t  r e a c t o r s  w i l l  n o t  be  based on " s t u d i e s "  a l o n e .  

M r .  D i c k i n s o n ' s  pape r  i s  t h e  s u b j e c t  of ' ' t i m e . "  
" a c c e l e r a t e d  t e s t i n g  must p r o v i d e  t h i s  ( s a f e t y )  e x p e r i e n c e  f o r  t h e  n e x t  gen- 
e r a t i o n  of f a s t  r e a c t o r s . "  I '  T i m e "  cannot  be  a c c e l e r a t e d  i n  e n g i n e e r i n g  t e s t .  

One fundamental  problem area of  component t e s t i n g  n o t  d i s c u s s e d  i n  
Dickinson s u g g e s t s  t h a t ,  
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F u e l  and f u e l  c l a d  m a t e r i a l s  may remain i n  a f a s t  r e a c t o r  f o r  some t i m e  less  t h a n  
two y e a r s .  Resident  t i m e  i s  l i m i t e d  by f u e l  dimensional  change, l o s s  of r e a c t i v -  
i t y ,  and f u e l  c l a d  induced changes r e l a t e d  t o  tempera ture ,  sodium, and t h e  f i s s i o n  
process'.  The r e a c t o r  v e s s e l  and a s s o c i a t e d  p i p e  must l a s t  c o n s i d e r a b l y  l o n g e r .  
I have s e e n  much evidence of e n g i n e e r i n g  mechanisms t o  r e f u e l  f a s t  r e a c t o r s ;  I 
have seen  no evidence of machines t o  r e p l a c e  t h e  pr imary vessel and p i p i n g .  

n o t  see evidence  of e n g i n e e r i n g  experiments  r e l a t e d  t o  t h i s  problem. I do n o t  
know how t o  compress 15+ y e a r s  of a l l o y  f a s t  r e a c t o r  s e r v i c e  ( s t r e s s ,  i r r a d i a t i o n ,  
tempera ture ,  and sodium environment) i n t o  a t i m e  scale s h o r t e r  than  15+ y e a r s .  
F a s t  r e a c t o r  s t u d i e s  could extend s u f f i c i e n t l y  long  t o  permi t  t h e  development of 
15+ y e a r s  s t r u c t u r a l  a l l o y  d a t a .  This  event  demands t h a t  e n g i n e e r i n g  environmental  
tests of a long t i m e  n a t u r e  b e  e s t a b l i s h e d  i n  t h e  n e a r  f u t u r e .  

paper .  This  s e n t e n c e  s a y s ,  "Thus, t h e  tes t  f a c i l i t i e s  must be regarded as more 
t h a n  ' ' r igs"  b u t  a s  pre-pro to types ,  engineer ing  mockups, and l e a r n i n g  t o o l s  i n  t h e  
r a p i d  development of LMFBR p l a n t s . "  

I am much concerned about sodium r e a c t o r  vessel  and p i p i n g  i n t e g r i t y .  I do 

To conclude,  I concur ,  w i t h  enthusiasm, w i t h  t h e  l a s t  s e n t e n c e  of D i c k i n s o n ' s  

How do w e  implement Dickinson ' s  e x c e l l e n t  s u g g e s t i o n ?  How can maximum u s e f u l  
i n f o r m a t i o n  be genera ted  from R&D work? 
h e l p  of s e n i o r  chemis ts ,  m e t a l l u r g i s t s ,  o r  s o l i d  s t a t e  s c i e n t i s t s ?  How, o r  what 
must be done t o  make r e c o g n i z a b l e  t h e  i n t e r r e l a t e d  s c i e n t i f i c  a s p e c t s  of complex 
s t r u c t u r a l  a l l o y s ,  t h e  e f f e c t s  of sodium from 900°F-14000F on a l l o y s  under engi-  
n e e r i n g  c o n d i t i o n s ,  and t h e  e f fec ts  of t i m e  and mechanical  and thermal stress? 
The rea l  s c i e n t i f i c  complexi ty  i s  even d i f f i c u l t  t o  s t a t e ,  p r e c i s e l y ,  t o  o t h e r  
e n g i n e e r s .  It  i s  no wonder t h a t  there e x i s t s  a l a c k  of unders tanding  of why a 
h i g h e r  p i r o r i t y  needs t o  be e s t a b l i s h e d  f o r  " th ings"  w e  c a l l  "engineer ing."  

I propose t h a t  e n g i n e e r s  concerned w i t h  t h e  e v o l u t i o n  of economic f a s t  reac-  
t o r s  "suggest  , I 1  "push," "prod," "pry,  propose, ' '  " w r i t e , "  and "d iscuss"  t h e  need 
f o r  p r o j e c t - o r i e n t e d  i n t e r d i s c i p l i n e  s c i e n t i f i c  r e s e a r c h .  I n t e r d i s c i p l i n e  s c i e n -  
t i f i c  r e s e a r c h  must be d i r e c t e d  t o  e n g i n e e r i n g  o b j e c t i v e s  i f  t h e  sodium-cooled f a s t  
r e a c t o r  i s  t o  s u c c e s s f u l l y  evolve.  

wes te rn  Ohio S e c t i o n ,  f o r  t h e  honor and o p p o r t u n i t y  t o  d i s c u s s  t h i s  paper .  

How do "engineers"  o b t a i n  t h e  r e q u i r e d  

I 1  1 1  

I wish co e x p r e s s  my a p p r e c i a t i o n  t o  M r .  Dickinson and t o  t h e  ANS, South- 

R.W. Dickinson - M r .  Minner h a s  commented on r a d i a t i o n  exposure of m a t e r i a l s ;  
I b e l i e v e  t h i s  may b e  a c a n d i d a t e  f o r  t h e  "engineer ing  a n a l y s i s "  p a r t  of t e s t i n g ,  
and t h a t  o t h e r  papers  t h i s  morning show i n c r e a s i n g  i n s i g h t  i n t o  r a d i a t i o n  behavior  
which i s  most encouraging.  Therefore ,  a s y n t h e s i s  of t h i s  unders tanding  w i t h  non- 
r a d i a t i o n  t e s t i n g  may be a c c e p t a b l e .  H i s  p o i n t  r e g a r d i n g  s a f e t y  c r i t e r i a  and po- 
t e n t i a l  a t t i t u d e s  of r e g u l a t o r y  b o d i e s  i s  w e l l  taken;  i t  should be noted  t h a t  b o t h  
LMEC and o t h e r  o r g a n i z a t i o n s  are p r e p a r i n g  s t a n d a r d s  and s p e c i f i c a t i o n s  f o r  LMFBR's 
which should  a t  l e a s t  a s s i s t  i n  t h e  r e g u l a t o r y  p r o c e s s e s  once they  are agreed  t o  
and a r e  adhered t o .  M r .  Minner 's  t h i r d  p o i n t  concerning t e s t i n g  o f  a m u l t i t u d e  
of d e s i g n s  i s  v a l i d ;  every  a t tempt  w i l l  be  made, c e r t a i n l y ,  by t e s t i n g  a c t i v i t i e s  
t o  d e r i v e  e n g i n e e r i n g  i n f o r m a t i o n  through adequate  i n s t r u m e n t a t i o n  and t e s t  proce- 
d u r e s  f o r  p r o t o t y p e  components. 
s t e r e o t y p e d  components should b e  p e r m i s s i b l e .  
o f  one f u n c t i o n ,  simply f o r  t h e  sake  of v a r i e t y ,  s t r i k e s  m e  as b o t h  expensive and 
unnecessary a t  t h i s  s t a g e  i n  t h e  s t a t e - o f - t h e  a r t .  M r .  Minner 's  l a s t  p o i n t ,  con- 
c e r n i n g  p r o o f t e s t i n g  of a c t u a l  components i n  o t h e r  t h a n  l a r g e  government f a c i l i t i e s  
i s  a p o l i c y  m a t t e r ;  my only  comment i s  t h a t  t h e  AEC'S p r o t o t y p e  program appears  t o  
o f f e r  t h e  p o s s i b i l i t i e s  f o r  t h e  t y p e  of o p e r a t i o n a l  t e s t i n g  M r .  Minner recommends. 

A s  t h i s  body of i n f o r m a t i o n  grows, d e p a r t u r e s  from 
To t e s t  a wide v a r i e t y  of  components 
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To M r .  S m i t h ' s  comments c o n c e r n i n g  t h e  n e c e s s i t y  of  c o n t i n u a l l y  b r i n g i n g  t o  
management 's  awareness  t h e  n e c e s s i t y  f o r  t e s t i n g  and t h e  d i f f i c u l t y  of  compress-  
i n g  t i m e ,  I can  o n l y  concur .  Whi le  a d e q u a t e  a n a l y s i s  and s t u d y  i s  c e r t a i n l y  re- 
q u i r e d ,  t h e r e  i s  a p o i n t  o f  d i m i n i s h i n g  r e t u r n s  i n  many programs,  beyond which 
l a c k  of  i n f o r m a t i o n  makes f u r t h e r  s t u d y  an e x e r c i s e ,  and o n l y  a c q u i s i t i o n  of  
d a t a ,  b o t h  good and bad ,  w i l l  serve t o  advance  t h e  s t a t e - o f - t h e  a r t .  

@ 
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Since t h e  focus of  t h i s  meeting i s  on fas t  r e a c t o r  materials, components, and 
systems, t h i s  d i scuss ion  i s  not  d i r e c t l y  concerned wi th  phys ics  and s a f e t y  as- 
p e c t s  of FBR cores  but  r a t h e r  i s  concerned wi th  some of  t h e  o t h e r  problems 
f ac ing  t h e  core designer .  Furthermore,  s i n c e  Dr.Gurinsky i s  d iscuss ing  some 
of t h e  p a r t i c u l a r s  of materials problems and t h e i r  s o l u t i o n s ,  it i s  not neces- 
s a ry  t o  cover t h i s  aspec t  of t h e  ques t ion .  However, u n c e r t a i n t i e s  about c e r t a i n  
ma te r i a l s  performance l i m i t a t i o n s  are one of t h e  important problems a t  t h e  
present  t ime and t h e  e f f e c t  of t h e s e  u n c e r t a i n t i e s  on core  design deserves some 
comment. In  f a c t ,  t h e r e  a r e  important u n c e r t a i n t i e s  about most of t h e  ma te r i a l s  
and engineer ing l i m i t a t i o n s  which a r e  app l i ed  i n  t h e  design of FBR cores .  The 
fol lowing remarks a r e  addressed p r i n c i p a l l y  t o  t h i s  problem area. 

The e a r l y  phases of core  design a r e  p r i n c i p a l l y  concerned wi th  t h e  e s t ab l i sh -  
ment of t h e  bas i c  core  conf igura t ion ,  namely i t s  he ight  and diameter ,  t h e  s i z e  
of t he  f u e l  p ins  and t h e  f u e l ,  coolant  and s t r u c t u r a l  m a t e r i a l s  volume f r a c t i o n s .  
There a r e  s e v e r a l  ways of going about t h i s ;  one way t h a t  has proven convenient 
and e f f e c t i v e  i s  i l l u s t r a t e d  i n  s i m p l i f i e d  form i n  Table I. 

Af ter  e s t a b l i s h i n g  t h e  type  of FBR core  t o  be  s tud ied  ( e . g . ,  a 1000 Mwe sodium 
cooled,  modular type  w i t h  oxide f u e l ) ,  an i t e r a t i v e  procedure i s  followed i n  
which a number of cores  are eva lua ted  i n  order  t o  f i n d  t h e  most favorable  con- 
f i g u r a t i o n .  I f  t o t a l  power i s  s p e c i f i e d ,  a minimum of fou r  a d d i t i o n a l  f ree  
parameters must be f i x e d  i n  order  t o  cha rac t e r i ze  t h e  core  f o r  t h e  purpose of 
physics  a n a l y s i s .  (For  s i m p l i c i t y ,  b l anke t s ,  con t ro l  rods and moderating 
m a t e r i a l s  a r e  omit ted from t h i s  d i scuss ion;  however, they  obviously in t roduce  
a d d i t i o n a l  degrees of freedom t o  t h e  system. T h e i r  cons idera t ion  complicates 
t h e  procedure; however, t h e  p r i n c i p l e  remains t h e  same.) The b a s i c  free para- 
meters may be  considered t o  be t h e  dimensions of t h e  core  and i t s  volume 
f r a c t i o n s  r a t h e r  t han  t h e  ones shown i n  Table I. This  approach has i t s  advan- 
t a g e s ;  however, t h e  a l t e r n a t e  shown here  i s  more powerful f o r  s e v e r a l  reasons .  
Within t h e  context  of  t h i s  d i scuss ion ,  t h e  most important of t h e s e  reasons i s  
t h a t ,  r i g h t  from t h e  beginning,  it f o r c e s  cons idera t ion  of t h e  m a t e r i a l  and 
engineer ing l i m i t a t i o n s  of t h e  system as an i n t e g r a l  p a r t  of t h e  conf igura t ion  
s e l e c t i o n  procedure.  

A s  an example, consider  t h e  stress s i t u a t i o n  f o r  s t a i n l e s s  s t e e l  c l a d .  A s  
shown i n  Figure 1, t h e  c l ad  thermal  s t r e s s e s  a r e  s u b s t a n t i a l ,  e s p e c i a l l y  a t  
t h e  upper l i m i t s  of w h a t  appears t o  be poss ib l e  from t h e  viewpoint of f u e l  
temperatures  and what may be necessary i n  c lad  th i cknesses .  I n  add i t ion  t o  
t h e  r a d i a l  thermal  s t r e s s e s  shown, t h e r e  may be s t r e s s e s  due t o  f i s s i o n  gas  
p re s su re ,  c i r cumfe ren t i a l  thermal  s t r e s s e s  and s t ress  due t o  fue l -c lad  i n t e r -  
a c t i o n .  These s t r e s s e s  a r e  not  necessa r i ly  a l l  a d d i t i v e ;  however, i n  o rde r  t o  
reach t h e  f u l l  p o t e n t i a l  of any of t h e  f u e l  systems, it probably w i l l  be  neces- 
s a r y  t o  opera te  t h e  c l a d  i n  t h e  grey area between t h e  one and two t imes t h e  
y i e l d  s t r e s s .  Since t h e  r a d i a t i o n  environment r a t h e r  s eve re ly  l i m i t s  t h e  
a b i l i t y  of t h e  c lad  t o  r e l i e v e  s t r e s s e s  by p l a s t i c  deformation, t h e  designer  
has d i f f i c u l t y  dec id ing  j u s t  how high t h e  c l a d  s t r e s s e s  can be allowed t o  go. 
T h i s  unce r t a in ty  toge the r  wi th  t h e  unce r t a in ty  of c l ad  th ickness  requirements 
l eads  t o  t h e  s o r t  of design problem r e f e r r e d  t o  above; namely, an i n a b i l i t y  
t o  e s t a b l i s h  a power r a t i n g  f o r  t h e  f u e l  p i n ,  a s t ee l  f r a c t i o n  and a core  
diameter which a r e  cons i s t en t  wi th  t h e  m a t e r i a l  and engineer ing l i m i t a t i o n s  
of t h e  c l ad .  T h i s  s o r t  of problem l e a d s  t o  d i f f i c u l t i e s  i n  a t tempting t o  
e s t a b l i s h  t h e  r e l a t i v e  performance p o t e n t i a l  o f  var ious  f u e l  systems, e s p e c i a l l y  
t h e  gas-bonded carb ide  system. 
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Another s o r t  o f  d e s i g n  d i f f i c u l t y  connected w i t h  u n c e r t a i n  l i m i t s  i s  i l l u s t r a t e d  
i n  F igure  2 ,  which shows t h e  r e s u l t s  of f u e l  c y c l e  c o s t  c a l c u l a t i o n s  f o r  a 1000 
h e  sodium bonded, mixed c a r b i d e  c o r e .  C e r t a i n l y ,  t h e  s t r o n g  g e n e r a l  i n f l u e n c e  
on f u e l  c y c l e  c o s t s  of a c h i e v a b l e  burnup l e v e l s  i s  w e l l  known and does n o t  need 
e l a b o r a t i o n u p o n .  The problem of s i g n i f i c a n c e  here  is  t h e  e f f e c t  o f  burnup on 
optimum seed  h e i g h t .  S h o r t  c o r e s  are a t t r a c t i v e  because of good b r e e d i n g  per -  
formance and a f a v o r a b l e  v o i d  e f f e c t ;  however , r e p r o c e s s i n g  and f a b r i c a t i o n  
c o s t s  t e n d  t o  b e  r e l a t i v e l y  h igh  f o r  such c o r e s  u n l e s s  h igh  burnups can b e  
achieved .  U n c e r t a i n t y  about  a c h i e v a b l e  burnups (2nd a l s o  about r e p r o c e s s i n g  
and f a b r i c a t i o n  c o s t s )  c r e a t e s  a dilemma f o r  t h e  d e s i g n e r  as t o  t h e  b e s t  c h o i c e  
f o r  one of  t h e  b a s i c  c o r e  c o n f i g u r a t i o n  p a r a m ? t e r s ,  namely i t s  h e i g h t .  It  
would seem most a p p r o p r i a t e  t o  p i c k  an i n t e r m e d i a t e  h e i g h t  i n  o r d e r  t o  minimize 
t h e  f u e l  c y c l e  c o s t  s e n s i t i v i t y  of  t h e  d e s i g n  t o  t h e s e  u n c e r t a i n t i e s .  However, 
it i s  c e r t a i n  t h a t  t h e  b r e e d i n g  performance of  t h e  t a l l e r  c o r e  w i l l  b e  l ess  
f a v o r a b l e ,  and it i s  e q u a l l y  c e r t a i n  t h a t  it w i l l  have 2 s u b s t a n t i a l l y  h i g h e r  
v o i d  e f f e c t .  O r d i n a r i l y ,  problems of  t h i s  t y p e  cannot  be r e s o l v e d  by c l e v e r  
d e s i g n ;  t h e  d e s i g n e r  must e i t h e r  t a k e  a c a l c u l a t e d  r i s k  based on t h e  b e s t  
i n f o r m a t i o n  a v a i l a b l e ,  o r  i f  t h e  r i s k  i s  t o o  l a r g e ,  d e l a y  h i s  d e c i s i o n  u n t i l  
more i n f o r m a t i o n  i s  a v a i l a b l e .  

One f u r t h e r  example w i l l  s e r v e  t o  p i n p o i n t  a n o t h e r  s u p e r f i c i a l l y  s imple b u t  
r a t h e r  d i f f i c u l t  t o  r e s o l v e  d e s i g n  p r o o l e n  f o r  f a s t  r e a c t o r  c o r e s .  Simply 
s t a t e d ,  t h e  problem i s :  Hov c l o s e  i s  t o o  c l o s e  f o r  spac ing  of  t h e  f u e l  p i n s ?  
T i g h t l y  packed c o r e s  mean h igh  v e l o c i t i e s  s n d / o r  h igh  c o o l a n t  t e m p e r a t u r e  r i s e s .  
The e f f e c t  o f  t h e s e  pararileters on t h e  performance of s t y p i c a l  1000 f i e  sodium 
bonded c a r b i d e  c o r e  i s  i l l u s t r a t e d  i n  F igure  3.  The c o r e  i n  t h i s  c a s e  i s  
des igned  such t h a t  i t s  s t e e l  f r a c t i o n  i s  n o t  dependent upon p r e s s u r e  d r o p ;  
t h e r e f o r e ,  t h e  e f f e c t  o f  changes i n  v e l o c i t y  and c o r e  tempera ture  r i s e  a r e  
e q u i v a l e n t ,  i . e . ,  a g iven  p e r c e n t a g e  change i n  e i t h e r  parameter  h a s  t h e  same 
e f f e c t  on sodium, f u e l  and s t e e l  f r a c t i o n s .  A t h i r d .  c h a r a c t e r i z a t i o n  of  t h e  
a b s c i s s a ,  f u e l  p i n  p i t c h  t o  d i m e t e r  r a t i o s ,  could  b e  added t o  t h i s  p l o t .  

There i s  l i t t l e  doubt t h a t ,  b o t h  from t h e  v iewpoin ts  of b r e e d i n g  performance 
and f u e l  c y c l e  c o s t s ,  a s u b s t a n t i a l  i n c e n t i v e  e x i s t s  t o  go t o  t i g h t l y  packed 
c o r e s .  The v o i d  e f f e c t  may or may n o t  have an i n f l u e n c e  i n  t h i s  r e s p e c t ,  
depending upon what s e f e t y  l i m i t s  a r e  e s t a b l i s h e d  and depending upon what methods 
are employed t o  c o n t r o l  t h e  void  e f f e c t .  Genera l ly  s p e a k i n g ,  however, t h e  
use of open c o r e s  ( h i g h  sodium f r a c t i o n )  f o r  r e d u c t i o n  of  t h e  v o i d  e f f e c t  i s  
l e s s  e f f i c i e n t  t h a n  a l t e r n a t e  methods such as t h e  a d d i t i o n  of  moderat ing materials. 

There a r e  many f a c t o r s  t h a t  need c o n s i d e r a t i o n  and r e s o l u t i o n  i n  de te rmining  
j u s t  how t i g h t  a f u e l  bundle  can b e  made. These i n c l u d e  t h e  d i r e c t  e f f e c t s  of 
v e l o c i t y  and c o r e  AT such as p r e s s u r e  d r o p ,  mass t r a n s f e r  r a t e s ,  e f f e c t s  of 
v i b r a t i o n s ,  and t h e r m a l  bowing as w e l l  as l e s s  d i r e c t  e f f e c t s  such as uneven 
c l a d  tempera ture  d i s t r i b u t i o n s  and changes i n  h o t  channel  f a c t o r s .  The c o r e  f o r  
which t h e  c a l c u l a t i o n s  s m i i a r i z e d  i n  F igure  3 were made has  a f u e l  p i n  p i t c h  t o  
d iameter  r a t i o  of  1.1 i n  t h e  c e n t e r  range of t h e  c a l c u l a t i o n s  (AT = 300°F, 
V = 32 f t / s e c ) .  Dwyer’sl t h e o r e t i c a l  s t u d i e s  of  tempera ture  d i s t r i b u t i o n s  i n  
such a t i g h t l y  packed bundle  wi thout  s p a c e r s  i n d i c a t e  f u e l  p i n  c i r c u m f e r e n t i a l  
t empera ture  v a r i a t i o n s  of t h e  o r d e r  of 100°F nay e x i s t .  There i s  no doubt t h a t  

( I ’ 0 . E .  Dwyer, A n a l y t i c a l  Study o f  Heat T r a n s f e r  t o  L i q u i d  Metals Flowing 
In-Line through Close ly  Packed Rod Bundles,  Nuclear  Sc ience  and Engineer ing:  
2 5 ,  343-358 (1966) .  
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Figure 2 EFFECT OF AVERAGE 
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proper ly  designed spacers  can reduce t h i s  e f f e c t ;  however, t h e r e  i s  l i t t l e  i n fo r -  
mation now a v a i l a b l e  which i n d i c a t e s  how such spacers  should be designed. With 
r e spec t  t o  t h e  problem of t h e s e  temperature  v a r i a t i o n s ,  t h e r e  i s  a double uncer- 
t a i n t y ;  i . e . ,  cons ider ing  t h e  e f f e c t  of space r s ,  how l a r g e  a v a r i a t i o n  should be 
expected and, consider ing thermal  s t r e s s e s  and o the r  f a c t o r s ,  how l a r g e  a 
v a r i a t i o n  can be t o l e r a t e d ?  S imi l a r  u n c e r t a i n t i e s  e x i s t  wi th  respec t  t o  o the r  
e f f e c t s .  

The material and engineer ing l i m i t a t i o n s  needed f o r  f a s t  r e a c t o r  cores  must, 
of course,  be r e l a t e d  t o  p o t e n t i a l  f a i l u r e  mechanisms o r ,  more exac t ly ,  t o  
t h e  prevent ion of  f a i l u r e s .  One reason t h a t  it has been d i f f i c u l t  t o  e s t a b l i s h  
a r e a l i s t i c  s e t  of l i m i t a t i o n s  on these systems i s  t h e  f a c t  t h a t  it has been 
d i f f i c u l t  t o  i d e n t i f y  t h e  kinds of f a i l u r e s  which a r e  l i k e l y  t o  occur.  I n  t h i s  
r e s p e c t ,  t h e  fas t  r e a c t o r  des igner  has a more d i f f i c u l t  problem than  t h e  water 
r e a c t o r  des igner  because t h e r e  i s  no easy- to- ident i fy  f a i l u r e  mechanism analogous 
t o  burnout.  
c l e a r l y  de f inab le  l i m i t  f o r  oxide fue l ed  r e a c t o r s ;  however, carb ide  systems oper- 
a t e  considerably below t h e  melt ing po in t  and apparent ly  have r a t h e r  " so f t "  l i m i t s  
on a l l  t h e  important parameters ,  i . e . ,  maximum f u e l  temperature ,  maximum c lad  
temperature ,  maximum coolant  temperature ,  maximum hea t  f l u x ,  e t c .  

Although it i s  not  exac t ly  a " f a i l u r e " ,  c e n t e r l i n e  melt ing i s  a 

Clad f a i l u r e  r e s u l t i n g  from f u e l  swel l ing  i s ,  of course ,  t h e  most important 
performance l i m i t i n g  f a c t o r  f o r  FBR cores  and t h e  genera l  cha rac t e r  of t h e  
mechanisms involved has been p r e t t y  w e l l  def ined.  Appropriately,  s u b s t a n t i a l  
development programs a r e  be ing  c a r r i e d  out  t o  e s t a b l i s h  working l i m i t s  t o  pre- 
vent  f a i l u r e s  of t h i s  t y p e .  

Unfortunately,  however, development programs aimed a t  e s t a b l i s h i n g  f a i l u r e  
mechanisms and appropr ia te  working l i m i t s  i n  t h e  o t h e r  a reas  ind ica t ed  above 
a r e  gene ra l ly  not s o  w e l l  advanced. Because of t h i s ,  designers  a t  t h e  present  
t ime a r e  o f t e n  t a k i n g  w h a t  may w e l l  be over ly  conserva t ive  p o s i t i o n s  which i n  
t u r n  may be r e s u l t i n g  i n  unnecessary s a c r i f i c e s  of performance. This s i t u a t i o n  
c a r r i e s  with it t h e  danger t h a t  overly conserva t ive  designs w i l l  become s tandard  
f o r  t h e  indus t ry  and t h e  r e a l i z a t i o n  of t h e  t r u e  performance p o t e n t i a l  of FBRs 
w i l l  be  unnecessar i ly  delayed. 
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"Review of Problem Areas", h e r l e a n  Euclear Society 
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M a t e r i a l s  .md CornDonents, April 2-4 , 1968, C i n c i n n a t i ,  
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SOME MATERIALS PROBLEMS I N  FAST REACTORS 

Experience i n  t h e  opera t ion  of N a  and N a K  cooled r e a c t o r s  has shown t h a t  a 
number of ma te r i a l s  problems have t o  be solved t o  implement t h e  ob jec t ives  of 
t h e  Liquid Metal Fast  Breeder Reactor Program. These problems and development 
t a s k s  have been covered i n  t h e  tomes of t h e  ANL Program Office and t h e  very 
exce l l en t  GE-NMPO Report e n t i t l e d ,  "Evaluation of  t h e  P o t e n t i a l  of Se lec ted  
Alloys f o r  Use as Fuel  Cladding Mate r i a l  i n  an LMFBR."(l) 

It i s  obvious t h a t  i n  t h e  t ime a v a i l a b l e  f o r  t h i s  pane l  d i scuss ion  t h a t  it w i l l  
not be poss ib l e  t o  cover many of t h e  ma te r i a l s  problems. What I p lan  t o  do, 
t h e r e f o r e ,  i s  t o  d iscuss  a few very important problem areas  which r e q u i r e  work. 

It i s  apparent again from experience t h a t  work has t o  be done on t h e  ma te r i a l s  
f o r  t h e  steam genera tor .  Decisions have t o  be made whether t h i s  component w i l l  
be  a f e r r i t i c  s t e e l ,  a Ni-base a l l o y  o r  an 18-8 type  s t a i n l e s s  s t e e l .  
choice i s  with t h e  l a t t e r  two a l l o y s ,  t h e  carbon t r a n s f e r  problem i s  minimized 
but  m a s s  t r a n s f e r  problems need f u r t h e r  work. If t h e  choice i s  w i t h  t h e  low 
chrome f e r r i t i c  s t e e l s ,  t hen  more work needs t o  be done on t h e  carbon t r a n s f e r  
from f e r r i t i c  t o  a u s t e n i t i c  s t e e l s  and s p e c i f i c a l l y  more work needs t o  be done 
on developing carbon s t a b i l i z e d  a l l o y s .  I n  t h e  above, t h e  assumption i s  t h a t  
s t a i n l e s s  s t e e l s  a r e  used f o r  v e s s e l ,  p ip ing ,  e t c .  

If t h e  

I do not foresee  t o o  many problems with r e spec t  t o  m a t e r i a l s  p ip ing .  Care w i l l  
have t o  be used i n  t h e  design t o  avoid thermal  s t r e s s e s ;  i . e . ,  where cold and 
hot sodium streams meet. 

This now b r ings  us t o  t h e  r e a c t o r  proper ,  t h e  core i n t e r n a l s ,  t h e  v e s s e l ,  t h e  
f u e l  and t h e  f u e l  c ladding.  Since t h e  core i n t e r n a l s  and v e s s e l  w i l l  be  sub- 
j e c t e d  t o  e s s e n t i a l l y  t h e  same condi t ions  as t h e  f u e l  c ladding,  t h e  comments 
which w i l l  be  made on cladding a r e  app l i cab le  t o  them. 

It i s  my f e e l i n g  t h a t  t h e  problem of high burnup of 100,000 MWD/T f o r  t h e  f u e l  
has t o  be solved by t h e  "cut and t r y "  method. The experience gained i n  t h e  
opera t ion  of t h e  U02 m e l e d  Light Water Reactors i s  t h e  b a s i s  f o r  s e l e c t i n g  
(PuU)O2 as t h e  re ference  f u e l  f o r  FFTF. It seems reasonable  t o  assume t h a t  
with t h e  a c q u i s i t i o n  of more r a d i a t i o n  t e s t s  and t h e  determinat ion of some of 
t h e  b a s i c  information on f u e l s  such as swel l ing  c h a r a c t e r i s t i c s ,  p l a s t i c i t y ,  
thermal  conduct iv i ty ,  e t c . ,  it should be poss ib l e  t o  engineer  a f u e l  design 
which w i l l  approach t h e  ob jec t ive  burnup. Se lec t ion  of t h e  f u e l ,  whether it 
i s  (PuU)02 o r  (PuU)C o r  m e t a l l i c  f u e l  w i l l  depend on what type  of f a s t  r e a c t o r  
system i s  t o  be b u i l t ;  i . e . ,  steam cooled, gas cooled, o r  N a  cooled, t h e  
e f f i c i e n c y ,  and perhaps even t h e  value of a. That not  so  cons tan t  r a t i o  i s  
again being questioned. Perhaps even t h e  behavior of  t h e  cladding a t  high 
f luences may be a f a c t o r  i n  t h e  s e l e c t i o n  of t h e  type  of f u e l .  

( l ) C . G .  Co l l in s ,  J. Moteff,  and B.A. Chandler, "Evaluation of t h e  P o t e n t i a l  of 
Se lec ted  Alloys f o r  use as a Fuel  Cladding Mate r i a l  i n  an LMFBR", GEMP-573, 
General E l e c t r i c  Company, November, 1967. 
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Having d isposed  o f  a l l  these  "minor problems" I would l i k e  t o  d i s c u s s  t h e  r e a l l y  
impor tan t  problem - t h e  c l a d d i n g  which i s  not  r e a l l y  s e p a r a b l e  from t h e  cons ider -  
a t i o n s  f o r  t h e  s e l e c t i o n  and behavior  of  t h e  fuel .  

I n  LMFBR's t h e  pr imary f u n c t i o n  of t h e  c l z d d i n g  i s  t o  m a i n t a i n  t h e  f u e l  i n  some 
p r e s e l e c t e d  a r r a y  so  t h a t  h e a t  can be s a f e l y  g e n e r a t e d  and removed from t h e  f u e l .  
S a f e t y  i m p l i e s  t h a t  fa i lure  o f  a f u e l  c l a d d i n g  should  not  l e a d  t o  c a t a s t r o p h i c  
a c c i d e n t s  such as meltdown and s u p e r c r i t i c a l i t y .  S ince  t h e  economics f o r  f a s t  
r e a c t o r s  r e q u i r e  h i g h  burnup of  t h e  f u e l s ,  t h e  c l a d d i n g  w i l l  have t o  w i t h s t a n d  
e q u a l l y  h i g h  exposure t o  f a s t  n e u t r o n s ,  5 x 1022 t o  5 x 1023 ( E  > 1 Mev). 
s imple  c a l c u l a t i o n  shows t h a t  at  t h e s e  exposures  each atom of  t h e  c l a d d i n g  w i l l  
be knocked o u t  o f  i t s  e q u i l i b r i u m  p o s i t i o n  a t  least  10-100 t i m e s .  T'nis i s  
r e a l l y  a v e r y  rough t r e a t m e n t .  I n  a d d i t i o n  t o  t h e  d i s p l a c e m e n t s ,  gaseous and 
s o l i d  t r a n s m u t a t i o n  p r o d u c t s  a r e  fom.ed as has  been sho-m i n  t h e  papers  by 
Weir, Moteff and o t h e r s .  Concomitant w i t h ,  o r  as  a r e s u l t  o f ,  t h e  d i s p l a c e -  
ments and t r a n s m u t a t i o n  p r o d u c t s ,  l a r g e  voids  are formed i n  m a t e r i a l s  i r r a d i a -  
t e d  t o  f l u e n c e s  > These voids  cannot be accounted f o r  a s  b e i n g  due t o  He 
o r  H product ion  b u t  must i n  f a c t  be due t o  t h e  absence of  m a t e r i a l .  

A 

The n e t  r e s u l t  of s u b j e c t i n g  materials t o  t h e s e  f luences  i s  t h a t  t h e y  s u f f e r  a 
s e r i o u s  l o s s  i n  d u c t i l i t y  and a r e d u c t i o n  i n  d e n s i t y ;  i . e . ,  t h e  c l a d d i n g  s w e l l s .  
S i n c e  f u e l s  a t  t h e s e  high burnups are known t o  s w e l l ,  s t r e s s e s  a r e  produced i n  
t h e  c l a d d i n g  which i f  t h e y  cannot  be r e l i e v e d  by p l a s t i c  deformation o r  be t a k e n  
up e l a s t i c a l l y  w i l l  cause f a i l u r e  of  t h e  c l z d d i n g .  . i re  t h e r e  s o l u t i o n s  f o r  t h i s  
problem? I t h i n k  t h e  answer i s  y e s .  They a r e :  

1. Minimize t h e  s t r e s s  imposed on t h e  c l a d d i n g  by good d e s i g n  o f  t h e  f u e l  

2. Vent t h e  f i s s i o n  gases  t o  a plenw! o r  t o  t h e  Pia. 

3. Provide reasonable  c o l d  c l e a r a n c e  Set-xeen c l a d  and g e l l e t .  

4.  
5 .  Improve t h e  d u c t i l i t y  of  t h e  c l a d d i n g  by a l l o y i n g  a d d i t i o n s  such as t h e  

6. 

7. 

e lement .  

S e l e c t  p roper  d e n s i t y  f o r  pellet ana f o r  v i b r a t o r y  compacted f u e l .  

T i  p r e s c r i b e d  by ORNL.  

Reduce t h e  agglomerat ion of voids by a d j u s t i n g  t h e  n i c r o s t r u c t u r e  and 
second  p h a s e  d i s t r i b u t i o n .  

I n v e s t i g a t e  and t r y  t o  unders tand  why t h e  boQy cer i tered cubic  s t r u c t u r e s  
such as t h e  V a l l o y s  appear  t o  5e l e s s  s u s c e p t i b l e  t o  loss  o f  d u c t i l i t y  
on i r r a d i a t i o n .  

There may be o t h e r  ways of minimizing t h e  stress 02 t h e  c l a d d i n g ,  namely, by u s i n g  
sodium bonded f 'uels. i n  p r i n c i p l e  it may be p o s s i b l e  t o  s e l e c t  dimensions of  t h e  
fue l  which swel l  t o  t h e  i n n e r  dimensions of t h e  c l a d  as burnup p r o g r e s s e s .  This  
t y p e  of approach w i l l  r e q u i r e  e x t e n s i v e  t e s t i n g  o f  t h e  f u e l  c l a d  assembly t o  d e t e r -  
mine t h e  f e a s i b i l i t y  o f  t h i s  concept .  

There i s  one o t h e r  idea t h a t  I t h i n k  needs looking  i n t o .  It nay t u r n  o u t  to be 
f e a s i b l e  t o  r a d i a t i o n  annea l  t h e  c ladding .  Such experiments  have not  been under- 
t a k e n  b u t  seem t o  b e  a t  l eas t  i n t e r e s t i n g  and mzy have some p r a c t i c a l i t y .  

What I am t r y i n g  t o  say  i s  t h a t  i n  a d d i t i o n  t o  t h e  c u t  and t r y  e n g i n e e r i n g  e x p e r i -  
ments which are so  popular  t h e s e  days ,  we need same good s e a r c h i n g  b a s i c  work on 
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t h e s e  very d i f f i c u l t  problems. 
Off ice ,  t h e  GEMP r e p o r t ,  and nea r ly  a l l  t h e  ma te r i a l s  people. While I recognize 
t h a t  t h e  so lu t ions  t o  engineer ing problems r a r e l y  come out of b a s i c  work d i r e c t l y ,  
I also knov t h a t  without t h e  b a s i c  work "we" l ack  t h e  backgrcnmd knowledge which 
i s  fac tored  i n t o  i n t u i t i v e  , i r?aginat ive , elf-pirical  so lu t ions  t o  t h e  problems. 

This need has been recognized by t h e  Program 

I would a l s o  l i k e  t o  say  something about t h e  corrosion of ma te r i a l s  by sodium. 
4- good d e a l  of work s t i l l  needs t o  be done i n  t h i s  a r e a  t o  determine t h e  e f f e c t s  
of temperature ,  temperature d i f f e rence ,  hea t  f l u x ,  oxygen, carbon, flow r a t e ,  
N a  chemistry,  e t c . ,  on t h e  cor ros ion  process .  I would agree with M r .  Goldmann 
t h a t  if r e a c t o r s  a r e  run with maximum Na temperature of 800-9000F, t h e  develop- 
ment work on ma te r i a l s  would be minimal. The p r e s e n t l y  ava i l ab le  da t a  show t h a t  
s t a i n l e s s  s t e e l s ,  coba l t  and t h e  vanadium a l l o y s  i n  very low oxygen ( <  5 ppm) 
d i sp lay  good r e s i s t a n c e  t o  cor ros ion  by Na, a t  1290°F ( Q  1 m i l / y r ) .  
necessary t o  maintain very low oxygen l e v e l s  t o  maintain t h e s e  s a t i s f a c t o r y  
corrosion r a t e s .  
t rapped ,  and t i g h t .  This  i s  p a r t i c u l a r l y  t r u e  f o r  t h e  vanadium a l loys .  The 
oxygen l e v e l  for sa fe  use of t h e s e  a l loys  may a c t u a l l y  be much lower than  t h e  
5 ppm ind ica t ed .  If t h e  oxygen l e v e l s  cannot be r e a d i l y  maintained below 1 0  
ppm, it w i l l  be necessary t o  consider  cor ros ion  r e s i s t a n t  coa t ings  on vanadium 
a l l o y s  or  t o  consider  use of a l l o y s  which a r e  more t o l e r a n t  t o  h igher  oxygen. 
It c e r t a i n l y  a l s o  seems d e s i r a b l e  at t h i s  s t age  of development t o  study t h e  
e f f e c t  of so luble  deoxidants such as Mg which i s  a t ransmuta t ion  product of 
neutrons on sodium and t o  eva lua te  t h e  usefu lness  of Li add i t ions  t o  reduce t h e  
oxygen a c t i v i t y .  

It w i l l  be 

Systems w i l l  t h e r e f o r e  have t o  be we l l  co ld  t rapped ,  hot 

These int , roductory s ta tements  a r e  not meant t o  answer t h e  many m a t e r i a l s  problems 
but  r a t h e r  t o  l a y  t h e  bases  f o r  t h e  d iscuss ion  which w i l l  follow. 
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R i c h l e n d ,  i*~!as:?ingtor! 

P a p e r  for p r e s e n t a t i o n  a t  l Jne r i can  isiuclear S o c i e t y  N a t i o n a l  T o p i c a l  

Mee t ing ,  A p r i l  2-4,  1968, C i n c i n n a t i ,  Ohio .  

(a)This p a p e r  i s  b a s e d  on work pe r fo rmed  unde r  U n i t e d  S t a t e s  Atomic Energy 
Commission C o n t r a c t  AT(45-1)-1830. 
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IRRADIATION TESTING FACILITIES: NEEDS, LIMITATIONS AND AVAILABILITY 

The needs f o r  f a s t  r e a c t o r  i r r a d i a t i o n  t e s t i n g  f a c i l i t i e s  a r e  
reviewed and t h e  a v a i l a b i l i t y  of t e s t i n g  r e a c t o r s  t o  meet t h e  
needs a r e  discussed.  Limi ta t ions  of a v a i l a b l e  f a c i l i t i e s  a r e  
i d e n t i f i e d  and space requirements are compared with a v a i l a b i l -  
i t y .  The need f o r  continued and improved a v a i l a b i l i t y  of EBR-I1 
f o r  near  term fast  r e a c t o r  f u e l s  and ma te r i a l s  t e s t i n g  i s  em- 
phasized and a l t e r n a t e  t e s t i n g  f a c i l i t i e s  such as Fermi a r e  
b r i e f l y  reviewed. The o v e r a l l  t e s t i c g  c a p a b i l i t i e s  of t h e  
Fas t  Flux Test  F a c i l i t y  a r e  discussed.  

Meanifigful i r r a d i a t i o n  t e s t i n g  r e s u l t s  a r e  c l e a r l y  an e s s e n t i a l  requirement f o r  
t h e  successfu l  development of t h e  LMFBR. The establ ishment  of a technology t h a t  
permits  t h e  long term r e l i a b l e  opera t ion  of f u e l  c ladding and s t r u c t u r a l  ma te r i a l s  
a t  temperatures i n  excess of ha l f  t h e i r  mel t ing p o i n t s  i n  high energy i r r a d i a t i o n  
f i e l d s  t o  f luences  s i g n i f i c a n t l y  g r e a t e r  t han  those  experienced t o  da te  should 
not be expected t o  be a s t r a i g h t  forward development and t e s t i n g  t a s k .  Fu r the r ,  
t h e  behavior  of f u e l  m a t e r i a l s  at t h e  l e v e l s  of burnup and temperatures  requi red  
f o r  economic power genera t ion  a r e  sub jec t  t o  s i g n i f i c a n t  unce r t a in ty .  The char- 
a c t e r i s t i c s  and consequences o f  f a i l u r e  o f  f u e l s  and m a t e r i a l s  i n  t h e  high temp- 
e r a t u r e  sodium coolant ,  w i t h  i t s  a f f i n i t y  f o r  impur i t i e s  and c e r t a i n  f i s s i o n  
products ,  a r e  poorly understood. The l i s t  of quest ions which must be answered 
t o  permit success fu l  design and operat ion o f  an economic and r e l i a b l e  f a s t  breeder  
r e a c t o r  whether cooled by sodium or o the r  f l u i d s ,  i s  long and chal lenging.  

With respec t  t o  t h e  needs f o r  i r r a d i a t i o n  t e s t i n g  f a c i l i t i e s  t o  provide means f o r  
developing answers t o  t h e  many t e c h n i c a l  ques t ions ,  it must f i r s t  be s t a t e d  t h a t ,  
i n  gene ra l ,  f a s t  r e a c t o r s  a r e  needed t o  t e s t  fast  r e a c t o r  f u e l s  and m a t e r i a l s .  
The cu r ren t  abundance of thermal  t e s t  r e a c t o r s  can be used f o r  some purposes such 
as screening t e s t s  of p o t e n t i a l  f u e l  m a t e r i a l s ,  examining ques t ions  such as does 
f u e l  A swe l l  more than f u e l  B,  o t h e r  t h ings  being equal .  Such t e s t s  can a l s o  be 
used i n  a semi-quant i ta t ive way t o  c ross  compare r e s u l t s  of t h e  l i m i t e d  fas t  
r e a c t o r  i r r a d i a t i o n s  wi th  t h e  much l a r g e r  number of thermal  f l u x  i r r a d i a t i o n s  of 
many of t h e  f u e l s  and m a t e r i a l s  of i n t e r e s t  t o  fas t  r e a c t o r s .  I n  a d d i t i o n ,  some 
use i s  being made of thermal  t e s t  r e a c t o r s  because of t h e  c l o s e r  approximation t o  
fast  r e a c t o r  f i e 1  column lengths  which can be t e s t e d ,  compared with t h e  a v a i l a b l e  
U S  fas t  t e s t i n g  f a c i l i t y ,  EBR-11. Also,  some thought i s  being given t o  use of 
thermal  t e s t  r e a c t o r s  as nuc lear  hea t  sources  f o r  i n v e s t i g a t i o n  of t h ings  such 
as f u e l  rod f a i l u r e  and f i s s i o n  product r e l e a s e  c h a r a c t e r i s t i c s  using s p e c i a l l y  
designed i n t e g r a l  sodium loops.  By and l a r g e  however, thermal  t e s t  r e a c t o r s  a r e  
of i n t e r e s t  for fast  r e a c t o r  t e s t i n g  because of t h e i r  a v a i l a b i l i t y  r a t h e r  than  
because of  known a p p l i c a b i l i t y  of  r e s u l t s .  

The only opera t ing  US sodium cooled fast  r e a c t o r ,  EBR-11, must c l e a r l y  be t h e  
primary t e s t  f a c i l i t y  f o r  LMFBR i r r a d i a t i o n  t e s t i n g  f o r  t h e  immediate fu tu re .  
Use of t h i s  f a c i l i t y  has grown i n  an exponent ia l  manner s ince  1965 when t h e  
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f i r s t  few experimental  assemblies were i n s t a l l e d .  Today, t h e  a v a i l a b l e  i r r a d i a -  
t i o n  space i n  EBR-11, a t  l e a s t  i n  t h e  higher  f lux  p o s i t i o n s ,  i s  e s s e n t i a l l y  occu- 
p ied  t o  t h e  ex ten t  of ope ra t iona l  c a p a b i l i t y .  A t  t h e  present  t ime,  t h e r e  a r e  
approximately 34 experiment conta in ing  a s sembl i e s  being i r r a d i a t e d  i n  t h e  EBR-11. 
The makeup of t h e s e  experimental  assemblies range from f u l l  experimental  f u e l  
loadings  i n  encapsulated 19 p in  a r r a y s ,  t o  19 and 37 p in  conf igu ra t ions  conta in ing  
materials specimens with r e l a t i v e l y  l i t t l e  f u e l  conten t .  The number and compo- 
s i t i o n  of t h e s e  experimental  assemblies i s  such t h a t  t h e  a v a i l a b l e  r e a c t i v i t y  i s  
t h e  primary r e s t r a i n t  on f u r t h e r  experimental  i r r a d i a t i o n  t e s t  i n s e r t i o n s  i n  high 
f l u x  l o c a t i o n s .  

A s i g n i f i c a n t  f a c t o r  l i m i t i n g  t h e  output of experimental  r e s u l t s  from EBR-11 i r r a d -  
i a t i o n s  has been t h e  ope ra t iona l  a v a i l a b i l i t y  of t h e  f a c i l i t y .  A s  a r e s u l t  of a 
v a r i e t y  of EBR-I1 opera t ing  problems, and a conservat ive opera t ion  philosophy, 
t h e  e f f e c t i v e  p l a n t  f a c t o r  has been l imi t ed  t o  30% i n  1966 and only 20% i n  1967. 
The opera t ing  problems encountered have included nuclear  performance anomalies,  
d i f f i c u l t i e s  i n  de t ec t ion  and i s o l a t i o n  of f a i l u r e s  i n  experimental  and d r i v e r  
f u e l  p ins  and a l a r g e r  number of  non-reactor r e l a t e d  systems d i f f i c u l t i e s .  Plans 
f o r  inprovement i r l  t h e  c v e r a l l  pl .mt  f s c t o r  of EBR-I1 a r e  being developed. i n  
r ecogn i t ion  of t h e  need t o  prgvide g r z a t e r  on-stream t ime but  t h e s e  improvements 
can be expected t o  r equ i r e  as much as  t h r e e  t o  f i v e  years  t o  develop an e f f e c t i v e  
p l a n t  f a c t o r  i n  t h e  range of 40 t o  60%. The low opera t iona l  p l a n t  f a c t o r  of  
EBR-I1 i s  a s i g n i f i c a n t  f a c t o r  i n  t h e  r a t e  of Drogress of LPlFBR i r r a d i a t i o n  
t e s t i n g  as evidenced by t h e  observat ion t h a t  24 of t h e  34 experimental  assemblies  
i n s e r t e d  i n t o  t h e  r e a c t o r  i n  t h e  pas t  t h r e e  years  a r e  s t i l l  under i r r a d i a t i o n .  It 
i s  a l s o  t r u e  t h a t  many of t h e s e  t e s t s  have high exposure ob jec t ives  which r equ i r e  
long i r r a d i a t i o n  t imes.  

P ro jec t ions  of  EBR-I1 i r r a d i a t i o n  t e s t  s p x e  needs t o  support  LMFBR development 
programs, inc luding  FFTF, over t h e  next one t o  two years  c l e a r l y  i n d i c a t e  t h a t  
t h e  a v a i l a b l e  space i n  t h e  h igher  f l u  p o s i t i o n s  f a l l s  s u b s t a n t i a l l y  s h o r t  of 
t h e  ind ica t ed  needs. Current planning by EBR-I1  u se r s  c a l l s  f o r  a minimum of  
twelve a d d i t i o n a l  subassemblies over roughly t h e  next year  with some planning 
i n d i c a t i n g  t h a t  t h i s  es t imate  may be low by as much as  a f a c t o r  of two under 
c e r t a i n  condi t ions .  While minor improvernent i n  accomociating t h e  backlog and 
planned experimental  i r r a d i a t i o n s  w i l l  r e s u l t  from t h e  planned inc rease  i n  EBR-I1  
power t o  50 MW, t h e  inc rease  i n  space w i t h  f l u x  of i n t e r e s t  f o r  f u e l  i r r a d i a t i o n  
i s  s t i l l  s m a l l ,  r a t h e r  l i k e  t h e  v i s i b l e  D a r t  of  t h e  p rove rb ia l  i ceberg .  It 
appears most l i k e l y  t h a t  some form of p r i o r i t y  system w i l l  be necessary u n t i l  
t h e  EBR-I1 p l a n t  f a c t o r  s i g n i f i c a n t l y  improves and u n t i l  unencapsulated experi-  
mental  f u e l  i r r a d i a t i o n s  become accepted p r a c t i c e .  

With improved a v a i l a b i l i t y ,  EBR-I1 w i l l  make a more r ap id  con t r ibu t ion  t o  t h e  
development of LMFBR i r r a d i a t i o n  t e s t i n g  r e s u l t s .  However, t h i s  f a c i l i t y  l i k e  
any i r r a d i a t i o n  t e s t i n g  f a c i l i t y ,  has some l i m i t a t i o n s ,  p a r t i a l l y  i n h e r e n t ,  which 
l i m i t  t h e  d i r e c t  a p p l i c a b i l i t y  of r e s u l t s  and r e s t r i c t  experimental  f l e x i b i l i t y .  
A primary l i m i t a t i o n  i s  t h e  maximun f l u x  l e v e l ,  approximately 2 t o  3 x 1015 nv. 
Because t h e  a v a i l a b l e  flux i s  s u b s t a n t i a l l y  below t h e  design l e v e l s  f o r  FFTF and 
i n t e r e s t s  f o r  LMFBRS, long i r r a d i a t i o n  t i m e s  a r e  requi red  t o  achieve m a t e r i a l s  
i r r a d i a t i o n  f luences  which a r e  r ep resen ta t ive  of t h e  expected design condi t ion .  
While f u e l  burnup r a t e s  can be ad jus ted  t o  more near ly  represent  pro to typic  
condi t ions  by t h e  add i t ion  of U-235 e n r i c h e n t ,  such a change r e s u l t s  i n  a 
non-prototypic r e l a t i o n s h i p  between f u e l  burnup and cladding f luence ,  complica- 
t i n g  t h e  eva lua t ion  of t e s t  r e s u l t s .  Near D r o t o t E i c  f u e l  p in  i r r a d i a t i o n s  w i t h  
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r e spec t  t o  l eng th  a r e  not poss ib l e  because of t h e  r e l a t i v e l y  s h o r t  core ,  14 inches ,  
compared wi th  LMFBR and FFTF design core lengths  ranging from two f e e t  t o  over four 
feet .  This parameter has assumed g r e a t e r  importance i n  recent  months with t h e  
recogni t ion  t h a t  r a d i a l  f u e l  swel l ing  may be a f f ec t ed  by f u e l  column length .  

The i n a b i l i t y  t o  provide ins t rumenta t ion  f o r  i r r a d i a t i o n  t e s t s  i n  EBR-I1 i s  a l i m i -  
t a t i o n  which complicates i n t e r p r e t a t i o n  of t e s t  r e s u l t s .  I n  add i t ion  t o  t h e  we l l  
recognized importance of cha rac t e r i zed  opera t ing  temperatures  on cladding and 
s t r u c t u r a l  ma te r i a l s  with regard t o  a f f e c t s  of  temperature  on mechanical p r o p e r t i e s  , 
t h e r e  i s  recent  evidence tha t  i r r a d i a t i o n  damage e f f e c t s  i n  cladding ma te r i a l s  may 
be p a r t i c u l a r l y  s e n s i t i v e  t o  narrow ranges of  temperature.  Thus, t h e  need f o r  
q u i t e  p r e c i s e  knowledge of c ladding temperature assumes new importance. 

An a d d i t i o n a l  l i m i t a t i o n  of EBR-I1 i s  t h e  necess i ty  t o  conduct a l l  t e s t s  i n  t h e  
primary coolan t ,  with primary coolant  chemistry and, sub jec t  t o  some adjustment ,  
primary coolant temperature.  Thus, t e s t s  which might eva lua te  e f f e c t s  of coolant  
chemistry,  p a r t i c u l a r l y  oxygen, o n  cladding mass t r a n s f e r  and mechanical proper- 
t i e s  a r e  precluded,  except a t  t h e  EBR-I1 opera t ing  coolant  p u r i t y  l e v e l s .  While 
some e f f o r t  has been devoted t o  i n v e s t i g a t i o n  of  poss ib l e  l imi t ed  closed loop 
c a p a b i l i t y  i n  EBR-11, t h e  a v a i l a b i l i t y  of such a c a p a b i l i t y ,  which might a l s o  
permit somewhat more r i s k y  t e s t s ,  appears t o  be s e v e r a l  years  away. 

Some of t h e  l i m i t a t i o n s  of t h e  EBR-I1  would be eased w i t h  t h e  a v a i l a b i l i t y  o f  t h e  
Enrico Fermi r e a c t o r  f o r  f u e l s  and ma te r i a l s  t e s t i n g .  The core he ight  and poten- 
t i a l  f l u x  a r e  s u b s t a n t i a l l y  more r ep resen ta t ive  of LMFBR requirements ,  bu t  t h e  
same l i m i t a t i o n s  apply w i t h  r e spec t  t o  ins t rumenta t ion  c a p a b i l i t y  and c losed  
loops.  There i s  a l s o  some p r o b a b i l i t y  t h a t  t h e  SEFOR r e a c t o r  might be conver- 
t i b l e  f o r  i r r a d i a t i o n  t e s t i n g  some time i n  t h e  e a r l y  1970'~~ a f t e r  t h e  c u r r e n t l y  
planned physics  s t u d i e s  have been completed. The c a p a b i l i t i e s  of  a modified 
SEFOR would not however be expected t o  be a major con t r ibu t ion  t o  f u e l s  and 
m a t e r i a l s  t e s t i n g  as 2 consequence of t h e  r e l a t i v e l y  low power and f l u x ,  bu t  
it i s  not known if a d e t a i l e d  assessment of p o t e n t i a l  t e s t i n g  c a p a b i l i t i e s  has 
been made. 

The Fas t  Flux Test  F a c i l i t y  i s  being designed,  under t h e  management of  t h e  P a c i f i c  
Northwest Laboratory,  as t h e  primary f u e l s  and m a t e r i a l s  t e s t i n g  f a c i l i t y  for t h e  
AEC's LMFBR development program. T h i s  major t e s t i n g  r e a c t o r  w i l l  provide a f lex-  
i b l e  c a p a b i l i t y  for t e s t i n g  of fast  r e a c t o r  f u e l s  and m a t e r i a l s  under we l l  char- 
a c t e r i z e d  ar.d con t ro l l ed  condi t ions .  The f a c i l i t y  inc ludes  s e v e r a l  sodium cooled, 
independent c losed  loops w i t h  a hea t  d i s s i p a t i o n  c a p a b i l i t y  of up t o  6 MW and 
bulk sodium temperatures  up t o  1200'F. 
t r o l l e d  coolant  chemistry w i t h  i nd iv idua l  coolant  p u r i f i c a t i o n  systems as we l l  
as provide f o r  ins t rumenta t ion  of experiment t e s t  condi t ions inc luding  tempera- 
ture ,  flow, and o the r  spec ia l i zed  instrumentat ion.  Tests  can be conducted i n  
t h e s e  closed loops t o  f a i l u r e ,  a f e a t u r e  of major importance s ince  cha rac t e r i zed  
t e s t  f a i l u r e s  f requent ly  con t r ibu te  t h e  g r e a t e s t  y i e l d  of Reaningful t e s t i n g  
information.  S u b s t a n t i a l  t e s t  space i s  provided wi th in  t h e  d r i v e r  core  region 
which w i l l  opera te  i n i t i a l l y  w i t h  an o u t l e t  temperature of gOO°F with s i m i l a r  
ins t rumenta t ion  c a p a b i l i t y  t o  t h e  closed loops.  Re f l ec to r  reg ion  t e s t  space i s  
a l s o  provided. With a core he ight  near t h r e e  f e e t ,  c l o s e l y  p ro to typ ic  f u e l  p in  
c l u s t e r  t e s t s  can be performed. In  recogni t ion  of t h e  l i m i t a t i o n s  a r i s i n g  from 
s i g n i f i c a n t  depar tures  i n  a v a i l a b l e  neutron f l u  from LMFBR design va lues ,  t h e  
FFTF w i l l  provide an i n i t i a l  fas t  f l u x  c a p a b i l i t y  approaching 1016 nv. 
planned FFTF f e a t u r e s  inc lude  f a c i l i t i e s  f o r  sho r t  term,  c y c l i c  and l i m i t e d  

These closed loops w i l l  provide con- 
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t r a n s i e n t  t e s t i n g ,  a c l o s e l y  couplea  i n e r t  g a s  z tnosphere  non-des t ruc t ive  examina- 
t i o n  f a c i l i t y  and a n u c l e a r  proof  t e s t  f a c i l i t y .  The FFTF i s  planned t o  be com- 
p l e t e  i n  1973, making it a v a i l a b l e  f o r  use  i n  proof  t e s t i n g  o f  f u e l  f o r  LNFBR 
der:.oiistratiorL ? l a i t s  , and i:: t n e  c o n f i m a t l o n  o f  desigr! margins f o r  f u e l s  f o r  
those p l a n t s .  A major  e d d i t i o n a l  u s e  of t h e  FPTP ~ i 1 1  b e  i n  t h e  development o f  
improved f u e l s  and na te r ia l s  l o ?  c o m e r c i a 1  i&FB2S, b o t h  i n  e x p l o r i n g  t h e  capa- 
b i l i t i e s  and behavior  of  c a n d i d a t e  f c e l s  ami n a t e r i a l s  systeols ur,3er p r o t o t y 2 i c  
c o n d i t i o n s  rnd i n  f u e l  system- pr3of  t e s t i n g .  

@ 
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UTILITY REQ,UIRm?ENTS I?! FAST BREEDERS 

M r .  Wallace Behnke w a s  scheduled t o  appear here  today t o  d iscuss  t h e  u t i l i t y ' s  
requirements f o r  fas t  breeder  power p l a n t s .  Unfortunately,  Mr. Rehnke i s  
a t t end ing  a meeting i n  Washington today ,  and asked me t o  t ake  h i s  p lace .  

We have heard much t h e s e  pas t  two days concerning t h e  progress  and problems of 
fas t  breeder  r e a c t o r  technology. My purpose i s  t o  comment on where we, as a 
prospec t ive  owner-operator, t h i n k  t h i s  technology should be d i r e c t e d .  The f a s t  
breeder  demonstration p l a n t s ,  and l a t e r  t h e  f i r s t  genera t ion  "commercial" s i zed  
p l a n t s  w i l l  have t o  meet c e r t a i n  requirements with regard t o  performance and 
r e l i a b i l i t y ,  i f  they  a r e  t o  be accepted by t h e  u t i l i t i e s .  

This i s  not t o  say t h a t  we can see  no incent ives  t o  buying f a s t  b reeders .  On 
t h e  con t r a ry ,  we th ink  f a s t  breeders  o f f e r  an e x c i t i n g  oppor tuni ty  t o  cont inue 
t h e  downward t r e n d  of e l e c t r i c e l  energy cos t  and t o  provide t h e  na t ion  with t h e  
abundant supply of energy it dema-nds. The a b i l i t y  of t h e  f a s t  b reeder  t o  u t i l -  
i z e  a l a r g e  propor t ion  of t h e  l a t e n t  energy i n  uranium holds  promise f o r  low 
f u e l  cos t  and independence from t h e  p r i c e  of t h e  r a v  m a t e r i a l ,  U308. This w i l l  
make t h e  cos t  of e l e c t r i c a l  energy low and w i l l  s t r e t c h  out t h e  uranium rese rves .  
I n  a d d i t i o n ,  f a s t  breeders  o f f e r  t h e  b e s t  market f o r  t h e  l a r g e  q u a n t i t i e s  of 
plutonium t h a t  w i l l  be c rea ted  i n  t h e  many thermal  r e a c t o r s  which w i l l  be en- 
t e r i n g  se rv ice  over t h e  next few yea r s .  
tonium a t  about 100,000 kg f i s s i l e  recovered from United S t a t e s  r e a c t o r s  by 
1980. While some of t h i s  plutonium can, and w i l l ,  be recycled as thermal 
r e a c t o r  f u e l ,  i t s  use i n  f a s t  breeders  w i l l  be much more e f f i c i e n t .  This w i l l  
i nc rease  t h e  plutonium c r e d i t  f o r  thermal r e a c t o r s  and thereby enhance t h e  
o v e r a l l  advantages of nuclear  power. 

Estimates p lace  t h i s  quan t i ty  of plu- 

A s  e x c i t i n g  as technologica l  developments such as f a s t  breeders  may b e ,  our 
over r id ing  cons idera t ion  i s  t h a t  we a r e  i n  t h e  e l e c t r i c  bus iness .  Our primary 
ob jec t ive  i s  t o  genera te ,  d i s t r i b u t e  and s e l l  e l e c t r i c i t y  a t  t h e  lowest poss ib l e  
cos t .  If f a s t  b reede r s ,  o r  w-y o the r  technologica l  developments, a r e  appl ied  
i n  our bus iness ,  it w i l l  be t o  h e l p  us  meet our  primary ob jec t ive .  
i n  t h e  f u t u r e  when we approach dec is ions  involving t h e  add i t ion  of genera t ing  
capac i ty ,  we w i l l  compare a l l  forms of Dower p l a n t s .  Among t h e  a l t e r n a t i v e s  
a r e  f o s s i l - f u e l e d  u n i t s ,  e i t h e r  a t  t h e  mine-mouth o r  near t h e  load  c e n t e r ,  
s e v e r a l  types  of thermal  r e a c t o r s ,  as we l l  as f a s t  b reeders .  The c a p i t a l  c o s t ,  
t oge the r  with opera t ing  c o s t s  over t h e  l i f e  of t h e  Dlant ,  w i l l  determine which 
kind of p l an t  w i l l  be b u i l t .  

Therefore ,  

We r e a l i z e  t h a t  f a s t  b reeder  demonstration p l a n t s  may not be economically com- 
p e t i t i v e  wi th  l i g h t  water r e a c t o r s .  However, i f  t h e  f u t u r e  f a s t  breeders  a r e  t o  
success fu l ly  compete with t h e  o t h e r  types of p l a n t s  a v a i l a b l e ,  t h e  c a p i t a l  cos t  
of  t h e  p l a n t  w i l l  have t o  be c a r e f u l l y  con t ro l l ed .  The lower f u e l  c o s t s  of fas t  
breeders  w i l l  then  enable us t o  buy these  Dlants  on a n  economic b a s i s ,  which i s  
t h e  o n l y  way we can do i t .  
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I might add here  t h a t  Dresden 1 w a s  purchased as a u s e f u l  add i t ion  t o  our gener- 
a t i n g  capac i ty ,  It f u l f i l l e d  a planned requirement f o r  a u n i t  i n  t h e  year  it went 
i n  se rv i ce .  While we expected opera t ing  c o s t s  t o  exceed those  of a s imilar  s i zed  
f o s s i l - f u e l e d  p l an t  i n i t i a l l y ,  our p a r t  of t h e  i n s t a l l a t i o n  cos t  was equal  t o  t h a t  
of t h e  f o s s i l  a l t e r n a t i v e .  We a t t r i b u t e  t h e  success  of Dresden 1 at l e a s t  i n  p a r t  
t o  t h i s  philosophy and hope t o  buy fas t  breeders  on t h e  same b a s i s .  

So far  I have t a l k e d  only about t h e  need f o r  low cos t  f o r  fast  breeders .  O f  equal  
importance i s  r e l i a b i l i t y .  The need for r e l i a b i l i t y  of genera t ion  cannot be s t r e s s e d  
t o o  highly.  In  a business  such as ours  where t h e  product must be made at t h e  i n s t a n t  
it i s  requi red ,  a genera t ing  u n i t  outage i s  always c o s t l y  and sometimes it can be 
d i s a s t r o u s .  Considering t h e  f u e l  pena l ty  alone f o r  a 1000 MW u n i t  outage,  t h e  
cos t  might be $25,000 t o  $50,000 
genera t ion  must be provided by l e s s  e f f i c i e n t  u n i t s  while t h e  outage las ts .  
amounts t o  $750,000 t o  $1,500,000 p e r  month f o r  an outage extended t o  t h a t  dura- 
t i o n .  In  add i t ion  t o  t h e  f u e l  pena l ty ,  a u t i l i t y  which has made one o r  more bad 
dec is ions  and has purchased genera t ing  u n i t s  with poor r e l i a b i l i t y  records w i l l  
be forced t o  p r o t e c t  i t s  load with a g r e a t e r  reserve  margin, i n  e f f e c t  a g r e a t e r  
amount of i n s t a l l e d  capac i ty  pe r  kw of load.  It i s  not d i f f i c u l t  t o  see  what 
t h i s  does t o  t h e  company's car ry ing  charges.  

pe r  day, depending upon t h e  type of u n i t s ,  s ince  
This 

R e l i a b i l i t y  can be broken down i n t o  t h r e e  ca t egor i e s .  They a re :  Forced outages 
usua l ly  caused by unforeseen equipment malfunct ions;  scheduled outages f o r  inspec- 
t i o n ,  r e f u e l i n g ,  maintenance and so  on; and capac i ty  l i m i t a t i o n s  i n  which t h e  u n i t  
can cont inue t o  ope ra t e ,  bu t  only a t  reduced load.  

All t h r e e  ca t egor i e s  of outage a r e  se r ious  and c o s t l y .  The way t o  minimize out- 
ages i s  through c a r e f u l  and conserva t ive  design. Remember t h a t  t h e  f i r s t  fas t  
breeder  demonstration p l a n t s  w i l l  r epresent  q u i t e  a depar ture  i n  technology from 
anything we have done s o  f a r .  A s  we v i s u a l i z e  them today,  t h e  f a s t  b reeders  w i l l  
be very soph i s t i ca t ed  p ieces  of equipment. Their  desigr, w i l l  mean exe rc i s ing  t h e  
upper l i m i t s  of our knowledge of f u e l  c a p a b i l i t i e s  and metal lurgy.  Pas t  experience 
has shown t h a t  we have a long way t o  go i n  t h i s  a rea .  Demonstration p l a n t s  should 
be designed t o  opera te  a t  conservat ive o u t l e t  temperatures  and p res su res .  There 
i s  no poin t  i n  s t ack ing  t h e  deck aga ins t  fas t  breeders  by t r y i n g  t o  b u i l d  a demon- 
s t r a t i o n  u n i t  with high thermal e f f i c i e n c y ,  only t o  have i t s  r e l i a b i l i t y  impaired 
by m e t a l l u r g i c a l  or f u e l  problems which could have been avoided i f  a more conser- 
v a t i v e  design were used. Remember t h a t  t h e  p r a c t i c a l i t y  of t h e  automobile w a s  
proven by the  crude Model T.  
many years  o f  evolu t ion .  So it must be with f a s t  b reeders .  

The s l e e k ,  e f f i c i e n t  1968 models a r e  t h e  r e s u l t  of 

Designers must be s e n s i t i v e  t o  t h e  q u a l i t y  of  f a b r i c a t i o n  a v a i l a b l e  when t h e  p l a n t  
i s  b u i l t .  These demonstration p l a n t s  w i l l  be b u i l t  on t h e  f ac to ry  f l o o r  and i n  
t h e  f i e l d ,  not i n  t h e  labora tory .  Welding techniques ,  f o r  example, should be 
proven dependable before  they  a r e  employed i n  bu i ld ing  fas t  breeders .  Mistakes 
i r :  f a b r i c a t i o n  w i l l  occur and t h e  des igners  should f c re see  and compensate f o r  them 
as far. as poss ib i e .  Closer  su rve i l l ance  of f a b r i c a t i o n  procedures and g r e a t e r  
enphhsis on q u a l i t y  con t ro l  w i l l  be requi red  t o  prevent such e r r o r s .  

Returning t o  uur t h r e e  ca t egor i e s  of' outage,  some of t h e  s p e c i f i c  equipment, t h e  
f a i l u r e  of which may be a major con t r ibu to r  t o  forced  outages o r  capac i ty  l i m i -  
t a t i o n s ,  a r e  steam genera tors  and instrumentat ion.  Steam genera tors  a r e  a worri-  
some prc'olem arid from what w e  have seen,  t h e r e  i s  s t i l l  a long way t o  $3 i n  t h e i r  
development. A maj.or e f f o r t  w i l l  be reqli ired t o  develop steam genera tors  t o  a 
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s u f f i c i e i i t l y  h igh  s t a t e  o: r e l i a b i l i t y .  I n s t r u g e n t a t i o n  i s  o f  g r e a t  importance 
and p r e s e n t s  a s t r o n g  c h a l i e n g e .  The f i r s t  q u e s t i o n  which must b e  answered is 
just v h a t  do we need t o  measure s a f e ,  r e l i e b l e  p l a n t  o p e r a t i o n .  At p r e s e n t  w e  
l a c k  t n e  a b i l i t y  to adecluately monitor  s o d i u ~  flow at c r i t i c a l  p o i n t s  in t h e  
r e a c t o r .  The r e l i a b i l i t y  of i n s t r u E e n t a t i o n  will have t o  b e  inproved t o  prevent  
unnecessary r e a c t o r  'Is c r  am I' wi t h o c t  j eopard i  z i n g  s a f e t y  . 
Scheduled outages  are a problem even i n  l i g h t  water  r e a c t o r s  Que t o  long  f u e l l n g  
t i x e s  and time-conswiing i n s 2 e c t i c n s .  P a s t  b r e e d e r s  , because o f  t h e i r  g r e a t e r  
coiaplttxity, are even more s u s c e p t i b l e  t o  long  scheduled outages .  Thtse  must be 
h e l d  t o  2 x i n i x u n .  One way t o  approach the  problem i s  through reduced f u e l i n g  
t irce.  Tl is  nieans t h a t  the  mcvepent m d  h e x i l i n g  of f i i e i  must b e  k e p t  s imple .  
Scheduled outages  can be reduced fwthnr  by i~sig:!i.n.a - t h e  p l & n t  tc f h c i l i t e t e  
r a p i d  i i x p e c t i o n  an& t o  p e m i i t  i n - s e x r i c e  i n s p e c t i o n s  wherever poss i -a le .  Sche- 
c?ileC outages  due t o  high maintenance i t e m s ,  scch as c o n t r c l  r o a  d r i v e s ,  can b e  
reducea by making t h e s e  d2vices  e a s i l y  rerr.ova-zle so  t h e y  can be ;.rorked o f f - l i n e .  

n- iliese are just a Few of t i i n  t h i n g s  vhich  will have t o  -G? cons idered  I n  i n c r e a s i n g  
p l a n t  r e l i a b i l i t y .  Rela ted  t o  r e l i a b i l i t ; - ,  -aut also t o  redilcir,g o p e r a t i n g  c o s t ,  
i s  t h z  need t o  keep p l a n t  cpc ra t ion  simpl-.. At f i r s t  t h e r e  w i l l  be i. s h o r t a g e  
ci' urainec! o p e r a t o r s .  Theref'ctre , t h e r e  i s  s t r o n g  incentive t o  siinpliixy operL- 
t i o n  i n  o r d e r  t o  keep t h e  n ~ ~ b e r  of o p e r a t o r s  need?;: t o  a m i r i i n ; m  a n i  t o  reduce 
t h e  t i m e  required to t r a i n  -tl!em. 

. . -  IS w i l l  b e  Oilly twc o r  t h r e e  y e a r s  before z t i l i t i e s  a r e  f'aced w i t n  a d e c i s i c n  t o  
pli.T.*chase demonst ra t ion  fas t  b r e e d e r s .  Ti'hese d e m n s t r a t i o n  p l a n t s  vi11 .be i -zquired 
-to p lay  a nunber cf r o l e s .  They will ?rovide '5esign and equipment e v a l u a t i c n  ei?d 
o p e r z t o r  t r a i n i n g .  But above a l l ,  t h e y  t i i l l  have t o  prove t o  t h e  u t i l i t i e s  ar,d 
to t h e  world t h a t  -the fast  b r e e d e r  coccept  i s  eccnomicel ly  and o p e r a t i o n a l l y  
sound. The o n l y  way t h i s  can b e  crcxren i s  t o  geneyete  k i l o w a t t h o u r s  rmre cheaply  
t h a n  car, 5e cone by any o t h e r  :;E!?IPs. This means that  t h e  lower f u e l  c o s t s  must 
more thF.ii o f f s e t  t h e  h i g k e r  investntent .c:ost.. iv!oreover, t h e  u t i l c t i e s  w i l l  q u i c k l y  
lose i n t e r e s t  if p l a n t  o p e r a t i o n  i s  n o t  re l ieb le .  These d e n o n s t r a t i o n  p l a n t s  will 
have to be des igned  so  t h e y  ax bili lcizble and b u i l t  s r  t h e y  a r e  opere-Gle. 

The u t i l i t y  b u s i n e s s  i s  a .za~itzl i n t e n s i v e  one. T h e r e f o r e ,  t h e  u t i l i t i e s  have 
become astute b~ycrs. It 2 s  nzcessary that t h e  e s t h i a t e d  c a p i t a l  and ooera t ing  
c o s t s  of equipment be c k s e  'to t h e  a c t i l a l  c o s t a .  
mated c o s t  of an i t e n  as l a r g e  as a g e n e r a t i n g  unit. i s  serisus. Cef0r.e the 
u t i l i t i e s  w i l l  t?i. able t o  j u s t i f y  t h e  purchase 03 8 fast b r e e d e r ,  t h e  unce:-tain- 
t i e s  of c o s t  w i l l  have to be narrowed. This means t.kiat u i c e r t a . i n t i e s  i n  f a s t  
b r e e d e r  p h y s i c s ,  such as p l u t o n i m  a l p h a  value,  will have tc. os r e s o l v e d .  

An e r r o r  of  10% i n  t h e  esti- 

. _ _  . 

To my Kt i1 i t .y  a s s o c i a t s s  I s a y ,  "You must j e g l n  d9ing your  homevork now. 
should  p a r t i c i p a t e  i n  t h e  manufactill.ers 
t o  i n s u r e  t h a t  y o u  needs are adqut i te ly  r e f l e c t e d  Ir, t h e  f i n a l  d e s i g n s .  Yox 
should  become a s s o c i a t e d  v i t h  t h e  i G C  advanced r e a c t o r  grogram arid l e z r n  a l l  
you can about fas t  bree.5ei-s nov. You have o n l y  two o r  t h r e e  y e a r s  i n  v h i c h  to 
decide  whether  o r  not t o  g a r t i c i p a t e  i n  a fzst b r e e d e r  demonst ra t ion  p l a n t .  
Xow i s  t h e  t i m e  t o  b e g i n  thixkking about  It." 

You 
d e s i g n  stcdies bot% to speed t!lc!n up &nd 

I n  buying a fast breecier Zenonstrat ion g l a n t ,  ti-€ purchas ing  u t i l i t y  t a k e s  on 
c o n s i d e r a b l e  r i s k .  It cannot af 'fcrd r e d w a a n c y  i n  s e n e r e t i o n .  - Operb,tir!g c o s t s  , 
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if excess ive ,  w i l l  be  a burden on t h e  company and i t s  customers f o r  t h e  ILfe of 
t h e  p l a n t .  
t i o n  and opera t ing  cos t  of t h e s e  u n i t s  must be kept  as low as p o s s i b l e ,  bu t  
r e l i a b i l i t y  must be foremost i n  t h e  minds o f t h e  designers .  We t h i n k  t h i s  can 
b e s t  be achieved if s i m p l i c i t y  and conservat ive design are made t h e  goa ls  ir, 
fast  breeder  development. 

Therefore,  l e t  m e  conclude my remarks by r epea t ing  t h a t  t h e  i n s t a l l a -  
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D I S C U S S I O N  - SESSION V 

R .C .  Noyes - I d i r e c t  t h i s  q u e s t i o n  t o  C l i f f  Z i t e k ,  b u t  pe rhaps  some o t h e r  
p e o p l e  have i d e a s  a l s o .  You emphasized a g r e a t  d e a l  of r e l i a b i l i t y  and conse r -  
v a t i v e  d e s i g n  f o r  t h e  demons t r a t ion  p l a n t ,  and I would c e r t a i n l y  a g r e e  w i t h  t h a t  
on t h e  f i r s t  demons t r a t ion  p l a n t .  I t  h a s  t o  work and t h e  t h i n g  i t  h a s  t o  demon- 
s t r a t e  i s  t h a t  a r easonab ly  l a r g e  f a s t  b r e e d e r  can be  b u i l t  and o p e r a t e d  re l ia -  
b l y .  My q u e s t i o n  i s  t h i s  - I t h i n k  t h a t  we a l l  con templa t e  t h a t  t h e r e  i s  go ing  
t o  be  more t h a n  one demons t r a t ion  p l a n t .  I f  t h e y  are  a l l  designed and b u i l t  v e r y  
c o n s e r v a t i v e l y ,  what are they  going t o  demonstrate? It s e e m s  t o  m e  t h a t  a l l  t h e y  
are  going t o  be demons t r a t ing  i s  t h e  same t h i n g  o v e r  a g a i n ,  and i f  you a re  ve ry  
c o n s e r v a t i v e  and s a c r i f i c e  performance,  you can make t h e s e  t h i n g s  work; b u t  I 
d o n ’ t  t h i n k  they  are going t o  demons t r a t e  what r e a l l y  needs t o  be demonstrated 
and t h a t  i s  economic p o t e n t i a l .  

C . B .  Z i t e k  - I t h i n k  t h e  answer t o  t h i s  i s  t h a t  r i g h t  now t h e  upper l i m i t  
on t e m p e r a t u r e  of steam t o  t h e  t u r b i n e  i s  f i x e d .  T h i s  i s  u n o f f i c i a l  b u t  ou r  ex- 
p e r i e n c e  w i t h  g e n e r a t i n g  u n i t s  i n  t h e  h i g h e r  t empera tu res  h a s  n o t  been t o o  good. 
Because t h e  expected f u e l  c v c l e  c o s t  of t h e  f a s t  b r e e d e r s  i s  so low, and w e  have 
been t o l d  by many peop le  how low i t  i s  going t o  b e ,  do you r e a l l y  have t o  push 
t h e  upper  the rma l  l i m i t s  and t r y  t o  push f o r  t h e  u l t i m a t e  i n  t h e r m a l  e f f i c i e n c y ?  

R . C .  Noyes - It  i s  t r u e  t h a t  p r o j e c t e d  f u e l  c y c l e  c o s t s  are  q u i t e  low; how- 
e v e r ,  t h e y  are n o t  going t o  be q u i t e  s o  low i f  we are  c o n s e r v a t i v e  i n  o t h e r  areas. 
For i n s t a n c e ,  i n  t h e  area t h a t  I sugges t ed  on t i g h t  packing of t h e  c o r e .  I f  w e  
make v e r y  l o o s e  c o r e s  w i t h  low v e l o c i t i e s  and low AT, i t  i s  going t o  h u r t  f u e l  
c y c l e  c o s t s  q u i t e  a b i t ;  b u t ,  I t h i n k  perhaps j u s t  because f u e l  c y c l e  c o s t s  are  
going t o  be  low, t h e  e f f i c i e n c y  of t h e  p l a n t  ought t o  b e  c o n s i d e r e d  when you look  
a t  t h e  problems of c a p i t a l  c o s t s ,  I t h i n k  t h a t  t h e  p r o j e c t i o n s  peop le  are making 
are  somewhat v a r i e d  b u t  t y p i c a l l y ,  t h e  f u e l  c y c l e  c o s t s  may be  o n l y  15% o r  less  
of  t h e  t o t a l  power c o s t s  from a f a s t  b r e e d e r ,  which means t h a t  t h e  c a p i t a l  c o s t s  
p o r t i o n  i s  r e a l l y  impor t an t  and c a p i t a l  c o s t s  a r e  v e r y  much a f f e c t e d  by pushing 
t e m p e r a t u r e s  and e f f i c i e n c y .  One of t h e  more e f f e c t i v e  ways t o  reduce c a p i t a l  
c o s t s  i s  t o  ra i se  o u t l e t  t e m p e r a t u r e s ,  increase t h e  t empera tu re  drop a c r o s s  t h e  
i n t e r m e d i a t e  h e a t  exchanger  and t h e  steam g e n e r a t o r  s o  t h a t  s u r f a c e  areas can 
b e  smaller, i n c r e a s e  t h e  n e t  e f f i c i e n c y  of t h e  p l a n t  and t h i s  means t h e  whole 
p l a n t  can b e  smaller. 
low and t h e n  jumping from t h a t  t o  t h e  c o n c l u s i o n  t h a t  t h e  performance of t h e  
p l a n t  i n  terms of t e m p e r a t u r e s ,  e s p e c i a l l y ,  can be r a t h e r  c o n s e r v a t i v e  i s  no t  
n e c e s s a r i l y  t r u e .  I t h i n k  t h a t  pe rhaps  w e  ought  t o  spend more t i m e  l o o k i n g  a t  
t h e  e f f e c t  o f  t empera tu res  on c a p i t a l  c o s t s  and I b e l i e v e  we are going t o  f i n d  
a g a i n  t h a t  push ing  hard i n  t h a t  area i s  what i s  r e a l l y  going t o  c u t  down on 
c a p i t a l  c o s t s .  

I t h i n k  t h e  f o c u s  of a t t e n t i o n  on f u e l  c y c l e  c o s t s  b e i n g  

C.B .  Z i t e k  - I f  you w i l l  f o r g i v e  m e ,  I w i l l  r e f e r  t o  my t a l k  t h a t  I gave 
Tuesday i n  which I s t a t e d  t h a t  we expec t  t h a t  t h e  c o s t s  w i l l  go down as t h e y  d i d  
w i t h  the l i g h t  water r e a c t o r s  a f t e r  w e  g e t  some expe r i ence .  I a m  n o t  e x c l u d i n g  
t h e  p o s s i b i l i t y  o f  e v e n t u a l l y  t r y i n g  h i g h e r  t empera tu res .  
w e  are  p r e t t y  c l o s e  t o  t h e  l i m i t ,  and q u e s t i o n  why we should go t o  t h e  u l t i m a t e  
i n  t h e  e a r l y  s t a g e  of t h e  game? 

R igh t  now, w e  t h i n k  
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D.H. Gurinsky - I w i l l  a s k  C l i f f  what i s  t h i s  steam tempera ture  l i m i t  t h a t  
he i s  t a l k i n g  about?  

C.B .  Z i t e k  - 1050°F steam seems t o  b e  our  l i m i t .  

P.F. Gast - This  i s  from t h e  s t a n d p o i n t  of r e l i a b i l i t y  i n  t h e  t u r b i n e s ?  

C.B .  Z i t e k  - Well, p i p i n g  and t u r b i n e .  Perhaps w e  have some o t h e r  u t i l i t y  
r e p r e s e n t a t i v e s  o u t  t h e r e .  They may want t o  c h a l l e n g e  t h i s  f i g u r e .  A s  f a r  as 
I know, t h i s  i s  about i t .  

S.O. Arneson - I would l i k e  t o  comment t h a t  t h e  1050°F number a s  a conser-  
v a t i v e  approach i s  r a t h e r  a h i g h e r  number t h a n  I would have expected t h e  u t i l i t y  
t o  s t a t e  as a l i m i t ,  because t h a t  c e r t a i n l y  i m p l i e s  r e a c t o r  bu lk  tempera tures  
i n  excess  of 1100°F and probably c ladding  tempera tures  i n  t h e  1250-1300'F range ,  
which I d o n ' t  b e l i e v e ,  on a concensus b a s i s ,  would g e n e r a l l y  b e  cons idered  t o  
be a h i g h l y  c o n s e r v a t i v e  c o n d i t i o n .  It c e r t a i n l y  exceeds t h e  b u l k  of c u r r e n t  
e x p e r i e n c e  w i t h  h i g h  tempera ture  sodium systems. I guess  i n  summary, I t h i n k  
you a r e  a tough taskmaster .  

C . B .  Z i t e k  - We stress t h e  p o i n t  t h a t  t h e  demonst ra t ion  p l a n t s  w i l l  have 
t o  b e  b u i l t  on a v e r y  c o n s e r v a t i v e  b a s i s .  This  i s  n o t  exc luding  t h e  p o s s i b i l i t y  
of e v e n t u a l l y  a t t a i n i n g  t h e s e  h i g h e r  tempera tures .  

S.O. Arneson - You are  n o t  s t a t i n g  t h i s  a s  a requirement  f o r  demonst ra t ion  
p l a n t  level  b u t  r a t h e r  as an  estimate of what you c o n s i d e r  t o  b e  a d e s i r a b l e  
t a r g e t  l e v e l  f o r  t h e  u l t i m a t e  a p p l i c a t i o n  of t h e  FBR. 

R.C.  Noyes - I w a s  going t o  e s s e n t i a l l y  a g r e e  w i t h  what S teve  s a i d  and I 
t h i n k  t h a t  perhaps t h e r e  i s  something of a misunderstanding when you a r e  t a l k i n g  
about  conserva t i sm.  Pushing t h e  steam tempera ture  t o  1050°F i s  e x a c t l y  what I 
am t a l k i n g  a b o u t ,  That i s  r e a l l y  pushing t h i n g s .  I f  w e  b u i l d  a c o n s e r v a t i v e  
demonst ra t ion  p l a n t  now, t h e  steam tempera tures  may b e  800 o r  900°F and sodium 
tempera tures  may n o t  b e  much above 1000°F and I t h i n k  t h a t  i s  a p p r o p r i a t e  perhaps 
f o r  t h e  f i r s t  p l a n t ,  s o  I would j u s t  l i k e  t o  come back t o  t h e  o r i g i n a l  p o i n t  I 
r a i s e d .  What are t h e  subsequent  demonst ra t ion  p l a n t s  f o r  - what are t h e y  going 
t o  demonstrate? I t h i n k  probably one of t h e  more impor tan t  t h i n g s  t h e y  must 
demonst ra te  i s  t h i s  c o n s i d e r a b l y  h i g h e r  tempera ture  c o n d i t i o n  and o t h e r  move- 
ments away from t h e  v e r y  c o n s e r v a t i v e  p o s i t i o n s .  

C .B .  Z i t e k  - I d o n ' t  want t o  run  t h i s  s u b j e c t  i n t o  t h e  ground, b u t  maybe 
w e  should .  
sodium, immediately.  
should n o t  b e  pushing t h e  upper l i m i t s  of t empera ture  on f u e l .  

n e s s e s  t h a t  you had i l l u s t r a t e d  w e r e  q u i t e  t h i n .  
u s i n g  c l a d d i n g  down t o  4 m i l s ?  

I have r e a d  a number of t h e s e  s t u d i e s  and t h e y  are a l l  pushing 1100" 
I t h i n k  our  only  p o i n t  h e r e  i s  t h a t  t h e  demonst ra t ion  p l a n t s  

I have a q u e s t i o n  f o r  Dick Noyes. It sounded as though your c l a d d i n g  t h i c k -  
A r e  you r e a l l y  t h i n k i n g  about  

R .C .  Noyes - The numbers t h a t  were on t h a t  graph w e r e  t h e  r a t i o s  of t h e  
c l a d d i n g  t h i c k n e s s  t o  t h e  d iameter  of t h e  p i n .  I n  o t h e r  words, i t  i s  a non- 
dimensional  number. It i s  n o t  an  a b s o l u t e  number, and t h e  ranges t h e r e  r e p r e -  
s e n t  c l a d s  i n  t h e  o r d e r  of 10  m i l s  f o r  l a r g e  p i n s  up t o  perhaps 20 m i l s  on s m a l l  
p i n s .  W e  w e r e n ' t  t a l k i n g  of 4 m i l s  i n  any case. 
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C . B .  Z i t e k  - I have  a n o t h e r  q u e s t i o n  f o r  S t e v e .  Y e s t e r d a y ,  we h e a r d  a 
comment t h a t  t h e  Fermi  p l a n t  was b e i n g  l i n e d  up t o  do t h e s e  i r r a d i a t i o n s .  Is 
t h e r e  a n  AEC c o n t r a c t  w i t h  Fermi f o r  t h e s e  a t  t h e  p r e s e n t  t i m e ?  

S . O .  Arneson - I d o n ' t  know t h a t  I c a n  answer  i n  r ea l  d e t a i l .  My under -  
s t a n d i n g  i s  t h a t  t h e  c u r r e n t  c o n t r a c t  be tween Fermi and t h e  Commission e x p i r e s  
sometime i n  t h e  n e x t  s e v e r a l  months .  P e r h a p s  t h e r e  i s  someone i n  t h e  a u d i e n c e  
t h a t  h a s  some more d e t a i l  on t h a t .  

J . P .  Lagowski  (APDA) - P e r h a p s  i t  i s  i n a p p r o p r i a t e  f o r  m e  t o  comment on a 
mat ter  f o r  which I d o n ' t  have  a l l  t h e  background ,  h u t  I b e l i e v e  t h e  p r e s e n t  con- 
t r a c t  be tween PRDC and t h e  Commission e x p i r e s  i n  ?lay of t h i s  y e a r .  The re  h a s  
been  some d i s c u s s i o n ,  I b e l i e v e ,  between t h e  p a r t i e s  b u t  as f a r  as I am aware, 
t h e r e  i s  no f o r m a l  program t o  p roceed  pend ing  t h e  r e c o v e r y  from t h e  f u e l  damage 
i n c i d e n t .  

C . B .  Z i t e k  - I have  a q u e s t i o n  f o r  Dave. You d i d  n o t  men t ion  h o t  t r a p p i n g  
t o  c l e a n  t h e  sodium, o r  was t h i s  magnesium i n  s o l u t i o n  e q u i v a l e n t  t o  h o t  t r a p p i n g ?  

D . H .  Gur insky  - Magnesium and l i t h i u m  c o u l d  b e  t h e  e q u i v a l e n t .  I d i d n ' t  
m e n t i o n  h o t  t r a p p i n g  b e c a u s e  we have  some e v i d e n c e  t h a t  i n  t h e  c a s e  of s t a i n l e s s  
s tee l s  i n  v e r y  t i g h t  s y s t e m s ,  c o l d  t r a p p i n g  would b e  a d e q u a t e .  Mv f e e l i n g  i s  
t h a t  i f  we were t o  go t o  vanadium a l l o y s ,  we would c e r t a i n l y  have  t o  go t o  h o t  
t r a p p i n g .  

S .O.  Arneson - Dave, do  you have  any f e e l  f o r  what k i n d  of  an  oxygen l e v e l  
migh t  b e  r e q u i r e d  f o r  o p e r a t i o n  e i t h e r  a t  t h e  h i g h e r  t e m p e r a t u r e s  w i t h  a i i s t en -  
i t i c s  o r  w i t h  vanadium as a p r i m a r y  c l a d d i n g  m a t e r i a l ?  I t  i s  k i n d  of  a l o a d e d  
q u e s t i o n  b e c a u s e  t h e r e  have  been  some es t imates  t h a t  t a l k e d  a b o u t  numbers as  
low as 2 ,  3 ,  o r  4 ppm which c e r t a i n l v  e x c e e d s  t o d a y ' s  s t a t e  of t h e  a r t  and I 
t h i n k  t h e r e  may b e  some ma jo r  q u e s t i o n s  as t o  w h e t h e r  o r  n o t  t h e y  are  a c h i e v -  
a b l e  i n  l a r g e  o p e r a t i n g  sodium s y s t e m s .  

D . H .  Gur insky  - I n o t i c e d  t h a t  t h e  t r e n d  i n  t h e  o b j e c t i v e s  seems t o  b e  t o  
o p e r a t e  below 10 ppm and ,  nowadays,  I g e t  t h e  f e e l i n g  t h a t  p e o p l e  t h i n k  t h e y  c a n  
o p e r a t e  below 5 ppm. U n f o r t u n a t e l y ,  i n  some o f  o u r  t e s t  work,  where  w e  d i d  c o l d  
t r a p p i n g  b u t  we found o u t  a f t e r w a r d s  t h a t  t h e  c o l d  t r a p p i n g ,  as well as t h e  
s y s t e m ,  d i d  some t r a p p i n g ,  o u r  c o l d  t r a p p i n g  a c t u a l l y  b r o u g h t  t h e  oxygen l eve l s  
down be low,  w e l l  be low,  5 ppm. My f e e l i n g  i s  t h a t  i n  t h e  c a s e  of t h e  s t a i n l e s s  
s t ee l s  up t o  a b o u t  1200°F, 5 pprn would b e  a d e q u a t e ,  as of  t h i s  moment. I n  t h e  
case of  vanadium,  I r e a l l y  c a n ' t  answer t h i s  q u e s t i o n  b e c a u s e  I d o n ' t  h a v e  t h e  
i n f o r m a t i o n .  Fly f e e l i n g  i s  t h a t  i t  i s  lower  t h a n  t h i s .  

K. Goldmann (UNC) - Maybe I s h o u l d  p r e f a c e  my s t a t e m e n t  t h a t  I l i k e d  
G u r i n s k y ' s  d i s c u s s i o n  of t h e  sodium m a t e r i a l s  p rob lems  and t h a t  I g e n e r a l l y  
a g r e e  w i t h  e v e r y t h i n g  t h a t  h e  h a s  s a i d ,  The s u b j e c t  which w e  are  t a l k i n g  a b o u t  
r i g h t  now, though ,  I t h i n k  t h a t  I would l i . ke  t o  t a k e  a c o u p l e  of  e x c e p t i o n s  t o .  
To s t a r t  w i t h ,  l e t  n?e a g r e e  t h a t  as  soon  a s  w e  u s e  r e f r a c t o r y  metals as  f u e l  
c l a d s ,  w e  d o  have  t o  r e d u c e  t h e  oxygen l e v e l  i n  t h e  sodium way below t h o s e  
l eve l s  t h a t  w e  n o r m a l l y  u s e  i n  s t a i n l e s s  s t e e l  s y s t e m s .  Now, how low i s  a v e r y  
good q u e s t i o n .  It  a p p e a r s  t o  u s  f rom some tes t s  which  w e  have  made, where a n  
oxygen a c t i v i t y  meter t h a t  I ment ioned  y e s t e r d a y  i s  u s e d ,  t h a t  as soon as you 
p u t  r e f r a c t o r y  m e t a l s  i n t o  sodium, f o r  i n s t a n c e ,  z i r c o n i u m  i n t o  sodium a t  1000°F,  
and i f  you have  a l a r g e  z i r c o n i u m  s u r f a c e ,  t h e  oxygen a c t i v i t y  g o e s  down t o  levels  
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that are equivalent to ppb rather than ppm. Now, very unfortunately, the chem- 
ical analysis methods don't allow us to go that low, so whenever a chemist with 
his chemical analysis looks for the oxygen level in zirconium-gettered or any 
refractory metal-gettered sysfem, he ends UP with a number like a few ppm, but 
the few ppm are really the lower limits of his detection and he doesn't really 
know how low the oxygen is. Now, the oxygen meter seems to indicate that you 
are down to the ppb range. 

perhaps the better approach, on how to get the oxygen down to those levels if 
you are going to use fuel clads that are made out of refractory metals such as 
niobium, o r  vanadium, which are very definitely very, very sensitive to oxygen. 
You do have to get the oxygen out. I would propose that the oxygen he gotten 
out by stationary getters rather than by soluble getters, and I have two rea- 
sons for this: (1) If you have a stationary getter, you do know where the 
oxygen ends up. It ends up in a part in the zirconium or whatever you are going 
to use and you don't need to worry about the oxygen being someplace else. 
(2) Many of the soluble getters which have been suggested are also not very good 
from other points of view. For instance, calcium (or Dave mentioned lithium) 
happen to form nitrides also, and in the very early days of sodium technology, 
it was discovered that calcium was a rather bad actor in sodium. A s  a matter 
of fact, when we talk today about the reactor grade sodium, the major thing that 
differentiates the reactor grade sodium from ordinary sodium is the elimination 
of calcium. 
because you are really defeating some other purpose. 

The area in which I want to disagree a little bit with Dave is the way, 

You shouldn't just put calcium back in again as an oxygen getter 

D.H. Gurinsky - I can't disagree with what Kurt has said; these are view- 
points of people who have worked with sodium systems. I specifically avoided 
mentioning calcium; however, I don't see how we can avoid the presence of mag- 
nesium in the system. I don't know of any work that has been done on elimina- 
ting the bred-in or the transmutation product magnesium which is going to be 
generated as a result of neutrons on sodium. This concentration is going to 
build up with time, unless you make a stout effort to get it out. It is going 
to be there and I was simply recommending that we look at the effect of magnes- 
ium which, I understand, is one of the few soluble getters that hasn't been 
tried. Also ,  I suggested lithium for the reason that it is very effective and 
the way we determine its effectiveness is not by normal chemical analysis. Our 
analytical methods are as limited as yours and we use the oxygen meter, which I 
might say is built by UNC, to determine oxvgen activity. It is oxygen activity 
that is very important. We are finding some very interesting results comparing 
the oxygen activity as opposed to the oxygen composition. Now, as to whether 
one should use soluble getters as opposed to hot traps, I would certainly again 
agree that I think this was a serious ommission on my part to have left it out 
of my talk; I shall insert it before it goes into the record. 

K. Goldmann - I would like to suggest that if you insert it before it goes 
into the record, please take out my comments." 

C.B. Zitek - I have another question of Steve. You mentioned three to five 
years before EBR-I1 would be coming up with better availability numbers. 
did you come up with the three to five years? 

How 

*Editor's Note: Dr. Gurinsky had an opportunity to revise his paper and in- 
serted hot trapping as a method of oxygen removal from the system, however, in 
spite of Dr. Goldmann's request to remove his comments, the discussion was felt 
to be of sufficient interest to include the comments. 
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S.O. Arneson - P r e d i c t i o n  of E B R - I 1  p l a n t  a v a i l a b i l i t y  i s  f r a u g h t  w i t h  much 
u n c e r t a i n t y  as any of us  who have  been  a s s o c i a t e d  w i t h  t h e  program are  aware. 
The es t imate  w a s  r a t h e r  a p e r s o n a l  a p p r a i s a l  of  what appea red  t o  be  t h e  Argonne 
p l a n  f o r  improvement of t h e  f a c i l i t y  and t a k i n g  i n t o  accoun t  t h e  e x p e r i e n c e s  t o -  
d a t e  i n  b e i n g  a b l e  t o  c a r r y  o u t  p l a n s  f o r  improvement o f  t h e  p l a n t .  I b e l i e v e  
t h a t  t h e  f o r m a l  p l a n n i n g  by Argonne i s  aimed a t  an  ea r l i e r  t a r g e t .  

W.R. G a l l  (ORNL) - I have  two q u e s t i o n s  o r  comments. One i s  t h a t  p e r h a p s  
I wasn't  l i s t e n i n g  c a r e f u l l y  t o  Arneson ' s  d i s c u s s i o n  b u t  I d i d n ' t  h e a r  any  men- 
t i o n  of  c r i t i c a l  f a c i l i t i e s ,  and I h a v e n ' t  h e a r d  any men t ion  o f  p h y s i c s  problems 
areas f rom any  o f  t h e  p a n e l ,  so I wonder i f  a l l  t h e  p h y s i c  problems have  been  
s o l v e d  a l r e a d y ?  

P.F. Gast - Well, I t h i n k  t h a t  pe rhaps  t h i s  i s  one p o i n t  f o r  t h e  Chairman 
t o  s t i c k  i n  h i s  o a r .  I t  was one of  t h e  ground r u l e s  of  t h e  m e e t i n g  t h a t  we 
would de-emphasize p h y s i c s  and s a f e t y  problems s i n c e  t h e s e  had been  d i s c u s s e d  a t  
some l e n g t h  i n  p r e v i o u s  Argonne c o n f e r e n c e s .  For  t h i s  r e a s o n ,  we a t t e m p t e d  t o  
steer away from b o t h  t h e  p h y s i c s  and s a f e t y .  I t  i s  t r u e  t h a t  s i n c e  t h e s e  r u l e s  
were l a i d  down, w e  have  a problem o f  a l p h a  popping  up and I b e l i e v e  t h a t  Dave 
Gur insky  d i d  men t ion  t h i s .  

W.R. G a l l  - I w a s  i n t e r e s t e d  t o  h e a r  t h a t  t h e  p i p i n g  problems a re  a l l  s o l v e d  
a l s o .  I a m  Chairman o f  t h e  Nuc lea r  P i p i n g  Code Committee and I would b e  v e r y  
happy t o  h e a r  a b o u t  t h e s e  s o l u t i o n s ,  because  a t  t h e  p r e s e n t  t i m e ,  we r e g a r d  t h e  
p i p i n g  f o r  sodium sys t ems  a t  1200°F where t h e  d i a m e t e r s  a r e  l a r g e  and t h e  wall  
t h i c k n e s s e s  s m a l l  t o  b e  a v e r v  d i f f i c u l t  d e s i g n  problem.  A s  y e t ,  we d o n ' t  
r e a l l y  know how t o  e s t a b l i s h  t h e  ground r u l e s  i n  a code f o r  d e s i g n i n g  t h e s e  
s y s t e m s ,  p a r t i c u l a r l y  f o r  f l e x i b i l i t y .  

D.H.  Gur insky  - I d o n ' t  know where e n g i n e e r i n g  s t a r t s  and mater ia l s  s c i e n c e  
e n d s .  What I was t r y i n g  t o  s a y  was t h a t  t h e  materials p rob lems ,  p e r  se ,  i n  p ip -  
i n g ,  t h e  m a t e r i a l s  t h a t  go i n t o  making up t h e  p i p i n g ,  i s  n o t  a n  i n s o l u b l e  prob-  
l e m .  I d i d  hope t h a t  I s t r e s s e d  s e v e r a l  t imes t h a t  t h e  e n g i n e e r i n g  of  many of  
t h e  components  would be  a d i f f i c u l t  p roblem,  b u t  o c c a s i o n a l l y  t h e  m a t e r i a l s  
p e o p l e  would l i k e  t o  f e e l  t h a t  t h e y  can  throw a problem t o  somebody e l s e  as t h e  
p h y s i c i s t  n o r m a l l y  d o e s  t o  t h e  m a t e r i a l s  p e o p l e .  

L.K. Zumwalt (Nor th  C a r o l i n a  S t a t e  U n i v e r s i t y )  - I have a c o u p l e  of ques-  
t i o n s  f o r  Dave Gur insky .  I was wonder ing  i f  h e  h a s  any  comment on what t h e  
v a l u e s  of a l p h a  o r  t h e  new u n c e r t a i n t y  might  hav2 i n  way of a n  i m p l i c a t i o n  on 
f u e l  materials; whe the r  t h e r e  s h o u l d  b e  new t h o u g h t s  on f u e l  mater ia l s ,  s u c h  as 
even  g o i n g  t o  metals o r  someth ing  l i k e  t h a t .  

D.H.  Gur insky  - I a m  r e a l l v  i n  no  p o s i t i o n  t o  answer ,  b u t  i t  seems t o  m e  
t h a t  i f  t h e  a l p h a  value i s  h i g h  t h e n  i t  would seem t o  m e  i t  would g i v e  a much 
g r e a t e r  impe tus  t o  t h e  work on t h e  c a r b i d e s  which have  a h i g h e r  uranium d e n s i t y .  
I t h i n k  t h e  Program O f f i c e  i s  well aware of t h i s ,  and I t h i n k  t h a t  from t h e  
Program O f f i c e ,  p r e s s u r e s  w i l l  have  t o  be  c o n s t a n t l y  a p p l i e d  t o  c e r t a i n  areas 
s o  t h a t  t h e  s h i f t  i n  emphas is  i s  done  r a p i d l y  enough so t h a t  t h e  r i g h t  mater ia l s  
end up b e i n g  u s e d  t o  o b t a i n  t h e  o b j e c t i v e s  d e s i r e d .  

L .R .  Zumwalt - Then t h e  second q u e s t i o n .  I f  I remember c o r r e c t l y ,  S t a n l e y  
Go ldsmi th  ment ioned  t h a t  he  w a s n ' t  q u i t e  s u r e  whe the r  t h e r e  was any  g r e a t  com- 
p a t i b i l i t y  problem w i t h  c a r b i d e  a t  l eas t  w i t h  r e s p e c t  t o  c e r t a i n  c l a d d i n g s ,  and 
I wondered i f  you would have  a n y t h i n g  t o  s a y  on t h a t .  I a m  v e r y  i n t e r e s t e d  t o  
see what  y o u r  e x p e r i e n c e  and o p i n i o n  i s .  
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D.H. Gurinsky - A l l  I can do i s  r e p e a t  what I have read .  My f e e l i n g  i s  t h a t  
up t o  about 8OO0C,  even w i t h  sodium bonding, t h e  c o m p a t i b i l i t y  problem does n o t  
appear  t o o  s e r i o u s .  I would s u s p e c t  t h a t  Dick might b e  a b l e  t o  comment on t h a t  
j u s t  a s  w e l l  a s  I could.  

R .C .  Noyes - I t h i n k  t h a t  you know w e  have been looking  a t  sodium-bonded 
c a r b i d e  des igns .  The most r e c e n t  encouragement i n  t h a t  r e s p e c t  was t h e  r e s u l t  
of some work t h a t  A 1  S t r a s s e r  has  done a t  United Nuclear.  We were down t h e r e  
s e v e r a l  months ago t a l k i n g  t o  him about  i t ,  and I t h i n k  h e  h a s  j u s t  completed a 
ser ies  of c o m p a t i b i l i t y  tests and h e  h a s  found a t  least  two d i f f e r e n t  k i n d s  of 
c a r b i d e  m a t e r i a l  which are a p p a r e n t l y  completely compatible  i n  t h e  tempera ture  
ranges  t h a t  w e  a r e  i n t e r e s t e d  i n  w i t h  s t a i n l e s s  s tee l  c l a d s .  So f a r  a s  I can 
t e l l ,  i t  seems t o  b e  mainly a m a t t e r  of avoid ing  d i c a r b i d e  phases  and t h e r e  are 
a p p a r e n t l y  a number of f e a s i b l e ,  reasonably  economical ways of doing t h a t .  S o ,  
w e  f e e l  q u i t e  encouraged t h a t  t h i s  whole problem of c o m p a t i b i l i t y  w i t h  sodium 
bond i s  going t o  b e  so lved .  A s  a m a t t e r  of f a c t ,  t h e r e  probably w i l l  b e  several 
s o l u t i o n s  developed i n  t h e  v e r y  n e a r  f u t u r e .  

R.A. Langley (Bechte l  Corpora t ion)  - I ' d  l i k e  t o  make one comment on a p o i n t  
t h a t  w a s  r a i s e d .  You (Dr. Gurinsky) mentioned t h a t  t h e  p i p i n g  problems a l l  seemed 
s o l v a b l e ,  and I presume t h a t  means w i t h i n  p r e s e n t  technology.  I g e t  t h e  f e e l i n g  
t h a t  w e  wouldn ' t  be  i n  t h i s  b u s i n e s s  i f  a l l  t h e  problems weren ' t  s o l v a b l e  i n  
some manner o r  o t h e r .  

What I really want t o  d i r e c t  m y  comments t o  w a s  a seeming l a c k ,  as I sat  
h e r e  through t h e  l a s t  t h r e e  days ,  of very  much comment on an  area t h a t  I t h i n k  
i s  extremely s i g n i f i c a n t  and t h a t  i s  i n s t r u m e n t a t i o n .  W e  heard C l i f f  mention 
i t  j u s t  a b i t .  
t r y ,  b u t  I a m  t h i n k i n g  i n  p a r t i c u l a r  of t h e  major problems of in-core instrumen- 
t a t i o n  which, o f  c o u r s e ,  g e t s  r i g h t  down t o  f a i l u r e  mechanisms. How do w e  de- 
t ec t  f a i l u r e s ;  how do w e  d e t e c t  l e a k e r s  and tempera ture  problems w i t h i n  t h e  
c o r e ?  These seem t o  be major problem a r e a s .  
t h e  b a s i c  problem of how long  something w i l l  l a s t  u n t i l  you a l s o  have t h e  in-  
s t r u m e n t a t i o n  t o  de te rmine  what you do when you f i n d  a problem developing.  I 
would l i k e  t o  h e a r  some comments from t h e  members of t h e  p a n e l  on t h e  instrumen- 
t a t i o n  problems. 

W e  heard  a l i t t l e  mention of  i t  w i t h  r e l a t i o n  t o  sodium chemis- 

It d o e s n ' t  do you any good t o  s o l v e  

C.B. Z i t e k  - I w i l l  s a y  t h a t  bo th  my t a l k  and M r .  Behnke's t a l k  d i d  n o t  
l i s t  a l l  of t h e  problem areas. I mentioned i n  my t a l k  on Tuesday t h a t  in-core 
i n s t r u m e n t a t i o n  i s  a s e r i o u s  problem t o  c o n s i d e r .  

D.H. Gurinsky - I c e r t a i n l y  c a n ' t  answer t h i s  q u e s t i o n ,  b u t  i t  seems t o  m e  
t h a t  i n  t h e  l a s t  few days I heard J i m  Schumar worrying about  j u s t  how t o  i n s t r u -  
ment a f a i l u r e  s t u d y  and I s u s p e c t  t h a t  i f  he i s  a b l e  t o  g e t  t h e s e  kind of s t u d i e s  
going and o t h e r s  t o o  t h a t  somehow o r  o t h e r  you w i l l  have t o  p u t  some instrumen- 
t a t i o n  t h e r e  t o  de te rmine  when and i f  t h e  f a i l u r e  h a s  occurred .  Perhaps J i m  
would l i k e  t o  comment on t h a t .  

J .F .  Schumar (ANL) - Of c o u r s e ,  be ing  u n i n h i b i t e d ,  I have about  t e n  comments 
I would l i k e  t o  make. L e t  m e  d i r e c t  one t o  t h e  i n s t r u m e n t a t i o n .  A l i t t l e  back- 
ground: 
We are n o t  i n t e r e s t e d  i n  how t h e y  f a i l ;  w e  assume t h e y  w i l l  f a i l .  There w i l l  
b e  of t h e  o r d e r  of l o 5  o r  l o 6  f u e l  p i n s  i n  a l a r g e  r e a c t o r .  
f a i l e d .  Now, w e  a s k  o u r s e l v e s  a q u e s t i o n :  how do w e  r e a l l y  know t h e  r a t e  a t  
which t h a t  f a i l u r e  might propagate?  Being a n  e n g i n e e r ,  I a m  o n l y  i n t e r e s t e d  i n  

w e  are t r y i n g  t o  e s t a b l i s h  t h e  propagat ion  of  f a i l e d  f u e l  e lements .  

Some w i l l  have 
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rates. I would l i k e  t o  know how f a s t  i t  p r o p a g a t e s ,  and hope t o  g i v e  a margin  
of s a f e t y  t o  t h e  r e a c t o r  o p e r a t o r  t h a t  would d e f i n e  f o r  him t h a t  h e  can  o p e r a t e  
a t  some downgraded power l e v e l  o r  h e  can  s c h e d u l e  a shutdown. Now, i n  go ing  
th rough  an  a n a l y s i s ,  what w e  would need t o  have i s  t o  e s t a b l i s h  t h i s  p r o p a g a t i o n  
ra te  v e r y  q u i c k l y ,  i n  t h e  two second r ange  o r  even i n  t h e  two m i l i s e c o n d  r a n g e ,  
i n  changing  t h e  h e a t  g e n e r a t i o n  ra te  t o  t h e  h e a t  removal ra te  by s a y  p lugg ing  
up t h e  channe l .  Then we a s k  abou t  such  t h i n g s  as p r e s s u r e  s u r g e s  o r  shock  waves 
and t h e r e  i s  no i n s t r u m e n t a t i o n  r i g h t  now t h a t  can  g i v e  you t h e  k ind  o f  h a n d l e  
you want .  There  i s  j u s t  no way o f  d e t e c t i n g  t h e s e  k i n d s  of t h i n g s .  I f  you t r y  
t o  u s e  t h e  v i s i b l e  spec t rum and t h u s  need t o  have a t r a n s p a r e n t  c o o l a n t ,  as w a s  
s u g g e s t e d  y e s t e r d a y ,  I t h i n k  you had b e t t e r  f o r g e t  abou t  i t .  You can  see t h i n g s  
w i t h o u t  r e a l l y  hav ing  t o  see them w i t h  your  e y e s .  There  are ways o f  d o i n g  t h a t ,  
a l t h o u g h  i t  i s  a tough problem. I t h i n k  t h a t  even t h e  t e m p e r a t u r e  s e n s i n g ,  when 
you t a l k  i n  t h e  two m i l i s e c o n d s  r ange  as t h e  TREAT expe r imen t s  of C h a r l i e  
Dickerman have  shown i n  t r y i n g  t o  g e t  d a t a  on meltdowns, i s  no e a s y  problem and 
I d o n ' t  t h i n k  t h e r e  i s  any answer as y e t .  
t h e  problem of where you p u t  your s e n s i n g  d e v i c e s ;  so  t h e  f i r s t  app roach  i s  t o  
s a y  w e l l  l e t ' s  j u s t  p u t  a p r e s s u r e  i n s t r u m e n t  of some k ind  i n s i d e  a bund le  of 
seven  p i n s ,  so a r r a n g e  i t  t h a t  now w e  b r e a c h  t h e  j a c k e t ,  and see i f  w e  g e t  a n  
o v e r a l l  p r e s s u r e  s u r g e  t h a t  might d r i v e  a l l  t h e  c o o l a n t  o u t  o f  t h e  c h a n n e l s  s o  
t h a t  t h e  a d j a c e n t  p i n s  w i l l  f a i l .  Again,  you are t a l k i n g  numbers l i k e  less 
t h a n  seconds  b e f o r e  t h a t  a d j a c e n t  p i n  would f a i l  under t h e  same power genera-  
t i o n  ra te .  It  i s  n o t  go ing  t o  be  s imple .  

May I make a n o t h e r  comment? I t h i n k  i f  you t a l k  abou t  m i l l s  p e r  k i l o w a t t -  
hour  and b r i n g  t h e  p r i c e  of e l ec t r i ca l  power dorm, and P a u l  h a s  hea rd  m e  p r e a c h  
on t h i s ,  as soon as t h e  Wall S t r e e t  Bankers f i n d  o u t  t h a t  you can  t a k e  $10 a 
pound uranium o u t  of t h e  e a r t h  and make $5,000 a pound p lu ton ium,  t h e  b u s i n e s s  
w i l l  go. 

I a m  s u r e  t h e r e  i s n ' t .  There  i s  a l s o  

C.B. Z i t e k  - T h i s  t a l k i n g  abou t  p r o p a g a t i o n  of f u e l s  f a i l u r e s  reminds  m e  
of a q u e s t i o n  I wanted t o  a s k .  Right  now, peop le  a re  t h i n k i n g  of u s i n g  sodium- 
bonding  i n  t h e  d e m o n s t r a t i o n  p l a n t  f u e l  and because  t h e  AEC L i c e n s i n g  p e o p l e  
are so concerned  abou t  l o s s  of sodium bond, pe rhaps  we had b e t t e r  r e c o n s i d e r  
whether  w e  shou ld  u s e  sodium bond fo r  t h e  f i r s t  f u e l  l o a d i n g s .  

R.C. Noyes - I would l i k e  t o  make some remarks cn  t h e  q u e s t i o n  o f  i n s t s u -  
m e n t a t i o n  and maybe I can  s a y  someth ing  abou t  sodium bonding ,  t o o .  A t  least  
f o r  a commercial t y p e  reactor ,  i t  s e e m s  t o  m e  t h a t  i t  i s  going t o  be e s s e n t i a l  
t o  have  t h r e e  d i f f e r e n t  k i n d s  of i n s t r u m e n t s .  The f i r s t  t y p e  i s  o u t l e t  temper- 
a t u r e  thermocouples ,  and a t  l ea s t  two on each  subassembly .  I a m  convinced  t h a t  
t h a t  i s  a b s o l u t e l y  n e c e s s a r y .  The o t h e r  t y p e  of i n s t r u m e n t a t i o n  i s  someth ing  
t o  measure  f i s s i o n  p r o d u c t s  i n  t h e  cove r  g a s e s  and i n  t h e  sodium. Whether o r  
n o t  t h a t  needs  t o  be  a l o c a l  measurement, i n  o t h e r  words a sample from each  sub- 
assembly ,  o r  a more g r o s s  measurement, I d o n ' t  t h i n k  w e  are q u i t e  s u r e  y e t .  The 
t h i r d  t y p e  of i n s t r u m e n t  t h a t  I t h i n k  i s  e s s e n t i a l  i s  a r e a c t i v i t y  meter. I 
t h i n k  t h a t  w i t h  t h e  combina t ion  of t h o s e  t h r e e  se t s  of sys t ems  w e  w i l l  b e  a b l e  
t o  d e t e c t  t h e  k ind  of f a i l u r e s  t h a t  we need t o  p r o t e c t  a g a i n s t  from t h e  p o i n t  
of v iew of p u b l i c  s a f e t y  and we w i l l  a l s o  be  a b l e  t o  o p e r a t e  t h e  r e a c t o r  w i t h  
a s u f f i c i e n t l y  low p r o b a b i l i t y  t h a t  t h e r e  w i l l  n o t  be  l o c a l ,  s i n g u l a r ,  one o r  
two subassembly meltdowns l i k e  Fermi.  
o u t l e t  o f  each  subassembly ,  t h e r e  are go ing  t o  be  a c e r t a i n  number of f a i l u r e s  
and we have  t o  o p e r a t e  w i t h  some subassembl i e s  un ins t rumen ted .  That i s  n o t  ser- 
i o u s  so f a r  as p u b l i c  h a z a r d s  are  concerned ,  and I t h i n k  i t  i s  a l s o  n o t  s e r i o u s  
s o  f a r  as t h e  r i s k  t o  t h e  u t i l i t y .  I t h i n k  t h a t  we can show t h a t  i f  we have  95, 
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o r  something l i k e  t h a t ,  p e r c e n t  of t h e  subassembl i e s  i n s t rumen ted  and t h e  relia- 
b i l i t y  of t h e  systems i s  a t  adequa te  levels ,  t h e  r i s k s  are a c c e p t a b l e .  One f u r -  
t h e r  comment w i t h  r e s p e c t  t o  t h o s e  thermocouples .  How t o  g e t  t h o s e  thermocouples 
i n  t h e r e  and how t o  m a i n t a i n  them creates a n o t h e r  real  tough d e s i g n  problem f o r  
t h e  c D r e  d e s i g n e r .  They do n o t  have an ex t r eme ly  long  l i f e  t i m e ,  so  t h e y  w i l l  
have t o  be  r e p l a c e a b l e  on a r e g u l a r  b a s i s  and q u i t e  e a s i l y  s o  t h e y  d o n ' t  r e q u i r e  
e x c e s s i v e  down t i m e .  That i s  a n o t h e r  one of t h o s e  tough mechanical  problems 
t h a t  i s  going t o  have t o  b e  worked o u t .  I might add a l s o  t h a t  I t h i n k  i t  would 
b e  worth s t u d y i n g  what t h e  B r i t i s h  are d o i n g  w i t h  o u t l e t  thermocouples .  They 
are f i n d i n g  t h a t  you can  g e t  a l o t  of  v e r y  u s e f u l  i n f o r m a t i o n  o u t  of  them o t h e r  
t h a n  j u s t  t h e  b u l k  mixed-mean t e m p e r a t u r e  from t h a t  subassembly. By doing var- 
i o u s  k i n d s  of n o i s e  a n a l y s i s  on t h e  thermocouple s i g n a l s  and a c r o s s  c o r r e l a -  
t i o n  a n a l y s i s  t h e y  f e e l  t h e y  can e s s e n t i a l l y  g e t  a p r e t t y  good measurement of  
v e l o c i t y  by t h a t  t echn ique .  They can a l s o  d e t e c t  l o c a l  p lugg ing  w i t h i n  t h e  
subassembly around t h e  f u e l  p i n s .  I t h i n k  t h a t  t h a t  area ought t o  be  h i t  
p r e t t y  h a r d  w i t h  some fundamental  k ind  of  r e s e a r c h  and development t o  maximize 
t h e  amount of u s e f u l  i n f o r m a t i o n  t h a t  can  be  g o t t e n  o u t  of t h e s e  thermocouples.  

i nvo lved  w i t h  o p e r a t i n g ,  b u i l d i n g ,  and examining sodium bonded f u e l  p i n s ,  of 
which hundreds of  thousands have been b u i l t  and o p e r a t e d ,  i f  t h e y  have e v e r  had 
any ev idence  t h a t  l o s s  of t h e  bond a c t u a l l y  d i d  occur .  Th i s  q u e s t i o n  i s  r a i s e d  
from t i m e  t o  t i m e  and t h e  f e a r  i s  c r e a t e d ,  b u t  so f a r  as I know, i t  h a s  neve r  
happened o r  i t  h a s  neve r  happened i n  a way which c a u s e s  some k i n d s  of f a i l u r e s .  
There h a s  been a n  awful  l o t  of  e x p e r i e n c e  w i t h  sodium bonded f u e l  p i n s .  

On t h e  q u e s t i o n  of  sodium bond - I would l i k e  t o  a s k  anyone who h a s  been 

C . B .  Z i t e k  - Y e s ,  b u t  a l l  of t h e  p i n s  t h a t  you are t a l k i n g  a b o u t ,  s a y ,  
t h a t  were i n  EBR-11,  have n o t  gone t o  anywhere near t h e  burnup t h a t  w e  are  
t a l k i n g  about  f o r  even t h e  demons t r a t ion  p l a n t s .  They are  l i m i t e d  t o  1 0  o r  
12 ,000  megawatt days p e r  t o n .  

S .O.  Arneson - On t h e  q u e s t i o n  of  sodium bonding, i t  may n o t  be  a p p a r e n t  
b u t  t h e r e  have been two sodium cooled r e a c t o r s  b u i l t ,  b o t h  of which u s e  sodium 
bonded f u e l .  I a m  r e f e r r i n g  now t o  SRE and H a l l a m ,  and i n  n e i t h e r  case a m  I 
aware of any o p e r a t i n g  d i f f i c u l t y  o r  unusua l  haza rd  s i t u a t i o n  developed because 
o f  t h e  sodium bond. 

C .B .  Z i t e k  - Yes, b u t  t h e  AEC had n o t  brought  up t h e  q u e s t i o n  t o  t h o s e  l i c -  
e n s e e s .  W e  are d e a l i n g  now w i t h  a f a s t  r e a c t o r  where t h e  r e s u l t s  of t h e  l o s s  of 
a sodium bond a re  b e i n g  cons ide red  v e r y  c r i t i c a l l y .  

S.O. Arneson - I r e c o g n i z e  t h a t  t h e  environment i s  c e r t a i n l y  somewhat d i f -  
f e r e n t  b u t  t h e r e  i s  c e r t a i n l y  some a p p l i c a b i l i t y  i n  t h a t  e x p e r i e n c e  of H a l l a m  
and SRE. On D i c k ' s  q u e s t i o n  of  has  l o s s  of bond a c t u a l l y  o c c u r r e d ?  There were 
some i r r a d i a t i o n  c a p s u l e  t es t s  performed i n  uranium c a r b i d e  programs where f a i l -  
u r e s  occur red  and t h e  m a n i f e s t a t i o n  was such as t o  p r o v i d e  a v e r y  s t r o n g  sugges- 
t i o n  t h a t  i n  f a c t ,  t h e  c l a d d i n g  i n t e g r i t y  had been breached and sodium e x p e l l e d  
from t h e  pr imary c l a d d i n g .  I n  f a c t ,  based on s w e l l i n g  measurements of  t h e  f u e l ,  
t h e r e  vas some i n d i c a t i o n  t h a t  t h e  l e v e l  a t  which t h e  sodium had been e x p e l l e d  
cou ld  be  determined.  I n  t h e  c a s e s  t h a t  I can r e c a l l ,  c e r t a i n l y  f u e l  growth d i d  
occur  a t  a s u b s t a n t i a l l y  g r e a t e r  r a t e  i n  t h o s e  areas where t h e  bond w a s  t hough t  
t o  have been e x p e l l e d .  There w a s  some i n t e r a c t i o n  w i t h  t h e  c l a d d i n g  b u t  I do 
n o t  r e c a l l  ev idences  of major  damage t o  t h e  c l a d d i n g .  I n t e r a c t i o n s ,  y e s ,  b u t  
n o t  of a c a t a s t r o p h i c  n a t u r e .  I r e a l i z e  t h a t  i t  i s  of somewhat l i m i t e d  a p p l i -  
c a b i l i t y  because t h e  c o n d i t i o n s ,  t h e  component s i z e s  and t h e  o p e r a t i n g  leve ls  
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are  n o t  d i r e c t l v  a p p l i c a b l e  t o  t h e  f a s t  r e a c t o r  case b u t  I c e r t a i n l y  d o n ' t  r e a d  
i n t o  t h a t  l i m i t e d  e x p e r i e n c e  d i scouragemen t  f o r  t h e  p r o s p e c t s  f o r  t h e  l o s s  o f  
sodium bond problem. 

R . C .  Noyes - I b e l i e v e  t h a t  v e n t i n g  f u e l  p i n s  i s  p r o b a b l y  i m p o r t a n t  i n  t h i s  
r e s p e c t .  C e r t a i n l v  i f  t h e r e  i s  a g a s  plenum e n c l o s e d  which i s  cha rged  w i t h  h i g h  
p r e s s u r e  f i s s i o n  g a s ,  and a h o l e  o c c u r s  i n  t h e  c l a d  somewhere dotm n e a r  t h e  b o t -  
tom, i t  i s  q u i t e  l i k e l y  t o  e x p e l  t h e  bond. I t h i n k  f o r  t h a t  r e a s o n  and f o r  a 
number o f  o t h e r  good r e a s o n s ,  v e n t i n g  sodium bonded p i n s  i s  t h e  way t o  go. I 
t h i n k  i t  e l i m i n a t e s  t h a t  p o s s i b i l i t y .  I n  t h e  v e n t e d  c a s e ,  t h e  s i t u a t i o n  i s  re- 
v e r s e d .  I f  t h e r e  i s  a h o l e  i n  t h e  c l a d ,  t h e  sodium from t h e  p r i m a r v  c o o l a n t  
t e n d s  t o  b e  f o r c e d  i n t o  t h a t  r e g i o n .  

The o t h e r  q u e s t i o n  t h a t  h a s  been  r a i s e d  from t i m e  t o  t i m e  a b o u t  l o s s  of 
i n t e g r i t y  o f  t h e  bond i s  a b o u t  t h e  release of  f i s s i o n  g a s e s  and f i s s i o n  g a s  
b u b b l e s  a c c u m u l a t i n g  i n  a h i g h  power r e g i o n .  The u s u a l  t e c h n i q u e ,  o r  one  of  
t h e  most  e f f e c t i v e  t e c h n i q u e s ,  f o r  e l i m i n a t i n g  g a s  b u b b l e s  i n  bond ing  when bonds 
a r e  made as t h e  f u e l  p i n s  a re  manufac tu red ,  i s  t o  h e a t  t h e  f u e l  p i n  and v i b r a t e  
i t  u n t i l  t h e  b u b b l e s  r i se  t o  t h e  t o p  and vou g e t  a good bond. T h i s  i s  e x a c t l y  
t h e  s i t u a t i o n  which e x i s t s  i n  t h e  r e a c t o r .  We d o n ' t  l i k e  t h o s e  v i b r a t i o n s  due  
t o  t h e  h i g h  v e l o c i t y  c o o l a n t  t h a t  we are  g o i n g  t o  have  b u t  t h e v  are  g o i n g  t o  b e  
t h e r e .  I t h i n k  i t  i s  g o i n g  t o  be  one  of t h e  s i d e  e f f e c t s  which i s  b e n e f i c i a l  
and t h o s e  f i s s i o n  g a s  b u b b l e s  a re  g o i n g  t o  move r i g h t  o u t  of  t h e  bond v e r v  
q u i c k l v  b e c a u s e  o f  t h e  h i g h  t e m p e r a t u r e  and t h e  v i b r a t i o n s  which w i l l  a lwavs  
b e  p r e s e n t  which w i l l  make t h e  b u b b l e s  m o b i l e .  

P.R. H e u b o t t e r  (I-WL) - B e f o r e  we l e a v e  t h e  s u b j e c t  of f a i l u r e  e f f e c t s ,  I 
t h i n k  i t  would b e  v e r y  u s e f u l  i f  C l i f f  would comment on t h e  consequences  of  f u e l  
e l emen t  f a i l u r e  i n  t h e  l i g h t  water r e a c t o r s  - what t h e  u t i l i t i e s  e x p e r i e n c e  h a s  
been  h e r e ,  and wha t ,  i f  any ,  c o n c l u s i o n s  c a n  b e  drawn from t h i s  i n  terms of  a n  
estimate of  t h e  r e q u i r e d  r e l i a b i l i t y  of  f a s t  r e a c t o r  f u e l  e l e m e n t s ?  I know 
some r e a c t o r  m a n u f a c t u r e r s  have  been  q u o t i n g  i n  t h e i r  s t u d i e s  t h e  d e s i g n  pro-  
v i s i o n s  f o r  1% f a i l u r e ,  t h a t  i s ,  99% r e l i a b i l i t y .  Is t h a t  a t  a l l  comparable  t o  
t h e  e x p e r i e n c e  i n  l i g h t  water r e a c t o r s  a t  t h e  p r e s e n t  t i m e  and i n  f a c t ,  i s  i t  
a p p l i c a b l e ?  

C .B .  Z i t e k  - I a m  a f r a i d  t h a t  I d o n ' t  have  any  a c t u a l  number t o  q u o t e  b u t  
K e  have o p e r a t e d  w i t h  q u i t e  a few f a i l u r e s .  I do  n o t  t h i n k  t h a t  you c a n  t a k e  
t h i s  i n f o r m a t i o n  and re la te  i t  t o  h a v i n g  c l a d d i n g  f a i l u r e s  i n  a f a s t  r e a c t o r  
b e c a u s e  o f  t h e  s p a c i n g s ,  t h e  t e m p e r a t u r e s ,  and t h e  h e a t  f l u x e s  you are  working  
a t .  The f a c t  t h a t  we can  o p e r a t e  Dresden  w i t h  numerous f a i l u r e s  c a n n o t  b e  re- 
l a t e d  t o  what w e  w i l l  d o  i n  a f a s t  r e a c t o r .  A l l  of  o u r  s t u d i e s  are b e i n g  b a s e d  
on t h e  f a c t  t h a t  we will o p e r a t e  w i t h  f a i l e d  f u e l ,  b u t  t h i s  may have  t o  go by 
t h e  boa rd  i f  t h e  AEC p u t s  i n t o  y o u r  l i c e n s e  t h a t  as soon  as you d e t e c t  a f a i l -  
u r e ,  you have  t o  s h u t  down. I would s a y  we shou ld  d e s i g n  f o r  o p e r a t i n g  w i t h  
f a i l e d  f u e l  b u t  u n t i l  we g e t  i n  w i t h  t h e  AEC and consummate t h e  t e c h n i c a l  spec-  
i f i c a t i o n s ,  we d o n ' t  know t h a t  we can  do  i t .  

A. A l l g e i e r  (EURATON, Belgium) - I would l i k e  t o  amend a q u e s t i o n  t h a t  h a s  
been  a s k e d  b e f o r e  c o n c e r n i n g  t h e  p l u t o n i u m  a l p h a s .  I t  seems e v i d e n t  t h a t  t h i s  
t e n d s  t o  p o i n t  i n  a d i r e c t i o n  t o  c a r b i d e s  b u t  how d o e s  t h i s  a f f e c t  t h e  steam 
c o o l e d  f a s t  r e a c t o r ?  

A. Kare Hannerz (ASEA, Sweden) - Ne have  gone th rough  t h i s  q u e s t i o n  of  how 
t h e  a l p h a  a f f e c t s  t h e  b r e e d i n g  and we found t h a t  u s i n g  t h e  o l d  v a l u e s  and t h e  
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new a l s o ,  w e  have  l o s t  a b o u t  one-ha l f  of  t h e  b r e e d i n g  g a i n  f o r  t h e  new a l p h a .  
So ,  i t  i s  a v e r y  s e r i o u s  q u e s t i o n  f o r  t h e  steam c o o l e d  r e a c t o r .  That  i s  one 
r e a s o n  why w e  are t r y i n g  t o  l o o k  a t  o t h e r  a l t e r n a t i v e s .  

o f  t h e  s w e l l i n g  o f  t h e  c l a d d i n g  o r  s t r u c t u r a l  materials.  It w a s  shown i n  
M r .  Weir's p a p e r ,  I t h i n k ,  and I would l i k e  t o  h e a r  i f  anybody h a s  any  comments 
on how t o  a p p l y  t h i s  i n f o r m a t i o n  i n  t h e  c o r e  d e s i g n  where you have  a c l o s e  t o l -  
e r a n c e .  Can you accommodate s w e l l i n g  of  t h e  o r d e r  o f  l o r  2 % ?  I t h i n k  i t  i s  
a v e r y  c r i t i c a l  q u e s t i o n .  I t h i n k  M r .  Noyes a l s o  ment ioned  t h a t  h e  would l i k e  
t o  go t o  v e r y  nar row s p a c i n g ,  v e r y  l i t t l e  c o o l a n t  area i n  t h e  s p a c i n g  w i t h  P/D 
1 .12  o r  s o .  I t h i n k  t h a t  i f  you have  such  a c o r e ,  t h i s  i s  a v e r y  c r i t i c a l  ques-  
t i o n .  A l s o ,  t h e  f u e l  boxes  o r  s h r o u d s  may i n t e r a c t  o r  t h e y  may j a m  i n  t h e  c o r e  
w i t h  a c o u p l e  p e r c e n t  s w e l l i n g .  

One o f  t h e  most  s i g n i f i c a n t  t h i n g s  t h a t  came up h e r e  w a s  t h e  c o n f i r m a t i o n  

R.C. Noyes - Dave ment ioned  t h a t  t h e r e  are p r o b a b l y  a number of s o l u t i o n s  
t o  t h i s  problem. The s o l u t i o n s  t h a t  h e  s u g g e s t e d  s e e m  t o  i n d i c a t e  t h a t  t h e y  
d o n ' t  p r e v e n t  t h e  s w e l l i n g  f rom o c c u r r i n g  b u t  somehow accommodate i t .  I j u s t  
wondered i f  t h e r e  i s  some way t o  p r e v e n t  t h e  s w e l l i n g  f rom o c c u r r i n g ?  I f  n o t ,  
I would a g r e e  w i t h  t h e  comment j u s t  made, It i s  go ing  t o  make t h a t  d e s i g n  prob-  
l e m  of  d e c i d i n g  how t i g h t l y  t o  pack  t h e s e  c o r e s  a l l  t h e  more d i f f i c u l t .  

D.H.  Gur insky  - A t  t h e  moment I d o n ' t  know of any s o l u t i o n  t h a t  h a s  been  
t r i e d  f o r  p r e v e n t i o n  of s w e l l i n g .  Elany of  u s  hope t h a t  by p r o p e r  t r e a t m e n t  of 
t h e  m i c r o s t r u c t u r e  of t h e s e  c l a d d i n g  ma te r i a l s  t h a t  i t  w i l l  be  p o s s i b l e  t o  in-  
t r o d u c e  c e r t a i n  t y p e s  of d e f e c t  s t r u c t u r e s  which w i l l  a l l o w  t h e  v a c a n c i e s  t o  
move o u t  more r a p i d l y .  You w i l l  a l s o  r e c a l l  t h a t  I ment ioned  t h e  p o s s i b i l i t y  
o f  r a d i a t i o n  a n n e a l i n g  and t h i s  w a s  ment ioned  i n  c o n n e c t i o n  w i t h  t h i s  problem 
of  min imiz ing  t h e  s w e l l i n g  phenomenon. But a t  t h e  p r e s e n t  t i m e ,  I d o n ' t  know 
t h a t  anyone  h a s  t r i e d  and succeeded  i n  g e t t i n g  a mater ia l  which w i l l  n o t  s w e l l .  
C e r t a i n l y  t h e r e  have  n o t  been  v e r y  many i r r a d i a t i o n s  up t o  t h i s  l e v e l  e i t h e r .  

C . B .  Z i t e k  - May I a s k  f o r  a l i t t l e  more i n f o r m a t i o n  on t h e  r a d i a t i o n  t r e a t -  
ment?  You s a y  i t  i s  gamma t r e a t m e n t .  

D.H. Gur insky  - No. 

C . B .  Z i t e k  - Not gamma? 

D.H.  Gur insky  - What we had i n  mind t r y i n g  was t o  see whe the r  o r  n o t  bv 
r e d u c i n g  t h e  f l u x  and o p e r a t i n g  a r e a c t o r  - of  c o u r s e  t h i s  w i l l  n o t  b e  done  
w i t h  a r e a c t o r  a t  f i r s t  b u t  s i m p l y  by i n s e r t i n g  spec imens  - whethe r  o r  n o t  'i.7e 

c a n  i n  f a c t  r e d u c e  t h e  number o f  v o i d s  and t h e  s i z e  of t h e  v o i d s  by o p e r a t i n g  
a t  e l e v a t e d  t e m p e r a t u r e s  s o  as t o  s t i m u l a t e  t h e  vacancies and h o p e f u l l y  t h e y  
w i l l  t e n d  t o  move o u t  t o  g r a i n  b o u n d a r i e s  and move o u t  of t h e  f u e l  c l a d d i n g .  
I f  you w i l l  r e c a l l  Weir's comments y e s t e r d a y ,  h e  p o i n t e d  o u t  t h a t  t h e s e  v o i d s  
o c c u r  o v e r  a f a i r l y  na r row t e m p e r a t u r e  r a n g e  somewhere between 350 and a b o u t  
625'C i n  t h e  case of  s t a i n l e s s  s t ee l s .  Our n o t i o n  i s  t h a t  i f  you c o u l d  o p e r a t e  
somewhere a round  550-600°C w i t h  a lower  f l u x ,  p o s s i b l y  t h e  bombardment r e c e i v e d  
by t h e  mater ia l  would a l l o w  some of  t h e  v a c a n c i e s  t o  move o u t  b e c a u s e  t h e s e  are  
a p p a r e n t l y  what are c a u s i n g  t h e  v o i d s .  I a m  n o t  s u r e  t h a t  t h e r e  are  manv p e o p l e  
who w i l l  a g r e e  w i t h  t h i s  p o i n t  o f  view, and I see J i m ' s  hand i s  up r i g h t  now. 

J . R .  Weir (ORNL) - I t h i n k  t h a t  t h e r e  are  two a p p r o a c h e s  t o  t h i s .  One of  
which Dave i s  men t ion ing  and i n  f a c t  t h e r e  a re  some d a t a  on t h i s ,  Dave, t h a t  
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w e  r e c e n t l y  o b t a i n e d  f o r  one set  o f  c o n d i t i o n s .  IJe have  t a k e n  some c l a d d i n g  o f f  
t h e  EBR-I1  d r i v e r  f u e l  t h a t  was t a k e n  t o  a b o u t  1 .5  x a t  a t e m p e r a t u r e  of  
someth ing  l i k e o a b o u t  470°C, and t h e  v o i d s  have  a s i z e  d i s t r i b u t i o n  t h a t  r a n g e s  
from a b o u t  70 A o r  smaller p e r h a p s  t o  150 t o  200 1 i n  d i a m e t e r .  
which i s  a f e a s i b l e  t e m p e r a t u r e  f o r  t h e  p r o c e s s  l i k g  what you are  t a l k i n g  a b o u t ,  
I t h i n k ,  a n n e a l s  h a l f  of  t h o s e  t h a t  a re  around 100 A i n  d i a m e t e r .  I t  l e a v e s  
t h o s e  i n  t h e  s t r u c t u r e  t h a t  are  l a r g e r .  Now what t h i s  means i s  t h a t  i f  you are  
t o  p o s t u l a t e  t h i s  k i n d  of p r o c e s s ,  you have  t o  do  i t  ea r l i e r  t h a n  a t  i n t e r v a l s  
o f  1.5 x So t h e r e  a r e  some programs l o o k i n g  a t  t h a t .  The second approach  
t h a t  we are  t a k i n g  i s  t o  d e c r e a s e  t h e  s t a b i l i t y  of  t h e s e  v o i d s  by a l l o y i n g  
( e i t h e r  a l l o y i n g  o r  p u t t i n g  i n  t h e  materials s i n k s  f o r  t h e  v a c a n c i e s )  so t h a t  
t h e  f o r m a t i o n  of t h e  v o i d  i s  i n h i b i t e d .  And, I t h i n k  t h e r e  i s  a r e a s o n a b l e  
chance  h e r e  t o  improve upon t h e  materials s i g n i f i c a n t l y .  

An h o u r  a t  600°C, 

G.L .  Weil ( C o n s u l t a n t )  - T h i s  q u e s t i o n  i s  p e r h a p s  d i r e c t e d  t o  M r .  Z i t e k .  
I a m  n o t  s u r e  t h a t  t h e  c o n f l i c t  was r e s o l v e d  as  t o  t h e  p u r p o s e  and t h e  s i g n i f -  
i c a n c e  o f  t h e  d e m o n s t r a t i o n  o f  b r e e d e r s .  I n  o t h e r  words ,  t h e  d e s i g n  e n g i n e e r s  
seem t o  have  a c o n s e r v a t i v e  approach  t o  t h e  f i r s t  p l a n t s  whereas  t h e  u t i l i t i e s  
would l i k e  t o  g e t  pe r fo rmance  d a t a  which would i n d i c a t e  r e l i a b i l i t y  and econom- 
ics  which would b e  b e t t e r  t h a n  t h a t  which t h e y  now o b t a i n .  I know t h a t  
M r .  Z i t e k ' s  company was one  o f  t h e  f i r s t  i n t o  t h e  b o i l i n g  w a t e r  r e a c t o r  f i e l d  
and I wonder w h e t h e r  h e  t h i n k s  t h e r e  migh t  b e  two s t a g e s  of  d e m o n s t r a t i o n  p l a n t s -  
one  which would s a t i s f y  t h e  d e s i g n e r s  and m a n u f a c t u r e r s  t h a t  t h e y  can d e s i g n  
f a s t  b r e e d e r s  w i t h o u t  p a y i n g  t o o  much a t t e n t i o n  t o  t h e  economics pe r fo rmance  
and t h e n  p e r h a p s  a second s t a g e  which would i n t e r e s t  t h e  u t i l i t i e s .  I n  o t h e r  
words ,  would t h e  u t i l i t i e s  b e  a l i t t l e  more c o n s e r v a t i v e  i n  p i c k i n g  up a f a s t  
b r e e d e r  t h a n  t h e y  a p p a r e n t l y  were i n  p i c k i n g  up t h e  l i g h t  water r e a c t o r s ?  

C.B.  Z i t e k  - I t h o u g h t  t h a t  I had answered t h a t  i n  t h e  p a p e r  by s a y i n g  
t h a t  we f e e l  q u i t e  s u r e  t h a t  t h e  f i r s t  d e m o n s t r a t i o n  p l a n t  w i l l  n o t  b e  compet- 
i t i v e .  The pe r fo rmance  d a t a  t h a t  t h e  d e s i g n e r s  would g e t  f rom i t  would t h e n  
b e  f e d  back  i n .  We would t h e n  e x p e c t  t h e  m a n u f a c t u r e r s  t o  d e v e l o p  t h e  t e c h -  
no logy  s o  t h a t  i t  would n o t  b e  l o n g  b e f o r e  t h e  economics would p r o v e  t h e m s e l v e s  
o u t ,  b o t h  i n  c a p i t a l  c o s t  d e c r e a s e  and f u e l  c o s t s .  

P.R. H e u b o t t e r  (ANL) - I d i d n ' t  know i f  anyone  wanted t o  resume t h i s  d i s -  
c u s s i o n  o f  c l a d d i n g  v o i d a g e  b u t  I had a c o u p l e  o f  comments t o  make. I t h i n k  
i t  i s  a v e r y  s e r i o u s  d i s c o v e r y ,  b u t  I t h i n k  i t  i s  a l i t t l e  e a r l y  t o  push  t h e  
p a n i c  b u t t o n  on i t .  The B r i t i s h  c e r t a i n l y  h a v e n ' t  and t h e y  are  t h e  p e o p l e  
who d i s c o v e r e d  t h e  e f f e c t .  Three  t h i n g s  I s h o u l d  men t ion .  F i r s t  of  a l l ,  
w h i l e  t h e y  have  s e e n  t h i s  7 %  v o l u m e t r i c  i n c r e a s e  a t  someth ing  l i k e  7 o r  8 x 
as I h e a r d  them s a y  when t h e y  were h e r e ,  t h e y  have  o n l y  s e e n  t h i s  once .  They 
have  had o t h e r  examples  o f  c l a d d i n g  t h a t  have  gone t o  t h a t  f l u e n c e  w i t h o u t  
s e e i n g  i t .  So w e  may b e  l u c k y  and  j u s t  f i n d  t h a t  t h i s  i s  a n o n - r e p r e s e n t a t i v e  
e f f e c t  f o r  some p e c u l i a r  t r e a t m e n t  t h a t  t h a t  c l a d d i n g  saw. Second ly ,  t h e y  
f i n d  t h a t  t h e y  do g e t  g r o s s l y  l a r g e r  amounts of v o i d s  i n  c l a d d i n g  t h a t  w a s  
s o l u t i o n  t r e a t e d  when i t  went i n t o  t h e  r e a c t o r  and t h e y  s e l e c t e d  f o r  t h e  DFR 
20% c o l d  work i n  which ,  t h e y  s a y ,  t h e  v o i d a g e  t h a t  t h e y  see a t  comparable  
burnup i s  much, much lower .  The compl iancy  of  t h e i r  g r i d s  are s u c h  t h a t  t h e y  
c a n  accommodate v e r y  e a s i l y  f o r  t h e  amount of t o t a l  s w e l l i n g  t h a t  t h e y  see i n  
t h a t  t y p e  material which i s ,  s a y ,  1 t o  1.5% d i a m e t r a l  i n c r e a s e  of  t h e  c l a d d i n g  
from a l l  c a u s e s ,  c l a d d i n g  s w e l l i n g  as well as f u e l  p r e s s u r e  and  f u e l  growth .  
The o t h e r  t h i n g  t h e y  ment ioned  i s  t h a t  a s t a t e  of  s t ress  on t h e  c l a d d i n g  ap- 
p e a r s  t o  b e  a r e q u i r e m e n t  t o  g e t  anywhere n e a r  t h i s  l a r g e  amount o f  v o i d a g e .  
They d o n ' t  see i t ,  f o r  example,  on u n s t r e s s e d  spec imens  i r r a d i a t e d  t o  t h e s e  
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k i n d s  of f l u e n c e s .  So t h e y  p o s t u l a t e  t h a t  s w e l l i n g  o c c u r s  i n  t h e  c l a d d i n g  as 
a r e s u l t  of t h e  stress a p p l i e d  by t h e  growth of f u e l  on i t ,  which would t h e n  
seem t o  be an  argument i n  f a v o r  of something l i k e  a sodium bonded c a r b i d e  
where you d e l i b e r a t e l y  s t a n d  t h e  f u e l  away from t h e  c l a d d i n g  w i t h  t h e  sodium 
bond and you remove t h e  f u e l  element when t h a t  annulus  i s  consumed. So, t h a t  
i s  a p o s s i b l e  d e s i g n  s o l u t i o n  t o  t h e  problem as w e l l .  

K.A. T r i c k e t t  (AEC) - One of t h e  t h i n g s  t h a t  h a s  caused an  EBR-I1  t o  shut -  
down and t h e  l a c k  of a v a i l a b i l i t y  t h a t  Steve Arneson r e f e r r e d  t o  w a s  t h e  l o s s  
of  sodium bond i n  t h e  X - 0 1 1  capsule .  So, i f  t h i s  can  happen i n  s t a t i c  c a p s u l e s ,  
I presume i t  can happen i n  f u e l  e lements  pushed t o  l o n g  burnups.  

I would l i k e  t o  a s k  M r .  Z i t e k ' s  r e a c t i o n  on t h e  p o s s i b i l i t y  of d e s i g n i n g  
p l a n t s  t h a t  recognize  t h e  c o r e s  are consumable and could perhaps f i r s t  of a l l  
have oxide  c o r e s  w i t h  v e r y  low r a t i n g  and t h e n  i n c r e a s e  t h e  r a t i n g  on t h e  c o r e  
as you l e a r n  you can do t h i s  w i t h  t h e  r e l i a b i l i t y  and p l a n t  f a c t o r  you are 
t a l k i n g  about ,  and maybe l a t e r  on, even c o n s i d e r  p u t t i n g  i n  a c a r b i d e ,  n i t r i d e ,  
o r  some r a t h e r  advanced c o r e .  I would l i k e  your r e a c t i o n  t o  t h a t  from t h e  
c a p i t a l  c o s t s  and problem viewpoin ts ,  and I would l i k e  Dick Noyes's from t h e  
p r a c t i c a l i t y  of do ing  i t .  

C . B .  Z i t e k  - I t h i n k  you are a s k i n g  f o r  a l o t .  I would say  t h a t  our  s tud-  
ies  are  going a long  on t h e  b a s i s  t h a t  t h e  d e s i g n e r  would u s e  t h e  f u e l  which had 
t h e  most t e s t i n g  d o n e  on i t  and I t h i n k  our  p o i n t ,  which w e  s t r e s s e d ,  w a s  t h a t  
w e  should  n o t  be pushing l i m i t s .  T h i s  goes a long  w i t h  w h a t  you s a i d  t h a t  you 
would o p e r a t e  t h e  c o r e ,  s h a l l  w e  s a y ,  below expected rates and t h e n  g r a d u a l l y  
i n c r e a s e .  

Coming back t o  t h e  f a c t  of o p e r a t i n g  w i t h  l e a k s ,  w e  c e r t a i n l y  would expec t  
t h a t  w e  would o p e r a t e  w i t h  l e a k s  b u t  u n t i l  i t  i s  t r i e d  o u t  a t  EBR-11, f o r  i n -  
s t a n c e ,  I a m  s u r e  t h a t  t h e  AEC i s  r e a l l y  going t o  clamp down on o u r  expec t ing  
t o  o p e r a t e  w i t h  l e a k s .  

R.C. Noyes - This  q u e s t i o n  o f  c o n v e r t i b i l i t y  i s  one t h a t  I have been 
t h i n k i n g  about  f o r  some t i m e .  I have n o t  seen  publ i shed  anywhere, a l t h o u g h  
t h e r e  may b e  some s t u d i e s  i n  p r o g r e s s ,  a good in-depth s t u d y  of c o n v e r t i b i l i t y ,  
such as t a k i n g  a r e a c t o r  t h a t  i s  des igned  f o r  a n  oxide  c o r e  and c o n v e r t i n g  i t  
t o  a c a r b i d e  c o r e  o r  perhaps p r e f e r a b l y  a r e a c t o r  t h a t  i s  des igned  f o r  conver- 
t i b i l i t y .  It  i s  n o t  obvious j u s t  e x a c t l y  what h a s  t o  b e  done t o  c o n v e r t .  For 
i n s t a n c e ,  w e  f i n d  t h a t  f o r  a sodium bonded c a r b i d e  d e s i g n  t h e  optimum p i n  s i z e  
i s  something l i k e  0.4 i n c h  o u t s i d e  d iameter  on t h e  c l a d .  Gas-bonded c a r b i d e  
and oxide  p i n s  u s u a l l y ,  I t h i n k ,  op t imize  o u t  q u i t e  a b i t  s m a l l e r .  There have 
been some s t u d i e s  i n  which people  have t a k e n  a c o r e  which has  been opt imized 
f o r  ox ide  and s imply s u b s t i t u t e d  c a r b i d e  i n  t h e  same p i n s  and when you do t h a t ,  
you f i n d  t h a t  you have a worse core .  You are n o t  demonst ra t ing  anyth ing  i n  t h e  
way of improved performance by p u t t i n g  i n  t h e  c a r b i d e  a l though you may perhaps 
prove  some performance of t h e  c a r b i d e .  I t h i n k  t h a t  t h e r e  needs t o  b e  a de- 
t a i l e d  s t u d y  on t h a t  q u e s t i o n  of c o n v e r t i b i l i t y .  I a m  n o t  s a y i n g  t h a t  i t  i s  
Something t h a t  i s  d i f f i c u l t  a l though i t  may be v e r y  expens ive ,  and i f  i t  i s  
v e r y  expens ive ,  i t  may b e  more l o g i c a l  t o  d e s i g n  t h e  second demonst ra t ion  p l a n t  
as a c a r b i d e  p l a n t  r a t h e r  t h a n  count ing  on s t a r t i n g  w i t h  a n  oxide  c o r e  and t h e n  
c o n v e r t i n g  i t  l a t e r .  Cer- 
t a i n l y  i t  would be n i c e  i f  you could t a k e  a demonst ra t ion  p l a n t ,  s t a r t  up w i t h  
oxide  c o n s e r v a t i v e l y ,  and t h e n  v e r y  e a s i l y  s t i c k  i n  c a r b i d e .  I s u s p e c t ,  how- 
e v e r ,  t h a t  you c a n ' t  do i t  e a s i l y ,  and you may have t o  s h u t  down f o r  a y e a r  o r  

I r e a l l y  don ' t  know which i s  t h e  b e s t  way t o  do i t .  
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two i n  o r d e r  t o  do  t h a t ,  o r  you may have  t o  compromise t h e  pe r fo rmance  of e i t h e r  
t h e  f i r s t  c o r e  o r  t h e  second c o r e  so much t h a t  t h e  ~ 7 h o l e  r e s u l t s  o f  t h e  e x p e r i -  
ment are  open t o  q u e s t i o n .  I n  o t h e r  words ,  I t h i n k  i t  g e t s  back  a g a i n  t o  a 
q u e s t i o n  I asked  ea r l i e r  - \\%at are  you p r o v i n g ?  You may end up d e m o n s t r a t i n g  
n o t  much o f  a n y t h i n g  i f  you f o l l o w  t h a t  s o r t  of  c o u r s e .  

H.K. Oppenheim (Bache & Company) - We are v e r y  much aware of  t h e  p r o f i t s  t o  
b e  made i n  f i n a n c i n g  t h e  f u e l  c y c l e .  But t h e  q u e s t i o n  I would l i k e  t o  a s k  goes  
back  p e r h a p s  as a c o r o l l a r y  t o  what D r .  Weil j u s t  asked  and what I t h i n k  Bradshaw 
a s k e d  y e s t e r d a y ;  what i s  t h e  t i m e  t a b l e  o f  b r e e d e r  i n t r o d u c t i o n ?  Two y e a r s  ago  
when opt imism seemed t o  abound i n  t h e  i n d u s t r y ,  t h e  p r o t o t y p e s  were g o i n g  t o  b e  
b u i l t  s t a r t i n g  i n  1970-71, be  on stream by t h e  FFTF, b e  o p e r a t e d  f o r  two y e a r s ,  
and  t h e n  o r d e r s  were t o  b e  t a k e n  on t h e  commercial  b r e e d e r s .  I t h i n k ,  i n  t h i s  
more r e a l i s t i c  a tmosphe re ,  o b v i o u s l v  t h i s  i s n ' t  g o i n g  t o  be  t h e  t i m e  s c h e d u l e .  
It i s  b e i n g  pushed back .  Pe rhaps  70-71 w i l l  be  t h e  d a y s  f o r  d e c i d i n g  when p ro -  
t o t y p e  c o n s t r u c t i o n  w i l l  t a k e  p l a c e  and p e r h a p s  t h e  d e m o n s t r a t i o n  p l a n t s  won ' t  
b e  r u n  f o r  two y e a r s ,  f o u r  o r  p e r h a p s  even  more.  The re  may be  subsequen t  pro-  
t o t y p e  p l a n t s  and t h e n  t a r g e t  p l a n t s ,  I would l i k e  t o  a s k  t h e  p a n e l  j u s t  what 
i t  t h i n k s  t h e  b r e e d e r  t i m e  t a b l e  i s ?  

R . C .  Noyes - I c a n  make a c o u p l e  of  comments which seem t o  i n d i c a t e  r a t h e r  
g r o s s  d i f f e r e n c e s .  It seems t o  m e  t h a t  t h e  s t u d i e s  t h a t  are  now b e i n g  done  on 
a n a t i o n a l  s ca l e  abou t  t h e  problem o f  l o n g  term f u e l  s u p p l i e s  i n d i c a t e  two t h i n g s .  
F i r s t  of a l l ,  t h a t  t h e  i m p o r t a n t  development  i s  n o t  a nominal  s o r t  of b r e e d e r  
b u t  t h e  development  of a h i g h  g a i n  b r e e d e r  which h a s  a b r e e d i n g  r a t i o  of 1 . 5  
and d o u b l i n g  t i m e s  which a r e  5 t o  8 y e a r s .  Second ly ,  i t  i s  n o t  t o o  impor t anc  
when t h a t  h i g h  g a i n  b r e e d e r  i s  i n t r o d u c e d .  I t  i s  n o t  t o o  i m p o r t a n t  whe the r  i t  
i s  i n t r o d u c e d  i n  1975 o r  1980,  o r  1985.  I f  you p r o j e c t  t h e  t o t a l  r e q u i r e m e n t s  
f o r  o r e  u n t i l  t h e  y e a r  2020, t h e  way t h e s e  t h i n g s  a re  done ,  even  though i t  seems 
t o  be  a r a t h e r  h a z a r d o u s  t h i n g  t o  d o ,  t h e s e  p r o j e c t i o n s  i n d i c a t e  t h a t  i t  i s  n o t  
t o o  i m p o r t a n t  t o  g e t  i n  v i t h  a b r e e d e r  q u i c k l y  - i t  i s  much more i m p o r t a n t  t o  
g e t  i n  w i t h  a h i g h  g a i n ,  h i g h  per formance  b r e e d e r .  That  i s  one  s i d e  of  t h e  
q u e s t i o n .  The o t h e r  s i d e  of t h e  q u e s t i o n ,  however, I t h i n k ,  i s  a l s o  v e r y  i m -  
p o r t a n t  and t h a t  i s  t h e  q u e s t i o n  o f  f o r e i g n  c o m p e t i t i o n .  The B r i t i s h  are  
c e r t a i n l y  moving a l o n g  v e r y  r a p i d l y  and t h e  R u s s i a n s  are  a l s o ,  a l t h o u g h  I 
d o n ' t  r e a l l y  know i f  t h e y  a re  c o m p e t i t o r s  of o u r s .  But t h e  F rench  and t h e  
Germans a l s o  seem t o  be  ahead of  u s  i n  manv a r e a s  and I d o n ' t  t h i n k  w e  can  
d i s c o u n t  t h a t  l i g h t l v  i f  t h e y  p rove  t o  be  s u c c e s s f u l  i n  t h e s e  e a r l y  p l a n t s  
t h a t  t h e y  are  b u i l d i n g .  It seems t o  m e  t h a t  i t  w i l l  b u i l d  up a n  a w f u l  l o t  of  
p r e s s u r e  t o  g e t  g o i n g  q u i c k l y  and e s s e n t i a l l y  t o  c a t c h  up.  
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