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ABSTRACT 

Molten-salt reactor technology, under development since 1947, 
has led to a concept of a high-temperaturey thermal-neutron breeder 
reactor that operates on the t h ~ r i u m - ~ ~ ~ U  fuel cycle. A connected 
processing plant that continuously removes protactinium and fission 
products from the fuel salt is a basic feature of the system. The 
success of the Molten-Salt Reactor Experiment that was operated be- 
tween 1965 and 1969, the development of a new processing method that 
allowed simplification of the breeder design, and the potential breed- 
ing performance, economics, and safety of the concept, are cited in 
this report as arguments for the continued development of MSBR's. 
The report reviews the status of the technology, identifies further 
development needs for an MSBR, and gives the program staff's assess- 
ments of the uncertainties and the likelihood of success. Separate 
chapters are devoted to reactor physics, chemistry, graphite, reactor 
metals, reactor components and systems, cells and building, control 
and instrumentation, fuel processing, maintenance, design studies, 
and environmental effects and safety. 

Keywords: review, molten salts, reactors, breeding, development, 
design, maintenance, safety, chemistry, processing, alloys, graphite. 
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1. INTRODUCTION, SUMMARY, AND CONCLUSIONS 

I n  t h e  a u t h o r i z a t i o n  r e p o r t  [l] on t h e  Atomic Energy Commission's 
programs f o r  FY-1973, t h e  J o i n t  Committee on Atomic Energy expressed 
'la word of c a u t i o n t i  w i t h  r e g a r d  t o  t h e  Molten-Salt  Reactor Program. 
It s a i d  : 

"For t h e  f o u r t h  s u c c e s s i v e  y e a r ,  t h e  Commission h a s  
reques ted  a u t h o r i z a t i o n  of about  $5 m i l l i o n  f o r  develop- 
ment of t h e  molten s a l t  r e a c t o r .  The committee recommends 
a u t h o r i z a t i o n  of t h e  $5 m i l l i o n  reques ted  f o r  f i s c a l  year  
1973,  a l though i n  so doing it  wishes t o  v o i c e  a word of 
c a u t i o n  w i t h  r e s p e c t  t o  t h i s  program. 

This concept ,  born under t h e  A i r c r a f t  Nuclear Propul- 
s i o n  Program, has  been under development f o r  about twenty 
y e a r s .  Over $130 m i l l i o n  h a s  been expended on i t  t o  d a t e .  
I n  l i g h t  of  t h i s  l o n g  per iod  of  r e s e a r c h  and development 
and i n  r e c o g n i t i o n  of p r o g r e s s  r e a l i z e d  on a l t e r n a t e  con- 
c e p t s  d u r i n g  t h i s  p e r i o d ,  t h e  committee recommends t h a t  
t h e  AEC make a thorough r e e v a l u a t i o n  of t h e  t e c h n i c a l  
c h a r a c t e r i s t i c s  and p o t e n t i a l  of t h e  molten sal t  r e a c t o r  
w i t h  a view t o  d e c i d i n g  whether t h i s  work should b e  con- 
t inued  and, i f  so ,  t h e  a p p r o p r i a t e  l eve l  of funding re- 
q u i r e d  t o  a c h i e v e  a d e f i n i t e  program o b j e c t i v e .  S u f f i c i e n t  
in format ion  should now b e  a v a i l a b l e  t o  make a consummate 
judgment on whether a d d i t i o n a l  e f f o r t  i s  j u s t i f i e d  on t h i s  
program. The i n t e r e s t  i n  and p o t e n t i a l  s u p p o r t  f o r  t h i s  
program by t h e  u t i l i t y - i n d u s t r i a l  group which h a s  been 
a s s e s s i n g  t h i s  technology should b e  considered by t h e  
Commission as a p a r t  of  i t s  e v a l u a t i o n .  

It  i s  clear t h a t  i f  t h e  molten s a l t  r e a c t o r  i s  t o  
achieve  f r u i t i o n  i n  a t i m e  frame d u r i n g  which i t  could 
make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  c i v i l i a n  n u c l e a r  
power program, s i g n i f i c a n t l y  more f i n a n c i a l  investment 
w i l l  be  r e q u i r e d  f o r  d e t a i l e d  d e s i g n  and c o n s t r u c t i o n  
of important  component tes t  f a c i l i t i e s  and an engineer-  
i n g  p r o t o t y p e  r e a c t o r  t o  demonstrate  commercial a p p l i c a t i o n .  
I n  a d d i t i o n ,  t h e  u s e  of homogeneous molten sa l t  f u e l ,  w i t h  
t h e  a t t e n d a n t  requirement of  on- l ine  process ing ,  r e q u i r e s  
an e n t i r e  technology unto  i t s e l f  i n  t e r m s  of  mater ia ls ,  
f u e l  c y c l e  and equipment. Therefore ,  t h e  committee views 
a thorough a p p r a i s a l  a t  t h i s  t i m e  as i m p e r a t i v e  f o r  t h e  
Commission and t h e  i n d u s t r y  t o  de te rmine  a p p r o p r i a t e  
p r i o r i t i e s  f o r  optimum a l l o c a t i o n  of a v a i l a b l e  f i n a n c i a l  
and t e c h n i c a l  r e s o u r c e s  . I t  

1 



2 

A n t i c i p a t i n g  t h a t  t h e  JCAE s ta tement  w i l l  l e a d  t o  a thorough review 
of t h e  mol ten-sa l t  r e a c t o r  concept ,  w e  nave put  t o g e t h e r  t h i s  r e p o r t  t o  
provide  up-to-date informat ion  f o r  t h e  review. The r e p o r t  b r i e f l y  de- 
s c r i b e s  t h e  f e a t u r e s  of t h e  mol ten-sa l t  b r e e d e r  r e a c t o r  as w e  v i s u a l i z e  
it today,  g i v e s  our  estimate of i t s  performance p o t e n t i a l ,  and a t t e m p t s  
t o  s t a t e  t h e  p r e s e n t  s t a t u s  of t h e  technology t h a t  i s  r e q u i r e d  f o r  t h e  
concept and t h e  l i k e l i h o o d  t h a t  any developments needed can  b e  accom- 
p l i s h e d  s u c c e s s f u l l y .  

Although i n  w r i t i n g  t h e  r e p o r t  w e  have at tempted t o  d i s c u s s  a l l  
matters t h a t  are of  s i g n i f i c a n c e  t o  t h e  f e a s i b i l i t y  of  t h e  concept ,  w e  
have n o t  by any means at tempted t o  summarize a l l  of t h e  i n f o r m a t i o n  t h a t  
e x i s t s  on mol ten-sa l t  r e a c t o r s .  However, t h e  r e p o r t  does c o n t a i n  r e f -  
e rences  t o  a number of p e r t i n e n t  t o p i c a l  and p r o g r e s s  r e p o r t s ,  i n c l u d i n g  
many of t h e  75 t o p i c a l  r e p o r t s  t h a t  have been w r i t t e n  t o  r e c o r d  what w a s  
l e a r n e d  from c o n s t r u c t i o n  and o p e r a t i o n  of t h e  Molten-Salt  Reactor  
Experiment. These and o t h e r  r e p o r t s  and papers  are a l so  l i s t e d ,  a l o n g  
wi th  a b s t r a c t s ,  i n  r e f e r e n c e  2 ,  and t h e  r e a d e r  i s  r e f e r r e d  t o  i t  f o r  
a d d i t i o n a l  in format ion .  

Background 

A s  noted i n  t h e  a u t h o r i z a t i o n  r e p o r t ,  t h e  o r i g i n  of  mol ten-sa l t  
r e a c t o r s  w a s  i n  t h e  A i r c r a f t  Nuclear Propuls ion  Program. In 1947, some 
p a r t i c i p a n t s  i n  t h a t  program concluded t h a t  mol ten- f luor ide  salts  had 
u s e f u l  a t t r i b u t e s  f o r  t h e  f u e l  of a n  a i r c r a f t  p ropuls ion  r e a c t o r  - h i g h  
uranium s o l u b i l i t y ,  e x c e l l e n t  chemical s t a b i l i t y ,  and good p h y s i c a l  
p r o p e r t i e s  - and work w a s  s t a r t e d  on a mol ten-sa l t  a i r c r a f t  power p l a n t .  
Ear ly  i n  t h e  a i r c r a f t  development program came t h e  r e c o g n i t i o n  t h a t  t h e  
mol ten-sa l t  technology o f f e r e d  a d d i t i o n a l  advantages f o r  c i v i l i a n  power 
use:  avoidance of  f u e l  element f a b r i c a t i o n ,  r a p i d  and inexpens ive  re- 
process ing ,  on- l ine  r e f u e l i n g ,  good neut ron  economy, and h i g h  tempera- 
t u r e  o p e r a t i o n  a t  low p r e s s u r e .  Consequently,  i n  1956 a program w a s  
begun a t  ORNL t o  i n v e s t i g a t e  mol ten-sa l t  r e a c t o r s  f o r  c e n t r a l  s t a t i o n  
g e n e r a t i o n  of e l e c t r i c i t y .  Three y e a r s  l a te r ,  enough p r o g r e s s  had been 
made i n  d e f i n i n g  t h e  concept t h a t  a n  AEC t a s k  f o r c e  on f l u i d - f u e l  reac- 
t o r s  could say  t h a t ,  w h i l e  l i m i t e d  i n  b r e e d i n g  r a t i o ,  t h e  mol ten-sa l t  
approach had t h e  g r e a t e s t  chance of t e c h n i c a l  s u c c e s s  of  any f l u i d - f u e l  
system [ 3 ] .  

S a l t  Reactor  Experiment w a s  a u t h o r i z e d .  The 7.4 MW(t) MSRE became c r i t i c a l  
a t  Oak Ridge i n  1965 and, a f t e r  a v e r y  s u c c e s s f u l  o p e r a t i n g  h i s t o r y ,  w a s  
s h u t  down i n  l a t e  1969 s o  t h a t  i t s  budget  could b e  used f o r  developments 
aimed a t  mol ten-sa l t  b r e e d e r  r e a c t o r s .  

The MSRE exper ience  w a s  of major importance t o  t h e  mol ten-sa l t  con- 
c e p t .  Up u n t i l  t h e  MSRE began t o  o p e r a t e  w e l l ,  i n  s p i t e  o f  t h e  Task Force 
conclus ion ,  few people  b e s i d e s  t h o s e  a c t i v e l y  involved i n  t h e  development 
program cons idered  mol ten-sa l t  r e a c t o r s  t o  b e  r e a l l y  p r a c t i c a l .  The 
major reason  w a s  t h a t  o p e r a t i o n  and maintenance of a system c o n t a i n i n g  
a h i g h l y  r a d i o a c t i v e  f l u i d  f u e l  t h a t  mel ted a t  over  800°F seemed extremely 

A r e s u l t  of  t h i s  op in ion  w a s  t h a t  i n  1960 c o n s t r u c t i o n  o f  t h e  Molten- 
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d i f f i c u l t .  I n  1966, however, t h e  MSRE began t o  provide  ev idence  t o  o f f -  
set t h a t  view. When power o p e r a t i o n  began, t h e  u s u a l  s t a r t - u p  problems 
were encountered; b u t  s u s t a i n e d  power o p e r a t i o n  provided a remarkable 
demonstrat ion of o p e r a b i l i t y .  S t a r t i n g  i n  l a t e  1966, a n  u n i n t e r r u p t e d  
one-month r u n  w a s  made, t h e n  a three-month run ,  and f i n a l l y  a six-month 
run. Next, u s i n g  a s m a l l  f l u o r i d e  v o l a t i l i t y  p l a n t  connected t o  t h e  
r e a c t o r ,  t h e  o r i g i n a l  p a r t i a l l y  enr iched  2 3 5 U  f u e l  w a s  removed from t h e  
s a l t  and w a s  rep laced  by 2 3 3 U  t h a t  had been made i n  a product ion  r e a c t o r .  
The MSRE then  opera ted  a f i n a l  y e a r  on t h e  233U, which made i t  the only  
r e a c t o r  t o  ever have been operated on t h i s  f u e l ,  and f o r  a per iod  plu-  
tonium w a s  used as t h e  makeup f u e l .  When s h u t  down, t h e  MSRE had c i r c u -  
l a t e d  f u e l  salt a t  around 1200'F f o r  a t o t a l  o f  2-1/2 y e a r s .  

During t h e  y e a r s  i n  which t h e  MSRE w a s  b e i n g  b u i l t  and brought  i n t o  
o p e r a t i o n ,  most of t h e  development work on mol ten-sa l t  r e a c t o r s  w a s  i n  
suppor t  of  it. A s  a r e s u l t  of  t h e  MSRE's s u c c e s s ,  however, t h e  budget 
w a s  i n c r e a s e d  t o  permit  work aimed a t  mol ten-sa l t  b r e e d e r  r e a c t o r s ,  and 
t h e  shutdown of t h e  MSRE f r e e d  a d d i t i o n a l  funds f o r  t h i s  purpose.  The 
most s i g n i f i c a n t  product  of t h i s  e f f o r t  h a s  been  a new chemical p r o c e s s i n g  
method. Brought f o r t h  i n  1968, t h i s  development permi t ted  an important  
change i n  our  concept of  an MSBR. (Like many f e a t u r e s  of  mol ten-sa l t  
r e a c t o r s ,  t h i s  p r o c e s s i n g  concept  grew o u t  of  b a s i c  work on t h e  chemistry 
of f l u o r i d e  sal ts  t h a t  h a s  been c a r r i e d  o u t  f o r  a number o f  y e a r s  as p a r t  
of t h e  AEC 's P h y s i c a l  Research Program. ) 

When mol ten-sa l t  r e a c t o r s  w e r e  f i r s t  cons idered  f o r  c e n t r a l - s t a t i o n  
use,  i t  w a s  n o t  clear whether they would serve b e s t  as c o n v e r t e r s  o r  as 
thermal  b r e e d e r s .  A good c o n v e r t e r  could b e  obta ined  by p u t t i n g  uranium 
and thorium i n  a s i n g l e  sa l t ,  b u t  it appeared t h a t  they would have t o  be  
i n  s e p a r a t e  salts t o  o b t a i n  a good b r e e d e r .  This  w a s  because t h e  chemical 
process ing  methods t h e n  a v a i l a b l e  were only s u i t a b l e  f o r  s e p a r a t e  uranium 
and thorium sal ts ,  a f e r t i l e  thorium b l a n k e t  w a s  r e q u i r e d ,  and most of t h e  
f e r t i l e  material would have t o  b e  k e p t  o u t  of  t h e  c o r e  t o  l i m i t  neu t ron  
c a p t u r e s  i n  pro tac t in ium.  The conclus ion  a t  t h a t  t i m e  w a s  t h a t  e i t h e r  
t h e  c o n v e r t e r  o r  t h e  b r e e d e r  could l e a d  t o  low-cost power, and t h e  MSRE 
ended up having  a s i n g l e  salt  so  t h a t  i t s  e n g i n e e r i n g  f e a t u r e s  resembled 
a c o n v e r t e r ,  b u t  t h e  sa l t  d i d  n o t  c o n t a i n  thorium, which made i t  similar 
t o  t h e  f u e l  salt  of a two-fluid b r e e d e r .  

A s  emphasis i n  t h e  USAEC r e a c t o r  development program s h i f t e d  more 
and more t o  b r e e d e r s ,  t h e  d e s i g n  and development e f f o r t  a t  ORNL w a s  con- 
c e n t r a t e d  i n c r e a s i n g l y  on t h e  two-f luid system i n  s p i t e  of  t h e  g r e a t e r  
t e c h n i c a l  d i f f i c u l t y  of t h e  r e a c t o r  c o r e .  This  d i f f i c u l t y  a r o s e  c h i e f l y  
because g r a p h i t e  t u b e s  w e r e  r e q u i r e d  t o  s e p a r a t e  t h e  two sal ts  i n  t h e  
c o r e ,  and b u i l d i n g  a r e l i a b l e  g r a p h i t e  p i p i n g  system t h a t  would wi ths tand  
t h e  r a d i a t i o n  damage of  t h e  h i g h  neut ron  f l u x  appeared very  d i f f i c u l t .  

The process ing  advance of 1968 e l i m i n a t e d  t h i s  problem. This  advance 
w a s  t h e  demonst ra t ion  of t h e  chemical  f e a s i b i l i t y  of u s i n g  l i q u i d  bismuth 
t o  extract  p r o t a c t i n i u m  and rare e a r t h s  from f u e l  salt t h a t  c o n t a i n s  both  
uranium and thorium. Pro tac t in ium,  t h e  i n t e r m e d i a t e  i n  t h e  b r e e d i n g  
c h a i n  between thorium and 2 3  3U, h a s  a s i g n i f i c a n t  neut ron  c a p t u r e  c r o s s  
s e c t i o n  and must b e  k e p t  o u t  of  t h e  c o r e  of a thermal  breeder  t o  o b t a i n  
a good breeding  r a t i o .  
and must a l so  b e  removed r a p i d l y  f o r  good breeding .  The new p r o c e s s  

The rare e a r t h s  are important  neutron poisons 
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made both  of t h e s e  p o s s i b l e ;  and when coupled w i t h  an advance i n  c o r e  
des ign  t h a t  creates a f e r t i l e  b l a n k e t  ou t  of a salt  t h a t  c o n t a i n s  uranium 
and thorium, i t  made f e a s i b l e  a s i n g l e - f l u i d  b reede r  t h a t  obv ia t ed  t h e  
major problem of t h e  two-fluid r e a c t o r .  The s i n g l e - f l u i d  concept a l s o  
had another  impor tan t  advantage: t h e  MSRE expe r i ence  became more d i r e c t l y  
a p p l i c a b l e  t o  t h e  b reede r .  

S t u d i e s  showed t h a t  t h e  b reed ing  r a t i o  of a s i n g l e - f l u i d  b r e e d e r  
can b e  n e a r l y  as good as t h a t  of t h e  two-fluid r e a c t o r ,  and t h e  power 
gene ra t ion  c o s t  might b e  even lower .  Consequently,  i n  1968 t h e  Molten- 
S a l t  Reactor Program w a s  d i r e c t e d  t o  t h e  development of t h e  s i n g l e - f l u i d  
b reede r  r e a c t o r .  

Fea tu res  of t h e  S ingle-Flu id  Breeder  Reac tor  

A conceptua l  des ign  of a 1000 MW(e) MSBR w a s  p repared  a t  ORNL and 
i n  1971 a r e p o r t  [4 ]  w a s  i s s u e d  d e s c r i b i n g  t h e  concept .  Ebasco S e r v i c e s ,  
Inc . ,  and a number of i n d u s t r i a l  f i r m s  and u t i l i t i e s  a s s o c i a t e d  wi th  
them i n  t h e  pr iva te ly- funded  Molten-Salt Group, have reviewed t h e  molten- 
s a l t  technology [5] and t h e  ORNL d e s i g n  [ 6 ] ,  and Ebasco and i t s  i n d u s t r i a l  
p a r t n e r s  have a l s o  begun a s e p a r a t e  conceptua l  d e s i g n  s tudy  of MSBR's 
under an ORNL s u b c o n t r a c t  [ 7 ] .  These e f f o r t s  have produced u s e f u l  sug- 
g e s t i o n s ,  and s o m e  have been inco rpora t ed  i n t o  our  concept of an MSBR. 

W e  v i s u a l i z e  t h e  b a s i c  concept as shown i n  F ig .  1.1. The c o r e  i s  
formed from a n  a r r a y  of b a r e  g r a p h i t e  b a r s ,  s o  des igned  t h a t  they can 
b e  r ep laced  from above, and having  open ,channe l s  t h a t  p rovide  f o r  t h e  
passage of  sa l t .  The volume f r a c t i o n  l e f t  f o r  s a l t  i s  d i f f e r e n t  i n  
d i f f e r e n t  r e g i o n s  of t h e  c o r e ,  and i n  a n  annu la r  space  i t  has  been  made 
h igh  enough t h a t  t h i s  volume i s  undermoderated and a c t s  l i k e  a b l a n k e t  
where most of t h e  e scap ing  neut rons  are  absorbed i n  t h e  thorium. 

The f u e l  s a l t  is a mix tu re  of l i th ium-7 ,  b e r y l l i u m ,  thorium, and 
uranium f l u o r i d e s  t h a t  m e l t s  a t  930°F. A t  r e a c t o r  o p e r a t i n g  tempera ture ,  
i t  h a s  a v i s c o s i t y  about l i k e  t h a t  of kerosene  and a remarkably low 
vapor p re s su re .  A s  shown i n  t h e  f i g u r e ,  t h i s  sa l t  f lows  upward through 
t h e  co re  where i t  i s  hea ted  t o  1300"F, and it then  i s  pumped through a 
h e a t  exchanger where t h e  h e a t  i s  t r a n s f e r r e d  t o  a sodium f l u o r o b o r a t e  
i n t e r m e d i a t e  c o o l a n t .  The coo lan t  t r a n s p o r t s  t h e  h e a t  t o  a s t e a m  sys tem 
where s u p e r c r i t i c a l  s t e a m  a t  1000°F is  gene ra t ed ,  l e a d i n g  t o  an o v e r a l l  
thermal e f f i c i e n c y  of 44%. A l l  of t h e  s a l t - c o n t a i n i n g  equipment is made 
ou t  of H a s t e l l o y  N,  a n i cke l -base  a l l o y  developed e s p e c i a l l y  f o r  u s e  wi th  
molten f l u o r i d e  salts i n  t h e  a i r c r a f t  p ropu l s ion  program. 

c r e t e  ce l l s  t h a t  can  b e  hea ted  t o  ra ise  t h e  equipment above t h e  m e l t i n g  
p o i n t  of t h e  salt. A d r a i n  t ank  l o c a t e d  below t h e  r e a c t o r  h a s  a n a t u r a l -  
convec t ion  c o o l i n g  system t h a t  is  always i n  u s e  and t h a t  s e r v e s  as an 
extremely r e l i a b l e  h e a t - r e j e c t i o n  system f o r  f i s s ion -p roduc t  decay h e a t .  
Fuel is d ra ined  i n t o  t h i s  tank  d u r i n g  shutdowns, and t h e  cel ls  are de- 
s igned  so  t h a t  i n  t h e  even t  of a salt s p i l l ,  i t  would a l s o  r each  t h i s  
t ank  and b e  cooled .  

All of t h e  s a l t - c o n t a i n i n g  equipment i s  l o c a t e d  i n  s t e e l - l i n e d  con- 
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F i g .  1.1. S i n g l e - f l u i d ,  two-region molten sa l t  b reede r  r e a c t o r .  
For 1000 MW(e), t h e  f u e l  s a l t  f low rate  through t h e  co re  i s  55,000 gpm, 
b u t  less than 1 gpm passes  through t h e  p rocess ing  p l a n t .  E l e c t r i c i t y  
i s  produced from s u p e r c r i t i c a l  steam wi th  an o v e r a l l  e f f i c i e n c y  of  4 4 % .  
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Bubbles of hel ium are i n j e c t e d  i n t o  a bypass  stream of f u e l  salt  
and swept back o u t  i n  a cyclone s e p a r a t o r  t o  purge xenon-135, t h e  major 
neut ron  poison, and ocher  noble  g a s e s  o u t  of  t h e  r e a c t o r .  Another and 
much smaller s i d e  stream of f u e l  salt  is  passed through t h e  chemical  pro- 
c e s s i n g  p l a n t  t o  remove t h e  p r o t a c t i n i u m  and t h e  s a l t - s o l u b l e  f i s s i o n  
products .  

l ined-concre te  containment b u i l d i n g ,  which backs  up t h e  ce l l s  themselves 
t o  provide  a n  a d d i t i o n a l  b a r r i e r  t o  t h e  escape  of  r a d i o a c t i v i t y .  The 
arrangement of t h e  ce l l s  and t h e  b u i l d i n g  l a y o u t  provide  access from 
above through removable s h i e l d i n g  t o  a l l  t h e  r a d i o a c t i v e  p a r t s  of  t h e  
p l a n t  t h a t  might r e q u i r e  maintenance. 

Enclos ing  t h e  r e a c t o r  and t h e  chemical p l a n t  c e l l s  i s  a convent iona l  

The Process ing  P l a n t  f o r  t h e  S ingle-Flu id  Breeder  

The f u e l  salt e n t e r s  t h e  p r o c e s s i n g  p l a n t  a t  0.9 gpm, a rate which 
passes  t h e  e n t i r e  c o n t e n t s  of t h e  r e a c t o r  system through t h e  p l a n t  every 
t e n  days.  It goes f i r s t  t o  a f l u o r i n a t i o n  column where t h e  uranium i s  
removed as v o l a t i l e  UFg. Next i t  f lows t o  a n  e x t r a c t o r  where i t  i s  con- 
t a c t e d  wi th  l i q u i d  bismuth c o n t a i n i n g  some d i s s o l v e d  l i t h i u m ,  and h e r e  
i n  a r e d u c t i v e - e x t r a c t i o n  process ,  t h e  l i t h i u m  e n t e r s  t h e  f u e l  salt  i n  
exchange f o r  p r o t a c t i n i u m  which e n t e r s  t h e  bismuth.  An a d d i t i o n a l  s t e p  
t r a n s f e r s  t h e  p r o t a c t i n i u m  i n t o  a s e p a r a t e  sa l t  where i t  i s  h e l d  u n t i l  
it decays t o  uranium and i s  r e t u r n e d  t o  t h e  r e a c t o r .  

The f u e l  sa l t ,  now f r e e  of uranium and pro tac t in ium,  goes t o  t h e  

of bismuth i n t o  which t h e  rare e a r t h s  and some o t h e r  f i s s i o n  products  
pass .  From t h i s  bismuth t h e  f i s s i o n  products  are i n  t u r n  t r a n s f e r r e d  
i n t o  l i t h i u m  c h l o r i d e .  I n  t h e  m e t a l - t r a n s f e r  process ,  t h e  bismuth acts 
somewhat as a select ive membrane which permi ts  t h e  passage of t h e  f i s s i o n  
products  between t h e  f u e l  s a l t  and t h e  l i t h i u m  c h l o r i d e  w i t h o u t  t h e  pas- 
sage  o f  thorium. 

F i n a l l y ,  t h e  UFg removed i n  t h e  i n i t i a l  s t e p  i s  c o n t a c t e d  w i t h  t h e  
p u r i f i e d  f u e l  s a l t  and reduced back t o  UF4 f o r  r e t u r n  t o  t h e  r e a c t o r .  
Waste products  i n  t n e  p l a n t  are accumulated,  g iven  a f i n a l  f l u o r i n a t i o n  
treatment t o  recover  any uranium t h a t  might have passed t h a t  f a r ,  and 
put i n  s t o r a g e  i n  t h e  r e a c t o r  b u i l d i n g  where they are h e l d  as long  as 
d e s i r e d  b e f o r e  t r a n s f e r  t o  a c e n t r a l  was te -d isposa l  f a c i l i t y .  

S p e c i a l  materials w i l l  b e  r e q u i r e d  i n  t h e  p r o c e s s i n g  p l a n t .  The 
w a l l  of  t h e  f l u o r i n a t o r  w i l l  b e  p r o t e c t e d  from c o r r o s i o n  by a f r o z e n  
l a y e r  of sa l t .  The t r a n s f e r  l i n e s  w i l l  probably be  made o u t  of  molyb- 
denum tubing,  and some of  t h e  large vessels may be b u i l t  out o f  g r a p h i t e .  

m e t a l - t r a n s f e r  process ' '  where i t  i s  c o n t a c t e d  w i t h  a c a p t i v e  volume 1 :  

Nuclear  and Economic Performance of  t h e  Breeder  

W e  have performed phys ics  a n a l y s e s  of t h e  r e a c t o r  d e s c r i b e d  i n  t h e  
ORNL conceptua l  d e s i g n  r e p o r c  141 and have found i t s  major c h a r a c t e r i s t i c s  
t o  b e  t h e  fol lowing:  

c 

F 
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... 

Average c o r e  power d e n s i t y  
F i s s i l e  uranium inven to ry  of r e a c t o r  

Breeding r a t i o  1 .07 
Fuel doubl ing  t i m e  (exponent ia l )  

22 kw/l 

and p rocess ing  p l a n t  1500 kg  

a t  80% p l a n t  f a c t o r  19 y e a r s  

Using t h e s e  v a l u e s ,  w e  have e s t ima ted  t h a t  t h e  fue l - cyc le  c o s t  f o r  
t h e  1000 MW(e) MSBR w i l l  b e  about  1.0 mill /kwh, as shown i n  t h e  fo l lowing  
breakdown : 

m i l l s  /kwh 

Fixed charges  on f i s s i l e  i nven to ry  a t  13 .2%/yr  0.36 
Fixed charges  on thorium and carr ier  salt a t  13 .2%/yr  0.08 
Thorium and carrier s a l t  makeup 0.04 

Process ing  p l a n t  o p e r a t i n g  c o s t s  0.05 
Fixed charges  on p rocess ing  p l a n t  a t  13 .7%/yr  0 .49 -0 .6 9 

Fuel product ion  c r e d i t  -0.09 

N e t  f u e l  c y c l e  c o s t  0.93-1.13 

The c o s t  of t h e  p rocess ing  p l a n t  has  been t r e a t e d  as p a r t  of  t h e  f u e l -  
c y c l e  c o s t  t o  make i t  comparable wi th  fue l - cyc le  c o s t s  of s o l i d - f u e l  
r e a c t o r s .  A s  a r e s u l t ,  t h e  l a r g e s t  s i n g l e  i t e m  i s  t h e  f i x e d  charges  
on t h e  p rocess ing  p l a n t .  
p l a n t  se rved  more than  1000 MM(e) of r e a c t o r  c a p a c i t y . )  

a v a i l a b l e  today i s  used i n  t h e  co re ,  some of it w i l l  have t o  b e  re- 
placed every  fou r  y e a r s .  The c o s t  of replacement ,  i nc lud ing  t h e  c o s t  
of s p e c i a l  l a b o r ,  appears  t o  l i e  between 0 .1  and 0.2 mil l lkwh.  

The c a p i t a l  c o s t  of  t h e  r e a c t o r  i t s e l f  h a s  been es t imated  us ing ,  
where a p p r o p r i a t e ,  d e t a i l e d  c o s t  i n fo rma t ion  on a l i gh t -wa te r  r e a c t o r  
of about t h e  s a m e  s i z e .  A b a s i c  assumption i s  t h a t  t h e  mol ten-sa l t  
i n d u s t r y  has  advanced t o  t h e  p o i n t  where development c o s t s  have been 
l a r g e l y  absorbed and t h e  manufacture  of components and t h e  c o n s t r u c t i o n  
and l i c e n s i n g  of p l a n t s  have become r o u t i n e .  
w e  f i nd  t h a t  t h e  c a p i t a l  c o s t s  of mol ten-sa l t  and l i gh t -wa te r  r e a c t o r s  
should b e  about t h e  same. While t h e  mol ten-sa l t  r e a c t o r  has  some fea-  
t u r e s  which add c o s t s ,  p a r t i c u l a r l y  t h e  p rov i s ions  f o r  remote maintenance 
of r a d i o a c t i v e  systems,  i t  a l s o  has  h igh  thermal  e f f i c i e n c y  and a low- 
p res su re  primary system t h a t  reduce c o s t s .  

I n  sum, t h e  s i n g l e - f l u i d  MSBR w i l l  have a r e l a t i v e l y  low b reed ing  
g a i n  b u t  a compensatingly small f i s s i l e  i nven to ry .  The t o t a l  of t h e  
fue l - cyc le  c o s t  and t h e  c o s t  of g r a p h i t e  replacement  should be below 
t h e  fue l -cyc le  c o s t  of l i gh t -wa te r  r e a c t o r s ,  and t h e  c a p i t a l  c o s t  of 
t h e  r e a c t o r  and power p l a n t  should be  about t h e  same as t h a t  of a 
l i gh t -wa te r  r e a c t o r .  

(This  c o s t  would b e  lower i f  t h e  p rocess ing  

I f  g r a p h i t e  having  no b e t t e r  i r r a d i a t i o n  r e s i s t a n c e  than  t h a t  

Under t h e s e  c o n d i t i o n s ,  



8 

The S t a t u s  of Development, t h e  Major U n c e r t a i n t i e s ,  
and t h e  A l t e r n a t i v e s  

The major o b j e c t i v e s  of t h i s  r e p o r t  are t o  assess t h e  s t a t u s  of  
MSBR technology,  t o  i d e n t i f y  any needed developments whose s u c c e s s f u l  
accomplishment i s  u n c e r t a i n ,  and i n  those  cases, t o  see what a l t e r n a -  
t ives  are a v a i l a b l e  i f  t h e  proposed approach does n o t  succeed.  Our 
conclus ions  about t h e s e  s u b j e c t s ,  broken down i n  t h e  same way they 
are t r e a t e d  i n  t h e  r e p o r t ,  are as fo l lows:  

Reactor Phys ics  and Fuel  Cycles 

I n  a f l u i d - f u e l  r e a c t o r  many r e a c t o r  phys ics  problems, such as 
power-density d i s t r i b u t i o n ,  l o c a l i z e d  burnup, and r e a c t i v i t y  l i f e t i m e ,  
are e i t h e r  n o t  very  demanding o r  are n o n e x i s t e n t .  
matter i n  t h e  MSBR i s  t h e  a c c u r a t e  p r e d i c t i o n  of b r e e d i n g  r a t i o .  Ade- 
q u a t e  data and methods of  c a l c u l a t i o n  exis t  ( s i m i l a r  t o  t h o s e  f o r  o t h e r  
graphite-moderated r e a c t o r s )  and have been  proved i n  t h e  MSFG and i n  
experiments a t  temperatures  up t o  1000°C i n  t h e  HTLTR. For t h e  r e f e r -  
ence MSBR, w i t h  a c a l c u l a t e d  breeding  r a t i o  of  1 .071,  t h e  t o t a l  uncer- 
t a i n t y  due t o  a l l  s o u r c e s  of e r r o r  i n  r e a c t o r  phys ics  i s  only  k 0 . 0 1 6 .  
( U n c e r t a i n t i e s  about  t h e  behavior  of f i s s i o n  products  add t o  t h i s . )  
C a p a b i l i t i e s  f o r  c a l c u l a t i o n  of c r i t i c a l  c o n c e n t r a t i o n ,  rod worth,  and 
r e a c t i v i t y  c o e f f i c i e n t s  are a l s o  q u i t e  adequate .  

f u e l ,  b u t  t h e s e  effects are w e l l  unders tood  and p r e d i c t a b l e .  A s  shown 
by o p e r a t i o n  of  t h e  MSRE, t h e  s m a l l  de layed  neut ron  f r a c t i o n  w i t h  c i r -  
c u l a t i n g  233U f u e l  causes  no problem. 
c o e f f i c i e n t  o f  r e a c t i v i t y  and a l o n g  n e u t r o n  l i f e t i m e  c o n t r i b u t e  t o  t h e  
s t a b i l i t y  enjoyed by mol ten-sa l t  r e a c t o r s .  

The c o r e  d e s i g n  of  t h e  MSBR was opt imized on t h e  b a s i s  of  an index  
of b r e e d i n g  performance c o n s i s t i n g  of t h e  b r e e d i n g  g a i n  d i v i d e d  by t h e  
s q u a r e  o f  t h e  s p e c i f i c  i n v e n t o r y  of f i s s i l e  material. Fuel  c y c l e  c o s t s  
a t  t h i s  optimum t u r n  o u t  t o  b e  low and n o t  very  s e n s i t i v e  t o  r a t h e r  wide 
v a r i a t i o n s  i n  many o f  t h e  d e s i g n  and o p e r a t i o n a l  parameters .  

d a t a  and methods f o r  t h e  MSBR i s  n o t  needed. 

The most impor tan t  

The dynamics of MSBR'S are i n f l u e n c e d  by t h e  c i r c u l a t i o n  of t h e  

A prompt n e g a t i v e  temperature  

Thus i t  appears  t h a t  a n  e x t e n s i v e  r e a c t o r  phys ics  program t o  develop 

Fuel  and Coolant  Chemistry 

There i s  no doubt  about  t h e  c h o i c e  of t h e  f u e l  s a l t  - t h e  
LiF-BeF2-ThFq-UFq system meets MSBR requirements  f a r  b e t t e r  t h a n  any 
o t h e r  mixture .  Its most s e r i o u s  shortcoming i s  t h e  low s o l u b i l i t y  o f  
oxide (30 ppm 0 2 - > ,  which w i l l  r e q u i r e  t h a t  t h e  i n g r e s s  of  a i r  o r  mois- 
t u r e  b e  c a r e f u l l y  c o n t r o l l e d .  Here t h e  MSRE exper ience  provides  conf i -  
dence, s i n c e  i t s  oxide  c o n t e n t  changed l i t t l e  d u r i n g  p l a n t  l i f e .  

w i t h  s u b s t a n t i a l  i n p u t  from t h e  MSRE exper ience .  The p h y s i c a l  behavior  
of t h e  noble-metal  f i s s i o n  products ,  which ex i s t  i n  e lementa l  form, 

Fiss ion-product  chemis t ry  i n  f l u o r i d e  salts  i s  w e l l  understood,  
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cannot be  p r e d i c t e d  wi th  as much conf idence  as w e  would l i k e ,  however. 
The r e a c t o r  d e s i g n e r ,  t h e r e f o r e ,  must u se  conse rva t ive  assumptions as 
t o  t h e i r  d e p o s i t i o n  on m e t a l  and g r a p h i t e  and t r a n s f e r  i n t o  t h e  o f f g a s  
u n t i l  d a t a  from o p e r a t i o n  of ano the r  r e a c t o r  have reduced t h e s e  uncer- 
t a i n t  ies . 

A f l u o r o b o r a t e  mix tu re  ( t h e  92-8 mole % NaBF4-NaF e u t e c t i c )  appears  
t o  b e  t h e  b e s t  cho ice  f o r  t h e  loop  t h a t  i s  needed between t h e  f u e l  and 
steam systems. E f f e c t s  of steam i n l e a k a g e  on c o r r o s i o n  and consequences 
of mixing f l u o r o b o r a t e  and f u e l  must b e  explored  f u r t h e r .  Perhaps t h e  
most impor tan t  need i s  a b e t t e r  unders tanding  of t h e  behavior  of hydroxide  
i o n  and of mechanisms by which t r i t i u m ,  d i f f u s i n g  from t h e  f u e l  system, 
can b e  t rapped  i n  t h e  f l u o r o b o r a t e .  

from t h e  r e a c t o r  and t a k i n g  them t o  an a n a l y t i c a l  l a b o r a t o r y .  However, 
c o n s i d e r a b l e  p rogres s  h a s  been  made i n  t h e  l a s t  few y e a r s  towards develop- 
i n g  on - l ine  methods of a n a l y s i s  f o r  sa l t .  Most i nvo lve  e l e c t r o a n a l y t i c a l  
t echn iques ,  b u t  v i s i b l e - l i g h t  and i n f r a - r e d  spec t roscopy a l s o  o f f e r  
promise. 
metry ins t rument  t h a t  r e p o r t s  t h e  U3+/U4+ r a t i o  i n  t h e  s a l t ,  which i s  
ex t remely  impor tan t  i n  r e a c t o r  ope ra t ion .  Methods s u i t a b l e  f o r  hydrogen, 
chromium and o t h e r  c o r r o s i o n  p roduc t s ,  sa l t  i m p u r i t i e s ,  and c e r t a i n  f i s -  
s i o n  products  are beg inn ing  t o  emerge from t h e  development e f f o r t  and, 
w i th  cont inued  p r o g r e s s ,  may become u s a b l e  on a r e a c t o r .  

Fuel and coo lan t  salts i n  t h e  MSRE were ana lysed  by removing samples 

One c o r r o s i o n  loop  i s  now o p e r a t i n g  wi th  a c o n t r o l l e d  voltam- 

Graphi te  

Graph i t e  i n  mol t en - sa l t  b reede r  r e a c t o r s  must m e e t  t h r e e  p a r t i c u l a r  
requi rements :  i t  must s t a n d  up t o  neu t ron  i r r a d i a t i o n ;  i t  must have po res  
s m a l l  enough t h a t  c a p i l l a r y  f o r c e s  exc lude  f u e l  sa l t ,  which does not  w e t  
g r a p h i t e ;  and i t  must have a low enough pe rmeab i l i t y  t o  gases  t o  keep 
down t h e  a b s o r p t i o n  of xenon. The g r a p h i t e  manufactured f o r  t h e  MSRE had 
t o  exc lude  sa l t ,  and a s p e c i a l  small-pore material w a s  developed by t h e  
manufac turers ,  b u t  t h e  t o t a l  r a d i a t i o n  dose w a s  t o o  low t o  make r a d i a t i o n  
damage a problem, and e x c l u s i o n  of xenon w a s  n o t  a s p e c i f i c a t i o n .  
a l though a g r a p h i t e  s t r i n g e r  removed from t h e  MSRE showed no e f f e c t  of 
two and one-half y e a r s  i n  c o n t a c t  w i t h  f u e l  sa l t ,  i t  would not have m e t  
t h e  r a d i a t i o n  damage and gas pe rmeab i l i t y  requi rements  of an  MSBR. 

Rad ia t ion  damage i n  g r a p h i t e  i s  caused by h igh  energy neu t rons  and 
i n  most g r a p h i t e s  r e s u l t s  i n  sh r inkage  followed by expansion. These 
changes i n  conven t iona l  g r a p h i t e s  r e s u l t  i n  t h e  volume s t a r t i n g  t o  i n -  
c r e a s e  r a p i d l y  a t  neu t ron  f luences  t h a t  are t o o  low t o  b e  of i n t e r e s t  
f o r  MSBR'S. However, i n  t h e  l a s t  s e v e r a l  y e a r s ,  s p e c i a l  g rades  of 
g r a p h i t e  t h a t  appear  t o  be made by an  uncalcined-coke p rocess  show 
l i t t l e  c o n t r a c t i o n  and a l o n g e r  p e r i o d  b e f o r e  r a p i d  expansion b e g i n s .  
One t h a t  i s  s a i d  by t h e  manufac turer  t o  be  commercially a v a i l a b l e  has  
been t e s t e d  i n  t h e  HFIR a t  MSBR tempera tures  and found t o  be  a b l e  t o  
meet t h e  4-yr l i f e  assumption of t h e  r e f e r e n c e  des ign .  Consequently, 
a material  t h a t  has  adequate  r a d i a t i o n  r e s i s t a n c e  seems t o  be a v a i l a b l e ,  
b u t  l onge r  g r a p h i t e  l i f e  i s  d e s i r a b l e ,  and t h e r e  i s  hope t h a t  o u r  grow- 
i n g  unde r s t and ing  of r a d i a t i o n  behav io r  w i l l  l e a d  t o  longe r  i r r a d i a t i o n  
l i f e .  

Thus, 
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Progres s  wi th  s e a l i n g  g r a p h i t e  t o  exc lude  xenon has  n o t  gone as f a r .  
Two t echn iques  t h a t  i nvo lve  use  of p y r o l y t i c  carbon - one t h a t  d e p o s i t s  
i t  i n  t h e  s u r f a c e  pores  and t h e  o t h e r  t h a t  pu t s  on a t h i n  c o a t i n g  - can 
seal  t h e  material  adequa te ly ,  b u t  t h e  p e r m e a b i l i t y  of most of  t h e  s m a l l  
s a m p l e s  t e s t e d  has  i n c r e a s e d  e x c e s s i v e l y  under neu t ron  i r r a d i a t i o n .  
Some unde r s t and ing  of why t h e  p e r m e a b i l i t y  of  t h e  coa ted  s a m p l e s  i n c r e a s e s  
has  been  gained r e c e n t l y  from remarkably s h a r p  photographs obta ined  u s i n g  
a new t echn ique  wi th  t h e  scanning  e l e c t r o n  microscope. The f a i l u r e s  are 
now thought  t o  r e s u l t  from d e f e c t s  s e e n  i n  t h e  u n i r r a d i a t e d  material, and 
a new procedure  f o r  d e p o s i t i n g  t h e  c o a t i n g  h a s  produced f l aw- f ree  samples 
t h a t  are now be ing  i r r a d i a t e d .  However, t h e  s e a l i n g  method has  n o t  y e t  
been proven t o  work, and sca le -up  of t h e  p rocess  t o  where i t  can  b e  used 
f o r  l a r g e  p i e c e s  i s  s t i l l  i n  f r o n t  of u s  even i f  t h e  method t u r n s  o u t  t o  
b e  a s u c c e s s .  

salt i s  a p o s s i b i l i t y  i f  pyrocarbons cannot b e  used ,  b u t  i f  no method 
w i l l  work, t h e  b r e e d i n g  r a t i o  of t h e  MSBR w i l l  dec rease  somewhat because 
of i nc reased  neu t ron  c a p t u r e  i n  1 3 5 X e .  
r a t i o  w i l l  depend on t h e  rate of s t r i p p i n g  by t h e  noble-gas s p a r g i n g  
system b u t  w i l l  probably l i e  between 0.005 and 0.01. 

S e a l i n g  g r a p h i t e  by impregnat ing  t h e  s u r f a c e  pores  wi th  fue l - f  ree 

The a d d i t i o n a l  l o s s  i n  b r e e d i n g  

Materials f o r  Sa l t -Con ta in ing  Vessels and P i p i n g  

H a s t e l l o y  N w a s  developed f o r  u s e  w i t h  molten sal ts  a t  t h e  h igh  
tempera tures  needed i n  a i r c r a f t  power p l a n t s ,  and s i n c e  i t  h a s  good 
s t r e n g t h  and good c o m p a t i b i l i t y  w i t h  f l u o r i d e  salts ,  i t  w a s  used f o r  
t h e  c o n s t r u c t i o n  of t h e  MSRE. While t h e  MSRE w a s  b e i n g  b u i l t ,  experi- 
ments r evea led  t h a t  t h e  c reep  d u c t i l i t y  of H a s t e l l o y  N i s  reduced by 
neu t ron  i r r a d i a t i o n .  This embr i t t l ement  i s  caused by he l ium produced 
by thermal-neutron c a p t u r e s  i n  t h e  a l l o y ,  i n  c o n t r a s t  w i th  t h e  e m b r i t t l e -  
ment due t o  void  format ion  by f a s t  neu t rons  t h a t  has  been  of concern  
f o r  f a s t  r e a c t o r s .  Analyses showed t h a t  stresses i n  t h e  MSRE would b e  
low enough f o r  t h e  r e a c t o r  t o  b e  ope ra t ed  s a f e l y  i n  s p i t e  of dec reased  
d u c t i l i t y ,  b u t  t h i s  would n o t  b e  t r u e  of f u t u r e  r e a c t o r s  , and a develop- 
ment program w a s  begun t o  f i n d  a c u r e  f o r  t h e  problem. 

The approach followed w a s  t h a t  of adding  carbide-forming elements , 
which have been used t o  a m e l i o r a t e  t h e  embr i t t l ement  of s t a i n l e s s  s t ee l  
by f a s t  n e u t r o n s ,  and 0.5% t i t a n i u m  w a s  found t o  s u s t a i n  t h e  d u c t i l i t y  
of H a s t e l l o y  N a t  t h e  MSRE tempera ture  of 1200°F.  However, a t  1300°F, 
t h e  o u t l e t  t empera ture  i n  t h e  ORNL-design MSBR, changes i n  t h e  s t r u c t u r e  
of t h e  c a r b i d e s  i n  t h e  a l l o y  caused t h e  remedy t o  be  l o s t ,  b u t  t h i s  w a s  
overcome by r a i s i n g  t h e  t i t a n i u m  con ten t  t o  about 2%.  Some f u r t h e r  g a i n  
w a s  made by adding  niobium wi th  t i t a n i u m ,  and hafnium i n  con junc t ion  
wi th  niobium w a s  found t o  b e  ve ry  e f f e c t i v e ,  b u t  problems w i t h  welda- 
b i l i t y  and c o s t  have caused us  t o  l i m i t  ou r  e f f o r t  on hafnium-containing 
a l l o y s .  Transmission e l e c t r o n  micrographs t h a t  d i s c l o s e  t h e  c a r b i d e  
s t r u c t u r e  have been  of g r e a t  v a l u e  i n  r e v e a l i n g  t h e  f a c t o r s  involved  
and permi t  t h e  p r o p e r t i e s  of a sample t o  be  judged r a t h e r  r e l i a b l y  
b e f o r e  i t  i s  i r r a d i a t e d .  

C 
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S m a l l  commercial h e a t s  of 100 l b  each of H a s t e l l o y  N modif ied by 
2% t i t a n i u m  a d d i t i o n  have been obta ined  from t h r e e  vendors and found 
t o  have a minimum creep d u c t i l i t y  of  g r e a t e r  than 4 %  a t  1400°F a f t e r  
i r r a d i a t i o n ,  which appears  t o  b e  adequate .  The material w a s  f a b r i c a b l e  
i n t o  small tubes and weldable  under h i g h  r e s t r a i n t ,  s o  a s o l u t i o n  t o  
t h e  embr i t t l ement  problem of  H a s t e l l o y  N seems t o  have been found. The 
remaining s t e p s  are t o  show t h a t  a c c e p t a b l e  material can b e  obta ined  
i n  l a r g e  commercial h e a t s ,  determine t h e  t ime-at-temperature limits a t  
h i g h e r  tempera tures ,  and c o l l e c t  mechanical p r o p e r t i e s  d a t a  f o r  code 
approval .  

Extens ive  n a t  u r a l - c i r c u l a t i o n  and f o r c e d - c i r c u l  a t i o n  loop t es ts 
r e v e a l e d  t h a t  t h e  c o r r o s i o n  rate of  H a s t e l l o y  N by c lean  f u e l  s a l t  i s  
low, and i t  w a s  no s u r p r i s e  when s a l t  ana lyses  and s u r v e i l l a n c e  s p e c i -  
mens from t h e  MSRE showed t h a t  t h e  g e n e r a l i z e d  c o r r o s i o n  rates were 
very low i n  t h e  f u e l  sa l t  and n o t  d e t e c t a b l e  i n  t h e  coolan t  s a l t .  Near 
t h e  end of  MSRE o p e r a t i o n  and dur ing  t h e  pos t - o p e r a t i o n  examinat ion,  
however, t h e r e  w a s  a s u r p r i s e  when a l l  H a s t e l l o y  N t h a t  had been i n  
c o n t a c t  w i t h  f u e l  s a l t  w a s  found t o  form s h a l l o w ,  i n t e r g r a n u l a r  s u r f a c e  
cracks when i t  w a s  s t r a i n e d  a t  room temperature .  

The cracks w e r e  g e n e r a l l y  less t h a n  0 . 0 1  i n .  deep, and t h e  maximum 
depth d i d  n o t  seem t o  have i n c r e a s e d  w i t h  exposure t i m e .  S ince  material  
from t h e  co re  and from t h e  h e a t  exchanger showed s i m i l a r  e f f e c t s ,  i r r a d i a -  
t i o n  d i d  n o t  seem t o  b e  involved ,  b u t  a s t r i k i n g  c o n t r a s t  between t h e  
f u e l - s a l t  and c o o l a n t - s a l t  s i d e s  of  t h e  h e a t  exchanger tubes  i n d i c a t e d  
i t  probably had t o  do w i t h  f i s s i o n  products  i n  t h e  f u e l  s a l t .  Samples 
were c a r e f u l l y  l e a c h e d  and a v a r i e t y  of f i s s i o n  products  w e r e  found i n  
t h e  material t o  a depth of about 0.003 i n .  A t  t h e  h i g h e s t  c o n c e n t r a t i o n  
w a s  t e l l u r i u m ,  and t e l l u r i u m  and a l l  o t h e r  elements on which s u s p i c i o n  
might f a l l  were d e p o s i t e d  on H a s t e l l o y  N samples and h e l d  a t  MSRE tempera- 
t u r e  f o r  1000 h o u r s .  Te l lur ium caused cracks t o  form when t h e  material 
w a s  s t r a i n e d ,  b u t  no o t h e r  f i s s i o n  product  d i d .  

A s  a consequence of  t h e s e  and many o t h e r  tes ts  of s t r e s s e d  and un- 
s t r e s s e d  samples a t  v a r i o u s  tempera tures ,  t i m e s ,  and methods of  f i s s i o n -  
product  d e p o s i t i o n ,  t h e  evidence seems s t r o n g  t h a t  t e l l u r i u m  is indeed  
t h e  c u l p r i t .  There i s  reason t o  s u s p e c t  t e l l u r i u m  (and a l s o  se len ium,  
al though i t  h a s  shown no evidence of misbehavior) because of i t s  s imilar-  
i t y  t o  s u l f u r ,  which can b e  troublesome w i t h  nickel-base mater ia ls .  

I n  a t t e m p t i n g  t o  f i n d  a remedy f o r  t h e  problem, a v a r i e t y  o f  n i c k e l -  
b a s e  and i ron-base  a l l o y s  have been t e s t e d  a l o n g s i d e  of H a s t e l l o y  N .  
Our e x p l o r a t o r y  experiments i n d i c a t e  t h a t  a u s t e n i t i c  s t a i n l e s s  steels 
are no t  a f f e c t e d ,  n o r  are Monel and copper.  Meders of t h e  H a s t e l l o y  
family c o n t a i n i n g  about  20% chromium (ve r sus  7% i n  H a s t e l l o y  N) have 
n o t  been a f f e c t e d ,  nor  have samples of modif ied H a s t e l l o y  N c o n t a i n i n g  
about  7% niobium. Inconel  600,  of  which t h e  A i r c r a f t  Reac tor  Experiment 
w a s  b u i l t ,  w a s  u n a f f e c t e d  i n  two tests b u t  showed shal low cracks  i n  one. 

An impor tan t  r e s u l t  i s  t h a t  t h e  materials t h a t  c o n t a i n  o v e r  16% 
chromium are u n a f f e c t e d .  This  b e h a v i o r  i s  c o n s i s t e n t  w i t h  t h a t  found 
w i t h  s u l f u r  i n  s t u d i e s  made f o r  j e t  a i r c r a f t  engine  a l l o y s ,  where chro- 
mium c o n c e n t r a t i o n s  o f  g r e a t e r  t h a n  15 t o  16% are needed t o  prevent  
damage by s u l f u r .  
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Based on t h e s e  o b s e r v a t i o n s ,  t h e r e  appear  t o  b e  a l l o y s  t h a t  are n o t  
a f f e c t e d  by t e l l u r i u m ,  and among them are m o d i f i c a t i o n s  of  H a s t e l l o y  N.  
I f  a n  i n c r e a s e  i n  t h e  chromium c o n t e n t  of  H a s t e l l o y  N i s  r e q u i r e d ,  o r  an 
Inconel  o r  a s t a i n l e s s  s t ee l  must b e  used ,  t h e  c o r r o s i o n  rate w i l l  b e  
h i g h e r  than  t h a t  w i t h  s t a n d a r d  H a s t e l l o y  N ,  b u t  t h e  i n c r e a s e  w i l l  probably 
b e  t o l e r a b l e .  Corrosion experiments w i l l  b e  needed t o  f i n d  o u t .  Except 
f o r  t h e  s t a i n l e s s  s tee l s ,  where t h e  work h a s  a l r e a d y  been done, a change 
t o  one of t h e s e  materials i s  l i k e l y  t o  mean t h a t  m o d i f i c a t i o n s  t o  c o n f e r  
r a d i a t i o n  r e s i s t a n c e  w i l l  have t o  b e  found. I f  through good f o r t u n e  an 
a d d i t i o n  of  niobium t o  H a s t e l l o y  N should s u f f i c e ,  a c c e p t a b l e  c o r r o s i o n  
behavior  i s  f a i r l y  w e l l  a s s u r e d ,  and t h e  e f f e c t  o f  niobium on i r r a d i a t i o n  
r e s i s t a n c e  h a s  a l r e a d y  been i n v e s t i g a t e d  t o  some e x t e n t .  I n  any case, 
i n - p i l e  c a p s u l e  tests w i l l  b e  needed t o  show t h a t  t h e  s a m e  e f f e c t s  are 
seen  i n - p i l e  as w i t h  t e l l u r i u m  a d d i t i o n s  out -of -p i le ,  and p r e p a r a t i o n s  
f o r  them are underway. A clear demonst ra t ion  t h a t  a s a t i s f a c t o r y  material 
has  been found w i l l  b e  necessary  b e f o r e  a n o t h e r  mol ten-sa l t  r e a c t o r  can  b e  
b u i l t .  

Reactor Components and Systems 

Although many of  t h e  components and systems on an MSBR power p l a n t  
are  s i m i l a r  t o  those  needed f o r  s o l i d - f u e l  r e a c t o r s ,  t h e  d e s i g n  r e q u i r e -  
ments on o t h e r s  are d i f f e r e n t ,  and a number are unique t o  t h e  m o l t e n - s a l t  
system. Many of t h e  d i f f e r e n t  o r  unique a s p e c t s  w e r e  i n v e s t i g a t e d  i n  t h e  
development programs f o r  t h e  a i r c ra f t  r e a c t o r  and t h e  MSRE, b u t  n o t  a l l  
have been used o r  t e s t e d ,  and i n c r e a s e s  i n  s i z e  o r  performance are  re- 
q u i r e d  i n  most cases. 

S t a r t i n g  f i r s t  w i t h  pumps, v e r t i c a l - s h a f t  c e n t r i f u g a l  pumps w i t h  
overhung i m p e l l e r s  w e r e  developed f o r  mol ten-sa l t  service and used satis- 
f a c t o r i l y  on t h e  A i r c r a f t  Reactor  Experiment and t h e  MSRE, as w e l l  as used 
and t e s t e d  i n  a number of  salt  l o o p s .  (A s m a l l  o i l - l e a k  from t h e  MSRE 
primary pump caused problems w i t h  t h e  of f -gas  system, b u t  t h e  pump i t s e l f  
w a s  used wi thout  t r o u b l e  f o r  t h e  r e a c t o r  l i f e ,  and t h e  l e a k  w a s  e a s i l y  
c o r r e c t e d  i n  a s p a r e  pump.) Although s t e p s  t h a t  add up t o  a 10- t o  15-fold 
i n c r e a s e  i n  c a p a c i t y  w i l l  b e  needed i n  a p r o g r e s s i o n  from t h e  MSRE t o  f u l l -  
s i z e  MSBR'S, t h e  s a m e  b a s i c  d e s i g n  as t h a t  used on t h e  MSRE i s  s p e c i f i e d  
i n  t h e  r e f e r e n c e  MSBR d e s i g n ,  and t h e  scale-up should b e  r e l a t i v e l y  s t r a i g h t -  
forward. We b e l i e v e ,  consequent ly ,  t h a t  a l though several  y e a r s  w i l l  b e  
r e q u i r e d  t o  deve lop  and tes t  l a r g e r  pumps, t h e  problems are w e l l  understood 
and s a t i s f a c t o r y  pumps can  b e  obta ined .  Byron-Jackson, an a s s o c i a t e  of  
Ebasco i n  t h e  Molten-Salt  Group, has  expressed  similar conf idence .  

wi thout  d i f f i c u l t y ,  and a n a l y s e s  showed no d e c r e a s e  i n  performance throughout  
t h e  p l a n t  l i f e .  H e a t - t r a n s f e r  experiments ,  as w e l l  as t h e  o p e r a t i o n  of 
t h e  MSRE u n i t s ,  i n d i c a t e  t h a t  salts  act  as o r d i n a r y  f l u i d s  and t h e i r  h e a t -  
t r a n s f e r  behavior  can  b e  p r e d i c t e d  r e l i a b l y  as long  as a c c u r a t e  p h y s i c a l  
p r o p e r t y  d a t a  are a v a i l a b l e .  The a s p e c t s  of  t h e  MSBR t h a t  d i f f e r  from 
t h e  MSRE, a s i d e  from s i z e ,  have t o  do w i t h  t h e  need f o r  h igh  performance 
on t h e  MSBR t o  l i m i t  t h e  f u e l - s a l t  i n v e n t o r y ,  and t h e  requirement  t h a t  
e i t h e r  f a i l e d  t u b e s  can  b e  l o c a t e d  and plugged i n  p l a c e ,  o r  t h a t  t h e  tube  

The MSRE i n t e r m e d i a t e  h e a t  exchanger and a i r -cooled  r a d i a t o r  o p e r a t e d  

c 
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bundle  o r  e n t i r e  u n i t  can be  r ep laced .  Both of t h e s e  create des ign  prob- 
l e m s .  To o b t a i n  compactness, e i t h e r  smal le r - than-usua l  tubes  o r  t ubes  
deformed t o  enhance h e a t  t r a n s f e r  have been shown i n  our  heat-exchanger 
concep t s ,  and u s e  of  e i t h e r  w i l l  r e q u i r e  a t e s t i n g  program. Some i n -  
c r e a s e  i n  f u e l - s a l t  i nven to ry  w i l l  r e s u l t  i f  t h e  compactness shown i n  
our  concept i s  n o t  achieved ,  b u t  s i n c e  only  1 7 %  of t h e  f u e l  salt  is  i n  
t h e  h e a t  exchangers,  a moderate i n c r e a s e  i n  t h e i r  volume w i l l  have a 
l i m i t e d  o v e r a l l  e f f e c t .  P rov id ing  f o r  heat-exchanger r e p a i r  i s  a p a r t  
of t h e  o v e r a l l  MSR maintenance problem, b u t  new t echn iques  f o r  p lugging  
tubes  be ing  developed f o r  o t h e r  u s e s  should be h e l p f u l .  

There w e r e  no s t e a m  g e n e r a t o r s  on t h e  ARE and MSRE, and as f a r  as 
w e  know, t h e r e  has  been no expe r i ence  wi th  gene ra t ion  of steam wi th  high- 
me l t ing  salts. The major problem i s  t h a t  i n  convent iona l  s t e a m  c y c l e s  
t h e  feed-water e n t e r s  t h e  steam g e n e r a t o r  a t  a tempera ture  below t h e  
me l t ing  p o i n t  of  t h e  MSBR c o o l a n t  salt .  A s  a r e s u l t ,  u n l e s s  o t h e r  
measures are taken ,  some sa l t  would f r e e z e  on t h e  tubes .  Allowing a 
l a y e r  of salt t o  form might b e  a c c e p t a b l e ,  b u t  t o  g e t  around t h e  q u e s t i o n  
i n  ou r  r e f e r e n c e  concept ,  w e  a l t e r e d  t h e  s t e a m  c y c l e  t o  i n c r e a s e  t h e  
tempera ture  of t h e  steam e n t e r i n g  t h e  steam g e n e r a t o r .  A s u p e r c r i t i c a l  
steam c y c l e  w a s  adopted b u t  modified t o  m i x  some exi t  steam wi th  feedwater  
t o  raise its tempera ture  t o  c l o s e  t o  t h e  sa l t  m e l t i n g  tempera ture .  The 
pena l ty  i s  some a d d i t i o n a l  equipment and a s m a l l  l o s s  i n  e f f i c i e n c y ,  b u t  
t h e  n e t  e f f e c t  does  n o t  appear  t o  b e  ve ry  g r e a t .  Other ways of overcoming 
t h e  sa l t  f r e e z i n g  problem a l s o  appear f e a s i b l e ,  such as t h e  r e e n t r a n t  tube  
approach t h a t  appea r s  i n  some sodium-heated steam-generator concepts .  
The Fos t e r  Wheeler Company i s  now e x p l o r i n g  mol t en - sa l t  steam gene ra to r  
concepts under an  ORNL c o n t r a c t ,  and they  w i l l  cons ide r  our  concept and 
o t h e r s  b e f o r e  recommending a des ign .  Whether H a s t e l l o y  N has  adequate  
c o r r o s i o n  r e s i s t a n c e  f o r  u s e  i n  a high-temperature steam sys tem i s  b e i n g  
i n v e s t i g a t e d  a t  p r e s e n t .  

The sodium fluoride-sodium f l u o r o b o r a t e  coo lan t  proposed f o r  t h e  
MSBR m e l t s  a t  725°F. This g ives  i t  a 125°F me l t ing  p o i n t  advantage over 
t h e  LiF-BeF2 used i n  t h e  MSRE and i t  i s  much cheaper ,  b u t  u n t i l  a few 
y e a r s  ago w e  had .had no exper ience  a t  a l l  w i t h  f l u o r o b o r a t e s .  During 
t h e  p a s t  several y e a r s ,  however, an  i so the rma l  MSRE-scale loop  h a s  been 
opera ted  w i t h  f l u o r o b o r a t e ,  as w e l l  as two s m a l l  forced-convection loops  
w i t h  h e a t e r s  and c o o l e r s ,  and a number of n a t u r a l - c i r c u l a t i o n  loops .  A 
f a i r l y  e x t e n s i v e  chemis t ry  and a n a l y t i c a l  chemis t ry  program has  a l s o  been 
c a r r i e d  o u t .  The major d i f f i c u l t y  wi th  f l u o r o b o r a t e  is  t h a t  i t  has  a 
g r e a t e r  tendency t o  p i ck  up moi s tu re  than  t h e  o t n e r  salts w e  have used ,  
which makes i t  more c o r r o s i v e ,  b u t  t h e  c o r r o s i o n  ra te  wi th  c l e a n  salt  i s  
modest. The BF3 vapor p r e s s u r e  over t h e  salt  r e q u i r e s  some s p e c i a l  pro- 
v i s i o n s  i n  t h e  cover-gas system, b u t  t h e s e  have been worked o u t  s a t i s f a c -  
t o r i l y  i n  t h e  loops  t h a t  have been ope ra t ed .  

The l i k e l i h o o d  of steam gene ra to r  l e a k s  t h a t  i n t r o d u c e  moi s tu re  i n t o  
t h e  coo lan t  w i l l  r e q u i r e  t h a t  a cleanup sys tem b e  provided. One of t h e  
ways t o  prevent  t r i t i u m  g e t t i n g  i n t o  t h e  steam may be t o  t r a p  i t  i n  t h e  
coo lan t  and extract i t  from t h e r e ,  and t h e  p rocess ing  system t o  accomplish 
t h i s  probably  can serve bo th  purposes .  
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The n o b l e  gases  are i n s o l u b l e  i n  f u e l  sa l t ,  and, consequent ly ,  t h e  
f i s s i o n - p r o d u c t  po isoning  i n  a n  MSBR can b e  g r e a t l y  reduced by s p a r g i n g  
t h e  xenon from t h e  s a L t .  This  w a s  demonstrated t o  be  v e r y  e f f e c t i v e  i n  
t h e  MSRE, where over  80% of t h e  1 3 5 X e  w a s  removed. 
b e t t e r  c o n t r o l l e d  system i s  proposed f o r  t h e  MSBR, however, t h a t  involves  
i n j e c t i n g  hel ium i n t o  a bypass  stream of  salt  and removing it  and t h e  
noble  gases  w i t h  a c e n t r i f u g a l  s e p a r a t o r .  Experiments u s i n g  w a t e r  have 
provided d e s i g n s  f o r  t h e  equipment and i n d i c a t i o n s  of  t h e  performance t o  
b e  expected,  b u t  t e s t i n g  wi th  salt i s  needed and i s  planned f o r  an MSRE- 
scale l o o p  now b e i n g  b u i l t .  

A more e f f e c t i v e  and 

Cells, B u i l d i n g s ,  and Containment 

The containment phi losophy and t h e  containment b u i l d i n g  d e s i g n  f o r  
t h e  MSBR d i f f e r  l i t t l e  from t h o s e  f o r  s o l i d - f u e l  r e a c t o r s ,  a l though t h e  
p r o b a b i l i t y  of g r e a t e r  contaminat ion by r a d i o a c t i v i t y  d u r i n g  maintenance 
w i l l  r e q u i r e  more e x t e n s i v e  f i l t r a t i o n  and c leanup p r o v i s i o n s .  The pro- 
p o s a l  t o  u s e  t h e  r e a c t o r  and c o o l a n t  c e l l s  as ovens i n  which t o  h e a t  t h e  
sa l t  systems,  however, is n o t  only unique t o  t h e  MSBR b u t  a l s o  i s  d i f f e r -  
e n t  from t h e  MSRE, where components and p i p e s  w e r e  enclosed i n  i n s u l a t i o n  
and i n d i v i d u a l l y  hea ted .  The u n c e r t a i n t i e s  t h a t  e x i s t  mainly have t o  do 
w i t h  t h e  b e s t  way of  i n s u l a t i n g  t h e  c e l l  and how t h e  equipment w i l l  b e  
supported and r e s t r a i n e d  t o  resist a n  ear thquake .  W e  f o r e s e e  no l i m i t i n g  
problems h e r e ,  b u t  i f  some a r o s e ,  an a l t e r n a t i v e  would b e  t o  r e t u r n  t o  
t h e  concept used s u c c e s s f u l l y  i n  t h e  MSRE. 

The method of  provid ing  access f o r  maintenance by removing s e c t i o n s  
of s h i e l d i n g  from t h e  top  of t h e  c e l l  w a s  used  wi thout  d i f f i c u l t y  on t h e  
MSFE, and t h e  major d i f f e r e n c e  on t h e  f u l l - s c a l e  MSBR i s  t h e  l a r g e r  s i z e  
of  components t o  which access w i l l  b e  r e q u i r e d .  

I n s t r u m e n t a t i o n  and Cont ro ls  

MSBR's have s o m e  f e a t u r e s  t h a t  are f a v o r a b l e  w i t h  r e g a r d  t o  c o n t r o l  
of t h e  r e a c t o r  and a few f e a t u r e s  t h a t  add d i f f i c u l t i e s .  Chief among t h e  
l a t t e r  are t h e  h igh  f r e e z i n g  temperatures  of  t h e  sa l ts ,  which r e q u i r e  t h a t  
s p e c i a l  p r o v i s i o n s  b e  made i n  t h e  c o n t r o l  and p r o t e c t i o n  systems t o  avoid  
f r e e z i n g  d u r i n g  t r a n s i e n t  c o n d i t i o n s  and par t - load  o p e r a t i o n .  I n  a d d i t i o n ,  
rates of  tempera ture  change probably have t o  b e  c o n t r o l l e d  d u r i n g  load  
changes t o  prevent  e x c e s s i v e  t r a n s i e n t  stresses i n  t h e  system. While 
c o n t r o l  methods have n o t  been worked o u t  i n  d e t a i l ,  several  a l t e r n a t i v e  
schemes appear  t o  b e  p o s s i b l e ,  and a t  l ea s t  one should b e  s a t i s f a c t o r y .  

The s m a l l  amount of excess  r e a c t i v i t y  r e q u i r e d  i n  an MSBR and t h e  
dynamic c h a r a c t e r i s t i c s  of t h e  reactor g r e a t l y  s i m p l i f y  t h e  r e a c t i v i t y  
c o n t r o l  requi rements .  Maintaining a long-term r e a c t i v i t y  b a l a n c e  w i l l  
b e  d i f f i c u l t  on a n  MSBR because of  t h e  cont inuous f u e l  process ing ,  and 
new techniques  may have t o  b e  developed. 

wi th  h i g h  tempera ture  f a c i l i t i e s  of v a r i o u s  k i n d s ,  and i n  p a r t i c u l a r  w i t h  
t h e  MSFE where t h e  r e l i a b i l i t y  of t h e  thermocouples w a s  p a r t i c u l a r l y  

S i g n i f i c a n t  exper ience  w i t h  i n s t r u m e n t a t i o n  systems h a s  been  obta ined  

P 
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s a t i s f a c t o r y .  The p r e s s u r e  and flow rate of t h e  f u e l  salt  w e r e  no t  
measured d i r e c t l y  i n  t h e  MSRE, however, and having  t h e  ent i re  MSBR 
r e a c t o r  c e l l  hea ted  adds t h e  compl ica t ion  t h a t  a l l  of t h e  ins t ruments  
i n  t h e  c e l l  must b e  a b l e  t o  o p e r a t e  a t  h igh  tempera ture .  Hence some 
new ins t rumen t s  and measurement t echn iques  w i l l  b e  needed f o r  t h e  MSBR. 

Fuel Process ing  

Achievement of a s i g n i f i c a n t  b r e e d i n g  ga in  i n  a thermal spectrum 
r e a c t o r  is  dependent on r a p i d  removal of t h e  f i s s i o n  p roduc t s ,  and i n  
t h e  c a s e  of t h e  s i n g l e - f l u i d  MSBR, i s  a l s o  dependent on s e p a r a t i o n  of 
t h e  p ro tac t in ium from t h e  f u e l  sa l t .  The chemical s t e p s  involved i n  
t h e  p rocesses  p r e s e n t l y  proposed f o r  accomplishing t h e s e  s e p a r a t i o n s  
have been thoroughly i n v e s t i g a t e d  and appear t o  b e  w e l l  e s t a b l i s h e d .  
However, eng inee r ing  development and t h e  demonst ra t ion  of s a t i s f a c t o r y  
c o n t a i n e r  materials have n o t  progressed  n e a r l y  s o  f a r .  

F l u o r i n a t i o n  t o  r ecove r  uranium from r a d i o a c t i v e  f u e l  has  been 
used s e v e r a l  t i m e s ,  most r e c e n t l y  i n  t h e  f u e l  r e p r o c e s s i n g  a t  t h e  MSRE. 
However , t h e  scheme proposed f o r  t h e  MSBR invo lves  cont inuous  f l u o r i n a -  
t i o n ,  which h a s  only  been demonstrated i n  s m a l l  equipment and which re- 
q u i r e s  b e t t e r  c o r r o s i o n  p r o t e c t i o n  f o r  t h e  f l u o r i n a t i o n  v e s s e l  than  has  
been  achieved b e f o r e .  Although many a s p e c t s  of continuous f l u o r i n a t o r s  
have been i n v e s t i g a t e d ,  i n c l u d i n g  t h e  format ion  of f rozen  salt  l a y e r s  
t h a t  are expected t o  p r o t e c t  t h e  f l u o r i n a t i o n  v e s s e l ,  a s i g n i f i c a n t  
development e f f o r t  on t h e  f l u o r i n a t o r  l ies  b e f o r e  u s .  Some of t h e  
necessa ry  experiments are underway and are p rogres s ing  s a t i s f a c t o r i l y .  

D i r e c t  r e d u c t i o n  of UFg f o r  r e t u r n  t o  t h e  r e a c t o r  by i t s  a b s o r p t i o n  
i n t o  f u e l  salt has  been  demonstrated i n  small l a b o r a t o r y  experiments and 
t h e  behavior  found t o  b e  s a t i s f a c t o r y .  However, no eng inee r ing  experiments 
have y e t  been ope ra t ed ,  a l though they  are planned f o r  t he  nea r  f u t u r e .  
One f a v o r a b l e  r e s u l t  of t h e  recombination experiments w a s  t h e  d i scove ry  
t h a t  gold is  n o t  a t t a c k e d  by t h e  p rocess  f l u i d s ,  and gold p l a t i n g  may 
provide  adequate  c o r r o s i o n  p r o t e c t i o n  f o r  t h e  recombiner. 

conium, whose behavior  i s  s i m i l a r  t o  t h a t  of p ro tac t in ium,  h a s  been demon- 
s t r a t e d  wi th  f u e l  sa l t  and molten bismuth i n  a packed-column c o n t a c t o r .  
Flooding v e l o c i t i e s  and mass - t r ans fe r  rates w e r e  measured and found t o  
b e  as p r e d i c t e d  from d a t a  on mercury-water and aqueous-organic systems. 
A demonst ra t ion  of r e d u c t i v e  e x t r a c t i o n  u s i n g  r e p r e s e n t a t i v e  concent ra -  
t i o n s  of p ro tac t in ium i s  needed, and 30 t o  50 grams of 231Pa i s  be ing  
obta ined  t o  make t h a t  p o s s i b l e .  

A l l  of t h e  s t e p s  i n  t h e  m e t a l  t r a n s f e r  process  have been demon- 
s t r a t e d  i n  a s m a l l  s i n g l e - s t a g e  i n t e g r a t e d  experiment,  and p re l imina ry  
o p e r a t i o n  of a l a r g e r ,  b u t  s t i l l  s i n g l e - s t a g e ,  experiment has  begun. 
A th ree - s t age  experiment t h a t  w i l l  be 5 t o  10% of MSBR scale i s  be ing  
des igned .  

Losses of f i s s i l e  material from t h e  p rocess ing  p l a n t  must b e  kep t  
low. Although t h e  p rocess  f l u i d s  c i r c u l a t e  r e p e a t e d l y  through t h e  p l a n t ,  
a c t u a l  l o s s e s  can occur  only i n  t h e  wastes. These are t h e r e f o r e  c o l l e c t e d  
t o g e t h e r ,  held t o  await p ro tac t in ium decay, and then  ba tch  f l u o r i n a t e d  t o  

Reductive e x t r a c t i o n  of r e a l i s t i c  c o n c e n t r a t i o n s  of uranium and z i r -  
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recover  any traces of  uranium b e f o r e  d i s c a r d .  Experience w i t h  f l u o r i n a -  
t i o n  shows t h a t  t h e  uranium content  can b e  reduced t o  a very low l eve l  
by t h i s  technique .  

c o n s t r u c t i o n  materials, b u t  n i c k e l  d i s s o l v e s  i n  b ismuth ,  and t h e  s o l u -  
b i l i t y  of i r o n  i s  g r e a t  enough f o r  m a s s  t r a n s f e r  t o  occur  r a p i d l y  i n  
a system having  s i g n i f i c a n t  temperature  d i f f e r e n c e s .  Consequent ly ,  
materials such  as molybdenum, g r a p h i t e ,  and tan ta lum w i l l  b e  r e q u i r e d  
f o r  t h e  p r o c e s s i n g  p l a n t .  F a b r i c a t i o n  of  molybdenum has always appeared 
very d i f f i c u l t ,  b u t  w e  have developed a v a r i e t y  of  forming and j o i n i n g  
techniques d u r i n g  t h e  p a s t  two y e a r s ,  and a f a i r l y  complicated process-  
i n g  f a c i l i t y  i s  p r e s e n t l y  b e i n g  b u i l t  completely from molybdenum. 
Graphi te  should  b e  less expensive t o  use than  molybdenum, and t h e  proc- 
e s s i n g  vessel f o r  t h e  three-s tage  metal t r a n s f e r  experiment w i l l  b e  
b u i l t  o u t  of  g r a p h i t e .  However, w e  p r e s e n t l y  have i n s u f f i c i e n t  d a t a  
on t h e  c o m p a t i b i l i t y  of  g r a p h i t e  w i t h  bismuth c o n t a i n i n g  l a r g e  concen- 
t r a t i o n s  of l i t h i u m  o r  t r a c e  q u a n t i t i e s  o f  o t h e r  materials. A s m a l l  
n a t u r a l - c i r c u l a t i o n  loop has  been b u i l t  o u t  of a tan ta lum a l l o y  and 
o p e r a t e d  wi th  bismuth;  t h e  c o r r o s i o n  rates of tan ta lum and of  t h e  a l l o y  
s e e m  acceptab ly  s m a l l ,  b u t  t h e r e  i s  some i n c o n s i s t e n t  evidence of  em- 
b r i t t l e m e n t  of  t h e  a l l o y .  

Carry-over of  s i g n i f i c a n t  q u a n t i t i e s  of  bismuth t o  t h e  r e a c t o r  
where i t  could a t t a c k  H a s t e l l o y  N must b e  avoided.  One H a s t e l l o y  N 
n a t u r a l - c i r c u l a t i o n  loop c o n t a i n i n g  f u e l  sa l t  has  been run w i t h  an 
open c a p s u l e  o f  molten bismuth i n  c o n t a c t  wi th  t h e  s a l t .  No e f f e c t  
of t h e  bismuth h a s  been  s e e n ,  b u t  more needs t o  b e  l e a r n e d  about  how 
t o l e r a n t  t h e  r e a c t o r  would b e  of s m a l l  q u a n t i t i e s  of bismuth i n  t h e  
s a l t .  L i t t l e  i s  y e t  known about t h e  tendency of bismuth t o  b e  en- 
t r a i n e d  i n  s a l t ,  and i t s  s o l u b i l i t y  i n  s a l t  h a s  n o t  been measured 
a c c u r a t e l y ,  a l though b a s i c  thermodynamic c o n s i d e r a t i o n s  i n d i c a t e  t h a t  
the s o l u b i l i t y  must b e  very low. Our approach t o  p r e v e n t i n g  bismuth 
carry-over i s  t o  a t tempt  t o  develop sa l t -b ismuth  c o n t a c t o r s  w i t h  s t i r r e d  
i n t e r f a c e s  i n  which t h e  bismuth and s a l t  are n o t  d i s p e r s e d ,  and a pre- 
l iminary  demonstrat ion of t h i s  technique  has  been made i n  a m e t a l  t r a n s f e r  
process  experiment .  Even if such techniques  are used, however, c a r e f u l  
a n a l y s i s  f o r  b i smuth ,  p lus  a f i n a l  cleanup s t e p ,  such as p a s s i n g  t h e  s a l t  
through a bed o f  n i c k e l  wool,  w i l l  l i k e l y  b e  used. 

F a i l u r e  t o  develop systems f o r  r a p i d l y  removing p r o t a c t i n i u m  and 
t h e  rare e a r t h s  would prevent  t h e  a t t a i n m e n t  of  a s i g n i f i c a n t  b r e e d i n g  
ga in  i n  a s i n g l e - f l u i d  MSBR. F o r t u n a t e l y ,  a l t e r n a t i v e  approaches appear  
t o  e x i s t  f o r  most,  b u t  n o t  a l l ,  p a r t s  of t h e  p r o c e s s .  Graphi te  may b e  
u s a b l e  f o r  t h e  p l a n t  material i f  molybdenum w i l l  n o t  serve,  and tan ta lum 
and i t s  a l l o y s  r e p r e s e n t  a n o t h e r  p o s s i b l e  a l t e r n a t i v e  f o r  p a r t s  of  t h e  
p l a n t .  I f  some p a r t s  of t h e  p r e s e n t l y  proposed f l u o r i n a t i o n - r e d u c t i v e  
e x t r a c t i o n  process  cannot b e  made t o  work, an oxide  p r e c i p i t a t i o n  p r o c e s s  
t h a t  h a s  been i n v e s t i g a t e d  i n  a l i m i t e d  way appears  t o  o f f e r  an a t t r a c t i v e  
a l te rna t ive ;  p r o t a c t i n i u m  can b e  s e l e c t i v e l y  p r e c i p i t a t e d  as Pa205 by 
t r e a t i n g  f u e l  sa l t  w i t h  a mixture  of steam and hydrogen f l u o r i d e ,  and 
uranium can subsequent ly  b e  removed by a similar process .  Indeed,  f u r -  
t h e r  work may show t h a t  t h e  oxide  p r o c e s s  h a s  advantages o v e r  t h e  
f l u o r i n a t  ion-reduc t i v e  e x t r a c t i o n  method . 

Fuel  s a l t  and l i t h i u m  c h l o r i d e  are compatible  w i t h  some common 
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W e  know of no a t t r a c t i v e  s u b s t i t u t e  f o r  t h e  m e t a l - t r a n s f e r  p rocess ,  
bu t  because i t s  development h a s  p rogres sed  f u r t h e r  than  t h a t  of t h e  re- 
mainder of t h e  p rocess ing  sys tems,  i t  seems most l i k e l y  t o  be  s u c c e s s f u l .  
I n  a d d i t i o n ,  i t  i s  t h e  s t e p  l e a s t  coupled t o  t h e  r e a c t o r ,  and reducing  
t h e  r a re -ea r th  removal e f f i c i e n c y  s e v e r a l - f o l d  would n o t  have a p roh ib i -  
t i v e  e f f e c t  on t h e  b r e e d i n g  r a t i o .  ( A  t h ree - fo ld  r e d u c t i o n  would lower 
t h e  b reed ing  r a t i o  by about 0.01.) 

No p l a n t  has e v e r  processed material t h a t  i s  as shor t -cooled  as t h a t  
which w i l l  e n t e r  t h e  MSBR Rrocess ing  system. Although t h e  salt  and 
process  f l u i d s  are n o t  damaged by r a d i a t i o n  o r  i n c r e a s e s  i n  tempera ture ,  
demonst ra t ion  t h a t  t h e  accompanying h e a t  release can be accommodated 
w i l l  b e  p o s s i b l e  only i n  a p l a n t  a t t a c h e d  t o  an o p e r a t i n g  r e a c t o r .  

One more o b s e r v a t i o n  should b e  made about t h e  p rocess ing  system. 

Maintenance 

Because f i s s i o n  products  are c i r c u l a t e d  i n  t h e  primary sys tem of  
a mol t en - sa l t  r e a c t o r  and a l s o  t r a n s p o r t e d  t o  t h e  d r a i n  t ank ,  t h e  o f f -  
gas system, and t h e  chemical p rocess ing  system, s p e c i a l  procedures and 
equipment are needed f o r  t h e  r e p a i r  o r  replacement of equipment. Four 
f l u i d - f u e l  r e a c t o r s  have been ope ra t ed  a t  ORNL, and t h e  maintenance 
philosophy developed f o r  them w i l l  be  u s e f u l  i n  p lanning  t h e  maintenance 
of MSBR'S. The MSRE exper ience  w a s  p a r t i c u l a r l y  encouraging i n  t h a t  t h e  
r a d i o a c t i v i t y  remaining i n  equipment from which f u e l  had been d ra ined  
w a s  no t  r e a d i l y  d i s p e r s e d  d u r i n g  maintenance. Neve r the l e s s ,  MSBR'S w i l l  
i nvo lve  l a r g e r  components, h i g h e r  r a d i a t i o n  levels ,  and probably more 
e x t e n s i v e  contaminat ion  than  w e  have d e a l t  w i th  b e f o r e .  

and t h e  MSBR des ign  must i n c o r p o r a t e  such measures t o  t h e  f u l l e s t .  Versa- 
t i l e  man ipu la to r s ,  au tomat i c  weld ing  equipment, and remote i n s p e c t i o n  
t echn iques  are b e i n g  developed f o r  o t h e r  sys tems,  and t h e s e  w i l l  be  use- 
f u l  f o r  MSBR's. However, most w i l l  need some t a i l o r i n g  f o r  t h e  p a r t i c u l a r  
r e a c t o r .  Consequently, a l though some g e n e r a l  development of maintenance 
t o o l s  and techniques  can be done, most of t h e  maintenance development 
e f f o r t  must b e  d i r e c t e d  t o  p e r f e c t i n g  t h e  t o o l s  and procedures  needed f o r  
t h e  p a r t i c u l a r  a p p l i c a t i o n .  

Much can be  done i n  t h e  d e s i g n  and l a y o u t  t o  f a c i l i t a t e  maintenance, 

Desim S t u d i e s  and C a D i t a l  Cost E s t i m a t e s  

ORNL completed a conceptua l  d e s i g n  s tudy  of  a mol t en - sa l t  b r e e d e r  
r e a c t o r  i n  1970. A comparative c o s t  estimate of t h a t  p l a n t  and a l i g h t -  
water r e a c t o r  w a s  made a f t e rwards  by t a k i n g  t h e  b a s i c  c o s t  d a t a  f o r  a 
r e c e n t  PWR and u s i n g  i t  t o  t h e  e x t e n t  p o s s i b l e  t o  estimate the  c o s t  of 
t h e  MSBR. 

widely throughout  t h e  p l a n t ,  w i th  p a r t i c u l a r  emphasis b e i n g  g iven  t o  
those  p a r t s  t h a t  are t h e  most unconvent iona l  o r  are unique t o  molten- 
sa l t  r e a c t o r s .  Ebasco Services and i t s  p a r t n e r s ,  as mentioned earlier,  
have begun a concep tua l  des ign  s tudy  of t h e i r  own, and i n  i t  they  are 

The depth of t h e  examination i n  t h e  conceptua l  d e s i g n  s tudy  v a r i e d  
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l o o k i n g  a t  some f e a t u r e s  of t h e  r e a c t o r  i n  g r e a t e r  depth  t h a n  h a s  been  
done by OWL. 
as r e q u i r i n g  f u r t h e r  s tudy  have t o  do w i t h  t h e  t r a n s i e n t  thermal  stresses 
i n  t h e  primary system f o l l o w i n g  r a p i d  changes i n  r e a c t o r  o p e r a t i n g  condi- 
t i o n s ,  and t h e  methods of s u p p o r t i n g  t h e  r e a c t o r  components and p r o v i d i n g  
r e s t r a i n t  t o  resist  s h a k i n g  by ear thquakes .  Ebasco f a v o r s  r e p l a c i n g  
g r a p h i t e  an element  a t  a t i m e  r a t h e r  t h a n  r e p l a c i n g  t h e  e n t i r e  c o r e  as 
a u n i t ,  as w e  had proposed. 

t ives,  only s i m p l i f i e d  elastic-stress a n a l y s e s  have been  made. Before  
a c t u a l  components can  b e  b u i l t  f o r  r e a c t o r  u s e ,  however, a d d i t i o n a l  
mechanical p r o p e r t i e s  measurements w i l l  have t o  b e  made ( t h e  e x t e n t  de- 
pending on what material i s  u s e d ) ,  and e x t e n s i v e  stress a n a l y s e s  w i l l  
have t o  b e  performed. Design r u l e s ,  a n a l y s i s  methods, and stress l i m i t s  
t h a t  r e f l e c t  t h e  time-dependence o f  material p r o p e r t i e s  and s t r u c t u r a l  
behavior  w i l l  have t o  b e  used because t h e  s t r e n g t h  of l i k e l y  materials 
a t  r e a c t o r  tempera tures  w i l l  be l i m i t e d  by c r e e p  e f f e c t s .  Design methods 
t o  cover t h e s e  requirements  are c u r r e n t l y  b e i n g  developed i n  t h e  LMFBR 
program and w i l l  b e  a v a i l a b l e  f o r  u s e  i n  MSBR des ign .  

present -day  PWR i n d i c a t e s  t h a t  t h e  c o s t s  are roughly t h e  s a m e .  
t h e  accuracy of  a n  estimate such as t h i s  i s  n o t  dependable ,  mainly be- 
cause  of t h e  l i m i t e d  depth  of t h e  d e s i g n ,  w e  b e l i e v e  t h a t  t h e  technique  
o f  u s i n g  a c t u a l  PWR c o s t  breakdowns f o r  t h e  b a s i c  c o s t  d a t a  h e l p s  t o  
l i m i t  t h e  u n c e r t a i n t y .  When i t s  d e s i g n  s t u d y  i s  completed,  Ebasco w i l l  
make a c o s t  estimate f o r  t h e  MSBR t h a t  should provide a d d i t i o n a l  i n s i g h t  
because of  t h e i r  exper ience  as a r c h i t e c t - e n g i n e e r  on many l igh t -water -  
r e a c t o r  power p l a n t s .  

The major a s p e c t s  of t h e  d e s i g n  t h a t  they  have i d e n t i f i e d  

I n  t h e  s t u d i e s  w e  have made t o  s i z e  components and e v a l u a t e  a l t e r n a -  

Our c a p i t a l  c o s t  comparison between a f u l l y  developed MSBR and a 
Although 

Environmental  E f f e c t s  and S a f e t y  

The major u n c e r t a i n t y  w i t h  r e g a r d  t o  environmental  e f f e c t s  i s  how 
t o  d e a l  w i t h  t r i t i u m .  T r i t i u m  i s  a s p e c i a l  problem because of  i t s  h i g h  
ra te  of product ion  i n  t h e  f u e l  salt and because i t  r e a d i l y  d i f f u s e s  
through metals a t  MSBR tempera tures .  The d i s t r i b u t i o n  of  t r i t i u m  i n  
t h e  MSRE w a s  determined and found t o  a g r e e  reasonably  w e l l  w i t h  a n  
a n a l y t i c a l  model developed f o r  p r e d i c t i n g  i t s  behavior .  When t h i s  
model i s  used t o  estimate how t r i t i u m  would behave i n  t h e  MSBR wi th  
no s p e c i a l  measures t a k e n  t o  b lock  i t s  passage ,  a n  excessive amount 
(790 Ci/day)  i s  found t o  reach  t h e  steam system. Several m o d i f i c a t i o n s  
i n  des ign  and o p e r a t i o n  o f f e r  ways f o r  d r a s t i c a l l y  reducing  escape  by 
t h i s  r o u t e .  The o b j e c t i v e  of l i m i t i n g  t r i t i u m  release t o  w i t h i n  p r e s e n t  
AEC g u i d e l i n e s  f o r  l ight-water-cooled r e a c t o r s  appears  a t t a i n a b l e ,  b u t  
t h e  b e s t  measures are y e t  t o  b e  chosen and demonstrated.  

The s i t u a t i o n  wi th  r e g a r d  t o  k i n e t i c s  and n u c l e a r  s a f e t y  i s  unique 
because of t h e  c i r c u l a t i n g  f u e l .  The k i n e t i c  behavior  of mol ten-sa l t  
r e a c t o r s  i s  w e l l  understood,  however, and p r e d i c t a b l e  by  methods proved 
i n  t h e  MSRE. The small delayed neut ron  f r a c t i o n  c a u s e s  no d i f f i c u l t  
problem, as demonstrated by o p e r a t i o n  of  t h e  MSRE on 233U f u e l  w i t h  a n  
e f f e c t i v e  delayed n e u t r o n  f r a c t i o n  of  on ly  0.0019. Thus t h e r e  i s  ample 
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b a s i s  f o r  be ing  conf iden t  t h a t  damaging nuc lea r  excurs ions  are h igh ly  
improbable.  Of t h e  p o t e n t i a l  sou rces  of  r e a c t i v i t y  i n c r e a s e s ,  t h e  one 
t h a t  w i l l  r e q u i r e  t h e  most s tudy  i s  t h e  h ideou t  of  f i s s i l e  m a t e r i a l .  
Condi t ions t h a t  could l e a d  t o  such h ideout  are known (oxide  p r e c i p i t a -  
t i o n )  , bu t  i t  appears  t h a t  t h e s e  cond i t ions  can  b e  s a f e l y  avoided.  

The a f t e r h e a t  s i t u a t i o n  i s  a l s o  unique.  The major sou rce  is much 
less i n t e n s e  than  i n  s o l i d - f u e l  co res  because i n  an MSBR t h e  bu lk  of  t h e  
f i s s i o n  products  are inco rpora t ed  i n  a l a r g e  m a s s  of f u e l  sa l t .  Fur ther -  
more, t h i s  h e a t  s o u r c e  can b e  g o t t e n  i n t o  a r e l i a b l y  cooled s i t u a t i o n  
( t h e  d r a i n  tank)  under any a c c i d e n t  cond i t ion .  A somewhat s e p a r a t e  prob- 
l e m  is t h e  s m a l l e r  r ad ionuc l ide  h e a t  sou rces  i n  t h e  p rocess ing  p l a n t ,  i n  
t h e  r e a c t o r  off-gas  system, and depos i t ed  on s u r f a c e s  i n  t h e  f u e l  system, 
which w i l l  a l s o  r e q u i r e  cool ing .  The MSRE provided u s e f u l  in format ion  on 
f i s s i o n  product  behav io r ,  b u t  u n c e r t a i n t i e s  i n  noble-metal behavior  d i c -  
t a t e  conserva t i sm i n  des ign  f o r  c o o l i n g  t h e  f u e l  loop  and of f -gas  system. 
On t h e  whole, however, a f t e r h e a t  promises t o  be less of a problem i n  MSBR's 
t han  i n  o t h e r  r e a c t o r s .  I n  p a r t i c u l a r ,  t h e  d i l u t e  h e a t  sou rce  makes t h e  
"China syndrome" less of a concern.  

The des ign-bas is  acc iden t  i n  an MSBR i s  a r u p t u r e  i n  t h e  f u e l  system 
t h a t  qu ick ly  s p i l l s  t h e  e n t i r e  f u e l  i nven to ry ,  and the  containment of t h e  
r a d i o a c t i v i t y  i n  t h i s  event is  t h e  ch ie f  s a f e t y  c o n s i d e r a t i o n  f o r  an MSBR. 
The containment must b e  t i g h t ,  b u t  t h e  behavior  of t he  s p i l l e d  salt  and 
its f i s s i o n  products  i s  p r e d i c t a b l e  and t h e r e  appears  t o  be no need f o r  
i nnova t ive  development of containment technology t o  t a k e  care of t h i s  
event .  

It  appears  from b a s i c  c o n s i d e r a t i o n s  t h a t  s i t e  requirements  f o r  an 
MSBR p l a n t  should  e v e n t u a l l y  b e  no d i f f e r e n t  from those  f o r  o t h e r  r eac -  
t o r s  of l i k e  power and i t s  s a f e t y  p rov i s ions  should be  no more expensive.  
Because of t h e  unusual  n a t u r e  of an MSBR, however, i t  w i l l  b e  necessary  
t o  begin  wi th  fundamental  p r i n c i p l e s  and develop c r i t e r i a  a p p r o p r i a t e  t o  
t h i s  kind of  r e a c t o r ,  then  t o  perform a s a f e t y  a n a l y s i s  comparable i n  
depth  t o  t h o s e  f o r  r e a c t o r s  now going i n t o  ope ra t ion .  

Fu tu re  Development Pro gram 

A s  i n  any r e a c t o r  development program, achievement of economic 
mol ten-sa l t  b reede r  r e a c t o r s  w i l l  r e q u i r e  t h a t  t h e  b a s i c  technology 
b e  w e l l  e s t a b l i s h e d  i n  r e sea rch  and development programs and be  demon- 
s t r a t e d  and expanded by t h e  c o n s t r u c t i o n  and o p e r a t i o n  of several in -  
c r e a s i n g l y  l a r g e r  r e a c t o r s  and t h e i r  i n t e g r a l  p rocess ing  p l a n t s .  The 
technology program is i n  p rogres s  now, and w e  f avor  t h e  c o n s t r u c t i o n  of 
a 150- t o  200-MW(t) Molten-Salt  Breeder  Experiment (MSBE) as the next  
r e a c t o r  i n  t h e  sequence t o  an MSBR. The MSBE would have the  power 
d e n s i t y  and a l l  t h e  f e a t u r e s  and systems of  a f u l l - s c a l e  b r e e d e r  r e a c t o r .  
Other s t e p s  are p o s s i b l e ,  and one favored by t h e  Molten-Salt Breeder  Reac- 
t o r  Assoc ia t e s ,  an o r g a n i z a t i o n  c o n s i s t i n g  of Black & Veatch Consul t ing  
Engineers and a group of u t i l i - t i e s  [8] , i s  t h e  c o n s t r u c t i o n  of  a l a r g e r  
b u t  lower performance c o n v e r t e r  r e a c t o r  t h a t  would evolve i n t o  a b r e e d e r .  
W e  b e l i e v e ,  however, t h a t  t h e  more d i r e c t  r o u t e  of t h e  b reede r  experiment 
is p r e f e r a b l e .  
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I n  t h e  technology program s e v e r a l  advances must b e  made b e f o r e  w e  
can be  c o n f i d e n t  t h a t  t h e  nex t  r e a c t o r  can  be b u i l t  and ope ra t ed  success-  
f u l l y .  Tine most impor tan t  problem t o  which t h i s  a p p l i e s  i s  t h e  s u r f a c e  
c rack ing  of Has te l loy  N. Some o t h e r  developments,  such as t h e  t e s t i n g  
of some of t h e  components o r  t h e  l a t t e r  s t a g e s  of t h e  p rocess ing  p l a n t  
development, could a c t u a l l y  b e  completed w h i l e  a r e a c t o r  i s  b e i n g  de- 
s igned and b u i l t .  The major developments t h a t  w e  b e l i e v e  should be 
pursued du r ing  t h e  nex t  s e v e r a l  y e a r s  are t h e  fo l lowing:  

1. 

2 .  

3 .  

4 .  

5. 

6. 

A modified Has te l loy  N, o r  an  a l t e r n a t i v e  material t h a t  i s  immune t o  
a t t a c k  by t e l l u r i u m ,  must be  s e l e c t e d  and i t s  c o m p a t i b i l i t y  w i th  f u e l  
salt demonstrated wi th  out -of -p i le  forced  convec t ion  loops  and i n - p i l e  
capsu le  experiments;  means f o r  g i v i n g  i t  adequate  r e s i s t a n c e  t o  r a d i a -  
t i o n  damage must b e  found, i f  needed, and commercial p roduct ion  of t h e  
a l l o y  may have t o  b e  demonstrated;  t h e  mechanical p r o p e r t i e s  d a t a  
needed f o r  code q u a l i f i c a t i o n  must be  acqu i r ed  i f  they  do not  a l r eady  
e x i s t .  

A method of i n t e r c e p t i n g  and i s o l a t i n g  t r i t i u m  t o  prevent  i t s  passage 
i n t o  t h e  steam system must be demonstrated a t  r e a l i s t i c  c o n d i t i o n s  and 
on a l a r g e  enough s c a l e  t o  show t h a t  i t  i s  f e a s i b l e  f o r  a r e a c t o r .  

The v a r i o u s  s t e p s  i n  t h e  p rocess ing  system must f i r s t  b e  demonstrated 
i n  s e p a r a t e  experiments;  t h e s e  s t e p s  must t hen  be  combined i n  an i n t e -  
g r a t e d  demonst ra t ion  of t h e  complete p rocess ,  i n c l u d i n g  t h e  materials 
of c o n s t r u c t i o n ;  and f i n a l l y ,  a f t e r  t h e  MSBE p l a n t  i s  concep tua l ly  
des igned ,  a mock-up c o n t a i n i n g  components t h a t  are as c l o s e  as p o s s i b l e  
i n  des ign  t o  t h o s e  which w i l l  be used i n  t h e  a c t u a l  p rocess  must be 
b u i l t  and i ts  o p e r a t i o n  and maintenance procedures  demonstrated.  

The v a r i o u s  components and systems t o  go on t h e  r e a c t o r  must be  deve l -  
oped and demonstrated under  cond i t ions  and a t  s i z e s  t h a t  a l low conf i -  
dent  e x t r a p o l a t i o n  t o  the  MSBE i t s e l f .  These inc lude  t h e  xenon s t r i p -  
p ing  system f o r  t h e  f u e l  salt ,  of f -gas  and cleanup systems f o r  t h e  
coolan t  salt ( f a c i l i t i e s  i n  which t h e s e  could be done are a l r e a d y  
under c o n s t r u c t i o n ) ,  tests of  steam gene ra to r  modules and s t a r t u p  
systems,  and tests of p ro to types  of pumps t h a t  would a c t u a l l y  go i n  
t h e  r e a c t o r .  The c o n s t r u c t i o n  of an eng inee r ing  mock-up of t h e  major 
components and systems of t h e  r e a c t o r  would be  d e s i r a b l e ,  b u t  whether 
o r  not  t h a t  i s  done would depend on how far  t h e  development program 
had proceeded i n  t e s t i n g  v a r i o u s  components and systems i n d i v i d u a l l y .  

Graphi te  e lements  t h a t  are s u i t a b l e  f o r  t h e  MSBE should  be purchased 
i n  s i z e s  and q u a n t i t i e s  t h a t  a s s u r e  t h a t  a c o m e r c i a l  p roduct ion  capa- 
b i l i t y  does e x i s t ,  and t h e  r a d i a t i o n  behavior  of samples of t h e  
commercidly-produced material  should b e  confirmed. Methods f o r  
s e a l i n g  g r a p h i t e  t o  exclude xenon should con t inue  t o  be explored .  

On-line chemical a n a l y s i s  dev ices  and t h e  va r ious  in s t rumen t s  t h a t  
w i l l  be  needed f o r  t h e  r e a c t o r  and process ing  p l a n t  should be pur- 
chased o r  developed and should be demonstrated on l o o p s ,  p rocess ing  
experiments ,  and mock-ups. 
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Other r e sea rch  and development w i l l  b e  r equ i r ed  i n  a number of areas, 
bu t  t hose  l i s t e d  are t h e  major and most c o s t l y  under tak ings .  
s e n t  a d e s i r a b l e  program f o r  advancing and t e s t i n g  mol ten-sa l t  b reeder  
technology i n  t h e  absence of a commitment t o  b u i l d  a r e a c t o r ,  and most 
become necessary  i f  a r e a c t o r  i s  t o  b e  b u i l t .  

They r ep re -  

The I n c e n t i v e s  f o r  MSBR Development 

The foregoing  d i s c u s s i o n  i n d i c a t e s  t h a t  cons ide rab le  p rogres s  h a s  
been made towards t h e  development of mol ten-sa l t  b r e e d e r  r e a c t o r s  b u t  
a l s o  reveals t h a t  a s u b s t a n t i a l  development program w i l l  be  r equ i r ed  
b e f o r e  commercial MSBRs become an a c t u a l i t y .  
t i o n  of whether t h e r e  are i n c e n t i v e s  f o r  pursu ing  such a program. 

A f u l l  statement of  t h e  r a t i o n a l e  f o r  t he  development of molten- 
s a l t  breeder  r e a c t o r s  could l o g i c a l l y  make t h r e e  p o i n t s .  F i r s t ,  b r e e d e r s  
are needed. Second, i n  a d d i t i o n  t o  t h e  LMFBR, which has  a l r eady  been 
e s t a b l i s h e d  as a n a t i o n a l  goa l ,  one or  more d i f f e r e n t  concepts  t h a t  are 
a l s o  capable  of meet ing b reed ing  needs should  be  pursued a t  a p p r o p r i a t e  
levels of e f f o r t .  F i n a l l y ,  t h e  MSBR has  a unique and s i g n i f i c a n t  r o l e  
as an  a l t e r n a t e  b r e e d e r .  

number of p l aces  -mos t  no tab ly  i n  t h e  1962 r e p o r t  t o  t h e  P res iden t  [ l l ]  - 
and does no t  need t o  b e  r epea ted .  The second po in t  involves  cons ide ra t ions  
t h a t  go beyond t h e  scope  of t h i s  r e p o r t  and thus  the  arguments t o  suppor t  
i t  w i l l  a l s o  be omi t ted ,  a l though w e  are convinced of i ts  v a l i d i t y .  We 
are thus  brought  d i r e c t l y  t o  t h e  t h i r d  po in t  and must cons ide r  how w e l l  
t h e  MSBR meets t h e  requirements  f o r  an  a l t e r n a t e  b reede r .  

For t h e  development of any b r e e d e r  t o  be worth pursuing,  t h e  system, 
inc lud ing  t h e  r e a c t o r s  and t h e  a s s o c i a t e d  f u e l  i n d u s t r y ,  must p o t e n t i a l l y  

W e  t u r n  now t o  t h e  ques- 

The argument f o r  t h e  f i r s t  p o i n t  has  been adequate ly  made i n  a 

be  

1. 

2. 

3 .  

. /  a b l e  t o  m e e t  t h r e e  b a s i c  requi rements .  

I ts  f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s ,  by which w e  mean some combina- 
t i o n  of b reed ing  r a t i o  and f i s s i l e - f u e l  i nven to ry ,  must be  good enough 
t h a t  i f  i t  w e r e  b u i l t  i n  q u a n t i t y ,  t h e  cumulat ive amount of uranium 
t h a t  must b e  mined t o  s a t i s f y  t h e  growing U.S. n u c l e a r  power economy 
would s t a y  w i t h i n  accep tab le  bounds. (Defining t h e  lat ter i s ,  of  
course ,  t h e  d i f f i c u l t y .  References 9 and 10 inc lude  ana lyses  p e r t i -  
nent  t o  t h i s . )  

Its power c o s t  at  t h e  t i m e  t h a t  i t  i s  in t roduced  as a commercial 
product  must be low enough t h a t  i n  a f r e e  economy i t  would be chosen 
by u t i l i t i e s  on economic grounds i n  p re fe rence  t o  t h e  conve r t e r  reac- 
t o r s  t h e n  a v a i l a b l e .  Inhe ren t  i n  t h i s  i s  t h e  requirement  t h a t  t h e  
r e a c t o r ' s  r e l i a b i l i t y  and m a i n t a i n a b i l i t y  b e  good enough t o  y i e l d  
h igh  p l a n t  a v a i l a b i l i t y .  

It must b e  s a f e  enough t h a t  t h e  r i s k  of i n j u r y  t o  t h e  p u b l i c  i n  an 
acc iden t  and t h e  amounts of r a d i o a c t i v i t y  r e l e a s e d  du r ing  normal 
o p e r a t i o n  are both  accep tab le .  
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A s  d i s c u s s e d  i n  t h e  fo l lowing  paragraphs ,  MSBR's  appear p o t e n t i a l l y  
capable  of  s a t i s f y i n g  a l l  t h r e e  c r i t e r i a .  

Fuel  U t i l i z a t i o n .  - The r a p i d  removal of  f i s s i o n  products  and p r o t -  
ac t in ium from a mol ten-sa l t  b reeder  r e a c t o r ,  coupled w i t h  t h e  absence of 
s t r o n g l y  neut ron  absorb ing  materials i n  t h e  c o r e  s t r u c t u r e ,  makes i t  f e a s -  
i b l e  t o  a c h i e v e  a s i g n i f i c a n t  breeding  g a i n  i n  a thermal  r e a c t o r .  When 
combined w i t h  i t s  low s p e c i f i c  i n v e n t o r y ,  t h i s  r e s u l t s  i n  good u t i l i z a -  
t i o n  of uranium o r e  r e s o u r c e s .  This  p o i n t  is i l l u s t r a t e d  by F i g .  1 . 2 ,  
which shows t h a t  n e i t h e r  t h e  breeding  g a i n  nor  tne doubl ing  t i m e  i n  them- 
s e l v e s  are adequate  measures of t h e  a b i l i t y  of a b r e e d e r  r e a c t o r  t o  l i m i t  
t h e  amount of uranium o r e  t h a t  must b e  mined t o  f u e l  a growing n u c l e a r  
power economy. The f i s s i l e  invent 'ory i s  a l s o  impor tan t ,  and i t  i s  t h e i r  
low s p e c i f i c  i n v e n t o r y  t h a t  makes i t  p o s s i b l e  f o r  mol ten-sa l t  b r e e d e r  
r e a c t o r s  t o  serve as w e l l  as f a s t  b r e e d e r s  i n  l i m i t i n g  t h e  r e s o u r c e  re- 
quirements .  To demonstrate  f u r t h e r  t h e  importance of t h i s  p o i n t ,  t h e  
peak uranium o r e  requirements  ob ta ined  from curves  l i k e  t h o s e  shown i n  
F i g .  1 . 2  have been c r o s s - p l o t t e d  as  a f u n c t i o n  of t h e  s p e c i f i c  i n v e n t o r y  
and doubl ing  t i m e  i n  F i g .  1 .3 .  

Consequently,  our  conclus ion  i s  t h a t  mol ten-sa l t  b reeder  reactors,  
i n  s p i t e  of t h e i r  s m a l l  b reeding  ga in ,  can serve as w e l l  as f a s t  r e a c t o r s  
i n  conserv ing  uranium. I n  a d d i t i o n ,  mol ten-sa l t  c o n v e r t e r  r e a c t o r s  f ed  
w i t h  plutonium can have h igh  conversion r a t i o s  and very  f a v o r a b l e  f u e l -  
c y c l e  c o s t s .  Thus, even i f  mol ten-sa l t  b r e e d e r s  are n o t  s u c c e s s f u l  o r  
n o t  needed, t h e  mol ten-sa l t  technology can b e  used i n  a c o n v e r t e r  t h a t  
serves as a companion t o  a f a s t  b r e e d e r  t o  provide  low power c o s t  and a 
balanced f u e l  economy [ 9 ,  p. 6-52] . 
ium o r e  b u t  nave n o t  mentioned thorium, even though t h e  MSBR i s  a thorium- 
c y c l e  r e a c t o r .  The reason  i s  t h a t  i t  i s  f i s s i l e  f u e l  t h a t  i s  i n  s h o r t  
supply and n o t  f e r t i l e  mater ia l .  
thorium are  adequate  t o  supply t h e  need f o r  f e r t i l e  materials f o r  hun- 
dreds  of y e a r s ,  and t h e  c o s t  of power i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e i r  
c o s t .  A s  a l r e a d y  noted ,  doubl ing  t h e  c o s t  of thorium from $ 5 / l b  t o  $ 1 0 / l b  
would add only 0.05 mill /kwh t o  t h e  f u e l - c y c l e  c o s t  i f  no changes w e r e  
made t o  economize on thorium u s e .  

Throughout t h i s  s e c t i o n  w e  have d i s c u s s e d  t h e  c o n s e r v a t i o n  of  uran-  

The U.S. reserves of  bo th  2 3 8 U  and 

Power Cost .  - Avoidance of f u e l  f a b r i c a t i o n ,  r a p i d  removal of  f i s -  
s i o n  product  poisons and pro tac t in ium,  and a low f i s s i l e  inventory  r e s u l t  
i n  low f u e l - c y c l e  c o s t s  f o r  HSBR'S i n  s p i t e  of i n c l u s i o n  of a s u b s t a n t i a l  
c a p i t a l  c o s t  f o r  t h e  o n - s i t e  process ing  p l a n t .  C a p i t a l  c o s t s  f o r  t h e  
r e a c t o r  are  less c e r t a i n  than  fue l -cyc le  c o s t s ,  b u t  a d e t a i l e d  comparison 
i n d i c a t e s  t h a t  when f u l l y  developed,  t h e  c o n s t r u c t i o n  c o s t s  of MSBR's  
should b e  about t h e  same as t h o s e  of l i g h t - w a t e r  r e a c t o r s .  The h igh  
thermal  e f f i c i e n c y  of t h e  MSBR, t h e  l o w  primary-system p r e s s u r e ,  and 
t h e  l a r g e  tempera ture  d i f f e r e n c e s  a v a i l a b l e  f o r  heat t r a n s f e r  are t h e  
key f a c t o r s  which hold MSBR c a p i t a l  c o s t s  down, whereas remote maintenance 
requi rements  on p a r t s  of t h e  p l a n t  e n t a i l  added c o s t s .  
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Some p e n a l t y  must b e  pa id  f o r  t h e  c o s t  of  r e p l a c i n g  g r a p h i t e ,  b u t  i f  
t h i s  must b e  done as f r e q u e n t l y  as every f o u r  y e a r s ,  o u r  estimate i s  t h a t  
tlie c o s t  w i l l  f a l l  i n  t h e  range  of 0 . 1  t o  0.2 mil l /kwh.  The need t o  per -  
form remote maintenance on p a r t s  of t h e  p l a n t  may add a d d i t i o n a l  downtime 
requirements ,  b u t  t h i s  should b e  o f f s e t  by t h e  h i g h  a v a i l a b i l i t y  r e s u l t i n g  
from on-stream r e f u e l i n g ,  which o b v i a t e s  t h e  need f o r  annual  r e f u e l i n g  
snutdowns . 

I n  sum, w e  b e l i e v e  t h a t  power c o s t s  of MSBR's should b e  c o m p e t i t i v e  
w i t h  t h o s e  of l i g h t - w a t e r  r e a c t o r s ,  and t h e  a t t a i n m e n t  of low power c o s t  
does n o t  a w a i t  development of a l a r g e  f u e l - c y c l e  i n d u s t r y .  

S a f e t y .  - Molten-sal t  r e a c t o r s  have c e r t a i n  i n h e r e n t  f e a t u r e s  t h a t  
assist t h e  d e s i g n e r  i n  provid ing  a s a f e  p l a n t .  The sa l t  systems o p e r a t e  
a t  low p r e s s u r e  w i t h  l i t t l e  s t o r e d  energy;  t h e  salts do n o t  react r a p i d l y  
w i t h  a i r  o r  w a t e r ;  some f i s s i o n  products  are removed from t h e  primary 
system cont inuous ly ;  and i o d i n e  and s t r o n t i u m  form s t a b l e  compounds i n  
the s a l t .  Continuous f u e l  p r o c e s s i n g  eliminates t h e  need f o r  excess 
r e a c t i v i t y ,  and a prompt n e g a t i v e  tempera ture  c o e f f i c i e n t  is  a s s o c i a t e d  
wi th  t h e  h e a t i n g  of t h e  sa l t .  

A s a f e t y  d isadvantage  i s  t h e  accumulat ion of f i s s i o n  products  i n  t h e  
primary system, t h e  of f -gas  system, t h e  f u e l  s t o r a g e  t a n k s ,  and t h e  proc- 
e s s i n g  p l a n t ,  which r e q u i r e s  p r o v i s i o n s  t o  i n s u r e  t h a t  t h e  f i s s i o n  products  
w i l l  b e  conta ined  and t h e i r  decay h e a t  w i l l  b e  removed under a l l  conceiv- 
a b l e  c i rcumstances.  P a r t i a l l y  o f f s e t t i n g  t h i s  i s  t h e  a b i l i t y  t o  d r a i n  t h e  
f u e l  i n t o  a tank  t h a t  h a s  an always-ready, redundant c o o l i n g  system. I n  
t h e  MSBR r e f e r e n c e  d e s i g n ,  t h i s  tank  is  used a l s o  as a hold-up t a n k  f o r  
t h e  s t r o n g l y  h e a t  g e n e r a t i n g  of f -gas ,  which means t h a t  i t s  c o o l i n g  system 
i s  always i n  u s e  and need n o t  come i n t o  o p e r a t i o n  j u s t  i n  a n  emergency. 
An added advantage of t h e  d e s i g n  i s  t h e  u s e  of a n a t u r a l  c i r c u l a t i o n  
c o o l i n g  system t h a t  does n o t  need power t o  o p e r a t e  and can p i c k  up i n -  
c reased  load  wi thout  a c t i o n  by t h e  c o n t r o l  system o r  t h e  o p e r a t o r .  

Two o t h e r  f a c t o r s  may provide  some s a f e t y  margins over  s o l i d - f u e l  
r e a c t o r s .  One i s  t h e  comparat ively low power d e n s i t y  of  f i s s i o n  products  
i n  t h e  f u e l  s a l t ,  which should permit  c a t c h  b a s i n s  o r  c r u c i b l e s  a t  t l ie 
bottom of  t h e  containment b u i l d i n g  t o  b e  cooled w e l l  enough t h a t  "China 
syndrome" p e n e t r a t i o n  of t h e  containment s t i l l  would n o t  occur  i f  a l l  
else f a i l e d .  The o t h e r  i s  t h e  o n - s i t e  process ing ,  which e l i m i n a t e s  t h e  
need t o  t r a n s p o r t  f i s s i o n  products  a t  a t i m e  when t h e i r  h e a t  g e n e r a t i o n  
ra te  i s  s t i l l  s i g n i f i c a n t .  

I n  a d d i t i o n  t o  be ing  a b l e  t o  s a t i s f y  t h e s e  g e n e r a l  c r i te r ia  f o r  a 
b r e e d e r ,  t h e  MSBR is p a r t i c u l a r l y  s u i t a b l e  f o r  development as an a l t e r n a -  
t i ve  t o  t h e  Liquid-Metal F a s t  Breeder Reac tor .  The r e a s o n  i s  t h a t  i t  is  
completely d i f f e r e n t  from t h e  LMFBR, and i f  t h e  LNFBR w e r e  t o  encounter  
d i f f i c u l t  t e c h n i c a l ,  s a f e t y ,  o r  economic problems, t h e r e  i s  a good chance 
t h a t  t h o s e  problems would n o t  b e  shared by t h e  MSBR. These d i f f e r e n c e s  
inc lude :  f l u i d  f u e l  v e r s u s  s o l i d  f u e l ,  slow-neutron spectrum v e r s u s  f a s t  
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spectrum, 2 3  ~ U - T I ~  f u e l  c y c l e  v e r s u s  ~ u - 2 3 8 ~  c y c l e ,  mol ten-sa l t  c o o l a n t  
v e r s u s  sodium c o o l a n t ,  p r o c e s s i n g  f u e l  o n - s i t e  v e r s u s  s h i p p i n g  t o  a cen- 
t r a l  f a c i l i t y ,  g r a p h i t e  c o r e  s t r u c t u r e  v e r s u s  s t a i n l e s s - s t e e l  c l a d d i n g  
and s t r u c t u r e ,  and s low r e a c t o r  k i n e t i c s  v e r s u s  f a s t  k i n e t i c s .  A f u r t h e r  
advantage arises from t h e  d i s s i m i l a r i t y :  i f  b o t n  r e a c t o r s  a re  developed 
s u c c e s s f u l l y ,  t h e  d i f f e r e n c e s  w i l l  p rovide  an o p p o r t u n i t y  f o r  f u l l  economic 
compet i t ion  i n  t h e  supply o f  b r e e d e r s  t o  u t i l i t i e s ,  ex tending  back t o  t h e  
mining of thorium and uranium o r e .  

ments f o r  a breeder  i f  i t s  p o t e n t i a l  i s  r e a l i z e d ,  and t h e  d i f f e r e n c e s  be- 
tween it and a n  LMFBR provide advantages t o  i t  as an a l t e r n a t i v e  t o  t h e  
LMFBR. I n  t h e  n e x t  s e c t i o n  w e  examine t h e  p r o s p e c t s  f o r  s u c c e s s  i n  achiev-  
i n g  t h e  p o t e n t i a l  of t h e  concept .  

Thus w e  conclude t h a t  t h e  MSBR can  s a t i s f a c t o r i l y  m e e t  t h e  r e q u i r e -  

The Likel ihood of Success  

The development program f o r  a power r e a c t o r  might b e  cons idered  a 
s u c c e s s  i f  it b r i n g s  a l l  of t h e  technology needed f o r  t h e  r e a c t o r  t o  t h e  
p o i n t  t h a t  manufac turers  can use  i t  t o  produce power p l a n t s  t n a t  can b e  
s o l d  t o  u t i l i t i e s .  A f t e r  having  completed t h i s  review, we conclude t h a t  
t h e r e  i s  a r e a s o n a b l e  e x p e c t a t i o n  t h a t  a n  MSBR development program can 
accomplish t h i s  o b j e c t i v e .  To do s o ,  i t  must f i n d  s o l u t i o n s  f o r  t h e  
t e c h n i c a l  problems w e  have i d e n t i f i e d  and must deve lop  a l l  of  t h e  
materials, components, and systems t h a t  are needed. Our conclus ions  
about  t h e  major problems are  as fol lows:  

1. 

2. 

3 .  

Recent experiments  i n d i c a t e  t h a t  t h e r e  probably are s o l u t i o n s  t o  t h e  
inter  g r a n u l a r  c r a c k i n g  problem t h a t  has  hung menacingly o v e r  t h e  
program d u r i n g  t h e  p a s t  y e a r .  An important  q u e s t i o n  a t  t h e  moment 
i s  whether t h e  remedy can  b e  a s m a l l  change i n  t h e  composition of 
H a s t e l l o y  N ,  o r  i n s t e a d  w e  must s u b s t i t u t e  an a l l o y  of  s i g n i f i c a n t l y  
d i f f e r e n t  composi t ion t h a t  w i l l  r e q u i r e  a n  e x t e n s i v e  program t o  
q u a l i f y  it f o r  r e a c t o r  u se .  This  m a t t e r  i s  b e i n g  i n t e n s i v e l y  i n -  
v e s t i g a t e d  a t  p r e s e n t ,  and a p r e l i m i n a r y  answer should be  a v a i l a b l e  
w i t h i n  a few months. 

Our r e s e a r c h  program g i v e s  hope t h a t  means w i l l  b e  for thcoming f o r  
r e d u c i n g  t h e  escape  of t r i t i u m  t o  t h e  s t e a m  system w i t h o u t  a s i g n i -  
f i c a n t  change i n  our  concept of t h e  r e a c t o r .  W e  should be a b l e  t o  
select  t h e  most promising method and demonst ra te  i t  i n  a system o f  
r e a s o n a b l e  s i z e  w i t h i n  one o r  t w o  y e a r s .  

Much work remains t o  b e  done i n  t h e  development and demonst ra t ion  
of t h e  p r o c e s s i n g  system f o r  t h e  s i n g l e - f l u i d  b r e e d e r  r e a c t o r ,  b u t  
p r o g r e s s  s o  f a r  h a s  been v e r y  s a t i s f a c t o r y ,  and t h i s  remains one of 
t h e  b r i g h t  s p o t s  i n  t h e  MSBR development program. The p r o s p e c t s  f o r  
s u c c e s s f u l l y  deve loping  t h e  f l u o r i n a t i o n - r e d u c t i v e  e x t r a c t i o n - m e t a l  
t r a n s f e r  system are good, and t h e r e  are  some a l t e r n a t i v e  approaches 
i n  case p a r t s  o f  t h e  p r e s e n t l y  p r e f e r r e d  system encounter  insurmount- 
a b l e  d i f f i c u l t i e s .  We should n o t e  t h a t  a complete  demonst ra t ion  of  
t h e  p r o c e s s i n g  p l a n t  can o n l y  b e  made on a r e a c t o r ,  where r e p r e s e n t a -  
t i v e  c o n c e n t r a t i o n s  of p r o t a c t i n i u m  and short-cooled f i s s i o n  products  
are a v a i l a b l e .  
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4 .  A f t e r  t h e s e  major t e c h n i c a l  q u e s t i o n s  have been favorably  r e s o l v e d ,  
a h o s t  of  t a s k s  remain t o  b e  accomplished i n  t a k i n g  t h e  engineer ing  
from MSRE scale t o  MSBR scale.  Those t h a t  w e  recognize  are descr ibed  
i n  t h i s  r e p o r t ;  some are d i f f i c u l t ,  b u t  a l l  seem a c h i e v a b l e .  There 
may b e  o t h e r s ;  i f  so, they  can b e s t  b e  i d e n t i f i e d  by d o i n g  t h e  de- 
t a i l e d  d e s i g n  of r e a c t o r  p l a n t s  and can b e  brought  i n t o  t h e  s h a r p e s t  
focus  by development of  equipment and systems f o r  those  p l a n t s .  

Solv ing  t h e  t e c h n i c a l  problems and developing  an o p e r a b l e  r e a c t o r ,  
however, are not a l o n e  a guarantee  of s u c c e s s  f o r  a b r e e d e r .  The breeder  
must n o t  only b e  operable ,  it must m e e t  t h e  performance cr i ter ia  w e  l i s t e d  
earlier. Therefore  w e  t u r n  t o  t h e  q u e s t i o n  of how l i k e l y  i t  i s  t h a t  t h e  
c h a r a c t e r i s t i c s  claimed f o r  t h e  MSBR r e f e r e n c e  d e s i g n  w i l l  be  achieved.  

Fue l  U t i l i z a t i o n .  - Our exper ience  w i t h  t h e  MSRE and w i t h  t h e  High 
Temperature La t t ice  T e s t  Reactor  a t  Hanford shows t h a t  t h e r e  i s  l i t t l e  
u n c e r t a i n t y  i n  our  a b i l i t y  t o  c a l c u l a t e  t h e  b r e e d i n g  r a t i o  and f u e l  con- 
c e n t r a t i o n  of a mol ten-sa l t  r e a c t o r  t h a t  h a s  a s p e c i f i e d  c o r e  composition. 
More u n c e r t a i n  i s  t h e  behavior  of  f i s s i o n  products  i n  t h e  MSBR; h e r e  t h e  
MSRE d a t a  do n o t  provide  a complete b a s i s  f o r  p r e d i c t i o n ,  b u t  t h e  uncer- 
t a i n t y  does n o t  appear  t o  b e  g r e a t  enough f o r  t h e r e  t o  b e  a major e r r o r  
i n  t h e  e s t i m a t e d  breeding  r a t i o .  

The f i s s i l e  i n v e n t o r y  depends on t h e  volume of  t h e  r e a c t o r  primary 
system and t h e  amount of uranium hold up i n  t h e  p r o c e s s i n g  p l a n t ,  as w e l l  
as on t h e  c o n c e n t r a t i o n  i n  t h e  f u e l  salt; and t h e s e  could b e  somewhat 
h i g h e r  t h a n  e s t i m a t e d  i n  t h e  r e f e r e n c e  des ign .  The u n c e r t a i n t i e s  are 
whether t h e  h e a t  exchanger can  b e  as compact as p o s t u l a t e d  i n  t h e  d e s i g n ,  
whether t h e  p l e n a  i n  t h e  r e a c t o r  vessel  are l a r g e  enough f o r  adequate  f low 
d i s t r i b u t i o n ,  and whether t h e  hold-up t i m e  i n  t h e  process ing  p l a n t  can b e  
as s h o r t  as p o s t u l a t e d .  While w e  could have been o v e r l y  o p t i m i s t i c  about 
some of t h e s e ,  none appears  l i k e l y  t o  change enough t o  have a major e f f e c t  
on t h e  f u e l  u t i l i z a t i o n .  

Power Cost.  - The p r o b a b i l i t y  of  a c h i e v i n g  our  power c o s t  c r i t e r i o n  
i s  more d i f f i c u l t  t o  e v a l u a t e  because  i t  n o t  o n l y  i n v o l v e s  u n c e r t a i n t i e s  
i n  MSBR c o s t s  b u t  a lso u n c e r t a i n t i e s  about  what t h e  c o s t  of t h e  competing 
systems w i l l  be .  
c o s t  of t h e  p r o c e s s i n g  p l a n t ,  and t h i s  i s  probably t h e  most u n c e r t a i n  of  
t h e  estimates. We can only s a y  t h a t  w e  t h i n k  w e  have made a reasonably  
c o n s e r v a t i v e  estimate, i n c l u d i n g ,  f o r  example, an al lowance of  $200 a 
pound f o r  t h e  c o s t  of  f a b r i c a t i n g  molybdenum; and t h e r e  i s  a d d i t i o n a l  
conserva t i sm i n  t h e  process ing  c o s t s  b e i n g  based on u s i n g  t h e  process ing  
p l a n t  f o r  o n l y  1000 MW(e) of  r e a c t o r  c a p a c i t y ,  whereas t h e  u n i t  c o s t s  of 
process ing  p l a n t s  come down v e r y  r a p i d l y  i f  t h e  throughput i s  i n c r e a s e d .  

Because t h e  f i s s i l e  i n v e n t o r y  i s  f a i r l y  low and t h e  c r e d i t  f o r  sale 
of bred f u e l  i s  modest, t h e  f u e l  c y c l e  economics of MSBR'S are n o t  v e r y  
s e n s i t i v e  t o  t h e s e  f a c t o r s  nol: t o  t h e  c o s t  o f  enr iched uranium. I n c r e a s i n g  
uranium o r e  c o s t  from $8 t o  $16 a pound wi thout  r e o p t i m i z a t i o n  of t h e  
r e a c t o r  would o n l y  increase t h e  f u e l  c y c l e  c o s t s  by about 0 . 1  mil l fkwh.  

The major c o s t  i t e m  i n  t h e  f u e l  c y c l e  is t h e  c a p i t a l  
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Other f a c t o r s  have a s m a l l  e f f e c t  on t h e  f u e l  c y c l e  c o s t ;  doubl ing  
t h e  c o s t  of 7 L i ,  f o r  example, would add 0 .06  mil ls /kwh,  and doubl ing  t h e  
c o s t  of thorium would add 0.05 mil l /kwh.  A r e l a t i v e l y  h igh  f ixed-charge  
ra te  on t h e  f u e l  i nven to ry  has  been used i n  t h e  estimate. 

i t e  l i f e t i m e  w i l l  b e  only as g r e a t  as t h a t  of g r a p h i t e  t h a t  has  a l r e a d y  
been t e s t e d ,  and expected improvements i n  l i f e t i m e  w i l l  r educe  t h e  f r e -  
quency and thus  t h e  c o s t  of replacement .  The c o s t  of t h e  g r a p h i t e  has  
been es t imated  t o  b e  about $10 / lb ,  which i s  much h i g h e r  than  t h e  c o s t  
of most " s p e c i a l t y "  g r a p h i t e s  b u t  could  b e  low f o r  a s e a l e d  g r a p h i t e  
meeting t h e  unique requi rements  of t h e  LVfSBR. However, a l lowing  an addi -  
t i o n a l  $ 5 / l b  t o  cover  a p o s s i b l e  unde res t ima te  of t h e  s e a l i n g  c o s t  would 
add only  about 0.1 mil l /kwh t o  t h e  power c o s t .  

b u i l t  f a r  i n  t h e  f u t u r e  wi th  some y e t  undeveloped technology i s  f u l l  of 
u n c e r t a i n t i e s .  Because of t h e  way LWR c o s t  d a t a  were used,  t h e s e  uncer-  
t a i n t i e s ,  as w e  judge i t ,  have more t o  do wi th  t h e  des ign  of t h e  p l a n t  
than  wi th  ou r  a b i l i t y  t o  make c o s t  comparisons f o r  a g iven  des ign .  Never- 
t h e l e s s ,  t h e r e  i s  l i m i t e d  room f o r  e r r o r  i n  t h e  comparison wi th  an  LWR 
because t h e  c o s t  of " r eac to r  equipment" (which i n c l u d e s ,  among o t h e r s  , 
t h e  r e a c t o r  i t s e l f ,  t h e  s a l t  pumps, t h e  h e a t  exchangers and steam gener- 
a t o r s ,  t h e  salt s t o r a g e  t a n k s ,  and t h e  of f -gas  system) i s  only  one- th i rd  
of t h e  t o t a l  c o s t  of t h e  power p l a n t .  

S ince  mol ten-sa l t  r e a c t o r s  do no t  have t o  b e  s h u t  down f o r  r e f u e l i n g ,  and 
t h e  frequency of g r a p h i t e  replacement i s  low and can  be  scheduled t o  co- 
i n c i d e  wi th  major t u r b i n e  maintenance, MSBR'S s ta r t  o f f  w i t h  an a v a i l a -  
b i l i t y  advantage over LWR'S. 
a b l e  and must b e  s p e c i a l l y  designed so  t h a t  t h e  i n i t i a l  advantage i s  n o t  
o f f s e t  by t h e  inc reased  d i f f i c u l t y  of maintenance.  

Our estimate h a s  t h e  c o s t  of power from an MSBR b e i n g  about 0.5 m i l l /  
kwh less than  t h a t  of a l i gh t -wa te r  r e a c t o r  a t  p re sen t  uranium o r e  p r i c e s .  
I f  uranium ore  c o s t s  i n c r e a s e  by $ 8 / l b  by t h e  t i m e  b r e e d e r s  are  in t roduced ,  
t h e  c o s t  advantage of an MSBR would i n c r e a s e  by 0.3 mil l /kwh.  
i s  a f a i r  margin f o r  e r r o r  i n  our  comparison wi th  p r e s e n t  day LWR'S. 
e v e r ,  LWR c o s t s  are c e r t a i n  t o  change some i n  two o r  s o  decades ,  and HTGR's 
r a t h e r  t han  LWR'S could b e  t h e  conve r t e r  w i th  which t o  compete a t  t h e  t i m e .  
Thus s t r o n g  conclus ions  about  t h e  MSBR meet ing ou r  c o s t  c r i t e r i o n  are n o t  
p o s s i b l e ,  b u t  t h e  chances s e e m  reasonably  good wi th  low uranium p r i c e s ,  
and of course ,  i n c r e a s e  as t h e  c o s t  o f  uranium o r e  goes up. 

The g r a p h i t e  replacement c o s t  w a s  e s t ima ted  assuming t h a t  t h e  graph- 

W e  must acknowledge t h a t  e s t i m a t i o n  of c a p i t a l  c o s t s  of p l a n t s  t o  b e  

One o t h e r  f a c t o r  t h a t  can a f f e c t  t h e  power c o s t  i s  p l a n t  a v a i l a b i l i t y .  

The MSBR p l a n t  must,  however, be  made r e l i -  

Thus t h e r e  
How- 

Sa fe ty .  - W e  b e l i e v e  t h a t  MSBR's have a p a r t i c u l a r l y  s m a l l  p r o b a b i l i t y  
of a major  acc iden t  with a l a r g e  release of  r a d i o a c t i v i t y ,  b u t  t h i s  convic- 
t i o n  i s  based more on t h e  gene ra l  f e a t u r e s  of t h e  concept ,  such as t h o s e  
d i scussed  i n  t h e  preceding  s e c t i o n ,  t han  they  are on a d e t a i l e d  a n a l y s i s .  
A f u l l y  s a t i s f y i n g  development of t h i s  argument w i l l  on ly  b e  made i n  re- 
views equ iva len t  t o  those  a s s o c i a t e d  w i t h  t h e  l i c e n s i n g  procedure f o r  con- 
s t r u c t i o n  of an a c t u a l  r e a c t o r .  
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I n  c o n t r a s t  t o  t h e  p r o b a b i l i t y  of a b i g  a c c i d e n t ,  t h e  wider  d i s -  
t r i b u t i o n  of r a d i o a c t i v i t y  i n  a mol ten-sa l t  r e a c t o r  and i t s  p rocess ing  
p l a n t  i n c r e a s e s  t h e  chances of small releases. The a b i l i t y  t o  res t r ic t  
t h e  release of  r a d i o a c t i v i t y  du r ing  normal o p e r a t i o n  o r  maintenance 
per iods  t o  a d e s i r e d  level  appears  t o  be a matter of c o s t ,  and t h e  pro- 
v i s i o n  of adequate  containment and clean-up systems should  reduce t h e  
release rate t o  as low as d e s i r e d .  

These c o n s i d e r a t i o n s  convince us t h a t  t h e  l i k e l i h o o d  of be ing  a b l e  
t o  develop an MSBR t h a t  can meet t h e  requirements  f o r  a s u c c e s s f u l  b reede r  
i s  good. W e  must n o t e ,  however, t h a t  s k e p t i c s  w i l l  sometimes acknowledge 
t h e  arguments t h a t  w e  have c i t e d  b u t  t hen  raise ques t ions  about o t h e r  
f a c t o r s  t h a t  they  t h i n k  might be impor tan t .  One q u e s t i o n  has  t o  do wi th  
t h e  p r a c t i c a l i t y  of o p e r a t i n g  and ma in ta in ing  a r e a c t o r  i n  which f i s s i o n  
products  sp read  throughout several p a r t s  of t h e  p l a n t .  We b e l i e v e  t h a t  
t h i s  i s  a s e r i o u s  matter t o  be t r e a t e d  thoroughly i n  the  des ign ,  b u t  w e  
are convinced t h a t  i t  can b e  handled economical ly .  Our views are based 
on exper ience  wi th  t h e  o p e r a t i o n  and maintenance of fou r  f l u i d - f u e l  reac- 
t o r s ,  and most impor t an t ly ,  by ou r  f avorab le  exper ience  wi th  t h e  MSRE. 
Larger  p l a n t s  w i l l  have l a r g e r  components t o  be handled and h ighe r  l e v e l s  
of r a d i o a c t i v i t y ,  b u t  w e  b e l i e v e  t h a t  t h e  MSRE maintenance approach,  used 
wi th  c a r e f u l  des ign  of t h e  p l a n t  s o  t h a t  maintenance requirements  are 
a n t i c i p a t e d ,  w i l l  permit  repair  o r  replacement t o  be  done i n  r easonab le  
t i m e s .  

r e a c t o r  and t h e  requirements  f o r  o p e r a t i o n  of a process ing  p l a n t  i n  con- 
j u n c t i o n  wi th  i t  w i l l  make u t i l i t i e s  unwi l l i ng  t o  purchase such sys tems.  
Our response  is t h a t  u t i l i t i e s  have been w i l l i n g  t o  t ake  on o t h e r  advanced 
t echno log ie s ,  such as nuc lea r  energy and t h e  u s e  of s u p e r c r i t i c a l  steam, 
and they seem w i l l i n g  t o  under take  o p e r a t i o n  of systems con ta in ing  molten 
sodium. None of  t h e  u t i l i t i e s  t h a t  have evinced an i n t e r e s t  i n  molten- 
salt r e a c t o r s  has  i n d i c a t e d  t o  us  t h a t  t h e  requirement  f o r  chemical re- 
process ing  would cause  them t o  be  unwi l l i ng  t o  o p e r a t e  an MSBR. 

r e a c t o r s  are as good as you i n  Oak Ridge s a y ,  why  a r e n ' t  i n d u s t r i a l  f i rms  
p r e s e n t l y  working on them?" The answer t o  t h i s  h a s  s e v e r a l  f a c e t s .  F i r s t  
of a l l ,  t h e  commitments of t h e  p re sen t  u t i l i t y  s u p p l i e r s  t o  o t h e r  systems 
w e r e  a l l  made b e f o r e  t h e  MSRE had ope ra t ed  and provided a demonst ra t ion  
t h a t  t h e  technology w a s  more p r a c t i c a l  than  some had expected.  Second, 
t h e  manufacturer  of an MSBR cannot expec t  t h e  s i g n i f i c a n t  f u e l  supply and 
r ep rocess ing  bus iness  - t h e  "razor  b lade"  bus iness  - t h a t  can accompany 
t h e  sale of a s o l i d - f u e l  r e a c t o r ,  and thus  the  p o t e n t i a l  f o r  f u t u r e  p r o f i t s  
seems less wi th  mol ten-sa l t  r e a c t o r s .  F i n a l l y ,  t h e  budget of t he  Atomic 
Energy Commission f o r  mol ten-sa l t  r e a c t o r  development has  been r e l a t i v e l y  
s m a l l ,  and t h e  AEC has  made no commitment t h a t  i t  w i l l  assist i n  t h e  de- 
velopment of mol ten-sa l t  b reede r  r e a c t o r s .  Hence a manufacturer  who con- 
s i d e r e d  unde r t ak ing  mol ten-sa l t  r e a c t o r  development could not  be s u r e  o f  
r e c e i v i n g  t h e  k ind  of development suppor t  t h a t  h a s  been forthcoming f o r  
o t h e r  r e a c t o r  concepts .  

A second q u e s t i o n  is  whether  t h e  chemical n a t u r e  of a mol ten-sa l t  

The f i n a l  ques t ion  is sometimes s t a t e d  t h i s  way: "If mol ten-sa l t  
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The fo rego ing  examination of v a r i o u s  a s p e c t s  of mo l t en - sa l t  b r e e d e r  
r e a c t o r s  l e a d s  u s  t o  t h e  fo l lowing  g e n e r a l  conc lus ions .  

Overa l l  Conclusions 

The o b j e c t i v e  of deve loping  b reede r  r e a c t o r s  i s  t o  o b t a i n  a s o u r c e  
of low-cost energy f o r  o u r s e l v e s  and f o r  f u t u r e  g e n e r a t i o n s .  Mol ten-sa l t  
b reede r  r e a c t o r s  have a t t r i b u t e s  of f u e l  u t i l i z a t i o n ,  economics, and s a f e t y  
t h a t  make them w e l l  s u i t e d  t o  s e r v e  t h a t  purpose.  The h igh ly  s u c c e s s f u l  
o p e r a t i n g  expe r i ence  of t h e  Molten-Salt  Reactor Experiment and t h e  develop- 
ments i n  chemical processes  t h a t  have allowed an  impor tan t  s i m p l i f i c a t i o n  
i n  t h e  b r e e d e r  concept provide  suppor t  f o r  t h e  c o n t e n t i o n  t h a t  r e a c t o r s  
having  t h e s e  c h a r a c t e r i s t i c s  can be  s u c c e s s f u l l y  developed. Because they  
d i f f e r  i n  many r e s p e c t s  from Liquid-Metal F a s t  Breeder Reac to r s ,  MSBRs 
s e r v e  p a r t i c u l a r l y  w e l l  as in su rance  f o r  t h e  n a t i o n ' s  energy supply  i n  
c a s e  t h e  LMFBR encounters  i n s u r m u n t a b l e  o b s t a c l e s .  Moreover , i f  bo th  
systems are s u c c e s s f u l l y  developed, t h e  a b i l i t y  of t h e  mol t en - sa l t  r e a c t o r  
t o  b e  s t a r t e d  up as a b reede r  o r  ope ra t ed  economically as a c o n v e r t e r  on 
plutonium, 235U,  o r  2 3 3 U  makes i t  a s u i t a b l e  companion f o r  an LMFBR t o  
provide  a ba lanced  f u e l  economy. I n  t h i s  case, the  d i f f e r e n c e s  between 
t h e  two concepts ,  s t a r t i n g  back a t  t h e  mining of o r e ,  a l s o  provide  i n -  
c reased  oppor tun i ty  f o r  a compe t i t i ve  b r e e d e r  i n d u s t r y .  

Thus f a r  t h e  work on mol ten-sa l t  r e a c t o r  technology h a s  e s t a b l i s h e d  
what w e  b e l i e v e  t o  b e  a f i r m  founda t ion  f o r  s u c c e s s .  There are s t i l l  
some b a s i c  problems, no tab ly  s u r f a c e  c r a c k i n g  of H a s t e l l o y  N and t r i t i u m  
containment,  whose s o l u t i o n s  have n o t  been  f u l l y  demonst ra ted .  We a l s o  
recognize  some major eng inee r ing  t a s k s ,  such as demonst ra t ion  of  t h e  
complete fue l -p rocess ing  system, development of t h e  c a p a b i l i t y  f o r  
dependable,  economical maintenance of an  MSBR, and sca le -up  of  r e a c t o r  
equipment t o  MSBR s i z e .  Neve r the l e s s ,  t h e  p o t e n t i a l  of mo l t en - sa l t  
r e a c t o r s  i s  promising enough t o  j u s t i f y  a cont inued  e f f o r t .  

more e x t e n s i v e  development of components and sys tems.  I f  t h e s e  proceed 
s a t i s f a c t o r i l y ,  t h e  c o n s t r u c t i o n  of a r e a c t o r  shou ld  come n e x t ,  b u t  t h e  
scale-up need n o t  b e  l a r g e  s i n c e  a 150 - 200 MW(t) r e a c t o r  could demon- 
s t ra te  all of t h e  technology t h a t  i s  e s s e n t i a l  f o r  a mol t en - sa l t  b r e e d e r .  
This r e a c t o r  should  provide  s u f f i c i e n t  i n fo rma t ion  f o r  concluding  whether 
f u l l - s c a l e  MSBR'S w i l l  b e  t e c h n i c a l l y  and economically a t t rac t ive  enough 
t o  j u s t i f y  completing t h e i r  development. We b e l i e v e  t h a t  a s t r o n g l y  
motivated and adequate ly  funded program t h a t  fo l lows  t h i s  r o u t e  w i l l  
l e a d  t o  mol t en - sa l t  b reede r  r e a c t o r s  t h a t  can p lay  a major r o l e  i n  pro- 
v i d i n g  t h e  n a t i o n ' s  f u t u r e  energy supp ly .  

Favorable r e s o l u t i o n  of t h e  b a s i c  problems must come f i r s t ,  t h e n  
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2. EVOLUTION AND DEVELOPMENT OF MOLTEN-SALT REACTORS ... 
4 P. N .  Haubenreich 

O r i g i n s  

When t h e  i d e a  of t h e  b r e e d e r  w a s  f i r s t  sugges ted  i n  1943, t h e  r a p i d  
and e f f i c i e n t  r e c y c l e  of t h e  p a r t i a l l y  s p e n t  c o r e  w a s  regarded as t h e  
main problem [ l ] .  This  problem, which i s  s t i l l  c r u c i a l  i n  breeder  eco- 
nomics, w a s  a t t a c k e d  i n  two ways - by s t r i v i n g  f o r  very long  burnup and 
by s e e k i n g  t o  s i m p l i f y  t h e  e n t i r e  r e c y c l e  o p e r a t i o n .  The l a t t e r  p u r s u i t  
i n e v i t a b l y  l e d  t o  c o n s i d e r a t i o n  of  f l u i d - f u e l e d  r e a c t o r s  as t h e  u l t i m a t e  
i n  f u e l  c y c l e  s i m p l i f i c a t i o n .  

Neutron-multiplying systems c o n s i s t i n g  of aqueous s o l u t i o n s  and s l u r -  
ries were i n v e s t i g a t e d  soon a f t e r  t h e  d iscovery  of  n u c l e a r  f i s s i o n ,  and 
t h e  f i r s t  e f f o r t  toward a f l u i d - f u e l e d  b r e e d e r  w a s  based on t h e s e  systems,  
i n  which t h e  f l u i d  is b o t h  t h e  f u e l  and t h e  moderator [ Z ,  pp. 1-91. The 
Homogeneous Reactor  Program, organized a t  ORNL i n  1949, had as i ts  objec-  
t ive  a r e a c t o r  w i t h  a u r a n y l  sulfate-D20 s o l u t i o n  core  and a thorium 
oxide-D20 s l u r r y  b l a n k e t ,  s e p a r a t e d  by a Zi rca loy  c o r e  tank.  This  con- 
c e p t ,  w i t h  i t s  s u p e r i o r  neut ron  economy, o f f e r e d  good 2 3 3 U  breeding  per- 
f o rmanc e. 

About 1950 t h e  i d e a  of a v e r y  d i f f e r e n t  f l u i d - f u e l  r e a c t o r  f o r  power 
g e n e r a t i o n  emerged a t  Brookhaven N a t i o n a l  Laboratory from s t u d i e s  on low- 
m e l t i n g  a l l o y s  and s l u r r i e s  of uranium and thorium i n  l i q u i d  m e t a l .  This 
w a s  t h e  l iqu id-meta l - fue l  r e a c t o r  concept [2 ,  pp. 699-9291. A v e r s i o n  of 
t h e  LMFR u s i n g  g r a p h i t e  moderator,  U - B i  s o l u t i o n  c o r e ,  and Th02-Bi s l u r r y  
b l a n k e t  appeared capable  of  breeding .  

Meanwhile y e t  a n o t h e r  f l u i d - f u e l e d  r e a c t o r  had been conceived f o r  an 
a l t o g e t h e r  d i f f e r e n t  purpose - a i r c r a f t  p ropuls ion .  Several d i f f e r e n t  
concepts  of  compact r e a c t o r s  w e r e  be ing  cons idered  f o r  g e n e r a t i n g  h e a t  t o  
be  used i n  a j e t  engine .  The Oak Ridge i d e a  w a s  t o  u s e  a high-temperature  
l i q u i d  f u e l  t h a t  could b e  c i r c u l a t e d  t o  remove h e a t  from t h e  c o r e  and b e  
dra ined  f o r  r e f u e l i n g .  Experiments t o  i n v e s t i g a t e  m o l t e n - s a l t  f u e l s  w e r e  
begun i n  1947, and 3 y e a r s  l a t e r  molten f l u o r i d e s  were chosen f o r  t h e  main 
e f f o r t  of t h e  A i r c r a f t  Nuclear Propuls ion  (ANP) program a t  ORNL [ 3 ] .  The 
f l u o r i d e s  were p a r t i c u l a r l y  w e l l  s u i t e d  because they o f f e r  low vapor pres -  
s u r e  a t  je t -engine  tempera tures ,  reasonably good h e a t  t r a n s f e r  p r o p e r t i e s ,  
and immunity t o  r a d i a t i o n  damage, and they do n o t  react v i o l e n t l y  w i t h  a i r  
o r  water. (See Chapter 5 . )  A s m a l l  r e a c t o r ,  t h e  A i r c r a f t  Reactor  Experi-  
ment, w a s  b u i l t  t h a t  used a f u e l  mix ture  of NaF, ZrFq, and UF4 c i r c u l a t i n g  
i n  Inconel  t u b i n g  through a moderator assembly of  Be0 b locks  [2 ,  pp. 673-801. 
I n  1954 t h e  ARE w a s  opera ted  s u c c e s s f u l l y  f o r  9 days at  o u t l e t  temperatures  
ranging t o  above 1600’F and powers t o  2.5 MW(t) i n  i n v e s t i g a t i o n s  of  t h e  
n u c l e a r  dynamics of t h e  c i r c u l a t i n g  f u e l  system. 

a t t r ac t ive  f o r  c i v i l i a n  power a p p l i c a t i o n s ,  and i n  1956 a group w a s  formed 
a t  ORNL t o  s t u d y  t h e  c h a r a c t e r i s t i c s ,  performance, and economics of molten- 
s a l t  r e a c t o r s  f o r  c e n t r a l  s t a t i o n  power g e n e r a t i o n  [ 4 ] .  A wide v a r i e t y  of 

It w a s  recognized from t h e  o u t s e t  t h a t  mol ten-sa l t  r e a c t o r s  might b e  
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c o n f i g u r a t i o n s  w a s  cons idered ,  and some w e r e  found t h a t  promised low power 
c o s t s  w h i l e  breeding  i n  t h e  t h ~ r i u m - ~ ~ ~ U  cyc le .  
develop a mol ten-sa l t  a i r c r a f t  r e a c t o r  w a s  s topped i n  1957,  t h e  molten- 
s a l t  r e a c t o r  concept surv ived  a s  a p o t e n t i a l  c i v i l i a n  power r e a c t o r .  

Thus when t h e  e f f o r t  t o  

R e l a t i o n  t o  Other Fluid-Fuel Programs 

E a r l y  i n  1959 a t a s k  f o r c e  assembled by t h e  AEC made a comparative 
e v a l u a t i o n  of t h e  t h r e e  f l u i d - f u e l  r e a c t o r  concepts  then  b e i n g  pursued. 
The conclus ion  w a s  t h a t  t h e  mol ten-sa l t  r e a c t o r ,  a l though l i m i t e d  i n  
p o t e n t i a l  b reeding  g a i n ,  had ' ' the  h i g h e s t  p r o b a b i l i t y  of  a c h i e v i n g  tech-  
n i c a l  f e a s i b i l i t y "  [5] .  Soon t h e r e a f t e r  work on t h e  aqueous homogeneous 
and l iqu id-meta l - fue l  r e a c t o r s  w a s  d i s c o n t i n u e d ,  l e a v i n g  t h e  m o l t e n - s a l t  
r e a c t o r  as t h e  l o n e  f l u i d - f u e l  b r e e d e r  concept s t i l l  be ing  suppor ted  by 
t h e  USAEC.* 

Although t h e  Molten-Salt Reactor Program, as such ,  w a s  r e l a t i v e l y  
young, t h e r e  w a s  an e x t e n s i v e  t e c h n o l o g i c a l  b a s e  from t h e  ANP program, 
where $60 m i l l i o n  had been i n v e s t e d  i n  mol ten-sa l t  r e a c t o r  technology.  
Some of t h i s  had gone f o r  developments s p e c i f i c  t o  t h e  compact a i r c r a f t  
c o n f i g u r a t i o n ,  b u t  a l a r g e  f r a c t i o n  of t h e  technology w a s  e q u a l l y  a p p l i -  
cab le  t o  t h e  c i v i l i a n  power r e a c t o r s  t h a t  were b e i n g  envis ioned .  The 
p h y s i c a l  chemistry o f  i n t e r e s t i n g  f l u o r i d e  sa l t  mixtures  had been ex- 
p l o r e d ,  and a c o n t a i n e r  a l l o y  had been developed t h a t  w a s  e s p e c i a l l y  com- 
p a t i b l e  w i t h  f l u o r i d e  s a l t  mixtures  and which had s i g n i f i c a n t l y  h i g h e r  
s t r e n g t h  than  Inconel  a t  t h e  1500-1600°F temperatures  r e q u i r e d  i n  an 
a i r c r a f t  r e a c t o r .  O r i g i n a l l y  c a l l e d  INOR-8 ,  t h i s  a l l o y  i s  now g e n e r a l l y  
known as H a s t e l l o y  N .  Techniques f o r  producing,  p u r i f y i n g ,  and ana lyz ing  
f l u o r i d e  mixtures  had been worked o u t ,  and c o n s i d e r a b l e  e x p e r i e n c e  w a s  
gained i n  h a n d l i n g  t h e  ARE f u e l .  The f l u o r i d e  v o l a t i l i t y  p r o c e s s  w a s  
developed and w a s  s u c c e s s f u l l y  used t o  recover  t h e  uranium from t h e  ARE 
f u e l  i n  1957-58. 

s p i n o f f  t o  t h e  mol ten-sa l t  technology from t h e  aqueous homogeneous re- 
a c t o r  and l iqu id-meta l - fue l  r e a c t o r  programs. The Homogeneous Reactor  
Program had b u i l t  and opera ted  two r e a c t o r s  u s i n g  c i r c u l a t i n g  aqueous 
f u e l  s o l u t i o n s  a t  250-300°C. Considerable  maintenance w a s  r e q u i r e d  on 
r a d i o a c t i v e  p a r t s  of  t h e s e  r e a c t o r s ,  and one s i g n i f i c a n t  c o n t r i b u t i o n  
t o  r e a c t o r  technology w a s  t h i s  exper ience  w i t h  maintenance of  h i g h l y  
r a d i o a c t i v e  s y s  t e m s  [ 71 .  A chemical p r o c e s s i n g  scheme explored  f o r  t h e  
l i q u i d  metal f u e l  r e a c t o r  involved molten s a l t s  and molten bismuth. The 
e x p e r i e n c e  of t h i s  e f f o r t ,  and t h e  g e n e r a l  background of  exper ience  w i t h  
molten bismuth,  proved v a l u a b l e  when e x t r a c t i o n  systems i n v o l v i n g  molten 
bismuth became t h e  h e a r t  of t h e  p r o c e s s i n g  concept  f o r  MSBR's. 

I n  a d d i t i o n  t o  t h e  g e n e r a l l y  a p p l i c a b l e  ANP work, t h e r e  w a s  some 

* 
Work h a s  cont inued  a t  KEMA, Arnhem, Nether lands ,  on a r e a c t o r  

concept  u s i n g  an aqueous suspens ion  f u e l  [ 6 ] .  
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I n  t h e  e a r l y  days of t h e  Molten-Salt  Reactor  Program, s e r i o u s  con- 
s i d e r a t i o n  w a s  given t o  homogeneous r e a c t o r s  i n  which t h e  core  conta ined  
n o t h i n g  b u t  s a l t .  These i d e a s  were abandoned a f t e r  c a l c u l a t i o n s  showed 
t h a t  t h e  l i m i t e d  moderation by l i k e l y  f l u o r i d e  s a l t  c o n s t i t u e n t s  a l o n e  
would r e s u l t  i n  a thermal  r e a c t o r  w i t h  i n f e r i o r  breeding  performance. 
Breeding appeared p o s s i b l e  i n  intermediate-spectrum r e a c t o r s ,  b u t  t h e i r  
g a i n s  w e r e  n o t  h i g h  enough t o  compensate f o r  t h e i r  h i g h e r  f i s s i l e  inven- 
t o r i e s .  S t u d i e s  of fas t -spectrum mol ten-sa l t  r e a c t o r s  ( u s i n g  c h l o r i d e  
s a l t s )  i n d i c a t e d  good breeding  r a t i o s ,  b u t  f i s s i l e  i n v e n t o r i e s  w e r e  ex- 
cessive u n l e s s  unconvent ional  h e a t  t r a n s f e r  systems w e r e  used t o  minimize 
holdup o u t s i d e  of t h e  c o r e .  

A f t e r  experiments  showed t h a t  b a r e  g r a p h i t e  could probably b e  used i n  
t h e  c o r e  of a mol ten-sa l t  r e a c t o r ,  MSRP e f f o r t s  concent ra ted  on g r a p h i t e -  
moderated r e a c t o r s  having  wel l - thermalized n e u t r o n  s p e c t r a  and low f i s s i l e  
i n v e n t o r i e s .  Two g e n e r a l  types were cons idered  - s i n g l e - f l u i d  r e a c t o r s  i n  
which thorium and uranium were combined i n  one s a l t ,  and two-f luid r e a c t o r s  
i n  which UFq-bearing f u e l  s a l t  w a s  s e p a r a t e d  from f e r t i l e  s a l t  c o n t a i n i n g  
ThF4. 
of  t h e  NaF-ZrF4 mixture  used i n  t h e  a i r c r a f t  r e a c t o r s ;  t h e  7LiF-BeF2 ab- 
sorbed  fewer n e u t r o n s  and d i s s o l v e d  more ThF4 wi thout  excess ive  l i q u i d u s  
temperatures .  The s i n g l e - f l u i d  r e a c t o r  w a s  r e l a t i v e l y  s imple and promised 
low power c o s t s ,  b u t  breeding  appeared t o  b e  i m p r a c t i c a l  because of neu- 
t r o n  leakage and l o s s e s  t o  p r o t a c t i n i u m  and f i s s i o n  products  [81. ( A t  
t h a t  t i m e  i t  w a s  n o t  clear t h a t  Pa and f i s s i o n  products  could b e  s e p a r a t e d  
economically on a very s h o r t  c y c l e , )  The two-fluid r e a c t o r  could b e  de- 
s igned  w i t h  a f e r t i l e  b l a n k e t  t o  reduce leakage ,  and Pa l o s s e s  would be  
reduced because  t h e  f e r t i l e  s a l t  would b e  a t  a lower average f l u x .  The 
only  p r o c e s s i n g  r e q u i r e d  f o r  t h e  f e r t i l e  s a l t  w a s  f l u o r i n a t i o n  t o  r e c o v e r  
t h e  bred uranium. The f u e l  s a l t  could b e  processed  by a combination of 
f l u o r i n a t i o n  and an aqueous p r o c e s s .  The two-fluid r e a c t o r  w a s  more com- 
p l e x  i n  t h a t  i t  used two sa l t s  t h a t  had t o  b e  k e p t  s e p a r a t e ,  b u t  i t  d i d  
o f f e r  a t t r ac t ive  b r e e d i n g  performance. 

I n  any case t h e  d i l u e n t  f l u o r i d e  mixture  would b e  7LiF-BeF2 i n s t e a d  

The MSRE 

Purpose 

By 1960 a f a i r l y  clear p i c t u r e  of  a family of  mol ten-sa l t  r e a c t o r s  
had emerged. The t e c h n i c a l  f e a s i b i l i t y  appeared t o  b e  on a sound 
f o o t i n g  - a compatible  combination of s a l t ,  g r a p h i t e ,  and c o n t a i n e r  
material  - but  a r e a c t o r  w a s  needed t o  r e a l l y  prove t h e  technology. 
That w a s  t h e  purpose of  t h e  Molten-Salt Reactor  Experiment: t o  demon- 
s t r a t e  t h a t  some of t h e  key f e a t u r e s  of t h e  proposed mol ten-sa l t  power 
r e a c t o r s  could b e  embodied i n  a p r a c t i c a l  r e a c t o r  t h a t  could b e  opera ted  
s a f e l y  and r e l i a b l y  and b e  maintained w i t h o u t  e x c e s s i v e  d i f f i c u l t y .  For 
s i m p l i c i t y  i t  w a s  t o  b e  a f a i r l y  s m a l l ,  one- f lu id  r e a c t o r  o p e r a t i n g  a t  
10 MW(t) o r  less, w i t h  h e a t  r e j e c t i o n  t o  t h e  a i r  via  a secondary s a l t .  
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D e s c r i p t i o n  

The MSRE f lowsheet  is shown as Fig.  2.1.  F igure  2.2 shows some de- 
t a i l  of t h e  5-f t -diameter  r e a c t o r  vessel .  The f u e l  w a s  LiF-BeF2-ZrFq-UFq 
(64-30-5-1 mole W ) ,  t h e  secondary s a l t  w a s  LiF-BeF2 (66-34 mole %), t h e  
moderator w a s  g rade  CGB g r a p h i t e ,  and a l l  o t h e r  p a r t s  c o n t a c t i n g  s a l t  
were of H a s t e l l o y  N .  The bowl of t h e  f u e l  pump w a s  t h e  s u r g e  s p a c e  f o r  
t h e  c i r c u l a t i n g  loop,  and h e r e  about 50 gpm o f  f u e l  w a s  sprayed  i n t o  t h e  
gas  s p a c e  t o  a l low xenon and krypton t o  escape from t h e  s a l t .  A l s o  i n  
t h e  pump bowl w a s  a p o r t  through which s a l t  samples could b e  taken  o r  
capsules  of  concent ra ted  f u e l  e n r i c h i n g  s a l t  (UF4-LiF o r  PuF3) could b e  
in t roduced .  The f u e l  system w a s  l o c a t e d  i n  s e a l e d  ce l l s ,  l a i d  o u t  f o r  
maintenance wi th  long-handled t o o l s  through openings i n  t h e  t o p  s h i e l d i n g  
A t a n k  of LiF-BeF2 s a l t  w a s  used t o  f l u s h  t h e  f u e l  c i r c u l a t i n g  system 
b e f o r e  and a f t e r  maintenance. In  a c e l l  a d j a c e n t  t o  t h e  r e a c t o r  w a s  a 
s imple f a c i l i t y  f o r  bubbl ing  gas through t h e  f u e l  o r  f l u s h  s a l t :  Hz-HF 
t o  remove oxide,  F2 t o  remove uranium as UFg . References 9 ,  10, and 11 
provide  more 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  r e a c t o r  and p r o c e s s i n g  p l a n t .  

DeveloDment and Cons t ruc t ion  

Most of t h e  MSRP e f f o r t  from 1960 through 1964 w a s  devoted t o  d e s i g n ,  
development, and c o n s t r u c t i o n  of  t h e  MSRE. Product ion  and f u r t h e r  test- 
i n g  of g r a p h i t e  and H a s t e l l o y  N ,  b o t h  i n - p i l e  and o u t ,  were major develop- 
ment a c t i v i t i e s .  Others  inc luded  work on r e a c t o r  chemistry,  development 
of f a b r i c a t i o n  techniques  f o r  H a s  t e l l o y  N ,  development of r e a c t o r  compon- 
e n t s ,  and remote-maintenance p lanning  and p r e p a r a t i o n s .  (A convenient  
summary of  developments through t h e  end o f  major  c o n s t r u c t i o n  i s  g iven  
i n  r e f e r e n c e  1 2 . )  

n o t  permeate g r a p h i t e  i n  which t h e  pores  were very  small. Graphi te  w i t h  
t h e  d e s i r e d  pore  s t r u c t u r e  w a s  a v a i l a b l e  only  i n  s m a l l ,  e x p e r i m e n t a l l y  
prepared p i e c e s ,  however, and when a manufacturer  set o u t  t o  produce a 
new grade (CGB) t o  m e e t  t h e  MSRE requi rements ,  d i f f i c u l t i e s  w e r e  en- 
countered [12, pp. 373-3891, A ser ies  of  p i t c h  impregnat ions and h e a t  
t r e a t m e n t s  produced t h e  d e s i r e d  h i g h  d e n s i t y  and s m a l l  pore  s t r u c t u r e ,  
bu t  i n  t h e  f i n a l  s t e p s  o c c a s i o n a l  c racks  appeared i n  many of  t h e  2-1/4-in. 
s q u a r e  b a r s .  Apparently t h e  cracks r e s u l t e d  because t h e  s t r u c t u r e  w a s  s o  
t i g h t  t h a t  gases  from t h e  p y r o l y s i s  o f  t h e  impregnant could n o t  escape  
r a p i d l y  enough. Tests showed, however, t h a t  t h e  c racks  d i d  n o t  propagate ,  
even when f i l l e d  wi th  s a l t  and s u b j e c t e d  t o  r e p e a t e d  freeze-thaw c y c l e s .  
A f t e r  a n a l y s i s  showed t h a t  h e a t i n g  i n  s a l t - f i l l e d  c racks  would n o t  b e  ex- 
cessive, t h e  g r a p h i t e  w a s  accepted  and used i n  t h e  MSRE. 

Before t h e  MSRE development began, tests had shown t h a t  s a l t  would 

The c h o i c e  of H a s t e l l o y  N f o r  t h e  MSRE w a s  on t h e  b a s e s  o f  t h e  prom- 
i s i n g  r e s u l t s  of tests a t  ANP c o n d i t i o n s  and t h e  a v a i l a b i l i t y  of much o f  
t h e  r e q u i r e d  m e t a l l u r g i c a l  d a t a .  * Development f o r  t h e  MSRE genera ted  t h e  

c 

L 

* 
Any a t t e m p t  t o  develop a less -expens ive  a l l o y ,  p o s s i b l y  even b e t t e r  

s u i t e d  t o  MSRE c o n d i t i o n s ,  w a s  p rec luded  by t i m e  and c o s t  c o n s i d e r a t i o n s  
[12, p .  3311. 
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f u r t h e r  d a t a  r e q u i r e d  f o r  ASME code approval .  I t  a l s o  inc luded  prepara-  
t i o n  of s t a n d a r d s  f o r  H a s t e l l o y  N procurement and f o r  component f a b r i c a -  
t i o n .  Material f o r  t h e  MSRE, amounting t o  a lmost  200,000 l b  i n  a v a r i e t y  
of  shapes ,  w a s  produced commercially.  A f t e r  weld-cracking i n  exper imenta l  
h e a t s  w a s  overcome by minor composition changes,  t h e r e  w a s  no d i f f i c u l t y  
i n  o b t a i n i n g  a c c e p t a b l e  material. Requests f o r  b i d s  on component f a b r i -  
c a t i o n  went t o  s e v e r a l  companies i n  t h e  n u c l e a r  f a b r i c a t i o n  i n d u s t r y ,  b u t  
a l l  d e c l i n e d  t o  submit lump-sum b i d s  because of  l a c k  of  exper ience  w i t h  
t h e  new a l l o y .  Consequently a l l  major components were f a b r i c a t e d  i n  AEC- 
owned shops a t  Oak Ridge and Paducah [12, pp. 63-82]. A f t e r  a p p r o p r i a t e  
procedures  were worked o u t ,  H a s t e l l o y  N f a b r i c a t i o n  presented  no unusual  
problems. 

A t  t h e  t i m e  t h a t  des ign  stresses were s e t  f o r  t h e  MSRE, t h e  few 
d a t a  t h a t  were a v a i l a b l e  i n d i c a t e d  t h a t  t h e  s t r e n g t h  and creep rate of 
Has te l loy  N were h a r d l y  a f f e c t e d  by i r r a d i a t i o n .  An a r b i t r a r y  allow- 
ance w a s  made f o r  p o s s i b l e  e f f e c t s ,  however, by e x t a b l i s h i n g  des ign  stresses 
20% below Code v a l u e s  f o r  u n i r r a d i a t e d  H a s t e l l o y  N .  A f t e r  t h e  cons t ruc-  
t i o n  w a s  w e l l  a long,  t h e  s t r e s s - r u p t u r e  l i f e  and f r a c t u r e  s t r a i n  w e r e  
found t o  be d r a s t i c a l l y  reduced by thermal-neutron i r r a d i a t i o n .  The MSRE 
stresses w e r e  reana lyzed ,  and i t  w a s  concluded t h a t  t h e  r e a c t o r  would 
have adequate  l i f e  t o  reach i t s  g o a l s .  A t  t h e  same t i m e  a program w a s  
launched t o  improve t h e  r e s i s t a n c e  of H a s t e l l o y  N t o  t h e  embr i t t l ement .  
(See Chapter 7 and r e f e r e n c e  13 . )  

H a s t e l l o y  N [12,  pp. 334-3431 which i n d i c a t e d  extremely low c o r r o s i o n  
rates a t  MSRE c o n d i t i o n s .  Capsules exposed i n  t h e  Materials T e s t i n g  
Reactor showed t h a t  s a l t  f i s s i o n  power d e n s i t i e s  of  more than  200 W/cm3 
had no adverse  e f f e c t s  a n  c o m p a t i b i l i t y  of  f u e l  s a l t ,  H a s t e l l o y  N ,  and 
g r a p h i t e .  F l u o r i n e  gas  w a s  found t o  b e  produced by r a d i o l y s i s  of f r o z e n  
s a l t s ,  bu t  only a t  temperatures  below about  100°C [ 1 2 ,  pp. 252-2871. 
The r e s u l t s  of  t h i s  program are d e s c r i b e d  i n  some d e t a i l  i n  Chapter 5 .  

Components t h a t  were developed e s p e c i a l l y  f o r  t h e  MSRE i n c l u d e d  
f l a n g e s  f o r  5-inch l i n e s  c a r r y i n g  molten s a l t ,  f r e e z e  valves ( an  air-  
cooled s e c t i o n  where s a l t  could b e  f r o z e n  and thawed), f l e x i b l e  c o n t r o l  
rods t o  o p e r a t e  i n  thimbles  a t  120OoF, and t h e  f u e l  sampler-enricher  
[12,  pp. 167-1901. C e n t r i f u g a l  pumps were developed s i m i l a r  t o  t h o s e  used 
s u c c e s s f u l l y  i n  t h e  a i r c r a f t  r e a c t o r  program, b u t  w i t h  p r o v i s i o n s  f o r  re- 
mote maintenance, and i n c l u d i n g  a s p r a y  system f o r  xenon removal. Remote 
maintenance c o n s i d e r a t i o n s  pervaded t h e  MSRE d e s i g n ,  and developments 
inc luded  devices  f o r  remotely c u t t i n g  and b r a z i n g  t o g e t h e r  l-1/2-inch 
p i p e ,  removable h e a t e r - i n s u l a t i o n  u n i t s ,  and equipment f o r  removing s p e c i -  
mens of metal  and g r a p h i t e  from t h e  co re .  

ments o r  h e a t  t r a n s f e r  measurements. There w a s  enough l a t i t u d e  i n  t h e  MSRE 
t h a t  d e v i a t i o n s  from p r e d i c t i o n s  would n o t  compromise s a f e t y  o r  accomplish- 
ment of t h e  o b j e c t i v e s  of t h e  MSRE. 

Cons t ruc t ion  of t h e  primary system components and a l t e r a t i o n s  o f  t h e  
o l d  ARE b u i l d i n g  (which had been p a r t l y  remodeled f o r  a proposed 60-MW(t) 
a i r c r a f t  r e a c t o r )  were s t a r t e d  i n  1962. I n s t a l l a t i o n  of t h e  s a l t  systems 
w a s  completed i n  mid-1964. ORNL w a s  r e s p o n s i b l e  f o r  q u a l i t y  assurance ,  

An e x t e n s i v e  out -of -p i le  c o r r o s i o n  test program w a s  c a r r i e d  o u t  f o r  

The MSRE development program d i d  n o t  i n c l u d e  r e a c t o r  p h y s i c s  exper i -  

n 

. 
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planning,  and management of c o n s t r u c t i o n  [14 ] .  The primary systems w e r e  
i n s t a l l e d  by ORNL f o r c e s ;  s u b c o n t r a c t o r s  modif ied t h e  b u i l d i n g  and i n -  
s t a l l e d  a n c i l l a r y  s y s  t e m s .  

Operat ion 

Opera t ion  of t h e  MSRE spanned 5 y e a r s ,  from t h e  l o a d i n g  o f  s a l t  i n  
1964 through t h e  end of n u c l e a r  o p e r a t i o n  i n  December, 1969. As d e s c r i b e d  
i n  r e f e r e n c e s  9 and 15, a l l  of  t h e  o b j e c t i v e s  o f  t h e  experiment were 
achieved d u r i n g  t h i s  per iod .  

f l u s h  s a l t  and f u e l  carr ier  sa l t .  Nuclear  t e s t i n g  of  t h e  MSRE began i n  
June 1965, w i t h  t h e  a d d i t i o n  of  e n r i c h e d  2 3 5 U  as UF4-LiF e u t e c t i c  t o  t h e  
carr ier  s a l t  t o  make t h e  r e a c t o r  c r i t i c a l .  A f t e r  zero-power experiments  
t o  measure rod worth and r e a c t i v i t y  c o e f f i c i e n t s  [16 ] ,  t h e  r e a c t o r  w a s  
s h u t  down and f i n a l  p r e p a r a t i o n s  made f o r  power o p e r a t i o n .  Power ascen- 
s i o n  w a s  de layed  when vapors  from o i l  t h a t  had leaked  i n t o  t h e  f u e l  pump 
were polymerized by t h e  r a d i o a c t i v e  o f f g a s  and plugged gas f i l t e r s  and 
valves. Maximum power, which w a s  l i m i t e d  t o  7 . 4  MM(t) by t h e  c a p a b i l i t y  
of t h e  h e a t - r e j e c t i o n  system, w a s  reached i n  May 1966. 

A f t e r  two months of  high-power o p e r a t i o n ,  t h e  r e a c t o r  w a s  down f o r  
3 months because of  t h e  f a i l u r e  o f  one of t h e  main c o o l i n g  blowers .  Some 
f u r t h e r  d e l a y s  were encountered because of  o f f g a s  l i n e  p lugging ,  b u t  by 
t h e  end of 1966 most of  t h e  s t a r t u p  problems w e r e  behind.  During t h e  
n e x t  15 months, t h e  r e a c t o r  w a s  c r i t i c a l  80% of  t h e  t i m e ,  w i t h  runs  of  
1, 3,  and 6 months t h a t  were u n i n t e r r u p t e d  by a f u e l  d r a i n .  By March, 
1968, t h e  o r i g i n a l  o b j e c t i v e s  of t h e  MSRE had been accomplished, and 
n u c l e a r  o p e r a t i o n  w i t h  

By t h i s  t i m e ,  ample 2 3 3 U  had become a v a i l a b l e ,  so  t h e  MSRE program 
w a s  extended t o  i n c l u d e  s u b s t i t u t i o n  of 2 3 3 U  f o r  t h e  uranium i n  t h e  f u e l  
s a l t  and o p e r a t i o n  t o  observe  t h e  new n u c l e a r  c h a r a c t e r i s t i c s .  Using 
t h e  on-s i te  p r o c e s s i n g  equipment, t h e  f l u s h  s a l t  and f u e l  s a l t  w e r e  
f l u o r i n a t e d  t o  recover  t h e  uranium i n  them as UFg 33UF~-LiF 
e u t e c t i c  w a s  then  added t o  t h e  carr ier  s a l t ,  and i n  October 1968, t h e  
MSRE became t h e  w o r l d ' s  f i r s t  r e a c t o r  t o  o p e r a t e  on 2 3 3 U .  

The 2 3  3U zero-power experiments  and dynamics tests confirmed t h e  
p r e d i c t e d  n e u t r o n i c  c h a r a c t e r i s  t i c s  .* h unexpected consequence of proc- 
e s s i n g  t h e  s a l t  w a s  t h a t  i t s  p h y s i c a l  p r o p e r t i e s  w e r e  a l t e r e d  s l i g h t l y  
so t h a t  more than  t h e  u s u a l  amount of gas w a s  e n t r a i n e d  from t h e  f u e l  
pump i n t o  t h e  c i r c u l a t i n g  loop .  The c i r c u l a t i n g  gas and t h e  power f l u c -  
t u a t i o n s  t h a t  accompanied i t  were e l i m i n a t e d  by o p e r a t i n g  t h e  f u e l  pump 
a t  s l i g h t l y  lower speed. Operat ion at  h igh  power f o r  several months 
p e r m i t t e d  very  a c c u r a t e  measurement of t h e  c a p t u r e - t o - f i s s i o n  r a t i o ,  
f o r  233U i n  t h i s  r e a c t o r ,  completing t h e  o b j e c t i v e s  o f  t h e  2 3 3 U  o p e r a t i o n .  

Checkout and p r e n u c l e a r  tests i n c l u d e d  1000 h r  of c i r c u l a t i o n  of 

5U w a s  concluded. 

[ll] . 

c 

* 
The 2 3 3 ~  c r i t i c a l  c o n c e n t r a t i o n  w a s  lower,  r e a c t i v i t y  c o e f f i c i e n t s  

l a r g e r ,  and delayed n e u t r o n  f r a c t i o n  much lower than  w i t h  t h e  2 3 5 U  f u e l .  
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I n  t h e  concluding months of o p e r a t i o n ,  xenon s t r i p p i n g ,  d e p o s i t i o n  of 
f i s s i o n  products ,  and t r i t i u m  behavior  were i n v e s t i g a t e d .  The f e a s i b i l i t y  
of us ing  plutonium i n  mol ten-sa l t  r e a c t o r s  w a s  emphasized by adding PuF3 
as makeup f u e l  dur ing  t h i s  p e r i o d .  

s tandby f o r  a lmost  a y e a r .  Then a l i m i t e d  examination program w a s  c a r r i e d  
o u t ,  i n c l u d i n g  a moderator bar  from t h e  c o r e ,  a c o n t r o l  rod thimble,  h e a t  
exchanger tubes ,  p a r t s  from t h e  f u e l  pump bowl, and a f r e e z e  v a l v e  t h a t  
had developed a l e a k  dur ing  t h e  f i n a l  shutdown. The r a d i o a c t i v e  systems 
w e r e  then c losed  t o  await u l t i m a t e  d i s p o s a l .  

A f t e r  t h e  f i n a l  shutdown i n  December 1969, t h e  r e a c t o r  w a s  l e f t  i n  

R e s u l t s  

The b r o a d e s t  and perhaps most important  conclus ion  from t h e  MSRE 
exper ience  i s  t h a t  t h i s  w a s  a q u i t e  p r a c t i c a l  r e a c t o r .  It r a n  f o r  long  
p e r i o d s  of t i m e ,  y i e l d i n g  v a l u a b l e  informat ion ,  and when maintenance w a s  
r e q u i r e d  i t  w a s  accomplished s a f e l y  and wi thout  e x c e s s i v e  delay.* The 
remarkable performance of t h e  MSRE c l e a r l y  shows t h a t  wi th  proper  des ign  
and c a r e f u l  c o n s t r u c t i o n  and o p e r a t i o n ,  che unusual  f e a t u r e s  of an MSR 
i n  no way compromise i t s  s a f e t y  and d e p e n d a b i l i t y .  

I n  many r e g a r d s ,  t h e  MSRE served  t o  confirm e x p e c t a t i o n s  and p r e d i c -  
t i o n s  [15 ] .  For example, w e  had c o n f i d e n t l y  expected t h e  observed immu- 
n i t y  of t h e  f u e l  sa l t  t o  r a d i a t i o n  damage, t h e  complete absence of a t t a c k  
on t h e  g r a p h i t e ,  and t h e  very  minor g e n e r a l  c o r r o s i o n  of t h e  Has te l loy  N .  
Noble gases  were s t r i p p e d  from t h e  f u e l  s a l t  by t h e  s imple  s p r a y  system 
even b e t t e r  than  a n t i c i p a t e d ,  reducing t h e  1 3 5 X e  po isoning  by a f a c t o r  
of about 6 .  The b u l k  of t h e  f i s s i o n  product e lements  remained s t a b l e  i n  
t h e  s a l t .  Addi t ions  of  uranium and plutonium t o  t h e  s a l t  dur ing  o p e r a t i o n  
were quick  and u n e v e n t f u l ,  and t h e  recovery of uranium by f l u o r i n a t i o n  w a s  
q u i t e  e f f i c i e n t .  The n e u t r o n i c s ,  i n c l u d i n g  c r i t i c a l  loading ,  r e a c t i v i t y  
c o e f f i c i e n t s ,  dynamics, and long-term r e a c t i v i t y  changes,  agreed very  
c l o s e l y  w i t h  p r i o r  c a l c u l a t i o n s .  

reduce u n c e r t a i n t i e s .  
neut ron  spectrum is  an example of b a s i c  d a t a  t h a t  w e r e  improved. The 
e f f e c t  of f i s s i o n i n g  on t h e  redox p o t e n t i a l  of t h e  f u e l  s a l t  w a s  r e s o l v e d .  
The d e p o s i t i o n  of some elements  (“noble  metals”)  w a s  expec ted ,  b u t  t h e  
MSRE provided q u a n t i t a t i v e  d a t a  on r e l a t ive  d e p o s i t i o n  on g r a p h i t e ,  m e t a l ,  
and l iqu id-gas  i n t e r f a c e s .  Heat t r a n s f e r  c o e f f i c i e n t s  measured i n  t h e  
MSRE agreed very  c l o s e l y  w i t h  convent iona l  design c a l c u l a t i o n s  ( u s i n g  
c o r r e c t  v a l u e s  f o r  s a l t  p r o p e r t i e s )  and d i d  n o t  change over  t h e  l i f e  of 

I n  o t h e r  areas, t h e  o p e r a t i o n  r e s u l t e d  i n  improved d a t a  o r  he lped  t o  
The 2 3 3 U  cap ture- to- f i ss ion  r a t i o  i n  a t y p i c a l  MSR 

* 
By t h e  f i n a l  shutdown s a l t  had c i r c u l a t e d  i n  t h e  f u e l  system a t  

temperatures  around 1200°F f o r  21, 788 hours .  The r e a c t o r  had been 
c r i t i c a l  f o r  17,655 hours ,  producing 13 ,172  e q u i v a l e n t  full-power hours  
of n u c l e a r  h e a t .  During t h e  15-month phase of t h e  tes t  program devoted 
t o  t h e  demonstrat ion of s u s t a i n e d  o p e r a t i o n ,  t h e  r e a c t o r  w a s  c r i t i c a l  
80% of t h e  t i m e  and a v a i l a b l e  86% of t h e  t i m e  ( i n c l u d i n g  t i m e  s p e n t  i n  
scheduled replacement of c o r e  specimens).  
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t h e  r e a c t o r .  L i m i t a t i o n  of oxygen access t o  t h e  s a l t  proved q u i t e  e f f e c -  
t i v e ,  and t h e  tendency of f i s s i o n  products  t o  b e  d i s p e r s e d  from contami- 
n a t e d  equipment d u r i n g  maintenance w a s  less than w e  had a n t i c i p a t e d .  

of t r i t i u m  i n  a mol ten-sa l t  r e a c t o r .  It w a s  observed t h a t  about 6-10% 
of t h e  c a l c u l a t e d  54 Ci/day product ion  d i f f u s e d  ou t  of t h e  f u e l  system 
i n t o  t h e  containment c e l l  atmosphere and a n o t h e r  6-10% reached t h e  a i r  
through t h e  h e a t  removal system [17] .  The f a c t  t h a t  t h e s e  f r a c t i o n s  
w e r e  n o t  h i g h e r  i n d i c a t e d  t h a t  something (probably o x i d e  c o a t i n g s )  par-  
t i a l l y  negated t h e  easy t r a n s f e r  of t r i t i u m  through ho t  metals. 

The one q u i t e  unexpected f i n d i n g  of g r e a t  importance w a s  t h e  sha l low 
i n t e r g r a n u l a r  c racking  observed i n  a l l  m e t a l  s u r f a c e s  exposed t o  t h e  f u e l  
s a l t .  This w a s  f i r s t  no ted  i n  t h e  specimens t h a t  w e r e  removed from t h e  
core  a t  i n t e r v a l s  d u r i n g  t h e  r e a c t o r  o p e r a t i o n .  Pos t -opera t ion  examina- 
t i o n  of p i e c e s  of a cont ro l - rod  thimble,  heat-exchanger tubes ,  and pump 
bowl p a r t s  revea led  t h e  u b i q u i t y  of t h e  c r a c k i n g  and emphasized i t s  impor- 
tance  t o  t h e  MSR concept .  F u r t h e r  i n v e s t i g a t i o n s  and p o s s i b l e  consequences 
are d i s c u s s e d  i n  Chapters  7 and 14 of t h i s  r e p o r t .  

Operation of t h e  MSRE provided some i n s i g h t s  i n t o  t h e  unusual  problem 

Recent Molten-Salt  Reactor  Concepts 

Since t h e  MSRE, t h e  Molten-Salt Reactor  Program h a s  been a technology 
program, n o t  focused on b u i l d i n g  a p a r t i c u l a r  r e a c t o r ,  b u t  seeking  t o  
i d e n t i f y  and accomplish t h e  developments t h a t  are needed b e f o r e  molten- 
s a l t  breeder  r e a c t o r s  can become a r e a l i t y  [18] .  I n  t h e  f u r t h e r a n c e  of t h i s  
program, e f f o r t s  on conceptual  d e s i g n  have been e s s e n t i a l  i n  d e f i n i n g  t h e  
needs f o r  development, whi le  exper imenta l  f i n d i n g s ,  i n  t u r n ,  shape  t h e  
concept .  This s e c t i o n  d e s c r i b e s  t h e  r e a c t o r  concepts  t h a t  have been 
considered i n  t h e  course  of t h i s  i n t e r t w i n e d  p r o c e s s .  

A s  descr ibed  p r e v i o u s l y ,  a t  t h e  t i m e  t h a t  t h e  MSRE w a s  conceived,  
t h e  two-fluid reactor ,  d e s p i t e  i t s  r e l a t i v e  complexi ty ,  seemed t o  hold 
t h e  most promise as a breeder .  During t h e  e a r l y  y e a r s  of t h e  MSRE, 
r e l a t i v e l y  l i t t l e  e f f o r t  was devoted t o  ref inement  of conceptua l  d e s i g n s .  
Basic chemistry s t u d i e s  cont inued,  however, and l e d  i n  1964 t o  an impor- 
t a n t  development t h a t  s i m p l i f i e d  t h e  p r o c e s s i n g  i n  t h e  two-f luid b r e e d e r  
p l a n t  [ 1 2 ,  p. 3091. This w a s  t h e  s e p a r a t i o n  of r a r e - e a r t h  f l u o r i d e s  from 
LiF and BeF2 by d i s t i l l a t i o n  a t  1000°C. (The p r a c t i c a l i t y  w a s  l a t e r  
demonstrated w i t h  a p o r t i o n  of t h e  MSRE f u e l  [19 ] . )  Thus i t  w a s ,  when 
t h e  MSRE s e t t l e d  i n t o  o p e r a t i o n ,  t h a t  des ign  e f f o r t s  focused on t h e  two- 
f l u i d  concept .  

S t u d i e s  a t  f i r s t  i n d i c a t e d  o u t s t a n d i n g  r e s o u r c e  u t i l i z a t i o n ,  mainly 
because of an extremely l o w  s p e c i f i c  inventory  of about 0.8 kg fissile/MW(e) 
[20] .  
f l u e n c e s  r e v e a l e d  more r a p i d  dimensional  changes than had been p r o j e c t e d ,  
t h e  two-f luid concept w a s  d e a l t  a severe blow. Accommodation of t h e  d i f -  
f e r e n t i a l  growth of  t h e  g r a p h i t e  made t h e  c o r e  d e s i g n  and assembly so  
complex t h a t  i t  seemed necessary  t o  r e p l a c e  t h e  e n t i r e  r e a c t o r  v e s s e l  
and i t s  c o n t e n t s  whenever t h e  g r a p h i t e  c o r e  t u b i n g  became u n s e r v i c e a b l e .  
The r e f e r e n c e  des ign  f o r  a 1000-MW(e) p l a n t  inc luded  f o u r  556-MW(t) 

Then i n  1967 ,  when i r r a d i a t i o n  o f  g r a p h i t e  t o  very h igh  n e u t r o n  
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r e a c t o r s  t h a t  could b e  rep laced  a t  s taggered  i n t e r v a l s  t o  improve p l a n t  
a v a i l a b i l i t y  [ 2 1 ] .  The two-fluid r e a c t o r  could b e  s c a l e d  down wi thout  
s e r i o u s l y  a f f e c t i n g  breeding  g a i n ,  b u t  performance w a s  h u r t ,  because i n  
o r d e r  t o  extend g r a p h i t e  l i f e  t o  8 full-power y e a r s ,  t h e  power d e n s i t y  
i n  t h e  r e f e r e n c e  d e s i g n  w a s  reduced from 80 W/cm3 t o  20 W/cm3,  a t  t h e  
expense of r a i s i n g  t h e  s p e c i f i c  inventory  t o  1.3 kg f iss i le /MW(e) .  

A t  about t h i s  t i m e  a chemical p r o c e s s i n g  development occurred t h a t  
g r e a t l y  improved t h e  prospec t  f o r  economical breeding  i n  a s i m p l e r ,  s i n g l e -  
f l u i d  r e a c t o r .  This w a s  t h e  l a b o r a t o r y  demonstrat ion of t h e  b a s i c  chemi- 
cal  s t e p s  i n  a cont inuous process  f o r  removing p r o t a c t i n i u m  and uranium 
from molten f l u o r i d e  mixtures  t h a t  c o n t a i n  thorium f l u o r i d e .  When 
L ~ F - B ~ F ~ - T ~ F ~ - U F L + - P ~ F L +  s a l t  w a s  contac ted  w i t h  molten bismuth c o n t a i n i n g  
d i s s o l v e d  thorium and l i t h i u m ,  f i r s t  t h e  U and then  t h e  Pa w e r e  reduced 
and passed from t h e  sa l t  i n t o  t h e  l i q u i d  m e t a l .  The Pa could b e  seques- 
t e r e d  u n t i l  i t  decayed, w h i l e  t h e  uranium w a s  r e t u r n e d  t o  t h e  f u e l  s a l t  
by e l e c t r o l y s i s .  This r e d u c t i v e - e x t r a c t i o n  p r o c e s s ,  which could draw 
upon technology developed a t  Argonne and Brookhaven f o r  process ing  f a s t  
r e a c t o r  f u e l s  and t h e  U-Bi f u e l  of a n  LMFR, appeared p r a c t i c a b l e  f o r  
continuous s e p a r a t i o n  of pro tac t in ium.  It  a l s o  appeared t h a t  i t  might 
b e  a d a p t a b l e  t o  removal of r a r e - e a r t h  f i s s i o n  products ,  thus p e r m i t t i n g  
a r e l a t i v e l y  s imple  p r o c e s s i n g  p l a n t  t h a t  would keep breeding  l o s s e s  
due t o  Pa and f i s s i o n  products  t o  acceptab ly  low levels .  

breeder  c o r e  d e s i g n s  w e r e  explored  more thoroughly than i n  ea r l i e r  
surveys.  A s  a r e s u l t ,  i t  w a s  found t h a t  breeding  performance could b e  
s i g n i f i c a n t l y  improved by a scheme proposed several y e a r s  b e f o r e .  By 
d e c r e a s i n g  t h e  g r a p h i t e  f r a c t i o n  i n  t h e  o u t e r  p a r t  of t h e  co re ,  t h e  
neut ron  spectrum t h e r e  can b e  hardened, i n c r e a s i n g  t h e  f r a c t i o n  of 
captures  i n  thorium, whi le  t h e  f i s s i o n  neut ron  product ion  i s  more con- 
c e n t r a t e d  i n  t h e  i n n e r ,  well-moderated p a r t  of t h e  c o r e .  The e f f e c t  i s  
t o  reduce n e u t r o n  leakage ,  which had always been a s i g n i f i c a n t  f a c t o r  i n  
one-f l u i d  b r e e d e r s .  

The combined e f f e c t  of t h e  new Pa-removal system and t h e  improved 
c o r e  des ign  w a s  t o  i n c r e a s e  t h e  breeding  r a t i o  t h a t  could b e  achieved 
economically i n  a one- f lu id  breeder  t o  about 1.05-1.07. Consequently,  
t h e  r e s o u r c e  u t i l i z a t i o n  c h a r a c t e r i s t i c s  became a c c e p t a b l e ,  and i n  196% 
t h e  major emphasis of t h e  MSRP w a s  s h i f t e d  t o  t h e  development of t h e  
s impler  s i n g l e - f l u i d  breeder  r e a c t o r .  Later, s u b s t a n t i a l  improvements 
were made i n  t h e  p r o c e s s i n g  system, i n c l u d i n g  e l i m i n a t i o n  of t h e  elec- 
t r o l y s i s  ce l l s ,  s t o r a g e  of Pa i n  s a l t  i n s t e a d  of i n  bismuth, and develop- 
ment of a more e f f i c i e n t  process  f o r  removal of rare e a r t h s .  (See 
Chapter 11.) 

MSRP remained t h e  s a m e  - e f f i c i e n t  breeding  i n  t h e  t h ~ r i u m - ~  3U c y c l e .  
This p u r s u i t  l e d  by 1970 t o  t h e  r e f e r e n c e  conceptua l  des ign  of a 1000-MW(e) 
MSBR p l a n t  [ 22 ]  d e s c r i b e d  i n  Chapter 3 ,  which is  t h e  focus  of t h e  MSRP 
development e f f o r t .  In  a d d i t i o n ,  ORNL h a s  r e c e n t l y  i n v e s t i g a t e d  s e v e r a l  
o t h e r  v e r s i o n s  of one- f lu id  mol ten-sa l t  r e a c t o r s  t h a t  a l s o  meet t h e  
e s s e n t i a l  c r i t e r i a  of s a f e t y ,  z e l i a b i l i t y ,  and l o w  power c o s t s ,  whi le  
o f f e r i n g  one advantage o r  a n o t h e r  r e l a t i v e  t o  t h e  r e f e r e n c e  MSBR. 

A f t e r  t h e  r e c o g n i t i o n  of t h e  Pa-removal p o s s i b i l i t y ,  one- f lu id  

Throughout t h i s  e v o l u t i o n ,  t h e  primary long-range o b j e c t i v e  of t h e  
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One a l t e r n a t e  o f f e r s  a way around t h e  n e c e s s i t y  of r e p l a c i n g  t h e  
c o r e  a t  4-year i n t e r v a l s .  This d i f f i c u l t  j ob  is avoided by simply making 
t h e  c o r e  of t h e  breeder  l a r g e  enough and t h e  damage f l u x  low enough t h a t  
t h e  c o r e  g r a p h i t e  w i l l  l a s t  t h e  30-year l i f e  of  t h e  p l a n t .  Such a "per- 
manent-core" r e a c t o r  can have a breeding  r a t i o  as h i g h  as i n  t h e  r e f e r -  
ence d e s i g n ,  b u t  t h e  l a r g e  c o r e  means a g r e a t e r  inventory  and longer  
doubl ing t i m e  [ 2 3 ] .  

chemical process ing .  I f  i t  should happen i n  a breeder  p l a n t  t h a t  p r o t -  
a c t i n i u m  and f i ss ion-product  removal were s topped ,  t h e  r e a c t o r  could 
c o n t i n u e  t o  o p e r a t e  f o r  months, o r  even y e a r s ,  as a near-breeder  w i t h  
only t h e  a d d i t i o n  of enr iched  uranium. A l t e r n a t i v e l y ,  t h e  r e a c t o r  could 
b e  b u i l t  as a c o n v e r t e r  w i t h  no p r o c e s s i n g  ( o t h e r  than perhaps oxide  re- 
moval). Some s t u d i e s  i n d i c a t e  t h a t  an economical mode of o p e r a t i o n  would 
b e  t o  run f o r  6 e q u i v a l e n t  full-power y e a r s ,  recover  t h e  uranium by ba tch  
f l u o r i n a t i o n  ( a s  demonstrated i n  t h e  MSRE), d i s c a r d  t h e  s a l t  wi th  t h e  
f i s s i o n  products ,  and resume w i t h  f r e s h  carr ier  s a l t .  E i t h e r  235U o r  
plutonium could b e  used f o r  s t a r t u p  and feed of such a mol ten-sa l t  
c o n v e r t e r  r e a c t o r .  

A l i m i t e d  amount of conceptual  des ign  w a s  done on a 350-MW(e) con- 
ver ter  t h a t  p o s i t i v e l y  overcomes t h e  problems of g r a p h i t e  replacement  
and t r i t i u m  containment w i t h  a minimum of a d d i t i o n a l  development. The 
c o r e  i s  l a r g e  enough s o  t h a t  p r e s e n t l y  a v a i l a b l e  g r a p h i t e  would l a s t  
30 y e a r s ,  and t r i t i u m  containment is ensured  by us ing  an i n t e r m e d i a t e  
s a l t  loop  c o n t a i n i n g  H i t e c  [24 ] .  The Hi tec ,  a KN03-NaN03-NaN02 mix ture ,  
reacts wi th  t r i t i u m  t o  form water, which could b e  s t r i p p e d  cont inuous ly  
from t h e  sal t .  Because t h e  n i t r a t e - n i t r i t e  mix ture  would p r e c i p i t a t e  
uranium and might react v i o l e n t l y  wi th  g r a p h i t e  i f  i t  leaked  i n t o  t h e  
f u e l  system, a compact l oop  c o n t a i n i n g  LiF-BeF2 (which is q u i t e  compat- 
i b l e  w i t h  t h e  f u e l )  i s  i n t e r p o s e d  between t h e  f u e l  and Hitec systems.  
The d isadvantages  of t h e  extra  loop and temperature  l i m i t a t i o n s  on Hi tec  
are weighed a g a i n s t  s i m p l i f i c a t i o n  of t h e  steam system because of t h e  
r e l a t i v e l y  low m e l t i n g  p o i n t  of  Hitec (288'F). 
is an o f f s h o o t  from t h e  main l i n e  of ORNL e f f o r t ,  which is d i r e c t e d  a t  
t h e  high-performance b r e e d e r .  

I n  c o n s i d e r i n g  t h e  most e x p e d i t i o u s  r o u t e  t o  t h e  u l t i m a t e  molten- 
sa l t  b r e e d e r ,  w e  have devoted some a t t e n t i o n  t o  t h e  conceptua l  des ign  
of what w e  c a l l  t h e  Molten-Salt  Breeder Experiment (MSBE). This r e a c t o r  
would b e  designed t o  o p e r a t e  under c o n d i t i o n s  a t  l eas t  as severe as t h o s e  
i n  a l a r g e  p l a n t .  Design s t u d i e s  show t h a t  a g r a p h i t e  damage f l u x  t w i c e  
t h a t  i n  t h e  r e f e r e n c e  MSBR and power d e n s i t y ,  s a l t  composition, and p r o t -  
a c t i n i u m  and f i ss ion-product  c o n c e n t r a t i o n s  l i k e  t h o s e  i n  t h e  r e f e r e n c e  
d e s i g n  could b e  a t t a i n e d  i n  a 150-MW(t) r e a c t o r  w i t h  a 4- f t  c o r e  i n  a 
7 .5- f t  vessel [251. The MSBE would produce steam and would i n c l u d e  a 
complete p r o c e s s i n g  f a c i l i t y .  Although i t s  small dimensions l i m i t  i t s  
breeding  r a t i o  t o  about 0 .96 ,  t h e  MSBE would p r o v i d e  a d e f i n i t i v e  tes t  
of a l l  t h e  b a s i c  equipment and processes  r e q u i r e d  f o r  a breeder .  

Another p o s s i b l e  s i m p l i f i c a t i o n  i s  t h e  e l i m i n a t i o n  of most of t h e  

I n  any e v e n t  t h i s  s t u d y  
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Most of t h e  work on mol ten-sa l t  r e a c t o r s  is now, as i n  t h e  p a s t ,  
concent ra ted  i n  t h e  Molten-Salt  Reactor  Program at  ORNL, b u t  some s i g n i f i -  
c a n t  a c t i v i t i e s  are going on elsewhere.  This  s e c t i o n  o u t l i n e s  t h e  MSRP 
a c t i v i t i e s  (which are f u l l y  d e s c r i b e d  i n  o t h e r  c h a p t e r s )  and b r i e f l y  
d e s c r i b e s  t h e  o t h e r  programs. 

USAEC Molten-Salt  Reactor Program 

The Molten-Salt  Reactor Program is inc luded  w i t h  t h e  LMFBR and t h e  
gas-cooled f a s t  b r e e d e r  i n  t h e  AEC ‘s “high-gain breeder‘’  development pro- 
gram. A t o t a l  of $ 6 4  m i l l i o n  h a s  been s p e n t  by t h e  MSRP from i t s  incep- 
t i o n  i n  1957 through f i s c a l  year  1972, i n c l u d i n g  t h e  $10 m i l l i o n  c o s t  of 
des igning  and b u i l d i n g  t h e  MSRE. The MSRP a l s o  h a s  b e n e f i t e d  from b a s i c  
work c a r r i e d  o u t  under t h e  A E C ’ s  p h y s i c a l  r e s e a r c h  programs. The MSRP 
budget f o r  FY-1973 is $ 5  m i l l i o n ,  now a l l o c a t e d  approximately as fo l lows:  

Reactor d e s i g n  and a n a l y s i s  12% 
Reactor  engineer ing  technology 18% 
Reactor  metals 20% 
Graph i t  e 8% 
Chemistry and a n a l y t i c a l  chemistry 16% 
Fuel  p r o c e s s i n g  22% 
P r o c e s s i n g  materials 4% 

The MSRP des ign  and a n a l y s i s  e f f o r t  i n c l u d e s  e v a l u a t i o n  of t h e  
p o t e n t i a l  of mol ten-sa l t  r e a c t o r s  and p r e p a r a t i o n  of r e f e r e n c e  des igns  
and a l t e r n a t i v e s  t h a t  d e f i n e  t h e  r e s e a r c h  and development needs.  This 
h a s  been c u t  back i n  r e c e n t  y e a r s ,  and n e a r l y  h a l f  of t h e  c u r r e n t  e f f o r t  
is a s tudy  be ing  done under s u b c o n t r a c t  by an i n d u s t r i a l  group headed by 
Ebasco Services. 

The b u l k  of t h e  engineer ing  development e f f o r t  is p r e s e n t l y  devoted 
t o  two MSRE-scale loops :  t h e  Coolant S a l t  Technology F a c i l i t y  and t h e  
G a s  Systems T e s t  F a c i l i t y ,  d e s c r i b e d  i n  Chapter 8.  Also under t h i s  head- 
i n g  i s  a s t u d y  of mol ten-sa l t  steam g e n e r a t o r s  b e i n g  c a r r i e d  o u t  by F o s t e r  
Wheeler under s u b c o n t r a c t  t o  ORNL. 

of t r i t i u m  and c e r t a i n  f i s s i o n  p r o d u c t s .  A n a l y t i c a l  development is aimed 
a t  t h e  techniques needed f o r  t h e  o p e r a t i o n  of a breeder  and i t s  p r o c e s s i n g  
p l a n t  . 

Reactor  metals development i s  focused on improving H a s t e l l o y  N ( o r  
f i n d i n g  an a l t e r n a t i v e )  t o  overcome t h e  problems of  n e u t r o n  embr i t t l ement  
and s u r f a c e  c r a c k i n g  by f i s s i o n  p r o d u c t s .  S e a l i n g  t o  exclude xenon and 
b e t t e r  s t r u c t u r e  f o r  longer  l i f e  are  b e i n g  i n v e s t i g a t e d  i n  t h e  g r a p h i t e  
program. Process ing  materials work is  now c e n t e r e d  on molybdenum f a b r i -  
c a t i o n ,  w i t h  some e f f o r t  on g r a p h i t e .  

Reactor  chemis t ry  is mainly concerned at p r e s e n t  w i t h  t h e  behavior  
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The emphasis i n  f u e l  process ing  is  on r e d u c t i v e  e x t r a c t i o n  - t h e  
chemistry of f luoride-bismuth and chlor ide-bismuth systems and engineer-  
i n g  equipment t o  e x p l o i t  t h i s  chemistry.  F l u o r i n a t i o n  and f u e l  r e c o n s t i -  
t u t i o n  a re  be ing  developed, and a l t e r n a t e  processes  such as oxide  
p r e c i p i t a t i o n  are b e i n g  s t u d i e d .  

I n d u s t r i a l  S t u d i e s  

There have been two p r i v a t e l y  funded conceptua l  d e s i g n  s t u d i e s  and 
e v a l u a t i o n s  of MSR'S. The f i r s t  w a s  by t h e  Molten-Salt  Breeder Reactor  
Assoc ia tes  (MSBRA), headed by t h e  e n g i n e e r i n g  f i r m  of  Black & Veatch and 
i n c l u d i n g  f i v e  midwestern u t i l i t i e s . .  The MSBRA s'tudy i d e n t i f i e d  problem 
areas b u t  concluded t h a t  t h e  economics of  mol ten-sa l t  r e a c t o r s  were a t t rac-  
t ive  re la t ive  t o  l igh t -water  r e a c t o r s ,  and favored a program l e a d i n g  t o  
e a r l y  commercial a p p l i c a t i o n  of a mol ten-sa l t  c o n v e r t e r  [26 ] .  S i n c e  t h e  
conclus ion  of t h e i r  s tudy  i n  1970 t h e  MSBRA h a s  been r e l a t i v e l y  i n a c t i v e .  

The second p r i v a t e l y  funded o r g a n i z a t i o n  is t h e  Molten-Salt  Group 
(MSG) , whose formation w a s  announced i n  1969 [27, p .  1-11. The MSG i s  
headed by Ebasco S e r v i c e s  and i n c l u d e s  5 o t h e r  i n d u s t r i a l  f i rms* and 
15 u t i l i t y  companies [28] .  I n  t h e  f a l l  of 1971 t h e  MSG completed an 
e v a l u a t i o n  of t h e  s t a t e  of MSR technology [28] and a c r i t i q u e  of t h e  
O W L  1000-MW(e) breeder  des ign  [29 ] .  They concluded i n  t h e  f i r s t  r e p o r t  
t h a t  t h e  e x i s t i n g  technology w a s  s u f f i c i e n t  t o  j u s t i f y  c o n s t r u c t i o n  of 
a demonstrat ion p l a n t  t h a t  would b r e e d ,  provided t h e  p r o c e s s i n g  works 
as in tended ,  bu t  t h a t  i t s  m a i n t a i n a b i l i t y ,  r e l i a b i l i t y ,  c o s t s ,  and p l a n t  
l i f e  could n o t  b e  p r e d i c t e d  r e l i a b l y  from t h e  e x i s t i n g  technology [28, 
p. 61. I n  t h e  second r e p o r t ,  they  concluded t h a t  t h e  OWL r e f e r e n c e  
des ign  embraced some t e c h n o l o g i c a l  d i f f i c u l t i e s ,  b u t  was a s u i t a b l e  
d e p a r t u r e  p o i n t  f o r  e x p l o r i n g  MSBR technology [29,  p. 41. The MSG 
members have agreed t o  suppor t  s t u d i e s  of  a demonstrat ion p l a n t  and 
a l t e r n a t e  mol ten-sa l t  r e a c t o r  concepts  and an updat ing  of  t h e i r  MSBR 
technology e v a l u a t i o n .  These s t u d i e s  are proceeding c o n c u r r e n t l y  w i t h  
t h e  AEC-funded MSBR design s t u d y  t h a t  i s  b e i n g  done by p a r t  of t h e  Group's 
working f o r c e .  

There have been o t h e r  i n d i c a t i o n s  of  i n t e r e s t  i n  mol ten-sa l t  r e a c t o r s  
by i n d u s t r y  and u t i l i t i e s .  Many have s e n t  r e p r e s e n t a t i v e s  t o  MSRP annual  
in format ion  meet ings,  and several have made p r i v a t e  s t u d i e s  of t h e i r  
p o s s i b l e  r o l e  i n  MSR development. A few have ass igned  s t a f f  members t o  
work i n  t h e  MSRP ( f o r  up t o  2 y e a r s ) ,  and materials producers  have con- 
t r i b u t e d  by provid ing  experimental  g r a p h i t e  and a l l o y s  f o r  e v a l u a t i o n .  

Foreign Programs 

The I n d i a n  Department of Atomic Energy is  i n t e r e s t e d  i n  mol ten-sa l t  
r e a c t o r s  i n  connect ion wi th  t h e i r  vast  thorium resources  and t h e  a n t i c i -  
pa ted  a v a i l a b i l i t y  of plutonium i n  I n d i a  f o r  MSR s t a r t u p .  A small program 

* 
Babcock & Wilcox, Byron Jackson,  Cabot Corp., C o n t i n e n t a l  O i l ,  

and Union Carbide.  
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of r e s e a r c h  on t h e  MSBR concept h a s  been 
Research Cent re  s i n c e  1969. The program 

underway at t h e  Bhabha Atomic 
is  most ly  concerned wi th  i n v e s t i -  ~- 

g a t i o n s  of t h e  chemistry of m e l t s  c o n t a i n i n g  PuF3. The USAEC and t h e  DAE 
have been exchanging mol ten-sa l t  i n f o r m a t i o n ,  and an agreement provid ing  
f o r  somewhat broader  coopera t ion  i s  b e i n g  considered.  

s a l t  r e a c t o r  technology.  From 1964 t o  1966 t h e r e  w a s  an exchange of 
mol ten-sa l t  in format ion  through a formal agreement wi th  t h e  USAEC, b u t  
t h e  exchange is now r e l a t i v e l y  i n a c t i v e .  Development work i n v o l v i n g  con- 
s t r u c t i o n  and o p e r a t i o n  of a mol ten-sa l t  steam g e n e r a t o r  t h a t  w a s  begun 
w i t h  Euratom suppor t  i s  cont inuing  a t  D e l f t  U n i v e r s i t y ,  however. Other 
European mol ten-sa l t  r e a c t o r  work w a s  conducted a t  Kernforschungsanlage 
J i i l i ch  i n  1963 t o  1967, most ly  i n  connect ion w i t h  t h e  e p i t h e r m a l  r e a c t o r  
concept ,  MOSEL [ 3 0 ] .  This  h a s  been d iscont inued .  

several y e a r s .  S t u d i e s  and a l i m i t e d  amount of exper imenta l  work are 
cont inuing ,  wi th  emphasis on ch lor ide- fue led ,  lead-cooled f a s t  r e a c t o r s .  

Euratom h a s  supported r e s e a r c h  on v a r i o u s  t o p i c s  p e r t i n e n t  t o  molten- 

The UKAEA h a s  suppor ted  a small e f f o r t  on mol ten-sa l t  r e a c t o r s  f o r  
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3 .  DESIGN CONCEPT OF THE SINGLE-FLUID MSBR 

M. W.  Rosenthal  

The preceding  chap te r  d i scussed  t h e  development of mol ten-sa l t  re- 
a c t o r  technology and t h e  e v o l u t i o n  of  des ign  concepts  ove r  t h e  y e a r s .  I n  
t h i s  chap te r  i s  desc r ibed  t h e  s i n g l e - f l u i d  thermal  b r e e d e r  r e a c t o r  t h a t  
w a s  s e l e c t e d  i n  1968 as t h e  focus of ORNL's development program. A t  t h a t  
t i m e  w e  began t h e  conceptua l  des ign  of a 1000-MW(e) MSBR t h a t  e x p l o i t e d  
t h e  new developments i n  chemical p rocess ing  and t h e  new approach t o  co re  
des ign  t h a t  were mentioned ear l ier ,  and i n  1971 w e  i s s u e d  ORNL-4541 [l], 
which d e s c r i b e s  the  concept  as w e  v i s u a l i z e d  i t  i n  1970. I n  i t s  g e n e r a l  
f e a t u r e s ,  t h a t  concept  cont inues  t o  b e  the  b a s i s  f o r  t h e  ORNL program, 
a l though our  i d e a s  about  s p e c i f i c  f e a t u r e s  of  some of t h e  systems and 
components have changed. The ORNL-4541 concept  wi th  some mod i f i ca t ions  
is g e n e r a l l y  r e f e r r e d  t o  as t h e  r e f e r e n c e  des ign .  Most of t h e  remaining 
c h a p t e r s  of t h i s  r e p o r t  treat s p e c i f i c  f e a t u r e s  of  t h e  p l a n t ,  and some- 
t i m e s  newer i d e a s  are p resen ted  than  those  g iven  i n  OWL-4541. When t h i s  
is done, however, the changes from t h e  earlier des ign  and t h e  reasons  f o r  
them are g e n e r a l l y  d i scussed .  

I n  a d d i t i o n  t o  ORNL's approach sometimes having changed i n  t h e  l a s t  
two y e a r s ,  t h e  views of Ebasco Services and i t s  a s s o c i a t e s  on s p e c i f i c  
f e a t u r e s  of MSBRs sometimes d i f f e r  from those  of  ORNL. The major p o i n t s  
of  d i f f e r e n c e  are l i s t e d  la ter  i n  t h i s  chap te r ,  and more informat ion  about 
them appears  i n  the l a t e r  chap te r s .  

F i n a l l y ,  a t  t h e  end of t h i s  chap te r  w e  cal l  a t t e n t i o n  t o  ways i n  
which the  des ign  of  s i n g l e - f l u i d  MSBRs might d i f f e r  i f  t h e  cr i ter ia  w e r e  
changed from those  t h a t  w e  fol lowed i n  s e l e c t i n g  t h e  r e f e r e n c e  concept .  

ORNL Reference Design 

Ob j ec t i v e s  

In s e l e c t i n g  t h e  r e f e r e n c e  des ign ,  w e  g e n e r a l l y  a t tempted  t o  a t t a i n  
o b j e c t i v e s  i n  fou r  areas: o r e  conse rva t ion ,  power c o s t s ,  s a f e t y  and en- 
v i ronmenta l  cons ide ra t ions  , and t e c h n i c a l  f e a s i b i l i t y .  The goa ls  w e r e  
n o t  s t a t e d  q u a n t i t a t i v e l y ,  however, and our  approach has been more t o  see 
how w e l l  t h e  concept  can be made t o  do and t o  dec ide  whether  t h a t  is  ac- 
c e p t a b l e ,  than  t o  m e e t  s p e c i f i c  cri teria.  Compromises among t h e  f a c t o r s  
were a necessary  and cont inuous p a r t  of t h e  des ign  e f f o r t ,  and ou r  views 
of  t h e  requirements  have s h i f t e d  some as a t t i t u d e s  i n  t h e  n a t i o n  and i n  
t h e  atomic energy programs have s h i f t e d .  Never the less ,  we have he ld  t o  
t h e  fo l lowing  guid ing  p r i n c i p l e s .  
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O r e  Conservat ion.  - We have recognized  t h a t  MSRs could p l a y  e i t h e r  
of two r o l e s  i n  t h e  U.S. n u c l e a r  power economy: (1)  a "high performance' '  
b r eede r  t h a t  by i t s e l f  can s a t i s f y  both  t h e  near- term and long-term needs 
f o r  a b r e e d e r  r e a c t o r  o r  ( 2 )  a r e a c t o r  having lower performance o r  d i f -  
f e r e n t  c h a r a c t e r i s t i c s  t h a t ,  as a companion t o  ano the r  type  of b r e e d e r ,  
could improve t h e  o v e r a l l  n u c l e a r  economy. Our goa l  w a s  a concept  t h a t  
could s a t i s f y  t h e  f i r s t  requi rement ,  a l though w e  recognized t h a t  t h e  tech-  
nology needed f o r  t h e  second would i n  most a s p e c t s  be less demanding than  
t h a t  of t he  high-performance r e a c t o r  and, t hus ,  would g e n e r a l l y  become 
a v a i l a b l e  a l s o  from t h e  work on t h e  o t h e r  concept .  

by computing t h e  cumulat ive uranium o r e  requirements  f o r  t h e  U.S. u s ing  
t h e  AEC's  p r o j e c t i o n  of n u c l e a r  power growth between now and 2000 and 
p o s t u l a t i n g  d a t e s  of i n t r o d u c t i o n  of b reede r s  having v a r i o u s  f u e l  u t i l i -  
z a t i o n  c h a r a c t e r i s t i c s .  These s t u d i e s  showed t h a t ,  s i n c e  t h e  b reed ing  
r a t i o  of a thermal  b reede r  cannot  g r e a t l y  exceed 1 .0 ,  t h e  f u e l  i nven to ry  
must b e  k e p t  low t o  achieve  s a t i s f a c t o r y  performance. F u r t h e r  s t u d i e s  
then  i d e n t i f i e d  t h e  MSBR des ign  cond i t ions  t h a t  gave what appeared t o  b e  
a c c e p t a b l e  uranium o r e  requi rements .  
and a n t i c i p a t e d  demands f o r  o t h e r  materials needed t o  suppor t  a l a r g e  MSBR 
i n d u s t r y  i n d i c a t e d  t h a t  MSBR development would n o t  b e  h indered  by s h o r t -  
ages and r i s i n g  c o s t s  [ 2 ] .  

This  g e n e r a l  o b j e c t i v e  w a s  t r a n s l a t e d  i n t o  more s p e c i f i c  requi rements  

Cons ide ra t ion  of t h e  a v a i l a b i l i t y  

Power Cost .  - The second o b j e c t i v e  w a s  t h a t  t h e  power c o s t s  of t h e  
b r e e d e r s  a t  t h e  t i m e  of  t h e i r  i n t r o d u c t i o n  be  less than  those  of  t h e  non- 
b r e e d e r s  so  t h a t  normal economic c o n s i d e r a t i o n s  would make i t  d e s i r a b l e  
f o r  t h e  u t i l i t y  owners t o  b u i l d  t h e  b r e e d e r s  i n  p r e f e r e n c e  t o  o t h e r  re- 
a c t o r s .  Again w e  d i d  n o t  a t tempt  t o  set  s p e c i f i c  c o s t  goa l s  b u t  i n s t e a d  
performed c o s t  estimates f o r  t he  MSBR i n  p a r a l l e l  t o  estimates f o r  l i g h t -  
water r e a c t o r s  made us ing  t h e  s a m e  c o s t  d a t a  and economic assumptions.  W e  
cons idered  t h a t  t h e  MSBR concept  w a s  a c c e p t a b l e  as long  as i t s  es t ima ted  
power c o s t s  f e l l  below t h o s e  of  t h e  l i gh t -wa te r  r e a c t o r s  , and p a r t i c u l a r l y  
i f  t h i s  were t r u e  a t  near-term uranium o r e  c o s t s .  This  comparison i s ,  of 
course ,  h igh ly  i n e x a c t ,  s i n c e  i t  n o t  on ly  invo lves  u n c e r t a i n t i e s  i n  MSBR 
c o s t s  bu t  a l s o  u n c e r t a i n t i e s  i n  what l i gh t -wa te r  r e a c t o r  c o s t s  w i l l  b e  a t  
t h e  t i m e  b reede r s  are in t roduced .  However, i t  provided an i n d i c a t i o n  of 
whether t h e  MSBR would g ive  low enough power c o s t  t o  d i s p l a c e  t h e  con- 
v e r t e r s .  

Safe ty  and Environmental  Cons ide ra t ions .  - A s  wi th  o t h e r  types  of  
r e a c t o r s ,  t h e  major s a f e t y  c o n s i d e r a t i o n  has  been t h e  p r o t e c t i o n  of t h e  
p u b l i c  from exposure t o  r a d i o a c t i v i t y ,  both as t h e  consequence of an ac- 
c i d e n t  and from lower level release dur ing  normal o p e r a t i o n s  o r  mainte- 
nance.  MSBRs d i f f e r  from s o l i d - f u e l  r e a c t o r s ,  n o t  only i n  t h a t  t h e  f u e l  
i s  i n  l i q u i d  form, b u t  a l s o  i n  t h a t  t h e  p rocess ing  p l a n t  is a t  t h e  r e a c t o r  
s i t e  and an i n t e g r a l  p a r t  of t h e  p l a n t .  Consequently,  a d i f f e r e n t  set  
of s a f e t y  matters r e q u i r e s  c o n s i d e r a t i o n  from those  of s o l i d - f u e l  systems . 
Our approach t o  t h e  s a f e t y  q u e s t i o n  has  been t o  examine t h e  b a s i c  consid- 
e r a t i o n s  t h a t  relate t o  s a f e t y  and t o  a t t e m p t  i n  t h e  des ign  t o  p rov ide  
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means f o r  t r e a t i n g  each of t h e s e  adequate ly .  I n  cons ide r ing  how t h e s e  
f a c t o r s  a f f e c t  t h e  concept ,  w e  have t r i e d  t o  make t h e  des ign  such t h a t  
i t  could be l o c a t e d  on any s i te  accep tab le  f o r  o t h e r  k inds  of r e a c t o r s .  

The g u i d e l i n e s  on pe rmis s ib l e  release of f i s s i o n  products  have 
changed i n  r e c e n t  t i m e s .  This  has  r e q u i r e d  t h a t  we re-examine some of 
t h e  approaches towards low-level  releases t h a t  appeared a c c e p t a b l e  ear l ier  , 
and, i n  p a r t i c u l a r ,  w e  have had t o  devote  more a t t e n t i o n  t o  means f o r  
keeping t h e  t r i t i u m  release low. Sa fe ty  and environmental  c o n s i d e r a t i o n s  
are t r e a t e d  t o g e t h e r  i n  Chapter 14 .  

Technica l  F e a s i b i l i t y .  - The v a r i o u s  mol ten-sa l t  r e a c t o r  concepts  
i d e n t i f i e d  i n  t h e  preceding  chap te r  i nvo lve  technology t h a t  ranges from 
t h a t  which is w e l l  i n  hand t o  f e a t u r e s  t h a t  r e q u i r e  inven t ions  t o  accom- 
p l i s h .  I n  t h e  r e f e r e n c e  des ign ,  w e  have a t tempted  t o  restrict  the  re- 
quirements  t o  technology t h a t  e i t h e r  has  a l r e a d y  been demonstrated o r  can 
reasonably  be expected t o  emerge from an i n t e n s i v e  development program 
i n  t i m e  t o  b e  used on a r e a c t o r  experiment  whose c o n s t r u c t i o n  would s ta r t  
i n  a few y e a r s .  Genera l ly  t h i s  meant t h a t  i n c r e a s e s  i n  scale w e r e  ac- 
cepted ,  as were f o r e s e e a b l e  improvements i n  materials and p rocesses ,  b u t  
f e a t u r e s  t h a t  r equ i r ed  inven t ions  o r  extremely l a r g e  improvements i n  per-  
formance were excluded.  A s  examples, pumps having many t i m e s  t h e  capac i ty  
o f  t he  MSRE pumps were s p e c i f i e d ,  and a gas spa rg ing  system t h a t  removes 
xenon more e f f e c t i v e l y  than  t h e  MSRE system w a s  used i n  t h e  des ign .  How- 
eve r ,  a seven-fold improvement i n  t h e  r a d i a t i o n  r e s i s t a n c e  of  g r a p h i t e  
t h a t  would make it l a s t  t h i r t y  yea r s  w a s  cons idered  an e x c e s s i v e  extrapo-  
l a t i o n ;  and, i n  f a c t ,  t h e  g r a p h i t e  l i f e t i m e  w a s  s p e c i f i e d  as 3 x n v t  
(>50 keV), which is t h e  maximum dose s m a l l  samples have been shown t o  

wi ths t and  wi thout  excess ive  volume i n c r e a s e s .  Thus means f o r  r e p l a c i n g  
g r a p h i t e  were inc luded  i n  t h e  p l a n t  des ign .  

f l u e n c e  on t h e  des ign  and performance of t h e  concept :  replacement o r  
r e p a i r  of  a l l  components whose f a i l u r e  is c r e d i b l e  o r  whose l i f e t i m e  is 
expected t o  be less than  t h i r t y  y e a r s  must b e  made f e a s i b l e  and accom- 
p l i s h a b l e  i n  a r easonab le  t i m e .  

One s p e c i f i c  requirement  set down a t  the  beginning  had a s t r o n g  in-  

General Concept o f  t he  S ingle-Flu id  Breeder 

A s i n g l e - f l u i d  b r e e d e r  r e a c t o r  is  i l l u s t r a t e d  i n  s imple  form i n  
F ig .  3.1. The key f e a t u r e  of t h e  concept ,  as mentioned i n  t h e  preceding  
chap te r ,  is t h e  use  of a s i n g l e  s a l t  t h a t  con ta ins  both uranium and 
thorium. To make t h i s  accep tab le ,  ways had t o  be found f o r  reducing  neu- 
t r o n  leakage  from t h e  co re  wi thout  u s i n g  a s e p a r a t e  f e r t i l e  b l a n k e t ,  and 
means had t o  b e  developed f o r  exc luding  most of t h e  233Pa from t h e  h igh  
neu t ron  f l u x  r eg ion  of t h e  r e a c t o r .  The former i s  accomplished by making 
t h e  s a l t  volume f r a c t i o n  i n  t h e  o u t e r  r eg ion  of t h e  r e a c t o r  several t i m e s  
as g r e a t  as i t  is  i n  t h e  main p a r t  of t h e  co re .  By va ry ing  t h e  s a l t  
volume f r a c t i o n  and hence t h e  qode ra to r - to - fue l  r a t i o ,  t h e  core  is made 
t o  b e  w e l l  moderated b u t  t h e  o u t e r  r eg ion  is undermoderated, and h e r e  
thorium cap tu res  predominate t o  form a low-power-density f e r t i l e  b l a n k e t .  
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Fig .  3 . 1 .  S i n g l e - f l u i d ,  two-region molten sa l t  b r e e d e r  r e a c t o r .  
For 1000 MW(e), t h e  f u e l  s a l t  f low rate  through t h e  c o r e  is  55,000 gpm, 
b u t  less than 1 gpm p a s s e s  through t h e  p r o c e s s i n g  p l a n t .  E l e c t r i c i t y  
i s  produced from s u p e r c r i t i c a l  steam w i t h  an o v e r a l l  e f f i c i e n c y  of 44%.  
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The p ro tac t in ium is  removed by e x t r a c t i o n  from t h e  f u e l  sa l t  i n  a cont in-  
uous p rocess ing  p l a n t  desc r ibed  la ter ,  which ho lds  i t  up o u t s i d e  of t h e  
co re  u n t i l  it has  decayed i n t o  233U.  

t h a t  fol low,  and p a r t i c u l a r  systems and components are descr ibed  i n  
g r e a t e r  d e t a i l s  i n  later c h a p t e r s .  Fu r the r  i n f o m a t i o n  can b e  found 
i n  OWL-4541 [l] . 

The b a s i c  f e a t u r e s  of  t h e  concept  are desc r ibed  i n  t h e  paragraphs 

Fea tu res  of  t h e  Reference Design. - The f u e l  sa l t  is a mixture  of  
t h e  f l u o r i d e s  of be ry l l i um,  l i thium-7 , thorium, and uranium having t h e  
fo l lowing  composition and me l t ing  p o i n t :  

Composition, mole % 

F u e l  S a l t  Coolant S a l t  

7LiF 71.7 NaBF4 92 
BeF2 16 NaF a 
ThF4 12  
UF4 0 . 3  

Liquidus tempera ture ,  OF 9 30 725 

Other  p r o p e r t i e s  are l i s t e d  i n  Chapter  5 .  
Lithium-7 and be ry l l i um f l u o r i d e s ,  which have low neu t ron  abso rp t ion  

c r o s s  s e c t i o n s ,  are used t o  o b t a i n  a composi t ion t h a t  has  a l i q u i d u s  
tempera ture  and o t h e r  p h y s i c a l  p r o p e r t i e s  t h a t  are a c c e p t a b l e  f o r  r e a c t o r  
use .  Fue l  s a l t  is pumped through a c o r e  formed from b a r e  g r a p h i t e  
s t r i n g e r s  and b locks ;  t h e  sa l t  does n o t  w e t  g r a p h i t e  and w i l l  n o t  pene- 
t ra te  i n t o  i t  i f  material having s m a l l  po re  s i z e s  is  used. To exc lude  
xenon from t h e  g r a p h i t e ,  i t s  s u r f a c e  i s  s e a l e d  t o  a low pe rmeab i l i t y  by 
d e p o s i t i o n  of p y r o l y t i c  carbon.  A c ross  s e c t i o n  of t he  co re  used i n  t h e  
OWL-4541 des ign  is  shown i n  F ig .  3 .2 .  The r e a c t o r  v e s s e l  and t h e  top  
head are seen  t o  have been  extended above t h e  co re  f a r  enough f o r  a me- 
c h a n i c a l  c l o s u r e  t o  be  used and f o r  t h e  c l o s u r e  t o  be d i r e c t l y  a c c e s s i b l e  
when t h e  head must b e  removed. 

t e rmed ia t e  h e a t  exchanger .  A e u t e c t i c  mixture  of sodium f l u o r o b o r a t e  
and sodium f l u o r i d e  is used as t h e  coo lan t ;  i t s  composition and p r o p e r t i e s  
have been l i s t e d  above. The coo lan t  s a l t  pas ses  through a steam gener- 
a t o r  where s u p e r c r i t i c a l  s t e a m  a t  1000°F and 3600 p s i  is genera ted ,  y i e l d -  
i n g  an  o v e r a l l  thermal  e f f i c i e n c y  of 44%. 

Drain tanks  connected t o  t h e  f u e l  and coo lan t  salt  systems can con- 
t a i n  t h e  s a l t  when necessa ry .  
n a t u r a l  c i r c u l a t i o n  coo l ing  system f o r  d i spos ing  of f i s s ion -p roduc t  decay 
h e a t .  This system uses  NaK t o  t r a n s f e r  h e a t  from t h e  d r a i n  tank  t o  tanks  
of  water, where i t  is e i t h e r  d i sposed  of  by forced  coo l ing  o r ,  i n  an emer- 
gency, by b o i l i n g  away of  t h e  w a t e r .  The d r a i n  tank  is  a l s o  used as t h e  
i n i t i a l  holdup volume f o r  t h e  of f -gas  system, so  t h a t  i t s  h e a t  removal 
system is  always i n  u s e  and is n o t  j u s t  c a l l e d  on t o  come i n t o  o p e r a t i o n  
du r ing  an emergency. 

H e a t  is t r a n s f e r r e d  from t h e  f u e l  sa l t  t o  a coo lan t  s a l t  i n  an in-  

The f u e l  s a l t  d r a i n  tank has  a r e l i a b l e  



56 

REACTOR 
VESSEL- 

CONTROL -4 RODS 

m 
REFLECTOR\[ GRAPHITE 

SALT TO PUMP 

REFLECTOR 
RETAINING RINGS 

GRAPHITE 
REFLECTOR- 

SALT FROM HEAT 
EXCHANGER (4 TOTAL) 

10 in. 

E II 

F ig .  3 . 2 .  S e c t i o n a l  e l e v a t i o n  o f  MSBR v e s s e l .  
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A l l  metal s u r f a c e s  t h a t  con tac t  sa l t  are made from Has te l loy  N.  ( A s  
desc r ibed  i n  a la te r  chap te r ;  some o t h e r  material may b e  s u b s t i t u t e d . )  

The primary system and t h e  steam gene ra to r  systems are l o c a t e d  i n  
s e p a r a t e  cel ls ,  as shown i n  F ig .  3.3. These cells serve as s h i e l d i n g  and 
containment b a r r i e r s  f o r  r a d i o a c t i v e  materials and have c o n t r o l l e d  atmos- 
phere  which can b e  hea ted  above t h e  l i q u i d u s  tempera ture  of t h e  sa l t  o r  
cooled t o  prevent  ove rhea t ing  of  t h e  r e a c t o r  equipment from decay energy 
when t h e  s a l t  is d ra ined .  Access f o r  maintenance can b e  achieved by re- 
moval of  s h i e l d  b locks  a t  t h e  top  of  t h e  cell .  S ince  t h e  g r a p h i t e  must 
be  r ep laced  a t  i n t e r v a l s ,  a s p e c i a l  s h i e l d e d  carrier is  shown above t h e  
r e a c t o r  f o r  t r a n s p o r t i n g  i t  from t h e  co re  t o  ano the r  c e l l  f o r  d i s p o s a l .  

Noble gases  have ve ry  low s o l u b i l i t y  i n  t h e  f u e l  s a l t ,  which makes 
i t  o s s i b l e  t o  s t r i p  them from t h e  sa l t  and reduce t h e  poisoning  e f f e c t  
of T 3 5 X e .  This  s t r i p p i n g  is accomplished by i n j e c t i n g  bubbles  of hel ium 
i n t o  a s i d e  stream and subsequent ly  removing them wi th  c e n t r i f u g a l  sepa- 
r a t o r s .  The off-gas  c o n t a i n i n g  t h e  xenon and krypton  i s  then  passed 
through cha rcoa l  t r a p s  i n  a cleanup system. 

p roduc t s ,  and p a r t i c u l a r l y  t h e  rare e a r t h s ,  must be removed r a p i d l y .  A 
p rocess ing  concept  f o r  doing t h i s  i n  con junc t ion  wi th  t h e  removal of  
p ro tac t in ium has been developed. The p rocess ,  i l l u s t r a t e d  i n  g r e a t l y  
s i m p l i f i e d  form i n  Fig.  3.4, c o n s i s t s  of  f l u o r i n a t i o n  t o  remove uranium 
fol lowed by r e d u c t i v e  e x t r a c t i o n  of p ro tac t in ium,  and f i n a l l y  removal of  
rare e a r t h s  and some of  t he  o t h e r  f i s s i o n  products  by t h e  "meta l - t ransfer  
process ."  
11. 

c o n t a c t i n g  i t  wi th  f l u o r i n e .  The r e d u c t i v e  e x t r a c t i o n  process  uses  l i q u i d  
bismuth con ta in ing  d i s s o l v e d  l i t h i u m  t o  e x t r a c t  t h e  p ro tac t in ium from t h e  
f u e l  s a l t  and t o  t r a n s f e r  i t  t o  ano the r  salt ;  h e r e  i t  remains i n  s o l u t i o n  
u n t i l  i t  decays t o  uranium and then  is v o l a t i l i z e d  wi th  f l u o r i n e  f o r  re- 
t u r n  t o  the  r e a c t o r .  

e a r t h  f i s s i o n  products  from t h e  uranium- and p ro tac t in ium- f ree  s a l t  and 
t r a n s f e r  them t o  l i t h i u m  c h l o r i d e ,  hence t h e  name of  t h e  p rocess .  The 
f i s s i o n  products  are u l t i m a t e l y  e x t r a c t e d  from t h e  l i t h i u m  c h l o r i d e  f o r  
s t o r a g e  and d i s p o s a l .  A s  shown i n  F ig .  3 . 4 ,  t h e  UF6 f i n a l l y  is i n j e c t e d  
i n t o  t h e  p u r i f i e d  f u e l  s a l t ,  which r e t u r n s  i t  t o  s o l u t i o n  and p repa res  
t h e  s a l t  f o r  r e t u r n  t o  t h e  r e a c t o r .  I n  t h e  r e f e r e n c e  p l a n t ,  t h e  f u e l  sa l t  
inven to ry  of t h e  r e a c t o r  i s  processed  on a ten-day c y c l e ,  which means t h a t  
t h e  flow rate of t h e  s a l t  through t h e  p rocess ing  p l a n t  i s  about 0.9 gpm. 

The des ign  and performance c h a r a c t e r i s t i c s  of t h e  MSBR are summarized 
i n  Table  3.1,  and more d e t a i l s  are p resen ted  i n  o t h e r  chap te r s .  

To achieve  good b reed ing  i n  an MSBR, some of  t h e  s a l t - s o l u b l e  f i s s i o n  

The p rocess ing  system is  desc r ibed  i n  g r e a t e r  d e t a i l  i n  Chapter 

I n  t h e  f l u o r i n a t o r ,  uranium is v o l a t i l i z e d  from t h e  s a l t  as UFg by 

Liquid bismuth is used i n  t h e  m e t a l - t r a n s f e r  process  t o  e x t r a c t  rare- 
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4 

Fig. 3.3. 1000-MW(e) molten-salt breeder reactor, showing reactor 
cell and one of four steam-generator cells. 
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Fig.  3.4 .  S i m p l i f i e d  f lowshee t  f o r  p r o c e s s i n g  a mol ten-sa l t  b r e e d e r  
r e a c t o r .  
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Table 3.1. Characteristics of a lOOO-M'W(e) Molten-Salt Breeder Reactor 

Useful heat generation, MW( th) 
Net electrical output of plant, MW(e) 
Overall plant thermal efficiency, % 
Fuel salt inlet and outlet temperatures, "F 
Coolant salt inlet and outlet temperatures, "F 
Throttle steam conditions 
Reactor vessel inside diameter and height, ft 
Core height, f t  
Core diameter, ft 
Radial blanket thickness, ft 
Graphite reflector thickness, ft 
Number of core elements 
Size of core elements, f t  
Salt volume fraction in core, % 
Salt volume fraction in reflector, % 
Total weight of graphite in reactor, kg 
Maximum salt velocity in core, fps 
Pressure drop through reactor due to flow, psi 
Average core power density, W/cm3 
Maximum thermal neutron flux, neutrons 
Graphite damage flux (>50 keV) at point of 

maximum damage, neutrons cm-* sec-I 
Estimated graphite life at maximum damage 

point, yearP 
Total salt volume in primary system, ft3 
Thorium inventory, kg 
Fissile fuel inventory of reactor system and 

processing plant, kg 
Breeding ratio 
Fissile fuel yield, %/yearb 
Fuel doubling time (exponential), yearsb 

sec-' 

2250 
1000 
44 
1050, 1300 
850, 1150 
3500 p i a ,  1000°F 
22,20 
13 
14 
1.5 
2.5 
1412 
0.33 X 0.33 X 14.8 
13 and 37 
<1 
669,000 
8.5 
18 
22 
8.3 x 1014 

3.3 x 1014 

4 
1720 
68,000 

1504 
1.07 
3.6 
19 

'Based on 80% plant factor and a fluence of 3 X 

'At 80% plant factor. 

neutrons/cm2 (>50 
keV 
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Alternatives t o  t h e  Reference Design 

Ebasco V a r i a t i o n s  from ORNL Design 

(i 

v 

%Q 

M 

I 

W 

... 

Ebasco Services and t h e i r  a s s o c i a t e s  i n  Reference 3 p r e s e n t  t h e i r  
conceptua l  des ign  of a s i n g l e - f l u i d  mol ten-sa l t  b reede r  r e a c t o r  t h a t  
is expected t o  s a t i s f y  t h e  s a m e  g e n e r a l  cr i ter ia  t h a t  w e r e  t h e  b a s i s  
f o r  t h e  ORNL des ign .  This  s tudy  r e p r e s e n t s  on ly  t h e  f i r s t  phase of 
a series of t a s k s  t h a t  Ebasco is  t o  under take  f o r  ORNL. I ts  o b j e c t i v e  
w a s  t o  i d e n t i f y  t h e  g e n e r a l  f e a t u r e s  of  t h e  concept ,  which is  be ing  
examined i n  more d e t a i l  i n  subsequent  s t u d i e s .  

t o  u s ing  cond i t ions  s p e c i f i e d  by ORNL; f o r  example, t h e  composi t ion of 
t h e  s a l t  and t h e  s a l t  volume f r a c t i o n  i n  t h e  co re  were s p e c i f i e d ,  and 
t h e  performance c h a r a c t e r i s  t i c s  of t h e  p rocess ing  p l a n t  were def ined  
f o r  Ebasco and w e r e  n o t  t o  b e  s t u d i e d .  However, i n  t h e i r  examinat ion 
of o t h e r  a s p e c t s  of  t h e  p l a n t ,  Ebasco i n  some cases s e l e c t e d  d i f f e r e n t  
ways of  des igning  f e a t u r e s  o r  components of t h e  r e a c t o r  from those  i n  
t h e  ORNL r e f e r e n c e  des ign .  Notable  were t h e  fo l lowing:  

For  t h i s  i n i t i a l  examinat ion,  Ebasco w a s  r e s t r i c t e d  i n  some a s p e c t s  

1. I n  o r d e r  t o  avoid  t h e  d i f f i c u l t i e s  of s e a l i n g  t h e  i n t e r i o r  s u r f a c e s ,  
Ebasco uses  a s l a b  geometry f o r  t he  g r a p h i t e  co re  e lements  r a t h e r  
t han  t h e  squa re  element w i th  a c e n t r a l  h o l e  used by ORNL. 

2 .  They propose t o  r e p l a c e  i n d i v i d u a l  g r a p h i t e  assembl ies  r a t h e r  than 
r e p l a c i n g  t h e  c o r e  as a u n i t ,  as proposed by ORNL. This  a l lows  some 
elements  t o  b e  l e f t  i n  t h e  co re  longe r  than  o t h e r s ,  and i t  reduces 
t h e  d i f f i c u l t i e s  of hand l ing  t h e  l a r g e ,  r a d i o a c t i v e  core .  

3 .  Equipment and p i p i n g  i n  t h e  r e a c t o r  c e l l  are suppor ted  from t h e  
bot tom r a t h e r  than  from t h e  top,  and t h r e e  tiers of h o r i z o n t a l  
seismic r e s t r a i n t s  are provided.  

4. The p i p i n g  is  l i n e d  t o  m i t i g a t e  t h e  e f f e c t  of shock by thermal  t r a n -  
s i e n t s .  

5. The coo lan t  pump is pu t  i n  t h e  co ld  l e g  t o  i n s u r e  in l eakage  t o  t h e  
primary system i n  case a heat-exchanger tube  leaks. 

6 .  The f u e l - s a l t  s t o r a g e  tank  is p r e s s u r i z e d  t o  improve t h e  performance 
of  t h e  j e t  pumps t h a t  r e t u r n  sa l t  t o  t h e  r e a c t o r  and t o  permi t  enough 
a d d i t i o n a l  d i l u t i o n  of t h e  off-gas  f o r  i t  t o  b e  r e tu rned  d i r e c t l y  t o  
t h e  r e a c t o r  w i thou t  passage  through t h e  47-hour cha rcoa l  beds shown 
i n  t h e  ORNL des ign .  

Some of  t h e s e  and o t h e r  changes proposed by Ebasco and t h e  companies 
a s s o c i a t e d  wi th  i t  appear  t o  us t o  be  u s e f u l  improvements ove r  t h e  ORNL- 
4541 des ign  and w i l l  b e  inco rpora t ed  i n  f u t u r e  des igns  and f a c t o r e d  i n t o  
t h e  development program. 
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Low-P ower -Dens i t y  Core 

I n  t h e  earlier d i s c u s s i o n  of t h e  p r i n c i p l e s  fol lowed i n  s e l e c t i n g  
the  ORNL r e f e r e n c e  des ign ,  w e  noted t h a t  i f  a thermal  b r e e d e r  a l o n e  i s  
t o  s a t i s f y  t h e  requi rements  of a growing n u c l e a r  economy, the  f u e l  i n -  
ventory  must b e  k e p t  reasonably  low. I f  t h i s  requirement  i s  a l t e r e d  be- 
cause the  mol t en - sa l t  b reede r  is n o t  t h e  only  b r e e d e r  i n  use  o r  because  
of e i t h e r  a lower ra te  of n u c l e a r  power growth o r  a g r e a t e r  a v a i l a b i l i t y  
of uranium o r e ,  then  t h e  requirements  f o r  low inven to ry  w i l l  b e  eased .  
This  change could l e a d  t o  a des ign  w i t h  a lower power d e n s i t y  co re ,  which 
would have some advantages over  t h e  r e f e r e n c e  des ign .  For example, i f  
t h e  power d e n s i t y ,  and hence t h e  neu t ron  f l u x ,  w e r e  reduced enough f o r  
t h e  g r a p h i t e  t o  l a s t  t h i r t y  y e a r s ,  some impor tan t  s i m p l i f i c a t i o n s  could 
b e  made: t h e  equipment f o r  r e p l a c i n g  t h e  c o r e  and f o r  d i s p o s i n g  of t h e  
spen t  g r a p h i t e  would no t  b e  needed, t h e  des ign  of t h e  co re  i t s e l f  could 
b e  s i m p l i f i e d ,  and an al l -welded r e a c t o r  v e s s e l  w i thou t  a removable top  
could b e  used.  I n  a d d i t i o n ,  reducing  t h e  power d e n s i t y  lowers  t h e  ve- 
l o c i t y  of t he  f u e l  s a l t  i n  t h e  co re ,  which can lower t h e  m a s s  t r a n s f e r  
ra te  of xenon enough t o  o b v i a t e  t h e  need f o r  s e a l i n g  t h e  g r a p h i t e .  

The major d i sadvantage  of t he  lower power d e n s i t y  i s  t h e  inc reased  
f i s s i l e  i nven to ry ,  which some s t u d i e s  [4 ,  p. 271 have shown t o  b e  40 t o  
50% h i g h e r  than  t h a t  of t h e  r e f e r e n c e  des ign .  ( I n t e r e s t i n g l y ,  t h e  average  
power d e n s i t y  can b e  s i g n i f i c a n t l y  g r e a t e r  than  4/30 t i m e s  t h a t  of  t h e  
4-year - l i fe  des ign  because of improved power f l a t t e n i n g  and reduced 
g r a p h i t e  tempera ture  peaking i n  t h e  l a r g e  core . )  Whether t he  power c o s t  
would b e  h i g h e r  o r  lower than  the  r e f e r e n c e  des ign  i s  u n c e r t a i n .  The 
l a r g e r  co re  and d r a i n  tank  should r e q u i r e  l a r g e r  c e l l  and b u i l d i n g  vol -  
umes, which add t o  the  c o s t ;  however, e l i m i n a t i o n  of  t h e  c o s t  of s e a l i n g  
t h e  g r a p h i t e  and of p rov id ing  means t o  r e p l a c e  i t ,  and avoid ing  t h e  out- 
of-pocket replacement c o s t s ,  p rov ide  o f f s e t t i n g  s a v i n g s ,  

I n  s p i t e  of t h e  advantages o f f e r e d  by reduced power d e n s i t y ,  t h e  
lower f u e l  i nven to ry  of  t he  r e f e r e n c e  des ign  remains a d e s i r a b l e  g o a l ,  
and t h e  r e f e r e n c e  des ign  cont inues  t o  b e  the  focus of ORNL's program. 
Never the less ,  low power d e n s i t y  may b e  a p p r o p r i a t e  f o r  e a r l y  power p l a n t s ,  
w i th  l a t e r  e v o l u t i o n  t o  h i g h e r  power d e n s i t y .  This  would b e  p a r t i c u l a r l y  
a p p r o p r i a t e  i f  more r a d i a t i o n - r e s i s t a n t  g r a p h i t e s  are developed t h a t  per-  
m i t  30-year co re  l i f e  t o  b e  a t t a i n e d  wi th  less p e n a l t y  i n  f u e l  i nven to ry .  
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4 .  REACTOR PHYSICS AND FUEL CYCLES 

A.  M. P e r r y  

I n t r o d u c t i o n  

. 

Reactor  phys ics  c o n s i d e r a t i o n s  i n  t h e  d e s i g n  of molten-sal t  r e a c t o r s  
are,  f o r  t h e  most p a r t ,  s i m i l a r  t o  t h o s e  f o r  o t h e r  thermal  r e a c t o r s .  I n  
p a r t i c u l a r ,  t h e  graphite-moderated MSR has much i n  common w i t h  t h e  High- 
Temperature Gas-Cooled Reactor  (HTGR): g r a p h i t e  moderator a t  an average 
temperature  of 600-700°C, Th-2 3U f u e l  c y c l e ,  and s i m i l a r  fuel-moderator 
r a t i o s .  Thus, much of  t h e  des ign  technology of thermal  r e a c t o r s  i n  gen- 
e r a l  and of HTGR's i n  p a r t i c u l a r  i s  d i r e c t l y  a p p l i c a b l e  t o  t h e  MSR. 
i n c l u d e s  n u c l e a r  d a t a  and methods f o r  c a l c u l a t i n g  neut ron  f l u x e s ,  power 
d i s t r i b u t i o n s ,  e f f e c t s  of h e t e r o g e n e i t i e s  i n  c o r e  s t r u c t u r e ,  c o n t r o l  rod 
wor ths ,  temperature  c o e f f i c i e n t s  of r e a c t i v i t y ,  and s o  f o r t h .  

l i s h  a c c u r a t e l y  t h e  r e a c t i v i t y  l i f e t i m e  of t h e  f u e l ,  s o  important  t o  t h e  
economics of s o l i d - f u e l  r e a c t o r s ,  h a s  no analog i n  t h e  MSR, s i n c e  f u e l  
can r e a d i l y  b e  added o r  removed, as r e q u i r e d ,  i n  o r d e r  t o  main ta in  c r i t i -  
c a l i t y .  The problem of a c c u r a t e  c a l c u l a t i o n  of t h e  r e a c t i v i t y  l i f e  of 
t h e  f u e l  is thus  r e p l a c e d  by t h e  problem o f  d e s i g n i n g ,  b u i l d i n g ,  and op- 
e r a t i n g  d e v i c e s  t o  main ta in  t h e  d e s i r e d  composition of t h e  f l u i d  f u e l .  
This  i s  n o t  t h e  same as a d j u s t i n g  t h e  feed  ra te  f o r  s o l i d - f u e l  r e a c t o r s  
w i t h  cont inuous on-stream r e f u e l i n g ,  s i n c e  i n  t h e  l a t t e r  case t h e  d i s -  
charge exposure of t h e  f u e l  remains a c r u c i a l  economic parameter .  

MSR cores  t a k e s  a somewhat d i f f e r e n t  form than  i n  s o l i d - f u e l  r e a c t o r s .  
I n  p a r t i c u l a r ,  s i n c e  t h e  f u e l  i s  c o n s t a n t l y  mixed and i t s  composition 
remains e s s e n t i a l l y  uniform throughout  t h e  r e a c t o r ,  t h e  problem of t i m e -  
dependent power d i s t r i b u t i o n s  is  much less impor tan t  i n  f l u i d - f u e l  than  
i n  s o l i d - f u e l  r e a c t o r s .  

With r e s p e c t  t o  t h e i r  dynamic behavior  ( i . e . ,  t h e  shor t - te rm t i m e -  
dependence of o p e r a t i n g  v a r i a b l e s  such as power and neut ron  f l u x  leve ls ,  
f u e l  tempera tures ,  e t c . )  t h e  c i r c u l a t i n g  f u e l  r e a c t o r s  - and e s p e c i a l l y  
those  o p e r a t i n g  w i t h  233U f u e l  - have unique c h a r a c t e r i s t i c s  r e q u i r i n g  
s p e c i a l  s t u d y ,  and t h e s e  w i l l  b e  d i s c u s s e d  i n  a subsequent  s e c t i o n  of  t h i s  
c h a p t e r .  We simply n o t e  f o r  t h e  moment t h a t  an MSBR t y p i c a l l y  h a s  a much 
smaller delayed neut ron  f r a c t i o n  than  do o t h e r  types  of  r e a c t o r s  and t h e  
t r a n s p o r t  of t h e  delayed neut ron  emitters i n  t h e  moving f u e l  al ters t h e  
response of t h e  r e a c t o r  t o  changes i n  r e a c t i v i t y .  On t h e  o t h e r  hand, most 
of t h e  power g e n e r a t i o n  is i n  t h e  c i r c u l a t i n g  f u e l  i t s e l f ,  which is  a l s o  
t h e  primary r e a c t o r  c o o l a n t ;  t h u s ,  no h e a t  t r a n s f e r  l a g s  between f u e l  and 
coolan t  are p r e s e n t .  A s  w e  s h a l l  see, t h e s e  two f a c t o r s  t o g e t h e r  produce 
s a f e ,  s t a b l e  o p e r a t i n g  c h a r a c t e r i s t i c s  over  a wide range of c o r e  d e s i g n  
parameters .  

The c e n t r a l  q u e s t i o n  i n  t h e  phys ics  of t h e  Molten-Salt  Breeder Re- 
a c t o r  would thus appear  t o  b e  t h e  breeding  r a t i o  i t s e l f .  This  i s  s o  be- 
cause  of t h e  very s m a l l  b reeding  g a i n  (breeding  r a t i o  minus one) t h a t  i s  

This  

There are, however, a f e w  impor tan t  d i f f e r e n c e s .  The need t o  es tab-  

S i m i l a r l y ,  t h e  problem of c a l c u l a t i n g  power-density d i s t r i b u t i o n s  i n  

6 5  
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c h a r a c t e r i s t i c  of thermal  b r e e d e r  r e a c t o r s .  Whereas f a s t  b r e e d e r s  t y p i -  
c a l l y  ach ieve  t h e i r  d i s i r a b l e  b reed ing  performance w i t h  l a r g e  b reed ing  
ga ins  , i n  combination w i t h  r e l a t i v e l y  l a r g e  f u e l  i n v e n t o r i e s  , t h e  the rma l  
b reede r ,  w i t h  a much smaller b reed ing  g a i n ,  must succeed by ma in ta in ing  
a r e l a t i v e l y  low f u e l  i nven to ry .*  Because t h e  b reed ing  g a i n  i s  low, t h e  
expec ted  performance of a thermal  b r e e d e r  r e a c t o r  i s  e s p e c i a l l y  s e n s i t i v e  
t o  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  b reed ing  r a t i o ,  and it becomes neces- 
s a r y  t o  e s t a b l i s h  t h e  neu t ron  ba lance  i n  t h e  r e a c t o r ,  on which t h e  breed- 
i n g  r a t i o  depends, w i th  g r e a t e r  p r e c i s i o n  t h a n  would be r e q u i r e d  f o r  a 
f a s t  b r e e d e r  r e a c t o r .  

Breeding i n  Mol ten- S a1 t Reac tors  

The q u a l i t y  of performance of a b r e e d e r  r e a c t o r ,  i n  a n u c l e a r  power 
economy p o s t u l a t e d  t o  fo l low a p a r t i c u l a r  p a t t e r n  of growth, i s  o f t e n  
eva lua ted  i n  t e r m s  of t h e  cumula t ive  amount of uranium o r e  t h a t  would 
have t o  be mined up t o  t h e  t i m e  when t h e  b r e e d e r s  themselves could  sat- 
i s f y  a l l  requi rements  f o r  f i s s i l e  materials. It i s  g e n e r a l l y  recognized  
t h a t  t h i s  q u a n t i t y  depends both  on t h e  b reed ing  r a t i o  of t h e  r e a c t o r  and 
on i t s  s p e c i f i c  f u e l  i nven to ry .  

I n  F ig .  4 . 1  ( a l s o  shown as Fig .  1 . 2 ) ,  w e  show t h e  a n t i c i p a t e d  o r e  
requirements f o r  a U.S. n u c l e a r  power i n d u s t r y  based  on v a r i o u s  p o s t u l a t e d  
combinations of present-day c o n v e r t e r s  and p o s s i b l e  f u t u r e  b r e e d e r s  , having  
d i f f e r e n t  b reed ing  r a t i o s  and s p e c i f i c  f u e l  i n v e n t o r i e s  (kg f i s s i l e /MW(e) ) .  
The t o t a l  i n s t a l l e d  n u c l e a r - e l e c t r i c  c a p a c i t y  i s  assumed t o  r each  140 GW(e) 
i n  1980 and 930 GW(e) i n  2000, and t o  i n c r e a s e  t h e r e a f t e r  a t  a rate of 
100 GW(e) p e r  y e a r .  I t  i s  f u r t h e r  assumed t h a t  on ly  l i gh t -wa te r  r e a c t o r s  
are b u i l t  p r i o r  t o  1982, t h a t  t h e  f i r s t  b r e e d e r s  come on l i n e  i n  1982 and 
t h a t  on ly  b r e e d e r s  are added t o  t h e  system a f t e r  1998. Al so  shown on 
Fig.  4 .1  are t h e  p r i c e  ranges  w i t h i n  which t h e  USAEC c u r r e n t l y  estimates 
t h a t  i nc remen ta l  amounts of uranium may be  a v a i l a b l e  from domest ic  U . S .  
o r e s  , i n c l u d i n g  e s t i m a t e d  probable  r e s o u r c e s  as w e l l  as reasonably-assured  
reserves. 

A c ross -p lo t  of d a t a  taken  from curves  l i k e  t h o s e  of Fig.  4 . 1  pro- 
duces a p l o t  of r e s o u r c e  requi rements  v s  s p e c i f i c  f u e l  i n v e n t o r y ,  f o r  
d i f f e r e n t  va lues  of t h e  doubl ing  t i m e ,  as shown i n  F ig .  4.2 ( a l s o  shown 
as Fig.  1 .3) .  It may be  noted  from t h e s e  curves  t h a t  a b r e e d e r  r e a c t o r  
w i t h  a (compound) doubl ing  t i m e  of 20 y e a r s ,  and a s p e c i f i c  i nven to ry  
of 1 .5  kg/MW(e), would be expec ted  t o  r e q u i r e  ve ry  l i t t l e  more o r e  t h a n  
a b reede r  w i t h  a doubl ing  t i m e  of 10 y e a r s  and a s p e c i f i c  i nven to ry  of 
4 kg/MW(e). (These might be ,  r e s p e c t i v e l y ,  a thermal  b r e e d e r  w i t h  a 
b reed ing  r a t i o  of 1 .07  and a f a s t  b r e e d e r  w i t h  a b reed ing  r a t i o  of 1 .35 . )  

* 
The combined importance of t h e s e  two f a c t o r s ,  b reed ing  ga in  and 

f u e l  i n v e n t o r y ,  w i l l  be exp la ined  i n  t h e  n e x t  s e c t i o n .  
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Fig. 4 .1 .  E f f e c t  of b r e e d e r s  on t h e  o r e  requirements  of  t h e  U.S. 
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Thus, a thermal b r e e d e r  r e a c t o r  w i t h  a low s p e c i f i c  f u e l  inventory  
may have breeding  performance comparable t o  a f a s t  b r e e d e r  w i t h  a l a r g e r  
f u e l  i n v e n t o r y ,  even i f  t h e  doubl ing t i m e  of t h e  fas t  b r e e d e r  is much 
s h o r t e r  than  t h a t  of t h e  thermal  b r e e d e r .  However, i t  i s  clear t h a t  t h e  
low breeding  g a i n  of t h e  thermal  b r e e d e r  makes i t s  performance more sen- 
s i t i v e  t o  u n c e r t a i n t i e s  i n  breeding  r a t i o ,  and i t  becomes necessary  t o  
examine c a r e f u l l y  t h e  s o u r c e s  and probable  magnitudes of such uncer ta in-  
ties. 

U n c e r t a i n t i e s  

The c a l c u l a t e d  neut ron  b a l a n c e  f o r  t h e  r e f e r e n c e  s i n g l e - f l u i d  MSBR 
is  shown i n  Table 4 . 1 .  This  n e u t r o n  b a l a n c e  i s  based on t h e  c u r r e n t  
m e t a l - t r a n s f e r  chemical-processing f lowshee t ,  w i t h  a 10-day p r o c e s s i n g  
c y c l e ,  and t h e  normal iza t ion  is such t h a t  a t o t a l  of one neut ron  i s  ab- 
sorbed i n  t h e  f i s s i l e  n u c l i d e s ,  2 3 3 U  + 2 3 5 U .  The breeding  r a t i o ,  w i t h  
t h i s  n o r m a l i z a t i o n ,  i s  e q u a l  t o  t h e  number of c a p t u r e s  i n  232Th and 234U 
(absorp t ions  less f i s s i o n s )  minus a b s o r p t i o n s  i n  233Pa,  i . e . ,  BR = 0.9938 
+ 0.0815 - 0.0045 = 1.0708. The number o f  neut rons  a v a i l a b l e  f o r  c a p t u r e  
i n  t h e  f e r t i l e  materials depends on t h e  neut ron  product ion  n e ,  p e r  n e u t r o n  
absorbed i n  f i s s i l e  f u e l ,  and on t h e  l o s s e s  t o  moderator ,  c o o l a n t ,  f i s s i o n  
p r o d u c t s ,  and leakage.  Thus, t h e  g r e a t e s t  s i n g l e  s o u r c e  of u n c e r t a i n t y  
i n  breeding  r a t i o  i s  i n  t h e  neut ron  product ion  term, n e ,  which depends 
mainly on t h e  spectrum-averaged v a l u e  of n f o r  2 3 3 U .  

r a t i o  (and on f u e l  c y c l e  c o s t )  of u n c e r t a i n t i e s  i n  t h e  c r o s s  s e c t i o n s  of 
a l l  c o r e  c o n s t i t u e n t s  and h i s  r e s u l t s  are summarized i n  Tables  4.2 and 
4.3 .  

by t a k i n g  t h e  s q u a r e  r o o t  of t h e  sum of t h e  squares  as t h e  o v e r a l l  uncer- 
t a i n t y  i n  breeding  r a t i o  o r  i n  fue l -cyc le  c o s t  a t t r i b u t a b l e  t o  c ross -  
s e c t i o n  u n c e r t a i n t i e s .  The r e s u l t i n g  v a l u e s ,  

Per ry  [l] h a s  made a d e t a i l e d  a n a l y s i s  of t h e  e f f e c t  on b r e e d i n g  

Since  t h e s e  u n c e r t a i n t i e s  are a l l  independent ,  they  may b e  combined 

[ 1 = 0.016 

and 

2 (GFCC)? 1/2  = 0.026 mill /kWhr(e) 
1 1 

r e f l e c t  p r i m a r i l y  t h e  u n c e r t a i n t y  i n  t h e  average  thermal  TI of 233U (e.g.  , 
6B % 0.012).  ( I f  a l l  the a s s e s s e d  c r o s s - s e c t i o n  u n c e r t a i n t i e s  are added 
up i n  t h e  same d i r e c t i o n ,  t h e  r e s u l t  is  C(6B)i = 0.05 and C(6FCC)i = 0.08. 
We regard  t h i s ,  however, as a n  extremely improbable combination of c i r -  
cumstances, a view t h a t  i s  s t r e n g t h e n e d  by t h e  s a t i s f a c t o r y  r e s u l t s  of 
c r i t i c a l i t y  c a l c u l a t i o n s  d e s c r i b e d  below. ) 
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Table 4.1. Neutron balance in a singlefluid molten-salt 
breeder reactor with ten-day processing cyclea 

Absorptions Fissions 

232Th 0.9968 0.0030 
233Pa 0.0045 
2 3 3 u  0.9242 0.8245 
234u 0.0819 0.0004 
23SU 0.0758 0.0618 
2 3 6 u  0.0074 
237Np 0.0064 

Li 0.0032 
7 ~ i  0.0161 

Be 0.0070 
"F 0.0203 
Graphite 0.05 10 
Fission products 0.0150 

7 / E  2.2317 
Breeding ratio 1.0708 

Leakage 0.0221= 

0.0044b 

"See Ref. 2. 
bn,2n reaction in beryllium. 
'Including delayed neutron losses. 
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Table 4.2. Effect of heavy-element cross-section 
uncertainties on MSBR performance 

Assigned Assigned 6Ba  6 FCCb 
value uncertainty [ mills/kWhr(e) ] Nuclide Quantity 

2 3 3 ~  2.293 io.010 0.008 0.013 q0 
-1 +0.5% 0.009 0.015 

V 2.50 kO.01 0.003 0.005 
0.18 io.01 0.006 0.010 “F 

23SU io.010 0.001 0.001 q o  

V 2.43 kO.01 

“F 

- 

QT/Q0 -1 ~ 0 . 5 %  0.001 0.001 - 

0.50 A0.02 <0.001 0.001 

+IO% <0.001 0.001 

2 3 6 u  - +15% <0.001 0.001 

234u  - 

ua 

aUncertainty in breeding ratio. 
buncertainty in fuel cycle cost. 

1 

m 
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Table 4.3. Effect of light-element cross-section 
uncertainties on MSBR performance 

Assigned 
cross-section 6 FCC 
uncertainty 6 B  [mills/kWhr(e)] Cross section 

(%I 

F ( n , 4  
F(n, y)(resonance) 
F(n, y)( thermal) 
Be(n,ff) 
Be(n,r) 
Be(n, 2n) 
' ~ i  
C 
FP (thermal) 
FP (resonance) 

+30 
230 
+ I  
+ l o  
+10 
A 1 5  
* l o  
+10 
+ l o  
+30 

0.003 
0.002 
0.001 
0.001 

0.002 
0.003 
0.004 

0.003 

0.005 
0.003 
0.002 
0.002 

0.003 
0.004 
0.006 

0.005 

c 
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* 

'1 

The absence of thorium from t h i s  l ist  is n o t  a n  o v e r s i g h t ; *  i n  a 
real s e n s e  thorium absorbs  a l l  neut rons  t h a t  o t h e r  materials do n o t ,  
and i n  p r i n c i p l e  t h e  thorium c o n c e n t r a t i o n  would b e  a d j u s t e d  s o  t h a t  
t h i s  w i l l  be  t h e  case. 
c o n c e n t r a t i o n ,  s o  t h a t  over  s h o r t  p e r i o d s  ( i f  t h e  e f f e c t i v e  a b s o r p t i o n  
c r o s s - s e c t i o n  of thorium were much d i f f e r e n t  t h a n  expected)  t h e  c r i t i ca l  
c o n c e n t r a t i o n  of uranium might prove t o  b e  s l i g h t l y  d i f f e r e n t  than  ex- 
pec ted .  However, over  longer  p e r i o d s  t h e  uranium c o n c e n t r a t i o n  may b e  
placed a t  almost any d e s i r e d  leve l ,  and t h e  thorium a d j u s t e d  f o r  c r i t i -  
c a l i t y .  I n  any e v e n t ,  on t h e  b a s i s  of c r i t i c a l - e x p e r i m e n t  r e s u l t s ,  we  
would n o t  a n t i c i p a t e  a p p r e c i a b l e  d e v i a t i o n s  of these c o n c e n t r a t i o n s  
from c a l c u l a t e d  v a l u e s .  

F u r t h e r  s u p p o r t  f o r  t h e  c a l c u l a t e d  v a l u e s  of rl h a s  been  d e r i v e d  from 
a measurement i n  t h e  MSRE of  t h e  c a p t u r e / f i s s i o n  c r o s s  s e c t i o n  r a t i o s  f o r  
bo th  233U and 235U.  Measured and c a l c u l a t e d  v a l u e s  i n  t h e  MSRE spectrum, 
which was s imilar  t o  t h e  r e f e r e n c e  MSBR spectrum, are compared i n  Table  
4 . 4 .  
spond t o  less than  kO.01 i n  average  rl .  F u r t h e r  d e t a i l s  of t h e  experiments 
and c a l c u l a t i o n s  may b e  found i n  References 3 and 4 .  

c ludes  a nominal a l lowance of 0.005 t o  cover  135Xe,  o t h e r  noble-gas f i s -  
s i o n  p r o d u c t s ,  and any of t h e i r  daughter  products  t h a t  may b e  produced by 
decay of noble  gases  w i t h i n  t h e  g r a p h i t e  moderator.  This  is  done t o  avoid 
t h e  n e c e s s i t y  of  combining t h e  complex g a s - s t r i p p i n g  and d i f f u s i o n  model 
w i t h  t h e  n e u t r o n i c  and f u e l - c y c l e  c a l c u l a t i o n ,  i n  which t h e  e x p l i c i t  
t rea tment  of t h e  noble  gases  assumes t h e i r  removal from t h e  r e a c t o r  on a 
50-sec c y c l e .  While a poison f r a c t i o n  no g r e a t e r  than  0.005 is probably 
a t t a i n a b l e  f o r  135Xe a l o n e ,  i t  p r e s e n t l y  seems much less l i k e l y  t h a t  t h e  
combined e f f e c t  of a l l  t h e  noble  gases  (and t h e i r  daughters  born  i n  t h e  
g r a p h i t e )  can b e  k e p t  as low as 0.005, The a d d i t i o n a l  po isoning  e f f e c t  
of t h e  o t h e r  n u c l i d e s  i n  q u e s t i o n  has  been c a l c u l a t e d  t o  b e  about  20% of 
t h a t  of 1 3 5 X e  i t s e l f ,  a t  t h e  end of a 4-yr g r a p h i t e  l i f e .  
t i o n a l  po ison  f r a c t i o n  of 0.001-0.002 may occur .  

A s  w a s  p o i n t e d  ou t  above, t h e  o t h e r  p r i n c i p a l  f a c t o r  i n  b r e e d i n g  
performance - t h e  f u e l  inventory  - i s  i n s e n s i t i v e  t o  r e a c t o r  phys ics  
u n c e r t a i n t i e s ,  because of t h e  i n h e r e n t  f l e x i b i l i t y  of t h e  mol ten-sa l t  
r e a c t o r  w i t h  r e s p e c t  t o  adjustments  i n  f i s s i l e  and f e r t i l e  ma te r i a l  con- 
c e n t r a t i o n s .  Over a very  c o n s i d e r a b l e  range of f u e l  c o n c e n t r a t i o n s ,  
e s s e n t i a l l y  any d e s i r e d  v a l u e  can b e  achieved and maintained.  The ques- 
t i o n  is only t h a t  of t h e  breeding  r a t i o  t h a t  corresponds t o  a p a r t i c u l a r  
f u e l  c o n c e n t r a t i o n ,  as a l r e a d y  d i s c u s s e d .  It may b e  noted  i n  t h i s  con- 
n e c t i o n  t h a t  t h e  r e f e r e n c e  MSBR has  n o t  been chosen on t h e  b a s i s  of 
h i g h e s t  p o s s i b l e  breeding  r a t i o .  A modest i n c r e a s e  i n  breeding  r a t i o  [5] 
could be  achieved by i n c r e a s i n g  t h e  f u e l  i n v e n t o r y  (and thus  d e c r e a s i n g  
l o s s e s  i n  c o m p e t i t i v e  neut ron  absorbers  such as t h e  moderator and t h e  

I n  p r a c t i c e ,  i t  is  easier t o  a d j u s t  t h e  uranium 

The agreement i s  w e l l  w i t h i n  t h e  exper imenta l  e r r o r s ,  which cor re-  

The f i s s i o n - p r o d u c t  poison f r a c t i o n  shown i n  Table  4 . 1  (0.015) in-  

Thus, a n  addi-  

* 
Other  n u c l i d e s  are omi t ted  because t h e i r  po ison  f r a c t i o n s  are very  

small. 
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Table 4.4. Measured and calculated values of a, 
the capture/fission cross-section ratio, 

for 2 3 3 U  and 2 3 s U  

2 3 3 u  2 3 . 5 ~  

a (measured) 0.123 f 0.0039 0.2509 f 0.0038 
a (calculated) 0.1226 0.2500 

am/ac 1.006 f 0.032 1.004 0.015 

qm = u( 1 + a) -1 2.226 ?r 0.008' 
2.226 f 0.012c 

1.943 L 0.006b 
1.943 f O.OIOd 

QC 2.221 i.944 

'Assuming u is exactly 2.50. 
bAssuming u is exactly 2.43. 
CAssuming u = 2.50 f 0.01. 
dAssuming u = 2.43 f 0.01. 
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carrier s a l t ) .  I n s t e a d ,  t h e  des ign  has  been opt imized on t h e  b a s i s  of 
t h e  r a t i o  of t h e  breeding  g a i n  t o  t h e  s q u a r e  of  t h e  ( s p e c i f i c )  f u e l  in -  
ventory ,  which is  an approximate measure of t h e  cumulat ive uranium o r e  
requirement f o r  e s t a b l i s h i n g  a s e l f - s u f f i c i e n t  power economy based on 
b r e e d e r s .  

The inventory  i s  n o n e t h e l e s s  s u b j e c t  t o  some u n c e r t a i n t y ,  t o  t h e  
e x t e n t  t h a t  t h e  volume of  f u e l  s a l t  i n  t h e  system depends on d e t a i l s  of 
t h e  mechanical and thermal-hydraul ic  d e s i g n  of t h e  system, i n c l u d i n g  h e a t  
exchangers ,  p i p i n g ,  p l e n a ,  e tc .  It may b e  noted t h a t  an i n c r e a s e  of 200 
f t 3  i n  f u e l - s a l t  volume, wi thout  any r e o p t i m i z a t i o n ,  would produce a f r a c -  
t i o n a l  change i n  t h e  r a t i o  G / 1 2  of about t h e  same s i z e  as t h e  ( f r a c t i o n a l )  
u n c e r t a i n t y  i n  G(= BR - 1) t h a t  arises from n u c l e a r  d a t a  and r e a c t o r  
phys ics  u n c e r t a i n t i e s .  

There are a d d i t i o n a l  p o t e n t i a l  s o u r c e s  of e r r o r  i n  t h e  breeding  r a t i o  
t h a t  l i e  o u t s i d e  t h e  area of r e a c t o r  phys ics .  These i n c l u d e  t h e  chemical 
behavior  of c e r t a i n  f i s s i o n  p r o d u c t s ,  n o t a b l y  t h e  "noble" metals Nb Mo, 
Ru, T e ;  a p a r t  of t h e s e  f i s s i o n  products  i s  known t o  be  depos i ted  and 
h e l d  on p r i m a r y - c i r c u i t  s u r f a c e s ,  i n c l u d i n g  c o r e  g r a p h i t e .  The e s t i m a t e d  
breeding  r a t i o  f o r  our  r e f e r e n c e  MSBR d e s i g n  i n c l u d e s  an al lowance [ 6 ]  
f o r  d e p o s i t i o n  of t h e s e  n u c l i d e s  on g r a p h i t e  t o  an e x t e n t  ( i . e . ,  10% of 
t h e  amounts produced) t h a t  appears  reasonable  i n  view of  d a t a  obta ined  
from samples from t h e  MSRE and from an i n - p i l e  loop.* The e f f e c t  of 
t h e s e  n u c l i d e s  on t h e  breeding  r a t i o  is shown i n  F ig .  4 . 3  as a f u n c t i o n  
of t h e  in-core l i f e  of t h e  g r a p h i t e .  For a 4-year g r a p h i t e  l i f e ,  t h e  
average poisoning e f f e c t  i s  about 0.004. Since  t h e  behavior  of t h e s e  
f i s s i o n  products  i s  n o t  f u l l y  understood ( s e e  Chap. 5 ) ,  w e  cannot exc lude  
t h e  p o s s i b i l i t y  t h a t  a l a r g e r  f r a c t i o n  of t h e s e  f i ss ion-product  poisons 
might b e  r e t a i n e d  by t h e  c o r e  g r a p h i t e .  

ance  would b e  f a i l u r e  t o  achieve  adequate  s e a l i n g  of g r a p h i t e  s u r f a c e s  
a g a i n s t  a d s o r p t i o n  of  1 3 5 X e  o r  adequate  s t r i p p i n g  of  xenon from t h e  c i r -  
c u l a t i n g  s a l t ,  f a i l u r e  of t h e  chemical p l a n t  t o  remove f i s s i o n  products  
from t h e  s a l t ,  o r  non-recoverable l o s s e s  of f i s s i l e  material due t o  u p s e t s  
i n  r e a c t o r  o r  chemical p l a n t  o p e r a t i o n .  The f i r s t  of t h e s e  would a t  most 
reduce t h e  breeding  r a t i o  by 0.015, w h i l e  t h e  l a s t  two would cause  t e m -  
porary r e d u c t i o n s  i n  breeding  r a t i o  pending r e s t o r a t i o n  of normal p l a n t  
o p e r a t i o n s .  

According t o  t h e  curves  of F ig .  4 . 2 ,  t h e  cumulat ive r e s o u r c e  r e q u i r e -  
ments are less s e n s i t i v e  t o  e r r o r s  o r  u n c e r t a i n t i e s  i n  doubl ing  t i m e  f o r  
low-specif ic- inventory b r e e d e r s  than  f o r  h igh-spec i f ic - inventory  b r e e d e r s .  
This  is p a r t l y  due t o  t h e  i r r e d u c i b l e  o r e  requirements  f o r  c o n v e r t e r  re- 
a c t o r s ,  assumed t o  be  b u i l t  d u r i n g  t h e  e a r l y  y e a r s  of t h e  p o s t u l a t e d  

Other  f a c t o r s  t h a t  could have an adverse  a f f e c t  on breeding  perform- 

* 
Chapter 5,  t h i s  r e p o r t .  



CH
AN

GE
 I

N 
BR

EE
DI

NG
 R

AT
IO

 

0
 

Iv
 

P
 

m
 

03
 

-
I
 

0
 

0
 

0
 

0
 

0
 

N
 

0
 

0
 

0
 

P
 

0
 

0
 

0
 

m
 

0
 

0
 

0
 

03
 1
 0

 

0
 

0
 

--
1
 

n
 

ct
 

W
 

0
 

0
 

N
 

--
-1

 

0
 

0
 

P
 

-
I
 

U
 
0
 



77 

growth p a t t e r n ,  as w e l l  as t o  t h e  smaller a b s o l u t e  amounts o f  inventory  
r e q u i r e d  f o r  t h e  low-inventory b r e e d e r s .  For example, a system p r e d i c a t e d  
on mol ten-sa l t  r e a c t o r s  w i t h  a s p e c i f i c  i n v e n t o r y  o f  1 . 5  kg/MW(e) and a 
doubl ing t i m e  of 35 y e a r s  would r e q u i r e  perhaps 2.5 x l o6  s h o r t  t o n s  of 
U3O8, w h i l e  a system u s i n g  b r e e d e r s  w i t h  t h e  same i n v e n t o r y  b u t  a 20-year 
doubl ing t i m e  would r e q u i r e  about 2 x l o 6  s h o r t  t ons  of U308.* Thus, a 
r e d u c t i o n  of breeding  r a t i o  from 1.07 t o  1.04 ,  should i t  occur  f o r  any 
of t h e  reasons o u t l i n e d  above, would n o t  markedly impai r  t h e  a b i l i t y  of 
t h e  mol ten-sa l t  r e a c t o r  t o  l i m i t  the amount of o r e  necessary  t o  achieve  
a s e l f - s u f f i c i e n t  n u c l e a r  power economy. 

Reactor  S t a t i c s  

Mu1 t i p l i c a t  i o n  Fac t  o r  

The m u l t i p l i c a t i o n  f a c t o r  of a r e a c t o r ,  l i k e  t h e  breeding  r a t i o ,  i s  
a d i r e c t  r e f l e c t i o n  of t h e  neut ron  ba lance .  While c r i t i c a l i t y  c a l c u l a -  
t i o n s ,  because of t h e  a d j u s t a b i l i t y  of f u e l  c o n c e n t r a t i o n ,  are n o t  of 
c r u c i a l  importance p e r  s e ,  they serve t o  e s t a b l i s h  r e a c t o r  c o n d i t i o n s  
f o r  which o t h e r  q u a n t i t i e s  such as c o n t r o l  rod worths  and r e a c t i v i t y  co- 
e f f i c i e n t s  must b e  determined,  and they may p r o v i d e  a d d i t i o n a l  conf idence  
i n  t h e  c a l c u l a t e d  neut ron  b a l a n c e  on which estimates of breeding  perform- 
ance a l s o  depend. 

t r a t i o n s  i n  t h e  MSRE w a s  g r a t i f y i n g  ( s e e  Table  4 .5 ) ,  b u t  subsequent  
s t u d i e s  [ 7 ]  have shown t h a t  t h e  c a l c u l a t e d  c o n c e n t r a t i o n s  are r a t h e r  
s e n s i t i v e  t o  p e r m i s s i b l e  changes i n  n u c l e a r  d a t a ,  t o  methods of  ca lcu-  
l a t i n g  neut ron  t r a n s p o r t  c r o s s  s e c t i o n s ,  and t o  d e t a i l s  of  t h e  r e a c t o r  
r e p r e s e n t a t i o n  used i n  t h e  computat ional  model. However, i t  h a s  a l s o  
been shown t h a t  p r a c t i c a l l y  a l l  of t h i s  s e n s i t i v i t y  (up t o  3% i n  Sk) is  
a s s o c i a t e d  w i t h  neut ron  leakage ,  which i n  t h e  MSRE w a s  unusual ly  h i g h :  
31% of a l l  neut rons  leaked  from t h e  f u e l e d  r e g i o n s  of  t h e  r e a c t o r  w i t h  
235U f u e l  and 35% w i t h  t h e  2 3 3 U  f u e l .  
r e a c t o r ,  t h e  neut ron  leakage  would b e  lower by a f a c t o r  of  20-30, and 
t h e  s e n s i t i v i t y  t o  neut ron  t r a n s p o r t  e f f e c t s  p r o p o r t i o n a t e l y  less. 

A series of c r i t i c a l i t y  and r e a c t i v i t y  measurements [ a ]  h a s  r e c e n t l y  
been performed on behal f  of t h e  MSR Program i n  t h e  High Temperature L a t -  
t i c e  Test Reac tor  (HTLTR) a t  t h e  Battelle Northwest Laboratory.  I n  t h e s e  
experiments ,  t h e  mol ten-sa l t  f u e l  w a s  s i m u l a t e d  by c o a t e d - p a r t i c l e  f u e l s  
(Tho2 and U02-Th02 g r a i n s  i n  a g r a p h i t e  m a t r i x )  i n  c o n c e n t r a t i o n s  and 
geometr ica l  arrangements r e p r e s e n t a t i v e  of t h e  r e f e r e n c e  MSBR c o r e .  Re- 
a c t i v i t y  e f f e c t s  of f u e l  s a l t  c o n s t i t u e n t s  such as L i ,  B e ,  and F w e r e  

The agreement between p r e d i c t e d  and observed c r i t i c a l  f u e l  concen- 

I n  a l a r g e  mol ten-sa l t  power 

* 
The r e f e r e n c e  MSBR i s  c a l c u l a t e d  t o  have a n  inventory  of  1 . 5  kg/  

MW(e), b reeding  r a t i o  of  1 . 0 7 ,  and doubl ing t i m e  of  19 y e a r s .  
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Table 4.5. Predicted and observed critical fuel 
concentrations in the MSREa 

Concentration (g/~iter)b 

* 35 U loadingC ' U loadingd 

Predicted concentration 32.8 15.1 t O . l e  
Observed concentrationf 32.8 2 0.3 15.4 * 0.1 
Observed/predictedg 1.00 f 0.01 1.02 f 0.01 

aReactor isothermal at  -1200"F, fuel not circulating. 
bFissile uranium, grams per liter of salt. 
%ee Ref. 9. 
%ee Ref. 10. 
eUncertainties in adjustments for residual plutonium and 

U run and for dimensional changes in 

funcertainty due mainly to uncertainties in salt density and 

g(M/k)  (ak/aM) ~ 0 . 3 6 ;  1% 6M - 0.4% 6k. 

fission products from ' 
graphite core structure due to fast-neutron irradiation. 

salt volume. 

b 
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i n d i v i d u a l l y  measured i n  a c e n t r a l l y  l o c a t e d  sample p o s i t i o n ,  as were 
t h o s e  of s imula ted  c o n t r o l  rods  and of v a r i a t i o n s  i n  l a t t i c e  c e l l  geom- 
e t r y .  Measurements were made over  a range of temperatures  from 20" t o  
1000"c. 

Although a n a l y s i s  and i n t e r p r e t a t i o n  of t h e s e  measurements i s  n o t  
y e t  complete,  r e s u l t s  s o  f a r  a v a i l a b l e  show good agreement between m e a s -  
ured and c a l c u l a t e d  q u a n t i t i e s .  A comparison of km v a l u e s  i s  shown i n  
Table  4 .6 .  (While t h e  c a l c u l a t e d  and measured v a l u e s  compare very  favor-  
a b l y ,  i t  must be  acknowledged t h a t  w e  do n o t  r e a l l y  c la im such h i g h  ac- 
curacy f o r  our  c a l c u l a t i o n s ,  s i n c e  changes l a r g e r  than  t h e  d i f f e r e n c e s  
noted i n  Table  4.6 would b e  produced by v a r i a t i o n s  i n  c r o s s  s e c t i o n s  w e l l  
w i t h i n  our  p r e s e n t  range of u n c e r t a i n t y . )  

p r e d i c t i o n s  of k, t h a t  are r e l i a b l e  t o  w i t h i n  less than  1%. 
It thus appears  t h a t  p r e s e n t l y  a v a i l a b l e  d a t a  and methods can y i e l d  

Power-Density D i s t r i b u t i o n s  

C a l c u l a t i o n s  of power-density d i s t r i b u t i o n s  i n  a l a r g e  MSR have much 
i n  common w i t h  t h o s e  f o r  o t h e r  power r e a c t o r  c o r e s  w i t h  low leakage  and 
km c l o s e  t o  1 .0 .  
power d i s t r i b u t i o n  t o  s m a l l  v a r i a t i o n s  i n  km w i t h i n  t h e  r e a c t o r  c o r e .  
While no d i r e c t  exper imenta l  d a t a  f o r  mol ten-sa l t  r e a c t o r s  are a v a i l a b l e ,  
much r e l e v a n t  e x p e r i e n c e  has  been acqui red  w i t h  l a r g e  gas-cooled g r a p h i t e  
r e a c t o r s  and w i t h  heavy-water r e a c t o r s .  It i s  u s u a l  w i t h  such r e a c t o r s  
t o  provide  i n s t r u m e n t a t i o n  t o  measure power d i s t r i b u t i o n s  w i t h  some degree  
of accuracy ,  and t o  provide  s m a l l  amounts of r e a c t i v i t y  c o n t r o l ,  d i s t r i -  
bu ted  over  t h e  c o r e ,  t o  r e g u l a t e  t h e  power d i s t r i b u t i o n .  We would expec t  
t o  r e q u i r e  some means f o r  making r o u t i n e  measurements of t h e  power d i s -  
t r i b u t i o n ,  a t  least  i n  e a r l y  mol ten-sa l t  power r e a c t o r s ,  as w e l l  as some 
means of c o n t r o l l i n g  i t .  (Such measurements would n o t  n e c e s s a r i l y  r e q u i r e  
in-core f l u x  s e n s o r s .  Other  p o s s i b i l i t i e s  would i n c l u d e  s a l t - o u t l e t -  
t empera ture  measurements o r  neut ron- f lux  measurements a t  s e v e r a l  p o i n t s  
o u t s i d e  t h e  r e a c t o r  v e s s e l . )  

b e  somewhat g r e a t e r  i n  mol ten-sa l t  r e a c t o r s  than  i n  most o t h e r  types  of 
power r e a c t o r .  The p r i n c i p a l  l i m i t a t i o n  appears  t o  b e  r a d i a t i o n  damage 
t o  t h e  g r a p h i t e ,  which depends p r i m a r i l y  on t h e  i n t e g r a t e d  power d e n s i t y  
over  long  p e r i o d s  of o p e r a t i o n .  Both t h e  neut ron  f l u e n c e  and t h e  g r a p h i t e  
temperature  have an impor tan t  i n f l u e n c e  on changes i n  g r a p h i t e  p r o p e r t i e s ,  
and both  would b e  a f f e c t e d  by d e v i a t i o n s  of power d e n s i t y  from expected 
va lues .  However i t  can b e  shown f o r  t h e  r e f e r e n c e  MSBR t h a t  tempera ture  
e f f e c t s  are much smaller than  t h e  d i r e c t  e f f e c t  of f a s t  neut ron  f l u x ,  
which is approximately p r o p o r t i o n a l  t o  t h e  power d e n s i t y .  

p e r s i s t  over  t h e  l i f e  of t h e  c o r e ,  t h e  g r a p h i t e ,  i n s t e a d  of  r e t u r n i n g  
j u s t  t o  i t s  o r i g i n a l  volume, would expand about  2% ( i . e . ,  0.02 6 R / R ,  
0.06 6 V / V ) ,  which is  probably about  t h e  l i m i t  of  what could b e  t o l e r a t e d .  
Considerably l a r g e r  short-term- d e v i a t i o n s  i n  power d e n s i t y  should b e  ac- 
c e p t a b l e ,  p a r t i c u l a r l y  i f  adequate  s t e p s  are taken  i n  t h e  d e t a i l e d  d e s i g n  
of t h e  r e a c t o r  t o  e n s u r e  good mixing of t h e  s a l t  i n  t h e  c o r e  o u t l e t  
plenum. 

I n  p a r t i c u l a r ,  w e  would expec t  a h i g h  s e n s i t i v i t y  of 

However, t h e  t o l e r a n c e  f o r  u n c e r t a i n t y  i n  t h e  power d i s t r i b u t i o n  may 

I f  a 10% d e v i a t i o n  of power d e n s i t y  from i t s  nominal v a l u e  should  
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Table 4.6. Comparison of measured and calculated k, for HTLTR-MSBR lattice' 

k ,  Ak, (300" --t ~ 0 0 0 " c )  

20°C 300°C 627°C looooc 
k,  (measured) 1.0291 f 0.0012 1.0127 f 0.0010 1.0065 f 0.0010 1.0037 f 0.0012 -0.0090 f 0.0016 

k,  (calculated) 1.0300 1.0138 1.0057 1.0030 -0.0108 

measured 

calculated 
0.9991 f 0.0012 0.9989 t 0.0010 1.0008 f 0.0010 1.0007f 0.0012 0.83 f 0.15 

ak, for bare critical core of given composition. 
bQuoted errors include only experimental errors; uncertainties in calculated quantities are undoubtedly greater than these (see text). 

f 
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Requirements f o r  r e a c t i v i t y  c o n t r o l  i n  mol ten-sa l t  r e a c t o r s  are some- 
what d i f f e r e n t  than  i n  most s o l i d - f u e l  r e a c t o r s .  Long-term r e a c t i v i t y  
changes are t o  be  compensated by ad jus tments  i n  f u e l  s a l t  composi t ion.  
Shutdown rods  worth a few p e r c e n t  i n  6k are l i k e l y  t o  b e  r e q u i r e d ,  b u t  
t h e s e  would normally b e  f u l l y  withdrawn f o r  t h e  r e a c t o r .  S m a l l  amounts 
of  r e a c t i v i t y  ad jus tment  f o r  normal o p e r a t i o n a l  maneuvering should  b e  
a v a i l a b l e ,  and i f  p o s s i b l e  t h e s e  c o n t r o l  devices  should n o t  have a n  ad- 
verse e f f e c t  on t h e  breeding  r a t i o .  We t h e r e f o r e  v i s u a l i z e  a n  adequate  
complement of  neutron-absorbing s a f e t y  rods which would b e  f u l l y  withdrawn 
d u r i n g  normal o p e r a t i o n s .  Maneuvering, as now planned,  w i l l  b e  accom- 
p l i s h e d  by g r a p h i t e  rods  which d i s p l a c e  f u e l  s a l t  from s p e c i a l  passages 
i n  t h e  c o r e .  

w e l l  e s t a b l i s h e d ,  and g e n e r a l l y  r e l i a b l e  t o  w i t h i n  less than  10% of t h e  
rod worth,  which i s  q u i t e  s u f f i c i e n t .  P r e d i c t e d  and measured rod worths  
i n  t h e  MSRE agreed t o  w i t h i n  5% of t h e  rod wor th ,  as may b e  s e e n  from 
Table  4 . 7 .  

convent iona l .  T h e i r  r e a c t i v i t y  wor th  i s  expected t o  b e  s m a l l  ( e . g . ,  
6k/k % 0.001 p e r  rod) and they  depend on somewhat d i f f e r e n t  p h y s i c a l  
e f f e c t s  than  do normal "black" absorber  rods .  C a l c u l a t i o n s  show t h a t  
displacement  of f u e l  s a l t  by t h e  g r a p h i t e  rods  i n c r e a s e s  r e a c t i v i t y ,  
r a t h e r  than  d e c r e a s i n g  i t  as one might e x p e c t ,  and i t  appears  t h a t  changes 
i n  resonance neut ron  c a p t u r e  i n  ne ighbor ing  f u e l  passages  are a t  least  
p a r t l y  r e s p o n s i b l e . *  Some of t h e  r e a c t i v i t y  specimens i n  t h e  HTLTR ex- 
per iments  [6 ]  gave q u a l i t a t i v e  conf i rmat ion  of t h e  p o s i t i v e  r e a c t i v i t y  
a s s o c i a t e d  w i t h  d i s p l a c i n g  f u e l  by g r a p h i t e ,  b u t  c a l c u l a t i o n s  p r e c i s e l y  
corresponding t o  t h e  exper imenta l  s i t u a t i o n s  have n o t  y e t  been made. 

The r e a c t i v i t y  requirement  f o r  maneuvering i s  n o t  a r i g i d  one,  b u t  i t  
w i l l  b e  necessary  t o  e s t a b l i s h  more f i r m l y  t h e  e f f e c t i v e n e s s  of t h e  graph- 
i t e  rods b e f o r e  they  could  b e  adopted f i n a l l y  as t h e  b a s i s  f o r  MSBR des ign .  

Techniques f o r  c a l c u l a t i n g  t h e  e f f e c t i v e n e s s  of t h e  absorber  rods are 

The g r a p h i t e  displacement  r o d s ,  t o  b e  used f o r  maneuvering, are un- 

R e a c t i v i t y  C o e f f i c i e n t s  

A l a r g e  s i n g l e - f l u i d  MSBR has  temperature  c o e f f i c i e n t s  of r e a c t i v i t y  
( s e e  Chap. 1 4 ,  Table  14 .1 )  which are n o t  e s p e c i a l l y  l a r g e  f o r  a f l u i d - f u e l  
r e a c t o r .  Both t h e  o v e r a l l ,  i s o t h e r m a l  temperature  c o e f f i c i e n t ,  and t h e  
c o e f f i c i e n t  of t h e  s a l t  a l o n e  r e p r e s e n t  s m a l l  ( a l g e b r a i c )  sums of  much 
l a r g e r  i n d i v i d u a l  e f f e c t s ,  e . g . ,  thorium Doppler c o e f f i c i e n t  ( n e g a t i v e )  
and moderator c o e f f i c i e n t  ( p o s i t i v e ) .  Direct exper imenta l  conf i rmat ion  

* 
A s i m i l a r  e f f e c t ,  w i t h  a s i m i l a r  e x p l a n a t i o n ,  i s  noted i n  n a t u r a l -  

uranium g r a p h i t e  r e a c t o r s ,  where removal of a l l  f u e l  from a s i n g l e  channel  
i n c r e a s e s  r e a c t i v i t y .  I n  t h i s  case, good agreement is found between 
experiments  and c a l c u l a t i o n s .  
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Table 4.7. Comparison of observed and predicted control rod worths in MSRE 

Reactivity (% 6klk) 
Uranium concentration Configuration 

Observeda Predicted 

2 3 S U b  

Initial critical concentration 1 rod 2.26 2.28 
3 rods 5.59 5.89 

1.1 X initial concentration 1 rod 2.08 2.09 

2 3 3 ~ ~  1 rod 2.58 2.75 
3 rods 6.9 7.01 

aCombined errors of measurements and of inferring reactivities do not exceed 

bSee Ref. 9. 
*5%. 

Ref. 10. 

x 
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of t h e  c a l c u l a t e d  magnitudes of a l l  t h e s e  e f f e c t s  has  no t  been ob ta ined  
f o r  a mol ten-sa l t  r e a c t o r ,  though a l l  t h e  impor tan t  e f f e c t s  w i l l  be in-  
f e r r e d  from t h e  HTLTR-MSBR l a t t i c e  experiments .  The c r i t i c a l i t y  calcu-  
l a t i o n s  c i t e d  i n  Table 4.6 show s a t i s f a c t o r y  agreement between measured 
and c a l c u l a t e d  changes i n  k, ove r  t h e  tempera ture  range between 20" and 
1000°C. Although e f f e c t s  of s a l t  expansion are n o t  d i r e c t l y  reproduced 
i n  t h e s e  experiments ,  t h e  major components of t h e  o v e r a l l  t empera ture  
c o e f f i c i e n t  (Doppler and thermal-base c o e f f i c i e n t s )  are inc luded .  Fue l  
d e n s i t y  e f f e c t s  were t e s t e d  i n  one of t h e  r e a c t i v i t y  samples,  b u t  analy- 
sis of t h e s e  measurements i s  n o t  y e t  complete. 

showed agreement t o  w i t h i n  about l o % ,  b u t  t h e s e  depended mainly on neu- 
t r o n  leakage  e f f e c t s ;  a l though t h e  agreement i s  encouraging,  t h e  r e s u l t s  
are no t  d i r e c t l y  a p p l i c a b l e  t o  a l a r g e  MSR. 

bo th  2 3 5 U  and 2 3 3 U  f u e l  l oad ings ,  w i th  r e s u l t s  shown i n  Table 4 .8 .  

Calcula ted  and measured tempera ture  c o e f f i c i e n t s  f o r  t h e  E R E  [ 9 ]  

The r e a c t i v i t y  e f f e c t s  of f u e l  a d d i t i o n s  w e r e  measured i n  MSRE f o r  

Radia t ion  Ca lcu la t ions  

Design problems r e l a t e d  t o  r a d i a t i o n  t r a n s p o r t ,  such as s h i e l d i n g ,  
r a d i a t i o n  damage, and gamma o r  neut ron  h e a t i n g ,  p r e s e n t  a somewhat d i f f e r -  
e n t  a spec t  i n  mol ten-sa l t  r e a c t o r s  t han  i n  many o t h e r  r e a c t o r  t y p e s ,  b u t  
t h i s  is  because of t h e  mob i l i t y  of t h e  f u e l  and o t h e r  r a d i a t i o n  sources  
( e . g . ,  f i s s i o n  product  g a s e s ) ,  and no t  because of any e s s e n t i a l  d i f f e r -  
ences  i n  t h e  t r a n s p o r t  problem p e r  se .  

I n  gas-cooled r e a c t o r s  such as t h e  natural-uranium, g r a p h i t e  reac-  
t o r s ,  r a d i a t i o n  s t reaming from f u e l  channels  w a s  p e c u l i a r l y  impor tan t .  
In LMTBR's, neu t ron  p e n e t r a t i o n  through t h i c k  composite r eg ions  of i r o n  
and sodium has  proved t o  be an impor tan t  problem r e q u i r i n g  new exper i -  
mental  d a t a  and improved methods of a n a l y s i s .  I n  t h e  case  of t h e  molten 
sa l t  r e a c t o r ,  wh i l e  i t  may be premature t o  conclude t h a t  no unique prob- 
l e m s  of r a d i a t i o n  t r a n s p o r t  w i l l  appear ,  none are now e v i d e n t .  I n s t e a d ,  
i t  seems apparent  t h a t  t h e  p r i n c i p a l  problems w i l l  r e la te  t o  de te rmining  
t h e  d i s t r i b u t i o n s  of t h e  sou rces  of r a d i a t i o n ,  and e s p e c i a l l y  of f i s s i o n  
p roduc t s ,  throughout  t h e  r e a c t o r  p l a n t .  These a s p e c t s  of t h e  problem 
are t r e a t e d  e l sewhere  i n  t h i s  r e p o r t .  

Reactor  Dynamics 

Quest ions of c o n t r o l  and s a f e t y  of mol ten-sa l t  r e a c t o r s  are d i scussed  
elsewhere i n  t h i s  r e p o r t  (Chapters  10 and 14). It  i s  our  purpose h e r e  
only  t o  c l a r i f y  t h e  s t a t u s  of ou r  unders tanding  of t h e  r e l e v a n t  n e u t r o n i c  
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 .  

C i r c u l a t i n g - f u e l  r e a c t o r s ,  e s p e c i a l l y  i f  ope ra t ed  on t h e  Th-233U 
f u e l  cyc le ,  have unusual ly  s m a l l  delayed-neutron f r a c t i o n s .  Calcu la ted  
va lues  f o r  mol ten-sa l t  b reede r  r e a c t o r s  f a l l  i n  t h e  range  0.0010-0.0015, 
depending on d e t a i l s  of r e a c t o r  des ign .  A t  t h e  same t i m e ,  t h e  g raph i t e -  
moderated MSR, i n  cumon wi th  most o t h e r  graphite-moderated r e a c t o r s ,  has  
a very long  prompt-neutron gene ra t ion  t i m e ,  e . g . ,  0.4 msec. 
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Table 4.8. Measured and calculated reactivity coefficients 
of fuel concentration for MSRE 

Fuel 
Observed Predicted 

0.223 0.234 23SUa 
2 3 3 u b  0.369 0.389 

‘Averages over fuel loading from initial critical to operating 

bFor initial critical loading [ 101 . 
condition [Y] . 
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With r e s p e c t  t o  tempera ture  c o e f f i c i e n t s  of  r e a c t i v i t y  t h e  s i t u -  
a t i o n  is q u a l i t a t i v e l y  s imilar  t o  t h a t  of the natural-uranium, g r a p h i t e -  
moderated, gas-cooled r e a c t o r s ,  i . e . ,  a prompt n e g a t i v e  temperature  
c o e f f i c i e n t  f o r  t h e  f u e l  i s  accompanied by a de layed  p o s i t i v e  c o e f f i c i e n t  
f o r  t h e  moderator .  I n  t h e  case of t h e  r e f e r e n c e  MSBR, t h e s e  c o e f f i c i e n t s  
n e a r l y  o f f s e t  each o t h e r  i n  magnitude. This  g i v e s  rise t o  a s m a l l  slow 
o v e r a l l  c o e f f i c i e n t ,  i n  c o n t r a s t  t o  the much l a r g e r  n e g a t i v e  prompt co- 
e f f i c i e n t .  

i z e d  s t a t e m e n t s  about  t h e  dynamic behavior  of MSR's i n  terms of t h e s e  
under ly ing  c h a r a c t e r i s t i c s .  I n s t e a d ,  w e  have t r i e d  t o  develop r e l i a b l e  
computat ional  models f o r  p r e d i c t i n g  t h e i r  b e h a v i o r ,  and have gained con- 
f i d e n c e  i n  t h e  use of t h e s e  models by comparison w i t h  observed behavior  
i n  t h e  case of  t h e  MSRE. 

We have n o t  found i t  very  u s e f u l  t o  t r y  t o  formula te  s imple  genera l -  

v 
E f f e c t s  of Fuel  C i r c u l a t i o n  

Models f o r  t h e  r e a c t i v i t y  e f f e c t  of  f u e l  c i r c u l a t i o n  must t a k e  i n t o  
account t h e  t r a n s p o r t  of delayed neut ron  p r e c u r s o r s  i n  t h e  moving f u e l  
and t h e  weighted c o n t r i b u t i o n s  of delayed neut rons  e m i t t e d  o u t s i d e  t h e  
co re ,  as w e l l  as t h e  skewed d i s t r i b u t i o n  of  delayed neut rons  e m i t t e d  
w i t h i n  t h e  co re .  The u s u a l  r e a c t o r  k i n e t i c s  equat ions  must b e  modif ied 
t o  t a k e  t h e s e  e f f e c t s  e x p l i c i t l y  i n t o  account ,  s i n c e  t h e i r  importance i s  
n o t  independent of r e a c t o r  p e r i o d .  Confirmation of t h e  models developed 
f o r  t h e  MSRE w a s  ob ta ined  d u r i n g  t h e  c o n t r o l  rod c a l i b r a t i o n  experiments .  
The r e a c t i v i t y  e f f e c t  of f u e l  c i r c u l a t i o n  (with 235U f u e l )  w a s  measured 
t o  be  0.212 ? 0.004% Sk/k, and t h e  c a l c u l a t e d  value w a s  0.222% [ 9 ] .  
(Neglect of  de layed  neut rons  e m i t t e d  i n  t h e  upper and lower p l e n a  y i e l d s  
a c a l c u l a t e d  v a l u e  of 0.30% Sk/k.)  I n  a d d i t i o n ,  good agreement w a s  ob- 
t a i n e d  between rod c a l i b r a t i o n  curves  i n f e r r e d  from p e r i o d  measurements 
us ing  t h e  convent iona l  inhour  e q u a t i o n  w i t h  t h e  f u e l  s t a t i o n a r y ,  and t h e  
modified e q u a t i o n s  w i t h  t h e  f u e l  c i r c u l a t i n g .  The r e a c t i v i t y  e f f e c t  of 
f u e l  c i r c u l a t i o n  is  thus  b e l i e v e d  t o  b e  w e l l  understood.  

Frequency Response and Reactor  S t a b i l i t y  

The dynamic behavior  of a m u l t i p l e  loop system, such  as t h e  MSRE o r  
t h e  r e f e r e n c e  MSBR, depends of c o u r s e  on t h e  p r o p e r t i e s  of  a l l  p a r t s  of 
t h e  system and on t h e  way t h e  p a r t s  are l i n k e d  t o  form t h e  system. 
Neutronic  c h a r a c t e r i s t i c s  are impor tan t ,  b u t  s o  are power d e n s i t i e s  and 
h e a t  c a p a c i t i e s ,  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  s a l t  c i r c u l a t i o n  rates, e tc .  
The shor t - te rm time-dependence of  r e a c t o r  parameters  such as n e u t r o n  f l u x  
o r  c o r e - o u t l e t  s a l t  tempera ture  w i l l  depend a t  s h o r t  t i m e s  ( o r  h i g h  f r e -  
quencies )  p r i m a r i l y  on t h e  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  i t s e l f ,  w h i l e  
a t  longer  t i m e s  (and a t  lower f r e q u e n c i e s )  t h e  i n f l u e n c e  of o t h e r  p a r t s  of 
t h e  system w i l l  b e  f e l t .  



A s t u d y  of t h e  i n h e r e n t  dynamic behavior  of a system i n  t h e  absence 
of any s u p e r v i s o r y  c o n t r o l s  can reveal t h e  e x t e n t  t o  which t h e  system 
tends  t o  be  s e l f - c o n t r o l l i n g ,  can h e l p  t o  i d e n t i f y  b e h a v i o r a l  c h a r a c t e r -  
i s t ics  of t h e  system t h a t  might r e q u i r e  t h e  i n t e r v e n t i o n  of t h e  c o n t r o l  
system, and can h e l p  t o  e s t a b l i s h  requirements  f o r  t h e  c o n t r o l  system 
such as t h e  necessary  response t i m e s .  

t i ve  molten-sal t  power r e a c t o r s ,  several complementary techniques  have 
been used [ l l ] ,  i n c l u d i n g  a n a l y s i s  of frequency response  and of t r a n s i e n t  
response  t o  v a r i o u s  p e r t u r b a t i o n s .  S t a b i l i t y  has  been s t u d i e d  by s e v e r a l  
s t a n d a r d  techniques  and s e n s i t i v i t y  s t u d i e s  have explored  t h e  e f f e c t s  on 
s t a b i l i t y  of v a r i a t i o n s  i n  impor tan t  p r o p e r t i e s  of t h e  systems.  

A l l  of t h e s e  s t u d i e s  have shown t h e  MSRE and MSBR d e s i g n s  t o  b e  
s t a b l e ,  t r a c t a b l e  systems,  w i t h  s t a b i l i t y  t y p i c a l l y  i n c r e a s i n g  ( induced 
o s c i l l a t i o n s  more s t r o n g l y  damped) w i t h  i n c r e a s i n g  power leve l  over  t h e  
ranges s t u d i e d  ( g e n e r a l l y  0-100% of d e s i g n  power). 

dynamic tests w a s  c a r r i e d  o u t  a t  t h e  MSRE, w i t h  b o t h  235U and 2 3 3 U  f u e l  
[12 ] .  The tests,  l i k e  t h e  t h e o r e t i c a l  s t u d i e s ,  inc luded  t r a n s i e n t  response  
and frequency response  c h a r a c t e r i s t i c s .  Comparisons of tes t  r e s u l t s  w i t h  
t h e o r e t i c a l  p r e d i c t i o n s  have been very  s a t i s f a c t o r y .  A s  a n  example, w e  
show i n  F i g .  4 . 4  t h e  measured and p r e d i c t e d  frequency response  of t h e  MSRE 
a t  7 MW(th) w i t h  233U f u e l .  
curves  obta ined  f o r  t h e  MSRE and f o r  MSBR'S, t h i s  one i s  r a t h e r  smooth 
and f e a t u r e l e s s ,  w i t h  a broad hump i n  t h e  g a i n  curve  between t h e  high-  
frequency r o l l - o f f  due t o  delayed neut rons  and t h e  f a l l i n g  g a i n  a t  low 
f r e q u e n c i e s  due t o  t h e  n e g a t i v e  tempera ture  c o e f f i c i e n t s .  The s m a l l  
f e a t u r e  i n  t h e  neighborhood of 0.25 r a d s / s e c  i s  a s s o c i a t e d  w i t h  t h e  c i r -  
c u l a t i o n  t i m e  of t h e  f u e l  sa l t  i n  t h e  primary loop (25 s e c ) .  I n  t h e  
experiments ,  t h i s  f e a t u r e  has  i n  a l l  cases been somewhat less pronounced 
than  i n  t h e  c a l c u l a t i o n s ,  i n d i c a t i n g  more mixing i n  t h e  o u t l e t  plenum, 
p i p i n g ,  and h e a t  exchanger than  is  inc luded  i n  t h e  t h e o r e t i c a l  models 
t e s t e d .  

Except a t  very  low power l e v e l s ,  t h e  g a i n  curves  form a monotonic 
sequence,  f a l l i n g  below t h e  zero power (open loop)  curve  w i t h  dimin- 
i s h i n g  g a i n  as power leve l  i n c r e a s e s .  T h i s ,  t o g e t h e r  w i t h  t h e  absence 
of any s t r u c t u r e  i n  t h e  curves  o t h e r  than  t h e  c i r c u l a t i o n  e f f e c t  no ted  
above, is i n d i c a t i v e  of s t a b l e  behavior  and t h e  absence of any s i g n i f i -  
c a n t  resonances i n  t h e  system response.  The good agreement between m e a s -  
ured and t h e o r e t i c a l  curves  i s  ev idence  of t h e  r e l i a b i l i t y  of t h e  compu- 
t a t i o n a l  models employed. 

I n  s t u d i e s  of t h e  dynamic c h a r a c t e r i s t i c s  of t h e  MSRE and of prospec- 

I n  o r d e r  t o  test t h e  v a l i d i t y  of t h e s e  models,  an e x t e n s i v e  series of 

A s  is t y p i c a l  of  a l l  t h e  frequency response  

c 

Fuel-Cycle Economics 

Typica l  f u e l  c y c l e  c o s t s ,  as e s t i m a t e d  f o r  t h e  r e f e r e n c e  MSBR w i t h  
our  p r e s e n t  chemical-processing f low s h e e t ,  are shown i n  Table  4 . 9 .  

These c o s t s  are 0.3 t o  0 .5  mills/kWh(e) h i g h e r  than  our  ea r l i e r  es t i -  
mates [ 1 3 ] ,  a d i f f e r e n c e  due p r i m a r i l y  t o  r e v i s e d  estimates of  t h e  c a p i t a l  
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Table 4.9. MSBR fuel cycle cost 

Mills/kWhr(e) 

Fixed charges on carrier salt at 13.2%/year 
7LiF 0.038 
BeFz 0.008 
ThF4 0.033 

0.079 
- 

Salt makeup (15 calendar year cycle) 
7LiF 0.019 
BeF2 0.004 
ThF4 0.016 

0.039 

0.36‘ 

0.49-0.69 

Fixed charges on fissile inventory at 13.2%/year 

Fixed charges on processing plant at 13.7%/year 

Processing plant operating costs 0.05 
Gross fuel cycle cost 

Fuel productions credit -0.09‘ 

Net fuel cycle cost 0.93-1.13 

1.02-1.22 

“Based on 235U at $1 1.9 per gram (93.5% enrichment); z 3 3 U  
and 233Pa at $13.8 per gram. 

P 
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c o s t  of t h e  chemical process ing  p l a n t  [14]. SJhile o t h e r  components of 
t h e  f u e l  c o s t  have remained re la t ive ly  s t a b l e ,  they  are undoubtedly 
s u b j e c t  t o  change, e i t h e r  as a r e s u l t  of changes i n  assumed u n i t  c o s t s  
of materials o r  as a r e s u l t  of changes i n  r e a c t o r  des ign .  
magnitudes of such changes are e s t i m a t e d  here. 

n o t  t h e  lowest  a t t a i n a b l e ,  and do n o t  n e c e s s a r i l y  correspond w i t h  t h e  
lowest  power c o s t .  
b reeding  performance, u s i n g  a " f i g u r e  of m e r i t "  p r o p o r t i o n a l  t o  t h e  
breeding  g a i n  d i v i d e d  by t h e  s q u a r e  o f  t h e  s p e c i f i c  f u e l  inventory  (G/12). 
Since  t h e  r e s u l t i n g  f u e l  c y c l e  c o s t s  were f a v o r a b l e  as compared w i t h  
t h o s e  p r o j e c t e d  f o r  o t h e r  r e a c t o r s ,  no s e r i o u s  a t tempt  has  thus  f a r  been 
made t o  reopt imize  t h e  r e a c t o r  d e s i g n  and f u e l  c y c l e  parameters  s o l e l y  on 
t h e  b a s i s  of power c o s t .  It should b e  understood,  t h e r e f o r e ,  t h a t  changes 
i n  f u e l  c y c l e  c o s t  a s s o c i a t e d  w i t h  changes i n  material  c o s t s  o r  r e a c t o r  
performance are l i k e l y  t o  b e  compensated by ad jus tments  i n  f u e l  c y c l e  
parameters .  

The p o s s i b l e  

It  should b e  noted  t h a t  t h e  f u e l  c y c l e  c o s t s  shown i n  Table  4.9 are  

The r e f e r e n c e  MSBRwas opt imized on t h e  b a s i s  of 

7 ~ i  

The c o s t  of s e p a r a t e d  7 L i  h a s  been assumed t o  b e  $120/kg f o r  l i t h i u m  
Based on c o n t a i n i n g  50 ppm 6 L i ,  when produced i n  s u b s t a n t i a l  q u a n t i t i e s .  

t h i s  p r i c e ,  the 7 L i  c o n t r i b u t e s  0.057 mills/kWh(e) t o  t h e  f u e l  c y c l e  c o s t .  
Thus , doubling t h e  c o s t  of 7 L i  (without  any compensating ad jus tments )  
would add 0.057 mills/kWh(e) t o  t h e  f u e l  c o s t .  Doubling t h e  nominal feed  
rate ( i .e . ,  6.7% of t h e  L i  inventory  p e r  y e a r )  would add about 0 .02 
mills/kWh(e) (but i t  should b e  noted t h a t  t h e  nominal feed rate on which 
t h e  above makeup c o s t  i s  based i s  a l r e a d y  50-100% h i g h e r  than  w e  t h i n k  
t h e  a c t u a l  feed  r a t e  is  l i k e l y  t o  b e ) .  

99.995% 7 L i  may b e  u n n e c e s s a r i l y  h igh .  
rate i n  6 L i ,  t a k i n g  i n t o  account  burnout  and replacement of 6 L i ,  i s  
0.0018 neut rons  p e r  n 7 ~  s o u r c e  n e u t r o n s ,  compared w i t h  a c a p t u r e  ra te  
of 0.0161 i n  7 L i .  
i n  t h e  6 L i  t h a t  is  formed by ( n , a )  r e a c t i o n s  i n  Be.) Doubling t h e  6 L i  
c o n t e n t  i n  t h e  l i t h i u m  feed  would t h u s  d e c r e a s e  t h e  breeding  r a t i o ,  a t  
e q u i l i b r i u m ,  by about  0.002, which might b e  a n  a c c e p t a b l e  a l t e r n a t i v e  t o  
a c c e p t i n g  changes i n  t h e  p r i c e  of l i t h i u m .  

It  should a l s o  be  noted  t h a t  t h e  assumed l i t h i u m  feed p u r i t y  of 
The a s s o c i a t e d  neut ron  c a p t u r e  

(There i s  a n  a d d i t i o n a l  c a p t u r e  ra te  of 0.0014 neut ron  

Thorium 

A t  $6.50/lb of ThF4, thorium c o n t r i b u t e s  0.05 mills/kWh(e) t o  t h e  
f u e l  c y c l e  c o s t  (of which s l i g h t l y  more than  0.002 mills/kWh(e) i s  ac- 
t u a l l y  f o r  burnup) .  Any s i g n i f i c a n t  i n c r e a s e  i n  t h e  p r i c e  of thorium 
would be  p a r t l y  conpensated by a r e d u c t i o n  i n  thorium c o n c e n t r a t i o n s  i n  
t h e  r e a c t o r .  ( I n  Ref. 5 ,  i t  is  shown t h a t  t h e  breeding  performance i n  
t h e  r e a c t o r  i s  q u i t e  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  thorium c o n c e n t r a t i o n s  
around t h e  v a l u e  s e l e c t e d  f o r  t h e  MSBR - i . e . ,  1 2  mole p e r c e n t . )  
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Beryl l ium 

The e s t i m a t e d  c o s t  of BeF2 ($7.50/ lb)  c o n t r i b u t e s  only  about  0 .01 
mills/kWh(e) t o  t h e  f u e l  c y c l e  c o s t .  Power c o s t s  are t h u s  very i n s e n s i -  
t i ve  t o  t h e  p r i c e  of BeF2. 

Uranium 

Fuel  c y c l e  c o s t s  f o r  t h e  r e f e r e n c e  MSBR are i n f l u e n c e d  by t h e  p r i c e  
of f i s s i l e  uranium p r i m a r i l y  through the i n v e n t o r y  c h a r g e s ,  which are 
0.36 mil ls /kWh(e) ,  as compared w i t h  a f u e l  product ion  c r e d i t  of  0.09 
mills/kWh(e) ( f o r  a breeding  r a t i o  of  1 . 0 7 ) .  Doubling t h e  p r i c e  of f i s -  
s i l e  uranium, wi thout  compensating changes i n  t h e  f u e l  c y c l e ,  would thus  
add 0 .27  mil ls /kWh(e) .  
would add 0.09 mil ls /kWh(e) . )  Some adjus tments  i n  f u e l  s a l t  composi t ion,  
as w e l l  as i n  d e t a i l s  of c o r e  d e s i g n ,  would of course  b e  p o s s i b l e .  It 
i s  n o t  t o  b e  expec ted ,  however, t h a t  a p p r e c i a b l e  r e d u c t i o n s  i n  f i s s i l e  
i n v e n t o r y  would b e  p o s s i b l e  wi thout  a major r e d u c t i o n  i n  b r e e d i n g  g a i n .  
While t h e  t rade-of fs  between s p e c i f i c  i n v e n t o r y  and b r e e d i n g  g a i n  depend 
on many d e t a i l s  of r e a c t o r  d e s i g n ,  a rough approximation i s  t h a t  a 10% 
r e d u c t i o n  i n  i n v e n t o r y  (without a l t e r i n g  t h e  d e s i g n  of t h e  primary c i r -  
c u i t  e x t e r n a l  t o  t h e  r e a c t o r  c o r e )  would c o s t  about  0.015 i n  b r e e d i n g  
r a t i o .  Applied t o  t h e  r e f e r e n c e  MSBR, t h i s  i n d i c a t e s  t h a t  a s a v i n g  of 
0.036 i n  inventory  charges would b e  p a r t l y  o f f s e t  by a r e d u c t i o n  of 
0.021 i n  t h e  f u e l  product ion  c r e d i t .  A c t u a l l y ,  t h e  r e l a t i o n  between 
breeding  r a t i o  and s p e c i f i c  inventory  is h i g h l y  non-l inear :  a major 
d e c r e a s e  i n  i n v e n t o r y  (e.g.  90% r e d u c t i o n )  would b e  p o s s i b l e ,  a t  t h e  
expense of reducing t h e  conversion r a t i o  n e a r l y  t o  z e r o ;  on t h e  o t h e r  
hand, a l a r g e  percentage  i n c r e a s e  i n  i n v e n t o r y  could g a i n  a t  most a very  
few percentage  p o i n t s  i n  breeding  r a t i o .  Thus, t h e  p o s s i b l e  range f o r  
ad jus tments  is r a t h e r  l i m i t e d ,  whether b r e e d i n g  performance o r  f u e l  c o s t  
a l o n e  i s  t h e  guide.  

(Doubling t h e  o r e  c o s t  from $8 t o  $16/ lb  U3O8 

Graphi te  

Replacement of  t h e  g r a p h i t e  c o r e  s t r u c t u r e ,  as a consequence of ra- 
d i a t i o n  damage, i s  e s t i m a t e d  t o  c o n t r i b u t e  0.17 mills/kWh(e) t o  t h e  power 
c o s t  f o r  t h e  r e f e r e n c e  MSBR. A p a r t i a l  breakdown of t h i s  c o s t  i s  shown 
i n  Table  4.10. ( I n c l u s i o n  of t h i s  c o s t  component w i t h  t h e  f u e l  c y c l e  c o s t  
i s  of course a r b i t r a r y ,  b u t  c o n v e n t i o n a l ,  i n  keeping w i t h  t h e  i n c l u s i o n  
of H e  o r  D 2 0  makeup c o s t s  f o r  gas-cooled and heavy-water-moderated re- 
a c t o r s .  ) 

c o r e  replacement ( a t  four-year  i n t e r v a l s ) .  Much of t h e  u n c e r t a i n t y  i n  
g r a p h i t e  c o s t  i s  a s s o c i a t e d  w i t h  c o a t i n g  o r  impregnat ing t h e  g r a p h i t e  t o  
reduce i t s  p e r m e a b i l i t y  t o  xenon. I n  our  c o s t  estimates, t h i s  r e p r e s e n t s  
about $ 5 / l b  of a n  average $ l l / l b  c o s t  of  t h e  g r a p h i t e  t h a t  i s  r e p l a c e d .  
The u n c e r t a i n t y  i n  g r a p h i t e  c o a t i n g  c o s t s  i s  s u b s t a n t i a l  - probably a 

Graphi te  a l o n e  c o n t r i b u t e s  about 0.12 mils/kWh(e) t o  t h e  c o s t  of 

c 

c 
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Table 4.10. MSBR core replacement cost 
4 calendar year replacement schedule; replacement assumed to 
take place during planned shutdown for maintenance of 
turbines and other equipment [ 151 

Millions of dollars Mills/kWhr(e) 

Hastelloy N 1.09 0.035 

Graphite 3.15 0.119 

Special labor cost 0.50 0.016 - - 
5.34 0.17 
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f a c t o r  of 2 .  Adding $8 / lb  t o  t h e  c o s t  of t h e  s e a l e d  g r a p h i t e  would in-  
crease t h e  c o s t  of power by about 0.09 mills/kWh(e) ( i n c l u d i n g  c a p i t a l -  
i z e d  f i r s t - c o r e  c o s t s )  f o r  an average  core-replacement i n t e r v a l  of 4 
y e a r s ,  o r  0.07 mills/kWh(e) f o r  an average c o r e  l i f e  of 6 y e a r s .  

t h e  core  replacement  i n t e r v a l  can probably be lengthened by s e l e c t i v e  
replacement of i n d i v i d u a l  g r a p h i t e  p i e c e s ,  as proposed by Ebasco. The 
dependence of g r a p h i t e  replacement c o s t  on g r a p h i t e  p r i c e  and on g r a p h i t e  
l i f e  i s  shown i n  F igu re  4 . 5 .  

On t h e  o t h e r  hand, even wi thout  development of improved g r a p h i t e s ,  

Evalua t ion  

The r eac to r -phys ic s  technology r e q u i r e d  f o r  t h e  des ign  of a molten- 
sa l t  b reede r  r e a c t o r  appears  t o  be p r e t t y  much i n  hand. We do n o t  c l a i m ,  
of course ,  t h a t  a l l  s u b s t a n t i a l  r e a c t o r  phys i c s  ques t ions  have been 
answered. A good d e a l  of phys ics  a n a l y s i s  would be r e q u i r e d  as p a r t  of 
t h e  eng inee r ing  des ign  of a p a r t i c u l a r  r e a c t o r .  Many i n t e r e s t i n g ,  impor- 
t a n t  ques t ions  concerning t h e  op t imiza t ion  of molten s a l t  r e a c t o r s ,  in 
response t o  a p a r t i c u l a r  se t  of requi rements ,  have no t  y e t  been s t u d i e d .  
There remains much room f o r  improvement i n  s p e c i f i c  computer codes and 
methods. But w e  do n o t  b e l i e v e  t h a t  t h e r e  remain any s i g n i f i c a n t  ques- 
t i o n s  of t e c h n i c a l  o r  economic f e a s i b i l i t y  t h a t  rest on r e a c t o r  phys i c s  
c o n s i d e r a t i o n s .  

c 
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5. FUEL AND COOLANT CHEMISTRY 

W. R. G r i m e s ,  E. G. Bohlmann, A. S .  Meyer, and J. M. D a l e  

I n t r o d u c t i o n  

S t u d i e s  of molten salt  systems s u i t a b l e  f o r  use  i n  high-temperature  
n u c l e a r  r e a c t o r s ,  and examinat ions of t h e  chemical problems i n h e r e n t  i n  
such use ,  have been under way f o r  more than  20 y e a r s  ( s e e  Chapter 2 ) .  
Many i n d i v i d u a l  molten s a l t  mixtures  have been s t u d i e d ,  b u t  on ly  two 
classes of sa l t s ,  c h l o r i d e s  and f l u o r i d e s ,  have been given s e r i o u s  con- 
s i d e r a t i o n .  

Molten c h l o r i d e s  were cons ide red ,  e s p e c i a l l y  f o r  f a s t  r e a c t o r  f u e l s ,  
a t  a r e l a t i v e l y  e a r l y  d a t e  [l, 21, bu t  l i t t l e  exper imenta l  work wi th  such 
systems appears  t o  have been done u n t i l  much l a t e r .  A s m a l l  exper imenta l  
e f f o r t  a t  UKAEA, Harwell, devoted t o  molten c h l o r i d e  mixtures  as f u e l s  
f o r  advanced f a s t  r e a c t o r s  has  been i n  p rogres s  s i n c e  1965 [3 ] .  
t r o n  c r o s s  s e c t i o n  of c h l o r i n e  r u l e s  ou t  i t s  use  i n  thermal  r e a c t o r s . )  

F luo r ide  mixtures  have been t h e  s u b j e c t  of a chemical r e s e a r c h  pro- 
gram a t  OWL s i n c e  1949 [ 4 ] .  These s t u d i e s  f i r s t  developed NaF-ZrFk-UF9 
mixtures ,  which f u e l e d  t h e  A i r c r a f t  Reactor  Experiment i n  1954. S ince  
1958 t h i s  program has  been d i r e c t e d  t o  molten f l u o r i d e  mixtures  s u i t a b l e  
f o r  use  i n  thermal  b r e e d e r  r e a c t o r s .  Several reviews of t h i s  chemical 
e f f o r t  have been publ i shed  [5 ,  6 ,  7 ,  81. I n  a d d i t i o n ,  our  exper ience  
wi th  t h e  chemical a s p e c t s  of t h e  E R E ,  which w a s  fue l ed  wi th  a mixture  
of LiF, BeF2, ZrF4, and UF4, has  been r e p o r t e d  i n  d e t a i l  [ 9 ] .  

W e  a t t empt  i n  t h i s  c h a p t e r  t o  assess t h e  s t r e n g t h s  and weaknesses 
of p e r t i n e n t  molten s a l t s  and of ou r  knowledge of t h e s e  materials f o r  
use i n  a mol ten-sa l t  b reede r  r e a c t o r .  The choice  of optimum s a l t  mix- 
t u r e s ,  t h e  p r e s e n t  s t a t u s  of t h e i r  technology,  and our  e v a l u a t i o n  of 
t h e i r  s u i t a b i l i t y  and of remaining problem areas are b r i e f l y  p re sen ted  
i n  s e p a r a t e  s e c t i o n s  f o r  t h e  f u e l  and t h e  coo lan t  mix tures .  Behavior 
of f i s s i o n  products  i n  t h e  f u e l  c i r c u i t ,  an impor tan t  and complex matter 
which is  less w e l l  documented, i s  t r e a t e d  i n  some d e t a i l  i n  a s e p a r a t e  
s e c t i o n  of t h e  chap te r .  F i n a l l y ,  w e  d e s c r i b e  t h e  methods f o r  d e t a i l e d  
chemical a n a l y s i s  of f u e l  and coo lan t  streams and t h e i r  a n c i l l a r y  systems 
and t h e  problems remaining b e f o r e  an  MSBR could be  opera ted  wi th  conf i -  
dence. 

(The neu- 

Fue l  S a l t s  

Basis f o r  Choice of ComDosition 

A s i n g l e - f l u i d  MSBR [ l o ]  makes s t r i n g e n t  demands upon i t s  f l u i d  f u e l .  
This  f u e l  must have a low c a p t u r e  c r o s s  s e c t i o n  f p r  neu t rons ,  and i t  must 
d i s s o l v e  more than  t h e  c r i t i c a l  c o n c e n t r a t i o n  of uranium o r  plutonium and 

r 
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h igh  concen t r a t ions  of thorium at  tempera tures  comfortably below t h e  t e m -  
p e r a t u r e  of t h e  primary heat exchanger.  The mixture  must b e  the rma l ly  
s t a b l e ,  and i t s  vapor p r e s s u r e  needs t o  b e  low over  a tempera ture  range  
(600-750°C) s u f f i c i e n t l y  h igh  t o  permi t  gene ra t ion  of h igh -qua l i ty  steam. 
The f u e l  mix ture  must possess  h e a t  t r a n s f e r  and hydrodynamic p r o p e r t i e s  
adequate  f o r  i t s  s e r v i c e  as a heat-exchange f l u i d .  It must b e  nonaggres- 
s i v e  toward some material of c o n s t r u c t i o n  and toward some s u i t a b l e  moder- 
a t o r  material. The f u e l  must b e  s t a b l e  toward r e a c t o r  r a d i a t i o n ,  must b e  
a b l e  t o  s u r v i v e  f i s s i o n  of t h e  uranium (or p lu tonium) ,  and must t o l e r a t e  
f i s s i o n  product  accumulation wi thou t  s e r i o u s  d e t e r i o r a t i o n  of i t s  u s e f u l  
p r o p e r t i e s .  An a d d i t i o n a l  demand is  t h a t  t h e  f u e l  b e  amenable t o  e f f e c -  
t i v e  recovery of  b red  f i s s i l e  material and t o  removal of f i s s i o n  product  
po isons ,  as d i scussed  i n  Chapter  11. 

and f e r t i l e  material, e n t i r e l y  of n u c l i d e s  of very low neu t ron  c a p t u r e  
c r o s s  s e c t i o n  restricts t h e  cho ice  of materials t o  compounds of be ry l l i um,  
bismuth,  boron-11, carbon,  deuter ium, f l u o r i n e ,  l i th ium-7 ,  ni t rogen-15,  
oxygen, and t h e  f i s s i l e  and f e r t i l e  materials. Other  n u c l i d e s  can b e  t o l -  
e r a t e d  only  as minor c o n s t i t u e n t s .  Most of t h e  compounds of t h e  p o t e n t i a l  

deuterium-bearing compounds are p r a c t i c a l  i n  such m e l t s .  Carbon, n i t r o g e n ,  
boron,  and oxygen form high-melting, and q u i t e  u n s u i t a b l e ,  b i n a r y  compounds 
wi th  t h e  f i s s i l e  and f e r t i l e  metals. The oxygenated an ions  e i t h e r  l a c k  t h e  
r equ i r ed  thermal  s t a b i l i t y  (e .g . ,  NOg' o r  N O 2 7  o r  f a i l  as s o l v e n t s  f o r  
high c o n c e n t r a t i o n s  of thorium compounds (e .g . ,  C0,2-). It q u i c k l y  de- 
ve lops ,  t h e r e f o r e ,  t h a t  f l u o r i d e s  are t h e  only  s u i t a b l e  s a l t s .  

Uranium t e t r a f l u o r i d e  (UF4) is t h e  only f l u o r i d e  of uranium t h a t  
appears  u s e f u l  as a c o n s t i t u e n t  of molten f l u o r i d e  f u e l s ;  UF4 i s  rela- 
t i v e l y  s t a b l e ,  n o n v o l a t i l e ,  and n e a r l y  nonhygroscopic.  I n  t h e  pu re  s t a t e  
uranium t r i f  l u o r i d e  (UF3) d i s p r o p o r t i o n a t e s  a t  tempera tures  above about  
1000°C by t h e  r e a c t i o n  

The requirement  t h a t  t h e  MSBR f u e l  c o n s i s t ,  except  f o r  i t s  f i s s i l e  

major c o n s t i t u e n t s "  are e l i m i n a t e d  by t h e  o t h e r  f u e l  requi rements .  No I I  

I n  molten f l u o r i d e  s o l u t i o n ,  d i s p r o p o r t i o n a t i o n  occurs  a t  cons ide rab ly  
lower tempera tures .  Uranium t r i f l u o r i d e  i s ,  as is  d i s c u s s e d  i n  more de- 
t a i l  below, t o l e r a b l e  i n  r e a c t o r  f u e l s  on ly  i n  t h e  presence  of a l a r g e  
excess of UF4. Thorium t e t r a f l u o r i d e  (ThF4) is t h e  only  known f l u o r i d e  
of thorium. Di luen t  f l u o r i d e s  are c l e a r l y  necessary  because of t h e  very  
h igh  m e l t i n g  p o i n t s  of UF4 and ThF4 (1035°C and l l l l ° C  r e s p e c t i v e l y ) .  
Nuclear p r o p e r t i e s  a lone  f avor  as d i l u e n t s  t h e  f l u o r i d e s  of B e ,  B i ,  and 
7 L i  i n  t h a t  o r d e r .  The s t a b i l i t y  of t h e s e  f l u o r i d e s  [ll] e l i m i n a t e s  b i s -  
muth from c o n s i d e r a t i o n  and leaves t h e  f l u o r i d e s  of b e r y l l i u m  and l i th ium-7  
as t h e  p r e f e r r e d  d i l u e n t s .  Fo r tuna te ly  t h e  phase behav io r  (desc r ibed  i n  
d e t a i l  below) of LiF-BeF2-UF4 and LiF-BeF2-ThFq makes t h e s e  materials use- 
f u l  as f u e l s .  

14 mole %) and somewhat less than  0.3 mole % 233UF4. 
is very  v i scous  , b u t  t h e  v i s c o s i t y  of LiF-BeF2 mixtures  dec reases  r a p i d l y  
as t h e  LiF/BeF2 r a t i o  i n c r e a s e s  above about  2.  

The b reede r  f u e l  s a l t  r e q u i r e s  a h igh  c o n c e n t r a t i o n  of ThF4 (10 t o  
Bery l l ium f l u o r i d e  

The LiF/BeF2 r a t i o  i s  
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t h e r e f o r e  chosen t o  opt imize  t h e  c o n f l i c t i n g  demands f o r  low v i s c o s i t y  
and a l o w  m e l t i n g  p o i n t .  I f  t h e  l i q u i d u s  temperature  is t o  b e  k e p t  a t  o r  
below 500°C f o r  a m e l t  w i t h  1 2  mole % of ThF4, t h e  b e r y l l i u m  concentra-  
t i o n  l i m i t s  range (as d e s c r i b e d  below) from 1 6  t o  25 mole %. The most 
l i k e l y  choice  f o r  t h e  MSBR f u e l  - and t h e  p r e s e n t  d e s i g n  composi t ion - i s ,  
accord ingly  , 7LiF-BeF2-ThF4-UF~ a t  71.7-16-12-0.3 mole %, r e s p e c t i v e l y .  

It  should  b e  noted t h a t  t h e  o b j e c t i v e s  of t h e  MSRE d i d  n o t  r e q u i r e  
t h e  f u e l  t o  c o n t a i n  ThF4. Accordingly,  t h e  f u e l  chosen f o r  MSRE w a s  a 
mixture  of 7LiF, BeF2, ZrFq, and UP4 (65, 29.1,  5 ,  and 0.9 mole % >  . 
ZrF4 was added, as d i s c u s s e d  below, t o  p r e c l u d e  i n a d v e r t e n t  p r e c i p i t a t i o n  

The 

of u02. 
Fuel  s e l e c t i o n  is no g r e a t  problem f o r  t h e  MSBR s i n c e ,  as w i l l  b e  

d e t a i l e d  below, t h e  phase behavior  of  LiF  and BeF2 w i t h  UF4 and ThF4 
i s  e n t i r e l y  s a t i s f a c t o r y .  The requirement  of v e r y  low c r o s s  s e c t i o n  
r e q u i r e s ,  i n  p r i n c i p l e ,  t h a t  t h e  f u e l  mix ture  be  f r e e  from ext raneous  
high-cross-sect ion i o n s .  P u r i t y  requi rements  d i c t a t e d  by o x i d e - f l u o r i d e  
e q u i l i b r i a  and of c o m p a t i b i l i t y  - b o t h  of which are d e s c r i b e d  i n  some 
d e t a i l  below - are  r a t h e r  more s t r i n g e n t  than  t h o s e  posed by c r o s s - s e c t i o n  
c o n s i d e r a t i o n s .  

Experience w i t h  Molten S a l t  Fue ls  

I n d u s t r i a l  p r o c e s s e s  based on molten salts  ( e .g . ,  p roduct ion  of a l u -  
minum by e l e c t r o l y s i s  of A 1 2 0 3  i n  molten K3AlF6) have been used f o r  many 
y e a r s .  However, when t h e  ORNL program began i n  1949, a l though t h e  c l a s s i c  
papers  of Temkin [12]  and Flood and Forland [13] had been p u b l i s h e d ,  rela- 
t i v e l y  l i t t l e  w a s  known about  molten s a l t  chemis t ry ,  and v i r t u a l l y  n o t h i n g  
w a s  known about  molten f l u o r i d e  behavior .  The s i t u a t i o n  has  improved 
markedly s i n c e  t h a t  t i m e ,  p a r t l y ,  though by no means e n t i r e l y ,  because 
of s t i m u l a t i o n  of t h e  f i e l d  by t h e  Plolten S a l t  Reactor  Program. 

The ARE program 15, 141,  which w a s  concerned w i t h  a d i f f e r e n t  f u e l  
system (NaF-ZrFb-UFb) and a d i f f e r e n t  metal ( Inconel  r a t h e r  t h a n  Hastel- 
l o y  N ) ,  produced . l i t t l e  chemical in format ion  d i r e c t l y  a p p l i c a b l e  t o  t h e  
MSBR but  y i e l d e d  a g r e a t  d e a l  of v a l u a b l e  background exper ience  and in -  
formation.  P r e p a r a t i o n  and h a n d l i n g  techniques  f o r  molten f l u o r i d e s  
[ 6 ,  151, f o r  example, w e r e  u s e f u l  w i t h  only minor modi f ica t ions  f o r  t h e  
LiF-BeF2-based composi t ions.  Techniques f o r  r a p i d  and e f f e c t i v e  s t u d y  
of phase behavior  and f o r  d e t e r m i n a t i o n  of  p h y s i c a l  p r o p e r t i e s  of molten 
f l u o r i d e s  [ 1 6 ]  were developed i n  t h e s e  e a r l y  days and subsequent ly  ap- 
p l i e d  t o  MSBR-related materials. Corros ion  of metals ,  and e s p e c i a l l y  of 
nickel-based a l l o y s ,  by f l u o r i d e s  w a s  shown t o  b e  t o l e r a b l e ,  t h e  g e n e r a l  
mechanisms by which c o r r o s i o n  occurred  w e r e  recognized ,  and t h e  importance 
of ex t raneous  i m p u r i t i e s  in the c o r r o s i o n  process was demonstrated [5].  
Compat ib i l i ty  of many molten f l u o r i d e s  w i t h  g r a p h i t e  was demonstrated,  
va lues  f o r  s o l u b i l i t y  of H e ,  K r ,  and X e  i n  molten f l u o r i d e s  [17] w e r e  
e s t a b l i s h e d ,  and t h e  g e n e r a l  s t a b i l i t y  of molten f l u o r i d e s  t o  r a d i a t i o n  
and f i s s i o n  w a s  demonstrated [ 5 ,  181. 
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The many chemical  s t u d i e s  which immediately preceded o p e r a t i o n  of 
MSRE were d i r e c t e d  a t  LiF-BeFe-based f u e l s ,  and much w a s  l e a r n e d  t h a t  
appears  d i r e c t l y  r e l e J a n t  t o  t h e  MSBR system and t h a t  is  d e s c r i b e d  i n  
some d e t a i l  i n  subsequent  s e c t i o n s  of t h i s  c h a p t e r .  

provided much chemical i n fo rma t ion  t h a t  w a s  r e a s s u r i n g  [9] .  S a l t  samples 
removed r o u t i n e l y  from t h e  f u e l  and coo lan t  c i r c u i t s  (one t o  t h r e e  p e r  
week from t h e  f u e l  system) were analyzed f o r  uranium, major f u e l  c o n s t i t -  
u e n t s ,  p o s s i b l e  c o r r o s i o n  p roduc t s ,  and (less f r e q u e n t l y )  f o r  ox ide  i o n  
contaminat ion.  

Analyses f o r  uranium by coulometr ic  t i t r a t i o n  [19] showed good re- 
p r o d u c i b i l i t y  and h igh  p r e c i s i o n  (0.5%), b u t  on-l ine r e a c t i v i t y  ba l ance  
c a l c u l a t i o n s  were about  10-fold more s e n s i t i v e  than  t h i s  i n  e s t a b l i s h i n g  
changes i n  uranium concen t r a t ions  w i t h i n  t h e  c i r c u i t .  A l l  t h e  d a t a  sug- 
ges t  s t r o n g l y  t h a t  t h e  f u e l  w a s  completely s t a b l e  and t h a t  l o s s e s  of 
uranium, i f  any, w e r e  extremely s m a l l .  Determinat ion of uranium on o r  
i n  a g r a p h i t e  moderator b a r  l e d  t o  t h e  conclus ion  t h a t  t h e  e n t i r e  s t a c k  
conta ined  less than  10 grams of uranium, a q u i t e  n e g l i g i b l e  amount [20] .  

Oxide c o n c e n t r a t i o n  i n  t h e  r a d i o a c t i v e  MSRE s a l t  w a s  determined by 
c a r e f u l  e v a l u a t i o n  of H20 produced upon t r ea tmen t  of t h e  sa l t  samples 
wi th  anhydrous HF. A l l  samples examined showed less than  100 ppm of 02'; 
no p e r c e p t i b l e  i n c r e a s e  wi th  t i m e  w a s  apparent  [21] .  This  i s  moderately 
r e a s s u r i n g  i n s o f a r  as t h e  p r a c t i c a l i t y  of ma in ta in ing  oxide  contaminat ion  
a t  very low l e v e l s  i n  f u t u r e  r e a c t o r  systems is  concerned,  though b e t t e r  
methods of  a n a l y s i s  f o r  ox ides  are c l e a r l y  needed. 

MSRE maintenance ope ra t ions  involved  f l u s h i n g  t h e  i n t e r i o r  of t h e  
f u e l  c i r c u i t  w i t h  a 7LiF-BeF2 (66.0-34.0 mole %> mixture .  Analys is  of 
t h i s  s a l t  b e f o r e  and a f t e r  each use  showed t h a t  an amount of uranium w a s  
added t o  the  f l u s h  s a l t  i n  each f l u s h i n g  o p e r a t i o n  e q u i v a l e n t  t o  23 kg 
of f u e l - s a l t  r e s i d u e  (about 0.5% of t h e  charge)  from t h e  r e a c t o r  c i r c u i t .  
The magnitude and t h e  r e p r o d u c i b i l i t y  of t h i s  f i g u r e  seem t o  confirm t h e  
nonwetting c h a r a c t e r i s t i c s  of t h e  c l e a n  f u e l  s a l t  toward g r a p h i t e  and 
metal. 

f u e l .  
w a s  t o  suspend be ry l l i um rods i n  a p e r f o r a t e d  capsu le  of  n i c k e l  i n  t h e  
s a l t  i n  t h e  pump bowl. This a c t i v e  m e t a l  r e a c t e d  w i t h  UF4 

Opera t ion  of the MSR.E, w i t h  i t s  f u e l  mix ture  of LiF-BeF2-ZrF2-UFqY 

The f i s s i o n  process  is  mi ld ly  o x i d i z i n g  toward d i s s o l v e d  U3+ i n  t h e  
I n  the  MSRE a convenient  means f o r  r e s t o r i n g  t h e  U3+ c o n c e n t r a t i o n  

Beo(c)  + 2UFq(d) + BeF2(d) + 2UF3(d) 

and converted some 500 grams of U4+ t o  U3+ du r ing  an 8-hour t r e a t m e n t .  
The sa l t  near  t h e  B e  appeared t o  be  s l i g h t l y  overreduced,  b u t  t h e  over- 
reduced salt  mixture  c l e a r l y  r e a c t e d  and achieved e q u i l i b r i u m  w i t h  t h e  
l a r g e  excess of unreduced s a l t  i n  t h e  pump bowl and r e a c t o r  c i r c u i t .  
(In an MSBR, t h e  on- l ine  p rocess ing  system would b e  used t o  ma in ta in  
t h e  UFI+/UF~ r a t i o  a t  t h e  d e s i r e d  l e v e l . )  

and C r  due t o  c o r r o s i o n  processes  [8, 9 ,  22, 21, 231. A l l  samples showed 
r e l a t i v e l y  h igh  va lues  f o r  i r o n  (120 ppm) and n i c k e l  (50 ppm), w i t h  con- 
s i d e r a b l e  s c a t t e r  and no p e r c e p t i b l e  t r e n d .  These va lues  s e e m  f a r  t o o  

Many f u e l  s a l t  samples were analyzed a t  r e g u l a r  i n t e r v a l s  f o r  F e y  N i ,  

P 
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high  f o r  "blanks" i n  t h e  a n a l y t i c a l  procedures;  i t  i s  a p p a r e n t ,  f o r  rea- 
sons d e s c r i b e d  below, t h a t  i n  many cases they  do n o t  r e p r e s e n t  d i s s o l v e d  
Fe2+ and N i 2 + .  
made, t o  b e  below t h e  d e t e c t i b l e  l i m i t  (ca. 25 ppm) f o r  chemical analy-  
s is .  

and f o r  a s h o r t e r  p e r i o d  w h i l e  f u e l e d  w i t h  233UP4. Corrosion behavior  
of t h e  system dur ing  t h e s e  two p e r i o d s  w a s  g e n e r a l l y  s imi la r ,  b u t  some 
q u a n t i t a t i v e  d i f f e r e n c e s  seem t o  b e  real .  

of shutdowns) the chromium c o n c e n t r a t i o n  i n  the f u e l  s a l t  r o s e  from a n  
i n i t i a l  v a l u e  n e a r  40 ppm t o  a f i n a l  v a l u e  of about  85 ppm. A cons ider -  
a b l e  scat ter  i n  t h e  numbers w a s  a p p a r e n t ,  b u t  t h e  i n c r e a s e  w i t h  t i m e  and 
w i t h  r e a c t o r  o p e r a t i o n  w a s  c l e a r l y  real .  A l l  ev idence  s u g g e s t s  t h a t  t h e  
a n a l y t i c a l l y  determined chromium w a s  l a r g e l y ,  i f  n o t  e n t i r e l y ,  p r e s e n t  
as d i s s o l v e d  C r 2 + .  This  observed i n c r e a s e  i n  chromium c o n c e n t r a t i o n  
corresponded t o  removal of less than  250 grams of t h i s  element from t h e  
MSRE c i r c u i t .  I f  t h i s  were removed uniformly i t  would d e p l e t e  t h e  chro- 
m i u m  i n  t h e  a l l o y  t o  a depth of less than  0 . 2  m i l . *  Such an estimate of 
c o r r o s i o n  seems c o n s i s t e n t  w i t h  o b s e r v a t i o n s  of m e t a l  specimens ( s e e  
Chapter 7 )  showing very  s l i g h t  a t t a c k  by t h e  f u e l  d u r i n g  MSRE o p e r a t i o n .  
I n s e r t i o n  of  t h e  metall ic Be rods  i n  n i c k e l  cages (descr ibed  above) i n t o  
t h e  c i r c u l a t i n g  f u e l  mix ture  should have r e s u l t e d  i n  r e d u c t i o n  of Fe2+ 
o r  N i 2 +  and p l a t i n g  of t h e s e  materials on t h e  reducing  assembly i f  they  
had been p r e s e n t .  N e i t h e r  of  t h e s e  w a s  ever observed dur ing  t h e  o p e r a t i o n  
w i t h  2 3 5 U ,  a l though i n  one case a d e p o s i t  of pure  C r o  w a s  observed [ 9 ] .  

During o p e r a t i o n  of MSRE w i t h  t h e  233UF4 f u e l ,  t h e  ra te  of a t t a c k ,  
though s t i l l  q u i t e  a c c e p t a b l e ,  w a s  more r a p i d .  
o p e r a t i o n  wi th  t h i s  f u e l ,  t h e  chromium c o n t e n t  of  t h e  f u e l  r o s e  from an 
i n i t i a l  v a l u e  near  35 ppm t o  a f i n a l  v a l u e  of about 100 ppm. I n i t i a l  
rates of i n c r e a s e  i n  C r 2 +  c o n t e n t  were more r a p i d  than  w a s  t h e  case f o r  
t h e  235UF4 o p e r a t i o n ,  and t h e  s a l t  c l e a r l y  appeared t o  b e  more aggres-  
s ive.  A s  d e s c r i b e d  i n  r e f e r e n c e  23a, t h e  changeover from 2 3 5 U  t o  233U--1 
involved f l u o r i n a t i o n  of  t h e  o r i g i n a l  f u e l  mix ture  t o  remove t h e  uranium 
as U F g ,  a t tempted r e d u c t i o n  of the FeF NiF2, and CrF2 i n t r o d u c e d  d u r i n g  
t h i s  o p e r a t i o n ,  and a d d i t i o n  of  t h e  23%F4. I n s e r t i o n  of B e  rods  d u r i n g  
e a r l y  s t a g e s  of the 2 3  3UF4 o p e r a t i o n  produced a p p r e c i a b l e  d e p o s i t s  of 
c r y s t a l l i n e  i r o n  and n i c k e l  on t h e  a s s e m b l i e s ,  c l e a r l y  i n d i c a t i n g  t h a t  
t h e  233UF4 f u e l  w a s  less pure  t h a n  w a s  t h e  o r i g i n a l  235UF4 p r e p a r a t i o n .  
Whether t h i s  d i f f e r e n c e  w a s  due t o  i n g r e s s  of  a i r  i n t o  t h e  r e a c t o r  system 
dur ing  t h e  long  shutdown f o r  p r e p a r a t i o n  of t h e  233UF4 f u e l  o r  t o  incom- 
p l e t e  r e d u c t i o n  of i m p u r i t i e s  in t roduced  dur ing  t h e  f l u o r i n a t i o n  i s  n o t  
known. I n  any e v e n t ,  t o t a l  c o r r o s i o n  d u r i n g  o p e r a t i o n  w i t h  b o t h  f u e l  
mix tures  w a s  e q u i v a l e n t  t o  uniform removal of chromium from 0.5 m i l  of 
t h e  r e a c t o r  m e t a l .  

Molybdenum c o n c e n t r a t i o n s  w e r e  shown, i n  t h e  few a t t e m p t s  

MSRE w a s  opera ted  f o r  n e a r l y  t h r e e  y e a r s  w i t h  235UF4 as i t s  f u e l  

During 13,500 hours  of 35UP4 f u e l  c i r c u l a t i o n  ( i n c l u d i n g  a number 

During t h e  6590 hours  of  

~~ * 
I f  t h i s  250 grams o f  C r 2 +  were due e n t i r e l y  t o  admission of oxygen 

t o  t h e  system d u r i n g  shutdown of t h e  r e a c t o r  a t o t a l  of some 80 grams o f  
0 2  would have been r e q u i r e d .  
t h i s  0 2 ,  and t h e  02- c o n c e n t r a t i o n  of t h e  f u e l  would have r i s e n  about 
15 ppm. T h i s  mechanism might p o s s i b l y  have accounted f o r  much of t h e  
c o r r o s i o n .  

About 10 s c f  of  a i r  could have f u r n i s h e d  
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Although o p e r a t i o n  of MSRE g e n e r a l l y  v e r i f i e d  t h e  behav io r  p r e d i c t e d  
f o r  t h e  f u e l  s a l t ,  no t  a l l  t h e  news was  good. F i s s i o n  product  behav io r  
( t o  be d e s c r i b e d  subsequen t ly )  w a s  even more complex than  a n t i c i p a t e d .  
Our methods f o r  sampling t h e  MSRE s a l t  were r e s t r i c t i v e ,  and some of 
our  methods f o r  a n a l y s i s  needed marked improvement. Behavior of t r i t i u m  
( s e e  Chapter 14)  portended a problem i n  l a r g e  mol ten-sa l t  r e a c t o r s .  
F i n a l l y ,  i n  s p i t e  of t h e  e x c e l l e n t  p i c t u r e  on g e n e r a l i z e d  c o r r o s i o n ,  
t h e  g r a i n  boundary a t t a c k  r e s u l t i n g  i n  s u p e r f i c i a l  c r a c k i n g  of t h e  H a s -  
t e l l o y  N exposed t o  t h e  f u e l  w a s  a major and d i s a p p o i n t i n g  o b s e r v a t i o n  
( s e e  Chapter 7 ) .  

P r e s e n t  S t a t u s  of Fuel  Chemistry 

Phase Behavior among F l u o r i d e s .  - Phase e q u i l i b r i a  among t h e  p e r t i n e n t  
MSBR f l u o r i d e s  have been s t u d i e d  i n  d e t a i l ,  and t h e  e q u i l i b r i u m  diagrams,  
though r e l a t i v e l y  complex, are w e l l  understood. 

c o n c e n t r a t i o n  range  from 31 t o  68  mole % BeF2 [24 ,  25, 263. The phase 
diagram, p re sen ted  i n  F ig .  5 .1 ,  is  c h a r a c t e r i z e d  by a s i n g l e  congruen t ly  
me l t ing  compound, 2LiFoBeF2, and a s i n g l e  e u t e c t i c  between BeF2 and 
2LiF BeF2 . 
i n  phase behav io r .  Both systems show s i m p l e  s i n g l e  e u t e c t i c s  c o n t a i n i n g  
very s m a l l  c o n c e n t r a t i o n s  of t h e  heavy metal f l u o r i d e .  ThF4 and UF4 are 
i s o s t r u c t u r a l ;  t h e i r  b i n a r y  phase diagram shows a cont inuous  series of 
s o l i d  s o l u t i o n s  w i t h  n e i t h e r  maximum nor  minimum. 

similar.  The LiF-UF4 system shows t h r e e  compounds (none are congruent ly  
me l t ing )  and a s i n g l e  e u t e c t i c ,  a t  27 mole % UF4, m e l t i n g  a t  490°C. The 
LiF-ThF4 system c o n t a i n s  f o u r  b i n a r y  compounds, one of which (3LiFoThF4) 
m e l t s  congruen t ly ,  w i t h  two e u t e c t i c s ,  a t  570°C and 22 mole % ThF4 and a t  
560°C and 29 mole % ThF4. 

The t e r n a r y  system LiF-ThFb-UFh [ 3 0 ] ,  shown i n  F ig .  5 . 2 ,  shows no 
t e r n a r y  compounds and a s i n g l e  e u t e c t i c  f r e e z i n g  a t  488°C w i t h  1 . 5  mole % 
ThF4 and 26.5 mole % UF4. Liquidus  tempera tures  dec rease  g e n e r a l l y  t o  
t h e  LiF-UF4 edge of t h e  diagram. 

t h a t  of UF4, i t s  phase behav io r  i s  d i c t a t e d  by t h a t  of t h e  LiF-BeF2-ThF4 
system. F igu re  5.3 g ives  t h e  t e r n a r y  system LiF-BeFz-ThFq; t h i s  sys tem 
shows a s i n g l e  t e r n a r y  e u t e c t i c  a t  47 mole % LiF  and 1 . 5  mole % ThF4, 
me l t ing  a t  360°C [24 ,  271. The system i s  complicated by t h e  f a c t  t h a t  
t h e  compound 3LiFoThF4 can i n c o r p o r a t e  Be2+ i o n s  i n  bo th  i n t e r s t i t i a l  and 
s u b s t i t u t i o n a l  s i tes t o  form s o l i d  s o l u t i o n s  whose composi t iona l  extremes 
are r e p r e s e n t e d  by t h e  shaded t r i a n g u l a r  r e g i o n  nea r  t h a t  compound. In- 
s p e c t i o n  of t h e  diagram r e v e a l s  t h a t  a c o n s i d e r a b l e  r ange  of composi t ions  
wi th  more than  10 mole % ThF4 w i l l  b e  completely molten a t  o r  below 500OC. 
The maximum ThF4 c o n c e n t r a t i o n  a v a i l a b l e  a t  t h i s  l i q u i d u s  tempera ture  
is  j u s t  above 14 mole %. A s  expected from t h e  g e n e r a l  s i m i l a r i t y  of ThF4 
and UFq - and e s p e c i a l l y  from t h e  s u b s t i t u t i o n a l  behav io r  shown by t h e  

The b i n a r y  system LiF-BeF2 has  m e l t i n g  p o i n t s  below 500°C over  t h e  

The BeF2-UF4 [24,25] and BeF2-ThF4 [27] systems are ve ry  s i m i l a r  

The b i n a r y  diagrams f o r  LiF-UP4 [28]  and LiF-ThF4 [29]  are r e l a t i v e l y  

Because t h e  MSBR f u e l  needs a c o n c e n t r a t i o n  of ThF4 much h i g h e r  t h a n  
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LiF-UFk-ThFh system (Fig.  5.2) - s u b s t i t u t i o n  of a s m a l l  q u a n t i t y  of UF4 
f o r  ThF4 s c a r c e l y  changes t h e  phase behavior .  Accordingly,  and t o  a ve ry  
good approximation,  Fig.  5.3 r e p r e s e n t s  t h e  behavior  of L ~ F - B ~ F ~ - T ~ F L + - U F ~  
mixtures  i n  which t h e  mole f r a c t i o n  of ThF4 is much g r e a t e r  t han  t h a t  of 
UF4. 

E f f e c t  of Oxide. - Phase behavior  of t h e  pu re  f l u o r i d e  sys tem LiF- 
BeFz-ThF4-UF4, as i n d i c a t e d  above, is  such t h a t  a wide cho ice  of adequate  
f u e l  mix tures  seems assu red .  The behavior  of systems such as t h i s ,  how- 
eve r ,  i s  markedly a f f e c t e d  by a p p r e c i a b l e  concen t r a t ions  of ox ide  i o n ,  
which might be  produced by i n a d v e r t e n t  contaminat ion of t h e  f u e l  system. 

r e a c t i v e  oxide  (such as H20) , p r e c i p i t a t i o n  of U 0 2 , ~ o  r e s u l t s  [8, 311. 
I f  t h e  m e l t  c o n t a i n s ,  i n  a d d i t i o n ,  cons ide rab ly  more ZrF4 than  UF4, 
i n a d v e r t e n t  ox ide  contaminat ion y i e l d s  monocl inic  Z r 0 2  c o n t a i n i n g  about  
250 ppm of UO2 [32]. P r e c i p i t a t i o n  of cub ic  U 0 2  ( con ta in ing  a s m a l l  
concen t r a t ion  of Zr02) begins  only  a f t e r  p r e c i p i t a t i o n  of Z r 0 2  has  dropped 
t h e  ZrF4 concen t r a t ion  t o  nea r  t h a t  of t h e  UF4. 

The e f f e c t  of added oxide  on t h e  MSBR f u e l  mix tu re ,  w i t h  i t s  con- 
t a ined  ThF4, UF4, PaF4, and perhaps PuF3, i n  a d d i t i o n  t o  LiF and BeF2, 
has been c a r e f u l l y  examined i n  a series of r e c e n t  s t u d i e s  [33,34,35,36, 
37,38,39,40]. The f i n d i n g s  of t h e s e  s t u d i e s  are summarized i n  t h e  
fo l lowing  : 

and they dec rease  i n  t h e  o r d e r  Th02, Pa02 ,  U 0 2 ,  Pu02. The s o l u b i l i t y  
products  

When a m e l t  con ta in ing  only  LiF,  BeF2, and UF4 is t r e a t e d  w i t h  a 

The s o l u b i l i t i e s  of t h e  a c t i n i d e  d iox ides  i n  MSBR f u e l  s a l t  are low, c 

are p r e s e n t l y  e s t ima ted  as fo l lows:  

= -2.86 - 3,280/9 ( 2 0 . 3 )  log ‘Tho, 

= -2.86 - 4,920/9 (k0.5) l o g  %a02 

= -2.86 - 5,66O/T (20.5) l o g  Quo, 

log QPUO2 = -2.86 - 7,10O/T (20.8) 

Since  a l l  t h e s e  ox ides  have the s a m e  f l u o r i t e  s t r u c t u r e  and n e a r l y  t h e  
same l a t t i c e  parameters ,  they can form s o l i d  s o l u t i o n s  w i t h  one ano the r .  

P 
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A s  a r e s u l t ,  i f  p r e c i p i t a t i o n  of such  oxides  occurs  i n  an MSBR f u e l ,  ex- 
change e q u i l i b r i a  of t h e  type  

M4+ + T h 0 2 ( ~ ~ )  * M ~ ~ ( s s )  + Th4+ 

invo lv ing  an oxide  s o l i d  s o l u t i o n  phase are e s t a b l i s h e d .  
i n g  equ i l ib r ium q u o t i e n t s  

The correspond- 

'M02 'ThF4 'M02 

QTh 'Tho2 'MF4 'Tho2 
M -  - 

are equal  t o  the  r a t i o  of the s o l u b i l i t y  products  Q M02 lQThO2 . Hence 

log  QFt = 1 6 4 0 / T  ( 5 0 . 2 )  

l o g  Q:h = 2380 /T  ( 2 0 . 0 4 )  

l o g  Qg = 3 8 2 0 / T  ( 5 0 . 7 )  

I n  a d d i t i o n ,  Pa205 (or  an a d d i t i o n  compound of i t )  is very  i n s o l u b l e  i n  
MSBR f u e l :  

l o g  (Xpa5+ X z J z )  = 0.91  - 12,76O/T ( k 0 . 3 )  

Because of t h e  l o w  s o l u b i l i t y  of Tho2 and U02, a b i n a r y  s o l i d  s o l u t i o n  
r i c h  i n  U 0 2  ( t y p i c a l l y  95%) could b e  p r e c i p i t a t e d  from an MSBR f u e l  i f  
s u f f i c i e n t l y  h igh  oxide concen t r a t ions  are reached.  The oxide  l e v e l  re- 
qu i r ed  ( t h e  oxide t o l e r a n c e )  is  i n d i c a t e d  i n  F ig .  5 . 4 .  The amount of Pa02 
i n  t h e  s o l i d  s o l u t i o n  should  be  n e g l i g i b l e ;  i . e . ,  t h e  Pa/U r a t i o  i n  t h e  
oxide should  be % 1 / 7  t h e  Pa/U r a t i o  i n  t h e  f u e l .  

The oxide  c o n c e n t r a t i o n  a t  which Pa205 can be  p r e c i p i t a t e d  depends 
on both  t h e  p ro tac t in ium c o n c e n t r a t i o n  and t h e  o x i d a t i o n  s ta te  of t h e  
f u e l  - as r e f l e c t e d  by t h e  U4+/U3+ r a t i o .  The s i t u a t i o n  is  i n d i c a t e d  by 
t h e  e q u i l i b r i u m  
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Fig. 5 . 4 .  Oxide tolerance of MSBR f u e l .  



107 

f o r  which w e  estimate t h e  e q u i l i b r i u m  q u o t i e n t  

Y 

7 

uo 

i The r e s u l t  i s  t h a t  w i t h  100 ppm Pa  and 30 ppm oxide  p r e s e n t ,  t h e  U4+/U3+ 
r a t i o  must be  kept  below about l o 5  i f  i n a d v e r t e n t  p r e c i p i t a t i o n  of Pa205 
is  t o  be avoided. Such o x i d i z i n g  c o n d i t i o n s  should  b e  easy  t o  avoid  i n  
p r a c t i c e .  There i s  a l s o  a dependence on t h e  U4+/U3+ r a t i o  of t h e  ox ide  
c o n c e n t r a t i o n  a t  which PuO2 p r e c i p i t a t i o n  occur s .  However, even s t r o n g e r  
o x i d i z i n g  cond i t ions  (U4+/U3+ > l o 8 )  are r e q u i r e d  t o  p r e c i p i t a t e  Pu02 
from an MSBR f u e l .  

S e l e c t i v e  p r e c i p i t a t i o n  of Pa  as Pa2O5, of U as UO2 and p o s s i b l y  of 
Pu as Pu02 may b e  of v a l u e  (see Chapter 11) i n  f u e l  r e p r o c e s s i n g  c y c l e s .  

It is clear tha t  t h e  MSBR f u e l  must b e  p r o t e c t e d  from oxide  contami- 
n a t i o n  t o  avoid  i n a d v e r t e n t  p r e c i p i t a t i o n .  Because of t h e  low ox ide  
t o l e r a n c e  (F ig .  5 . 4 ) ,  t h i s  w i l l  r e q u i r e  some care, b u t  t h e  s u c c e s s f u l  
o p e r a t i o n  of t h e  MSRE over  a three-year  p e r i o d  l ends  conf idence  t h a t  
ox ide  contaminat ion  of the f u e l  system can be  kep t  t o  adequate ly  low 
l e v e l s .  This  conf idence ,  when added t o  t h e  p r o s p e c t  t h a t  t h e  b r e e d e r  
f u e l  w i l l  be  r ep rocessed  (and i t s  ox ide  level reduced) on a continuous 
b a s i s ,  s u g g e s t s  very  s t r o n g l y  t h a t  s u c c e s s f u l  o p e r a t i o n  can be  achieved .  

P h y s i c a l  P r o p e r t i e s .  - Some p e r t i n e n t  p h y s i c a l  p r o p e r t i e s  of t h e  
MSRE and MSBR f u e l  s a l t s  are l i s t e d  i n  Table  5 .1  [8,41]. Liquidus  
tempera tures  are known w i t h  accuracy .  Vapor p r e s s u r e s  of t h e  f u e l s  
have been e x t r a p o l a t e d  from measurements on s imilar  mix tu res ;  v a l u e s  
are cons ide rab ly  less than  0 .1  t o r r  a t  600°C. 

n e n t s  by assuming t h e  volumes t o  be  a d d i t i v e .  Heat c a p a c i t i e s  w e r e  esti- 
mated by assuming t h a t  each gram atom i n  t h e  mix tu re  c o n t r i b u t e s  8 ca l / "C  
( t h e  approximate ave rage  from a set of similar f l u o r i d e  m e l t s ) .  The v i s -  
c o s i t y  of t h e  MSBR f u e l  w a s  e s t ima ted  from measurements on o t h e r  LiF-BeF2 
and NaF-BeF2 mixtures .  Methods f o r  such e s t i m a t i o n  are ,  i n  most cases, 
q u i t e  r e l i a b l e ;  d e n s i t i e s  and h e a t  c a p a c i t i e s  are probably good t o  L 3 % ,  
b u t  v i s c o s i t y  and thermal  c o n d u c t i v i t y  are probably  no b e t t e r  than  +15%. 

Sur face  t e n s i o n s  of t h e  molten f u e l s  are known t o  b e  h i g h ,  b u t  t h i s  
moderately impor tan t  p rope r ty  i s  n o t  w e l l  e s t a b l i s h e d .  
s e v e r a l  systems (bu t  n o t  w i t h  MSBR o r  MSRE f u e l s )  by t h r e e  d i f f e r e n t  
methods sugges t  [41] t h a t  t h e  equa t ion  

D e n s i t i e s  were c a l c u l a t e d  from t h e  molar volumes of t h e  pure  compo- 

Measurements w i t h  

Y = 260 - 0.12 T"C 

approximates t h e  s u r f a c e  t e n s i o n  of b o t h  f u e l s  over  t h e  range 550 t o  
700°C. These va lues  are ,  however, u n l i k e l y  t o  be  b e t t e r  than  about 230%. 
This  p r o p e r t y ,  which is  of importance i n  a s s e s s i n g  w e t t i n g  behavior  and 
i n  e s t a b l i s h i n g  ( f o r  nonwetting c a s e s )  a degree  of p e n e t r a t i o n  of t h e  
s a l t  i n t o  porous bod ies  and t h e  s i z e  of o r i f i c e  o r  annulus  i n t o  which 
t h e  sa l t  w i l l  flow under p r e s c r i b e d  p r e s s u r e s ,  c l e a r l y  needs t o  b e  b e t t e r  
known. 
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Table 5.1. Composition and properties of MSRE 
and MSBR fuels 

~~ 

MSRE fuel MSBR fuel 

Composition, mole % LiF 65 LiF 71.7 
BeFz 29.1 BeF2 16 
ZrF4 5 ThF4 12 
UF4 0.9 UF4 0.3 

Liquidus 
"C 
" F  

4 34 500 
81 3 932 

Roperties at 600°C ( 1  112°F) 

Heat capacity, cal/(g-"C) 
Density, g/cm3 2.27 3.35 

Viscosity , centipoise s 9 12 
Vapor pressure, torrs <0.1 <0.1 

or Btu/(lb-OF) 0.47 0.324 

Thermal conductivity, 
watt s / ( O  C-cm) 0.014 0.012 

c 

c 
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Chemical Compa t ib i l i t y  of MSBR Materials. - The e x c e l l e n t  compati- 
b i l i t y  of Has te l loy  N w i t h  f l u o r i d e  sa l t s  c o n t a i n i n g  LiF ,  BeF2, ThF4, 
and UF4, shown i n  c o r r o s i o n  tests [ 4 2 ,  4 3 ,  4 4 ,  451 and i n  t h e  MSRE, i s  
a r e s u l t  of t h e  fac t  t h a t  t h e s e  f l u o r i d e s  are thermodynamically s t a b l e  
toward t h e  Has te l loy  N.* That i s ,  t h e  major f u e l  components (LiF, BeF2, 
UF4, and ThF4) are much more s t a b l e  than  t h e  s t r u c t u r a l  m e t a l  f l u o r i d e s  
(NiF2, FeF2, and CrFz),  and g r a p h i t e  does n o t  r e a c t  chemica l ly  w i t h  such  
f l u o r i d e  mix tu res .  Th i s  b a s i c  s i t u a t i o n ,  combined w i t h  proper  p u r i f i c a -  
t i o n  procedures ,  p rov ides  l i q u i d s  whose o v e r a l l  c o r r o s i v i t y  is  w i t h i n  
t o l e r a b l e  l i m i t s .  

erties of many s p e c i e s  i n  molten LiF-BeF2 s o l u t i o n s  [ 4 6 ] .  Table 5.2 l ists  
p e r t i n e n t  d a t a  f o r  t h e  major components of MSRE and MSBR f u e l s  and f o r  
c o r r o s i o n  p roduc t s  i n  molten 2LiF*BeF2. 

a f f o r d s  redox b u f f e r i n g  t o  t h e  f u e l  mix ture .  Opera t ion  w i t h  a s m a l l  f r a c -  
t i o n  (perhaps 1%) of t h e  uranium as UF3 is  advantageous i n s o f a r  as cor -  
r o s i o n  r e a c t i o n s  and t h e  o x i d i z i n g  e f f e c t  of t h e  f i s s i o n  process  are 
concerned. I f  w e  accep t  t h e  d a t a  of Table  5 .2  as a p p l i c a b l e  (as i s  ap- 
proximate ly  t r u e )  t o  t h e  MSBR f u e l  and cons ide r  t h e  r e a c t i o n  

Exper imenta t ion  ove r  many y e a r s  has  d e f i n e d  t h e  thermodynamic prop- 

The chemis t ry  of t h e  UF4-UF3 convers ion  [ 4 7 ]  i s  s i g n i f i c a n t  s i n c e  i t  

4UF3(d) 3UF4(d) + U 

when UF4 and UF3 are d i s s o l v e d  i n  t h e  MSBR f u e l ,  w e  observe  t h a t  a t  900°K 
(1160°F) t h e  e q u i l i b r i u m  c o n s t a n t  (K) f o r  t h i s  r e a c t i o n  has  t h e  v a l u e  

N i n d i c a t e s  t h e  mole f r a c t i o n  of t h e  des igna ted  s p e c i e s ,  and a i n d i c a t e s  
t h e  thermodynamic a c t i v i t y .  For t h e  MSBR f u e l ,  where NUF = 3 X 
where NUF is h e l d  a t  3 X t hen  t h e  e q u i l i b r i u m  uranium a c t i v i t y  is  
nea r  2 X i!O-l7. 
rium a c t i v i t y  of uranium i s  below Such o p e r a t i o n  w i t h  a s m a l l  
f r a c t i o n  of t h e  uranium as UF3 should  r e s u l t  i n  an  extremely d i l u t e  (and 
p h y s i c a l l y  unde tec t ab le )  a l l o y  of uranium w i t h  t h e  s u r f a c e  of t h e  con- 
t a i n e r  a l l o y .  A l l  ev idence  t o  d a t e  sugges t s  t h a t  o p e r a t i o n  w i t h  rela- 
t i v e l y  l i t t l e  UF3 is  completely s a t i s f a c t o r y .  For t h e  MSBR, where t h e  
f u e l  r e t u r n e d  t o  t h e  r e a c t o r  from t h e  p rocess ing  p l a n t  can have a con- 
t r o l l e d  c o n c e n t r a t i o n  of UF3, t h i s  e q u i l i b r i u m ‘ c a n  be  of real s e r v i c e .  

4 
Even i f  5% of t h e  d i s s o l v e d  uranium is  UF3, t h e  e q u i l i b -  

* 
Has te l loy  N used i n  MSRE was N i  w i t h  1 7 %  Mo, 7% C r y  5% Fe. P robab le  

composition of modified H a s t e l l o y  N f o r  f u t u r e  r e a c t o r s  i s  N i  w i t h  about 
1 2 %  Mo, 7% C r y  4% Fey  and 1% T i .  
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Table 5.2. Standard free energies of formation 
for species in molten 2LiF-BeF2 

77 3 - 1000" K 

Materiala - A d  
(kcal/mole) 

141.8 - 16.6 X P K  
243.9 - 30.0 X P K  

338.0 - 40.3 X P K  

491.2 - 62.4 X T 'K 
453.0 - 65.1 X P K  

146.9 - 36.3 X P K  
154.7 - 21.8 X P K  
171.8 - 21.4 X P K  
370.9 - 69.6 X P K  

445.9 - 57.9 x 10-3 T'K 

125.2 
106.9 

99.3 
97.0 

107.2 I 
97.0 

55.3 
66.5 
75.2 
50.2 

'The standard state for LiF and BeF2 is the molten 
2LiF-BeF2 liquid. That for MoFs(g) is the gas at one 
atmosphere. That for all species labeled (d) is that hypothetical 
solution with the solute at unit mole fraction and with the 
activity coefficient it would have at infinite dilution. 
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It is  a l s o  clear from Table  5.2 t h a t ,  of t h e  s t r u c t u r a l  m e t a l  f l uo -  
r i d e s  shown, CrF2 is  the most s t a b l e .  Accordingly,  C r  should be  a e l e c -  
t i v e l y  a t t a c k e d  i n  a l l o y s  such as Hzs te l loy  N by any ex t raneous  ox idan t s  
i n  t h e  system. I m p u r i t i e s  i n  t h e  znelt should react 

Cro \c ’  + NiF2(d) + CrF2(d) + N i o ( c )  

as sho :Id ox id i zed  f i l m s  on t h e  m e t a l  

followed by r e a c t i o n  of t h e  NiF2 w i t h  C r .  
proceed e s s e n t i a l l y  t o  completion a t  r e a c t o r  tempera tures ;  they can 
l ead  t o  r a p i d  i n i t i a l  c o r r o s i o n  b u t  no t  t o  a s u s t a i n e d  a t t a c k .  

i n  the  MSBR f u e l  system. The r e a c t i o n  

Reac t ions  such  as t h e s e  w i l l  

I f  t h e  f u e l  i s  pure  and t h e  m e t a l  c l e a n ,  UF4 is t h e  s t r o n g e s t  ox idan t  

1 1 UF4 (d)  + 7 C r ( s s )  * UF3 (d) + 2 CrF2 (d) 

h a s ,  from t h e  d a t a  of Table  5 .2 ,  a t  900°K an e q u i l i b r i u m  cons tan t  

If t h e  MSBR f u e l  w i t h  N U F ~  = 3 X 
i n i t i a l l y  w e r e  pe rmi t t ed  t o  e q u i l i b r a t e  a t  900’K wi th  a Has te l loy  N su r -  
f a c e  wi th  a 
than  10 ppm of Cr+2 and NuF3 = about  2.5 X 
a mixture  i n  which t h e  UF3 mole f r a c t i o n  could be  maintained a t  about  
3 X should cor rode  the  metal very l i t t l e .  Indeed,  i t  seems l i k e l y  
t h a t  c o r r o s i o n  could  b e  kept  t o  q u i t e  t o l e r a b l e  ; l i m i t s  i n  t h i s  way even 
i f  a l l o y s  (such as Inconel )  w i t h  cons ide rab ly  h i g h e r  chromium concentra-  
t i o n s  (and cor respondingly  h i g h e r  va lues  f o r  a ) w e r e  used. 

and wi th  no C r 2 +  o r  UF3 p r e s e n t  

= 0.05,  t h e  equ i l ib r ium s o l u t i o n  would c o n t a i n  s l i g h t l y  more 
I n  p r i n c i p l e ,  t h e r e f o r e ,  C r  

C r  
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The c o r r o s i o n  by UF4 cannot ,  i n  p r i n c i p l e ,  be  completely e l i m i n a t e d ,  
s i n c e  t h e  UF4-Cr r e a c t i o n  has  a s m a l l  t empera ture  c o e f f i c i e n t .  Conse- 
quen t ly ,  c i r c u l a t i o n  of t h e  s a l t  through a tempera ture  g r a d i e n t  tends  t o  
remove C r  from the h o t t e s t  s u r f a c e  and t o  e n r i c h  t h e  c o l d e s t  a l l o y  i n  
t h i s  e lement .  The ra te  of such a r e a c t i o n  is c o n t r o l l e d  by t h e  rate a t  
which C r  can d i f f u s e  from t h e  bu lk  a l l o y  t o  t h e  s u r f a c e  o r  (more l i k e l y )  
t h e  ra te  a t  which t h e  C r  can d i f f u s e  from the s u r f a c e  i n t o  t h e  a l l o y  i n  
t h e  c o l d e r  reg ion .  Experience i n d i c a t e s  t h a t  no rea l  d i f f i c u l t y  is  t o  b e  
expected from t h i s  r e a c t i o n .  

n o t .  E s t i m a t e s  [ l l ]  of t h e i r  f r e e  e n e r g i e s  of format ion  sugges t  t h a t  t h e  
f l u o r i d e s  of t i t a n i u m  are s l i g h t l y  more s t a b l e  than  CrP2. Ti tanium 
should ,  t h e r e f o r e ,  b e  expected t o  r e a c t  apprec i ab ly  w i t h  t h e  UF4. S ince  
T i  d i f f u s e s  less r e a d i l y  than  does C r y  however, i t  would n o t  appear  t h a t  
such c o r r o s i o n  would be  p a r t i c u l a r l y  d e l e t e r i o u s .  

Graphi te  does not  react w i t h ,  and i s  no t  we t t ed  by,  molten f l u o r i d e  
mixtures  of t h e  type  t o  be  used i n  t h e  MSBR. Ava i l ab le  thermodynamic d a t a  
[ll] sugges t  t h a t  t he  most l i k e l y  r e a c t i o n :  

Modified Has te l loy  N w i l l  c o n t a i n  t i t an ium,  w h i l e  t h a t  i n  MSRE d i d  

4UF4(d) + C(C) * CF4(g) + 4UF3(d) 

should  come t o  e q u i l i b r i u m  a t  CF4 p r e s s u r e s  below lo-* a t m .  
e r a t i o n ,  t aken  wi th  t h e  wea l th  of f a v o r a b l e  expe r i ence ,  s u g g e s t s  t h a t  no 
problems are l i k e l y  from t h i s  sou rce .  

I t  should b e  noted t h a t  a t  least one source  [ 4 8 ]  lists chromium 
c a r b i d e  (Cr,C2) as s t a b l e  a t  MSBR t empera tures .  I f  s o ,  i t  should  b e  
p o s s i b l e  t o  t r a n s f e r  chromium, a t  t h e  rate i t  could d i f f u s e  from t h e  
bu lk  a l l o y  t o  react w i t h  t h e  s a l t ,  t o  t h e  g r a p h i t e .  No ev idence  of 
such behavior  has been observed w i t h  H a s t e l l o y  N i n  MSRE o r  o t h e r  expe r i -  
mental  assembl ies .  Although i t  may b e  p o s s i b l e  w i t h  a l l o y s  of h i g h e r  
chromium c o n t e n t ,  i t  should  no t  prove g r e a t l y  d e l e t e r i o u s ,  sin'ce i t s  
rate would be c o n t r o l l e d  by t h e  rates a t  which chromium could d i f f u s e  
t o  t h e  a l l o y  s u r f a c e  and should b e  l i m i t e d  by a f i l m  of C r 3 C 2  formed on 
t h e  g r a p h i t e .  

It must b e  emphasized t h a t  none of t h e  above throws any l i g h t  upon 
t h e  s p e c i a l  g r a i n  boundary a t t a c k  upon H a s t e l l o y  N i n  t h e  MSRE f u e l  c i r -  
c u i t .  It i s  conce ivable  t h a t  some h e r e t o f o r e  u n t e s t e d  combinat ion of 
o x i d i z i n g  regime, r a d i a t i o n ,  and f u e l  i n t e r a c t i o n  w a s  r e s p o n s i b l e ,  b u t  i t  
seems much more probable  t h a t  some f i s s i o n  product  ( l i k e l y  t e l l u r i u m )  w a s  
r e s p o n s i b l e .  This  matter is  d i scussed  i n  d e t a i l  i n  Chapter  7 .  

This  consid-  

I n t e r a c t i o n  of MSBR Fuel  w i t h  Extraneous Materials. - The complex 
mixture  compris ing t h e  MSBR f u e l  reacts r e a d i l y ,  though n o t  v i o l e n t l y  o r  
even e n e r g e t i c a l l y ,  w i t h  water vapor t o  produce oxides  of t h e  a c t i n i d e  
elements  and HF vapor.  ( I n  f a c t ,  water vapor i s  a p o s s i b l e  r e a g e n t  i n  a 
select ive p r e c i p i t a t i o n  scheme f o r  f u e l  p rocess ing  desc r ibed  i n  Chap. 11.) 
Rapid a d d i t i o n  would c e r t a i n l y  produce a mixture  of ox ide  p roduc t s  whose 
e q u i l i b r a t i o n  would be  r e l a t i v e l y  slow. 
sa l t  would l e a d  t o  a p p r e c i a b l e  c o r r o s i o n  due t o  t h e  HF s o  produced, b u t  
would h a r d l y  prove c a t a s t r o p h i c .  

This  admixture  of water and f u e l  

P 
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None of  t h e  MSBR f u e l  c o n s t i t u e n t s  can release F2 upon r e a c t i o n  w i t h  
oxygen ( o r  n i t r o g e n ) .  Reac t ions  such as 

have been p o s t u l a t e d  [49] ,  b u t  such r e a c t i o n s  s e e m  most u n l i k e l y  i n  d i l u t e  
s o l u t i o n  i n  MSBR f u e l .  No r e a c t i o n  of LiF,  BeF2, o r  TJiF4 w i t h  0 2  is  pos- 
s i b l e .  An in l eakage  of a i r  i n t o  the MSBR f u e l  c i r c u i t  cannot ,  t h e r e f o r e ,  
cause e n e r g e t i c  o r  v i o l e n t  r e a c t i o n s .  However, s i n c e  the MSBR m e t a l  s u r -  
f a c e s  w i l l  be oxide- f ree  (because of t h e  f l u x i n g  a c t i o n  of t h e  f l u o r i d e s ) ,  
r a p i d  r e a c t i o n  of t h e  a i r  w i t h  the metal c i r c u i t  w i l l  occur .  Such reac- 
t i o n s  as 

2Ni(c) + 02(g)  -t 2NiO(s) , 

f o r  example , w i l l  immediately r e s u l t  i n  

and r a p i d  c o r r o s i o n .  It w i l l ,  a cco rd ing ly ,  b e  necessary  t o  minimize in -  
g r e s s  of a i r  both  dur ing  o p e r a t i o n  and du r ing  maintenance. This  i s  of 
e s p e c i a l  importance because ,  as i n d i c a t e d  ear l ier ,  t h e  oxide  t o l e r a n c e  
of t h e  MSBR f u e l  i s  low (not  much above 30 ppm of 0 2 - ) .  

would occur  as a r e s u l t  of a l e a k  i n  t h e  primary h e a t  exchanger,  are d i s -  
cussed under Coolant Chemistry i n  a subsequent  s e c t i o n  of t h i s  c h a p t e r .  

The consequences of mixing MSBR f u e l  w i t h  t h e  secondary c o o l a n t ,  as 

P u r i t y  Requirements.  - The i n i t i a l  p u r i f i c a t i o n  procedures  f o r  t h e  
s a l t  charge  f o r  a mol ten-sa l t  r e a c t o r  do no t  p r e s e n t  formidable  problems. 
Nuclear poisons such as boron,  cadmium, rare e a r t h s ,  e tc . ,  are no t  common 
contaminants  of t h e  c o n s t i t u e n t  materials. Enriched uranium t e t r a f l u o -  
r i d e  commonly c o n t a i n s  s m a l l  q u a n t i t i e s  of U 0 2 ,  UF5, and U02F2. ThF4 and 
BeF2 c o n t a i n  a p p r e c i a b l e  q u a n t i t i e s  of oxides  and o x y f l u o r i d e s ,  up t o  
0.1% C1-, and Fe3+ t o  t h e  extent of perhaps 100 ppm. A l l  t h e s e  compounds 
con ta in  some water, and a l l  are r e a d i l y  hydrolyzed t o  oxides  and oxyfluo- 
r i d e s  a t  e l e v a t e d  tempera tures .  L iF  and BeF2 g e n e r a l l y  c o n t a i n  a s m a l l  
q u a n t i t y  of s u l f u r  ( p r i m a r i l y  as s u l f a t e ) .  

ter ia l  f o r  t h e  ARE, t h e  MSRE, and f o r  many l a b o r a t o r y  and eng inee r ing  
tests have t r e a t e d  t h e  mixed materials a t  h igh  tempera ture  i n  equipment 
of N i  ( u s u a l l y  800OC) w i t h  gaseous HF-Hz mixtures  and then w i t h  pure  H 2 .  
The HF-H2 treatment s e r v e s  t o  reduce t h e  U5+ and U6+ t o  U4+, t o  reduce 
s u l f a t e  t o  s u l f i d e  and remove i t  as H2S,  t o  remove C1- as H C 1 ,  and t o  
conver t  t h e  oxides  and oxyf luo r ides  t o  f l u o r i d e s .  F i n a l  t rea tment  w i t h  
H2 s e rves  t o  reduce FeF3 and FeF2 t o  i n s o l u b l e  Fe and t o  remove NiF2 
which may have been produced du r ing  h y d r o f l u o r i n a t i o n .  A l l  p r e p a r a t i o n s  
t o  d a t e  have been performed i n  b a t c h  equipment , b u t  cont inuous equipment 
i s  under development [51,52] .  For MSRE [50]  t h e  f u e l  s o l v e n t  w a s  p repared  

P u r i f i c a t i o n  p rocesses  [ 1 5 ,  6 ,  501 which w e r e  used t o  p repa re  ma- 
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i n  l a r g e  (ca. 300 lb) b a t c h e s ,  w h i l e  t h e  en r i ched  uranium f l u o r i d e  w a s  
p u r i f i e d  s e p a r a t e l y  (as the LiF-UF4 e u t e c t i c ) .  It seems l i k e l y  that  a 
g e n e r a l l y  s i m i l a r  proqedure would b e  d e s i r a b l e  f o r  MSBR. 

The most d i f f i c u l t  s p e c i f i c a t i o n  f o r  MSBR w i l l  probably b e  t h a t  f o r  
very low ox ide  c o n c e n t r a t i o n .  Experience w i t h  t h e  p rocess  f o r  h igh  ThF4 
c o n c e n t r a t i o n s  i s  l i m i t e d .  However, a l l  t h e  p r e p a r a t i o n s  t o  d a t e  and 
many l a b o r a t o r y - s c a l e  r e sea rches  have s u c c e s s f u l l y  dropped t h e  02- con- 
c e n t r a t i o n  below t h a t  r e q u i r e d  t o  p r e c i p i t a t e  U02-Th02. Should t h i s  
prove very  d i f f i c u l t  on a l a r g e  scale ,  i t  would b e  p o s s i b l e  t o  p rocess  
t h e  LiF-BeF2-ThFq m e l t  w i t h  f l u o r i n e ;  it seems p o s s i b l e  t h a t  t h e  reproc-  
e s s i n g  f l u o r i n a t i o n  (see Chap. 11) might b e  used i f  necessa ry  as t h e  
f i n a l  p o l i s h i n g  s t e p  i n  t h i s  t r e a t m e n t .  

Rad ia t ion  S t a b i l i t y .  - An e a r l y  concern was t h e  p o s s i b i l i t y  t h a t  
r a d i a t i o n  ( inc lud ing  r e c o i l i n g  f i s s i o n  f ragments )  from t h e  f i s s i o n  pro- 
c e s s  might l e a d  t o  r a d i o l y t i c  i n s t a b i l i t y  of t h e  molten f l u o r i d e .  Re- 
combination i n  molten sa l t  of "d i s soc ia t ed"  s p e c i e s  ( i . e . ,  a f l u o r i n e  
atom and an  e l e c t r o n )  should  be  ve ry  r a p i d .  Neve r the l e s s ,  i t  seemed 
(and s t i l l  seems) l i k e l y  t h a t  t h e r e  ex is t s  a power l e v e l  s u f f i c i e n t  t o  
damage a molten f l u o r i d e  by d i s s o c i a t i o n  i n t o  metal  and f l u o r i n e .  

ZrF4-UF4 mixtures  i n  Incone l  a t  tempera tures  a t  o r  above 1500'F [ 6 , 7 ]  
and q u i t e  h igh  f i s s i o n  power d e n s i t i e s ,  from 80 t o  1000 wat t s /cm3 of 
f u e l .  No i n s t a b i l i t y  of t h e  f u e l  system was  a p p a r e n t ,  and t h e  c o r r o s i o n  
d i d  no t  exceed t h e  c o n s i d e r a b l e  amount expec ted  from l a b o r a t o r y - s c a l e  
tests. 

The ARE tests had n o t  inc luded  g r a p h i t e ,  and s e v e r a l  i r r a d i a t i o n  
tests w e r e  performed i n  t h e  e a r l y  days of  t h e  MSBR program [53,54,55, 
561 p r i m a r i l y  t o  test w e t t i n g  of g r a p h i t e  under i r r a d i a t i o n .  These tests 
used mixtures  of L iF ,  BeF2, and ZrFq w i t h  1 mole % ThFh and 1 . 5  mole % 
UFL, i n  s e a l e d  Has te l loy  N c a p s u l e s ,  i r r a d i a t e d  a t  power l e v e l s  above 200 
w a t t s / c m 3  f u e l  t o  burnups as h i g h  as 8% of t h e  2 3 5 U .  
t h e s e  capsu le s  a f t e r  s t o r a g e  a t  ambient tempera tures  f o r  many weeks re- 
vea led  a p p r e c i a b l e  q u a n t i t i e s  of CF4 and, i n  most c a s e s ,  c o n s i d e r a b l e  
q u a n t i t i e s  of f l u o r i n e  i n  the cover  gas [57 ,58] .  C a r e f u l  examination 
s t r o n g l y  sugges ted  t h a t  the F2 gene ra t ion  had no t  occur red  a t  t h e  h i g h  
tempera ture ,  b u t  by r a d i o l y s i s  of t h e  mix tu re  i n  t h e  s o l i d  s t a t e .  

Has te l loy  N c a p s u l e s ,  a l l  c o n t a i n i n g  g r a p h i t e  and LiF-BeF2-ZrF4-UFq mix- 
t u r e s .  Two of t h e  capsu le s  i n  each a r r a y  had gas i n l e t  and ex i t  l i n e s  
t o  permit sampling of t h e  cover gas as d e s i r e d .  Gas samples drawn from 
t h e  test capsu le s  a t  o p e r a t i n g  tempera tures  and a t  v a r i o u s  power l e v e l s  
up t o  80 wat t s /cm3 showed no F2 (though an o c c a s i o n a l  sample from t h e  
f i r s t  a r r a y  showed d e t e c t a b l e  t r a c e s  of CF4). 
however, w i t h  t h e  capsu le s  a t  about 35"C, p r e s s u r e  rises w e r e  observed 
( u s u a l l y  a f t e r  an  i n d u c t i o n  pe r iod  of a few h o u r s ) ,  and F2 w a s  evolved. 
I n  t h e  second a r r a y  t h e  capsu le s  were kept  h o t  d u r i n g  r e a c t o r  shutdown as 
w e l l  as du r ing  o p e r a t i o n ;  no ev idence  of F2 o r  CF4 w a s  observed .  Such F2 
g e n e r a t i o n  a t  ambient tempera tures  w a s  subsequent ly  fo l lowed f o r  several 
months i n  ORNL ho t  c e l l s .  The g e n e r a t i o n  d iminished  w i t h  t i m e  i n  a manner 

Many i r r a d i a t i o n  tests were conducted p r i o r  t o  1959 w i t h  NaF- 

Examination of 

This  sugges t ion  w a s  confirmed by i r r a d i a t i o n  i n  T4TR of two a r r a y s  of 

During r e a c t o r  shutdowns, 
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corresponding closely with decay of fission product activity; F2 evolution 
at 35°C corresponded to about 0.02 molecule per 100 ev absorbed, could be 
completely stopped by heating to 100°C or above, and could be markedly 
reduced by chilling to -70°C. 
few hours, when temperature was returned to 35-50°C. 

These and subsequent experiences, including operation of MSRE, 
strongly indicate that radiolysis of the molten fuel at reasonable power 
densities is not a problem. Radiolytic fluorine must be dealt with, how- 
ever, if irradiated fuel mixture is chilled below about 100°C. 

The F2 evolution resumed, usually after a 

Evaluation and Summary of Needed Work 

In general, most of the chemical behavior of the MSBR fuel rests on 
a solid background of data and information. Some areas described in this 
chapter require additional effort, but it appears unlikely that these 
areas of uncertainty threaten feasibility of the MSBR concept. 

The phase behavior of IGBR materials has been studied in detail, and 
little remains to be done if LiF-BeF2-ThFq-UFq mixtures are used. Should 
the fuel composition be changed appreciably from the 71.7-16-12-0.3 mole % 
now adopted, it would be necessary to do some confirmatory testing in the 
immediate vicinity of the new design compositions. Should PuF3 be adopted 
as the fissionable component, a program of phase equilibrium study would 
be required. * 
fluoride behavior seems to be reasonably straightforward and well under- 
stood. It is, however, very difficult experimentally, and some of the 
data have been obtained in systems containing only one or two of the 
actinide elements. It seems certain that additional, and confirmatory, 
experiments with the total system should be conducted. 

erties have been estimated from measurements on molten salts of other 
compositions. Although the estimates are adequate for the present, an 
ongoing reactor program should provide for measurement of these prop- 
erties. 

Thermodynamic data have been defined with accuracy for many solute 
species in molten 2LiFoBeF2, and considerable experimental study suggests 
that the data in LiF-BeF2-ThFq mixtures will be similar. They will not, 
however, be identical, and methods for estimating them from the existing 
system are uncertain. It seems necessary, therefore, to do experimental 
determinations of the free energies of formation of important and typical 
materials in the more complex MSBR fuel mixture. 

Compatibility of the MSBR fuel (in absence of fission products) with 
Hastelloy N and with graphite seems well assured. However, the thermo- 
dynamic data do not quantitatively predict the magnitude of attack in m, ~y 

Oxide limitations of the fuel are clearly important. The oxide- 

As indicated above, several of the physical and heat transfer prop- 

* 
Phase behavior of PuF3-bearing systems is under study at Bhabha 

Atomic Research Center, Trombay ,. India. 
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cases. A p l a u s i b l e  mechanism has e x i s t e d  f o r  y e a r s  t o  e x p l a i n  t h e  minor 
c o r r o s i o n  observed ,  b u t  i t  i s  s t i l l  p o s s i b l e  t h a t  ex t raneous  o x i d a n t s  are 
p a r t l y  r e s p o n s i b l e  f o r  t h e  o b s e r v a t i o n s .  Some e s p e c i a l l y  c a r e f u l  tests 
of these p o i n t s  would b e  welcome - and newer on-l ine a n a l y t i c a l  methods 
seem t o  make t h e s e  tests p o s s i b l e .  Such t e s t i n g  w i l l  become e s p e c i a l l y  
v a l u a b l e  i f  a l l o y s  o t h e r  than H a s t e l l o y  N must b e  cons idered  f o r  MSBR. 

While t h e  e q u i l i b r i u m  behavior  of  MSBR f u e l  w i t h  contaminants  such 
as steam, a i r ,  HF, and H2 is w e l l  understood,  l i t t l e  is  known about  t h e  
rates of  some of  t h e s e  r e a c t i o n s .  S t u d i e s  of t h e  r e a l l y  p e r t i n e n t  ones 
should b e  i n i t i a t e d .  

f i c a t i o n  of the MSBR f u e l  s o l v e n t  can drop t h e  02- c o n c e n t r a t i o n  t o  t h e  
d e s i r e d  v a l u e ,  w e l l  below 30 ppm. While o t h e r  f a c e t s  of t h e  p u r i f i c a t i o n  
scheme a l s o  l a c k  demonst ra t ion ,  no o t h e r  s p e c i f i c a t i o n  would appear  t o  b e  
troublesome. 

n o t  appear  t o  pose problems. The 72-16-12 mole % composi t ion of L i F ,  
BeF2, and ThF4 has  s o l i d  compounds q u i t e  d i f f e r e n t  from t h e  mixes t e s t e d ,  
and t h e r e  i s  reason  t o  s u s p e c t  t h a t  F2 g e n e r a t i o n  may b e  less of  a prob- 
l e m  (perhaps n e g l i g i b l e )  a t  ambient temperature .  This  p o i n t ,  t o  which 
a f a v o r a b l e  answer might s i m p l i f y  some s t o r a g e  and h a n d l i n g  problems, 
should  b e  checked. 

s t o o d .  S p e c i a l  problem areas t h a t  are chemical i n  n a t u r e ,  though covered 
elsewhere i n  t h i s  document, are  concerned w i t h  (1) r e t e n t i o n  and c o n t r o l  
of t r i t i u m ,  (2) w i t h  t h e  s p e c i a l  g r a i n  boundary c o r r o s i o n  and c r a c k i n g  
i n  H a s t e l l o y  N ,  and (3)  w i t h  behavior  of  f i s s i o n  products .  Cons iderable  
chemical development w i l l  probably b e  r e q u i r e d  t o  d e f i n e  and t o  s o l v e  
t h e s e  problems. 

It is  s t i l l  necessary  t o  demonstrate  t h a t  l a r g e - s c a l e  i n i t i a l  p u r i -  

R a d i a t i o n  s t a b i l i t y  of  t h e  MSBR f u e l  a t  e l e v a t e d  tempera tures  would 

It should b e  emphasized t h a t  n o t  a l l  MSBR chemis t ry  is w e l l  under- 

F i s s i o n  Product  Behavior 

General 

C i r c u l a t i n g  l i q u i d  f u e l  s i m p l i f i e s  f u e l  r e c y c l e  by making p o s s i b l e  
in s i t u  p r o c e s s i n g ,  as r e q u i r e d  t o  increase b r e e d i n g  g a i n .  However, t h i s  
c h a r a c t e r i s t i c  a l s o  means t h a t  f i s s i o n  products  are s p r e a d  through a l l  
p a r t s  of t h e  f u e l  c i r c u l a t i n g  system and p e r i p h e r a l  systems such as o f f -  
g a s ,  d r a i n  t a n k s ,  e tc .  This  s u b s t a n t i a l l y  a f f e c t s  t h e  r e a c t o r  o p e r a t i o n  
and performance as regards  b r e e d i n g ,  materials b e h a v i o r ,  a f t e r h e a t ,  and 
maintenance. Thus a thorough unders tanding  of t h e  f a t e s  of t h e  f i s s i o n  
products  i n  MSBR'S i s  impor tan t  t o  t h e i r  development. 

t h e  importance of t h e  f i s s i o n  p r o d u c t s ,  i n v e s t i g a t i o n s  of  t h e i r  f a t e s  i n  
t h e  MSRE were pursued i n  a v a r i e t y  of ways. Arrays of g r a p h i t e  and metal 
specimens were examined a f t e r  exposure i n  t h e  c o r e  f o r  p e r i o d s  of several  
thousand hours .  Samples of f u e l  s a l t  w e r e  dipped from t h e  a g i t a t e d  p o o l  
i n  t h e  pump bowl o r  were p u l l e d  from benea th  t h e  s u r f a c e  of t h e  same pool  
i n t o  evacuated  c a p s u l e s  w i t h  f u s i b l e  seals. The gas  above t h e  s a l t  i n  

A s  o p e r a t i o n  of  t h e  MSRE and concurren t  i n v e s t i g a t i o n s  emphasized 

c 
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the  pump bowl w a s  a l s o  sampled w i t h  evacuated capsu le s .  Metal and graph- 
i t e  w e r e  exposed t o  t h e  gas o r  s a l t  i n  t h e  pump bowl f o r  pe r iods  of up t o  
a few hours  t o  measure d e p o s i t i o n  of f i s s i o n  p roduc t s .  The cover  gas 
flowing ou t  of t h e  fuel-pump bowl w a s  sampled (some d i s t a n c e  downstream) 
and f i s s ion -p roduc t  concen t r a t ions  and i s o t o p i c  r a t i o s  measured. E f f e c t s  
of neut ron  abso rp t ion  by t h e  f i s s i o n  products  (notab ly  xenon-135 b u t  a l s o  
o t h e r s )  could be  d i sce rned  i n  p r e c i s e  measurements of r e a c t i v i t y .  
mote gamma-ray spec t romete r  aimed a t  t h e  va r ious  components determined 
t h e  f i s s i o n  products  t h e r e  b o t h  du r ing  o p e r a t i o n  and w i t h  t h e  f u e l  d ra ined .  
F i n a l l y ,  some d a t a  w e r e  ob ta ined  from samples from t h e  m i s t  s h i e l d  and 
sampler  cage from t h e  f u e l  pump bowl, from s h e l l  and tube  specimens from 
t h e  h e a t  exchanger,  from a g r a p h i t e  co re  s t r i n g e r ,  and from a c o n t r o l  rod 
th imble ,  ob ta ined  du r ing  t h e  pos t -opera t ion  examinat ion one yea r  a f t e r  
shutdown. 

A re- 

Maior GrouDs and Yie lds  

The f i s s i o n  products  f a l l  i n t o  s e v e r a l  groups accord ing  t o  t h e i r  
chemical behavior  i n  molten f l u o r i d e s .  These groups,  i n  o r d e r  of t h e i r  
importance as neut ron  po i sons ,  are: noble  g a s e s ,  r a r e - e a r t h  s t a b l e  
s a l t - s e e k i n g  f l u o r i d e s ,  noble  metals,* and o t h e r  s t a b l e  s a l t - s e e k i n g  
f l u o r i d e s .  Table  5 .3  shows some of t h e  s i g n i f i c a n t  f i s s i o n  product  
poisons which w i l l  reduce breeding  ga in  i f  they b u i l d  up i n  an MSBR. 
The i n v e s t i g a t i o n s  u s u a l l y  involved  o t h e r  i s o t o p e s  of t h e  same o r  
chemical ly  s imilar  elements  which had a p p r o p r i a t e  y i e l d s  and h a l f - l i v e s .  

Free  e n e r g i e s  of formation ( A G O  k c a l )  f o r  v a r i o u s  f l u o r i d e s  of i n -  
terest are given i n  Table  5.4. 
a t  %lo0 t o  i n h i b i t  c o r r o s i o n  - i . e . ,  l each ing  of chromium from t h e  Hastel- 
loy  N [ 5 9 ]  - one would expect  t h e  f l u o r i d e s  which appear  above CrF2 i n  
t h e  t a b l e  t o  be  s t a b l e  i n  t h e  f u e l  s a l t ,  whereas those  below would b e  
reduced. Thus, t h e  rare and a l k a l i n e  e a r t h s ,  cesium, and zirconium should  
appear  as s t a b l e  f l u o r i d e s  i n  t h e  s a l t  m e l t ;  and t h e  noble  metals (Nb, Mo, 
Ru, Sb, T e ,  Tc) should  appear  i n  a reduced - p r o b a b l y  m e t a l  - form. The 
noble  gases  do not  form any chemical compounds under molten s a l t  r e a c t o r  
cond i t ions .  
i n t e r e s t  i s  shown i n  F igs .  5.5 and 5.6.  Note t h a t  i o d i n e  would be  ex- 
pec ted  t o  be p r e s e n t  as i o d i d e  under t h e  redox cond i t ions  p r o j e c t e d .  

A s  i n d i c a t e d  above, o p e r a t i o n  of t h e  MSRE provided an oppor tuni ty  
f o r  s tudy ing  t h e  behavior  of f i s s i o n  products  i n  an o p e r a t i n g  molten s a l t  
r e a c t o r ,  and every e f f o r t  w a s  made t o  maximize u t i l i z a t i o n  of t h e  f a c i l -  
i t i es  provided ,  even though they w e r e  no t  o r i g i n a l l y  designed f o r  some 
of t h e  i n v e s t i g a t i o n s  which became of i n t e r e s t .  S i g n i f i c a n t  d i f f i c u l t i e s  
stemmed from: 

f ’  S ince  t h e  UF4/UF3 r a t i o  is  g e n e r a l l y  h e l d  

The e f f e c t  of UFL+/UF~ r a t i o  on s e v e r a l  s p e c i e s  of p a r t i c u l a r  

1. The s a l t  sp ray  system i n  the  pump bowl could n o t  b e  turned  o f f .  
t he  gene ra t ion  of bubbles  and s a l t  mist w a s  ever -present ;  moreover, 
t h e  e f f e c t s  were not  c o n s t a n t ,  s i n c e  they w e r e  a f f e c t e d  by s a l t  l e v e l ,  
which v a r i e d  cont inuous ly .  

Thus 

* 
Refer red  t o  as noble  because  they are thermodynamically more s t a b l e  

t o  o x i d a t i o n  than  t h e  chromium i n  Has te l loy  N w i th  t h e  redox cond i t ions  
g e n e r a l l y  maintained i n  molten f l u o r i d e  f u e l s .  
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Table 5.3. Fission yields of nuclides significant to breeding 

Fission Percent yield 
product 2 3 3 ~  23SU 239pu 

'35xe 6.16 6.41 7.11 
14'srn 0.16 1.13 1.32 
l ' l ~ r n  0.34 0.44 0.80 
' 4 7 ~ r n  1.98 2.36 2.07 
143Nd 6.00 5.13 4.56 
"'~m 0.22 0.28 0.62 
14'Nd 3.47 , 3.98 3.13 

6.00 5.73 4.56 
'"EU 0.02 0.03 0.23 
ls3Eu 0.13 0.17 0.42 
' 4 8 ~ m  1.34 1.71 1.13 
I4'prn 0.76 1.13 1.32 

141ce 6.49 6.40 5.09 
9 5 ~ 0  6.11 6.27 5.03 
"Mo 5.37 6.09 5.65 
9 8 ~ ~  5.15 5.18 5.89 
l o o M O  4.41 6.30 7.10 
"Tc 4.80 6.06 6.10 
"'Ru 2.91 5 .OO 5.91 
'03Rh 1.80 3.00 5.67 
130Te 2.60 2.00 2.60 

1 4 3 ~  

l s o ~ m  0.56 0.67 1.01 
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Table 5.4. Free energy of formation a t  650°C (AGof, kcal) 

Li+, Bew, and F -  are at unity activity; all others, 
activities in mole fraction units 

Solid Dissolved in 
2LiF.BeF2 Gas 

LiF 
LaF3 
CeF3 

BeFz 
NdF3 

uF3 
u F 4  

h F 3  
&F4 

UF6 

NbF4 
NbFS 
CrF2 
FeF2 
NiF2 
MoF3 
MOF6 
TeF6 
TeF5 
TeF4 
TeF2 
TeF 
AgF 
CF4 
HF 

Be12 
RUFS 

-363.36 
-364.67 
-341.80 

-310.92 
-389.79 

-316.93 

(- 1 5 0.7) 
-138.18 
-121.58 

-126.49 
-354.49 
- 35 6.19 
-332.14 
-216.16 
-300.88 
- 392.5 2 

- 308.10 
-392.92 

(-296.35) 

-152.06 
-134.59 
-1 13.40 

(-186.3) -62 

- 39 

-50.29 

-14.58 

-449.89 

-366.49 

-306.65 
-259.13 
-232.26 
-200.59 

-98.36 
-42.15 

-189.57 
-66.12 

-113.72 

Source: C. F. Baes, Jr., “The Chemistry and Thermodynamics 
of Molten Salt Reactor Fuels,” Symposium on Reprocessing of 
Nuclear Fuels, ed. by P. Chiotti, Nuclear Metallurgy, vol. 15, p. 
61 7, USAEC-CONF-690801 (1 969). 
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ORNL- DWG 6 9 - 6 4 4 t A  
EQUILIBRIUM W I T H  HASTELLOY N 0.003 mole fraction TOTAL -- EQUILIBRIUM WITH C r ,  Fe, Mo, Ni 6OOOC 

4 00 40' IO2 I 03 io4 4 O5 4 O6 I o7 
XU% /X"F3 

Fig. 5.5. Variation of equilibrium concentration of structural 
metal fluorides and the distribution of iodine as a function of the 
UFh/UF3 ratio in an MSR fuel [35]. 
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Fig .  5.6. V a r i a t i o n  of p a r t i a l  p r e s s u r e  of v o l a t i l e  f l u o r i d e s  
as a f u n c t i o n  of UFL+/UFQ r a t i o  i n  an MSR f u e l  [35]. 
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2. 

3 .  

4 .  

5. 

The d e s i g n  of t h e  sampler system s e v e r e l y  l i m i t e d  t h e  geometry of t h e  
sampling dev ices .  

A m i s t  s h i e l d  e n c l o s i n g  t h e  sampling p o i n t  provided  a s p e c i a l  environ- 
ment. 

L u b r i c a t i n g  o i l  from t h e  pump b e a r i n g s  e n t e r e d  t h e  pump bowl a t  a rate 
of 1 t o  3 cc /day .  

There w a s  con t inuous ly  va ry ing  flow and blowback of f u e l  s a l t  between 
t h e  pump bowl and an overflow tank .  

I n  s p i t e  of t h e s e  problems, u s e f u l  i n fo rma t ion  concern ing  f i s s i o n  
product  f a t e s  i n  MSRE w a s  ga ined .  

S t a b l e  Sa l t -So lub le  F l u o r i d e s  

S a l t  Samples. - The f i s s i o n  p roduc t s  Rb, C s ,  S r ,  Bay t h e  l a n t h a n i d e s  
and Y ,  and Z r  a l l  form s t a b l e  f l u o r i d e s  which are s o l u b l e  i n  f u e l  s a l t .  
These f l u o r i d e s  would thereby  be  expec ted  t o  be  found completely i n  t h e  
f u e l  s a l t  except  i n  those  c a s e s  where t h e r e  i s  a noble  gas  p r e c u r s o r  of 
s u f f i c i e n t l y  long  h a l f - l i f e  t o  be  a p p r e c i a b l y  s t r i p p e d  t o  of f -gas .  Table  
5.5 summarizes d a t a  from sa l t  samples ob ta ined  du r ing  t h e  233TJ o p e r a t i o n  
of t h e  MSRE f o r  f i s s i o n  p roduc t s  w i t h  and wi thou t  s i g n i f i c a n t  noble  gas 
p r e c u r s o r s .  A s  ex e c t e d ,  t h e  i s o t o p e s  w i t h  s i g n i f i c a n t  nob le  gas pre- 
c u r s o r s  (89Sr  and T37Cs) show r a t i o s  t o  c a l c u l a t e d  inven to ry  a p p r e c i a b l y  
lower than those  w i t h o u t ,  which g e n e r a l l y  sca t te r  around o r  somewhat 
above 1.0.  

Depos i t i on .  - S t a b l e  f l u o r i d e s  showed l i t t l e  tendency t o  d e p o s i t  on 
Has te l loy  N o r  g r a p h i t e  [60]. Examinations of s u r v e i l l a n c e  specimens 
exposed i n  t h e  co re  of t h e  MSRE showed only  0 .1  t o  0.2% of the i s o t o p e s  
wi thou t  nob le  gas p r e c u r s o r s  on g r a p h i t e  and H a s t e l l o y  N .  The b u l k  of 
t h e  amount p r e s e n t  stemmed from f i s s i o n  r e c o i l s ,  based on an  estimate 
by Compere [61] and g e n e r a l  cons i s t ency  w i t h  t h e  f l u x  p a t t e r n  [ 6 0 ] .  

porous MSRE g r a p h i t e  is shown i n  F ig .  5 .7 .  Note t h e  f l a t  p r o f i l e  f o r  
1 3 7 ~ s  ( p r e c u r s o r  : 1 3 7 X e ,  2'112 = 3 . 9  min) i n  c o n t r a s t  t o  t h e  9 5 Z r  and 
1 4 4 C e ,  which do not  have noble  gas p r e c u r s o r s .  S i m i l a r  d a t a  were ob- 
t a i n e d  f o r  8 9 S r  (p recu r so r :  
c u r s o r :  
f a l l s  o f f  more wi th  dep th  i n  t h e  g r a p h i t e .  
t i o n  a t  t h e  f ree- f lowing  s a l t  s u r f a c e  ( l e f t  s i d e  of F ig .  5 .7)  w a s  e s t a b -  
l i s h e d  as real i n  th i s  and o t h e r  examinations [62 ]  , and s imilar  d i p s  
were noted  i n  examining t h e  g r a p h i t e  c o r e  s t r i n g e r  removed from t h e  MSRE. 
Compere and Kirslis [63] a t t r i b u t e d  t h e s e  d i p s  t o  s i g n i f i c a n t  d i f f u s i o n  
of cesium atoms i n  t h e  g r a p h i t e ;  such  d i f f u s i o n  would a l s o  e x p l a i n  t h e  
very f l a t  1 3 7 C s  p r o f i l e  shown i n  t h e  f i g u r e .  

The p e n e t r a t i o n  of s e v e r a l  f i s s i o n  p roduc t s  i n t o  t h e  r e l a t i v e l y  

8 9 K r ,  2'1/2 = 3 . 2  min) and 1 4 0 B a  [60]  (pre-  

The d i p  i n  137Cs concent ra -  
1 4 0 X e ,  2', /2 = 16 s e c ) ,  a l though i n  those  c a s e s  t h e  c o n c e n t r a t i o n  

The m o b i l i t y  of  l 4 ICs  



Table 5.5. Stable fluoride fission product activity as fraction of calculated inventory 
in salt samples from 2 3  u operation 

Without significant noble-gas precursor With noble-gas precursor 

Nuclide 9 5 ~ r  141ce 1 4 4 ~ e  147Nd 89Sr 7cs 91Y 40Ba 

Weighted yield, %' 6.01 6.43 4.60 1.99 5.65 6.57 5.43 5.43 
Half-life, days 65 33 284 11.1 52 30 yr. 58.8 12.8 
Noble-gas precursor 89Kr 3 " ~ e  91Kr 140xe 
Precursor half-life 3.2 min 3.9 min 9.8 sec 16 sec 

Activity in saltb 
Runs 15-17 0.88-1.09 0.87-1.04 1.14-1.25 0.99-1.23 0.67-0.97 0.82-0.93 0.83-1.46 0.82-1.23 
Run 18 1.05-1.09 0.95-0.99 1.16-1.36 0.82-1.30 0.84-0.89 0.86-0.99 1.16-1.55 1 .lo-1.20 
Runs 19-20 0.95-1.02 0.89-1.04 1.17-1.28 1.10-1.34 0.70-0.95 0.81-0.98 1.13-1.42 1.02-1.20 

aAllocated fission yields: 93.2% 233U, 2.3% 2351f, 4.5% 239Pu. 
bAs fraction of calculated inventory. Range shown is 25-75 percentile of sample; thus half the sample values fall within this 

range. 
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WNL-DWG 68-4075% 
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DEPTH IN GRAPHITE (mils) 

Fig .  5.7. F i s s i o n  product  d i s t r i b u t i o n  i n  CGB (855) 
g r a p h i t e  specimen exposed i n  MSRE; c o r e  d u r i n g  32,000 MWhr 
of power o p e r a t i o n  [ 65 ] .  

c 
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(2'112 = 25 sec; p r e c u r s o r :  
deeper  g r a p h i t e  p e n e t r a t i o n  by l 4 l C e  than  1 4 4 C e  shown i n  Pig.  5 . 7 .  
Some o b s e r v a t i o n s  i n d i c a t e  s i m i l a r  m o b i l i t y  f o r  8 9 S r  [62].  

1 4 ' X e ,  T1/2 = 2 s e c )  may account  f o r  t h e  

Gas Samples. - G a s  samples obta ined  from t h e  gas s p a c e  i n  t h e  pump 

Table  5.6 [64] 
bowl m i s t  s h i e l d  were c o n s i s t e n t  w i t h  the above r e s u l t s  f o r  t h e  s a l t -  
seeking  i s o t o p e s  w i t h  and wi thout  nohle  gas  p r e c u r s o r s .  
shows the percentages  of t h e s e  i s o t o p e s  which were e s t i m a t e d  t o  b e  i n  t h e  
pump bowl s t r i p p i n g  g a s ,  based on t h e  amounts found i n  gas  samples.  
Agreement w i t h  expected amounts where t h e r e  were s t r i p p a b l e  noble  gas  
p r e c u r s o r s  is s a t i s f a c t o r y  i n  c o n s i d e r a t i o n  of t h e  m i s t  s h i e l d ,  contami- 
n a t i o n  problems, and o t h e r  exper imenta l  d i f f i c u l t i e s .  Gamma spec t rometer  
examination of t h e  off-gas  l i n e  showed l i t t l e  a c t i v i t y  due t o  s a l t - s e e k i n g  
i s o t o p e s  w i t h o u t  noble  gas p r e c u r s o r s  [68] .  Examinations of s e c t i o n s  of 
t h e  off-gas  l i n e  a l s o  showed only  s m a l l  amounts of t h e s e  i s o t o p e s  p r e s e n t  
WI.  

Noble Metals 

" 

The so-ca l led  noble  metals showed a t a n t a l i z i n g l y  ubiqui tous  behavior  
i n  t h e  MSRE, appear ing  as s a l t - b o r n e ,  gas-borne, and m e t a l -  and graphi te -  
p e n e t r a t i n g  s p e c i e s .  S t u d i e s  of t h e s e  s p e c i e s  inc luded  i s o t o p e s  of Nb, 
Mo, T c ,  Ru, Ag, Sb, and T e .  

Salt-Borne. - A s  shown i n  Fig.  5 .8 ,  t h e  c o n c e n t r a t i o n s  of f i v e  of 
t h e  noble  metal n u c l i d e s  found i n  s a l t  samples ranged from f r a c t i o n s  t o  
t e n s  of p e r c e n t  of i n v e n t o r y ,  w i t h  only  one 99M0 v a l u e  a p p r e c i a b l y  above 
100%. Also,  t h e  p r o p o r t i o n a t e  composition of t h e s e  i s o t o p e s  remains re l -  
a t i v e l y  c o n s t a n t  from sample t o  sample i n  s p i t e  of  t h e  widely v a r y i n g  
amounts found. 
and h a s  no v o l a t i l e  f l u o r i d e s ,  fol lowed t h e  F ig .  5 .8  p a t t e r n  q u i t e  w e l l  
and a l s o  w a s  c o n s i s t e n t  i n  t h e  gas samples - s e e  Table  5.7 below. This  
s t r o n g l y  s u p p o r t s  t h e  c o n t e n t i o n  t h a t  w e  w e r e  d e a l i n g  w i t h  m e t a l  species .  

MSRE . 

l l1Ag, which c l e a r l y  would b e  a m e t a l  i n  t h e  MSRE s a l t  

These r e s u l t s  s u g g e s t  t h e  fo l lowing  about  t h e  noble  metals i n  t h e  

1. The b u l k  of t h e  noble  metals remain a c c e s s i b l e  i n  t h e  c i r c u l a t i n g  
loop ,  b u t  w i t h  widely v a r y i n g  amounts i n  c i r c u l a t i o n  a t  any par- 
t i c u l a r  t i m e .  

2. I n  s p i t e  of t h i s  wide v a r i a t i o n  i n  t h e  t o t a l  amount found i n  a par- 
t i c u l a r  sample,  t h e  p r o p o r t i o n a l  composition i s  r e l a t i v e l y  c o n s t a n t ,  
i n d i c a t i n g  t h a t  t h e  e n t i r e  i n v e n t o r y  i s  i n  s u b s t a n t i a l  e q u i l i b r i u m  
w i t h  t h e  new material be ing  produced. 

3. The m o b i l i t y  of t h e  pool  of noble  metal material  s u g g e s t s  t h a t  de- 
p o s i t s  occur  as a n  accumulat ion of f i n e l y  d i v i d e d ,  well-mixed 
material  r a t h e r  than  as a " p l a t e . "  



Table 5.6. Fission products in pump bowl gas samples, percenp of MSRE production rate 

b Precursor Percent found in gas samples 
Isotope Calculated percent 

T112 strippeda into gas Gross Corrected' Isotope 

Isotopes with gaseous precursors 

89Kr 3.2 min 14 6.5 i 1 

' 3 7 ~ e  3.9 min 18 33 i 6 
'lKr 9.8 sec 0.07 0.4 f 0.2 
14'xe 16 sec 0.16 0.1 2 0.02 

Salt-seeking isotopes 

0.06 f 0.01 

0.03 2 0.01 - 
0.3 i 0.09 

0.02 f 0.007 

5.7 f 1.2 

25 f 6 

0.006 i 0.01 
0.06 f 0.01 

0.01 i 0.004 

-0.003 i 0.003 

0.05 f 0.03 
0.002 i 0.002 

'As noble gas precursor. 
bMean value. 
'Corrected for estimated mist content [66,67]. 

a t t 
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Fig .  5.8. Noble m e t a l  i s o t o p e s  in s a l t  samples ( a s  pe rcen tage  of 
c a l c u l a t e d  inven to ry )  [ 6 3 ] .  
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Table 5.7. Percent MSRE noble metals 
in pump He purge to off-gas 

2 3 5 ~  2 3 3 ~  
Isotope operation operation 

~~ 

0.9 f 0.2 

Ag 0.7 f 0.3 
lo3Ru 49 2.3 f 0.1 

95Nb 11 
9 9 ~ 0  50 1.5 t 0.5 
1 1 1  

lo6Ru 130 11 f 3 
'29Te 31 -1 f 0.8 
132Te 74 -1 * 0.8 
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No s a t i s f a c t o r y  c o r r e l a t i o n  of nob le  m e t a l  c o n c e n t r a t i o n  i n  t h e  s a l t  
samples and any o p e r a t i n g  parameter  could b e  found. 

t h e  t r a n s p o r t  pa ths  and l a g s  of nob le  metal f i s s i o n  p roduc t s  i n  t h e  MSRE 
w e r e  examined us ing  a l l  a v a i l a b l e  d a t a  on t h e  a c t i v i t y  r a t i o  of two i s o -  
topes  of t h e  same e lement ,  39.6-day Io3Ru and 367-day lo6Ru. 
g r a p h i t e  and m e t a l  s u r v e i l l a n c e  specimens exposed f o r  v a r i o u s  pe r iods  and 
removed a t  v a r i o u s  t i m e s ,  f o r  material t aken  from t h e  off-gas sys tem,  and 
f o r  sa l t  and gas samples and o t h e r  materials exposed t o  pump bowl s a l t  
were compared w i t h  a p p r o p r i a t e  i nven to ry  r a t i o s  and w i t h  v a l u e s  c a l c u l a t e d  
f o r  i n d i c a t e d  l a g s  i n  a s imple  compartment model. This  model assumed t h a t  
s a l t  r a p i d l y  l o s t  ruthenium f i s s i o n  product  formed i n  i t ,  some t o  s u r f a c e s  
and most t o  a s e p a r a t e  mobile "pool" of nob le  metal f i s s i o n  p roduc t ,  p re-  
sumably p a r t i c u l a t e  o r  c o l l o i d a l  and l o c a t e d  t o  an  a p p r e c i a b l e  e x t e n t  i n  
pump bowl r eg ions .  Some of t h i s  "poolt '  material depos i t ed  on s u r f a c e s  and 
a l s o  appears  t o  be  t h e  sou rce  of t h e  off-gas d e p o s i t s .  A l l  materials 
sampled from o r  exposed i n  t h e  pump bowl appear t o  r e c e i v e  t h e i r  ruthenium 
a c t i v i t y  from t h e  pool  of r e t a i n e d  material. 
se rved  d a t a  w i t h  i n d i c a t i o n s  of t h e  model r e s u l t e d  when holdup pe r iods  of 
45-90 days w e r e  assumed [70] .  

I n  o r d e r  t o  o b t a i n  f u r t h e r  unders tanding  of t h i s  p a r t i c u l a t e  poo l ,  

Data from 

Adequate agreement of ob- 

Niobium. - A s  shown i n  F ig .  5 .6 ,  Nb i s  t h e  most s u s c e p t i b l e  of t h e  
noble  m e t a l s  t o  o x i d a t i o n  should  t h e  U4+/U3+ r a t i o  be  allowed t o  g e t  t oo  
h igh .  Apparently t h i s  happened a t  t h e  s ta r t  of t h e  2 3 3 U  o p e r a t i o n ,  as 
w a s  i n d i c a t e d  by a r e l a t i v e l y  s h a r p  rise i n  C r + 2  c o n c e n t r a t i o n ;  i t  w a s  
a l s o  noted t h a t  60 t o  %loo% of t h e  c a l c u l a t e d  95Nb inven to ry  w a s  p r e s e n t  
i n  t h e  s a l t  samples.  
t h e  Cr+2 bu i ldup  a l s o  r e s u l t e d  i n  t h e  d isappearance  of t h e  95Nb from t h e  
sa l t  [71]. 
f o r  no t  always a s c e r t a i n a b l e  r easons  and w a s  caused t o  l e a v e  t h e  s a l t  by 
f u r t h e r  reducing  a d d i t i o n s .  A s  t h e  
centage  of 95Nb which reappeared  decreased  , sugges t ing  bo th  r e v e r s i b l e  
and i r r e v e r s i b l e  s i n k s .  
T e  d a t a  shown i n  F ig .  5.8, nor  w a s  t h e r e  any obse rvab le  c o r r e l a t i o n  of 
i t s  behav io r  w i t h  amounts found i n  gas samples.  

Addi t ions  of reducing  agent  (Be') which i n h i b i t e d  

Subsequently t h e  95Nb reappeared i n  t h e  s a l t  s e v e r a l  t i m e s  

3U o p e r a t i o n s  cont inued  , t h e  per -  

The 95Nb d a t a  d i d  n o t  c o r r e l a t e  w i t h  t h e  Mo-Ru- 

Gas-Borne. - G a s  samples t aken  from t h e  pump bowl du r ing  t h e  2 3 5 U  
o p e r a t i o n  [8] i n d i c a t e d  c o n c e n t r a t i o n s  of nob le  metals t h a t  impl ied  t h a t  
s u b s t a n t i a l  pe rcen tages  (30-100) of t h e  noble  m e t a l s  be ing  produced i n  
t h e  MSRE f u e l  system w e r e  be ing  c a r r i e d  o u t  i n  t h e  4 l i ters  (STP)/min H e  
purge gas .  The d a t a  ob ta ined  i n  t h e  233U o p e r a t i o n  w i t h  s u b s t a n t i a l l y  
improved sampling techniques  [ 7 2 ]  i n d i c a t e d  much lower t r a n s f e r s  t o  o f f -  
gas ,  as shown i n  Table  5.7.  I n  b o t h  c a s e s  i t  i s  assumed t h a t  t h e  noble- 
metal c o n c e n t r a t i o n  i n  a gas sample ob ta ined  i n s i d e  t h e  m i s t  s h i e l d  w a s  
t h e  same as t h a t  i n  t h e  gas l e a v i n g  t h e  pump bowl p rope r .  (The pump 
bowl w a s  des igned  t o  minimize t h e  amount of m i s t  i n  t h e  sampling area 
and a l s o  a t  t h e  gas exit p o r t . )  
d a t a  are r e p r e s e n t a t i v e  and t h a t  t h e  c o n c e n t r a t i o n s  i n d i c a t e d  by t h e  
gas samples  t aken  du r ing  35U o p e r a t i o n  are anomalously h igh  because 

It is  our  b e l i e f  t h a t  t h e  233U pe r iod  
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r g e  amounts of 

. This  is suppor ted  by d i r e c t  examinat ion of a s e c t i o n  
i n e  a f t e r  complet ion of the 235U o p e r a t i o n  [73] .  The 

nob le ,me ta l s  t h a t  would be  expected on t h e  b a s i s  of t h e  
gas sample i n d i c a t i o n s  were no t  p r e s e n t .  Apprec iab le  (10-17%) amorphous 
carbon w a s  found i n  dus t  samples recovered from t h e  l i n e ,  and t h e  amounts 
of noble  metals roughly c o r r e l a t e d  w i t h  t h e  amounts of carbon.  This  sug- 
g e s t s  t he  p o s s i b i l i t y  of nob le  metal abso rp t ion  du r ing  c rack ing  of t h e  
o i l .  

Depos i t ion  on Graph i t e  and H a s t e l l o y  N .  - In  cons ide r ing  t h e  r e s u l t s  
from the  co re  s u r v e i l l a n c e  specimens i t  was  assumed, f o r  l a c k  of o t h e r  
i n fo rma t ion ,  t h a t  t h e  amounts of t h e  v a r i o u s  f i s s i o n  p roduc t s  p e r  u n i t  
area found on t h e  specimens were r e p r e s e n t a t i v e  of a l l  t h e  g r a p h i t e  and 
Has te l loy  N s u r f a c e s .  It w a s ,  of cour se ,  recognized t h a t  t h i s  assumption 
w a s  tenuous a t  b e s t ,  and t h e  examinat ion of pos t -opera t ion  specimens from 
t h e  MSRE showed t h a t  i t  w a s  no t  a very  c l o s e  approximation.  Table  5.8 
shows f i s s i o n  product  d i s t r i b u t i o n s  c a l c u l a t e d  i n  t h i s  way f o r  several 
sets of s u r v e i l l a n c e  specimens and f o r  p a r t s  of t h e  components removed 
i n  t h e  pos t -ope ra t ion  examinat ion.  The c a l c u l a t e d  d i s t r i b u t i o n s  vary  
widely f o r  d i f f e r e n t  areas bo th  i n  t h e  c i r c u l a t i n g  system and on t h e  
same component. 

months of MSRE o p e r a t i o n ,  had g r a p h i t e  and m e t a l  specimens matched as t o  
c o n f i g u r a t i o n  i n  v a r i e d  flow c o n d i t i o n s  [76] .  The r e l a t i v e  d e p o s i t i o n  
i n t e n s i t i e s  (1.0 i f  t h e  e n t i r e  i nven to ry  w a s  sp read  evenly over  a l l  s u r -  
f a c e s )  were as shown i n  Table  5.9. 

components, i n c l u d i n g  co re  metal and g r a p h i t e ,  pump bowl, and h e a t  ex- 
changer s u r f a c e s ,  one y e a r  a f t e r  shutdown a l s o  r evea led  a p p r e c i a b l e  ac- 
cumulation of t h e s e  subs t ances .  The r e l a t i v e  d e p o s i t i o n  i n t e n s i t i e s  a t  
t h e s e  l o c a t i o n s  are a l s o  shown i n  Table  5.9. 

It  is ev iden t  t h a t  n e t  d e p o s i t i o n  g e n e r a l l y  w a s  more i n t e n s e  on 
m e t a l  than  on g r a p h i t e ,  and f o r  metal, w a s  more i n t e n s e  under more turbu-  
l e n t  f low. Sur face  roughness had no apparent  e f f e c t .  

r e q u i r e  knowledge of t h e  e f f e c t s  of f low cond i t ions  i n  each r e g i o n ,  and 
t h e  f r a c t i o n  of t o t a l  area rep resen ted  by t h e  r eg ion .  
area w a s  26% of the  t o t a l ,  and g r a p h i t e  74%.) 

A t h e o r e t i c a l  approach [76a] t r e a t i n g  t h e  noble  metal t r a n s p o r t  as 
an o rd ina ry  convec t ive  t u r b u l e n t  d i f f u s i o n  p rocess  i n c l u d i n g  gas  i n t e r -  
f a c e s  as imper fec t  s i n k s  shows some q u a l i t a t i v e  agreement w i t h  t h e  ob- 
se rved  d e p o s i t i o n  behavior .  

proaches based on atom mass t r a n s f e r  through s a l t  boundary l a y e r s ,  though 
a u s e f u l  frame of r e f e r e n c e ,  do no t  i n  t h e i r  u sua l  form t a k e  i n t o  account  
t he  d e p o s i t i o n  and release of f i n e  p a r t i c u l a t e  material such  as w a s  i n d i -  
c a t e d  t o  have been p r e s e n t  i n  t h e  f u e l  system. Thus, much more must b e  
l ea rned  about t h e  f a t e s  of noble  metals i n  molten s a l t  r e a c t o r s  b e f o r e  
t h e i r  e f f e c t s  on va r ious  o p e r a t i o n s  can be  e s t ima ted  r e l i a b l y .  

The f i n a l  s u r v e i l l a n c e  specimen a r r a y ,  exposed f o r  t h e  last  fou r  

The examinat ion of some segments exc i sed  from p a r t i c u l a r  r e a c t o r  

Extension t o  a l l  t h e  m e t a l  and g r a p h i t e  areas of t h e  system would 

(Overa l l ,  metal 

Flow e f f e c t s  have not  been s t u d i e d  expe r imen ta l ly ;  t h e o r e t i c a l  ap- 

c 



Table 5.8. Percent noble metal distribution in MSRE based on examination of various specimens removed 

Percentages assume amount found on a specimen is representative of all graphite or Hastelloy N surfaces. 

Graphite Hastelloy N 

9 S N b  9 9 ~ ~  9 9 ~ ~  1 0 3 ~ ~  1 0 6 ~ ~  125sb 1 2 9 m ~ ~  1 3 2 ~ ~  9 5 ~ b  9 9 ~ ~  9 9 ~ ~  1 0 3 ~ ~  1 0 6 ~ ~  111 Ag 12'Sb '29mTe 32Te 

Core surveillance specimens 

Group 2 (32,700 MWh) [16]  36 11 I 10 34 41 15 IO 
Group 3 (65,600 MWh) 181 41  9 4 4 6 5 12 19 3 3 12 10 

16 Group 4 (18,500 MWh) 1601 I 4 2 3 5 3 3 5 3 26 4 8 16 
Group 5 (11,800 MWh) [62] 15 16 5 4 3 10 53 4 4 56 

12 18 

c1 

Core stringer, top 17 
Core stringer, middle 1 9  
Core stringer, bottom 39 
Control rod thimble, bottom 
Control rod thimble, middle 
Mist shield, outside in salt 
Heat exchanger, shell 
Heat exchanger, tube 

5 12 
I1 
11 

Post-operation specimens [75 J 

41 33a 
138 6 Ia  
56 44a 

36 32 40 13 85 43a 
21 19 15 11 35 14' 

7 19 I 10 14  23a 
9 27 27 5 68 3Sa 
7 31 28 14 113 67' 

w 
F 

7Te. 



Table 5.9. Relative deposition intensities for noble metals 

Deposition intensity 

'32Te Surface Flow regime 9 S N b  9 9 ~ ~  9gTc  103RU 106RU 1 2 5 ~ ~  129mTe 

Graphite 

Metal 

Graphite 
Core bar channel 

Bottom 
Middle 
TOP 

Metal 
Pump bowl 
Heat exchanger shell 
Heat exchanger tube 

Rod thimble 
Bottom 
Middle 

Core 

Laminar 
Turbulent 

Laminar 
Turbulent 

Turbulent 

Turbulent 
Turbulent 
Turbulent 

Turbulent 
Turbulent 

0.2 
0.2 

0.3 
0.3 

0.54 
1.09 
0.23 

0.26 
0.33 
0.27 

1.42 
1.00 

Surveillance specimens 

0.2 0.06 0.16 
0.04 0.10 

0.5 0.1 0.3 
1.3 0.1 0.3 

Reactor components 

0.07 

0.15 
0.07 

0.9 
2.0 

0.25 0.65 0.46' 
1.06 1.90 0.92' 
0.29 0.78 0.62' 

0.73 0.27 0.38 2.85 0.89' 
1 .o 0.10 0.19 2.62 1.35' 
1.2 0.11 0.54 4.35 2.57' 

1.23 1.54 0.50 3.27 1.65' 
0.73 0.58 0.42 1.35 0.54' 

'I2 7Te. 

i 
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Although t h e  noble  metals are a p p r e c i a b l y  d e p o s i t e d  on g r a p h i t e  , 
they do n o t  p e n e t r a t e  any more than  t h e  s a l t - s e e k i n g  f l u o r i d e s  wi thout  
noble  gas p r e c u r s o r s ,  as shown by t h e  ’03Ru d a t a  i n  P i g .  5 .7 .  Delete- 
r i o u s  p e n e t r a t i o n  of H a s t e l l o y  N g r a i n  boundaries  i s  d i s c u s s e d  i n  Chapter 
7 .  

I o d i n e  

The s a l t  samples i n d i c a t e d  c o n s i d e r a b l e  l3II was n o t  p r e s e n t  i n  t h e  
f u e l ,  t h e  middle q u a r t i l e s  of r e s u l t s  ranging  from 45 t o  71% of inven- 
t o r y  w i t h  a median of 62%.  The s u r v e i l l a n c e  specimens and gas samples 
accounted f o r  less than  1% of the rest. The low T e  material  b a l a n c e s  
sugges t  t h e  remaining I 3 l I  w a s  permanently removed from t h e  f u e l  as 13’Te 
(T1/2 = 25 min).  Gamma spec t rometer  s t u d i e s  i n d i c a t e d  t h e  l 3 I I  formed i n  
c o n t a c t  w i t h  t h e  f u e l  r e t u r n e d  t o  i t ;  thus  t h e  l o s s e s  must have been t o  
a reg ion  o r  r e g i o n s  n o t  i n  c o n t a c t  w i t h  f u e l .  T h i s  s t r o n g l y  s u g g e s t s  
of f -gas ,  b u t  t h e  i o d i n e  and t e l l u r i u m  d a t a  from gas samples and examina- 
t i o n s  of off-gas components do n o t  suppor t  such a l o s s  p a t h .  Such l o s s  
would n o t  appear  t o  i n t e r f e r e  w i t h  t h e  use of i o d i n e  s ide-s t ream s t r i p -  
ping u t i l i z i n g  t h e  r e a c t i o n  

HF (g  i n  He) + 1351- -f F- + H1351(g) . 
This  h a s  been cons idered  [ 7 7 ]  as a n  a l t e r n a t e  f o r  removal of t h e  impor tan t  
1 3 5 X e  (daughter)  poison from t h e  f u e l .  

Evalua t ion  

The exper ience  w i t h  t h e  MSRE showed t h a t  t h e  noble  gases  and s t a b l e  
f l u o r i d e s  behaved as expected based on t h e i r  chemistry.  The noble  metal  
behaviors  and f a t e s ,  however, are  s t i l l  a matter of c o n j e c t u r e .  Except 
f o r  Nb under unusual ly  o x i d i z i n g  c o n d i t i o n s ,  i t  seems clear  t h e s e  elements  
are p r e s e n t  as metals and t h a t  t h e i r  ub iqui tous  p r o p e r t i e s  s t e m  from t h a t  
f a c t  s i n c e  metals are not  w e t t e d  by ,  and have extremely low s o l u b i l i t i e s  
i n ,  MSR f u e l s .  Unfor tuna te ly  t h e  MSW o b s e r v a t i o n s  probably w e r e  subs tan-  
t i a l l y  a f f e c t e d  by t h e  s p r a y  system, o i l  c racking  p r o d u c t s ,  and flow t o  
and from t h e  overf low,  a l l  of which w e r e  cont inuous ly  changing, uncon- 
t r o l l e d  v a r i a b l e s .  The low material  b a l a n c e  on 13’1 i n d i c a t e s  apprec i -  
a b l e  undetermined l o s s  from t h e  MSRE, probably as a noble  m e t a l  p r e c u r s o r  
(Te, Sb) .  

Table  5.10 shows t h e  e s t i m a t e d  d i s t r i b u t i o n  of t h e  v a r i o u s  f i s s i o n  
products  i n  a molten s a l t  r e a c t o r  based O R  the NSRE s t u d i e s .  Unfortu- 
n a t e l y  t h e  wide v a r i a n c e  and poor material b a l a n c e s  f o r  t h e  noble  metal 
d a t a  make i t  u n r e a l i s t i c  t o  s p e c i f y  t h e i r  f a t e s  more t h a n  q u a l i t a t i v e l y .  
A s  a consequence, f u t u r e  r e a c t o r  des igns  must a l low f o r  encounter ing ap- 
p r e c i a b l e  f r a c t i o n s  of t h e  noble  metals i n  a l l  r e g i o n s  contac ted  by c i r -  
c u l a t i n g  f u e l .  As i n d i c a t e d  i n  t h e  t a b l e ,  cont inuous chemical p r o c e s s i n g  
and t h e  processes  f i n a l l y  chosen w i l l  s u b s t a n t i a l l y  a f f e c t  t h e  fa tes  of 
many of t h e  f i s s i o n  products .  



Table 5.10. Indicated distribution of fission products in molten salt reactors 

Distribution (%) 
Fission product group Example 'isotopes 

Stable salt seekers 9sZr, 144Ce, 147Nd -99 Negligible < 1 (fission recoils) Negligible Processing' 
Stable salt seekers 

Noble gases 89Kr, 9'Kr, 13'Xe, 13'Xe Low/Tl12 of gas Negligible Low High/TlI2 of gas 
5-30 5-30 Negligible Processingb 

Iodine I, 50-75 <1 <1 Negligible ProcessingC 

In salt To metal To graphite To off-gas Other 

89Sr, 137Cs, 14'Ba, 9 1 Y  Variable/T1 l2  Negligible Low Variable/T l2  
(noble gas precursors) of gas of gas 

Noble metals "Nb, 99M0,  '"Ru, ' l lAg,  lZ9Te 1-20 
131 1 3 S I  

'For example, Zr tends to accumulate with Pa holdup in reductive extraction processing. 
bParticulate observations suggest appreciable percentages will akpear in processing streams. 
'Substantial iodine could be removed if side-stream stripping is used to remove I [ 771 . 

? ? t t t E f t t 
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Future  Work 

S u b s t a n t i a l  d i f f i c u l t  work w i l l  be  needed t o  b r i n g  our  unders tanding  
of t h e  behavior  of noble  m e t a l  f i s s i o n  products  ( inc luding  i o d i n e )  t o  t h e  
level  of t h e  o t h e r  f i s s i o n  products .  This  work w i l l  r e q u i r e  s imultaneous 
c o n t r o l  of chemical and hydrodynamic c o n d i t i o n s  and w i l l  consequent ly  re- 
q u i r e  experiments  of s u f f i c i e n t  scale and some complexity t o  achieve  t h i s .  
The major o b j e c t i v e  w i l l  b e  t o  determine t h e  c o n t r o l l i n g  mechanisms as 
w e l l  as t h e  a s s o c i a t e d  rates,  i n  o r d e r  t h a t  e x t r a p o l a t i o n  t o  l a r g e r  and 
more complex systems can fo l low.  

t h e  redox p o t e n t i a l  of t h e  system ( c h a r a c t e r i z e d  by t h e  U4+/U3+ r a t i o ) ,  
t h e  presence of ox ide  and i ts  a f f i n i t y  f o r  v a r i o u s  f i s s i o n  product  (e .g .  
Nb) and c o n s t i t u e n t  e lements ,  t h e  p o s s i b l e  agglomerat ion of metals onto  
gas and bubble  i n t e r f a c e s  i n  t h e  absence of c o l l o i d a l  (meta l l ic ,  g r a p h i t e ,  
ox ide ,  e t c . )  p a r t i c l e s ,  t h e  d e p o s i t i o n  of noble  m e t a l s  onto c o l l o i d a l  
p a r t i c l e s  of  v a r i o u s  t y p e s ,  and t h e  d e p o s i t i o n  and resuspens ion  of par-  
t i c l e s  b e a r i n g  noble  metals. 

products  o r  t o  c o n t r o l  t h e i r  d e p o s i t i o n  could b e  an a t t r ac t ive  r e s u l t  of 
such s t u d i e s .  

Laboratory work i n  dynamic systems could use tracers f o r  some work. 
A next  phase of t h e  work i s  expected t o  g e n e r a t e  such tracers under dy- 
namic c o n d i t i o n s  i n  f u e l  o r  o t h e r  s a l t  us ing  h i g h - i n t e n s i t y  neut ron  
p u l s e s ,  p o s s i b l y  from t h e  Oak Ridge Heal th  Phys ics  Research Reactor .  
Broad v a r i a t i o n  of  r e l e v a n t  chemical and hydrodynamic f a c t o r s  appears  
p o s s i b l e .  

ever, experiments i n v o l v i n g  p a r t i c u l a t e  p a r t i c i p a t i o n  i n  noble  metal 
behavior  appear  t o  b e  p r a c t i c a l  except  where h i g h  c o n c e n t r a t i o n s  are 
r e q u i r e d .  I n  o r d e r  t o  achieve  t h e s e  c o n c e n t r a t i o n s  a long  w i t h  r a d i a t i o n  
c o n d i t i o n s  approaching those  of proposed r e a c t o r s ,  w h i l e  m a i n t a i n i n g  
chemical and hydrodynamic c o n t r o l ,  s o p h i s t i c a t e d  i n - p i l e  loop  exper i -  
mentat ion is r e q u i r e d ,  a major o b j e c t i v e  b e i n g  t o  s p e c i f y  d e f i n i t i v e  
s t u d i e s  t o  be c a r r i e d  o u t  i n  t h e  demonstrat ion r e a c t o r .  

Among f a c t o r s  d o u b t l e s s  impor tan t  i n  MSRE and i n  f u t u r e  r e a c t o r s  are 

The e x p l o i t a t i o n  of s u i t a b l e  mechanisms t o  remove noble  m e t a l  f i s s i o n  

Of n e c e s s i t y ,  tracer c o n c e n t r a t i o n s  w i l l  b e  r e l a t i v e l y  l o w .  How- 

Coolant S a l t s  

Basis f o r  Choice of Composition 

It  has  never  appeared f e a s i b l e  t o  raise steam d i r e c t l y  from t h e  f u e l  
(primary) h e a t  exchanger;  a c c o r d i n g l y ,  a secondary c o o l a n t  must b e  pro- 
vided t o  l i n k  t h e  f u e l  c i r c u i t  t o  t h e  steam g e n e r a t o r .  The demands i m -  
posed upon t h i s  c o o l a n t  f l u i d  d i f f e r  i n  obvious ways from those  imposed 
upon t h e  f u e l  system. R a d i a t i o n  i n t e n s i t i e s  w i l l  b e  markedly less i n  t h e  
coolan t  system, and t h e  consequences of uranium f i s s i o n  w i l l  b e  a b s e n t .  
The c o o l a n t  s a l t  must ,  however-, b e  compatible  w i t h  metals of c o n s t r u c t i o n  
which w i l l  handle  t h e  f u e l  and t h e  steam; i t  must n o t  undergo v i o l e n t  
r e a c t i o n s  wi th  f u e l  o r  steam should  l e a k s  develop i n  e i t h e r  c i r c u i t .  
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The coo lan t  should  be  inexpens ive ,  i t  must posses s  good h e a t  t r a n s f e r  
p r o p e r t i e s ,  and i t  must m e l t  a t  tempera tures  s u i t a b l e  f o r  steam c y c l e  
s t a r t u p .  An i d e a l  coo lan t  would c o n s i s t  of compounds which are t o l e r a b l e  
i n  t h e  f u e l  o r  which are easy  t o  s e p a r a t e  from t h e  v a l u a b l e  f u e l  mix ture  
should t h e  f l u i d s  mix as a consequence of a leak. 

p e r a t u r e  of about 1015°F [78]. The coo lan t  mix tu re  chosen [8,78]  f o r  
t h a t  a p p l i c a t i o n  w a s  BeF2 w i t h  66 mole % of 7LiP (see 'Fig. 5 .1 ) .  
material, which m e l t s  a t  851°F, w a s  shown t o  be  completely s a t i s f a c t o r y  
f o r  t h a t  use [8 ,9 ] .  An MSBR c o o l a n t ,  however, must t r a n s p o r t  h e a t  t o  
s u p e r c r i t i c a l  steam a t  minimum tempera tures  only  modestly above 700°F 
[ l o ] .  
problems i n  steam gene ra to r  des ign .  
BeF2 (Fig.  5 .1)  m e l t s  a t  nea r  700"F, b u t  i ts v i s c o s i t y  i s  h igh .  More- 
over ,  b o t h  these LiF-BeF2 mixtures  are q u i t e  expens ive  i f  7LiF is used.  
I f  normal LiF  is  used t h e  c o s t  i s  much less, though i t  i s  no t  t r i v i a l ,  
b u t  a l e a k  i n  the  primary h e a t  exchanger g r e a t l y  damages t h e  expens ive  
f u e l .  Such mixtures  have,  acco rd ing ly ,  been d iscounted  as MSBR c o o l a n t s .  

The a l k a l i  metals, e x c e l l e n t  coo lan t s  w i t h  real promise i n  o t h e r  
systems,  are q u i t e  undes i r ab le  h e r e  s i n c e  they r e a c t  v igo rous ly  w i t h  bo th  
the  MSBR f u e l  and w i t h  steam. More noble  metals such as B i  o r  Pb undergo 
no v i o l e n t  r e a c t i o n s  w i t h  e i t h e r  of t h e  o t h e r  working f l u i d s ,  b u t  they 
are only  f a i r  c o o l a n t s ,  and they are no t  compat ible  w i t h  t h e  n icke l -based  
a l l o y s  in tended  f o r  use i n  MSBRs. 

Molten mixtures  of N a N 0 3 ,  KNO3, and KN02 have been used i n d u s t r i a l l y  
(Hi t ec  is a common example) as h e a t  t r a n s f e r  a g e n t s ,  b u t  no t  a t  tempera- 
t u r e s  q u i t e  so  h igh  as are d e s i r a b l e  i n  t h e  MSBR. These materials may 
b e  s t a b l e  toward i r r a d i a t i o n  i n  t h e  primary h e a t  exchanger ,  b u t  e x t e n s i v e  
i n v e s t i g a t i o n  of t h i s  p o i n t  would b e  r equ i r ed  [79] .  They are c l e a r l y  
not  s t a b l e  toward t h e  f u e l ,  from which they would p r e c i p i t a t e  a c t i n i d e  
oxides  r a p i d l y  b u t  no t  v i o l e n t l y ,  and they would react dangerously w i t h  
t h e  moderator g r a p h i t e  i f  a l e a k  occurred  i n  t h e  primary h e a t  exchanger.  
Thus they are n o t  be ing  cons idered  f o r  use  i n  t h e  MSBR secondafy system. 
It should b e  no ted ,  however, that these n i t r a t e - n i t r i t e  mix tures  have 
e x c e l l e n t  me l t ing  p o i n t s ,  are q u i t e  compat ible  w i t h  w a t e r  and steam, 
and should  c e r t a i n l y  o x i d i z e  t o  T 2 0  any t r i t i u m  d i f f u s i n g  from t h e  r e a c t o r  
f u e l  system. They may, i f  t h e  t r i t i u m  problem (see Chapter  14)  cannot  
o the rwise  b e  s a t i s f a c t o r i l y  managed, prove v a l u a b l e  i n  a t h i r d  coo lan t  
loop ,  as mentioned i n  Chapter  2. 

w e l l  below 700°F [80] .  
c o n t a i n  h igh  c o n c e n t r a t i o n s  of c h l o r i d e s  which are e a s i l y  reduced and, 
t h e r e f o r e ,  c o r r o s i v e  o r  which are ve ry  v o l a t i l e .  The only  low-melting 
b ina ry  systems of s t a b l e ,  non-vo la t i l e  c h l o r i d e s  are those  c o n t a i n i n g  
L i C 1 ;  L i C 1 - C s C 1  (330°C a t  45 mole % CsCl) ,  LiC1-KC1 (355°C a t  42 mole 
% KCl), LiC1-RbC1 (312°C a t  45 mole % R b C 1 ) .  
t i v e l y  expensive i f  made from 7LiC1 ,  and they could l e a d  t o  s e r i o u s  
contaminat ion of t h e  f u e l  i f  normal L i C l  were used. 

tempera tures  below 700°F (370°C). Stannous f l u o r i d e  (SnF2) m e l t s  a t  
212°C. 

MSRE r e j e c t e d  i ts  h e a t  t o  an a i r -cooled  r a d i a t o r  a t  a minimum tem-  

This  

Use of t h e  high-melting MSRE coo lan t  i n  MSBR would pose real 
The e u t e c t i c  mixture  of LiF and 

Several b i n a r y  c h l o r i d e  systems are known t o  have e u t e c t i c s  me l t ing  
Many of t h e s e  systems are u n a t t r a c t i v e  s i n c e  they 

Such systems would b e  rela- 

Very few f l u o r i d e s  o r  mixtures  of f l u o r i d e s  are known t o  m e l t  a t  

This  material is c e r t a i n l y  no t  s t a b l e  du r ing  long-term s e r v i c e  

c 
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i n  H a s t e l l o y  N ;  moreover, i ts  phase diagrams w i t h  s t a b l e  f l u o r i d e s  (such 
as NaF o r  LiF) show h i g h  m e l t i n g  p o i n t s  a t  r e l a t i v e l y  low a l k a l i  f l u o r i d e  
c o n c e n t r a t i o n s .  Coolant composi t ions which w i l l  meet t h e  low l i q u i d u s  
temperature  s p e c i f i c a t i o n s  may b e  chosen from t h e  NaF-BeF2 o r  NaF-LiF- 
BeF2 system. 
possess  adequate  s p e c i f i c  h e a t s  and low vapor p r e s s u r e s .  They ( e s p e c i a l l y  
t h o s e  i n c l u d i n g  LiF) are expens ive ,  and t h e i r  v i s c o s i t i e s  a t  low tempera- 
t u r e  are c e r t a i n l y  h i g h e r  than  d e s i r a b l e .  

appears  t o  be  a mixture  of sodium f l u o r i d e  and sodium f l u o r o b o r a t e .  
These compounds are r e a d i l y  a v a i l a b l e ,  inexpens ive ,  and appear  t o  b e  
s u f f i c i e n t l y  s t a h l e  t o  the r a d i a t i o n  f i e l d  w i t h i n  t h e  primary h e a t  
exchanger.  The mixture  of NaF-NaBF4 w i t h  8 mole % of NaF m e l t s  a t  t h e  
acceptab ly  low temperature  of 725"F, and i t s  p h y s i c a l  p r o p e r t i e s  s e e m  
adequate  f o r  i t s  s e r v i c e  as a h e a t  t r a n s f e r  a g e n t .  These compounds are 
no t  i d e a l l y  compatible  w i t h  e i t h e r  s t e a m  o r  t h e  MSBR f u e l ,  b u t ,  as de- 
s c r i b e d  i n  more d e t a i l  below, t h e  r e a c t i o n s  are n e i t h e r  v i o l e n t  n o r  par -  
t i c u l a r l y  e n e r g e t i c .  

The f a c t  t h a t  f l u o r o b o r a t e s  show a n  a p p r e c i a b l e  e q u i l i b r i u m  p r e s s u r e  
of gaseous BF3 a t  e l e v a t e d  temperatures  p r e s e n t s  minor d i f f i c u l t i e s .  The 
BF3 p r e s s u r e s  are moderate [41]; they  may be c a l c u l a t e d  from 

These materials are compatible  w i t h  H a s t e l l o y  N ,  and they  

On b a l a n c e ,  the b e s t  material f o r  use  as t h e  MSBR secondary c o o l a n t  

5.920 = 9.024 - - l o g  ' torr  T"K 

( y i e l d i n g  200 t o r r  a t  850°K) and c l e a r l y  p r e s e n t  no dangerous s i t u a t i o n s .  
I t  is  necessary ,  however, t o  m a i n t a i n  t h e  a p p r o p r i a t e  p a r t i a l  p r e s s u r e s  of 
BF3 i n  any f lowing  cover  gas  stream t o  avoid composition changes i n  t h e  
m e l t .  

P r e s e n t  S t a t u s  of F l u o r o b o r a t e  Chemistrv 

Phase Behavior.  - The b i n a r y  system NaP-NaBFh has  been d e s c r i b e d  
[80,81] as showing a e u t e c t i c  a t  60 mole % NaBF4 w i t h  a m e l t i n g  p o i n t  
of 304°C (580°F).  Our s t u d i e s  [82] have shown t h a t  t h e s e  p r e v i o u s l y  
publ i shed  diagrams are s e r i o u s l y  i n  e r r o r . *  Our r e c e n t  s t u d i e s ,  made 
w i t h  q u i t e  pure  NaF and NaBF4, show t h a t  t h e  system c o n t a i n s  a s i n g l e  
e u t e c t i c  a t  8 mole % NaF and a m e l t i n g  p o i n t  o f  384°C (723°C). 
phase diagram [82] f o r  t h i s  s imple  system is  shown i n  F ig .  5 .9 .  

The 

* 
B o r i c  o x i d e  s u b s t a n t i a l l y  lowers  t h e  f r e e z i n g  p o i n t  of  NaBF4 

m i x t u r e s ,  and i t  is p o s s i b l e  t h a t  t h e  o r i g i n a l  a u t h o r s  used q u i t e  impure 
materials; i t  i s ,  however, d i f f i c u l t  t o  see why t h e  prev ious  s t u d i e s  
were s o  i n c o r r e c t .  
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Behavior w i t h  Hydroxide Ion .  - Sodium hydroxyf luorobora te  (NaBF30H) 
is a common minor contaminant i n  commercial NaBF4 t h a t  i s  prepared by 
aqueous processes .  Pure NaBF30H can b e  decomposed completely a t  tempera- 
t u r e s  n e a r  100°C [ 8 3 ]  through t h e  b imolecular  r e a c t i o n :  

2NaBF30H -f Na2B2F60 + H 2 0  . 
This  material cannot ,  a c c o r d i n g l y ,  b e  used as a major c o n s t i t u e n t  

f o r  high-temperature  c o o l a n t .  However, when t h e  NaBF30H is p r e s e n t  i n  
very  d i l u t e  s o l u t i o n  i n  NaBF4 i t  is "matrix i s o l a t e d , "  the b imolecular  
decomposition r e a c t i o n  is  i n h i b i t e d ,  and t h e  material is cons iderably  
more s t a b l e  [ 8 4 ] .  Such hydroxyf luorobora tes  are a p p r e c i a b l y  more re- 
act ive than  f l u o r o b o r a t e  t o  s t r u c t u r a l  metals, as i s  d i s c u s s e d  i n  more 
d e t a i l  i n  a subsequent  s e c t i o n ;  however, t h e r e  is  c o n s i d e r a b l e  ev idence  
t h a t  as much as 30 ppm of H can b e  p r e s e n t  as OH- i n  t h e  f l u o r o b o r a t e  
m e l t  wi thout  undue c o r r o s i v e  e f f e c t s  upon H a s t e l l o y  N [85] .  

Relative s t a b i l i t y  of  such q u a n t i t i e s  of OH- (and, by analogy of OT) 
may b e  an important  a i d  t o  c o n t r o l  of  t r i t i u m  (see c h a p t e r  1 4 ) .  I f ,  f o r  
example, t h e  c o o l a n t  can b e  made t o  c o n t a i n  several ppm of H (10 ppm i s  
more than  4 kg of H i n  t h e  n e a r l y  l o 6  l b s  of c o o l a n t )  and i f  t h e  exchange 
r e a c t i o n  

OH- + T -f OT- + H 

could b e  made t o  proceed,  t h e  c o o l a n t  mix ture  would a f f o r d  a means f o r  
holdup of t h e  tritium d i f f u s i n g  from t h e  primary h e a t  exchanger.  

Some i n i t i a l  s t u d i e s  have been performed i n  which Di h a s  been 
bubbled i n t o ,  o r  a l t e r n a t i v e l y  allowed t o  d i f f u s e  through n i c k e l  tub ing  
i n t o ,  NaF-NaBF4 m e l t s  [ 8 6 ] .  These m e l t s  conta ined  hydroxide i o n  equiv- 
a l e n t  t o  some 25 ppm of  H and a c o n s i d e r a b l e  q u a n t i t y  (perhaps 3000 ppm) 
of  ox ide .  Direct o b s e r v a t i o n  by i n f r a - r e d  spec t roscopy showed t h a t  OD- 
grew i n t o  t h e  m e l t s .  No corresponding d e c r e a s e  of OH- occur red .  These 
s t u d i e s  s t r o n g l y  sugges t  t h a t  t h e  exchange r e a c t i o n  i n d i c a t e d  above i s  
no t  o c c u r r i n g  b u t  t h a t  t h e  added deuter ium i s  r e a c t i n g  w i t h  oxide impu- 
r i t i es ,  perhaps by 

D2 + B2F602- + N i O  =+ 2BF30D- + N i  . 
F u r t h e r  s tudy  of such r e a c t i o n s  i s  c l e a r l y  necessary  t o  determine t h e  
p r e c i s e  mechanism and t o  e s t a b l i s h  whether t h e  r e a c t i o n  can b e  made 
s u f f i c i e n t l y  r a p i d  and q u a n t i t a t i v e  t o  f i x  t h e  d i f f u s i n g  t r i t i u m .  

P h y s i c a l  P r o p e r t i e s .  - P e r t i n e n t  p h y s i c a l  p r o p e r t i e s  f o r  t h e  eutec-  
t i c  NaF-NaBF4 coolant  mix ture  are p r e s e n t e d  i n  Table  5.11. P a r t i a l  p res -  
s u r e s  of BF3 above t h e  mixture  have been measured w i t h  some care, as have 
l i q u i d u s  temperatures  [ 4 1 ] .  However, o t h e r  p r o p e r t i e s  of t h e  s a l t ,  as 
were t h e  p r o p e r t i e s  of t h e  MSBR f u e l  mix ture ,  have been es t imated .  
v a l u e s  given are q u i t e  u n l i k e l y  t o  be i n  s e r i o u s  e r r o r ,  b u t  an experimen- 
t a l  program t o  f i r m  up t h e s e  e s t i m a t e d  v a l u e s  i s  c l e a r l y  necessary .  

The 
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Table 5.1 1. Physical properties of MSBR coolant salt 

Composition NaBF4-NaF (92-8 mole %) 
Liquidus temperature 3 84" C 
Properties at 4 5 4 ° F  621"Cb 

Density, g/cm3 1.93 1.82 
Heat capacity, cal/(g-" C) 0.36 0.36 
Viscosity, centipoises 1.9 1.1 
Thermal conductivity, W/c C-cm) 0.0045 0.0040 
Vapor pressure,' torrs 8 25 2 

'Mean temperature of coolant entering primary heat exchanger. 
bHighest normal operating temperature of coolant. 
'Pressure of BF3 in equilibrium with melt of this composition. 
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C o m p a t i b i l i t y  w i t h  H a s t e l l o y  N.  - Acceptable  c o m p a t i b i l i t y  of t h e  
NaF-BF4 c o o l a n t  w i t h  H a s t e l l o y  N under r ea l i s t i c  c o n d i t i o n s  seems a s s u r e d  
by numerous c o r r o s i o n  tests [42,87,88] ,  though t h e  number of such tests 
is  much s m a l l e r  than  t h a t  f o r  LiF-BeF2 mixtures .  

Thermodynamic d a t a  f o r  p o s s i b l e  r e a c t i o n s  of t h e  NaF-NaBF4 mixture  
is  i n  a somewhat less s a t i s f a c t o r y  s t a t e  than  is  t h a t  f o r  t h e  f u e l  m i x -  
t u r e s .  The f r e e  energy change f o r  t h e  chemical r e a c t i o n  

3 3 BF3(g) + F r ( c )  * p r F Z ( d )  + B(c) 

appears  t o  be  about  + 30 k c a l  a t  800°K [ 8 9 ] .  The r e a c t i o n s  of BF3 w i t h  
Fe and N i  are even less l i k e l y  t o  occur .  In  a d d i t i o n ,  t h e s e  r e a c t i o n s  
become somewhat less l i k e l y  (perhaps by 5 k c a l  o r  s o )  when one c o n s i d e r s  
e n e r g e t i c s  of formation of NaBF4 and i ts  d i l u t i o n  by NaF. 

more d i f f i c u l t  t o  assess. Ti tanium, a minor c o n s t i t u e n t  of H a s t e l l o y  N ,  
has  a moderately s t a b l e  b o r i d e  [ g o ] .  The r e a c t i o n  

React ions which produce m e t a l  b o r i d e s  and f l u o r i d e s  are somewhat 

3 3 
2 2BF 3 (g) + Y T i  ( c )  * T i B 2  ( c )  + -TiF4 (d) 

probably must b e  expected t o  proceed,  b u t  t h e  very  low rate of d i f f u s i o n  
of T i  i n  H a s t e l l o y  N would b e  expected t o  l i m i t  t h e  e x t e n t  of r e a c t i o n  
markedly. Thermochemical d a t a  f o r  t h e  b o r i d e s  of Fe,  C r ,  N i ,  and Mo do 
n o t  seem t o  have been e s t a b l i s h e d .  Unless they have f r e e  e n e r g i e s  of 
formation more n e g a t i v e  than  25 kca l /B atom t h e  H a s t e l l o y  N should prove 
r e s i s t a n t  t o  pure  NaF-NaBF4 c o o l a n t .  The several c o r r o s i o n  tests seem 
t o  have produced no evidence f o r  formation of b o r i d e s  of t h e s e  metals. 

t h e  chromium i n  H a s t e l l o y  N ,  as they do i n  t h e  f u e l  mix ture ,  b u t  t h e  prod- 
u c t  of c o r r o s i o n  is CrF3 r a t h e r  than  CrF2 [ 4 2 ] .  
i n  f l u o r o b o r a t e  m e l t s ,  f o r  example, appears  t o  b e  

Oxidizing i m p u r i t i e s  i n  t h e  f l u o r o b o r a t e  mixture  s e l e c t i v e l y  a t t a c k  

The r e a c t i o n  of FeF2 

2 2 
3 3 FeF2(d) + --Cr -f Fe(c)  + -CrF3.  

I f  t h e  f l u o r o b o r a t e  i s  s u f f i c i e n t l y  impure t h e  c o r r o s i o n  product  CrF3 
exceeds i t s  s o l u b i l i t y  l i m i t  and p r e c i p i t a t e s  as Na$rFG.* While some 
of t h e  i n i t i a l  c o r r o s i o n  tests w i t h  q u i t e  impure f l u o r o b o r a t e  mixtures  
produced such p r e c i p i t a t i o n  (and severe c o r r o s i o n )  
more r e c e n t  s t u d i e s  have encountered t h i s  d i f f i c u l t y .  

[42 ] ,  none of t h e  

* 
S i m i l a r  c o r r o s i o n  t o  produce CrF3 and u l t i m a t e  p r e c i p i t a t i o n  of 

NaK2CrF6 w a s  observed long  ago i n  s t u d i e s  of UF4 d i s s o l v e d  i n  t h e  t e r n a r y  
e u t e c t i c  of  NaF-KF-LiF [ 9 1 ] .  
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Long pe r iods  of s t a b l e  o p e r a t i o n  of n a t u r a l  and fo rced  convec t ion  
loops wi th  moderately pure NaF-NaBP4 mixtures  have shown t h a t  co r ros ion  
rates below 0 .5  m i l  p e r  yea r  and approaching 0 . 1  m i l  p e r  y e a r  can b e  
obta ined  [42,92,87] .  

I n t e r a c t i o n s  w i t h  Steam. - Fluorobora tes  r e a c t  r e a d i l y  w i t h  steam. 
The r e a c t i o n ,  which is  not  v i o l e n t  o r  p a r t i c u l a r l y  e n e r g e t i c ,  is 

H 2 0  + NaBF4 *HF + NaBF30H . 
It  is  w e l l  known t h a t  t h e  HF s o  produced i s  q u i t e  c o r r o s i v e ;  i t  is capable  
of r e a c t i o n  w i t h  N i  and Fe as w e l l  as wi th  C r  and can cause  g e n e r a l i z e d  
a t t a c k .  The FeF2 and NiF2 s o  genera ted  are then  capable  of r e a c t i o n  w i t h  
C r  i n  t he  a l l o y  [87 ] .  Cantor and Waller [85]  have r e c e n t l y  shown t h a t  
t h e  r e a c t i o n  of OH- i n  d i l u t e  s o l u t i o n  (25 ppm and below) w i t h  Has te l loy  
N* occurs  s lowly;  t h i s  r e a c t i o n  can appa ren t ly  b e  r ep resen ted  as 

I n g r e s s  of steam, as from a l e a k  i n  t h e  MSBR steam g e n e r a t o r s ,  t o  
t h e  f l u o r o b o r a t e  coo lan t  c i r c u i t  must,  acco rd ing ly ,  b e  expec ted  t o  re- 
s u l t  i n  i nc reased  co r ros ion .  Such an i n c r e a s e  h a s ,  indeed ,  been observed 
i n  d e l i b e r a t e  a d d i t i o n s  of steam t o  an o p e r a t i n g  t es t  loop c o n t a i n i n g  
removable specimens i n  ho t  and co ld  r eg ions  [87 ,93] .  R e l a t i v e l y  r a p i d  
c o r r o s i o n  fol lowed t h e  steam a d d i t i o n ;  chromium c o n c e n t r a t i o n  i n  t h e  
c i r c u l a t i n g  sa l t  r o s e  from 82 ppm t o  about 320 ppm i n  about  1700 hours  
and remained e s s e n t i a l l y  cons t an t  [93] .  Examination of  specimens removed 
a t  i n t e r v a l s  from t h e  loop a l s o  i n d i c a t e d  t h a t  t h e  a t t a c k  decreased  wi th  
t i m e  a f t e r  t h e  i n i t i a l  exposure t o  steam [87,93] .  These d a t a  s t r o n g l y  
sugges t  t h a t  t h e  Has te l loy  N system can t o l e r a t e  i n l eakage  of steam and,  
once the  l e a k  is  r e p a i r e d ,  could con t inue  t o  o p e r a t e  wi thou t  e x t e n s i v e  
damage even i f  t h e  s a l t  w e r e  no t  r e p u r i f i e d  [93 ] .  It i s  c lear ,  however, 
t h a t  cont inuous in l eakage  of steam i n  a p p r e c i a b l e  q u a n t i t y  would r e q u i r e  
a p u r i f i c a t i o n  system f o r  t h e  f l u o r o b o r a t e  s a l t .  

I n t e r a c t i o n s  w i t h  Fuel  S a l t .  - The MSBR des ign  [ l o ]  w i l l  a s s u r e  t h a t  
t h e  p r e s s u r e  on t h e  coo lan t  i s  s l i g h t l y  h i g h e r  than t h a t  on t h e  f u e l  s a l t ,  
s o  t h a t  a minor l e a k  i n  t h e  primary h e a t  exchanger w i l l  r e s u l t  i n  coo lan t  
sa l t  e n t e r i n g  t h e  f u e l .  Such a l e a k ,  even though s m a l l ,  w i l l  be  recog- 
n i zed  a t  once because of t h e  marked r e a c t i v i t y  l o s s  r e s u l t i n g  from admis- 
s i o n  of boron i n t o  t h e  f u e l .  

* 
It is  worthy of n o t e  t h a t  t h e  NaF-NaBF4 mixture  f o r  t h a t  s t u d y ,  

which w a s  shown t o  c o n t a i n  a t  least  25-30 ppm of H a long  w i t h  about  
350 ppm C r 3 +  and 3900 ppm 02-, w a s  drawn from an  o p e r a t i n g  test loop  
whose performance w i t h  r e s p e c t  t o  c o r r o s i o n  w a s  q u i t e  s a t i s f a c t o r y .  
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Mixing a s m a l l  q u a n t i t y  of  NaF-NaBF4 s a l t  w i t h  t h e  f u e l  e f f e c t i v e l y  
d i s s o c i a t e s  t h e  NaBF4 i n t o  NaF and BF3. 
LiF-BeF2-ThFq-UFb sa l t  mixture ;  t h e  BF3 w i l l  d i s t r i b u t e  between t h e  f u e l  
sa l t  and t h e  a v a i l a b l e  vapor s p a c e  and,  if o p e r a t i o n  of  t h e  r e a c t o r  w e r e  
cont inued ,  would b e  swept i n t o  t h e  off-gas  system. Addit ions of l a r g e  
q u a n t i t i e s  of c o o l a n t ,  as might occur  i n  t h e  u n l i k e l y  event  of a g r o s s  
f a i l u r e  i n  t h e  primary h e a t  exchanger ,  produce more complex e f f e c t s  and 
can r e s u l t  i n  a p p r e c i a b l e  p r e s s u r e s  of BF3. 

measured [ 9 4 ] .  The s o l u b i l 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  temperature  and 
i n c r e a s e s  l i n e a r l y  w i t h  BF3 p r e s s u r e .  From t h e s e  d a t a  one can c a l c u l a t e  
t h e  e q u i l i b r i u m  p r e s s u r e  of BF3 from s m a l l  l e a k s  o f  NaF-NaBF4 i n t o  MSBR 
f u e l  i n  a c l o s e d  system. This  e q u i l i b r i u m  p r e s s u r e  c l e a r l y  depends upon 
t h e  amount of NaF-NaBF4 admi t ted  and t h e  a v a i l a b l e  vapor space.  I f  w e  
assume t h a t  t h e  only vapor  s p a c e  a v a i l a b l e  is t h e  s m a l l  bubble  f r a c t i o n  
(assumed t o  be  1%) i n  t h e  f u e l , *  then  one can show t h a t  i n l e a k a g e  a t  
1250°F of 1 c u b i c  f o o t  (110 l b s )  of NaF-NaBF4 c o o l a n t  r e s u l t s  i n  a BF3 
p r e s s u r e  of 0.17 atmosphere. It seems clear  t h a t  l e a k s  of t h i s  o r d e r  do 
no t  r e s u l t  i n  a dangerous s i t u a t i o n .  

Addit ion of s u b s t a n t i a l  q u a n t i t i e s  of NaBF4 t o  several f l u o r i d e  
mixtures  g e n e r a l l y  similar t o  t h e  MSBR f u e l  r e s u l t e d  i n  l i q u i d - l i q u i d  
i m m i s c i b i l i t y  [95]. Mixing e q u a l  w e i g h t s ,  f o r  example, of 2LiF-BeF2 
and NaBF4 a t  600°C produced two l i q u i d  phases .  The less dense phase 
w a s  r i c h  i n  BF3 and conta ined  l i t t l e  BeF2; t h e  dense phase w a s  r i c h  i n  
BeF2 w i t h  l i t t l e  BF3. 
t h e  l i g h t  phase r i c h  i n  NaF and t h e  heavy phase r i c h  i n  LiF. Other  e x p e r i -  
ments [95]  showed t h a t  UF4 (presumably ThF4 would behave s i m i l a r l y )  w a s  
almost completely r e t a i n e d  i n  t h e  heavy phase.  No such e q u i l i b r a t i o n s  t o  
d e f i n e  t h e  m i s c i b i l i t y  l i m i t s  o r  t h e  e q u i l i b r i u m  d i s t r i b u t i o n s  of t h e  
several i o n s  i n  t h e  two phases  have been performed w i t h  t h e  MSBR f u e l  
composition. Consequently,  t h e  e x t e n t  t o  which t h i s  l i q u i d - l i q u i d  
i m m i s c i b i l i t y  l i m i t s  t h e  BF3 p r e s s u r e  upon mixing l a r g e  q u a n t i t i e s  of 
NaF-NaBF4 w i t h  MSBR f u e l  cannot  b e  a c c u r a t e l y  a s s e s s e d .  However, t h e  
f a c t  t h a t  c o n s i d e r a b l e  p r e s s u r e s  of BF3 ( i n  reasonable  accord w i t h  es t i -  
mates based on t h e  measured s o l u b i l i t y  [ 9 4 ]  of BF3) are  developed upon 
mixing MSBR f u e l  w i t h  one-third i t s  volume of NaF-NaBF3 coolant  h a s  been 
demonstrated exper imenta l ly  [ 9 6 ] .  

It appears  c e r t a i n  t h a t  s m a l l  l e a k s  of c o o l a n t  i n t o  t h e  f u e l  system 
pose no real problems. It is clear ,  however, t h a t  a d d i t i o n a l  s tudy  of 
mixing of t h e s e  f l u i d s  i n  r ea l i s t i c  geometr ies  and i n  f lowing systems i s  
needed b e f o r e  one can b e  c e r t a i n  t h a t  no p o t e n t i a l l y  damaging s i t u a t i o n  
can arise as a consequence of a sudden major f a i l u r e  of t h e  h e a t  ex- 
changer.  

The NaF w i l l  d i s s o l v e  i n  t h e  

The s o l u b i l i t y  of BF3 i n  t h e  MSBR f u e l  s o l v e n t  has  been c a r e f u l l y  

L i F  and NaF p a r t i t i o n e d  between t h e s e  phases ,  w i t h  

* 
This  is  c l e a r l y  a wors t  case. It completely i g n o r e s  t h e  l a r g e  

volume i n  t h e  of f -gas  system. 
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P u r i f i c a t i o n  of F luorobora te  Mixtures .  - I n i t i a l  p u r i f i c a t i o n  of 
NaF-NaBF4 mixtures  f o r  use i n  c o r r o s i o n  and o t h e r  eng inee r ing  tests has  
not  posed s e r i o u s  problems, s i n c e  t h e  p u r i t y  s p e c i f i c a t i o n s  are less 
seve re  i n  s e v e r a l  ways than are those  f o r  t h e  f u e l s ,  and q u i t e  pu re  NaBF4 
p repa ra t ions  are a v a i l a b l e  commercially a t  reasonable  c o s t s .  Recent 
p r e p a r a t i o n  [ 9 7 ]  methods have c o n s i s t e d  s imply i n  (1) mixing t h e  NaBF4 
wi th  the  r equ i r ed  q u a n t i t y  of NaF, (2)  h e a t i n g  t h e  mixed powder a t  a 
c o n t r o l l e d  rate t o  300°C under reduced p r e s s u r e ,  (3)  h e a t i n g  t h e  mater ia l  
t o  500°C under a s t a t i c  atmosphere of i n e r t  gas ,  ( 4 )  mixing t h e  molten 
mixture  by b r i e f  spa rg ing  w i t h  BF3, (5) purging t h e  BF3 by a b r i e f  t reat-  
ment w i th  f lowing argon,  and ( 6 )  t r a n s f e r r i n g  t h e  s a l t  mixture  t o  i t s  
s t o r a g e  c o n t a i n e r .  Chemical ana lyses  of material prepared  i n  t h i s  s imple  
way show oxide  concen t r a t ions  of about  325 ppm and hydrogen (pro ton)  con- 
c e n t r a t i o n s  of about 15 ppm. Analyses f o r  Fe2+ show va lues  nea r  150 ppm; 
t h i s  could almost c e r t a i n l y  be decreased  by a more s t r i n g e n t  p u r i f i c a -  
t i o n  procedure.  

Simple procedures  such as t h a t  desc r ibed  above may s u f f i c e  f o r  t h e  
o r i g i n a l  coo lan t  l oad ing  of an MSBR, b u t  i t  seems c e r t a i n  t h a t  a d d i t i o n a l ,  
on- l ine  t r ea tmen t  w i l l  be  r equ i r ed  du r ing  r e a c t o r  o p e r a t i o n .  The i n e v i -  
t a b i l i t y  of s m a l l  i n l eakages  of steam, f o r  example, w i l l  r e q u i r e  some 
r e p u r i f i c a t i o n  r ep rocess ing .  Moreover, i f  t h e  f l u o r o b o r a t e  mixture  is  
t o  h e l p  wi th  t h e  tritium problem (by t r i t i u m  exchange w i t h  NaBF30H o r  
o t h e r  r e a c t i o n s  y i e l d i n g  NaBF30T), some p rocess ing  method f o r  removing t h e  
conta ined  T on a reasonably  s h o r t  t i m e  c y c l e  w i l l  be  necessa ry .  

The r e a c t i o n  of f l u o r o b o r a t e  w i t h  steam, 

H20  + NaBF4 =+ HF + NaBF30H , 

is  a r e v e r s i b l e  one,  and t rea tment  w i t h  HF ( a p p r o p r i a t e  p r e s s u r e s  of  BF3 
must be  added t o  ma in ta in  t h e  m e l t  composi t ion)  can  r e t u r n  t h e  m e l t  t o  
i ts  o r i g i n a l  cond i t ion .  It appea r s ,  however, t h a t  t h i s  r e a c t i o n  may be 
too  i n e f f i c i e n t  f o r  use i n  a p r a c t i c a l  system. Such p u r i f i c a t i o n  could 
c e r t a i n l y  be  accomplished by use 
BF3) should c e r t a i n l y  remove t h e  

F2 + NaBF30H 

of f l u o r i n e ;  t h i s  r eagen t  (mixed w i t h  
OH (OT) as w e l l  as t h e  conta ined  ox ides .  

1 
-+ HF + p2 + NaBF4 

and 

It is p o s s i b l e  t h a t  d i r e c t  f l u o r i n a t i o n  (presumably us ing  a frozen-wall  
f l u o r i n a t o r )  may be necessa ry ,  b u t  s t u d i e s  are needed t o  determine 
whether less a c t i v e  r eagen t s  can s e r v e  t h e  purpose.  c 
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R a d i a t i o n  S t a b i l i t y .  - The f l u o r o b o r a t e  c o o l a n t  s a l t  w i l l  b e  exposed 
t o  i n t e n s e  gamma r a d i a t i o n  and a n  a p p r e c i a b l e  delayed neut ron  f l u x  i n  t h e  
primary h e a t  exchanger.  Consequently i n v e s t i g a t i o n s  of  such r a d i a t i o n  
e f f e c t s  w e r e  undertaken [98].  

The gamma i r r a d i a t i o n  w a s  c a r r i e d  o u t  i n  s p e n t  High Flux I s o t o p e  
Reactor  (HFIR) f u e l  e lements .  A 2.0 c m  I D  X 9 cm H a s t e l l o y  N c a p s u l e  
conta in ing  32 g NaBF4-NaF (92-8 mole %) w a s  i r r a d i a t e d  f o r  1460 h r  a t  
600°C i n  t h r e e  s u c c e s s i v e  elements d i scharged  from t h e  HFIR. The t o t a l  
dose w a s  7 .7  X 10" R (0.15 W/g average ,  0.5 W/g maximum); f o r  compari- 
son ,  t h e  a n t i c i p a t e d  gamma dose i n  a 1000-MW(e) MSBR is Q0.25 W/g. The 
p r e s s u r e  i n  t h e  c a p s u l e  w a s  monitored dur ing  t h e  i r r a d i a t i o n  and showed 
only r e s u l t s  c o n s i s t e n t  w i t h  t h e  expected BF3 e q u i l i b r i u m  p r e s s u r e .  
Analys is  of  t h e  gas  a t  t h e  conclus ion  of t h e  experiment (ambient "C) 
showed no HF, BF3, o r  f l u o r i n e .  

e f f e c t s  of t h e  i r r a d i a t i o n .  A 29-cm2 H a s t e l l o y  N c o r r o s i o n  specimen 
exposed i n  t h e  c a p s u l e  showed n e g l i g i b l e  weight l o s s  (0.0007 g) . 
r e s u l t s  i n  t h e  i r r a d i a t e d  c a p s u l e  w e r e  i n  a l l  r e s p e c t s  comparable t o  
t h o s e  observed i n  an u n i r r a d i a t e d  c o n t r o l  experiment .  

Examination of t h e  s a l t  on opening t h e  c a p s u l e  showed no observable  

The 

A l ' i t e r a t u r e  s e a r c h  and a n a l y s i s  i n d i c a t e d  t h e  d i r e c t  n ,a  r e a c t i o n  

"BF3 + n + 'LiF + a 4- F2 

would b e  t h e  major s o u r c e  of f l u o r i n e  due t o  t h e  delayed neut ron  f l u x .  
The y r a d i a t i o n  and o t h e r  c o n s i d e r a t i o n s  i n d i c a t e  t h a t  secondary e f f e c t s  
from t h e  L i  and a r e c o i l s  are of l i t t l e  consequence, a p p a r e n t l y  because 
of r a p i d  recombinat ion of fragments from c o l l i s i o n s  w i t h  BF4-. Thus, 
i f  NaBF4-NaF (92-8 mole %) is exposed t o  an e s t i m a t e d  15 X delayed 
n / s e c  i n  an MSBR primary h e a t  exchanger ,  t h e  f l u o r i n e  produced would 
amount t o  only  8 moles of  f l u o r i n e  p e r  y e a r .  

Evalua t ion  and Summary of Needed Work 

A c o n s i d e r a b l e  s t u d y  of many a s p e c t s  of f l u o r o b o r a t e  chemistry h a s  
been conducted d u r i n g  t h e  p a s t  few y e a r s .  N e v e r t h e l e s s ,  o u r  understand- 
i n g  of t h e  chemistry of t h e  NaF-NaBF4 system is  less complete,  and our  
knowledge of i ts  behavior  rests on a less s e c u r e  foundat ion ,  t h a n  t h a t  
f o r  t h e  MSBR f u e l  system. There are s e v e r a l  areas, accord ingly ,  where 
f u r t h e r  o r  a d d i t i o n a l  work is  needed, though i t  seems u n l i k e l y  t h a t  t h e  
f i n d i n g s  w i l l  t h r e a t e n  f e a s i b i l i t y  of NaF-NaBF4 i n  t h e  MSBR concept .  

p r e s s u r e  of BF3 over  t h e  p e r t i n e n t  temperature  i n t e r v a l  are w e l l  under- 
s tood .  
coolan t  choice ,  l i t t l e  e f f o r t  need b e  s p e n t  i n  t h e s e  areas. 

and hydroxide i o n  i n  t h e  f l u o r o b o r a t e  m e l t s .  
t h e  mixture  is n o t  w e l l  known, e q u i l i b r i a  ( i n  i n e r t  c o n t a i n e r s )  among 
H 2 0 ,  HF, NaBF30H, and Na2B2F6O are s t i l l  needed, and rates of r e a c t i o n  

Phase behavior  of  t h e  s i m p l e  NaF-NaBF4 system and t h e  e q u i l i b r i u m  

I f  t h e  NaF-NaBF4 e u t e c t i c  o r  some n e a r  v a r i a n t  of i t  is  t h e  f i n a l  

A d d i t i o n a l  i n f o r m a t i o n  is  needed, however, on t h e  behavior  o f  ox ide  
S o l u b i l i t y  of Na2B2F60 i n  
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of d i l u t e  NaBF30H s o l u t i o n s  w i t h  metals need d e f i n i t i o n .  I n  a d d i t i o n ,  
t h e  mechanism by which tritium, d i f f u s i n g  from t h e  f u e l  sys tem,  can b e  
trapped as BF30T- needs a d d i t i o n a l  s t u d y  b e f o r e  i t s  v a l u e  can r e a l l y  
be a s s e s s e d .  

been e s t ima ted .  These estimates are almost c e r t a i n l y  adequate  f o r  t h e  
p r e s e n t ,  b u t  t h e  program needs t o  provide  f o r  measurement of t h e s e  
q u a n t i t i e s .  

Compa t ib i l i t y  of t h e  NaF-NaBF4 w i t h  H a s t e l l o y  N under normal oper- 
a t i n g  c o n d i t i o n s  seems assu red .  Add i t iona l  s t u d y ,  i n  r e a l i s t i c  f lowing  
sys tems,  of t h e  c o r r o s i v e  e f f e c t s  of steam i n l e a k a g e  is necessa ry .  Th i s  
s t u d y ,  c l o s e l y  a l l i e d  wi th  t h e  e q u i l i b r i a  and k i n e t i c s  among t h e  hydrox- 
i d e s  and oxides  d e s c r i b e d  above, needs u l t i m a t e l y  t o  cu lmina te  in a dem- 
o n s t r a t i o n  loop  capab le  of s i m u l a t i n g  steam i n l e a k a g e  and c o o l a n t  re- 
p u r i f i c a t i o n .  

s i t u a t i o n  which r e s u l t s  from e q u i l i b r a t i o n  of t h e s e  f l u i d s  is  reasonably  
w e l l  unders tood ,  and, even where l a r g e  leakages  of c o o l a n t  i n t o  t h e  f u e l  
are assumed, t h e  u l t i m a t e  "equi l ibr ium" seems t o  pose no rea l  danger .  
However, the real s i t u a t i o n  may w e l l  n o t  approximate an e q u i l i b r i u m  
c o n d i t i o n .  S t u d i e s  of such  mixing under r e a l i s t i c  c o n d i t i o n s  i n  f lowing  
sys  t e m s  are l a c k i n g  and necessary .  

P u r i f i c a t i o n  procedures  f o r  t h e  coo lan t  mix ture  are adequate  f o r  t h e  
p r e s e n t  and can be used t o  provide  material f o r  t h e  many necessa ry  tests. 
These are n o t  adequate  f o r  u l t i m a t e  on- l ine  p r o c e s s i n g  of t h e  c o o l a n t  
mix ture  dur ing  o p e r a t i o n .  F l u o r i n a t i o n  of t h e  c o o l a n t ,  on a r easonab le  
c y c l e  t i m e ,  would a lmost  c e r t a i n l y  s u f f i c e  though i t  has  n o t  been  demon- 
s t r a t e d .  A process  us ing  a less a g g r e s s i v e  r eagen t  i s  c l e a r l y  d e s i r a b l e .  

s t a b i l i t y  i n  t h e  s i n g l e  (though r e a l i s t i c a l l y  s e v e r e )  tes t  run. Addi- 
t i o n a l  r a d i a t i o n  t e s t i n g  of t h i s  material i n  a f lowing  system would 
s e e m  d e s i r a b l e  and should  u l t i m a t e l y  be  done, b u t  t h i s  s tudy  would n o t  
a t  p r e s e n t  have a h i g h  p r i o r i t y .  

b e s t  cand ida te s  a l l  c o n t a i n  l i t h i u m .  There seems l i t t l e  doubt t h a t  sev- 
eral of t h e s e  materials (LiC1-KC1 m i x t u r e s ,  f o r  example) could be  shown 
t o  be  s u i t a b l e  c o o l a n t s ,  a l though a c o n s i d e r a b l e  program of chemical 
development and c o r r o s i o n  t e s t i n g  would be  necessa ry .  The same would 
be  t r u e  f0.r t h e  n i t r a t e - n i t r i t e  mix tures  b e f o r e  they  could  be  used a t  
h igh  tempera ture  i n  an  MSR t e r t i a r y  loop .  

A s  i n d i c a t e d  above, several  of t h e  p h y s i c a l  p rope r ty  va lues  have 

Mixing of coo lan t  and f u e l  c l e a r l y  r e q u i r e s  a d d i t i o n a l  s t u d y .  The 

The f l u o r o b o r a t e  mixture  has  shown completely adequate  r a d i a t i o n  

O f  the s e v e r a l  a l t e r n a t i v e  secondary sa l t s  mentioned i n  t h e  t e x t  t h e  

A n a l y t i c a l  Chemistry 

Requirements 

I n  o r d e r  t o  e x p l o i t  f u l l y  t h e  unique f e a t u r e s  of t h e  MSR concept and 
ensure  s a f e  and e f f i c i e n t  r e a c t o r  o p e r a t i o n ,  i t  w i l l  be  necessa ry  t o  main- 
t a i n  adequate  s u r v e i l l a n c e  of t h e  composition of v a r i o u s  r e a c t o r  streams. 
I d e a l l y ,  a l l  such  ana lyses  would b e  performed a u t o m a t i c a l l y  w i t h  t r a n s -  
ducers  l o c a t e d  i n  t h e  sa l t  streams, s i n c e  a n a l y s i s  of d i s c r e t e  samples i n  
h o t  c e l l s  is  s u b j e c t  t o  unavoidable de l ays  and i s  expens ive .  
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A t  p r e s e n t ,  i t  appears  t h a t  i t  may n o t  b e  p r a c t i c a l  t o  measure major  
f u e l  c o n s t i t u e n t s  such as L i ,  B e ,  Th, f l u o r i d e ,  and perhaps U by i n - l i n e  
methods i n  an MSBR. F o r t u n a t e l y ,  a cont inuous monitor ing of t h e s e  con- 
s t i t u e n t s  w i l l  n o t  b e  c r i t i c a l  t o  t h e  o p e r a t i o n  of  a r e a c t o r .  The more 
c r i t i c a l  d e t e r m i n a t i o n s ,  on t h e  o t h e r  hand, are g e n e r a l l y  amenable t o  in- 
l i n e  measurement. 
t h e  program i n c l u d e  t h e  redox c o n d i t i o n  of  t h e  f u e l , *  c o r r o s i o n  product  
i o n s  ( p a r t i c u l a r l y  C r 2 +  and p o s s i b l y  Ti3+) ,  o x i d e ,  bismuth,  hydrogen and 
tritium, c e r t a i n  f i s s i o n  p r o d u c t s ,  and p r o t a c t i n i u m  i n  f l u o r i d e  streams. 
S i m i l a r  de te rmina t ions  may b e  r e q u i r e d  i n  c h l o r i d e  streams of t h e  reproc-  
e s s i n g  system. I n - l i n e  a n a l y s e s  f o r  permanent gas  contaminants , mois ture ,  
tritium, hydrocarbons,  and f i s s i o n  product  gases  w i l l  be  needed i n  t h e  
f u e l  cover  gas .  To t h i s  l i s t  must b e  added BF3, HF, hydrogen, and hy- 
d r o l y s i s  products  i n  t h e  c o o l a n t  cover  gas  and perhaps HF, F2,  and UFg 
i n  gaseous streams from t h e  r e p r o c e s s i n g  system. 

It should b e  noted  t h a t  i n  a d d i t i o n  t o  economics o f  t i m e  and expense,  
t h e  i n - l i n e  techniques  w i l l  p r o v i d e  informat ion  n o t  a t t a i n a b l e  by d i s c r e t e  
sampling methods. 
This  r a t i o  i s  p r o h i b i t i v e l y  s e n s i t i v e  t o  a tmospheric  contaminat ion d u r i n g  
sampling and sample t r a n s f e r  i n  h o t  c e l l s ,  and is  r a t h e r  meaningless on 
f rozen  samples because t h e  r a t i o  undergoes changes d u r i n g  c o o l i n g  as a 
r e s u l t  of e q u i l i b r i u m  s h i f t s .  Another example is  t h e  d e t e r m i n a t i o n  of 
trace c o n s t i t u e n t s  i n  g a s e s ,  which is  n o t o r i o u s l y  d i f f i c u l t  i f  n o t  im-  
p o s s i b l e  t o  do by withdrawing samples.  

MSBR t h a t  i n c l u d e s  t h e  most complete i n - l i n e  a n a l y t i c a l  measurements pos- 
s i b l e ,  backed up by adequate  h o t  c e l l  and a n a l y t i c a l  l a b o r a t o r i e s .  I n  
t h e  i n t e r i m  p e r i o d  i t  is  necessary  t o  develop c a p a b i l i t i e s  and t o  p r o v i d e  
a n a l y t i c a l  s u p p o r t  f o r  t h e  technology programs. 

Determinat ions which appear  of  most s i g n i f i c a n c e  t o  

A n o t a b l e  example i s  t h e  U3+/U4+ r a t i o  i n  t h e  f u e l .  

It is  e v i d e n t  t h a t  t h e  u l t i m a t e  need is  a n  a n a l y t i c a l  system f o r  a n  

Experience 

The major development of a n a l y t i c a l  methods f o r  d i s c r e t e  samples 
w a s  a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  of t h e  MSRE. The a n a l y t i c a l  methods 
f o r  t h i s  r e a c t o r  were developed t o  s u p p o r t  t h e  o b j e c t i v e s  of t h e  chemical  
s u r v e i l l a n c e  program [ 9 ,  p .  1 1 .  With t h e  except ion  o f  i n - l i n e  a n a l y s e s  
of t h e  off-gas  and remote gamma spec t romet ry  ( d e s c r i b e d  l a t e r  i n  t h i s  
s e c t i o n ) ,  a l l  a n a l y s e s  w e r e  performed on b a t c h  samples e i t h e r  i n  h o t  ce l l s  
o r  by bench top methods. 

d l i n g  and a n a l y s i s  of n o n r a d i o a c t i v e  f l u o r i d e  sal ts  i n  the ANP program. 
I o n i c  o r  i n s t r u m e n t a l  methods had been developed f o r  most metal l ic  con- 
s t i t u e n t s ,  and methods w e r e  a v a i l a b l e  f o r  F- (pyrohydrolys is )  [ 9 9 ]  and 

P r i o r  t o  t h e  MSRE program, w e  had s u b s t a n t i a l  exper ience  i n  t h e  han- 

* 
The U3+/U4+ r a t i o  i s  a measure of t h e  redox p o t e n t i a l  o f  t h e  f u e l  

which i n f l u e n c e s  t h e  ra te  of  c o r r o s i o n  and t h e  d i s t r i b u t i o n  of c e r t a i n  
f i s s i o n  products  and t r i t i u m  i n  t h e  r e a c t o r  system (see 5-21 t o  2 6 ) .  
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s u l f u r  [ l oo ] .  
methods t o  h o t - c e l l  o p e r a t i o n s .  A technique  invo lv ing  t h e  e v o l u t i o n  of 
e l emen ta l  oxygen by r e a c t i o n  w i t h  BF3 has  s i n c e  r e s u l t e d  i n  t h e  ve r sa -  
t i l e  KBrF4 method [ l o l l  f o r  ox ide  in i n o r g a n i c  samples.  A n o n s e l e c t i v e  
measurement of "reducing power" of adequate  s e n s i t i v i t y  had been developed 
(hydrogen e v o l u t i o n  method) [102]. A g e n e r a l  e x p e r t i s e  [ lo31  i n  t h e  r a d i -  
ochemical s e p a r a t i o n  and measurement of f i s s i o n  p roduc t s  w a s  a v a i l a b l e  
from earlier r e a c t o r  programs a t  O W ,  and u s e f u l  expe r i ence  w i t h  i n - l i n e  
gas  a n a l y s i s ,  p a r t i c u l a r l y  p rocess  chromatography [ 1 0 4 ] ,  w a s  a v a i l a b l e  
from o t h e r  programs. 

During t h e  o p e r a t i o n  of t h e  MSRE and i n  t h e  subsequent  technology 
program, development of methods f o r  d i s c r e t e  samples w a s  con t inued ,  and 
t h e  Labora tory  has  acqu i r ed  i n s t r u m e n t a t i o n  f o r  newer a n a l y t i c a l  t ech-  
n iques .  I n s t r u m e n t a l  methods which have o r  are  expec ted  t o  c o n t r i b u t e  
t o  t h e  program inc lude :  x-ray a b s o r p t i o n ,  d i f f r a c t i o n ,  and f l u o r e s c e n c e  
t echn iques ,  NMR, s p a r k  source  m a s s  spec t romet ry ,  ESCA and Auger spec- 
t rome t ry ,  e l e c t r o n  microprobe measurements, scanning  e l e c t r o n  microscopy, 
Raman spec t romet ry ,  F o u r i e r  t r ans fo rm spec t romet ry ,  neu t ron  a c t i v a t i o n  
a n a l y s i s ,  de layed  neu t ron  methods, photon a c t i v a t i o n  a n a l y s i s ,  and scan- 
n ing  w i t h  high-energy pa r t i c l e s ,  e .g .  p ro tons .  The d e t a i l e d  d e s c r i p t i o n  
of a l l  a n a l y t i c a l  methods a v a i l a b l e  t o  t h e  program is  beyond t h e  scope 
of t h i s  r e p o r t .  
e l sewhere  [105] .  C e r t a i n  developments m e r i t  a d d i t i o n a l  mention and are 
d e s c r i b e d  below. 

For MSRE a p p l i c a t i o n  i t  w a s  necessa ry  t o  adapt  t h e s e  

A t a b u l a t i o n  of our a n a l y t i c a l  c a p a b i l i t i e s  is  g iven  

Sampling. - The p r e p a r a t i o n  of homogenized samples of MSRE f u e l  f o r  
e l emen ta l  a n a l y s e s  p re sen ted  problems because  of t h e  r a d i o a c t i v i t y  and 
t h e  hygroscopic  n a t u r e  of t h e  s a l t  [ 9 ,  p. 271. S a l t  samples were t aken  
i n  s m a l l  copper l a d l e s  which were s e a l e d  under he l ium i n  a t r a n s p o r t  
c o n t a i n e r  i n  t h e  sampler -enr icher  [ lo61  f o r  d e l i v e r y  t o  t h e  h o t  c e l l .  
There t h e  l a d l e  w a s  unloaded and s e c t i o n e d .  The s a l t  w a s  removed from 
t h e  t r u n c a t e d  l a d l e  and homogenized by a v igorous  shak ing  i n  a p u l v e r i z -  
er  v e s s e l .  S a l t  t r a n s f e r  w a s  then  made w i t h  minimal a tmospher ic  expo- 
s u r e  t o  a po lye thy lene  v i a l  th readed  i n t o  t h e  bot tom of t h e  p u l v e r i z i n g  
v e s s e l .  This  procedure  p rov ides  a f ree- f lowing  powdered sample w i t h i n  
two hours of r e c e i p t  of t h e  l a d l e .  Atmospheric exposure  w a s  s u f f i c i e n t  
t o  compromise t h e  de t e rmina t ion  of ox ide  and U3+ b u t  d i d  n o t  a f f e c t  
o t h e r  measurements. 

Oxide. - Because of t h e  s e n s i t i v i t y  of t h e  p u l v e r i z e d  s a l t  t o  un- 
avo idab le  a tmospher ic  contaminat ion ,  w e  adopted t r a n s p i r a t i o n  t echn iques  
i n  which t h e  e n t i r e  samples could  be  ana lyzed .  For t h e  more c r i t i c a l  
de t e rmina t ions ,  t h e  most s u c c e s s f u l  a p p l i c a t i o n  of t r a n s p i r a t i o n  tech-  
n iques  w a s  t h e  de t e rmina t ion  of ox ide  by h y d r o f l u o r i n a t i o n  [107].  The 
method is based on t h e  e v o l u t i o n  of water which occurs  when m e l t s  are 
sparged  w i t h  mix tu res  of anhydrous HF i n  hydrogen. 
mo i s tu re  w i t h  a premel t ing  h y d r o f l u o r i n a t i o n  s t e p  and by measuring t h e  
water evolved from 50-g samples as an i n t e g r a t e d  s i g n a l  from an e l e c t r o -  
l y t i c  moi s tu re  moni tor ,  we  measured ox ide  c o n c e n t r a t i o n s  of about 50 ppm 
w i t h  p r e c i s i o n  b e t t e r  than  + l o  ppm. 

By removing s u r f a c e  

(pr 

r 
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Uranium. - Analyses f o r  uranium by coulometr ic  t i t r a t i o n  [19] showed 
good r e p r o d u c i b i l i t y  and h igh  p r e c i s i o n  (0.5%) , b u t  on-l ine r e a c t i v i t y  
ba lance  c a l c u l a t i o n s  w e r e  about 10-fold more s e n s i t i v e  than  t h i s  i n  e s t a b -  
l i s h i n g  changes i n  uranium c o n c e n t r a t i o n s  w i t h i n  t h e  c i r c u i t .  We have 
demonstrated t h a t  i t  is  p o s s i b l e  q u a n t i t a t i v e l y  t o  c o l l e c t  t h e  decontami- 
n a t e d  UF6 from t h e  f l u o r i n a t i o n  of 50-g samples of molten f u e l  [108]. 
The technique w a s  used p r i m a r i l y  t o  s e p a r a t e  uranium f o r  p r e c i s e  i s o t o p i c  
a n a l y s i s ,  b u t  s u f f i c i e n t  work w a s  done t o  e s t a b l i s h  i t s  p o t e n t i a l  f o r  a 
more a c c u r a t e  uranium d e t e r m i n a t i o n  by measurement of t h e  s e p a r a t e d  ura-  
nium o u t s i d e  t h e  h o t  c e l l .  

- U3+. - We t e s t e d  a hydrogenat ion t r a n s p i r a t i o n  method f o r  t h e  d e t e r -  
minat ion of  U3+ i n  f u e l  [ l o g ] .  
s p a r  i n g  of f u e l  w i t h  hydrogen is  a f u n c t i o n  of  t h e  i n s t a n t a n e o u s  r a t i o  
of U'+/U4+. Because c o r r o s i o n  products  a l s o  c o n t r i b u t e  HF , t h e  i n t e g r a t e d  
y i e l d  from a b a t c h  h y d r o f l u o r i n a t i o n  i s  r e l a t e d  t o  f u e l  composition by a n  
equat ion  [ lo91 t h a t  cannot  b e  e x p l i c i t l y  s o l v e d  f o r  uranium r a t i o s .  By 
use of computer techniques w e  devised  a 4-s tepY 2-temperature r e d u c t i o n  
procedure t o  produce HF y i e l d s  s e n s i t i v e  t o  r a t i o  change. 
o p e r a t i o n  (with 0.9 mole % UF4) w e  ob ta ined  U3+/U4+ r a t i o s  i n  reasonable  
agreement w i t h  "book values"  obta ined  from r e a c t o r  charg ing  and o p e r a t i n g  
d a t a  (Fig.  5 .10) .  However, t h e  method proved inadequate  f o r  t h e  lower 
c o n c e n t r a t i o n s  of uranium i n  t h e  2 3 3 U  f u e l .  

r a t i o s  i n  remelted f u e l  samples [110] ( s e e  s e c t i o n  on Elec t rochemica l  
Research f o r  a d e s c r i p t i o n  of voltammetry).  
ments w i t h  e l e c t r o d e s  i n s e r t e d  i n  samples remelted i n  t h e i r  l a d l e s .  More 
atmospheric  exposure w a s  i n c u r r e d  than  i n  t h e  oxide d e t e r m i n a t i o n s ,  be- 
cause  it w a s  necessary  t o  c u t  o f f  t h e  top  of t h e  l a d l e s  t o  accommodate 
t h e  e l e c t r o d e s .  Accordingly,  w e  ob ta ined  r a t i o s  below t h o s e  expec ted .  
W e  were, however, a b l e  t o  observe normally shaped voltammograms f o r  C r 2 +  
and U4+ r e d u c t i o n  waves and t o  fo l low t h e  r e d u c t i o n  of t h e  f u e l  by hy- 
drogen sparg ing .  We a l s o  observed changes i n  r a t i o s  w i t h  temperature  
t h a t  w e r e  c o n s i s t e n t  w i t h  thermodynamic p r e d i c t i o n s  of e q u i l i b r i u m  s h i f t s  
between t h e  uranium couple  and c o r r o s i o n  product  i o n s .  This  i n d i c a t e d  
t h a t  t h e  r a d i a t i o n  l eve l  of t h e  samples had n e g l i g i b l e  e f f e c t  on t h e  
method and s u p p o r t s  t h e  p o t e n t i a l  of voltammetry f o r  a p p l i c a t i o n  t o  re- 
a c t o r  sa l t  streams. 

The ra te  of p r o d u c t i o n  of  HF from t h e  

During 2 3 5 U  

We a l s o  a p p l i e d  a vol tammetr ic  method t o  t h e  measurement of U3+/U4+ 

W e  performed t h e s e  measure- 

Spectrophotometry of Radioac t ive  Samples. - W e  c o n s t r u c t e d  a f a c i l i t y  
[ U O ,  pp. 202-2041 which p e r m i t t e d  t h e  measurement of h i g h l y  r a d i o a c t i v e  
samples w i t h i n  a h o t  c e l l  by u s i n g  t h e  components of a spectrophotometer  
l o c a t e d  o u t s i d e  t h e  c e l l  (F ig .  5 .11) .  A system of  extended o p t i c s  d i -  
r e c t e d  t h e  chopped r e f e r e n c e  and sample beams through t h e  c e l l  w a l l s ,  
focused t h e  sample beam a t  t h e  c e n t e r  of an o p t i c a l  f u r n a c e ,  and r e t u r n e d  
t h e  two beams through t h e  w a l l  t o  t h e  monochromator-detector s e c t i o n  of 
t h e  ins t rument .  The system d e s i g n  inc luded  d e v i c e s  f o r  remel t ing  l a r g e  
s a l t  samples under i n e r t  atmosphere and d i s p e n s i n g  p o r t i o n s  t o  s p e c t r o -  
photometr ic  ce l l s ,  b u t  because of t h e  imminent shutdown of t h e  MSRE w e  



150 

0 I 
1 - 

.---- -- ---- ---e.-- 

t t  t t ?  t t  

1.8 

4.6 

4.4 

1.2 

8 
v 

1 .O 
I 

3 w 
5 + 
m 0.8 
3 
v 

0.6 

0.4 

0.2 

0 

5% X 450 233U moles - - ---- * 
t t ?  t t  

ORNL-DWG 74-9994R 

0 1 2 3 4 5 6 7 8 ( ~ 1 0  
fu l l  power hours 

Fig .  5.10. U3+/U4+ in t h e  MSRE f u e l  s a l t  runs 5-14. 

c 

b 

h 



J 

* 

3 

151 

ORWL-DIQ 69-3252A 

Fig. 5.11. Spectrophotometer installation. 



152 

devised a sample system t o  f i l l  windowless c e l l s  by d i r e c t  immersion i n  
t h e  f u e l .  Desp i t e  p recau t ions  t o  prevent  a tmospheric  exposure ,  t h e  U3+ 
i n  t h e s e  samples w a s  completely ox id ized  b e f o r e  measurements could  b e  
made. 
i ng  a r educ t ion  wi th  uranium meta l )  t h a t  of U3+, 
t r a  of t h e s e  samples w i t h  those  of nonrad ioac t ive  p r e p a r a t i o n s  i n d i c a t e d  
no adverse  e f f e c t s  from t h e  a c t i v i t y  of t h e  f u e l  and demonstrated t h e  
f e a s i b i l i t y  of t h e  technique .  The f a c i l i t y  has  s i n c e  been used t o  meas- 
u re  the  s p e c t r a  of t ransuranium elements  and p ro tac t in ium i n  molten salts .  

We were a b l e ,  however, t o  observe  t h e  spectrum of U4+ and (fol low- 
Comparison of t h e  spec- 

Gas Analys is .  - Equipment w a s  i n s t a l l e d  a t  t h e  MSRE t o  perform l i m i t e d  
i n - l i n e  ana lyses  of t h e  r e a c t o r  o f f -gases ,  u s ing  a thermal  c o n d u c t i v i t y  
c e l l  as a t r ansduce r .  By means of an o x i d a t i o n  and a b s o r p t i o n  t r a i n  [108, 
p. 1961 w e  were a b l e  t o  measure bo th  t o t a l  i m p u r i t i e s  and hydrocarbons i n  
t h e  of f -gas .  
c o l l e c t i o n  of xenon and krypton  on molecular  s i e v e s  t o  provide  concen- 
t r a t e d  samples f o r  t h e  p r e c i s e  de t e rmina t ion  of t h e  i s o t o p i c  r a t i o s  of 
krypton and xenon by mass spec t romet ry .  During t h e  las t  two runs of MSRE, 
w e  set up equipment [111, p. 1831 a t  t h e  r e a c t o r  t o  conve r t  t h e  tritium 
i n  va r ious  gas streams t o  water f o r  measurement by s c i n t i l l a t i o n  count ing .  

The sampling s t a t i o n  a l s o  inc luded  a system f o r  t h e  c ryogenic  

Gama Spectrometry a t  t h e  MSRE. - By means of a p r e c i s e  c o l l i m a t i o n  
system mounted on a maintenance s h i e l d ,  r a d i a t i o n  from depos i t ed  f i s s i o n  
products  on components w a s  d i r e c t e d  t o  a h igh - re so lu t ion  l i t h i u m - d r i f t e d  
germanium diode  [108, p. 361. From t h e  gamma s p e c t r a  ob ta ined  w e  w e r e  
a b l e  t o  i d e n t i f y  s p e c i f i c  i s o t o p e s  such as noble  metal f i s s i o n  products  
and t o  map t h e i r  d i s t r i b u t i o n  by moving t h e  c o l l i m a t i n g  system [112].  
During t h e  l a t t e r  runs of t h e  r e a c t o r  such measurements were made du r ing  
power ope ra t ions  [112].  

Bismuth. - The i n v e s t i g a t i o n  of t h e  metal t r a n s f e r  r e p r o c e s s i n g  sys -  
t e m  desc r ibed  i n  Chap. 11 requ i red  t h e  development of more s e n s i t i v e  methods 
f o r  t h e  de t e rmina t ion  of bismuth i n  f u e l s .  W e  found t h e  i n v e r s e  polaro-  
g raph ic  technique  t o  b e  most u s e f u l ,  w i t h  d e t e c t i o n  l i m i t s  of about  50 ppb 
[llO, p. 2081. The bismuth is depos i t ed  i n  a pendent mercury drop elec- 
t r o d e  from H C 1  s o l u t i o n s  i n  which copper is  masked wi th  th iocyana te ,  and 
measured dur ing  an anodic  scan .  
of a t  least e q u i v a l e n t  s e n s i t i v i t y  ; however, it i n c o r p o r a t e s  a preconcen- 
t r a t i o n  by e x t r a c t i o n  w i t h  d i t h i z o n e  and r e q u i r e s  l a r g e  s a l t  samples. 

We a l s o  developed a s p e c t r o g r a p h i c  method 

Current  Research and Development 

The r e sea rch  program i s  d i r e c t e d  toward t h e  development of methods 
and equipment t h a t  can b e  used f o r  t h e  i n - l i n e  ana lyses  of t h e  r e a c t o r  
streams. W e  are i n c r e a s i n g  our  competence i n  t h e  areas of e lec t rochemis-  
t r y ,  spec t rophotometry ,  t r a n s p i r a t i o n  methods, and gas a n a l y s i s  w i t h  
regard  t o  r e a c t o r  s a l t  and gas  streams. P r i o r i t y  is  g iven  t o  i d e a s  and 
areas of r e s e a r c h  which appear  t o  o f f e r  t h e  most promise of l e a d i n g  t o  
i n - l i n e  a n a l y s i s  methods. 

n 

c 

c 
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Electrochemical Research. - For the analysis of molten-salt streams, 
electroanalytical techniques such as voltammetry and potentiometry appear 
to offer the most convenient transducers for remote in-line measurements. 
Voltammetry is based on the principle that when an inert electrode is 
inserted into a molten salt and subjected to a changing potential versus 
the salt potential, negligible current will flow until a critical poten- 
tial is reached at which one of the ions undergoes an electrochemical re- 
duction or oxidation. The potential at which this reaction takes place 
is characteristic of the particular ion. If the potential is varied lin- 
early with time, the current-voltage curve follows a predictable pattern 
which allows the concentration of the dissolved ion to be determined (Fig. 
5.12). 

We have studied the voltammetry of the corrosion products which will 
be present in the reactor salt streams in the ppm range. Relatively high 
concentrations of these corrosion products may be measured by observing 
the current passing through the electrode system as the respective ions 
are reduced. Lower concentrations can be measured with the technique of 
stripping voltammetry through observation of the current produced when a 
corrosion product is oxidized from an electrode on which it has previously 
been plared (Fig. 5.13) .  We have studied the electrochemical behavior of 
these elements in the MSRE fuel solvent, LiF-BeF2-ZrFh [113,114,108, 
p. 192, 1151, and in the proposed MSBR coolant salt, NaF-NaBF4 [114,116, 
1151. Most of this work was concerned with the determination of the oxi- 
dation states of the elements, the most suitable electrode materials for 
their analysis, and the basic electrochemical characteristics of each 
element. Work is continuing to study the effect of the presence of one 
element upon the determination of another and the effects that a flowing 
salt stream may have with regard to the determination. 

We have developed a voltammetric method for the determination of the 
U3+/U4+ ratio in the MSRE fuel [110].  
ment of the potential difference between the equilibrium potential of the 
melt, measured by an inert platinum electrode, and the voltammetric equiv- 
alent of the standard potential of the U3+/U4+ couple. The reliability 
of the method was. verified by comparison with values that were obtained 
spectrophotometrically (Table 5.12). We have completely automated this 
determination with a PDP-8 computer [117] which operates the voltammeter, 
analyzes the data, and computes the U3+/U4+ ratio. 

bismuth as an impurity in the fuel, a method for its determination is re- 
quired. 
BeF2-ZrFq [115] and have found that it is rather easily reduced to the 
metal. 
in the metallic state, so that some oxidative pretreatment of the melt 
will be necessary before a voltammetric determination of bismuth can be 
pe r f o rmed . 

The measurement of the concentrations of protonated species in the 
proposed MSBR coolant salt is of interest because of the potential use of 
the coolant for the containment of tritium. The measurement could also 
be used to evaluate the effect of proton concentrations on corrosion 
rates and as a possible detection technique for heat exchanger leaks. 
We are presently investigating a rather unique electroanalytical tech- 
nique that is specific for hydrogen [114, p. 7 4 ,  1151. The method i s  

This method involves the measure- 

Because processing (Chapter 11) presents the possibility for having 

We have characterized the reductive behavior of Bi3+ in LiF- 

A s  an impurity in the fuel salt, bismuth will probably be present 
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Table 5.12. Determination of U*/U+ ratios 

E ,z vs equilibrium 
potential (V) 

Calculated Measured 
'*'@ Mole%U ratio" 

0.007 -0.3 -0.329 -0.345 

0.030 -0.3 -0.225 -0.225 

0.144 -0.3 -0.127 -0.130 

0.1 -0.15 -0.153 -0.175 

c 

"Determined from spectral measurements. 

c 
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based on t h e  d i f f u s i o n  of hydrogen i n t o  an evacuated pal ladium t u b e  
e l e c t r o d e  when NaBF4 m e l t s  are e l e c t r o l y z e d  a t  a c o n t r o l l e d  p o t e n t i a l .  
The p r e s s u r e  genera ted  i n  t h e  e l e c t r o d e  i s  a s e n s i t i v e  measure of pro tons  
a t  ppm c o n c e n t r a t i o n s .  The technique  o f f e r s  t h e  advantages of  s p e c i f i c -  
i t y ,  a p p l i c a b i l i t y  t o  i n - l i n e  a n a l y s i s ,  and t h e  p o s s i b i l i t y  of a measure- 
ment of t r i t i u m  t o  hydrogen r a t i o s  i n  t h e  c o o l a n t  by count ing a sample 
c o l l e c t e d  from t h e  evacuated tube .  

t o  have an i n v a r i a n t  r e f e r e n c e  p o t e n t i a l  t o  which o t h e r  e l e c t r o c h e m i c a l  
r e a c t i o n s  may be  r e f e r r e d  on a re la t ive  p o t e n t i a l  scale. 
r e f e r e n c e  must b e  f a i r l y  rugged and of  u n i t  c o n s t r u c t i o n .  We were a l s o  
confronted w i t h  f i n d i n g  s t r u c t u r a l  materials which would b e  compatible  
w i t h  t h e  f l u o r i d e  m e l t s .  Success  w a s  f i n a l l y  r e a l i z e d  w i t h  a Ni/NiF2 
r e f e r e n c e  e l e c t r o d e ,  shown i n  Fig.  5.14, where t h e  r e f e r e n c e  s o l u t i o n  
(LiF-BeF2 s a t u r a t e d  w i t h  NiF2) is conta ined  i n  a s i n g l e - c r y s t a l  LaF3 
cup [ill, p.  184, 1181. We have determined s t a n d a r d  e l e c t r o d e  p o t e n t i a l s  
(Table 5.13) f o r  several metal /metal- ion couples  which w i l l  b e  p r e s e n t  
i n  t h e  r e a c t o r  s a l t  streams [ U O ,  p. 2011. These e l e c t r o d e  p o t e n t i a l s  
provide a d i r e c t  measure of t h e  re la t ive  thermodynamic s t a b i l i t y  of  
e l e c t r o a c t i v e  s p e c i e s  i n  t h e  m e l t s .  This  in format ion  is used i n  e q u i l i b -  
rium c a l c u l a t i o n s  t o  determine which i o n s  can b e  expected t o  b e  p r e s e n t  
a t  d i f f e r e n t  m e l t  p o t e n t i a l s .  

I n  a l l  e l e c t r o a n a l y t i c a l  measurements i t  i s  a d i s t i n c t  advantage 

A p r a c t i c a l  

Spectrophotometr ic  Research. - The e f f o r t  i n  our  spec t rophotometr ic  
r e s e a r c h  program f o r  molten sal ts  is  d i r e c t e d  toward t h e  development of 
methods t h a t  can b e  used f o r  t h e  i n - l i n e  d e t e r m i n a t i o n  of d i s s o l v e d  spe- 
cies i n  t h e  s a l t  streams of t h e  MSBR and t h e  sa l t  r e p r o c e s s i n g  system. 
Analyses of molten sal ts  are a l s o  performed f o r  r e s e a r c h  s t u d i e s  r e l a t e d  
t o  t h e  MSR program, and where a p p l i c a b l e ,  spec t rophotometr ic  methods are 
used t o  c h a r a c t e r i z e  t h e  v a r i o u s  s p e c i e s  of i n t e r e s t  i n  t h e s e  s a l t s .  

t o  hold  t h e  molten samples f o r  spec t rophotometr ic  examination. Because 
t h e  molten f l u o r i d e s  react w i t h  t h e  u s u a l l y  employed l i g h t - t r a n s m i t t i n g  
g l a s s e s ,  o t h e r  ce l l  des igns  had t o  b e  developed. The pendent-drop tech-  
n ique  [119] t h a t  w e  developed f i r s t  was l a t e r  r e p l a c e d  w i t h  t h e  capt ive-  
l i q u i d  c e l l  [120] i n  which molten sal ts  are conta ined  by v i r t u e  of t h e i r  
s u r f a c e  t e n s i o n ,  so  t h a t  no window material  is  r e q u i r e d .  A concept h a s  
been proposed f o r  t h e  use  of t h i s  c e l l  i n  a n  i n - l i n e  system [121]. A l -  
though t h e  l i g h t  p a t h  l e n g t h  through a s a l t  i n  a c a p t i v e - l i q u i d  c e l l  is 
de terminable ,  it is  n o t  f i x e d .  The need f o r  a f i x e d  p a t h  l e n g t h  promoted 
t h e  des ign  and f a b r i c a t i o n  of a g r a p h i t e  c e l l  w i t h  s m a l l  diamond p l a t e  
windows (Fig.  5.15) [108, p. 1681, which h a s  been s u c c e s s f u l l y  used i n  a 
number of r e s e a r c h  a p p l i c a t i o n s .  Another f ixed-path- length c e l l  which is  
s t i l l  i n  t h e  development s t a g e  makes use of tlporous m e t a l "  [117 ,  p. 1611. 
Porous metal i s  a f o i l  t h a t  c o n t a i n s  a number of s m a l l  i r r e g u l a r  p i t s  
formed by an e l e c t r o c h e m i c a l  process ;  many of t h e s e  p i t s  are e tched  
completely through t h e  f o i l ,  s o  t h a t  l i g h t  can b e  t r a n s m i t t e d  through t h e  
metal. We have some porous metal made from H a s t e l l o y  N and p l a n  t o  test 
i t s  use  f o r  ce l l  c o n s t r u c t i o n .  

I h t e r i a l s  problems are encountered i n  t h e  des ign  of compartments 
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Table 5.1 3. Standard electrode potentials in molten fluorides 

Measured electrode 
potential' (VI 

Electrode Calculated, 
couple In In 500"Cb 

LiF-BeFz-ZrF4 LiF-NaF-KF 
at 500" at 500" 

Be(II)/Be -2.120 -2.21 1 
Zr(IV)/Zr -1.742 -1.772 
U(IV)/U(II) -1.480 -1.517 
Cr(II)/Cr -0.701 
cr(rII)/cr(II) -0.514 
Fe(II)/Fe -0.410 -0.390 -0.413 
Ni(II)/Ni 0.000 0.000 0.0 
Fe(III)/Fe(II) 0.166 -0.200 

'Standard state for all solutes except beryllium(I1) is the 
hypothetical unit mole fraction solution. The beryllium(I1) 
standard state is the solvent composition LiF-BeF, (66-34 mole 
%) . 

bC.F. Baes, Jr., Thermodynamics, vol. 1, IAEA, Vienna, 1966 
(values in LiF-BeF,, converted to 500°C). 



160 

ORNL-DWG 68-9074 

F i g .  5.15. Diamond windowed c e l l  f o r  mol t en  f l u o r i d e  sa l ts .  

c’ 

P 

c 



1 6 1  

"I 

w 

The la tes t  innovat ion  i n  c e l l  d e s i g n  is  an o p t i c a l  probe which l e n d s  
i t s e l f  t o  a s e a l a b l e  i n s e r t i o n  i n t o  a molten s a l t  stream [114, p. 711. 
The probe makes use of m u l t i p l e  i n t e r n a l  r e f l e c t i o n s  w i t h  a s l o t  of ap- 
p r o p r i a t e  wid th  c u t  through some p o r t i o n  of  t h e  i n t e r n a l l y  r e f l e c t e d  
l i g h t  beam (Fig.  5 .16) .  During measurements t h e  s l o t  would b e  below t h e  
s u r f a c e  of t h e  molten s a l t  and would provide  a known p a t h  l e n g t h  f o r  ab- 
sorbance measurements. 
LaF3. 

shown t h a t  i t  is  a l i k e l y  c a n d i d a t e  f o r  i n - l i n e  de te rmina t ion  i n  t h e  re- 
a c t o r  f u e l  [122 ,  109, p. 1631. An extremely s e n s i t i v e  a b s o r p t i o n  peak 
f o r  U4+ s u g g e s t s  i t s  use  f o r  monitor ing p o s s i b l e  leakage  of uranium- 
b e a r i n g  f u e l  i n t o  t h e  c o o l a n t  s a l t  [ l o g ,  p. 1641. Q u a n t i t a t i v e  c h a r a c t e r i -  
z a t i o n s ,  i n c l u d i n g  a b s o r p t i o n  peak p o s i t i o n s ,  peak i n t e n s i t i e s ,  and t h e  
assignment of s p e c t r a ,  have been made f o r  N i 2 + ,  Fe2+, C r 2 + ,  C r 3 + ,  U5+, 
uo 2+, Cu2+, Mn2+, Mn3+, Co2+, Mo3+, C r O k 2 - ,  Pa4+, Pu3+, Pr3+,  Nd3+, Sm3+, 
Er3+,  and Ho3+. 
peak p o s i t i o n s ,  approximate peak i n t e n s i t i e s ,  and p o s s i b l e  ass i  nment of 
s p e c t r a ,  have a l s o  been made f o r  T i 3 + ,  V2+, V3+, Eu2+, Sm2+, Cm'+, and 0 2 - .  

sa l t  by spec t rophotometr ic  methods. Evidence f o r  t h e  e x i s t e n c e  of 
hydrogen-containing i m p u r i t i e s  i n  NaBF4 w a s  f i r s t  ob ta ined  from near- 
i n f r a r e d  s p e c t r a  of t h e  molten s a l t  and i n  mid-infrared s p e c t r a  of p r e s s e d  
p e l l e t s  of t h e  c r y s t a l l i n e  material [116, pp. 94-96]. Deuterium exchange 
s t u d i e s  are be ing  performed t o  c h a r a c t e r i z e  t h e  pro tona ted  s p e c i e s  i n  t h e  
molten f l u o r o b o r a t e  m e l t s  [114, pp. 731. Two very  s e n s i t i v e  a b s o r p t i o n  
peaks have been i d e n t i f i e d  and are a t t r i b u t e d  t o  s p e c i e s  t h a t  c o n t a i n  
-OH and -OD. The a b s o r p t i o n  s p e c t r a  of several o t h e r  s p e c i e s  have been 
observed i n  f l u o r o b o r a t e  m e l t s  [116, p.  1361. Our spec t rophotometr ic  
program i s  a l s o  provid ing  d a t a  f o r  t h e  i d e n t i f i c a t i o n  and d e t e r m i n a t i o n  
of s o l u t e  s p e c i e s  i n  t h e  v a r i o u s  m e l t s  of  i n t e r e s t  f o r  t h e  f u e l  s a l t  re- 
process ing  system [115]. 

It i s  proposed t h a t  t h e  probe could b e  made of 

Spectrophotometr ic  s t u d i e s  of uranium i n  t h e  +3 o x i d a t i o n  s t a t e  have 

S e m i q u a n t i t a t i v e  c h a r a c t e r i z a t i o n s ,  i n c l u d i n g  a b s o r p t i o n  

W e  are a l s o  i n v e s t i g a t i n g  pro tona ted  s p e c i e s  i n  t h e  proposed c o o l a n t  

T r a n s p i r a t i o n  and Gas Analys is .  - Although t h e  t r a n s p i r a t i o n  approach 
o f f e r s  t h e  advantage of l o c a t i n g  t r a n s d u c e r s  f o r  e f f l u e n t  gas  a n a l y s i s  
o u t s i d e  of t h e  h i g h e s t  r a d i a t i o n  zones,  t h e s e  devices  w i l l  s t i l l  receive 
exposure from f i s s i o n - p r o d u c t  gases  and t h e i r  daughters  and p o s s i b l y  from 
p a r t i c u l a t e  r a d i o a c t i v e  materials, and thus they w i l l  r e q u i r e  remote opera- 
t i o n .  The only r e s e a r c h  performed on such t r a n s d u c e r s  h a s  been on methods 
f o r  b a t c h  samples of t h e  MSRE f u e l .  The e l e c t r o l y t i c  mois ture  monitor w a s  
demonstrated t o  provide  more than  adequate  s e n s i t i v i t y  f o r  t h e  measurement 
of water from t h e  h y d r o f l u o r i n a t i o n  method f o r  ox ide  and t o  have adequate  
t o l e r a n c e  f o r  o p e r a t i o n  a t  t h e  a n t i c i p a t e d  r a d i a t i o n  l e v e l s  [108, p. 1881. 
We have developed a method f o r  t h e  remote measurement of micromolar quan- 
t i t i e s  of HF genera ted  by hydrogenat ion of f u e l  samples u s i n g  a t r a p p i n g -  
thermal -conduct iv i ty  method [108, p .  1891. 
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Commercial gas chromatographic components f o r  t h e  h i g h - s e n s i t i v i t y  

Valves c o n t a i n  elas- 
measurement of permanent gas contaminants are n o t  expected t o  b e  accept -  
a b l e  a t  t h e  r a d i a t i o n  levels  of  t h e  MSBR off-gas .  
tomers which are s u b j e c t  t o  r a d i a t i o n  damage and whose r a d i o l y s i s  products  
would contaminate  t h e  carr ier  gas .  The more s e n s i t i v e  d e t e c t o r s  g e n e r a l l y  
depend on i o n i z a t i o n  by weak r a d i a t i o n  sources  and would obviously b e  a f -  
f e c t e d  by sample a c t i v i t y .  
[123] has  been c o n s t r u c t e d  t o  e f f e c t  6-way, double-throw s w i t c h i n g  of gas  
streams w i t h  c l o s u r e  e f f e c t e d  by a pressure-ac tua ted  metal diaphragm. W e  
developed a helium breakdown d e t e c t o r  capable  of measuring sub-ppm con- 
c e n t r a t i o n s  of permanent gas i m p u r i t i e s  i n  helium. U s e  of t h i s  d e t e c t o r  
i n  a s imple chromatograph on t h e  purge gas  of an i n - p i l e  capsule  tes t  
(MTR-47-6) demonstrated t h a t  i t  w a s  n o t  a f f e c t e d  by r a d i o a c t i v i t y  [ 1 2 4 ] .  
I r o n i c a l l y ,  subsequent  tests w i t h  a more h i g h l y  p u r i f i e d  carr ier  gas 
revea led  s p o r a d i c a l l y  noisy  o p e r a t i o n  caused by u n s t a b l e  d i s c h a r g e s  [123].  
Tests t o  circumvent t h i s  by c o n t r o l l e d  impur i ty  a d d i t i o n s  were suspended 
because of more e x i g e n t  problems. 

b u t  more complex chemical problems. 
methods f o r  t h e  de te rmina t ion  of condensable  material  t e n t a t i v e l y  iden- 
t i f i e d  as BF3 h y d r a t e s  and h y d r o l y s i s  products  [llO, p. 2071 and f o r  
o t h e r  forms of p r o t o n s  and t r i t i u m .  W e  b e l i e v e  t h a t  "dew-point" and 
d i f f u s i o n  methods o f f e r  promise f o r  such measurements [114, p .  721. We 
have developed an improved Karl F i s c h e r  coulometr ic  t i t r a t o r  t o  provide  
c a l i b r a t i o n  measurements of "H20" i n  b o t h  s imula ted  and a c t u a l  cover  
gas samples.  

A p r o t o t y p e  of an all-metal sampling v a l v e  

The a n a l y s i s  of t h e  c o o l a n t  cover  gas involves  less r a d i o a c t i v i t y  
C u r r e n t l y  w e  are i n v e s t i g a t i n g  

In-Line A p p l i c a t i o n s .  - W e  r e c e n t l y  demonstrated t h e  f i r s t  success-  
f u l  chemical a n a l y s i s  f o r  a f lowing molten f l u o r i d e  s a l t  stream [ 1 1 4 ,  
pp. 69-701 by measuring U3+/U4+ r a t i o s  i n  a loop  be ing  opera ted  t o  de- 
termine t h e  e f f ec t  of s a l t  on H a s t e l l o y  N under b o t h  o x i d i z i n g  and re- 
ducing c o n d i t i o n s .  The tes t  f a c i l i t y  i s  a H a s t e l l o y  N thermal-convection 
loop (NCL-21) i n  which LiF-BeF2-ZrFb-UFq c i r c u l a t e s  a t  about  f i v e  l i n e a r  
feet  p e r  minute.  The a n a l y t i c a l  t r a n s d u c e r s  are plat inum and i r i d i u m  
e l e c t r o d e s  t h a t  are i n s t a l l e d  i n  a s u r g e  tank  where t h e  temperature  i s  
c o n t r o l l e d  a t  65OoC. 
of  several months on a completely automated b a s i s .  We designed a new 
c y c l i c  voltammeter,  which provides  several new c a p a b i l i t i e s  f o r  e l e c t r o -  
chemical s t u d i e s  on mol ten-sa l t  systems,  f o r  use w i t h  t h i s  system. The 
voltammeter can be d i r e c t l y  o p e r a t e d  by t h e  PDP-8 family of computers 
[116, p. 1381. A PDP-8/1 computer i s  used t o  c o n t r o l  t h e  a n a l y s i s  system, 
a n a l y z e  t h e  exper imenta l  o u t p u t ,  make t h e  necessary  c a l c u l a t i o n s ,  and 
p r i n t  o u t  t h e  r e s u l t s .  A s  e q u i l i b r i u m  c o n d i t i o n s  w e r e  be ing  e s t a b l i s h e d ,  
i n c r e a s e s  i n  t h e  U3+ c o n c e n t r a t i o n  w e r e  fol lowed as chromium slowly d i s -  
so lved  from t h e  H a s t e l l o y  N ,  caus ing  U4+ t o  b e  reduced. 
drops i n  t h e  U3+ c o n c e n t r a t i o n s  were a l s o  observed due t o  t h e  i n t r o d u c t i o n  
of o x i d i z i n g  contaminants when metal specimens were i n s e r t e d  i n t o  t h e  
m e l t  (Fig.  5 .17) .  Work is  c o n t i n u i n g  toward t h e  a p p l i c a t i o n  of our  elec- 
t r o a n a l y t i c a l  r e s e a r c h  e x p e r i e n c e  w i t h  t h e  c o r r o s i o n  product  i o n s  f o r  
t h e i r  de te rmina t ion  i n  t h i s  system. 

W e  have monitored t h e  U3+/U4+ r a t i o  over  a per iod  

P r e c i p i t o u s  
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P r o v i s i o n s  have been made i n  t h e  des ign  of t h e  two MSRP e n g i n e e r i n g  
loops ,  t h e  Coolant S a l t  Technology F a c i l i t y  (CSTF) and t h e  G a s  System 
Technology F a c i l i t y  (GSTF), f o r  t h e  i n s t a l l a t i o n  of o u r  a n a l y t i c a l  t r a n s -  
ducers .  
a t i n g  c o n d i t i o n s  w i l l  more n e a r l y  r e p r e s e n t  those  which w i l l  b e  encountered 
w i t h  an o p e r a t i n g  r e a c t o r .  

This w i l l  p rovide  us w i t h  exper ience  on systems where t h e  oper- 

Future  Work 

A v a r i e t y  of t a s k s  must b e  performed t o  a c h i e v e  a completely v i a b l e  
i n - l i n e  system f o r  an o p e r a t i n g  r e a c t o r .  
appears  t o  b e  t h e  prime c a n d i d a t e  f o r  p r a c t i c a l  i n - l i n e  f u e l  a n a l y s i s  be- 
cause of t h e  s i m p l i c i t y  of  i t s  t r a n s d u c e r s ;  however, t h e  advent  of t u n a b l e  
lasers [125] and t h e  development of extended p a t h  ce l l s  may make t h e  spec- 
t rophotometr ic  methods compet i t ive .  

development e f f o r t  should  b e  expended i n  t h e  a d a p t a t i o n  of  e l e c t r o c h e m i c a l  
methods t o  t h e  i n - l i n e  a n a l y s i s  of t h e  s a l t  i n  e n g i n e e r i n g  test f a c i l i t i e s  
such as t h e  CSTF and GSTF. The i n i t i a l  i n - l i n e  a p p l i c a t i o n  of e l e c t r o -  
a n a l y t i c a l  methods ( i n  NCL-21) uncovered p r a c t i c a l  problems, and, w h i l e  
t h e s e  problems have been r e s o l v e d ,  w e  expec t  t h a t  o t h e r s  w i l l  b e  en- 
countered i n  t h e  h i g h e r  flow systems.  I n  t h e  immediate f u t u r e  w e  w i l l  
c o n c e n t r a t e  our  e l e c t r o a n a l y t i c a l  r e s e a r c h  on t h e  f l u o r o b o r a t e  system t o  
determine t h e  n a t u r e  of t h e  p r o t o n a t e d  s p e c i e s  and e q u i l i b r i a  involved  s o  
t h a t  i n - l i n e  voltammograms can b e  i n t e r p r e t e d .  I n  f u t u r e  r e s e a r c h  t h e  
fundamental  chemistry of  t h e  more noble  metals, e . g . ,  Mo, Nb, T c ,  and Ru 
should be  s t u d i e d .  Most of  our  e l e c t r o c h e m i c a l  r e s e a r c h  h a s  been per- 
formed i n  MSRE s a l t  composition a t  around 500°C w i t h  some s t u d i e s  of t h e  
e f f e c t s  of temperature  on d i f f u s i o n  c o e f f i c i e n t s  [126,127,128],  and much 
of t h e  f u t u r e  r e s e a r c h  should b e  performed under t h e s e  same c o n d i t i o n s  
t o  permit  a d i r e c t  in te rcompar ison  of r e s u l t s .  Before a p p l i c a t i o n  of 
voltammetry t o  r e a c t o r s ,  d i f f u s i o n  c o e f f i c i e n t s  i n  L ~ F - B ~ F ~ - T ~ F L + - U F Q  
type  m e l t s  must b e  measured a t  o p e r a t i n g  temperature;  t h i s  awaits se- 
l e c t i o n  of t h e  exact composi t ion of t h e  b r e e d e r  f u e l .  

To f u l l y  e x p l o i t  i n - l i n e  measurements i t  w i l l  b e  necessary  t o  de- 
vise  methods f o r  the  o x i d a t i o n  of d i s p e r s e d  m e t a l s  i n  s a l t  streams. 
Such techniques are d e s i r a b l e  f o r  c o r r o s i o n  products  and are e s s e n t i a l  
f o r  t h e  measurement of bismuth which i s  p r e d i c t e d  t o  b e  t r a n s p o r t e d  p r i -  
mar i ly  as e l e c t r o - i n a c t i v e  d i s p e r s e d  metal. Gaseous o x i d a n t s  such as 
HF and f l u o r i n a t e d  hydrocarbons should  b e  i n v e s t i g a t e d  f o r  t h i s  a p p l i -  
c a t i o n .  

The s p e c t r a l  r e s e a r c h  program should be  cont inued w i t h  i n c r e a s e d  
emphasis on t h e  i n  s i t u  measurement of pro tona ted  s p e c i e s  i n  NaBF4. 
These techniques are needed t o  i n v e s t i g a t e  exchange rates of hydrogen 
i s o t o p e s  i n  o r d e r  t o  e v a l u a t e  t h e  use  of t h e  c o o l a n t  f o r  t r i t i u m  con- 
ta inment .  The F o u r i e r  t ransform spec t rometer  should a l s o  b e  used t o  
i n v e s t i g a t e  i n f r a r e d  emission techniques  f o r  measurement of contami- 
n a n t s ,  such as h y d r o l y s i s  p r o d u c t s ,  i n  t h e  c o o l a n t  and its cover  gas.  
Emphasis should then  b e  s h i f t e d  t o  s p e c t r a l  s t u d i e s  of  r e p r o c e s s i n g  
streams. 

The e l e c t r o c h e m i c a l  technique  

On t h e  b a s i s  of p r e s e n t  p r o j e c t i o n s ,  a s i g n i f i c a n t  f r a c t i o n  of t h e  



166 

I n - l i n e  methods f o r  r ep rocess ing  streams must u l t i m a t e l y  b e  de- 
veloped,  b u t  t h e  a n a l y t i c a l  requirements  are no t  y e t  e s t a b l i s h e d .  
Methods f o r  t h e  i n - l i n e  a n a l y s i s  of t h e  f u e l  w i l l  b e  r e a d i l y  a d a p t a b l e  
t o  f l u o r i d e  r e p r o c e s s i n g  streams, and measurements i n  t h e  less c o r r o s i v e  
c h l o r i d e  streams should  b e  much s imple r .  Moreover, t h i s  less formidable  
s o l v e n t  has encouraged o t h e r s  t o  work i n  t h e  medium and t h e  l i t e r a t u r e  
can be e x p l o i t e d  when requirements  are e s t a b l i s h e d .  

tates t h e  development of i n - l i n e  techniques  f o r  ox ide  measurement. 
P r e s e n t l y ,  w e  f e e l  t h a t  a counter -cur ren t  h y d r o f l u o r i n a t i o n  technique  
( t r a n s p i r a t i o n )  o f f e r s  t h e  most promising approach t o  t h e  i n - l i n e  
measurement of ox ide ,  w i th  e l ec t rochemica l  measurement of OH- a f t e r  
HF e q u i l i b r a t i o n ,  o r  t h e  spectrophotometry of oxyanions [116,  p .  1361, 
as a l t e r n a t i v e s .  The i n - l i n e  a p p l i c a t i o n  of t r a n s p i r a t i o n  methods w i l l  
r e q u i r e  the  development of p r e c i s e  meter ing  systems f o r  low s a l t  f lows.  

We have an immediate need f o r  t r ansduce r s  (under  development) f o r  
measurement of h y d r o l y s i s  product  i n  t h e  cover  gas of t h e  CSTF. La ter ,  
methods of improved s e n s i t i v i t y  w i l l  be  r e q u i r e d  t o  ana lyze  t h e  hel ium 
cover  gas of t he  GSTF. We have acqu i red  an u l t r a s o n i c  d e t e c t o r  [129] 
which w e  w i l l  couple  w i t h  an e x i s t i n g  chromatograph t o  provide  an 
ins t rument  f o r  t h e  s e n s i t i v e  de t e rmina t ion  of contaminants  i n  GSTF 
cover  gas .  

i nco rpora t ed  i n  t h e  MSBR. Some exper imenta l  work, e .g . ,  measurement 
of P a ,  w i l l  be needed b u t  does n o t  appear  t o  m e r i t  h igh  p r i o r i t y .  
des ign  of systems f o r  t h e  s a f e  i n s t a l l a t i o n  of t r ansduce r s  i n  rad io-  
a c t i v e  streams is  b a s i c a l l y  an eng inee r ing  problem and has  been de layed ,  
as has  i n v e s t i g a t i o n  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  i n - l i n e  methods; 
t h e s e  need t o  be  pursued a f t e r  t h e  b a s i c  methods are developed. 

The low t o l e r a n c e  of t h e  MSBR f u e l  t o  oxide  contaminat ion  n e c e s s i -  

Direct y-spectrometry (of demonstrated va lue  i n  t h e  MSRE) must b e  

The 

Evalua t ion  

The a n a l y t i c a l  r e sea rch  and development program has  c l e a r l y  demon- 
s t r a t e d  t h e  f e a s i b i l i t y  of performing c e r t a i n  c r i t i ca l  de te rmina t ions  
i n - l i n e  and has  provided s t r o n g  i n d i c a t i o n s  t h a t  w e  can u l t i m a t e l y  
achieve  an optimum program f o r  t h e  a n a l y t i c a l  requi rements  of MSBRs. 
W e  b e l i e v e  t h a t  w i t h  t h e  p o s s i b l e  excep t ion  of t h e  i n - l i n e  oxide  de- 
t e rmina t ion ,  p rope r ly  funded a n a l y t i c a l  development can  keep pace wi th  
t h e  rest of t h e  MSR technology program. 

c 

P 
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6. GRAPHITE 

W. P.  E a t h e r l y  

Re la t ionsh ip  Between Graphi te  and Core Design 

The g r a p h i t e  i n  a s i n g l e  f l u i d  mol ten-sa l t  r e a c t o r  serves no s t r u c -  
t u r a l  purpose o t h e r  t han  t o  d e f i n e  t h e  f low p a t t e r n s  of t h e  s a l t  and, of 
course ,  t o  suppor t  i t s  own weight .  The requi rements  on t h e  material are 
d i c t a t e d  most s t r o n g l y  by n u c l e a r  c o n s i d e r a t i o n s ,  namely s t a b i l i t y  of t h e  
material a g a i n s t  rad ia t ion- induced  d i s t o r t i o n ,  n o n p e n e t r a b i l i t y  by t h e  
fue l -bear ing  molten s a l t ,  and nonabsorp t ion  of xenon i n t o  t h e  g r a p h i t e .  
The p r a c t i c a l  l i m i t a t i o n s  of meet ing t h e s e  requi rements  i n  t u r n  impose 
cond i t ions  on t h e  co re  des ign ,  s p e c i f i c a l l y  t h e  n e c e s s i t y  t o  provide  f o r  
p e r i o d i c  g r a p h i t e  replacement and t o  l i m i t  t h e  c r o s s - s e c t i o n a l  area of 
t h e  g r a p h i t e  pr isms.  We s h a l l  f i r s t  cons ide r  t h e  n u c l e a r  requirements  
imposed on t h e  material. 

Nuclear Rea uiremen t s 

Radia t ion  damage i n  g r a p h i t e  has  been e x t e n s i v e l y  s t u d i e d  s i n c e  1945 
r e l a t i v e  t o  t h e  Hanford product ion  r e a c t o r s ,  and more r e c e n t l y  under t h e  
v a r i o u s  European and American gas-cooled r e a c t o r  programs [I]. I n  t h e  
mid 1960 ' s  i t  became i n c r e a s i n g l y  apparent  t h a t  g r a p h i t e  has  a f i n i t e  
l i f e t i m e  i n  a f a s t  neut ron  environment,  and t h e  an i so t rop ica l ly - induced  
c r y s t a l l i t e  growth due t o  damage u l t i m a t e l y  works t o  des t roy  t h e  poly- 
c r y s t a l l i n e  bu lk  material .  The f l u e n c e  t h a t  is  de f ined  as t h e  u s e f u l  
l i f e t i m e  of t h e  g r a p h i t e  depends somewhat on t h e  f a i l u r e  c r i t e r i o n  em- 
ployed.  The g radua l  d e t e r i o r a t i o n  of t h e  material would f i r s t  r e f l e c t  
i n  i nc reased  xenon adso rp t ion ,  fol lowed by s a l t  p e n e t r a t i o n  and eventu- 
a l l y  l o s s  of mechanical i n t e g r i t y .  The d e f i n i t i o n  p r e s e n t l y  assumed i s  
t h a t  t h e  material undergoes no s i g n i f i c a n t  rad ia t ion- induced  bu lk  expan- 
s i o n ,  c e t a i n l y  a conse rva t ive  assumption. I f  t h e  g r a p h i t e  were t o  su r -  
v i v e  t h e  l i f e  of t h e  p l a n t  i n  a high-power d e n s i t y  mol ten-sa l t  r e a c t o r  
( a  peak power d e n s i t y  of 100 wat t s /cm3) ,  i t  would have t o  endure a damage 
f luence  of t h e  o r d e r  of 3 x 
what t h e  b e s t  e x i s t i n g  material w i l l  w i ths t and .  

i f  t h e  en t r ance  pore  d iameters  t o  t h e  i n t e r n a l  vo id  s t r u c t u r e  of t h e  
g r a p h i t e  are of t h e  o r d e r  of 1 pm o r  less. Seepage of s a l t  i n t o  t h e  
g r a p h i t e  would l e a d  t o  l o c a l  h o t  s p o t s  which could e a s i l y  a t t a i n  tempera- 
t u r e s  of 1100-1200°C a t  which t h e  g r a p h i t e  damage rate i s  inc reased  by 
a f a c t o r  of two over  t h a t  a t  700°C [ 2 ] .  For tuna te ly  t h e  pore  s i z e  re- 
quirement i s  e a s i l y  m e t  by any h igh -qua l i ty  f ine-gra ined  g r a p h i t e ,  and 
t h i s  requirement  l e a d s  t o  no des ign  o r  material r e s t r i c t i o n .  

a t t e n d a n t  improvement i n  b reed ing  r a t i o  i s  d i scussed  i n  d e t a i l  e lsewhere 
(see Chapters 4 and 8 above) .  

neutrons*cm-2, which i s  about t e n  t i m e s  

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

The exc lus ion  of xenon-135 from t h e  pores  i n  t h e  g r a p h i t e  w i t h  i t s  

T r a n s l a t e d  t o  a materials requirement ,  

175 
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xenon e x c l u s i o n  i m p l i e s  e f f e c t i v e  gas  p e r m e a b i l i t i e s  of  lo-* cm2/sec 
hel ium STP o r  less, roughly a pore  e n t r a n c e  d iameter  requirement  of 
0.01 pm o r  less. Such pore  t e x t u r e s  are n o t  a t t a i n a b l e  i n  t h e  o r d i n a r y  
f a b r i c a t i o n  of b u l k  g r a p h i t e .  The requirement  can b e  e a s i l y  m e t  by pyro- 
l y t i c  d e p o s i t i o n  of carbon onto  a b u l k  g r a p h i t e ,  a l though q u e s t i o n s  of  
r a d i a t i o n  s t a b i l i t y  a g a i n  ar ise .  

Design Requirements 

The e x i s t e n c e  of a f i n i t e  g r a p h i t e  l i f e t i m e  f o r c e s  t h e  r e a c t o r  de- 
s i g n  t o  low power d e n s i t i e s  o r  t o  p e r i o d i c  g r a p h i t e  removal, as d i s c u s s e d  
i n  Chapter 4 .  W e  s h a l l  concern o u r s e l v e s  h e r e  wi th  t h e  problem of graph- 
i t e  f a b r i c a t i o n  and i ts  e f f e c t  on design.  The requirement  f o r  sa l t  ex- 
c l u s i o n ,  and thereby a f ine-gra ined  g r a p h i t e ,  a l s o  determines t h a t  t h e  
geometr ic  c r o s s - s e c t i o n  of t h e  g r a p h i t e  pr isms b e  k e p t  small. This  is 
n e c e s s i t a t e d  by t h e  i n a b i l i t y  t o  c o n t r o l  m i c r o s t r u c t u r e  t o  t h e  d e s i r e d  
degree  i n  forming and h e a t - t r e a t i n g  l a r g e  c r o s s  s e c t i o n s .  Smal l  s e c t i o n s  
a l s o  have t h e  advantage of minimizing thermal  g r a d i e n t s  i n  t h e  g r a p h i t e  
d u r i n g  r e a c t o r  o p e r a t i o n  and thus  reducing  t h e  ra te  of r a d i a t i o n  damage. 
I n  t h e  several d e s i g n  s t u d i e s  f o r  MSR's ,  t h e  problems of g r a p h i t e  removal 
and pr i sm geometry have been so lved  i n  several d i f f e r e n t  ways. 

I n  t h e  r e f e r e n c e  des ign  [ 3 ]  t h e  c o r e  c o n s i s t s  e n t i r e l y  of s q u a r e  
pr isms approximately f o u r  inches  on a s i d e .  I n  t h e  c e n t r a l  c o r e  zone (Zone 
I) t h e  requirement  of 13.2 volume p e r c e n t  s a l t  l e a d s  t o  s e c t i o n s  w i t h  small 
h o l e s  o r  i n t e r p r i s m  s l o t s  ( s e e  F ig .  6 . 1 ) .  S a l t  volume is t r a d e d  between 
c e n t r a l  h o l e  and s l o t s  t o  s i m p l i f y  o r i f i c i n g  o f  t h e  s a l t  flow. For t h e  
o u t e r  c o r e  r e g i o n  (Zone 11) t h e  r e q u i r e d  s a l t  volume of 37% is  obta ined  
by opening up t h e  c e n t r a l  a x i a l  h o l e  (F ig .  6 . 2 ) .  The e n t i r e  c o r e  is sup- 
por ted  by H a s t e l l o y  t i e  rods  and g r i d  p l a t e  and is p e r i o d i c a l l y  removed 
as a u n i t .  Although t h e  s q u a r e  c r o s s - s e c t i o n  permi ts  easy  f a b r i c a t i o n  
of t h e  b a s e  s t o c k  g r a p h i t e ,  t h e  p o s s i b l e  need t o  p y r o l y t i c a l l y  t rea t  t h e  
i n t e r i o r  s u r f a c e  of t h e  h o l e  p r e s e n t s  a formidable  f a b r i c a t i o n  problem. 

t u t e d  a s l a b  des ign  f o r  t h e  s q u a r e  pr i sms  ( s e e  F i g s .  6 .3  and 6 . 4 ) .  The 
s l a b s  are assembled i n t o  hexagonal e lements ,  each of which can b e  re- 
moved as a u n i t  t o  permit  p a r t i a l  c o r e  replacement.  

A s i m i l a r  s l a b  des ign  w a s  u t i l i z e d  i n  t h e  s t u d y  o f  a demonst ra t ion  
r e a c t o r  [5] ,  except  t h a t  no p r o v i s i o n  w a s  made f o r  g r a p h i t e  replacement  
due t o  t h e  low power d e n s i t y  i n  t h e  c o r e .  

Mechanical a n a l y s i s  [6] h a s  i n d i c a t e d  t h e r e  are no s i g n i f i c a n t  
thermal  o r  rad ia t ion- induced  stresses i n  any of  t h e  d e s i g n s .  

This  problem w a s  circumvented i n  t h e  Ebasco s t u d y  [ 4 ] ,  which s u b s t i -  

General  Background 

G r a p h i t e  h a s  been employed as a n u c l e a r  material as l o n g  as t h e r e  
have been r e a c t o r s .  It formed t h e  moderator i n  t h e  S tagg  F i e l d  experiment  
and t h e  p r o t o t y p e  Oak Ridge Graphi te  Reactor .  The f i r s t  e x t e n s i v e  ex- 
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Fig. 6 . 3 .  Top d e t a i l  of t h e  g r a p h i t e  moderator element 
as proposed i n  t h e  Eb’asco Design Study. 



180 

ORNL-DWG 71 -131 35 

Fig.  6.4 .  Cross-sect ion of t h e  Zone 1 moderator element 
as proposed i n  t h e  Ebasco Design Study. 
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p e r i e n c e  w i t h  g r a p h i t e  w a s  acqu i r ed  i n  t h e  Hanford p roduc t ion  r e a c t o r s  
and somewhat l a t e r  i n  t h e  B r i t i s h  gas-cooled r e a c t o r s ,  a l b e i t  a t  lower 
tempera tures  and f l u e n c e s  than  apply t o  t h e  MSR‘s.  

More r e c e n t l y  t h e  Dragon Reactor i n i t i a t e d  t h e  use  of  g r a p h i t e  a t  
tempera tures  i n  t h e  1000°C range, followed s h o r t l y  by t h e  Peach Bottom 
Reactor i n  t h e  U.S. and t h e  AVR Reactor i n  Germany. C u r r e n t l y ,  t h e  gas- 
cooled r e a c t o r s  are be ing  designed o r  ope ra t ed  t o  t a k e  g r a p h i t e  tempera- 
t u r e s  i n  t h e  1200-1300°C tempera ture  range .  

program is  d i r e c t l y  a p p l i c a b l e  t o  MSR’s. I n  p a r t i c u l a r ,  d a t a  taken  a t  
Hanford i n  t h e  mid-1960’s spanning t h e  tempera ture  range  300-1100°C f i r s t  
i n d i c a t e d  t h e  f i n i t e  l i f e t i m e  of g r a p h i t e  s u b j e c t  t o  neutron-induced 
damage, i . e . ,  i ts  e v e n t u a l  dimensional expansion and l o s s  of mechanical 
i n t e g r i t y .  

In  l a t e  1968 a program w a s  i n i t i a t e d  a t  ORNL t o  e v a l u a t e  g r a p h i t e s  
f o r  mol t en - sa l t  r e a c t o r  a p p l i c a t i o n ,  and more s p e c i f i c a l l y ,  t o  de te rmine  
what l i m i t a t i o n s  g r a p h i t e  might impose on reactor des ign .  A program p l a n  
w a s  proposed [ 7 ]  t o  demonst ra te  f e a s i b i l i t y  of improving g r a p h i t e  by 1975, 
and t o  b r i n g  such improvements t o  commercial a p p l i c a t i o n  by 1980. The 
proposa l  was ambi t ious  and has  n o t  been f u l l y  implemented due t o  funding  
l i m i t a t i o n s .  Cons iderable  p rogres s  h a s ,  n e v e r t h e l e s s ,  been achieved  
toward demonst ra t ing  t h e  c a p a b i l i t y  of e x i s t i n g  materials t o  meet MSR 
requi rements  and t o  d e l i n e a t e  areas f o r  f u t u r e  development. 

Much of t h e  expe r i ence  and d a t a  ob ta ined  i n  t h e  gas-cooled r e a c t o r  

Curr en t S t a t  us 

The MSR g r a p h i t e  program h a s  evolved i n t o  a four-pronged a t t a c k  - 
t o  survey  e x i s t i n g  commercially a v a i l a b l e  g r a p h i t e s  f o r  t h e i r  a p p l i c a -  
b i l i t y  t o  an MSBR; t o  g a i n  s u f f i c i e n t  i n s i g h t  i n t o  t h e  damage mechanism 
t o  b e  a b l e  t o  estimate t h e  degree  of  improvement t o  b e  expec ted  i n  f u t u r e  
g r a p h i t e s ;  t o  deve lop  an in-house c a p a b i l i t y  t o  f a b r i c a t e  g r a p h i t e s  i n  
o r d e r  t o  re la te  damage behavior  t o  s t r u c t u r e  and f a b r i c a t i o n  technique;  
and t o  develop methods of s e a l i n g  t h e  g r a p h i t e  a g a i n s t  xenon-135 d i f f u s i o n .  
Included i n  t h e s e  areas are t h e  n e c e s s i t y  t o  develop des ign  d a t a  and 
c o s t  estimates . 

I r r a d i a t i o n  D a m a g e  S tud ie s  

The b a s i c  i r r a d i a t i o n  damage phenomena i n  g r a p h i t e  are determined 
by t h e  extreme a n i s o t r o p y  of t h e  c r y s t a l .  The carbon atoms are a r r ayed  
i n  t ightly-bound hexagons i n  p l a n a r  a r r a y .  The p l anes  are we l l - sepa ra t ed  
and weakly coupled. I n t e r s t i t i a l s  produced by neu t ron  bombardment wander 
f r e e l y  between p l anes  and r e i n t e g r a t e  as new p l a n e s .  Vacancies l e f t  be- 
h ind  are co l l apsed .  We are t h u s  l e f t  w i t h  t h e  p i c t u r e  of a s i n g l e  c r y s t a l  
expanding i n d e f i n i t e l y  i n  one d i r e c t i o n  and c o n t r a c t i n g  i n  t h e  o t h e r  two 
w i t h  l i t t l e  change i n  n e t  volume. i n  a p o l y c r y s t a l l i n e  material, each 
c r y s t a l l i t e  is thus  expanding and c o n t r a c t i n g  in vary ing  d i r e c t i o n s ,  and 
i t  is  h a r d l y  s u r p r i s i n g  t h e  material  e v e n t u a l l y  d e t e r i o r a t e s .  What is 
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remarkable is i ts  a b i l i t y  t o  w i t h s t a n d  t h e s e  changes.  P a r t i a l l y  o r i e n t e d  
p y r o l y t i c s  i r r a d i a t e d  i n  HFIR t o  f l u e n c e s  of 3 x neutrons/cm2 a t  MSR 
temperatures  expanded 500% i n  t h e  p r e f e r r e d  c-axis d i r e c t i o n  w i t h o u t  l o s i n g  
mechanical i n t e g r i t y !  

commercially a v a i l a b l e  g r a p h i t e s  w e r e  i r r a d i a t e d  i n  HFIR t o  e s t a b l i s h  
t h e i r  dimensional  behavior  [8]. A p i c t u r e  of  t h e  m i c r o s t r u c t u r a l  prop- 
e r t ies  s i g n i f i c a n t  t o  r a d i a t i o n  damage h a s  g r a d u a l l y  emerged. Our con- 
c l u s i o n s  are as fo l lows .  

I n  t h e  600-800°C temperature  range of i n t e r e s t  t o  mol ten-sa l t  re- 
a c t o r s ,  bu lk  g r a p h i t e s  can b e  c l a s s i f i e d  i n t o  t h r e e  behavior  modes de- 
pending on t h e i r  f a b r i c a t i o n  h i s  t o r y ,  namely convent iona l  materials , 
black-based materials, and monol i th ic  materials [ 8 ] .  By convent iona l  
materials w e  i n c l u d e  a l l  normal commercial g r a p h i t e s  formed from c a l c i n e d  
coke o r  g r a p h i t e  f i l l e r s  bindered wi th  t h e r m o s e t t i n g  o r  t h e r m o p l a s t i c  
materials and subsequent ly  h e a t  t r e a t e d .  These materials may b e  i s o t r o p i c  
o r  a n i s o t r o p i c ,  b u t  show an immediate volume c o n t r a c t i o n  under damage 
followed by r a p i d  and c a t a s t r o p h i c  expansion. Thei r  l i f e t i m e s  are i n  t h e  
range from 1 t o  2.5 x neutrons/cm2 (E > 50 keV) (see Fig.  6 .5 ) .  The 
expansion is c h a r a c t e r i s  t i c a l l y  p a r a b o l i c  w i t h  f l u e n c e  . 

The second c lass ,  black-based g r a p h i t e s ,  employs carbon b lacks  as 
f i l l e r s ,  t h e  i n d i v i d u a l  b lacks  having  a roughly s p h e r i c a l  c r y s t a l l i t e  
o r i e n t a t i o n  capable  of wi ths tanding  h i g h  t a n g e n t i a l  s t r a i n .  Depending 
on h e a t  t rea tment  temperature ,  they may c o n t r a c t  r a p i d l y  at  f i r s t  and 
expand l i n e a r l y  w i t h  f u r t h e r  i r r a d i a t i o n  ( s e e  Fig.  6 .6) .  The d i f f e r i n g  
expansion behavior  from t h e  more convent iona l  g r a p h i t e s  is t e n t a t i v e l y  
expla ined  by t h e  a b i l i t y  of t h e  b l a c k  p a r t i c l e s  t o  w i t h s t a n d  s t r a i n .  

The t h i r d  c lass ,  and t h e  one of i n t e r e s t  t o  u s ,  is t h e  monol i th ic  
materials which appear  t o  b e  b i n d e r l e s s ,  o r  f o r  which t h e  f i l l e r  material  
is chemical ly  act ive and reacts w i t h  t h e  b i n d e r .  The r e s u l t  is an ex- 
t remely homogeneous s t r u c t u r e  u s u a l l y  unmarked by m i c r o s t r u c t u r e s .  Under 
i r r a d i a t i o n  t h e s e  materials undergo a prolonged s t a b l e  i n d u c t i o n  p e r i o d  
b e f o r e  b r e a k i n g  i n t o  p a r a b o l i c  expansion ( s e e  Fig.  6 . 7 ) .  The l i f e t i m e s  
of t h o s e  t e s t e d  t o  d a t e  l i e  i n  t h e  2 t o  3 x neutrons/cm2 range 
(E > 50 keV). 
and t h e i r  i n d u c t i o n  per iod  is a t t r i b u t e d  t o  t h e i r  m i c r o s t r e n g t h  and 
a b i l i t y  t o  f low p l a s t i c a l l y  t o  relieve s t r a i n .  The p a r a b o l i c  expansion 
of b o t h  t h e s e  materials and t h e  convent iona l  g r a p h i t e s  can b e  r e l a t e d  t o  
void  g e n e r a t i o n  as t h e  s t r u c t u r e  f i n a l l y  f r a c t u r e s  a t  t h e  c r y s t a l l i t e  
level  [ 9 ] .  

g r a p h i t e  is understood,  and i t s  r e l a t i o n s h i p  t o  m i c r o s t r u c t u r e  a t  least  
q u a l i t a t i v e l y  demonstrated.  

During t h e  per iod  1963-1971, over  e i g h t y  d i f f e r e n t  exper imenta l  and 

The b e s t  materials of  t h i s  type  are i n v a r i a b l y  i s o t r o p i c ,  

I n  s u m a r y ,  w e  f e e l  t h e  g e n e r a l  n a t u r e  of damage i n  p o l y c r y s t a l l i n e  

F a b r i c a t i o n  S t u d i e s  

c 

Based on t h e  HFIR i r r a d i a t i o n  d a t a ,  a program w a s  i n i t i a t e d  i n  1970 
t o  e x p l o r e  t h e  f a b r i c a t i o n  of  m o n o l i t h i c  g r a p h i t e s  s p e c i f i c a l l y  aimed at  
r a d i a t i o n  damage r e s i s t a n c e .  
t i ve  and scope.  

The program is r a t h e r  modest i n  both objec-  
S m a l l  samples up t o  t h r e e  i n c h e s  i n  diameter  on ly  are 
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be ing  a t tempted ,  and t h e  r a w  materials have been l i m i t e d  t o  t h r e e  cokes 
and s e v e r a l  t he rmose t t i ng  o r  t h e r m o p l a s t i c  b i n d e r s .  The e s sence  of t h e  
process  is i n  t h e  use  of cokes i n  t h e i r  unca lc ined  c o n d i t i o n  i n  which 
they are s t i l l  chemically a c t i v e .  The chemical a c t i v i t y  between coke 
and b i n d e r  and t h e  more similar sh r inkage  rates o f  t h e  two dur ing  carbon- 
i z a t i o n  r e s u l t  i n  t h e  d e s i r e d  mono l i th i c  s t r u c t u r e  [ l o ] .  
t i o n  t e s t i n g .  Cur ren t ly  r e s u l t s  are a v a i l a b l e  only  up t o  1 .5  x 
neutrons/cm2. 
conclus ions  from t h e  hypotheses  on damage models. 

During t h e  p a s t  y e a r  t h e s e  materials have been undergoing i r r a d i a -  

To t h i s  level  they have been s t a b l e ,  and thus  confirm our  

Xenon Con t ro l  

The problem of e f f e c t i v e l y  s e a l i n g  t h e  g r a p h i t e  a g a i n s t  xenon can 
take  t h r e e  forms: d i r e c t  impregnation by hydrocarbons fo l lowed by h e a t  
t r ea tmen t  t o  l e a v e  a carbon r e l i c  i n  t h e  po re ;  impregnat ion  w i t h  a l i q u i d  
o r  s o l i d  sa l t  t o  f i l l  t h e  pores ;  o r  s u r f a c e  t reatment  t o  seal  o f f  t h e  
po res  a t  o r  n e a r  t h e  s u r f a c e .  

t o  i n d i c a t e  t h e  l i m i t a t i o n s  of d i r e c t  carbonaceous impregnat ion .  The 
decomposing hydrocarbon gene ra t e s  gaseous p roduc t s  which must e scape  t o  
t h e  s u r f a c e  o r  r u p t u r e  t h e  bu lk  iece. A p r a c t i c a l  l i m i t a t i o n  i n  per -  
m e a b i l i t y  is of t h e  o r d e r  of 
r e q u i r e d  f o r  exc lud ing  xenon. This approach has  t h e r e f o r e  n o t  been ex- 
p l o r e d  i n  our  program. 

The use  of sa l ts  t o  f i l l  t h e  po res  has  been looked at c u r s o r i l y  [8] 
and is s t i l l  be ing  i n v e s t i g a t e d .  The l i m i t a t i o n  a n t i c i p a t e d  is  t h e  d i f -  
f u s i o n  of uranium i n t o  t h e  sa l t .  Never the l e s s ,  i t  has  been demonstrated 
t h a t  such  a technique  can reduce  g a s  p e r m e a b i l i t i e s  t o  t h e  d e s i r e d  range. 

The use  of p y r o l y t i c  decomposition of hydrocarbons has  been ex ten-  
s i v e l y  s t u d i e d  f o r  r e a c t o r  a p p l i c a t i o n s ,  p r i m a r i l y  under t h e  gas-cooled 
r e a c t o r  programs. The background developed t h e r e  on process  pa rame te r s ,  
p r o p e r t i e s  , and i r r a d i a t i o n  behavior  formed t h e  b a s i s  f o r  our  program. 
The f i r s t  approach [ll] w a s  t o  u t i l i z e  a gas impregnat ion  p rocess  t o  
f i l l  t h e  pores  nea r  t h e  s u r f a c e ,  t h i s  be ing  p r e f e r r e d  over a c o a t i n g  
process  because  o f  i t s  g r e a t e r  r e s i s t a n c e  t o  hand l ing  damage. The p rocess  
c o n s i s t s  of  a l t e r n a t e l y  p u l s i n g  hydrocarbon gas and vacuum, thus  e f f e c t -  
i n g  a decomposition of t h e  gas  deep w i t h i n  t h e  po res  of t h e  g r a p h i t e ,  and 
has proven t o  be  e a s i l y  c o n t r o l l a b l e  and e f f e c t i v e .  Apparent permeabil-  
i t ies* i n  t h e  Mono- 
l i t h i c - t y p e  s u b s t r a t e s  were impregnated and i r r a d i a t e d  i n  HFIR, but  t h e  

S u f f i c i e n t  expe r i ence  has  been gene ra t ed  i n  t h e  g r a p h i t e  i n d u s t r y  

cm2/sec, a f a c t o r  100 l a r g e r  than  

cm2/sec range and below are r e a d i l y  a t t a i n e d .  

* 
The p e r m e a b i l i t i e s  as used h e r e  are de r ived  from gas  flow measure- 

ments through both  t h e  s e a l e d  r eg ion  and t h e  remaining u n a f f e c t e d  sub- 
s t ra te  g r a p h i t e .  The a c t u a l  p e r m e a b i l i t i e s  a t  t h e  s e a l e d  s u r f a c e  l a y e r  
are probably  a f a c t o r  of 100 lower. 
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low pe rmeab i l i t y  w a s  qu ick ly  l o s t  [ 1 2 ] .  Dimensional d a t a  r e a d i l y  showed 
why. I n  f i l l i n g  t h e  po res  w e  had a l s o  locked t h e  c r y s t a l l i t e s  i n  t h e  
s u r f a c e  r eg ion  of t h e  base  g r a p h i t e  t o g e t h e r  and prevented  t h e  p l a s t i c  
flow necessa ry  t o  r e l i e v e  t h e  i n t e r c r y s t a l l i n e  s t r a i n s  produced du r ing  
damage. 

s t r u c t u r e s  known t o  be  d imens iona l ly  s t a b l e  under i r r a d i a t i o n .  F i r s t  i r-  
r a d i a t i o n  r e s u l t s  [8] were mixed; a few samples r e t a i n e d  t h e i r  i n i t i a l  
low p e r m e a b i l i t i e s  t o  t h e  maximum f l u e n c e  employed, about 2 x neu- 
trons/cm2, bu t  t h e  m a j o r i t y  w e r e  no b e t t e r  than  t h e  gaseous-impregnated 
materials. It is now known t h a t  t h e  c o a t i n g s  w e r e  flawed b e f o r e  i r r a d i a -  
t i o n ,  and a r e v i s e d  p rocess  has  been developed [13 ] .  Samples w i t h  un- 
flawed c o a t i n g s  are c u r r e n t l y  be ing  assembled f o r  i r r a d i a t i o n  t e s t i n g .  

scanning  e l e c t r o n  microscopes capable  of examining g r a p h i t e  s u r f a c e s .  The 
flawed samples a l l u d e d  t o  above appeared p e r f e c t l y  sound even under t h e  
l i g h t  microscope. Under t h e  scanning  e l e c t r o n  microscope, v a r i o u s  types  
of flaws are r e a d i l y  apparent  as w e l l  as changes i n  m i c r o s t r u c t u r e  (see 
Fig .  6.8).. The d e f e c t s  have been found t o  b e  due t o  f a u l t y  gas c i r c u l a -  
t i o n ,  s o o t  i n c l u s i o n s ,  and too  s h a r p  c o r n e r s  on t h e  g r a p h i t e  c y l i n d e r s  
be ing  coated. These have a l l  been e l i m i n a t e d  i n  t h e  c u r r e n t  c o a t i n g  
process .  

Coating w a s  nex t  i n v e s t i g a t e d ,  u t i l i z i n g  b a s e  g r a p h i t e s  and c o a t i n g  

One of t h e  major r e c e n t  d i a g n o s t i c  advances had been development of 

Thermal Conduct iv i ty  

It w a s  o r i g i n a l l y  a n t i c i p a t e d  t h a t  changes i n  thermal c o n d u c t i v i t y  
due t o  r a d i a t i o n  damage under MSR c o n d i t i o n s  would b e  s l i g h t .  Recent 
d a t a ,  however, have impl ied  t h i s  may n o t  b e  t h e  c a s e  [ 7 ] ,  and experim$nts 
have been i n i t i a t e d  i n  HFIR t o  de te rmine  t h e  s e r i o u s n e s s  of t h e  degrada- 
t i o n  i n  c o n d u c t i v i t y  [8].  P re l imina ry  r e s u l t s  imply t h e  dec rease  may b e  
by a f a c t o r  of t h r e e .  

g r a p h i t e  tempera tures ,  and thereby  t h e  rate of damage accumulation. The 
average  d imens iona l  change of  a g r a p h i t e  p r i sm under r a d i a t i o n  damage i s  
as though t h e  pr i sm were a t  i t s  mean tempera ture  throughout [ 6 ] .  S ince  
damage rate i n c r e a s e s  w i t h  tempera ture ,  t h e  d e s i r e  t o  minimize i n t e r n a l  
tempera ture  g r a d i e n t s  i s  obvious.  

The importance of thermal c o n d u c t i v i t y  is i n  c o n t r o l l i n g  t h e  i n t e r n a l  

S t r e s s e s  and Creep .  - The g r a p h i t e  co re  pr i sms ,  as mentioned above, 
are r e q u i r e d  f o r  no s t r u c t u r a l  purpose excep t  t o  d e l i n e a t e  t h e  s a l t  flow 
and t o  suppor t  t h e i r  own weight when t h e  r e a c t o r  is d ra ined .  However, 
t h e  q u e s t i o n  s t i l l  exists as t o  t h e  magnitude of thermal o r  r a d i a t i o n  
induced stresses. These have been c a l c u l a t e d  f o r  t h e  r e f e r e n c e  des ign  
wi th  conven t iona l  g r a p h i t e  a t  t h e  wors t  p o s i t i o n  i n  t h e  co re ,  i . e . ,  on 
t h e  c e n t e r  l i n e  j u s t  above t h e  midplane [ 6 ] .  The c a l c u l a t e d  stresses are 
shown i n  Fig.  6.9 and are obvious ly  t r i v i a l .  W e  conclude t h a t  thermal 
and rad ia t ion- induced  stresses are no problem even f o r  t h e  r e l a t i v e l y  
poor ly  behaved conven t iona l  type g r a p h i t e s  . 
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x 

Fig.  6.8. Scanning e l e c t r o n  microscope p i c t u r e s  of coated 

Soot i n c l u s i o n  w i t h  r a d i a t i n g  c rack  s t r u c t u r e .  
g r a p h i t e .  L e f t :  Thin coa t ing  i n s u f f i c i e n t  t o  cover  s u r f a c e .  
Right :  

P 
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Fig. 6.9. Maximum axia l  o r  t a n g e n t i a l  stresses developed i n  t h e  
r e f e r e n c e  MSBR des ign  f o r  a convent iona l - type  g r a p h i t e .  
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Manufacturing C a p a b i l i t y  and Costs  

The e x t e n s i v e  survey program of  v a r i o u s  commercial g r a p h i t e s  de- 
s c r i b e d  above n e t t e d  one g r a p h i t e  t h a t  i s  a c c e p t a b l e  t o  t h e  MSBR r e f e r e n c e  
des ign ,  a second a c c e p t a b l e  b u t  l i m i t e d  i n  a v a i l a b l e  s i z e s ,  and two o t h e r  
grades which are p o t e n t i a l l y  a c c e p t a b l e .  These span ,  h a p p i l y ,  f o u r  inde-  
pendent vendors .  

Great Lakes Carbon Corpora t ion  grade  H-364 is  a v a i l a b l e  i n  t h e  proper  
geometr ies  and p o s s e s s e s  a l i f e t i m e  b e f o r e  s i g n i f i c a n t  expansion occurs  of  
t h e  o r d e r  of 2.5 x neutrons/cm2 (E > 50 keV) a t  715°C. This  is 17% 
less than s p e c i f i e d  i n  t h e  r e f e r e n c e  des ign  but  is c l o s e  enough t o  be  
compensatable by a l lowing  more expansion,  reducing  t h e  maximum power 
d e n s i t y ,  o r  r e p l a c i n g  t h e  g r a p h i t e  somewhat sooner .  Poco grade AXF is 
t h e  b e s t  commercial material  w e  have encountered w i t h  a l i f e t i m e  of  t h e  
o r d e r  of 3 t o  3 .5  x b u t  i s  c u r r e n t l y  a v a i l a b l e  only i n  s h o r t  
l e n g t h s .  Material submi t ted  by Airco Speer and Pure  Carbon Companies 
a l s o  may f a l l  i n t o  t h e  class o f  t h e s e  materials b u t  t o  d a t e  have only 
been i r r a d i a t e d  t o  1 . 5  x T h e i r  behavior  appears  t o  b e  similar t o  
t h e  b e s t  of t h e  m o n o l i t h i c  grades .  

We have been unable  t o  o b t a i n  f i r m  p r i c e  estimates on t h e s e  grades 
f o r  our  a p p l i c a t i o n ,  bu t  they appear  t o  f a l l  i n t o  t h e  range of $5-10.00 
p e r  pound of f i n i s h e d  g r a p h i t e ,  even on a f i r s t - o r d e r  b a s i s .  P r i c e s  of 
$5.00 p e r  pound o r  lower c e r t a i n l y  appear  t o  b e  probable  i f  t h e  market 
becomes s u f f i c i e n t l y  l a r g e  t o  permit  t h e  g r a p h i t e  t o  b e  handled as a s t o c k  
i t e m .  

With r e g a r d  t o  p y r o l y t i c  c o a t i n g  o r  s e a l i n g ,  t h e r e  is  an e x i s t i n g  
i n d u s t r y  a l r e a d y  producing such c o a t i n g s  p r i m a r i l y  f o r  aerospace  a p p l i c a -  
t i o n s .  However, t h e  most i r r a d i a t i o n - r e s i s t a n t  t y p e  of c o a t i n g  ( L T I ,  o r  
low temperature  i s o t r o p i c )  employs p r o c e s s  parameters  q u i t e  d i f f e r e n t  
from t h e  indus t r ia l -deve loped  p r o c e s s e s .  Cost-est imat ing i s  d i f f i c u l t  
s i n c e  a process  h a s  n o t  been developed, b u t  w e  guess  t h a t  $25-30 p e r  l b  
of f i n i s h e d  g r a p h i t e  i n  t h e  s l a b  geometry should  c e r t a i n l y  cover  any 
reasonable  p r o c e s s  d u r i n g  i t s  e a r l y  development. Eventua l ly  c o s t s  should  
drop t o  $5-7.00 p e r  l b  f o r  reasonable  product ion  q u a n t i t i e s .  

U n c e r t a i n t i e s  and F u r t h e r  Work 

A number of u n c e r t a i n t i e s  remain, none of  which p a r t i c u l a r l y  a f f e c t  
t h e  v i a b i l i t y  o f  t h e  mol ten-sa l t  b r e e d e r  concept .  These u n c e r t a i n t i e s  
may e f f e c t  f u r t h e r  compromises i n  des ign  and perhaps economics , b u t  i n  
no case are they v i t a l  t o  t h e  t e c h n i c a l  o r  economic u s e  of  g r a p h i t e  i n  
t h e  r e a c t o r .  S ince  t h e s e  u n c e r t a i n t i e s  are r e a d i l y  r e s o l v a b l e  by f u r t h e r  
work on g r a p h i t e ,  w e  d i s c u s s  t h e  two t o p i c s  t o g e t h e r .  

P 
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I r r a d i a t i o n  Damage and Graphi te  F a b r i c a t i o n  

fd The p o t e n t i a l  f o r  improved g r a p h i t e s  t h a t  can b e  employed i n  MSBR'S 
beyond a f l u e n c e  of 3.5 x is, w e  b e l i e v e ,  good. The q u e s t i o n  remains 
s p e c u l a t i v e  as t o  t h e  degree o f  improvement t o  b e  a n t i c i p a t e d .  Our con- 
f i d e n c e  i n  a n t i c i p a t i n g  a t  least  incrementa l  improvements h a s  i n c r e a s e d  
s i g n i f i c a n t l y  i n  t h e  p a s t  y e a r  as o u r  unders tanding  of t h e  r e l a t i o n s h i p s  
between m i c r o s t r u c t u r e  and r a d i a t i o n  damage h a s  improved. The avail- 
a b i l i t y  of HFIR ( o r  f a s t  r e a c t o r s  i n  t h e  f u t u r e )  t o  o b t a i n  f u l l  f l u e n c e s  
i n  less than a y e a r  enables  a g r a p h i t e  development program t o  proceed a t  
a reasonable  ra te .  

The f a b r i c a t i o n  process  which is  c u r r e n t l y  b e i n g  s t u d i e d  a t  ORNL h a s  
only y e t  been b r i e f l y  explored.  Areas awai t ing  examination where f u r t h e r  
p r o g r e s s  can b e  a n t i c i p a t e d  are t h e  u s e  of b l a c k s  i n  processes  analogous 
t o  t h e  green-coke r o u t e ,  and t h e  u s e  of h igh-pressure  p r o c e s s i n g  f o r  b o t h  
r a w  materials and c a r b o n i z a t i o n .  To d a t e  very  l i t t l e  e f f o r t  has  been 
expended by i n d u s t r y  and o t h e r  government l a b o r a t o r i e s  t o  i n c r e a s e  t h e  
l i f e  o r  s t a b i l i t y  of g r a p h i t e ,  and t h e  development of new processes  and 
d i a g n o s t i c  techniques s u g g e s t  much more r a p i d  p r o g r e s s  can b e  made. W e  
b e l i e v e  t h e s e  a l t e r n a t e  f a b r i c a t i o n  techniques and t h e i r  re levance  t o  
damage r e s i s t a n c e  can b e  a t  least i n d i c a t e d  w i t h i n  two t o  t h r e e  y e a r s .  
The f a c t  t h a t  p y r o l y t i c  materials have s u r v i v e d  t o  f l u e n c e s  g r e a t e r  than  
1.5 x 
5 x neutrons/cm2 a t  700°C should b e  a t t a i n a b l e .  

neutrons/cm2 a t  1250°C i m p l i e s  l i fe t imes of  t h e  o r d e r  of 

a 

Xenon Cont ro l  

II 

i d  

The a b i l i t y  t o  exclude xenon from t h e  g r a p h i t e  by means of p y r o l y t i c  
impregnation o r  c o a t i n g  h a s  n o t  been demonstrated.  A l t e r n a t i v e  techniques  
ex i s t  b u t  c u r r e n t l y  remain unexplored. 

t o  >3 x Hence, t h i s  i s  s t r o n g  reason  t o  b e l i e v e  a monolayer c o a t i n g  
can b e  made t o  work i n  t h e  MSBR. However, i n  t h e  gas-cooled program where 
coa t ings  have been shown t o  s u r v i v e  e q u i v a l e n t  f l u e n c e s ,  i t  has  been found 
n e c e s s a r y  t o  decouple  t h e  s u b s t r a t e  and coa t ing .  Both low d e n s i t y  pyro- 
l y t i c  and s i l i c o n  c a r b i d e  i n t e r c o a t i n g s  have been employed, and analogous 
techniques  can b e  u t i l i z e d  h e r e  a l b e i t  at  an economic p e n a l t y .  I f  such 
techniques are r e q u i r e d ,  some two t o  t h r e e  y e a r s '  e f f o r t  w i l l  b e  needed 
t o  develop them. In  any e v e n t  f u r t h e r  work t o  upsca le  and prepare  f o r  
t r a n s i t i o n  t o  commercial s u p p l i e r s  w i l l  be  requi red .  

i t e  w i t h  e i t h e r  l i q u i d  o r  s o l i d  s a l t .  S o l i d  s a l t ,  and bismuth as a 
s tand- in ,  have been shown t o  a t  least  y i e l d  t h e  r i g h t  o r d e r  of  gaseous 
d i f f u s i o n  rates. The u n c e r t a i n t y  remains as t o  whether t h e  l i q u i d  o r  
s o l i d  d i f f u s i o n  rates are s u f f i c i e n t l y  low. The p o t e n t i a l  of  t h i s  ap- 
proach can b e  determined i n  about one y e a r .  

hel ium bubbles  and t h e  impedance of  xenon d i f f u s i o n  a c r o s s  t h e  graphi te -  
sa l t  i n t e r f a c e  t o  l i m i t  d i f f u s i o n  i n t o  g r a p h i t e  q u i t e  independent ly  of 
t h e  p e r m e a b i l i t y ,  a s u b j e c t  which is  d i s c u s s e d  i n  d e t a i l  i n  Chapter 8. 

Both c o a t i n g s  and s u b s t r a t e s  have s e p a r a t e l y  been shown t o  s u r v i v e  

Two f u r t h e r  techniques are t h e  f i l l i n g  of  p o r o s i t y  i n  t h e  graph- 

Underlying a l l  of t h i s  are q u e s t i o n s  as t o  t h e  e f f i c a c y  of t h e  
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Thermal Conduct iv i ty  

The thermal  c o n d u c t i v i t y  deg rada t ion  w i t h  damage remains t o  b e  es- 
t a b l i s h e d .  Th i s  leaves u n c e r t a i n  t h e  maximum c r o s s - s e c t i o n a l  area of t h e  
g r a p h i t e  pr isms pe rmi t t ed .  Although r e p r e s e n t i n g  on ly  a q u e s t i o n  of 
des ign ,  it must be  answered. 
qu i r ed  t o  o b t a i n  t h e  necessa ry  i r r a d i a t i o n  h i s t o r y  and d a t a .  

We estimate two t o  t h r e e  y e a r s  w i l l  b e  re- 

S t r e s s e s  and Creep 

P resen t  knowledge on creep  i n  g r a p h i t e  l e a d s  t o  an a n a l y s i s  i nd i -  
c a t i n g  only  t r i v i a l  stresses are developed i n  t h e  g r a p h i t e .  Recent un- 
publ i shed  r e s u l t s  ob ta ined  a t  Hanford may i n d i c a t e  t h e  a b i l i t y  of g r a p h i t e  
t o  c reep  d e t e r i o r a t e s  a t  h igh  f l u e n c e s .  I f  so ,  t h e  problem can aga in  b e  
avoided by des ign ,  b u t  t h e  s i t u a t i o n  i s  u n c e r t a i n .  W e  estimate a minimum 
of t h r e e  t o  f i v e  y e a r s  t o  o b t a i n  t h e  necessa ry  in fo rma t ion .  

Eva lua t ion  

I n  g e n e r a l ,  g r a p h i t e  p r e s e n t s  no s e r i o u s  problem t o  t h e  mol ten-sa l t  
r e a c t o r .  A t  least one vendor has  a v a i l a b l e  a s a t i s f a c t o r y  material i n  
t h e  r e q u i r e d  s i z e s ,  and t h e r e  i s  every reason  t o  b e l i e v e  t h e  l i f e t i m e  of 
f u t u r e  g r a p h i t e s  can b e  inc remen ta l ly  extended t o  perhaps  tw ice  t h a t  of 
t h e  b e s t  e x i s t i n g  materials. Cost estimates u t i l i z i n g  p r e s e n t  material 
c a p a b i l i t i e s  y i e l d  0.17 mill /kWhr, f o r  replacement  of t h e  e n t i r e  co re  on 
a four-year  c y c l e  i n  t h e  r e f e r e n c e  des ign ,  o r  a somewhat lower c o s t  i f  
on ly  t h e  most h i g h l y  i r r a d i a t e d  material i s  rep laced  each t i m e .  I nc reas -  
i n g  t h e  l i f e t i m e  t o  e i g h t  y e a r s  reduces  t h e  f u e l  c y c l e  c o s t  by about  
0 . 1  mill /kWhr, b u t  beyond t h i s  t h e  c o s t  s av ings  are s m a l l .  W e  can thus  
s ta te  t h a t  e x i s t i n g  base  g r a p h i t e s  are a c c e p t a b l e ,  and f u t u r e  g r a p h i t e s  
can probably b e  developed t o  reduce replacement  c o s t s .  

The p r e s e n t  methods of p y r o l y t i c a l l y  c o a t i n g  t h e  g r a p h i t e  appear  t o  
be  s a t i s f a c t o r y ,  a l though r a d i a t i o n  t e s t i n g  w i l l  r e q u i r e  a t  least ano the r  
yea r  t o  demonst ra te  t h i s .  A l t e r n a t i v e  r o u t e s  e x i s t ,  b u t  t h e  q u e s t i o n  i s  
e v e n t u a l l y  one of economics - t h e  va lue  of margina l  i n c r e a s e s  i n  b reed ing  
ga in  v e r s u s  t h e  c o s t  of t h e  coa ted  material. 

ical  p r o p e r t i e s  of g r a p h i t e s  of t h e  type  used i n  t h e  MSBR. Enough i s  
known t o  be  c e r t a i n  t h e s e  do n o t  a f f e c t  t h e  exac t  shapes  of g r a p h i t e  per-  
m i t t e d  and t h e  means by which t h e  g r a p h i t e  i s  suppor ted ,  b u t  a d d i t i o n a l  
d a t a  must y e t  be  secured  f o r  des ign  purposes .  

I n  sum, t h e r e  are no reasons  t o  expec t  g r a p h i t e  t o  l i m i t  t h e  o v e r a l l  
f e a s i b i l i t y  of mol ten-sa l t  b r e e d e r  r e a c t o r s ,  and a c c e p t a b l e  materials are 
a v a i l a b l e  today.  

W e  have n o t  y e t  acqu i r ed  s u f f i c i e n t  d a t a  on t h e  thermal  and mechan- 
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7. MATERIALS FOR SALT-CONTAINING VESSELS AND PIPING 

n 

H. E. McCoy 

Material Requirements 

The metal used i n  f a b r i c a t i n g  a molten sa l t  r e a c t o r  w i l l  b e  exposed 
t o  s e v e r a l  environments.  The i n s i d e  of t h e  primary c i r c u i t  w i l l  be  ex- 
posed t o  LiF-BeFz-ThF4-UF4, t h e  coo lan t  c i r c u i t  t o  NaF-NaBF4, and t h e  steam 
c i r c u i t  t o  s u p e r c r i t i c a l  steam. Thus, t h e  tubes  i n  t h e  in t e rmed ia t e  h e a t  
exchanger w i l l  be  exposed t o  bo th  sal ts  and t h o s e  i n  t h e  steam gene ra to r  
t o  both  coo lan t  s a l t  and steam. The bu lk  f u e l  sa l t  tempera ture  w i l l  range 
from 1050” t o  1300°F and t h e  coo lan t  from 850 t o  1150°F. The steam i n  
t h e  s a l t - h e a t e d  steam gene ra to r  e n t e r s  a t  700°F i n  t h e  r e f e r e n c e  loops  
and i s  hea ted  t o  1000°F. The o u t s i d e s  of t h e  metal components w i l l  be  
exposed t o  containment c e l l  environments composed p r i m a r i l y  of n i t r o g e n ,  
w i th  enough in- leakage  of a i r  t o  make i t  ox id iz ing .  

The most b a s i c  requirement  of t h e  s t r u c t u r a l  materials i s  t h a t  t hey  
be  chemical ly  compatible  wi th  t h e s e  v a r i o u s  environments.  The chemical 
p r o p e r t i e s  of t h e  s a l t s  were d i scussed  i n  Chapter 5 ,  where i t  w a s  po in ted  
out  t h a t  t h e  select ive l each ing  of chromium would b e  t h e  primary mechanism 
f o r  co r ros ion  of i ron-  and n icke l -base  a l l o y s  by molten f l u o r i d e s .  Thus 
t h e  c o n c e n t r a t i o n  of chromium i s  an  impor tan t  c o n s i d e r a t i o n  i n  s e l e c t i n g  
an a l l o y  t o  be  used i n  mol t en - sa l t  c i r c u i t s .  
by t h e  sa l ts  than  n i c k e l ,  so  t h e  p re fe rence  (a l though n o t  n e c e s s a r i l y  
a requirement)  of a n icke l -base  a l l o y  over  an i ron-base a l l o y  i s  immedi- 
a t e l y  obvious.  Good r e s i s t a n c e  t o  o x i d a t i o n  i n  N2-02 environments i s  
favored by h igh  chromium concen t r a t ions .  

Chapter 8. S a t i s f y i n g  t h e  need f o r  c o m p a t i b i l i t y  w i t h  t h e  coo lan t  s a l t  
and r e s i s t a n c e  t o  s t r e s s - c o r r o s i o n  c rack ing  i n  t h e  steam may b e  d i f f i c u l t  
w i th  a s i n g l e  a l l o y  sugges t ing  t h e  use  of duplex tubes .  

Chapter 13 ,  b u t  i t  is  obvious t h a t  t h e  material must be  capable  of with- 
s t and ing  wi thout  f a i l u r e  t h e  stresses t h a t  w i l l  be  imposed du r ing  s e r v i c e .  
The r e l a t i v e l y  h igh  tempera tures  involved w i l l  r e q u i r e  t h a t  s u i t a b l e  
e l a s t i c - p l a s t i c  ana lyses  be  made of a l l  s t r u c t u r e s .  
a t  r e l a t i v e l y  low p r e s s u r e s ,  s o  a h igh - s t r eng th  material does n o t  seem 
necessary .  However, thermal  stresses w i l l  l i k e l y  c o n t r o l  t h e  des ign  
and it  i s  q u i t e  l i k e l y  t h a t  a material w i t h  moderate s t r e n g t h  w i l l  be  
used.  

t o  neut ron  i r r a d i a t i o n ,  b u t  no m e t a l l i c  s t r u c t u r a l  members w i l l  be  i n  t h e  
h i g h e s t  neu t ron  f l u x  r eg ions .  
f a s t  (>0.8 MeV) f l u x e s  w i l l  be  6.5 x 1OI2 and 1 . 2  x 10” neutrons*cm-2*sec‘1, 
and over  a 30-year l i f e t i m e  w i t h  an 80% load  f a c t o r ,  t h e  peak thermal  and 
f a s t  f l u e n c e s  w i l l  b e  5 x 10z l . and  1 x lozo neutrpns/cm2,  r e s p e c t i v e l y .  
These r e l a t i v e l y  l o w  f l u e n c e  l e v e l s  are due t o  t h e  e f f e c t s  of t h e  g r a p h i t e  

I r o n  i s  more e a s i l y  ox id i zed  

The material requirements  f o r  steam gene ra to r s  are d i scussed  i n  

The s u b j e c t  of des ign  stresses w i l l  b e  d i scussed  more f u l l y  i n  

An MSBR w i l l  o p e r a t e  

The primary c i r c u i t ,  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 ,  w i l l  b e  exposed 

A t  t h e  vessel w a l l ,  t h e  peak thermal  and 
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r e f l e c t o r  and could b e  reduced even f u r t h e r  i f  necessa ry .  The f a s t  
f l uence  is n o t  h igh  enough f o r  vo id  format ion  t o  b e  a problem, and t h e  
i r r a d i a t i o n  damage i s  p r i m a r i l y  t h e  high-temperature  embr i t t l emen t  due 
t o  hel ium gene ra t ion  [ l ] .  

An obvious requirement  of t h e  s . t r u c t u r a 1  material is t h a t  i t  must 
b e  f a b r i c a b l e  i n t o  t h e  forms needed t o  b u i l d  an eng inee r ing  system. 
Bas ic  shapes r e q u i r e d  inc lude  p l a t e ,  p ip ing ,  t ub ing ,  and f o r g i n g s .  For 
assembly, t he  material must b e  weldable  bo th  under we l l - con t ro l l ed  shop 
cond i t ions  and i n  t h e  f i e l d .  Many i ron -  and n i cke l -base  a l l o y s  s a t i s f y  
t h e s e  requi rements ,  a l though t h e  technology is more advanced f o r  some 
a l l o y s  than  f o r  o t h e r s .  The b a s i c  a b i l i t y  t o  work w i t h  a material is 
more impor tan t ,  however, than having a c u r r e n t l y  v i a b l e  technology 
i n  several f a b r i c a t i o n  shops.  The l a t te r  f a c t o r  would s imply make t h e  
f i r s t  u n i t  cheaper .  

t h e  material be  compatible  w i t h  i t s  environments ,  have a c c e p t a b l e  
mechanical p r o p e r t i e s ,  bo th  u n i r r a d i a t e d  and a f t e r  exposure t o  t h e  
maximum expected neu t ron  f luence ,  and b e  capable  of be ing  f a b r i c a t e d  
with reasonable  ease. 

I n  summary, one must keep s i g h t  of t h e  b a s i c  requirements  t h a t  

Background 

I n i t i a l  Ob jec t ives  and Screening  Tests 

The nuclear-powered a i r c r a f t  a p p l i c a t i o n  f o r  which mol t en - sa l t  
r e a c t o r s  were o r i g i n a l l y  developed r e q u i r e d  t h a t  t h e  f u e l  s a l t  o p e r a t e  
a t  around 1500'F. Inconel  600, ou t  of which t h e  A i r c r a f t  Reactor  Experi-  
ment w a s  b u i l t ,  w a s  n o t  s t r o n g  enough and corroded too  r a p i d l y  a t  t h e  
des ign  tempera ture  f o r  long-term use .  The e x i s t i n g  a l l o y s  w e r e  sc reened  
f o r  co r ros ion  r e s i s t a n c e  a t  t h i s  temperature  and only two were found t o  
be s a t i s f a c t o r y  - Has te l loy  B (Ni-28% Mo-5% Fe) and Has te l loy  w' (Ni-25% 
Mo-5% Cr-5.5% Fe) [2,3].  However, bo th  aged at t h e  service tempera ture  
and became q u i t e  b r i t t l e  due t o  t h e  format ion  of Ni-Mo i n t e r m e t a l l i c  
compounds. These obse rva t ions  l e d  t o  an a l l o y  development program i n  
which INOR-8, o r  Has t e l loy  N ,  w a s  developed [4 ,5 ] .  

The Meta l lurgy  of  Has te l loy  N 

The commercial chemical s p e c i f i c a t i o n s  f o r  "s tandard" Has t e l l o y  N 
a u t  of which t h e  MSRE w a s  b u i l t ,  and f o r  an a l l o y  modif ied t o  g i v e  i t  
improved p r o p e r t i e s ,  are shown i n  Table  7.1. The molybdenum i s  p r e s e n t  
f o r  s t r e n g t h e n i n g ,  bu t  is  n o t  i n  s u f f i c i e n t  c o n c e n t r a t i o n  t o  cause t h e  
formation of b r i t t l e  compounds. Chromium is  added i n  t h e  minimum con- 
c e n t r a t i o n  r equ i r ed  t o  form a sp ine l - type  ox ide  [ 6 ] .  I r o n  is  allowed 
i n  s u f f i c i e n t  q u a n t i t i e s  t o  pe rmi t  chromium t o  b e  added as ferrochrome;  
however, i t  is  n o t  a c r i t i c a l  element i n  t h e  a l l o y .  Manganese has  some 
e f f e c t  on t h e  a l l o y  by r e a c t i n g  w i t h  s u l f u r ,  b u t  s u l f u r  is u s u a l l y  d e a l t  
w i th  du r ing  me l t ing  by a d d i t i o n s  of e lements  such as magnesium. Carbon 
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Table 7.1. Chemical composition of Hastelloy N 

Content (%by weight)' 
Element Standard Favored modified 

alloy alloy 

Nickel 
Molybdenum 
Chromium 
Iron 
Manganese 
Silicon 
Phosphorus 
Sulfur 
Boron 
Titanium and hafnium 
Niobium 

Base 
15-18 
6-8 
5 
1 
1 
0.015 
0.020 
0.01 

Base 
11-13 
6-8 
O.lb 
0. 15-0.25b 
0.1 
0.01 
0.01 
0.001 
2 
0-2 

%ingle values are maximum amounts allowed. The actual 
concentrations of these elements in an alloy can be much lower. 

bThese elements are not felt to be very important. Alloys are 
now being purchased with the small concentration specified, 
but the specification may be changed in the future to allow a 
higher concentration. 
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is important  because i t  forms ca rb ides  t h a t  restrict  g r a i n  growth du r ing  
high-temperature  t r ea tmen t s  and improve t h e  s t r e n g t h .  Elements such as 
s u l f u r ,  phosphorus,  and boron, and many o t h e r s  n o t  inc luded  i n  Table  7 . 1 ,  
are tramp o r  impur i ty  e lements  t h a t  s e r v e  no known u s e f u l  purpose i n  t h e  
a l l o y .  These elements  g e n e r a l l y  have l i t t l e  e f f e c t  on t h e  a l l o y  behavior  
as long  as they  are kept  a t  r easonab le  concen t r a t ions .  

pract ice  and is an impor tan t  element.  Has t e l loy  N con ta in ing  0.5 t o  1% 
s i l i c o n  c o n t a i n s  s t r i n g e r s  of coarse ca rb ides  and w i l l  form some f i n e  
ca rb ides  du r ing  annea l ing  a t  1200 t o  1600'F [ 7 ] .  These ca rb ides  are of 
t h e  MgC type ,  w i t h  M having t h e  composi t ion of 27.9% N i ,  3.3% S i ,  0.6% Fey 
56.1% Mo, and 40% C r .  They are n o t  e a s i l y  d i s s o l v e d  du r ing  annea l ing ,  
s o  t h e  a l l o y  h a s  s t a b l e  p r o p e r t l e s  over a broad range of o p e r a t i n g  temper- 
a t u r e s .  Seve ra l  me l t ing  p r a c t i c e s  are c u r r e n t l y  i n  use  t h a t  r e s u l t  i n  
low s i l i c o n  c o n c e n t r a t i o n s .  The ca rb ides  i n  t h e s e  a l l o y s  are of  t h e  M2C 
t ype ,  where M is 80 t o  90% molybdenum w i t h  t h e  remainder chromium. They 
are more e a s i l y  d i s so lved  than the  MgC type  t h a t  c o n t a i n  s i l i c o n .  

and con ta in ing  enough chromium f o r  moderate o x i d a t i o n  r e s i s t a n c e .  The 
c a r b i d e  type is c o n t r o l l e d  by the  s i l i c o n  concen t r a t ion .  

S i l i c o n  is in t roduced  by t h e  r e f r a c t o r i e s  used i n  t h e  a i r  m e l t i n g  

Thus, H a s t e l l o y  N is b a s i c a l l y  an a l l o y  s t r eng thened  w i t h  molybdenum 

Corros ion  Res i s t ance  of Has te l loy  N 

Seve ra l  hundred thousand hours  of c o r r o s i o n  exper ience  wi th  Hastel- 
loy  N and f l u o r i d e  salts  have been obta ined  i n  thermal  convec t ion  [ 2 , 3 ]  
and pumped systems 181. A s  d i scussed  i n  Chapter 5, t h e s e  experiments  
showed t h a t  t h e  predominant co r ros ion  mechanism i n  c l ean  f l u o r i d e  sa l t s  
con ta in ing  uranium w a s  t h e  s e l e c t i v e  l each ing  of chromium. Only 7% of 
t h e  a l l o y  is chromium and t h i s  must d i f f u s e  t o  t h e  s u r f a c e  b e f o r e  i t  
can be  removed by t h e  sal t .  DeVan measured t h e  rate of chromium d i f f u s i o n  
i n  Has te l loy  N [ 9 ] ,  and t h e  measured d i f f u s i o n  c o e f f i c i e n t s  were used 
t o  estimate t h e  chromium p r o f i l e  a f t e r  30-year s e r v i c e  a t  650 and 7OO0C 
i n  s a l t  o x i d i z i n g  enough t o  completely d e p l e t e  t h e  s u r f a c e  of C r .  A s  
shown i n  Fig.  7.1,  even i n  t h i s  extreme s i t u a t i o n ,  t h e  depth of removal 
is s t i l l  moderate.  

t ance  of c o n t r o l l i n g  i m p u r i t i e s  i n  the  s a l t .  Impur i ty  f l u o r i d e s  such as 
FeF2, MoF2, and NiF2 w i l l  react wi th  C r  t o  form CrF2, a more s t a b l e  f l u -  
o r i d e .  Water w i l l  r e a c t  w i th  t h e  f l u o r i d e  mixtures  t o  form HF t h a t  w i l l  
form f l u o r i d e s  wi th  a l l  t h e  s t r u c t u r a l  metals. Such i m p u r i t i e s  l e d  t o  
r e l a t i v e l y  h igh  c o r r o s i o n  rates of even Has te l loy  N i n  t h e  e a r l y  expe r i -  
ments. However, w e  l ea rned  how t o  p repa re  pu re  s a l t  mix tu res ,  and very 
low co r ros ion  rates were obta ined .  The u l t i m a t e  proof of t h i s  a b i l i t y  
w a s  t he  o p e r a t i o n  of t he  MSRE where t h e  o v e r a l l  c o r r o s i o n  w a s  he ld  low 
f o r  a lmost  fou r  y e a r s  a t  temperature .  

The preceding  d i s c u s s i o n  a p p l i e d  t o  t h e  removal of material, b u t  
d e p o s i t i o n  is a l s o  of concern.  As  t he  s a l t  c i r c u l a t e s  from h o t t e r  t o  
coo le r  r eg ions ,  t he  s o l u b i l i t i e s  of t he  c o r r o s i o n  p roduc t s  i n  t h e  sa l t  
dec rease ,  and i f  concen t r a t ions  are high enough, material may be  depos i t ed .  
This p rocess  is  complex, depending upon chemical d r i v i n g  f o r c e s  and f a c t o r s  

The e a r l y  work wi th  Has te l loy  N and o t h e r  a l l o y s  r evea led  t h e  impor- 

c 

IC 

c 



199 

1 .o 

0.8 

0.6 

c 
5 

0.4 

0.2 

0 

ORNL-DWG 72-8526 7- 7OOOC 

0 2 4 6 8 10 12 
DISTANCE FROM SURFACE (mi ls )  

Fig .  7 .1 .  Ca lcu la t ed  c o n t e n t r a t i o n  p r o f i l e s  f o r  C r  removal and 
T e  enrichment based on measured d i f f u s i o n  c o e f f i c i e n t s .  The t i m e s  
used i n  t h e  c a l c u l a t i o n s  w e r e  3 y r s  f o r  t h e  MSRE and 30 y r s  f o r  t h e  
MSBR. 
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such as geometry and flow c o n d i t i o n s .  F o r t u n a t e l y ,  t h e  sa l ts  be ing  con- 
s i d e r e d  f o r  an MSBR tend s t r o n g l y  t o  d e p o s i t  material r a t h e r  uniformly 
throughout t h e  co ld  r e g i o n  and have a minimal tendency t o  p lug  h e a t -  
exchanger tubes  and s a l t  passages  i n  coo le r  p a r t s  of t h e  system. 

P h y s i c a l  and Mechanical P r o p e r t i e s  of Has te l loy  N 

The p h y s i c a l  and mechanical p r o p e r t i e s  of Has te l loy  N were e v a l u a t e d  
r a t h e r  e x t e n s i v e l y  b e f o r e  t h e  MSRE w a s  cons t ruc t ed .  These p r o p e r t i e s  have 
been summarized p rev ious ly  [ l o ] .  The s t r e n g t h  of t h i s  a l l o y  is q u i t e  good 
because of t h e  16% molybdenum. The p r o p e r t y  changes w i t h  t i m e  are small 
s i n c e  t h e  a l l o y  does n o t  form i n t e r m e t a l l i c  compounds b u t  only s m a l l  
amounts of f i n e  c a r b i d e s .  

Experience w i t h  Has te l loy  N i n  t h e  MSRE 

F a b r i c a t i o n .  - Although t h e  power l e v e l  of t h e  MSRE w a s  small, t h e  
system w a s  complex and r e q u i r e d  t h e  a b i l i t y  t o  c a r r y  o u t  a l l  of t h e  b a s i c  
f a b r i c a t i o n  s t e p s  [ll]. Many thousands of pounds of b a s i c  product forms 
were procured from t h r e e  vendors.  
commercial vendors ,  bu t  most of t h e  f a b r i c a t i o n  w a s  done i n  t h e  AEC-Union 
Carbide shops a t  Oak Ridge and Paducah. Welding, b r a z i n g ,  and i n s p e c t i o n  
procedures  needed f o r  c o n s t r u c t i n g  t h e  r e a c t o r  w e r e  developed. One of 
t h e  f i n a l  s t e p s  w a s  t o  make use  of t h e  h e a t e r s  on t h e  vessel t o  postweld 
annea l  t h e  f i n a l  v e s s e l  c l o s u r e  weld. 

Some of t h e  components were b u i l t  by 

Opera t ion .  - A s  d i scussed  i n  Chapter 2 ,  t h e  r e a c t o r  ope ra t ed  very  
s a t i s f a c t o r i l y .  The primary system w a s  above 500°C f o r  30,807 hours  
and f i l l e d  wi th  f u e l  s a l t  f o r  21,040 hour s .  The only f a i l u r e  invo lv ing  
Has te l loy  N w a s  through-wall c r ack ing  o f  a f r e e z e  v a l v e  c o i n c i d e n t  w i t h  
f i n a l  shutdown of t h e  system [12] .  This f a i l u r e  w a s  due t o  f a t i g u e  from 
d i f f e r e n t i a l  thermal expansion i n  a p a r t  t h a t  w a s  c o n s t r u c t e d  too  r i g i d l y .  

Corros ion .  - Corros ion  du r ing  t h e  o p e r a t i o n  of t h e  MSRE w a s  fo l lowed 
b o t h  by ana lyz ing  t h e  s a l t s  and examining s u r v e i l l a n c e  specimens removed 
from t h e  co re .  The primary c o r r o s i o n  p roduc t ,  CrF2, remained below i ts  
s o l u b i l i t y  l i m i t s  i n  t h e  s a l t ;  s o  i ts  c o n c e n t r a t i o n  could b e  used as a 
measure of t h e  amount of chromium be ing  removed from t h e  metal. The 
r e s u l t s  of such ana lyses  have been desc r ibed  i n  d e t a i l ,  ( r e f e r e n c e  13 
and Chap. 5 ) .  A s imple  summary is  t h a t  t h e  chromium removal w a s  very 
small:. t h e  t o t a l  amount accumulated i n  t h e  f u e l  s a l t  w a s  e q u i v a l e n t  
t o  t h a t  which would b e  removed from a l l  metal s u r f a c e s  t o  a dep th  of 
0.4 m i l ;  t h e  amount appear ing  i n  t h e  c o o l a n t  s a l t  w a s  p r a c t i c a l l y  n i l .  

S u r v e i l l a n c e  samples l o c a t e d  i n  t h e  c o r e  of t h e  MSRE w e r e  p e r i -  
apically removed f o r  examination and t e s t i n g .  
and modified H a s t e l l o y  N were always i n  e x c e l l e n t  p h y s i c a l  c o n d i t i o n  
w i t h  on ly  a s l i g h t  amount of d i s c o l o r a t i o n  [1 ,14 ,15 ,16] ,  and v i s u a l  

Samples of b o t h  s t a n d a r d  
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m e t a l l o g r a p h i c  examinat ion f a i l e d  t o  reveal any changes t h a t  were a t t r i -  
b u t a b l e  t o  cor ros ion .  ( A s  d i s c u s s e d  i n  d e t a i l  l a t e r ,  a s e r i o u s  problem 
w a s  revea led  af ter  examinat ion of t e n s i l e  specimens t h a t  were s t r e s s e d  
t o  f a i l u r e .  So t h a t  t h e  r e a d e r  w i l l  n o t  l a t e r  t h i n k  t h a t  w e  have been 
i n c o n s i s t e n t ,  w e  n o t e  h e r e  t h a t  t h e  cause  of t h e  problem w a s  n o t ,  i n  our 
terminology , "corrosion".  ) 

e lec t ronmicroprobe  a n a l y z e r ,  and t h e  wors t  case w a s  a g r a d i e n t  t h a t  ex- 
tended about 0.8 m i l  i n t o  t h e  mater ia l  [17 ] .  Standard meta l lographic  [17]  
(11100 magnif ica t ion)  examinat ion of s e v e r a l  tubes from t h e  c o l d e s t  p a r t  
of t h e  h e a t  exchanger r e v e a l e d  only d e p o s i t s  of a few i r o n  c r y s t a l s .  

The MSRE c o o l a n t  c i r c u i t  conta ined  LiF-BeF2 (66-34 mole %) a t  550- 
650°C f o r  about 26,000 h o u r s .  The chromium c o n t e n t  of t h e  coolan t  s a l t  
d i d  n o t  change measurably d u r i n g  t h i s  t i m e ,  and no chromium d e p l e t i o n  
could b e  d e t e c t e d  by m e t a l l o g r a p h i c  methods. 

s a l t ,  H a s t e l l o y  N ,  and g r a p h i t e  t h a t  had been i n d i c a t e d  by many tests.  

The chromium g r a d i e n t s  i n  some of  t h e s e  samples were measured by t h e  

Thus, t h e  MSRE confirmed i n  service t h e  b a s i c  c o m p a t i b i l i t y  of f u e l  

R a d i a t i o n  Embri t t lement .  - Many of t h e  s u r v e i l l a n c e  samples from t h e  
MSRE were s u b j e c t e d  t o  mechanical p r o p e r t y  tests t h a t  confirmed our  pre- 
v ious  knowledge t h a t  Has te l loy  N i s  e m b r i t t l e d  by n e u t r o n  i r r a d i a t i o n  [l, 
14,15,16] .  A s  d i s c u s s e d  f u r t h e r  i n  l a t e r  s e c t i o n s ,  t h i s  embr i t t l ement  
occurs  o n l y  a t  e l e v a t e d  temperatures  and is due t o  hel ium formed i n  t h e  
metal; i t  is q u i t e  u n i v e r s a l  among i r o n  and n i c k e l  b a s e  a l l o y s  [18-301. 
The degree  of embr i t t l ement  i n  t h e  MSRE w a s  e q u i v a l e n t  t o  t h a t  no ted  i n  
samples i r r a d i a t e d  i n  t h e  ETR and ORR. Thus, t h e  mechanical p r o p e r t i e s  
were n o t  degraded d i f f e r e n t l y  when exposed t o  s a l t  than when exposed 
only  t o  i n e r t  gas .  

t h e  MSRE. The f r a c t u r e  s t r a i n s  of some samples from t h e  c o r e  were only  0.5% 
i n  c reep  tests a t  1200°F, i n  c o n t r a s t  t o  s t r a i n s  of 210% f o r  u n i r r a d i a t e d  
samples.  S u r v e i l l a n c e  specimens exposed a l o n g s i d e  of t h e  r e a c t o r  vessel 
a t  lower f l u x  had s t r a i n s  of on ly  2% [1,16] .  The c o n t r o l  rod thimbles  
were t h e  only metal i n  t h e  co re ,  and they were s u b j e c t e d  t o  s m a l l  compres- 
sive f o r c e s .  The vessel w a s  s u b j e c t e d  t o  very  s m a l l  stresses. Conse- 
quent ly ,  t h e  r a t h e r  low s t r a i n  l i m i t s  w e r e  n o t  exceeded  and the system 
opera ted  wi thout  f a i l u r e  from r a d i a t i o n  damage. 

service is g e t t i n g  c o n s i d e r a b l e  a t t e n t i o n .  Although t h e  s t r a i n  l i m i t s  
have n o t  been f i r m l y  e s t a b l i s h e d ,  i t  seems l i k e l y  t h a t  l o c a l  s t r a i n s  
above those  allowed by s t a n d a r d  Has te l loy  N must b e  accommodated. 

F r a c t u r e  s t r a i n  w a s  t h e  p r o p e r t y  of  most concern w i t h  r e s p e c t  t o  

The e n t i r e  area of t h e  des ign  of components f o r  h igh  temperature  

Grain-boundary Cracks. - A second problem n o t e d  wi th  Has te l loy  N 
removed from t h e  MSRE w a s  t h a t  sha l low i n t e r g r a n u l a r  c racks  formed i n  
s u r v e i l l a n c e  samples and a l l  o t h e r  s u r f a c e s  i n  c o n t a c t  wi th  t h e  f u e l  
[1,14,15,16,17].  These cracks g e n e r a l l y  extended t o  depths  of only about 
5 m i l s ,  bu t  some w e r e  as deep as 13 m i l s  i n  p a r t s  removed from t h e  pump 
bowl. Although r e c o g n i z a b l e  ( i f  you were looking f o r  them) i n  meta l lo-  
g r a p h i c  s e c t i o n s  of  some material j u s t  as they w e r e  when removed from Tlhe 
MSRE, more were v i s i b l e  and they  were opened much wider  i n  specimens such 
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as t h a t  shown i n  F ig .  7.2 t h a t  had been s t r a i n e d  i n  t h e  h o t  c e l l .  Cracks 
found a f t e r  s t r a i n i n g  material  t h a t  had been exposed i n  t h e  co re  w e r e  no 
more pe rvas ive  o r  deeper  than those  i n  t h e  heat-exchanger tubes ,  which 
had been exposed t o  i n s i g n i f i c a n t  neu t ron  f l u x .  By c o n t r o l l e d  d i s s o l u t i o n  
of s e v e r a l  samples ,  a number of  f i s s i o n  p roduc t s  w e r e  found w i t h i n  t h e  
material t o  a dep th  of s e v e r a l  m i l s .  This  sugges ted  t h a t  t h e  c rack ing  
w a s  caused by d i f f u s i o n  of f i s s i o n  p roduc t s  down t h e  g r a i n  boundar ies  - 
p a r t i c u l a r l y  t e l l u r i u m ,  which w a s  found a t  t h e  h i g h e s t  c o n c e n t r a t i o n  - 
and set  o f f  t h e  i n v e s t i g a t i o n  which is  desc r ibed  l a t e r .  

Curren t  S t a t e  of Materials Development 

Corrosion 

Has te l loy  N (bo th  s t anda rd  and modif ied composi t ions)  has  been shown 
i n  t h e  MSRE, o t h e r  i n - p i l e  tests, and l a r g e  number of ou t -o f -p i l e  loops  
t o  have e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e  i n  sa l ts  c o n t a i n i n g  LiF,  BeF4, 
ThF4, and UF4 [2 ,3 ,8 ,31 ] .  This e x t e n s i v e  exper ience  confirms t h e  behavior  
t h a t  would b e  p r e d i c t e d  from c a l c u l a t i o n s  such as those  p l o t t e d  i n  Fig.  
7 . 1 .  

Corrosion s t u d i e s  wi th  t h e  proposed coolan t  s a l t ,  sodium f luo ro -  
b o r a t e ,  have been more l i m i t e d  [32,33,45] .  However, w e  have ope ra t ed  
fou r  thermal  convec t ion  loops and two pumped systems i n  t h e  materials 
program f o r  a t o t a l  test  t i m e  of about 140,000 h r  ( s e e  Chap. 8).  This  
expe r i ence  r e v e a l s  t h a t  t h e  f l u o r o b o r a t e  s a l t  absorbs  moi s tu re  q u i t e  
r e a d i l y ,  w i t h  a t  t endan t  g e n e r a l i z e d  co r ros ion .  On occas ions  when l e a k s  
developed, t h e  c o r r o s i o n  rate has  inc reased  and then  decreased  as t h e  
i m p u r i t i e s  w e r e  exhausted.  During t h e s e  pe r iods  of high c o r r o s i o n ,  a l l  
components of t h e  a l l o y  were removed uniformly from t h e  ho t  l e g  and de- 
p o s i t e d  i n  t h e  co ld  l e g .  C r y s t a l s  of Na3CrF6 and Na3FeFg depos i t ed  i n  
t h e  co ld  r e g i o n s  as t h e i r  s o l u b i l i t i e s  were exceeded. Neve r the l e s s ,  
pumped loops  i n  which t h e  sa l t  is  hea ted  and cooled between 1270 and 795'F 
have been ope ra t ed  f o r  s e v e r a l  thousands of hours  wi th  c o r r o s i o n  rates 
of <0.1 mpy, s o  w e  b e l i e v e  t h a t  s a t i s f a c t o r y  procedures  f o r  u s ing  t h e  
sa l t  can be  developed. 

The c o r r o s i o n  behavior  of  s e v e r a l  o t h e r  n i cke l -base  a l l o y s  w a s  i n -  
v e s t i g a t e d  i n  s c r e e n i n g  tests i n  t h e  a i r c r a f t  p ropu l s ion  program [ 2 , 3 ] .  
The proposed s e r v i c e  tempera ture  w a s  1500'F and most of t h e s e  a l l o y s  w e r e  
n o t  cons idered  f u r t h e r  because i n  tests a t  t h a t  temperature  l a r g e  amounts 
of chromium were removed, wi th  format ion  of vo ids  i n  t h e  ho t  r eg ions  of 
test loops and d e p o s i t i o n  of chromium c r y s t a l s  i n  t h e  co ld  r eg ions .  
cone1 600 r ece ived  t h e  most s tudy  of any a l l o y  bes ides  Has te l loy  N ,  and 
t h e  e v a l u a t i o n  program on i t  involved s e v e r a l  thermal  convec t ion  loops 
and 9 fo rced  convec t ion  loops t h a t  opera ted  f o r  a t o t a l  of 79,300 h r  [ 8 ] .  
Although the  c o r r o s i o n  r e s i s t a n c e  of Inconel  600 w a s  n o t  as good as t h a t  
of Has te l loy  N ,  a t  temperatures  i n  t h e  range of MSBR's t h e  rates were 
sometimes low enough t o  be of i n t e r e s t .  For example, one Incone l  600 
loop ope ra t ed  a t  a peak tempera ture  of 1250'F f o r  8801 h r  w i th  i n t e r g r a n -  
u l a r  p e n e t r a t i o n s  of 1 . 5  m i l s .  
s t a n d a r d s ,  bu t  w a s  only s l i g h t l y  h i g h e r  than t h a t  observed f o r  H a s t e l l o y  N 

In- 

This  p e n e t r a t i o n  is high by our  c u r r e n t  

F 
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Fig. 7.2. Hastelloy N samples strained to failure at room temper- 
ature. The MSRE rod thimble was at high temperature f o r  31,000 hr, with 
the lower surface exposed to N2-02 gas. This surface was oxidized, and 
the cracks only  penetrate the oxide. The upper surface of the thimble 
sample was exposed to fuel salt for 21,000 hr, during which time the Te 
concentration built up. The lower sample was vapor plated with enough 
tellurium to produce a concentration of 0.1% in the outer 5 mils and an- 
nealed 1000 hr at 650°C. 
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t e s t e d  i n  sa l t  of comparable p u r i t y .  Thus, i t  is l i k e l y  t h a t  an a l l o y  
con ta in ing  15% chromium (e .g . ,  Inconel  600) would have a c c e p t a b l e  c o r r o s i o n  
r e s i s t a n c e  a t  1200'F o r  less. 

The c o m p a t i b i l i t y  of i ron-base  a l l o y s  w i t h  f l u o r i d e  salts  has  r ece ived  
r e l a t i v e l y  l i t t l e  a t t e n t i o n  because t h e  thermodynamic d a t a  i n d i c a t e  t h a t  
n icke l -base  a l l o y s  wi th  a minimum chromium con ten t  w i l l  b e  more c o r r o s i o n  
r e s i s t a n t  than i ron-base  a l l o y s .  The i n i t i a l  s c r e e n i n g  tests on types  300 
and 400 s t a i n l e s s  steels i n d i c a t e d  t h a t  t h e s e  a l l o y s  w e r e  u n s a t i s f a c t o r y  
[ 2 , 3 ] .  However, one type 304L s t a i n l e s s  s tee l  thermal  convec t ion  loop 
con ta in ing  a f u e l  s a l t  has  been i n  o p e r a t i o n  f o r  over  9 y e a r s  wi thout  plug- 
ging [ 3 5 ] ;  t h e  c o r r o s i o n  rate a t  t h e  peak tempera ture  of 1270'F is  about  
1 .5  mpy. It is q u i t e  l i k e l y  t h a t  t h e  co r ros ion  rate could b e  reduced t o  
an accep tab le  v a l u e  by dec reas ing  t h e  tempera ture  t o  1200"F, b u t  tests a t  
h i g h e r  v e l o c i t i e s  would b e  r equ i r ed  t o  p rov ide  more conc lus ive  informat  i o n .  

A most impor tan t  cons ide ra t ion  i n  t h e  s u i t a b i l i t y  of i ron-base  a l l o y s  
is the  p o s s i b i l i t y  t h a t ,  through some misope ra t ion ,  t h e  sa l t  could become 
o x i d i z i n g  enough t o  cor rode  t h e  i r o n .  This  p rocess  would n o t  b e  d i f f u s i o n  
c o n t r o l l e d ,  and thus  l a r g e  amounts of  material could b e  t r a n s f e r r e d  qu ick ly  
from t h e  h o t t e r  r eg ions  t o  the  coo le r  r eg ions  of t h e  system. While t h i s  
is a l s o  t r u e  f o r  n i c k e l ,  i t  can occur  w i t h  i r o n  a t  less seve re  c o n d i t i o n s .  
However, w e  b e l i e v e  t h a t  t h e  o x i d a t i o n  s t a t e  can b e  c o n t r o l l e d  c l o s e l y  
enough f o r  t h e  s a l t  t o  never  become t h i s  o x i d i z i n g  t o  e i t h e r  material. 

The c o m p a t i b i l i t y  of sodium f l u o r o b o r a t e  w i t h  i ron-base  a l l o y s  is  
unknown. Corrosion i n  t h i s  s a l t  is c o n t r o l l e d  p r i m a r i l y  by i m p u r i t i e s ,  
bu t  i r o n  seems t o  b e  a t t a c k e d  as r e a d i l y  as chromium. I f  t h e  s a l t  could 
b e  maintained ve ry  pure ,  i ron-base a l l o y s  might be  accep tab le .  

I r r a d i a t i o n  Embri t t lement  

The peak f a s t  f l u e n c e  a t  t h e  i n s i d e  s u r f a c e  of t h e  r e a c t o r  vessel 
w i l l  be of t h e  o r d e r  of lo2' neutrons/cm2,  which is too  low t o  cause  
d e t e c t a b l e  s w e l l i n g  and void format ion  i n  t h e  metal [36] .  However, t h e  
peak thermal  f l u e n c e  of 5 x loz1  neutrons/cm2 is  g r e a t  enough t o  produce 
s i g n i f i c a n t  amounts of hel ium, about 5 ppm from r e s i d u a l  l0B and p o s s i b l y  
ano the r  100 t o  200 ppm by t r ansmuta t ions  i n v o l v i n g  n i c k e l  t h a t  have only 
r e c e n t l y  been recognized t o  occur  [37] .  In  s t a n d a r d  Has te l loy  N t h e  
hel ium would reduce t h e  g r a i n  boundary cohesion and i n c r e a s e  t h e  tendency 
f o r  g r a i n  boundary f r a c t u r e ,  w i t h  t h e  r e s u l t  t h a t  t h e  f r a c t u r e  s t a i n s  a t  
e l e v a t e d  temperatures  become q u i t e  low. 

Our approach t o  combating t h i s  embr i t t l emen t  problem is t o  add ele- 
ments such as t i t an ium,  hafnium, zirconium, and niobium t h a t  promote t h e  
formation of f i n e l y  d i spe r sed  MC t y p e  ca rb ides  [38] .  

' duce numerous i n t e r f a c e s  t h a t  t r a p  t h e  hel ium r a t h e r  than  a l lowing  i t  t o  
be swept i n t o  t h e  g r a i n  boundar ies .  Typical  composi t ions of modif ied 
a l l o y s  are given i n  Table 7.1.  

f r a c t u r e  s t r a i n ,  bu t  t h e r e  are s e v e r a l  p r a c t i c a l  reasons  why t i t a n i u m  and 
niobium are more d e s i r a b l e .  Zirconium has  been found t o  cause  weld m e t a l  
c r ack ing  i n  concen t r a t ions  as small as 0.05% [39]  and f o r  t h i s  r eason ,  
would be  a very  u n d e s i r a b l e  a l l o y i n g  a d d i t i o n .  Hafnium causes  weld m e t a l  
c r ack ing  a t  c o n c e n t r a t i o n s  of about  0.7%, but  t h e  g r e a t e s t  problem wi th  

These ca rb ides  pro-  

A l l  of t h e  carbide-forming elements  are b e n e f i c i a l  i n  improving t h e  
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u s i n g  t h i s  element is i ts  very  h i g h  chemical r e a c t i v i t y .  I n  s m a l l  labo- 
r a t o r y  m e l t s  i n  which t h e  m e t a l  only comes i n  c o n t a c t  w i t h  a water-cooled 
copper mold, t h e  hafnium is  p r e s e n t  as d e s i r a b l e  f i n e l y  d i s p e r s e d  c a r b i d e s .  
I n  commercial m e l t i n g  p r a c t i c e s  where t h e  m e l t  is c o n t a c t e d  wi th  a re- 
f r a c t o r y  c r u c i b l e ,  t h e  hafnium p r e s e n t  is p r i m a r i l y  a coarse  compound. 
This  l i k e l y  occurs  because hafnium is  chemical ly  reactive enough t o  reduce  
t h e  oxides  and o t h e r  compounds i n  t h e  r e f r a c t o r y  c r u c i b l e .  These c o a r s e  
compounds do n o t  r e s u l t  i n  good mechanical p r o p e r t i e s  a f t e r  i r r a d i a t i o n .  
We have found t h a t  niobium a d d i t i o n s  a l o n e  do n o t  r e s u l t  i n  improved re- 
s i s t a n c e  t o  i r r a d i a t i o n  embri t  t l ement ,  b u t  they are b e n e f i c i a l  when ti- 
tanium i s  p r e s e n t  [38 ] .  However, b o t h  niobium and t i t a n i u m  form b r i t t l e  
N i 3  (Ti,Nb) compounds and t h e i r  t o t a l  c o n c e n t r a t i o n  must b e  l i m i t e d .  
S ince  t i t a n i u m  seems t o  b e  t h e  most e f f e c t i v e  s i n g l e  a d d i t i v e  i n  im-  
proving t h e  r e s i s t a n c e  t o  i r r a d i a t i o n ,  w e  have concent ra ted  on a l l o y s  
w i t h  about 2% t i t a n i u m .  

r a d i a t i o n  depends s t r o n g l y  upon t h e  service tempera ture  [ 381. A t  1200°F 
a l l o y s  w i t h  0.5% t i t a n i u m  have f r a c t u r e  s t r a i n s  of above 4 % ,  b u t  a t  an 
i r r a d i a t i o n  temperature  of  1 4 0 0 " F ,  2% t i t a n i u m  is  r e q u i r e d  t o  o b t a i n  t h e  
s a m e  p r o p e r t i e s .  Direct t ransmiss ion  e l e c t r o n  microscope o b s e r v a t i o n s  
have shown t h a t  t h i s  is  due t o  t h e  f i n e  c a r b i d e  becoming less s t a b l e  and 
more t i t a n i u m  b e i n g  n e c e s s a r y  f o r  s t a b i l i z a t i o n  as t h e  service tempera- 
t u r e  i s  increased .  

Several 100-lb commercial m e l t s  c o n t a i n i n g  1.5 t o  2.1% t i t a n i u m  
were procured from t h r e e  vendors and e v a l u a t e d .  The u n i r r a d i a t e d  mechan- 
i c a l  p r o p e r t i e s  and w e l d a b i l i t y  of t h e  m e l t s  are s u p e r i o r  t o  t h o s e  of  
s t a n d a r d  H a s t e l l o y  N .  The c o m p a t i b i l i t y  of  t i t an ium-conta in ing  a l l o y s  
w i t h  f u e l  s a l t  h a s  been i n v e s t i g a t e d  u s i n g  specimens of modif ied a l l o y s  
i n  n a t u r a l  c i r c u l a t i o n  loops ,  and some specimens w e r e  exposed i n  t h e  
MSRE core .  Although t h e  t i t a n i u m  is  reactive w i t h  t h e  s a l t ,  i t  d i f f u s e s  
less r a p i d l y  than  t h e  chromium and does n o t  c o n t r i b u t e  d e t e c t a b l y  t o  t h e  
c o r r o s i o n  rate [ 4 0 ] .  Haste l loy  N modif ied by t h e  a d d i t i o n  of about 2% 
t i t a n i u m  h a s  t h u s  been found t o  b e  adequate ly  r e s i s t a n t  t o  r a d i a t i o n  a t  
1 4 0 0 " F ,  t o  b e  weldable  w i t h o u t  unusual  d i f f i c u l t y ,  and t o  b e  f r e e  of 
added c o r r o s i o n  problems. This a l l o y  must b e  scaled-up,  b u t  t h e  chem- 
i c a l  composi t ion does n o t  appear t o  b e  one t h a t  w i l l  p r e s e n t  problems. 

o t h e r  n icke l -base  a l l o y s  are e m b r i t t l e d  a t  e l e v a t e d  temperatures  by 
thermal n e u t r o n  i r r a d i a t i o n  [18, 1 9 ,  21, 2 2 ,  28-30]. The f r a c t u r e  s t r a i n s  
vary  f o r  d i f f e r e n t  a l l o y s ,  i r r a d i a t i o n ,  and tes t  c o n d i t i o n s .  However, 
t h e  f r a c t u r e  s t r a i n s  w i l l  l i k e l y  b e  too  low f o r  a l l o y s  such as Inconel  
600 w i t h o u t  c l o s e r  c o n t r o l s  on chemistry,  g r a i n  s i z e ,  and o t h e r  f a c t o r s .  

p o s s i b l e  t h a t  t h e  f r a c t u r e  s t r a i n s  under  MSBR service c o n d i t i o n s  w i l l  be  
adequate  [ 4 1 ] .  I f  n o t ,  s i g n i f i c a n t  improvements have been made i n  types 
304 and 316 s t a i n l e s s  s t e e l  by c o n t r o l l i n g  t h e  g r a i n  s i z e  o r  a l t e r i n g  t h e  
composition (such as adding small amounts of T i )  [ 4 2 1 .  

The amount of t i t a n i u m  r e q u i r e d  f o r  good r e s i s t a n c e  t o  neut ron  ir-  

Explora tory  i r r a d i a t i o n  s t u d i e s  have shown t h a t  Inconel  600 and a l l  

The s t a i n l e s s  s teels  are a l s o  e m b r i t t l e d  by i r r a d i a t i o n ,  b u t  i t  is 
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I n t e r g r a n u l a r  Cracking  

A s  a l r eady  no ted ,  ‘ i n t e r g r a n u l a r  c r ack ing  w a s  observed i n  t h e  sur -  
v e i l l a n c e  samples and s e v e r a l  components from t h e  MSRE [17] .  The most 
s i g n i f i c a n t  c h a r a c t e r i s  t i c s  of t h e  cracks are : 

1. 

2.  

3 .  

4 .  

Cracks were formed on a l l  s u r f a c e s  exposed t o  f u e l  sa l t .  

I r r a d i a t i o n  of t h e  metal d i d  n o t  seem t o  b e  a f a c t o r ,  s i n c e  t h e  c racks  
were e q u a l l y  s e v e r e  i n  components t h a t  were i r r a d i a t e d  and u n i r r a -  
d i a t e d .  

Some c racks  were v i s i b l e  i n  po l i shed  s e c t i o n s  from some components 
( p a r t i c u l a r l y  t h e  h e a t  exchanger) when they were removed from 
service, b u t  deformation a t  ambient tempera ture  w a s  r e q u i r e d  t o  
make most show up. 

The material removed from t h e  MSRE had been hea ted  and exposed t o  
f i s s i o n  products  f o r  t i m e s  ranging  from 2500 t o  25,000 h r .  Although 
t h e  frequency of c racks  i n c r e a s e d  w i t h  t i m e ,  t h e  maximum depth  d i d  
n o t  i n c r e a s e  d e t e c t a b l y  . 

We have n o t  been a b l e  t o  produce similar i n t e r g r a n u l a r  c racks  by 
co r ros ion .  To determine i f  c o r r o s i o n  could b e  t h e  cause,  t h e  s a l t  i n  
one f u e l - s a l t  loop  w a s  made q u i t e  o x i d i z i n g  by adding FeF2. S e l e c t i v e  
i n t e r g r a n u l a r  a t t a c k  occurred ,  b u t  t h e  a t t a c k  w a s  very sha l low and t h e  
corroded g r a i n  boundar ies  d i d  n o t  open f u r t h e r  du r ing  s t r a i n i n g .  The 
second, and most convincing evidence t h a t  c o r r o s i o n  (chromium d e p l e t i o n )  
d id  no t  cause t h e  c racks  came d i r e c t l y  from examinat ion of MSRE samples .  
Although chromium d e p l e t i o n  could n o t  b e  d e t e c t e d  i n  samples from t h e  
hea t  exchanger and i n  a s e c t i o n  of t h e  c o n t r o l  rod thimble t h a t  w a s  under 
a s p a c e r  s l e e v e ,  t h e s e  samples were cracked as s e v e r e l y  as those  ( e . g . ,  
t h e  ba re  c o n t r o l  rod thimble)  i n  which chromium d e p l e t i o n  w a s  d e t e c t a b l e .  
Thus, i t  seems u n l i k e l y  t h a t  chromium d e p l e t i o n  a lone  can account f o r  t h e  
observed cracking .  

e lements  d i f f u s e d  i n t o  t h e  material p r e f e r e n t i a l l y  a long  t h e  g r a i n  
boundar ies  and degraded them i n  some way. The process  r e s p o n s i b l e  f o r  
t h e  c rack ing  could b e  (1) t h e  formation of a compound t h a t  is very 
b r i t t l e ,  (2)  format ion  of low-melting phases  a long  t h e  g r a i n  boundar ies  
t h a t  become l i q u i d  at  o p e r a t i n g  tempera ture ,  o r  (3)  a change i n  compo- 
s i t i o n  a long  t h e  g r a i n  boundaries  s o  t h a t  they are s t i l l  s o l i d  but  very 
weak. The f i r s t  and t h i r d  mechanisms would r e q u i r e  some deformation t o  
form t h e  c racks ,  b u t  t h e  second mechanism would n o t  r e q u i r e  s t r a i n ,  and 
samples could have c racks  p r e s e n t  b e f o r e  p o s t o p e r a t i o n  deformation.  

C l e a r l y ,  i t  is extremely important  t h a t  t h e  elements  r e s p o n s i b l e  
f o r  t h e  c rack ing  b e  i d e n t i f i e d  and t h a t  t h e  mechanism b e  determined.  Ana- 
l y t i c a l  d a t a  from materials from t h e  MSRE show t h a t  a l l  of t h e  f i s s i o n  
products  w i t h  s u f f i c i e n t  h a l f - l i v e s  t o  b e  d e t e c t a b l e  a f t e r  two y e a r s  w e r e  

The n e x t  p o s s i b l e  mechanism t o  b e  cons idered  is  t h a t  one o r  several 

c 

c 

c 



7 

207 

* 

J 

I 

p r e s e n t  i n  t h e  m e t a l  a t  depths  up t o  a few m i l s  and some n u c l i d e s  wi th  
h a l f - l i v e s  too  s h o r t  t o  d e t e c t  could have a l s o  been p r e s e n t .  

and then s t r a i n e d  s o  t h a t  on ly  t h e  c racks  were leached.  S e v e r a l  f i s s i o n  
products  p l u s  s u l f u r  and phosphorus w e r e  p r e s e n t  i n  h i g h  c o n c e n t r a t i o n s .  
Thus, i t  seemed p r o f i t a b l e  t o  look at  a l l  of t h e  elements  i n  t h e  f i s s i o n  
spectrum wi th  s u f f i c i e n t  h a l f - l i v e s  t o  d i f f u s e  i n t o  t h e  m e t a l .  

Our f i rs t  a t tempt  a t  t h i s  is shown i n  Table  7 . 2 ,  which c o n t a i n s  t h e  
informat ion  t h a t  w e  f e e l  t o  b e  most r e l e v a n t .  Some of t h e  d a t a  are from 
o u r  c u r r e n t  r e s e a r c h ,  and o t h e r s  were o b t a i n e d  from t h e  l i t e r a t u r e  [ 4 3 ,  
441.  

As shown i n  Table 7 . 2 ,  s u l f u r  and se len ium had d e t r i m e n t a l  e f f e c t s  
under some test  c o n d i t i o n s ,  b u t  t e l l u r i u m  had a more pronounced e f f e c t  
i n  a l l  types of tests run t o  d a t e .  These t h r e e  elements  form r e l a t i v e l y  
u n s t a b l e  f l u o r i d e s  and would l i k e l y  be  d e p o s i t e d  on t h e  metal and g r a p h i t e  
s u r f a c e s .  Arsenic ,  antimony, and t i n  a l s o  would b e  d e p o s i t e d ,  b u t  no 
d e l e t e r i o u s  e f f e c t s  of t h e s e  elements  on t h e  mechanical p r o p e r t i e s  of 
n i c k e l  a l l o y s  have been noted.  Zinc and cadmium may e i t h e r  b e  d e p o s i t e d  
o r  p r e s e n t  i n  t h e  s a l t ,  depending on t h e  o x i d a t i o n  s t a t e  of t h e  s a l t .  
Both of t h e s e  elements  are r e p o r t e d  t o  b e  i n s o l u b l e  i n  n i c k e l ,  and w e  
have n o t  observed any d e l e t e r i o u s  e f f e c t s  i n  our  tests. Ruthenium, tech- 
netium, molybdenum, and rhodium should d e p o s i t  on s u r f a c e s ,  b u t  w e  have 
seen  no d e l e t e r i o u s  e f f e c t s  from them i n  our  tests. Zirconium, s t r o n t i u m ,  
cesium, and cerium form very s t a b l e  f l u o r i d e s  and should  remain i n  t h e  
s a l t .  We have no evidence,  p o s i t i v e  o r  n e g a t i v e ,  on t h e  e f f e c t s  of s t r o n -  
t ium and cesium on t h e  mechanical behavior ,  bu t  p r e s e n t l y  b e l i e v e  t h a t  
t h e s e  elements  w i l l  s t a y  i n  t h e  s a l t  and n o t  e n t e r  t h e  metal; z i rconium 
and cerium do n o t  have adverse  e f f e c t s  when added t o  Has te l loy  N.  Niobium 
can b e  e i t h e r  i n  t h e  s a l t  o r  depos i ted ,  depending on t h e  o x i d a t i o n  s t a t e ,  
b u t  as mentioned i n  d i s c u s s i n g  i r r a d i a t i o n  behavior ,  i t  has  f a v o r a b l e  
e f f e c t s  on t h e  mechanical p r o p e r t i e s .  

c racking  could b e  caused by t h e  inward d i f f u s i o n  of e lements  of t h e  
s u l f u r ,  selenium, t e l l u r i u m  family w i t h  t e l l u r i u m  having t h e  most adverse  
e f f e c t .  Our s t u d i e s  consequent ly  have concent ra ted  on t e l l u r i u m .  S ince  
t h e s e  elements  a l l  behave s i m i l a r l y ,  an unders tanding  of how t e l l u r i u m  
causes cracking  should l e a d  t o  an unders tanding  of t h e  behavior  o f  t h e  
o t h e r  e lements .  

c l e a r l y  t h a t  s m a l l  amounts of t e l l u r i u m  w i l l  cause i n t e r g r a n u l a r  c racking  
i n  H a s t e l l o y  N .  These experiments  i n c l u d e :  (1) t h e  measurement of g r a i n  
boundary and b u l k  d i f f u s i o n  c o e f f i c i e n t s  of t e l l u r i u m  i n  H a s t e l l o y  N ,  
type  304 s t a i n l e s s  s teel ,  and n i c k e l ;  ( 2 )  exposure of  numerous materials 
t o  e l e c t r o -  o r  vapor-plated t e l l u r i u m  w i t h  subsequent  s t r a i n i n g  and 
m e t a l l o g r a p h i c  examinat i o n ;  ( 3 )  t u b e  b u r s t  specimens of  H a s  t e l l o y  N and 
type  304 s t a i n l e s s  s teel  e l e c t r o p l a t e d  w i t h  t e l l u r i u m  and s t r e s s e d  i n  
s a l t ;  ( 4 )  c r e e p  tests of H a s t e l l o y  N ,  t y p e  304 s t a i n l e s s  s t ee l ,  n i c k e l ,  
and I n c o n e l  600 i n  i n e r t  gas- te l lur ium vapor environments;  (5) s t r a i n  
c y c l e  experiments  of H a s t e l l o y  N e l e c t r o p l a t e d  w i t h  t e l l u r i u m  t o  d e t e r -  
mine c rack  propagat ion  rates; and ( 6 )  mechanical p r o p e r t y  tests on a l l o y s  
c o n t a i n i n g  s m a l l  amounts of f i s s i o n  product .  

One sample w a s  o x i d i z e d  t o  p a s s i v a t e  t h e  o u t e r  s u r f a c e  t o  t h e  r e a g e n t  

Thus, a l though some e x p l o r a t o r y  work remains,  i t  appears  t h a t  t h e  

Numerous l a b o r a t o r y  experiments  have been run t h a t  demonstrate  very 



Table 7.2. Possible effects of several elements on the cracking of Hastelloy No 

Free energy 

of fluoride 
at 1000” K 

Cracking of Effect on Effect on Effect on Effect on Expected Melting Concentrated tensile creep tensile creep of formation location Overall 

of rating Element point in cracks in vapor and 
(“C) MSRE samples element 

electroplated properties properties of properties of properties of 

specimensb of nickelC nickel alloyd Hastelloy N Hastelloy N (kcal mole-’ oF- l )e  

Sulfur 
Selenium 
Tellurium 
Arsenic 
Antimony 
Tin 
Zinc 
Cadmium 
Ruthenium 
Technetium 
Niobium 
Zirconium 
Molybdenum 
Strontium 
Cesium 
Cerium 
Rhodium 

119 
217 
45 0 
817 
630 
232 
420 
321 

2500 
2130 
2468 
1852 
2610 

768 
29 

804 
1966 

+ 

-- 
Insoluble 
Insoluble 

+ 
+ 
+ 
- 

+ 
- 

Insoluble 

+ 
- 

+ 

i 
+ 

+ 
+ 

-34 
-21 
- 39 
-62 
-55 
-60 
-68 
-64 
-51 
-46 
-70 
-99 
-51 

-125 
-106 
-120 
-42 

Deposited 
Deposited 
Deposited 
Deposited 
Deposited 
Deposited 

g 
g 

Deposited 
Deposited 

g 
Salt 

Deposited 
Salt 
Salt 
Salt 

Deposited 

-- 

+ 
+ 
+ 

+ 
++ 
++ 
++ 
+ 

++ 

+ 
+ 

=The symbols used in this table should be interpreted in the following way: A plus refers to nondetrimental behavior, and a minus indicates detrimental effects. Two 

bResults of current rraLdch. 
cC. G. Bieber and R. F. Decker, “The Melting of Malleable Nickel and Nickel Alloys,” Duns. AIME 221,629 (1961). 
dD. R. Wood and R. M. Cook, “Effects of Trace Contents of Impurity Elements on the Creep-Rupture Properties of Nickel-Base Elements,”Metullurgiu 000, 109 (1963). 
ePrivate communication, W. R. Grimes, ORNL. 
fMay appear as H2S if HF concentration of melt is appreciable. 
SMay appear in salt if salt mixture is sufficiently oxidizing. 

minuses indicate particularly bad effects. 

N 
0 
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The d i f f u s i o n  ra te  of t e l l u r i u m  i n t o  Has te l loy  N w a s  measured. 
Samples w i t h  l z 7 T e  d e p o s i t e d  on t h e  s u r f a c e  w e r e  annealed f o r  3000 h r  
a t  650 and 760°C. A t  650°C t h e  p e n e t r a t i o n  w a s  s o  sha l low t h a t  t h e  
lapping  technique  used d i d  n o t  g i v e  very  r e l i a b l e  va lues  , b u t  a c c u r a t e  
r e s u l t s  w e r e  ob ta ined  at  760°C and t h e  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  b u l k  
material w a s  1 .01  x 
a t  650°C. The p e n e t r a t i o n  p r o f i l e s  a l s o  w e r e  used t o  o b t a i n  t h e  product  
of t h e  g r a i n  boundary wid th  and t h e  g r a i n  boundary d i f f u s i o n  c o e f f i c i e n t ,  
and t h e  measured q u a n t i t i e s  were then used w i t h  t h e  F i s h e r  model [45] t o  
compute t h e  g r a i n  boundary p e n e t r a t i o n .  A s  shown i n  Fig.  7 . 1 ,  t h e  max- 
imum p e n e t r a t i o n  of t e l l u r i u m  i n  an MSBR a t  760°C would b e  8 m i l s  i n  30 
y e a r s .  The less a c c u r a t e  exper imenta l  va lues  o b t a i n e d  at  650°C were used 
t o  estimate t h a t  t e l l u r i u m  should  have p e n e t r a t e d  t h e  g r a i n  boundaries  
i n  t h e  MSRE t o  a depth of 2 t o  3 m i l s ,  and t h e  p e n e t r a t i o n  o f  an MSBR 
o p e r a t i n g  a t  650°C f o r  30 y r  should  b e  about 4 m i l s .  The r e l a t i v e l y  low 
s e n s i t i v i t y  of t h e  p e n e t r a t i o n  depth t o  t h e  t i m e  i s  due t o  t h e  v a r i a t i o n  
w i t h  t i m e  t o  t h e  one-fourth power f o r  g r a i n  boundary d i f f u s i o n  compared 
w i t h  t h e  one-half power f o r  b u l k  d i f f u s i o n .  

These computed depths  of p e n e t r a t i o n  are q u i t e  a c c e p t a b l e ,  b u t  sev- 
eral f a c t o r s  can move t h e  curves.  One f a c t o r  t h a t  could reduce t h e  pene- 
t r a t i o n  i s  t h a t  t h e  supply of  t e l l u r i u m  t o  t h e  H a s t e l l o y  N would c o n t r o l  
t h e  ra te  of p e n e t r a t i o n  r a t h e r  than  d i f f u s i o n  through t h e  m e t a l .  This  i s  
q u i t e  p o s s i b l e ,  s i n c e  t h e  c o n c e n t r a t i o n  of t e l l u r i u m  i n  t h e  s a l t  would 
b e  very  low, and o t h e r  f i s s i o n  products  such as molybdenum would d e p o s i t  
and p o s s i b l y  i n t e r f e r e  w i t h  t e l l u r i u m  a c t u a l l y  reaching  t h e  Has te l loy  N .  
A t  l eas t  one f a c t o r  could i n c r e a s e  t h e  p e n e t r a t i o n .  Cracks could form 
and t h e  d i f f u s i o n  f r o n t  move inward, such as probably occurred  i n  t h e  
specimen t h a t  w a s  exposed t o  t e l l u r i u m  w h i l e  b e i n g  s t r e s s e d  i n  a c reep  
machine. Another f a c t o r  could move t h e  p r o f i l e s  e i t h e r  way; compounds 
such as n i c k e l - t e l l u r i d e s  may form a long  t h e  g r a i n  boundar ies ,  and t h e  
t e l l u r i u m  may d i f f u s e  a t  h i g h e r  o r  lower rates through t h e s e  compounds 
than through H a s  t e l l o y  N .  Thus , al though t h e  d i f f u s i o n  measurements 
provide  an e x p l a n a t i o n  of t h e  l i m i t e d  p e n e t r a t i o n  i n  t h e  MSRE and o f f e r  
some encouragement t h a t  t h e  depth of p e n e t r a t i o n  of t e l l u r i u m  would n o t  
b e  very  g r e a t  i n  an MSBR, they  cannot b e  taken q u a n t i t a t i v e l y .  

L i t t l e  i s  known about t h e  chemistry of  t e l l u r i u m ,  but  most l i k e l y  
i t  i s  s i m i l a r  t o  t h a t  of s u l f u r .  The b a s i c  problem wi th  n i c k e l  a l l o y s  
c o n t a i n i n g  s u l f u r  is due t o  a low m e l t i n g  n i c k e l - s u l f u r  e u t e c t i c  t h a t  
forms when s u l f u r  s e g r e g a t e s  i n  t h e  g r a i n  boundaries  and causes t h e s e  
r e g i o n s  t o  b e  weak compared w i t h  t h e  matrix. Al loying  a d d i t i o n s  such as 
chromium raise  t h e  m e l t i n g  p o i n t  of t h e  e u t e c t i c  and reduce t h e  magnitude 
of t h e  problem. Some p r o p r i e t a r y  work on s u p e r a l l o y s  shows t h a t  about 
16% chromium is r e q u i r e d  t o  make a s u p e r a l l o y  resist embri t t lement  by 
s u l f u r .  Assuming p a r a l l e l  behavior  of t e l l u r i u m ,  i t s  d e l e t e r i o u s  e f f e c t s  
on H a s t e l l o y  N might b e  o f f s e t  by t h e  a d d i t i o n  of chromium. 

t o  o b t a i n  improved m a c h i n a b i l i t y  b u t  they cause embr i t t l ement  a t  h igh  
temperatures .  
embr i t t l ement .  Thus cerium a d d i t i o n s  t o  H a s t e l l o y  N may a l s o  be  e f f e c t i v e  
i n  making t h e  t e l l u r i u m  innocuous. 

cm2/sec, about e q u i v a l e n t  t o  t h a t  of chromium 

Addit ions o f  t e l l u r i u m ,  selenium, and s u l f u r  are o f t e n  made t o  steels 

S m a l l  cerium a d d i t i o n s  have been e f f e c t i v e  i n  reducing t h e  
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For tuna te ly ,  t e l l u r i u m  probably behaves i n  non-f i s s i o n i n g  m e l t s  much 
as i t  does i n  a f i s s i o n i n g  s a l t ,  s o  t h a t  l a b o r a t o r y  experiments  can b e  
used t o  answer many q u e s t i o n s .  Assuming t h i s  is s o ,  over  s i x t y  a l l o y s  
were e l e c t r o p l a t e d  w i t h  t e l l u r i u m  and annealed f o r  long  p e r i o d s  of  t i m e  t o  
i n v e s t i g a t e  t h e  e f f e c t s  of composi t ion,  i n c l u d i n g  h i g h e r  chromium concen- 
t r a t i o n  , on t h e  c rack ing  phenomenon. Included were several n icke l -base  
a l l o y s ,  r e p r e s e n t a t i v e  a l l o y s  of types  200, 300, 400, and 500 s t a i n l e s s  
s tee l ,  n i c k e l ,  copper ,  i r o n ,  Monel, two cobal t -base  a l l o y s ,  and s e v e r a l  
h e a t s  of modif ied and s t anda rd  Has te l loy  N .  A f t e r  be ing  annea led ,  t h e  
samples  w e r e  s t r a i n e d  a t  room tempera ture  and s e c t i o n e d  f o r  me ta l log raph ic  
examinat ion.  

No cracks  formed i n  i r o n ,  copper ,  Monel, t h e  s t a i n l e s s  steels, o r  
i n  t h e  n i cke l -base  a l l o y s  con ta in ing  more than 15% chromium. However, 
c racks  d i d  form i n  Has te l loy  B (1% chromium maximum), Has te l loy  W (5% 
chromium) , and i n  most h e a t s  of Has te l loy  N (7% chromium). Some of t h e  
h e a t s  of modif ied Has te l loy  N had b e t t e r  r e s i s t a n c e  t o  c rack ing  than 
s t anda rd  Has te l loy  N .  These a l l o y s  conta ined  s e v e r a l  a d d i t i o n s ,  b u t  t h e  
only a d d i t i o n  common t o  t h e  improved h e a t s  w a s  2% niobium, and t h e  two 
a l l o y s  t h a t  conta ined  2% niobium w e r e  completely f r e e  of c r acks .  Typica l  
photomicrographs of s e v e r a l  a l l o y s  a f t e r  exposure t o  t e l l u r i u m  and defor -  
mation a t  room tempera ture  are shown i n  F ig .  7 . 3 .  

A s i m i l a r  type  of experiment w a s  run  i n  which test  samples were 
exposed t o  s m a l l  amounts of t e l l u r i u m  vapor.  These experiments  w e r e  run 
i n  q u a r t z ,  which is nonreac t ive  wi th  t h e  materials, and inc luded  vacuum 
ou tgas ing  and bakeout .  Thus, t h e  oxygen levels w e r e  low and t h e  condi- 
t i o n s  should represen% those  t h a t  would b e  expected i n  a reducing  sa l t .  
Several materials have been exposed under t h e s e  cond i t ions  and s t r a i n e d  
t o  f a i l u r e .  The r e s u l t s  ob ta ined  thus  f a r  g e n e r a l l y  ag ree  wi th  those  
obta ined  i n  t h e  experiments  where t h e  t e l l u r i u m  w a s  e l e c t r o p l a t e d  on t h e  
test sample.  Has t e l loy  N formed i n t e r g r a n u l a r  c r acks ,  bu t  t h e  i n t e n s i t y  
of c r ack ing  v a r i e d  w i t h  composition. Nicke l  formed some i n t e r g r a n u l a r  
c racks .  Type 304 s t a i n l e s s  s tee l  d i d  n o t  c rack .  Inconel  600 had no t  
cracked i n  t h e  p l a t i n g  experiments  but  d i d  form sha l low i n t e r g r a n u l a r  
c racks  i n  the  vapor  experiments .  Assuming t h a t  16% chromium is requ i r ed  
f o r  p r o t e c t i o n  a g a i n s t  t e l l u r i u m  embr i t t l ement  as i t  is a g a i n s t  s u l f u r ,  
t h e  15% chromium i n  Inconel  600 should be  margina l  i n  p reven t ing  embri t -  
t lement .  Thus, t h e  d i f f e r e n t  behavior  i n  t h e  two types  of  experiments  
may b e  a r e s u l t  of t h e  exper imenta l  t echniques  o r  something more nebulous 
such as s m a l l  chemical v a r i a t i o n s  i n  t h e  two h e a t s  of mater ia l  involved .  

These l i m i t e d  obse rva t ions  i n d i c a t e  t h a t  many materials are more 
r e s i s t a n t  than Has te l loy  N t o  i n t e r g r a n u l a r  c r ack ing  by t e l l u r i u m ,  wi th  
most showing no d e l e t e r i o u s  e f f e c t s .  Among t h o s e  una f fec t ed  i n  t h e  
tests, as no ted ,  were n icke l -base  a l l o y s  con ta in ing  20% o r  more chromium, 
s t a i n l e s s  steels, copper ,  and Monel. The r e s u l t s  on Incone l  600 (15% 
chromium) w e r e  i nconc lus ive .  The tests of t h e  modif ied h e a t s  of Has te l loy  
N o f f e r e d  some encouragement t h a t  t h i s  a l l o y  can be  made r e s i s t a n t  by 
composi t iona l  changes.  These r e s u l t s  sugges t  t h a t  t h e r e  may be  s e v e r a l  
materials whose use  would avoid t h e  c rack ing  problem. 

c 

c 



211 

n 

4 

9 

J 

1 

1 

-. 
-.p 

I *  , 

( e >  

Fig.  7 .3 .  Typica l  photomicrographs of seve ta l  metals a f t e r  be ing  
e l e c t r o p l a t e d  w i t h  0.05 mg/cm2 of  T e ,  annealed f o r  1000 h r  a t  6 5 O O C  i n  
A r ,  and s t r a i n e d  a t  75'F. ( a )  H a s t e l l o y  N ,  (b)  N i ,  ( c )  Cu, (d )  Type 
304 s t a i n l e s s  s t e e l ,  and ( e )  Inconel  600. (Another specimen of Inconel  
600 on which t h e  t e l l u r i u m  w a s  d e p o s i t e d  as a vapor d i d  e x h i b i t  very  
sha l low i n t e r g r a n u l a r  c racking . )  
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In f luence  of Material U n c e r t a i n t i e s  

The preceding  d i s c u s s i o n  i n d i c a t e s  t h a t  t h e  m e t a l  t o  b e  used f o r  
f a b r i c a t i o n  of an MSBR must s a t i s f y  t h r e e  main requi rements :  
p a t i b i l i t y  w i th  t h e  working f l u i d s  ( f u e l  s a l t ,  coo lan t  s a l t ,  steam), 
( 2 )  adequate  p l a s t i c i t y  a f t e r  neu t ron  i r r a d i a t i o n ,  and ( 3 )  r e s i s t a n c e  t o  
i n t e r g r a n u l a r  c r ack ing  by f i s s i o n  products .  A s i n g l e  material need no t  
s a t i s f y  a l l  of t hese ,  s i n c e  a l l  p a r t s  of  t h e  system do n o t  have t h e  same 
requi rements .  However, t h e  u s e  of d i s s i m i l a r  materials in t roduces  com- 
p l e x i t y  of des ign ,  s o  t h e  p o s s i b i l i t i e s  f o r  making t h e  system of one 
material need t o  b e  cons idered .  

choices  are l i s t e d  i n  Table  7.3. The f i r s t  shown, a modif ied Has te l loy  
N ,  is h igh ly  p r e f e r r e d  bu t  i ts  use ,  of cour se ,  depends upon be ing  a b l e  t o  
a l te r  t h e  composition t o  s t o p  t h e  i n t e r g r a n u l a r  c racking .  Whether H a s  tel-  
loy  N can b e  used i n  t h e  steam gene ra to r  w i l l  depend upon i ts  compati- 
b i l i t y  w i th  steam, which, as d i scussed  more f u l l y  i n  Chapter 8, i s  s t i l l  
s u b j e c t  t o  ques t ion .  The peak tempera ture  w i t h  t h e  materials used i n  
s e l e c t i o n  1 would l i k e l y  b e  1300'F. 

primary c i r c u i t  because i t  appears  t o  have e x c e l l e n t  r e s i s t a n c e  t o  damage 
by t e l lu r ium.  The a d d i t i o n  of about 0.2% T i  t o  t h i s  material has  a l r e a d y  
been shown t o  be  an adequate  s o l u t i o n  t o  t h e  problem of i r r a d i a t i o n  em- 
b r i t t l e m e n t .  The main ques t ion  r ega rd ing  type 304 s t a i n l e s s  s tee l  con- 
ce rns  i t s  c o r r o s i o n  i n  f u e l  s a l t ,  and t h e  o u t l e t  f u e l  tempera ture  i n  t h e  
r e a c t o r  might have t o  be  reduced t o  lower t h e  co r ros ion  rate. S t a i n l e s s  
s tee l  w i l l  l i k e l y  n o t  have adequate  co r ros ion  r e s i s t a n c e  i n  t h e  coo lan t  
s a l t ,  and a t r a n s i t i o n  t o  Has te l loy  N would b e  made i n  t h e  i n t e r m e d i a t e  
h e a t  exchanger.  This would r e q u i r e  a duplex tube  of type  304 s t a i n l e s s  
s teel  on t h e  i n s i d e  and Has te l loy  N on t h e  o u t s i d e .  

Our t h i r d  choice  at  t h i s  t i m e  would b e  a system made e n t i r e l y  of  a 
n icke l -h igh  chromium a l l o y .  The a v a i l a b l e  c o r r o s i o n  d a t a  on Inconel  600 
(15% chromium) sugges t  t h a t  such a system would have an accep tab le  cor- 
ro s ion  rate w i t h  f u e l  s a l t  a t  about  1200'F. However, t h e s e  d a t a  w e r e  
ob ta ined  a number of y e a r s  ago on r e l a t i v e l y  impure salts ,  and a d d i t i o n a l  
co r ros ion  t e s t i n g  w i l l  be  r equ i r ed .  Inconel  600 has  n o t  been t e s t e d  
under c o n t r o l l e d  a d d i t i o n s  i n  sodium f l u o r o b o r a t e ,  b u t  our p r e s e n t  under- 
s t a n d i n g  of t h e  chemical  behavior  of t h i s  sa l t  g ives  reasonable  hope of 
a c c e p t a b l e  c o m p a t i b i l i t y .  This a l l o y  has  been used i n  many steam gen- 
e r a t o r s  and t h e  exper ience  has  been f avorab le .  The main problem wi th  
Inconel  600 is  embr i t t l ement  by neu t ron  i r r a d i a t i o n .  We have been a b l e  
t o  improve t h e  r e s i s t a n c e  of Has te l loy  N and types  304 and 316 s t a i n l e s s  
s teel  by c o n t r o l l i n g  v a r i a b l e s  such as g r a i n  s i z e ,  h e a t  t r ea tmen t ,  and 
composi t ion,  b u t  t h i s  a b i l i t y  must b e  demonstrated f o r  a n icke l -h igh  
chromium a l l o y .  

The f o u r t h  materials s e l e c t i o n  would invo lve  t h e  use  of t h e  p a r t i a l l y  
developed 2% Ti-modified Has te l loy  N i n  t h e  e n t i r e  s y s  t e m  w i t h  t h e  s u r f a c e s  
exposed t o  f u e l  sa l t  be ing  covered (weld ove r l ay ,  duplex  tub ing ,  c ladding)  
by s t a i n l e s s  steel  o r  Monel. This would r e q u i r e  t h a t  t h e  d e t a i l s  of  t h e  
c l add ing  processes  be  developed t o  i n c l u d e  j o i n i n g  and t o  i n s u r e  in t eg -  
r i t y  du r ing  s e r v i c e .  

(1)  com- 

Severa l  of t h e  materials t h a t  w e  p r e s e n t l y  view as be ing  reasonable  

Our second choice  would b e  t o  u s e  type  304 s t a i n l e s s  s teel  i n  t h e  
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Table 7.3. Possible materials for construction of MSBRs 

Selection Primary circuit Coolant 
circuit 

Steam 
generatora Uncertainties 

~~~~~~~ ~~ 

1 Modified Hastelloy N Modified Hastelloy N Modified Hastelloy N Addition to stop cracking, compatibility 

2 Type 304 stainless steel Inconel 600 Inconel 600 Corrosion of type 304 stainless steel 

3 Inconel 600 Inconel 600 Inconel 600 Improvement of radiation resistance 

with steam 

Ni-high Cr alloy Ni-high Cr alloy Ni- high Cr alloy by microstructure and chemistry, 
control of corrosion rate 

4 Modified Hastelloy N, Modified Hastelloy N Modified Hastelloy N Development of duplex Hastelloy 
stainless steel or 
Monel coating 

N-stainless steel tubing 

aAny of these selections could utilize a duplex tube with nickel on the coolant-salt side and Incoloy 800 on the steam side. 
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Severa l  of t h e s e  s e l e c t i o n s  invo lve  duplex tub ing  and c l ad  s t r u c -  
t u r e s .  Methods f o r  making duplex tub ing  and techniques  f o r  weld over- 
l a y i n g  g e n e r a l l y  e x i s t  f o r  t he  materials involved .  The g r e a t e s t  compli- 
c a t i o n  comes about  i n  j o i n i n g ,  where,  a l though t h e  b a s i c  a b i l i t y  t o  make 
such j o i n t s  is  a v a i l a b l e ,  j o i n t  des igns  and welding procedures  must b e  
developed f o r  each material. 

i n g  problem is t o  g e t t e r  t h e  f i s s i o n  product  t e l l u r i u m  from t h e  s a l t  wi th  
some r e a c t i v e  material. The amount of t e l l u r i u m  produced is q u i t e  s m a l l ,  
and a very  e f f i c i e n t  f i l t e r  would b e  r equ i r ed .  To be  e f f e c t i v e ,  t h i s  
f i l t e r  would have t o  be  placed nea r  t h e  r e a c t o r  o u t l e t ,  and t h e  p r e s s u r e  
drop,  h e a t  gene ra t ion  rate, and s a l t  holdup a s s o c i a t e d  wi th  i t  would l i k e l y  
b e  very h igh .  Thus, w e  have devoted only l i m i t e d  a t t e n t i o n  t o  t h i s  ap- 
proach. 

Our p re fe rences  i n  Table 7 . 3  c l e a r l y  favor  s t a y i n g  w i t h  Has te l loy  N 
as a s t r u c t u r a l  material. Its r e s i s t a n c e  t o  c o r r o s i o n  by f l u o r i d e  sal ts  
has  been w e l l  demonstrated,  and i r r a d i a t i o n  embr i t t l ement  appears  t o  be  
taken c a r e  of adequate ly  by t h e  a d d i t i o n  of t i t an ium.  Consequently,  a 
change t o  another  material should be  made only  i f  i t  becomes clear t h a t  
Has t e l loy  N cannot b e  f u r t h e r  modif ied t o  improve i t s  r e s i s t a n c e  t o  i n t e r -  
g ranu la r  c racking .  I n  t h e  event  t h a t  a change of materials is  necessa ry ,  
n icke l -base  a l l o y s  appear  p r e f e r a b l e  t o  i ron-base  a l l o y s  because  t h e  sa l t  
can b e  allowed t o  b e  more o x i d i z i n g  w i t h  n i c k e l .  However, t h e  s t u d i e s  
thus  f a r  i n d i c a t e  t h a t  t h e  i ron-base  a l l o y s  o f f e r  more r e s i s t a n c e  t o  in -  
t e r g r a n u l a r  c racking .  Thus, t h e s e  two f a c t o r s  must b e  ba lanced  a g a i n s t  
each o t h e r  i n  choosing a mater ia l ,  and t h i s  w i l l  be  p o s s i b l e  only when 
more d a t a  are a v a i l a b l e  on t h e  r e s i s t a n c e  of d i f f e r e n t  a l l o y s  t o  c rack ing  
and t h e i r  c o r r o s i o n  r e s i s t a n c e  i n  s a l t .  

One f u r t h e r  method t h a t  h a s  been cons idered  f o r  hand l ing  t h e  crack- 

F u r t h e r  Work 

The most p r e s s i n g  problem w i t h  Has te l loy  N is i ts  s u s c e p t i b i l i t y  t o  
g r a i n  boundary c racking  when exposed t o  f i s s i o n  p roduc t s  i n  f u e l  sa l t s .  
Work i n  t h e  immediate f u t u r e  w i l l  concen t r a t e  on de te rmining  whether ac- 
c e p t a b l e  chemical mod i f i ca t ions  t o  Has te l loy  N w i l l  adequate ly  improve 
i t s  r e s i s t a n c e  t o  c racking .  Experiments a l r e a d y  run  i n d i c a t e  t h a t  t h e  
a d d i t i o n  of 2% niobium may be  e f f e c t i v e ,  and Has te l loys  con ta in ing  more 
than 16% chromium are n o t  a t t acked .  Modi f i ca t ions  of H a s t e l l o y  N con- 
t a i n i n g  v a r i o u s  concen t r a t ions  of chromium, i r o n  , manganese, s i l i c o n ,  
t i t an ium,  and cerium w i l l  b e  annealed i n  t h e  presence  of t e l l u r i u m ,  and 
eva lua ted  f o r  c r ack  s u s c e p t i b i l i t y .  I f  an a l l o y  n e a r  t h e  Has te l loy  N 
composition can b e  shown t o  be  immune t o  t e l l u r i u m ,  i t  must then  be  ir- 
r a d i a t e d  t o  de te rmine  whether i t  has  adequate  d u c t i l i t y  i n  t h e  i r r a d i a t e d  
cond i t ion ,  and tests i n  sa l t  must b e  run t o  determine t h e  o p e r a t i n g  t e m -  
p e r a t u r e  l i m i t a t i o n s  imposed by cor ros ion .  F u r t h e r  work t o  develop t h e  
i r r a d i a t i o n  r e s i s t a n t  m i c r o s t r u c t u r e  i n  t h e  modif ied a l l o y  w i l l  b e  re- 
qu i r ed  i f  t h e  mod i f i ca t ion  has  a l t e r e d  i t s  r e s i s t a n c e  t o  r a d i a t i o n .  

I n  a d d i t i o n  t o  working on H a s t e l l o y  N ,  w e  w i l l  e v a l u a t e  a n i cke l -  
high chromium a l l o y .  Inconel  600 (wi th  15% chromium) seems t o  be  border-  
l i n e  i n  i t s  tendency t o  form i n t e r g r a n u l a r  cracks, and an a l l o y  wi th  about  
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20% chromium w i l l  l i k e l y  b e  r e q u i r e d  t o  resist cracking.  I f  experiments 
show t h a t  t h i s  is t h e  case, t h e  main u n c e r t a i n t i e s  w i l l  become t h e  duc- 
t i l i t y  of t h e  material i n  t h e  i r r a d i a t e d  c o n d i t i o n  and t h e  maximum oper- 
a t i n g  temperature  a t  which t h e  c o r r o s i o n  rate is  t o l e r a b l e .  Sample 
materials of several high-chromium commercial a l l o y s  such as H a s t e l l o y  X, 
Has te l loy  C ,  and Incoloy 800 w i l l  be  inc luded  i n  o u r  experiments  t o  de- 
termine whether they resist cracking  under  very s t r i n g e n t  test c o n d i t i o n s .  
The a l l o y s  t h a t  are r e s i s t a n t  t o  c racking  w i l l  b e  i r r a d i a t e d  and t h e i r  
p o s t i r r a d i a t i o n  c reep  p r o p e r t i e s  determined t o  e v a l u a t e  t h e  magnitude of  
t h e  i r r a d i a t i o n  embr i t t l ement  problem. 

The c a r b i d e s  i n  Incoloy 800 are b a s i c a l l y  C r 2 3 k  (such as occurs  i n  
s t a i n l e s s  s t e e l s )  and i t  is  q u i t e  l i k e l y  t h a t  c l o s e  c o n t r o l  of t h e  ti- 
tanium, n i t r o g e n ,  and carbon c o n c e n t r a t i o n s  w i l l  r e s u l t  i n  adequate  re- 
s i s t a n c e  t o  i r r a d i a t i o n  embr i t t l ement  [ 4 2 ] .  The c a r b i d e s  i n  H a s t e l l o y s  
X and C are molybdenum-base j u s t  as t h o s e  i n  H a s t e l l o y  N .  Thus, w e  have 
exper ience  wi th  b o t h  types of c a r b i d e s  i n  t h e s e  a l l o y s  and can l i k e l y  
modify t h e  m i c r o s t r u c t u r e  t o  o b t a i n  improved r e s i s t a n c e  t o  i r r a d i a t i o n  
embr i t t l ement  i f  n e c e s s a r y .  

The i n i t i a l  c o r r o s i o n  experiments  w i l l  i n v o l v e  thermal convect ion 
loops made of two r e p r e s e n t a t i v e  a l l o y s  t o  determine whether such h i g h  
chromium levels  can b e  t o l e r a t e d  a t  a reasonable  o p e r a t i n g  temperature .  
I f  t h e s e  r e s u l t s  are favorable ,  a pumped loop w i l l  b e  p u t  i n  o p e r a t i o n  
t o  i n v e s t i g a t e  c o r r o s i o n  a t  h i g h e r  f l u i d  v e l o c i t i e s .  

by t e l l u r i u m ,  type  304 s t a i n l e s s  s t e e l  would l i k e l y  b e  our  choice  among 
them because of i t s  m e t a l l u r g i c a l  s i m p l i c i t y  and e x t e n s i v e  i n d u s t r i a l  
p roduct ion  and use.  This  a l l o y  seems t o  have adequate  r e s i s t a n c e  t o  em- 
b r i t t l e m e n t  by thermal neut ron  f l u e n c e s  of t h e  magnitude t h a t  w e  w i l l  
encounter .  The key f a c t o r ,  t h e r e f o r e ,  i s  whether i t  possesses  adequate  
c o r r o s i o n  r e s i s t a n c e  a t  a reasonable  o p e r a t i n g  temperature .  Two s t a i n -  
less s tee l  thermal  convect ion loops are c u r r e n t l y  i n  o p e r a t i o n  and t h e  
n e x t  s t e p  w i l l  b e  t o  s t a r t  a forced  convect ion loop.  

Because of t h e  importance of t h e  i n t e r g r a n u l a r  c racking  problem, 
s imultaneous programs should be  c a r r i e d  ou t  on a l l  t h r e e  types of mate- 
rials t h a t  have been d i s c u s s e d .  Materials w i l l  b e  dropped and o t h e r s  
added as exper imenta l  f i n d i n g s  warran t .  

s i o n ,  i r r a d i a t i o n  embr i t t l ement ,  and r e s i s t a n c e  t o  t e l l u r i u m  must b e  
s u b j e c t e d  t o  some i n - r e a c t o r  t e s t i n g .  W e  are reasonably  conf ident  t h a t  
t e l l u r i u m  is t h e  element caus ing  t h e  c racking  and t h a t  i t s  chemical be- 
h a v i o r  w i l l  b e  e q u i v a l e n t  i n  i n - r e a c t o r  and out -of - reac tor  tests. How- 
ever, some v e r i f i c a t i o n  of t h i s  w i l l  b e  r e q u i r e d .  The f i r s t  s t e p  w i l l  
b e  s t a t i c  c a p s u l e  tests and a c a p s u l e  experiment is be ing  designed f o r  
t h e  ORR i n  which s t a n d a r d  H a s t e l l o y  N and a l l o y s  t h a t  are expected t o  b e  
r e s i s t a n t  t o  t e l l u r i u m  w i l l  b e  exposed t o  f i s s i o n i n g  s a l t  under i d e n t i c a l  
c o n d i t i o n s .  Later tests should i n v o l v e  s t r e s s e d  samples.  W e  p r e s e n t l y  
f e e l  t h a t  more s o p h i s t i c a t e d  i n - r e a c t o r  tests t h a t  s imul taneous ly  demon- 
s t r a t e  a l l  of t h e  c o n d i t i o n s  t o  b e  encountered i n  a r e a c t o r ,  i n c l u d i n g  
h e a t  t r a n s f e r  and forced-convect ion flow, are n o t  necessary ,  b u t  t h i s  
w i l l  have t o  be  re-evaluated as t h e  program p r o g r e s s e s .  

Although a l l  s t a i n l e s s  s teels  examined resist i n t e r g r a n u l a r  c racking  

The materials t h a t  appear  a c c e p t a b l e  from t h e  s t a n d p o i n t s  of corro-  
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Following t h e  p a t h  t h a t  has  been o u t l i n e d ,  w e  should b e  a b l e  t o  make 
a conc lus ive  choice  of materials w i t h i n  about  two y e a r s .  However, many 
of t h e  conf i rmat ion  tests w i l l  have t o  o p e r a t e  beyond t h i s  t i m e .  Addi- 
t i o n a l  e f f o r t  w i l l  b e  needed i f  a duplex system is  r e q u i r e d ,  s i n c e  methods 
must b e  developed f o r  making d i s s i m i l a r  j o i n t s ,  duplex  tub ing ,  and weld 
ove r l ays .  

Evalua t ion  

The b a s i c  requi rements  of a s t r u c t u r a l  material are t h a t  i t  b e  com- 
p a t i b l e  w i t h  i t s  environments ,  have a c c e p t a b l e  mechanical p r o p e r t i e s  b o t h  
u n i r r a d i a t e d  and a f t e r  exposure t o  t h e  maximum expected neu t ron  f l u e n c e ,  
and b e  capab le  of be ing  f a b r i c a t e d  w i t h  reasonable  ease. Two compati- 
b i l i t y  problems e x i s t ,  one be ing  t h e  s e l e c t i v e  removal of chromium and 
t h e  o t h e r  be ing  i n t e r g r a n u l a r  c r ack ing  due t o  t h e  i n f u s i o n  of f i s s i o n  
p roduc t s  ( l i k e l y  t e l l u r i u m ) .  

Our expe r i ence  wi th  Has te l loy  N has  been ve ry  f avorab le  so f a r  as 
co r ros ion  is  concerned. Chemical mod i f i ca t ions  have made t h e  i r r a d i a t i o n  
embr i t t l ement  t o l e r a b l e ,  and t h e r e  is reasonable  ev idence  t h a t  f u r t h e r  
chemical mod i f i ca t ions  can b e  made t o  c o n t r o l  t h e  i n t e r g r a n u l a r  c racking .  
The development of a s u i t a b l e  m o d i f i c a t i o n  of Has te l loy  N t h a t  can be  
s a f e l y  used wi th  f i s s i o n i n g  f u e l  sa l t  should  be  t h e  c e n t r a l  t h r u s t  of t h e  
materials development program. 

by t e l l u r i u m ,  bu t  t h e  e x t e n t  of t h e i r  i r r a d i a t i o n  embr i t t l ement  must be  
eva lua ted  by experiments ,  and t h e i r  c o r r o s i o n  behavior  must be  s t u d i e d  
i n  more d e t a i l .  Prev ious  tests w i t h  r e l a t i v e l y  iinpure sa l ts  and cons ider -  
a t i o n  of chromium d i f f u s i o n  rates i n  t h e  metal i n d i c a t e  t h a t  t h e  peak 
ope ra t ing  temperature  f o r  Inconel  600 (15% chromium) would b e  about  1200'F. 
It w i l l  be  necessa ry  f i r s t  t o  de te rmine  t h e  minimum chromium concentra-  
t i o n  r equ i r ed  t o  p reven t  i n t e r g r a n u l a r  c racking ,  and then t h e  q u e s t i o n  of 
i r r a d i a t i o n  embr i t  t l ement  and c o r r o s i o n  must be  eva lua ted .  

u l a r  c r ack ing  by t e l l u r i u m  and has  a c c e p t a b l e  r e s i s t a n c e  t o  embr i t t l ement  
by neu t ron  i r r a d i a t i o n ,  bu t  i t s  c o r r o s i o n  r e s i s t a n c e  must b e  eva lua ted  
more completely and ve ry  l i k e l y  i t  w i l l  n o t  be  usab le  above 1200'F. 

Other materials such as Monel and copper resist c rack ing  by t e l l u -  
rium and can poss ib ly  b e  used as c o a t i n g s  i n  t h e  primary c i r c u i t .  How- 
eve r ,  cons ide rab le  development work would be  r e q u i r e d  t o  fo l low t h i s  
r o u t e .  

s a t i s f y  t h e  b a s i c  requirements  f o r  MSBR p i p i n g  and v e s s e l s .  However, 
some f u r t h e r  i n v e s t i g a t i o n  w i l l  b e  necessa ry  b e f o r e  choosing t h e  most 
d e s i r a b l e  op t ion .  

so  i t  d e p o s i t s  on metal s u r f a c e s  i n  t h e  r e a c t o r  l e a d i n g  t o  t h e  i n t e r g r a n -  
u l a r  c r ack ing  t h a t  w e  have observed. S ince  t h i s  p rocess  invo lves  t h e  
i n t e r a c t i o n  of t h e  two metals, i t  should n o t  d i f f e r  i n  a n u c l e a r  environ-  
ment and a l a b o r a t o r y  experiment .  This  means t h a t  most of t h e  exper imenta l  

Nickel-high chromium a l l o y s  appear  t o  resist i n t e r g r a n u l a r  c r ack ing  

Type 304 s t a i n l e s s  s tee l  o f f e r s  e x c e l l e n t  r e s i s t a n c e  t o  i n t e r g r a n -  

Our work thus shows t h a t  t h e r e  may b e  s e v e r a l  m a t e r i a l s  t h a t  w i l l  

Te l lur ium does no t  form a very s t a b l e  f l u o r i d e  i n  MSBR f u e l  s a l t ,  

c 
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work can be conducted in the laboratory, with only limited in-reactor 
work being required for confirmation. Consequently, we envision that 
this testing program can continue to move ahead rapidly, and expect that 
an acceptable remedy can be demonstrated convincingly in about two years, 
although more extensive tests of a confirmative nature will require a 
longer time. 
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J .  L. Crowley C .  E. B e t t i s  

The purpose of t h i s  chap te r  i s  t o  d e s c r i b e  t h e  p r e s e n t  s t a t u s  of t h e  
technology of components and systems f o r  mol ten-sa l t  r e a c t o r s ,  t o  i n d i c a t e  
t h e  importance of t h e  u n c e r t a i n t i e s  remaining, t o  i d e n t i f y  the  a d d i t i o n a l  
work needed, and t o  e v a l u a t e  t h e  p r o b a b i l i t y  of  success  i n  o b t a i n i n g  re- 
l i a b l e  components and systems.  Except f o r  t h e  c o n t r o l  and s a f e t y  rods ,  
t h e  r e a c t o r  vessel and i n t e r n a l s  are n o t  covered i n  t h i s  chapter ;  t h e s e  
are d i scussed  i n  Chapters  3 and 6. The problems r e l a t e d  t o  t h e  chemistry 
of  t he  s a l t s  and t h e  materials of  c o n s t r u c t i o n  are d i scussed  b r i e f l y  only  
where t h e  mechanical  des ign  o r  o p e r a t i o n  of t h e  p l a n t  is a f f e c t e d .  Other- 
w i s e  t h e  r eade r  should  r e f e r  t o  the  r e s p e c t i v e  chap te r s  ( 5 ,  6 ,  and 7) f o r  
more d e t a i l s .  

I n  p repa r ing  t h i s  s t a t u s  r e p o r t ,  w e  used t h e  r e f e r e n c e  des ign  f o r  
t h e  MSBR E13 t o  de te rmine  the  requirements  f o r  the  components and systems,  
examined the  v a r i o u s  conceptua l  des igns  of  t h e  components proposed i n  t h e  
r e f e r e n c e  des ign  and i n  t h e  s t u d i e s  prepared  by Ebasco Services [2-41, 
F o s t e r  Wheeler [ 5 ] ,  McWherter [ 6 ] ,  and B e t t i s  e t  aZ. [7]  t o  determine 
the  p o s s i b l e  d i f f i c u l t i e s .  We then  reexamined t h e  p r i o r  expe r i ence  t o  
e s t a b l i s h  t h e  s t a t u s  of t h e  va r ious  t echno log ie s  and t o  determine t h e  
work needed t o  r e s o l v e  t h e  u n c e r t a i n t i e s .  A s  o u t l i n e d  i n  Chapter  2 ,  t h i s  
p r i o r  exper ience  began du r ing  t h e  A i r c r a f t  Nuclear Propuls ion  (ANP) Pro- 
gram, and progressed  through t h e  development work a s s o c i a t e d  wi th  des ign ,  
c o n s t r u c t i o n ,  and s u c c e s s f u l  o p e r a t i o n  of t h e  A i r c r a f t  Reac tor  Experiment, 
and subsequent  development f o r  a l a r g e r  a i r c r a f t  r e a c t o r .  This  exper ience  
served  as a b a s i s  f o r  and c a r r i e d  over  i n t o  t h e  development s t u d i e s  con- 
ducted i n  suppor t  of t h e  des ign ,  c o n s t r u c t i o n ,  and s u c c e s s f u l  o p e r a t i o n  
of t h e  MSRE and subsequent ly  i n  suppor t  of t h e  conceptua l  des ign  s t u d i e s  
of  the  MSBR. Operat ion of t he  MSRE f o r  more than 13,000 e q u i v a l e n t  f u l l -  
power hours  provided most of t he  exper ience  r e l a t e d  t o  n u c l e a r  o p e r a t i o n .  
Although n o t  a l l  t h e  u n c e r t a i n t i e s  r e l a t e d  t o  f i s s i o n  product  d i s t r i b u t i o n  
uncovered du r ing  t h e  MSRE o p e r a t i o n  have been r e so lved ,  t h e  components 
and systems ope ra t ed  about  as expected and provide  confidence i n  these  
areas of  mol ten-sa l t  technology.  

of t he  problems a s s o c i a t e d  wi th  t h e  hand l ing  and c i r c u l a t i o n  of molten 
sal ts  and t h e  o p e r a t i o n  of a u x i l i a r y  components i n  l a r g e  loops .  The 
Coolant S a l t  Technology F a c i l i t y  (CSTF) is n e a r i n g  completion and should 
begin  o p e r a t i o n  c i r c u l a t i n g  NaBF4-NaF (92-8 mole W )  i n  l a te  summer 1972. 
The Gas System Technology F a c i l i t y  (GSTF) should  beg in  o p e r a t i o n  i n  t h e  
summer of 1973. The GSTF w i l l  c i r c u l a t e  molten LiF-BeF2-ThF~-UF4 (71.7- 
16-12-0.3 mole W) and w i l l  p rovide  a means f o r  t e s t i n g  t h e  o p e r a t i o n  of 
t he  gas hand l ing  system and o t h e r  components wi th  a t y p i c a l  MSBR f u e l  
s a l t .  We expec t  t h a t  t h e  o p e r a t i o n  of t h e s e  f a c i l i t i e s  ove r  t h e  next  two 
y e a r s  should  r e s o l v e  many of t h e  remaining u n c e r t a i n t i e s  i n  t h e  gas han- 
d l i n g  and t h e  coo lan t  s a l t  technology.  

P r e s e n t l y  w e  are c o n s t r u c t i n g  two MSRE-scale f a c i l i t i e s  f o r  t he  s tudy  
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The d i s c u s s i o n s  which fo l low p rov ide  an e v a l u a t i o n  of t h e  technology 
wi thout  much d e t a i l ,  b u t  t he  r e f e r e n c e s  c i t e d  c o n t a i n  t h e  material needed 
t o  s u b s t a n t i a t e  t h e  e x j s t e n c e  and s t a t u s  of  t h e  technology.  

S a l t  Pumps 

Reauirements and Criteria 

The pumps f o r  mol ten-sa l t  b r e e d e r  r e a c t o r s  must c i r c u l a t e  f l u o r i d e  
sal ts  i n  pr imary ( f u e l )  and secondary ( coo lan t )  sa l t  systems r e l i a b l y  a t  
tempera tures  approaching 1300°F and meet t h e  g e n e r a l  h y d r a u l i c  r equ i r e -  
ments p re sen ted  i n  Table 8.1. The t a b l e  p r e s e n t s  t h e  des ign  tempera ture  
and t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  of t h e  s a l t  pumps f o r  t h e  primary and 
secondary salt  systems f o r  a lOOO-MW(e) MSBR, a 200-MW(t) Molten-Salt  
Breeder Experiment (MSBE), and t h e  MSRE. Other  cr i ter ia  f o r  MSBR sa l t  
pumps are p resen ted  i n  condensed form i n  Table  8.2. I n e r t  gas has  been 
c i r c u l a t e d  by s a l t  pumps t o  a i d  i n  p r e h e a t i n g  and coo l ing  down MSRE and 
test  f a c i l i t y  s a l t  systems,  and t h e  need f o r  t h i s  pump c a p a b i l i t y  may 
p e r s i s t  f o r  MSBR's a l s o .  

S a l t  Pump Concepts 

Elec t romagnet ic  and c e n t r i f u g a l  pumps have been cons idered  f o r  ap- 
p l i c a t i o n  t o  s a l t  systems. The low e lec t r ica l  c o n d u c t i v i t y  of molten 
f l u o r i d e  sal ts  h i n d e r s  t h e  a p p l i c a t i o n  of e l ec t romagne t i c  pumps, and, 
consequent ly ,  they are n o t  used i n  f l u o r i d e  sa l t  systems.  I n  c o n t r a s t ,  
c e n t r i f u g a l  pumps have been app l i ed  very  s a t i s f a c t o r i l y  t o  f l u o r i d e  sa l t  
systems. A s tudy  [ 8 ]  of t h e  problems of  apply ing  t h e  canned-rotor motor 
and t h e  s h o r t - s h a f t  and long-shaf t c o n f i g u r a t i o n s  of t h e  c e n t r i f u g a l  pump 
t o  mol ten-sa l t  s e r v i c e  w a s  made i n  1967. The canned-rotor pump w a s  con- 
cluded t o  be  a ve ry  d e s i r a b l e  c o n f i g u r a t i o n ,  s i n c e  t h e r e  are no o r i e n t a -  
t i o n  o r  e l e v a t i o n  l i m i t a t i o n s  on i ts  a p p l i c a t i o n .  However, i t  would 
r e q u i r e  d i f f i c u l t  and expensive development t o  provide  pumps f o r  an MSBR 
a p p l i c a t i o n  i n c l u d i n g  t h e  development of  a high-temperature  electric motor 
w i th  an e lec t r ica l  i n s u l a t i o n  system t h a t  a l s o  has  a very high r e s i s t a n c e  
t o  n u c l e a r  r a d i a t i o n  damage. Thus ou r  e f f o r t s  are cen te red  on sump pumps, 
and a l l  pumps b u i l t  o r  proposed f o r  MSBR's are c e n t r i f u g a l  sump pumps. 
This  pump can b e  cons idered  t o  have two b a s i c  c o n f i g u r a t i o n s  t h a t  are 
d i f f e r e n t i a t e d  by s h a f t  l e n g t h  and type  of  s h a f t  suppor t  b e a r i n g s .  A l l  
t h e  sa l t  pumps b u i l t  f o r  test  f a c i l i t y  and r e a c t o r  o p e r a t i o n  a t  ORNL 
have been of  t h e  s h o r t - s h a f t  c o n f i g u r a t i o n  desc r ibed  immediately below. 
The Byron Jackson Pump Div i s ion  of Borg-Warner, one of  t h e  p a r t i c i p a n t s  
i n  an i n d u s t r i a l  group s tudy ing  mol ten-sa l t  r e a c t o r s ,  p r e f e r s  t h e  long  
s h a f t  c o n f i g u r a t i o n  f o r  MSBR s a l t  systems;  t h i s  c o n f i g u r a t i o n  i s  desc r ibed  
very  b r i e f l y  below a l s o ,  
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Table 8.1. General pump requirements for MSBR salt systems 

MSBE, <200 MW(t) MSBR, 1000 MW(e) MSRE. 8 MW(t) 

Primary Secondary Primary Secondary Primary Secondary 

Number of salt loops 
Design temperature, "F 
Pump capacity, gpm 
Head, f t  
Speed, rpm 
Specific speed, N ,  
Net positive suction head required, f t  
Impeller input power, hp 

1 
1300 
5700 
150 
890 
1570 
9 
890 

1 
1300 
7200 
300 
1190 
1400 
15 
1220 

3-4 
1300 
21,000-16,000 
150 
890 
3000-2625 
21-18 
2900-2200 

3-4 
1300 
27,000-20,000 
300 
1190 
27 10-2330 
37-30 
41 00-3100 

1 
1300 
1200 
50 
1150 
21 30 
10 
48 

1 
1300 
850 
100 
1750 
1560 
10 
45 
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Table 8.2. Condensed list of criteria for an MSBR primary salt pump 

Criteria Item 

Pump hydraulic requirements 

Pump design pressure and temperature 

Operating life requirements 
Pump structure 
Pump driver 
Bearings 
Shaft seals 

Codes and standards 

Materials of construction 

Vibration 

Shaft forces 

Ambient temperature 

Normal operating conditions 
Startup 

Heatup and cooldown cycles 

Zero to full power cycles 
Full to zero power cycles 
Nuclear heat deposition 

(to and from room temperature) 

'%> 
Pump tank volume 

Variable frequency supply for drive motor 

Lubricant-coolant package 

Shaft seal and purge gas 

Pump instrumentation 
Pump speed 

Temperature 

Liquid level 

Maintenance 
Direct maintenance 

Remote maintenance 

Incipient failure diagnosis 

See Table 8.1. Pump manufacturer to study relationship between pump speed, effi- 
ciency, NPSH required, salt volume within the pump tank to recommend a 
hydraulic design suitable to both purchaser and manufacturer. 

SeeTable 8.1. 

30 years. 
30 years, conveniently replaceable. 
100,000 hr, conveniently replaceable. 
5 0,000 hr, conveniently replaceable. 

Pump to be designed, fabricated, inspected, and tested as though subject to the 

To meet the requirements of ASME BPV Code, Section 111, as supplemented for 

Avoid resonances that are harmful to the pump and other salt system components. 

Reduce to level consistent with pump bearing life of 100,000 hr. 

As specified, which will reflect choice between oven heating of salt system and 

requirements of ASME BPV Code, Section 111. 

Hastelloy N. 

heating individual system components. 

Pump should safely withstand across-the-line motor startups that produce maximum 

50 cycles specified in pump specification. 
acceleration. 

360 cycles specified in pump specification, 
240 cycles specified in pump specification, 
Provide cooling as required to protect pump components from overheating. Heat 

Provide for maximum anticipated thermal expansion of the primary (fuel) salt. 

To meet requirements of pump specification, 

Furnish lubricant-coolant system to meet lubrication and cooling requirements of 

Shaft seals shall be used to prevent leakage of lubricant-coolant into primary salt 

deposition rate to be supplied in pump specification, 

pump rotary element. 

or ambient atmosphere. Provide split flows of purge gas (helium) in shaft annulus. 
Upward flow to prevent diffusion of vapors of seal oil leakage into primary salt. 
Downward flow to prevent diffusion of salt vapors into shaft seal region. 

Provide three independent pump shaft speed sensing systems consisting of electro- 
magnetic pulse generator, sensor, and readout. Provide capability of sensing 
direction of shaft rotation. 

Provide ungrounded sheathed thermocouples to measure pump temperatures as 
described in pump specification. 

Fabricate and install liquid level sensor in pump tank to the design provided by the 
Company. 

Provide static shutdown shaft seal and purge gas provision to accommodate removal 

Provide all features of alignment, quick disconnects, bolting, and devices needed to 
and replacement of shaft bearings and seals subassembly. 

accomplish the remote removal and replacement of the drive motor and pump 
rotary element. 

their failure. 
Make provisions to detect malfunction of principal pump components to anticipate 

h 

.. 
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Table 8.2 (continued) 

Item Criteria 

Upset conditions 
Sudden shutdowns 
Seismic loading 

Thermal displacement of pump 

Pump nozzle loadings 

Structural requirements, accessibility, 
remote alignment, jacking bolts, and 
lifting devices 

Nuclear radiation protection 

Rotor dynamics 

Drive motor 
Electrical insulation system 

Bearings 

120 of the nature described in pump specification. 
Pump should remain operational or be able to regain operational status after seismic 

loadings of 0.1 g horizontal and 0.06 g vertical. (These values may be very 
sensitive to geography.) 

specification. 
Provide for pump displacements caused by temperature changes as given in the pump 

Nozzles must withstand moments and forces described in the pump specification. 

Provide these features and devices as required in pump specification. 

Apply nuclear shielding and cooling, as required, to protect lubricant-coolant and 
other radiation-sensitive materials. Company to furnish nuclear radiation dose 
rates and materials. 

Provide analysis to ensure that pump design speed is safely below the first critical 
frequency of the shaft-impeller-support system. Rule of thumb is pump design 
speed should not exceed 75 to 80% of first critical frequency. 

Squirrel cage induction motor should be used. 
Halogen-free “H” insulation with polyimide or silicon binder approved by Company. 
Temperature rise at design conditions should be in accord with NEMA MG1-1967. 

Ungrounded Chromel-Alumel thermocouples should be used to measure tempera- 
tures of stator coils and rotor bearings. 

Life expectancy of 100,000 hr. 
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Short-Shaft  Pump. - A conceptua l  drawing of a 
pump is shown i n  F ig .  8.1. It is  t h e  pump f o r  t h e  
the  r e f e r e n c e  des ign  f o r  a s i n g l e  f l u i d  MSBR [ 9 ] .  

s h o r t  s h a f t  c e n t r i f u g a l  
pr imary sa l t  system i n  
Except f o r  i t s  l a r g e  

capac i ty ,  t h i s  pump is very  similar t o  those  used i n  1954 i n  t h e  ARE, 
those  proposed f o r  t h e  A i r c r a f t  Reactor T e s t  (ART) i n  t h e  la te  1950's  
[ l o ] ,  and those  ope ra t ed  f o r  over  20,000 hours  i n  t h e  MSRE i n  the  1960's  
[ll] . It c o n s i s t s  of  t h r e e  p r i n c i p a l  p a r t s :  t h e  r o t a r y  element ,  t h e  
pump tank  and t h e  d r i v e r .  The r o t a r y  element c o n t a i n s  t h e  convent iona l ,  
o i l - l u b r i c a t e d  b e a r i n g s  t h a t  suppor t  t h e  s h o r t  s h a f t  from which t h e  
impe l l e r  is overhung and a l s o  t h e  s h a f t  seals t h a t  ho ld  t h e  pump b e a r i n g  
and seal lub r i can t - coo lan t  i n  t h e  b e a r i n g  housing.  The pump tank  inco r -  
p o r a t e s  t h e  pump c a s i n g  ( v o l u t e ) ,  t h e  necessa ry  nozz le s  f o r  t h e  i n l e t  and 
d i scha rge  of  pumped sal t  and i n e r t  cover  gas ,  and t h e  mounting b r a c k e t s ;  
t h e  tank  would be  welded permanently i n t o  t h e  s a l t  system i n  an  MSBR. 
The pump d r i v e r  is p r e s e n t l y  cons idered  t o  b e  a three-phase i n d u c t i o n  
( s q u i r r e l  cage) e lectr ic  motor i n s t a l l e d  i n  a water-cooled vessel. The 
r o t a r y  element ,  pump tank ,  and d r i v e  motor are assembled wi th  gaske ted  
j o i n t s  t o  form a g a s - t i g h t  u n i t ;  t h e  gaske ted  j o i n t s  are connected t o  a 
l eak -de tec to r  system f o r  n u c l e a r  r e a c t o r  a p p l i c a t i o n .  

Long-Shaft Pump. - A conceptua l  drawing of a long-shaf t  c e n t r i f u g a l  
pump is shown i n  Fig.  8.2.  It w a s  cons idered  f o r  t h e  r e f e r e n c e  two-f luid 
MSBR [12]  and is similar i n  o v e r a l l  f e a t u r e s  t o  t h a t  p r e f e r r e d  by Byron 
Jackson [13, 141. The p r i n c i p a l  c o n f i g u r a t i o n a l  f e a t u r e  t h a t  d i s t i n g u i s h e s  
t h i s  concept  from a s h o r t - s h a f t  pump is t h e  long  s h a f t  suppor ted  a t  i t s  
lower end by a mol ten-sa l t  l u b r i c a t e d  bea r ing .  Because t h i s  pump con- 
f i g u r a t i o n  w a s  cons ide rab ly  o u t s i d e  o u r  exper ience ,  w e  had t h e  r o t o r  
dynamics of  t h e  shaf t-bearing-housing s y s  t e m  and t h e  c h a r a c t e r i s  tics of  
mol ten-sa l t  l u b r i c a t e d  b e a r i n g s  examined i n  some d e t a i l  by Mechanical 
Technology Incorpora t ed .  The r e s u l t s  of  t h e  s tudy  w e r e  r e p o r t e d  i n  [15]  
and summarized i n  [16 ] .  
pump should b e  s e l e c t e d  t o  o p e r a t e  s a f e l y  below t h e  f i r s t  s h a f t  c r i t i ca l  
speed i f  a t  a l l  p r a c t i c a b l e .  I f  t h i s  cannot  b e  done, t hen  a p r a c t i c a l  
means of performing p r e c i s e  dynamic ba lanc ing  of  long  pump s h a f t s  must b e  
developed. Cons idera t ion  should  a l s o  b e  g iven  t o  c o n s t r u c t i n g  a r o t o r -  
dynamic s imula t ion  f a c i l i t y  of  t h e  sha f t -bea r ing  system t o  e v a l u a t e  t h e  
e f f e c t i v e n e s s  of  t h e  dynamic ba lanc ing  procedures ,  t h e  b e a r i n g  performance, 
and t h e  ro to r -bea r ing  s y s  t e m  s t a b i l i t y .  

l o c a t i n g  t h e  i m p e l l e r  a t  r e l a t i v e l y  low e l e v a t i o n s  i n  t h e  system l a y o u t .  
It is s u i t a b l e  f o r  c i r c u l a t i n g  gas on ly  a t  tempera tures  above t h e  sa l t  
me l t ing  p o i n t ,  and then  only  i f  s p e c i a l  p r o v i s i o n s  are made t o  supply 
mol ten-sa l t  l u b r i c a n t  t o  the  lower b e a r i n g  when t h e  sa l t  system is  dry .  
A t  about  t h e  t i m e  of t h e  completion of  t h e  MTI s tudy ,  t h e  focus  of  MSBR 
a t t e n t i o n  s h i f t e d  from t h e  two-fluid t o  t h e  s i n g l e - f l u i d  systems,  and no 
more work w a s  performed on t h e  long-shaf t  pump. 

The pump s h a f t  l e n g t h  and des ign  speed  f o r  t h e  

The long-shaf t  pump is  s u i t a b l e  f o r  r e a c t o r  s a l t  systems t h a t  r e q u i r e  

c 

CL 
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Fig. 8.1. A conceptual salt pump for Molten-Salt Breeder Reactor. 
An example of the short shaft pump configuration. 
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F i g .  8 .2 .  A conceptua l  s a l t  pump f o r  a Molten-Salt  Breeder Reac tor .  
An example of the long  s h a f t  pump c o n f i g u r a t i o n .  
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Pump Experience 

Short-Shaft  Pump. - Numerous s h o r t - s h a f t  c e n t r i f u g a l  pumps f o r  molten- 
sa l t  and l iqu id-meta l  a p p l i c a t i o n s  have been designed,  cons t ruc t ed ,  and 
t e s t e d  a t  ORNL. Table 8 . 3  is  a rgsum6 of  t h e s e  pumps g iv ing  des ign  va lues  
of  pump head, c a p a c i t y  (flow) and speed,  t h e  number of u n i t s  b u i l t  f o r  
each model, and the t o t a l  o p e r a t i n g  t i m e  accumulated wi th  each model of 
pump. A very  wide range is  rep resen ted :  c a p a c i t i e s  have ranged from 
1 gpm t o  1500 gpm; heads,  from 50 t o  400 f t ;  and des ign  tempera tures ,  be- 
tween 1200 and 1500'F. S i n g l e  
u n i t s  t h a t  were ope ra t ed  cont inuous ly  and s a t i s f a c t o r i l y  i n c l u d e  s e v e r a l  
LFB pumps f o r  pe r iods  of  15,000 t o  20,000 h r  and one MF pump f o r  more 
than  25,000 h r .  More than 58,000 h r  s a t i s f a c t o r y  o p e r a t i o n  w a s  accumu- 
l a t e d  wi th  the  MSRE s a l t  pumps i n  t h e  f u e l -  and c o o l a n t - s a l t  systems i n  
t h e  r e a c t o r .  An MSRE pro to type  pump w a s  ope ra t ed  f o r  approximately 8000 
h r  w i th  mol ten-sa l t .  This  w a s  fol lowed by 14,000 h r  of o p e r a t i o n  of t h e  
Mark-2 f u e l  s a l t  pump which had a deeper  pump tank  and a s l i g h t l y  longe r  
s h a f t  overhang f o r  t h e  i m p e l l e r  than t h e  r e a c t o r  pump. Thus a t o t a l  of 
more than  80,000-hr o p e r a t i o n  w a s  accumulated wi th  f o u r  MSRE sal t  pumps. 

The models LFB through PKA pumps were designed t o  t h e  requirements  
of t h e  1950 v e r s i o n s  of t he  ASME B o i l e r  and P r e s s u r e  Vessel Code (ASME 
BPV Code), Sec t ion  V I I I ,  supplemented wi th  m e t a l l u r g i c a l  d a t a  taken  du r ing  
t h e  ANP Program. The MSRE and ALPHA models of  mol ten-sa l t  pumps were 
designed t o  t h e  requirements  of t he  1960 v e r s i o n s  of t h e  ASME BPV Code, 
Sec t ion  V I I I ,  as supplemented wi th  low c y c l e  f a t i g u e  d a t a  ob ta ined  du r ing  
t h e  e a r l y  p o r t i o n  of t he  MSRP and wi th  thermal  s t r a i n - f a t i g u e  ana lyses  of 
t h e  pump tanks  [17 ] .  

as pump o p e r a t i n g  exper ience  w a s  accumulated.  The s h o r t - s h a f t  pump con- 
f i g u r a t i o n  can b e  designed and b u i l t  t o  o p e r a t e  s a t i s f a c t o r i l y  i n  molten- 
sa l t  r e a c t o r s  and s a t i s f a c t o r i l y  s c a l e d  up i n  s i z e  from 5 t o  1500 gpm. 
Pump performance c h a r a c t e r i s t i c s  ob ta ined  du r ing  water tests [18,  pp. 11 
and 131 of  a c e n t r i f u g a l  pump can be r e l a t e d  r e l i a b l y  t o  t h e  mol ten-sa l t  
o p e r a t i o n  of  t h a t  pump. Experience has  po in t ed  ou t  t h e  importance of 
q u a l i t y  a s su rance  i n  a l l  t h e  prime func t ions  of des ign ,  materials pro- 
curement, f a b r i c a t i o n ,  assembly, t es t  and i n s p e c t i o n ,  i n s  t a l l a t i o n ,  and 
o p e r a t i o n  t o  t h e  product ion  of s a t i s f a c t o r y  s a l t  pumps. Occas iona l ly  
du r ing  t h e  s c a l i n g  up of pumps t o  l a r g e r  c a p a c i t i e s ,  a p r i n c i p l e  pre-  
v i o u s l y  a p p l i e d  may be overlooked wi th  annoying consequence, such as t h e  
l o c a t i o n  of t h e  p a r t i n g  p l ane  i n  t h e  ca t ch  b a s i n  i n  the  MSRE f u e l -  and 
c o o l a n t - s a l t  pumps. The ca t ch  b a s i n  is provided t o  ca tch  t h e  l u b r i c a t i n g  
o i l  t h a t  l e a k s  p a s t  t h e  lower s h a f t  seal and thus  p reven t s  i t  from running 
down i n t o  the  molten sa l t  in t h e  pump tank. There are v a r i o u s  des ign  
approaches t o  p rov id ing  t h e  b a s i n  c a v i t y ,  and p r i o r  t o  des igning  t h e  MSRE 
sa l t  pumps, a l l  cavit ies had a p a r t i n g  l i n e  which r e q u i r e d  a s t a t i c  seal 
at an e l e v a t i o n  cons iderably  above t h e  f l o o r  of t he  b a s i n .  I n  t h e  MSRE 
s a l t  pumps t h i s  p a r t i n g  l i n e  w a s  p l aced  a t  t h e  f l o o r  of t h e  b a s i n ,  and 
du r ing  pump o p e r a t i o n  the  two components j o i n e d  a t  t h i s  l i n e  underwent 
some re la t ive displacement  t h a t  opened t h e  j o i n t  and pe rmi t t ed  seal  o i l  
l eakage  t o  r u n  a t  a slow rate down i n t o  t h e  molten s a l t  i n  the  pump tank .  

Many pumps have been ope ra t ed  a t  1500'F. 

Several conclus ions  impor tan t  t o  pump des ign  w e r e  made and r ea f f i rmed  
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Table 8.3. Characteristics and operation time for ORNL salt and liquid metal pumps 

Head' Flow' Speed' Temperature Number Total e F) built hours Model Fluid 
(ft) kpm)  (rpm) 

LFB 

DANA 

DAC 
In-Pile Loop 
MF 
PKA 
PKP 
MSRE fuel salt pump 

MSRE coolant salt pump 

MSRE Mark-2 fuel salt pump 
ALPHA 

Na, NaK, and 
molten salt 

Na, NaK, and 
molten salt 

Molten salt 
Molten salt 
NaK and molten salt 
NaK and molten salt 
NaK and molten salt 
Molten salt 
Helium 
Molten salt 
Helium 
Molten salt 
Molten salt 

92 

300 

50 
10 
50 

400 
380 
50 

78 

50 
300 

5 

150 

60 
1 

700 
375 

1500 
1200 

800 

1200 
30 

6000 

3750 

1450 
3000 
3000 
3550 
3500 
1175 

1775 

1175 
6500 

1100-1400 

1000-1500 

1000-1400 

1100-1500 
700- 1500 
700-1500 

1000- 1225 
100- 1200 

1000-1225 
100-1200 

1000-1300 
850- 1400 

Total 

46 

10 

3 
8 
3 
2 
4 
2e 

2 

1 
1 

83 
- 

466,000b 

57,000 

4,000 
14,000' 
4 1,000" 
21,500 
45,000 
3 1,600 

6,000 
24,600 
4 000 

14,000 
6.000 

734,700 

'At design point. 
bSome pumps were operated for periods of 15,000-20,000 hr. 
'Includes 3000 hr in-pile operation. 
dInclude continuous operation of 25,500 hr for a single pump, circulating molten salt. 
eIncludes a prototype salt pump. 
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The permanent f i x ,  which r e q u i r e d  seal welding t h e  edges of t he  j o i n t ,  
w a s  adopted only  a f t e r  n u c l e a r  o p e r a t i o n  of t he  MSRE and d i d  n o t  f o r e s t a l l  
t h e  concern and a c t i v i t y  needed t o  handle  t h e  consequences of t h e  o i l  t h a t  
l eaked  i n t o  t h e  MSRE f u e l - s a l t  system. 

Long-Shaft Pump. - The p r i n c i p a l  r e s u l t s  of  t h e  s tudy  of  t h e  r o t o r -  
dynamic c h a r a c t e r i s t i c s  and mol t en - sa l t  l u b r i c a t e d  b e a r i n g s  f o r  t h e  long  
s h a f t  pump are p resen ted  above i n  t h e  s e c t i o n  e n t i t l e d  S a l t  Pump Concepts. 
We had some exper ience  wi th  o p e r a t i n g  test  b e a r i n g s  i n  molten salt  i n  t h e  
e a r l y  1960's ,  which is r e p o r t e d  i n  [ 191. Hydrodynamic l u b r i c a t i o n  w i t h  
molten sa l t  i n  j o u r n a l  bea r ings  w a s  demonstrated over  t h e  temperature  
range 1200-1500°F. A PKA model pump w a s  modif ied [20, pp. 56-57] t o  
suppor t  t h e  lower end of t he  s h a f t  w i t h  a mol ten-sa l t  l u b r i c a t e d  b e a r i n g  
and w a s  ope ra t ed  f o r  approximately 12,500 h r  at 1225'F. Although a l l  t h e  
j o u r n a l s  and sleeves i n  t h e s e  test b e a r i n g s  w e r e  cons t ruc t ed  of  Has te l loy  
N and were ope ra t ed  wi th  some degree  of  s a t i s f a c t i o n ,  i t  w a s  decided on 
m e t a l l u r g i c a l  grounds t h a t  long  term r e l i a b i l i t y  r e q u i r e d  t h e  a p p l i c a t i o n  
of ha rd  materials such as r e f r a c t o r y  metals and cemented ca rb ides .  A few 
material specimens,  h a r d  f aced  by t h e  plasma sp ray  method, w e r e  purchased.  
Subsequent c o n c e n t r a t i o n  on t h e  pump requirements  f o r  t h e  MSRE l e d  t o  a 
deemphasis of t h i s  e f f o r t ,  and t h e  test program f o r  t h e  specimens w a s  n o t  
completed. 

I n d u s t r i a l  Experience and I n t e r e s t .  - E f f o r t s  were made t o  e l i c i t  
i n d u s t r i a l  i n t e r e s t  i n  t h e  p roduc t ion  of s a l t  pumps f o r  t h e  ARE, ART, 
MSRE, and a s s o c i a t e d  mol ten-sa l t  test  f a c i l i t i e s .  However, t h e  q u a n t i t y  
o f  pumps t o  b e  produced at any one t i m e  i n  t h e  two decades du r ing  which 
t h e s e  p r o j e c t s  were v i a b l e  w a s  appa ren t ly  too  s m a l l  t o  o b t a i n  and main- 
t a i n  s e r i o u s  i n d u s t r i a l  i n t e r e s t .  I n  1969 a s p e c i f i c a t i o n  [21] w a s  w r i t t e n  
f o r  a s h o r t - s h a f t  c e n t r i f u g a l  pump t o  provide  the  requirements  of t h e  
pr imary and secondary s a l t  systems i n  a 100- t o  200-MW(t) MSBE, ( s e e  Tab le  
8 .1 ) .  Westinghouse E l e c t r o  Mechanical D iv i s ion ,  Bingham Pump Company, 
and Byron Jackson Pump Company expressed  i n t e r e s t  i n  commenting on t h e  
s p e c i f i c a t i o n  and r e c e i v i n g  a r e q u e s t  f o r  proposa l  t o  produce t h e  pumps. 
Westinghouse produced a very  good response  t o  t h e  r e q u e s t ,  t he  only  one 
r ece ived ,  b u t  t h e  deemphasis of  t h e  MSBE i n  1970 ob l iged  us t o  drop t h e i r  
p roposa l .  W e  have had no c o n t a c t  w i th  t h e  pump i n d u s t r y  t o  produce s a l t  
pumps of  t h e  long-shaf t  c o n f i g u r a t i o n .  

S t a t u s  of  Pump Technology 

The preceding  p i c t u r e  of t h e  s t a t u s  of t h e  technology of s a l t  pumps 
suppor t s  t h e  b e l i e f  t h a t  s a t i s f a c t o r y  s a l t  pumps of t h e  sho r t - sha f t  con- 
f i g u r a t i o n  can b e  produced f o r  MSBR'S. What fo l lows  i n  t h i s  s e c t i o n  tends  
t o  emphasize problem areas, none of which should  b e  in supe rab le  f o r  e i t h e r  
t h e  s h o r t  s h a f t  o r  t h e  long s h a f t  pumps. 



232 

Sca l inp  up Pump Capaci ty .  - The p r i n c i p a l  c o n s i d e r a t i o n s  a t t e n d a n t  t o  
s c a l i n g  up pump c a p a c i t y  f o r  both s h o r t  and long  s h a f t  pumps are s u c t i o n  
s p e c i f i c  speed (S) and r o t o r  dynamic c h a r a c t e r i s t i c s  and t h e i r  e f f e c t  on 
pump des ign  speed and i m p e l l e r  d iameter .  

(NPSH) r e q u i r e d  t o  suppress  t h e  i n c e p t i o n  of c a v i t a t i o n  and subsequent  
damage t o  the  pump i m p e l l e r  and cas ing ,  and t o  avoid  cav i t a t ion - induced  
n o i s e ,  reduced e f f i c i e n c y ,  and o t h e r  d e l e t e r i o u s  e f f e c t s .  Lower,  con- 
servative va lues  of  S approaching 8500 r e q u i r e  h i g h e r  va lues  of  NPSH, 
which i n  t u r n  r e q u i r e  a l a r g e r  i m p e l l e r  d iameter  and s t r o n g e r  pump com- 
ponents  t o  c o n t a i n  t h e  inc reased  p r e s s u r e  of t h e  working f l u i d .  I n  some 
sal t  systems t h i s  might a l s o  e n t a i l  an i n c r e a s e  i n  t h e  w a l l  t h i ckness  of  
a l l  t h e  system components. 
14,000 reduce NPSH requirements  and thus  tend t o  permi t  t he  u s e  of  a 
smaller impe l l e r  d iameter  and l i g h t e r  and t h i n n e r  p r e s s u r e  vessels. 
achieve  t h e  h i g h e r  va lues  of S ,  i t  is necessa ry  t o  t a k e  advantage of  
newly developed computer programs f o r  pump des ign  and t a p e  c o n t r o l l e d  
machinery f o r  f a b r i c a t i o n .  The computer programs c a l c u l a t e  w i th  much 
p r e c i s i o n  t h e  boundary s u r f a c e s  needed i n  i m p e l l e r  and c a s i n g  f l o w  pas- 
sages  t o  achieve  t h e  r e q u i r e d  pump h y d r a u l i c  performance. Tape c o n t r o l l e d  
machinery can then  produce t h e s e  p r e c i s e  boundary s u r f a c e s  i n  t h e  flow 
passage of  pump i m p e l l e r s  and cas ings  i n  s a t i s f a c t o r y  f a s h i o n .  

The r o t o r  dynamic c h a r a c t e r i s t i c s  of  pumps are determined p r i m a r i l y  
by t h e  des igns  of t h e  s h a f t ,  t h e  b e a r i n g s  and t h e i r  suppor t  members, and 
t h e  mass of  t h e  i m p e l l e r  and t h e  l e n g t h  of i t s  overhang beyond t h e  n e a r e s t  
suppor t  bea r ing .  
r o t o r  dynamic c r i t e r i o n ,  t h e  f i r s t  f l e x u r a l  resonance frequency (cr i t ical  
frequency)  of  t h e  sha f t -bea r ings - impe l l e r  system. The r o t o r  dynamic de- 
s i g n s  of t h e  s h o r t  s h a f t  s a l t  pumps t h a t  have been ope ra t ed  a t  O W L  permi t  
o p e r a t i o n  of t he  pump at speeds s a f e l y  below t h e  c r i t i ca l  frequency.  
S tud ie s  of l a y o u t s  f o r  MSBE sal t  pumps i n d i c a t e  t h a t  s u b c r i t i c a l  o p e r a t i o n  
can b e  achieved w i t h  s h o r t  s h a f t  pumps f o r  c a p a c i t i e s  a t  least up t o  
10,000 gpm. Larger  c a p a c i t i e s  than  t h i s  f o r  bo th  s h o r t  and long  s h a f t  
pumps may r e q u i r e  l a r g e r  impe l l e r  d iameters  t han  c o n s i d e r a t i o n  of  s u c t i o n  
s p e c i f i c  speed a lone  would y i e l d .  The p r i n c i p a l  recommendation of t h e  
r o t o r  dynamic des ign  s tudy  f o r  long  s h a f t  pumps i n d i c a t e d  t h e  need f o r  
t h e i r  o p e r a t i o n  a t  s u b c r i t i c a l  speeds a l s o .  

Suc t ion  s p e c i f i c  speed (S) a f f e c t s  t h e  n e t  p o s i t i v e  s u c t i o n  head 

Conversely,  l a r g e r  va lues  of  S approaching 

To 

I n  conjunct ion  t h e s e  i t e m s  de te rmine  t h e  p r i n c i p a l  

Design. - A major des ign  requirement  is t o  recall  t o  use  those  p r i n -  
c i p l e s  proven du r ing  expe r i ence  w i t h  p rev ious  sa l t  pumps. 
des ign  requirement  is  t h e  removal of  n u c l e a r  h e a t  from s u r f a c e s  of a p r i -  
mary s a l t  pump t h a t  are n o t  cooled n a t u r a l l y  by f lowing  s a l t  o r  l u b r i c a n t .  
During pump o p e r a t i o n  i t  should  b e  p r a c t i c a l  t o  d i r e c t  a s m a l l  s i d e  stream 
of s a l t  to t h e s e  s u r f a c e s  t o  remove t h e  h e a t .  However, i f  t h e  s a l t  de- 
p o s i t s  f i s s i o n  products  on t h e s e  s u r f a c e s ,  t hen  removing t h e  f i s s i o n  
product  decay h e a t  when t h e  sa l t  pump is  s topped  becomes a problem. 
multi-pump system can b e  des igned  s o  t h a t  t h e  flow of coo l ing  s a l t  is 
maintained by t h e  remaining pumps when one pump s t o p s ,  b u t  when a l l  pumps 
i n  t h e  primary sal t  system s t o p ,  i t  may b e  necessa ry  t o  p rov ide  a u x i l i a r y  
coo l ing  independent  of  t h e  s a l t  flow. 

Another major 

A 



233 

” 

F a b r i c a t i o n .  - A con t inu ing  e f f o r t  has  been expended i n  deve loping  
in-house f a b r i c a t i o n  e x p e r t i s e  wi th  and i n t r o d u c i n g  segments of i n d u s t r y  
t o  newer c o n s t r u c t i o n  materials such as Incone l  i n  t h e  e a r l y  1950’s and 
Has te l loy  N i n  t h e  e a r l y  1960’s.  
l o y  N c a s t i n g s  f o r  i m p e l l e r s  and cas ings  f o r  t h e  MSRE salt pumps i t  w a s  
necessary  t o  t a k e  t h e  b e s t  sand c a s t i n g s  produced by t h e  c a s t i n g  i n d u s t r y  
and upgrade them a t  ORNL by i d e n t i f y i n g  f laws wi th  radiography and then  
r e p a i r i n g  t h e  c a s t i n g s  by g r ind ing  o u t  t h e  f laws  and d e p o s i t i n g  weld metal 
i n  t h e  cavities u n t i l  a s a t i s f a c t o r y  metal s t r u c t u r e  w a s  achieved.  However, 
f o r  MSBR s a l t  pumps, t h e  p rospec t  of making pump i m p e l l e r s  and cas ings  by 
weld j o i n i n g  machined p i e c e s  appears  t o  be an a t t ract ive a l t e r n a t i v e  t o  
c a s t i n g s  . 

I n  t h e  p roduc t ion  of s a t i s f a c t o r y  Hastel- 

Long-Shaft Pump. - The p r i n c i p a l  problems f o r  t h e  long  s h a f t  pump, 
w e  b e l i e v e ,  are t h e  des ign  of mol ten-sa l t  l u b r i c a t e d  b e a r i n g s  and t h e  
f a b r i c a t i o n  of long s h a f t s  t o  p r e c i s e  c o n c e n t r i c i t y ,  s t r a i g h t n e s s  and 
dynamic ba lanc ing  requi rements .  

pad b e a r i n g  f o r  t h i s  pump c o n f i g u r a t i o n  and a l s o  recommended a r a t h e r  
ex tens ive  b e a r i n g  des ign  and materials program. Mechanical devices  must 
be  provided t o  accommodate t h e  r e l a t i v e l y  l a r g e  d i f f e r e n t i a l  thermal  
expansion t h a t  occurs  between t h e  s h a f t  and b e a r i n g  suppor t  cons t ruc t ed  
of Has te l loy  N and t h e  j o u r n a l s  and sleeves c o n s t r u c t e d  of  r e f r a c t o r y  
metals o r  cemented ca rb ides  having much smaller c o e f f i c i e n t s  of thermal  
expansion.  MTI recommended an e x t e n s i v e  series of bench and e v a l u a t i o n  
tests t o  select  t h e  most promising b e a r i n g  materials compatible  wi th  a 
p a r t i c u l a r  molten sa l t  fol lowed by proof tests i n  molten s a l t  of f u l l -  
s i z e  bea r ings  cons t ruc t ed  of t h e s e  materials. 

10 i n .  must b e  f a b r i c a t e d  t o  provide  a good s t a r t i n g  p o i n t  f o r  t h e  pre-  
c i s i o n  dynamic ba lanc ing  of  t h e  machined s h a f t .  
t o  produce a s h a f t  having dynamic c h a r a c t e r i s t i c s  t h a t  are compatible  
wi th  t h e  f i l m  s t r e n g t h  and s t a b i l i t y  c h a r a c t e r i s t i c s  of i t s  mol ten-sa l t  
l u b r i c a t e d  suppor t  bea r ing .  

The MTI s tudy  [14]  i n d i c a t e d  a p re fe rence  f o r  t h e  s e l f - a c t i n g  p ivo ted  

P r e c i s i o n  s h a f t s  of  l e n g t h s  approaching 30 f t  and d iameters  of  7 t o  

The p r i n c i p a l  i d e a  is  

P o t e n t i a l  Improvements. - Improvement i n  v a r i a b l e  speed c o n t r o l  of 
pumps appears  t o  b e  a good area f o r  advancing t h e  technology of s a l t  
pumps. I n  ou r  exper ience ,  t h e  squ i r r e l - cage  e lectr ic  motor and a v a r i a b l e  
f requency supply system are very  s a t i s f a c t o r y  choices  f o r  a sal t  pump 
d r i v e  system. Of t h e  many v a r i a b l e  f requency supply systems t h e  completely 
s t a t i c  “cyc loconver te r”  ( o r  ” d i v e r t e r - i n v e r t e r ” )  sys  t e m  shows most promise 
f o r  improvement. It couples  a wide range of speed c o n t r o l ,  as much as t e n  
t o  one, w i t h  t h e  h igh  r e l i a b i l i t y  t h a t  one expec ts  from a completely s ta t ic  
system, p a r t i c u l a r l y  a f t e r  t h a t  system has r ece ived  adequate  development. 

I n d u s t r i a l  Involvement. - An i n t e n s i v e  and wide ly  based involvement 
of  t h e  pump i n d u s t r y  is  necessa ry  t o  t h e  product ion  of r e l i a b l e  and eco- 
nomic high-temperature  pumps f o r  t h e  n u c l e a r  i n d u s t r y  and should b e  very 
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b e n e f i c i a l  t o  sa l t  pump technology a l s o .  An i t e r a t i v e  approach wi th  se- 
l e c t e d  vendors  should l e a d  t o  s imple r  and, hope fu l ly ,  less expens ive  pump 
des igns .  It should a l s o  l e a d  t o  lower pump c o n s t r u c t i o n  c o s t s  as exper- 
t ise i n  i d e n t i f y i n g  and r e s o l v i n g  t h e  des ign  problems p e c u l i a r  t o  n u c l e a r  
pumps is ob ta ined  and f a b r i c a t i o n  and assembly t a l e n t s  are sharpened.  
Much of  t h e  i n d u s t r i a l  exper ience  de r ived  from t h e  development of  pumps 
f o r  LMFBR's can b e  expected t o  apply t o  pumps f o r  MSBRs. 

E f f e c t s  of  U n c e r t a i n t i e s .  - MSBR sal t  pumps have t h e  u s u a l  turbo-  
machinery elements  upon which are superimposed t h e  requirements  f o r  op- 
e r a t i o n  a t  tempera tures  i n  t h e  range 1000 t o  1300'F and i n  a n u c l e a r  
r a d i a t i o n  environment.  These l a t te r  requirements  g e n e r a t e  some problems 
of h e a t  removal and r a d i a t i o n  damage t h a t  w i l l  r e q u i r e  d i r e c t e d  e f f o r t .  
The l a r g e r  d iameter  s h a f t s  f o r  MSBR s a l t  pumps w i l l  r e q u i r e  l a r g e r  s h a f t  
seals having g r e a t e r  rubbing v e l o c i t i e s  t han  our  expe r i ence  has  covered.  
However, n e i t h e r  of  t h e s e  problems p r e s e n t s  a genuine u n c e r t a i n t y  t h a t  
w i l l  b a r  t h e  des ign  and product ion  of  s a t i s f a c t o r y  s h o r t  s h a f t  pumps f o r  
r e f e r e n c e  MSBR sa l t  systems.  

The MSBR des igns  cal l  f o r  s h o r t  s h a f t  pumps, b u t  i f  long  s h a f t  pumps 
should b e  needed, t h e  problems p rev ious ly  mentioned should  y i e l d  t o  ade- 
q u a t e  development e f f o r t .  Confidence i n  t h e i r  l ong  term r e l i a b i l i t y  w i l l  
r e q u i r e  endurance test o p e r a t i o n  i n  molten sa l t .  

I f  s a t i s f a c t o r y  o p e r a t i o n  of  t h e  long  s h a f t  pump a t  s u p e r c r i t i c a l  
speeds  i s  proven t o  be d i f f i c u l t  t o  achieve ,  t h e  des ign  of t h e  pump s h a f t  
may b e  modif ied t o  i n c r e a s e  i ts  s t i f f n e s s  and raise t h e  f i r s t  f l e x u r a l  
resonance frequency of  t h e  s h a f t  s a f e l y  above t h e  pump des ign  speed. 
A l t e r n a t i v e l y ,  t h e  h y d r a u l i c  des ign  may b e  modif ied t o  dec rease  pump 
des ign  speed s a t i s f a c t o r i l y  below t h e  c r i t i ca l  frequency of t h e  s h a f t .  

S a l t  Pump Development Requirements 

The p r i n c i p a l  f e a t u r e s  of t h e  development requi rements  f o r  a s h o r t -  
s h a f t  s a l t  pump inc lude  proof and endurance t e s t i n g  o f  t h e  s h a f t  seal, 
a w a t e r  performance test  of t h e  pump h y d r a u l i c  des ign ,  and endurance 
t e s t i n g  of a p ro to type  pump wi th  molten s a l t .  I n  a d d i t i o n  t o  t h e s e  items, 
t h e  long-shaf t  sa l t  pump w i l l  r e q u i r e  a b e a r i n g  materials development 
program, a b e a r i n g  and j o u r n a l  mounting method program, a rotordynamic 
s imula t ion  test  program, and probably v e r i f i c a t i o n  of  t h e  c a p a b i l i t y  t o  
f a b r i c a t e  long  pump s h a f t s  t o  p r e c i s e  c o n c e n t r i c i t y ,  s t r a i g h t n e s s ,  and 
dynamic ba lanc ing  requi rements .  Each p roduc t ion  pump, whether  s h o r t  o r  
l ong  s h a f t ,  should  b e  s u b j e c t e d  t o  a shakedown and mol t en - sa l t  proof test 
p r i o r  t o  i n s t a l l a t i o n  i n t o  an MSBR sa l t  system. 

The d iameter  and rubbing v e l o c i t y  of  t h e  s h a f t  seal f o r  an MSBR sal t  
pump are l a r g e r  than  any w e  have exper ienced .  The manufac turer  should  
select  t h e  s h a f t  seal des ign  from among t h e  bel lows mount, f l u i d  b e a r i n g ,  
Visco seal, etc. ,  and provide  performance and endurance tests u n t i l  a 
s a t i s f a c t o r y  des ign  is evolved.  The proof test  of s h a f t  seals i n s t a l l e d  
i n  prozotype  and product ion  s a l t  pumps is performed as p a r t  of  t h e  shake- 
down and mol ten-sa l t  proof t e s t i n g .  
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I 

A test  s t a n d  should  b e  designed and cons t ruc t ed  t o  perform a series 
of  tests wi th  molten sa l t  on t h e  p ro to type  pump t h a t  w i l l  v e r i f y  i ts  
performance and g i v e  confidence i n  i t s  long  t e r m  e n d u r a b i l i t y .  The pre-  
l imina ry  des ign  o f  such a test  s t a n d  s u i t a b l e  f o r  MSBE sal t  pumps w a s  com- 
p l e t e d  [ 2 2 ,  231 i n  December 1969; i t  w a s  e s t ima ted  t o  c o s t  $860,000 a t  
t h a t  t i m e .  A p a r t i a l  l i s t i n g  of  impor tan t  tests planned f o r  t h e  f a c i l i t y ,  
which are p resen ted  i n  r e f e r e n c e s  22 and 24 ,  i nc ludes :  

1. 

2 .  

3 .  

4 .  

5. 

6.  

7. 

Obtain t h e  pump h y d r a u l i c  performance and c a v i t a t i o n  i n c e p t i o n  char-  
acteristics ove r  a wide range  of pump speeds and c a p a c i t i e s  and t e m -  
p e r a t u r e s .  

Determine t h e  start and coastdown c h a r a c t e r i s t i c s  of t h e  pump and 
d r i v e  motor under l o a d  cond i t ions .  

Determine t h e  c h a r a c t e r i s t i c s  of t h e  purge gas flow i n  t h e  s h a f t  
annulus .  

Determine t h e  d i s t r i b u t i o n  of  s a l t  a e r o s o l s  produced by pump o p e r a t i o n  
and o b t a i n  t h e  performance c h a r a c t e r i s t i c s  of a e r o s o l  removal dev ices ,  
i f  necessa ry .  

Demonstrate t h e  o p e r a b i l i t y  of  t h e  i n c i p i e n t  f a i l u r e  d e t e c t i o n  (IFD) 
dev ices .  

Obtain long  term endurance o p e r a t i o n  wi th  a p r o t o t y p a l  pump. 

Make mol t en - sa l t  proof tests of  advanced in s t rumen ta t ion  f o r  molten- 
s a l t  systems as i t  becomes a v a i l a b l e .  

Evalua t ion  

i 

We know how t o  m a k e  r e l i a b l e  s h o r t - s h a f t  c e n t r i f u g a l  pumps f o r  
mol ten-sa l t  r e a c t o r s ,  having  b u i l t  and ope ra t ed  many wi th  c a p a c i t i e s  
t o  1500 gpm. Although i t  may t a k e  several yea r s  t o  produce t h e  l a r g e r  
pumps f o r  demonst ra t ion  of f u l l - s c a l e  MSBR'S, t he  problems are w e l l  under- 
s tood ,  and t h e r e  is  l i t t l e  q u e s t i o n  t h a t  s a t i s f a c t o r y  pumps can b e  ob- 
t a i n e d  on a schedule  compatible  w i t h  o b t a i n i n g  t h e  o t h e r  p r i n c i p a l  r e a c t o r  
components. 

W e  have had very  l i t t l e  exper ience  wi th  t h e  long-shaf t  pump conf igura-  
t i o n  f o r  mol ten-sa l t  systems.  However, i t  has  been used i n  sodium systems,  
and p l ans  are b e i n g  processed  f o r  i ts  use  i n  t h e  l iqu id-meta l  f a s t -b reede r  
r e a c t o r  program (LMFBR). The i n c e n t i v e  t o  use  long-shaf t  s a l t  pumps is  
t o  reduce t h e  t o t a l  development requi rements  f o r  MSBR'S and LMFBR's. In-  
deed, the MSBR s h o r t - s h a f t  pumps can b e n e f i t  from t h e  LMFBR sodium pump 
technology programs because t h e  two pump c o n f i g u r a t i o n s  s h a r e  many common 
requi rements .  The advanced a n a l y t i c a l  des ign  methods t h a t  are be ing  de- 
veloped f o r  t h e  sodium pumps should  have much d i r e c t  a p p l i c a t i o n  t o  t h e  
des ign  of  mol ten-sa l t  pumps. 
seal development program f o r  sodium pumps w i l l  a l s o  have d i r e c t  app l i ca -  
t i o n  t o  sa l t  pumps. 

We expec t  t h a t  t h e  r e s u l t s  of t h e  s h a f t  

The f a b r i c a t i o n  technology developed f o r  l a r g e  sodium 
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pumps should  have a p p l i c a t i o n  t o  t h e  f a b r i c a t i o n  of components f o r  MSBR 
pumps a f t e r  making some allowances f o r  a probable  d i f f e r e n c e  i n  cons t ruc-  
t i o n  materials. The thermal  shock c a p a b i l i t y  of  t he  Sodium Pump T e s t  
F a c i l i t y  (SPTF) could b e  u t i l i z e d  t o  shock a p ro to type  MSBR sal t  pump. 

However, the requirements  f o r  sodium and s a l t  pumps are a l s o  s u f f i -  
c i e n t l y  d i f f e r e n t  t h a t  i n  o t h e r  impor tan t  r e s p e c t s  they  are unique.  The 
d e n s i t y  of salt  and sodium are q u i t e  f a r  a p a r t  and f o r  a g iven  pump ca- 
p a c i t y  and head,  t h e  power r e q u i r e d  t o  d r i v e  a sal t  pump and t h e  p r e s s u r e  
developed would be  several t i m e s  t h e  power and p r e s s u r e  f o r  a sodium pump. 
However, because of t he  h ighe r  vo lumet r i c  h e a t  c a p a c i t i e s  of  t h e  s a l t ,  
t h e  t o t a l  pump power requirements  are less f o r  sa l t  than  sodium. The 
des ign  tempera tures  f o r  t h e  MSR's are 100°F o r  more above t h o s e  f o r  
t h e  sodium r e a c t o r  systems and t h e r e f o r e  t h e  salt  pumps w i l l  have t o  b e  
designed f o r  s l i g h t l y  lower a l lowab le  stresses. 

Obta in ing  materials f o r  mol t en - sa l t  l u b r i c a t e d  b e a r i n g s  t h a t  would 
be  s a t i s f a c t o r y  f o r  s t eady  running cond i t ions  is  n o t  l i k e l y  t o  b e  d i f f i -  
c u l t .  However, s t a r t i n g  and s topp ing  cond i t ions  become more severe as 
t h e  temperature  is r a i s e d  above 1200°F. Also, as po in ted  o u t  above, 
s u i t a b l e  devices  would have t o  b e  developed (1) t o  a t t a c h  s a l t - b e a r i n g  
materials t o  r e t a i n e r  p i e c e s  having a g r e a t l y  d i f f e r i n g  c o e f f i c i e n t  o f  
thermal  expansion and (2)  t o  ma in ta in  al ignment  between j o u r n a l  and 
bea r ing  s u r f a c e s  w i t h  o t h e r  s h a f t  suppor t  b e a r i n g  a t  1300OF. 

a t tempt  t o  make t h e  h y d r a u l i c  and mechanical des igns  of pumps f o r  bo th  
t h e  primary- and secondary-sa l t  systems very  similar, i f  n o t  i d e n t i c a l .  

Economy i n  des ign ,  product ion ,  ope ra t ion ,  and maintenance f a v o r s  t h e  

Coolant Sys t e m  

Desc r ip t ion  

Mol ten-sa l t  b reede r  r e a c t o r  systems r e q u i r e  t h e  c i r c u l a t i o n  of  an 
i n t e r m e d i a t e  coo lan t  (1) t o  provide  a b a r r i e r  f o r  p r o t e c t i n g  t h e  steam 
system from f i s s i o n  products  and for p r o t e c t i n g  t h e  f u e l  sys tem from 
steam system p r e s s u r e s ,  (2)  t o  t r a n s f e r  t h e  n u c l e a r  h e a t  from t h e  f u e l  
s a l t  t o  t h e  water-steam system, and (3) t o  b r i d g e  t h e  tempera ture  gap 
between the f u e l  s a l t  m e l t i n g  p o i n t  and t h e  steam system f e e d  w a t e r  
t empera ture .  

A mixture  of  LiF-BeF2 (66-34 mole W )  w a s  used s u c c e s s f u l l y  i n  t h e  
secondary system of t h e  MSRE, b u t  i t s  h igh  l i q u i d u s  tempera ture  (857'F) 
and h igh  c o s t  ($600 t o  $1400 / f t3 )  prompted a search f o r  o t h e r  p o s s i b l e  
coo lan t s .  I n  t h i s  s ea rch ,  s p e c i a l  c o n s i d e r a t i o n  w a s  g iven  t o  i n h i b i t i n g  
t h e  mig ra t ion  of  t r i t i u m  from t h e  pr imary sal t  through t h e  secondary 
coolan t  t o  t h e  steam system. A t  t h e  same t i m e  t h e  performance cha rac t e r -  
i s t ics  of  t h e  c o o l a n t s ,  t h e  a s s o c i a t e d  inven to ry  c o s t s ,  t h e i r  compati- 
b i l i t y  w i t h  t h e  f u e l  s a l t ,  steam, and t h e  ce l l  environment,  and t h e  
materials r e q u i r e d  t o  c o n t a i n  t h e  coo lan t s  were summarized f o r  f u t u r e  
r e f e r e n c e  i25] .  Three groups of coo lan t s  w e r e  cons idered:  molten sal ts ,  
l i q u i d  m e t a l s ,  and gases at h igh  o r  moderate p r e s s u r e .  Of t h e  c o o l a n t s  
which w e r e  cons idered ,  t h e r e  appeared t o  b e  no real i n c e n t i v e  f o r  a cho ice  
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o t h e r  than  t h e  e u t e c t i c  NaBF4-NaF (92-8 mole X )  which has  a me l t ing  p o i n t  
of  725'F and c o s t s  approximately $ 6 0 / f t 3  ($0 .5 / lb ) .  It appeared t h a t  i t  
might b e  p o s s i b l e  t o  c o n t a i n  a s m a l l  concen t r a t ion  of  hydroxl  i o n  i n  
complex i n  t h i s  coo lan t  which could b e  cont inuous ly  removed and r ep laced  
t o  f u n c t i o n  as a t r a p  f o r  t he  t r i t i u m .  Among i t s  d isadvantages  are (1) 
t h e  need f o r  BF3 i n  t h e  cover  gas because of t h e  e v o l u t i o n  of BF3 from 
NaBF4 a t  MSBR o p e r a t i n g  tempera tures  and (2) an a f f i n i t y  f o r  water, which 
causes  inc reased  co r ros iveness  i n  bo th  t h e  sa l t  and cover  gas systems. 
A s  w i l l  b e  desc r ibed  below, t h e s e  problems are n o t  s o  s e v e r e  as t o  a f f e c t  
ou r  cho ice  of t h e  f l u o r o b o r a t e  mixture  as t h e  coo lan t  i n  f u t u r e  MSR's.  
A lower-melting-point f l u o r i d e  mixture  of LiF, NaF, and BeF2 wi th  a 
l i q u i d u s  temperature  of 640"F, a mixture  of L i C l  and K C 1  wi th  a l i q u i d u s  
temperature  of 680"F, and a mixture  of  KF and ZrF4 wi th  a l i q u i d u s  tempera- 
t u r e  of 752°F appear  t o  be alternatives. A s  mentioned i n  Chapter 2, some 
c o n s i d e r a t i o n  a l s o  has  been g iven  t o  a s p e c i a l  des ign  us ing  both  LiF-BeF2 
and a n i t r a t e - n i t r i t e  mix tu re  between t h e  f u e l  and t h e  steam. Add i t iona l  
in format ion  on coo lan t  salts is  g iven  i n  Chapter  5 .  

ondary sa l t  c i r c u i t s  r e q u i r e d  t o  coo l  t h e  r e f e r e n c e  des ign  1000 MW(e) 
mol ten-sa l t  b reede r  r e a c t o r .  I n  each c i r c u i t  sodium f l u o r o b o r a t e  s a l t  
flows from t h e  o u t l e t  of a pr imary h e a t  exchanger a t  1150°F t o  t h e  s u c t i o n  
of  a sump-type c e n t r i f u g a l  pump. S a l t  d i scharged  by t h e  pump flows i n  
p a r a l l e l  through several steam genera tor -superhea ter  and s team-rehea ter  
u n i t s  and r e t u r n s  t o  t h e  primary h e a t  exchanger a t  850'F. 
through each secondary c i r c u i t  i s  20,000 gpm and each c i r c u i t  con ta ins  
2000 f t 3  of sodium f l u o r o b o r a t e .  The t o t a l  amount r equ i r ed  i s  %450 t o n s .  
Valves are provided i n  t h e  sa l t  l i n e s  t o  c o n t r o l  t h e  d i s t r i b u t i o n  of flow 
t o  the  s team-ra is ing  u n i t s  and t o  bypass  coo lan t  flow around t h e  hea t -  
exchanger under p a r t i a l  l oad  c o n d i t i o n s .  
t h r o t t l e ,  n o t  t o  s h u t  o f f  f low.) A p r e s s u r e - r e l i e f  system is provided 
f o r  each secondary s a l t  c i r c u i t  whereby h igh  p r e s s u r e  produced by r u p t u r e  
of one o r  more tubes  i n  t h e  s team-ra is ing  u n i t s  is r e l i e v e d  by t h e  b u r s t -  
i n g  of r u p t u r e  d i s k s  and r a p i d  blowdown of sa l t ,  noncondensable gases ,  
and steam. A common cover-gas system i s  provided f o r  t h e  fou r  c i r c u i t s  
which s u p p l i e s  a mixture  of BF3 and hel ium and poss ib ly  o t h e r  gases  t o  
t h e  tank of  each s a l t  c i r c u l a t i o n  pump t o  provide  a p r o t e c t i v e  atmosphere 
over  t he  f r e e  s u r f a c e  of t h e  sodium f l u o r o b o r a t e .  A p u r i f i c a t i o n  system 
i s  provided t o  ma in ta in  t h e  p u r i t y  of t he  s a l t  i n  t h e  secondary c i r c u i t s .  
A s  a minimum t h e  p u r i f i c a t i o n  system i s  expected t o  remove some c o r r o s i o n  
products  by co ld  t r a p p i n g  and t o  conver t  ox ides  and hydroxides  t o  f luo -  
r i d e s .  The p rocess ing  system may a l s o  remove HF from t h e  s a l t  by con- 
t a c t i n g  i t  wi th  gas o r  by o t h e r  means. 

The s i m p l i f i e d  schemat ic  diagram i n  F ig .  8.3 shows one of f o u r  sec- 

The flow 

(These valves need only  t o  

Experience wi th  Coolant S a l t s  

A LiF-BeF2 mixture  w a s  c i r c u l a t e d  a t  860 gpm i n  the  secondary system 
of  t h e  MSRE f o r  approximately 26,000 h r  ove r  a tempera ture  range of 1000 
t o  1200°F. During t h e  l i f e t i m e  of t h e  MSRE ($4-1/2 y r )  t h e  chromium con- 
t e n t  of t he  salt remained cons t an t  a t  about  32 ppm, i n d i c a t i n g  remarkably 
l i t t l e  c o r r o s i o n .  Meta l lographic  examinat ion of t h e  p i p i n g  a f t e r  shutdown 
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s u b s t a n t i a t e d  t h i s  conclus ion  [26 ] .  I n  t h e  MSRE r a d i a t o r ,  a i r  a t  <100"F 
w a s  blown a c r o s s  tubes  con ta in ing  LiF-BeF2 wi th  an 857°F f r e e z i n g  p o i n t  
f o r  about 15,000 hours  wi th  on ly  one s i g n i f i c a n t  f reezeup.  (This occur red  
e a r l y  i n  power o p e r a t i o n  when t h e  r a d i a t o r  doors f a i l e d  t o  seal t i g h t l y  
a f t e r  t h e  coolan t  pump power w a s  i n t e r r u p t e d  and sal t  f r o z e  i n  most of 
t h e  tubes . )  
f r e e z i n g ,  and the  tube  bundle  w a s  qu ick ly  thawed (us ing  i n s t a l l e d  h e a t e r s )  
wi thout  damage. Aside from t h e  r a d i a t o r ,  t h e  only  problem encountered 
wi th  t h e  secondary system of t h e  MSRE w a s  o c c a s i o n a l  t r o u b l e  w i t h  p a r t i a l  
r e s t r i c t i o n s  i n  t h e  of f -gas  l i n e s  due t o  o i l  vapor  and sa l t  mist ca r ry -  
over .  

Sodium f l u o r o b o r a t e  e u t e c t i c  s a l t  has  been c i r c u l a t e d  f o r  t e n s  of  
thousands of  hours  i n  n a t u r a l -  and forced-convect ion loops  cons t ruc t ed  
of  Has te l loy  N t o  o b t a i n  d a t a  on c o r r o s i o n ,  mass t r a n s f e r ,  and materials 
c o m p a t i b i l i t y  problems. A t a b u l a t i o n  of t h e  o p e r a t i n g  parameters  of  t h e s e  
s i x  loops  is p resen ted  i n  Table  8.4.  

I n  a d d i t i o n ,  an MSRE-scale pumped loop  (PKP-1) cons t ruc t ed  of  4-inch 
Inconel  p i p e  w a s  ope ra t ed  a t  750 gpm of  sodium f l u o r o b o r a t e  a t  800 t o  
lOOO'F f o r  over  11,000 h r  t o  o b t a i n  exper ience  wi th  both t h e  s a l t  and t h e  
BFg-helium cover  gas r e q u i r e d  f o r  s a l t  composi t ion c o n t r o l  [27] .  Much 
u s e f u l  in format ion  on t h e  performance of sodium f l u o r o b o r a t e  w a s  ob ta ined  
w i t h  t h i s  loop ,  b u t  i ts  c o n f i g u r a t i o n  w a s  n o t  s u i t a b l e  f o r  conduct ing t h e  
a d d i t i o n a l  experiments  needed and t h e  material of c o n s t r u c t i o n  w a s  a t y p i -  
cal  of c u r r e n t  and proposed mol ten-sa l t  r e a c t o r s .  Therefore ,  an a l l  
Has te l loy  N loop  (Coolant-Sal t  Technology F a c i l i t y )  w a s  designed and con- 
s t r u c t e d  by us ing  t h e  pump and p i p i n g  sa lvaged  from t h e  secondary system 
of  t h e  MSRE. 

mix ture ,  b u t  compared t o  LiF-BeF2 and sodium f l u o r o b o r a t e ,  t h e r e  i s  rela- 
t i v e l y  l i t t l e  b a s i c  q u a n t i t a t i v e  in fo rma t ion  on i ts  high-temperature  sta- 
b i l i t y  and co r ros ion .  

With t h e  LiF-BeF2 mix tu re  t h e r e  i s  l i t t l e  d e n s i t y  change i n  

There has  been cons ide rab le  i n d u s t r i a l  u se  of Hitec,  a n i t r a t e - n i t r i t e  

S t a t u s  of  F luorobora te  Coolant Technology 

The c o m p a t i b i l i t y  of sodium f l u o r o b o r a t e  wi th  t h e  proposed MSBR 
c o n t a i n e r  material (Has te l loy  N)  is s a t i s f a c t o r y  ( co r ros ion  rate of  0 . 1  
t o  0 .2  m i l s  p e r  yea r )  provided t h a t  mo i s tu re  is excluded from t h e  system. 
Data from cor ros ion  experiments  show t h a t  a d d i t i o n  of a s m a l l  amount of  
water t o  sodium f l u o r o b o r a t e  s a l t  i n  a Has te l loy  N c o n t a i n e r  a t  about  
1100°F r e s u l t s  i n  t h e  metal co r rod ing  a t  a ra te  t h a t  is i n i t i a l l y  many 
m i l s  p e r  month and t h a t  decreases  g radua l ly  u n t i l  i t  becomes less than  
0 . 3  m i l / y r  [ 281 . U n t i l  r e c e n t l y  chemical ana lyses  i n d i c a t e d  t h a t  corro-  
s i o n  rates t h i s  l o w  were ob ta ined  wi th  s a l t  con ta in ing  more than 1000 ppm 
of water and of  ox ide .  This  l e d  t o  t h e  sugges t ion  t h a t  sodium f luorobo-  
ra te  could c o n t a i n  water i n  two forms: one t h a t  i s  h igh ly  c o r r o s i v e  and 
one t h a t  is only  s l i g h t l y  c o r r o s i v e  t o  Has te l loy  N .  More r e c e n t  i n t e n s i v e  
s tudy  has  r evea led  t h a t  t h e  a n a l y t i c a l  r e s u l t s  were i n  e r r o r .  S a l t s  t h a t  
w e r e  r e p o r t e d  t o  c o n t a i n  more than  1000 ppm of water are now found t o  con- 
t a i n  s m a l l  amounts of a hydroxyl  compound (presumably sodium hydroxyfluo- 
robora t e )  and t o  c o n t a i n  more than  1000 ppm of oxide .  
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Table 8.4. Sodium fluoroboratecirculating loops 

Operating Maximum 
Loop No. TY Pe temperature time0 

(" F) (" F, (hr) 

NCL-13A Thermal convection 1125 225 30,627 
NCL-14 Thermal convection 1125 270 39,202 
NCL-17 Thermal convection 1125 180 24,865 
NCL-20 Thermal convection 1270 450 19,928 
FCL-1 Forced convection 1150 300 17,000 
FCL-2 Forced convection 1150 300 5,300 

'As of April 30, 1972. 

D 
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Heat t r a n s f e r  d a t a  ob ta ined  wi th  the  forced-convect ion loop  FCL-2 
are i n  good agreement wi th  t h e  e m p i r i c a l  c o r r e l a t i o n  of S iede r  and T a t e .  
These d a t a  i n d i c a t e  t h a t  sodium f l u o r o b o r a t e  does perform as a t y p i c a l  
h e a t  t r a n s f e r  f l u i d  [29 ] .  

s u r e ,  BF3 is c a r r i e d  o f f  i n  t h e  off-gas  stream from t h e  pump bowl and i f  
n o t  r ep laced  w i l l  r e s u l t  i n  a s a l t  composi t ion s h i f t  toward a h i g h e r  NaF 
c o n t e n t .  I n  t h i s  e v e n t ,  t h e  t i m e  r e q u i r e d  t o  produce a change of 1 mole 
pe rcen t  i n  the  sa l t  composi t ion i n  the  r e f e r e n c e  1000 MW MSBR is  ca lcu-  
l a t e d  t o  be 30 days.  

gas stream (as measured by a thermal  c o n d u c t i v i t y  cell) w a s  found t o  be  
i n  equ i l ib r ium wi th  t h e  salt  composition i n  t h e  pump bowl over  a wide 
range  of BF3 and/or  hel ium flow rates i n t o  t h e  pump bowl vapor  space,  
and t h e  NaBF4 t o  NaF r a t i o  i n  t h e  s a l t  w a s  indeed c o n t r o l l e d  by t h e  rate 
a t  which BF3 w a s  admi t ted  t o  t h e  pump bowl, Also t h i s  r a t i o  can b e  d e t e r -  
mined by r e l a t i n g  t h e  BF3 con ten t  i n  t h e  off-gas  stream t o  t h e  t o t a l  p res -  
sure  and s a l t  tempera ture  i n  t h e  pump. An a n a l y s i s  of  t h e  s y s t e m a t i c  
e r r o r s  r e s u l t i n g  from i n f e r r i n g  t h e  NaBF4 t o  NaF r a t i o  from t h e  BF3 con- 
t e n t  of the off-gas  stream i n d i c a t e s  t h a t  t h i s  method of  d e t e c t i n g  changes 
i n  sa l t  composi t ion is accurate t o  k0.5 mole pe rcen t .  Earlier expe r i ence  
had shown t h e  e r r o r  t o  b e  an o r d e r  of magnitude g r e a t e r  when t h e  mole 
f r a c t i o n  w a s  i n f e r r e d  from s t o i c h i o m e t r i c  r a t i o s  of t h e  b a s i c  c o n s t i t u e n t s  
as determined from a number of  chemical ana lyses  of t h e  sa l t .  

t h e  mixed gas i s  used i n  a bubbler- type level  i n d i c a t o r .  The e u t e c t i c  
s a l t  mixture  i s  d e p l e t e d  of i t s  BF3 con ten t  i n  t h e  v i c i n i t y  of t h e  bubb le r  
t ube  when pure  hel ium i s  i n j e c t e d  below t h e  s a l t  s u r f a c e .  Eventual  plug- 
g ing  of t he  tube by t h e  h igher -mel t ing  NaF-rich s a l t  mixture  r e s u l t s ;  con- 
v e r s e l y ,  t h i s  t ype  of p lug  can b e  c l e a r e d  by a BF3-rich gas mixture .  

Higher than c a l c u l a t e d  ove rp res su re  w a s  r equ i r ed  t o  suppress  pump 
c a v i t a t i o n  du r ing  c i r c u l a t i o n  of t h e  f l u s h  sa l t  i n  t h e  PKP-1 loop  ( t h e  
f i r s t  s a l t  charge w a s  used t o  c l e a n  t h e  system of r e s i d u a l  sa l t  from pre-  
v ious  o p e r a t i o n s ) .  C a v i t a t i o n  d a t a  f o r  t h e  second ba tch  of f l u o r o b o r a t e  
sa l t  c o r r e l a t e d  wi th  t h a t  f o r  o t h e r  f l u i d s .  

e r a t e d ,  s o l i d i f i e d ,  and e v e n t u a l l y  plugged t h e  off-gas  l i n e  from t h i s  
pump, The l i n e  w a s  c l e a r e d  by t h e  a p p l i c a t i o n  of h e a t  t o  t h e  a f f e c t e d  
areas wi th  subsequent  s a l t  d ra inage  t o  the  pump. F luo robora t e  sa l t  mist 
is a p o t e n t i a l  problem wi th  t h e  l a r g e  pumps contemplated f o r  u se  i n  f u t u r e  
mol ten-sa l t  r e a c t o r s ,  b u t  t h e  m i s t  problem wi th  f l u o r o b o r a t e  does n o t  ap- 
pea r  t o  d i f f e r  from t h a t  w i th  o t h e r  salts. 

A bubbler- type level  i n d i c a t o r  w a s  ope ra t ed  i n  t h e  PKP pump f o r  over  
two y e a r s .  Near t h e  end of the  test t h e  tube  showed s i g n s  of plugging.  
Examination of t h e  bubb le r  tube  r evea led  t h a t  t h e  end of  t h e  tube  w a s  
plugged wi th  a s i lve r -g ray  magnet ic  d e p o s i t  r i c h  i n  n i c k e l  con ten t .  It 
is n o t  clear as t o  t h e  cause of t h e  plug;  some s p e c u l a t i o n s  are: (1) 
mois ture  i n  t h e  argon supply ,  (2) mo i s tu re  i n  t h e  BF3 supply,  (3 )  impuri-  
t ies i n  t h e  s a l t ,  and ( 4 )  high-cor ros ion  rate of Incone l  i n  sodium f luo ro -  
b o r a t e .  The CSTF w i l l  u s e  t h e  f l o a t - t y p e  level  i n d i c a t o r .  

S ince  sodium f l u o r o b o r a t e  e x h i b i t s  an a p p r e c i a b l e  d i s s o c i a t i o n  p res -  

During o p e r a t i o n  of t h e  PKP-1 loop ,  t h e  BF3 con ten t  of t h e  pump o f f -  

Near e q u i l i b r i u m  concen t r a t ions  of  BF3 i n  hel ium are r e q u i r e d  when 

A f i n e  salt  m i s t  genera ted  i n  the  vapor space  of t h e  PKP pump agglom- 
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Although sodium f l u o r o b o r a t e  undergoes a s o l i d  phase t r a n s i t i o n  a t  
%47OoF, no unusual  problems a s s o c i a t e d  wi th  t h i s  phenomenon w e r e  en- 
countered wi th  t h e  o p e r a t i o n  of t h e  f r e e z e  valves used i n  t h e  fo rced  con- 
v e c t i o n  o r  PKP loops .  During t h e  o p e r a t i o n  of t h e  PKP loop ,  t h e  f r e e z e  
va lve  w a s  main ta ined  between 200 and GOOOF and w a s  s u b j e c t e d  t o  a t o t a l  
of  16 f i l l - d r a i n  cyc le s .  

a l l y  a l l  loops  c i r c u l a t i n g  sodium f l u o r o b o r a t e .  The d e p o s i t  i s  found i n  
t h e  c o l d e s t  p a r t  of  t h e  c i r c u i t  and is  expec ted  t o  d e p o s i t  on t h e  tubes  
of t h e  s team-ra is ing  equipment i f  n o t  removed by some means. Therefore ,  
t h e  s o l u b i l i t y  of NagCrFg i n  sodium f l u o r o b o r a t e  w a s  determined and c o l d  
t r a p p i n g  techniques  w e r e  used w i t h  l i m i t e d  success  t o  i s o l a t e  t h i s  mate- 
r ia l  i n  n a t u r a l -  and f o r c e d - c i r c u l a t i o n  loops .  Excessive d r a i n  t i m e s  were 
encountered t h a t  w e r e  a t t r i b u t e d  t o  t h e  accumulat ion of t h e  c o r r o s i o n  
p roduc t ,  NagCrFg, i n  d r a i n  l i n e s .  A s  a r e s u l t  of  t h i s  exper ience ,  t h e  
d r a i n  l i n e  tempera tures  of sodium f l u o r o b o r a t e  loops  should  b e  main ta ined  
a t ,  o r  s l i g h t l y  h i g h e r  than,  t he  main loop  tempera ture .  Also,  t h e  f r e e z e  
valves should be  l o c a t e d  nea r  t h e  d r a i n  tank r a t h e r  t han  n e a r  t h e  main 
loop.  This  c o n f i g u r a t i o n  w i l l  l eng then  t h e  d i f f u s i o n  pa th  between t h e  
main loop  and t h e  co ld  s p o t  i n  t h e  d r a i n  l i n e .  I n  MSR's t h e  c o n c e n t r a t i o n  
of NagCrFg w i l l  b e  k e p t  low t o  p r o t e c t  t he  steam gene ra to r s  h e a t  t r a n s f e r  
s u r f  aces from f o u l i n g  . 
two streams, t h e  l a r g e  f r a c t i o n  (0.9) f lows down t h e  s h a f t  and i n t o  t h e  
pump bowl vapor  space;  t h e  remainder f lows up t h e  s h a f t ,  p a s t  t h e  r o t a t i n g  
s h a f t  seal, and through t h e  o i l  ca t ch  tank .  The s h a f t  purge i n h i b i t s  
back d i f f u s i o n  of  noxious gases  from t h e  pump bowl t o  t h e  seal r eg ion  
and o i l  ca t ch  tank .  The BF3 con ten t  of  t h e  lower seal purge stream w a s  
main ta ined  below 1000 ppm, and no d e l e t e r i o u s  o p e r a t i n g  expe r i ence  w a s  
encountered.  

Evidence of t h e  co r ros ion  p roduc t ,  NagCrFg, has  been found i n  v i r t u -  

The purge gas which e n t e r s  t h e  PKP pump s h a f t  annulus  s p l i t s  i n t o  

U n c e r t a i n t i e s  i n  Use of F luo robora t e  

The major u n c e r t a i n t i e s  i n  t h e  use  of sodium f l u o r o b o r a t e  i n  an MSBR 

a. W i l l  Na3CrFg d e p o s i t i o n  on s team-generator  tubes  b e  d i f f i c u l t  t o  
are t h e  fo l lowing .  

c o n t r o l ?  A co ld  t r a p  is a poor compet i tor  i n  comparison t o  t h e  steam 
g e n e r a t o r  because (1)  t h e  steam tubes  a t  t h e  feedwater  e n t r a n c e  w i l l  be 
as co ld  as, i f  n o t  c o l d e r  than,  t h e  t r a p ,  (2)  they w i l l  see f u l l  f low as 
compared t o  f r a c t i o n a l  flow through t h e  t r a p ,  and (3)  t h e  s u r f a c e  area of  
t h e  steam tubes  w i l l  b e  much l a r g e r  t han  t h a t  i n  t h e  t r a p .  For e f f e c t i v e  
c o r r o s i o n  product  c l ean  up, t h e r e f o r e ,  i t  appears  t h a t  p e r i o d i c a l l y  t h e  
steam tubes  w i l l  have t o  b e  al lowed t o  h e a t  up s o  t h a t  t h e  t rapped  corro-  
s i o n  product  can b e  d i s s o l v e d  from t h e  tubes  i n t o  t h e  c i r c u l a t i n g  sa l t  
and subsequent ly  r edepos i t ed  i n  t h e  c o l d  t r a p .  

secondary sa l t  be?  A l e a k  of 0.2 ml/min ( 7 . 3  x l b / s e c )  of steam 
should  b e  d e t e c t a b l e  by moni tor ing  f o r  HF i n  t h e  cover  gas .  
l e a k  of t h i s  s i z e  would n o t  b e  expec ted  t o  grow r a p i d l y ,  t h e  concomitant  
c o r r o s i o n  rate o f  1 m i l / y r  is h i g h e r  than  d e s i r a b l e  f o r  such a s m a l l  l e a k .  

b .  How s e r i o u s  w i l l  t h e  consequences of  a s m a l l  steam l e a k  i n t o  t h e  

Although a 
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A system of i n j e c t i n g  hydrogen i n t o  t h e  s a l t  c i r c u l a t i n g  system, removing 
t h e  bubbles by means of a c e n t r i f u g a l  s e p a r a t o r ,  and e x t r a c t i n g  t h e  HF 
from t h e  of f -gas  could r e s u l t  i n  t h e  accommodation of a water l e a k  of 1 
t o  35 niL/min wi thout  s e r i o u s  c o r r o s i o n  [30]. 

coo lan t  system i n t o  t h e  steam? P o s s i b l e  chemical methods of b l o c k i n g  t h e  
t r a n s p o r t  of t r i t i u m  are d i scussed  i n  Chapter 1 4 .  
sa l t  i s  one p o s s i b i l i t y  b u t  i t  has  n o t  as y e t  been  demonstrated.  

c. How e f f e c t i v e l y  can t r i t i u m  be prevented  from pass ing  through t h e  

Removal from t h e  coo lan t  

F u r t h e r  Development Work 

The Coolant -Sa l t  Technology F a c i l i t y  (CSTF) w i l l  p rovide  a supply of 
flowing s a l t  a t  tempera tures  and p r e s s u r e s  t y p i c a l  of MSR o p e r a t i n g  con- 
d i t i o n s  t o  a number of exper imenta l  s i d e  l o o p s ,  which w i l l  be used t o  
r e s o l v e  t h e  impor tan t  p o i n t s  desc r ibed  below. 

Cover Gas Addi t ion  t o  and Removal from t h e  Pump Bowl. - C e r t a i n  im- 
p u r i t i e s ,  v a r i o u s l y  i d e n t i f i e d  as water, hydroxy f l u o r o b o r i c  a c i d ,  BF3-H20 
r e a c t i o n  p roduc t s ,  e tc . ,  have caused h i g h  c o r r o s i o n  rates i n  c i r c u l a t i n g  
systems and flow r e s t r i c t i o n  i n  t h e  of f -gas  systems of sodium f l u o r o b o r a t e  
loops .  The i d e n t i t y ,  sou rce ,  method of removal, and t h e  maximum impur i ty  
concen t r a t ions  t h a t  can b e  t o l e r a t e d  i n  t h e  cover gas and s a l t  need t o  be 
e s t a b l i s h e d .  The CSTF w i l l  u t i l i z e  t h e  helium p u r i f i c a t i o n  u n i t  from t h e  
MSRE t o  p u r i f y  t h e  incoming he l ium and thus  e l i m i n a t e  one p o s s i b l e  sou rce  
of moi s tu re  and oxygen. 

w i th  a s h a f t  purge rate of n o t  less than  5 l i t e r s / m i n  (STP) and a pump 
p r e s s u r e  n o t  less than  10 p s i g .  I f  no recovery  p r o v i s i o n s  are made, t h e  
f o u r  pumps would release one c y l i n d e r  of BF3 (200 f t 3  STP) i n t o  t h e  atmos- 
phere  p e r  day. The CSTF is  equipped wi th  a recovery  u n i t  t h a t  is expec ted  
t o  reduce t h e  BF3 release rate  by a f a c t o r  of 100. D i sposa l  of t h e  re- 
s i d u a l  BF3 i n  t h e  of f -gas  stream from t h e  BF3 recovery  u n i t  (<2000 ppm) 
w i l l  s t i l l  be  a problem. P a s t  expe r i ence  i n d i c a t e s  t h a t  a c i d - l i q u i d  f o r -  
mation and p lugging  n e a r  t h e  e x i t  (where BF3 meets t h e  v e n t i l a t i o n  a i r  
stream) w i l l  t a k e  p l a c e  and remain a nuisance  u n l e s s  handled d i f f e r e n t l y .  
Bubbling through mine ra l  o i l  a t  t h e  release p o i n t  may be s a t i s f a c t o r y .  

Other p o s s i b l e  a l t e r n a t i v e s  are (1) bubble  t h e  e f f l u e n t  through a 
sc rubbe r  c o n t a i n i n g  mercury and w a t e r  o r  carbon t e t r a c h l o r i d e  and water  
and (2) r e a c t i n g  t h e  r e s i d u a l  BF3 w i t h  a l k a l i  m e t a l  ox ides  o r  f l u o r i d e s  
a t  e l e v a t e d  t empera tu res .  

The c o o l a n t  pump f o r  t h e  r e f e r e n c e  des ign  MSBR w i l l  o p e r a t e  a t  1150'F 

Corros ion  Product Depos i t i on .  - To remove t h e  c o r r o s i o n  p roduc t ,  

The des ign  of t h e  c o l d  t r a p s  must 
Na3CrF6, produced by moi s tu re  in-leakage i n t o  t h e  s a l t  system, an e f f i -  
c i e n t  co ld  t r a p  must be developed. 
i n c l u d e  c o n s i d e r a t i o n s  of  (1) s i m p l i c i t y  of o p e r a t i o n ,  i . e . ,  easy  temper- 
a t u r e  c o n t r o l ,  l o g i c a l  flow p a t t e r n  t o  t ake  advantage of d i f f e r i n g  s a l t  
d e n s i t i e s  due t o  tempera tures ,  (2) t e n a c i t y  of t h e  d e p o s i t  (powder o r  
c a k e ) ,  ( 3 )  r e p l a c e a b i l i t y  when loaded  wi th  Na3CrF6, and ( 4 )  a b i l i t y  t o  
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d e t e c t  and cope wi th  t h e  e f f e c t s  of small steam leaks (a steam l e a k  of  
0.115 l b / h r  would r e s u l t  i n  t he  s t o i c h i o m e t r i c  product ion  of 1 l b  of 
Na3CrFg pe r  h o u r ) ,  Add i t iona l  in format ion  is needed, such as d e p o s i t i o n  
rate as a f u n c t i o n  of concen t r a t ion ,  t empera ture ,  and c h a r a c t e r  of t h e  
d e p o s i t  - t h a t  i s ,  whether t h e  d e p o s i t  i s  a mixture  of NaBF4 and Na3CrFg. 
The CSTF is equipped wi th  a co ld  t r a p  which w i l l  p rov ide  t h e  answers t o  
some of t hese  q u e s t i o n s .  Because of t h e  s t e e p  r ise i n  l i q u i d u s  tempera- 
t u r e  (Fig.  5 .9)  w i th  dec reas ing  r a t i o  of NaBF4 t o  NaF and i ts  i m p l i c a t i o n s  
on co ld  t r a p  o p e r a t i o n  nea r  t h e  l i q u i d u s  tempera ture ,  a more p r e c i s e  
method of de te rmining  t h e  mole f r a c t i o n  of t h e s e  c o n s t i t u e n t s  i s  needed. 

M i s t  Cont ro l .  - M i s t  gene ra t ion  is a s s o c i a t e d  wi th  pump des ign;  t he  
smaller pumps, LFB-type on FCL-1 loop  and t h e  Alpha pump on t h e  FCL-2 
loop ,  have n o t  e x h i b i t e d  any m i s t  problems. The pump of f -gas  from t h e  
CSTF pump is  rou ted  through a t o r t u o u s  hea ted  p a t h ,  a l a r g e  h o t  s e t t l i n g  
chamber, and a l a r g e  co ld  s e t t l i n g  chamber b e f o r e  i t  i s  d ischarged  through 
1/4-in.-OD tubing .  This may be s u f f i c i e n t  t o  handle  t h e  m i s t  genera ted  
i n  t h e  pump bowl. I f  n o t ,  then  t h e  tests of a m i s t  t r a p  s l a t e d  f o r  t h e  
G a s  System Technology F a c i l i t y  (GSTF) w i l l  p rovide  u s e f u l  i n fo rma t ion  f o r  
des igning  an a l t e r n a t i v e  means f o r  c o n t r o l l i n g  t h e  m i s t  i n  t h e  coo lan t .  

On-Line Analys is .  - The on-l ine vol tammetic  s a l t  moni tor ing  dev ice  
developed by t h e  A n a l y t i c a l  Chemistry Div i s ion  needs t o  b e  t e s t e d  on 
l a r g e - s c a l e  pumped loops .  
d a t a  f o r  u se  i n  t h e  co ld  t r a p p i n g  o p e r a t i o n  of t h e  CSTF. Also t h e  ana- 
l y z e r  has  t h e  p o t e n t i a l  of a lmost  i n s t a n t a n e o u s l y  d e t e c t i n g  a steam l e a k  
i n t o  a f l u o r o b o r a t e  system. 

This  new t o o l  may provide  chromium impur i ty  

Coolant Leaks. - A s  exp la ined  i n  Chapter 5 ,  no v i o l e n t  exothermic 
r e a c t i o n s  occur  when f l u o r o b o r a t e s  are mixed wi th  steam o r  wi th  f l u o r i d e  
f u e l  salts .  I n  f a c t ,  f l u o r o b o r a t e s  are immiscible  wi th  molten mixtures  
of l i t h i u m  and be ry l l i um f l u o r i d e s  ove r  a s i g n i f i c a n t  range of cond i t ions .  
Uranium and o t h e r  tri- and t e t r a v a l e n t  e lements  are n o t  e x t r a c t e d  i n t o  
f l u o r o b o r a t e s  , and the  only high-melt ing compound t h a t  might b e  formed 
is sodium f l u o r i d e .  There i s  some mig ra t ion  of  LiF t o  t h e  f l u o r o b o r a t e  
phase,  and replacement of NaF by LiF i n  t h e  NaBF4 complex r e s u l t s  i n  an 
almost immediate release of some BF3 gas .  The d e t a i l e d  consequences of 
mixing of t h e  f u e l  s a l t  wi th  the  sodium f l u o r o b o r a t e  depend on (a) t h e  
rate of mixing of t h e  two streams, (b) t he  s o l u b i l i t y  of t h e  BF3 gas i n  
t h e  r e s u l t a n t  phase,  ( c )  t h e  r e l a t i v e  tempera tures  of t h e  two f l u i d s ,  
(d)  t h e  k i n e t i c s  of  r e a c t i o n s  between t h e  d i s t r i b u t e d  components, and 
( e )  which f l u i d  c o n s t i t u t e s  t h e  cont inuous phase.  P resen t  e v a l u a t i o n  of 
a l l  of t h e s e  f a c t o r s  i n d i c a t e s  t h a t  t h e r e  i s  no mechanism f o r  t h e  concen- 
t r a t i o n  of  uranium t o  produce a c r i t i ca l  c o n f i g u r a t i o n  and no compounds 
w i l l  be  formed which cannot b e  r e d i s s o l v e d  through t h e  a d d i t i o n  of appro- 
p r i a t e  chemical agen t s  [ 3 2 ] .  For MSBR use ,  moreover, t h e  a c c i d e n t a l  in -  
t r o d u c t i o n  of f l u o r o b o r a t e s  i n t o  t h e  c i r c u l a t i n g  f u e l  would cause  a l a r g e  
r e a c t i v i t y  dec rease  because of t he  boron, and thus  even a s m a l l  l e a k  

c 

c 
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would be qu ick ly  de t ec t ed .  The boron could b e  removed from t h e  f u e l  s a l t  
by t rea tment  w i th  HF. Some s t u d i e s  of mixing i n  a loop  system are needed 
i n  o r d e r  t o  b e t t e r  e v a l u a t e  t h e  e f f e c t s .  

Evalua t ion  

Although sodium f l u o r o b o r a t e  i s  somewhat of a nuisance  sa l t  compared 
wi th  LiF-BeF2, i ts  o p e r a t i o n a l  problems are n o t  insurmountable ,  and i t s  
lower l i q u i d u s  tempera ture  and c o s t  make i t  our  choice  f o r  t h e  MSBR. The 
major requirement  is s e n s i t i v e  and e a r l y  d e t e c t i o n  of moi s tu re  in l eakage  
t o  minimize c o r r o s i o n  of  t h e  c o n t a i n e r  material and corrosion-product  
d e p o s i t i o n  i n  t h e  s team-ra is ing  equipment. De tec t ion  of t h e  r e s u l t a n t  HF 
i n  t h e  of f -gas  l i n e  and d e t e c t i o n  of chromium by t h e  on- l ine  s a l t  a n a l y z e r  
are two promising methods f o r  d e t e c t i n g  mois ture  in leakage .  P rocess ing  
of t h e  coo lan t  sa l t  t o  make i t  serve as a tritium s i n k  is  d i scussed  i n  
Chapters  5 and 1 4 .  

Heat Exchangers 

Primary h e a t  exchangers ( s a l t - t o - s a l t )  and steam gene ra to r s  (salt- 
to-water) comprise t h e  coupl ing  between t h e  c i r c u l a t i n g  f u e l  r e a c t o r  
system, t h e  coo lan t  system, and t h e  steam system. Other h e a t  exchangers 
less impor tan t  from t h e  s t a n d p o i n t  of  development r equ i r ed ,  are t h e  steam 
r e h e a t e r s  ( sa l t - to -s team)  and t h e  reheat-s team-preheaters  (steam-to-steam). 
Some of  t h e  impor tan t  tempera tures  and p r e s s u r e s  w i t h i n  which t h e s e  h e a t  
exchangers must o p e r a t e  are g iven  i n  Table  8.5.  
w i l l  b e  found i n  t h e  r e f e r e n c e s  shown. 

convent iona l  h e a t  exchangers and no fundamental  problems of  hea t  t r a n s f e r  
o r  development are fo reseen .  Even though t h e  650°F r e h e a t  steam e n t e r s  
t h e  r e h e a t e r  below t h e  725'F l i q u i d u s  tempera ture  of t h e  coo lan t  sa l t ,  
t h e  low steam-side h e a t - t r a n s f e r  c o e f f i c i e n t  l e a d s  us t o  conclude t h a t  
t h e r e  w i l l  b e  no s i g n i f i c a n t  problem wi th  f r e e z i n g  of t h e  sa l t .  The re- 
maining d i s c u s s i o n  is  t h e r e f o r e  d i r e c t e d  toward the primary h e a t  exchanger 
and t h e  steam gene ra to r .  

More s p e c i f i c  i n fo rma t ion  

The steam r e h e a t e r  and t h e  r e h e a t  steam p r e h e a t e r  are regarded  as 

Requirements and Criteria f o r  t h e  Primary Heat Exchanger 
and Steam Genera tor  

The g e n e r a l  requirements  and cr i ter ia  common t o  t h e  primary h e a t  
exchanger and t h e  steam g e n e r a t o r  i n  o u r  r e f e r e n c e  des ign  are as fo l lows .  
Both are s h e l l  and tube h e a t  exchangers  f a b r i c a t e d  of Has te l loy  N and both  
must ma in ta in  t h e i r  s t r u c t u r a l  i n t e g r i t y  du r ing  a 30-yr des ign  l i f e  t h a t  
i nc ludes  thermal  t r a n s i e n t s  caused by normal o p e r a t i o n s ,  va r ious  p l a n t  
upse t s ,  and emergencies.  D i f f e r e n t i a l  expansion between tubes  and s h e l l  
must b e  accommodated wi thou t  t h e  use  of be l lows ,  and thermal  stresses at  
c r i t i ca l  l o c a t i o n s ,  such as tube  s h e e t s  and nozz le s ,  should b e  minimized 
wi thout  t he  use  of  a gas space  i f  p o s s i b l e .  



Table 8.5. Temperatures and pressures for MSBR heat exchangers 

Heat exchanger Fluid 

Primary Coolant salt (shell) 850 1150 150 
33 Fuel salt (tube) 1300 1050 180 

Steam generator 

Steam reheater 

Coolant salt (shell) 1150 850 233 
Supercritical steam (tube) 700 1000 3750 34 

Coolant salt (shell) 1150 850 228 
Steam (tube) 650 1000 580 35 

Reheat steam preheater Steam (shell) 550 650 595 
Supercritical steam (tube) 1000 869 3600 36 

P 
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The s t e a m  gene ra to r  tubes  w i l l  have s u p e r c r i t i c a l  steam on one s i d e  
and sodium f l u o r o b o r a t e  on t h e  o t h e r .  The peak tempera ture  of t h e  steam 
s i d e  w i l l  be about  1000°F and t h a t  on t h e  sa l t  s i d e  w i l l  b e  1150°F. Both 
of t h e s e  f l u i d s  are c o r r o s i v e  under c e r t a i n  cond i t ions .  A s  d i scussed  i n  
Chapters  5 and 7 ,  sodium f l u o r o b o r a t e  is  a g g r e s s i v e  when water is p r e s e n t  
i n  the  sa l t .  S team is o x i d i z i n g  t o  metals and can produce stress cor ro-  
s i o n  c racking  when i t  con ta ins  s m a l l  concen t r a t ions  of c h l o r i d e s .  Thus, 
t h e  material used f o r  steam g e n e r a t o r  tubes  i n  a mol ten-sa l t  system must 
resist co r ros ion  by both sodium f l u o r o b o r a t e  and steam, o r  duplex tubes  
must be used. 

With t h e  u s e  of thermal  b a f f l e s  f o r  t h e  p r o t e c t i o n  of  t h e  tube s h e e t ,  
t h e  700'F feedwater  e n t e r i n g  t h e  steam gene ra to r  w i l l  coo l  some of t h e  
s t a t i c  s a l t  below i ts  725'F l i q u i d u s  and f r e e z e  i t  on t h e  c o l d e r  s u r f a c e s .  
The des ign  must accommodate t h e  f r e e z i n g  and thawing of t h i s  small amount 
of  s a l t  wi thou t  s t r u c t u r a l  damage t o  t h e  steam gene ra to r .  

p o s s i b l e  even though t h e r e  is some induced sodium a c t i v i t y  i n  t h e  sodium 
f l u o r o b o r a t e .  
c u r i e s  p e r  gram of  s a l t )  f o r  d i r e c t  maintenance i f  d ra ined  of sa l t  [ 3 7 ] .  
Although t h e  e x t e n t  of t h e  problem is  u n c e r t a i n  at t h i s  t i m e  i t  is p o s s i b l e  
t h a t  t h e  maintenance p l a n  must be  a b l e  t o  accommodate two o t h e r  sou rces  
of r a d i o a c t i v e  contaminat ion.  Trace elements  (such as c o b a l t )  i n  t h e  
Has te l loy  N w i l l  b e  a c t i v a t e d  and could  be  subsequent ly  d i spe r sed  by t h e  
co r ros ion  p rocess .  F a i l u r e  of a primary h e a t  exchanger tube  could a l low 
f i s s i o n  products  t o  e n t e r  and be d i spe r sed  throughout t h e  secondary cir-  
c u i t .  The des ign  of the  steam g e n e r a t o r  must accommodate t h e  necessary  
maintenance and i n s p e c t i o n  t o  m e e t  t h e  requirements  f o r  i n - se rv ice  inspec-  
t i o n ,  f o r  minimizing down t i m e ,  and f o r  d e t e c t i o n ,  l o c a t i o n ,  and plugging 
of l e a k i n g  o r  damaged steam tubes .  

Two s p e c i a l  requirements  -minimum f u e l  s a l t  inventory  and maintain-  
a b i l i t y  by remote means - are imposed on t h e  primary h e a t  exchanger.  The 
low f u e l  sa l t  inven to ry  is d e s i r a b l e  t o  minimize t h e  doubl ing  t i m e  and 
inven to ry  c o s t s .  The use  of enhanced h e a t  t r a n s f e r  s u r f a c e s  on t h e  h e a t  
exchanger tubes  w i l l  serve t o  reduce t h e  t o t a l  s u r f a c e  area, and t h e  use  
of small tubes  w i l l  f u r t h e r  reduce t h e  f u e l  sa l t  volume. The r a p i d  re- 
placement of t h e  tube  bundle  ( o r  t h e  e n t i r e  u n i t )  by remote means i s  nec- 
essary to minimize down t i m e  i n  the event repair i s  necessary i n  the 
h igh ly  r a d i o a c t i v e  primary system. 

W e  b e l i e v e  t h a t  d i r e c t  maintenance of t h e  steam gene ra to r  w i l l  b e  

E s t i m a t e s  p l a c e  the  2 4 N a  a c t i v i t y  low enough (about  11 1-1 

Current  Concepts 

Conceptual des igns  of  molten sa l t  primary h e a t  exchangers and steam 

These are 
g e n e r a t o r s  have been o r  are be ing  prepared  by OWL, Ebasco Services Incor-  
po ra t ed ,  F o s t e r  Wheeler Corporat ion,  and by Black and Veatch. 
b r i e f l y  desc r ibed  and r e fe renced  i n  Tables  8.6 and 8 .7 .  

One steam g e n e r a t o r  c o n f i g u r a t i o n  which w i l l  r e c e i v e  a t t e n t i o n  i n  
f u t u r e  des ign  s t u d i e s  and has  promise of a l l e v i a t i n g  the  feedwater  temper- 
a t u r e  requirement  i s  t h e  bayonet  o r  r e -en t r an t  tube .  Although i n v e s t i g a -  
t i o n s  thus  f a r  i n d i c a t e  t h e  bayonet tube  c o n f i g u r a t i o n  is n o t  p r a c t i c a l  
a t  s u p e r c r i t i c a l  p r e s s u r e s  because of t h e  t h i c k  tube  w a l l  r e q u i r e d ,  i t  
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Table 8.6. Molten salt steam generator concepts 

Concept 
Tube sheet to 

tube sheet 
length (ft) 

Thermal Tube Tube size, Reference 
rating (MW) Number OD (in.) Configuration 

ORNL Reference Horizontal U-shell 121 393 '4 76 [401 
and tube 

Ebasco (B & W) Vertical helical 483 8 15 1 
coil u 

Foster Wheeler Vertical L 483 1025 34 
Molten Salt Vertical hockey stick 483 3450 '4 

Breeder Reactor 
Associates (B & V) 

112 

c 
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Table 8.7. Molten salt primary heat exchanger concepts 

Concept Basic configuration Tube size, 
rating (MW) number OD (in.) Reference Thermal Tube 

ORNL MSBR Reference Vertical shell with disk and 556 5800 
doughnut baffles; L-shaped 
tubes have helical indentation 
for enhancement 

ORNL MSBE Reference Same as above 150 1450 

ORNL MSDR Reference Horizontal U-shell and U-tube 125 1368 
Ebasco (B & W) Vertical straight shell and 556 7000 

sine-wave tube 

44 I 

45 1 
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has  d e f i n i t e  p o s s i b i l i t i e s  f o r  a s u b c r i t i c a l  p r e s s u r e  s y s  t e m .  Ebasco 
has  looked a t  t h i s  c o n f i g u r a t i o n  [38]  and t h e  Dutch propose t h i s  concept  
f o r  a molten-sal t -heated steam gene ra to r  [39 ] .  

Heat Trans fe r  Experience 

The o p e r a t i o n  of t h e  MSRE r e p r e s e n t s  t h e  most r e c e n t  l a r g e  scale 
exper ience  w i t h  s a l t - t o - s a l t  h e a t  exchangers [48] .  This  o p e r a t i o n  pro- 
v ided  a cons ide rab le  amount of conf idence  i n  t h e  des ign  t echn iques .  

The h e a t  t r a n s f e r  c o r r e l a t i o n s  used f o r  t h e  MSRE primary h e a t  ex- 
changer were based on t h e  prev ious  development tests which showed t h a t  
f l u o r i d e  sal ts  behave as normal f l u i d s .  
t h e  o v e r a l l  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  b e  less than  p r e d i c t e d ,  a re- 
e v a l u a t i o n  of  t h e  p h y s i c a l  p r o p e r t i e s  d i s c l o s e d  t h a t  t h e  a c t u a l  thermal  
c o n d u c t i v i t i e s  of  t h e  f u e l  and coo lan t  salts were below those  used i n  
the des ign  c a l c u l a t i o n s  and accounted f o r  t h e  d i f f e r e n c e  [49] .  The over- 
a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  of t h e  MSRE h e a t  exchanger d i d  n o t  change 
du r ing  some 22,000 h r  of  s a l t  c i r c u l a t i o n  and 13,000 e q u i v a l e n t  f u l l -  
power hours  o f  o p e r a t i o n  thus  i n d i c a t i n g  no bui ldup  of  scale and no  
ev idence  of  gas f i lming .  

proposed f o r  t h e  MSBR. However, some p re l imina ry  h e a t  t r a n s f e r  informa- 
t i o n  from t h e  o p e r a t i o n  of a small c o r r o s i o n  loop  wi th  sodium f l u o r o b o r a t e  
i n d i c a t e s  gene ra l  agreement wi th  t h e  Sieder-Tate  c o r r e l a t i o n  [50 ] .  Thus 
t h e  conclus ion  is t h a t  t he  use  of  a c c u r a t e  p h y s i c a l  p rope r ty  d a t a  wi th  
c o r r e l a t i o n s  f o r  normal f l u i d s  is adequate  f o r  h e a t  t r a n s f e r  des ign  w i t h  
f l u o r i d e  sal ts .  There is, however, no mol ten-sa l t  h e a t  t r a n s f e r  expe r i ence  
wi th  t h e  knur led  tubes  proposed f o r  t h e  primary h e a t  exchanger i n  t h e  ORNL 
r e f e r e n c e  des ign .  

C o r r e l a t i o n s  f o r  h e a t  t r a n s f e r  and p r e s s u r e  drop w e r e  chosen from 
open l i t e r a t u r e  and adapted f o r  use i n  des ign ing  t h e  MSBR r e f e r e n c e  p r i -  
mary h e a t  exchanger and steam gene ra to r .  Discuss ions  of t h e  use of t h e s e  
c o r r e l a t i o n s ,  c e r t a i n  c o r r e c t i o n  f a c t o r s  a p p l i e d  because  of  b a f f l e  spac ing ,  
bypass flow f a c t o r s ,  e tc . ,  are found i n  Ref. 5 1  for t h e  pr imary h e a t  ex- 
changer and 52 f o r  t h e  steam gene ra to r .  

a v a i l a b l e  expe r i ence  i n  t h e  gene ra t ion  of steam i n  high-temperature  molten- 
s a l t - h e a t e d  steam g e n e r a t o r s  is n i l .  There i s  a cons ide rab le  amount of  
exper ience ,  bo th  i n  t h e  USA and Europe, w i th  the  u s e  of  low-melting s a l t  
c a l l e d  Hitec f o r  t h e  gene ra t ion  of low-pressure steam and f o r  a h e a t  
t r a n s f e r  medium [53] .  This  s a l t  would b e  an e f f e c t i v e  b a r r i e r  f o r  t r i t i u m ,  
as desc r ibed  i n  Chapter 2 ,  and has  t h e r e f o r e  been  cons idered  f o r  u se  i n  a 
mol ten-sa l t  r e a c t o r  designed t o  be  b u i l t  w i th  a minimum of f u r t h e r  devel-  
opment [ 54 ] . 

When t h e  MSRE o p e r a t i o n  r evea led  

The sal t  compositions used i n  t h e  MSRE are n o t  t h e  same as p r e s e n t l y  

Although t h e  o p e r a t i n g  exper ience  wi th  salts  is q u i t e  e x t e n s i v e ,  t h e  

Materials Experience 

A s  discussed  i n  Chapter  5 and i n  t h e  d i s c u s s i o n  of t h e  coo lan t  sa l t  
earlier i n  t h i s  c h a p t e r  t h e  o p e r a t i o n  of  t h e  loops has  shown t h a t  sodium 
f l u o r o b o r a t e  is compatible  wi th  H a s t e l l o y  N i n  t h e  absence of i m p u r i t i e s ,  
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mainly mois ture .  I n  t h e  absence of mois ture ,  metal removal rates of  < 0 . 1  
m i l / y r  have been ob ta ined ,  which i s  low enough f o r  use  i n  a p l a n t  designed 
f o r  a 30-yr l i f e .  However, s i n c e  t h e  c o r r o s i o n  rate accelerates when 
moi s tu re  i s  in t roduced  and s i n c e  t h e  p l a n t  must have t h e  c a p a b i l i t y  o f  
recover ing  from a steam l e a k ,  a small p u r i f i c a t i o n  system must b e  provided 
f o r  removing water and c o r r o s i o n  products  from t h e  sa l t .  A method f o r  
removing water has  been demonstrated on a small scale and t h e  use  of c o l d  
t r app ing  t o  remove c o r r o s i o n  products  has  a l s o  been demonstrated.  

The c o m p a t i b i l i t y  of Has te l loy  N w i th  steam i s  b e i n g  i n v e s t i g a t e d  i n  
a test f a c i l i t y  i n  TVA'S B u l l  Run S t e a m  P l a n t ,  Uns t ressed  t abs  exposed 
a t  1000°F have ve ry  a c c e p t a b l e  metal l o s s  rates of <0.25 m i l / y r .  The 
B u l l  Run f a c i l i t y  h a s  been modif ied t o  accommodate s t r e s s e d  specimens 
and a few have f a i l e d  t o  d a t e .  The f a i l u r e  t i m e s  do n o t  seem o u t s i d e  
t h e  s c a t t e r b a n d  f o r  f a i l u r e  t i m e s  ob ta ined  i n  i n e r t  gas .  
be ing  conducted t o  e v a l u a t e  t h e  p o s s i b i l i t i e s  o f  stress c o r r o s i o n  of 
Has te l loy  N i n  the  presence  of steam as r e p o r t e d  by S p a l a r i s  e t  aZ. [55]  
based on t h e i r  r a t h e r  l i m i t e d  work. 

Some tests are i n  p rogres s  on duplex tub ing  manufactured by t h e  
I n t e r n a t i o n a l  Nicke l  Company wi th  Incoloy 800 on the  steam s i d e  ( i n s i d e )  
and n i c k e l  on the  s a l t  s i d e  ( o u t s i d e ) .  This  combination c o n t a c t s  f l u i d s  
wi th  the  a l l o y s  t h a t  have e x c e l l e n t  c o m p a t i b i l i t y ,  

This work is 

S t a t u s  of Heat Exchanger Technolopy 

With t h e  background of MSRE exper ience  and t h e  subsequent  develop- 
ment o p e r a t i o n ,  w e  are conf iden t  of be ing  a b l e  t o  p r e d i c t  s a l t - s i d e  h e a t  
t r a n s f e r  c o e f f i c i e n t s  w i t h  a c c u r a t e  p h y s i c a l  p r o p e r t i e s  a v a i l a b l e .  Much 
more t e s t i n g  and o p e r a t i n g  expe r i ence  is  needed t o  v e r i f y  p re sen t  i n f o r -  
mat ion and t h e  r e v i s e d  s a l t  compositions concerning p h y s i c a l  p r o p e r t i e s ,  
h e a t  t r a n s f e r ,  and p r e s s u r e  drop c o r r e l a t i o n s ,  and t h e  avoidance o f  flow 
i n s t a b i l i t y  and s t r a t i f i c a t i o n  problems. 

ques t ions  must b e  r e so lved  b e f o r e  a f i r m  conclus ion  can be reached.  The 
duplex tub ing  of n icke l - Incoloy  800 looks  promising: t h e  c o m p a t i b i l i t y  
is  e x c e l l e n t ,  and product ion  methods f o r  t h e  tub ing  have been developed 
s o  t h a t  a h igh  q u a l i t y  product  can be  ob ta ined  a t  less c o s t  than  Has te l loy  
N tub ing .  On t h e  o t h e r  hand, steam gene ra to r  f a b r i c a t i o n  would be  com- 
p l i c a t e d  by use  of t he  duplex tubes .  

c r i t i c a l  steam: over  140 s u p e r c r i t i c a l  p r e s s u r e  steam gene ra to r  u n i t s  are 
now o p e r a t i n g ,  under c o n s t r u c t i o n ,  o r  on o r d e r  i n  the  U.S., Europe, and 
Japan [56] .  Design of mol ten-sa l t  s t e a m  gene ra to r s  can draw on t h i s  
exper ience .  

t he  MSBR system, 
t h e  primary sa l t  and t h e  coo lan t  s a l t  co ld  l e g  temperatures  above t h e i r  
r e s p e c t i v e  f r e e z i n g  tempera tures ,  e i t h e r  of two c o n t r o l  schemes would be  
s a t i s f a c t o r y ;  bo th  r e q u i r e  a v a r i a b l e  coo lan t  s a l t  flow. One c o n t r o l  
scheme would r e q u i r e  a t t empera t ion  of o u t l e t  steam temperature  b e f o r e  
reaching  the  t u r b i n e  and t h e  second would r e q u i r e  a c o n t r o l l e d  bypass 

The exper ience  w i t h  H a s t e l l o y  N i n  steam is most ly  good, b u t  some 

A cons ide rab le  amount of i n fo rma t ion  is  a v a i l a b l e  on t h e  u s e  of super-  

Some work has  been done wi th  ana log  s imula t ions  on t h e  c o n t r o l  of  
The r e s u l t s  i n d i c a t e d  t h a t  i n  o r d e r  t o  ma in ta in  bo th  
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flow of coolan t  s a l t  around t h e  primary h e a t  exchanger [57 ] .  The attem- 
p e r a t i o n  of o u t l e t  steam between t h e  steam g e n e r a t o r  and t h e  t u r b i n e  in -  
t roduces  some u n c e r t a i n t y  i n  t u r b i n e  p r o t e c t i o n ,  wh i l e  t h e  c o n t r o l l e d  
bypass flow would r e q u i r e  t h e  development of a s a l t  t h r o t t l i n g  valve. The 
problems of a t t empera t ion  w i l l  b e  explored  as p a r t  o f  t h e  steam gene ra to r  
i n d u s t r i a l  porgram. The s a l t  va lve  requirements  are d i scussed  la ter  i n  
t h i s  chap te r .  There is  a l s o  some work b e i n g  done a t  ORNL w i t h  a h y b r i d  
computer t o  i d e n t i f y  and d e f i n e  v a r i o u s  c o n t r o l  and emergency t r a n s i e n t s  
which w i l l  b e  imposed on h e a t  exchangers  so  t h a t  t h e  des igne r  can e f f e c -  
t i v e l y  d e a l  w i t h  them by e i t h e r  c o n t r o l  system des ign  o r  s t r u c t u r a l  des ign  
[58] .  

Some in fo rma t ion  w a s  ob ta ined  from t h e  MSRE on the  d e p o s i t i o n  of  f i s -  
s i o n  products  i n  t h e  primary h e a t  exchanger [ 5 9 ] .  However, more informa- 
t i o n  is needed f o r  l a r g e r  systems i n  which the  d e p o s i t i o n  of  f i s s i o n  
products  is expec ted  t o  b e  much h i g h e r .  (See Chapter  1 4 ,  Table  14.2.)  

The MSRE provided a background of  i n fo rma t ion  on remote and semi- 
d i r e c t  maintenance problems of  r a d i o a c t i v e  systems (see Chapter 1 2 ) .  How- 
eve r ,  more in fo rma t ion  i s  needed on maintenance and i n s p e c t i o n  needs and 
methods which may have a d i r e c t  b e a r i n g  on t h e  c o n f i g u r a t i o n  and perform- 
ance c h a r a c t e r i s t i c s  of  h e a t  exchangers .  

S ince  many of  t h e  problems of  mol t en - sa l t  and l i qu id -me ta l  systems 
are similar,  t h e  exper ience  be ing  ga ined  i n  the  LMFBR program w i l l  b e  
h e l p f u l  i n  p rov id ing  in fo rma t ion  which is e i t h e r  d i r e c t l y  a p p l i c a b l e  o r  
a t  least s u f f i c i e n t l y  similar t o  p rov ide  guidance i n  p lanning  t h e  develop- 
ment program. A few examples of  LMFBR development areas i n  which problems 
are s imilar  are as fo l lows .  Work done i n  t h e  development of  high-temper- 
a t u r e  des ign  cri teria and thermal  stress a n a l y s i s  of  complex geometr ies  
w i l l  be  a p p l i c a b l e  a l though t h e  materials are n o t  t h e  same. The problems 
of s t a b i l i t y  and flow reversal a t  l o w  l o a d  on t h e  tube  and s h e l l  s i d e s  
r e s p e c t i v e l y  are s imilar  t o  those  of  a mol t en - sa l t  steam gene ra to r .  
problems of ove rp res su re  p r o t e c t i o n  and p r e s s u r e  p u l s e  a n a l y s i s  of t h e  
secondary system are s imilar  and p o r t i o n s  of  t h e  LMFBR expe r i ence  w i l l  b e  
h e l p f u l  i n  p lanning  t h e  mol ten-sa l t  tests. 
development of techniques  f o r  t h e  f a b r i c a t i o n  of t h i c k  tube  s h e e t s  and 
j o i n i n g  of  tubes  t o  tube s h e e t s  w i l l  b e  of b e n e f i t  t o  t h e  mol ten-sa l t  
program. 

(See f u r t h e r  d i s c u s s i o n  i n  Chapter  10.)  

The 

The LMFBR expe r i ence  i n  t h e  

U n c e r t a i n t i e s  and T h e i r  S e n s i t i v i t y  t o  Nonachievement of  Ob jec t ives  

Feedwater Temperature L i m i t .  - The lower l i m i t  o f  feedwater  tempera- 
t u r e  t h a t  is workable i n  a steam g e n e r a t o r  h e a t e d  by sal t  which f r e e z e s  
at 725'F is u n c e r t a i n .  
t u r e  and s u p e r c r i t i c a l  p r e s s u r e  t o  b e  c o n s e r v a t i v e  and a n t i c i p a t e  develop- 
ment t e s t i n g  t o  r e s o l v e  t h i s  u n c e r t a i n t y  w i l l  r e s u l t  i n  s i m p l i f i c a t i o n  
of t h e  steam g e n e r a t o r  des ign ,  t h e  steam system, and t h e  s t a r t u p  system 
from t h a t  of  t h e  ORNL r e f e r e n c e  des ign .  A s  desc r ibed  la ter  i n  t h i s  c h a p t e r  
under t h e  d i s c u s s i o n  of  t he  steam system, i f  lower feedwater  tempera tures  
are found t o  b e  f e a s i b l e ,  i t  i s  p o s s i b l e  t h a t  a s u b c r i t i c a l  p r e s s u r e  steam 
system can b e  used. A f e a s i b i l i t y  s t u d y  of t h e  u s e  of a lower feedwater  
tempera ture  w i l l  b e  performed by F o s t e r  Wheeler as p a r t  of  t h e  i n d u s t r i a l  
program [60] .  

We b e l i e v e  t h e  p r e s e n t l y  proposed 700'F tempera- 

c 
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Tube Sheet  P r o t e c t i o n .  - The tube  s h e e t  w i l l  have t o  be p r o t e c t e d  
from r a p i d  temperature  changes which could  be  imposed by thermal  t r an -  
s i e n t s  i n  t h e  s a l t .  This  can b e  done by p rov id ing  a b u f f e r  between t h e  
tube  s h e e t  and t h e  f lowing s a l t  such as a gas space  o r  a l a y e r  of s t a t i c  
sa l t .  I n  t h e  molten s a l t  steam gene ra to r  i t  i s  proposed t o  provide  t h i s  
p r o t e c t i o n  by s t a t i c  s a l t  behind  a thermal  b a f f l e .  
space  w i l l  b e  avoided i f  a t  a l l  p o s s i b l e .  
a gas space  which o p e r a t e s  n e a r  the  pump s u c t i o n  p r e s s u r e  any a d d i t i o n a l  
f r e e  l i q u i d  s u r f a c e s  i n  t h e  steam gene ra to r s  w i l l  r e q u i r e  i n d i v i d u a l  
c o n t r o l s  which va ry  t h e  gas p r e s s u r e  accord ing  t o  the  c i r c u i t  flow resis- 
t ance  a t  t h a t  l o c a t i o n ,  Changes of l eve l  w i l l  occur  i n  a few seconds 
when the  s a l t  pump s t o p s  suddenly.  Level c o n t r o l  is thus  complex r e q u i r -  
i n g  s a l t  level  measurement and s e n s i t i v e  gas p r e s s u r e  c o n t r o l s  w i th  prob- 
l e m s  of undetermined s e r i o u s n e s s  a r i s i n g  from a c o n t r o l  f a i l u r e .  I f  t h i s  
l i q u i d  l e v e l  t ends  t o  o s c i l l a t e  t h e r e  could  be  some u n d e s i r a b l e  tempera- 
t u r e  f l u c t u a t i o n s  i n  t h e  tube  w a l l s  a t  t h e  l i q u i d  gas i n t e r f a c e .  

s a l t  b u f f e r  between t h e  tube s h e e t  and t h e  f lowing sal t  may r e s u l t  i n  some 
sa l t  f r e e z i n g .  The sodium f l u o r o b o r a t e  coo lan t  sa l t  undergoes a volume 
reduc t ion  of  about  4-1/2% on f r e e z i n g  [61 ] ,  and t h e r e  is some u n c e r t a i n t y  
as t o  the  b e s t  means of accommodating t h i s  volume change. W e  r ega rd  t h i s  
problem as an important  development o b j e c t i v e  b u t  do n o t  view i t  as a 
s e r i o u s  u n c e r t a i n t y  a t  t h i s  t i m e .  

The use  of  a gas 
S ince  t h e  sa l t  pump r e q u i r e s  

A s  mentioned earlier,  t h e  use of  a thermal  b a f f l e  t o  main ta in  a s t a t i c  

Flow I n s t a b i l i t i e s  i n  t h e  Steam Generator .  - The s e n s i t i v i t y  t o  s t a t i c  
and dynamic flow i n s t a b i l i t i e s  du r ing  f u l l  and p a r t  l o a d  o p e r a t i o n  i s  an 
impor tan t  u n c e r t a i n t y .  Although t h e  mol ten-sa l t  r e a c t o r  i s  in t ended  t o  
b e  a base  load  power p l a n t ,  t h e  steam gene ra to r  must be  a b l e  t o  traverse 
low l o a d s  du r ing  steam-system s t a r t u p  and shutdown. Also the  steam gen- 
e r a t o r  could b e  used t o  remove f i s s i o n  product  h e a t  a f t e r  t h e  r e a c t o r  i s  
s h u t  down i f  i t  can b e  shown t h a t  t h i s  can be done wi thout  damage. The 
des igne r  can p r e d i c t  and avoid  s t a t i c  i n s t a b i l i t y  wi th  a reasonably h igh  
degree  of  conf idence .  
ana lyze  and q u a n t i f i e d  s o l u t i o n s  are n o t  a v a i l a b l e .  

Dynamic i n s t a b i l i t y  i s  much more d i f f i c u l t  t o  

Conf igu ra t ion .  - The u n c e r t a i n t y  i n  t h e  s e l e c t i o n  of h e a t  exchanger 
c o n f i g u r a t i o n s  l ies  i n  t h e  assignment of weight ing  f a c t o r s  t o  t h e  v a r i o u s  
t rade-of f  des ign  f e a t u r e s  such as s t a b i l i t y  a t  l o w  l o a d  (s team g e n e r a t o r ) ,  
down-time c o s t s  a s s o c i a t e d  wi th  maintenance and i n s p e c t i o n ,  f a b r i c a b i l i t y ,  
r e l i a b i l i t y ,  system p i p i n g  l a y o u t ,  c e l l  volume, and f u e l  s a l t  i nven to ry  
(pr imary h e a t  exchanger ) .  Analys is  and eng inee r ing  judgment can go f a r  
i n  t h e  assignment of conse rva t ive  we igh t ing  f a c t o r s  t o  t h e s e  t r ade -o f f s .  
However, feedback from development t e s t i n g  i s  necessa ry  t o  i n d i c a t e  how 
real is t ic  t h e s e  assignments  are. 

P res su re  Pu l se  from Rupture of a S t e a m  Tube. - The magnitude and 
d u r a t i o n  of  a p r e s s u r e  p u l s e  r e s u l t i n g  from a c r e d i b l e  steam tube r u p t u r e  
must b e  determined and b e  f a c t o r e d  i n t o  t h e  des ign  of  t h e  s h e l l  and 
pressure-re lie f sys  t em. 
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C o r r e l a t i o n s  and P h y s i c a l  P r o p e r t i e s .  - The u n c e r t a i n t i e s  i n  h e a t  
t r a n s f e r  and pressure-drop c o r r e l a t i o n s  are probably less than  those  of  
t h e  sa l t  p h y s i c a l  p r o p e r t i e s  s i n c e  i t  has  been e s t a b l i s h e d  t h a t  salts 
behave as normal f l u i d s  [ 6 2 ] .  Although t h e r e  was  no ev idence  of  gas f i l m s  
o r  f o u l i n g  i n  t h e  MSRE h e a t  exchanger [ 6 3 ] ,  u n c e r t a i n t i e s  remain concern- 
i n g  t h e  p o s s i b l e  f o u l i n g  of t h e  steam g e n e r a t o r  s u r f a c e s  and i n  t h e  u s e  of 
t h e  knur led  (enhanced) tubes  of t h e  pr imary h e a t  exchanger.  V e r i f i c a t i o n  
of p r e s e n t  i n fo rma t ion  on c o r r e l a t i o n s  and p h y s i c a l  p r o p e r t i e s  and r e so lu -  
t i o n  of t he  remaining u n c e r t a i n t i e s  are needed t o  provide  i n c r e a s e d  con- 
f idence  i n  t h e i r  use.  

Thermal T r a n s i e n t s .  - T r a n s i e n t s  i n  o p e r a t i n g  c o n d i t i o n s  cause  thermal  
stresses i n  t h e  p i p i n g  and h e a t  exchangers  by caus ing  t h e  m e t a l  s u r f a c e  
tempera ture  t o  change more r a p i d l y  than  t h e  i n t e r i o r .  Although b a s i c  
h e a t  exchanger des ign  may n o t  b e  ve ry  s e n s i t i v e  t o  t h e  a c c u r a t e  d e f i n i t i o n  
of thermal  t r a n s i e n t s  i t  is a problem which must b e  more f u l l y  explored  
so t h a t  necessa ry  accommodations can be  made i n  t h e  des ign  of b o t h  t h e  
h e a t  exchangers  and t h e  c o n t r o l  system. Some work has  been done i n  t h e  
modeling of t h e  MSBR r e f e r e n c e  system on a hybr id  computer system [ 6 4 ] .  

S t e a m  Wastage and Leak De tec t ion  (Steam Genera tor ) .  - The was tage  
rate of  a small steam l e a k  a g a i n s t  Has t e l loy  N i n  t h e  presence  of  sodium 
f l u o r o b o r a t e  is  an u n c e r t a i n t y .  Another is t h e  b e s t  method of  l e a k  de- 
t e c t i o n .  Although t h e  b a s i c  steam g e n e r a t o r  des ign  is n o t  very s e n s i t i v e  
t o  t h e s e  u n c e r t a i n t i e s ,  development is needed t o  provide  b a s i c  in fo rma t ion  
on l e a k  d e t e c t i o n ,  wastage parameters ,  and p l a n t  shut-down cri teria i n  
t h e  event  of a steam l e a k .  

F i s s i o n  Product  Depos i t ion .  - The e x i s t i n g  u n c e r t a i n t i e s  i n  t h e  quan- 
t i t y  and l o c a t i o n  of  f i s s i o n  product  d e p o s i t i o n  on components and p i p i n g  
(see Chapters  5 and 14)  a f f e c t  n o t  on ly  t h e  h e a t i n g  problem b u t  a l s o  the  
maintenance p lanning .  I n  p a r t i c u l a r ,  t h e  d i s t r i b u t i o n  of  f i s s i o n  p roduc t s  
and t h e  h e a t  l o a d s  imposed must b e  e v a l u a t e d  i n  o r d e r  t o  provide  f o r  e m e r -  
gency coo l ing  o f  t h e  empty pr imary h e a t  exchanger i n  t h e  event  t h e  salts  
could n o t  remain i n  t h e  system. 

Materials Compa t ib i l i t y .  - The c o m p a t i b i l i t y  of H a s t e l l o y  N w i t h  t h e  
f l u o r i d e  salts is d i scussed  i n  Chapter  7 .  
wi th  s u p e r c r i t i c a l  p r e s s u r e  steam is an  u n c e r t a i n t y  a t  t h i s  t i m e  w i th  
tests i n  p rogres s  [65 ] .  The p o s s i b l e  use  of  o t h e r  materials i n  t h e  steam 
genera to r  is  mentioned i n  Chapter  7 .  F a i l u r e  t o  meet t h e  requirement  
could cause t h e  change of  c o n t a i n e r  material o r  t h e  use of duplex  tub ing  
f o r  t he  steam g e n e r a t o r  [ 6 6 ] .  

The c o m p a t i b i l i t y  of Has te l loy  N 

c 
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F a b r i c a t i o n  Techniques.  - S p e c i f i c  j o i n t  des igns ,  f a b r i c a t i o n  proce- 
du res ,  and i n s p e c t i o n  procedures  have n o t  been chosen a t  t h i s  t i m e .  How- 
ever, t h e s e  p r e s e n t  no unusual  problems and can b e  expected t o  evolve  
wi th  the  h e a t  exchanger design.  S p e c i f i c  problems w i l l  be r e so lved  as 
they  arise wi th  t h e  p a r t i c i p a t i o n  of  i n d u s t r i a l  f i rms .  
enhanced h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  proposed f o r  t h e  primary h e a t  ex- 
changer r e p r e s e n t s  an u n c e r t a i n t y  which must be  explored.  Using unen- 
hanced tub ing  would i n c r e a s e  t h e  h e a t  exchanger f u e l  s a l t  volume about  
40 t o  50% which means a 6 t o  7% i n c r e a s e  i n  t o t a l  f u e l  sa l t  inven to ry .  

The tub ing  wi th  

Development Program f o r  Heat Exchangers 

Primary Heat Exchanger. - The most impor tan t  u n c e r t a i n t y  concerning 
the  primary h e a t  exchanger t o  b e  r e so lved  by development is t h a t  of m a t e -  
r ials.  The materials problems are d i scussed  i n  Chapter  7 .  

The nex t  most impor tan t  u n c e r t a i n t y  f o r  t h e  primary h e a t  exchanger 
i s  whether  t h e  enhanced tub ing  w i l l  have t h e  assumed s t r u c t u r a l  and h e a t  
t r a n s f e r  c h a r a c t e r i s t i c s  necessa ry  f o r  a l o w  sa l t  inven to ry .  H e a t  t r a n s f e r  
tests wi th  s a l t  would b e  necessa ry  t o  v e r i f y  t h e  s t r u c t u r a l  and h e a t  t r a n s -  
f e r  c h a r a c t e r i s t i c s .  The t e s t i n g  should  a l s o  inc lude  t h e  p rov i s ions  f o r  
remote maintenance t h a t  are inco rpora t ed  i n  t h e  h e a t  exchanger des ign .  

S t e a m  Generator  Materials 

.m 

* 

W e  p l a n  t o  cont inue  o p e r a t i o n  of t h e  steam c o r r o s i o n  f a c i l i t y  a t  
TVA's  B u l l  Run Steam P l a n t .  This  f a c i l i t y  w i l l  accommodate 100 u n s t r e s s e d  
coupons and 13 s t r e s s e d  specimens.  The e v a l u a t i o n  of Has te l loy  N ,  par- 
t i c u l a r l y  i n  t h e  s t r e s s e d  s t a t e ,  w i l l  con t inue  u n t i l  a conclus ion  can be 
made about i ts  c o m p a t i b i l i t y  w i t h  steam under stress. Enough in fo rma t ion  
a l r e a d y  e x i s t s  on Incoloy 800 and Incone l  600 i n  steam t h a t  e v a l u a t i o n  
programs on t h e s e  materials w i l l  n o t  b e  necessa ry .  

I n  o r d e r  t o  e v a l u a t e  t h e  use  of Incone l  600 i n  con tac t  wi th  coo lan t  
s a l t  and steam, tests would b e  needed t o  de te rmine  t h e  c o m p a t i b i l i t y  of 
Inconel  600 wi th  sodium f l u o r o b o r a t e .  The i n i t i a l  tests should  b e  thermal  
convect ion loops ,  w i th  tests i n  pumped systems i n i t i a t e d  i f  t h e  r e s u l t s  
from t h e  thermal  convec t ion  loops look  f avorab le .  

The work most needed on t h e  duplex Incoloy 8 0 h i c k e l  tub ing  i s  an 
e v a l u a t i o n  of  t h e  mechanical i n t e g r i t y  of t h e  product .  Each s i d e  of t h e  
tube is compatible  wi th  i t s  r e s p e c t i v e  environment,  namely Incoloy 800 
wi th  steam and n i c k e l  w i th  f l u o r o b o r a t e .  The tests of mechanical i n t e g r i t y  
w i l l  be  p r i m a r i l y  long-term tube  b u r s t  tests i n  i n e r t  gas environment.  
The main ques t ions  t o  b e  answered concern t h e  i n t e g r i t y  of t h e  b i m e t a l  
i n t e r f a c e  and t h e  r e s i s t a n c e  of  t he  n i c k e l  t o  i n t e r g r a n u l a r  s e p a r a t i o n .  
I f  t h e s e  tests are favorab le ,  t he  q u e s t i o n  of j o i n i n g  techniques must b e  
eva lua ted .  Welding heads c u r r e n t l y  e x i s t  t h a t  permi t  welds wi th  f i l l e r  
m e t a l  t o  b e  made i n s i d e  3 / 4  i n .  diameter  t ubes .  The e v a l u a t i o n  of 
j o i n t  des igns  t h a t  u t i l i z e  t h i s  equipment w i l l  b e  a p a r t  of our  f u t u r e  
program. 



Although crevice co r ros ion  is  n o t  thought  t o  be  a problem i n  t h e  
n icke l -base  a l l o y s  w e  do need work t o  prove i t .  The main q u e s t i o n s  t o  
b e  answered concern the  e f f e c t  f l u o r o b o r a t e  would have on t h e  c o r r o s i o n  
c h a r a c t e r i s t i c s  r e s u l t i n g  from water which is  n o t  removal from crevices 
such as i n  t h e  tube  headers  of t h e  h e a t  
Unfavorable r e s u l t s  would mean t h a t  t h e  
designed f r e e  of crevices. 

S team Genera tor .  - The development 
gene ra to r s  is d iv ided  i n t o  t h r e e  phases  

exchanger and t h e  steam genera to r .  
coo lan t  system would have t o  be  

p l a n  f o r  mol t en - sa l t  h e a t e d  steam 
d e s c r i b e d  i n  [ 671. - 

The major e f f o r t  of phase one, p r e s e n t l y  i n  p rogres s ,  c o n s i s t s  of  a 
conceptua l  des ign  s tudy  by F o s t e r  Wheeler Corpora t ion  [ 6 8 ] .  The s tudy  
c o n s i s t s  of  f o u r  t a s k s  as follows: '  

Task 1. Prepa re  a conceptua l  des ign  of a steam genera to r  f o r  t h e  1000-MW(e) 
MSBR r e f e r e n c e  p l a n t ,  This  steam g e n e r a t o r  is  t o  produce steam 
at  lOOO'F and 3500 p s i a  from feedwater  at 700'F. 

Task 2.  I n v e s t i g a t e  t h e  f e a s i b i l i t y  of  steam gene ra to r s  t h a t  produce 
steam a t  lOOO'F and 3500 p s i a  and lOOO'F and 2400 p s i a  from 
feedwater  at 500 and 600'F. 
are favorab le ,  p repa re  conceptua l  des igns  of  steam g e n e r a t o r s  
f o r  one o r  bo th  cond i t ions .  

I f  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  

Task 3 .  Prepa re  a conceptua l  des ign  of a steam g e n e r a t o r  of a s i z e  appro- 
p r i a t e  f o r  t h e  150-MW(t) MSBE based on a des ign  s e l e c t e d  from 
1 and 2 above. 

Task 4 .  Descr ibe  t h e  r e sea rch  and development program r e q u i r e d  t o  
e s t a b l i s h  t h e  f e a s i b i l i t y  of  t h e  steam g e n e r a t o r  of MSBE s i z e .  

I n  a d d i t i o n  t o  t h e  des ign  s tudy  some small-scale tests w i l l  b e  per-  
formed and a steam g e n e r a t o r  development r e p o r t  w i l l  b e  prepared  i f  funding  
is  adequate .  

s i g n  of t h e  MSBE s i z e  steam gene ra to r ,  t o  conduct tests and e v a l u a t i o n s  
necessary  t o  guide t h e  des ign ,  and t o  demonst ra te  i n  s m a l l  tests of  pro- 
t o types  t h a t  t h e  des ign  w i l l  perform about  as expec ted .  Performance tests 
of  models t h a t  c o n t a i n  a few f u l l  s i z e  tubes  would b e  conducted under f u l l  
h e a t  f l u x  cond i t ions  i n  a 3-MW f a c i l i t y  as desc r ibed  i n  [69] .  

The t h i r d  phase w i l l  c o n s i s t  of  eng inee r ing  tests on p r o t o t y p e  steam 
gene ra to r s .  The tests would be  performed as p a r t  of t h e  o p e r a t i o n  of t h e  
u n i t s  i n  t h e  steam system of  a r e a c t o r  experiment  o r  demonst ra t ion  p l a n t .  
One o r  more i n d u s t r i a l  companies w i l l  p r epa re  the  d e t a i l e d  des ign  and 
manufacture t h e  steam g e n e r a t o r  p ro to types .  
du r ing  t h i s  phase,  t h e  manufacturer  would have demonstrated t h e  capa- 
b i l i t i e s  needed f o r  supply ing  r e l i a b l e  steam gene ra to r s  f o r  any f u t u r e  
needs of t h e  MSBR Program. 
t h e  MSBR des ign  at t h e  t i m e  of phase t h r e e  s p e c i f i e s  a modular steam gen- 
e r a t o r  (as p r e s e n t l y  shown f o r  t h e  ORNL r e f e r e n c e  des ign)  o r  a u n i t  steam 
g e n e r a t o r  (such as proposed by. F o s t e r  Wheeler and Ebasco) . 

I n  t h e  second phase,  t h e  p l a n  is  t o  proceed wi th  t h e  p re l imina ry  de- 

With t h e  expe r i ence  gained 

Scaleup requirements  w i l l  depend on whether  
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Eva lua t ion  

With t h e  excep t ion  of t h e  materials problem of t h e  primary h e a t  ex- 
changer ( s e e  Chapter  7 )  , none of  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  wi th  h e a t  
exchangers and steam gene ra to r s  is seen  as fundamental .  A l l  u n c e r t a i n t i e s  
are cons idered  t o  be  r e s o l v a b l e  wi th  t h e  a p p l i c a t i o n  of an adequate ly  
funded program of  a n a l y s i s  and development. The reviews made by t h e  
Molten S a l t  Group and Molten S a l t  Breeder Reac tor  Assoc ia t e s  (Black and 
Veatch) reached t h i s  same conclus ion  [ 70, 43 p. 591.  

There is l i t t l e  q u e s t i o n  t h a t  primary h e a t  exchangers and steam 
gene ra to r s  can be developed f o r  t h e  MSBE and t h e  l a r g e r  MSBRs. Perform- 
ance c h a r a c t e r i s t i c s  t h a t  are n o t  q u i t e  as good as d e s i r e d  may have t o  
b e  accepted  i n  exchange f o r  g r e a t e r  r e l i a b i l i t y  and ease of  maintenance. 
Much of t he  technology be ing  developed f o r  t he  h e a t  exchangers and steam 
gene ra to r s  f o r  LMFBRs appears  t o  be a p p l i c a b l e  t o  t h e  equipment f o r  molten 
sa l t  r e a c t o r s .  
w i l l  b e  r e q u i r e d  t o  develop t h e  u n i t s  f o r  molten s a l t  r e a c t o r s ,  b u t  a sub- 
s t a n t i a l  development and test program w i l l ,  n e v e r t h e l e s s ,  be  r equ i r ed .  

We would p r e f e r  t o  use Has te l loy  N f o r  a l l  p a r t s  t h a t  c o n t a c t  sa l t .  
However, our  c u r r e n t  test r e s u l t s  are n o t  s u f f i c i e n t  t o  a l low us t o  con- 
c lude  whether Has te l loy  N i s  compatible  wi th  steam. A program is i n  
progress  t h a t  w i l l  answer t h i s  ques t ion .  A second materials choice  would 
b e  the  use of Incone l  600 throughout t he  system. This  material is com- 
p a t i b l e  wi th  steam, b u t  i ts  c o m p a t i b i l i t y  w i th  sodium f l u o r o b o r a t e  must 
b e  eva lua ted .  A duplex  tube  wi th  Incoloy 800 on t h e  steam s i d e  and n i c k e l  
on the  sodium f l u o r o b o r a t e  s i d e  should  have e x c e l l e n t  c o m p a t i b i l i t y  w i th  
t h e  f l u i d s .  The mechanical  i n t e g r i t y  of t h i s  product  and t h e  a b i l i t y  t o  
make sound j o i n t s  remain t o  be  demonstrated.  

Its use  i s  expected t o  s u b s t a n t i a l l y  reduce  t h e  work t h a t  

Steam System 

Presen t  ProDosals f o r  S u D e r c r i t i c a l  Steam Cvcle 

-" The steam-power system proposed f o r  t h e  MSBR r e f e r e n c e  des ign  [71]  
c o n s i s t s  of s u p e r c r i t i c a l  cyc le  and equipment which is convent iona l  except  
f o r  t he  feedwater  and r e h e a t  steam p r e h e a t i n g  f a c i l i t i e s .  The cyc le  used 
i n  t h e  B u l l  Run steam s t a t i o n  of t h e  TVA w a s  adapted  f o r  t h e  MSBR s tudy  
t o  make t h e  c o s t  and performance estimates rea l i s t ic .  

and 1000°F. 
t h e  c o n t r o l  of  t u r b i n e  i n l e t  cond i t ions  a t  pa r t - load  o p e r a t i o n .  Some 
steam is e x t r a c t e d  from t h e  h igh  p r e s s u r e  t u r b i n e  f o r  d r i v i n g  t h e  main 
b o i l e r  feedwater  t u r b i n e  and f o r  t h e  f i n a l  s t a g e  of r e g e n e r a t i v e  feedwater  
h e a t i n g .  Another e x t r a c t i o n  is made a t  about  600 p s i a  f o r  t h e  p r e h e a t e r  
and r e h e a t e r  c i r c u i t s .  The r ehea ted  steam is  supp l i ed  t o  t h e  double-flow 
in t e rmed ia t e -p res su re  t u r b i n e s  a t  about  540 p s i a  and 1000°F ( s e e  F ig .  8 . 4 ) .  
The in t e rmed ia t e -p res su re  t u r b i n e  exhaus ts  t o  two double-flow low-pressure 
t u r b i n e s  from which e x t r a c t i o n s  are made f o r  t h e  feedwater  h e a t e r  cha in .  
The exhaus t  from t h e  low-pressure t u r b i n e  i s  exhausted i n t o  fou r  s u r f a c e  

The MSBR c y c l e  uses  steam a t  t u r b i n e  t h r o t t l e  cond i t ions  of 3500 p s i a  
S t e a m  gene ra to r  o u t l e t  steam a t t empera t ion  i s  provided f o r  
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condensers o p e r a t i n g  a t  about  1-1/2 i n .  Hg abs.  Ful l - f low demine ra l i ze r s  
are used t o  o b t a i n  t h e  h igh  p u r i t y  necessa ry  f o r  once-through steam gener- 
a t o r  o p e r a t i o n  a f t e r  which t h e  feedwater  i s  r a i s e d  i n  tempera ture  and 
p r e s s u r e  t o  t h e  f i n a l  700°F and 3800 p s i a  steam g e n e r a t o r  i n l e t  cond i t ion .  

TVA steam cyc le  is t h e  r e h e a t  of e x t r a c t i o n  steam i n  two s t a g e s  by use of  
a prime-steam-heated p r e h e a t e r  and a s a l t - h e a t e d  r e h e a t e r .  The o t h e r  
unconvent ional  f e a t u r e  is t h e  h e a t i n g  of  feedwater  t o  700°F by d i r e c t  
mixing of t h e  866°F steam e x i t i n g  t h e  above p r e h e a t e r  w i th  the  h igh  pres-  
s u r e  550°F feedwater  l e a v i n g  t h e  top  e x t r a c t i o n  h e a t e r .  Two l a r g e  motor- 
d r iven  canned-rotor c e n t r i f u g a l  pumps i n  p a r a l l e l  then  each boos t  about 
19,000 gpm of feedwater  from about  3500 p s i a  t o  33800 p s i a .  E ight  s t e p s  
of feedwater  h e a t i n g  are used i n  a d d i t i o n  t o  t h e  d i r e c t  mixing t o  o b t a i n  
t h e  700°F feedwater  tempera ture .  The use of t h e  s u p e r c r i t i c a l  p r e s s u r e  
al lows t h e  d i r e c t  mixing wi thout  s e r i o u s  problems. 

system as t h a t  of  t h e  ORNL r e f e r e n c e  system [72] .  They concluded t h a t  t h e  
use  of t h e  d i r e c t  mixing f o r  feedwater  h e a t i n g  and the  s p e c i a l  b o o s t e r  
pumps are f e a s i b l e  and w i t h i n  f o r e s e e a b l e  t e c h n o l o g i c a l  development. 
Ebasco proposes a means of improving t h e  c y c l e  thermal  e f f i c i e n c y  by re- 
c la iming  r e a c t o r  decay h e a t  and chemical p rocess ing  h e a t .  This h e a t  i s  
in t roduced  i n t o  t h e  cyc le  as an a d d i t i o n a l  source  of l o w  p r e s s u r e  feed-  
water h e a t i n g  steam [73] .  

One of t h e  two unconvent ional  f e a t u r e s  i n  ORNL's a d a p t a t i o n  of t h e  

Ebasco examined a l t e r n a t i v e s  b u t  s e l e c t e d  e s s e n t i a l l y  t h e  same steam 

U n c e r t a i n t i e s  R e s u l t i n g  from t h e  Feedwater Temperature Requirements 

Based on t h e  p r e s e n t  conse rva t ive  assumption t h a t  700°F feedwater  
tempera ture  is necessa ry ,  a s u p e r c r i t i c a l - p r e s s u r e  steam sys  t e m  i s  t h e  
on ly  reasonable  choice .  Heat ing the  feedwater  t o  700°F i n  a s u b c r i t i c a l -  
p r e s s u r e  cyc le  would r e q u i r e  a very  l a r g e  amount of h e a t  t r a n s f e r  s u r f a c e  
o r ,  more l i k e l y ,  use  of t h e  L o e f f l e r  cyc le .  The steam gene ra to r  would 
become a s u p e r h e a t e r  r e q u i r i n g  a steam compressor and a much l a r g e r  mass 
flow rate. 

I f  use of  feedwater  a t  580°F i s  determined t o  be f e a s i b l e  t h e  mixing 
chamber, p r e s s u r e  b o o s t e r  pumps, and r e h e a t  steam p r e h e a t e r s  could b e  
e l imina ted  from t h e  s u p e r c r i t i c a l  cyc le  [ 7 4 ] .  The i n c r e a s e  i n  e f f i c i e n c y  
p l u s  t h e  s i m p l i f i c a t i o n  of t h e  steam system would r e p r e s e n t  a s u b s t a n t i a l  
s av ings .  A l t e r n a t i v e l y ,  a s u b c r i t i c a l  p r e s s u r e  steam c y c l e  becomes f e a s i -  
b l e  and can b e  inc luded  i n  t h e  o p t i o n s  f o r  a MSBR power system. The f e a s i -  
b i l i t y  o f  u s ing  lower feedwater  tempera ture  w i l l  be i n v e s t i g a t e d  by F o s t e r  
Wheeler f o r  s u b c r i t i c a l  and s u p e r c r i t i c a l  p r e s s u r e  steam cyc le s  [75] .  
Also,  t h e  use of t h e  n i t r a t e - n i t r i t e  s a l t  i n  a t e r t i a r y  system between 
t h e  secondary system and the  steam, as proposed f o r  t he  MSBR, allows t h e  
u s e  of 480°F feedwater  tempera ture  and the  choice  between a s u p e r c r i t i c a l  
o r  a s u b c r i t i c a l  p r e s s u r e  steam c y c l e  [76 ] .  

of  t h e  MSBR r e f e r e n c e  steam c y c l e  r e q u i r e  t h e  use  of b o o s t e r  pumps and 
mixing chambers. 
a t  n e a r  the  d e s i r e d  c o n d i t i o n s ,  t h e  s i z e s  needed f o r  a 1000-MW(e) MSBR 
are n o t  p r e s e n t l y  a v a i l a b l e .  According t o  Ebasco's i n v e s t i g a t i o n ,  t h e  

A s  p rev ious ly  mentioned, t h e  unconvent iona l  feedwater  h e a t i n g  needs 

Although both  of  t h e s e  components are c u r r e n t l y  i n  use  
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canned-rotor  b o o s t e r  pumps needed f o r  t h e  MSBR steam c y c l e  are about  50% 
l a r g e r  t han  t h e  l a r g e s t  known pump b u i l t  t o  d a t e  [ 7 7 ] .  Consequently,  de- 
velopment of l a r g e r  c a p a c i t y ,  m u l t i s t a g e  pumps would b e  needed. The mixing 
chambers needed are a l s o  l a r g e r  t han  those  i n  use ,  b u t  t h i s  does n o t  appear  
t o  impose a major development problem s i n c e  a chamber similar t o  one spec- 
i f i e d  f o r  t h e  MSBR system and about  f o u r - f i f t h s  as l a r g e  is i n  u s e  a t  t h e  
TVA B u l l  Run Steam P l a n t  [78] .  A s  an  alternative,  a h igh-pressure  h e a t  
exchanger could  b e  used t o  o b t a i n  t h e  700'F feedwater .  
steam could b e  then  hea ted  t o  lOOO'F i n  a s a l t - h e a t e d  exchanger and r e in -  
t roduced i n t o  t h e  cyc le  thereby  e l i m i n a t i n g  t h e  p r e s s u r e  b o o s t e r  pumps. 

The e x i t  h e a t i n g  

Evalua t ion  

High e f f i c i e n c y  can b e  ob ta ined  w i t h  t h e  s u p e r c r i t i c a l  p r e s s u r e  
steam system (44.5% p e r  Ref. 79) even though t h e  mol t en - sa l t  steam gener- 
a t o r  may r e q u i r e  700'F feedwater .  
r e d u c t i o n  of c a p i t a l  c o s t s  which can b e  r e a l i z e d  by lower ing  t h e  feedwater  
tempera ture  requirement  provides  a s t r o n g  i n c e n t i v e  f o r  t h e  development 
e f f o r t  i n  t h i s  d i r e c t i o n .  The lower ing  of  t h e  steam p r e s s u r e  and of  feed- 
water tempera ture  could a c t u a l l y  be mutua l ly  compatible .  For example, 
as d i scussed  i n  t h e  s e c t i o n  on h e a t  exchangers ,  t h e  bayonet  tube conf igura-  
t i o n  which w a s  u n s a t i s f a c t o r y  a t  h igh  p r e s s u r e  may b e  s a t i s f a c t o r y  w i t h  
s u b c r i t i c a l  p r e s s u r e  steam and lower feedwater  tempera ture .  Although t h e  
o v e r a l l  p l a n t  e f f i c i e n c y  would be less wi th  t h e  s u b c r i t i c a l  p r e s s u r e  
cyc le ,  t h e  s i m p l i f i c a t i o n  and reduced c a p i t a l  c o s t s  may be  o f f s e t t i n g .  
The mol ten-sa l t  r e a c t o r  concept  is n o t  s t r o n g l y  dependent on t h e  d e t a i l s  
of t h e  steam system. However, s i n c e  t h e  steam-electric equipment rep- 
r e s e n t s  more than  h a l f  of t h e  c o s t  of t h e  p l a n t ,  t h e  o p t i m i z a t i o n  of t h i s  
system merits much development and a n a l y s i s  e f f o r t .  

s a l t  r e a c t o r  p l a n t ,  none of  which invo lve  fundamental  u n c e r t a i n t i e s .  A l l  
u n c e r t a i n t i e s  are cons idered  t o  b e  r e s o l v a b l e  wi th  t h e  a p p l i c a t i o n  of an  
adequate ly  funded program of  a n a l y s i s  and development. S ince  t h e  d e t a i l s  
of  t h e  s t e a m  sys tem are s o  dependent on t h e  requirements  of t h e  steam 
g e n e r a t o r ,  i t  is impera t ive  t h a t  t h e s e  requi rements  be  d e f i n i t e l y  e s t ab -  
l i s h e d  and v e r i f i e d .  

The improvement i n  t h e  e f f i c i e n c y  and 

There are several o p t i o n s  a v a i l a b l e  f o r  t h e  steam system of a molten- 

Steam Genera tor  Aux i l i a ry  Systems 

Two a u x i l i a r y  systems are necessa ry  f o r  t he  use of l i qu id -hea ted  
steam g e n e r a t o r s  ( e i t h e r  l i q u i d  metal o r  molten sa l t )  which are q u i t e  d i f -  
f e r e n t  from those  normally r e q u i r e d  f o r  f o s s i l  f i r e d  p l a n t s :  
system and a p r e s s u r e  r e l i e f  system. The s t a r t u p  system is needed because  
t h e  h igh  me l t ing  tempera ture  of  t h e  coo lan t  s a l t  imposes s p e c i a l  r equ i r e -  
ments on t h e  s t a r t u p  of  a molten-sal t -heated steam gene ra to r .  
of  t h e  p o s s i b i l i t y  of a steam-generator-tube f a i l u r e ,  a p r e s s u r e  r e l i e f  
system must be  provided t o  p reven t  h igh  p r e s s u r e s  from be ing  t r a n s m i t t e d  
through t h e  secondary system t o  t h e  very  r a d i o a c t i v e  primary system. 

a s t a r t u p  

Because 

c 
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S t e a m  Generator  S t a r t u p  System. - The s t a r t u p  system must provide  

f o r  t h e  i n i t i a l  coupl ing  of t h e  s a l t - h e a t e d  steam gene ra to r  t o  t h e  steam 
system wi thout  f r e e z i n g  of s a l t  and wi th  a minimum of thermal  shock. S ince  
t h e  steam g e n e r a t o r  o p e r a t i o n  may b e  u n s t a b l e  a t  very  low loads  and f lows ,  
ano the r  of t h e  f u n c t i o n s  of t h e  s t a r t u p  system w i l l  be  t o  traverse t h e  
t r a n s i t i o n  r eg ion  as qu ick ly  and as smoothly as p o s s i b l e .  

The s t a r t u p  system c o n s i s t s  of an a u x i l i a r y  b o i l e r  which can d e l i v e r  
s u p e r c r i t i c a l  p r e s s u r e  steam a t  1000"F, a long  w i t h  i t s  f l a s h  t ank ,  b o i l e r  
f eed  pump, and o t h e r  a s s o c i a t e d  a u x i l i a r i e s .  The r e f e r e n c e  system and 
s t a r t u p  procedure are desc r ibed  i n  Ref. 80. S t u d i e s  be ing  made by Ebasco 
[81] and F o s t e r  Wheeler [ 8 2 ]  i n  t h e  i n d u s t r i a l  program w i l l  p rovide  i n p u t  
on s t a r t u p  system requirements .  Ebasco proposes  a s t a r t u p  b o i l e r  and 
system which would b e  capable  of supply ing  enough steam f o r  about 10% of 
r a t e d  p l a n t  load .  

of t h e  s t a r t u p  system f o r  t h e  mol ten-sa l t  steam gene ra to r  depend a g r e a t  
d e a l  on t h e  des ign  and o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  steam gene ra to r  
i t s e l f .  Any u n c e r t a i n t i e s  l i e  i n  t h e  a p p l i c a t i o n  of more-or-less conven- 
t i o n a l  steam system equipment t o  t h e  d e t a i l e d  s t a r t u p  needs of t h e  molten- 
salt  steam gene ra to r .  Although b a s i c  p o r t i o n s  of t h e  system o r  c e r t a i n  
s t a r t u p  t echn iques  may b e  demonstrated i n  s team-generator  model tests, t h e  
i n t e r r e l a t i o n s h i p  between t h e  s t a r t u p  and t u r b i n e  steam systems i s  s o  com- 
p l e x  t h a t  on ly  a l a r g e  f a c i l i t y ,  such as t h e  MSBE, w i l l  b e  a b l e  t o  ade- 
q u a t e l y  test a complete s t a r t u p  system. Whatever d i f f i c u l t i e s  ar ise  should  
be r e s o l v a b l e  wi th  t h e  a s s i s t a n c e  and expe r i ence  of q u a l i f i e d  i n d u s t r i a l  
f i rms  . 

A s  w i th  convent iona l  s u p e r c r i t i c a l  b o i l e r s ,  t h e  d e t a i l e d  requi rements  

P r e s s u r e  Re l i e f  System. - To main ta in  t h e  secondary s a l t  system as a 
b u f f e r  between t h e  steam and pr imary systems,  a p r e s s u r e  r e l i e f  dev ice  
must be  provided on t h e  s a l t  s i d e  of t h e  steam gene ra to r .  A r e t e n t i o n  
system of condu i t s  and holdup t anks  must a l s o  b e  provided t o  con ta in  t h e  
e f f l u e n t  mixture  of steam and sal t  i n  t h e  event  a steam tube  does r u p t u r e  
and a c t u a t e  a r e l i e f  device .  

of t h e  s a l t .  It must o p e r a t e  e i t h e r  i n  d i r e c t  c o n t a c t  w i t h  molten s a l t  
( o r  i n  c l o s e  proximi ty  via  a gas  space  b u f f e r )  f o r  long  pe r iods  of t i m e  
wi thout  l o s s  of r e l i a b i l i t y .  It must b e  capable  of having i t s  r e l i a b i l i t y  
checked dur ing  normal shutdown pe r iods .  It must con ta in  sa l t  wi thout  any 
leakage  and y e t  r a p i d l y  relieve a mixture  of s a l t  and s t e a m  i n  t h e  event  
of a tube  r u p t u r e .  

The ORNL r e f e r e n c e  concept  proposes  a n i c k e l  r u p t u r e  d i s k  i n  a com- 
m e r c i a l l y  a v a i l a b l e  snapover-type o r  reverse-buckl ing  type  a c t u a t o r  [ 8 4 ]  
p o s i t i o n e d  on t h e  s a l t  o u t l e t  of t h e  steam gene ra to r .  The Ebasco s tudy  
concept provides  a g a s - f i l l e d  r u p t u r e  d i s k  housing a t  t h e  high p o i n t  of 
t h e  steam gene ra to r  loop  [85]. F o s t e r  Wheeler w i l l  propose a conceptua l  
des ign  of a r u p t u r e  d i s k  assembly and l o c a t i o n  as p a r t  of t h e i r  s tudy  [ 86 ] .  
Although t h e  o t h e r  two concepts  i n c o r p o r a t e  a gas  space  b u f f e r  between 
t h e  d i s k  and s a l t ,  F o s t e r  Wheeler has  been r eques t ed  t o  cons ide r  a "hard" 
system wi th  no gas pocket .  
F o s t e r  Wheeler i s  more d e s i r a b l e  i n  t h a t  t h e  l o c a t i o n  of t h e  r u p t u r e  d i s k  

The r e l i e f  dev ice  must o p e r a t e  a t  tempera tures  above t h e  l i q u i d u s  

The ha rd  system approach be ing  r eques t ed  of 
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is n o t  r e s t r i c t e d  and t h e  u n c e r t a i n t y  of ma in ta in ing  m u l t i p l e  gas pockets  
is a l s o  avoided.  

A s  f a r  as w e  know, no r u p t u r e  di'sks have been  ope ra t ed  w i t h  mol ten  
sa l t .  
i n  the  LMFBR program, i n  most cases t h e  d i s k s  have been l o c a t e d  i n  a gas 
space.  The major u n c e r t a i n t y  is one of development of a combinat ion of 
materials and an a c t u a t i o n  dev ice  t h a t  w i l l  o p e r a t e  r e l i a b l y  a f t e r  l o n g  
pe r iods  i n  c o n t a c t  w i t h  molten salt.  Although t h e  development of  a sa l t  
system r u p t u r e  d i s k  appears  f e a s i b l e ,  f a i l u r e  t o  ach ieve  t h i s  goa l  would 
r e q u i r e  r e v e r s i o n  t o  t h e  u s e  of a gas pocket  f o r  t h e  p r o t e c t i o n  of  t h e  
d i s k  assembly. 

t o  hand le  t h e  e f f l u e n t  from t h e  r e l i e f  device .  However, a development 
program must b e  e s t a b l i s h e d  f o r  t h e  components and o p e r a t i n g  procedures  
necessa ry  t o  provide  f o r  s e p a r a t i o n ,  handl ing ,  and d i s p o s a l  of  t h e  gaseous,  
l i q u i d ,  and s o l i d  e f f l u e n t s  r e s u l t i n g  from a r u p t u r e .  The development 
in fo rma t ion  needed a l s o  inc ludes  t h e  procedures  and equipment necessa ry  
f o r  t h e  cleanup of  t h e  remainder of t h e  secondary sa l t  system t o  allow 
resumption of o p e r a t i o n  i n  a m i n i m u m  of t i m e .  

Although r u p t u r e  d i s k s  have been used wi th  l i qu id -me ta l  systems 

L i t t l e  u n c e r t a i n t y  is a s s o c i a t e d  wi th  t h e  r e t e n t i o n  system necessa ry  

Valves 

General Desc r ip t ion  of Valves and Valve Requirements 

Valves w i l l  be needed i n  f u t u r e  mol t en - sa l t  r e a c t o r s  f o r  t h e  same 
reasons  they  are needed i n  o t h e r  r e a c t o r  systems,  i .e. ,  t o  i s o l a t e  por- 
t i o n s  of  t h e  r e a c t o r  while t h e  remainder o p e r a t e s ,  t o  d i r e c t  f low t o  a l -  
t e r n a t e  p a t h s ,  and t o  p rov ide  flow v a r i a t i o n s  t o  meet s t a r t - u p  and o f f -  
des ign  cond i t ions .  Two major c a t e g o r i e s  of  valves w i l l  b e  r e q u i r e d ,  i .e . ,  
shu to f f  valves and t h r o t t l i n g  valves. For 1000 MW(e) MSBR's, s h u t o f f  
valves w i l l  b e  r e q u i r e d  i n  s i z e s  up t o  6 inches  and f o r  tempera tures  t o  
1150OF. T h r o t t l i n g  valves, up t o  24-in. s i z e ,  w i l l  b e  needed f o r  s e r v i c e  
i n  t h e  secondary system at tempera tures  up t o  1150'F t o  c o n t r o l  bypass  
flow o f  coo lan t  salt  around t h e  pr imary h e a t  exchanger and t o  p rov ide  
flow d i v e r s i o n  a t  t h e  r e h e a t e r .  

The d i f f e r e n c e s  i n  t h e  requirements  of  t h e s e  two types  of  valves 
could l e a d  t o  g r e a t l y  d i f f e r i n g  valve des ign .  
o f f  service are (1) convent iona l  mechanical  des igns ,  (2) f r e e z e  valves, 
and (3) "combination" valves which c l o s e  t o  restrict  most o f  t h e  flow 
mechanical ly  w i t h  t h e  f i n a l  c lose-of f  be ing  made by a f r e e z e  seal w i t h i n  
t h e  valve. 
ments, are expected t o  b e  of  more convent iona l  des ign .  

To b e  cons idered  f o r  shu t -  

T h r o t t l i n g  valves, which do n o t  have t i g h t  c lose-of f  r equ i r e -  

Experience wi th  Molten-Salt  Valves 

Freeze  valves have been used s u c c e s s f u l l y  i n  mol t en - sa l t  service 
over  t h e  p a s t  20 y e a r s .  These valves have cont inued  t o  be  used because  
of  e x c e l l e n t  service and because no mechanical  valve has  been  developed 
t o  s o l v e  the r e l i a b i l i t y  requi rements  of mol ten-sa l t  service. A f r e e z e  
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valve c o n s i s t s  simply of a s e c t i o n  of s a l t - f i l l e d  p i p i n g  which can b e  
cooled when d e s i r e d  t o  e s t a b l i s h  a s h o r t  s e c t i o n  of f r o z e n  s a l t  which 
e f f e c t i v e l y  b locks  f law.  Both t h e  f r e e z e  valve and mechanical va lve  have 
s p e c i f i c  advantages.  The mechanical va lve  can provide  f a s t e r  opening and 
c l o s i n g  and can b e  used f o r  flow t h r o t t l i n g .  The f r e e z e  valve provides  
h igh  r e l i a b i l i t y  and zero  salt leakage  a c r o s s  t h e  valve and thus  is  par- 
t i c u l a r l y  w e l l  s u i t e d  t o  a p p l i c a t i o n s  when t i g h t  s h u t o f f  i s  needed f o r  
long  pe r iods  of t i m e .  

Freeze  valves have ope ra t ed  s u c c e s s f u l l y  i n  t h e  E R E  and i n  many 
ou t -o f -p i l e  tests a t  ORNL i n  s i z e s  up t o  1-1/2-in. IPS p i p e .  
125 have been used,  and they have accumulated more than 650,000 h r  of  op- 
e r a t i n g  t i m e .  These valves ope ra t ed  wi th  salts as d i v e r s e  as t h e  eu tec -  
t i c  mixture  of  NaBF4-NaF (92-8 mole X), which has  a 725'F me l t ing  p o i n t ,  
and LiF, which has  a 1560'F me l t ing  p o i n t .  

l i a b i l i t y  i n  an a c t u a l  r e a c t o r  system [87] .  
s i z e s ,  1 / 2  i n .  and 1-1/2 i n .  IPS, and accumulated 200,000 h r  of  o p e r a t i o n  
du r ing  t h e  r e a c t o r ' s  l i f e t i m e .  One of 1-1/2 i n .  valves f a i l e d  and leaked  
a few grams of  sa l t  du r ing  t h e  f i n a l  shutdown of t he  r e a c t o r .  The f a i l u r e  
w a s  due t o  thermal  stresses caused by a f i e l d  m o d i f i c a t i o n  of a shroud on 
t h e  valve t o  a i d  a t tachment  of a l a r g e r  coo l ing  l i n e .  S u i t a b l e  des ign  
mod i f i ca t ions  should e l i m i n a t e  t h i s  problem i n  f u t u r e  va lves .  

More than  

The o p e r a t i o n  of t h e  12  f r e e z e  v a l v e s  i n  the  MSRE demonstrated re- 
These valves were of two 

A i r c r a f t  Reac tor  Program Development Work on Mechanical Valves. - 
Tests of  bel lows-sealed mechanical valves were conducted around 1957 i n  
t h e  A i r c r a f t  Nuclear  P ropu l s ion  Program i n  an a t t empt  t o  develop a 1-1/2- 
i n .  IPS shut-off  valve f o r  temperatures  of  1200 t o  1500'F wi th  molten sa l t .  
The valve seat material w a s  cons idered  t o  b e  t h e  major problem, and a l -  
though a s u c c e s s f u l  valve w a s  n o t  developed p r i o r  t o  c a n c e l l a t i o n  of t h e  
work, some promising seat and p lug  material combinations w e r e  i n v e s t i g a t e d .  
F ive  va lves  were t e s t e d  wi th  a v a r i e t y  of  sea t -p lug  material combinations 
and accumulated ove r  7,000 h r  of t e s t i n g  exper ience .  Leak rates i n  t h e  
more s u c c e s s f u l  tests ranged from 0 t o  5 c c / h r  w i th  a 50-psi  p r e s s u r e  d i f -  
f e r e n t i a l  a c r o s s  t h e  c losed  valve seat. The cermet materials were t h e  
most promising sea t -p lug  combinations.  
i n  f u t u r e  programs t o  develop shut -of f  v a l v e s  f o r  mol ten-sa l t  service. 

This  expe r i ence  w i l l  b e  of va lue  

ORNL 4-in.  T h r o t t l i n g  Valve. - Five  t h r o t t l i n g  va lves  were designed 
and f a b r i c a t e d  a t  ORNL around 1955 f o r  flow c o n t r o l  i n  f i v e  pump loops  
t h a t  ope ra t ed  wi th  molten salts  and l i q u i d  metals. 
s igned  f o r  t h r o t t l i n g  service only  and w e r e  f a b r i c a t e d  completely of In- 
conel .  
1000 t o  1500'F, and no bel lows f a i l u r e  o r  s i g n i f i c a n t  mechanical problems 
occurred  du r ing  t h a t  t i m e .  
a d j u s t e d  du r ing  o p e r a t i o n  of t h e  loop  t o  measure pump performance char- 
acter is t ics .  These ORNL sleeve valves are t h e  only  known bel lows-sealed 
mechanical  valves which have ope ra t ed  r o u t i n e l y  and s u c c e s s f u l l y  i n  high- 
tempera ture  mol ten-sa l t  service. 
t h a t  l a r g e r  t h r o t t l i n g  valves can be  s u c c e s s f u l l y  developed when needed. 

The valves w e r e  de- 

They ope ra t ed  a t o t a l  t i m e  of 114,000 h r  a t  temperatures  from 

The va lves  were manually opera ted  and were 

This  expe r i ence  l e a d s  us t o  b e l i e v e  
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Valve Experience i n  Sodium Systems 

r 

Bellows-sealed valves have been used s u c c e s s f u l l y  i n  many sodium ap- 
p l i c a t i o n s .  For up t o  a few inches  i n  p i p e  s i z e ,  i t  appears  t h a t  similar 
valves would be  s a t i s f a c t o r y  f o r  u se  i n  molten sa l t  i f  f a b r i c a t e d  of 
Has te l loy  N and proper  seat and p lug  materials. 
l i m i t e d  exper ience  wi th  l a r g e r  s i z e  bel lows-sealed valves even i n  sodium 
and no exper ience  wi th  be l lows  valves l a r g e r  than  s i x  inches .  

The problems i n  des ign  and development of  l a r g e r  l i qu id -me ta l  s h u t o f f  
and check valves have been d l scussed  by Seim [88 ] ,  and many of  t h e  prob- 
lems are common t o  mol ten-sa l t  valves. Most sodium valves of  l a r g e r  s i z e ,  
however, have had sodium f r e e z e  seals on t h e  valve stems, and t h i s  o p t i o n  
is no t  a v a i l a b l e  f o r  mol t en - sa l t  valves. Although l a r g e r  h e r m e t i c a l l y  
s e a l e d  va lves  f o r  mol ten-sa l t  r e a c t o r s  consequent ly  have very  l i t t l e  sodium 
o p e r a t i n g  exper ience  t o  draw from, valve des ign ,  f a b r i c a t i o n ,  and o p e r a t i o n  
p r e s e n t l y  planned i n  t h e  LMFBR program should  i n  t h e  f u t u r e  p rov ide  much 
u s e f u l  in format ion  t o  a i d  mol ten-sa l t  valve development. 

However, t h e r e  is  ve ry  

S t a t u s  of  Valve Technology 

The f r e e z e  valve technology i n  s i z e s  up t o  1-1/2411. IPS p i p e  s i z e  
is w e l l  developed, b u t  no f r e e z e  valves l a r g e r  t han  1-1/2 i n .  have  been  
ope ra t ed .  
t i o n s  of  sa l t  t h a t  are s m a l l  enough for f r e e z i n g  t o  b e  accomplished i n  
r easonab le  t i m e  pe r iods .  A n a l y t i c a l  stress a n a l y s i s  of a f r e e z e  valve 
is d i f f i c u l t  because of t h e  i r r e g u l a r  shape  and u n p r e d i c t a b l e  tempera ture  
d i s t r i b u t i o n  du r ing  f r e e z i n g  and thawing. It seems l i k e l y  t h a t  p ro to types  
of  each new f r e e z e  valve des ign  f o r  f u t u r e  r e a c t o r s  w i l l  have t o  b e  ex- 
t e n s i v e l y  t e s t e d  ove r  t h e  expected number of  freeze-thaw c y c l e s .  

Mechanical shu to f f  valves, wi th  t h e i r  a t t e n d a n t  sea t -p lug  material 
problems, w i l l  p rovide  t h e  most d i f f i c u l t  development problems, No satis- 
f a c t o r y  mechanical s h u t o f f  valve has been developed, even i n  s m a l l  s i z e s ,  
p r i m a r i l y  because f r e e z e  valves were a v a i l a b l e  f o r  u se  where needed. The 
exper ience  of  t h e  LMFBR program i n  deve loping  mechanical  valves, p a r t i c -  
u l a r l y  t h e  o p e r a t o r s ,  w i l l  be d i r e c t l y  a p p l i c a b l e  t o  t h e  des ign  of va lves  
f o r  molten sal ts .  

and be l lows  a t  t h e  p r e s e n t  t i m e .  However, t h e r e  are no known m e t a l l u r g i c a l  
problems which should prevent  f a b r i c a t i o n  of l a r g e  valves when r e q u i r e d .  

Such valves w i l l  r e q u i r e  s p e c i a l  des ign  t o  p rov ide  c r o s s  sec- 

No commercial technology e x i s t s  f o r  f a b r i c a t i o n  of Has te l loy  N valves 

E f f e c t  of U n c e r t a i n t i e s  of  t h e  Mechanical Valves 

The two major u n c e r t a i n t i e s  i nvo lve  s e l e c t i o n  of t h e  p lug  and seat 
materials f o r  shut-off  valves and des ign  and development of the o p e r a t o r s .  
The seat-seal of  t h e  mechanical shut -of f  valve r e q u i r e s  t h a t  a h igh  u n i t  
seal f o r c e  be  a p p l i e d  a t  t h e  seal s u r f a c e s  and b e  main ta ined  wh i l e  the 
va lve  is c losed .  
seal  s u r f a c e .  
it would b e  r easonab le  f o r  most a p p l i c a t i o n s  t o  u s e  a f r e e z e  valve i n  

The valve must a l s o  open on demand wi thou t  damaging t h e  
I f  such a valve proves t o  b e  unusual ly  d i f f i c u l t  t o  develop, 

c 
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series as a backup t o  t h i s  mechanical valve. I n  t h i s  case t h e  mechanical  
valve would be c losed  t o  choke-off t h e  s a l t  flow whi l e  t h e  f r e e z e  p l u g  
is e s t a b l i s h e d  and then  reopened t o  p reven t  s e l f  welding of  t h e  seat and 
plug.  This combination has  been used i n  t h e  d r a i n  l i n e  of some test  loops .  

The valve p lug  can be mechanical ly  guided i n t o  t h e  v a l v e  seat o r  
t h e  t h r o t t l i n g  sleeve e i t h e r  i n  t h e  sa l t  o r  on t h e  gas s i d e  of t h e  pene- 
t r a t i o n  seal. The l a t t e r  scheme r e q u i r e s  s t r o n g e r  members b u t  can be done 
i f  t h e  valves are t o  be l o c a t e d  i n  an area o u t s i d e  of t h e  c e l l  fu rnace  o r  
i f  t h e  operator-guide can be i n  a s m a l l  s e p a r a t e  ce l l  where it could  be  
cooled such t h a t  t h e  b e a r i n g  materials f o r  t h e  guide are n o t  ope ra t ed  a t  
h igh  tempera ture .  

valve t r i m  p o s i t i o n s .  Although t h e r e  are some d i f f e r e n c e s  i n  t h e  r equ i r e -  
ments f o r  t h e s e  o p e r a t o r s  when used wi th  a shut -of f  valve and w i t h  a 
t h r o t t l e  valve, t h e s e  d i f f e r e n c e s  are small. I f  a r e l i a b l e  t h r o t t l i n g  
valve cannot  b e  developed f o r  use i n  t h e  coo lan t  s a l t  systems then  t h e  
optimum c o n t r o l  scheme f o r  t h e  r e a c t o r  and t h e  steam power p l a n t  w i l l  be 
a f f e c t e d .  A d e s c r i p t i o n  of t he  u s e  of t h e  t h r o t t l e  valve is  g iven  i n  
Chapter 10 .  

The mechanical t h r o t t l e  valves w i l l  r e q u i r e  o p e r a t o r s  t o  c o n t r o l  t h e  

Development Program Remaining f o r  Valves 

T e s t i n g  programs must b e  c a r r i e d  ou t  t o  select s u i t a b l e  materials 
f o r  b e a r i n g s ,  valve p lugs ,  and seats f o r  mechanical  valves, The f a b r i c a -  
t i o n  o f  r e l i a b l e  bel lows must b e  demonstrated,  o r  some o t h e r  he rme t i c  s t e m  
seal, such as t h e  torque-tube seal must be developed [Ref .  891. A commer- 
c i a l  c a p a b i l i t y  f o r  f a b r i c a t i n g  l a r g e  Has te l loy  mechanical valves w i l l  
have t o  be  developed. F i n a l l y ,  complete valves must b e  t e s t e d  e x t e n s i v e l y  
a t  o p e r a t i n g  cond i t ions  t o  v e r i f y  performance. The r e l i a b i l i t y  of l a r g e  
va lve  o p e r a t o r s  must b e  demonstrated at cond i t ions  similar t o  t h o s e  i n  a 
r e a c t o r  system. 

Evalua t ion  

3 

L i t t l e  has  been done on valve development f o r  mol ten-sa l t  r e a c t o r s  
s i n c e  t h e  work on t h r o t t l i n g  valves f o r  loops  i n  t h e  ANP program and t h e  
development of f r e e z e  valves f o r  t h e  MSRE. An active program, spanning 
s e v e r a l  y e a r s ,  would be r e q u i r e d  t o  p rov ide  t h e  r e q u i r e d  valve technology 
f o r  mol ten-sa l t  b r e e d e r  r e a c t o r s ,  wi th  much of t h e  t i m e  t o  be  used i n  
t e s t i n g  p ro to type  valves. W e  b e l i e v e ,  however, t h a t  such a program can 
produce f r e e z e  and mechanical va lves  t h a t  w i l l  be adequate  f o r  u se  i n  t h e  
f u e l  and coo lan t  s a l t  systems.  

Cont ro l  Rods and Drives  

General  Desc r ip t ion  and Design Requirements 

The r e a c t i v i t y  c o n t r o l  rods f o r  t h e  MSBR [go]  r e f e r e n c e  des ign  are 
of  two types ,  c o n t r o l  rods  which have both  r e g u l a t i n g  and shimming func- 
t i o n s ,  and s a f e t y  rods  used p r i m a r i l y  f o r  r e a c t o r  shutdown. 
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The c o n t r o l  rods are movable g r a p h i t e  c y l i n d e r s  about  3 - 3 / 4  i n .  d i -  
ameter w i t h  axial  passages through them f o r  a c o o l i n g  flow of f u e l  sa l t .  
These c y l i n d e r s  move a x i a l l y  w i t h i n  4 i n .  d iameter  h o l e s  i n  6- by 6- in .  
g r a p h i t e  e lements  nea r  t h e  c e n t e r  of t h e  c o r e ,  Withdrawal leaves an  
undermoderated r eg ion  a t  t h e  c e n t e r  of t h e  r e a c t o r  caus ing  a r e d u c t i o n  
i n  r e a c t i v i t y  wi thou t  a s a c r i f i c e  i n  neut rons  f o r  b reed ing .  S ince  t h e  
g r a p h i t e  is cons ide rab ly  less dense than  t h e  f u e l  sa l t ,  i t  w i l l  t end  t o  
f l o a t  o u t  of t h e  co re  and reduce r e a c t i v i t y  i f  a rod should  b reak .  These 
rods are connected t o  d r i v e s  which move them i n  and o u t  of t h e  c o r e  on 
t h e  demand of  t h e  c o n t r o l  system [91] .  
p rovides  f o r  on ly  two of t h e s e  g r a p h i t e  rods ,  i t  i s  p robab le  that because  
of  their s m a l l  e f f e c t  on r e a c t i v i t y  a t  least 4 such rods would be needed 
and that they  would move i n  unison a t  speeds up t o  0 . 4  f p s  f o r  normal 
c o n t r o l  of  the r e a c t o r  and perhaps 5 t o  10 t i m e s  t h a t  f o r  c e r t a i n  unusual  
cond i t ions .  

The s a f e t y  rods  c o n s i s t  of boron c a r b i d e  c l a d  i n  Has te l loy  N and are 
used t o  p rov ide  an independent  shutdown c a p a b i l i t y .  These rods move w i t h i n  
4 i n .  d iameter  h o l e s  l i k e  those  occupied by t h e  c o n t r o l  rods .  To s a t i s f y  
t h e i r  s a f e t y  f u n c t i o n ,  i t  is in tended  t h a t  they  would normally b e  pos i -  
t i o n e d  o u t s i d e  of t he  r e a c t o r  du r ing  o p e r a t i o n ;  however, i t  might b e  t h a t  
p a r t i a l  i n s e r t i o n  f o r  s h o r t  pe r iods  would be  r e q u i r e d  and t h e r e f o r e  t h e  
s a f e t y  rod d r i v e  should have a p o s i t i o n i n g  c a p a b i l i t y  i n  a d d i t i o n  t o  a 
f a s t - i n s e r t i o n  a c t i o n .  

ever, i n  a system proposed by Bettis  [92]  t h e  combined c o n t r o l  s a f e t y  rod 
is suspended on a Has te l loy  N c a b l e  which is taken  up on a 12-in.-diam 
drum d r iven  by an e lec t ro-mechanica l  d r i v e .  The o p t i o n  f o r  a magnet ic  
c l u t c h  between t h e  drum and t h e  motor is sugges ted  t o  p rov ide  f o r  f a s t  
i n s e r t i o n  i f  such is needed. The combined c o n t r o l  s a f e t y  rod i s  of boron 
c a r b i d e  and Has te l loy  N and would f a l l  i n t o  t h e  co re  i f  r e l e a s e d .  The 
d r i v e  is i s o l a t e d  from th,e c a b l e  drum i n  a manner s i m i l a r  t o  t h a t  of  t h e  
f u e l  pump s h a f t  gas purge and seal and is  main ta ined  i n  a c l e a n  environ-  
ment w i th  adequate  s h i e l d i n g  t o  p r o t e c t  t h e  motors .  The d r i v e  f o r  t h e  
g r a p h i t e  c o n t r o l  rod f o r  t h e  MSBR r e f e r e n c e  des ign  would be somewhat 
d i f f e r e n t  because  of  t h e  buoyant e f f e c t  of t h e  g r a p h i t e .  These rods 
would r e q u i r e  p o s i t i v e  engagement wi th  t h e  d r i v e  t o  h o l d  i t  i n  t h e  s a l t  
i n  i ts  f u l l y  i n s e r t e d  p o s i t i o n .  Drive mechanisms developed f o r  t h e  LMFBR 
program p o s s i b l y  could be  adapted  f o r  u se  i n  t h e  MSBR c o n t r o l  d r i v e  system. 
The " r o l l e r  nu t "  concept  as d e p i c t e d  by t h e  Marvel Schebler  d r i v e  by Borg 
Warner and t h e  "magnetic jack"  d r i v e  by Westinghouse [ 9 3 ]  are p o s s i b i l i t i e s  
which should  be  cons idered  because of t h e  des ign  and development a l r e a d y  
accomplished i n  suppor t  of t h e  LMFBR program. 

are cooled by t h e  flow of cool  f u e l  sa l t  taken  from t h e  bot tom e n t r a n c e  
r eg ion  of  t he  r e a c t o r .  

Although t h e  r e f e r e n c e  des ign  

The r e f e r e n c e  des ign  does n o t  i n c l u d e  s t u d i e s  of t h e  rod d r i v e s ;  how- 

The g r a p h i t e  c o n t r o l  rods and the  BqC s a f e t y  rods d i scussed  above 

Exp e r i  en ce 

The r e a c t i v i t y  c o n t r o l  rods f o r  t h e  two previous  mol ten-sa l t  r e a c t o r s  
were of  t h e  poison  type ,  The r e g u l a t i n g  rod and the  s a f e t y  rods  of t h e  ARE 
[ 9 4 ]  and t h e  c o n t r o l  rods  of t h e  MSRE [95]  were ope ra t ed  i n  metal th imbles  

c 
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t h a t  s epa ra t ed  them from t h e  s a l t  and t h e r e f o r e  r e q u i r e d  a u x i l i a r y  gas 
cool ing .  Because t h e  rods and d r i v e s  w e r e  s epa ra t ed  from t h e  s a l t ,  t h e r e  
w a s  no problem of gas seals f o r  f i s s i o n  product  c o n t r o l .  The s a f e t y  rods 
f o r  t he  ARE were suspended from magnets which w e r e  moved wi th  lead-screw 
type  d r i v e s ,  This  d r i v e  w a s  a l s o  used f o r  t h e  r e g u l a t i n g  rod .  The MSRE 
c o n t r o l  rods w e r e  suspended from a cont inuous cha in  d r i v e  which w a s  con- 
nec ted  t o  a motor through magnet ic  c l u t c h e s  t o  permi t  f a s t  i n s e r t i o n .  
These rods and d r i v e s  ope ra t ed  wi thou t  s i g n i f i c a n t  d i f f i c u l t y  du r ing  t h e  
l i v e s  of t h e  r e a c t o r  experiments .  

The poison material f o r  t he  ARE s a f e t y  rod  w a s  B4C and s t a i n l e s s  
steel  se rved  as poison  f o r  t h e  c o n t r o l  rod [ 9 6 ] .  The poison  element f o r  
t h e  MSRE c o n t r o l  rod [ 9 7 ]  w a s  a mixture  of gadolinium and aluminum ox ides ,  
formed and s i n t e r e d  i n t o  a number of s h o r t  c y l i n d r i c a l  tubes  which were 
i n  t u r n  canned i n  Incone l .  V i sua l  obse rva t ion  of some of  t h e  canned ele- 
ments a t  t h e  end of t h e  r e a c t o r  o p e r a t i o n  r evea led  no s i g n i f i c a n t  changes 
i n  dimensions o r  e x t e r n a l  appearance.  

i n  t h e  sa l t ;  however, t h e  p h y s i c a l  arrangement and p rov i s ions  f o r  coo l ing  
might be similar t o  t h a t  i n  t h e  l iquid-metal-cooled r e a c t o r s .  I n  one 
p roposa l  f o r  a c o n t r o l  rod f o r  u s e  wi th  a l iquid-metal-cooled r e a c t o r ,  
t he  poison s e c t i o n  i s  guided w i t h i n  a duc t  which i s  p o s i t i o n e d  w i t h i n  
t h e  core .  The MSBR r e f e r e n c e  des ign  uses  g r a p h i t e  duc t s  f o r  gu id ing  t h e  
s a f e t y  rods and t h e  g r a p h i t e  c o n t r o l  rods .  

There has  been no exper ience  wi th  c o n t r o l  rods o p e r a t i n g  d i r e c t l y  

S t a t u s  of  Con t ro l  Rod Technology 

The materials proposed f o r  t h e  poison  elements  f o r  t h e  MSBR are s i m -  
i l a r  t o  those  used i n  t h e  ARE. We have had exper ience  wi th  forming rare 
e a r t h  oxides  and B4C i n t o  u s a b l e  shapes and then  canning t h e  elements  t o  
p r o t e c t  them from t h e  environment.  However, we have no t  had exper ience  
wi th  such elements  i n  a h igh  neut ron  f l u x  f i e l d .  The major problem w i t h  
t h e  canning of t he  B4C f o r  u se  i n  t h e  shim rod o r  f o r  a c o n t r o l  rod is  
dea1in.g wi th  t h e  hel ium produced by neut ron  abso rp t ion  i n  t h e  l 0 B .  
method is t o  provide  ample space  t o  c o n t a i n  t h e  hel ium f o r  t h e  l i f e  of 
t h e  rod.  I f  t h i s  does n o t  appear  f e a s i b l e  f o r  t h e  MSBR, one of t h e  rare 
e a r t h  oxides  could be  used. Another a l t e r n a t i v e  is  the  use  of a rod con- 
s t r u c t e d  e n t i r e l y  of  Has te l loy  N ,  t h e  s i z e  depending on the r e a c t i v i t y  
change needed f o r  t h a t  p a r t i c u l a r  rod .  

t h e  s t a t i o n a r y  g r a p h i t e  duc t .  
ert ies o f  f r i c t i o n  and w e a r  i n  s a l t  f o r  g r a p h i t e  on g r a p h i t e  and Has te l loy  
N on g r a p h i t e ,  and f o r  o t h e r  materials on g r a p h i t e  i f  t h e s e  combinations 
prove t o  be  u n s a t i s f a c t o r y .  

A s  desc r ibed  above, t h e  r e a c t i v i t y  v a l u e  of a s i n g l e  g r a p h i t e  c o n t r o l  
rod is small and would r e q u i r e  ganging several t o  o b t a i n  t h e  necessary  
s e n s i t i v i t y  f o r  c o n t r o l .  
i s  f e a s i b l e .  

The c o n t r o l  and s a f e t y  rod and rod d r i v e  development work f o r  t h e  
LMFBR should i n  p a r t  be  a p p l i c a b l e  t o  t h e  MSBR i f  s u i t a b l e  in-core guides  
and contaminat ion c o n t r o l  seals can b e  developed. I n  p a r t i c u l a r  t h e  d r i v e s  

One 

The c o n t r o l  and s a f e t y  rods are t o  f i t  l o o s e l y  i n  and b e  guided by 
Informat ion  is needed on t h e  b e a r i n g  prop- 

More proof is needed t h a t  t h e  use  of such a rod 
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should b e  adap tab le  t o  MSR use a l though some of them r e q u i r e  more head 
room than  w e  would l i k e  t o  p rov ide  above t h e  r e a c t o r .  I n  any even t  many 
of t h e  techniques  w i l l  b e  u s e f u l  i n  des ign ing  a d r i v e  system f o r  MSBR's. 

E f f e c t  of  U n c e r t a i n t i e s  

The use of a g r a p h i t e  rod t o  provide  t h e  r e a c t i v i t y  c o n t r o l  and 
shimming necessa ry  i s  u n c e r t a i n  bo th  because of i t s  ve ry  low r e a c t i v i t y  
worth and t h e  problem of  guid ing  i t  w i t h i n  t h e  co re .  I f  t h e  g r a p h i t e  
rod is determined t o  b e  unacceptab le ,  t hen  a poison  rod of  somewhat 
g r e a t e r  worth could b e  used wi th  an a c c e p t a b l e  l o s s  i n  b r e e d i n g  r a t i o  
of 0.005 f o r  0.2% Ak/k [98] .  

The use o f  B 4 C  as t h e  poison ,  w i th  t h e  r e q u i r e d  h e a t  removal and t h e  
ven t ing  o r  s t o r a g e  of t h e  he l ium produced, might make such an abso rbe r  
unacceptab le ,  I f  so ,  t h e  B 4 C  could  b e  r ep laced  w i t h  rare e a r t h s  such as 
europium o r  gadolinium oxide  which release energy as gamma rays  i n s t e a d  
of a lpha  p a r t i c l e s .  No he l ium is gene ra t ed  and t h e  gamma rays  should  n o t  
d e p o s i t  as much energy l o c a l l y  as would t h e  a lpha  p a r t i c l e .  The MSBR 
r e f e r e n c e  des ign  uses  t h e  B 4 C  po ison  i n  t h e  s a f e t y  o r  shutdown rods and 
expec ts  no t r o u b l e  because they can b e  h e l d  ou t  of t he  r e a c t o r  c o r e  u n t i l  
needed and t h e r e f o r e  do n o t  have a hel ium g e n e r a t i o n  o r  h e a t i n g  problem. 
I f  f u r t h e r  s tudy  of  t h e  shutdown requirements  determines t h a t  r a p i d  shu t -  
down is needed, then  t h e  rods  might have t o  b e  i n s e r t e d  n e a r  enough t o  
t h e  co re  t o  a g a i n  r e q u i r e  c o n s i d e r a t i o n  of  t h e  u s e  of o t h e r  po isons .  

Fu r the r  Work 

Any f u r t h e r  work done i n  t h e  development of c o n t r o l  and s a f e t y  rods  
and rod d r i v e s  should  b e  d i r e c t e d  toward the  exac t  needs of a s p e c i f i c  
mol ten-sa l t  r e a c t o r .  Requirements such as t h e  exac t  amount of  r e a c t i v i t y  
t o  b e  c o n t r o l l e d ,  t h e  change rates of r e a c t i v i t y ,  and t h e  response  t i m e s  
f o r  t h e  c o n t r o l  and s a f e t y  system should  b e  e s t a b l i s h e d  b e f o r e  t h e  me- 
c h a n i c a l  des ign  of t h e  system i s  s t a r t e d .  P ro to types  of  t he  p a r t s  of t h e  
des ign  r e l a t e d  t o  t h e  s a l t - g a s  i n t e r f a c e ,  t h e  gas seals, t h e  guides  o r  
bea r ings  f o r  t h e  rods  w i t h i n  the  core ,  and t h e  t r ansmiss ion  of  motion t o  
t h e  rods  would be f a b r i c a t e d  and ope ra t ed  f i r s t  i n  water and a i r  t o  assist 
i n  opt imiz ing  t h e  des ign ,  and then  i n  sa l t  and i n e r t  gas t o  proof  test  
f o r  l i f e  expectancy and o v e r a l l  performance. The seals o r  a c t i v i t y  con- 
t r o l ,  t h e  b e a r i n g  materials and arrangement ,  and t h e  method of  coo l ing  
t h e  c o n t r o l  element ove r  i t s  e n t i r e  range of  travel would receive t h e  
earliest a t t e n t i o n .  A f t e r  t he  i n i t i a l  component t e s t i n g  f u l l  scale rods  
and d r i v e s  would b e  t e s t e d  under s imula t ed  r e a c t o r  cond i t ions .  

Evalua t ion  

N o  fundamental  d i f f i c u l t i e s  are f o r e s e e n  i n  des ign ing  c o n t r o l  and 
s a f e t y  rods  and d r i v e s  f o r  use  i n  MSR's, 
p ro to type  t e s t i n g  program w i l l  b e  r equ i r ed  t o  a s s u r e  adequate  performance 
i n  a high-temperature  environment b e f o r e  i n s t a l l a t i o n  i n  a r e a c t o r .  

b u t  a thorough development and 

There 

c 
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are reasonab le  a l t e r n a t i v e s  f o r  most of t h e  u n c e r t a i n t i e s .  Perhaps a 
problem r e q u i r i n g  much a t t e n t i o n  i s  t h e  b e a r i n g  of t h e  moving rod on t h e  
g r a p h i t e  duc t  and o b t a i n i n g  an accep tab le  l i f e t i m e  from such an a r range-  
ment. However, because t h e  f i t  can be l o o s e  and t h e  con tac t  p r e s s u r e  low, 
we  b e l i e v e  t h a t  s a t i s f a c t o r y  guides  can be developed. 

Fue l  S torage  and Af te rhea t  Removal 

Repos i to r i e s  are needed f o r  bo th  k inds  of  salts  used i n  t h e  MSBR t o  
provide  s a f e  and convenient  s t o r a g e  any t i m e  they are d ra ined .  The f u e l  
d r a i n  tank ,  because of t h e  i n t e n s e  r a d i o a c t i v i t y  of the  sa l t ,  must provide  
r e l i a b l y  f o r  t he  removal of a f t e r h e a t  as w e l l  as t h e  s u r e  containment of  
v o l a t i l e  r a d i o a c t i v e  p roduc t s .  I n  some ways, as d i scussed  i n  Chapter 1 4 ,  
i t  is t h e  major s a f e t y  f e a t u r e  of t h e  r e a c t o r .  

The f u e l  d r a i n  tank  must have s u f f i c i e n t  c a p a c i t y  t o  ho ld  a l l  t h e  
primary s a l t  p l u s  t h e  amount of coo lan t  s a l t  t h a t  i s  i n  the  heat-exchanger 
s h e l l ;  i n  a double-ended heat-exchanger tube  f a i l u r e ,  t h i s  much coo lan t  
could d r a i n  i n t o  t h e  primary system. Fue l  s a l t  cannot e n t e r  t h e  secondary 
system r a p i d l y  because of t h e  p r e s s u r e  d i f f e r e n t i a l  between t h e  two sys-  
t e m s ,  and moni tor ing  f o r  f i s s i o n  products  i n  t h e  secondary coo lan t  w i l l  
g ive  immediate evidence of ou t leakage ,  s o  t h a t  the  primary system can be 
d ra ined  b e f o r e  much f u e l  s a l t  i s  t r a n s f e r r e d .  Consequently the  coolan t -  
sa l t  d r a i n  tanks  are s imple t anks ,  w i th  no s p e c i a l  coo l ing  p rov i s ions ,  
l o c a t e d  i n  hea ted  cells. 

i n t o  which t h e  f u e l  can b e  pumped i n  case a r e p a i r  of  some p a r t  of t h e  
primary d r a i n  tank  system is r e q u i r e d .  This  tank  has  a h e a t  removal capa- 
b i l i t y  of on ly  1 MW s i n c e  t h e  sa l t  can be h e l d  i n  t h e  d r a i n  tank u n t i l  
t he  r a d i o a c t i v e  decay has  reduced t h e  h e a t  l oad  to  t h i s  l e v e l .  

I n  a d d i t i o n  t o  t h e  primary d r a i n  tank,  t h e r e  i s  a f u e l  s t o r a g e  tank  

Dra in ing  t h e  Reac tor  

I n  normal c i rcumstances,  t he  primary system can b e  d ra ined  i n t o  t h e  
d r a i n  tank  through e i t h e r  of two plug  valves i n  p a r a l l e l .  This  arrange-  
ment w i th  two valves is ,  we t h ink ,  s u f f i c i e n t  assurance  of an a b i l i t y  t o  
d r a i n  t h e  system. The v a l v e  p lug  does n o t  depend on a valve seat f o r  
s e a l i n g ,  b u t  i s  provided w i t h  a h e a t i n g  and coo l ing  system f o r  t he  seat 
s o  t h a t  t h e  f i n a l  seal can b e  made by f r e e z i n g  t h e  sa l t  under t h e  seat. 
The va lves ,  desc r ibed  i n  d e t a i l  on page 5 1  of  r e f e r e n c e  99,  are l o c a t e d  
i n  t h e  d r a i n  l i n e  l e a d i n g  from t h e  low p o i n t  of t h e  primary system t o  t h e  
t o p  of  t h e  d r a i n  tank .  For maintenance purposes ,  they are l o c a t e d  i n  t h e  
d r a i n  tank  c e l l  wi th  an access p lug  i n  t h e  s h i e l d i n g  d i r e c t l y  over  them. 

Leakage of Fue l  S a l t  

I f  t h e r e  is a l e a k  i n  any p a r t  of t h e  f u e l  system, the  leaked  s a l t  
must b e  conveyed t o  t h e  d r a i n  tank  and i t s  a f t e r h e a t  removal system. 
leaked  s a l t  is c o l l e c t e d  i n  a ca t ch  pan under the  r e a c t o r  which i n  t u r n  

The 



2 70 

d r a i n s  i n t o  t h e  d r a i n  tank p i t .  Here t h e  sa l t  e n t e r s  a f u n n e l - l i k e  d r a i n  
pan on t o p  of t h e  d r a i n  tank  which d i r e c t s  t h e  sa l t  t o  a f r ang ib le -d i sk  
valve which can b e  punctured on demand t o  d r a i n  t h e  s p i l l e d  sa l t  i n t o  the  
d r a i n  t ank .  No p ipe  comes below t h e  ca t ch  pan so t h a t  u n l e s s  t h e  d r a i n  
tank  l e a k s ,  a l l  pr imary sal t  w i l l  p o s i t i v e l y  end up i n  t h e  d r a i n  t ank .  
To provide  f o r  t h e  cont ingency of a l e a k  i n  t h e  d r a i n  tank ,  i t  is enc losed  
i n  a secondary tank. Any crack  o r  break  i n  t h e  d r a i n  tank would only  l e a k  
sa l t  i n t o  t h e  annu la r  space between t h e  d r a i n  tank  w a l l  and t h e  sur rounding  
tank  , 

Af t e r h e a t  Removal 

The d r a i n  tank  a f t e r h e a t  coo l ing  l o a d  reaches  a peak of  about  40 MW 
i f  t h e  f u e l  i s  d r a i n e d  a f t e r  the r e a c t o r  i s  s h u t  down from f u l l  power. 
This  l o a d  dec reases  wi th  t i m e ,  and t h e r e f o r e  i t  is  d e s i r a b l e  t o  have t h e  
coo l ing  system o p e r a t e  over  a very  wide range of  tempera tures .  
t o  use N a K  as t h e  coo l ing  f l u i d  s i n c e  i t  i s  l i q u i d  a t  t h e  lowes t  tempera- 
t u r e  expected i n  t h e  h e a t  s i n k  and has  an  accep tab ly  low vapor  p r e s s u r e  
a t  t h e  h i g h e s t  expec ted  temperature .  The NaK i s  hea ted  by r a d i a n t  t r ans -  
f e r  from th imbles  i n  t h e  d r a i n  tank  t o  t h e  NaK p i p i n g  and is cooled by 
r a d i a n t  t r a n s f e r  from t h e  NaK p i p i n g  t o  th imbles  i n  a water-cooled hea t -  
s i n k  tank,  t hus  p rov id ing  i s o l a t i n g  gas spaces  between t h e  f u e l  salt  and 
t h e  NaK and between t h e  NaK and t h e  coo l ing  water. 

f o r e ,  is independent  of mechanical  pumps and power supply.  Enough water 
is provided i n  t h e  h e a t  s i n k  tanks  t o  provide  c o o l i n g  f o r  t h e  f i r s t  t h r e e  
days a f t e r  a d r a i n  i f  t h e  water is al lowed t o  b o i l .  Thus, i f  t h e  c i r cu -  
l a t i o n  of  water t o  t h e  coo l ing  tanks  i s  i n t e r r u p t e d ,  t h e r e  is a three-day 
pe r iod  i n  which t o  r e s t o r e  c i r c u l a t i o n .  There are s u f f i c i e n t  NaK c i r c u i t s  
t o  permit  adequate  coo l ing  i f  20% of t h e  c i r c u i t s  are i n o p e r a t i v e .  

f i l l e d  a t  room tempera ture  and w i l l  come up i n  tempera ture  as t h e  d r a i n  
tank is hea ted .  This  avoids  any thermal  shock t h a t  would r e s u l t  from 
f i l l i n g  a h o t  system wi th  co ld  NaK.  

t ank  end and a t  t h e  water tank end. 
want t o  a s s u r e  t h a t  N a K  cannot c o n t a c t  e i t h e r  f u e l  s a l t  o r  w a t e r .  The 
N a K  can l e a k  only  i n t o  a c o n t r o l l e d  gas atmosphere.  

We dec ided  

The NaK coo l ing  system is c i r c u l a t e d  by thermal  convec t ion  and, t he re -  

Because NaK is a l i q u i d  a t  room tempera ture ,  t h e  NaK c i r c u i t s  can b e  

A s  mentioned above, t h e  coo lan t  NaK is  doubly conta ined  a t  the d r a i n  
This  f e a t u r e  is necessa ry  s i n c e  we 

Off-Gas Sepa ra t ion  and Cooling 

I n  a d d i t i o n  t o  p rov id ing  s a f e  s t o r a g e  and coo l ing ,  t h e  f u e l  d r a i n  
tank  a l s o  serves as a decay tank and en t ra inment  s e p a r a t o r  f o r  t h e  gas 
coming from t h e  bubble  s e p a r a t o r s  i n  t h e  pr imary system. L ines  from t h e  
bubble s e p a r a t o r s  spray  a mixture  of  sa l t  and gas i n t o  t h e  d r a i n  tank .  
The l i q u i d  sett les t o  t h e  bottom by g r a v i t y  and t h e  gas pas ses  on t o  t h e  
of f -gas  system a f t e r  about  one hour r e s i d e n c e  i n  t h e  d r a i n  tank .  The 
coo l ing  system f o r  t he  d r a i n  tank  serves double  duty  by removing t h e  h e a t  
from t h e  off-gas  as w e l l  as coo l ing  t h e  d ra ined  primary sa l t .  A f u r t h e r  

c 
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un. 

f e a t u r e  of t h e  u s e  of t h e  d r a i n  tank f o r  
i n g  system is  always i n  o p e r a t i o n  and so 
monitored. 

Drain Tank Design 

The d r a i n  t ank  conceptua l  des ign  i s  
The tank ,  as shown, is  dimensioned f o r  a 

off-gas  coo l ing  is t h a t  t h e  cool- 
i ts  performance is  c o n s t a n t l y  

shown i n  e l e v a t i o n  i n  Fig.  8 .5 .  
300-MW(e) r e a c t o r ;  however, t h e  

system f o r  t h e  lOOO-MW(e) b reede r  is e x a c t l y  t h e  same except  i t  i s  l a r g e r  
i n  d iameter  and has  more coolan t  th imbles .  The f u r t h e r  d e t a i l s  of  t h e  
des ign  and t h e  performance of  t h e s e  d r a i n  tanks ,  showing flow rates, t e m -  
p e r a t u r e s ,  dimensions,  etc. ,  are g iven  i n  Ref. 113 and Ref. 99 ,  pp. 45-47. 
Also desc r ibed  t h e r e  are t h e  l a y o u t  of t h e  r e -en t r an t  NaK coo l ing  l i n e s  
and t h e  arrangement of t h e  j e t  pumps for a u t o m a t i c a l l y  r e t u r n i n g  t o  t h e  
primary c i r c u l a t i n g  system t h e  s a l t  t h a t  is c a r r i e d  i n  t h e  gas from t h e  
bubble  s e p a r a t o r s .  

I n  t h i s  case, water w a s  used i n  bayonet  tubes  mounted i n  t h e  r e e n t r a n t  
tubes  and t h e  steam w a s  condensed i n  a water cooled h e a t  exchanger.  This  
system w a s  used only  f o r  removing a f t e r h e a t  from t h e  s a l t  and w a s  n o t  f o r  
off-gas  cool ing .  In t roduc ing  w a t e r  i n t o  t h e  bayonet  tubes  du r ing  s t a r t u p  
of  t he  system produced a thermal  shock t o  t h e  water tubes which w a s  n o t  
hazardous b u t  would s h o r t e n  t h e  l i f e  of  t h e  tubes .  For t h i s  reason  we  
chose N a K  coo l ing  i n  t h e  MSBR d r a i n  tank des ign .  

The N a K  c i r c u i t s  are thermal  convec t ion  loops ,  t h e  h o t  l e g  be ing  
hea ted  by r a d i a t i v e  t r a n s f e r  (with some gas conduct ion)  between t h e  
thimbles  i n  t h e  d r a i n  tank  and t h e  bayonet  N a K  tubes .  The co ld  l e g  l o s e s  
h e a t  by r a d i a t i v e  t r a n s f e r  ( p l u s  some gas conduct ion)  i n  p ipes  which run 
through t h e  water tank .  The NaK c i r c u i t s  are completely independent ,  each 
wi th  i ts  own expansion tank  and c o n t r o l  valves which can be used t o  regu- 
l a t e  t h e  h e a t  removal and t o  i s o l a t e  an NaK system i n  case of a l e a k .  

tank  c e l l  containment .  A t  each p e n e t r a t i o n  a be l lows  seal is used t o  pro- 
v i d e  f o r  expansion of  t h e  l i n e s  du r ing  heat-up. 

Each NaK c i r c u i t  runs t o  one of  t h r e e  water tanks  through which w a t e r  
flows and is r a i s e d  i n  tempera ture  by 20'F. The o p e r a t i o n  of  any two of  
these  water tanks  w i l l  keep t h e  thimble tempera ture  i n  t h e  d r a i n  tank  be- 
low 1400'F. W e  b e l i e v e  t h i s  is s u f f i c i e n t  t o  guarantee  t h a t  h e a t  is re- 
moved s a f e l y  from t h e  d r a i n  tank.  

The w a t e r  tanks are cubes about  25 f t  a long  an edge. P ipes  run 
through t h e s e  tanks  i n  two tiers a t  r i g h t  ang le s  t o  each o t h e r .  There 
are f o r t y - e i g h t  3-in.  sched-10 tubes  p e r  row. Two tanks  have 36 rows 
of tubes  and t h e  t h i r d  tank has 44 rows. They run  through t h e  tank  w a l l  
a t  each terminus.  The water level is about  5 f t  above t h e  top  row of  
p ipes  i n  each tank t o  provide  a water supply f o r  emergencies.  

A d r a i n  tank  of t h e  same p r i n c i p l e  w a s  used s u c c e s s f u l l y  i n  t h e  MSRE. 

Each N a K  c i r c u i t  p e n e t r a t e s  t h e  b u i l d i n g  containment and t h e  d r a i n  

S t a t u s  of Technology 

Many y e a r s  of exper ience  wi th  l i q u i d  metals i n c l u d i n g  NaK form t h e  
background f o r  t h e  des ign  of  t h e  d r a i n  tank  coo l ing  system. The tempera- 
t u r e s  a t  which we  i n t e n d  t o  u s e  t h e  NaK are w e l l  below t h a t  a t  which cor- 
ro s ion  is  encountered.  
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n 
Fig. 8.5. MSDR - 300 MW(e) primary salt drain tank sectional elevation. 

c 
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A s  f a r  as t h e  h e a t  l o a d  is concerned, t he  n u c l e a r  decay cha ins  and 
t h e  energy r e l e a s e d  by them are w e l l  known. The s t anda rd  energy release 
rates have been used i n  making h e a t  t r a n s f e r  c a l c u l a t i o n s .  

W e  have t h e  MSRE exper ience ,  which, a l though on a very much smaller 
scale, is n e v e r t h e l e s s  h e l p f u l  i n  guid ing  t h e  des ign  of  t h e  primary d r a i n  
tank  system. The exper ience  i n  t h e  MSRE should be d i r e c t l y  u s e f u l  i n  
s c a l i n g  up f o r  t h e  power r e a c t o r s .  

U n c e r t a i n t i e s  

The only  real u n c e r t a i n t y  t h a t  w e  f i n d  i n  hand l ing  t h e  d r a i n  tank 
problem is t h a t  concerning t h e  d e p o s i t i o n  of  f i s s i o n  products .  I n  t h e  
MSRE, most of t h e  noble  metals adhered t o  metal and g r a p h i t e  s u r f a c e s ,  b u t  
some appeared in t h e  of f -gas  from t h e  pump bowl ( s e e  Chap. 5) .  How much 
of  t h e  noble  metals w i l l  be e x t r a c t e d  through t h e  gas - s t r ipp ing  system i n  
an MSBR is u n c e r t a i n .  W e  have assumed t h a t  t he  noble  m e t a l  p a r t i c l e s  and 
t h e i r  daughters  and t h e  daughters  o f  t h e  nob le  gases  t h a t  e n t e r  t h e  d r a i n  
tank w i l l  d e p o s i t  uniformly on t h e  s u r f a c e s  t h e r e ,  b u t  i t  is n o t  clear 
whether  o r  n o t  s p e c i a l  p r o v i s i o n s  must be made t o  avoid  l o c a l l y  h igh  dep- 
o s i t i o n .  

Evalua t ion  

From t h e  exper ience  wi th  t h e  MSRE d r a i n  tank  coo l ing  system, we  be- 
l ieve t h a t  t h e  d r a i n  tank  system proposed f o r  t h e  MSBR d e a l s  w i th  t h e  
a f t e r h e a t  problem i n  a dependable way. 
away" and f a i l - s a f e  system, p r o t e c t e d  a g a i n s t  eve ry th ing  b u t  w e l l  p lanned 
and executed sabotage .  W e  have n o t  s t r a i n e d  t h e  technology i n  t h i s  des ign ,  
and w e  b e l i e v e  t h a t  t h e  u n a n t i c i p a t e d  problems encountered i n  des ign ing  
and developing  such a system w i l l  be minimal. 

W e  t h ink  i t  r e p r e s e n t s  a "walk 

Fuel  S a l t  Gas-Handling Sys t e m  

PurDoses 

The o b j e c t i v e s  of  t h e  MSR gas-handling system are: 

1. P r o t e c t  t h e  f u e l  sa l t  from an o x i d i z i n g  atmosphere.  

2 .  Minimize t h e  poisoning  of t h e  r e a c t o r  due t o  t h e  nob le  gases  and t h e i r  
daughters  - p a r t i c u l a r l y  xenon-135. 

3.  Provide p o s i t i v e  containment of t h e  r a d i o a c t i v e  nob le  gases  and daugh- 
ters and any o t h e r  r a d i o a c t i v e  material s t r i p p e d  from t h e  f u e l  s a l t .  

I n  t h e  conceptua l  des ign  of t h e  gas-handling systems f o r  t h e  r e f e r -  
ence des ign  MSBR, t h e  fo l lowing  cri teria have been used. 
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2 .  

3. 

4 .  

5. 
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7. 

Oxide concen t r a t ion  i n  t h e  f u e l  sa l t  is t o  b e  k e p t  below 30 ppm t o  
prevent  p r e c i p i t a t i o n  of U 0 2  (see Chapter  5 ) .  

Ta rge t  va lue  f o r  t h e  poison  f r a c t i o n  due t o  t h e  noble  gas f i s s i o n  
products  and t h e i r  daughters  is 0.005. 

Volume of f u e l  sa l t  e x t e r n a l  t o  t h e  r e a c t o r  is t o  b e  k e p t  t o  a minimum. 

Fuel  s a l t  purge gas is t o  be r ecyc led .  

Off-gas system must be  a b l e  t o  accommodate v a r i o u s  forms of contamina- 
t i o n  such as noble  metals, hydrocarbon decomposition p roduc t s ,  o r  any 
o t h e r  p a r t i c u l a t e s  t h a t  may b e  c a r r i e d  by t h e  purge gas .  

No r a d i o a c t i v e  gaseous e f f l u e n t  is t o  be d ischarged  from t h e  r e a c t o r  
p l a n t .  

P o s i t i v e  containment of a l l  r a d i o a c t i v e  material must b e  provided f o r  
a l l  o p e r a t i n g  and acc iden t  c o n d i t i o n s .  

MSBR Gas System 

Desc r ip t ion .  - I n  t h e  r e f e r e n c e  des ign  MSBR [ l o o ] ,  xenon-135 and 
o t h e r  noble  gases  are s t r i p p e d  from t h e  f u e l  s a l t  by i n j e c t i n g  bubbles  
i n t o  a s i d e  stream of  f u e l  s a l t  taken  from t h e  d i scha rge  of t h e  f u e l  s a l t  
pump as shown i n  F ig .  8.6. J u s t  upstream of t h i s  p o i n t ,  bubbles  conta in-  
i n g  noble  gases  are removed from the  s a l t  by t h e  use of  bubble  s e p a r a t o r s .  
This  gas a long  wi th  any s a l t  e n t r a i n e d  i n  i t  passes  through a p i p e  d i -  
r e c t l y  t o  t h e  d r a i n  tank  [ , lo l l .  I n  t h e  d r a i n  tank ,  t h e  e n t r a i n e d  sal t  
is s e p a r a t e d  from t h e  gas and r e t u r n e d  t o  the  main c i r c u l a t i o n  loop  by 
j e t  pumps. The l i n e  running from t h e  bubble  s e p a r a t o r  t o  t h e  d r a i n  tank  
is  provided wi th  a s iphon b reak  t o  p reven t  d ra inage  of t he  main loop  i n  
case of a pump f a i l u r e .  This  s iphon break  is  i n  t h e  form of  a loop  t h a t  
rises above t h e  l i q u i d  level  i n  t h e  pump bowl and has  a v e n t u r i  t h a t  com- 
municates  wi th  t h e  pump bowl gas space  through a s m a l l  p ipe .  During normal 
o p e r a t i o n ,  t h e  gas pas s ing  through t h e  pump bowl i s  drawn i n t o  t h e  v e n t u r i  
and is d i scha rged  i n t o  t h e  d r a i n  tank  a long  wi th  t h e  g a s - s a l t  mix ture  flow- 
i n g  from t h e  bubble  s e p a r a t o r .  

In  t h e  d r a i n  tank ,  t h i s  gas has  a r e s i d e n c e  t i m e  of t h e  o r d e r  of  1 
t o  2 h r  t o  permi t  t h e  s e p a r a t i o n  of most of t h e  p a r t i c u l a t e  matter and 
e n t r a i n e d  s a l t  and t o  g r e a t l y  reduce t h e  decay energy [102] .  The gas  i s  
then  r ecyc led  through a cleanup system back t o  t h e  bubble  gene ra to r  and 
t h e  pump s h a f t  seals. Before t h e  gas e n t e r s  t h e  cleanup system, a par-  
t i c l e  t r a p  w i l l  b e  provided i f  t h e  d r a i n  t ank  is  n o t  capab le  of s e p a r a t i n g  
a l l  t h e  p a r t i c u l a t e  matter and e n t r a i n e d  f u e l  s a l t  from t h e  of f -gas .  The 
gas  then  flows through cha rcoa l  beds having a 47-hr xenon holdup t i m e  t h a t  
is s u f f i c i e n t  t o  a l low most of t he  xenon-135 t o  decay. Most of t h i s  gas 
flows back t o  t h e  bubble  gene ra to r ,  b u t  p a r t  of i t  is c leaned  up f u r t h e r .  
F igu re  8.6 shows a gas compressor i n  t h e  l i n e  of t h e  gas f lowing  t o  t h e  
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bubble  gene ra to r ,  b u t  p r e s e n t  e f f o r t s  are b e i n g  d i r e c t e d  t o  deve loping  a 
bubble  g e n e r a t o r  t h a t  does n o t  r e q u i r e  t h i s  compressor. 

c o a l  bed wi th  a 90-day xenon holdup t i m e  and an  off-gas  c leanup system. 
The a d d i t i o n a l  cha rcoa l  bed is  s u f f i c i e n t  t o  a l low decay of  p r a c t i c a l l y  
a l l  t he  noble  gases  except  krypton-85. This  gaseous i s o t o p e ,  a long  w i t h  
any t r i t i u m  p r e s e n t  i n  t h e  off-gas ,  i s  removed and s t o r e d  i n  the  off-gas  
cleanup system. Although n o t  shown i n  F ig .  8 .6 ,  p r o v i s i o n s  w i l l  b e  made 
t o  remove any oxygen o r  mois ture  t h a t  may b e  p r e s e n t  i n  t h i s  r ecyc led  gas 
stream. These p r o v i s i o n s  are i n  t h e  form of  molecular  sieve beds  t o  dry  
t h e  gas and t i t a n i u m  sponge beds  t o  remove t h e  oxygen. Makeup cover  gas 
would e n t e r  t h e  MSBR f u e l  s a l t  gas sys tem j u s t  upstream of  t h e s e  beds.  

The gas b e i n g  r ecyc led  t o  the  pump seal purge passes  through a char- 

Noble Gas S t r i p p i n g .  - The emphasis on t h e  use  of  gas bubbles  f o r  
removing t h e  nob le  gases  from t h e  MSBR f u e l  sa l t  is because  of  t h e  demon- 
s t r a t e d  c a p a b i l i t y  of bubbles  t o  s t r i p  o u t  t h e s e  gases  i n  t h e  expe r imen ta l  
aqueous and mol ten-sa l t  r e a c t o r s  t h a t  have been  ope ra t ed  [103,104,105,106, 
107,1081. Also,  i t  appears  t h a t  such a system would r e s u l t  i n  t h e  smallest 
f u e l  s a l t  inven to ry  when compared t o  o t h e r  noble  gas removal systems.  

I n  mol ten-sa l t  r e a c t o r s  wi th  g r a p h i t e  moderator ,  t h e  noble  gases  tend  
t o  d i f f u s e  i n t o  t h e  g r a p h i t e  and remain t h e r e  u n t i l  they  decay o r  react 
wi th  neu t rons .  To l i m i t  t h i s ,  methods are b e i n g  developed t o  pu t  on a py- 
r o l y t i c  c o a t i n g  on t h e  g r a p h i t e  (see Chapter  6 ) .  The g a s - s t r i p p i n g  sys tem 
must compete wi th  t h i s  gas mig ra t ion  i n t o  t h e  g r a p h i t e  e f f e c t i v e l y  t o  re- 
duce t h e  MSBR poison  f r a c t i o n  t o  an a c c e p t a b l e  l e v e l .  S m a l l  bubbles  cir- 
c u l a t i n g  wi th  t h e  s a l t  appear  compe t i t i ve  because  of  t h e i r  r e l a t i v e l y  
l a r g e  s u r f a c e  f o r  co re  void  f r a c t i o n s  less than  0.01 [106] .  

Analys is  of  Noble Gas S t r i p p i n g .  - To e v a l u a t e  t h e  e f f e c t i v e n e s s  of 
t h e  noble-gas-s t r ipping systems,  t h e  poison  f r a c t i o n  ( r a t i o  of t h e  neu- 
t r o n s  absorbed i n  t h e  noble  gases  t o  those  absorbed i n  t h e  f i s s i l e  m a t e -  
r i a l )  has  been used as t h e  f i g u r e  of  m e r i t .  Most of t h e  gas system s t u d i e s  
[ 103,109,110,106] have had as t h e i r  t a r g e t  t h e  r e d u c t i o n  of t h e  poisoning  
due t o  xenon-135 i n  t h e  sa l t ,  g r a p h i t e ,  and gas bubbles  t o  0.005. While 
xenon-135 is t h e  major i n d i v i d u a l  abso rbe r ,  t h e  o t h e r  nob le  gases  and t h e i r  
daughters  would c o n t r i b u t e  a d d i t i o n a l  po isoning .  However, t h e  e x t e n s i o n  
of an earlier s tudy  on t h e  e f f e c t  of t h e  o t h e r  abso rbe r s  i n  a two-f luid 
r e a c t o r  i n d i c a t e s  t h a t  t h e  a d d i t i o n a l  po isoning  would b e  less than  0.001 
averaged ove r  t h e  4-year l i f e  of t he  g r a p h i t e  when t h e  xenon-135 poison  
f r a c t i o n  is 0.005 [ l l l ] .  

Q u a n t i t a t i v e  s t u d i e s  of t h e  MSBR gas - s t r ipp ing  sys tem used up t o  t h e  
p r e s e n t  t i m e  [110,112,106] assumed t h a t  t h e  main f u e l  sa l t  loop  is a w e l l  
s t i r r e d  tank  having  i n s o l u b l e  bubbles  o f  gas of  uniform temperature ,  p re s -  
s u r e ,  and s i z e .  The mass t r a n s f e r  c o e f f i c i e n t  f o r  t h e  gas mig ra t ing  t o  
t h e  bubbles  w a s  assumed t o  b e  uniform throughout  t h e  loop .  The co re  w a s  
d iv ided  i n t o  f i v e  r eg ions  w i t h  t h e  mass t r a n s f e r  of  t h e  nob le  gas t o  each 
g r a p h i t e  r eg ion  be ing  uniform. For  t h e  d i f f u s i o n  of t h e  noble  gases  w i t h i n  
t h e  g r a p h i t e  i t s e l f ,  t h e  g r a p h i t e  w a s  t r e a t e d  as a two-region s l a b ,  w i th  
t h e  o u t e r  r eg ion  be ing  t h e  p y r o l y t i c  c o a t i n g  and t h e  i n n e r  r e g i o n  b e i n g  
t h e  b a s e  g r a p h i t e  s t o c k .  

b 
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A new c a l c u l a t i o n a l  model t h a t  cons ide r s  t h e  e f f e c t s  of t h e  gas s o l -  
u b i l i t y  and v a r i a t i o n s  i n  t h e  temperatures  and p r e s s u r e s  throughout  t h e  
f u e l  s a l t  loop  has  been developed. The purpose of  t h i s  new model i s  t o  
check t h e  assumptions used i n  t h e  prev ious  model and t o  make any necessa ry  
mod i f i ca t ions .  R e s u l t s  u s ing  t h e  new model are p re l imina ry ,  however, and 
i t  is too  e a r l y  t o  assess t h e  d i f f e r e n c e s  i n  t h e  r e s u l t s  produced by t h e  
two models. 

terms of  a t i m e  cons t an t  de f ined  as 
Resu l t s  from t h e  w e l l - s t i r r e d  tank  model [ lo61  were c o r r e l a t e d  i n  

v c  S t r i p p i n g  rate = - 
T 

where V is t h e  main f u e l  s a l t  loop  volume, C i s  t h e  i s o t o p e  c o n c e n t r a t i o n  
i n  t h e  f u e l  sa l t ,  and T is t h e  t i m e  c o n s t a n t .  F igu re  8.7 shows t h e  c o n t r i -  
bu t ion  of  xenon-135 i n  the  g r a p h i t e  and f u e l  s a l t  t o  the  poison f r a c t i o n  
f o r  bo th  uncoated and p y r o l y t i c  coa ted  g r a p h i t e .  The c o n t r i b u t i o n  of t h e  
xenon-135 i n  t h e  gas bubbles  t o  t h e  poison  f r a c t i o n  was about 0.0003 f o r  
most cases t h a t  were s t u d i e d  s i n c e  i t  w a s  assumed t h a t  t he  purge gas e n t e r -  
i n g  the  f u e l  s a l t  system conta ined  low q u a n t i t i e s  of  t h i s  i s o t o p e .  The 
d i f f u s i v i t y  and t h e  p o r o s i t y  of t h e  b a s e  g r a p h i t e  were assumed t o  b e  
f t 2 / h r  and 0.1,  r e s p e c t i v e l y .  I n c r e a s i n g  t h i s  d i f f u s i v i t y  t o  f t 2 / h r  
had l i t t l e  e f f e c t  on t h e  r e s u l t s  even when t h e  g r a p h i t e  w a s  uncoated,  
s i n c e  f o r  uncoated g r a p h i t e  t he  mig ra t ion  rate of  t he  nob le  gases  t o  t h e  
g r a p h i t e  is c o n t r o l l e d  by the  a d j a c e n t  sa l t  boundary l a y e r .  A s t r i p p i n g  
system having  a t i m e  cons t an t  of about  30 sec ( q u i t e  r a p i d )  would be  
r e q u i r e d  t o  reduce t h e  xenon-135 poison  f r a c t i o n  t o  0.005 i n  a r e a c t o r  
having  uncoated g r a p h i t e .  P u t t i n g  a p y r o l y t i c  c o a t i n g  on t h e  g r a p h i t e  
permi ts  us  t o  use  a s t r i p p i n g  system having  much longe r  t i m e  c o n s t a n t s .  
For  example, F ig .  8.7 shows t h a t  a c o a t i n g  wi th  a lo-* f t 2 / h r  d i f f u s i v i t y  
would r e q u i r e  a s t r i p p i n g  system having a t i m e  cons t an t  of about 300 sec 
t o  l i m i t  t h e  xenon-135 poison f r a c t i o n  of 0.005. The e f f e c t  of t h e  coat-  
i n g  p o r o s i t y  on t h i s  w a s  found t o  b e  small. I n  t h i s  case, t h e  rate of 
mig ra t ion  from t h e  s a l t  i n t o  t h e  bu lk  of t h e  g r a p h i t e  i s  c o n t r o l l e d  by 
t h e  rate of t h e  d i f f u s i o n  through t h e  c o a t i n g  material. 

8.7 w a s  assumed t o  be  0.011 i n .  A s  shown i n  F ig .  8 .8 ,  va ry ing  t h e  c o a t i n g  
th i ckness  can have a g r e a t  i n f l u e n c e  on t h e  r e s u l t s .  Here f o r  a s t r i p p i n g  
system having  a t i m e  cons t an t  of 316 sec, dec reas ing  the  d i f f u s i v i t y  of  
t h e  c o a t i n g  would al low a much t h i n n e r  coa t ing .  The c a l c u l a t i o n s  a l s o  
showed t h a t  n o t  c o a t i n g  t h e  g r a p h i t e  s u r f a c e s  i n  the  r e f l e c t o r  and plenum 
reg ions  had a n e g l i g i b l e  e f f e c t  on t h e  co re  poison  f r a c t i o n .  

bubbles  must equa l  t h e  s t r i p p i n g  rate. I f  the  gas phase r e s i s t a n c e  t o  
mass t r a n s f e r  is n e g l i g i b l e ,  

The t h i c k n e s s  of  t h e  p y r o l y t i c  c o a t i n g  f o r  t h e  cases shown i n  Fig.  

For t h e  bubbles  t o  s t r i p  t h e  nob le  gases ,  t he  mig ra t ion  rate t o  t h e  

Migra t ion  rate of gas t o  bubbles  = h b%IC - HRTcbl 
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where % is  t h e  mass t r a n s f e r  c o e f f i c i e n t ,  A,, is  t h e  bubble  s u r f a c e  area, 

C i s  t h e  i s o t o p e  concen t r a t ion  i n  t h e  s a l t ,  C is  t h e  i s o t o p e  concentra-  

t i o n  i n  t h e  gas bubble ,  H i s  t h e  Henry's l a w  c o n s t a n t ,  R is  t h e  gas  con- 
s t a n t ,  and T is  t h e  temperature .  Assuming a bubble  d iameter  of 0.020 i n . ,  
and a mass t r a n s f e r  c o e f f i c i e n t  of 2.0 f t / h r ,  t h e  t i m e  c o n s t a n t s  were 
c a l c u l a t e d  f o r  v a r i o u s  void  f r a c t i o n s  and f r a c t i o n  of bubbles  removed p e r  
loop c y c l e ,  It w a s  assumed t h a t  t h e  gas b e i n g  r e t u r n e d  from t h e  of f -gas  
system w a s  e s s e n t i a l l y  f r e e  of xenon-135. 
8.9 show t h a t  a 0.2% c i r c u l a r i n g  void  volume and a 0 . 1  f r a c t i o n a l  bubb le  
removal rate g ives  a t i m e  cons t an t  of about  250 see. 
F ig .  8.7 y i e l d s  a t a r g e t  xenon-135 poison  f r a c t i o n  of  0.005 i f  t h e  g r a p h i t e  
has  a p y r o l y t i c  c o a t i n g  0.011 i n .  t h i c k  and d i f f u s i v i t y .  The knees 
i n  t h e  curves  of  F ig .  8.9 occur  where t h e  p a r t i a l  p r e s s u r e  of  t h e  xenon-135 
i n  t h e  gas phase becomes a s i g n i f i c a n t  r e s i s t a n c e  t o  t h e  t r a n s f e r  of  t h i s  
i s o t o p e  t o  t h e  bubbles .  

approximated by t h e  r e l a t i o n  

b 

The r e s u l t s  p l o t t e d  i n  F ig .  

Comparing t h i s  w i th  

When t h i s  r e s i s t a n c e  i s  n o t  s i g n i f i c a n t ,  t h e  t i m e  c o n s t a n t  T can b e  

where db is t h e  bubble  diameter  and $ i s  t h e  void  f r a c t i o n .  This  imp l i e s  
t h a t  reducing  t h e  bubble  d iameter  and/or  i n c r e a s i n g  t h e  mass t r a n s f e r  co- 
e f f i c i e n t  and t h e  void  f r a c t i o n  w i l l  reduce t h e  t i m e  c o n s t a n t .  It  w i l l  
be  seen  l a te r  t h a t  t h e  bubble  mass- t ransfer  experiments  i n d i c a t e  t h a t  f o r  
t h e  cond i t ions  i n  those  experiments  t h e  mass t r a n s f e r  c o e f f i c i e n t  is pro- 
p o r t i o n a l  t o  t h e  bubble  d iameter .  I n  t h i s  case, t h e  bubble  system t i m e  
cons t an t  varies i n v e r s e l y  wi th  t h e  void  f r a c t i o n .  However, as t h e  bubbles  
become ve ry  s m a l l ,  i t  i s  q u e s t i o n a b l e  t h a t  t h e  bubble  mass t r a n s f e r  coef- 
f i c i e n t  would con t inue  t o  dec rease  wi th  dec reas ing  bubble  d iameter .  I f  
t h i s  proves t o  b e  t r u e ,  t h e  bubble  system t i m e  cons t an t  would dec rease  
wi th  dec reas ing  bubble  diameter  below some l i m i t i n g  s i z e  and could p o s s i b l y  
become ve ry  s m a l l .  

removed p e r  loop  cyc le  and/or  t h e  of f -gas  r e c y c l e  t i m e  could b e  smaller 
than  t h e  v a l u e s  s e l e c t e d  f o r  t h e  r e f e r e n c e  des ign  MSBR s i n c e  t h e  bubbles  
are f a r  from be ing  s a t u r a t e d  wi th  xenon-135. Because of t h e  u n c e r t a i n t i e s  
i n  t h e  model, t h e  parameters  above were s e l e c t e d ,  b u t  as f u r t h e r  d a t a  and 
exper ience  are ob ta ined ,  i t  may b e  p o s s i b l e  t o  reduce t h e s e  va lues .  How- 
eve r ,  i t  should b e  remembered t h a t  t h e r e  is  some small i n c r e a s e  i n  t h e  
co re  poison  f r a c t i o n  as t h e  xenon-135 con ten t  i n  t h e  bubbles  i n c r e a s e s .  
Also t h e  s h o r t e r  r e c y c l e  t i m e s  i n  t h e  of f -gas  system might n o t  g r e a t l y  
decrease  t h e  sum of t h e  volumes of a l l  of  t h e  c h a r c o a l  beds s i n c e  even- 
t u a l l y  a lmost  a l l  of t h e  noble  gases  and t h e i r  daughters  w i l l  have t o  b e  
removed from t h e  purge gas  stream b e f o r e  i t  is  recyc led  t o  t h e  pump. 

The above 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  f r a c t i o n  of t h e  bubbles  

F 
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Iod ine  Removal. - Since  most of t h e  xenon-135 produced i n  a r e a c t o r  is 
produced i n d i r e c t l y  by t h e  decay of  6.7 h r  h a l f - l i f e  iodine-135, u se  of  
s ides t r eam i o d i n e  s t r i p p e r s  has  been sugges ted  as a method f o r  minimizing 
t h e  poisoning  i n  t h e  MSBR [114,115].  The " e f f e c t i v e "  s o l u b i l i t y  of  i o d i n e ,  
def ined  as t h e  r a t i o  of t h e  d i s so lved  i o d i d e  c o n c e n t r a t i o n  t o  t h e  sum of 
t h e  p a r t i a l  p r e s s u r e  of t he  i o d i n e  and hydrogen i o d i d e  i n  t h e  gas phase,  
has  been found t o  b e  a f u n c t i o n  of t h e  s a l t  chemistry as w e l l  as t h e  
temperature .  T h i s  " e f f e c t i v e "  s o l u b i l i t y  is  q u i t e  h i g h ,  s o  s t r i p p i n g  
t h e  i o d i n e  wi th  an  i n e r t  gas stream would r e q u i r e  very  l a r g e  q u a n t i t i e s  
of gas.  However, adding hydrogen f l u o r i d e  t o  t h e  s t r i p p i n g  gas stream 
would o x i d i z e  t h e  i o d i d e  and reduce i t s  " e f f e c t i v e "  s o l u b i l i t y .  Of 
course t h e  s t r i p p e d  s a l t  must then  b e  reduced b e f o r e  i t  is r e t u r n e d  t o  
t h e  main f u e l  c i r c u l a t i o n  loop.  

The minimum ra te  t h a t  t h i s  f u e l  sa l t  must be  processed  f o r  i o d i n e  
and xenon t o  ach ieve  v a r i o u s  xenon-135 poison  f r a c t i o n s  i n  t h e  r e a c t o r  
w i th  uncoated g r a p h i t e  are shown i n  F ig .  8.10. It  can b e  seen  t h a t  s t r i p -  
p ing  only  t h e  i o d i n e  from a s i d e  stream of t h e  f u e l  s a l t  is n o t  s u f f i c i e n t  
t o  reach  t h e  t a r g e t  po ison  f r a c t i o n  i n  t h e  r e a c t o r .  However, removing t h e  
i o d i n e  w i t h  t h e  xenon is  very  e f f e c t i v e  i n  reducing  t h e  poison  f r a c t i o n .  
Therefore ,  i f  t h e  g r a p h i t e  cannot be  s e a l e d ,  an i o d i n e  s t r i p p i n g  system 
might have t o  b e  used i n  conjunct ion  w i t h  some type  of  a xenon removal 
system i n  o r d e r  t o  ach ieve  a xenon poison  f r a c t i o n  of 0.005. 

ca se  of removing 63% of t h e  xenon and 6% of t h e  i o d i n e  from an 8% f u e l  
s a l t  s i d e  stream, and i n  ano the r  case of removing 60% of t h e  i o d i n e  from 
a 0.8% f u e l  s a l t  s i d e  stream [115] .  I n  bo th  cases t h e  atmospheric  pres -  
s u r e  gas stream con ta ins  1% hydrogen f l u o r i d e  t o  o x i d i z e  t h e  s a l t ,  and 
t h e  t o t a l  gas  flow ra te  through t h e  s t r i p p i n g  u n i t  i s  about  80 f t 3 / s e c .  
The h e a t  product ion  rate of t h e  s t r i p p e d  gases  and t h e i r  daughters  a long  
w i t h  any removed noble  metals w a s  e s t ima ted  t o  b e  about  6 MW(t). This  
would imply a f a i r l y  s i z a b l e  gas system and t h e  d r a i n  tank  could no t  b e  
used as a de lay  tank  because of t h e  presence  of  hydrogen f l u o r i d e  i n  t h i s  
gas .  The hydrogen f l u o r i d e  could come i n  c o n t a c t  w i th  t h e  f u e l  s a l t  t h a t  
is  be ing  pumped from t h e  d r a i n  tank  t o  t h e  main c i r c u l a t i n g  loop .  Also 
cons ide ra t ion  must b e  g iven  t o  removal of t h e  a f t e r h e a t  i n  t h e  event  of  
a f a i l u r e  i n  t h e  gas c i r c u l a t i o n  system. 

have been cons idered  f o r  t he  s t r i p p e r .  A l l  appeared t o  b e  f e a s i b l e  al- 
though much development would b e  r e q u i r e d  f o r  any one of them. They w e r e  
all f a i r l y  l a r g e  u n i t s  ( roughly 10 f t  h igh  and 10 f t  i n  d i ame te r ) ,  b u t  
t h e  l i q u i d  holdup i n  most of them w a s  n o t  excess ive .  

Conceptual des ign  s t u d i e s  were made of s t r i p p i n g  u n i t s  capable  i n  one 

Spray towers ,  v e n t u r i  c o n t a c t o r s ,  ramp flow u n i t s ,  and packed columns 

Off-Gas Handl ing.  - I n  t h e  bubble  s t r i p p i n g  system, t h e  purge gas 
leaves t h e  bubble  s e p a r a t o r s  and t h e  pump bowls and flows d i r e c t l y  t o  the  
d r a i n  t ank  [116] .  
duc t s ,  n o n v o l a t i l e  f i s s i o n  products  i n c l u d i n g  t h e  noble  metals, e n t r a i n e d  
sa l t ,  and decomposed hydrocarbons o r  any o t h e r  f o r e i g n  material, much 
a t t e n t i o n  must b e  given t o  t h e  l a y o u t  of  t h e  l i n e  d i scha rg ing  from t h e  
bubble  s e p a r a t o r s  and t h e  pump bowls. This  is  t o  a s s u r e  t h a t  t h i s  l i n e  
w i l l  n o t  become plugged wi th  p a r t i c u l a t e  matter and t h a t  i t  w i l l  n o t  

S ince  t h i s  gas con ta ins  many s h o r t - l i v e d  f i s s i o n  pro- 
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overhea t  even under r e a c t o r  a c c i d e n t  cond i t ions .  Conceptual l a y o u t  s t u d i e s  
i n d i c a t e  t h a t  t h i s  can be  done. 

To s e p a r a t e  t h e  p a r t i c u l a t e s  and t h e  e n t r a i n e d  s a l t  and t o  remove 
l a r g e  amounts of energy genera ted  by t h e s e  materials and t h e  r a d i o a c t i v e  
gas du r ing  t h e  f i r s t  decay pe r iod ,  a l a r g e  vessel hav ing  a l a r g e  volume 
and h e a t  s i n k  is  d e s i r e d  [117] .  The d r a i n  tank  appears  t o  meet t h e s e  
requirements  and t h e  off-gas  is  rou ted  f i r s t  t o  i t .  H e r e ,  as desc r ibed  
earlier i n  t h i s  chap te r ,  about  18 M W ( t )  of  h e a t  and most of t he  nonvola- 
t i l e  materials are removed from t h e  gas stream. A f t e r  an hour  holdup,  
t h e  energy gene ra t ion  rate i n  t h e  off-gas  stream drops o f f  by about  two 
o r d e r s  of  magnitude due t o  t h e  decay of  t h e  s h o r t - l i v e d  f i s s i o n  p roduc t s .  

Cons iderable  a t t e n t i o n  must b e  g iven  t o  t h e  development of a d r a i n  
tank  t o  a s s u r e  t h a t  t h e s e  aims are accomplished and t h i n g s  such as s h o r t  
c i r c u i t i n g  of t h e  flow of t h e  gas i n  t h e  d r a i n  tank  do n o t  occur .  Any 
p a r t i c u l a t e  material t h a t  is  n o t  removed from t h e  off-gas  i n  t h e  d r a i n  
tank  should b e  removed by a f i l t e r  b e f o r e  t h e  of f -gas  e n t e r s  t h e  c h a r c o a l  
beds s o  t h a t  t h e  gas flow through t h e  beds w i l l  n o t  b e  r e s t r i c t e d  by t h e  
accumulat ion of  f o r e i g n  materials. Not much e f f o r t  has  been  d i r e c t e d  t o  
t h e  des ign  of a f i l t e r  f o r  t h i s  purpose i n  t h e  MSBR. Probably s i n t e r e d  
metal would be  used as t h e  f i l t e r  material and much a t t e n t i o n  would have 
t o  b e  given t o  des ign ing  i t  so  i t  can b e  c leaned  o r  r ep laced  and cooled 
adequate ly  a t  a l l  t i m e s .  

Noble Gas Absorpt ion on Charcoal .  - Dynamic a b s o r p t i o n  of  t h e  noble  
gases  i n  a c t i v a t e d  cha rcoa l  reduces t h e  volume a c t u a l l y  r e q u i r e d  t o  a l low 
t h e  d e s i r e d  decay of t h e s e  gases .  The f a c t o r  by which t h i s  volume can b e  
reduced from t h a t  of an empty vessel o r  p i p e  v a r i e s  from 5 0 0 , a t  80°F, t o  
50 a t  250"F, and t o  1 a t  800°F. The c a p a b i l i t y  of t h e  cha rcoa l  beds f o r  
removing t h e  noble  gases  h a s  been c a l c u l a t e d  from t h e  computer programs 
developed f o r  t h e  HRE-2 and t h e  MSRE [118,119,120,121].  Both of t h e s e  
programs cons ide r  t h e  e f f e c t s  of t h e  gas and i s o t o p e  flow rates, p i p e  
geometry, and tempera tures  on the  amount of noble  gases  removed. A re- 
v i s e d  computer program is  now be ing  developed,  i n c o r p o r a t i n g  t h e  informa- 
t i o n  from t h e  p rev ious  programs, t h a t  w i l l  op t imize  t h e  des ign  of t h e  
cha rcoa l  beds on t h e  b a s i s  of  s e l e c t e d  parameters .  

Heat genera ted  i n  t h e  cha rcoa l  beds w a s  c a l c u l a t e d  by a computer 
program t h a t  c o n s i d e r s  t h e  movement of t h e  nob le  gases  throughout  t h e  
of f -gas  system [117,122].  This  code assumes t h a t  t h e  n o n v o l a t i l e  daugh te r s  
of t h e  noble  gases  remain a t  t h e  l o c a t i o n  of  t h e i r  b i r t h .  Typ ica l  r e s u l t s  
of t h i s  program are shown i n  F ig .  8.11. 

This  h e a t  is removed from t h e  cha rcoa l  beds by having  t h e  p ipes  con- 
t a i n i n g  t h e  c h a r c o a l  immersed i n  c l o s e d  tanks  of  water. Water is  al lowed 
t o  b o i l  i n  t h e  47-hr xenon holdup bed tanks  wi th  t h e  h e a t  b e i n g  removed 
from t h e  steam i n  a r e f l u x  condenser .  However, t h e  90-day xenon holdup 
bed must b e  k e p t  c o o l e r  and t h e  water i n  t h e s e  tanks  i s  c i r c u l a t e d  through 
a coo l ing  u n i t .  P o t e n t i a l  problems a s s o c i a t e d  wi th  removing h e a t  t h i s  
way t h a t  have n o t  been i n v e s t i g a t e d  thoroughly are t h e  consequences of a 
w a t e r  l e a k  i n t o  t h e  cha rcoa l  beds  and what happens i f  t h e  c o o l i n g  w a t e r  

c 

c 
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Typica l  d i s t r i b u t i o n  of decay-heat i n  t h e  MSBR off-gas  system. 
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supply f o r  t h e  r e f l u x  condenser o r  t h e  w a t e r  c o o l e r  f a i l s .  U s e  of  re- 
dundant p a r a l l e l  cha rcoa l  beds and coo l ing  water systems is  b e i n g  con- 
s i d e r e d .  

Purge Gas Cleanup. - A f t e r  t h e  purge leaves t h e  90-day xenon holdup 
charcoa l  beds  , a l l  t h e  r ad ionuc l ides  have decayed t o  n e g l i g i b l e  va lues  
except  f o r  the krypton-85 and any tritium p r e s e n t  i n  t h e  gas .  It  has  
been proposed [122] t h a t  t h i s  gas flow through a cleanup system c o n s i s t i n g  
of a copper oxide  bed t o  conver t  t h e  t r i t i u m  t o  3H20 and low-temperature 
(OOF) cha rcoa l  abso rbe r s  where t h e  3H20 and t h e  remaining k ryp ton  and 
xenon are removed. A compressor r e t u r n s  t h e  cleaned gas back t o  t h e  re- 
a c t o r  through t h e  pump seals, etc. These low-temperature c h a r c o a l  beds 
are regene ra t ed  p e r i o d i c a l l y  by p a s s i n g  p a r t  of  t h e  c l ean  r ecyc led  he l ium 
through them a t  500°F. This  he l ium stream then  passes  through a l i q u i d  
n i t r o g e n  t r a p  where t h e  3H20, krypton  and xenon are removed and s t o r e d .  

A f t e r  a l l  of t h e  r ad ionuc l ides  have been removed from the  purge gas 
stream, t h e r e  might b e  some mois ture  o r  oxygen remaining i n  t h i s  gas stream. 
P o t e n t i a l  p o i n t s  of  e n t r y  f o r  t h e s e  contaminants  i n t o  t h e  r e a c t o r  system 
could b e  i m p u r i t i e s  i n  t h e  makeup gas  supply  o r  a s m a l l  l e a k  i n  one of  t h e  
cha rcoa l  beds.  Molecular sieves a t  room tempera ture  (%80°F) have been  
used s u c c e s s f u l l y  t o  remove moi s tu re  from t h e  f u e l  s a l t  purge  gas stream 
[123] .  
d ry  hel ium a t  500°F. 
removed from t h e  f u e l  sa l t  purge gas stream by pass ing  i t  through t i t a n i u m  
sponge beds  a t  1200°F [123]. 

These beds w e r e  r egene ra t ed  p e r i o d i c a l l y  by purg ing  them wi th  
It a l s o  has  been demonstrated t h a t  oxygen can b e  

MSRE Gas Systems 

Desc r ip t ion .  - Most of  t h e  exper ience  of s t r i p p i n g  nob le  gases  from 
molten sa l t  r e a c t o r s  h a s  been  i n  t h e  MSRE. I n  t h e  MSRE, p a r t  of t h e  f u e l  
salt  w a s  c i r c u l a t e d  through t h e  pump bowl where i t  came i n  c o n t a c t  w i t h  
t h e  i n e r t  cover  gas [104,124,106].  Most of  t h e  f u e l  s a l t  e n t e r i n g  t h e  
pump bowl w a s  sprayed through t h e  gas space  i n t o  a pool  of  s a l t  i n  t h e  
pump bowl. It then  r e tu rned  t o  t h e  main f u e l  salt  loop  through p o r t s  a t  
t h e  i n l e t  of t h e  pump v o l u t e .  

e n t e r e d  t h e  pump bowl most ly  through t h e  annulus  between t h e  pump s h a f t  
and t h e  s h i e l d  p lug ,  a l though s m a l l  amounts of i t  e n t e r e d  through t h e  
bubb le r .  (The method f o r  removing any moi s tu re  o r  oxygen i s  t h a t  de- 
s c r i b e d  f o r  t h e  MSBR immediately above.)  This  gas then  l e f t  t h e  pump 
bowl, c a r r y i n g  t h e  nob le  gases  and any e n t r a i n e d  material, and passed  
through a p ipe  having  about  1 h r  holdup t i m e .  
through a porous bed f i l t e r  and va lves  and through ano the r  p i p e  having  
about  l -h r  holdup t i m e  t o  an a c t i v a t e d  cha rcoa l  bed immersed i n  water 
and designed f o r  a 90-day holdup of xenon. A l l  t he  nob le  gases  except  
krypton-85 and any tritium t h a t  w a s  p r e s e n t  decayed t o  i n s i g n i f i c a n t  
levels i n  t h e s e  beds.  This  gas then  passed through a b s o l u t e  f i l t e r s  and 
w a s  d i scharged  t o  t h e  atmosphere through a 100-ft-high s t a c k .  

Fresh ,  d r i e d ,  pu re ,  i n e r t  purge gas ( u s u a l l y  hel ium, sometimes argon)  

From t h e r e  i t  flowed 
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A s  t h e  s a l t  w a s  j e t t e d  from t h e  pump sp ray  r i n g  i n t o  t h e  pool  of  
s a l t  i n  t h e  pump bowl, a l a r g e  amount of t h e  cover gas w a s  c a r r i e d  i n t o  
t h e  sa l t  poo l  [104] .  This  gas  formed bubbles  which tended t o  coa le sce  
and f l o a t  back up t o  t h e  poo l  s u r f a c e .  However, some of t h e s e  bubbles  
were c a r r i e d  i n t o  t h e  main f u e l  sa l t  loop w i t h  t h e  s a l t  f lowing i n t o  t h e  
pump v o l u t e  i n l e t  a t  t h e  bottom of  t h e  pump bowl. It w a s  found t h a t  t h e  
amount of  gas c a r r i e d  i n t o  the  f u e l  salt  loop  w a s  a f u n c t i o n  of t h e  gas 
s o l u b i l i t y ,  t h e  s a l t  chemistry and t h e  pump speed ,  which determined t h e  
v e l o c i t y  of  t h e  s a l t  be ing  j e t t e d  from t h e  sp ray  r i n g .  The e f f e c t s  of  
t h e  s a l t  chemistry are n o t  understood f u l l y ,  b u t  t h e  amount of  gas c a r r i e d  
i n t o  t h e  main loop  changed s i g n i f i c a n t l y  a f t e r  t h e  sa l t  w a s  processed t o  
change t h e  f i s s i l e  material and when be ry l l i um w a s  immersed i n  t h e  sa l t  
i n  the  pump bowl. 

amount of noble  gases  p r e s e n t  i n  t h e  MSRE [105,106,125].  
ments on t h e  sp ray  s t r i p p e r  i n  t h e  pump bowl i n d i c a t e d  t h a t  i t  had an 
e f f i c i e n c y  of  about  15% [126] .  However, t h e  r e a c t o r  o p e r a t i o n  exper ience  
i n d i c a t e d  t h a t  t h e  noble  gases  w e r e  be ing  removed a t  a rate t h a t  impl ied  
a much g r e a t e r  e f f i c i e n c y .  It w a s  found t h a t  t h e  two parameters  a f f e c t i n g  
t h e  amouht of  xenon poisoning  t h e  most i n  t h e  MSRE w e r e  t h e  cover  gas used 
and t h e  co re  void  f r a c t i o n ,  The exper imenta l  d a t a  are summarized i n  F ig .  
8.12, where t h e  l o s s  of  r e a c t i v i t y  i s  about  0 .8  of  t h e  xenon poison  f r a c -  
t i o n  f o r  t h e  MSRE. It appeared t h a t  t h e  c i r c u l a t i n g  bubbles  were q u i t e  
s m a l l ,  be ing  i n  t h e  range of 0.005 t o  0.020 i n . ,  and t h a t  t h e  s t r i p p i n g  
e f f i c i e n c y  of t h e s e  bubbles  i n  t h e  pump bowl w a s  50 t o  100%. 

Bubbles c a r r i e d  i n t o  t h e  f u e l  s a l t  loop  had a dramat ic  e f f e c t  on t h e  
Ear ly  exper i -  

Analys is  of Noble Gas S t r i p p i n g .  - The d a t a  i n  F ig .  8.12 d i d  n o t  
a g r e e  w e l l  w i th  t h e  va lues  p r e d i c t e d  by t h e  w e l l - s t i r r e d  p o t  i n s o l u b l e  
gas model d i scussed  above f o r  t he  MSBR, p a r t i c u l a r l y  when hel ium w a s  used 
as a cover  gas [106,125] .  
f r a c t i o n  would b e  a monotonical ly  dec reas ing  curve t h a t  i s  a f u n c t i o n  only  
of  t h e  co re  void  f r a c t i o n  and i s  independent of  t h e  cover  gas used.  P a r t  
of t h e  assumptions i n  t h i s  model had been checked expe r imen ta l ly ,  It pre-  
d i c t e d  t h a t  t h e  major r e s i s t a n c e  t o  t h e  t r a n s f e r  of most of  t he  noble  
gases  from t h e  f u e l  sa l t  t o  the  g r a p h i t e  moderator would be  t h e  salt  
boundary l a y e r .  A precr i t ica l  experiment i n  which krypton  w a s  i n j e c t e d  
i n t o  and subsequent ly  removed from t h e  MSRE f u e l  s a l t  system i n d i c a t e d  
t h a t  t he  mass t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  noble  gases  mig ra t ing  through 
t h e  boundary l a y e r  ad jacen t  t o  the  co re  g r a p h i t e  w e r e  i n  reasonable  agree-  
ment w i th  those  p r e d i c t e d  by theo ry  [106,125] .  R e s u l t s  of an a n a l y s i s  
of  d a t a  ob ta ined  [127] from t h e  measurements of t h e  d i s t r i b u t i o n  of  t h e  
daughters  of s h o r t - l i v e d  noble  gases  i n  samples of  t h e  MSRE g r a p h i t e  
showed t h a t  t h e  d i f f u s i v i t i e s  of t h e  noble  gases  i n  t h e  g r a p h i t e  agreed  
wi th  those  used i n  t h e  w e l l - s t i r r e d  p o t  i n s o l u b l e  gas model. 

S ince  t h e  w e l l - s t i r r e d  po t  i n s o l u b l e  gas model d i d  n o t  d e s c r i b e  t h e  
noble  gas poisoning  of  t h e  MSRE adequate ly ,  a new model w a s  developed t o  
d e s c r i b e  t h i s  behav io r  [105, 1061. This  model cons idered  t h e  s o l u b i l i t y  
of t h e  cover  gas  i n  t h e  f u e l  s a l t  by d i v i d i n g  t h e  r e a c t o r  i n t o  f o u r  re- 
g ions ,  each con ta in ing  a l i q u i d  and a gas phase.  Bubble s u r f a c e  t e n s i o n  
e f f e c t s  w e r e  neg lec t ed  and i t  w a s  assumed t h a t  t h e  bubbles  i n  each r e g i o n  

These c a l c u l a t i o n s  i n d i c a t e d  t h a t  t he  poison  
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w e r e  o f  uniform s i z e  and t h a t  t h e i r  number w a s  c o n s t a n t .  S o l u t i o n  of t h e  
r e l a t i o n s  de r ived  f o r  t h i s  model i n d i c a t e d  d i f f e r e n c e s  i n  t h e  void  f r a c -  
t i o n  i n  d i f f e r e n t  r eg ions  of t h e  r e a c t o r ,  b u t  t h e s e  d i f f e r e n c e s  w e r e  n o t  
a s t r o n g  f u n c t i o n  of  t h e  bubble  s i z e .  

iodine-135 and xenon-135m i n  t h e s e  f o u r  r eg ions  us ing  t h e  void  f r a c t i o n  
d i s t r i b u t i o n  c a l c u l a t e d  by t h e  r e l a t i o n s  desc r ibed  above. 
of  c a l c u l a t i o n s  u s i n g  i n t e r n a l l y  c o n s i s t e n t  parameters  were made t o  de- 
s c r i b e  the noble  gas poisoning  i n  t h e  MSRE. The reasonably  good f i t  of  
t h e  c a l c u l a t e d  poison f r a c t i o n  t o  t h e  measured va lues  shown i n  F ig .  8 .12  
w a s  ob ta ined  by use of one set  of parameters .  

Cons idera t ion  of  t h e  s o l u b i l i t y  of t he  cover  gas w a s  n o t  s u f f i c i e n t  
by i t s e l f  t o  o b t a i n  t h e  agreement shown i n  F ig .  8.12. I n  a d d i t i o n ,  t h e  
mass t r a n s f e r  c o e f f i c i e n t  f o r  t h e  xenon d i f f u s i n g  t o  t h e  g r a p h i t e  had t o  
be  reduced by about a f a c t o r  of s i x ,  t h e  bubble  s t r i p p i n g  e f f i c i e n c y  had 
t o  vary  wi th  t h e  amount of gas i n g e s t e d  by t h e  pump, and an a d d i t i o n a l  
v a r i a b l e  mechanism f o r  xenon t r a n s p o r t  t o  g r a p h i t e  w a s  r e q u i r e d  t o  produce 
t h e  maxima i n  t h e  curves .  
w a s  p o s t u l a t e d  i n  o r d e r  t o  provide  a p rocess  amenable t o  mathematical  
formula t ion . )  

fo l lowing  a sudden power change i n  t h e  MSRE d i d  n o t  a c c u r a t e l y  reproduce 
t h e  observed behavior .  Thus t h e  improved c a l c u l a t i o n a l  procedure w a s  n o t  
a complete success .  
h a v i o r  i n  t h e  MSRE and t o  a c c u r a t e l y  p r e d i c t  t h e  behav io r  i n  an MSBR. 

Because of  t h e  shortcomings and t h e  more complicated n a t u r e  of t h i s  
improved model f o r  t h e  MSRE, t h e  w e l l - s t i r r e d  p o t  i n s o l u b l e  gas model has  
been used up t o  the  p r e s e n t  t i m e  t o  d e s c r i b e  the  MSBR nob le  gas behavior  
i n  F igs .  8.7 through 8.9.  Another argument advanced f o r  u s ing  t h i s  s i m -  
p l i f i e d  model f o r  t h e  MSBR is  t h a t  t h e  gas bubbles  i n  t h e  MSBR w i l l  b e  
f a r  from b e i n g  s a t u r a t e d  wi th  xenon as compared t o  t h e  bubbles  be ing  c l o s e  
t o  s a t u r a t i o n  i n  the  MSRE. So i f  t h e  bubbles  i n t e r a c t  wi th  t h e  g r a p h i t e  
i n  the  MSBR, i t  is p o s t u l a t e d  t h a t  they would n o t  c o n t r i b u t e  as much t o  
t h e  poisoning  i n  t h e  MSBR as they d i d  i n  t h e  MSRE. It i s  expected t h a t  
t h e  new computer program be ing  developed f o r  d e s c r i b i n g  t h e  nob le  gas 
behavior  i n  t h e  MSBR w i l l  shed some l i g h t  on t h i s .  
mental  d a t a  probably w i l l  be r e q u i r e d  b e f o r e  t h i s  s i t u a t i o n  can be  com- 
p l e t e l y  r e so lved .  

Material ba lances  then  were w r i t t e n  f o r  xenon-135 and i t s  p r e c u r s o r s  

A l a r g e  number 

(Direct i n t e r a c t i o n  of  bubbles  w i t h  g r a p h i t e  

Using t h e s e  same parameters  t o  d e s c r i b e  t h e  t r a n s i e n t  xenon poisoning  

More work is necessa ry  t o  e l u c i d a t e  t h e  xenon be- 

However, more expe r i -  

Off-Gas System Performance. - The MSRE off-gas  system g e n e r a l l y  oper-  
a t e d  s a t i s f a c t o r i l y  a l though some nuisance  type  problems were encountered 
[104,128,129].  
c e n t r a t i o n s  similar t o  any o rd ina ry  m i s t .  Some of t h e  sa l t  m i s t  d r i f t e d  
i n t o  t h e  off-gas  l i n e  a t  t h e  ra te  of a few grams p e r  month, and some of 
t h e  r e s u l t a n t  sa l t  d e p o s i t s  had t o  b e  removed a t  i n t e r v a l s  of s i x  months 
t o  a yea r .  Fore ign  materials, p a r t i c u l a r l y  those  r e s u l t i n g  from t h e  f u e l  
pump l u b r i c a t i n g  o i l  l e a k i n g  i n t o  t h e  f u e l  sa l t  found t h e i r  way t o  t h e  
c o n t r o l  va lves ,  f low r e s t r i c t o r s ,  and f i l t e r s .  These items g radua l ly  be- 
came plugged by t h e s e  polymerized o rgan ic s  and they had t o  b e  c leaned  
ou t  o r  r ep laced  p e r i o d i c a l l y .  
new f i l t e r s  of  a modif ied des ign  [130, 1311. Cons iderable  a t t e n t i o n  w a s  

The spray  i n  t h e  pump bowl produced a mist having  con- 

This  problem w a s  c o r r e c t e d  by i n s t a l l i n g  
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Fig .  8 .12 .  MSRE s t e a d y - s t a t e  po isoning  by 35Xe du r ing  full-power 

CORE VOID FRACTION (70) 

o p e r a t i o n .  Ca lcu la t ed  curves  are based  on t h e  "lumped, s o l u b l e  gas" 
model, w i th  adjustment  of t h e  parameters  t o  ach ieve  t h e  agreement shown. 



290 

given i n  t h i s  des ign  t o  t h e  choice  of  t he  f i l t e r  medium and t o  a s s u r e  
t h a t  t h e  h e a t  genera ted  by the  decay of  t h e  t rapped  material could be 
d i s s i p a t e d  r e a d i l y .  

t h e i r  adso rp t ion  c a p a c i t y  w a s  about  as a n t i c i p a t e d .  I n t e r m i t t e n t  p lugging  
occurred  a t  t h e  i n l e t  of t h e  cha rcoa l  beds du r ing  the  o p e r a t i o n  of t h e  re- 
a c t o r .  
merized o rgan ic  s o l i d s .  This  t r o u b l e  p e r s i s t e d  t o  some e x t e n t  a f t e r  t h e  
improved f i l t e r  w a s  i n s t a l l e d  presumably because o rgan ic  material had ac- 
cumulated i n  the  off-gas system downstream of the  f i l t e r .  The e n t r a n c e s  
t o  the  c h a r c o a l  beds i n i t i a l l y  were c l e a r e d  by blowing he l ium back through 
t h e  beds t o  t h e  holdup t anks .  Later i t  w a s  found t h a t  h e a t i n g  t h e  char- 
c o a l  bed i n l e t  l i n e s  t o  about 800°F w a s  s u f f i c i e n t  t o  r e s t o r e  u n r e s t r i c t e d  
gas flow. 

There w a s  no breakthrough of a c t i v i t y  i n  t h e  c h a r c o a l  abso rbe r s  and 

It appeared t h a t  t h i s  plugging w a s  due t o  the  accumulat ion of poly- 

F 

Development S tud ie s  

Development s t u d i e s  t o  d a t e  have concen t r a t ed  on systems i n  which 
f i s s i o n  gases  are s t r i p p e d  by bubbles  c i r c u l a t i n g  w i t h  the  f u e l  sa l t .  
per iments  have been d i r e c t e d  t o  de te rmining  t h e  rate of  t r a n s f e r  of xenon 
and krypton  i n t o  t h e  bubbles  and t o  methods of g e t t i n g  the  bubbles  i n  and 
ou t  of t h e  f u e l  s a l t  system. Data f o r  mass t r a n s f e r  t o  small bubbles  
f lowing  concur ren t ly  w i t h  a l i q u i d  are ve ry  l i m i t e d .  A s tudy  [132]  of t h e  
a v a i l a b l e  l i t e r a t u r e  i n d i c a t e d  t h a t  t he  bubble  mass t r a n s f e r  c o e f f i c i e n t s  
could  b e  h i g h e r  t han  those  used i n  t h e  ana lyses  f o r  t h e  MSBR and t h e  MSRE. 
To see i f  t h i s  is t r u e ,  we are measuring t h e  rate t h a t  oxygen is  s t r i p p e d  
o u t  of  glycer ine-water  mixtures  by hel ium bubbles  f lowing  concur ren t ly  
wi th  t h e  s o l u t i o n  [133,134] .  These f l u i d s  w e r e  chosen because t h e  Schmidt 
numbers are t h e  same as those  a n t i c i p a t e d  f o r  t h e  MSBR. 

I n  t h i s  experiment  bubbles  are i n j e c t e d  upstream of  a test  s e c t i o n  
i n  a r e c i r c u l a t i n g  loop  anh then  are removed downstream of t h i s  s e c t i o n .  
The bubble  s i z e  is measured us ing  photographic  techniques .  Typ ica l  re- 
s u l t s  t h a t  have been ob ta ined  i n  t h i s  experiment  are shown i n  Fig.  8.13. 
A l l  tests s o  f a r  have been run  i n  2-in. t ub ing  mounted h o r i z o n t a l l y  and 
v e r t i c a l l y .  The d a t a  f o r  t h e  ve r t i ca l  flow channel  where t h e  t u r b u l e n t  
i n e r t i a l  f o r c e s  predominate over  t h e  buoyant f o r c e s  and f o r  t h e  hor izonta l .  
f low channels  were c o r r e l a t e d  by t h e  r e l a t i o n  

Ex- 

Sh = 0.34 R e o m g 4  S c o o 5  (d /D) 
vs 

where Sh is t h e  Sherwood modulus based  on t h e  p i p e  d i ame te r ,  R e  is t h e  
Reynolds modulus based on t h e  p i p e  d iameter ,  Sc is t h e  Schmidt modulus, 
dvs is  t h e  S a u t e r  mean bubble  d iameter ,  and D i s  t h e  p i p e  d iameter .  For 
t h e  c o n d i t i o n s  s t u d i e d  s o  f a r ,  it can be  seen  t h a t  t h e  mass t r a n s f e r  co- 
e f f i c i e n t  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  Sau te r  mean bubble  d iameter ,  
dvs. P i p e  d i ame te r ,  D ,  w a s  i nc luded  as a nondimens iona l iz ing  parameter  
a l though no a c t u a l  v a r i a t i o n s  i n  p i p e  d iameter  were made. I n  ver t ica l  

c 
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Fig. 8.14. MSBE i n l i n e  gas separator  mockup. 
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channels  where buoyant f o r c e s  become s i g n i f i c a n t ,  it can b e  s e e n  i n  F ig .  
8 .13 t h a t  t h e  mass t r a n s f e r  c o e f f i c i e n t s  pass  through a minimum and tend  
t o  approach t h e  m a s s  t r a n s f e r  c o e f f i c i e n t s  f o r  bubbles  r i s i n g  f r e e l y  i n  
a l i q u i d .  

t han  a n t i c i p a t e d  and show a d i r e c t  dependency on the  bubble d iameter .  
The reasons  f o r  t h i s  are n o t  clear and more d a t a  are necessary .  Add i t iona l  
d a t a  are now be ing  taken  us ing  ano the r  s i z e  test  s e c t i o n .  E x t r a p o l a t i o n  
of t h e s e  r e s u l t s  t o  bubbles  i n  the  f u e l  s a l t  may in t roduce  u n c e r t a i n t i e s  
s i n c e  t h e  s a l t  p h y s i c a l  p r o p e r t i e s  and chemistry are d i f f e r e n t  from those  
f o r  t h e  g lycer ine-water  mixtures .  

When f i r s t  cons ide r ing  bubble  gene ra to r  concepts  f o r  t h e  MSBR, i t  
w a s  found t h a t  very  l i t t l e  in fo rma t ion  w a s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  
about  t h i s  s u b j e c t  f o r  systems similar t o  t h e  MSBR [106].  This  u n i t  should  
gene ra t e  a uniform d i s p e r s i o n  of bubbles  over  t h e  p i p e  area t o  g i v e  t h e  
d e s i r e d  void f r a c t i o n  and bubble  s i z e  d i s t r i b u t i o n .  Also we decided t h a t  
we  would a t t empt  t o  develop a u n i t  t h a t  would use t h e  a v a i l a b l e  gas supply 
p r e s s u r e ,  s i n c e  w e  p r e f e r r e d  n o t  t o  des ign  and b u i l d  a gas compressor f o r  
u se  i n  t h i s  environment.  Both mechanical and fluid-powered gene ra to r s  
were cons idered .  W e  decided t h a t  t h e  fluid-powered type  gene ra to r  i s  the  
b e s t  approach s i n c e  no moving p a r t s  are involved .  This l e d  t o  the  selec- 
t i o n  o f  a v e n t u r i  type  dev ice  i n  which gas is i n j e c t e d  i n  t h e  v e n t u r i  
t h r o a t  and bubbles  are genera ted  by f l u i d  tu rbu lence  i n  the d i f f u s e r  sec- 
t i o n  [ 135,106] . "Teardrop" and "multivane" type  bubble gene ra to r s  were 
a l s o  t r i e d  and appeared t o  be capable  of g i v i n g  s a t i s f a c t o r y  performance, 
b u t  w e  b e l i e v e  t h a t  t h e  v e n t u r i  concept  o f f e r s  t h e  g r e a t e s t  s i m p l i c i t y .  
T e s t s  on MSBE s i z e  v e n t u r i  t ype  gene ra to r s  u s ing  deminera l ized  water wi th  
and wi thout  t h e  a d d i t i o n  of s u r f a c t a n t s  , aqueous g l y c e r i n e  s o l u t i o n s  , and 
aqueous calcium c h l o r i d e  s o l u t i o n s  i n d i c a t e d  t h a t  the  s i z e  of bubbles  gen- 
e r a t e d  by t h i s  u n i t  w a s  n o t  very dependent on t h e  n a t u r e  of t he  f l u i d .  
However, a t h e o r e t i c a l  a n a l y s i s  i n d i c a t e s  t he  d iameter  should  vary  as t h e  
0.6 power of t h e  r a t i o  of t h e  s u r f a c e  t e n s i o n  t o  d e n s i t y ,  ( O / P ) ~ * ~ .  
d i t i o n a l  tests are i n  p rogres s  t o  v e r i f y  t h i s  r e l a t i o n s h i p .  

loop  is  t h a t  t h e  bubble  s i z e  i n  t h e  loop  i s  a f f e c t e d  s t r o n g l y  by t h e  hy- 
d r a u l i c s  of t h e  c i r c u l a t i n g  pump and of  t h e  c i r c u l a t i n g  system [136,106] .  
The c i r c u l a t i n g  pump i n  t h e  test loop  sheared  the  bubbles  t o  a very s m a l l  
s i z e  (about  0,001 t o  0.002 i n .  d i ame te r ) .  These s m a l l  bubbles  coa lesced  
qu ick ly  i n  deminera l ized  water, b u t  n o t  s o  quick ly  i n  t h e  aqueous glyc-  
e r i n e  and calcium c h l o r i d e  s o l u t i o n s .  These obse rva t ions  i n d i c a t e  t h a t  
t h e  e f f e c t  of t h e  pump on bubble  s i z e  and t h e  coalescence of bubbles  must 
be  s t u d i e d  i n  f u e l  salt  b e f o r e  t h e  f i n a l  des ign  can b e  e s t a b l i s h e d  f o r  
t h e  bubble  gene ra to r .  

mogeneous r e a c t o r  program showed g r e a t  promise of meet ing t h e  MSBR re- 
quirements  [106,128,137,138]. These requirements  are t h a t  t h e  gas removal 
e f f i c i e n c y  must be  h igh  over  a wide range of gas i n l e t  f lows ,  t h e  pres -  
s u r e  drop must b e  compatible  wi th  t h e  p r e s s u r e  drop a v a i l a b l e  i n  the  p r i -  
m a r y  system, and t h e  amount of e n t r a i n e d  l i q u i d  i n  t h e  gas removal stream 
must n o t  b e  excessive. Considerable  e f f o r t  has  been  d i r e c t e d  t o  devel-  
oping a MSBE s i z e  s e p a r a t o r  which has  a 4-in.  i n s i d e  d iameter  and a sa l t  

These r e s u l t s  are a l i t t l e  s u r p r i s i n g  i n  t h a t  they are a l i t t l e  lower 

Ad- 

A most impor tan t  obse rva t ion  on t h e s e  bubble  gene ra to r  tests i n  a 

The i n - l i n e  c e n t r i f u g a l  gas s e p a r a t o r  developed f o r  t h e  aqueous ho- 
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flow rate of  400 t o  550 gpm [106,139,140,141,142].  F igu re  8.14 shows t h e  
test u n i t  t h a t  has  been developed t h a t  appears  t o  g i v e  a s u i t a b l y  h igh  
gas removal e f f i c i e n c y .  This  u n i t  has  a 44-in. s e p a r a t i o n  l e n g t h ,  a 
tapered  c a s i n g ,  and gas removal a t  bo th  t h e  swirl and recovery  hubs.  

The e a r l y  test u n i t s  performed w e l l  when u s i n g  deminera l ized  water, 
b u t  had poor gas Sepa ra t ion  e f f i c i e n c i e s  when us ing  aqueous g l y c e r i n e  o r  
calcium c h l o r i d e  s o l u t i o n s  wi th  k inemat i c  v i s c o s i t i e s  s i m i l a r  t o  t h a t  of 
t h e  MSBR f u e l  s a l t .  We p o s t u l a t e d  t h a t  t h e  h i g h e r  k inemat ic  v i s c o s i t y  
r e s u l t e d  i n  a reduced r a d i a l  bubble  v e l o c i t y  t o  the  c e n t r a l  vo id  of t h e  
s e p a r a t o r  and an i n c r e a s e  i n  t h e  e f f e c t  of t he  f l u i d  tu rbu lence .  The pump 
produced much smaller bubbles  which d i d  n o t  coa le sce  as r e a d i l y  i n  t h e s e  
aqueous s o l u t i o n s  as they  d i d  i n  t h e  deminera l ized  water and t h e  smaller 
bubbles  w e r e  removed less e f f i c i e n t l y .  I n c r e a s i n g  t h e  l e n g t h  of  t h i s  sep- 
a r a t o r  u n i t  gave b e t t e r  s e p a r a t i o n  b u t  r e s u l t e d  i n  a v o r t e x  i n s t a b i l i t y  
t h a t  l i m i t e d  t h e  amount of gas t h a t  could b e  i n j e c t e d  and removed from 
t h e  test f l u i d .  By t a p e r i n g  t h e  cas ing  and removing gas from i n l e t  and 
o u t l e t  hubs t h e  s e p a r a t o r  w a s  made capable  of hand l ing  a l l  of  t h e  a n t i c i -  
pa t ed  l i q u i d  and gas  flow rates. 

tes t  f l u i d s  and i n  molten sal ts ,  a shake r  test r i g  w a s  b u i l t  [142] .  Trans- 
pa ren t  capsules  con ta in ing  t h e s e  l i q u i d s  were shaken t o  g iven  t h e  d e s i r e d  
bubble  s i z e  and v o i d  f r a c t i o n .  The shaking  w a s  s topped  and photographs 
were taken  a t  f r equen t  i n t e r v a l s  t o  s tudy  the  bubble  behavior  i n  t h e  
l i q u i d .  T e s t s  so  f a r  i n d i c a t e  t h a t  s m a l l  bubbles  coa le sce  very  qu ick ly  
i n  deminera l ized  water, b u t  very s lowly i n  aqueous g l y c e r i n e  and calcium 
c h l o r i d e  s o l u t i o n s .  A very  s i g n i f i c a n t  vo id  f r a c t i o n  of s m a l l  bubbles  
remained i n  t h e s e  s o l u t i o n s  20 sec a f t e r  t h e  shaking  had s topped.  I n  
tests us ing  66-34 mole % LiF-BeF2 sa l t ,  the  coa lescence  w a s  n o t  as r a p i d  
as i n  deminera l ized  w a t e r ,  b u t  more r a p i d  than  i n  t h e  g l y c e r i n e  and calcium 
c h l o r i d e  s o l u t i o n s .  The void  f r a c t i o n  of s m a l l  bubbles  i n  t h e  salt 20 sec 
a f t e r  t h e  shaking  had s topped w a s  ve ry  s m a l l ,  i n d i c a t i n g  t h a t  t h e r e  would 
b e  b e t t e r  gas s e p a r a t i o n  from t h e  MSR f u e l  salts than  from t h e  calcium 
c h l o r i d e  s o l u t i o n s .  This  i n d i c a t e s  t h a t  t h e  p r o b a b i l i t y  of t h e  p r e s e n t  
gas s e p a r a t o r  g iv ing  t h e  d e s i r e d  performance i n  t h e  MSR f u e l  s a l t  systems 
is very  h igh .  

To ga in  some unders tanding  of bubble  format ion  and coa lescence  i n  t h e  

c 

ci 

c 

E f f e c t s  of  Unknowns and U n c e r t a i n t i e s  

I f  e i t h e r  t h e  bubble  i n j e c t i o n  and removal system o r  t h e  g r a p h i t e  

The f i s s i l e  i nven to ry ,  t h e  
s e a l i n g  should  f a i l  t o  m e e t  ou r  des ign  o b j e c t i v e s ,  t h e  xenon-135 poison  
f r a c t i o n  would exceed t h e  t a r g e t  of 0.005. 
r e a c t i v i t y  shim requi rements ,  and t h e  b reed ing  r a t i o  would b e  adve r se ly  
a f f e c t e d .  
r e f e r e n c e  MSBR core ,  i ts  poison  f r a c t i o n  would be  about  0.042 [ l l l ] .  This  
po ison  f r a c t i o n  would reduce t h e  b reed ing  r a t i o  of t h e  r e a c t o r  from 1.06 
t o  1 .02.  

Although cons ide rab le  e f f o r t  has  been d i r e c t e d  t o  the  development 
and unders tanding  of  u s ing  bubbles  c i r c u l a t i n g  wi th  t h e  f u e l  sa l t  f o r  re- 
moving nob le  gases  from the  r e a c t o r  core ,  t h e r e  is  s t i l l  much t o  l e a r n  
about  t h e i r  behav io r .  

I n  t h e  l i m i t ,  i f  xenon-135 is n o t  s t r i p p e d  a t  a l l  from t h e  

Bubble gene ra to r s  have been b u i l t  and ope ra t ed  i n  
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loops  w i t h  aqueous s o l u t i o n s  t h a t  have k inemat ic  v i s c o s i t i e s  similar t o  
t h a t  of t h e  f u e l  sa l t .  The s h e a r i n g  of t h e s e  bubbles  i n t o  f i n e r  bubbles  
by t h e  pumps i n  t h e  loops  sugges t s  t h a t  t he  bubbles  i n  the  MSBR f u e l  s a l t  
w i l l  b e  smaller than w e  have assumed i n  ou r  c a l c u l a t i o n s .  This  o b s e r v a t i o n  
and t h e  i n d i c a t i o n s  t h a t  bubbles  c i r c u l a t i n g  i n  t h e  MSRE f u e l  were very 
s m a l l  l e d  Ebasco t o  sugges t  t h a t  an e l a b o r a t e  bubble  gene ra to r  i s  n o t  re- 
qu i r ed  f o r  t he  MSBR [143,144,145].  Also t h e s e  smaller bubbles  would r e s u l t  
i n  a l a r g e r  bubble  s u r f a c e  area f o r  a g iven  void  f r a c t i o n  and Ebasco sug- 
ges t ed  t h a t  t h e  d e s i r e d  low xenon poison  f r a c t i o n  might b e  achieved wi thou t  
s e a l i n g  t h e  g r a p h i t e  moderator.  

We b e l i e v e  t h a t  w e  can gene ra t e  bubbles  i n  the  f u e l  s a l t  s a t i s f a c -  
t o r i l y ,  b u t  t h i s  s t i l l  needs t o  b e  demonstrated.  The shake r  experiments  
s o  f a r  sugges t  t h a t  bubbles  i n  the  f u e l  s a l t  w i l l  coa lesce  more r e a d i l y  
than those  i n  t h e  aqueous test  s o l u t i o n s ,  t end ing  t o  make t h e  bubbles  i n  
t h e  f u e l  sa l t  l a r g e r  than  t h o s e  observed i n  t h e  test  s o l u t i o n s  i n  t h e  loops .  

of  bubbles  t o  compete f o r  t h e  noble  gases  i n  t h e  r e a c t o r .  Although t h e  
bubble  mass t r a n s f e r  experiments  show t h a t  t h e  bubble  m a s s  t r a n s f e r  coef- 
f i c i e n t  i s  p r o p o r t i o n a l  t o  Sau te r  mean bubble  d iameter  over  a very  l i m i t e d  
s i z e  range ,  t h e r e  are i n d i c a t i o n s  t h a t  t h e  r e l a t i o n s h i p  does n o t  ex tend  
f a r  o u t s i d e  t h e  measured range.  Consequently,  i t  may w e l l  be t h a t  use  i n  
t h e  f u e l  s a l t  of bubbles  smaller than those  i n  t h e  experiments  would r e s u l t  
i n  a h i g h e r  rate of  noble  gas t r a n s f e r .  However, ou r  p r e s e n t  knowledge 
does not  provide  proof f o r  such a conclus ion .  

t o  o p e r a t e  s a t i s f a c t o r i l y  i n  loops  u s i n g  t h e  aqueous t e s t  s o l u t i o n s  b u t  is 
y e t  t o  be t r i e d  i n  a mol ten-sa l t  system. While we are q u i t e  conf iden t  t h a t  
i t  w i l l  g ive  t h e  d e s i r e d  s e p a r a t i o n  i n  f u e l - s a l t  systems even wi th  smaller 
bubbles ,  it s t i l l  has  t o  b e  p r w e n .  

s o r t  of s ide-s t ream gas  s t r i p p i n g  u n i t  would have t o  b e  i n s t a l l e d  i n  t h e  
f u e l  s a l t  system. The pena l ty  f o r  t h i s  probably would be  a l a r g e r  f u e l  
s a l t  inven to ry ,  much l a r g e r  amounts of  gas would have t o  be handled,  and 
a gas compressor would have t o  b e  developed f o r  u se  i n  a h igh  tempera ture  
and h igh ly  r a d i o a c t i v e  environment.  

A s  d i scussed  i n  Chapter 6 ,  cons ide rab le  success  has  been achieved i n  
p u t t i n g  p y r o l y t i c  coa t ing  on g r a p h i t e  , b u t  a c o a t i n g  t h a t  r e l i a b l y  r e t a i n s  
i t s  low permeab i l i t y  when i r r a d i a t e d  h a s  n o t  been demonstrated.  Although 
w e  are o p t i m i s t i c  t h a t  a s a t i s f a c t o r y  c o a t i n g  can be  developed, w e  must 
cons ide r  t h e  consequences of f a i l u r e  t o  accomplish t h i s  goa l .  Also t h e  
r e d u c t i o n  i n  t h e  c o s t  of g r a p h i t e  would b e  s u b s t a n t i a l  i f  i t  d i d  n o t  have 
t o  b e  coa ted .  A s  s t a t e d  above, smaller bubbles  might be a b l e  t o  s t r i p  t h e  
noble  gases  from t h e  f u e l  s a l t  t o  the  d e s i r e d  level even wi thou t  t h e  
g r a p h i t e  b e i n g  s e a l e d ,  bu t  t h i s  must b e  i n v e s t i g a t e d  exper imenta l ly .  In-  
c r e a s i n g  t h e  amount of bubbles  i n  t h e  s a l t  t o  a co re  void  f r a c t i o n  of 0.02 
t o  0.03 has  been sugges ted  as a means of  l i m i t i n g  t h e  poison f r a c t i o n  [143]  
t h a t  might compensate f o r  l a c k  of g r a p h i t e  s e a l i n g .  The 0 .01  void  f r a c t i o n  
s e l e c t e d  by ORNL i s  n o t  a f i r m  l i m i t ,  b u t  i t  i s  b e l i e v e d  t o  be r easonab le  
based on t h e  MSBR des ign  requirements  and t h e  MSRE o p e r a t i n g  expe r i ence  
[146] .  Also w i t h  0.02 t o  0.03 vo id  f r a c t i o n  i n  the  co re  t h e  void  f r a c t i o n  
i n  t h e  sa l t  e n t e r i n g  t h e  c i r c u l a t i n g  pump would b e  around 0.10 which is  
undes i r ab le .  

Smaller bubbles  w i l l  p rovide  a g r e a t e r  s u r f a c e  area f o r  a g iven  volume 

The bubble  s e p a r a t o r ,  l i k e  t h e  bubble  gene ra to r ,  has  been developed 

I f  f o r  some reason  any p a r t  of t h e  bubble  system does n o t  work, some 
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It w a s  shown earlier t h a t  i o d i n e  s t r i p p i n g  p l u s  xenon s t r i p p i n g  of 
a f u e l  sa l t  s i d e  stream has  promise of ach iev ing  t h e  d e s i r e d  poison  f r a c -  
t i o n  even wi th  uncoated g r a p h i t e .  This  method has  t h e  several disadvan- 
t ages  t h a t  w e r e  d i scussed ,  b u t  i t  probably could  b e  made t o  work. 
process  probably would be  more expensive than  t h e  bubble  s t r i p p i n g  sys tem 
and would r e q u i r e  cont inuous o x i d a t i o n  and r e d u c t i o n  of t h e  s ides t r eam and 
c a r e f u l  moni tor ing  of  t h e  redox c o n d i t i o n  of  t he  f u e l  sa l t .  

The f r a c t i o n  of t h e  noble-metal  f i s s i o n  products  t h a t  w i l l  f i n d  t h e i r  
way i n t o  t h e  MSBR off-gas  system is n o t  c e r t a i n ;  i t  has  been  e s t ima ted  t o  
be  from 5 t o  35% on t h e  b a s i s  of MSRE exper ience  [147] .  In  any case, t h e  
off-gas  system must be  designed t o  p reven t  t h i s  material from accumulat ing 
i n  d e p o s i t s  t h a t  would restrict  t h e  gas flow o r  overhea t  p a r t s  of t h e  
p i p i n g  o r  equipment. The exac t  n a t u r e  of  t h i s  and o t h e r  p a r t i c u l a t e  matter 
t h a t  could be  c a r r i e d  i n t o  t h e  off-gas  system is  u n c e r t a i n ,  b u t  use  of  a 
f i l t e r  on t h e  dra in- tank  exi t  w i l l  probably b e  d e s i r a b l e  t o  a s s u r e  t h a t  
t h e  o p e r a t i o n  of t h e  rest of t he  off-gas system i n c l u d i n g  t h e  cha rcoa l  beds 
i s  s a t i s f a c t o r y .  

Th i s  

Fu tu re  Work 

Work is con t inu ing  on ex tending  o u r  knowledge of  mass t r a n s f e r  t o  
bubbles  f lowing  i n  l i q u i d s .  The bubble  m a s s  t r a n s f e r  experiments  are now 
being  run u s i n g  o t h e r  s i z e  test s e c t i o n s  i n  t h e  exper imenta l  loop .  Fu tu re  
e f f o r t s  are be ing  planned t o  i n v e s t i g a t e  mass t r a n s f e r  t o  bubbles  i n  areas 
s i m u l a t i n g  t h e  h i g h l y  t u r b u l e n t  r eg ions  i n  t h e  r e a c t o r  such as t h e  elbows, 
sudden expansions,  and t h e  pump v o l u t e .  Attempts w i l l  be made t o  i n v e s t i -  
g a t e  m a s s  t r a n s f e r  t o  smaller bubbles .  Because t h e  p r e s e n t  method f o r  
measuring t h e  bubble  s i z e  is  n o t  capable  of i d e n t i f y i n g  very  s m a l l  bubb les ,  
e i t h e r  t h i s  method must b e  improved o r  a n o t h e r  must be  devised .  Mass 
t r a n s f e r  rates from t h e  f u e l  s a l t  t o  t h e  bubbles  w i l l  be determined i n  a 
loop  now be ing  b u i l t  and d i scussed  below. 
o b t a i n i n g  j u s t  t he  product  of the  mass t r a n s f e r  c o e f f i c i e n t  and t h e  bubble  
s u r f a c e  area i n  t h i s  loop i f  methods are n o t  devised  t o  measure t h e  bubble  
s i z e  i n  f lowing s a l t  streams. 

Work a l s o  i s  cont inuing  on s tudy ing  the  behav io r  of  bubble  gene ra to r s  
and s e p a r a t o r s  under v a r i o u s  flow cond i t ions .  P r e s s u r e  drop, v e l o c i t y ,  
and flow s t a b i l i t y  measurements are be ing  made. 
t e s t e d  i n  t h e  f u e l  sa l t  test loop  now be ing  c o n s t r u c t e d ,  and modif ied i f  
necessary  t o  o b t a i n  t h e  r equ i r ed  performance. 

This  f u e l  s a l t  loop  c a l l e d  t h e  Gas Systems Technology F a c i l i t y  (GSTF) 
[148,149] w i l l  b e  used f o r  tests of t h e  MSR f u e l  sa l t  and of f -gas  systems.  
I n  a d d i t i o n  t o  the  tests mentioned above w e  p l a n  t o  i n v e s t i g a t e  nob le  gas 
mass t r a n s f e r  t o  g r a p h i t e ,  t h e  e f f e c t  of t h e  composi t ion of t h e  sa l t  on 
t h e  v a r i o u s  test  r e s u l t s ,  t he  performance of  t h e  off-gas  system components, 
and the  behav io r  of  t h e  noble  gases  and nob le  metals i n  t h i s  system. 

Various components of t h e  off-gas  system t h a t  must b e  t e s t e d  b e f o r e  
they are b u i l t  and used i n  a r e a c t o r  system inc lude  t h e  s a l t  m i s t  s e p a r a t o r ,  
f i l t e r s ,  and u n i t s  t o  remove and s t o r e  tritium and krypton-85. Also tests 
w i l l  have t o  be  made t o  a s s u r e  ou r se lves  t h a t  w e  can s a t i s f a c t o r i l y  p r e d i c t  
what w i l l  happen t o  t h e  noble  metals and any o t h e r  p a r t i c u l a t e  matter i n  
t h e  off-gas  system. 

W e  may have t o  b e  s a t i s f i e d  wi th  

New u n i t s  w i l l  b e  b u i l t ,  
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Overall Evalua t ion  

P resen t  ev idence  l e a d s  u s  t o  b e l i e v e  t h a t  removing t h e  noble  gases  
by use  of  bubbles  i n  t h e  f u e l  s a l t  i s  t h e  b e s t  approach t o  achieve  t h e  
d e s i r e d  poison f r a c t i o n  i n  mol t en - sa l t  r e a c t o r s .  Experimental  d a t a  i n -  
d i c a t e  t h a t  w e  have a workable bubble  gene ra to r  and s e p a r a t o r  and t h a t  
t h e  m a s s  t r a n s f e r  rate of t h e  nob le  gases  t o  t h e  bubbles  i s  accep tab le .  
It may be  shown i n  t h e  f u t u r e  t h a t  t u rbu lence  i n  t h e  pump i m p e l l e r  o r  
o t h e r  p a r t s  of t he  f u e l  s a l t  system could reduce t h e  bubbles  t o  s m a l l  
s i z e s ,  b u t  i t  i s  premature t o  assume t h a t  now. U s e  of smaller bubbles  
may e l i m i n a t e  t h e  need f o r  s e a l i n g  t h e  g r a p h i t e  t o  achieve  t h e  d e s i r e d  
poison  f r a c t i o n ,  b u t  t h i s  cannot p r e s e n t l y  b e  a s su red  so  work should  con- 
t i n u e  on s e a l i n g  methods. 

U s e  of a s i d e  stream s t r i p p e r  t o  remove t h e  i o d i n e  and xenon from 
t h e  f u e l  sa l t  appears  t o  b e  a f e a s i b l e  a l t e r n a t i v e  f o r  c o n t r o l l i n g  t h e  
noble  gas poisoning ,  b u t  is n o t  as a t t rac t ive  as us ing  bubbles  un le s s  i t  
i s  r e q u i r e d  f o r  t r i t i u m  removal. 

Data are a v a i l a b l e  t o  show t h a t  a l l  t h e  components i n  t h e  of f -gas  
c leanup system are workable.  Care must b e  taken  i n  t h e  des ign  of t h i s  
system t o  a s s u r e  t h a t  p a r t i c u l a t e  matter, r a d i o a c t i v e  and nonrad ioac t ive ,  
does n o t  accumulate anywhere i n  t h i s  system such t h a t  i t  would r e t a r d  t h e  
gas flow o r  cause ove rhea t ing .  

sa l t  r e a c t o r  gas-handl ing system have been and w i l l  be  done, t he  system 
w i l l  have t o  b e  proved i n  an o p e r a t i n g  r e a c t o r .  Many s u b t l e t i e s  and 
i n t e r a c t i o n s  a f f e c t  t h e  performance of t h i s  system, and a r e a c t o r  is t h e  
only  p l a c e  where w e  can demonstrate  t h a t  they a l l  have been cons idered .  

Although much development and t e s t i n g  of va r ious  p a r t s  of  t h e  molten- 

Summary 

The major u n c e r t a i n t i e s  of a fundamental  n a t u r e  i n  the components 
and systems f o r  MSBRs are r e l a t e d  t o  t h e  p r o v i s i o n s  t h a t  must b e  made f o r  
accomodating t h e  widespread r a d i o a c t i v i t y  and t o  t h e  exact d i s t r i b u t i o n  
of  f i s s i o n  products  and a s s o c i a t e d  h e a t  product ion  c e n t e r s  around t h e  
r e a c t o r  system. These u n c e r t a i n t i e s  a f f e c t  t h e  mechanical des ign  of many 
of t h e  components and systems such as t h e  of f -gas .  Although t h e  MSBE o r  
a f i r s t  demonstrat ion r e a c t o r  would have t o  be  overdesigned i n  many re- 
s p e c t s ,  i t  should b e  p o s s i b l e  t o  b u i l d  and o p e r a t e  i t  s a f e l y  and r e l i a b l y  
w h i l e  o b t a i n i n g  b a s i c  in fo rma t ion  needed t o  opt imize  l a te r  p l a n t s .  The 
o p e r a t i o n  of  such a r e a c t o r  is an e s s e n t i a l  p a r t  of  a program t o  provide  
t h e  technology f o r  MSBRs. 

A summary of  t h e  e v a l u a t i o n  of  t h e  s t a t u s  of  each of t h e  impor tan t  
components and systems is g iven  below. 

Opera t ion  of t h e  pumps i n  t h e  ARE, t h e  MSRE, and i n  t h e  l a r g e - s c a l e  
pump test loops  demonstrated t h e  r e l i a b i l i t y  of t h e  pump des igns  and t h e  
p r e s e n t  s ta te  of  t h e  technology f o r  sa l t  pumps. We know how t o  m a k e  
r e l i a b l e  s h o r t - s h a f t  pumps having c a p a c i t i e s  up t o  1500 gpm f o r  u se  i n  
mol ten-sa l t  r e a c t o r s .  Although i t  may t ake  several y e a r s  t o  produce t h e  
l a r g e r  pumps f o r  in t e rmed ia t e -  o r  f u l l - s c a l e  MSBR's, t h e  problems are w e l l  
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understood,  and t h e r e  i s  l i t t l e  ques t ion  t h a t  s a t i s f a c t o r y  pumps can be  
obta ined  on a schedule  compatible  wi th  o b t a i n i n g  t h e  o t h e r  p r i n c i p a l  re- 
a c t o r  components. The pump program w i l l  b e n e f i t  from t h e  LMFBR sodium 
pump technology program because pumps f o r  l i q u i d  metals and f o r  molten 
salts  have many common requirements .  

loop whi le  pumping sodium f l u o r o b o r a t e  and wi th  t h e  o p e r a t i o n  of t h e  
smaller thermal- and forced-convect ion loops  f o r  material c o m p a t i b i l i t y  
s t u d i e s  have shown t h a t  w e  can s a f e l y  handle  t h e  sa l t  and t h a t  i t  i s  a 
good cand ida te  f o r  t h e  coo lan t  sa l t  f o r  mol ten-sa l t  r e a c t o r s .  Fu r the r  
work i s  needed on methods f o r  e a r l y  d e t e c t i o n  of mois ture  in l eakage ,  cor- 
ro s ion  product  handl ing ,  and t h e  mig ra t ion  of t r i t i u m  w i t h i n  t h e  coo lan t  
system. A t  t h i s  t i m e  w e  can see no b a s i c  problems which would cause e l i m -  
i n a t i o n  of sodium f l u o r o b o r a t e  as t h e  coo lan t  s a l t ;  however, t h e r e  are 
a l t e r n a t i v e  sal ts  t h a t  have only  s l i g h t l y  less f avorab le  # c h a r a c t e r i s t i c s .  

Program and from t h e  des ign ,  f a b r i c a t i o n ,  and o p e r a t i o n  of t h e  h e a t  ex- 
changers and a i r - coo led  r a d i a t o r  i n  t h e  MSRE has  shown t h a t  t h e  molten 
salts  behave as convent iona l  h e a t  t r a n s f e r  f l u i d s  and t h a t ,  except  f o r  
t h e  enhanced h e a t  t r a n s f e r  t u b e s ,  none of 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  
wi th  h e a t  exchangers and steam gene ra to r s  are fundamental .  A l l  uncer- 
t a i n t i e s  are r e l a t e d  t o  eng inee r ing  des ign  op t imiza t ion  and t o  maintenance 
and are cons idered  t o  be  r e s o l v a b l e  i n  a reasonable  f a s h i o n  wi th  an ad- 
equa te ly  funded program of a n a l y s i s  and development. The review made by 
t h e  Molten S a l t  Group headed by Ebasco S e r v i c e s  reached t h e  same conclu- 
s i o n .  
Fos t e r  Wheeler Corporat ion i s  expected t o  r e s u l t  i n  conceptua l  des igns  
of steam gene ra to r s  f o r  use  wi th  molten s a l t  and t o  d e s c r i p t i o n s  of t h e  
development programs needed t o  produce them. 

by members of ORNL and Ebasco S e r v i c e s  have shown t h a t  t h e  convent iona l  
steam system of an e x i s t i n g  modern steam power p l a n t  can be  adapted f o r  
mol ten-sa l t  use  by t h e  a d d i t i o n  of on ly  t h r e e  new components. 
a r e h e a t  steam p r e h e a t e r  i n  t h e  in t e rmed ia t e -p res su re - tu rb ine  c i r c u i t ,  
a mixing chamber f o r  u s ing  prime steam f o r  t h e  f i n a l  s t a g e  of feedwater  
h e a t i n g ,  and b o o s t e r  pumps f o r  d e l i v e r i n g  t h i s  feedwater  t o  t h e  steam 
gene ra to r .  W e  found a l s o  t h a t  changes w e r e  needed i n  t h e  s t a r t u p  system 
t o  provide  f o r  t h e  h igh  l i q u i d u s  tempera ture  of t h e  s a l t .  
are p o t e n t i a l l y  a v a i l a b l e  f o r  t h e  steam system f o r  a mol ten-sa l t  r e a c t o r  
p l a n t ,  none of which invo lve  fundamental  u n c e r t a i n t i e s .  A l l  eng inee r ing  
u n c e r t a i n t i e s  are cons idered  r e s o l v a b l e  wi th  an adequate ly  funded program 
of a n a l y s i s  and development. 

rods  and d r i v e s  i n  t h e  ARE and t h e  MSRE provide  in fo rma t ion  which w i l l  be  
u s e f u l  i n  t h e  des ign  of rods  and d r i v e s  f o r  t h e  E B R .  
ence i s  i n  t h e  need t o  o p e r a t e  t h e  rods  i n  t h e  s a l t  i n  t h e  MSBR t o  provide  
coo l ing  and reduce t h e  p a r a s i t i c  l o s s  of neut rons .  Cont ro l  rods  and 
d r i v e s  f o r  LMFBR's have t h i s  des ign  f e a t u r e  and much of t h e  in fo rma t ion  
produced i n  developing them should b e  a p p l i c a b l e  t o  t h e  development of 
rods and d r i v e s  f o r  MSBRs. Although a thorough development and p ro to type  
t e s t i n g  program w i l l  be  r e q u i r e d  t o  a s s u r e  adequate  performance i n  a h igh  

Our exper ience  wi th  over  11,000 h r  of o p e r a t i o n  of an ERE-scale 

The exper ience  gained from t h e  h e a t  exchanger s t u d i e s  i n  t h e  ANP 

Another s tudy  devoted t o  steam gene ra to r s  now under way by t h e  

The s t u d i e s  of steam systems f o r  u se  wi th  molten sal ts  conducted 

These are 

Seve ra l  o p t i o n s  

The exper ience  wi th  t h e  des ign ,  f a b r i c a t i o n ,  and o p e r a t i o n  of c o n t r o l  

The major d i f f e r -  
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temperature  environment b e f o r e  i n s t a l l a t i o n  i n  a r e a c t o r ,  w e  f o r e s e e  no 
fundamental  d i f f i c u l t i e s  i n  p rov id ing  c o n t r o l  and s a f e t y  rods and d r i v e s  
f o r  MSBRs. 

Valves f o r  mol ten-sa l t  systems have r ece ived  very  l i t t l e  a t t e n t i o n  
s i n c e  t h e  ANP program. Here aga in ,  t h e r e  are enough a l t e r n a t i v e  des ign  
concepts  a v a i l a b l e  t h a t  an active program of  s e l e c t i o n  and t e s t i n g  ove r  
about  5 y e a r s  should be  a b l e  t o  produce the  valves needed f o r  t h e  nex t  
mol ten-sa l t  r e a c t o r .  I n  t h e  meantime, t h e  des ign  s t u d i e s  and development 
tests be ing  conducted i n  t h e  LMFBR program w i l l  p rovide  a d d i t i o n a l  b a s i s  
f o r  t h e  des ign  of valves f o r  mol ten-sa l t  use .  

Although much smaller i n  s i z e ,  t h e  MSRE d r a i n  tank  is very similar t o  
t h a t  proposed f o r  use  wi th  t h e  MSBR and t h e  exper ience  acqu i r ed  du r ing  t h e  
MSRE o p e r a t i o n  provides  some confidence i n  t h e  des ign  concept .  The use  of 
N a K  i n  an i n t e r m e d i a t e  thermal  convec t ion  system t o  t r a n s p o r t  t h e  h e a t  t o  
water is d i f f e r e n t  b u t  w e  b e l i e v e  t h a t  i t  is  p r e f e r a b l e  t o  t h e  more d i -  
rect w a t e r  c o o l i n g  of  t he  MSRE tank .  W e  b e l i e v e  t h a t  t h e  d r a i n  tank system 
d e a l s  w i th  t h e  a f t e r h e a t  problem r e a l i s t i c a l l y  and t h a t  i t  i s  a s a f e  system. 
Information is  needed on the  d e t a i l e d  d i s t r i b u t i o n  of  t h e  d e p o s i t i o n  of 
nob le  metals and nob le  gas daughters  coming from t h e  gas-handling system 
b e f o r e  a des ign  could b e  completed f o r  a 1000-MW(e) MSBR. W e  can see no 
major d i f f i c u l t i e s  i n  producing a des ign  of a d r a i n  tank  t h a t  w i l l  s a t i s f y  
t h e  needs of t h e  MSBE. 

s t r a t e d  du r ing  t h e  o p e r a t i o n  of t h e  MSRE. The presence  of  t h e  bubbles  
reduced t h e  e f f e c t  of xenon t o  below t h a t  o r i g i n a l l y  c a l c u l a t e d  f o r  t h e  
sp ray  chamber i n  t h e  pump bowl, and l a te r  a t t empt s  t o  c a l c u l a t e  t h e  e f -  
f e c t  of  bubbles  a l s o  l e d  t o  some underes t imat ion  of t h e i r  e f f e c t i v e n e s s  
i n  removing xenon. A model f o r  c a l c u l a t i n g  the  xenon d i s t r i b u t i o n  i n  t h e  
MSBR is s t i l l  under development. When f i n i s h e d  i t  is expected a l s o  t o  
b e  u s e f u l  f o r  f u r t h e r  ana lyses  of t h e  MSRE r e s u l t s .  Experimental  r e s u l t s  
from tests us ing  water s o l u t i o n s  i n d i c a t e  t h a t  we have a bubble  g e n e r a t o r  
and bubble  s e p a r a t o r  t h a t  should  work i n  t h e  f u e l  sa l t .  We b e l i e v e  t h a t  
t h e  bubble  s t r i p p i n g  method is the  b e s t  approach t o  ach iev ing  t h e  d e s i r e d  
135Xe poison f r a c t i o n .  The e f f e c t  of  bubble  s i z e  on t h e  m a s s  t r a n s f e r  
rate of t h e  noble  gases  t o  t h e  bubbles  is n o t  completely d e f i n e d  and 
f u r t h e r  work is needed b e f o r e  i t  can b e  dec ided  whether  c o a t i n g  of  t h e  
g r a p h i t e  is needed. Although much development and t e s t i n g  of va r ious  
p a r t s  of  t h e  gas-handling system have been and w i l l  b e  done, t h e  system 
w i l l  have t o  be  ope ra t ed  i n  a r e a c t o r  t o  demonstrate  that a l l  t h e  impor- 
t a n t  problems have been so lved .  

The e f f e c t i v e n e s s  of  t he  removal of 135Xe by gas bubbles  w a s  demon- 
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9 .  CELLS, BUILDINGS, AND CONTAINMENT 

E. S. Bett is  

Requirements 

The mol ten-sa l t  r e a c t o r  p l a n t  d i f f e r s  from o t h e r s  i n  t h a t  l a r g e  
amounts of f i s s i o n  products  are d i spe r sed  throughout  t h e  r e a c t o r  primary 
system and s e v e r a l  a u x i l i a r y  systems. Much of t h e  equipment and p i p i n g  
must be  prehea ted  and h e l d  a t  lOOOOF o r  h ighe r  t o  keep t h e  salts  molten.  
Maintenance of t h e  r a d i o a c t i v e  equipment must be  accomplished through 
s h i e l d i n g  by use  of remotely ope ra t ed  t o o l s .  F a c i l i t i e s  must b e  provided 
f o r  t he  handl ing  and s t o r a g e  of f i s s i o n  products  d i scharged  from t h e  f u e l  
process ing  p l a n t  and f o r  materials removed from t h e  r e a c t o r  systems.  Be- 
cause of t h e  d i f f e r e n c e s ,  cons ide rab le  a t t e n t i o n  w a s  g iven  t o  t h e  conta in-  
ment requirements  i n  t h e  MSBR r e f e r e n c e  des ign  and t o  a r e a c t o r  b u i l d i n g  
and equipment c e l l s  t h a t  would s a t i s f y  those  requi rements .  

The major c r i t e r i o n  is t h a t  double containment b e  provided a t  a l l  
times f o r  equipment t h a t  con ta ins  t h e  bu lk  of t h e  r a d i o a c t i v e  l i q u i d s  and 
gases .  The i n n e r  containment must remain s e a l e d  a t  a l l  t i m e s  when t h e  
equipment t h e r e i n  is ope ra t ing .  The o u t e r  containment must a l s o  be  s e a l e d ,  
b u t  c o n t r o l l e d  access through a i r l o c k s  i s  p e r m i s s i b l e  a t  any t i m e  when t h e  
r a d i a t i o n  l e v e l s  are below t h e  l e v e l s  s p e c i f i e d  f o r  human occupancy. 

When maintenance of t h e  doubly conta ined  equipment is  necessary  , t h e  
bu lk  of t h e  r a d i o a c t i v e  f l u i d s  must be  dra ined  o r  purged from t h a t  equip-  
ment and secured  i n  tanks  i n  o t h e r  s e a l e d  cel ls .  The i n n e r  containment 
can then  be  unsealed and openings made as necessary  t o  accomplish t h e  main- 
tenance.  A degree  of i n n e r  containment must be  maintained by l i m i t i n g  t h e  
s i z e  of opening and provid ing  a flow of a i r  inward through the  opening. 
Equipment t h a t  i s  removed must b e  withdrawn i n t o  casks  f o r  t r a n s f e r  t o  
r e p a i r ,  d i s p o s a l ,  o r  s t o r a g e  f a c i l i t i e s  w i t h i n  t h e  o u t e r  containment .  
During a l l  t h e s e  o p e r a t i o n s  t h e  o u t e r  containment must be  kept  s e a l e d .  
A l l  v e n t i l a t i o n  streams must b e  f i l t e r e d ,  passed through abso rbe r s ,  and 
recyc led  where f e a s i b l e .  
c o n t a i n  only  t r i v i a l  amounts of f i s s i o n  product  r a d i o a c t i v i t y .  

Gases t h a t  are d ischarged  t o  t h e  atmosphere may 

Desc r ip t ion  

These gene ra l  requirements  w e r e  a p p l i e d  i n  t h e  MSRE, a l though less 
s t r i n g e n t l y ,  because much less r a d i o a c t i v i t y  w a s  involved .  
c i r c u l a t i n g  system w a s  i n s t a l l e d  i n  a r e a c t o r  c e l l  t h a t  w a s  a steel t ank  
imbedded i n  conc re t e .  The f u e l  d r a i n  tank  system w a s  s i m i l a r l y  enc losed  
i n  a s t e e l - l i n e d  conc re t e  ce l l .  Sa l t - con ta in ing  equipment i n  t h e  c e l l s  
w a s  enc losed  i n  i n s u l a t i o n  t h a t  conta ined  e l e c t r i c  h e a t e r s  t o  ma in ta in  t h e  
s a l t  above the  mel t ing  p o i n t  w h i l e  t h e  c e l l  atmosphere w a s  h e l d  t o  150°F 

The MSRE f u e l  
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by space  c o o l e r s .  The top  c l o s u r e  of each c e l l  w a s  formed by a steel  
membrane sandwiched between two l a y e r s  of conc re t e  s h i e l d  b locks  and 
welded t o  t h e  tank  w a l l s .  The r e a c t o r  and d r a i n  tank  c e l l s  were i n s i d e  
the  r e a c t o r  b u i l d i n g .  This  b u i l d i n g  w a s  a steel  frame s t r u c t u r e  t h a t  
w a s  covered w i t h  co r ruga ted  s i d i n g  and l i n e d  w i t h  steel  s h e e t  t o  make 
it  moderately t i g h t .  

a t  most o t h e r  t i m e s ,  t h e  r e a c t o r  b u i l d i n g  w a s  c losed  and t h e  i n t e r i o r  
w a s  kept  a t  a s l i g h t l y  nega t ive  p r e s s u r e  by drawing a i r  from t h e  b u i l d i n g  
through f i l t e r s  and d i scha rg ing  i t  up a s t a c k .  During o p e r a t i o n  t h e  at-  
mosphere i n  the  r e a c t o r  and d r a i n  tank  cel ls  w a s  maintained below 5 per-  
cen t  i n  oxygen by admi t t i ng  n i t r o g e n  and a t  subatmospheric  p r e s s u r e  by 
exhaus t ing  a s m a l l  stream p a s t  a r a d i a t i o n  monitor  and up t h e  s t a c k .  
When a ce l l  w a s  opened f o r  maintenance, t h e  s i z e  of t h e  opening w a s  
minimized and a flow of a i r  i n t o  t h e  c e l l s  w a s  maintained by means of a 
l i n e  from t h e  c e l l s  t o  t h e  b u i l d i n g  exhaust  system. Materials removed 
from the  c e l l s  were withdrawn i n t o  casks o r  bags f o r  s t o r a g e  i n  o t h e r  
c e l l s  i n  the  b u i l d i n g  o r  f o r  removal from t h e  p l a n t .  .The containment 
system worked w e l l  and provided s a t i s f a c t o r y  p r o t e c t i o n  f o r  t h e  p u b l i c  
and f o r  p l a n t  personnel .  

When t h e  r e a c t o r  w a s  o p e r a t i n g  o r  maintenance w a s  i n  p r o g r e s s ,  and 

MSBR Bui ld ine  

The r e a c t o r  b u i l d i n g  provides  t h e  o u t e r  b a r r i e r  of t h e  double  con- 
tainment f o r  t h e  equipment i n  t h e  MSBR p l a n t  a l s o .  It is  c y l i n d r i c a l  i n  
shape wi th  a hemispher ica l  dome, i s  of mono l i th i c  conc re t e  c o n s t r u c t i o n ,  
and is about 189 f t  h igh  and 134 f t  i n  d iameter .  The e n t i r e  b u i l d i n g  
rests on one c o n c r e t e  pad, and a metall ic membrane enc loses  a l l  p a r t s  of 
t h e  b u i l d i n g  i n  which r a d i o a c t i v e  materials are p r e s e n t .  The domed b u i l d -  
i ng  wi th  3- f t - th ick  conc re t e  w a l l s  w a s  s p e c i f i e d  t o  meet t h e  accepted  
requirements  f o r  r e a c t o r  b u i l d i n g s  r ega rd ing  storm-induced d i f f e r e n t i a l  
p re s su re  and missiles. 

During r o u t i n e  o p e r a t i o n ,  t h e  r e a c t o r  b u i l d i n g  is main ta ined  a t  a 
p r e s s u r e  s l i g h t l y  below atmospheric  by a v e n t i l a t i o n  system t h a t  r e c y c l e s  
t h e  a i r  through absorbers  and f i l t e r s  and d i scha rges  a f r a c t i o n  up a s t a c k  
t o  compensate f o r  a c o n t r o l l e d  inf low of f r e s h  a i r .  Opera t ing  pe r sonne l  
have access  t o  t h e  b u i l d i n g  a t  a l l  t i m e s  through a i r l o c k s  except  when 
c e l l s  are open du r ing  some s t e p s  i n  maintenance o p e r a t i o n s .  

s p h e r i c a l  dome i s  t h e  c rane  bay area which i s  s e r v i c e d  by a heavy duty  
p o l a r  c r a n e  wi th  two t r a v e l i n g  h o i s t s .  A s  desc r ibed  i n  OWL-4541, t h e  
major u se  of t h i s  area i s  f o r  maintenance of equipment i n  t h e  ce l l s  below 
it .  

r e a c t o r  c e l l ,  t h e  chemical p rocess ing  and of f -gas  c e l l s  (which extend 
through t o  t h e  bottom l e v e l ) ,  v a r i o u s  h o t  cel ls  f o r  disassembly of f a i l e d  
components, and space  f o r  t h e  s t o r a g e  of r a d i o a c t i v e  equipment. The 
bottom l e v e l  of t h e  b u i l d i n g  has  t h e  d r a i n  tank  c e l l  and t h e  waste s t o r -  
age c e l l .  These cel ls  c o n s t i t u t e  t h e  i n n e r  containment o f  t h e  double  
containment system f o r  conf in ing  t h e  r a d i o a c t i v i t y  t o  t h e  p l a n t .  

Within t h e  r e a c t o r  b u i l d i n g  are t h r e e  major l e v e l s .  Under t h e  hemi- 

Beneath t h e  c r a n e  bay and on t h e  nex t  lower l e v e l  are l o c a t e d  t h e  

c 
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MSBR Cells 

All ce l l s  t h a t  c o n t a i n  r a d i o a c t i v i t y  have t h i c k  conc re t e  w a l l s  f o r  
s h i e l d i n g  and are l i n e d  wi th  m e t a l  t o  provide  a t i g h t  containment.  These 
cel ls  a l s o  provide  a c o n t r o l l e d  atmosphere environment f o r  t h e  equipment. 

The r e a c t o r  ce l l  and f u e l - s a l t  d r a i n  tank  c e l l  r e q u i r e  bo th  h e a t i n g  
and coo l ing .  They must b e  hea ted  t o  about 1000°F b e f o r e  t h e  r e a c t o r  can 
b e  f i l l e d  wi th  s a l t .  Being a b l e  t o  coo l  them is  u s e f u l  f o r  removing ra- 
d i o a c t i v e  decay h e a t  from t h e  primary system a f t e r  t h e  s a l t  has  been 
d ra ined  and f o r  lowering t h e  tempera ture  b e f o r e  doing maintenance. For 
t h i s  reason ,  t h e s e  cel ls  are l i n e d  w i t h  thermal  i n s u l a t i o n  and have a 
forced  c i r c u l a t i o n  c losed  gas system i n  which t h e  gas can be  hea ted  o r  
cooled.  The off-gas  c e l l  and t h e  chemical p rocess ing  cel ls  have h e a t e r s  
o r  c o o l e r s  on t h e  components themselves ,  and t h e  ambient temperature  i s  
maintained a t  about 100°F by space  c o o l e r s .  

Bui ld ing  t h e  r e a c t o r  and d r a i n  tank  c e l l s  as ovens in t roduces  sev- 
eral problems. The i n s u l a t i o n  must be  a b l e  t o  expand and c o n t r a c t  w i th  
t h e  h e a t i n g  and coo l ing  of t h e  c e l l  and b e  e f f e c t i v e  f o r  a t  least 30 
y e a r s  w i th  l i t t l e  r e p a i r .  Some equipment suppor t s  and r e s t r a i n t s  must 
o p e r a t e  hormally a t  1000°F b u t  be  a b l e  t o  accommodate occas iona l  coo l ing  
t o  200°F. R e l i a b l e  blowers  must b e  provided t o  c i r c u l a t e  t h e  c e l l  at-  
mosphere. I n d u s t r i a l  blowers are a v a i l a b l e  f o r  c i r c u l a t i n g  gases  i n  
ovens a t  temperatures  up t o  2000"F, b u t  they probably w i l l  have t o  b e  
upgraded f o r  r e a c t o r  s e r v i c e .  S p e c i a l  a t t e n t i o n  w i l l  have t o  b e  given 
t o  p e n e t r a t i o n s  through t h e  c e l l  w a l l s  and t o  d i sconnec t s  f o r  ins t rument  
and s e r v i c e  l i n e s .  For some s e r v i c e  t h e  i n n e r  ends of t h e  p e n e t r a t i o n s  
and t h e  d i sconnec t s  may b e  a t  h igh  temperature .  For o t h e r s  t h e  pene t r a -  
t i o n s  w i l l  t e rmina te  behind t h e  i n s u l a t i o n  a t  t h e  i n n e r  w a l l  of t h e  c e l l  
and be  a t  low temperature .  Some s p e c i a l l y  cooled th imbles  may b e  r e q u i r e d  
t o  b r i n g  nuc lea r  i n s t rumen ta t ion  c l o s e  t o  t h e  r e a c t o r  v e s s e l .  
must b e  provided i n  the  c e l l  w a l l s  t o  remove t h e  h e a t  t h a t  passes  through 
t h e  i n s u l a t i o n  and t h a t  i s  genera ted  i n  t h e  w a l l s  by nuc lea r  r a d i a t i o n s  
i n  o rde r  t o  keep t h e  conc re t e  a t  l o w  tempera ture .  

as opposed t o  p u t t i n g  t h e  i n s u l a t i o n  and h e a t e r s  on t h e  equipment and 
p i p i n g  are s u b s t a n t i a l .  
complicated and less expensive than  p rov id ing  many s p e c i a l l y  f i t t e d  and 
remotely i n s t a l l a b l e  p i e c e s  around t h e  v e s s e l s  and p ip ing .  I n  t h e  oven 
t h e  e x t e r i o r  s u r f a c e s  of t h e  r e a c t o r  equipment are f a r  more a c c e s s i b l e  f o r  
remote maintenance and i n s p e c t i o n  and f o r  i n s t a l l a t i o n  of i n s t rumen ta t ion .  
The mul t i t ude  of e l e c t r i c a l  c a b l e s  and thermocouples and a s s o c i a t e d  d i s -  
connects  and p e n e t r a t i o n s  t h a t  are r e q u i r e d  f o r  i n d i v i d u a l  p i p e l i n e  and 
v e s s e l  h e a t e r s  are e l i m i n a t e d .  Although t h e  h e a t i n g  systems on t h e  MSRE 
worked very  w e l l ,  most of t h e  p e n e t r a t i o n s ,  thermocouples,  and s e r v i c e  
l i n e s  and much of t h e  complexity i n  t h e  c e l l s  r e s u l t e d  from p r o v i s i o n s  f o r  
h e a t i n g  t h e  s a l t - c o n t a i n i n g  equipment and coo l ing  t h e  a i r  i n  the  ce l l s .  

During o p e r a t i o n  t h e  equipment c e l l s  are s e a l e d  and access  i s  pro- 
h i b i t e d .  
d ra ined  and access  i s  achieved by removing s h i e l d i n g  b locks  a t  t h e  top  of 
t he  cel ls  and opening up s e c t i o n s  of t h e  s teel  membrane, as desc r ibed  i n  
Chapter  12.  

Cooling 

The b e n e f i t s . d e r i v e d  from i n s t a l l i n g  t h e  r e a c t o r  equipment i n  ovens 

I n s u l a t i n g  t h e  w a l l s  i s  p o t e n t i a l l y  much less 

When maintenance is  r e q u i r e d ,  t h e  r e a c t o r  is s h u t  down and 

When a c e l l  i s  not  t i g h t l y  s e a l e d ,  b u i l d i n g  a i r  i s  drawn i n t o  
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t he  c e l l ,  passed through abso rbe r s  and f i l t e r s ,  and r ecyc led  t o  t h e  re- 
a c t o r  b u i l d i n g  o r  d i scharged  up a s t a c k .  Rad ia t ion  in s t rumen t s  monitor  
t h i s  e f f l u e n t  gas t o  prevent  release of a c t i v i t y  o u t s i d e  t h e  b u i l d i n g .  

The bottom of t h e  r e a c t o r  c e l l  forms a c a t c h  pan which connects  
through a l i n e  t o  t h e  d r a i n  tank .  Any b reak  i n  t h e  pr imary s a l t  c i r c u i t  
w i l l  r e s u l t  i n  t h e  leaked  s a l t  be ing  conducted t o  t h e  d r a i n  tank .  This  
f e a t u r e  is  d i scussed  f u r t h e r  i n  Chapter 8. 

membrane. This  is t o  avoid any p o s s i b i l i t y  of a steam leak p u t t i n g  p res -  
s u r e  on t h e  containment s t r u c t u r e .  Because t h e  secondary coo lan t  is ra- 
d i o a c t i v e  and t o x i c ,  t h e s e  ce l l s  are a l s o  s e a l e d  when t h e  equipment is 
ope ra t ing .  

The steam ce l l s  are l o c a t e d  o u t s i d e  t h e  main b u i l d i n g  containment 

S t a t u s  and U n c e r t a i n t i e s  

The gene ra l  des ign  of t h e  r e a c t o r  containment b u i l d i n g  f o r  an  MSBR 
can fo l low t h e  des ign  t h a t  has  come t o  be  r a t h e r  s t anda rd  f o r  n u c l e a r  
r e a c t o r s ,  and no unusual c o n s t r u c t i o n  techniques  seem t o  be  involved  i n  
b u i l d i n g  t h e  c y l i n d r i c a l  s h e l l  o r  t h e  va r ious  cel ls .  Heat ing  t h e  r e a c t o r  
and f u e l  d r a i n  tank  c e l l s  i n  o r d e r  t o  handle  t h e  h igh  me l t ing  p o i n t  of 
t h e  s a l t ,  however, i s  unique. 

The method employed f o r  h e a t i n g  r e q u i r e s  no inven t ions  and should  
have minimal t r o u b l e s .  The u n c e r t a i n t i e s  mainly relate t o  t h e  method of 
i n s u l a t i n g  t h e  c e l l s  and making t h e  p e n e t r a t i o n s ,  and, as d i scussed  i n  
Chapter 1 3 ,  t h e  way t o  suppor t  t h e  r e a c t o r  components i n  t h e  h o t  c e l l  
and t o  r e s t r a i n  them a g a i n s t  s e i smic  f o r c e s .  No l i m i t i n g  problems are 
fo reseen ,  b u t  t h e  des igns  remain t o  b e  f u l l y  worked o u t .  A cons ide rab le  
amount of development w i l l  b e  needed i n  proving  t h e  des ign .  The MSRE 
approach of s e p a r a t e l y  i n s u l a t i n g  and h e a t i n g  t h e  components can b e  
adopted i f  t h e  d i f f i c u l t i e s  of u s ing  t h e  c e l l s  as ovens prove t o  b e  too  
g r e a t .  Sca l ing  up t h e  MSRE method f o r  an  MSBR would r e q u i r e  much devel -  
opment and t e s t i n g  a l s o .  

used s u c c e s s f u l l y  i n  t h e  ARE, HRE-2, and MSRE, and a s e a l i n g  membrane w a s  
used i n  t h e  same g e n e r a l  way a t  t h e  HRE-2 and MSRE. Flow of a i r  i n t o  t h e  
c e l l  through openings w a s  a l s o  used t o  prevent  t h e  d i s p e r s a l  of rad ioac-  
t i v i t y  dur ing  maintenance. Larger  c e l l  openings w i l l  be  r equ i r ed  on an 
MSBR, t he  amounts of a c t i v i t y  i n  t h e  system w i l l  b e  g r e a t e r ,  and t h e  re- 
s t r i c t i o n s  on d i scha rge  of a c t i v i t y  w i l l  probably be  t i g h t e r ,  Methods 
and equipment w i l l  have t o  b e  developed f o r  s e a l i n g  openings around work 
s h i e l d s  and t o o l s  t o  provide  b e t t e r  s h i e l d i n g  a g a i n s t  r a d i a t i o n  and t o  
restrict t h e  r equ i r ed  a i r  flow t o  rates t h a t  w i l l  no t  r e q u i r e  e x c e s s i v e l y  
l a r g e  abso rbe r  and f i l t e r  banks.  

Top s h i e l d i n g  p lugs  t h a t  are removable f o r  maintenance access w e r e  
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E v a l u a t i o n  

No unusual  problems appear  t o  re la te  t o  provid ing  a containment 
b u i l d i n g  f o r  an MSBR, b u t  t h e  proposa l  i n  t h e  ORNL r e f e r e n c e  d e s i g n  t o  
use t h e  r e a c t o r  and f u e l - d r a i n  tank c e l l s  as ovens f o r  p r e h e a t i n g  t h e  
equipment t o  about 1000°F is  unique. D e t a i l e d  des igns  are needed and 
development and t e s t i n g  w i l l  b e  r e q u i r e d  t o  determine whether a l l  d e s i g n  
requirements  can b e  s a t i s f i e d  i n  t h i s  approach. I f  they cannot ,  a r e t u r n  
t o  t h e  MSRE concept of s e p a r a t e l y  i n s u l a t e d  and hea ted  components can b e  
adopted. 

The double containment a f f o r d e d  by t h e  r e a c t o r  b u i l d i n g  and t h e  
equipment ce l l s  should g i v e  good c o n t r o l  of r a d i o a c t i v i t y  d u r i n g  normal 
o p e r a t i o n  o r  a c c i d e n t  c o n d i t i o n s .  The containment provided by t h e  re- 
a c t o r  b u i l d i n g  should g i v e  s a t i s f a c t o r y  p r o t e c t i o n  t o  t h e  p u b l i c  a g a i n s t  
releases of r a d i o a c t i v i t y  d u r i n g  maintenance o p e r a t i o n s .  C a r e f u l  d e s i g n ,  
w e l l  developed equipment and procedures ,  and c a r e f u l  use of  a c o n t r o l l e d  
v e n t i l a t i o n  system w i l l  b e  r e q u i r e d  f o r  p r o t e c t i o n  of  p l a n t  personnel  
dur ing  maintenance. The MSRE a f f o r d e d  exper ience  w i t h  a l l  of t h e s e  on 
a s m a l l  scale and t h e r e  i s  s i m i l a r  exper ience  from o t h e r  r e a c t o r  p l a n t s  
and from f u e l  r e p r o c e s s i n g  p l a n t s .  

Design, development, and t e s t i n g  w i l l  b e  r e q u i r e d ,  b u t  no problems 
are e v i d e n t  t h a t  might prevent  s a t i s f a c t o r y  containment s t r u c t u r e s  and 
a t t e n d a n t  service systems from be ing  provided f o r  an MSBR. 
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10. PLANT CONTROL AND INSTRUMENTATION 

S. J. D i t t o  and J .  L .  Anderson 

Requirements and Curren t  Concepts 

"I 

Systems f o r  Normal Opera t ion  

Normal o p e r a t i o n  of an MSBR i n c l u d e s  a l l  phases  of s t a r t u p  from 
cold  o r  h o t  s tandby c o n d i t i o n s ,  p roduct ion  of e l ec t r i c  power a t  demanded 
loads  between 20 and 100% of  des ign  c a p a b i l i t y ,  and scheduled shutdown. 

The c o n t r o l  systems must r ecogn ize  t h e  d i f f e r e n t  requirements  f o r  
t h e  v a r i o u s  o p e r a t i n g  modes and e s t a b l i s h  and main ta in  s a f e  and appro- 
p r i a t e  o p e r a t i n g  cond i t ions .  The systems must coord ina te  t h e  o p e r a t i o n  
of t h e  r e a c t o r ,  t h e  primary- and secondary-sa l t  l oops ,  t h e  steam genera- 
t o r s ,  and system a u x i l i a r i e s .  I n  g e n e r a l ,  t h e  load  demand i s  t h e  pr imary 
s i g n a l  t o  which t h e  c o n t r o l  subsystems must respond.  However, w h i l e  
matching t h e  power gene ra t ion  w i t h  t h e  load ,  t h e  c o n t r o l  system must 
main ta in  system tempera tures  and t h e i r  rates of change w i t h i n  a c c e p t a b l e  
l i m i t s .  S p e c i f i c  areas of concern are t h e  tempera ture  of t h e  steam a t  
t h e  t u r b i n e  t h r o t t l e ,  t h e  rate of change of tempera ture  i n  t h e  s a l t  loops ,  
and t h e  s a l t  tempera tures ,  which must b e  maintained w e l l  above t h e  f r e e z -  
i n g  p o i n t  throughout  t h e  c i r c u l a t i n g  systems (wi th  t h e  p o s s i b l e  excep t ion  
of some areas i n  t h e  steam g e n e r a t o r ) .  

The p r e s e n t  concept  i s  t o  c o n t r o l  t h e  n u c l e a r  power gene ra t ion  by 
g r a p h i t e  rods ,  which are used i n  an au tomat ic  c o n t r o l  loop  t o  ma in ta in  
r e a c t o r  tempera ture  a t  a set p o i n t  programmed accord ing  t o  t h e  needs of 
t h e  steam system. This  arrangement i s  a v a r i a t i o n  of  a scheme success-  
f u l l y  demonstrated on t h e  MSRE, where t h e  tempera ture  s e t  p o i n t  w a s  
c o n t r o l l e d  by t h e  o p e r a t o r .  Such a c o n t r o l  system makes t h e  r e a c t o r  
power s l a v e  t o  t h e  load ,  w i th  a tempera ture  base  l i n e  independent ly  
determined t o  provide  steam at  t h e  d e s i r e d  tempera ture .  

steam tempera ture  du r ing  t h e  t r a n s i e n t .  The c u r r e n t  concept i nvo lves  
au tomat ic  c o n t r o l  of secondary s a l t  f low rate through t h e  s t e a m  genera- 
t o r  t o  t a k e  advantage of t h e  thermal  c a p a c i t y  of t h e  s a l t  wh i l e  t h e  
r e a c t o r  power l e v e l  i s  be ing  r e a d j u s t e d  t o  t h e  new requirements .  

system must adequate ly  respond t o  loop  i n t e r a c t i o n s .  The most satis- 
f a c t o r y  approach appears  t o  be  one i n  which each loop  i s  c o n t r o l l e d  as 
a u n i t  t o  produce a s p e c i f i e d  amount of steam under wel l -def ined  condi- 
t i o n s ,  w i th  t h e  ba l anc ing  of t h e  loops  under t h e  c o n t r o l  of a master 
programmer - perhaps a d i g i t a l  computer - t h a t  i s  re spons ive  t o  t h e  
needs of t h e  power g r i d .  This  programmer would a d j u s t  set p o i n t s  on 
a p p r o p r i a t e  c losed-loop c o n t r o l l e r s  a s s o c i a t e d  wi th  t h e  coo lan t  loops .  

The c o n t r o l  system requi rements  of an MSBR are b a s i c a l l y  t h e  same 
as those  of o t h e r  power r e a c t o r s .  However, t hey  do d i f f e r  i n  some 
d e t a i l .  These d i f f e r e n c e s  w i l l  be d i scussed  l a t e r .  

Maneuvering from one power level t o  ano the r  r e q u i r e s  c o n t r o l  of 

I n  t h e  mul t i l oop  p l a n t ,  such as t h e  r e f e r e n c e  MSBR, t h e  c o n t r o l  
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R 

I n  a d d i t i o n  t o  provid ing  normal c o n t r o l  f u n c t i o n s ,  t h e  in s t rumen ta t ion  
and c o n t r o l  sys tem must provide  p r o t e c t i o n  a g a i n s t  a v a r i e t y  of  anomalous 
o r  acc iden t  cond i t ions .  Although t h e  e n t i r e  c o n t r o l  system should  con- 
t r i b u t e  t o  s a f e  and o r d e r l y  o p e r a t i o n s ,  t h e r e  is always a system d e d i c a t e d  
t o  p r o t e c t i o n  of pe r sonne l  and t o  t h e  p reven t ion  of major equipment damage. 
This system, t h e  p l a n t  p r o t e c t i o n  system (PPS) , i n c l u d e s  moni tor ing  
i n s t r u m e n t a t i o n  t o  d e t e c t  off-normal c o n d i t i o n s ,  l o g i c  subsystems t o  
make d e c i s i o n s  and i n i t i a t e  c o r r e c t i v e  a c t i o n s ,  and a c t u a t o r s  t o  e f f e c t  
p rocess  c o n t r o l  a c t i o n s .  

p l a n t  when necessa ry  and c a r r y i n g  o u t  o t h e r  p r o t e c t i v e  f u n c t i o n s  , such 
as i n s u r i n g  t h a t  systems are i n  o rde r  f o r  con ta in ing  t h e  r a d i o a c t i v i t y  
i n  t h e  event  of a major acc iden t  and t h e  removal of a f t e r h e a t  fo l lowing  
an emergency shutdown where normal coo l ing  is impaired.  

Whereas t h e  c o n t r o l  rods  w i l l  b e  g r a p h i t e  p a r t i a l l y  i n s e r t e d  i n t o  
t h e  c o r e  s o  t h a t  p o s i t i v e  and n e g a t i v e  r e a c t i v i t y  changes can b e  made, 
t h e  s a f e t y  rods  w i l l  b e  neutron-absorbing poison  rods of cons ide rab ly  
more r e a c t i v i t y  worth.  Because of t h e i r  e f f e c t  on neut ron  economy and 
breeding ,  t h e  s a f e t y  rods probably w i l l  be  normally withdrawn ou t  of t h e  
active co re  reg ion .  However, i n  some normal c i rcumstances ,  having  t h e  
s a f e t y  rods  p a r t i a l l y  i n s e r t e d  f o r  a s h o r t  t i m e  may b e  d e s i r a b l e .  There- 
f o r e ,  cont inuous adjustment  of t h e i r  p o s i t i o n  must b e  p o s s i b l e .  

It i s  n o t  clear at  t h i s  t i m e  t h a t  a f a s t  "scram" c a p a b i l i t y  w i l l  b e  
r equ i r ed .  The prompt n e g a t i v e  f u e l  tempera ture  c o e f f i c i e n t  p l u s  t h e  
cons ide rab le  thermal  capac i ty  of t h e  s a l t  and g r a p h i t e  are f a c t o r s  which 
make t h e  p l a n t  less s e n s i t i v e  t o  r e a c t i v i t y  excur s ions  ( s e e  Chapter 1 4 ) .  
However, only d e t a i l e d  ana lyses  of a p a r t i c u l a r  p l a n t  des ign  w i l l  e s t ab -  
l i s h  t h e  p r e c i s e  requirements  of t h e  PPS. 

The p l a n t  p r o t e c t i o n  system must b e  capable  of s h u t t i n g  down t h e  
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The o p e r a t i o n a l  c o n t r o l  systems and t h e  p l a n t  p r o t e c t i o n  system w i l l  
r e q u i r e  e x t e n s i v e  in s t rumen ta t ion  t o  p rov ide  i n p u t  i n t o  t h e  au tomat ic  
decision-making p rocess  of c o n t r o l .  Measurements of neu t ron  f l u x  levels,  
as w e l l  as of t h e  nonnuclear  v a r i a b l e s  such as flow rates, p r e s s u r e s ,  
t empera tures ,  e tc . ,  w i l l  b e  v i t a l  t o  e f f e c t i v e  c o n t r o l  of t h e  p l a n t .  
Some ins t rumen t  s e n s o r s  and s i g n a l  t r ansmiss ion  l i n e s  , and p o s s i b l y  some 
containment p e n e t r a t i o n s  w i l l  be  r equ i r ed  t o  o p e r a t e  r e l i a b l y  i n  h o s t i l e  
environments of  h i g h  tempera ture ,  h igh  r a d i a t i o n  levels ,  o r  bo th .  The 
h igh  r e s i d u a l  r a d i o a c t i v i t y  i n  t h e  r e a c t o r  c e l l  w i l l  make d i r e c t  mainte-  
nance imposs ib le  i n  many l o c a t i o n s ,  s o  a c c e s s i b i l i t y  of ins t rument  com- 
ponents f o r  remote d isconnec t  and replacement w i l l  be  necessa ry .  

equipment can m e e t  t h e  needs of t h e  MSBR. However, t h e  s i z e  and complexity 
of t h e  p l a n t  w i l l  make i t  h igh ly  d e s i r a b l e  t o  use  d i g i t a l  computer tech-  
n iques  f o r  mul t ip l ex ing ,  d a t a  s t o r a g e  and re t r ieval ,  c a l c u l a t i o n ,  and 
o t h e r  f u n c t i o n s .  Opt imiza t ion  of t h e  p l a n t  ou tpu t  w i l l  r e q u i r e  develop- 
ment of s o p h i s t i c a t e d  c o n t r o l  schemes. A high degree  of  automation and 

I n  gene ra l ,  convent iona l  e l e c t r o n i c  o r  pneumatic s i g n a l  cond i t ion ing  
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s u p e r v i s o r y  c o n t r o l  w i l l  b e  necessary  i n  t h e  MSBR, as i n  any l a r g e  m u l t i -  
loop  p l a n t ,  because  of t h e  l a r g e  number of  i n t e r a c t i n g  p r o c e s s e s .  U s e  
of au tomat ic  c o n t r o l  loops f o r  a l a r g e  number of process  c o n t r o l  f u n c t i o n s  
is commonplace; however, t h e  i n t e g r a t i o n  of t h e s e  i n t o  e f f e c t i v e  system 
c o n t r o l  i s  o f t e n  l e f t  t o  t h e  o p e r a t o r .  S i g n i f i c a n t  improvements i n  oper- 
a t i o n  can b e  achieved i f  o v e r a l l  system c o n t r o l  is h i g h l y  automated u s i n g  
w e l l - e s  t a b l i s h e d  techniques .  

I n  a d d i t i o n  t o  those  ins t ruments  n e c e s s a r y  f o r  d i r e c t  c o n t r o l  of the 
p l a n t ,  t h e r e  must b e  a l a r g e  number o f  ins t ruments  f o r  monitor ing p l a n t  
f a i l u r e  d e t e c t  i o n  i n s t r u m e n t a t i o n ,  and t h e  u s u a l  complement 
of ins t ruments  f o r  s u r v e i l l a n c e  o f  t h e  g e n e r a l  h e a l t h  of  t h e  p l a n t  and 
f o r  management e v a l u a t i o n  of p l a n t  o p e r a t i o n .  

F e a t u r e s  P e c u l i a r  t o  MSBR 

A number of f e a t u r e s  which are p e c u l i a r  t o  t h e  MSBR a f f e c t  t h e  
i n s t r u m e n t a t i o n  and c o n t r o l  system requirements .  

The h i g h  f r e e z i n g  p o i n t s  of t h e  MSBR f u e l  and c o o l a n t  salts  impose 
r a t h e r  s t r i n g e n t  c o n t r o l  and p r o t e c t i o n  system requirements .  Care must 
b e  e x e r c i s e d  t o  p r e v e n t  f r e e z i n g  of t h e  sa l t  i n  a u x i l i a r y  l i n e s ,  as w e l l  
as i n  main s a l t  l i n e s  and h e a t  exchangers [l, pp. 122-1231. The f i l l i n g  
and s t a r t u p  procedures ,  a l though s i m p l i f i e d  by t h e  oven concept ,  w i l l  b e  
somewhat complex, as w i l l  be  t h e  procedure f o r  a d m i t t i n g  feedwater i n t o  
t h e  system [l, pp. 1231. R e l i a b l e  i n s t r u m e n t a t i o n  must b e  provided f o r  
determining t h e  c o n d i t i o n  of t h e  s a l t  when i t  is o u t s i d e  t h e  r e a c t o r  
vessel as w e l l  as w i t h i n .  

The e f f e c t s  o f  f u e l  c i r c u l a t i o n  on t h e  e f f e c t i v e  delayed n e u t r o n  
f r a c t i o n  must b e  cons idered  i n  des igning  f o r  t r a n s i e n t  c o n d i t i o n s  i n v o l v i n g  
primary system f low changes. As d i s c u s s e d  i n  Chapter 4 ,  t h e s e  e f f e c t s  are 
w e l l  understood,  and exper ience  i n  t h e  des ign  and o p e r a t i o n  of c i r c u l a t i n g  
f u e l  r e a c t o r s  g i v e s  confidence t h a t  t h i s  f e a t u r e  w i l l  n o t  cause  any par-  
t i  c u l a r  problem. 

problems of h a n d l i n g  r a d i o a c t i v e  f l u i d s .  The presence  o f  t h e s e  h i g h l y  
r a d i o a c t i v e  loops  a l s o  h a s  a p o t e n t i a l  f o r  i n c r e a s i n g  unwanted background 
s i g n a l s  i n  n u c l e a r  i n s t r u m e n t a t i o n .  Replacement of ins t rument  s e n s o r s  
and i n t e r c o n n e c t i n g  s i g n a l  l i n e s  w i l l  i n  some cases r e q u i r e  remote mainte- 
nance techniques .  

t u r e  of 250°F. As i n  o t h e r  r e a c t o r s  o p e r a t i n g  w i t h  a l a r g e  AT, means must 
b e  provided t o  l i m i t  thermal stresses d u r i n g  abnormal o p e r a t i o n a l  e v e n t s .  

The MSBR does n o t  r e q u i r e  t h a t  a l a r g e  amount of excess r e a c t i v i t y  
b e  a v a i l a b l e .  The a b i l i t y  t o  a d j u s t  f u e l  c o n c e n t r a t i o n  dur ing  o p e r a t i o n  
and t h e  r e d u c t i o n  of 1 3 5 X e  po isoning  by gas s t r i p p i n g  reduce two of t h e  
l a r g e s t  r e a c t i v i t y  requirements  o f  o t h e r  types  of p l a n t s .  T o t a l  c o n t r o l  
r e a c t i v i t y  r e q u i r e d  f o r  o p e r a t i o n  w i l l  probably b e  on t h e  o r d e r  of  1% 
6 k / k .  This  s m a l l  amount of excess g r e a t l y  reduces t h e  p o t e n t i a l  f o r  
l a r g e  r e a c t i v i t y  e x c u r s i o n s ,  t h u s  e a s i n g  requirements  on s a f e t y  rods .  
The a b i l i t y  t o  d r a i n  t h e  f u e l  away from t h e  moderator i n t o  a n o n c r i t i c a l  
c o n f i g u r a t i o n  is a very  impor tan t  f e a t u r e  o f  t h e  molten s a l t  r e a c t o r  con- 
cep t .  The i n t e n t  i s  n o t  t o  u s e  t h e  f u e l  d r a i n  f o r  f a s t  shutdown but  t o  

F i s s i o n  products  i n  t h e  primary c i r c u l a t i n g  loop p r e s e n t  t h e  u s u a l  

The r e f e r e n c e  MSBR is  designed t o  have a c o r e  d i f f e r e n t i a l  tempera- 
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a s s u r e  long-term shutdown margin under unusual  c i rcumstances ,  so  f a s t -  
a c t i n g  d r a i n  va lves  are n o t  r equ i r ed .  

The r e f e r e n c e  des ign  MSBR has  t h e  e n t i r e  primary s a l t  sys tem i n  an 
oven where t h e  tempera ture  is main ta ined  a t  about 1000°F. This a r range-  
ment makes i t  unnecessary  t o  i n s u l a t e  'the p i p e s  and vessels and removes 
from t h e  r e a c t o r  c e l l  a m u l t i t u d e  of e l e c t r i c a l  c a b l e s ,  thermocouples,  
d i sconnec t s ,  and containment p e n e t r a t i o n s  t h a t  would b e  r e q u i r e d  f o r  
h e a t e r s  d i r e c t l y  on t h e  p ipes  and v e s s e l s .  Some connectors  and s i g n a l  
t r ansmiss ion  l ines  must e i t h e r  b e  des igned  t o  o p e r a t e  p r o p e r l y  i n  such 
an environment o r  must b e  l o c a t e d  i n  p e n e t r a t i o n s  t h a t  are cooled re- 
l i a b l y .  

c 

Exper ience  wi th  t h e  MSRE and Other  F a c i l i t i e s  

A l a r g e  number of ou t -of -p i le  and i n - p i l e  loops and o t h e r  f a c i l i t i e s  
have been ope ra t ed  w i t h  molten s a l t  a t  ORNL o v e r  t h e  p a s t  20 y e a r s ,  and 
a l l  of t h e s e  have had i n s t r u m e n t a t i o n  and c o n t r o l  systems of  va ry ing  
degrees  of complexity.  I n  a d d i t i o n ,  w e  and o t h e r s  have ope ra t ed  high- 
tempera ture  systems c o n t a i n i n g  molten m e t a l s  o r  gases ,  and a number of 
r e a c t o r s  of t h e s e  types  have been ope ra t ed  i n  t h e  U.S. and abroad. 
Although t h e s e  have provided some expe r i ence  i n  i n s t r u m e n t a t i o n  t h a t  i s  
a p p l i c a b l e  t o  MSRs, t h e  most d i r e c t  and u s e f u l  i n fo rma t ion  has  come from 
t h e  o p e r a t i o n  of t h e  MSRE [ 2 ]  . 
s a l t  sys tem w a l l s  i n  t h e  MSRE g ives  conf idence  t h a t  r e l i a b l e  tempera ture  
measurements can b e  made a t  t h e  e l e v a t e d  tempera tures  of mol t en - sa l t  
r e a c t o r  sys  t e m s .  Although t h e r e  w a s  c o n s i d e r a b l e  sca t te r  i n  t h e  r ead ings  
of t h e  couples  under d i f f e r e n t  h e a t e r s  when t h e  s a l t  w a s  a c t u a l l y  i s o -  
thermal ,  t echniques  of b i a s i n g  t h e  o u t p u t s  w e r e  used t o  p rov ide  thoroughly 
a c c e p t a b l e  measurements [ 3 ,  pp. 2 2 - 2 4 ] .  The importance of c a r e f u l  s e l e c -  
t i o n  and c a l i b r a t i o n ,  d e t a i l s  of f a b r i c a t i o n  and i n s t a l l a t i o n ,  and s t r i c t  
q u a l i t y  c o n t r o l  w a s  e v i d e n t ,  as only  1 2  of t h e  330 thermocouples f a i l e d  
du r ing  f i v e  y e a r s  of ope ra t ion .  

P r e s s u r e  and d i f f e r e n t i a l  p r e s s u r e  measurements i n  t h e  coo lan t  sa l t  
systems were made us ing  NaK-filled t r a n s m i t t e r s .  No d i r e c t  measurement 
of s a l t  p r e s s u r e  w a s  made i n  t h e  primary system, where gas p r e s s u r e  m e a -  
surements w e r e  used t o  i n f e r  s a l t - s y s t e m  p r e s s u r e .  Direct measurements 
are d e s i r a b l e  i n  an MSBR, and a d d i t i o n a l  development may b e  r e q u i r e d  f o r  
such a p p l i c a t i o n s .  

The measurement of s a l t  flow rate i n  t h e  secondary sys tem w a s  made 
by means of a v e n t u r i  and a NaK-fil led d i f f e r e n t i a l  p r e s s u r e  t r a n s m i t t e r .  
No d i r e c t  measurement w a s  made of flow i n  t h e  primary system. Inasmuch 
as t h e  r e a c t o r  w a s  ope ra t ed  wi th  c o n s t a n t  pr imary-sa l t  flow rate ,  no par -  
t i c u l a r  problem e x i s t e d  i n  normal o p e r a t i o n .  A s  p a r t  of t h e  p l a n t  pro- 
t e c t i o n  system i n s t r u m e n t a t i o n ,  pump motor c u r r e n t  w a s  measured. Though 
n o t  a p r e c i s e  i n d i c a t i o n  of flow, t h i s  measurement p l u s  pump speed gave 
adequate a s su rance  of flow. That is ,  t h e  pump motor c u r r e n t  would be  
less t h a n  normal even though t h e  speed w a s  normal i f  f o r  some reason  t h e  

Success fu l  o p e r a t i o n  of hundreds of  thermocouples a t t a c h e d  t o  t h e  
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sa l t  flow w a s  reduced. Direct measurement of t h e  f low i n  t h e  primary 
system would b e  d e s i r a b l e  f o r  a power r e a c t o r ,  e s p e c i a l l y  i f  v a r i a b l e  
flow i s  used. 

Level measurements w e r e  made w i t h  s i n g l e - p o i n t  probes as w e l l  as 
b u b b l e r s  and f l o a t  level systems.  These o p e r a t e d  very w e l l  over  t h e  
l i f e  of t h e  p l a n t ,  b u t  each has  l i m i t a t i o n s  which may necessitate addi- 
t i o n a l  development f o r  a p p l i c a t i o n  t o  MSBR service. 

i n s t a l l ,  and t h e i r  performance w a s  marginal  [ 2 ] .  I n  t h e  furnace  concept  
of t h e  MSBR i t  w i l l  b e  d e s i r a b l e  t o  l o c a t e  t h e  seals i n  thermal ly  insu-  
l a t e d  areas. 

tems, t h e  MSRE gave an oppor tuni ty  t o  v e r i f y  methods of  a n a l y s i s  o f  t h e  
dynamics of  c i r c u l a t i n g - f u e l  r e a c t o r s .  The o p e r a t i o n  w i t h  3U w a s  
p a r t i c u l a r l y  i n t e r e s t i n g  because of t h e  unusual ly  s m a l l  e f f e c t i v e  de layed  
n e u t r o n  f r a c t i o n  (Beff = 0.0019).  Analyses and tests made p r i o r  t o  load- 
i n g  233U i n t o  t h e  MSRE gave confidence t h a t  t h e  system would b e  w e l l  be- 
haved w i t h  regard  t o  s t a b i l i t y  and c o n t r o l l a b i l i t y  [ 4 ,  pp. 32-35; 5 ,  p. 441. 
R e s u l t s  of tests performed a f t e r  loading  were i n  good agreement w i t h  t h e  
p r e d i c t i o n s  [6,  p .  91. 

The MSRE rod c o n t r o l l e r  w a s  designed t o  make t h e  r e a c t o r  o p e r a t e  i n  
a load-fol lowing,  o r  reactor-s lave- to- load,  mode i n  t h e  power range. I n  
t h i s  mode t h e  o p e r a t o r  s e l e c t e d  t h e  d e s i r e d  temperature  of t h e  s a l t  leav- 
i n g  t h e  r e a c t o r  co re ,  and t h e  s t e a d y - s t a t e  r e a c t o r  power w a s  determined 
by t h e  ra te  a t  which h e a t  w a s  r e j e c t e d  by t h e  a i r -cooled  h e a t  exchanger 
i n  t h e  secondary s a l t  system. From an exper imenta l  viewpoint  t h i s  allowed 
easy au tomat ic  c o n t r o l  of tempera ture  and power leve l ,  w i t h  p r a c t i c a l l y  no 
i n t e r a c t i o n  between them. For a power r e a c t o r  t h i s  scheme has  t h e  poten- 
t i a l  f o r  c o n t r o l l i n g  steam temperature  independent ly  of power level .  The 
c o n t r o l l e r  used on t h e  MSRE combined many f e a t u r e s  commonly used a t  ORNL 
t o  m e e t  t h e  s p e c i f i c  requirements  of  t h a t  r e a c t o r .  Its performance w a s  
good, as p r e d i c t e d  by a n a l y s i s ,  and encourages us  t o  use such a c o n t r o l l e r  
as p a r t  of t h e  o v e r a l l  MSBR p l a n t  c o n t r o l  system. 

The d i g i t a l  d a t a  c o l l e c t i n g  and computing system f o r  t h e  MSRE w a s  
used e x t e n s i v e l y  w i t h  excellent r e s u l t s .  The o v e r a l l  a v a i l a b i l i t y  
a f t e r  an i n i t i a l  debugging p e r i o d  w a s  over  95% [ 7 ,  p.  551. The system 
proved i n v a l u a b l e  f o r  t h e  t imely  and economic c o l l e c t i n g ,  logging ,  and 
a n a l y z i n g  of exper imenta l  d a t a  genera ted  by t h e  MSRE. I n  a d d i t i o n ,  i t  
w a s  used t o  provide  o p e r a t o r  guidance through t h e  s t a n d a r d  p r i n t o u t  of 
s i g n a l s  i n  t h e  form of r o u t i n e  p e r i o d i c  l o g s ,  alarm s i g n a l  p r i n t o u t ,  
r o u t i n e  c a l c u l a t i o n s  such as h e a t  b a l a n c e  and r e a c t i v i t y  b a l a n c e ,  and 
operator-demanded f u n c t i o n s  and c a l c u l a t i o n s .  It  w a s  used e x t e n s i v e l y  
f o r  t h e  c o n t r o l  and i n s t r u m e n t a t i o n  of  r e a c t o r  dynamics tests,  such as 
frequency response  and tempera ture  response  experiments  [ 8 ] ,  f o r  retriev- 
i n g  and p r o c e s s i n g  d a t a  p r e v i o u s l y  s t o r e d  on magnetic t apes  f o r  a n a l y s i s ,  
and t o  provide  informat ion  re la t ive t o  t h e  t i m e ,  cause ,  and e f f e c t  of 
abnormal o p e r a t i n g  e v e n t s .  Programs were developed t o  a i d  i n  c a l i b r a -  
t i o n  of analog systems and i n  d i a g n o s i s  of t r o u b l e s .  A new program w a s  
developed f o r  a f a s t  F o u r i e r  t ransform which w a s  programmed t o  run on 
l i n e  i n  background t i m e  and which w a s  used r o u t i n e l y  f o r  on-l ine a n a l y s i s  
of  neut ron  f l u c t u a t i o n  d a t a .  
monitor  t h e  bubble  f r a c t i o n  i n  t h e  f u e l  s a l t  [9,101. 

Containment p e n e t r a t i o n  c a b l e  seals were d i f f i c u l t  and c o s t l y  t o  

I n  a d d i t i o n  t o  v a l u a b l e  exper ience  i n  i n s t r u m e n t i n g  mol ten-sa l t  sys-  

By use o f  t h i s  program i t  w a s  p o s s i b l e  t o  
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The o v e r a l l  exper ience  wi th  t h e  computer s y s  t e m  w a s  e x c e l l e n t  and 
demonstrated t h e  tremendous va lue  of such a sys tem i n  a complex p l a u t .  
We cons ide r  a comprehensive d a t a  c o l l e c t i n g  and computing system f o r  an 
MSBR t o  b e  ind i spensab le .  

Many f e a t u r e s  of  t h e  MSRE c r e a t e d  s p e c i a l  i n s t r u m e n t a t i o n  and c o n t r o l  
problems which were so lved  i n  unspec tacu la r  ways. Monitor ing of  f r eeze -  
va lve  s t a t u s ,  manipula t ing  hel ium flow and p r e s s u r e s  t o  t r a n s f e r  s a l t ,  and 
o t h e r  s imilar  problems w e r e  so lved  and va luab le  l e s s o n s  l ea rned .  These 
are desc r ibed  throughout t h e  r e fe renced  l i t e r a t u r e .  

i n s t rumen ta t ion  and c o n t r o l  problems a s s o c i a t e d  wi th  c i r c u l a t i n g  f u e l  re- 
a c t o r s  are amenable t o  s o l u t i o n  wi th  f a m i l i a r  techniques .  Those problems 
which w e r e  no t  so lved  o r  which w e r e  circumvented due t o  l i m i t e d  t i m e  o r  
funds w i l l  b e  easier t o  r e s o l v e  f o r  MSBR a p p l i c a t i o n s  by t h e  i n s i g h t  
gained from MSRE o p e r a t i o n .  

MSRE expe r i ence  w a s  v a l u a b l e  i n  demonstrat ing t h a t  most of t h e  unique 

Control  Analyses 

P re l imina ry  s t u d i e s  of s t a r t u p ,  s tandby , and shutdown procedures  
have been c a r r i e d  out  on t h e  r e f e r e n c e  des ign  MSBR, al though only  t o  
t h e  p o i n t  of de te rmining  f e a s i b i l i t y .  In making t h e s e  ana lyses ,  several 
b a s i c  r e s t r a i n t s  on o p e r a t i o n  of t h e  p l a n t  were recognized.  The f r e e z i n g  
temperatures  of t h e  primary and secondary sal ts  are such t h a t  t h e  s a l t  
systems must b e  f i l l e d  and c i r c u l a t i n g  i so the rma l ly  at  1000°F b e f o r e  
power withdrawal  can b e  i n i t i a t e d  by dec reas ing  t h e  c o o l a n t - s a l t  tempera- 
t u r e .  To avoid f r e e z i n g  of t h e  sa l t  and t o  p reven t  excess ive  tempera ture  
g r a d i e n t s ,  t h e  minimum feedwater  o r  steam tempera ture  t o  t h e  s t e a m  genera- 
t o r s  f o r  t h e  r e f e r e n c e  des ign  system must vary  between lOOO'F a t  zero  
load and 700°F i n  t h e  8 t o  100% power range.  
load i n  t h e  r e a c t o r  system, which decays s lowly ,  p o s s i b l y  r e q u i r e s  t h a t  
t h e  feedwater  and h e a t  r e j e c t i o n  systems remain i n  ope ra t ion  fo l lowing  
shutdown of t h e  main steam system. 

up and shutdown cond i t ions  i n  an MSBR s t a t i o n  are t h e r e f o r e  a s s o c i a t e d  
wi th  t h e  steam-power system. The requirements  impose some d e p a r t u r e  from 
t h e  e q u i v a l e n t  systems used i n  convent iona l  f o s s i l - f i r e d  s u p e r c r i t i c a l -  
p r e s s u r e  steam p l a n t s  and w i l l  r e q u i r e  f u r t h e r  s tudy .  D i f f e r e n t  steam 
genera tor  des igns  , f o r  example r e e n t r a n t  o r  concent r ic - tube  types , would 
no t  r e q u i r e  h e a t i n g  t h e  feedwater  as h o t  as 700"F, and would a l t e r  t h e  
steam p l a n t  arrangement ( s e e  Chapter 8) .  
s a r y  f o r  s t a r t u p  from t h e  co ld  cond i t ion .  

r e fe rence  des ign  is desc r ibed  i n  t h e  des ign  r e p o r t  [ l ,  Sec t .  51 and i n  
Chapter 8 of t h i s  r e p o r t .  

I n  a d d i t i o n ,  t h e  a f t e r h e a t  

Most of t h e  s p e c i a l  systems and equipment needed t o  handle  t h e  s tar t -  

An a u x i l i a r y  b o i l e r  is neces- 

The proposed gene ra l  arrangement of t h e  steam system of  t h e  MSBR 

P 



321 

Computer Models 

The dynamics and c o n t r o l  s t u d i e s  of  MSBR p l a n t s  have been concen- 
t r a t e d  about  t h e  normal o p e r a t i n g  power range ,  and a series of s t u d i e s  
has  been made t o  examine t h e s e  o p e r a t i n g  c h a r a c t e r i s t i c s  [11,12].  The 
s t u d i e s  have been implemented w i t h  ana log  and hybr id  computer s i m u l a t i o n s  
of t h e  p l a n t  c h a r a c t e r i s t i c s  [13,14]. A l l  of  t h e  s imula t ions  have been 
p a t t e r n e d  a f t e r  t h e  MSBR r e f e r e n c e  des ign  [l], b u t  t h e  n a t u r e  of t h e  
models i s  such t h a t  t hey  would have g e n e r a l  a p p l i c a b i l i t y .  For t h e  pur- 
pose of  t h e s e  ana lyses  t h e  MSBR p l a n t  c o n s i s t e d  of a graphi te-moderated,  
c i r c u l a t i n g - f u e l  r e a c t o r ,  a shel l -and-tube h e a t  exchanger f o r  t r a n s f e r r i n g  
t h e  genera ted  h e a t  t o  a secondary coo lan t  s a l t ,  a shel l -and-tube super-  
c r i t i c a l  s t e a m  g e n e r a t o r ,  and several p o s s i b l e  c o n t r o l  systems.  

Due t o  t h e  very  n o n l i n e a r  n a t u r e  of t h e  once-through s t e a m  g e n e r a t o r ,  
i t  w a s  deemed necessa ry  t o  have a h i g h l y  d e t a i l e d  model of  t h i s  p a r t  of  
t h e  system. To g e t  a f e e l  f o r  o v e r a l l  p l a n t  performance, t h e  earlier 
models used lumped-parameter, log-mean-different ia l - temperature  ana log  
s imula t ion  of t h e  steam gene ra to r ,  a l though t h e  accuracy w a s  known t o  b e  
s e v e r e l y  l i m i t e d .  A t  t h e  same t i m e ,  a hybr id  d i g i t a l - a n a l o g  model w a s  
developed and used i n i t i a l l y  t o  examine t h e  s t a b i l i t y  of t h e  steam gener- 
a t o r  [15] ;  subsequent ly ,  i t  w a s  expanded and r e f i n e d  a t  t h e  newly acqu i red  
ORNL hybr id  computing f a c i l i t y .  
w a s  combined wi th  t h e  ana log  model of t h e  o t h e r  p l a n t  components, r e s u l t i n g  
i n  an o v e r a l l  s i m u l a t i o n  i n  which cons ide rab le  conf idence  could b e  p laced .  
Represen ta t ive  t r a n s i e n t  responses  u s i n g  t h i s  model are desc r ibed  i n  Ref- 
e r ence  1 4 .  

The g e n e r a l  v a l i d i t y  of  t h e  a l l - ana log  models w a s  confirmed, a l though ,  
as expected,  some disagreement  i n  a b s o l u t e  v a l u e s  exists. The t r e n d s  i n d i -  
c a t e d  i n  t h e  ana log  s t u d i e s  are c o r r e c t ,  b u t  t h e  magnitude and rates of 
change of v a r i a b l e s  du r ing  t r a n s i e n t s  should  b e  used only  as gene ra l  gu ides .  

The hybr id  model has  been used t o  s tudy  c o n t r o l  schemes and normal 
p l a n t  maneuvering. Some more severe t r a n s i e n t s  w e r e  examined t o  g e t  a 
f e e l  f o r  system response  t o  abnormal s i t u a t i o n s .  
t r a n s i e n t s  t h a t  can be  run on t h e  hybr id  s i m u l a t i o n  model i s ,  however, 
somewhat l i m i t e d  by t h e  steam gene ra to r  model, which uses  0.5-second cal- 
c u l a t i o n a l  t i m e  s t e p s .  Consequently,  an e f f o r t  i s  underway t o  improve 
t h e  accuracy of an ana log  s team-generator  model so t h a t  i t s  g r e a t e r  speed 
c a p a b i l i t y  can b e  used t o  s tudy  severe t r a n s i e n t s  and complement t h e  
p l a n t  s a f e t y  a n a l y s i s .  

The hybr id  model of t h e  steam gene ra to r  

The s e v e r i t y  of t h e  

Analys is  of S teady-Sta te  Condi t ions  

The f i r s t  s t e p  i n  t h e  formula t ion  of  a c o n t r o l  system t o  enab le  t h e  
p l a n t  t o  undergo changes i n  load  w a s  t o  determine t h e  s t eady  par t - load  
tempera ture  and flow p r o f i l e s  f o r  t h e  p l a n t  between 20 and 100%. 

t h e  s t e a d y - s t a t e  v a l u e s  of some v a r i a b l e s  f o r  par t - load  ope ra t ion .  
b i n e  l i m i t a t i o n s  r e q u i r e  t h a t  t h e  t u r b i n e  t h r o t t l e  tempera ture  be  he ld  
n e a r l y  c o n s t a n t  (1000°F f o r  t h e  c a s e s  s t u d i e d ) ,  and t h e  feedwater  temper- 
a t u r e  w a s  he ld  c o n s t a n t  as w e l l  (700°F).  The primary s a l t  flow rate w a s  
assumed c o n s t a n t  a t  des ign  p o i n t  f o r  s t e a d y - s t a t e  c o n s i d e r a t i o n s .  

For i n i t i a l  c o n s i d e r a t i o n s  i t  w a s  d e s i r a b l e  t o  f i x  o r  predetermine 
Tur- 

With 
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t h e s e  l i m i t a t i o n s  imposed, w e  found t h a t  t h e  secondary - sa l t  t empera ture  
a t  t h e  s t e a m  g e n e r a t o r  o u t l e t  could n o t  b e  he ld  above t h e  s a l t  f r e e z i n g  
p o i n t  a t  p a r t  l oads  bekow about  50%. A need is i n d i c a t e d  f o r  more e f f e c -  
t i v e  decoupl ing  of load  e f f e c t s  on s a l t  tempera tures .  Some p o s s i b i l i t i e s  
are: (1) a l lowing  t h e  steam tempera ture  t o  i n c r e a s e  above i ts  1000°F 
des ign  p o i n t  as t h e  load  dec reases ,  w i th  subsequent a t t e m p e r a t i o n  of  t h e  
steam w i t h  i n j e c t e d  feedwater ;  (2)  i n c r e a s i n g  t h e  feedwater  tempera ture  
above i t s  700°F des ign  p o i n t  as t h e  load  dec reases ;  ( 3 )  r educ ing  t h e  
number of s t e a m  g e n e r a t o r s  i n  use as load  dec reases ;  and ( 4 )  us ing  a salt  
t h r o t t l i n g  v a l v e  t o  bypass some of t h e  secondary - sa l t  f low around t h e  
primary h e a t  exchanger t o  reduce  t h e  tempera ture  of t h e  s a l t  e n t e r i n g  
t h e  steam g e n e r a t o r .  S t e a m  a t t e m p e r a t i o n  and secondary s a l t  bypass w e r e  
t h e  s u b j e c t  of a d d i t i o n a l  s t e a d y - s t a t e  a n a l y s i s  of t h e  p l a n t  concept.  
E i t h e r  scheme o r  a combination of t h e  two appea r s  t o  permi t  t h e  e s t a b -  
l i shment  of a c c e p t a b l e  par t - load  o p e r a t i n g  c o n d i t i o n s .  

Analys is  of T r a n s i e n t  Behavior 

The models desc r ibed  have been used f o r  t r a n s i e n t  a n a l y s i s  of t h e  

The power o p e r a t i n g  range f o r  a t y p i c a l  p l a n t  is expec ted  t o  b e  from 
p l a n t  and proposed c o n t r o l  schemes. 

approximately 20% t o  100% of f u l l  des ign  load .  Throughout t h i s  l oad  range  
t h e  steam tempera ture  t o  t h e  t u r b i n e  t h r o t t l e  must be  h e l d  e s s e n t i a l l y  
c o n s t a n t ,  t h e  primary- and secondary - sa l t  t empera tures  and flow rates must 
b e  kep t  w i t h i n  a c c e p t a b l e  l i m i t s ,  and t h e  r e s u l t i n g  stresses due t o  induced 
thermal g r a d i e n t s  must remain w i t h i n  a c c e p t a b l e  r anges .  

A master load  programmer may b e  needed t o  d i v i d e  t h e  r e q u i r e d  load  
demand among t h e  m u l t i p l e  c o o l a n t  loops and steam g e n e r a t o r s .  It should  
be p o s s i b l e  t o  o p e r a t e  t h e  p l a n t  a t  p a r t i a l  l oads  by o p e r a t i n g  some loops  
a t  100% c a p a c i t y  w h i l e  o t h e r  loops d e l i v e r  no power. The c o n t r o l  s t u d i e s  
have shown t h a t  s t a b l e  p l a n t  load  c o n t r o l  may b e  accomplished u s i n g  two 
b a s i c  c o n t r o l  loops :  a steam tempera ture  c o n t r o l l e r  and a r e a c t o r  o u t l e t  
t empera ture  c o n t r o l l e r .  To achieve  c l o s e  c o n t r o l  of steam tempera ture  
du r ing  load  t r a n s i e n t s  i t  is necessa ry  t o  vary  t h e  secondary - sa l t  f low 
rate i n  t h e  s t e a m  g e n e r a t o r .  An a d d i t i o n a l  c o n t r o l  subsystem may b e  
necessa ry  i f  a sa l t  bypass va lve  is  used i n  o rde r  t o  m a i n t a i n  the  d e s i r e d  
coo lan t  sa l t  tempera tures .  The r e a c t o r  o u t l e t  t empera ture  c o n t r o l l e r  
examined w a s  s i m i l a r  t o  t h a t  used s u c c e s s f u l l y  on t h e  MSRE [ 1 6 ,  p .  2281. 

po in t .  The measured r e a c t o r  i n l e t  t empera ture  is s u b t r a c t e d  from t h e  
r e a c t o r  o u t l e t  t empera ture  set p o i n t ,  and s i n c e  t h e  p r imary - sa l t  f low rate 
is  c o n s t a n t ,  a r e a c t o r  power set p o i n t  i s  genera ted  by m u l t i p l y i n g  t h i s  
AT by a p r o p o r t i o n a l i t y  cons t an t .  
(from neu t ron  f l u x )  i s  compared w i t h  t h e  r e a c t o r  power set p o i n t ,  and any 
e r r o r  is f e d  t o  t h e  c o n t r o l  rod s e r v o  f o r  a p p r o p r i a t e  r e a c t i v i t y  a d j u s t -  
ment. The r e a c t o r  power set p o i n t ,  genera ted  from t h e  o u t l e t  t empera ture  
set  p o i n t  and t h e  measured r e a c t o r  i n l e t  t empera ture ,  is a f u n c t i o n  of 
t h e  r e a c t o r  i n l e t  t empera ture  d u r i n g  a t r a n s i e n t  and t h u s  a f u n c t i o n  of 
dynamic load .  

A load  demand s i g n a l  determines t h e  r e a c t o r  o u t l e t  t empera ture  set 

The measured v a l u e  of r e a c t o r  power 

P 

c 
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4 

There are c e r t a i n l y  o t h e r  p o s s i b l e  c o n t r o l  schemes f o r  achiev ing  
s a t i s f a c t o r y  p l a n t  performance. Analog s i m u l a t i o n s  have shown t h a t  an 
i n t e g r a t e d  c o n t r o l  scheme is e s s e n t i a l  t o  good performance. I f  exces- 
sive thermal stresses are produced by t h e  t r a n s i e n t s  t h a t  accompany l o a d  
changes, they can b e  reduced by v a r y i n g  t h e  primary sa l t  f low rate as a 
f u n c t i o n  of l oad .  

Chapter 4 )  i m p l i e s  t h a t  on ly  modest amounts of c o n t r o l  r e a c t i v i t y  are 
needed t o  accomplish p l a n t  load maneuvering. For t h e  r e f e r e n c e  d e s i g n ,  
a t y p i c a l  maneuver from 50% t o  100% power a t  a ra te  of 5%/min r e q u i r e d  
0.05% 6k/k and a ra te  of 0.0001%/sec 6 k / k .  The maximum system tempera- 
t u r e  rate of change f o r  t h i s  t r a n s i e n t  w a s  about  0.3'F/sec a t  t h e  r e a c t o r  
o u t l e t .  

The s m a l l  i s o t h e r m a l  temperature  c o e f f i c i e n t  of  r e a c t i v i t y  (see 

Accident Analyses 

The most l i k e l y  abnormal power excurs ions  would r e s u l t  from sudden 
changes i n  load  demand o r  r a p i d  changes i n  s a l t  flow ra te  i n  e i t h e r  t h e  
primary o r  secondary system, as a r e s u l t  of  pump o r  power f a i l u r e .  A few 
l i m i t e d  cases of t h i s  type have been examined on t h e  hybr id  s i m u l a t i o n .  
Some l e s s - l i k e l y  r e a c t i v i t y  anomalies were a l s o  b r i e f l y  examined on t h e  
hybr id  model. A s  d i s c u s s e d  i n  Chapter 4 ,  conce ivable  r e a c t i v i t y  changes 
may r e s u l t  from primary f low v a r i a t i o n ,  f u e l  a d d i t i o n  a c c i d e n t s ,  c o r e  
geometry changes,  o r  f a i l u r e  of one o r  more c o n t r o l  rods .  

A r e a c t o r  shutdown o r  p r o t e c t i o n  system must b e  coord ina ted  w i t h  t h e  
s a l t  c i r c u l a t i o n  loops and t h e  steam p l a n t .  I f  t h e  load  is suddenly l o s t ,  
t h e  r e a c t o r  power g e n e r a t i o n  must b e  reduced t o  avoid overhea t ing .  
S i m i l a r i l y ,  i f  t h e  r e a c t o r  is s h u t  down t h e  steam load  must b e  quick ly  
reduced t o  avoid  subcool ing  o r  f r e e z i n g  of t h e  s a l t .  S i m i l a r  s i t u a t i o n s  
ar ise  due t o  s a l t  c i r c u l a t i o n  pump f a i l u r e .  For example, i f  primary flow 
is l o s t ,  followed by an a p p r o p r i a t e  r e d u c t i o n  i n  load  demand and r e a c t o r  
power, t h e  primary sa l t  could s t i l l  f r e e z e  i n  t h e  h e a t  exchangers because 
of t h e  i n c r e a s e d  dwell  t i m e  u n l e s s  secondary f low is a l s o  reduced. 

cause  of t h e  h i g h  s a l t  f r e e z i n g  tempera tures ,  and a c a r e f u l  a n a l y s i s  w i l l  
be  needed t o  d e r i v e  s a t i s f a c t o r y  s o l u t i o n s .  

The p l a n t  emergency procedures  c l e a r l y  w i l l  b e  somewhat complex be- 

R e a c t i v i t y  Cont ro l  

Long-term r e a c t i v i t y  ad jus tments  are expected t o  b e  accomplished by 
vary ing  t h e  f u e l  c o n c e n t r a t i o n .  Normal r e g u l a t i n g  and shimming f u n c t i o n s  
f o r  load fo l lowing  and shutdown are w i t h i n  t h e  c a l c u l a t e d  c a p a b i l i t i e s  
of a few g r a p h i t e  rods ,  as proposed f o r  t h e  r e f e r e n c e  des ign  [17, p. 6 4 1 .  
Some e v e n t s  may b e  a n t i c i p a t e d  t h a t  would r e q u i r e  a d d i t i o n a l  n e g a t i v e  
r e a c t i v i t y  o r  r e a c t i v i t y  rates beyond t h e  c a p a b i l i t y  of t h e  g r a p h i t e  rods 
a lone .  Poison rods  could b e  used t o  provide  t h i s  a d d i t i o n a l  r e a c t i v i t y  
c o n t r o l  and t o  provide  s u b s t a n t i a l  shutdown margin.  Having poison rods  
i n  t h e  c o r e  d u r i n g  normal o p e r a t i o n  is u n d e s i r a b l e  because of t h e i r  
adverse  e f f e c t  on breeding .  The probable  r o l e  of t h e  poison rods ,  t hen ,  
is t o  b e  h e l d  o u t s i d e  of t h e  co re ,  po ised  f o r  r a p i d  shutdown i f  needed. 
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They may a l s o  b e  used f o r  a d d i t i o n a l  shimming d u r i n g  core  l o a d i n g  o r  f o r  
o t h e r  o p e r a t i o n s  o r  a b n o r m a l i t i e s  b u t  t h e  exposure a t  power w i l l  b e  s h o r t  
and t h e  e f f e c t  on breeding  and rod l i f e  w i l l  be  s m a l l .  W e  do n o t  p r e s e n t l y  
a n t i c i p a t e  t h a t  extremely f a s t  i n s e r t i o n ,  o r  "scram," of t h e  rods w i l l  b e  
necessary ,  a l though r e l i a b l e  i n s e r t i o n  must b e  a s s u r e d .  

I n s  t rumen ta t  i o n  

High-Temperature Flux Sensors  

I n  t h e  r e f e r e n c e  MSBR, t h e  e n t i r e  r e a c t o r  c e l l  w i l l  b e  a t  about 1000'F. 
Thus any n u c l e a r  d e t e c t o r s  which are l o c a t e d  i n  t h i s  space  must b e  c a p a b l e  
of o p e r a t i n g  a t  such h i g h  temperature  o r  else they must b e  cooled. No 
d e t e c t o r s  are p r e s e n t l y  a v a i l a b l e  f o r  o p e r a t i o n  above 600-900°F, and even 
f o r  t h e s e  temperatures  only s p e c i a l  developmental  models ex is t .  S i m i l a r  
problems ex i s t  i n  t h e  l i q u i d  metal breeder  r e a c t o r  program, and some 
development work is  be ing  done, bu t  no s i g n i f i c a n t  p r o g r e s s  h a s  been an- 
nounced [18 ] .  A coord ina ted  d e t e c t o r  development program is needed f o r  
t h e  Molten-Sal t  Reactor  Program. 

w e l l s  o r  thimbles  l o c a t e d  o u t s i d e  t h e  r e a c t o r  vessel. For u s e  i n  t h e  
r e a c t o r  p r o t e c t i o n  systems,  such chamber w e l l s  would have t o  b e  designed 
wi th  performance r e l i a b i l i t y  as r e q u i r e d  of t h e  p r o t e c t i o n  system, s i n c e  
f a i l u r e  of t h e  c o o l i n g  systems would b r i n g  about  f a i l u r e  of t h e  d e t e c t o r s .  

Neutron f l u c t u a t i o n  a n a l y s i s  proved t o  b e  a v a l u a b l e  t o o l  f o r  moni- 
t o r i n g  anomalous behavior  i n  t h e  MSRE [9, 101. Unfor tuna te ly ,  one of 
t h e  requirements  f o r  o b t a i n i n g  good r e s u l t s  w i t h  t h i s  technique  is a h i g h  
d e t e c t i o n  e f f i c i e n c y  f o r  core-coupled n e u t r o n s .  While no d e t a i l e d  ca lcu-  
l a t i o n s  have been made of n e u t r o n  f l u x e s  o u t s i d e  t h e  r e f l e c t o r  and vessel, 
w e  estimate t h a t  i n  t h e  MSBR t h e s e  f l u x e s  w i l l  b e  too  low t o  provide  t h e  
d e s i r e d  s igna l - to-noise  r a t i o  f o r  some types o f  f l u c t u a t i o n  a n a l y s i s .  

All of t h e  proposed n u c l e a r  d e t e c t o r  l o c a t i o n s  are w i t h i n  t h e  high- 
temperature  primary containment oven and have i n  common t h e  problem of 
containment p e n e t r a t i o n  seals. Genera l ly ,  t h e  s p e c i f i c a t i o n s  f o r  pene- 
t r a t i o n s  f o r  n u c l e a r  d e t e c t o r s  are more demanding than  t h o s e  f o r  process  
s e n s o r s ,  because of t h e  t y p i c a l l y  v e r y  s m a l l  s ignal c u r r e n t s  d e l i v e r e d .  
The l o c a t i o n  and d e t a i l e d  requirements  of t h e s e  p e n e t r a t i o n s  have n o t  y e t  
been determined,  b u t  t h e  need f o r  some development work i n  t h i s  area is 
a n t i c i p a t e d .  The s i g n a l  t r a n s m i t t i n g  l i n e s  w i l l  r e q u i r e  s p e c i a l  d e s i g n  
and some development because of t h e  high-temperature  environment. 

It may b e  p o s s i b l e  t o  l o c a t e  i o n i z a t i o n  chambers i n  s p e c i a l l y  cooled 

Process  I n s t r u m e n t a t i o n  

Although MSBR process  i n s t r u m e n t a t i o n  can reasonably b e  expected 
t o  r e q u i r e  some d e s i g n s  beyond t h e  p r e s e n t  s t a t e  of t h e  a r t ,  no problems 
are f o r e s e e n  t h a t  could n o t  b e  r e s o l v e d  by f u r t h e r  development of compo- 
n e n t s  and techniques  [ 2 ,  191.  Many ins t rument  components used success-  
f u l l y  i n  t h e  MSRE and o t h e r s  be ing  developed f o r  t h e  LMFBR w i l l  b e  d i r e c t l y  
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a p p l i c a b l e  t o  t h e  MSBR. S i m i l a r l y ,  exper ience  b e i n g  gained by t h e  u t i l -  
i t ies  i n d u s t r y  w i t h  i n s t r u m e n t a t i o n  of s u p e r c r i t i c a l  p r e s s u r e  s t e a m  systems 
w i l l  b e  a p p l i c a b l e  t o  t h e  MSBR. 

MSBR process  i n s t r u m e n t a t i o n  l o c a t e d  o u t s i d e  t h e  b i o l o g i c a l l y  
s h i e l d e d  areas and n o t  an i n t e g r a l  p a r t  of t h e  containment system can 
b e  convent iona l  equipment. Some s t a n d a r d  components, however, may re- 
q u i r e  upgrading, and a s t r ic t  q u a l i t y  c o n t r o l  program w i l l  b e  r e q u i r e d  
t o  e n s u r e  a leve l  of  r e l i a b i l i t y  and performance commensurate w i t h  MSBR 
requirements .  

A l l  p rocess  ins t rumenta t  i on  components l o c a t e d  w i t h i n  t h e  conta in-  
ment ce l l s  o r  as an i n t e g r a l  p a r t  of t h e  containment system must probably 
b e  cons idered  developmental ,  These components are predominantly primary 
s e n s i n g  elements  f o r  measurement of f low rates, p r e s s u r e s ,  l e v e l s ,  
weights ,  and temperatures  i n  t h e  s a l t - c o n t a i n i n g  p i p e s  and vessels, i n  
the  a s s o c i a t e d  purge and off-gas  systems,  and i n  t h e  s a l t  chemical pro- 
c e s s i n g  f a c i l i t i e s .  Other  such components are f i n a l  c o n t r o l  elements 
(such as off-gas  c o n t r o l  v a l v e s ) ,  lead-wire  and p i p i n g  connect ions t o  
t h e  s e n s i n g  and f i n a l  c o n t r o l  e lements ,  remotely o p e r a t e d  d i s c o n n e c t s ,  
and containment p e n e t r a t i o n  seals.  

The e l e c t r i c a l  c o n d u c t i v i t y  of  t h e  MSBR sa l t s  w i l l  b e  a f a c t o r  i n  
s e l e c t i n g  t h e  type  of primary s e n s i n g  elements  t h a t  can b e  used. The 
c o n d u c t i v i t i e s  of MSBR s a l t s  are e s t i m a t e d  t o  b e  about  1 mholcm - about 
t h e  same as MSRE sa l t s .  This means, f o r  example, t h a t  magnetic flow- 
meters probably cannot b e  used,  and most of t h e  devices  w i l l  be  similar 
t o  t h o s e  used on t h e  MSRE. Some new techniques are be ing  i n v e s t i g a t e d  
which show some promise f o r  use  wi th  low-conduct ivi ty  sa l t s .  

Some development w i l l  b e  r e q u i r e d  t o  adapt  MSRE c o n t r o l  components 
t o  t h e  h i g h e r  p r e s s u r e s  and temperatures  t h a t  w i l l  e x i s t  i n  p o r t i o n s  of  
t h e  MSBR. Development of o t h e r  equipment and techniques ,  such as elec- 
t r i c a l  p e n e t r a t i o n s  i n t o  s a l t - c o n t a i n i n g  p i p e s  and vessels, would undoubt- 
ed ly  l ead  t o  improved i n s t r u m e n t a t i o n .  

Rod Drives 

The d e t a i l e d  rod requirements  w i l l  b e  a f u n c t i o n  of t h e  p a r t i c u l a r  
r e a c t o r  des ign .  The rod worths w i l l  vary  w i t h  type,  s i z e ,  and l o c a t i o n ,  
so t h a t  d r i v e  speeds  cannot b e  s p e c i f i e d  u n t i l  t h e  p h y s i c a l  and n u c l e a r  
d e s i g n s  are w e l l  advanced. The mechanical d e s i g n  of t h e  d r i v e  mechanisms 
is  d i s c u s s e d  i n  Chapter 8. 

S a l t  T h r o t t l i n g  Valves 

One of t h e  more promising p l a n t  c o n t r o l  schemes depends upon t h r o t -  
t l i n g  i n  a secondary sa l t  bypass around t h e  primary h e a t  exchanger. 
( T i g h t  shut-off  is n o t  r e q u i r e d  of t h e  valves i n  t h i s  bypass.)  The 
m a x i m u m  and minimum flow rates and t h e  rate of change of flow r a t e  nec- 
e s s a r y  t o  achieve  s a t i s f a c t o r y  p l a n t  c o n t r o l  w i l l  need t o  be  f a c t o r e d  
i n t o  t h e  development of a valve f o r  t h i s  service. Valve des ign  is d i s -  
cussed i n  Chapter 8. 
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D i g i t a l  Computer App l i ca t ion  f o r  Cont ro l  and Data Handling 

The r e f e r e n c e  des ign  inc ludes  t h e  r e a c t o r ,  f o u r  primary l o o p s ,  f o u r  
secondary loops ,  each having  f o u r  r e h e a t e r s  and fou r  steam g e n e r a t o r s ,  
and a m u l t i s t a g e  t u r b i n e .  A l l  of t h e  loops  i n t e r a c t  o r  r e q u i r e  r e spons ive  
a c t i o n  from o t h e r  l oops  when pe r tu rbed ,  and t h e  c o r r e c t  a c t i o n  t o  t a k e  
may n o t  b e  simply pe rce ived .  Computer c o n t r o l  and s u r v e i l l a n c e  of t h e  
p l a n t  is d e s i r a b l e  t o  r e l i e v e  t h e  o p e r a t o r s  of d i f f i c u l t  t a s k s  and can b e  
expec ted  t o  improve t h e  s a f e t y  and r e l i a b i l i t y  of o p e r a t i o n .  Design 
p lanning  should  i n c l u d e  from t h e  beginning  p r o v i s i o n s  f o r  optimum u t i l i -  
z a t i o n  of computer t echn iques .  

Chemical P l a n t  In s t rumen ta t ion  and Con t ro l  

The i n s t r u m e n t a t i o n  requi rements  of a f u l l - s c a l e  chemical p r o c e s s i n g  
p l a n t  have, so  f a r ,  r ece ived  only minimal a t t e n t i o n  from ins t rumen t  de- 
s i g n e r s .  The p rocesses  involved  have been ins t rumented  and c o n t r o l l e d  on 
l a b o r a t o r y  o r  p i l o t  p l a n t  s c a l e s ,  b u t  n o t  w i t h  t h e  volumes and r a d i a t i o n  
l e v e l s  expec ted  i n  t h e  f u l l - s c a l e  p l a n t .  E a r l y  e v a l u a t i o n  of p o t e n t i a l  
problems i s  needed t o  enab le  i n i t i a t i o n  of r e q u i r e d  development on a 
t imely  b a s i s .  

c 
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U n c e r t a i n t i e s  and A 1  t ernat i v e s  

There are several u n c e r t a i n t i e s  r e g a r d i n g  t h e  o v e r a l l  c o n t r o l  of an 
MSBR t h a t  w i l l  r e q u i r e  a d d i t i o n a l  ana lyses  and c o n s i d e r a t i o n  of alterna- 
t i v e s .  I n  p a r t i c u l a r ,  t h e  h igh  f r e e z i n g  tempera tures  of t h e  sal ts  create 
t h e  need f o r  s p e c i a l  c o n s i d e r a t i o n s  i n  load  and flow c o n t r o l .  Unusual 
c o n d i t i o n s  o r  f a i l u r e s ,  such  as a f a i l u r e  of a pump i n  a s a l t  loop ,  w i l l  
r e q u i r e  s p e c i f i c  responses  t o  avoid  s a l t  f r e e z i n g .  The behavior  of mul- 
t i p l e  loops of a l a r g e  p l a n t  w i l l  need t o  b e  c a r e f u l l y  programmed t o  
avoid  f r e e z i n g  problems. 

As mentioned earlier i n  t h i s  c h a p t e r  , main ta in ing  d e s i r a b l e  o r  accept -  
a b l e  steam and c o o l a n t - s a l t  t empera tures  i n  t h e  sys tem under pa r t - load  
cond i t ions  is  a fundamental problem. Several approaches have been inves  ti- 
ga ted  f o r  p o s s i b l e  r e s o l u t i o n  of t h i s  d i f f i c u l t y .  One is t h e  u s e  of flow- 
p r o p o r t i o n i n g  v a l v e s  t o  bypass c o o l a n t  around t h e  primary h e a t  exchanger , 
and t h i s  is a v e r y  a t t r a c t i v e  scheme from s t r i c t l y  t h e  c o n t r o l  v iewpoin t .  
R e l a t i v e l y  complete s e p a r a t i o n  of load  e f f e c t s  from t h e  s a l t  o p e r a t i n g  
c o n d i t i o n s  is  p o s s i b l e  u s i n g  one o r  two v a l v e s ,  and s a l t  tempera tures  and 
steam c o n d i t i o n s  can b e  optimized more o r  less independent ly .  Propor t ion-  
i n g  va lves  f o r  molten s a l t  w i l l  have t o  b e  developed i f  t h i s  scheme is t o  
be used. 

t h e  tempera ture  of t h e  steam l e a v i n g  t h e  gene ra to r  t o  rise at: reduced 
loads  and t o  a t t empera t e  i t  w i t h  feedwater a d d i t i o n  t o  r e g a i n  p rope r  con- 
d i t i o n s  f o r  t h e  t u r b i n e .  Attemperation is used i n  modern s u p e r c r i t i c a l  
f o s s i l - f i r e d  s t e a m  p l a n t s  bu t  is u s u a l l y  followed by a r e h e a t e r  o r  super -  

The second approach, which has  been b r i e f l y  examined, i s  t o  a l low 

- 
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h e a t e r  t o  a s s u r e  t h a t  no feedwater is c a r r i e d  over  t o  t h e  t u r b i n e s .  The 
a p p l i c a t i o n  of t h i s  technique  t o  an MSBR p l a n t  w i l l  r e q u i r e  c a r e f u l  s tudy  
b e f o r e  i t s  p r a c t i c a b i l i t y  can be  a s su red .  

pa r t - load  o p e r a t i o n  i s  t h e  s t a g i n g  of t h e  m u l t i p l e  loops ,  t h a t  i s ,  oper- 
a t i n g  some loops  nea r  des ign  p o i n t  wh i l e  o t h e r s  are i d l i n g .  This method 
of o p e r a t i o n  h a s  n o t  y e t  been i n v e s t i g a t e d  on t h e  computer s i m u l a t i o n s .  

on t h e  thermal  t r a n s i e n t s  t h a t  can reasonably  be  expected t o  occur a t  
c r i t i c a l  p o i n t s  i n  t h e  v e s s e l s  and p ip ing .  The c o n t r o l  schemes proposed 
so  f a r  have involved  ma in ta in ing  t h e  r e a c t o r  i n l e t  t empera ture  n e a r l y  
cons t an t  w h i l e  t h e  o u t l e t  t empera ture  v a r i e s  as some f u n c t i o n  of l o a d ;  
t h e  primary flow remains cons t an t .  I f  thermal  stresses are determined 
t o  be  a problem a t  normal maneuvering rates o r  under o t h e r  a n t i c i p a t e d  
t r a n s i e n t  c o n d i t i o n s ,  then  a l t e r n a t i v e  schemes may need t o  be cons idered .  
One p o s s i b i l i t y  is  t o  va ry  t h e  primary flow rate s o  as t o  ma in ta in  t h e  
r e a c t o r  tempera ture  rise more n e a r l y  c o n s t a n t  as load  i s  va r i ed .  Some 
c o n t r o l  of primary flow, perhaps on-off r e d u c t i o n  t o  pony-motor flow, 
may be  d e s i r a b l e  t o  avoid  r a p i d  changes i n  s a l t  tempera tures  under some 
emergency c o n d i t i o n s .  

It w i l l  b e  d e s i r a b l e  t o  m a i n t a i n  a long-term r e a c t i v i t y  ba l ance  i n  
an MSBR s y s  t e m .  The e s t a b l i s h e d  t echn ique  invo lves  c a r e f u l l y  account ing  
f o r  a l l  s i g n i f i c a n t  r e a c t i v i t y  a d d i t i o n s  and wi thdrawals  from t h e  r e a c t o r  
system, i n c l u d i n g  c a l c u l a t i n g  t h e  bu i ldup  o r  burnout  of po i sons .  This 
w i l l  be  d i f f i c u l t  i n  an MSBR, however, because many f a c t o r s  t h a t  can a f f e c t  
r e a c t i v i t y  may n o t  b e  de te rminable  w i t h  cont inuous  on- l ine  p rocess ing .  
Neutron f l u c t u a t i o n  a n a l y s i s  w a s  a p p l i e d  t o  t h e  MSRE f o r  measurement of 
vo id  f r a c t i o n  i n  t h e  f u e l  and has  been used i n  o t h e r  r e a c t o r s  f o r  s u b c r i t -  
i c a l i t y  measurement. With f u r t h e r  development, i t  may prove u s e f u l  i n  
t h e  MSBR. 

The f u e l  w i l l  have a ve ry  s t r o n g  i n h e r e n t  (a,n) s o u r c e ,  which is  h e l p f u l  
f o r  e a s i n g  s t a r t u p  in s t rumen ta t ion  s e n s i t i v i t y  requi rements ,  b u t  a t  t h e  
same t i m e  t h e  g r a p h i t e  r e f l e c t o r  w i l l  b e  an e f f e c t i v e  s h i e l d  f o r  d e t e c t o r s  
l o c a t e d  o u t s i d e  t h e  r e a c t o r  v e s s e l .  It has  n o t  been determined a t  t h i s  
s t a g e  of i n v e s t i g a t i o n  whether o r  no t  i t  w i l l  b e  necessa ry  t o  l o c a t e  de- 
t e c t o r s  i n  t h e  co re .  This de t e rmina t ion  is an  impor tan t  t a s k  t o  b e  
performed e a r l y  i n  a s p e c i f i c  MSBR des ign .  

s u r e  and flow measurements, is very  d e s i r a b l e .  These measurements w i l l  
r e q u i r e  development of s u i t a b l e  s e n s o r s .  The MSRE w a s  ope ra t ed  success-  
f u l l y  wi thou t  d i r e c t  measurement of primary s a l t  p r e s s u r e  and flow ra te ,  
and p o s s i b l y  they are n o t  e s s e n t i a l  f o r  an MSBR, b u t  i t  would b e  convenient  
t o  know t h e  primary flow ra te ,  e s p e c i a l l y  i f  t h e  flow is t o  b e  v a r i e d  by 
changing pump speed. 

A t h i r d  p o s s i b i l i t y  f o r  ma in ta in ing  s a t i s f a c t o r y  cond i t ions  du r ing  

Con t ro l  and t r a n s i e n t  s t u d i e s  have n o t  y e t  produced complete d a t a  

S u i t a b l e  l o c a t i o n s  f o r  i o n i z a t i o n  chambers have n o t  been determined. 

Cozple te  i n s t r u m e n t a t i o n  of t h e  primary system, i n c l u d i n g  s a l t  p re s -  
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Evalua t i o n  
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Assessment of t h e  c o n t r o l l a b i l i t y  of an MSBR compared w i t h  o t h e r  
power p l a n t  concepts r e v e a l s  a number of  f a v o r a b l e  f e a t u r e s  and a few 
f e a t u r e s  which add d i f f i c u l t y .  Among t h e  favor 'able f e a t u r e s  are t h e  
n u c l e a r  c h a r a c t e r i s t i c s ,  which may b e  d e s c r i b e d  as d o c i l e .  Comfortably 
long  prompt-neutron l i f e t i m e s  and a l a r g e  prompt n e g a t i v e  tempera ture  
c o e f f i c i e n t  of r e a c t i v i t y  y i e l d  very  d e s i r a b l e  c o n t r o l  c h a r a c t e r i s  t i cs  
[ 3 ,  p. 621. Thus t h e  c a p a b i l i t y  f o r  f a s t  t r a n s i e n t s  as a r e s u l t  of 
conce ivable  r e a c t i v i t y  anomalies is minimal [l, p.  1 1 7 1 .  A p o s i t i v e  
moderator c o e f f i c i e n t  c o n t r i b u t e s  t o  make t h e  i s o t h e r m a l  tempera ture  
c o e f f i c i e n t  of r e a c t i v i t y  f a i r l y  small. This r e s u l t s  i n  very  modest 
c o n t r o l  r e a c t i v i t y  requi rements  f o r  maneuvering and pe rmi t s  ve ry  small 
loaded excess r e a c t i v i t y .  The l a r g e  h e a t  c a p a c i t y  of t h e  molten s a l t  
s e r v e s  as a b u f f e r  t o  absorb t h e  e f f e c t s  of r e a c t i v i t y  t r a n s i e n t s  and 
l e s s e n  t h e i r  i n f l u e n c e  on t h e  p l a n t ,  and m e l t i n g  of f u e l  is n o t  a 
l i m i t a t i o n  s i n c e  i t  is a l r e a d y  molten.  Gaseous f i s s i o n  p roduc t s  are 
cont inuous ly  s t r i p p e d  from t h e  s a l t ,  g r e a t l y  reducing  t h e i r  u s u a l  
r e a c t i v i t y  e f f e c t s ,  and t h e  e n t i r e  r e a c t o r  f u e l  system o p e r a t e s  from 
a low base  p r e s s u r e .  

The h igh  f r e e z i n g  tempera tures  of  t h e  sa l ts  are n e g a t i v e  f e a t u r e s  
t h a t  compl ica te  bo th  c o n t r o l  and p r o t e c t i o n  t o  some e x t e n t  i n  t h a t  s p e c i a l  
p r o v i s i o n s  must b e  made t o  avoid  f r e e z i n g  of t h e  s a l t  d u r i n g  power o r  
load  changes. Analys is  i n d i c a t e s  t h a t  s p e c i a l  c o n t r o l  measures are nec- 
e s s a r y  t o  ma in ta in  proper  s a l t  tempera tures  under pa r t - load  c o n d i t i o n s .  
Some abnormal s i t u a t i o n s ,  such as loss  of sa l t  c i r c u l a t i o n ,  r e q u i r e  
d e c r e a s i n g  t h e  load  and reducing  flow i n  a d j a c e n t  loops  as w e l l  as re- 
q u i r i n g  r e a c t o r  power r educ t ion .  

f r a c t i o n  s i n c e  some of t h e  de layed  neu t rons  are emi t t ed  o u t s i d e  t h e  re- 
a c t o r  co re  area. V a r i a t i o n  of t h e  f u e l  s a l t  flow rate, t h e r e f o r e ,  w i l l  
a f f e c t  r e a c t i v i t y  t o  some e x t e n t ,  b u t  t h i s  is n o t  expec ted  t o  p r e s e n t  a 
s i g n i f i c a n t  c o n t r o l  problem. With on- l ine  f u e l  p rocess ing ,  a c c u r a t e  
inven to ry  c o n t r o l  and long-term r e a c t i v i t y  account ing  w i l l  b e  more d i f -  
f i c u l t  than  i n  p a s t  expe r i ence ,  s i n c e  a l a r g e  number of v a r i a b l e  f a c t o r s  
a f f e c t  t h e  r e a c t i v i t y  ba l ance  t o  some degree .  The n e t  e f f e c t  of a l l  t h e s e  
f a c t o r s ,  however, is n o t  expected t o  p r e s e n t  any shor t - t e rm c o n t r o l  o r  
s a f e t y  problems - only long-term bookkeeping u n c e r t a i n t i e s .  

nance o p e r a t i o n s  easier  than  i f  t h e  p i p i n g  and v e s s e l s  w e r e  i n d i v i d u a l l y  
hea ted  and i n s u l a t e d ,  bu t  more of t h e  in s t rumen t  systems w i l l  b e  exposed 
t o  t h e  high-temperature environment. Because of t h i s  and some o t h e r  
requi rements ,  adequate in s t rumen t s  f o r  a l l  a p p l i c a t i o n s  are n o t  a v a i l a b l e  
o f f  t h e  s h e l f .  Development has  been slow, however, because t h e  r e q u i r e -  
ments are such  a s t r o n g  f u n c t i o n  of t h e  p a r t i c u l a r  a p p l i c a t i o n  and 
environment . 

In  summary, some of t h e  c o n t r o l  and i n s t r u m e n t a t i o n  problems w i l l  
be  cha l l eng ing ,  b u t  none i s  expected t o  be beyond e x i s t i n g  t e c h n o l o g i c a l  
c a p a b i l i t i e s .  In s t rumen ta t ion  and c o n t r o l  development problems should  
n o t  have a d e t r i m e n t a l  e f f e c t  on t h e  o v e r a l l  development schedu le  f o r  
MSBR's .  

The c i r c u l a t i n g  f u e l  system a l t e r s  t h e  e f f e c t i v e  de layed  n e u t r o n  

The oven concept f o r  h e a t i n g  of t h e  s a l t  systems w i l l  make mainte- 

c 
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11. FUEL PROCESSING 

L. E .  McNeese 

Operat ion of a mol ten-sa l t  r e a c t o r  as a high-performance b reede r  is 
made p o s s i b l e  by the  cont inuous p rocess ing  of t h e  f u e l  sa l t  i n  a f a c i l i t y  
t h a t  is l o c a t e d  a t  t h e  r e a c t o r  s i te.  The most important  o p e r a t i o n s  con- 
sist i n  removing f i s s i o n  products  ( p r i n c i p a l l y  the  rare e a r t h s )  and i s o -  , 
l a t i n g  233Pa  from t h e  r eg ion  of h igh  neu t ron  f l u x  du r ing  i t s  decay t o  
233U i n  o r d e r  t o  ho ld  neu t ron  a b s o r p t i o n  i n  t h e s e  materials t o  an accept -  
a b l y  low level.  It  i s  a l s o  necessa ry  t h a t  excess  uranium produced i n  the  
system b e  removed f o r  sale, t h a t  t he  f u e l  s a l t  b e  maintained a t  t h e  proper  
redox p o t e n t i a l ,  and t h a t  t h e  oxide  and c o r r o s i o n  product  concen t r a t ions  
i n  t h e  s a l t  b e  main ta ined  a t  t o l e r a b l e  levels.  

The rates a t  which t h e  f u e l  sa l t  must b e  processed  f o r  233Pa  removal 
and r a r e - e a r t h  removal are mutual ly  dependent ,  It w i l l  b e  convenient  t o  
d e f i n e  t h e  t e r m  "process ing  cyc le  t i m e "  as t h e  t i m e  r equ i r ed  f o r  process-  
i n g  a volume of  f u e l  sa l t  equa l  t o  t h a t  conta ined  i n  t h e  r e a c t o r  system. 
The "removal t i m e ' '  f o r  a given material i s  then  an e f f e c t i v e  cyc le  t i m e  
t h a t  i s  equa l  t o  t h e  p rocess ing  cyc le  t i m e  d iv ided  by t h e  f r a c t i o n  of t h e  
material  t h a t  is removed i n  a pass  through the  p rocess ing  system. A s  
shown i n  Fig.  11.1, f o r  a p a r t i c u l a r  s i n g l e - f l u i d  MSBR having  a b reed ing  
r a t i o  of 1 .07 ,  t h e  r e q u i r e d  r a re -ea r th  removal t i m e  can range from 50 
days f o r  a p ro tac t in ium removal t i m e  of 3 days t o  about  11 days f o r  a 
p ro tac t in ium removal t i m e  of  20 days.  The optimum choice  of  p ro tac t in ium 
and r a r e - e a r t h  removal t i m e s  i s  l a r g e l y  dependent on t h e  c h a r a c t e r i s t i c s  
of t h e  processes  employed. For example, t h e  p r e s e n t  r a r e - e a r t h  removal 
process  r e q u i r e s  t h a t  p ro t ac t in ium b e  removed from the  sa l t  p r i o r  t o  t h e  
removal of rare e a r t h s .  Hence, w i th  t h i s  process ,  t h e  r a re -ea r th  removal 
t i m e  w i l l  always b e  as long  as o r  l onge r  than  t h e  p ro tac t in ium removal 
t i m e .  A s  w i l l  b e  d i scussed  later,  a p ro tac t in ium removal t i m e  of 10 days 
and a r a r e - e a r t h  removal t i m e  of about  27 days are used wi th  t h e  r e f e r e n c e  
p rocess ing  system. 

Reference P rocess ing  P l a n t  

Processes  i n v o l v i n g  t h e  select ive chemical r e d u c t i o n  of materials 
from t h e  f u e l  s a l t  i n t o  l i q u i d  bismuth appear  t o  b e  t h e  most promising 
p rocess ing  methods c u r r e n t l y  a v a i l a b l e ,  and t h e  development of t h e s e  
processes  h a s  been t h e  s u b j e c t  of  most of t h e  r e c e n t  work on f u e l  process-  
i n g ,  W e  have noted p rev ious ly  [l, p. 1701 t h a t  t h e  i s o l a t i o n  of p ro tac -  
t in ium is s t r a i g h t f o r w a r d  s i n c e  i t s  e x t r a c t i o n  behavior  is s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  of uranium, thorium, and l i t h i u m .  However, u n t i l  
r e c e n t l y ,  t h e  removal of rare e a r t h s  w a s  d i f f i c u l t  s i n c e  t h e  rare e a r t h s  
and thorium e x t r a c t  i n  a lmost  t h e  same manner from molten f l u o r i d e  mix- 
t u r e s .  I n  1969, Smith and F e r r i s  [2 ,  p .  2851 noted  t h a t  t he  rare e a r t h s  
d i s t r i b u t e  s e l e c t i v e l y  i n t o  molten l i t h i u m  c h l o r i d e  from bismuth s o l u t i o n s  
con ta in ing  thorium; t h i s  o b s e r v a t i o n  al lowed McNeese [ 3,  pp. 2-15] t o  

331 



332 

0 
0 

7 0  

60 

- 
m 50 a 
0 

W 

I- 
z 
-I 40 

2 e 
a 

a a 

a 

30 

W 
W 

2 20 

IO 

I I I I 1 1 1 1 I 
2 4 6 8 lo 12 14 16 18 20 

ORNL DWG 72 - 7899 
I I I I I 1 1 1 1 

c 

Ir' 

r 

r 



333 

d e v i s e  a s i g n i f i c a n t l y  improved r a re -ea r th  removal s y s  t e m  known as t h e  
metal t r a n s f e r  p rocess .  

D i s t r i b u t i o n  of Metals Between Molten S a l t s  and Bismuth 

Bismuth is a low-melting (271OC) metal t h a t  is e s s e n t i a l l y  immiscible  
wi th  molten h a l i d e  mixtures  c o n s i s t i n g  of  f l u o r i d e s ,  c h l o r i d e s  , and bro-  
mides. The vapor p r e s s u r e  of  bismuth i n  the  temperature  range of  i n t e r e s t  
(500 t o  700OC) is n e g l i g i b l e ,  and t h e  s o l u b i l i t i e s  of l i t h i u m ,  thorium, 
uranium, p ro tac t in ium,  and most of t h e  f i s s i o n  products  are adequate  f o r  
p rocess ing  a p p l i c a t i o n s .  

tween materials i n  sa l t  and m e t a l  phases  can b e  r ep resen ted  by t h e  fol low- 
i n g  r e a c t i o n :  

Under t h e  cond i t ions  of i n t e r e s t ,  r e d u c t i v e  e x t r a c t i o n  r e a c t i o n s  be- 

M X n  ( s a l t )  + nLi(Bi)  *M(Bi) + nLiX ( s a l t )  , 

i n  which t h e  metal h a l i d e  MX i n  t h e  s a l t  reacts wi th  l i t h i u m  from t h e  
bismuth phase t o  produce M ig  t h e  bismuth phase and t h e  r e s p e c t i v e  l i t h i u m  
h a l i d e  i n  t h e  sa l t  phase.  The va lence  of M i n  t h e  s a l t  is in, and X rep- 
r e s e n t s  f l u o r i n e ,  c h l o r i n e ,  and bromine. It has  been found [ 4 ]  t h a t  a t  
a cons t an t  tempera ture  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  D f o r  m e t a l  M depends 
on t h e  l i t h i u m  c o n c e n t r a t i o n  i n  t h e  metal phase (mole f r a c t i o n ) ,  XLi, as 
fo l lows  : 

l o g  D = n l o g  X + l o g  Km* . L i  

The q u a n t i t y  K * is dependent on ly  on temperature ,  and t h e  d i s t r i b u t i o n  
c o e f f i c i e n t  is de f ined  by t h e  r e l a t i o n :  m 

mole f r a c t i o n  of  M i n  metal phase 
mole f r a c t i o n  of  MX i n  s a l t  phase n 

D =  

The ease wi th  which one component can be  s e p a r a t e d  from ano the r  i s  i n d i -  
ca t ed  by t h e  r a t i o  of t h e  r e s p e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s ,  t h a t  is , 
t h e  s e p a r a t i o n  f a c t o r .  A s  t h e  s e p a r a t i o n  f a c t o r  approaches u n i t y ,  sepa- 
r a t i o n  of t he  components becomes i n c r e a s i n g l y  d i f f i c u l t .  On the  o t h e r  
hand, t h e  g r e a t e r  t h e  d e v i a t i o n  from u n i t y ,  t h e  easier the  s e p a r a t i o n .  

f u e l  sa l t  (72-16-12 mole % LiF-BeF2-ThFq) and bismuth a t  64OOC are summa- 
r i z e d  i n  F ig .  11.2.  The l i nes  f o r  t h e  va r ious  elements  have s l o p e s  t h a t  
correspond t o  the  i n d i c a t e d  o x i d a t i o n  s ta tes .  Under t h e  expected process  
c o n d i t i o n s ,  t he  Pa-Th s e p a r a t i o n  f a c t o r  is about  1200, which i n d i c a t e s  
t h a t  p ro t ac t in ium as w e l l  as uranium and zirconium can b e  e a s i l y  e x t r a c t e d  
from a s a l t  stream c o n t a i n i n g  ThF4. However, t h e  ra re-ear th- thor ium sep- 
a r a t i o n  f a c t o r s  are c l o s e  t o  u n i t y  (1.2 t o  3 . 5 ) ,  i n d i c a t i n g  t h a t  removal 
of t h e  rare e a r t h s  from a s a l t  c o n t a i n i n g  thorium f l u o r i d e  w i l l  b e  d i f f i -  
c u l t .  

D i s t r i b u t i o n  d a t a  ob ta ined  [ 4 ]  f o r  a number of materials between 

The p rev ious  r a re -ea r th  removal system, which w a s  based on t h e s e  



3 34 c 

MOLE F R A C T I O N  Li IN BISMUTH 

Fig .  1 1 . 2 .  D i s t r i b u t i o n  d a t a  between f u e l  sa l t  and bismuth.  

c 

a!' 



335 

low s e p a r a t i o n  f a c t o r s ,  r e q u i r e d  a l a r g e  number of  s t a g e s ,  a h igh  m e t a l -  
t o - s a l t  flow r a t i o ,  and a l a r g e  e l e c t r o l y t i c  c e l l  f o r  p rov id ing  thorium 
and rare e a r t h  r e f l u x  a t  t h e  ends of  t h e  e x t r a c t i o n  cascade [l, pp. 170-78; 
5 ,  pp. 52-77]. 

W e  have found, however, t h a t  w i th  L i C l  o r  L i B r ,  much more f a v o r a b l e  
t h o r i u n r r a r e - e a r t h  s e p a r a t i o n  f a c t o r s  are ob ta ined  [ 2 ,  p .  2851. D i s t r i -  
b u t i o n  d a t a  f o r  L i C l  [6 ,  p.  171; 71 at 640°C are shown i n  Fig.  11.3.  The 
d a t a  f a l l  roughly i n t o  t h r e e  groups.  
e a r t h  e lements  d i s t r i b u t e  most r e a d i l y  t o  the  L i C 1 ,  wi th  thorium-rare- 
e a r t h  s e p a r a t i o n  f a c t o r s  of  about l o 8 ,  The t r i v a l e n t  rare e a r t h s  form 
t h e  second group, and the  t h o r i u n r r a r e - e a r t h  s e p a r a t i o n  f a c t o r s  are about  
l o 4 .  T e t r a v a l e n t  materials , such as thorium and p ro tac t in ium,  d i s t r i b u t e  
on ly  s l i g h t l y  t o  t h e  L i C 1 .  S tud ie s  on t h e  temperature  dependence of t h e  
d i s t r i b u t i o n  d a t a  show e s s e n t i a l l y  no e f f e c t  f o r  t h e  d i v a l e n t  e lements ,  
a minor e f f e c t  f o r  t h e  t r i v a l e n t  e lements ,  and a somewhat g r e a t e r  e f f e c t  
f o r  t h e  t e t r a v a l e n t  e lements .  The d i s t r i b u t i o n  c o e f f i c i e n t  f o r  thorium 
is decreased  s h a r p l y  by t h e  a d d i t i o n  of  f l u o r i d e  t o  the  L i C 1 ,  a l though 
t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  t h e  rare e a r t h s  are a f f e c t e d  by only  a 
minor amount. Thus, contaminat ion of t h e  L i C l  w i th  s e v e r a l  mole p e r c e n t  
f l u o r i d e  w i l l  n o t  a f f e c t  t h e  removal of t h e  rare e a r t h s  b u t  w i l l  cause  a 
sha rp  i n c r e a s e  i n  t h e  thorium d i s c a r d  rate. Data wi th  L i B r  [ 7 ]  are s i m -  
i l a r  t o  those  wi th  L i C 1 ,  and t h e  d i s t r i b u t i o n  behavior  w i th  L i C 1 - L i B r  
mix tures  would l i k e l y  n o t  d i f f e r  apprec i ab ly  from t h e  d a t a  wi th  t h e  pu re  
materials. 

The p o t e n t i a l  h e l d  by L i C l  f o r  selective e x t r a c t i o n  of t h e  rare 
e a r t h s  from MSBR f u e l  s a l t  is b e s t  i l l u s t r a t e d  by cons ide r ing  t h e  equi- 
l i b r i u m  concen t r a t ions  of rare e a r t h s ,  thorium, and l i t h i u m  i n  f u e l  s a l t ,  
bismuth con ta in ing  r e d u c t a n t ,  and L i C l  as shown i n  Table  11.1. The con- 
c e n t r a t i o n s  o f  t h e  rare e a r t h s  and a l k a l i n e  e a r t h s  i n  t h e  f l u o r i d e  sa l t  
correspond t o  a 25-day removal t i m e  f o r  t h e s e  materials i n  t h e  r e f e r e n c e  
MSBR. The thorium c o n c e n t r a t i o n  i n  t h e  bismuth i s  90% of the  thorium 
s o l u b i l i t y  a t  640°C. A s  can be  seen ,  t he  r a re -ea r th  and a l k a l i n e - e a r t h  
e lements  are p r e s e n t  i n  t h e  L i C l  a t  low concen t r a t ions  and are a s s o c i a t e d  
wi th  a n e g l i g i b l e  amount of thorium. 

only  i f  a s u i t a b l e  means is  a v a i l a b l e  f o r  removing t h e  r a r e - e a r t h  and 
a l k a l i n e - e a r t h  e lements  from t h e  L i C 1 .  The d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  
t h e s e  elements  are s t r o n g l y  a f f e c t e d  by t h e  concen t r a t ion  of l i t h i u m  i n  
t h e  bismuth phase,  and the  b e s t  method f o r  removing t h e s e  materials from 
t h e  L i C l  appears  t o  be  e x t r a c t i o n  i n t o  bismuth con ta in ing  l i t h i u m  a t  a 
c o n c e n t r a t i o n  o f  0.05 t o  0.50 mole f r a c t i o n .  S u f f i c i e n t  d a t a  have been 
ob ta ined  w i t h  l i t h i u m  concen t r a t ions  i n  t h e  bismuth as high as 0.38 mole 
f r a c t i o n  t o  show t h a t  no d e v i a t i o n  occurs  from t h e  r e l a t i o n s  e s t a b l i s h e d  
i n i t i a l l y  wi th  much lower l i t h i u m  concen t r a t ions .  

The d i v a l e n t  r a re -ea r th  and a l k a l i n e -  

A r a r e - e a r t h  removal system based on t h i s  e f f e c t  w i l l  b e  pract ical  

P ro tac t in ium Removal System 

The r e f e r e n c e  p ro tac t in ium removal system [8, pp. 3-21] shown i n  
F i g .  11.4 i s  based on f l u o r i n a t i o n  f o r  uranium retnoval and r e d u c t i v e  ex- 
t r a c t i o n  f o r  p r o t a c t i n i u m  i s o l a t i o n .  F u e l  s a l t  con ta in ing  0.33 mole % 
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Table 11.1. Equilibrium concentrations in fuel carrier salt, bismuth, and 
lithium chloride at 640°C 

Mole fraction 

In  fuel carrier salt' In bismuth In lithium chloride 
Element 

Li 
Be 
Th 
Sr 
Zr 
Ba 
La 
Ce 
Nd 
Pm 
Sm 
Eu 
Yb 
Prb 

0.72 
0.16 
0.12 

7.44 x l o +  
33.8 X 
2.83 X 
5.46 X 

19.3 X low6 
12.1 x 
1.26 X 

1.34 X 

1.55 X 

4.98 X 

4.69 X 

0.00201 
0 approx 

0.0025 
0.664 X 

0.00802 
0.253 X 

0.266 X 

1.38 X 

0.680 X 

0.0439 X 

0.0622 X 

0.0359 X 

0.281 X 

0.264 X 

3.31 X 

0.0155 
0.236 X 

0.00123 
0.375 X 

0.636 X 

0.219 X 

0.0424 X 

0.0000 19 
4.39 x 

0.090 x 
0.0849 X 

'Concentrations of the fission products in the fuel carrier salt are based on an 
assumed processing cycle time of 10 days and a removal efficiency of 40%, which 
results in a 25-day removal time. 

bConcentrations for Y and PI were calculated using Nd distribution data. 
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UF4 and approximately 0.0035 mole % PaF4 is withdrawn from t h e  r e a c t o r .  
About 99% of t h e  uranium is removed from the  s a l t  by f l u o r i n a t i o n  i n  o r d e r  
t o  avoid t h e  use  of  l a r g e  q u a n t i t i e s  of r educ tan t  i n  t h e  subsequent  p ro t -  
ac t in ium removal s t e p .  The s a l t  stream is  f e d  coun te rcu r ren t  t o  a bismuth 
stream con ta in ing  l i t h i u m  and thorium, where t h e  remaining uranium and 
t h e  p ro tac t in ium t r a n s f e r  t o  t h e  metal stream. These materials are t r a n s -  
f e r r e d  from t h e  bismuth t o  a c a p t i v e  secondary s a l t  by h y d r o f l u o r i n a t i n g  
t h e  bismuth stream l e a v i n g  t h e  e x t r a c t i o n  column i n  t h e  presence  of t h e  
secondary sa l t .  The secondary s a l t  which f lows through t h e  hydrofluo-  
r i n a t o r  a l s o  c i r c u l a t e s  through a f l u o r i n a t o r ,  where about  90% of t h e  
uranium is removed, and through a tank t h a t  con ta ins  most of t h e  p ro tac -  
t inium. Li thium is added t o  t h e  bismuth l e a v i n g  t h e  h y d r o f l u o r i n a t o r ,  
and t h e  r e s u l t i n g  stream i s  r e t u r n e d  t o  t h e  top  of t h e  e x t r a c t i o n  column. 
The s a l t  l e a v i n g  t h e  e x t r a c t i o n  column is e s s e n t i a l l y  f r e e  of uranium and 
p r o t a c t i n i u m  b u t  con ta ins  t h e  rare e a r t h s  a t  e s s e n t i a l l y  t h e  r e a c t o r  con- 
c e n t r a t i o n .  This  stream is f e d  t o  t h e  r a re -ea r th  removal system. 

Rare-Earth Removal Process  

A s i m p l i f i e d  f lowshee t  f o r  t he  r a re -ea r th  removal system [ 9 ,  pp. 
1-15] is shown i n  F i g .  11.5.  Fue l  sa l t ,  which i s  f r e e  of uranium and 
p ro tac t in ium b u t  c o n t a i n s  t h e  rare e a r t h s ,  is  c o u n t e r c u r r e n t l y  con tac t ed  
wi th  bismuth c o n t a i n i n g  r e d u c t a n t  i n  o r d e r  t o  e x t r a c t  a s i g n i f i c a n t  f r a c -  
t i o n  of t h e  rare e a r t h s  i n t o  t h e  bismuth. The bismuth stream, which 
con ta ins  t h e  rare e a r t h s  and thorium, is then  c o u n t e r c u r r e n t l y  con tac t ed  
w i t h  l i t h i u m  c h l o r i d e .  Because of h i g h l y  f avorab le  d i s t r i b u t i o n  c o e f f i -  
c i e n t s ,  s i g n i f i c a n t  f r a c t i o n s  of t h e  rare e a r t h s  t r a n s f e r  t o  t h e  L i C l  
a long  w i t h  a n e g l i g i b l e  amount of thorium. 
c o n s i s t  i n  e x t r a c t i n g  t h e  rare e a r t h s  from t h e  L i C l  by c o n t a c t  w i th  b i s -  
muth having l i t h i u m  concen t r a t ions  of  5 and 50 a t .  %. 

This  p rocess  has  a number of  ve ry  d e s i r a b l e  c h a r a c t e r i s t i c s .  Of 
primary importance is t h e  f a c t  t h a t  t h e r e  is no n e t  consumption of reduc- 
t a n t  i n  t h e  two upper c o n t a c t o r s .  The process  is n o t  s e n s i t i v e  t o  minor 
v a r i a t i o n s  i n  o p e r a t i n g  cond i t ions .  E s s e n t i a l l y  no materials o t h e r  than  
t h e  r a r e - e a r t h  and a l k a l i n e - e a r t h  e lements  are removed from o r  added t o  
t h e  f u e l  sa l t ;  the  major change c o n s i s t s  i n  r e p l a c i n g  t h e  e x t r a c t e d  rare 
e a r t h s  wi th  an e q u i v a l e n t  amount of l i t h i u m  as LiF. The amount of  LiF 
added t o  t h e  f u e l  s a l t  i n  t h i s  manner du r ing  30 y e a r s  of o p e r a t i o n  would 
b e  less than  10% of t h e  LiF inven to ry  i n  t h e  r e a c t o r .  

The f i n a l  s t e p s  of t h e  p rocess  

Conceptual P rocess ing  Flowsheet 

The r e f e r e n c e  p rocess ing  f lowshee t  [8,  pp. 3-21] is  shown i n  F ig .  
11.6.  Fue l  s a l t  is withdrawn from t h e  r e a c t o r  on a 10-day cyc le ;  f o r  a 
1000-MW(e) r e a c t o r ,  t h i s  r e p r e s e n t s  a flow rate of 0.88 gpm. The f l u o r i -  
n a t o r ,  where 99% of t h e  uranium is removed, has  an active d iameter  of 8 
i n .  and a h e i g h t  of 15 f t .  The p r o t a c t i n i u m  e x t r a c t i o n  column is 3 i n .  
i n  d iameter  and is packed wi th  3/8-in.  Raschig r i n g s ,  
equ iva len t  t o  f i v e  e q u i l i b r i u m  s t a g e s  and has  a h e i g h t  of 15 f t .  

The column is  
The 
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bismuth flow rate through t h e  column is 0.13 gpm, and t h e  i n l e t  thorium 
concen t r a t ion  i n  t h e  stream is 90% of t h e  thorium s o l u b i l i t y  a t  t h e  oper- 
a t i n g  tempera ture  of  640°C. The p ro tac t in ium decay tank has  a volume of  
160 f t 3 .  The uranium inventory  i n  t h e  tank  is less than  0.2% of t h a t  i n  
the  r e a c t o r .  F luo r ides  of l i t h i u m ,  thorium, zirconium, and n i c k e l  accum- 
u l a t e  i n  t h e  tank  a t  a t o t a l  rate of  about  0 . 1  f t 3 / d a y .  These materials 
are removed by p e r i o d i c  withdrawal  of  s a l t  t o  a f i n a l  p r o t a c t i n i u m  decay 
and f l u o r i n a t i o n  o p e r a t i o n .  

The bismuth flow rate through t h e  two upper c o n t a c t o r s  i n  t h e  rare- 
e a r t h  removal system is  12.5 gpm, and t h e  L i C l  f low rate is  33 gpm. These 
e x t r a c t i o n  columns are 7 t o  13 i n .  i n  d iameter  and are packed wi th  1 /2- in .  
Raschig r i n g s .  Each is e q u i v a l e n t  t o  t h r e e  e q u i l i b r i u m  s t a g e s .  

The t r i v a l e n t  and d i v a l e n t  rare e a r t h s  are removed i n  s e p a r a t e  con- 
t a c t o r s  i n  o r d e r  t o  minimize t h e  amount of l i t h i u m  requ i r ed .  Only 2% of 
t h e  L i C 1 ,  o r  0.66 gpm, is f e d  t o  t h e  two-stage d i v a l e n t  r a r e - e a r t h  removal 
c o n t a c t o r ,  where i t  is contac ted  wi th  a 0.58-gal/day bismuth stream con- 
t a i n i n g  50 a t .  % l i t h i u m .  The t r i v a l e n t  s t r i p p e r ,  where t h e  L i C l  is 
con tac t ed  wi th  bismuth con ta in ing  5 a t .  % l i t h i u m ,  is e q u i v a l e n t  t o  one 
e q u i l i b r i u m  s t a g e .  

t i o n  of  p r o t a c t i n i u m  is a c t u a l l y  f e d  t o  t h e  r e c i r c u l a t i n g  bismuth stream 
i n  t h e  r a r e - e a r t h  removal system. An e q u i v a l e n t  amount of bismuth is  
withdrawn from t h e  stream and is f e d  t o  the  p r o t a c t i n i u m  i s o l a t i o n  column. 
This  a l lows  f o r  more n e a r l y  complete e x t r a c t i o n  of t h e  p r o t a c t i n i u m  and 
provides  a means f o r  removing materials which might o the rwise  accumulate  
i n  t h e  r e c i r c u l a t i n g  stream. 

The remaining s t e p s  i n  t h e  f lowshee t  c o n s i s t  i n  combining t h e  proc- 
e s sed  s a l t  wi th  uranium and p u r i f y i n g  t h e  r e s u l t i n g  f u e l  sa l t .  The 
uranium a d d i t i o n  is  accomplished by abso rb ing  t h e  UFg-Fz stream from 
t h e  f l u o r i n a t o r s  i n t o  f u e l  s a l t  con ta in ing  UF4, which r e s u l t s  i n  t h e  
format ion  of s o l u b l e ,  n o n v o l a t i l e  UF5. The UF5 is  then  reduced t o  UF4 
by c o n t a c t  w i th  hydrogen. The HF r e s u l t i n g  from r e d u c t i o n  of  UF5 is 
e l e c t r o l y z e d  i n  o r d e r  t o  r e c y c l e  t h e  conta ined  f l u o r i n e  and hydrogen. 
Recycle of  t h e s e  materials is used i n  o r d e r  t o  avoid  w a s t e  d i s p o s a l  
charges  on t h e  material t h a t  would b e  produced i f  t h e  HF w e r e  absorbed 
i n  an aqueous s o l u t i o n  of KOH [31] .  The sal t  w i l l  b e  con tac t ed  w i t h  
n i c k e l  wool i n  t h e  p u r i f i c a t i o n  s t e p  i n  o r d e r  t o  ensu re  t h a t  t h e  f i n a l  
bismuth c o n c e n t r a t i o n  is accep tab ly  low. 

and t h e  r a r e - e a r t h  removal t i m e s  range from 17 t o  5 1  days ,  w i t h  t h e  rare 
e a r t h s  of most importance be ing  removed on 27- t o  30-day c y c l e s .  
have made c a l c u l a t i o n s  [8, pp. 3-21; 9 ,  pp. 1-15] which i n d i c a t e  t h a t  
t h e  f lowshee t  is r e l a t i v e l y  i n s e n s i t i v e  t o  minor v a r i a t i o n s  i n  o p e r a t i n g  
cond i t ions  such as changes i n  tempera ture ,  flow rates, r e d u c t a n t  concen- 
t r a t i o n s ,  etc. It w a s  no ted  earlier,  however, t h a t  t h e  t h o r i u n a r e - e a r t h  
s e p a r a t i o n  f a c t o r  dec reases  s h a r p l y  as t h e  c o n c e n t r a t i o n  of  f l u o r i d e  i n  
t h e  L i C l  is inc reased ;  contaminat ion of t h e  L i C l  would r e s u l t  from en- 
t ra inment  of f u e l  s a l t  by t h e  bismuth stream l e a v i n g  t h e  upper c o n t a c t o r .  
The e f f e c t  is l a r g e l y  an i n c r e a s e  i n  t h e  rate a t  which thorium is removed 
wi th  t h e  rare e a r t h s .  The thorium removal rate i n c r e a s e s  from about  0 .4  
mole/day wi th  no f l u o r i d e  i n  t h e  L i C l  t o  about  280 moles/day when t h e  L i C l  

The bismuth stream con ta in ing  t h e  r educ tan t  necessa ry  f o r  t h e  i s o l a -  

The p r o t a c t i n i u m  removal t i m e  ob ta ined  wi th  t h e  f lowshee t  is 10 days,  

We 

F 

P 

CL 

R. 

*’ 

b 

c 



343 

con ta ins  t h e  e q u i v a l e n t  of 5 mole % LiF. It appears  t h a t  t h e  f l u o r i d e  
c o n c e n t r a t i o n  i n  the  L i C l  can economical ly  b e  as h igh  as 2 mole %, which 
corresponds t o  a thorium d i s c a r d  rate of 7.7 moles/day. Discard  of tho- 
rium a t  t h i s  rate would add only  about 0.0013 mill/kWhr t o  the  power c o s t .  
The e f f e c t  of  f l u o r i d e  i n  the  L i C l  on t h e  removal of rare e a r t h s  i s  neg- 
l i g i b l e .  I n  f a c t ,  t he  r a r e - e a r t h  removal e f f i c i e n c y  i n c r e a s e s  s l i g h t l y  
as t h e  f l u o r i d e  concen t r a t ion  i n  t h e  L i C l  i n c r e a s e s .  I n  a d d i t i o n ,  c o n t a c t  
of L i C l  con ta in ing  f l u o r i d e  wi th  B C l 3  has  been found t o  r e s u l t  i n  forma- 
t i o n  of v o l a t i l e  BF3 [ l o ,  p.  1061, and thus  f l u o r i d e  can b e  removed from 
L i C l  e a s i l y  by t h i s  means. 

impor tan t  c o n s i d e r a t i o n  because of t h e  r e l a t i v e l y  s h o r t  decay t i m e  b e f o r e  
t h e  s a l t  e n t e r s  t h e  p rocess ing  p l a n t .  A t o t a l  of  about 6 MW of h e a t  would 
b e  produced i n  t h e  p rocess ing  p l a n t  f o r  a 1000-MW(e) MSBR. 
bismuth,  f u e l  s a l t ,  and L i C l  are n o t  s u b j e c t  t o  r a d i o l y t i c  deg rada t ion ,  
t h e r e  is no t  t h e  u s u a l  concern encountered wi th  p rocess ing  of sho r t -  
decayed f u e l .  

The r e l i a b l e  removal of decay h e a t  from t h e  p rocess ing  p l a n t  i s  an 

S ince  molten 

Waste Streams Produced by P rocess ing  P l a n t  

A l l  h igh - l eve l  waste streams produced by t h e  p ro tac t in ium and rare- 
e a r t h  removal systems can b e  combined [ 8 ,  pp. 3-21] f o r  uranium recovery 
p r i o r  t o  d i s p o s a l ,  as shown i n  Fig.  11.7.  I n  t h i s  ope ra t ion ,  waste s a l t  
from t h e  p ro tac t in ium decay tank  would b e  combined wi th  t h e  d i s c a r d  stream 
of  f u e l  carrier sal t .  The l i thium-bismuth stream from t h e  t r i v a l e n t - r a r e -  
e a r t h  s t r i p p e r  would b e  h y d r o f l u o r i n a t e d  i n  t h e  presence  of t h e  r e s u l t i n g  
s a l t ,  and t h e  combined stream would b e  he ld  f o r  p ro tac t in ium decay. The 
p r o t a c t i n i u m  concen t r a t ion  i n  the  combined stream would b e  only 500 ppm 
i n i t i a l l y ,  and t h e  s p e c i f i c  h e a t  gene ra t ion  rate would b e  accep tab ly  low. 
The sal t  i n  the  waste holdup tank would be f l u o r i n a t e d  b e f o r e  d i s c a r d  t o  
recover  uranium i n  o r d e r  t h a t  t h e  l o s s  of  f i s s i l e  material can be made 
accep tab ly  low. The composi t ion of t h e  d iycarded  s a l t  would b e  74.7-13.5- 
9.5-0.8 mole % LiF-ThFq-BeF2-ZrFq, 1 . 2  molt % t r i v a l e n t - r a r e - e a r t h  f luo-  
r i d e s ,  and 0 . 3  mole % d iva len t - r a re -ea r th  f l u o r i d e s .  The s a l t  tempera ture  
would have t o  b e  main ta ined  a t  about  6OOOC s o  t h a t  t h e  t r i v a l e n t - r a r e -  
e a r t h  f l u o r i d e s  would no t  p r e c i p i t a t e .  This  p rocess ing  scheme would re- 
q u i r e  t h a t  s a l t  b e  d i sca rded  a t  t h e  rate of 60 f t 3  every 220 days.  W e  
a n t i c i p a t e  t h a t  t h e  w a s t e  w i l l  remain i n  t h i s  form un les s  t h e  requi rements  
of t h e  f e d e r a l  waste r e p o s i t o r y  make f u r t h e r  p rocess ing  necessary .  

day, Although t h e  c o s t  of  r e p l a c i n g  t h i s  thorium is low (0.0084 m i l l /  
kWhr), t h e  r e s u l t i n g  thorium u t i l i z a t i o n  is only about  20%. Flowsheet 
mod i f i ca t ions  have been developed, however, t h a t  w i l l  n o t  r e q u i r e  d i s c a r d  
of  thorium and which w i l l  r e s u l t  i n  a lmost  complete u t i l i z a t i o n  of  thorium 
i f  d e s i r e d .  

t h e  i o d i n e  and bromine removed from t h e  r e a c t o r ,  is  produced by t h e  H2-HF 
p u r i f i c a t i o n  and r e c y c l e  system (shown i n  F ig .  1 1 . 8 ) .  
l e a v i n g  t h e  f u e l  r e c o n s t i t u t i o n  s t e p ,  t h e  hydrogen-reduct ion columns, 
purge columns, and h y d r o f l u o r i n a t o r s  are combined, compressed t o  about  

Thorium is d i sca rded  from t h e  system a t  t h e  rate of about 50 moles/  

An a d d i t i o n a l  h igh - l eve l  s o l i d  waste stream, which con ta ins  most of 

The H2-HF streams 
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2 a t m  p r e s s u r e ,  and c h i l l e d  t o  - 4 O O C  i n  o r d e r  t o  condense HF from t h e  
stream f o r  product ion  of  hydrogen and f l u o r i n e  f o r  r e c y c l e  by e l e c t r o l y s i s .  
Large f r a c t i o n s  of  t h e t H I ,  HBr, SeF6, and TeF6 are expected t o  b e  d i s -  
so lved  i n  t h e  hydrogen f l u o r i d e  condensate .  These compounds are more 
v o l a t i l e  than  hydrogen f l u o r i d e  and can be  s e p a r a t e d  by low-temperature 
d i s t i l l a t i o n  a t  2 a t m  p r e s s u r e .  

The gas stream l e a v i n g  t h e  top  of t h e  d i s t i l l a t i o n  column, which 
w i l l  c o n t a i n  H F ,  HBr, and H I ,  is combined wi th  t h e  gas stream l e a v i n g  t h e  
HF condenser,  which w i l l  c o n t a i n  a small q u a n t i t y  of  HF, and t h e  r e s u l t i n g  
stream is scrubbed w i t h  an aqueous KOH s o l u t i o n  f o r  removal of t h e  ha- 
l i d e s .  The gas stream is d r i e d  i n  r e g e n e r a t i v e  s i l i ca  g e l  s o r b e r s  and 
is  r ecyc led .  About 5% of t h e  hydrogen is f e d  through beds of a c t i v a t e d  
alumina and cha rcoa l  f o r  removal of SeF6, TeF6, and nob le  gases ,  which 
are n o t  removed by t h e  KOH. 

of  34 days,  a f t e r  which the  s o l u t i o n  is  h e l d  f o r  a 45-day decay pe r iod .  
The s o l u t i o n  is then  evapora ted  i n  24-in.-diam, 10-f t - long waste con- 
t a i n e r s .  Two waste c o n t a i n e r s  are f i l l e d  annua l ly .  

The h a l i d e s  are accumulated i n  t h e  KOH sc rubbe r  s o l u t i o n  f o r  a p e r i o d  

IC 

c 

A l t e r n a t e  P rocess ing  Methods 

W e  p r e s e n t l y  know of  no o t h e r  r a re -ea r th  removal method as a t t rac t ive  
as the metal t r a n s f e r  process ;  however, p ro t ac t in ium and uranium appear  
t o  be  removable from f u e l  s a l t  by alternate methods based on t h e  selec- 
t i v e  p r e c i p i t a t i o n  of  t h e  oxides  of  t h e s e  materials. P ro tac t in ium is  
p resen t  i n  t h e  MSBR as PaF4. Baes, Bamberger, and Ross [ l o ,  p.  921 have 
shown t h a t  Pa4+ d i s s o l v e d  i n  a molten LiF-BeFz-ThFq s o l u t i o n  can be  oxi-  
d ized  t o  t h e  5' s ta te  by h y d r o f l u o r i n a t i o n  accord ing  t o  t h e  r e a c t i o n :  

2PaF1+(d) + 2HF(g) * 2PaF5(d) + H2(g) 

and t h a t  t h e  a d d i t i o n  of  ox ide  t o  molten s a l t  con ta in ing  Pa5+ r e s u l t s  i n  
t h e  p r e c i p i t a t i o n  of a pure  phase c o n s i s t i n g  of Pa2O5. 
product  f o r  Pa205 appears  t o  b e  much lower than  those  f o r  t h e  oxides  of 
o t h e r  materials i n  t h e  f u e l  sa l t ;  t h i s  makes p o s s i b l e  t h e  selective re- 
moval of p ro tac t in ium from MSBR f u e l  sa l t  wi thou t  t h e  p r i o r  removal of 
uranium. However, i f  t h e  oxide  c o n c e n t r a t i o n  i n  t h e  sa l t  is  inc reased  
t o  too  h igh  a level,  a s o l i d  s o l u t i o n  of  uranium and thorium oxides  w i l l  
a l s o  b e  p r e c i p i t a t e d ;  s t u d i e s  [ll] i n d i c a t e  t h a t  a UO2-Th02 s o l i d  s o l u t i o n  
con ta in ing  about  95% U02 would b e  p r e c i p i t a t e d  from MSBR f u e l  salt .  

It appears  l i k e l y  t h a t  c o n t a c t  of  t h e  f u e l  s a l t  wi th  an HF-H20-Ar 
gas mixture  could conver t  p r a c t i c a l l y  a l l  of t h e  p r o t a c t i n i u m  t o  Pa5+ 
and p r e c i p i t a t e  a l a r g e  f r a c t i o n  as Pa205 wi thout  p r e c i p i t a t i n g  uranium 
oxide .  
99; 12 ,  pp. 64-66; 131, b u t  t h e  e x t e n t  t o  which t h e  s e p a r a t i o n  can b e  
accomplished is n o t  y e t  known [ 131 wi th  s u f f i c i e n t  accuracy t o  allow f i n a l  
e v a l u a t i o n  of ox ide  p r e c i p i t a t i o n  p rocesses .  

The s o l u b i l i t y  

The e q u i l i b r i a  involved  are p r e s e n t l y  be ing  s t u d i e d  [12, pp. 196- 

c 

b 

c 

.. 
b 

c 



347 

r 

r’ 

* 

W e  have made p re l imina ry  e v a l u a t i o n s  of  several conceptua l  f lowshee ts  
based on ox ide  p r e c i p i t a t i o n  [14, pp. 237-401; t h e  most promising of  t h e s e  
i s  shown i n  Fig .  11.9.  Fue l  s a l t  would b e  withdrawn from t h e  r e a c t o r  on 
a 3-day cyc le ,  and about  60% of t h e  p ro tac t in ium would b e  removed as Pa205 
i n  o r d e r  t o  o b t a i n  a p ro tac t in ium removal t i m e  of 5 days.  The Pa205 pre-  
c i p i t a t e  would b e  h y d r o f l u o r i n a t e d  i n  the  presence  of a c a p t i v e  f l u o r i d e  
sa l t  phase which would b e  c i r c u l a t e d  through t h e  p ro tac t in ium decay tank  
and through a f l u o r i n a t o r  i n  o r d e r  t o  ma in ta in  an accep tab ly  low uranium 
inventory  i n  t h e  decay tank .  P a r t  of t h e  s a l t  i n  t h e  decay tank would 
b e  r e t u r n e d  t o  the  r e a c t o r  p e r i o d i c a l l y  t o  compensate f o r  sa l t  t h a t  is 
t r a n s f e r r e d  t o  the  h y d r o f l u o r i n a t o r  w i th  t h e  Pa2O5. Ten p e r c e n t  of  t he  
salt  l e a v i n g  t h e  Pa205 p r e c i p i t a t o r  would be processed f o r  r a re -ea r th  
removal by t h e  metal t r a n s f e r  process ;  t h i s  would r e s u l t  i n  a 30-day proc- 
e s s i n g  cyc le  and a r a r e - e a r t h  removal t i m e  of about  50 days.  
uranium must be removed from t h e  s a l t  p r i o r  t o  t h e  removal of t he  rare 
e a r t h s .  This  could b e  accomplished e i t h e r  by f l u o r i n a t i o n  o r  by ox ide  
p r e c i p i t a t i o n .  The s e p a r a t e d  uranium would then  b e  recombined w i t h  t h e  
processed  s a l t  l e a v i n g  t h e  m e t a l  t r a n s f e r  system and would b e  r e t u r n e d  
t o  t h e  r e a c t o r .  

Most of  t h e  

S t a t u s  of  Process  Development 

Development work on a number of a s p e c t s  of t h e  r e f e r e n c e  and alter-  
n a t e  p rocess ing  p l a n t  f lowshee ts  e i t h e r  has  been completed r e c e n t l y  o r  
is i n  p rogres s .  

Metal Trans fe r  Process  Development 

An eng inee r ing  experiment  completed r e c e n t l y  demonstrated a l l  a s p e c t s  
of  t h e  metal t r a n s f e r  process  [15] f o r  t h e  removal of  rare e a r t h s .  The 
equipment c o n s i s t e d  of  a 6-in.-diam compartmented vessel i n  which were 
p r e s e n t  about  1 l i ter  each of MSBR f u e l  carrier sal t ,  bismuth s a t u r a t e d  
wi th  thorium, and L i C 1 .  The f l u o r i d e  s a l t  i n i t i a l l y  conta ined  147NdF3 
a t  t h e  tracer level  and LaF3 a t  a c o n c e n t r a t i o n  of 0.04 m o l e  f r a c t i o n .  
During t h e  experiment ,  t h e  rare e a r t h s  w e r e  s e l e c t i v e l y  e x t r a c t e d  i n t o  
t h e  L i C l  a long  wi th  a n e g l i g i b l e  amount of thorium. P rov i s ion  w a s  made 
f o r  c i r c u l a t i n g  t h e  L i C l  through a chamber c o n t a i n i n g  bismuth having a 
l i t h i u m  c o n c e n t r a t i o n  of 38 a t .  %, where the  rare e a r t h s  and thorium w e r e  
removed. The d i s t r i b u t i o n  r a t i o s  f o r  t h e  rare e a r t h s  remained cons t an t  
du r ing  t h e  experiment  a t  about  t h e  expec ted  v a l u e s .  
neodymium and about  70% of t h e  lanthanum w e r e  c o l l e c t e d  i n  t h e  L i - B i  so- 
l u t i o n .  The f i n a l  thorium c o n c e n t r a t i o n  i n  t h e  L i - B i  s o l u t i o n  w a s  below 
5 ppm, making t h e  r a t i o  of rare e a r t h s  t o  thorium i n  t h e  L i - B i  g r e a t e r  
t han  l o 5  t i m e s  t h e  i n i t i a l  c o n c e n t r a t i o n  r a t i o  i n  t h e  f u e l  s a l t  and thus  
demonst ra t ing  t h e  selective removal of  rare e a r t h s  from a f l u o r i d e  sa l t  
con ta in ing  thorium. 

131 h a s  been pu t  i n t o  o p e r a t i o n  t h a t  u ses  s a l t  and bismuth flow rates t h a t  

About 50% of t h e  

A l a r g e r  metal t r a n s f e r  experiment [14, pp. 254-55; 12,  pp. 209-12; 
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are about  1% of t h e  va lues  r e q u i r e d  f o r  p rocess ing  a 1000-MW(e) MSBR, and 
t h e  p re l imina ry  des ign  has  been  c a r r i e d  o u t  f o r  an experiment t h a t  w i l l  
use  a th ree - s t age  salt-metal c o n t a c t o r  and flow rates t h a t  are 5 t o  10% 
of those  r e q u i r e d  f o r  a 1000-MW(e) MSBR [13] .  

Reduct ive E x t r a c t i o n  S tud ie s  

We have s u c c e s s f u l l y  ope ra t ed  a sa l t -b ismuth  r e d u c t i v e  e x t r a c t i o n  
f a c i l i t y  i n  which uranium and zirconium w e r e  e x t r a c t e d  from sa l t  by 
coun te rcu r ren t  c o n t a c t  w i t h  bismuth con ta in ing  r educ tan t  [8,pp. 64-89; 
131. 
in.-diam, 24-in.-long packed column. The i n l e t  uranium concen t r a t ion  i n  
t h e  sa l t  w a s  about  25% of t h e  uranium c o n c e n t r a t i o n  i n  the  r e f e r e n c e  
MSBR. These experiments  r e p r e s e n t  t h e  f i r s t  demonstrat ion of r e d u c t i v e  
e x t r a c t i o n  of  uranium i n  a f lowing system. Informat ion  on t h e  rate of  
m a s s  t r a n s f e r  of uranium and zirconium has  a l s o  been  ob ta ined  i n  t h e  
system us ing  an i s o t o p i c  d i l u t i o n  method, and HTU va lues  of about  4.5 f t  
have been ob ta ined .  

and dispersed-phase holdup i n  packed columns du r ing  coun te rcu r ren t  f low 
of  l i q u i d s  having h igh  d e n s i t i e s  and a l a r g e  d i f f e r e n c e  i n  d e n s i t y ,  such 
as sal t  and bismuth. These c o r r e l a t i o n s ,  which have been v e r i f i e d  by 
s t u d i e s  wi th  molten s a l t  and bismuth [8 ,  pp. 64-89] , w e r e  developed by 
s tudy  of coun te rcu r ren t  flow of mercury and water o r  h igh-dens i ty  o rgan ic s  
and water i n  1- and 2-in.-diam columns packed wi th  s o l i d  c y l i n d e r s  and 
Raschig r i n g s  va ry ing  i n  s i z e  from 1/8 t o  1 / 2  i n .  
d a t a  on a x i a l  d i s p e r s i o n  i n  t h e  cont inuous phase du r ing  t h e  coun te rcu r ren t  
f low of h igh-dens i ty  l i q u i d s  i n  packed columns [16,  pp. 58-89; 1 7 1 ,  and 
have developed a s imple  r e l a t i o n  f o r  p r e d i c t i n g  t h e  e f f e c t s  of a x i a l  d i s -  
p e r s i o n  on column performance [18] .  

upon t h e  a v a i l a b i l i t y  of  a b ismuth-sa l t  i n t e r f a c e  d e t e c t o r .  W e  [13] have 
r e c e n t l y  demonstrated t h e  s u c c e s s f u l  o p e r a t i o n  of an eddy-current-type 
i n t e r f a c e  d e t e c t o r  t h a t  c o n s i s t s  of a ceramic form on which b i f i l a r  p r i -  
mary and secondary c o i l s  are wound. Contact  of t h e  c o i l s  wi th  molten 
salt  o r  bismuth is prevented by enc los ing  the  element i n  a molybdenum 
tube .  Passage of  a high-frequency a l t e r n a t i n g  c u r r e n t  through t h e  pr imary 
c o i l  induces a c u r r e n t  i n  t h e  secondary c o i l  whose magnitude is dependent 
on t h e  c o n d u c t i v i t i e s  of t h e  a d j a c e n t  materials; s i n c e  t h e  c o n d u c t i v i t i e s  
of bismuth and s a l t  are q u i t e  d i f f e r e n t ,  t h e  induced c u r r e n t  r e f l e c t s  t h e  
p re sence  o r  absence of bismuth. The d e t e c t o r  appears  t o  b e  a p r a c t i c a l  
and s e n s i t i v e  i n d i c a t o r  of e i t h e r  sa l t -b i smuth  i n t e r f a c e  l o c a t i o n  o r  b i s -  
muth level.  

We have i n i t i a t e d  des ign  and development work on a r e d u c t i v e  e x t r a c -  
t i o n  process  f a c i l i t y  [13] t h a t  w i l l  allow o p e r a t i o n  of t h e  important  
s t e p s  f o r  t h e  r e d u c t i v e  e x t r a c t i o n  process  f o r  p ro tac t in ium i s o l a t i o n .  
The f a c i l i t y  w i l l  allow coun te rcu r ren t  c o n t a c t  of  salt  and bismuth streams 
i n  a 2-in.-diamY 6-f t - long packed column a t  flow rates as high as about 
25% of  those  r e q u i r e d  f o r  p rocess ing  a 1000-MW(e) MSBR. The f a c i l i t y  w i l l  
o p e r a t e  cont inuous ly  and w i l l  a l low measurement of m a s s  t r a n s f e r  and hy- 
drodynamic d a t a  under s t e a d y - s t a t e  c o n d i t i o n s .  

More than  95% of t h e  uranium w a s  e x t r a c t e d  from t h e  salt  by a 0.82- 

C o r r e l a t i o n s  have been  developed [3 ,  pp. 102-17; 151 f o r  f lood ing  

We have a l s o  ob ta ined  

The s u c c e s s f u l  o p e r a t i o n  of salt-metal e x t r a c t i o n  columns i s  dependent 



350 

Continuous F l u o r i n a t o r  Development 
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Progress  has  a l s o  been made i n  t h e  development of  cont inuous f luo-  
r i n a t o r s .  We have p rev ious ly  [19]  c a r r i e d  ou t  exper imenta l  s t u d i e s  of  
f l u o r i n a t i o n  of  molten s a l t  i n  a l-in.-diam, 72-in.-long n i c k e l  f l u o r i -  
n a t o r  t h a t  a l lowed coun te rcu r ren t  c o n t a c t  of molten sa l t  w i t h  f l u o r i n e .  
I n  t h e s e  tests, molten sal t  (41-24-35 mole % NaF-LiF-ZrF4) con ta in ing  UF4 
w a s  c o u n t e r c u r r e n t l y  con tac t ed  wi th  a q u a n t i t y  of f l u o r i n e  i n  excess  of  
t h a t  r e q u i r e d  f o r  t h e  convers ion  of  UF4 t o  UFg. Experiments w e r e  c a r r i e d  
ou t  w i th  tempera tures  ranging  from 525 t o  6OO0C, UF4 c o n c e n t r a t i o n s  i n  
t h e  f eed  sal t  ranging  from 0.12 t o  0.35 mole %, and a range of  sa l t  and 
f l u o r i n e  feed  rates. The f r a c t i o n  of t h e  uranium removed from t h e  sa l t  
ranged from 97.5% t o  99.9%. 

Axial d i s p e r s i o n  i n  t h e  s a l t  phase w i l l  b e  impor tan t  i n  t h e  des ign  
of cont inuous f l u o r i n a t o r s ,  and gas holdup and axial d i s p e r s i o n  were 
measured i n  columns having  d iameters  ranging  from 1 t o  6 i n .  u s i n g  a i r  
and aqueous s o l u t i o n s .  Data w e r e  ob ta ined  f o r  wide ranges of  v i s c o s i t y ,  
s u r f a c e  t e n s i o n ,  and s u p e r f i c i a l  gas v e l o c i t y .  C o r r e l a t i o n s  f o r  gas 
holdup and axial d i s p e r s i o n  were developed [15]  which are b e l i e v e d  t o  b e  
a p p l i c a b l e  t o  coun te rcu r ren t  c o n t a c t  of molten s a l t  and f l u o r i n e  i n  a 
cont inuous f l u o r i n a t o r .  These c o r r e l a t i o n s  and t h e  d a t a  on uranium re- 
moval i n  t h e  l- in.-diam cont inuous f l u o r i n a t o r  w e r e  used f o r  e s t i m a t i n g  
t h e  performance of l a r g e r  diameter  cont inuous f l u o r i n a t o r s  [15 ] .  

r o s i v e  environment ,  and i t  w i l l  b e  necessa ry  t o  p r o t e c t  a cont inuous 
f l u o r i n a t o r  from c o r r o s i o n  by ma in ta in ing  a l a y e r  of f r o z e n  sal t  on su r -  
f aces  t h a t  would o the rwise  c o n t a c t  bo th  molten s a l t  and f l u o r i n e .  Pre- 
ven t ing  molten salt  from reach ing  t h e  s u r f a c e  w i l l  a l low p a s s i v a t i o n  of  
t h e  n i c k e l  t o  occur .  

The f e a s i b i l i t y  of  ma in ta in ing  f r o z e n  s a l t  l a y e r s  i n  g a s - s a l t  con- 
t a c t o r s  w a s  demonstrated p rev ious ly  [9 ]  i n  tests i n  a 5-in.-diam, 8- f t -  
h i g h  s imula ted  f l u o r i n a t o r  i n  which molten s a l t  (66-34 mole % LiF-ZrFt+) 
and argon w e r e  c o u n t e r c u r r e n t l y  con tac t ed .  An i n t e r n a l  h e a t  sou rce  i n  
t h e  molten r eg ion  w a s  provided by Calrod h e a t e r s  conta ined  i n  a 3/4-in.-  
diam p i p e  a long  t h e  c e n t e r  l i n e  of t h e  vessel. A f r o z e n  s a l t  l a y e r  w a s  
maintained i n  t h e  system wi th  e q u i v a l e n t  vo lumet r i c  h e a t  g e n e r a t i o n  rates 
of  10 t o  55 kW/ft3. For comparison, t h e  h e a t  gene ra t ion  rates i n  f u e l  
s a l t  immediately a f t e r  removal from t h e  r e a c t o r  and a f t e r  p a s s i n g  through 
vessels having  holdup t i m e s  of 5 and 30 min are 57, 27, and 1 2  kW/ft3,  
r e s p e c t i v e l y .  

q u i r e s  a means f o r  gene ra t ing  h e a t  i n  t h e  molten sa l t  t h a t  i s  n o t  s u b j e c t  
t o  c o r r o s i o n .  We have s t u d i e d  radio-frequency i n d u c t i o n  h e a t i n g  i n  f luo-  
r i n a t o r  s imula t ions  u s i n g  n i t r i c  a c i d  [20]  and have s t u d i e d  a u t o r e s i s t a n c e  
h e a t i n g  u s i n g  60-Hz power wi th  molten s a l t  (65-35 mole % LiF-BeF2) i n  a 
6-in.-diam f l u o r i n a t o r  s i m u l a t o r  [13 ] .  Success fu l  o p e r a t i o n  wi th  auto-  
r e s i s t a n c e  h e a t i n g  rates as h igh  as 14.5 kW/ft3 has  been c a r r i e d  o u t ;  t h e  
expected power d e n s i t y  i n  p rocess ing  p l a n t  f l u o r i n a t o r s  i s  1 2  kW/ft3. 
Au to res i s t ance  h e a t i n g  is  t h e  p r e f e r r e d  method, s i n c e  i t  can b e  used ove r  
a wider  range of o p e r a t i n g  cond i t ions  and s i n c e  t h e  electrical power 

The combination of molten s a l t  and f l u o r i n e  r e s u l t s  i n  a h i g h l y  cor- 

Opera t ion  of  a cont inuous f l u o r i n a t o r  wi th  nonrad ioac t ive  s a l t  re- 

F 
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supply is  much s imple r  than  t h a t  r e q u i r e d  f o r  i n d u c t i o n  hea t ing .  
c i l i t y  is planned i n  which a cont inuous f l u o r i n a t o r  can b e  ope ra t ed  t h a t  
has  a molten zone d iameter  of 5 i n .  and a molten sa l t  depth of 5 f t .  

A fa -  

Fue l  R e c o n s t i t u t i o n  

S tud ie s  of t h e  abso rp t ion  of  UF6 by MSBR f u e l  carrier sal t  con ta in ing  
UF4 are be ing  c a r r i e d  o u t  [13] .  Absorpt ion of  UFg i n  f u e l  carrier sal t  
con ta in ing  UF4 has  been shown t o  r e s u l t  i n  t h e  formation of s o l u b l e  non- 
v o l a t i l e  UF5 accord ing  t o  t h e  fo l lowing  r e a c t i o n :  

i n  which (g) denotes  gas and (d)  denotes  s p e c i e s  d i s so lved  i n  t h e  s a l t .  
The r e c e n t  s t u d i e s  have a l s o  shown t h a t  gaseous hydrogen reacts wi th  d i s -  
so lved  UF5 accord ing  t o  t h e  r e a c t i o n :  

S ince  bo th  UFg and UF5 are s t r o n g  ox idan t s ,  t h e  i n i t i a l  experiments w e r e  
conducted p r i m a r i l y  t o  f i n d  a material t h a t  w a s  i n e r t  t o  t h e s e  s p e c i e s .  
They showed t h a t ,  a t  6OO0C, n i c k e l ,  copper ,  and g r a p h i t e  are n o t  s u f f i -  
c i e n t l y  i n e r t  b u t  t h a t  gold i s  s t a b l e  both t o  gaseous UFg and t o  s a l t  
con ta in ing  up t o  6 w t  % UF5. Consequently,  t h e  r e c e n t  s t u d i e s  have been 
conducted i n  gold appa ra tus .  Fu tu re  experiments  w i l l  be c a r r i e d  ou t  w i th  
UF6-Fz mixtures  i n  o r d e r  t o  de te rmine  t h e  e f f e c t  of t h e  presence  of f luo -  
r i n e  i n  t h e  gas stream. We w i l l  a l s o  determine t h e  behavior  of t h e  f luo -  
i d e s  of i o d i n e  and neptunium i n  t h i s  s t e p .  

sa l t  s lowly d i s p r o p o r t i o n a t e s  t o  UFg and UF4 and t h a t  t he  rate of d i s -  
p r o p o r t i o n a t i o n  is  second o r d e r  w i th  r e s p e c t  t o  the  concen t r a t ion  of UF5. 
The s t u d i e s  a l s o  i n d i c a t e  t h a t  t he  s o l u b i l i t y  of UFg i n  the  sa l t  is low. 
Engineer ing experiments  are b e i n g  designed f o r  f u r t h e r  s tudy  of t h e  ab- 
s o r p t i o n  of UF6-F2 mixtures  i n  molten sa l t  con ta in ing  UF4 and t h e  subse- 
quent  r e d u c t i o n  of UF5 by c o n t a c t  of t h e  sa l t  w i t h  hydrogen. 

Resul t s  from several experiments  show t h a t  UF5 d i s s o l v e d  i n  molten 

Uranium Oxide P r e c i p i t a t i o n  S tud ie s  

Engineer ing s t u d i e s  o f  uranium removal by ox ide  p r e c i p i t a t i o n  have 
been c a r r i e d  ou t  [13]  t h a t  involved  t h e  c o n t a c t  of 2 l i ters  of MSBR f u e l  
s a l t  wi th  H20-Ar gas mixtures  i n  a &in.-diam n i c k e l  p r e c i p i t a t o r .  Ex- 
per iments  were conducted a t  tempera tures  ranging  from 540 t o  63OoC, and 
t h e  composi t ion of t h e  H20-Ar mix ture  w a s  v a r i e d  from 10 t o  35% water. 
Only a s l i g h t  i n c r e a s e  i n  t h e  p r e c i p i t a t i o n  rate wi th  an i n c r e a s e  i n  t e m -  
p e r a t u r e  w a s  observed,  and t h e  rate of p r e c i p i t a t i o n  appeared t o  vary  
d i r e c t l y  wi th  t h e  rate a t  which w a t e r  w a s  supp l i ed  t o  t h e  system. 
values f o r  t he  water u t i l i z a t i o n  w e r e  uniformly iow (about 10 t o  15%) and 
d i d  no t  vary  w i t h  t h e  composi t ion of  t h e  gas stream. 

The 

Higher u t i l i z a t i o n  
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, 
values  should  b e  ob ta ined  by improving t h e  c o n t a c t  of  t h e  gas wi th  t h e  
sal t .  

t h e  experiments .  
a t  t h e  lower uranium concen t r a t ions  i n  t h e  s a l t  t h e  s o l i d  i n  e q u i l i b r i u m  
with t h e  s a l t  would c o n t a i n  50% U 0 2  o r  less. W e  b e l i e v e  t h a t  under non- 
equ i l ib r ium p r e c i p i t a t i o n  c o n d i t i o n s ,  such as would be p r e s e n t  i n  a proc- 
e s s i n g  p l a n t ,  U02-Th02 s o l i d  s o l u t i o n s  are formed which are i n  e q u i l i b r i u m  
wi th  the  s a l t  at t h e  moment of p r e c i p i t a t i o n  bu t  which once formed do 
n o t  r a p i d l y  r e e q u i l i b r a t e .  Thus, s o l i d  s o l u t i o n s  t h a t  are formed e a r l y  
i n  t h e  p r e c i p i t a t i o n  process  and t h a t  c o n t a i n  90 t o  95% UO2 are s t i l l  
p r e s e n t  du r ing  t h e  f i n a l  s t a g e s  of p r e c i p i t a t i o n  when s o l i d  s o l u t i o n s  are 
be ing  formed t h a t  c o n t a i n  much less U 0 2 .  This  e f f e c t  appears  t o  a l low 
p r e c i p i t a t i o n  of  99% of t h e  uranium as a s o l i d  c o n t a i n i n g  85% U 0 2  i n  a 
s ing le - s t age  b a t c h  p r e c i p i t a t o r .  I n  c o n t r a s t ,  earl ier c a l c u l a t i o n s  
[ l o ,  pp. 202-31, based on the  assumption t h a t  t h e  oxide  and s a l t  would 
remain i n  e q u i l i b r i u m  throughout t h e  p r e c i p i t a t i o n  p rocess ,  had i n d i c a t e d  
t h a t  a th ree - s t age  ba t ch  coun te rcu r ren t  p r e c i p i t a t i o n  system would be  
r equ i r ed  t o  achieve  removal of  t h i s  f r a c t i o n  of t h e  uranium wi thout  t h e  
removal of more than  1% of the  thorium i n  t h e  sa l t  as Th02. 

The oxide  p r e c i p i t a t e  w a s  observed t o  s e t t l e  r a p i d l y ,  and more than  
90% of t h e  sa l t  could b e  s e p a r a t e d  from t h e  ox ide  by s imple  d e c a n t a t i o n .  
This  sugges t s  t h a t  t h e  removal of uranium from MSBR f u e l  sa l t  from which 
most of  t h e  p ro tac t in ium has  been removed can be  accomplished e a s i l y  by 
oxide  p r e c i p i t a t i o n  by c o n t a c t i n g  t h e  sa l t  wi th  gaseous H20-Ar mix tures .  

From 50 t o  90% of t h e  uranium w a s  p r e c i p i t a t e d  as oxide  i n  most of  
Samples of t h e  ox ide  conta ined  about  90% U 0 2  even though 

Removal of  Bismuth from Fue l  S a l t  

I n  a p rocess ing  p l a n t ,  t h e  f u e l  sa l t  w i l l  b e  contac ted  wi th  bismuth 
con ta in ing  r e d u c t a n t  i n  o r d e r  t o  remove p ro tac t in ium and t h e  rare e a r t h s .  
It w i l l  be necessa ry  t h a t  e n t r a i n e d  o r  d i s s o l v e d  bismuth be  removed from 
t h e  sa l t  b e f o r e  it is r e t u r n e d  t o  t h e  r e a c t o r ,  s i n c e  n i c k e l  i s * q u i t e  s o l -  
u b l e  i n  bismuth (about  10 w t  %) a t  t h e  r e a c t o r  o p e r a t i n g  tempera ture .  E f -  
f o r t s  t o  measure t h e  s o l u b i l i t y  of  bismuth i n  s a l t  have i n d i c a t e d  t h a t  
t h e  s o l u b i l i t y  is lower than about 1 ppm, and t h e  expected s o l u b i l i t y  of 
bismuth i n  t h e  s a l t  under t h e  h i g h l y  reducing  cond i t ions  t h a t  w i l l  b e  
used is  ve ry  low. For  t h e s e  reasons ,  w e  b e l i e v e  t h a t  bismuth can only  
be  p r e s e n t  a t  s i g n i f i c a n t  concen t r a t ions  i n  t h e  s a l t  as e n t r a i n e d  metall ic 
bismuth. 

I n  o r d e r  t o  c h a r a c t e r i z e  t h e  bismuth c o n c e n t r a t i o n  l i k e l y  t o  b e  
p r e s e n t  i n  t h e  s a l t  a f t e r  i t  is con tac t ed  wi th  bismuth,  w e  have begun 
p e r i o d i c  sampling of salt  i n  eng inee r ing  experiments  i nvo lv ing  c o n t a c t  
of  sa l t  and bismuth.  The r e s u l t s  t o  d a t e  i n d i c a t e  t h a t  t h e  bismuth con- 
c e n t r a t i o n  i n  t h e  s a l t  i n  most cases ranges from 10 t o  100 ppm a f t e r  
coun te rcu r ren t  c o n t a c t  of t h e  salt  and bismuth i n  a packed-column con- 
t a c t o r ;  however, concen t r a t ions  below 1 ppm are observed i n  sa l t  l e a v i n g  
a s t i r r e d - i n t e r f a c e  salt-metal c o n t a c t o r  i n  which t h e  sa l t  and metal 
phases are n o t  d i spe r sed .  One of t h e  p r e s e n t  d i f f i c u l t i e s  i s  t h a t  of  
p reven t ing  contaminat ion  of t h e  samples wi th  s m a l l  q u a n t i t i e s  of  bismuth 
du r ing  c l e a n i n g  of t h e  samples and t h e  ensu ing  chemical  a n a l y s e s .  
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A subsequent  phase of t h e  exper imenta l  program w i l l  c o n s i s t  i n  test- 
i n g  t h e  e f f e c t i v e n e s s  of v a r i o u s  devices  and materials f o r  removing en- 
t r a i n e d  bismuth from sa l t .  It is expected t h a t  c o n t a c t  of  t h e  sa l t  wi th  
n i c k e l  wool w i l l  be  e f f e c t i v e  i n  removing e n t r a i n e d  o r  d i s so lved  bismuth, 
s i n c e  a l a r g e  n i c k e l  s u r f a c e  area can b e  produced i n  t h i s  manner. 

A n a t u r a l  c i r c u l a t i o n  loop  cons t ruc t ed  of  Has te l loy  N and f i l l e d  
wi th  f u e l  s a l t  has  been ope ra t ed  by the  Metals and Ceramics Div i s ion  f o r  
about two yea r s ;  a molybdenum cup c o n t a i n i n g  bismuth w a s  p laced  n e a r  t h e  
bottom of  t h e  loop.  To d a t e ,  t h e  r e p o r t e d  concen t r a t ions  of bismuth i n  
s a l t  from t h e  loop  (<5  ppm) are e s s e n t i a l l y  t h e  same as those  r e p o r t e d  
f o r  s a l t  from a loop  con ta in ing  no bismuth. W e  have noted  no degrada t ion  
of m e t a l l u r g i c a l  p r o p e r t i e s  f o r  c o r r o s i o n  specimens removed from t h e  loop  
con ta in ing  bismuth. 

Materials of  Cons t ruc t ion  f o r  P rocess ing  P lan t s*  

A number of c o r r o s i o n  environments w i l l  b e  p r e s e n t  i n  t h e  p rocess ing  
p l a n t ,  and materials ;hat w i l l  w i ths t and  a t t a c k  are requ i r ed .  The con- 
d i t i o n s  of  g r e a t e s t  s e v e r i t y  c o n s i s t  of t h e  fo l lowing:  

1. t h e  presence  of  molten s a l t  and gaseous mixtures  of F2 and UFg a t  
500 t o  550°C, 

2. t h e  presence  of molten salts and bismuth con ta in ing  l i t h i u m  and 
thorium a t  550 t o  650"C, and 

3 .  t h e  presence  of  HF-H2 mixtures  and mixtures  of molten f l u o r i d e s  a t  
550 t o  650OC. 

Our p r e s e n t  p l ans  c a l l  f o r  mol ten-sa l t  f l u o r i n a t o r s  t o  b e  cons t ruc t ed  
of n i c k e l  o r  n icke l -base  a l l o y s .  A s  d i scussed  earlier, c o r r o s i o n  i n  t h e s e  
systems w i l l  be  l i m i t e d  by f r o z e n  sa l t ,  so  t h a t  t h e  p r o t e c t i v e  NiF2 l a y e r  
w i l l  n o t  b e  removed from t h e  metal s u r f a c e  by d i s s o l u t i o n  i n  t h e  molten 
sa l t .  

t h a t  can be used t o  c o n t a i n  Bi-Li-Th s o l u t i o n s  a t  tempera tures  from 550 
t o  700°C. Most of  t he  convent iona l  metals o r  a l l o y s  have been r u l e d  ou t  
as p o s s i b l e  c o n t a i n e r  materials because of t h e i r  tendency t o  mass t r a n s f e r  
when exposed t o  bismuth under a tempera ture  g r a d i e n t .  
r e f r a c t o r y  metals and g r a p h i t e  do appear  promising - each having i t s  own 
set  of  advantages and d isadvantages .  W e  have devoted t h e  most a t t e n t i o n  
t o  molybdenum and are c o n s t r u c t i n g  a r e d u c t i v e - e x t r a c t i o n  exper imenta l  

For  t h e  p a s t  several y e a r s ,  w e  have been i n v e s t i g a t i n g  materials 

Several of t h e  

* 
This  work is c a r r i e d  o u t  i n  t h e  Metals and Ceramics Div i s ion  under 

t h e  d i r e c t i o n  of J. R. DiStefano,  and t h i s  s e c t i o n  w a s  d r a f t e d  by J. H. 
D e V a n  . 
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f a c i l i t y  ou t  of  t h i s  material i n  o r d e r  t o  o b t a i n  exper ience  wi th  i ts  fab-  
r i c a t i o n  and use.  Other  materials t h a t  remain of i n t e r e s t  i n c l u d e  t h e  
tan ta lum a l l o y  T-111 apd several commercial grades of  g r a p h i t e .  

Molybdenum 

The s e l e c t i o n  of molybdenum as a p rocess ing  p l a n t  material w a s  based 
on c o r r o s i o n  i n v e s t i g a t i o n s  a t  ORNL [6 ,  pp. 256-59; 10 ,  pp. 189-951 and 
elsewhere [22,23] which showed i t  t o  resist d i s s o l u t i o n  and chemical 
a t t a c k  i n  molten bismuth.  The s t u d i e s  a t  ORNL w e r e  conducted i n  small 
thermal  convec t ion  loops  which provided a tempera ture  g r a d i e n t  of 100 t o  
2 O O 0 C  i n  t h e  bismuth c i r c u i t .  Tests were conducted on low-carbon molyb- 
denum and t h e  a l l o y  TZM i n  pure  bismuth and bismuth c o n t a i n i n g  up t o  0.01 
w t  % (0 .3  a t .  X) L i .  Mass t r a n s f e r  w a s  n e g l i g i b l e  i n  t h e  tempera ture  
range 500 t o  700°C f o r  pe r iods  as long  as 3000 h r .  Tests c a r r i e d  o u t  i n  
s t a t i c  bismuth a l s o  have shown no e f f e c t  of stress on t h e  c o r r o s i v i t y  of  
molybdenum. 

Although molybdenum has  e x c e l l e n t  r e s i s t a n c e  t o  c o r r o s i o n ,  t h e r e  are 
o t h e r  d i f f i c u l t i e s  w i th  i ts  use.  Molybdenum is  a p a r t i c u l a r l y  s t r u c t u r e -  
s e n s i t i v e  material; t h a t  i s ,  i t s  mechanical p r o p e r t i e s  are known t o  vary  
widely,  depending upon how i t  has been m e t a l l u r g i c a l l y  processed .  The 
d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture  of molybdenum v a r i e s  from below 
room tempera ture  t o  200-300°C, depending both  upon s t r a i n  rate and t h e  
m i c r o s t r u c t u r e  of t h e  metal. Maximum d u c t i l i t y  is  provided i n  t h e  cold- 
worked, f ine-gra ined  cond i t ion .  Recent advances i n  vacuum-melting prac-  
t ices have l e d  t o  t h e  product ion  of material wi th  improved and more 
r ep roduc ib le  m e t a l l u r g i c a l  p r o p e r t i e s .  The arc-melted low-carbon, low- 
oxygen grade of  molybdenum, a v a i l a b l e  commercially,  a f f o r d s  r e l a t i v e l y  
good c o n t r o l  of g r a i n  s i z e  and i n t e r s t i t i a l  impur i ty  level .  Neverthe- 
less, t h e  use  of  molybdenum as a s t r u c t u r a l  material r e q u i r e s  h igh ly  un- 
or thodox assembly procedures  and imposes s t r i n g e n t  l i m i t a t i o n s  on s y s  t e m  
des ign  from t h e  s t a n d p o i n t  of geometry and r i g i d i t y .  

been made a t  ORNL i n  b u i l d i n g  t h e  molybdenum system i n  which bismuth and 
molten s a l t  w i l l  b e  c o u n t e r c u r r e n t l y  con tac t ed  i n  a 1-in.-ID, 5-ft-high 
packed column t h a t  h a s  3.5-in.-ID upper and lower d isengaging  s e c t i o n s .  
S a l t  and bismuth w i l l  b e  c i r c u l a t e d  i n  t h e  system by g a s - l i f t  pumps t h a t  
w i l l  elevate t h e  streams t o  3.5-in.-ID head p o t s  f o r  sampling, gas sepa ra -  
t i o n ,  and flow measurement. A sa l t -b i smuth  i n t e r f a c e  d e t e c t o r  of  t h e  type  
desc r ibed  earlier w i l l  b e  provided i n  t h e  lower disengagement s e c t i o n  f o r  
de te rmining  t h e  p r e s s u r e  drop through t h e  column and t h e  holdup of bismuth 
i n  t h e  column. 

Techniques have been developed [ 6 ,  pp. 253-54; 10 ,  pp. 184-85; 14 ,  
pp. 219-20; 12 ,  pp. 167-691 f o r  t h e  p roduc t ion  of  closed-end molybdenum 
vessels by back e x t r u s i o n ,  which invo lves  t h e  flow of  m e t a l  i n t o  a d i e  
and t h e  backward flow of metal over  an advancing p lunger .  This  process  
has t h e  advantages t h a t  t h e  d iameter  of t h e  p a r t  produced is  as l a r g e  as 
o r  l a r g e r  than t h a t  of t h e  s t a r t i n g  metal b lank;  t h e  c o n f i g u r a t i o n  of t h e  
p a r t  can be changed by r e l a t i v e l y  s imple changes i n  t h e  d i e  and mandrel 
des ign;  and s u f f i c i e n t  deformation can b e  accomplished t h a t  a wrought o r  

Several advances i n  t h e  f a b r i c a t i o n  technology of  molybdenum have 
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f ine-gra ined  s t r u c t u r e  having good mechanical p r o p e r t i e s  i s  produced. 
P a r t s  t h a t  w e r e  f r e e  from cracks  and had h igh -qua l i ty  s u r f a c e s  w e r e  con- 
s i s t e n t l y  produced w i t h  t h i s  technique  by t h e  use  of  Zr02-coated p lungers  
and d i e s  and e x t r u s i o n  tempera tures  of  1600 t o  1700°C. Eleven closed-end 
fo rg ings  w e r e  produced t h a t  had a 3-7/8-in. o u t s i d e  d iameter ,  a 3.5-in.  
i n s i d e  d iameter ,  and l e n g t h s  from 8 t o  12 i n .  The 5.5-ft-long molybdenum 
p i p e  f o r  t h e  e x t r a c t i o n  column, having an o u t s i d e  d iameter  of 1.16 i n .  
and an i n s i d e  d iameter  of 1 i n . ,  w a s  produced by f l o a t i n g  mandrel ex- 
t r u s i o n  a t  1600°C. Three e x t r u s i o n s  f o r  producing t h i s  material were 
performed; t h e  second e x t r u s i o n  produced a p i p e  11.5 f t  long  t h a t  w a s  
c o n c e n t r i c  t o  w i t h i n  0.007 i n .  w i th  e x c e l l e n t  e x t e r n a l  and i n t e r n a l  sur -  
f aces. 

(1/4-, 3/8-, and 1/2-in.-OD), w e  found [12, pp. 163-651 t h a t  t h e  1/2- in . -  
OD tub ing  w a s  d u c t i l e  a t  room temperature ,  wh i l e  t h e  3/8-in.-OD tub ing  
w a s  d u c t i l e  on ly  a t  temperatures  above 150 t o  250°C and t h e  1/4-in.-OD 
tub ing  w a s  d u c t i l e  on ly  a t  temperatures  above 300°C. 
t h a t  t he  3/8-in.-OD and 1/4-in.-OD tub ing  could be  made d u c t i l e  a t  room 
tempera ture  by t h e  removal of 0 .001 t o  0.003 i n .  of  material from t h e  
i n s i d e  of  t h e  tub ing  by e t ch ing .  F u r t h e r  i n v e s t i g a t i o n  has  l e d  us t o  
b e l i e v e  t h a t  t ub ing  t h a t  is d u c t i l e  at room tempera ture  can b e  produced 
r o u t i n e l y  by c a r e f u l  c o n t r o l  of s u r f a c e  contaminat ion  du r ing  tub ing  fab-  
r i c a t i o n .  

We have demonstrated t h a t  complex components can b e  f a b r i c a t e d  from 
molybdenum by welding,  u s i n g  e i t h e r  t h e  gas tungs ten-arc  o r  electron-beam 
processes  [6 ,  pp. 254-55; 10,  pp. 185-89; 1 4 ,  pp. 220-22; 12,  pp. 169-721. 
Welding procedures  w e r e  developed t o  d e a l  w i th  t h e  i n h e r e n t  t endenc ie s  
of  molybdenum toward h o t  c r ack ing  due t o  contaminat ion  (such as from O2 
o r  N2), as w e l l  as abnormal g r a i n  growth, which r e s u l t s  i n  welds t h a t  are 
b r i t t l e  a t  room temperature .  Mechanical tube-to-header j o i n t s  have a l s o  
been produced by p r e s s u r e  bonding, u s ing  commercial tube  expanders .  Tubes 
which w e r e  r o l l e d  i n t o  headers  a t  250°C remained l e a k - t i g h t  a f t e r  r epea ted  
thermal  c y c l i n g  t o  500°C. 
types  of  j o i n t :  tube-to-tube s h e e t ,  tube-to-tube, and 3.5-in.-diam cir- 
cumfe ren t i a l  g i r t h  welds .  Electron-beam and gas tungs ten-arc  welding 
techniques  bo th  have been i n v e s t i g a t e d .  In  a d d i t i o n ,  a commercial o r -  
b i t i n g - a r c  weld in  head w a s  modif ied t o  allow us t o  make hel ium l e a k - t i g h t  

Two of t h e  most i m -  
p o r t a n t  f a c t o r s  found t o  minimize molybdenum weldment c rack ing  have been 
stress r e l i e v i n g  of  components and p r e h e a t i n g  p r i o r  t o  welding. 

produced us ing  b o t h  t h e  electron-beam and tungs ten-arc  techniques , t h e  
d u c t i l e - b r i t t l e  t r a n s i t i o n  of t h e  weld l ies  above room temperature .  
Therefore ,  each j o i n t  must be designed t o  mechanical ly  suppor t  t h e  welds .  
The j o i n t s  are a l s o  back-brazed o r  p l a t e d  wi th  tungs t en  t o  provide  a 
secondary b a r r i e r  a g a i n s t  l eakage .  

f o r  j o i n i n g  molybdenum t h a t  are r e s i s t a n t  t o  c o r r o s i o n  by bismuth and 
molten salts [12 ,  pp. 211-12; 10,  pp. 189-91; 1 4 ,  pp. 221-25; 12,  pp. 172- 
731. A n  i ron-base a l l o y  (Fe-15% Mo-5% Ge-4% C-1% B) has  been found t o  
have good w e t t i n g  and flow p r o p e r t i e s ,  a moderately low b r a z i n g  tempera- 
t u r e  (<1200"C) , and adequate  r e s i s t a n c e  t o  bismuth a t  650°C. 

I n  e v a l u a t i n g  t h r e e  s i z e s  of  commercially a v a i l a b l e  molybdenum tub ing  

W e  found, however, 

Welding s t u d i e s  have cen te red  on t h r e e  major 

(<5  x a t m  cm 5 /sec) tube-to-tube f i e l d  welds .  

Although hel ium l e a k - t i g h t  molybdenum welds have been c o n s i s t e n t l y  

S tud ie s  have been  c a r r i e d  o u t  f o r  t h e  development of  b r a z e  materials 
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The r e s u l t s  of ou r  work t o  d a t e  on molybdenum f a b r i c a t i o n  techniques  
have been  q u i t e  encouraging,  and w e  b e l i e v e  t h a t  t h e  material can b e  used 
i n  b u i l d i n g  p rocess ing  p l a n t s  i f  p roper  a t t e n t i o n  is  g iven  t o  i t s  f a b r i -  
c a t i o n  c h a r a c t e r i s t i c s .  

Tungsten and Tantalum Alloys 

Other  r e f r a c t o r y  metals t h a t  are r e s i s t a n t  t o  a t t a c k  i n  molten b i s -  
muth i n c l u d e  pure  tungs t en  and c e r t a i n  tan ta lum a l l o y s .  Tungsten, be- 
cause of i ts  r e l a t i v e l y  h igh  d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture ,  i s  
n o t  amenable t o  the  f a b r i c a t i o n  and j o i n i n g  o p e r a t i o n s  r e q u i r e d  f o r  a 
f u l l - s i z e d  p rocess ing  p l a n t .  However, i t  is  b e i n g  used as a s u r f a c e  
c o a t i n g  a t  several p o i n t s  i n  t h e  molybdenum e x t r a c t i o n  f a c i l i t y  d i scussed  
above. 
259-61; 14, pp. 231-321 and serve as a d d i t i o n a l  seals on t h e  j o i n t s  made 
wi th  tube  expanders o r  by welding.  

on pure tan ta lum and t h e  tan ta lum a l l o y  T-111  (8% W, 2% Hf, b a l  Ta) .  I n  
q u a r t z  thermal  convec t ion  loops  a t  700"C, t h e  mass t r a n s f e r  rate of pu re  
tan ta lum i n  t h e s e  l i q u i d  metals w a s  g r e a t e r  than  t h a t  of molybdenum, a l -  
though t h e  ra te  w a s  s t i l l  less than 3 mi l s /yea r .  Mass t r a n s f e r  rates of 
t h e  a l l o y  T-111  were comparable t o  t h o s e  f o r  molybdenum, b u t  t h e  mechan- 
ical  p r o p e r t i e s  of  t h e  former a l l o y  were s t r o n g l y  a f f e c t e d  by i n t e r a c t i o n  
wi th  i n t e r s t i t i a l  i m p u r i t i e s ,  p r i m a r i l y  oxygen, i n  t h e  quartz-pure-bismuth 
loop  experiments .  A more r e c e n t  t e s t  c a r r i e d  o u t  a t  700°C wi th  t h e  Bi-2.5 
w t  % L i  mix ture  i n  a loop  cons t ruc t ed  of T-111  t ub ing  d i d  n o t  measurably 
a f f e c t  t h e  mechanical p r o p e r t i e s  of t h e  T-111, and t h e  mass t r a n s f e r  
ra te  aga in  w a s  i n s i g n i f i c a n t .  

unknown a t  t h i s  t i m e ,  b u t  i t  appears  margina l  from thermodynamic consid-  
e r a t i o n s .  However, t a n t a h m  should wi ths t and  a t t a c k  by molten L i C 1 ,  and 
experiments  are planned t o  i n v e s t i g a t e  t h i s .  

Several complex assembl ies  have been f a b r i c a t e d  a t  O W L  u s i n g  t h e  
T - 1 1 1  a l l o y ,  t h e  l a r g e s t  of which w a s  a fo rced  convec t ion  loop  which c i r -  
c u l a t e d  l i q u i d  l i t h i u m  f o r  3000 h r  a t  1370°C [ 2 4 ] .  I n  c o n t r a s t  t o  molyb- 
denum, t h e  a l l o y  is q u i t e  d u c t i l e  i n  t h e  as-welded cond i t ion ;  t hus  i t  
appears  promising f o r  complex geometr ies  t h a t  would o p e r a t e  p r i n c i p a l l y  
i n  B i  o r  B i - L i  s o l u t i o n s  and only  o c c a s i o n a l l y  i n  f u e l  s a l t .  The tan-  
ta lum a l l o y ,  however, would r e q u i r e  a h i g h e r  degree  of p r o t e c t i o n  from 
i n t e r s t i t i a l  i m p u r i t i e s  (0, C y  N)  t han  would molybdenum. 

The coa t ings  are depos i t ed  by chemical  vapor d e p o s i t i o n  [6,  pp. 

Corrosion tests i n  molten B i  and B i - L i  s o l u t i o n s  have been conducted 

The r e s i s t a n c e  of  tan ta lum o r  T - 1 1 1  t o  c o r r o s i o n  by f u e l  s a l t  i s  

Graph i t e  

Graph i t e ,  which has  e x c e l l e n t  c o m p a t i b i l i t y  w i th  the  f u e l  s a l t ,  a l s o  
shows promise f o r  t h e  containment of bismuth. Relevant  i n fo rma t ion  on 
g r a p h i t e  is p resen ted  i n  Chap. 6 ,  which reviews the  development of graph- 
i t e  as a moderator  f o r  mol ten-sa l t  r e a c t o r s .  Of course ,  i n  a chemical  
p rocess ing  a p p l i c a t i o n ,  t he  absence of  a neu t ron  f l u x  a l lows  g r e a t e r  f l e x -  
i b i l i t y  i n  t h e  s e l e c t i o n  of g r a p h i t e  grade and f a b r i c a t i o n  h i s t o r y  than  
f o r  a r e a c t o r  co re .  
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c 
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Compa t ib i l i t y  tests t o  d a t e  have shown no ev idence  of chemical in -  
t e r a c t i o n  between g r a p h i t e  and bismuth con ta in ing  up t o  3 w t  % ( 4 8  a t .  %) 
L i .  However, t h e  l a r g e s t  open pores  of most commercially a v a i l a b l e  poly- 
c r y s t a l l i n e  g r a p h i t e s  are p e n e t r a t e d  t o  some e x t e n t  by l i q u i d  bismuth.  
S t a t i c  capsu le  tests [13] of  t h r e e  commercial g r a p h i t e s  (ATJ ,  AXF-5QBG, 
and G r a p h i t i t e  A) w e r e  conducted f o r  500 h r  at 700°C u s i n g  both h igh-pur i ty  
bismuth and Bi-3 w t  % (48  at.  %) L i .  Although p e n e t r a t i o n  by pu re  bismuth 
w a s  n e g l i g i b l e ,  t h e  a d d i t i o n  of l i t h i u m  t o  bismuth appeared t o  i n c r e a s e  
t h e  depth  of  permeat ion and, presumably, the w e t t i n g  c h a r a c t e r i s t i c s  of  
t h e  bismuth.  

g r a p h i t e  a g a i n s t  p e n e t r a t i o n  by t h e  bismuth and bismuth-l i thium a l l o y s .  
Two w e l l - e s  t a b l i s h e d  ones are (1)  m u l t i p l e  l i q u i d  hydrocarbon impregna- 
t i o n s  t h a t  are carbonized and/or  g r a p h i t i z e d  and (2) pyrocarbon c o a t i n g s .  
Another p o s s i b l e  approach is t h e  use  of carbide-forming s e a l a n t s .  Each 
of  t hese  s e a l i n g  approaches is b e i n g  eva lua ted  i n  bismuth loop  experiments .  
W e  are a l s o  s tudy ing  t h e  w e t t i n g  c h a r a c t e r i s t i c s  of g r a p h i t e  as a f u n c t i o n  
of  s u r f a c e  p r e t r e a t m e n t s  such as dedus t ing ,  a l c o h o l  wash and oven dry ,  
and vacuum degass ing  a t  700 t o  1000°C. 

F a b r i c a t i o n  of  a p rocess ing  p l a n t  from g r a p h i t e  would n e c e s s i t a t e  
g raph i t e -g raph i t e  and graphi te -meta l  j o i n t s .  
ment s t u d i e s  [ 2 5 , 2 6 ]  on both  types  o f  j o i n t s  u s ing  high-temperature  b r a z e s  
and a l s o  metals which bond by forming c a r b i d e s .  
mental  j o i n t s  show promise f o r  t h e  chemical p rocess ing  a p p l i c a t i o n .  Other  
workers [ 2 7 , 2 8 ]  have p ioneered  mechanical j o i n t s  which may b e  s a t i s f a c t o r y  
f o r  t h e  proposed a p p l i c a t i o n .  

There are several approaches t h a t  have p o t e n t i a l  f o r  s e a l i n g  a porous 

We have conducted develop- 

Several of t h e s e  exper i -  

Nickel-Base Alloys 

Nicke l  o r  a n icke l -base  a l l o y  would be  used f o r  t h e  oxide  p r e c i p i t a -  
t i o n  p o r t i o n s  of a p l a n t  based  on an ox ide  p r e c i p i t a t i o n - m e t a l  t r a n s f e r  
f l owshee t ,  f o r  f l u o r i n a t o r s  f o r  removal of uranium from molten f l u o r i d e  
mix tu res ,  and f o r  p o r t i o n s  of  t h e  p l a n t  t h a t  c o n t a i n  gaseous mixtures  of 
F2, UFg, and HF. 
f a b r i c a t i o n  and j o i n i n g  of t h i s  class of a l l o y s ,  stemming from t h e  con- 
s t r u c t i o n  of r e a c t o r s  and a s s o c i a t e d  hardware (Chap. 7) as w e l l  as f luo -  
r i d e  s a l t  p u r i f i c a t i o n  equipment. 

Although we would l i m i t  t h e  c o r r o s i o n  rate i n  cont inuous f l u o r i -  
n a t o r s  by t h e  maintenance of a f r o z e n - s a l t  f i l m  next  t o  t h e  c o n t a i n e r  
w a l l ,  t h e  chemical c o r r o s i o n  of n i c k e l  and n icke l -base  a l l o y s  has  been 
eva lua ted  a t  ORNL under t h e  severe environmental  cond i t ions  endemic t o  
f l u o r i n a t i o n  p rocesses .  Much of t h i s  i n fo rma t ion  has  evolved from f u e l -  
recovery  ope ra t ions  conducted wi th  metal l ic  r e a c t o r  f u e l  e lements  u s ing  
molten f l u o r i d e  mixtures  i n  which UF4 w a s  conver ted  t o  v o l a t i l e  UFg by 
f l u o r i n e  spa rg ing  . 
f l u o r i n e  and molten sa l t .  
t i o n  [ 2 9 ]  of two p l a n t - s c a l e  f l u o r i n a t o r s  cons t ruc t ed  of "L" n i c k e l  a t  
temperatures  ranging  from 540 t o  730°C. A number of  c o r r o s i o n  specimens 

W e  have accumulated many yea r s  of  expe r i ence  i n  t h e  

During t h e s e  s t u d i e s ,  a number of materials w e r e  exposed t o  gaseous 
Most of t h e  d a t a  were ob ta ined  dur ing  opera- 
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(20 d i f f e r e n t  materials) w e r e  l o c a t e d  i n  t h e  f l u o r i n a t o r s .  
imens had lower rates of  maximum c o r r o s i v e  a t t a c k  than  "L" n i c k e l .  The 
specimen showing t h e  least  a t t a c k ,  Hymu 80, had a maximum bu lk  l o s s  rate 
of 11 mils/month based on t o t a l  t i m e  i n  molten sa l t .  Other  c o r r o s i o n  
coupon tests a t  6 O O O C  [30] showed t h a t  INOR-1 is  a l s o  more r e s i s t a n t  t o  
co r ros ion  than  "L" n i c k e l .  

formation f o r  t h e  s e l e c t i o n  of c o n s t r u c t i o n  materials f o r  t h e  proposed 
process  a p p l i c a t i o n s .  They show t h e  importance,  however, of  i n e r t i n g  t h e  
m e t a l  s u r f a c e s  i n  a f l u o r i n a t o r  w i th  a p a s s i v e  f r o z e n - s a l t  l a y e r .  

S e v e r a l  spec-  

These o p e r a t i o n s  have a f f o r d e d  u s e f u l  g u i d e l i n e s  and background i n -  

E f f e c t  of U n c e r t a i n t i e s  on P rocess ing  

The s u c c e s s f u l  o p e r a t i o n  of  a p rocess ing  p l a n t  based on t h e  r e f e r -  
ence f lowshee t  is con t ingen t  on the  development program meet ing several 
o b j e c t i v e s .  These i n c l u d e  t h e  fo l lowing:  

1. developing  cont inuous f l u o r i n a t o r s  having an accep tab ly  low c o r r o s i o n  
rate and an  adequate  uranium removal e f f i c i e n c y ,  

P' 

cr 

2 .  i d e n t i f y i n g  materials of  c o n s t r u c t i o n  t h a t  are compatible  wi th  molten 
sal ts  and bismuth con ta in ing  r e d u c t a n t ,  

3 .  main ta in ing  t h e  c o n c e n t r a t i o n  of bismuth i n  t h e  f u e l  sa l t  r e t u r n i n g  
t o  t h e  r e a c t o r  a t  accep tab ly  low levels,  and 

4 .  developing on- l ine  i n s t r u m e n t a t i o n  necessa ry  f o r  p l a n t  o p e r a t i o n .  

The consequences o f  t h e s e  o b j e c t i v e s  n o t  b e i n g  m e t  are d i scussed  i n  t h e  
remainder of  t h i s  s e c t i o n .  

F a i l u r e  t o  Develop Continuous F l u o r i n a t o r s  

Continuous f l u o r i n a t o r s  are used a t  two p o i n t s  i n  t h e  r e f e r e n c e  flow- 
s h e e t .  The f i r s t  of t h e s e  is  t h e  pr imary f l u o r i n a t o r ,  where 99% of t h e  
uranium is removed f r o m - t h e  f u e l  s a l t  p r i o r  t o  t h e  removal of 2 3 3 P a  by 
r e d u c t i v e  e x t r a c t i o n .  The second p o i n t  is where uranium produced by de- 
cay of  233Pa is removed from t h e  secondary f l u o r i d e  sa l t  i n  t h e  pro tac-  
t in ium decay tank  c i r c u i t .  Under t h e  expected MSBR o p e r a t i n g  c o n d i t i o n s ,  
t h e  r a t i o  of  t h e  uranium t o  t h e  p ro tac t in ium c o n c e n t r a t i o n  i n  t h e  r e a c t o r  
is about  100, and removal of uranium from t h e  f u e l  s a l t  is  necessa ry  i n  
o r d e r  t o  l i m i t  t h e  q u a n t i t y  of r e d u c t a n t  r e q u i r e d  f o r  p r o t a c t i n i u m  extrac- 
t i o n  t o  an amount t h a t  is economical ly  a c c e p t a b l e .  F a i l u r e  t o  develop 
cont inuous f l u o r i n a t o r s  would s e r i o u s l y  a f f e c t  t h e  removal of  p ro tac -  
t i n ium wi th  t h e  r e f e r e n c e  f lowshee t  and would l i k e l y  r e q u i r e  t h a t  one of 
t h e  fo l lowing  a l t e r n a t i v e s  be adopted: 
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t h a t  p ro t ac t in ium b e  i s o l a t e d  by an oxide  p r e c i p i t a t i o n  p rocess ,  

t h a t  e l e c t r o l y t i c  cel ls  be developed f o r  reducing  l i t h i u m  from mol- 
t e n  L i C l  produced by hydroch lo r ina t ing  bismuth streams t h a t  c o n t a i n  
li t h i  um , 
t h a t  e l e c t r o l y t i c  cel ls  b e  developed f o r  reducing  l i t h i u m  o r  thorium 
from molten f l u o r i d e  s a l t  streams, o r  

t h a t  l a r g e r  q u a n t i t i e s  of r educ tan t  be purchased f o r  removal of 
uranium by r e d u c t i v e  e x t r a c t i o n .  

Only t h e  f i r s t  two of  t h e s e  a l t e r n a t i v e s  are cons idered  

Compa t ib i l i t y  of  Materials wi th  Process  F l u i d s  

The s u c c e s s f u l  o p e r a t i o n  of p rocess ing  p l a n t s  basec 

a t t rac t ive .  

on t h e  r e f e r e n c e  
f lowshee t  o r  on alternate methods, such as ox ide  p r e c i p i t a t i o n ,  is com- 
p l e t e l y  dependent on t h e  a v a i l a b i l i t y  of s u i t a b l e  materials of cons t ruc-  
t i o n  f o r  t h e  p rocess ing  p l a n t .  The most c r i t i ca l  of  t h e s e  is concerned 
wi th  t h e  containment of bismuth,  s i n c e  no alternate ra re -ea r th  removal 
method t o  t h e  metal t r a n s f e r  p rocess  i s  known. 

Entrainment of Bismuth i n  Fue l  S a l t  

The molten f l u o r i d e  f u e l  salt  w i l l  b e  con tac t ed  wi th  bismuth a t  sev- 
eral  p o i n t s  i n  t h e  p rocess ing  p l a n t  i n  o r d e r  t o  s e l e c t i v e l y  remove p r o t -  
ac t in ium o r  f i s s i o n  products .  S ince  n i c k e l  is  q u i t e  s o l u b l e  i n  metall ic 
bismuth,  i t  w i l l  b e  necessa ry  t o  ma in ta in  t h e  c o n c e n t r a t i o n  of  bismuth 
i n  t h e  f u e l  s a l t  r e t u r n i n g  t o  t h e  r e a c t o r  at low levels.  W e  p r e s e n t l y  
do n o t  know what c o n c e n t r a t i o n  of bismuth i n  f u e l  sa l t  would b e  accept -  
ab le ;  however, w e  assume t h a t  t h e  a l lowable  bismuth concen t r a t ion  would 
b e  cons ide rab ly  lower than  1 ppm. 
bismuth i n  f u e l  s a l t  have been unsuccess fu l  t o  da t e ;  however, thermody- 
namic c o n s i d e r a t i o n s  l e a d  to t h e  conclus ion  t h a t  t h e  s o l u b i l i t y  is  con- 
s i d e r a b l y  lower than  1 ppm. 
concen t r a t ion  t h a t  is t o l e r a b l e  i n  MSBR f u e l  sa l t  and t o  dev i se  methods 
f o r  ma in ta in ing  adequate ly  low bismuth concen t r a t ions  i n  the  f u e l  s a l t .  

Attempts t o  measure t h e  s o l u b i l i t y  of  

It w i l l  be necessa ry  t o  i d e n t i f y  t h e  bismuth 

F a i l u r e  t o  Develop On-Line Ins t rumen ta t ion  

We a n t i c i p a t e  t h a t  on- l ine  i n s t r u m e n t a t i o n  w i l l  b e  a v a i l a b l e  f o r  
moni tor ing  o p e r a t i o n  of t h e  p rocess ing  system and f o r  ensu r ing  t h a t  t h e  
f u e l  s a l t  r e t u r n e d  t o  t h e  r e a c t o r  does n o t  c o n t a i n  p o t e n t i a l l y  harmful  
materials. The in s t rumen ta t ion  requirements  are n o t  r i g i d ,  s i n c e  meas- 
urement of any of several q u a n t i t i e s  would provide  informat ion  on t h e  
g e n e r a l  s ta te  of o p e r a t i o n  of t h e  p rocess ing  p l a n t .  It would be q u i t e  
u s e f u l ,  a l though probably n o t  necessa ry ,  i f  measurements could be made 
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cont inuous ly  of t h e  concen t r a t ion  of uranium, p ro tac t in ium,  bismuth,  and 
chromium as w e l l  as t h e  redox p o t e n t i a l  of t h e  s a l t  l e a v i n g  t h e  p r o c e s s i n g  
p l a n t .  I f  on- l ine  in s t rumen ta t ion  could  n o t  b e  r e l i e d  upon, i t  would 
probably be necessa ry  t h a t  processed  sal t  b e  he ld  long  enough b e f o r e  b e i n g  
r e t u r n e d  t o  t h e  r e a c t o r  f o r  t h e  d e s i r e d  ana lyses  t o  be made. The f u e l -  
sa l t  inven to ry  would i n c r e a s e  about l o%,  wi th  an accompanying i n c r e a s e  
of about 0.04 mill/kWhr i n  t h e  f u e l  c y c l e  c o s t ,  i f  a one-day holdup w e r e  
r equ i r ed .  

F 

Lx' 

Fur the r  Work Required t o  Demonstrate P rocess ing  Technology 

Experimental  work c a r r i e d  ou t  t o  d a t e  on p rocess ing  has  demonstrated 
t h e  chemical  f e a s i b i l i t y  of the v a r i o u s  p rocess  s t e p s .  Most of  t h e  
f u r t h e r  work t h a t  is r e q u i r e d  t o  demonst ra te  p r o c e s s i n g  technology is  
r e l a t e d  t o  t h e  o p e r a t i o n  of  equipment items of a s u f f i c i e n t  s i z e  t h a t  
e v a l u a t i o n  and design can b e  c a r r i e d  ou t  f o r  t h e  p rocess ing  system f o r  
a 1000-MW(e) MSBR. 

The work r e q u i r e d  on f l u o r i n a t i o n  and f u e l  r e c o n s t i t u t i o n  c o n s i s t s  
of s t u d i e s  of t h e  chemistry involved wi th  t h e s e  s t e p s ,  t h e  o p e r a t i o n  of  
a f l u o r i n a t i o n  f a c i l i t y  t h a t  w i l l  b e  about  25% of t h e  s i z e  r e q u i r e d  f o r  
removing uranium from a 1000-MW(e) MSBR, eng inee r ing  s t u d i e s  of  f u e l  re- 
c o n s t i t u t i o n ,  and t h e  o p e r a t i o n  of  a combined f l u o r i n a t i o n - r e c o n s t i t u t i o n  
f a c i l i t y  t h a t  w i l l  b e  about  25% of t h e  s i z e  r e q u i r e d  f o r  a 1000-MW(e) 
MSBR. A t  t h e  end of  t h i s  t i m e ,  s u f f i c i e n t  i n fo rma t ion  should  b e  avail- 
a b l e  t o  a l low t h e  e v a l u a t i o n  and des ign  of cont inuous f l u o r i n a t o r s  and 
f u e l  r e c o n s t i t u t i o n  systems f o r  f u l l - s c a l e  p rocess ing  p l a n t s .  It is  
es t ima ted  t h a t  t h i s  work w i l l  r e q u i r e  about  t h r e e  y e a r s  f o r  complet ion.  

ac t in ium c o n s i s t s  of  hydrodynamic s t u d i e s  of  c o u n t e r c u r r e n t  c o n t a c t  of 
sa l t  and bismuth i n  molybdenum equipment, o p e r a t i o n  of  t h e  cont inuous 
r e d u c t i v e  e x t r a c t i o n  process  f a c i l i t y  (25% of 1000-MW(e) MSBR scale) , 
and an eng inee r ing  demonstrat ion of t h e  s t e p s  involved  i n  i s o l a t i o n  of 
p ro tac t in ium us ing  r e p r e s e n t a t i v e  p r o t a c t i n i u m  c o n c e n t r a t i o n s .  
w i l l  r e q u i r e  about  3.5 yea r s  f o r  complet ion.  

o p e r a t i o n  of  eng inee r ing  experiment MTE-3 (1% of 1000-MW(e) MSBR s c a l e )  
and o p e r a t i o n  of  eng inee r ing  experiment MTE-4 ( 5  t o  10% of  1000-MW(e) MSBR 
s c a l e ) .  This work w i l l  r e q u i r e  about  three y e a r s  f o r  completion. 

The f i n a l  area of work r equ i r ed  f o r  demonst ra t ing  t h e  p rocess ing  
technology c o n s i s t s  of  o p e r a t i o n  of an i n t e g r a t e d  p rocess ing  experiment .  
The system w i l l  b e  between 25% and 100% of 1000-MW(e) MSBR scale and w i l l  
c o n t a i n  a l l  s t e p s  r e q u i r e d  i n  t h e  p r o c e s s i n g  p l a n t .  With a r e a s o n a b l e  
funding level,  t h i s  work could b e  completed w i t h i n  t h e  nex t  s i x  y e a r s .  

The work remaining on t h e  r e d u c t i v e  e x t r a c t i o n  of uranium and p r o t -  

This  work 

Work on r a r e - e a r t h  removal by t h e  m e t a l  t r a n s f e r  p r o c e s s  c o n s i s t s  of 
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Overall Evalua t ion  of  P rocess ing  Capab i l i t y  

W e  b e l i e v e  t h a t  the p r o b a b i l i t y  is q u i t e  high t h a t  we w i l l  b e  a b l e  
t o  develop t h e  technology r e q u i r e d  f o r  p rocess ing  t h e  f u e l  s a l t  from an 
MSBR. 
ac t in ium by t h e  f l u o r i n a t i o n - r e d u c t i v e  e x t r a c t i o n  method; however, i f  
some d i f f i c u l t y  does arise, oxide  p r e c i p i t a t i o n  appears  t o  r e p r e s e n t  a 
v i a b l e  alternate method f o r  p r o t a c t i n i u m  i s o l a t i o n .  
n a t i o n  is p rogres s ing  w e l l  and is expected t o  cu lmina te  i n  t h e  s u c c e s s f u l  
development of cont inuous f l u o r i n a t o r s .  

q u i r e s  t h e  use of  molten bismuth con ta in ing  r e d u c t a n t ,  several cand ida te  
materials of c o n s t r u c t i o n  f o r  t h i s  p o r t i o n  of t h e  p l a n t  appear  t o  be  ac- 
c e p t a b l e .  W e  expec t  t h a t  c a r e f u l  des ign  of  salt-metal c o n t a c t o r s  w i l l  
p revent  en t ra inment  of bismuth i n  t h e  f u e l  sa l t  and t h a t  t h e  concentra-  
t i o n  of  bismuth can b e  reduced t o  t h e  r e q u i r e d  low levels,  On-line in -  
s t ruments  have been developed f o r  u s e  i n  p rocess ing  experiments ,  and 
e f f o r t s  t o  develop t h e  a d d i t i o n a l  i n s t r u m e n t a t i o n  r equ i r ed  f o r  a process-  
i n g  p l a n t  should be  s u c c e s s f u l .  

W e  p r e s e n t l y  know of  no major o b s t a c l e s  t o  t h e  i s o l a t i o n  of p r o t -  

The work on f l u o r i -  

Although t h e  metal t r a n s f e r  process  f o r  removal of rare e a r t h s  re- 
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12.  MAINTENANCE 

E .  C .  H i s e ,  R. N.  Haubenreich,  R. B.  Briggs 

Concept 

The maintenance of r e a c t o r s  r e g u i r e s  t h e  performance of v a r i o u s  
mechanical o p e r a t i o n s  on equipment which, because of r a d i o a c t i v e  con- 
t amina t ion  and a c t i v a t i o n ,  i s  n o t  d i r e c t l y  a c c e s s i b l e  t o  maintenance 
personnel .  Depending upon t h e  level  of a c t i v i t y ,  t h e  s i z e  of equip- 
ment, and t h e  des ign  p r o v i s i o n s  f o r  maintenance, anyth ing  from s imple  
l o c a l  s h i e l d i n g  t o  f u l l y  remote manipula t ion  may b e  r equ i r ed .  The 
t i m e  r equ i r ed  t o  do maintenance and t h e  c o s t  of t h e  maintenance pro- 
v i s i o n s  i n c r e a s e  w i t h  t h e  degree  of remoteness r equ i r ed .  

The c i r c u l a t i n g - f u e l  r e a c t o r  has  f i s s i o n  products  and i n t e n s e  
r a d i a t i o n  t o  contend w i t h  n o t  on ly  i n  t h e  r e a c t o r  vessel b u t  a l s o  i n  
a l l  of t h e  primary c i r c u i t  through which t h e  f u e l  sa l t  c i r c u l a t e s  and 
i n  t h e  of f -gas  system. I f  t h e  f u e l  p rocess ing  p l a n t  i s  i n t e g r a l  o r  
o n - s i t e  as i t  w i l l  b e  f o r  an MSBR, t h e  maintenance of t h a t  p l a n t  is  
e s s e n t i a l l y  p a r t  of r e a c t o r  maintenance. Thus t h e  c i r c u l a t i n g - f u e l  
r e a c t o r  r e q u i r e s  r a d i o a c t i v e  maintenance of  a g r e a t e r  scope than  does 
a f i x e d - f u e l  r e a c t o r .  
s imp le r ,  t h e  r a d i o a c t i v i t y  i s  r e t a i n e d  o n - s i t e  w i t h i n  one containment ,  
and t h e  n e c e s s i t y  of a s e p a r a t e  maintenance o r g a n i z a t i o n  and equipment 
f o r  a f u e l  r ep rocess ing  p l a n t  a t  ano the r  s i t e  i s  avoided.  

a c t i v i t y  level  of t h e  components i n  a r e a c t o r ,  much can b e  done i n  t h e  
des ign  s t a g e s  of a p l a n t  t o  i n f l u e n c e  s t r o n g l y  t h e  degree  of a c c e s s i -  
b i l i t y  and t h e  complexi ty  of  t h e  maintenance ope ra t ion .  
concept  f o r  an MSBR i s  c h a r a c t e r i z e d  by t h e  gene ra l  p r i n c i p l e s :  

On t h e  o t h e r  hand, t h e  r e f u e l i n g  o p e r a t i o n  i s  

Although maintenance des ign  e f f o r t s  cannot  a f f e c t  t h e  s i z e  and 

The maintenance 

1. Each system is  composed of  manageable u n i t s  j o i n e d  by s u i t a b l e  
d i sconnec t s .  

2 .  Each u n i t  is  a c c e s s i b l e  and r e p l a c e a b l e  from d i r e c t l y  above through 
removable s h i e l d i n g .  

3. F a i l e d  u n i t s  are removed and r ep laced .  

The concept is  desc r ibed  s u c c i n c t l y  i n  t h e  fo l lowing  quote  [l] as 
a p p l i e d  t o  t h e  MSRE. 

"Reduced t o  fundamentals ,  t h e  MSRE i s  a c o l l e c t i o n  of 
component p a r t s  which are capable  of be ing  d isconnec ted  and 
reconnected  remotely.  Access t o  t h e s e  u n i t s  i s  provided 
through removable s h i e l d i n g  s e c t i o n s  t h a t  make up t h e  r o o f s  
of t h e  v a r i o u s  cel ls .  A p o r t a b l e  maintenance s h i e l d  i s  in-  
s t a l l e d  ove r  t h e  component, t h e  roof  s e c t i o n  i s  removed, and 
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long-handled t o o l s  are used t o  do t h e  manipula t ions  t h a t  are 
requ i r ed .  This p o r t a b l e  s h i e l d  p rov ides  s h i e l d i n g ,  access 
h o l e s ,  l i g h t i n g ,  and maneuverab i l i t y .  The t o o l s  are, f o r  t h e  
most p a r t ,  s imple ,  s t r o n g ,  and s i n g l e  purpose.  Pe r i scopes  
and l e a d  g l a s s  windows i n  t h e  s h i e l d  provide  viewing i n  t h e  
work area. A l l  p r e p a r a t i o n s  f o r  removal are done completely 
w i t h  t h e  p o r t a b l e  s h i e l d .  A f t e r  l a r g e  components are prepared  
f o r  removal w i t h  t h e  same t echn ique ,  they are removed by means 
of a c r a n e  ope ra t ed  by pe r sonne l  i n s i d e  a s h i e l d e d  c o n t r o l  room 
w i t h  c l o s e d - c i r c u i t  t e l e v i s i o n  and l i q u i d - f i l l e d  windows f o r  
viewing. S m a l l  components are removed by u s e  of s u i t a b l e  
t r a n s p o r t  s h i e l d s .  A hot-equipment s t o r a g e  c e l l  and a de- 
contaminat ion  c e l l  can b e  reached by t h e  c rane  s o  t h a t  con- 
taminated equipment can b e  d isposed  of conven ien t ly .  

"The a b i l i t y  t o  completely d i sconnec t  a p a r t i c u l a r  
component i s  b a s i c  t o  t h i s  system. The d i sconnec t s  must 
b e  remotely ope rab le  by t h e  long-handled t o o l s .  They must 
b e  r e l i a b l e  b o t h  f o r  t h e  s e r v i c e  c o n d i t i o n s  and f o r  t h e  
h i g h  r a d i a t i o n  and i n  some cases  must s a t i s f y  n u c l e a r  
s a f e t y  c o n s i d e r a t  i o n s  of containment l e a k  t i g h t n e s s  and 
l e a k  d e t e c t a b i l i t y .  A number of d i f f e r e n t  d i sconnec t s  
are used at  t h e  MSRE f o r  t h e  v a r i o u s  a p p l i c a t i o n s .  Almost 
all t h e  p i p i n g  i n  such a u x i l i a r y  systems as t h e  o f f g a s ,  
l u b r i c a t i n g  o i l ,  a i r ,  and coo l ing  water systems have 
s t a n d a r d  r i n g  j o i n t  f l a n g e s ,  w i th  minor m o d i f i c a t i o n s .  
S p e c i a l  d e s i g n s  were used f o r  l e a k  d e t e c t o r  t ub ing ,  
thermocouple, e l e c t r i c a l  and in s t rumen t  l e a d s .  

The maintenance philosophy i n  use  f o r  most p a r t s  I 1  

of t h e  MSRE is t o  r e p l a c e  a f a i l e d ,  contaminated u n i t  
w i t h  a s p a r e  component. Spares are b u i l t  i n  j i g s  t o  
a s s u r e  i n t e r c h a n g e a b i l i t y .  P i eces  t h a t  are s m a l l  and 
n o t  t oo  r a d i o a c t i v e  are p a r t l y  decontaminated and re- 
p a i r e d  by d i r e c t  con tac t  w i th  t h e  h e l p  of l o c a l  s h i e l d -  
i n g  t o  reduce t h e  r a d i a t i o n  l e v e l .  To s a t i s f y  t h e  re- 
qui rements  of t h e  MSRE, a c o n s t a n t  review w a s  made of 
t h e  component and i n s t a l l a t i o n  des ign  t o  i n s u r e  t h a t  
i t  w a s  ma in ta inab le  and, where necessa ry ,  mockups w e r e  
cons t ruc t ed  t o  assist i n  guid ing  t h e  d e s i g n e r s  . ' I  

A d e t a i l e d  d e s c r i p t i o n  of t h e  MSRE maintenance sys tem is  g iven  i n  
r e f e r e n c e  2.  I n  t h e  MSRE, only t h e  s i m p l e s t  of i n s p e c t i o n s  and r e p a i r s  
could b e  done on f a i l e d  equipment i n  t h e  c e l l  t h a t  w a s  p rovided .  In  an  
MSBR, economy would d i c t a t e  a l a r g e r  ce l l  w i t h  t h e  c a p a b i l i t y  of r e p a i r -  
i n g  l a r g e  and expens ive  equipment i t e m s .  
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Technologica l  Background 

During t h e  p a s t  15 y e a r s  o r  s o ,  t h e  n u c l e a r  i n d u s t r y  has  acqu i r ed  a 
g r e a t  d e a l  of expe r i ence  i n  t h e  maintenance of r a d i o a c t i v e  systems. Some 
h a s  come from having  t o  make repa i rs  under very  d i f f i c u l t  c o n d i t i o n s .  A 
few such j o b s  have n e c e s s i t a t e d  u n d e s i r a b l e  exposure of pe r sonne l ;  o t h e r s  
have r equ i r ed  ingenious  dev ices  and very long  t i m e s  t o  accomplish. A l -  
though t h e s e  f e a t s  have been i n s t r u c t i v e ,  they are n o t  models t o  fo l low.  
The goa l  i n  des ign ing  a r e a c t o r  is n o t  on ly  t o  make maintenance p o s s i b l e ,  
bu t  t o  make i t  as s u r e ,  as s a f e  and as economical as i t  can be .  The k ind  
of expe r i ence  t h a t  p o i n t s  t h e  way is  t h a t  acqu i r ed  w i t h  those  p l a n t s  i n  
which maintenance w a s  planned, provided f o r ,  and uneven t fu l ly  c a r r i e d  out  
d e s p i t e  h i g h  levels of r a d i o a c t i v i t y .  There has  been exper ience  of t h i s  
s o r t  i n  v a r i o u s  USAEC i n s t a l l a t i o n s ,  bo th  w i t h  r e a c t o r s  and wi th  chemical 
p rocess ing  p l a n t s ,  t h a t  p rovides  a broad t e c h n o l o g i c a l  b a s i s  f o r  develop- 
i n g  t h e  maintenance system f o r  an  MSBR. 

A t  ORNL w e  have ope ra t ed  f o u r  c i r c u l a t i n g - f u e l  r e a c t o r s  (ARE, HRE-1, 
HRE-2, and MSRE) , b e s i d e s  p rocess ing  f a c i l i t i e s  of v a r i o u s  k i n d s .  A l -  
though t h e  l e v e l  of r a d i o a c t i v i t y  v a r i e d ,  they a l l  had complex systems 
f o r  c i r c u l a t i n g ,  p rocess ing ,  and s t o r i n g  r a d i o a c t i v e  materials whose ac- 
t i v i t y  l e v e l s  denied  d i r e c t  a c c e s s .  The need f o r  maintenance w a s  recog- 
n i z e d  i n  advance, and p r o v i s i o n s  w e r e  made i n  t h e i r  des ign .  Development 
programs a l s o  inc luded  maintenance p l ann ing  and p r a c t i c e .  Some of t h e  
ORNL expe r i ence  wi th  maintenance has  been widely r e p o r t e d .  The prepara-  
t i o n s  f o r  maintenance of t h e  MSRE, t h e  o r g a n i z a t i o n ,  and t h e  conduct of 
t h e  maintenance o p e r a t i o n s  a c t u a l l y  performed on t h e  MSRE are desc r ibed  
i n  r e f e r e n c e  4 and t h e  MSR Program semiannual p rogres s  r e p o r t s  from 1967 
through 1971. 

MSRE P r e D a r a t  i o n s  

P r e p a r a t i o n s  f o r  ma in ta in ing  t h e  MSRE began w i t h  t h e  involvement of  
maintenance s p e c i a l i s t s  i n  t h e  des ign ,  and cont inued  through t h e  cons t ruc-  
t i o n  and s t a r t u p  phases [ 4 ] .  The f i r s t  scheme v i s u a l i z e d  f o r  t h e  MSRE 
f e a t u r e d  a bridge-mounted man ipu la to r ,  o p e r a t i n g  i n  an enc losed  space  
above t h e  r e a c t o r  c e l l  and c o n t r o l l e d  remotely wi th  t h e  a i d  of t e l e v i s i o n .  
(A  maintenance development f a c i l i t y  i n c l u d i n g  a manipula tor ,  viewing de- 
v i c e s ,  and equipment mockups had been used a t  ORNL t o  show t h e  f e a s i b i l i t y  
of t h i s  approach.)  Smal le r  j obs  i n  t h e  MSRE w e r e  t o  b e  done by t h e  s e m i -  
remote technique  proved i n  t h e  HRE-2, u s i n g  s i m p l e ,  long-handled t o o l s  
manipulated by hand through s m a l l  p e n e t r a t i o n s  i n  a p o r t a b l e  s h i e l d  s e t  
up over  an opening i n  t h e  ce l l ' s  conc re t e  r o o f .  
showed t h a t  a l l  t h e  maintenance work a n t i c i p a t e d  i n  t h e  MSRE could b e  done 
i n  t h i s  s imple r  way, and t h e  manipula tor  i d e a  w a s  set a s i d e .  

The MSRE p o r t a b l e  maintenance s h i e l d  w a s  a set of t r a c k s  and s e v e r a l  
12-inch-thick steel  s l a b s ,  w i th  h o l e s  f o r  t o o l s  and viewing d e v i c e s ,  t h a t  
r o l l e d  on t h e  tracks. I n s e r t s  f o r  t h e  h o l e s  inc luded  s h i e l d i n g  windows, 
l i g h t s ,  and s p l i t  bushings  t o  f i t  around t o o l  s h a f t s .  
movement w a s  r e q u i r e d ,  bags  of steel  s h o t  around t h e  s h a f t  blocked t h e  

Design and p l ann ing  soon 

When very f r e e  t o o l  
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r a d i a t i o n .  L i f t i n g  devices  permi t ted  t h e  remotely c o n t r o l l e d  b u i l d i n g  
crane t o  remove s h i e l d  b locks  o r  major equipment items. Each removable 
i t e m  had a b a i l  a t  t h e  c e n t e r  of g r a v i t y  o r  o t h e r  p r o v i s i o n s  t o  s i m p l i f y  
l i f t i n g .  Guides w e r e  provided where n e c e s s a r y  t o  steer replacement p a r t s  
i n t o  p l a c e .  To e n s u r e  proper  f i t ,  j i g s  w e r e  b u i l t  f o r  a l l  t h e  major re- 
p l a c e a b l e  components. The 5-inch sa l t  l i n e s  w e r e  provided w i t h  f l a n g e s  
t h a t  used f r o z e n  s a l t  as a b a r r i e r  t o  keep molten s a l t  away from t h e  r i n g  
gaske t .  Machines were developed (and f i x t u r e s  i n s t a l l e d  i n  t h e  c e l l  f o r  
them) t h a t  could c u t  t h e  l-1/2-inch l i n e s  t o  t h e  d r a i n  t anks ,  p r e p a r e  t h e  
ends,  b r i n g  o l d  and new p i e c e s  t o g e t h e r ,  and j o i n  them by b r a z i n g .  The 
only t o o l s  r e q u i r e d  f o r  most o p e r a t i o n s  were s imple ,  long-handled hooks,  
wrenches, and clamps c h a r a c t e r i z e d  by t h e i r  r e l i a b i l i t y  r a t h e r  than  by 
t h e i r  v e r s a t i l i t y .  

During t h e  i n s t a l l a t i o n  of  t h e  r e a c t o r  equipment and t h e  prepower 
t e s t i n g ,  many of  t h e  maintenance p r o v i s i o n s  w e r e  t e s t e d .  A l l  of t h e  p r i -  
mary loop w a s  assembled on a l a r g e  j i g  b e f o r e  going i n t o  t h e  cel l  and 
o p t i c a l  t o o l i n g  w a s  used t o  l o c a t e  p r e c i s e l y  r e f e r e n c e  p o i n t s  i n  t h e  c e l l .  
Maintenance i t e m s  t h a t  were t e s t e d  inc luded  t h e  c r a n e ,  l i f t i n g  and viewing 
d e v i c e s ,  and a l l  k i n d s  of d i s c o n n e c t s .  Freeze f l a n g e s  w e r e  opened and 
c losed;  a c e l l  s p a c e  c o o l e r ,  t h e  c o n t r o l  rods ,  rod d r i v e s  and a c o r e  
sample a r r a y  were removed and r e p l a c e d ;  t h e  primary h e a t  exchanger and 
f u e l  pump bowl were i n s t a l l e d  u s i n g  i n  p a r t  t h e  remote maintenance provi -  
s i o n s .  A f t e r  t h e  n u c l e a r  s t a r t u p  experiments  t h e  f u e l  pump r o t a r y  element  
w a s  removed, i n s p e c t e d  and r e i n s t a l l e d .  During t h i s  t i m e  p e r s o n n e l  were 
t r a i n e d  and procedures  w e r e  p e r f e c t e d .  

Extent  of MSRE Experience 

The semi-remote j o b s  t h a t  w e r e  accomplished i n  t h e  r e a c t o r  and d r a i n  
tank cel ls  d u r i n g  t h e  4 - 1 / 2  y e a r s  of  n u c l e a r  o p e r a t i o n  are summarized i n  
Table  12.1.  With t h e  except ion  of those  c a r r i e d  o u t  i n  1965 ( b e f o r e  high- 
power o p e r a t i o n ) ,  a l l  o f  t h e  j o b s  involved  components t h a t  w e r e  l o c a t e d  
i n  r a d i a t i o n  f i e l d s  of several thousand R/hr. The r a d i o a c t i v i t y  of  t h e  
items t h a t  w e r e  removed v a r i e d  widely;  some, such as t h e  specimens t h a t  
w e r e  removed from t h e  core  5 t o  7 days a f t e r  shutdown, would have read 
several hundred R/hr a t  several f e e t  i f  they  had been unshie lded .  A l l  o f  
t h e  j o b s  involved  u s e  of t h e  remote maintenance c o n t r o l  room, a t  l eas t  
f o r  s e t t i n g  up and removing t h e  maintenance s h i e l d .  The c e l l  top mem- 
b rane  w a s  c u t ,  welded, and i n s p e c t e d  each t i m e  maintenance w a s  done. 

I n  a d d i t i o n  t o  t h e  maintenance i n  t h e  r e a c t o r  and d r a i n  tank c e l l s ,  
t h e r e  w e r e  s e v e r a l  j o b s  i n v o l v i n g  h i g h l y  r a d i o a c t i v e  components i n  o t h e r  
p a r t s  of t h e  b u i l d i n g .  Valves and f i l t e r s  i n  t h e  off-gas  system w e r e  
removed and r e p l a c e d ,  and h e a t e r s  w e r e  i n s t a l l e d  on t h e  i n l e t s  of  t h e  
off-gas  c h a r c o a l  beds.  The f u e l  sampler-dr ive mechanism had t o  b e  re- 
p a i r e d  on several occas ions ,  which r e q u i r e d  t h a t  a temporary wood-and- 
p l a s t i c  containment e n c l o s u r e  b e  set  up i n s i d e  t h e  r e a c t o r  b u i l d i n g .  

The pos t -opera t ion  examinat ions c a r r i e d  o u t  between November 1970 
and February 1971 involved viewing i n  t h e  c o r e  and i n  t h e  f u e l  pump, 
c u t t i n g  o u t  several  p a r t s  o f  t h e  f u e l  s a l t  system, and p lugging  some 
l i n e s  [5] .  The g e n e r a l  technique w a s  t h e  same as was used i n  m a i n t a i n i n g  

F 
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Table 12.1. Semi-remote work in MSRE reactor and drain cells after beginning of nuclear operationa 

Remove, inspect, replace fuel-pump rotary element (9/65) 
Inspect core and reactor vessel, remove broken graphite (9/65) 
Remove and/or replace core sample array (9/65, 9 /66 ,5 /67 ,4 /68 ,6 /69 ,  12/69) 
Remove flow restrictor in equalizer line in reactor cell (2/66) 
Install thermocouple on off-gas line in reactor cell (3/66) 
Install and remove temporary heater on gas lines at FP (8-9/66, 11/66) 
Rod out off-gas line at fuel pump exit (11/66,4/68, 12/68) 
Replace fuel pump off-gas jumper line (9/66, 12/66,4/68) 
Replace overflow tank vent line (6/69) 
Install permanent heater on off-gas line at fuel pump (6/69) 
Remove and replace control-rod drive (9/66, 5/67,4/68, 1/69,6/69) 
Replace control rod (9/66,6/69) 
Remove, inspect, reinstall control rod (1/69) 
Remove, repair, reinstall heaters on primary HX (3-4/68) 
Replace reactor cell space cooler motor (6/65) 
Remove, repair leaks, replace reactor cell space cooler (8-9/66) 
Replace reactor cell space cooler (5/67) 
Replace air-line disconnects in reactor cell and drain cell (1/67, 7/69) 
Remove, repair, replace air control valve in reactor cell (12/66) 
Measure gamma spectra from components in reactor cell (5/67,4/68, 6/69, 11/69) 
Visually scan reactor cell (5-6/67, 2/68) 
Visually scan drain cell (6/67) 
Install and remove sampler-enricher on drain tank (8-9/68) 

aLow-power experiments began in June 1965; high-power operation in April 1966. 
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t h e  r e a c t o r :  long-handled t o o l s  through t h e  maintenance s h i e l d .  Some of  
t h e  t o o l s  were q u i t e  d i f f e r e n t ,  however, t o  handle  t h e  s p e c i a l  tasks. 

The c o n t r o l  rods  and d r i v e s  w e r e  removed, t h e  10-inch c o r e  access 
p l u g  w i t h  t h e  rod thimbles  w a s  taken o u t ,  and a s e c t i o n  of rod thimble 
w a s  cu t  o f f  w i t h  a g r i n d i n g  wheel. A g r i n d i n g  wheel,  mounted on a s p e c i a l  
t o o l ,  w a s  a l s o  used t o  c u t  through t h e  pump tank  around t h e  sampler cage 
s o  t h a t  i t  could b e  removed. An 11-inch s e c t i o n  of t h e  h e a t  exchanger 
s h e l l  w a s  cu t  ou t  wi th  a plasma t o r c h ,  t h e n  s e c t i o n s  of 6 tubes  w e r e  c u t  
wi th  an a b r a s i v e  c u t o f f  t o o l  and removed f o r  i n s p e c t i o n .  Examination 
showed t h a t ,  as s u s p e c t e d ,  a s m a l l  amount of s a l t  (%2 i n . 3 )  had leaked  
n e a r  a f r e e z e  valve i n  a d r a i n  l i n e .  The f r e e z e  v a l v e  and a d j a c e n t  
p i p i n g  w a s  cu t  out  and removed. The h o l e s  i n  t h e  pump tank and t h e  h e a t  
exchanger s h e l l  w e r e  patched,  t h e  l a t t e r  by welding,  and p l u g s  w e r e  i n -  
s t a l l e d  i n  t h e  severed  ends of t h e  d r a i n  l i n e s .  

Conclusions from MSRE 

Although t h e  major components of t h e  f u e l  system, whose replacement 
would have been more complicated than any job  t h a t  w a s  done, r e q u i r e d  no 
maintenance, t h e  MSRE exper ience  w a s  of  s u f f i c i e n t  e x t e n t  t o  thoroughly 
tes t  t h e  g e n e r a l  s t r a t e g y  and many of t h e  s p e c i f i c  d e s i g n  f e a t u r e s .  

The MSRE maintenance w a s  r e l i a b l e :  no job a r o s e  t h a t  could n o t  b e  
done. An important  f a c t o r  i n  t h i s  w a s  t h e  f l e x i b i l i t y  of  t h e  maintenance 
system which allowed o b s t a c l e s  t o  b e  circumvented and unforeseen  j o b s  
(such as t h o s e  i n  t h e  off-gas  system) t o  b e  accomplished. 

t i o n  i s  tremendous i n  t h e  case of  r a d i o a c t i v e  maintenance. Jobs such as 
r e p l a c i n g  t h e  c o r e  specimens went very  quick ly  compared t o  o t h e r s  t h a t  
w e r e  b a s i c a l l y  less d i f f i c u l t ,  b u t  f o r  which no s p e c i a l  p r o v i s i o n s  had 
been made. 

E s p e c i a l l y  v a l u a b l e  informat  i o n  on f i ss ion-product  contaminat ion 
came from t h e  MSRE exper ience .  Noble gases  behaved p r e d i c t a b l y  and could 
b e  purged b e f o r e  systems w e r e  opened. Sa l t - seeking  f i s s i o n  products  w e r e  
no problem - t h e  s a l t  d r a i n e d  c l e a n l y  and any t h a t  w a s  t rapped  f r o z e  and 
r e t a i n e d  t h e  f i s s i o n  products .  There w a s  no c o r r o s i o n  f i l m  o r  scale t o  
f l a k e  o f f  and form d u s t .  A t  least  p a r t  of t h e  n o b l e  metals t h a t  d e p o s i t e d  
on s u r f a c e s  i n  t h e  off-gas  system were f a i r l y  e a s i l y  t r a n s f e r r a b l e ,  b u t  
p a r t i c u l a t e  contaminat ion w a s  g e n e r a l l y  conf ined  t o  t h e  t o o l s  , which w e r e  
swabbed and bagged as they w e r e  p u l l e d  from t h e  s h i e l d .  I o d i n e  t h a t  w a s  
produced by t h e  decay of t e l l u r i u m  on s u r f a c e s  soon appeared i n  t h e  gas .  
V e n t i l a t i o n  a i r  from t h e  r e a c t o r  b u i l d i n g  and from t h e  containment ce l l s  
w a s  passed through p a r t i c u l a t e  f i l t e r s  and up a s t a c k .  The g r e a t e s t  
amount of a c t i v i t y  d ischarged  i n  any week w a s  less than 0.2 C i  (mostly 
i o d i n e )  and occurred  d u r i n g  work on t h e  off-gas  system. 

o r d e r  of several thousand R/hr w h i l e  maintenance work w a s  going on, t h e  
g e n e r a l  background t o  which workers were exposed w h i l e  manipula t ing  t o o l s  
w a s  on ly  about 0 .01 R/hr.  Procedures w e r e  planned t o  minimize p e r s o n n e l  
exposure i n  l o c a l l y  h i g h e r  r a d i a t i o n  f i e l d s  and t h e  work w a s  never  seri-  
ous ly  inconvenienced by having  t o  r o t a t e  workers .  No maintenance worker 
ever r e c e i v e d  more than t h e  normal l i m i t  of 3 r e m  i n  any q u a r t e r .  

The exper ience  w i t h  t h e  MSRE emphasized t h a t  t h e  payoff f o r  prepara-  

Although r a d i a t i o n  levels i n  t h e  r e a c t o r  c e l l  were t y p i c a l l y  on t h e  
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Reference Design MSBR 

I n  des ign ing  and p lanning  f o r  t h e  maintenance of t h e  MSBR w e  have 
eva lua ted  and adapted t h e  exper ience  w i t h  t h e  MSRE and o t h e r  r a d i o a c t i v e  
systems.  The maintenance system, as a p p l i e d  t o  t h e  r e f e r e n c e  MSBR, is 
d i scussed  i n  some d e t a i l  i n  ORNL-4541 [ 6 ] .  

MSBR maintenance requirements  f i t  i n t o  t h e  fo l lowing  fou r  gene ra l  
classes . 

Class I - Permanent Equipment. - This  ca tegory  con ta ins  a l l  those  
i t e m s  which can reasonably be  expected t o  r e q u i r e  no maintenance du r ing  
t h e  des ign  l i f e t i m e  of t h e  p l a n t .  Examples are t h e  r e a c t o r  v e s s e l ,  t h e  
pump v e s s e l s ,  pr imary h e a t  exchanger s h e l l s  , t h e  f u e l - s a l t  d r a i n  tank ,  
thermal  s h i e l d i n g ,  thermal  i n s u l a t i o n ,  t h e  connec t ing  process  p i p i n g ,  
etc.  No s p e c i a l  p rov i s ions  are inc luded  f o r  maintenance of t h e s e  items, 
Emergency maintenance t o  some e x t e n t  is p o s s i b l e ,  however , because of 
t h e  access  t h a t  is provided p r i m a r i l y  f o r  i n - se rv ice  i n s p e c t i o n .  

Class I1 -Equipment Allowing D i r e c t  Maintenance. - This group i n -  
c ludes  t h e  i t e m s  which can normally b e  approached f o r  d i r e c t  maintenance 
w i t h i n  a r easonab le  pe r iod  of t i m e  ( t y p i c a l l y  a f t e r  t h e  secondary s a l t  
has  been d ra ined  and f lu shed  and t h e  remaining a c t i v i t i e s  allowed t o  
decay f o r  about  10 days) . The steam gene ra to r s  , r e h e a t e r s  , c o o l a n t - s a l t  
pumps, and t h e  equipment i n  t h e  h e a t  r e j e c t i o n  c e l l  f a l l  i n t o  t h i s  c l a s s .  
I n  t h e  u n l i k e l y  even t  t h a t  one of t h e s e  components d i d  become h igh ly  con- 
taminated wi th  f i s s i o n  products ,  i t s  removal would b e  t r e a t e d  as a Class 
111 o r  IV i t e m ,  d i scussed  below. Once t h e  sources  of a c t i v i t y  were re- 
moved from t h e  c e l l ,  c leanup and component replacement could proceed i n  
t h e  normal f a s h i o n  us ing  d i r e c t  maintenance. 

Class 111 -Equipment Requir ing Semidi rec t  Maintenance. - Much of 
t h e  equipment i n  t h e  o f f g a s  and chemical p rocess ing  cel ls ,  such as pumps, 
blowers ,  va lves ,  p rocess ing  vessels, f i l t e r s ,  e tc . ,  w i l l  become rad io-  
active.  I n  gene ra l ,  t h e  s i z e s  of t h e s e  items are comparable t o  t h e  MSRE 
equipment. MSBR r a d i a t i o n  levels may b e  a f a c t o r  of 10 h i g h e r  than i n  
t h e  MSRE, however. The maintenance t o o l s  f o r  t h i s  c l a s s  of equipment 
could be  s i m i l a r  t o  t h o s e  f o r  t h e  MSRE, b u t  t h e  s h i e l d i n g  and containment 
p r o v i s i o n s  would have t o  be  more e f f e c t i v e  because  of t h e  more i n t e n s e  
sou rces  of r a d i a t i o n .  

Class I V  - Large Equipment Requi r ing  Remote Maintenance. - This 
group i n c l u d e s  items which are c l e a r l y  beyond p r e s e n t  exper ience  because 
of a combination of s i z e ,  r a d i a t i o n  level, a f t e r h e a t  removal, and d i s -  
p o s a l  c o n s i d e r a t i o n s .  Examples are t h e  pump r o t a r y  element ,  t h e  primary 
h e a t  exchanger tube  bundle ,  and t h e  co re  g r a p h i t e .  

The r e a c t o r  pr imary system, because  of t h e  l a r g e  s i z e  of t h e  h igh ly  
contaminated equipment , p r e s e n t s  t h e  g r e a t e s t  problems i n  con ta in ing  t h e  
r a d i o a c t i v i t y  and d e a l i n g  wi th  a f t e r h e a t  and is  t h e r e f o r e  used as t h e  
b a s i s  f o r  t h e  d i s c u s s i o n  which fo l lows .  



372 

Containment 

Although t h e  f u e l  sa l t  and h i g h l y  r a d i o a c t i v e  gases  w i l l  b e  removed 
from any system b e f o r e  i t  i s  opened f o r  maintenance, t h e  r e a c t o r  primary 
system w i l l  s t i l l  c o n t a i n  l a r g e  amounts of  r a d i o a c t i v i t y ,  some of which 
w i l l  b e  t r a n s f e r a b l e .  The MSBR b u i l d i n g  and c e l l s  and t h e  maintenance 
equipment and procedures  must,  t h e r e f o r e ,  b e  designed s o  as t o  l i m i t  t h e  
spread  of  r a d i o a c t i v e  material w i t h i n  t h e  r e a c t o r  b u i l d i n g  and t o  p r e v e n t  
more than  t r i v i a l  amounts from be ing  r e l e a s e d  o u t s i d e  t h e  b u i l d i n g  d u r i n g  
maintenance. 

The h e a t i n g  and t h e  amounts of s h o r t - l i v e d  a c t i v i t y  t h a t  must b e  
d e a l t  wi th  d e c r e a s e  r a p i d l y  d u r i n g  t h e  f i r s t  few days a f t e r  c e s s a t i o n  of 
power o p e r a t i o n .  For t h i s  reason i t  is u n l i k e l y  t h a t  t h e  primary system 
w i l l  b e  opened sooner  than  t e n  days a f t e r  full-power o p e r a t i o n  i s  s topped .  

Ten days a f t e r  shutdown from long  o p e r a t i o n  of 2250 MW( t )  , t h e  noble- 
metal f i s s i o n  products  on s u r f a c e s  may t o t a l  about 2 .2  x l o 8  c u r i e s ,  o r  
roughly 3 x l o 5  C i  p e r  f t 2  of m e t a l  s u r f a c e  t h a t  had been exposed t o  t h e  
f u e l  s a l t .  (This  f i g u r e  i s  based on t h e  assumption t h a t  75% o f  t h e  n o b l e  
metals d e p o s i t  on metal s u r f a c e s  i n  t h e  loop.)  The d e p o s i t e d  t e l l u r i u m  
w i l l  b e  g e n e r a t i n g  i o d i n e ,  some of which w i l l  go i n t o  t h e  gas o r  a i r  con- 
t a c t i n g  t h e  s u r f a c e .  A t  lo6 sec (11 .6  days) t h e  c a l c u l a t e d  t o t a l  ra te  at  
which 2.3-h 1321 is generated from 78-h T e  on s u r f a c e s  is 2 x lo6  C i / h r  
o r  about 30 C i / h r  per  f t 2  of s u r f a c e  i n  t h e  f u e l  c i r c u l a t i n g  system. 
Eight-day 1311 w i l l  b e  genera ted  on s u r f a c e s  a t  a t o t a l  ra te  of about 
5 C i / h r  o r  7 x 

The noble  gases  i n  t h e  g r a p h i t e  a f t e r  10 days could amount t o  as 
much as 1 .2  x l o 6  C i  (a lmost  a l l  
t h e  cool ing  per iod .  The r a d i o a c t i v e  daughters  of  noble  gases  i n  t h e  
g r a p h i t e  would l i k e l y  range up t o  1 x l o 7  C i .  

a f t e r  shutdown may b e  as much as 170 t i m e s  those i n  t h e  MSRE. (This 
f a c t o r  may b e  cons iderably  lower i f ,  as expec ted ,  t h e  MSBR g a s - s t r i p p i n g  
system removes much o f  t h e  noble  meta ls . )  The amounts p e r  u n i t  area 
should b e  less than 5 t i m e s  as g r e a t  as i n  t h e  MSRE, however.* Thus t h e  
observed behavior  of t h e  d e p o s i t e d  f i s s i o n  products  i n  t h e  MSRE should  
b e  r a t h e r  s i m i l a r  t o  t h a t  t o  b e  expected i n  t h e  MSBR. 

s u r f a c e s  w i l l  b e  more o r  less adherent ,  depending on whether  they are on 
s u r f a c e s  i n  t h e  s a l t  loop o r  i n  t h e  off-gas  system, b u t  t h a t  care must 
b e  used t o  avoid  knocking o r  s c r a p i n g  them o f f .  Although t h e r e  w a s  un- 
c e r t a i n t y  i n  t h e  f r a c t i o n  of t h e  i o d i n e  genera ted  on s u r f a c e s  t h a t  came 
o f f  i n t o  t h e  gas i n  t h e  MSRE, i t  is clear t h a t  i n  t h e  MSBR measures must 
b e  provided t h a t  are adequate  t o  d e a l  w i t h  a l l  of t h e  i o d i n e  s o  genera ted .  

C i / h r  p e r  f t 2 .  

33Xe), assuming none d i f f u s e d  o u t  d u r i n g  

The i n v e n t o r i e s  of  t h e  f i s s i o n  products  t h a t  dominate a t  10 days 

Based on t h e  MSRE exper ience ,  w e  expect  t h a t  t h e  noble  metals on 

* 
For t h e  s h o r t l i v e d  n o b l e  metals t h a t  are dominant a few days a f t e r  

shutdown, t h e  i n t e n s i t y  on f u e l  loop s u r f a c e s  is n e a r l y  p r o p o r t i o n a l  t o  
t h e  r a t i o  of power t o  loop  s u r f a c e  area. For t h e  r e f e r e n c e  MSBR t h i s  i s  
2.25 x 106/5.2 x l o 4  = 43 kW/ft2; f o r  t h e  MSRE t h e  r a t i o  was 7.4 x 103/8 .5  
x l o 2  = 9 kW/ft2. 
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The noble-gas daughters  i n  t h e  g r a p h i t e  w i l l  n o t  b e  r e a d i l y  t r a n s f e r a b l e ,  
and should cause  no contaminat ion problem. 

The MSBR b u i l d i n g  and equipment l a y o u t  d e s c r i b e d  i n  Chapters 3 and 9 
are in tended  t o  permi t  s a f e  containment of t h e  r a d i o a c t i v i t y  dur ing  main- 
tenance.  Before maintenance is  s t a r t e d ,  t h e  f u e l  s a l t  w i l l  b e  secured  
i n  t h e  d r a i n  tank.  (Normally i t  w i l l  b e  c i r c u l a t e d  f o r  several days t o  
h e l p  remove a f t e r h e a t  b e f o r e  i t  is  dra ined . )  The system r e q u i r i n g  mainte- 
nance w i l l  then  b e  purged of  r a d i o a c t i v e  gases  and, i f  necessary ,  cooled 
down. The containment c e l l  w i l l  then  b e  unsea led  and a maintenance s h i e l d  
s e t  up. The ce l l  w i l l  b e  main ta ined  a t  a s l i g h t  n e g a t i v e  p r e s s u r e  by a n  
a i r  exhaust  system. Tools and o t h e r  i t e m s  p e n e t r a t i n g  t h e  maintenance 
s h i e l d  w i l l  b e  s e a l e d  t o  t h e  s h i e l d  s o  as t o  minimize a i r  leakage i n t o  
t h e  c e l l .  (Boots o r  gas-buffered seals might b e  used.)  Primary systems 
w i l l  n o t  b e  l e f t  open t o  t h e  c e l l  longer  than  necessary ;  i f  an equipment 
i t e m  cannot b e  r e p l a c e d  immediately a temporary c l o s u r e  w i l l  b e  a p p l i e d .  
This w i l l  b e  r e q u i r e d  t o  minimize b o t h  t h e  r a d i o a c t i v e  contaminat ion of 
t h e  c e l l  and t h e  i n g r e s s  of  oxygen and moisture- i n t o  t h e  system. When 
contaminated i t e m s  are removed through t h e  s h i e l d ,  they  w i l l  b e  withdrawn 
i n t o  casks through openings equipped w i t h  valves o r  f l a n g e s  t h a t  w i l l  
c l o s e  t h e  r e a c t o r  c e l l  and t h e  cask except  d u r i n g  t h e  t r a n s f e r .  Gener- 
a l l y  t h e  gas  streams p a s s i n g  through t h e  c e l l  w i l l  b e  f i l t e r e d ,  passed 
through absorbers  and r e c i r c u l a t e d .  Any excess gas  w i l l  b e  s t r i p p e d  of 
r a d i o a c t i v i t y  b e f o r e  i t  is d ischarged  t o  t h e  atmosphere.  Items removed 
from t h e  primary system w i l l  b e  r e p a i r e d  o r  prepared  f o r  d i s p o s a l  i n  a 
ho t  c e l l  where s imi l a r  p r e c a u t i o n s  must b e  observed. All o p e r a t i o n s  w i l l  
be  c a r r i e d  o u t  i n s i d e  t h e  r e a c t o r  b u i l d i n g  t o  a s s u r e  complete containment.  

t o  t h a t  d u r i n g  o p e r a t i o n ,  a l though t h e  l i n e s  o f  d e f e n s e  are d i f f e r e n t .  
During o p e r a t i o n ,  t h e  f u e l  s a l t  and h i g h l y  r a d i o a c t i v e  gases  are c i r c u -  
l a t i n g  w i t h i n  t h e  vessels and p i p i n g ,  which are i n  t u r n  doubly c o n t a i n e d ,  
b e i n g  i n s i d e  s e a l e d  cel ls  i n s i d e  t h e  r e a c t o r  b u i l d i n g .  During mainte- 
nance,  t h e  f u e l  s a l t  w i t h  most of t h e  f i s s i o n  p r o d u c t s  w i l l  b e  s e a l e d  i n  
t h e  d r a i n  t a n k ,  and t h e  p r e c a u t i o n s  t h a t  ensure  t h a t  i t  w i l l  n o t  b e  
brought  o u t  d u r i n g  t h e  maintenance c o n s t i t u t e  primary containment f o r  i t .  
Any system t o  be  opened w i l l  be  d r a i n e d  and purged s o  t h a t  when i t  is 
f i n a l l y  opened, t h e  amount of r a d i o a c t i v i t y  t h a t  could conceivably escape  
i n t o  t h e  c e l l  w i l l  b e  f a r  less than t h a t  c i r c u l a t i n g  (and l i a b l e  t o  be ing  
s p i l l e d  through a p i p e  r u p t u r e  i n  t h e  des ign-bas is  a c c i d e n t )  d u r i n g  oper- 
a t i o n .  The f i r s t  l i n e  of defense  ("primary containment") f o r  t h i s  l i m i t e d  
amount of r a d i o a c t i v i t y  is t h e  v e n t i l a t i o n  system t h a t  main ta ins  t h e  ce l l s  
a t  a n e g a t i v e  p r e s s u r e  and removes any r a d i o a c t i v e  contaminants from t h e  
exhaust  stream b e f o r e  i t  is d ischarged  i n t o  t h e  r e a c t o r  b u i l d i n g .  Sec- 
ondary containment d u r i n g  maintenance is t h e  same as d u r i n g  o p e r a t i o n  - 
t h e  s e a l e d  r e a c t o r  b u i l d i n g .  

The a s s u r a n c e  of p u b l i c  p r o t e c t i o n  d u r i n g  maintenance is comparable 

Af t e r h e a t  

The f i s s i o n  products  t h a t  w i l l  remain i n  t h e  g r a p h i t e  and on s u r -  
f a c e s  i n  t h e  f u e l  system w i l l  produce s i g n i f i c a n t  h e a t i n g  i n  t h e  l a r g e  
equipment i t e m s  w h i l e  t h e  maintenance o p e r a t i o n s  are going on. This must 
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b e  taken i n t o  account  i n  t h e  p r o v i s i o n s  f o r  t h e  major o p e r a t i o n s :  re- 
placement of t h e  c o r e  g r a p h i t e ,  t h e  tube  bundle  of a primary h e a t  ex- 
changer,  and perhaps t h e  r o t a r y  element  of a primary pump. 

MW(t) t h e  t o t a l  h e a t  g e n e r a t i o n  rate i n  t h e  pr imary system would b e  770 kW, 
c o n s i s t i n g  of 210 kW i n  t h e  g r a p h i t e  of t h e  c o r e ,  125 kW i n  each of t h e  
f o u r  primary h e a t  exchangers ,  and 60 kW d i s t r i b u t e d  over  t h e  o t h e r  s u r -  
f a c e s .  What t h e  temperature  i n  t h e  primary system must b e  b e f o r e  i t  is 
opened has  n o t  been decided.  With t h e  c e l l  c o o l i n g  system t h a t  w e  have 
envis ioned ,  t h e  f u e l  system temperature  10 days a f t e r  a shutdown would 
l i k e l y  b e  i n  t h e  range of 500 t o  1000°F. I f  f u r t h e r  s t u d y  of  t h e  mainte- 
nance procedures  i n d i c a t e s  t h a t  t h i s  would b e  unacceptab le  , a d d i t i o n a l  
h e a t  removal must b e  provided o r  a d d i t i o n a l  t i m e  a l lowed t o  reach  a sa t -  
i s f a c t o r y  temperature .  Some c o o l i n g  must b e  cont inued w h i l e  t h e  i t e m  is 
be ing  removed, b u t  t h e  ra te  of temperature  r ise i n  t h e  absence of  cool ing  
would b e  low - 30"F/hr f o r  a h e a t  exchanger bundle  and 2.4"F/hr f o r  t h e  
g r a p h i t e  co re .  The temperatures  of  t h e  p i p i n g  and r o t a r y  element of  t h e  
pump would rise even more s lowly.  

We estimate t h a t  lo6 seconds (11.6 days)  a f t e r  shutdown from 2250 

Graphi t  e Replacement 

A s  expla ined  elsewhere i n  t h i s  r e p o r t  , because of n e u t r o n  i r r a d i a -  
t i o n  damage, i t  w i l l  b e  necessary  t o  r e p l a c e  t h e  c o r e  g r a p h i t e  several 
t i m e s  d u r i n g  t h e  l i f e  of t h e  MSBR p l a n t . *  Cons idera t ion  of t h e  e f f e c t s  
on breeding  and p o s s i b l y  on power d i s t r i b t u i o n  l e a d s  t o  removal of t h e  
g r a p h i t e  while i t  is s t i l l  s t r u c t u r a l l y  sound. Thus, a l though t h e  removal 
procedure must b e  capable  of  d e a l i n g  w i t h  broken g r a p h i t e  e lements ,  t h e  
s t r e n g t h  of t h e  g r a p h i t e  should n o t  hamper i t s  handl ing .  

and t h e  e n t i r e  c o r e  (176 tons of g r a p h i t e  and 97 t o n s  of m e t a l )  are re- 
placed as a u n i t .  This  c o n s t i t u t e s  by f a r  t h e  l a r g e s t  maintenance t a s k  
i n  t h i s  conceptua l  des ign ,  and e x p l a i n s  some impor tan t  f e a t u r e s  of t h e  
b u i l d i n g  l a y o u t  and equipment d e s c r i b e d  i n  Chapters  3 and 9.  The major 
i t e m  of s p e c i a l  maintenance equipment r e q u i r e d  f o r  t h e  c o r e  replacement 
is a 20-ft-diam x 40-ft-high s h i e l d e d  t r a n s p o r t  cask.  The carbon steel  
w a l l s  of t h e  cask are about 2 i n .  t h i c k ,  which is s u f f i c i e n t  t o  reduce 
t h e  r a d i a t i o n  level  on c o n t a c t  w i t h  t h e  o u t s i d e  of  t h e  cask t o  about  1000 
R/hr and at t h e  o u t s i d e  w a l l  of t h e  r e a c t o r  containment vessel t o  less 
than 0.1 R/hr a f t e r  a 10-day decay p e r i o d  f o r  t h e  core .  Conserva t ive  es- 
timates i n d i c a t e  t h a t  t h e  210 kW of h e a t  b e i n g  genera ted  i n  t h e  c o r e  can 
b e  s a f e l y  d i s s i p a t e d  through t h e  cask w a l l  s o  t h a t  no c o o l i n g  system f o r  
t h e  cask  w i l l  b e  requi red .  The r e a c t o r  c o r e  assembly is  prepared  f o r  
removal i n  a s e m i d i r e c t  f a s h i o n  through a work s h i e l d .  
t h e  c o r e  assembly i n t o  t h e  t r a n s p o r t  cask  and t r a n s p o r t  t o  t h e  s p e n t  c o r e  

I n  t h e  ORNL r e f e r e n c e  MSBR [ 6 ] ,  t h e  upper head of t h e  r e a c t o r  vessel 

The l i f t i n g  of 

* 
An except ion  would b e  t h e  low-power-density MSBR d i s c u s s e d  i n  Chap- 

ters 2 and 3, i n  which t h e  c o r e  i s  made l a r g e  enough and t h e  power d e n s i t y  
low enough t h a t  t h e  g r a p h i t e  w i l l  l a s t  f o r  t h e  l i f e  of t h e  p l a n t .  
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s t o r a g e  c e l l ,  t h e  i n s t a l l a t i o n  of t h e  new c o r e  assembly, and t h e  r e p l a c e -  
ment of t h e  s h i e l d i n g  are accomplished from t h e  remote maintenance c o n t r o l  
room i n  t h e  same f a s h i o n  as t h e  removal and replacement of l a r g e  items of 
MSRE equipment. 

ques t ioned  t h e  d e s i r a b i l i t y  and p r a c t i c a l i t y  of r e p l a c i n g  t h e  e n t i r e  c o r e  
a t  once. They e l e c t e d  i n s t e a d  t o  make t h e  c o r e  of  i n d i v i d u a l l y  r e p l a c e a b l e  
e lements ,  and decided t h a t  15-in.  hexagonal e lements  were t h e  optimum 
[ 7 ] .  They would r e p l a c e  some of  t h e  g r a p h i t e  e lements  a t  4-year i n t e r -  
vals , d u r i n g  major tu rb ine-genera tor  overhauls .  Adoption of t h i s  scheme 
would obvious ly  g r e a t l y  a l t e r  t h e  requirements  f o r  handl ing  t o o l s  and 
casks f o r  t h e  exposed g r a p h i t e .  

Ebasco Services and t h e i r  a s s o c i a t e s  i n  t h e  i n d u s t r i a l  des ign  s t u d y  

S t a t u s  

A s  s t a t e d  earlier,  t h e  MSBR maintenance concept  depends upon access 
from above, a system of r e p l a c e a b l e  u n i t s ,  a p p r o p r i a t e  d i s c o n n e c t s ,  and 
t o o l s  t o  o p e r a t e  them. Thus i t  is c l e a r l y  e s s e n t i a l  t h a t  maintenance 
d e s i g n  b e  concurren t  w i t h  p l a n t  des ign .  This  h a s  been t h e  case i n  t h e  
conceptua l  s t u d i e s  t o  d a t e .  The maintenance techniques f o r  f l u i d - f u e l  
r e a c t o r s  have evolved as t h e  s i z e ,  complexity,  and r a d i a t i o n  levels of 
t h e  r e a c t o r s  have i n c r e a s e d .  Design s t u d i e s  have n o t  i n d i c a t e d  any in-  
surmountable problem i n  main ta in ing  a 1000-MW(e) MSBR, and no s e r i o u s  
c o n f l i c t s  have a r i s e n  i n  imposing t h e  maintenance requirements  on t h e  
r e a c t o r  sys  t e m .  

Several f l e x i b l e  maintenance s h i e l d s  have been b u i l t  and used. O p t i c a l  
viewing equipment - window i n s e r t s ,  p e r i s c o p e s ,  adequate  l i g h t i n g  - a l l  
are a v a i l a b l e .  The u s e  of a s h i e l d e d  maintenance c o n t r o l  room w i t h  win- 
dows, remotely-operable TV, and remote ly-cont ro l led  c rane  and t o o l i n g  h a s  
been s u c c e s s f u l l y  demonstrated.  Remotely-operable d i s c o n n e c t s  f o r  elec- 
t r i c a l  power, i n s t r u m e n t a t i o n ,  and service p i p i n g  are a t  a s a t i s f a c t o r y  
s t a g e  of development. The remote f a b r i c a t i o n  of  brazed  j o i n t s  i n  small  
system p i p i n g  h a s  been demonstrated i n  connec t ion  w i t h  t h e  MSRE [ 2 ] .  

are n o t  a v a i l a b l e ,  however. They are remote welding and i n - s e r v i c e  in-  
spec  t i o n  and r e p a i r .  

It is h i g h l y  d e s i r a b l e  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  t h a t  t h e  
MSBR c i r c u l a t i n g  f u e l  system b e  o f  all-welded c o n s t r u c t i o n .  Thus remote 
c u t t i n g  and rewelding of t h e  system p i p i n g  w i l l  b e  r e q u i r e d  i n  t h e  re- 
placement of major components. The s t a t u s  of remote welding as of  1969 
and t h e  r e q u i r e d  development program w e r e  p r e s e n t e d  i n  r e f e r e n c e  8. A 
p o r t i o n  of t h a t  program h a s  been accomplished and t h e  p r e s e n t  g e n e r a t i o n  
of au tomat ic  welding machines are r e l i a b l e  and capable  of making high- 
q u a l i t y  welds.  These machines are n o t  now capable  of  f u l l y  remote welding, 
b u t  appear  t o  be  a d a p t a b l e  t o  t h i s  purpose.  

The p r o v i s i o n s  i n  t h e  MSBR f o r  access t o  equipment f o r  maintenance 
o p e r a t i o n  are e q u a l l y  a p p l i c a b l e  t o  i n - s e r v i c e  i n s p e c t i o n .  The s t a t e - o f -  
the-ar t  of remote i n s p e c t i o n  of welded j o i n t s  is reviewed i n  r e f e r e n c e  9 .  

Most of t h e  techniques  and many of  t h e  t o o l s  have been developed. 

Two impor tan t  techniques t h a t  are  r e q u i s i t e s  f o r  l a r g e  power r e a c t o r s  
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Dependable a p p l i c a t i o n  of  common methods f o r  n o n d e s t r u c t i v e  i n s p e c t i o n  
of welds is d i f f i c u l t  o r  imposs ib le  i n  high-temperature ,  h i g h - r a d i a t i o n  
f i e l d s .  Some methods promise t o  b e  s u c c e s s f u l ,  however, and c u r r e n t  AEC 
and i n d u s t r i a l  programs are developing  equipment, m a n i p u l a t o r s ,  and i n t e r -  
p r e t i v e  methods f o r  a c o u s t i c  emission and u l t r a s o n i c  holography moni tor ing  
and i n s p e c t i o n .  These programs are expected t o  culminate  i n  remote i n -  
s p e c t i o n  methods f o r  r e a c t o r  welds which should  b e  a d a p t a b l e  t o  MSBR con- 
d i t i o n s  and needs.  The equipment and techniques f o r  remote r e p a i r  do n o t  
ex is t ;  however, much of  t h a t  development as w e l l  as t h e  i n s p e c t i o n  devel-  
opment i s  i n t e r c h a n g e a b l e  wi th  remote welding development. 

F u r t h e r  Work 

The program f o r  maintenance development f o r  t h e  MSBR [1 ,6 ]  c o n s i s t s  
of t h r e e  major e lements:  

c 

4 

1. The development of remote c u t t i n g  and welding c a p a b i l i t y  f o r  rep lace-  
ment of major i t e m s  of equipment i n  t h e  c i r c u l a t i n g  f u e l  system. 

2.  The development of equipment and techniques f o r  i n - s e r v i c e  i n s p e c t i o n  
and r e p a i r  of f i x e d  items of equipment i n  t h e  c i r c u l a t i n g  f u e l  system. 

3 .  The c o n c u r r e n t  d e s i g n  of a maintenance system t h a t  is i n t e g r a l  w i t h  
t h e  des ign  of t h e  r e a c t o r  system and t h e  development and demonstra- 
t i o n  of t o o l s  and techniques r e q u i r e d  f o r  t h a t  s p e c i f i c  r e a c t o r .  

The development of remote c u t t i n g  and welding r e q u i r e s  t h e  adapta-  
t i o n  o r  development of manipula tors  f o r  remote placement,  p i p e  a l ignment ,  
and c o n t r o l  of t h e  automatic  welders  and t h e  plasma t o r c h e s  t h a t  are al-  
ready a v a i l a b l e .  Such a program could b e  s t a r t e d  a t  any t i m e .  

The i n - s e r v i c e  i n s p e c t i o n  and r e p a i r  o p e r a t i o n s  w i l l  use  e s s e n t i a l l y  
t h e  s a m e  t o o l s  and techniques t h a t  are r e q u i r e d  f o r  t h e  c u t t i n g  and weld- 
ing.  Techniques f o r  n o n d e s t r u c t i v e  examinat ion should b e  pursued and t h e  
most promising [9 ]  should b e  adapted f o r  t h e  p a r t i c u l a r  a l l o y s  and con- 
f i g u r a t i o n s  expected i n  t h e  MSBR. 

n o t  precede  t h e  des ign  of t h e  p l a n t  and t h e  development of p l a n t  compo- 
n e n t s ,  b u t  i t  should  keep pace wi th  i t .  The g e n e r a l  scheme of  semiremote 
maintenance t h a t  w a s  proved i n  t h e  MSRE can be  used f o r  some p a r t s  o f  t h e  
p r o c e s s i n g  and of f -gas  systems,  w i t h  o n l y  minor changes i n  s h i e l d i n g  t o  
compensate f o r  t h e  h i g h e r  i n t e n s i t y  of r a d i a t i o n .  For p h y s i c a l l y  l a r g e  
systems, on t h e  o t h e r  hand, i t  would n o t  b e  p r a c t i c a l  simply t o  scale up 
t h e  t o o l s  used a t  t h e  MSRE because they would tend t o  become too  unwieldy 
f o r  u s e  by hand. Thus some developments i n  h a n d l i n g  equipment and changes 
i n  t h e  t o o l  and component design w i l l  be  r e q u i r e d .  The b a s i c  phi losophy 
of d e s i g n i n g  components t o  be  maintained w i t h  s imple ,  r e l i a b l e  t o o l s  ma- 
n i p u l a t e d  i n t e l l i g e n t l y  and f l e x i b l y  should  b e  r e t a i n e d ,  however. 

The development of equipment f o r  main ta in ing  a p a r t i c u l a r  MSBR can- 
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The conceptua l  des ign  of systems f o r  l i m i t i n g  t h e  spread  of radioac-  
t i v e  contaminat ion du r ing  maintenance can proceed and should b e  c a r r i e d  
wi thou t  de l ay  f a r  enough t o  d e f i n e  requirements  on f i l t e r s ,  seals, e tc .  

Evaluat  i on  

An a b s o l u t e  n e c e s s i t y  f o r  p r a c t i c a l  maintenance of an MSBR is t h e  
e a r l y  r e c o g n i t i o n  of t h e  e v e n t u a l  maintenance requi rements .  Maintain- 
a b i l i t y  c o n s i d e r a t i o n s  must imbue t h e  e n t i r e  des ign  e f f o r t ,  and mainte- 
nance p r e p a r a t i o n s  must b e  thoroughly developed and t e s t e d  i n  advance. 
W e  are aware of t h e s e  needs and they are r e f l e c t e d  i n  our conceptua l  de- 
s i g n s .  

The s i z e  of t h e  equipment and t h e  i n t e n s i t y  of t h e  r a d i o a c t i v i t y  i n  
an MSBR are g r e a t e r  than w e  have d e a l t  w i th  b e f o r e .  Never the less ,  t h e  
gene ra l  phi losophy t h a t  w e  have developed,  many of our  techniques ,  and 
some of ou r  t o o l s  are e i t h e r  d i r e c t l y  a p p l i c a b l e  o r  r e a d i l y  adap tab le .  
Other t o o l s  t o  hand le  l a r g e ,  heavy equipment must b e  developed as t h e  
needs are de f ined .  I n  a d d i t i o n ,  t h e  techniques  and equipment f o r  welding 
and i n s p e c t i o n  t h a t  are now be ing  developed i n  connect ion wi th  o t h e r  
k inds  of r e a c t o r s  w i l l  have t o  b e  adapted and developed f u r t h e r  f o r  use 
on an MSBR. I t  does n o t  appear ,  however, t h a t  t h e  maintenance of an MSBR 
w i l l  impose unreasonable  requirements  f o r  i nven t ion  o r  development. 

a b l e  development of t h e  technology i n  r e l a t i o n  t o  t h e  needs of mol ten-sa l t  
r e a c t o r s  l e a d s  u s  t o  conclude t h a t  by adequate  p lanning  and p r e p a r a t i o n ,  
t h e  maintenance of an MSBR can b e  made r e l i a b l e  and s a f e .  The c o s t s  of 
t h e  s p e c i a l  p rov i s ions  t h a t  must be  made f o r  maintenance of an MSBR have 
no t  been e s t ima ted  i n  d e t a i l ,  bu t  they appear  u n l i k e l y  t o  be  a d e c i s i v e  
economic f a c t  o r .  

In  summary, cons ide ra t ion  of t h e  s t a t e  of t h e  a r t  and t h e  fo re see -  
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13.  DESIGN STUDIES AND CAPITAL COST ESTIMATES 

M. I. Lundin C.  W. C o l l i n s  

I n t  roduc t ion  

The Molten-Salt  Reactor  Program a t  t h e  Oak Ridge Nat iona l  Laboratory 
h a s ,  s i n c e  1968, been focussed  on a 1000-MW(e), one- f lu id  MSBR. A s tudy  
t h a t  w a s  completed by ORNL i n  1970 produced t h e  conceptua l  des ign  t h a t  is  
desc r ibed  b r i e f l y  i n  Chapter  3 and i n  d e t a i l  i n  r e f e r e n c e  1. The Molten- 
S a l t  Group, as p a r t  of t h e i r  p r i v a t e l y  funded assessment  of MSBR technology,  
reviewed t h i s  ORNL des ign  and i s s u e d  a c r i t i q u e  of i t  i n  1971 [ 2 ] .  Mean- 
wh i l e ,  ORNL i s s u e d  a r e q u e s t  f o r  p roposa l s  f o r  an independent ,  AEC-funded, 
i n d u s t r i a l  des ign  s tudy  of MSBR's. A proposa l  from Ebasco S e r v i c e s  w a s  
accepted  and i n  1971 Ebasco and i t s  i n d u s t r i a l  a s s o c i a t e s  began work under 
a subcon t rac t  w i th  ORNL [ 3 ] .  Task I of t h e  s tudy  inc luded  developing an 
MSBR p l a n t  concept from s p e c i f i e d  cr i ter ia .  This  t a s k  w a s  completed and 
a f i n a l  r e p o r t  i s s u e d  i n  February 1972 [4] .  

t h e  a l t e r n a t i v e  approaches proposed by t h e  Ebasco group. It i d e n t i f i e s  
t h e  informat ion  on materials and t h e  developments i n  high-temperature  
des ign  methods t h a t  w i l l  b e  needed. F i n a l l y  i t  d i s c u s s e s  t h e  c a p i t a l  
c o s t  estimates t h a t  have been made and t h e i r  s e n s i t i v i t y  t o  u n c e r t a i n t i e s .  

This  chap te r  d e a l s  w i th  des ign  work on t h e  ORNL r e f e r e n c e  concept and 

Primary Systems Layout and S t r u c t u r a l  Design 

Background and S t a t u s  

The ORNL r e f e r e n c e  concept [l] w a s  based on a "top" suppor ted  pr imary 
system u t i l i z i n g  s t r u c t u r a l  members i n  t h e  c e l l  roof f o r  suppor t ing  t h e  
suspended major equipment. The r e a c t o r  vessel w a s  anchored whi le  t h e  
h e a t  exchanger and pumps were f r e e  t o  move except  f o r  t h e  r e s t r a i n t s  im-  
posed by t h e  hangers .  
t o  be reasonable .  However, on ly  cu r so ry  e v a l u a t i o n  w a s  made of t h e  e f -  
f e c t s  of seismic f o r c e s ,  i n e r t i a l  stresses, o r  stresses due t o  thermal  
shock. The b a s i c  assumptions made w e r e  t h a t  dashpots  o r  o t h e r  seismic 
r e s t r a i n t s  could be added and t h a t  t h e  e f f e c t s  of extreme t r a n s i e n t s  
could be  prevented  o r  m i t i g a t e d  by proper  system c o n t r o l s .  

conc lus ion  t h a t  when t h e  c e l l  roof  p e n e t r a t i o n s  f o r  maintenance access 
w e r e  cons ide red ,  t h e r e  would be  i n s u f f i c i e n t  space  i n  t h e  s t r u c t u r e  f o r  
equipment suppor t s .  I n  a d d i t i o n ,  when c o n s i d e r a t i o n  w a s  given t o  response  
f r equenc ie s  and a m p l i f i c a t i o n  f a c t o r  due t o  t h e  50- f t  he igh t  of t h e  equip- 
ment l a y o u t ,  t h e  requirements  f o r  s e i smic  r e s t r a i n t s  made i t  d e s i r a b l e  t o  
i n v e s t i g a t e  a l t e r n a t e  suppor t  systems.  
i n v e s t i g a t e  used "bottom" r e a c t o r  vessel and h e a t  exchanger suppor t s  

The p i p i n g  f l e x i b i l i t y  a n a l y s i s  showed a l l  stresses 

Ebasco S e r v i c e s ,  i n  t h e i r  Task I conceptua l  des ign  [ 4 ] ,  came t o  t h e  

The concept  t h a t  Ebasco chose t o  
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with  a t h r e e - l e v e l  system of h o r i z o n t a l  t r u s s e s  ( l a t e r a l  s u p p o r t s )  f o r  
c o n t r o l  of ear thquake  motions.  They s u c c e s s f u l l y  r a n  f l e x i b i l i t y  and 
stress ana lyses ,  and a l though an arrangement w i t h  a c c e p t a b l e  stresses 
w a s  found, i t  turned  o u t  t o  b e  very  s e n s i t i v e  t o  r e l a t i v e l y  minor changes 
i n  layout  and temperature  assumptions.  The des ign  of equipment s u p p o r t s  
and r e s t r a i n t s  w i l l ,  t h e r e f o r e  , r e q u i r e  f u r t h e r  d e t a i l e d  a n a l y s e s .  

Ebasco a l s o  took an a l t e r n a t i v e  approach t o  ORNL on t h e  q u e s t i o n  of 
thermal t r a n s i e n t s .  They i n v e s t i g a t e d  t h e  requi rements  f o r  d i r e c t l y  
accommodating a shock wi thout  u s i n g  s p e c i a l  c o n t r o l  f e a t u r e s  o r  d e v i c e s .  
For example, a system scram on l o s s  of  secondary c o o l a n t  pumps o r  on a 
steam l i n e  b r e a k  could r e s u l t  i n  t h e  primary system o u t l e t  l i n e  changing 
from 1300 t o  1050°F i n  14 sec, o r  t h e  i n l e t  l i n e  changing from 1050 t o  
1300°F i n  30 sec. Such t r a n s i e n t s  would r e s u l t  i n  q u i t e  unacceptab le  
stress l e v e l s .  A s  a remedy f o r  t h i s ,  Ebasco s e l e c t e d  and analyzed a de- 
s i g n  u s i n g  a thermal sleeve which i s o l a t e d  t h e  f lowing f l u i d  from t h e  
p i p i n g  by an almost  “s tagnant”  f l u i d  l a y e r  between t h e  p i p i n g  and sleeve. 
By t a k i n g  advantage of t h e  e f f e c t  of low Reynolds number on h e a t  t r a n s f e r  
c o e f f i c i e n t  i n  t h e  annulus ,  they were a b l e  t o  reduce thermal-shock t r a n -  
s i e n t  stresses t o  n e g l i g i b l e  levels .  

S e n s i t i v i t y  t o  U n c e r t a i n t i e s  

The d i f f e r e n c e s  i n  approach between Ebasco and ORNL-4541 concerning 
r e a c t o r  system layout  and s t r u c t u r a l  suppor t  c e n t e r  mainly on methods of 
s u p p o r t i n g  primary systems components and c o n t r o l l i n g  tempera ture  gra- 
d i e n t s  i n  components due t o  t r a n s i e n t s .  

r e f e r e n c e  d e s i g n  n o r  t h e  one proposed by Ebasco has  been completely 
s t u d i e d  t o  t h e  e x t e n t  t h a t  a l l  problems are known and s o l u t i o n s  are i n  
hand. However, b o t h  o r g a n i z a t i o n s  conclude t h a t  i t  is  f e a s i b l e  t o  d e s i g n  
h igh  temperature  systems having f l e x i b i l i t y  f o r  expansion and y e t  capable  
of r e s i s t i n g  seismic l o a d s .  The ORNL concept  r e q u i r e s  yet-to-be-developed 
h igh  temperature  snubbers  f o r  seismic r e s t r a i n t ,  w h i l e  t h e  Ebasco concept 
must show t h e  e f f e c t i v e n e s s  of  a h igh  temperature  suppor t  system t o  sus-  
t a i n e d  and shock l o a d s .  F i n a l  des ign  of t h e  pr imary systems as w e l l  as 
i t s  suppor t  system w i l l  r e q u i r e  d e t a i l e d  a n a l y s i s  t o  achieve  an optimum 
l a y o u t  having t h e  r e q u i r e d  f l e x i b i l i t y  and meet ing t h e  stress l i m i t a t i o n s  
f o r  a l l  o p e r a t i n g  c o n d i t i o n s .  The stresses due t o  expansion have been 
shown t o  b e  c o n t r o l l a b l e  t o  an a c c e p t a b l e  l eve l  by a d j u s t i n g  t h e  l e n g t h s  
of p i p i n g  w h i l e  s t i l l  m a i n t a i n i n g  a compact l a y o u t .  Lengthening t h e  l i n e s  
involves  some i n c r e a s e  i n  f u e l  sa l t  inventory ;  however, most of t h e  inven- 
t o r y  i s  i n  t h e  r e a c t o r  vessel, pumps, and h e a t  exchangers .  

t r a n s i e n t  thermal  stresses at  s e v e r a l  p o i n t s  i n  t h e  primary system can 
b e  excessive. Ebasco’s s o l u t i o n ,  t h e  use  of thermal  sleeves o r  l i n e r s  
t o  e l i m i n a t e  d i r e c t  c o n t a c t  between t h e  c o o l a n t  f low and t h e  p r e s s u r e  
boundary, appears  t o  provide  p r o t e c t i o n ,  and i n  some cases may b e  t h e  
only way stresses can b e  h e l d  down t o  a c c e p t a b l e  levels .  Thermal sleeves 
probably i n v o l v e  a d d i t i o n a l  c o s t ,  a l though i n  some p l a c e s  they may permi t  
less material i n  component f a b r i c a t i o n ,  thereby  compensating f o r  a t  l eas t  
p a r t  of t h e  c o s t  of  t h e  l i n e r .  

N e i t h e r  t h e  primary system s u p p o r t i n g  arrangement shown i n  t h e  ORNL 

The Ebasco a n a l y s e s  i n d i c a t e  t h a t  u n l e s s  s p e c i a l  measures are taken ,  
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Future  Work 

Future  work on methods f o r  l i m i t i n g  thermal  stresses is  dependent 
upon s e l e c t i o n  of a material f o r  t h e  s a l t  systems components. Add i t iona l  
work can then  fo l low t o  determine tempera ture  p r o f i l e s  throughout  t h e  
system f o r  a l l  o p e r a t i n g  c o n d i t i o n s ,  t o  perform d e t a i l e d  a n a l y s i s  of 
stresses a t  c r i t i ca l  l o c a t i o n s  i n  components, and t o  e v a l u a t e  tempera ture  
c o n t r o l  systems,  thermal  l i n e r s ,  components s u p p o r t s ,  e tc . ,  t h a t  have 
p o t e n t i a l  f o r  enhancing f e a s i b i l i t y ,  s a f e t y ,  and economics of t h e  system. 

Other  areas which would r e c e i v e  des ign  a t t e n t i o n  i n c l u d e  use  of 
expansion j o i n t s  a t  ce l l  p e n e t r a t i o n s ,  methods of vessel f a b r i c a t i o n  
( e .g . ,  shop v s  on - s i t e )  and p r o v i s i o n s  f o r  i n - s e r v i c e  i n s p e c t i o n  of com- 
ponents .  

Evalua t ion  

Although much work remains t o  be  done b e f o r e  a t t empt ing  t o  select 
optimum c o n f i g u r a t i o n s ,  methods f o r  c o n t r o l l i n g  t r a n s i e n t  thermal  stresses, 
and suppor t  systems f o r  t h e  pr imary systems,  we  b e l i e v e  t h e  conceptua l  
work of bo th  ORNL and Ebasco have de f ined  t h e  major problems and sug- 
ges t ed  approaches t h a t  w i l l  l e a d  t o  s a t i s f a c t o r y  s o l u t i o n s .  

Design Methods - Codes and Standards  

Background 

The mechanical  des ign  of MSBR vessels and p i p i n g  must d e a l  w i t h  a 
v a r i e t y  of problems. Because of t h e  h igh  o p e r a t i n g  tempera ture ,  l a r g e  
thermal  expansions must be accommodated; bu t  c o n s i d e r a t i o n s  of s a l t  inven- 
t o r y  and p r e s s u r e  drop d i c t a t e  t h a t  t h e  p i p i n g  be  no longe r  than  t h e  mini- 
mum necessa ry  t o  p rov ide  f l e x i b i l i t y  and accep tab le  stresses. The l a r g e  
tempera ture  d i f f e r e n c e s  around t h e  system l e a d  t o  p o t e n t i a l l y  h igh  stresses 
due t o  tempera ture  g r a d i e n t s ,  p a r t i c u l a r l y  n e a r  nozz le s ,  tube  s h e e t s ,  o r  
o t h e r  s t r u c t u r a l  d i s c o n t i n u i t i e s .  Materials must o p e r a t e  i n  t h e  c reep  
range,  r e q u i r i n g  des ign  methods , a p p r o p r i a t e  f o r  t h i s  s i t u a t i o n ,  t h a t  are 
only  now be ing  developed. The material contemplated f o r  t h e  sa l t  systems 
i s  modif ied Has te l loy  N whose a l lowab le  des ign  stresses, wh i l e  expected t o  
be s u p e r i o r  t o  those  determined f o r  s t anda rd  Has te l loy  N ,  have n o t  been 
e s t a b l i s h e d .  F u r t h e r ,  t h e r e  i s  a p o s s i b i l i t y  t h a t  t h e  s u r f a c e  c rack ing  
problem (Chapter  7) o r  some o t h e r  c o n s i d e r a t i o n  may r e q u i r e  a d i f f e r e n t  
material such as Incone l  o r  s t a i n l e s s  steel .  

S t a t u s  

Due t o  t h e  l i m i t e d  e f f o r t  t h a t  has  been devoted t o  conceptua l  des ign ,  
on ly  s i m p l i f i e d  e l a s t i c  stress a n a l y s e s  w e r e  employed, p r i m a r i l y  t o  s i z e  
components and t o  e v a l u a t e  des ign  a l t e r n a t i v e s .  Before a c t u a l  components 
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could be b u i l t  t o  s a t i s f y  t h e  s t r i n g e n t  requi rements  of t h e  Nuclear Power 
P l a n t  Component Code, t h e  m e t a l l u r g i c a l  development work must be completed 
t o  e s t a b l i s h  a thorough knowledge of t h e  p r o p e r t i e s  of t h e  chosen a l l o y  
and an exhaus t ive  stress a n a l y s i s  must be made of a l l  components over  t h e  
e n t i r e  range  of des ign  cond i t ions .  

Standard H a s t e l l o y  N i s  approved f o r  use  under S e c t i o n s  I11 and V I 1 1  
of t h e  ASME B o i l e r  and P r e s s u r e  Vessel Code through code case approva l .  
Case 1315-3 approves use  of H a s t e l l o y  N f o r  p r e s s u r e  v e s s e l s  c o n s t r u c t e d  
i n  accordance w i t h  p r o v i s i o n s  of S e c t i o n  V I I I ,  D iv i s ion  1. Allowable 
stresses are given f o r  tempera tures  t o  1300°F. Case 1345-1 approves use 
of H a s t e l l o y  N f o r  Class 1 n u c l e a r  v e s s e l s  c o n s t r u c t e d  i n  accordance w i t h  
p r o v i s i o n s  of S e c t i o n  I11 of t h e  Code. Design stress i n t e n s i t y  v a l u e s  
are provided only  t o  800"F, i n  common w i t h  o t h e r  materials approved f o r  
use under S e c t i o n  111. 

t h a t  are t o  o p e r a t e  a t  tempera tures  above those  provided  f o r  i n  S e c t i o n  
111. However, t h e  r e c e n t  r e v i s i o n ,  Case 1331-5, i n c l u d e s  on ly  304 and 
316 s t a i n l e s s  steels and r e q u i r e s  a thorough knowledge of t h e  material  
p r o p e r t i e s  t o  e s t a b l i s h  t h e  des ign  stress i n t e n s i t i e s .  Ex tens ive  stress 
ana lyses  are a l s o  r e q u i r e d  u s i n g  t echn iques  j u s t  now coming i n t o  use and, 
i n  f a c t ,  unproven f o r  many materials,  i n c l u d i n g  H a s t e l l o y  N.  Thus, be- 
f o r e  H a s t e l l o y  N can be used a t  e l e v a t e d  t empera tu res ,  a materials t e s t i n g  
program adequate  f o r  code approval  must be completed and Case 1331 must 
be r e v i s e d  t o  i n c l u d e  t h e  new material .  

e f f e c t s ,  making i t  necessa ry  t o  employ des ign  r u l e s ,  a n a l y s i s  methods, 
and stress l i m i t s  which r e f l e c t  t h e  time-dependence of material  proper- 
ties and s t r u c t u r a l  behavior .  Modes of f a i l u r e  cons ide red  by t h e  d e s i g n  
r u l e s  of Code Case 1331-5 i n c l u d e :  d u c t i l e  r u p t u r e  from shor t - te rm load- 
i n g s ,  c reep  r u p t u r e  from long-term l o a d i n g s ,  c r eep - fa t igue  f a i l u r e ,  and 
g ross  d i s t o r t i o n  due t o  inc remen ta l  c o l l a p s e  and r a t c h e t t i n g .  B r i e f  out-  
l i n e s  of des ign  methods ar'e a l s o  provided  f o r  t h e  fo l lowing  modes of 
f a i l u r e :  l o s s  of f u n c t i o n  due t o  e x c e s s i v e  d i s t o r t i o n ,  buck l ing  due t o  
shor t - te rm l o a d i n g s ,  and creep  buck l ing  promoted by changes i n  geometry 
due t o  c reep  deformat ion  a s s o c i a t e d  w i t h  long-term load ings .  

Design methods t o  cover  t h e s e  requi rements  are  c u r r e n t l y  be ing  de- 
veloped and a p p l i e d  t o  t h e  LMFBR program. They can be used t o  des ign  
MSBR components and a s s u r e  conf idence  i n  t h e i r  r e l i a b i l i t y  and s a f e t y .  

Should c u r r e n t  work r e s u l t  i n  t h e  s e l e c t i o n  of s t a i n l e s s  s tee l  
i n s t e a d  of H a s t e l l o y  N ,  much of t h e  needed materials in fo rma t ion  would 
be a v a i l a b l e  from t h e  LMFBR program. There are i n d i c a t i o n s  t h a t  I n c o n e l  
may be used i n  some LMFBR components, i n  which case materials in fo rma t ion  
f o r  i t  a l s o  would be  forthcoming. 

Case 1331 p rov ides  r u l e s  f o r  c o n s t r u c t i o n  of Class 1 n u c l e a r  v e s s e l s  

S t r e n g t h  of s t a n d a r d  H a s t e l l o y  N above 950°F i s  l i m i t e d  by c reep  

S ens i t  i v i  t y  t o  U n c e r t a i n t i e s  

S ince  no d e t a i l e d  a n a l y s e s  have been made of t h e  thermal  stresses 
due t o  r a p i d  tempera ture  changes, stresses a t  n o z z l e  t o  s h e l l  i n t e r s e c -  
t i o n s ,  o r  o t h e r  secondary and peak stresses, w e  do n o t  know q u a n t i t a -  
t i v e l y  what t h e  v a l u e s  may be.  The p r e l i m i n a r y  ana lyses  do i n d i c a t e  t h a t  

c 

c 

m 

6. 

c 

c 

C' 

Ir 

c 

F 



most of t h e  a l l o w a b l e  stress i s  used up by primary and secondary discon- 
t i n u i t y  stresses l e a v i n g  very  l i t t l e  f o r  thermal  and o t h e r  secondary 
stresses. The a l t e r n a t i v e s  are lowering t h e  d e s i g n  temperature ,  exer-  
c i s i n g  c a r e f u l  c o n t r o l  of p l a n t  temperature  v a r i a t i o n s ,  o r  i n s u l a t i n g  
t h e  c r i t i c a l  reg ion  of components a g a i n s t  t h e s e  r a p i d  thermal changes 
and c a r e f u l  d e s i g n  of components. A l l  of t h e s e  a l t e r n a t i v e s  involve  
some compromises i n  t h e  conceptua l  des ign  and w i l l  i n c u r  a d d i t i o n a l  c o s t s .  

F i n a l  s e l e c t i o n  of t h e  mater ia l  may i n v o l v e  a compromise between 
s t r e n g t h  and o t h e r  mater ia l  p r o p e r t i e s ,  such as c o r r o s i o n  r e s i s t a n c e ,  
r e s u l t i n g  i n  t h e  choice  of material  w i t h  lower a l lowable  stresses than 
w e  have a n t i c i p a t e d .  It is a l s o  p o s s i b l e  t h a t  r i g o r o u s  a n a l y s i s  may 
show t h a t  t h e r e  are r e g i o n s  i n  components where stress i n t e n s i t i e s  cannot 
b e  h e l d  t o  a l lowable  levels even w i t h  ingenious  des igns  and c a r e f u l  system 
c o n t r o l s .  I n  such a s i t u a t i o n  w e  could lower t h e  MSBR o p e r a t i n g  tempera- 
t u r e  t o  a p o i n t  where t h e  d e s i g n  stress i n t e n s i t i e s  would b e  a c c e p t a b l e .  
This probably would n o t  involve  a l a r g e  temperature  d e c r e a s e ;  f o r  example, 
t h e  c u r r e n t  a l lowable  des ign  stress i n t e n s i t y  f o r  t h e  s t a n d a r d  H a s t e l l o y  N 
i s  6000 p s i  a t  1200'F compared t o  3500 p s i  a t  1300'F. 

have some advantages.  There i s  much exper ience  i n  f a b r i c a t i o n  o f  compo- 
n e n t s  u s i n g  t h e s e  materials by companies a l r e a d y  having  manufactur ing 
procedures  and ASME code s tamps.  
s imi l a r  t o  s t a n d a r d  H a s t e l l o y  N b u t  are much cheaper ,  so  t h a t  t h e  c a p i t a l  
c o s t  of t h e  MSBR should  b e  reduced. I f ,  however, t h e  change i n  materials 
e n t a i l s  r e d u c t i o n s  i n  t h e  f u e l  s a l t  tempera ture ,  t h e r e  would b e  some 
economic p e n a l t i e s  tending  t o  o f f s e t  t h e  c a p i t a l  c o s t  s a v i n g s .  (See 
d i s c u s s i o n  under " c a p i t a l  c o s t s "  .> 

A change from Has te l loy  N t o  e i t h e r  s t a i n l e s s  s teel  o r  Inconel  would 

S t a i n l e s s  s tee l  and Inconel  have s t r e n g t h  

Future  Work 

S e l e c t i o n  of t h e  r e a c t o r  mater ia l  and e s t a b l i s h i n g  i t s  mechanical 
p r o p e r t i e s  is t h e  most important  s t e p  b e f o r e  proceeding beyond t h e  con- 
c e p t u a l  des ign .  
material  f o r  ASME S e c t i o n  I11 n u c l e a r  components a t  t h e  des ign  tempera- 
t u r e s  and then  do s u f f i c i e n t  d e s i g n  and a n a l y s i s  t o  show t h a t  t h e  compo- 
n e n t s  are adequate  f o r  t h e  design c o n d i t i o n s .  

c o n s i d e r s  t h e  t o t a l  s t r a i n  a t  any i n s t a n t  of t i m e  t o  c o n s i s t  of t h r e e  
p a r t s  : elas t i c ,  p l a s t i c ,  and creep  s t r a i n s .  Discrete increments of t i m e  
are cons idered  i n  which e l a s t i c - p l a s t i c  and creep  s t r a i n s  a r e  computed 
s e p a r a t e l y  and added t o  o b t a i n  t h e  t o t a l  s t r a i n .  Thus, i n  t h e  p r e s e n t  
s t a t e  of t h e  a r t ,  p l a s t i c i t y  and c r e e p  are formulated independent ly ,  b u t  
they are t r e a t e d  i n  t h e  a n a l y s i s  procedure i n  a manner t h a t  approxi- 
mately accounts  f o r  t h e  s imultaneous e l a s t i c - p l a s t i c - c r e e p  behavior .  

For e l a s t i c - p l a s t i c  behavior  i n  s t a i n l e s s  s t ee l  i t  has  been recom- 
mended t h a t  t h e  c lass ica l  k inemat ic  hardening  model be  used and t h a t  f o r  
c reep  behavior  t h e  equat ion-of -s ta te  t y p e  c o n s t i t u t i v e  theory  based on 
s t r a i n  hardening  b e  used.  
s t r a i n  curve  f o r  t h e  hardened mater ia l .  

The n e x t  s t e p  would b e  t o  o b t a i n  approval  t o  use t h e  

The c u r r e n t  i n e l a s t i c  stress a n a l y s i s  approach used i n  LMFBR work 

Cycl ic  behavior  is based on a c y c l i c  stress- 
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I f  s t a i n l e s s  s t e e l  i s  used f o r  t h e  MSBR r e a c t o r  material ,  i n e l a s t i c  
methods of a n a l y s i s  developed i n  t h e  LMFBR program w i l l  be d i r e c t l y  a p p l i -  
cab le .  I f  I n c o n e l  o r  H a s t e l l o y  N i s  used, most of t h e  t h e o r e t i c a l  knowl- 
edge from t h e  LMFBR program w i l l  be a p p l i c a b l e ,  b u t  a d d i t i o n a l  materials 
in fo rma t ion  w i l l  be  necessa ry  t o  e s t a b l i s h  t h e  hardening  model f o r  t h e  
d i f f e r e n t  s t r a i n  components . 

Evalua t ion  

E x c e l l e n t  p r o g r e s s  h a s  been made r e c e n t l y  i n  developing  codes and 
s t a n d a r d s  through t h e  ASME and t h e  A E C ' s  RDT S tanda rds  Program which w i l l  
f a c i l i t a t e  des ign  and c o n s t r u c t i o n  of MSBR components. The LHFBR High- 
Temperature Design Methods Program i s  expec ted  t o  develop a n a l y t i c a l  
methods f o r  des ign ing  components w i t h  a s su rance  of s a t i s f a c t o r y  perform- 
ance ove r  t h e i r  planned l i f e t i m e s .  Even though a material o t h e r  t han  
stainless s tee l  w i l l  l i k e l y  be  used f o r  MSBRs, t h e  t h e o r e t i c a l  b a s e s  f o r  
t h e  des ign  methods w i l l  have been e s t a b l i s h e d  and only  a r easonab le  
amount of t e s t i n g  of t h e  r e a c t o r  material w i l l  be necessa ry  t o  develop 
s u f f i c i e n t  i n fo rma t ion  t o  apply  t h e  des ign  methods. 

C a p i t a l  Costs 

Background and S t a t u s  

ORNL e s t i m a t e d  t h e  c a p i t a l  c o s t s  f o r  b u i l d i n g  t h e  r e f e r e n c e  1000-MW(e) 
MSBR a f t e r  completion of a p p r o p r i a t e  research and development programs and 
found them t o  be comparable t o  c u r r e n t  c o s t s  f o r  l i g h t - w a t e r  r e a c t o r s  of 
similar s i z e  [l]. The Molten S a l t  Breeder Reac tor  A s s o c i a t e s  (MSBRA), 
headed by Black and Veatch and funded by midwestern u t i l i t i e s ,  a r r i v e d  a t  
a s imi l a r  conclus ion .  I n  a s tudy  completed i n  1970, they  e s t ima ted  t h a t  
t h e  c a p i t a l  c o s t  of a 1000-MW(e) MSBR would be  about 10 p e r c e n t  less t h a n  
t h e  c o s t  of a p r e s s u r i z e d  w a t e r  r e a c t o r  of t h e  s a m e  c a p a c i t y  [5 ,6 ] .  The 
Reactor Assessment Panel  of t h e  Edison E l e c t r i c  I n s t i t u t e ,  i n  t h e i r  1970 
e v a l u a t i o n  [ 7 ] ,  used c a p i t a l  c o s t s  f o r  MSBR's e q u a l  t hose  f o r  l i gh t -wa te r -  
cooled r e a c t o r s .  Ebasco has  n o t  y e t  made a d e t a i l e d  c o s t  estimate, b u t  
w i l l  do s o  as p a r t  of t h e i r  c u r r e n t  s tudy .  

The accuracy of a b s o l u t e  c o s t  estimates f o r  t h e  MSBR r e a c t o r  p l a n t  
equipment is  l i m i t e d  by s e v e r a l  f a c t o r s ,  i n c l u d i n g  t h e  p re l imina ry  n a t u r e  
of t h e  des igns  t o  d a t e ,  and e s p e c i a l l y  by t h e  u n c e r t a i n t i e s  d i scussed  
below. Direct comparisons wi th  l igh t -water -cooled  r e a c t o r s  are hampered 
t o  some e x t e n t  by t h e  major d i f f e r e n c e s  i n  des ign  and materials f o r  t h e  
two r e a c t o r s .  On t h e  o t h e r  hand, on ly  about one- th i rd  of t h e  t o t a l  c o s t  
of a n u c l e a r  power p l a n t  i s  f o r  r e a c t o r  equipment, t h e  remainder be ing  
f o r  t h e  heat-power system, g e n e r a l  f a c i l i t i e s ,  and i n d i r e c t  c o s t s ,  which 
are expenses t h a t  can be  a c c u r a t e l y  compared. I t  i s  t h e  comparative 
approach t o  c o s t  e s t i m a t i o n  t h a t  has  l e d  ORNL t o  conclude t h a t  t h e  c o s t s  
of a f u l l y  developed MSBR w i l l  be  roughly t h e  s a m e  as f o r  a PWR. 
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W e  estimate t h e  c o s t  of r e a c t o r  p l a n t  equipment (exc luding  cont in-  
genc ies )  t o  b e  about  $3 m i l l i o n  more f o r  a 1000-MW(e) MSBR than f o r  a 
1000-MW(e) PWR. (The MSBR involves  more expensive materials, s p e c i a l  
p r o v i s i o n s  f o r  maintenance, and o t h e r  unusual  des ign  f e a t u r e s  t h a t  are 
only p a r t i a l l y  o f f s e t  by s a v i n g s  due t o  i t s  lower p r e s s u r e  and lower 
thermal  r a t i n g . )  Our estimates al low $6 m i l l i o n  more f o r  cont ingencies  
on r e a c t o r  p l a n t  equipment i n  t h e  MSBR than i n  t h e  PWR. S p e c i a l  m a t e -  
r i a l s  add $1 m i l l i o n  more t o  t h e  c o s t  of t h e  MSBR. On t h e  o t h e r  hand, 
t h e  c o s t  of t h e  t u r b i n e  p l a n t  equipment are $12 m i l l i o n  less f o r  t h e  high- 
temperature  MSBR t h a n  f o r  t h e  PWR, accord ing  t o  o u r  estimates. A f t e r  
adding i n  t h e  i n d i r e c t  c o s t s  w e  arr ive a t  a d i f f e r e n c e  of $2 m i l l i o n  
between t h e  two r e a c t o r s  [l, p. 1513, which i s  i n s i g n i f i c a n t  compared 
w i t h  t h e  u n c e r t a i n t i e s .  

S e n s i t i v i t y  t o  U n c e r t a i n t i e s  

High-temperature stress c o n s i d e r a t i o n s  could conceivably r e q u i r e  
lowering t h e  r e a c t o r  o u t l e t  temperature  from 1300 t o  1200°F. Lowering 
t h e  f u e l  temperature  does n o t  n e c e s s a r i l y  mean t h a t  t h e  steam temperature  
i n  t h e  heat-power system must a l s o  be  reduced. The s t e a m  could b e  h e l d  
t o  t h e  r e f e r e n c e  d e s i g n  c o n d i t i o n s  of  3500 p s i a  1000"F/1000"F, by i n -  
c r e a s i n g  t h e  primary h e a t  exchanger area by about  60% and t h e  pumping 
c a p a c i t y  by t h e  same amount t o  compensate f o r  t h e  reduced temperature  
d i f f e r e n c e .  This would probably b e  done by adding c o o l i n g  loops ,  r e s u l t -  
i n g  i n  60% a d d i t i o n a l  c o s t  f o r  t h e  h e a t  exchangers ,  pumps, and p i p i n g ,  
p l u s  a d d i t i o n a l  b u i l d i n g  c o s t  t o  provide  t h e  needed l a y o u t  a r e a .  The 
o v e r a l l  c a p i t a l  c o s t  would i n c r e a s e  about 6% i n  t h i s  case. Another ap- 
proach would b e  t o  lower t h e  steam des ign  c o n d i t i o n  t o  3500 p s i a  
900°F/9000F, thereby reducing  t h e  thermal e f f i c i e n c y  of  t h e  c y c l e  from 
about 4 4  t o  4 2 % .  For a thermal e f f i c i e n c y  of 4 2 % ,  t h e  thermal c a p a c i t y  
of t h e  r e a c t o r  p l a n t  would have t o  be  about 2400 W ( t )  r a t h e r  than t h e  
2250 MW(t) used i n  t h e  conceptua l  s t u d y .  I f  i t  i s  assumed t h a t  c a p i t a l  
c o s t  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  thermal  c a p a c i t y ,  t h e  e s t i m a t e d  cap- 
i t a l  c o s t  w i l l  i n c r e a s e  about 6.6% due t o  t h e  lowered e f f i c i e n c y .  Thus 
i t  appears  t h a t  e i t h e r  approach would r e s u l t  i n  about t h e  s a m e  c a p t i a l  
c o s t  i n c r e a s e .  (Fuel  c o s t s  would b e  d i f f e r e n t . )  I f  t h e  s a m e  mater ia l  
i s  used f o r  t h e  s a l t  systems,  lowering t h e  temperature  does a l low h i g h e r  
des ign  stress l i m i t s ,  which could permit  t h i n n e r  s e c t i o n s  and less m a t e -  
r i a l  i n  component f a b r i c a t i o n .  A l t e r n a t i v e l y ,  less expensive material  
might b e  used. No c r e d i t  h a s  been claimed f o r  t hese  p o s s i b i l i t i e s  i n  
t h e  foregoing  estimates.  

of H a s t e l l o y  N amounted t o  29% of  t h e  t o t a l  p l a n t  c a p i t a l  c o s t  [ l ] .  Only 
about one- th i rd  w a s  t h e  c o s t  of  H a s t e l l o y  N ,  t h e  remainder of t h e  c o s t  of  
t h i s  equipment b e i n g  most ly  shop l a b o r .  Thus, a l though w e  recognize t h a t  
t h e r e  i s  c o n s i d e r a b l e  u n c e r t a i n t y  i n  p r o j e c t i n g  t h e  c o s t  of H a s t e l l o y  N 
t o  t h a t  which w i l l  p r e v a i l  when MSBR'S are b e i n g  b u i l t  i n  q u a n t i t y ,  t h e  
e f f e c t s  on t h e  p l a n t  c o s t  estimates are n o t  l i k e l y  t o  be  dominant. I f  i t  
w e r e  p o s s i b l e  t o  s u b s t i t u t e  s t a i n l e s s  s t ee l  o r  Inconel  f o r  Has te l loy  N 

I n  our  estimates f o r  t h e  r e f e r e n c e  MSBR, t h e  c o s t  of equipment made 
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without  any p e n a l t y  from having  t o  o p e r a t e  a t  lower tempera ture ,  s i g n i f i -  
can t  sav ings  might b e  achieved i n  t h e  29% of  t h e  p l a n t  c o s t  t h a t  is 
a s s o c i a t e d  w i t h  H a s t e l l o y  N equipment. 

because i t  is n o t  y e t  clear whether s e a l i n g ,  which may account f o r  h a l f  
of t h e  c o s t ,  is economically d e s i r a b l e .  (See Chapter  7 . )  The g r a p h i t e  
c o s t  is  n o t  a l a r g e  f r a c t i o n  of t h e  p l a n t  c a p i t a l  c o s t ,  however, amounting 
t o  6% i n  t h e  estimate f o r  o u r  r e f e r e n c e  des ign  El]. 

Of e q u a l  importance wi th  t h e  c a p i t a l  c o s t  is t h e  p l a n t  a v a i l a b i l i t y .  
Here mol ten-sa l t  b reeder  r e a c t o r s  tend t o  have an advantage s i n c e  they 
do n o t  r e q u i r e  p e r i o d i c  shutdown f o r  r e f u e l i n g  as do s o l i d - f u e l  r e a c t o r s .  
I n  t h e  ORNL d e s i g n ,  changing o u t  t h e  g r a p h i t e  c o r e  is scheduled every 
f o u r  y e a r s  t o  c o i n c i d e  w i t h  t h e  major t u r b i n e  maintenance, so  no a d d i t i o n a l  
t i m e  is l o s t  f o r  t h i s .  (Ebasco's d e s i g n  i n v o l v e s  r e p l a c i n g  p o r t i o n s  of 
t h e  c o r e  a t  s imi la r  i n t e r v a l s . )  No c r e d i t  f o r  t h e  a d d i t i o n a l  a v a i l a b i l i t y  
f o r  n o t  having  t o  r e f u e l  w a s  taken i n  our  c o s t  estimates, however, i n  
o r d e r  t o  provide  an a d d i t i o n a l  margin i n  case t h e  maintenance of  rad io-  
a c t i v e  equipment r e q u i r e s  more t i m e  than  is needed f o r  maintenance of 
s o l i d - f u e l  r e a c t o r s .  

The c o s t  of  t h e  MSBR g r a p h i t e  is  p a r t i c u l a r l y  u n c e r t a i n ,  p a r t l y  

Eva l u a t  i o n  

MSBR c a p i t a l  c o s t  estimates i n v o l v e  c o n s i d e r a b l e  u n c e r t a i n t i e s  due 
t o  u n c e r t a i n t i e s  i n  design.  The c o s t  of Has te l loy  N and g r a p h i t e  a f f e c t s  
about 35% of t h e  c a p i t a l  investment .  Comparisons i n d i c a t e  t h a t  t h e  capi -  
t a l  c o s t s  of MSBR'S w i l l  b e  roughly t h e  same as f o r  l ight-water-cooled 
r e a c t o r s .  

Conclusions 

U n c e r t a i n t i e s  s t i l l  exis t  as t o  what r e a c t o r  material w i l l  b e  f i -  
n a l l y  s e l e c t e d  f o r  MSBR'S and i n  some of  t h e  methods f o r  d e s i g n i n g  high- 
temperature  components. Once t h e  choice  of materials is  made, work under 
way f o r  t h e  LMFBR program, p l u s  a r e a s o n a b l e  amount of material  p r o p e r t i e s  
t e s t i n g ,  should  provide  s a t i s f a c t o r y  high-temperature  des ign  methods f o r  

S e v e r a l  c a p i t a l  c o s t  advantages of  MSBR's o v e r  l igh t -water  r e a c t o r s  
MSBR'S. 

appear  t o  o f f s e t  a d d i t i o n a l  c o s t s  a s s o c i a t e d  w i t h  t h e  d i s p e r s a l  of rad io-  
a c t i v i t y  i n  t h e  l i q u i d - f u e l  system. Hence, o u r  estimate t h a t  t h e  c a p i t a l  
c o s t s  of f u l l y  developed MSBR's w i l l  b e  about t h e  s a m e  as t h o s e  of p r e s e n t  
LWR's seems p l a u s i b l e ,  and an examination of  t h e  u n c e r t a i n t i e s  i n  t h e  c o s t  
comparison i n d i c a t e s  t h a t  they do n o t  r e p r e s e n t  a l a r g e  percentage  of  t h e  
t o t a l  c o s t .  
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1 4 .  ENVIRONMENTAL EFFECTS AND SAFETY 

R. B .  Br iggs ,  J .  R. Engel,  P.  N.  Haubenreich 

General Cons idera t ions  

A molten-sa l t  b r e e d e r  r e a c t o r  can b e  opera ted  w i t h  a c c e p t a b l e  e f f e c t  
on t h e  environment and t h e  h e a l t h  and s a f e t y  of t h e  p u b l i c  provided t h a t  
t h e  r a d i o a c t i v e  l i q u i d s  and gases  t h a t  c i r c u l a t e  throughout much of t h e  
p l a n t  are managed c a r e f u l l y .  
p l a n t  w i t h  a high-temperature  steam c y c l e .  Because t h e  MSBR p r o c e s s i n g  
p l a n t  i s  a t t a c h e d  d i r e c t l y  t o  t h e  r e a c t o r  t h e r e  i s  no need f o r  shipment 
of short-cooled f u e l .  F i s s i o n  products  e x t r a c t e d  from t h e  f u e l  s a l t  are 
s t o r e d  as s o l i d s  o r  c o n c e n t r a t e d  noble  gases  f o r  shipment a f t e r  l o n g  decay. 
T r i t i u m  t h a t  i s  produced i n  t h e  f u e l  s a l t  i n  s u b s t a n t i a l  q u a n t i t i e s  
p r e s e n t s  s p e c i a l  containment problems. Much of t h e  t r i t i u m  i s  expected 
t o  d i f f u s e  through t h e  w a l l s  of t h e  t u b e s  of t h e  primary h e a t  exchangers 
i n t o  t h e  s a l t  i n  t h e  secondary system. T r i t i u m  can b e  e x t r a c t e d  from 
t h e  secondary s a l t  and s t o r e d ,  b u t  u n l e s s  very  s p e c i a l  measures are taken  
some t r i t i u m  can b e  expected t o  d i f f u s e  i n t o  t h e  steam system and be  
d ischarged  from t h e  p l a n t  i n  t h e  o t h e r w i s e  uncontaminated blowdown. 
This  blowdown would b e  t h e  only  s i g n i f i c a n t l y  r a d i o a c t i v e  e f f l u e n t  from 
t h e  p l a n t  d u r i n g  normal o p e r a t i o n .  When t h e  primary systems of a n  MSBR 
are opened f o r  maintenance, t h e  copious amounts of f i s s i o n  products  d i s -  
t r i b u t e d  throughout  t h e  systems r e q u i r e  t h a t  s t r i n g e n t  p r e c a u t i o n s  b e  
taken  t o  prevent  u n d e s i r a b l e  releases i n t o  t h e  atmosphere. By use  of 
e v a p o r a t o r s  and d e m i n e r a l i z e r s  t o  p r o c e s s  l a b o r a t o r y  wastes and t h e  
l i q u i d s  t h a t  are used f o r  decontaminat ing and washing r a d i o a c t i v e  
equipment d u r i n g  maintenance, t h e  r a d i o a c t i v i t y  d ischarged  i n  t h e s e  
l i q u i d s  can b e  k e p t  t o  i n s i g n i f i c a n t  amounts. 

p l a c e s  some s p e c i a l  requi rements  on t h e  d e s i g n  and o p e r a t i o n  of a n  MSBR. 
A t  t h e  same t i m e  i t  eases o r  e l i m i n a t e s  some requirements  t h a t  are impor- 
t a n t  i n  s o l i d - f u e l  r e a c t o r s .  
measures must b e  taken  t o  e n s u r e  s a f e t y ,  whether t h e s e  measures are more 
o r  less complex and expensive i n  a n  MSBR t h a n  i n  o t h e r  r e a c t o r  systems 
can b e  determined only  by a comprehensive a n a l y s i s  t h a t  begins  w i t h  t h e  
most b a s i c  c o n s i d e r a t i o n s .  

Analys is  of t h e  s a f e t y  of any n u c l e a r  power p l a n t  involves  f a c t o r s  
t h a t  can be  c a t e g o r i z e d  under two headings - n u c l e a r  s a f e t y  and radio-  
l o g i c a l  s a f e t y .  The f i r s t  i n c l u d e s  p r i m a r i l y  t h o s e  c h a r a c t e r i s t i c s  of 
t h e  p l a n t  t h a t  determine t h e  p o s s i b l e  changes i n  t h e  r e a c t i v i t y  of t h e  
c o r e  and t h e  r e s u l t i n g  response  of t h e  n u c l e a r  power and t h e  tempera tures  
and p r e s s u r e s  i n  t h e  primary system. By r a d i o l o g i c a l  s a f e t y  w e  mean t h e  
p r o t e c t i o n  of  t h e  p u b l i c  and t h e  p l a n t  o p e r a t o r s  a g a i n s t  e x c e s s i v e  expo- 
s u r e  t o  r a d i a t i o n  under a l l  c o n d i t i o n s .  R a d i o l o g i c a l  s a f e t y  depends on 
several measures,  i n c l u d i n g  s u c c e s s i v e  containment b a r r i e r s ,  t o  minimize 
releases d u r i n g  normal o p e r a t i o n s  and t o  guarantee  t h a t  dangerous amounts 

Thermal e f f e c t s  are l i k e  t h o s e  f o r  any 

With r e g a r d  t o  s a f e t y  from l a r g e  a c c i d e n t s ,  t h e  use  of f l u i d  f u e l  

Although i t  i s  c lear  a p r i o r i  t h a t  d i f f e r e n t  

389 
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of r a d i o a c t i v i t y  do n o t  escape under t h e  wors t  c r e d i b l e  condi t ion .  The 
two areas are, of c o u r s e ,  i n t e r d e p e n d e n t ,  s i n c e  t h e  a b s o l u t e  c r i t e r i o n  
of n u c l e a r  s a f e t y  i s  t h a t  c o n d i t i o n s  which could overwhelm t h e  r a d i o l o g i -  
cal  s a f e t y  p r o v i s i o n s  must never  occur .  

r e a c t o r  and t h e  p r o c e s s i n g  systems,  i n  c o n t r a s t  wi th  convent iona l  r e a c t o r s  
where t h e  f i s s i o n  products  are normally conta ined  w i t h i n  f u e l  e lements  
i n  t h e  c o r e ,  Thus, f o r  an MSBR t o  have e q u i v a l e n t  o v e r a l l  containment ,  
g r e a t e r  requi rements  must b e  p l a c e d  on t h e  containment b a r r i e r s  from 
t h e  f u e l  s a l t  outward. On t h e  o t h e r  hand, t h e  fue l -coolan t  b a r r i e r  i n  
a s o l i d - f u e l  r e a c t o r ,  i n t e r p o s e d  as i t  is between t h e  h e a t  s o u r c e  and 
t h e  c o o l i n g  f l u i d ,  is t h e  b a r r i e r  most v u l n e r a b l e  t o  damage i n  a n u c l e a r  
excurs ion  s o  t h a t  i t s  p r o t e c t i o n  and t h e  consequences of i ts f a i l u r e  tend 
t o  impose more r e s t r i c t ive  n u c l e a r  s a f e t y  requirements  on a s o l i d - f u e l  
r e a c t o r .  These are t h e  obvious d i f f e r e n c e s ;  o t h e r s  are brought  o u t  i n  
t h e  d i s c u s s i o n  of  t h e  reference-design MSBR which f o l l o w s .  

I n  an MSBR, f i s s i o n  products  are always d i s t r i b u t e d  throughout  t h e  c 

L 
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C h a r a c t e r i s t i c s  of  Reference-Design MSBR 

This s e c t i o n  d e a l s  p r i m a r i l y  w i t h  t h e  l a r g e  MSBR s t a t i o n ,  i n c l u d -  
i n g  a r e a c t o r  and f u e l  process ing  p l a n t ,  t h a t  is  d e s c r i b e d  i n  Chapter 3 .  
The purpose,  however, is t o  d e l i n e a t e  t h e  impor tan t  f a c t o r s  t h a t  must b e  
considered f o r  any mol ten-sa l t  r e a c t o r .  Environmental  e f f e c t s  of  normal 
o p e r a t i o n s  are cons idered  f i r s t ,  then t h e  v a r i o u s  t o p i c s  t h a t  re la te  t o  
t h e  t h r e a t  of a l a r g e  a c c i d e n t .  

Environmental  E f f e c t s  of Normal Opera t ion  

Waste h e a t  must b e  d e a l t  wi th  as i n  any thermal  power p l a n t ,  b u t  
t h e  high-temperature  MSBR can u s e  t h e  m o s t  e f f i c i e n t  s t e a m  c y c l e  t h a t  
i s  a v a i l a b l e  s o  t h a t  h e a t  r e j e c t i o n  is  minimal. I n  t h e  r e f e r e n c e  d e s i g n ,  
wi th  a p l a n t  thermal e f f i c i e n c y  of 44%,  1225 MW(t) of h e a t  goes i n t o  
condenser w a t e r  when t h e  n e t  e l ec t r i ca l  o u t p u t  of  t h e  p l a n t  is 1000 MW(e). 
Another 4 3  MW(t) is r e j e c t e d  from t h e  dra in- tank  c o o l i n g  system and p l a n t  
h e a t  l o s s e s .  

The expected ra te  o f  d i s c h a r g e  of r a d i o n u c l i d e s  i n  gaseous e f f l u e n t s  
d u r i n g  normal o p e r a t i o n  o f  an MSBR s t a t i o n  is extremely s m a l l .  Helium 
t h a t  c o n t a c t s  t h e  f u e l  s a l t  i n  t h e  r e a c t o r  i s  r e c y c l e d  a f t e r  p a s s i n g  
through a cleanup system whose only output  is t r i t i u m  and n o b l e  gases  
i n  s e a l e d  c o n t a i n e r s  [l, p. 1081. Gases i n  t h e  p r o c e s s i n g  p l a n t  are a l s o  
recyc led  e x c e p t  f o r  a 0.5-scfm stream of hydrogen t h a t  i s  vented  a f t e r  
i t s  f i s s i o n  p r o d u c t s ,  are t rapped  on c h a r c o a l  [Z ,  p. 251. A l t e r n a t i v e l y ,  
t h i s  hydrogen might b e  s e n t  t o  t h e  r e a c t o r  p a r t  of t h e  p l a n t  f o r  u s e  i n  
removal of  t r i t i u m .  The coolan t  s a l t  cover-gas system i n c l u d e s  p r o v i s i o n s  
f o r  removing t r i t i u m  t h a t  reaches t h e  c o o l a n t  system. The t r i t i u m  t h a t  
d i f f u s e s  o u t  of t h e  high-temperature  s a l t  systems i n t o  t h e  containment 
ce l l s  i s  removed from t h e  c e l l  atmosphere r e c i r c u l a t i o n  system as HTO. 
Much of t h e  t r i t i u m  i n  t h e  steam system blowdown ( s e e  below) probably 
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would b e  d ischarged  i n t o  t h e  a i r  i f  w e t  c o o l i n g  towers w e r e  used. Other- 
w i s e  very  l i t t l e  of t h e  s t e a m  system t r i t i u m  would go i n t o  t h e  a i r .  

about  2400 Ci/day is produced i n  t h e  f u e l  s a l t  of a 1000 MW(e) r e a c t o r  
and i t  r e a d i l y  d i f f u s e s  through most metals a t  t h e  h igh  temperatures  of  
MSBRs . * 
of t r i t i u m  might reach  t h e  steam system [ 3 ] .  V i r t u a l l y  a l l  of t h i s  would 
b e  r e l e a s e d  by normal system blowdown i n t o  t h e  condenser c o o l i n g  water.  
Discharge of 790 Ci/day i n  a 560,000 gal /min stream produces a concen- 
t r a t i o n  of 260 x p C i / l i t e r .  This  i s  52 t i m e s  t h e  5 x p G T / l i t e r  
c o n c e n t r a t i o n  used as a des ign  o b j e c t i v e  f o r  l i q u i d  e f f l u e n t s  f o r  l i g h t -  
water-cooled n u c l e a r  power r e a c t o r s  [ 4 ] .  Presumably mol ten-sa l t  r e a c t o r s  
w i l l  b e  r e q u i r e d  t o  a t t a i n  similar low c o n c e n t r a t i o n s ,  s o  t h e  unhindered 
d i s c h a r g e  of tritium i n  l i q u i d  e f f l u e n t s  from t h e  re ference-des ign  MSBR 
i s  unacceptab le .  S e v e r a l  m o d i f i c a t i o n s  i n  t h e  d e s i g n  o r  o p e r a t i o n  of 
t h e  r e f e r e n c e  p l a n t  have t h e  p o t e n t i a l  f o r  d r a s t i c a l l y  reducing t h e  
amount of t r i t i u m  t h a t  reaches  t h e  steam system. These w i l l  b e  d i s c u s s e d  
l a t e r  i n  t h i s  c h a p t e r .  

Sampling such h i g h l y  r a d i o a c t i v e  f l u i d s  as t h o s e  i n  t h e  MSBR w i t h o u t  
r e l e a s i n g  r a d i o n u c l i d e s  t o  t h e  environment i s  no s imple  matter. Experience 
h a s  shown, however, t h a t  zero release is  q u i t e  p r a c t i c a b l e  when sampling 
equipment and procedures  are designed f o r  t o t a l  containment.  To accomplish 
t h i s ,  MSBR sampler  l i n e s  have m u l t i p l e  c l o s u r e s  and t e r m i n a t e  i n  chambers 
w i t h  a c o n t r o l l e d  atmosphere t h a t  is r e c i r c u l a t e d  through a p u r i f i c a t i o n  
system. 

Another occas ion  t h a t  r e q u i r e s  s p e c i a l  p r e c a u t i o n s  t o  prevent  release 
of r a d i o a c t i v i t y  t o  t h e  environment is t h e  opening of a system f o r  mainte- 
nance.  A s  d e s c r i b e d  i n  Chapters  9 and 1 2 ,  t h e  MSBR containment and mainte- 
nance p r o v i s i o n s  are designed t o  c o n f i n e  any r a d i o a c t i v e  contaminat i o n  t o  
r e s t r i c t e d  areas. 

T r i t i u m  p r e s e n t s  a n  unusual  problem i n  mol ten-sa l t  r e a c t o r s  because  

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 n  t h e  r e f e r e n c e  MSBR about 790 Ci/day 

Nuclear  S a f e t y  

The g e n e r a l  p r i n c i p l e s  of n u c l e a r  s a f e t y  are t h e  same f o r  a l l  r e a c t o r s .  
S m a l l  f l u c t u a t i o n s  i n  r e a c t i v i t y  should  produce only  h i g h l y  damped power 
o s c i l l a t i o n s .  Large,  r a p i d  i n c r e a s e s  i n  r e a c t i v i t y  should  b e  d i f f i c u l t  t o  
produce and b e  e a s i l y  c o n t r o l l e d  b e f o r e  t h e  r e s u l t i n g  power excurs ions  pro- 
duce damaging tempera ture  o r  p r e s s u r e  excurs ions .  The c h a r a c t e r i s t i c s  of 
t h e  MSBR p l a n t  are such t h a t  t h e s e  p r i n c i p l e s  are s a t i s f a c t o r i l y  m e t .  

The cont inuous removal of  f i s s i o n  products  and t h e  adjustment  of t h e  
f i s s i l e  i n v e n t o r y  i n  t h e  f u e l  s a l t  d u r i n g  o p e r a t i o n  of t h e  MSBR minimize 
t h e  amount of excess  r e a c t i v i t y  t h a t  must b e  compensated by c o n t r o l  rods  
and hence l i m i t  t h e  p o t e n t i a l  f o r  r a p i d  i n c r e a s e s  i n  r e a c t i v i t y  a s s o c i a t e d  

* 
Nearly a l l  i s  produced by neut ron  a b s o r p t i o n s  i n  l i t h i u m .  By com- 

p a r i s o n ,  t r i t i u m  product ion  i n  1000 MW(e) p l a n t s  amounts t o  40-50 Ci/day 
f o r  l i g h t - w a t e r ,  high-temperature  gas-cooled, and f a s t - b r e e d e r  r e a c t o r s  
and 3500-6000 Ci/day f o r  heavy-water r e a c t o r s .  
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w i t h  t h i s  excess. I n  t h e  reference-design MSBR, t h e  maximum amount of 
excess r e a c t i v i t y  t h a t  must b e  compensated by rods  under normal c o n d i t i o n s  
i s  expected t o  b e  less than 1% 6k/k. 

The f i s s i l e  material  i n  t h e  on- l ine  p r o c e s s i n g  systems amounts t o  
less than 1% of t h e  r e a c t o r  inventory .  I f  a l l  t h i s  could b e  r e t u r n e d  t o  
t h e  r e a c t o r ,  t h e  excess r e a c t i v i t y  would b e  i n c r e a s e d  only 0.4% o r  less.  
Furthermore,  conceivable  rates of  i n t r o d u c t i o n  are q u i t e  i n c o n s e q u e n t i a l ,  * 
and any unwanted r e a c t i v i t y  i n c r e a s e  from t h i s  s o u r c e  can e a s i l y  b e  s topped.  

Decay of p r e c u r s o r s  i n  t h e  f u e l  c i r c u l a t i n g  o u t s i d e  o f  t h e  core  reduces 
t h e  e f f e c t i v e  delayed-neutron f r a c t i o n  from 0.30% t o  0.12% i n  an o p e r a t i n g  
MSBR. Thus one r e s u l t  of a c e s s a t i o n  of f low i s  a 0.18% bk/k r e a c t i v i t y  
i n c r e a s e  i n  a t i m e  on t h e  o r d e r  of t h e  h a l f - l i v e s  of  delayed-neutron pre-  
c u r s o r s .  Somewhat l a r g e r  r e a c t i v i t y  e f f e c t s  of  s t o p p i n g  and s t a r t i n g  
f u e l  c i r c u l a t i o n  could r e s u l t  from t h e  p e r t u r b a t i o n s  o f  temperatures  and 
t h e  e f f e c t s  of changing p r e s s u r e  on gas  bubbles  i n  t h e  c o r e .  

The maximum e f f e c t  of temperature  changes is  shown by t h e  fo l lowing  
argument t o  b e  q u i t e  manageable. The r e a c t i v i t y  c o e f f i c i e n t  f o r  changes 
i n  temperature  of t h e  e n t i r e  c o r e  (-0.9 x 
than  t h e  c o e f f i c i e n t  f o r  t h e  f u e l  a l o n e  (-3.3 x O C "  f o r  a uniform 
change of f u e l  temperature  over  t h e  e n t i r e  c o r e ) .  Thus t h e  upper bound 
on r e a c t i v i t y  e f f e c t s  due t o  a temperature  change i n  t h e  core  corresponds 
t o  c o o l i n g  a l l  t h e  c o r e  f u e l  (and none of t h e  g r a p h i t e )  from t h e  maximum 
o p e r a t i n g  tempera ture  (705OC)  t o  t h e  f u e l  l i q u i d u s  tempera ture  (50OOC).  
This  is  o n l y  about 0.7% bk/k. E f f e c t s  a c t u a l l y  a t t a i n a b l e  are smaller 
and, because they can b e  produced only by i n f l o w  of c o o l e r  s a l t ,  o c c u r  
w i t h  t i m e  c o n s t a n t s  of a t  least several  seconds.  The s a f e t y  rod system 
is q u i t e  capable  of  p r e v e n t i n g  power excurs ions  due t o  such e f f e c t s .  

Because of t h e  s t r o n g  a b s o r p t i o n s  i n  thorium i n  t h e  f u e l  s a l t ,  d i s -  
placement of a s m a l l  f r a c t i o n  by v o i d s  has  a p o s i t i v e  e f f e c t  on reactiv- 
i t y .  There are,  i n  p r i n c i p l e ,  two ways t h i s  could occur :  1) by i n c r e a s e s  
i n  t h e  volume f r a c t i o n  of  . c i r c u l a t i n g ,  noncondensable gas and 2)  by b o i l i n g  
of t h e  f u e l  s a l t .  N e i t h e r  of t h e s e  p r o c e s s e s  appears  t o  b e  capable  of 
producing changes of s u f f i c i e n t  magnitude t o  r e p r e s e n t  a s a f e t y  problem. 

Under normal o p e r a t i n g  c o n d i t i o n s  t h e  f u e l  s a l t  i n  an MSBR c o n t a i n s  
0.2 t o  1.0 v o l  % o f  hel ium bubbles .  This gas i s  i n t r o d u c e d  and removed 
cont inuous ly  t o  s t r i p  1 3 5 X e .  
removal o r  changes i n  system p r e s s u r e  w i l l  change t h e  core  void  f r a c t i o n .  
A t  1 v o l  %, t h e  voids  i n  t h e  r e a c t o r  core  r e p r e s e n t  about  0.039% i n  reac- 
t i v i t y .  A complete d e p r e s s u r i z a t i o n  of t h e  f u e l  system, which would al low 
t h e s e  bubbles  t o  expand by a f a c t o r  o f  2 t o  3 ,  would cause  a r e a c t i v i t y  
i n c r e a s e  of on ly  about  0.1% 6k/k.  I n  a d d i t i o n  t o  t h e  bubbles ,  t h e  s a l t  
c o n t a i n s  some d i s s o l v e d  hel ium and t h e  pores  of t h e  g r a p h i t e  c o n t a i n  
s u b s t a n t i a l l y  more. Although t h e  t o t a l  amount of hel ium i n  t h e  g r a p h i t e  

" C - l )  is  much smaller 

Thus, changes i n  t h e  rate of a d d i t i o n  o r  

~~ * 
The ra te  of  r e a c t i v i t y  i n c r e a s e  would b e  o n l y  5 x 6k/k p e r  

second i f  t h e  3 l i t e r / m i n  s a l t  stream from t h e  p r o c e s s i n g  p l a n t  t o  t h e  
49 ,000- l i t e r  r e a c t o r  file1 system conta ined  t w i c e  t h e  normal uranium 
c o n c e n t r a t i o n .  

w 

(c 

c 

P 



393 

is  l a r g e ,  t h e  r a t e  a t  which i t  can d i f f u s e  o u t  is l i m i t e d  s o  t h a t  f o r  
reasonably a t t a i n a b l e  rates of p r e s s u r e  l o s s  i n  an MSBR (% -2 p s i / s e c )  
t h e  combined r e a c t i v i t y  e f f e c t  due t o  bubble expansion and g r a p h i t e  out-  
g a s s i n g  is  only 0.005 (% Gk/k)/sec o r  less. 

Voiding of a few f u e l  channels  by l o c a l  b o i l i n g  ( a s  might r e s u l t  
i f  f low blockages occurred i n  i n d i v i d u a l  f u e l  passages)  i s  n o t  a severe 
event .  The p o s i t i v e  r e a c t i v i t y  e f f e c t  a s s o c i a t e d  w i t h  100 empty f u e l  
cel ls* a t  t h e  average n u c l e a r  importance f o r  t h e  c e n t r a l  c o r e  r e g i o n  is  
less than 0.5% 6k/k. Because t h e  b o i l i n g  tempera ture  ( a t  1 atm) is more 
t h a n  700°C above t h e  normal o p e r a t i n g  tempera ture  of  t h e  s a l t ,  t h e  energy 
i n p u t  r e q u i r e d  t o  h e a t  t h e  s a l t  t o  t h e  b o i l i n g  tempera ture  over  much of 
t h e  c o r e  i n  a s h o r t  t i m e  would r e q u i r e  a n u c l e a r  excurs ion  l a r g e r  than  
any produced by c r e d i b l e  r e a c t i v i t y  i n p u t s .  Thus, b o i l i n g  i n  t h e  c o r e  
w i l l  n o t  come i n t o  p l a y  as a p o s i t i v e  r e a c t i v i t y  feedback i n  any n u c l e a r  
excurs ion  o r i g i n a t i n g  w i t h  t h e  r e a c t o r  a t  o r  n e a r  normal temperature .  

p o s i t i v e  r e a c t i v i t y  e f f e c t .  A t  t h e  c e n t e r  of  t h e  c o r e  ( t h e  most s e n s i -  
t i ve  s p o t )  t h e  e f f e c t  amounts t o  2.9 x 6k/k p e r  cm3. Conceivable 
e v e n t s ,  i n c l u d i n g  sudden r e d i s t r i b u t i o n  of c l e a r a n c e s  i n  response  t o  
flow changes o r  accumulated stresses, produce no r e a c t i v i t y  i n c r e a s e  of  
much consequence. 

A unique c o n s i d e r a t i o n  i n  f l u i d - f u e l  r e a c t o r s  is  t h e  p o s s i b i l i t y  of  
inhomogeneity of t h e  f i s s i l e  mater ia l  i n  t h e  c i r c u l a t i n g  f u e l .  Specif-  
i c a l l y  of concern i s  gradual  s e g r e g a t i o n  of f i s s i l e  material  o u t s i d e  t h e  
c o r e ,  fol lowed by r a p i d  i n t r o d u c t i o n  w i t h  t h e  incoming stream. The MSBR 
f u e l  s a l t ,  as d e s c r i b e d  i n  Chapter 5,  is q u i t e  s t a b l e  over  a range of 
c o n d i t i o n s  much wider  than t h e  a n t i c i p a t e d  d e v i a t i o n s .  Segrega t ion  of 
uranium could conceivably b e  produced by i n t r o d u c t i o n  o f  reducing a g e n t s  
o r  oxygen i n t o  t h e  s a l t ,  b u t  adequate  p r o t e c t i o r ,  a g a i n s t  t h i s  i s  provided 
i n  t h e  MSBR. 

by t h e  temperature  c o e f f i c i e n t s  of r e a c t i v i t y  and t h e  a c t i o n  of t h e  con- 
t r o l  rods  and s a f e t y  rods .  Because t h e  de layed  neut ron  f r a c t i o n  i s  un- 
u s u a l l y  s m a l l ,  t h e  MSBR power responds r a p i d l y  t o  r e a c t i v i t y  i n c r e a s e s .  

The r e a c t i v i t y  c o e f f i c i e n t s  f o r  uniform changes i n  f u e l  and g r a p h i t e  
temperatures  are l i s t e d  i n  Table 1 4 . 1 .  I n  response  t o  r e a c t i v i t y  t r a n s -  
i e n t s ,  c o r e  temperature  changes w i l l  n o t  b e  uniform, however. I n  p a r t i c -  
u l a r ,  t h e  g r a p h i t e  w i l l  change temperature  much more s lowly than w i l l  t h e  
f u e l  sa l t .  ( I n  t h e  c e n t r a l  co re  r e g i o n ,  g r a p h i t e  comprises about 90% 
o f  t h e  h e a t  c a p a c i t y  but  on ly  about 8% of  t h e  n u c l e a r  h e a t  s o u r c e  i s  i n  
t h e  g r a p h i t e . )  Consequently,  h e a t i n g  o f  t h e  f u e l  sa l t  r e s u l t s  i n  a prompt, 
n e g a t i v e  response  of r e a c t i v i t y  t o  a power excurs ion .  This  response i s  
g r e a t  enough t o  l i m i t  e f f e c t i v e l y  t h e  i n i t i a l  power s u r g e  caused by any 
c r e d i b l y  r a p i d  i n c r e a s e  i n  r e a c t i v i t y .  Thus s a f e t y  rods  are n o t  r e q u i r e d  
t o  o p e r a t e  unusual ly  f a s t .  The t o t a l  c o r e  temperature  c o e f f i c i e n t  ( f u e l  

Displacement of s m a l l  amounts of  f u e l  s a l t  by g r a p h i t e  produces a 

The response  of t h e  n u c l e a r  power t o  r e a c t i v i t y  i n c r e a s e s  i s  governed 

*A f u e l  c e l l ,  as used h e r e ,  means t h e  4 i n .  by 4 i n .  by 16  f t  long  
reg ion  a s s o c i a t e d  w i t h  a s i n g l e  moderator p i e c e .  
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Table 14.1. Coefficients of reactivity for uniform changes 
in temperature across the MSBR core 

Component 
Reactivity coefficient, 

Fuel salt 
Doppler effect' 
Thermal baseb 
Density 

Total fuel salt 

Graphite: 
Thermal base* 
Density 

Total graphite 

(X 10-5) 

-4.37 
+0.27 
+0.82 - 
-3.28 

+2.41 
-0.12 
+2.35 
- 

Core -0.87 

'Primarily due to thorium. 
bUpward shifts in thermal spectrum increase reactivity be- 

cause fissile cross section decrease less rapidly than the thorium 
cross section does. 
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p l u s  g r a p h i t e )  i s  q u i t e  s m a l l ,  however, and might b e  p o s i t i v e .  (The cal- 
c u l a t e d  v a l u e  i s  n e g a t i v e ,  b u t  t h e  margin of u n c e r t a i n t y  i s  such t h a t  t h e  
c o e f f i c i e n t  could t u r n  ou t  t o  b e  p o s i t i v e . )  A s  a r e s u l t ,  sa fe ty- rod  a c t i o n  
i s  r e q u i r e d  t o  p r e v e n t  wide v a r i a t i o n s  i n  temperature  t h a t  would o t h e r w i s e  
r e s u l t  from any r e a c t i v i t y  change t h a t  p e r s i s t s  more than a few seconds.  

I n  summary, t h e  n u c l e a r  s a f e t y  c h a r a c t e r i s t i c s  of t h e  r e f e r e n c e  MSBR 
are  such t h a t  a r e a c t i v i t y  e x c u r s i o n  l e a d i n g  t o  a breach i n  t h e  f u e l  sys-  
t e m  containment i s  h i g h l y  u n l i k e l y .  

Radionucl ide Decay H e a t i n g  

From t h e  s t a n d p o i n t  of r e a c t o r  s a f e t y ,  t h e  c h i e f  importance of  rad io-  
n u c l i d e  decay h e a t  l i e s  i n  whatever t h r e a t  i t  may pose t o  t h e  i n t e g r i t y  
of t h e  pr imary s y s  t e m .  

I n  an MSBR, t h e  f i s s i o n  products  and t ransmuta t ion  products  and t h e  
h e a t  produced by t h e i r  decay are d i s t r i b u t e d  through t h e  r e a c t o r  systems 
and t h e  p r o c e s s i n g  f a c i l i t y  i n  a manner t h a t  depends on t h e  p h y s i c a l  
f e a t u r e s  of  t h e  p l a n t ,  t h e  chemistry of t h e  r a d i o n u c l i d e s ,  and t h e  e x t e n t  
of r e p r o c e s s i n g  of t h e  f u e l  s a l t .  I n  t h e  r e f e r e n c e  design MSBR a f t e r  
s e v e r a l  months of  o p e r a t i o n  a t  i t s  d e s i g n  power of 2250 MW(t), t h e  t o t a l  
decay h e a t  rate i s  about 152 MW, d i s t r i b u t e d  as shown i n  Table 1 4 . 2 .  
Most of  t h e  h e a t  i s  genera ted  i n  t h e  f u e l  s a l t  by t h e  decay of a l l  classes 
of r a d i o a c t i v e  p r o d u c t s  wi th  h a l f  l i v e s  of a few minutes o r  less and of  
longer  l i v e d  products  t h a t  are s o l u b l e  i n  t h e  s a l t .  

i n t o  t h e  hel ium bubbles  t h a t  c i r c u l a t e  i n  t h e  f u e l  s a l t  and are removed 
t o  t h e  d r a i n  t ank .  About 80% of  t h e  energy of decay of t h e  gases  t h a t  
reach t h e  d r a i n  tank  is r e l e a s e d  i n  t h e  tank.  The remainder i s  r e l e a s e d  
i n  t h e  carbon beds .  For t h e  purposes  of c o n s e r v a t i v e  d e s i g n ,  each daughter  
atom of a noble  gas atom is  assumed t o  d e p o s i t  on t h e  s u r f a c e  n e a r e s t  t h e  
p o i n t  of decay of  t h e  p a r e n t  atom and t h e r e  t o  release i t s  h e a t .  This  
c e r t a i n l y  is  t h e  s i t u a t i o n  i n  t h e  g r a p h i t e  and i n  t h e  carbon beds.  Depend- 
i n g  on t h e  des ign ,  daughter  atoms born  i n  t h e  off-gas l i n e s  o r  d r a i n  tank 
could e i t h e r  b e  d i s s o l v e d  i n  f u e l  sa l t  and r e t u r n e d  t o  t h e  primary system 
o r  b e  c a r r i e d  on w i t h  t h e  gas  s t r e a m .  

t e l l u r i u m ,  are n o t  s t a b l e  as m e t a l  i o n s  under t h e  normal redox c o n d i t i o n s  
i n  t h e  f u e l  s a l t  and are r a p i d l y  reduced t o  t h e  e lementa l  s t a t e . *  These 
metals are  h i g h l y  i n s o l u b l e  i n  t h e  s a l t  and are n o t  w e t  by i t ,  so  they 
tend t o  d e p o s i t  on m e t a l  and g r a p h i t e  s u r f a c e s  and c o l l e c t  a t  g a s - l i q u i d  
i n t e r f a c e s .  The d i s t r i b u t i o n  of t h e  a f t e r h e a t  produced by t h e s e  m a t e r i a l s  
then depends on t h e i r  d i s t r i b u t i o n  among t h e  v a r i o u s  s u r f a c e s .  Table 14 .2  
shows two c a l c u l a t e d  d i s t r i b u t i o n s  f o r  t h e  a f t e r h e a t  from m e t a l l i c  f i s s i o n  
p r o d u c t s ,  r e f l e c t i n g  u n c e r t a i n t i e s  i n  t h e i r  p h y s i c a l  d i s t r i b u t i o n .  The 
f i r s t  is based on an assumed s t i c k i n g  c o e f f i c i e n t  - t h a t  i s ,  t h e  p r o b a b i l i t y  
t h a t  a f i ss ion-product  atom remains on t h e  s u r f a c e  t o  which i t  migra tes  - 

Krypton and xenon d i f f u s e  i n t o  t h e  pores  of t h e  core  g r a p h i t e  o r  

The f i s s i o n  products  from element 41 ,  niobium, through element 5 2 ,  

* 
Because of t h i s  tendency t o  ex i s t  i n  t h e  e lementa l  s t a t e ,  t h e s e  

f i s s i o n  p r o d u c t s  are f r e q u e n t l y  r e f e r r e d  t o  as ' 'noble metals'' i n  MSR's. 
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Table 14.2. Distribution of radionuclide decay heat in a lOOO-MW(e) MSBR plant 

Location of heat source 
Heat generation rate (MW) 

Bubble sticking Bubble sticking 
coefficient = 0.1 coefficient = 1.0 

Fuel salt - all classes of radioactive products 102 102 
Graphite in reactor vessel 

Noble gases and daughters 
Noble metal deposits 

1.4 
4.8 

1.4 
3.6 

Metal surfaces in primary system - noble metal deposits 18 12 

Drain-tank system 
Noble gases and daughters 
Noble metals and daughters 

9.9 
1.2 

9.9 
8.3 

Off-gas system - noble gases and daughters 2.4 2.4 
Fuel reprocessing plant 

Fission products 
Protactinium 

Total 

6.6 6.6 
5 .o 5.0 - 

152 152 
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of  1 . 0  f o r  metal and g r a p h i t e  s u r f a c e s  and 0.1 f o r  bubble  s u r f a c e s .  For 
t h e  second d i s t r i b u t i o n ,  t h e  s t i c k i n g  c o e f f i c i e n t  f o r  gas bubbles  w a s  
i n c r e a s e d  t o  1 . 0  and no reent ra inment  w a s  al lowed i n  t h e  s a l t  i n  t h e  
d r a i n  tank.  
tend t o  remain where t h e  p a r e n t  w a s  d e p o s i t e d  except  f o r  i o d i n e ,  t h e  
daughter  of t e l l u r i u m .  I n  t h e  presence  of f lowing s a l t ,  i o d i n e  r e t u r n s  
t o  t h e  l i q u i d  phase; o t h e r w i s e  i t  remains on o r  n e a r  t h e  s u r f a c e  a t  which 
i t  w a s  formed. 

The f u e l  p r o c e s s i n g  system is  t h e  f i n a l  l o c a t i o n  i n  which a sub- 
s t a n t i a l  amount of  r a d i o a c t i v e  decay h e a t  is r e l e a s e d .  The source  of 
h e a t  t h e r e  is roughly e q u a l l y  d i v i d e d  between 233Pa and f i s s i o n  products  
of i n t e r m e d i a t e  t o  l o n g  l i f e .  Decay h e a t  g e n e r a t i o n  i s  a most impor tan t  
f a c t o r  i n  t h e  des ign  of t h i s  system. The o p e r a t i o n  of t h e  p r o c e s s i n g  
system s c a r c e l y  a f f e c t s  t h e  decay h e a t i n g  i n  t h e  r e a c t o r  d u r i n g  o p e r a t i o n ,  
b u t  does reduce t h e  h e a t i n g  rates a t  longer  t i m e s  a f t e r  shutdown (and 
decay of t h e  s h o r t e r - l i v e d  f i s s i o n  p r o d u c t s ) .  From t h e  foregoing ,  i t  
i s  e v i d e n t  t h a t  t h r e e  c o n d i t i o n s  of o p e r a t i o n  must b e  considered wi th  
regard  t o  release and removal of  decay h e a t :  normal o p e r a t i o n  a t  v a r i o u s  
power levels ,  r e a c t o r  s h u t  down b u t  f u e l  s a l t  remaining i n  t h e  primary 
system, and r e a c t o r  s h u t  down w i t h  f u e l  d i scharged  t o  t h e  d r a i n  t ank .  

t h e  f i s s i o n  h e a t  and is of no consequence i n  t h e  primary f u e l - s a l t  
c i r c u l a t i n g  system. In  o t h e r  p a r t s  of t h e  f u e l  system and i n  t h e  off-gas  
system, t h e  d e s i g n  must accomodate t h e  h e a t i n g  from t h i s  source .  (Stag- 
n a n t  l i n e s  and pockets  where r a d i o a c t i v e  l i q u i d  o r  gas  can r e s i d e  must 
b e  avoided,  o r  c o o l i n g  must b e  provided as necessary . )  

The dra in- tank  c o o l i n g  system normally o p e r a t e s  at  only one- th i rd  
of c a p a c i t y ,  so h e r e  aga in  t h e  primary concern i s  t o  a s s u r e  t h a t  t h e  
h e a t  product ion  i s  reasonably uniform throughout  t h e  tank and t h a t  l i n e s  
l e a d i n g  from t h e  primary system t o  t h e  d r a i n  tank are cooled p r o p e r l y .  
I n  t h e  of f -gas  system and i n  t h e  r e p r o c e s s i n g  p l a n t  t h e  h e a t  loads  dur ing  
normal o p e r a t i o n  are t h e  des ign  h e a t  l o a d s .  There are no abnormal con- 
d i t i o n s  t h a t  could cause  t h e s e  h e a t  l o a d s  t o  b e  exceeded by s i g n i f i c a n t  
amounts, s o  t h e  primary concern i n  t h e  des ign  i s  t o  a s s u r e  t h a t  t h e  
c o o l i n g  i s  d i s t r i b u t e d  p r o p e r l y .  Redundant c a p a c i t y  must b e  provided i n  
t h e  c o o l i n g  systems f o r  t h e  r e a c t o r  d r a i n  tank,  f o r  t h e  carbon beds i n  
t h e  r e a c t o r  o f f  gas  system, and f o r  t h e  f u e l  r e p r o c e s s i n g  system t o  a s s u r e  
t h a t  c o o l i n g  w i l l  b e  a v a i l a b l e  a t  a l l  t i m e s .  

When t h e  r e a c t o r  i s  s h u t  down, t h e  r a d i o a c t i v e  decay h e a t  decreases  
w i t h  t i m e  as shown i n  F ig .  14.1.  I n  a normal r e a c t o r  shutdown, t h e  f u e l  
s a l t  i s  r e t a i n e d  i n  t h e  primary system f o r  many h o u r s ,  t h e  primary pumps 
cont inue  t o  o p e r a t e  a t  f u l l  f low on t h e  normal e l ec t r i c  supply o r  a t  10% 
flow on pony motors d r i v e n  by an emergency power supply .  The secondary 
pumps a l s o  c o n t i n u e  t o  o p e r a t e  a t  flows i n  t h e  range of  10 t o  loo%, de- 
pending on t h e  power supply .  Heat i s  t r a n s f e r r e d  from t h e  primary s a l t  
t o  t h e  secondary s a l t ,  steam is  produced a t  much reduced rates i n  t h e  
steam g e n e r a t o r s  and is  d ischarged  t o  t h e  t u r b i n e  condenser o r  t o  o t h e r  
c o o l e r s .  With 10% of t h e i r  r a t e d  normal flow, two primary loops and 
a s s o c i a t e d  secondary loops w i l l  hold t h e  tempera ture  a t  o r  below t h e  
normal level  u n t i l  5 minutes a f t e r  shutdown when one loop  combination 
is s u f f i c i e n t .  I n  t h e  absence of c o o l i n g ,  t h e  temperature  of t h e  p r i -  
mary system would rise t o  1400 and 1500°F i n  70 and 120 minutes ,  

The daughters  of n o b l e  metals are a l s o  noble  metals which 

During power o p e r a t i o n ,  t h e  decay h e a t  is only  a s m a l l  f r a c t i o n  of 
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r e s p e c t i v e l y .  The h e a t  load  i n  t h e  d r a i n  tank  begins  t o  d e c r e a s e  
immediately a f t e r  such a shutdown. H e a t  p roduct ion  i n  t h e  off-gas 
system decays more s lowly and t h e  h e a t  product ion  i n  t h e  p r o c e s s i n g  
p l a n t  i s  l i t t l e  a f f e c t e d  f o r  several hours .  

Under a c c i d e n t  o r  o t h e r  unusual  c i rcumstances t h e  f u e l  sa l t  is 
d ischarged  t o  t h e  d r a i n  tank  f o r  cool ing .  Discharge of sa l t  from t h e  
pr imary system i n t o  t h e  d r a i n  tank  could b e g i n  at  shutdown and b e  com- 
p l e t e d  i n  about  7 minutes .  A t  t h i s  t i m e  t h e  h e a t  product ion  ra te  i n  t h e  
d r a i n  tank  would b e  about 40 MW; t h e  temperature  of t h e  sa l t  would rise 
t o  a maximum of 1400°F i n  a few hours  and then  f a l l  t o  about 1000°F i n  
a few days,  where i t  would b e  maintained by c o n t r o l  of t h e  cool ing.  

Condi t ions  i n  t h e  off-gas  system and i n  t h e  r e p r o c e s s i n g  p l a n t  
would n o t  b e  a f f e c t e d  s i g n i f i c a n t l y  by d r a i n i n g  t h e  r e a c t o r ,  bu t  t h e  
c o n d i t i o n s  i n  t h e  r e a c t o r  primary system would b e  markedly d i f f e r e n t .  
Dra in ing  of t h e  f u e l  s a l t  would remove t h e  f l u i d  t h a t  t r a n s p o r t s  t h e  
decay h e a t  from t h e  g r a p h i t e  t o  t h e  pr imary h e a t  exchangers .  I f  t h e  
secondary s a l t  w e r e  d r a i n e d  from t h e  h e a t  exchangers at  t h e  same t i m e ,  
t h e  p r e f e r r e d  means f o r  removing t h e  h e a t  from t h e  decay of  noble  m e t a l  
d e p o s i t s  on t h e  h e a t  exchanger tubes would a l s o  b e  removed. 

C a l c u l a t i o n s  have shown t h a t  t h e  components and p i p i n g  i n  t h e  p r i -  
mary system could b e  designed t o  b e  cooled adequate ly  by provid ing  a 
system t h a t  would m a i n t a i n  t h e  ce l l s  w a l l s  a t  1000°F. Heat would b e  
t r a n s f e r r e d  by r a d i a t i o n  and conduct ion w i t h i n  t h e  components and 
would b e  r a d i a t e d  t o  t h e  c e l l  w a l l s .  The temperature  a t  t h e  c e n t e r  
of t h e  g r a p h i t e  c o r e  i n  t h e  r e a c t o r  v e s s e l  of t h e  r e f e r e n c e  des ign  
w a s  e s t i m a t e d  t o  reach a maximum of  1900°F a f t e r  1 4  hours ,  b u t  t h e  
v e s s e l  w a l l s  would n o t  exceed 1400°F. With some m o d i f i c a t i o n s  of t h e  
c u r r e n t  r e f e r e n c e  d e s i g n ,  t h e  c e n t e r  tubes of  t h e  primary h e a t  exchangers 
would n o t  exceed 2000"F, and t h e  o u t e r  s h e l l  would n o t  exceed 1400°F. 
These temperatures  are b e l i e v e d  t o  b e  a c c e p t a b l e  f o r  t h e  f e w  t i m e s  t h a t  
a d r a i n  a t  shutdown would b e  expected t o  occur  i n  an MSBR. Delaying 
t h e  d r a i n  by 24 hours  and c o o l i n g  t h e  p l a n t  t o  1050°F dur ing  t h a t  t i m e  
would reduce t h e  decay h e a t  rates by a f a c t o r  of about  10 and would 
subs t a n t i a l l y  reduce t h e  temperature  rise. 

I n t e r a c t i o n  of Materials 

According t o  t h e  preceding  s e c t i o n s ,  t h e  i n t e g r i t y  of t h e  s a l t  con- 
tainment is  n o t  s e r i o u s l y  t h r e a t e n e d  by e i t h e r  n u c l e a r  power excurs ions  
o r  a f t e r h e a t .  I n  t h i s  s e c t i o n ,  w e  c o n s i d e r  t h r e a t s  from ( a )  normal 
system c o r r o s i o n  and (b) p o s s i b l e  p r e s s u r i z a t i o n  and enhanced a t t a c k  
r e s u l t i n g  from a s m a l l  l e a k  between c o o l a n t  and f u e l  s a l t  o r  between 
steam and c o o l a n t  s a l t .  

Corros ion .  - H a s t e l l o y  N i s  corroded by MSBR f u e l  s a l t  under normal 
c o n d i t i o n s  by r e a c t i o n s  of  t h e  type 

2UFq + Mo * 2UF3 + MF2 
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The r a t i o  UF~/UFI, i n  t h e  f u e l  s a l t  is main ta ined  a t  a v a l u e  such t h a t  
e q u i l i b r i u m  is reached w i t h  c o n c e n t r a t i o n s  of N i 2 + ,  Fez+, and Mo3+ i n  
t h e  s a l t  t h a t  are much less than 1 ppm and a chromium c o n c e n t r a t i o n  less 
than one hundred ppm. The predominant co r ros ion  r e a c t i o n  then  is reac- 
t i o n  of UF4 w i t h  chromium i n  t h e  m e t a l  t o  form CrF2 which d i s s o l v e s  i n  
t h e  sa l t .  Chromium becomes dep le t ed  n e a r  t h e  s u r f a c e  and a f t e r  t h e  f i r s t  
few thousand hours  c o r r o s i o n  is l i m i t e d  by t h e  rate of d i f f u s i o n  of chro- 
mium t o  t h e  s u r f a c e .  A t  MSBR tempera tures  t h i s  l i m i t  is on t h e  o rde r  of 
0 . 1  m i l / y e a r  of chromium d e p l e t i o n .  

and m e t a l  ox ides ,  which d i s s o l v e  i n  t h e  s a l t  and make i t  more o x i d i z i n g  
and more c o r r o s i v e  t o  a l l  c o n s t i t u e n t s  of Has te l loy  N .  During normal 
o p e r a t i o n  t h e  contaminants can b e  kep t  low by c o n t r o l l i n g  t h e  composition 
of t h e  cover  gas .  Maintenance o p e r a t i o n s  w i l l  a lmos t  i n e v i t a b l y  i n t r o d u c e  
some moi s tu re ,  bu t  w i th  r easonab le  p r e c a u t i o n s  t o  minimize a i r  in l eakage ,  
c o r r o s i o n  from t h i s  cause w i l l  have n e g l i g i b l e  e f f e c t  on containment.  
(Corros ion  i n  t h e  MSRE f u e l  system which w a s  opened two o r  t h r e e  t i m e s  
a y e a r ,  averaged only 0 .1  m i l / y e a r  [5 ,  pp .  71-79].) 

A phenomenon t h a t  presumably would a f f e c t  Has t e l loy  N i n  t h e  f u e l  
sys tem of t h e  r e f e r e n c e  MSBR is t h e  i n t e r g r a n u l a r  a t t a c k  and c rack ing  
observed on s u r f a c e s  exposed t o  t h e  MSRE f u e l  s a l t .  A s  d i scussed  at  
l e n g t h  i n  Chapter 7 ,  t h e  cause  a p p e a r s  t o  b e  f i s s ion -p roduc t  t e l l u r i u m ,  
bu t  t h e  e x i s t i n g  in fo rma t ion  does n o t  p e r m i t  a r e l i a b l e  p r e d i c t i o n  of 
behavior  over many y e a r s  and numerous stress c y c l e s .  Some i n d i c a t i o n  of  
t h e  s e r i o u s n e s s  i s  t h e  observed e f f e c t  on t h e  MSRE h e a t  exchanger tubes  
a f t e r  24,500 hours  at  h igh  tempera ture  fo l lowing  t h e  beginning  of power 
o p e r a t i o n  (and f i s s ion -p roduc t  d e p o s i t i o n ) .  Sur faces  exposed t o  f u e l  
had c racks  at a lmost  every  g r a i n  boundary, t o  an average  dep th  of 5 m i l s  
a f t e r  be ing  s t r a i n e d .  I f  t h e  depth  of t h e  i n t e r g r a n u l a r  a t t a c k  con- 
t i nued  t o  i n c r e a s e  w i t h  t h e  one-fourth power of t i m e  a t  tempera ture  ( a s  
theory  s u g g e s t s  is reasonap le ) ,  t h e  average  c rack  depth  a f t e r  30 y e a r s  
(2.6 x l o5  hours )  would be  only 9 m i l s .  This  depth  of c r ack ing  i n  t h e  
r e f e r e n c e  MSBR would have only i n s i g n i f i c a n t  e f f e c t  on t h e  s t r e n g t h  of 
t h e  r e a c t o r  vessel and p ip ing .  On t h e  o t h e r  hand, i f  t h e  a t t a c k  proceeds 
much more r a p i d l y ,  as is conce ivable ,  i t  could s e r i o u s l y  a f f e c t  t h e  relia- 
b i l i t y  of t h e  f u e l  containment.* It is c l e a r  t h a t  s a f e t y  c o n s i d e r a t i o n s  
r e q u i r e  t h a t  t h e s e  q u e s t i o n s  be f avorab ly  and conc lus ive ly  r e so lved .  
P o s s i b i l i t i e s  are d i scussed  later i n  t h i s  chap te r .  

I n t r o d u c t i o n  of moi s tu re  and a i r  i n t o  t h e  f u e l  sys tem produces HF 

Coolant S a l t  I n t e r a c t i o n s .  - The e u t e c t i c  of NaBF4 - NaF (92-8 mole X )  
w a s  chosen as t h e  secondary s a l t  i n  t h e  r e f e r e n c e  MSBR because  i t  has  
reasonably  good coo lan t  p r o p e r t i e s  , i t  is r e l a t i v e l y  inexpens ive  , and i t s  
me l t ing  p o i n t  (725'F) is low compared t o  t h a t  of o t h e r  s u i t a b l e  f l u o r i d e  
mix tu res .  From t h e  s a f e t y  s t a n d p o i n t  i t  is impor tan t  t h a t  mixing of f u e l  

* 
It might a l s o  b e  necessa ry  t o  replace t h e  tube  bundles i n  t h e  

primary h e a t  exchangers dur ing  t h e  p l a n t  l i f e .  
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and coolan t  s a l t ,  s p i l l a g e  of coolan t  sa l t  i n t o  t h e  containment ce l l s ,  and 
leakage  of s t e a m  i n t o  c o o l a n t  s a l t  should  n o t  g ive  rise t o  s i t u a t i o n s  t h a t  
would endanger t h e  h e a l t h  and s a f e t y  of t h e  p u b l i c  o r  of t h e  o p e r a t o r s  of  
t h e  p l a n t .  

sa l t s  is  a l e a k  i n  a primary h e a t  exchanger.  The l a r g e s t  l i k e l y  l e a k  is  
b e l i e v e d  t o  r e s u l t  from t h e  r u p t u r e  of one tube  i n  one of t h e  h e a t  ex- 
changers.  Depending on t h e  l o c a t i o n  of t h e  r u p t u r e ,  coolan t  s a l t  would 
e n t e r  t h e  f u e l  sa l t  i n  t h e  primary system at  an i n i t i a l  ra te  i n  t h e  range 
of 0 t o  3.5 l b l s e c  and f u e l  s a l t  would e n t e r  t h e  c o o l a n t  sa l t  at  a ra te  
i n  t h e  range of 1 .0  t o  7.4 l b / s e c .  That t h e  l e a k  e x i s t e d  would b e  s i g -  
n a l e d  by r a p i d  l o s s  i n  r e a c t i v i t y  of t h e  r e a c t o r  o r  f i s s i o n  product  rad io-  
a c t i v i t y  i n  a secondary c i r c u i t  o r  b o t h .  Upon e i t h e r  of t h e s e  s i g n a l s  
t h e  r e a c t o r  would b e  s h u t  down r a p i d l y ,  t h e  f u e l  s a l t  would b e  d r a i n e d  
from t h e  primary system i n t o  t h e  f u e l  sa l t  d r a i n  t a n k ,  and t h e  c o o l a n t  
s a l t  i n  t h e  a f f e c t e d  secondary c i r c u i t  would b e  d r a i n e d  i n t o  a coolan t  
s a l t  d r a i n  t ank .  

The amount of mixing of f u e l  and c o o l a n t  sa l t s  would vary wide ly ,  
depending on t h e  des ign  of t h e  p l a n t  and t h e  course  of t h e  event .  W e  
estimate t h a t  as much as 450 f t 3  of coolan t  s a l t  could m i x  wi th  1700 
f t 3  of f u e l  s a l t  i n  t h e  pr imary system and 40 f t 3  of f u e l  s a l t  could 
mix w i t h  2100 f t 3  of c o o l a n t  s a l t  i n  a secondary c i r c u i t  of t h e  r e f e r e n c e  
MSBR. N o  chemical r e a c t i o n s  t h a t  would g e n e r a t e  e x c e s s i v e  h e a t  o r  pre- 
c i p i t a t e  c o n s t i t u e n t s  of e i t h e r  s a l t  would b e  expected t o  occur  on mixing. 
Fuel s a l t  and sodium f l u o r o b o r a t e  are immiscible ,  however, so  two s a l t  
phases would b e  p r e s e n t  i n  b o t h  systems.  Although t h e  sa l t s  are immiscible ,  
exchange occurs  between t h e  phases w i t h  l i t h i u m  and b e r y l l i u m  f l u o r i d e s  
e n t e r i n g  t h e  l i g h t e r  f l u o r o b o r a t e  phase and sodium f l u o r i d e  and boron 
t r i f l u o r i d e  moving i n t o  t h e  f u e l  s a l t  phase.  Uranium and thorium f l u o r i d e s  
remain i n  t h e  heavy phase.  

I n  t h e  pr imary system t h e  exchange of c o n s t i t u e n t s  between s a l t s  
would have no s i g n i f i c a n t  e f f e c t  on t h e  m e l t i n g  p o i n t  of t h e  f u e l  s a l t .  
The m e l t i n g  p o i n t  of t h e  coolan t  s a l t  d i s p e r s e d  i n  t h e  f u e l  would in-  
crease somewhat, some BF3 would b e  r e l e a s e d ,  and t h e  BF3 o v e r p r e s s u r e  
i n  t h e  pr imary system would b e  expected t o  rise t o  about 5 a t m .  I n  t h e  
secondary system t h e  i n t e r a c t i o n  between t h e  f u e l  and coolan t  s a l t s  would 
tend t o  ra i se  t h e  l i q u i d u s  temperature  of t h e  f u e l - c o n t a i n i n g  s a l t  b u t  
would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  c o o l a n t  s a l t .  Since much of t h e  
secondary s y s  t e m  normally o p e r a t e s  at  a temperature  below t h e  l i q u i d u s  
of t h e  f u e l  s a l t ,  t h e  f u e l  s a l t  t h a t  l eaked  i n t o  t h e  secondary system 
would i n i t i a l l y  b e  d i s p e r s e d  as f r o z e n  p a r t i c l e s  throughout much of one 
c i r c u i t .  Whether t h e  p a r t i c l e s  remained as s o l i d s  would depend on measures 
taken  t o  h e a t  o r  c o o l  t h e  secondary c i r c u i t  a f t e r  t h e  coolan t  s a l t  had 
been dra ined .  

None of t h e  c o n d i t i o n s  a s s o c i a t e d  w i t h  mixing of f u e l  and c o o l a n t  
sa l t s  i n  t h e  pr imary o r  secondary systems appear  t o  b e  capable  of pro- 
ducing a break  i n  e i t h e r  system. 
s h i e l d e d  a g a i n s t  t h e  r a d i o a c t i v i t y  p r e s e n t  i n  t h e  coolan t  s a l t  dur ing  
normal o p e r a t i o n .  This  s h i e l d i n g  can b e  made adequate  t o  p r o t e c t  a g a i n s t  
t h e  f i s s i o n  products  t h a t  would b e  i n t r o d u c e d  by t h e  f u e l  s a l t .  Repair-  
i n g  o r  r e p l a c i n g  t h e  f a u l t y  h e a t  exchanger,  rec la iming  t h e  f u e l  s a l t ,  

The only c r e d i b l e  event  t h a t  would produce mixing of f u e l  and coolan t  

The secondary c i r c u i t s  must b e  h e a v i l y  
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and d i s p o s i n g  of t h e  contaminated c o o l a n t  s a l t  promise t o  b e  unp leasan t  
o p e r a t i o n s .  The chemical t o x i c i t y  of t h e  boron t r i f l u o r i d e  p rec ludes  
i ts  i n d i s c r i m i n a t e  release from t h e  p l a n t ,  b u t  t h e  p re sence  of sodium 
f l u o r o b o r a t e  does n o t  o the rwise  a f f e c t  t h e  s a f e t y  of t h o s e  o p e r a t i o n s .  

Sodium f l u o r o b o r a t e ,  i f  s p i l l e d  i n t o  t h e  r e a c t o r  c e l l  o r  i n t o  a 
secondary c e l l ,  must be  conta ined .  The sa l t  c o n t a i n s  r a d i o a c t i v e  sodium 
i n  a c o n c e n t r a t i o n  of 0.6 C i / f t 3  and some t r i t i u m ,  and t h e  sodium f luo -  
r i d e  and boron t r i f l u o r i d e  are both  t o x i c  chemicals.  The containment 
c r e a t e s  no s p e c i a l  problems, however, because  t h e  ce l l s  o p e r a t e  a t  
tempera tures  below 1100°F a t  which tempera ture  t h e  BF3 p r e s s u r e  over  
t h e  s a l t  is  only about 0 .3  a t m .  

hydrogen f l u o r i d e  and sodium hydroxyf luorobora te .  The r e a c t i o n s  are 
n o t  d e s t r u c t i v e l y  exothermic,  bu t  t h e  hydrogen f l u o r i d e  i s  c o r r o s i v e  t o  
t h e  metals of t h e  r e a c t o r  secondary system and t h e  tubes  t h a t  s e p a r a t e  
t h e  f u e l  s a l t  from t h e  coo lan t  s a l t .  Although t h e  c o r r o s i o n  rates are 
n o t  c a t a s t r o p h i c  under any f o r e s e e a b l e  c i rcumstance ,  t h e  leakage  r a t e  of 
water from t h e  steam system i n t o  t h e  secondary system and t h e  hydrogen 
f l u o r i d e  c o n c e n t r a t i o n  i n  t h e  secondary s a l t  must be kep t  low i n  o r d e r  
t o  ma in ta in  a low c o r r o s i o n  ra te  of p i p i n g  and equipment. 

In  t h e  even t  of a r u p t u r e  of one o r  more tubes  i n  a steam g e n e r a t o r  
o r  s u p e r h e a t e r ,  t h e  r a p i d  p r e s s u r i z a t i o n  of t h e  secondary s y s  t e m  and t h e  
p o s s i b i l i t y  of t r a n s m i t t i n g  t h a t  p r e s s u r e  t o  t h e  primary system is t h e  
major concern. I s o l a t i o n  va lves  must be provided t o  s t o p  t h e  flow of 
feedwater  and s t e a m  t o  t h e  f a u l t y  steam g e n e r a t i n g  equipment and p r e s s u r e  
r e l i e f  dev ices  must be provided on t h e  secondary sys tem t o  keep t h e  
p r e s s u r e  below t h e  system des ign  p res su re .  The steam and s a l t  t h a t  are 
d i scha rged  through t h e s e  devices  must be  conta ined .  The a f f e c t e d  secon- 
dary  system must b e  purged of hydrogen f l u o r i d e  and moi s tu re  and t h e  con- 
taminated s a l t  must be p u r i f i e d  o r  r ep laced  w h i l e  r e p a i r s  are made on t h e  
steam gene ra to r  b e f o r e  o p e r a t i o n  of t h e  p l a n t  can be  resumed. 

t h e  MSBR i n t r o d u c e s  s o m e  problems i n  des ign ing  t h e  p l a n t  f o r  upse t  con- 
d i t i o n s .  The i n t e r a c t i o n s  of t h e  c o o l a n t  w i t h  t h e  materials,  w i th  f l u i d s  
i n  contiguous r e a c t o r  systems, and wi th  t h e  c e l l  atmospheres,  however, do 
n o t  appear t o  be  so  v igorous  o r  t h e  r e a c t i o n  p roduc t s  s o  a g g r e s s i v e  as 
t o  create major s a f e t y  concerns.  

Water and steam react wi th  sodium f l u o r o b o r a t e  t o  produce p r i m a r i l y  

The use  of a chemically r e a c t i v e  coo lan t  i n  t h e  secondary system of 
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Engineered S a f e t y  Fea tu res  

The b a s i c  f u n c t i o n  of t h e  engineered  s a f e t y  f e a t u r e s  in a molten- 
s a l t  r e a c t o r  p l a n t  is t h e  same as i n  any n u c l e a r  p l a n t  - t o  prevent  any 
uncon t ro l l ed  release of r a d i o a c t i v i t y  under a c c i d e n t  c o n d i t i o n s .  The 
d e t a i l e d  requi rements  are unusual ,  however, because  of t h e  n a t u r e  of t h e  
f u e l  - l i q u i d ,  bu t  p r a c t i c a l l y  n o n v o l a t i l e  and n o t  h i g h l y  r e a c t i v e  w i t h  
a i r  o r  water. 

t h e  primary sys tem of a mol t en - sa l t  r e a c t o r  - n u c l e a r  excur s ions  and 
u n c o n t r o l l e d  f i s s i o n  product h e a t i n g  - do n o t  pose major t h r e a t s  t o  i ts  
i n t e g r i t y .  Of t h e  cond i t ions  cons idered ,  only t h e  p reven t ion  of p r e s s u r e  

Previous  d i s c u s s  ion  has  i n d i c a t e d  t h a t  abnormal cond i t ions  w i t h i n  
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excurs ions  t h a t  could b e  i n i t i a t e d  by l a r g e  l e a k s  between t h e  steam and 
secondary s a l t  systems r e q u i r e  t h e  implementat ion of  s p e c i a l i z e d  s a f e t y  
devices  t o  p r o t e c t  t h e  primary system boundary. These devices  must i n s u r e  
t h a t  t h e  secondary s a l t  system is r e l i a b l y  and e f f e c t i v e l y  vented i n  t h e  
e v e n t  of a steam g e n e r a t o r  f a i l u r e .  

Despi te  t h e  low p r o b a b i l i t y  of a breach of t h e  primary system 
boundary, t h e  consequences of such a f a i l u r e  must be  considered.  Because 
t h e  f u e l  i s  i n  l i q u i d  form, any primary-system r u p t u r e  releases l a r g e  
q u a n t i t i e s  of r a d i o a c t i v e  material  i n t o  t h e  immediate sur roundings .  To 
prevent  t h e  d i s p e r s i o n  of t h a t  a c t i v i t y  throughout t h e  r e a c t o r  b u i l d i n g ,  
t h e  components of t h e  f u e l  system are enc losed  w i t h i n  a primary conta in-  
ment system of s e a l e d  ce l l s  from which water is excluded. The s y s t e m a t i c  
e x c l u s i o n  of water guards a g a i n s t  t h e  g e n e r a t i o n  of l a r g e  volumes of 
steam from t h e  s e n s i b l e  h e a t  of t h e  f u e l  s a l t  and thus  l i m i t s  t h e  
i n c r e a s e s  i n  primary containment p r e s s u r e  t o  s m a l l  va lues  even f o r  major 
s a l t  s p i l l s .  A secondary containment system t h a t  enc loses  t h e  equip- 
ment ce l l s  provides  a d d i t i o n a l  p r o t e c t i o n  a g a i n s t  t h e  release of  rad io-  
a c t i v i t y  t o  t h e  environment. 

t h e  p r o v i s i o n  f o r  d e a l i n g  w i t h  a f t e r h e a t  under a c c i d e n t  condi t ions  - t h e  
h e a t  s o u r c e  i s  l e d  t o  t h e  c o o l i n g  i n s t e a d  of v ice  versa ( a s  i n  t h e  ECCS 
f o r  a l ight-water-cooled r e a c t o r ) .  A s  d e s c r i b e d  elsewhere,  t h e  bulk  of 
t h e  f i s s i o n  products  s t a y  i n  t h e  f u e l  s a l t ,  making shutdown cool ing  f o r  
t h e  f u e l  s a l t  e s s e n t i a l  f o r  prevent ion  of excessive temperatures .  The 
u l t i m a t e  c o o l i n g  system i s  i n  t h e  d r a i n  t ank ,  s o  t h e  r e a c t o r  and conta in-  
ment are designed s o  t h a t  t h e  f u e l  w i l l  g e t  t o  t h a t  tank under any cred- 
i b l e  a c c i d e n t  c o n d i t i o n s .  The h e a t  removal system is s imple ,  rugged, 
always o p e r a t i n g  (be ing  used t o  remove h e a t  from off-gas  s o u r c e s ) ,  and 
can cont inue  t o  o p e r a t e  wi thout  e l e c t r i c  power and unat tended t o  cool  
t h e  f u e l  as long  as necessary  i n  t h e  d e s i g n  b a s i s  a c c i d e n t .  

I n  connect ion wi th  t h e  a f t e r h e a t  removal, i t  is worth n o t i n g  t h a t  
problems a s s o c i a t e d  w i t h  i t  are much less i n t e n s e  i n  an MSBR because t h e  
major s o u r c e  i s  i n s e p a r a b l y  a s s o c i a t e d  w i t h  a very l a r g e  m a s s  of s a l t .  
(The r a t i o  of  h e a t  s o u r c e  a t  shutdown t o  h e a t  c a p a c i t y  i n  t h e  MSBR f u e l  
s a l t  is only about one-tenth of t h e  r a t i o  i n  t h e  dry core  of an LWR.) 
Because t h e  h e a t  s o u r c e  i s  s o  d i l u t e ,  t h e  "China syndrome'' does n o t  
appear  t o  b e  a s e r i o u s  problem i n  an MSBR. 

The most unusual  of t h e  engineered  s a f e t y  f e a t u r e s  i n  t h e  MSBR is 

S i t i n g  Cons idera t ions  

Because an MSBR p l a n t  i s  d i f f e r e n t  i n  s o  many ways from present-day 
power r e a c t o r s ,  t h e  q u e s t i o n  of s i t i n g  r e q u i r e s  p e n e t r a t i n g  a n a l y s i s .  
W e  s h a l l  b e g i n  by making some comparisons t o  e l u c i d a t e  d i f f e r e n c e s  t h a t  
are p e r t i n e n t  t o  s i t i n g  c o n s i d e r a t i o n s .  

o t h e r s  is t h a t  t h e  former i n c l u d e s  b o t h  a r e a c t o r  and a chemical- 
p r o c e s s i n g  f a c i l i t y .  Current  f e d e r a l  r e g u l a t i o n s  on r a d i o a c t i v i t y  
d i s c h a r g e s  are d i f f e r e n t  f o r  r e a c t o r s  and f o r  f u e l  r e p r o c e s s i n g  f a c i l i -  
t i es .  Perhaps by t h e  t i m e  an MSBR is b u i l t ,  they w i l l  b e  t h e  same, o r  

An immediately obvious d i f f e r e n c e  between MSBR power p l a n t s  and 
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r e g u l a t i o n s  may have been developed f o r  "power parks"  t h a t  i n c l u d e  reac-  
t o r s  and a r e p r o c e s s i n g  p l a n t .  For now, t h e  only q u e s t i o n  t h a t  can b e  
w e l l  de f ined  i s  whether o r  n o t  an MSBR p l a n t ,  similar t o  t h e  r e f e r e n c e  
des ign ,  can m e e t  t h e  g u i d e l i n e s  and r e s t r i c t i o n s  on s i t i n g  t h a t  now 
apply t o  commercial power r e a c t o r s .  We s h a l l  address  t h i s  q u e s t i o n  i n  
t h e  course  of t h e  fo l lowing  d i s c u s s i o n .  

Fac to r s  a f f e c t i n g  t h e  s i t i n g  of a r e a c t o r  i n c l u d e :  

1. t r a n s p o r t a t i o n  requi rements  d u r i n g  c o n s t r u c t i o n ,  
2 .  t r a n s p o r t a t i o n  of f u e l ,  e tc . ,  t o  s i t e  du r ing  o p e r a t i o n ,  
3. t r a n s p o r t a t i o n  of f u e l  and wastes from s i t e  d u r i n g  o p e r a t i o n ,  
4 .  d i s c h a r g e  of materials and h e a t  t o  t h e  environment du r ing  

5.  consequences of c r e d i b l e  a c c i d e n t s  ( i n v e n t o r i e s  of f i s s i o n  
normal ope ra t  i on  , 

produc t s  and a c t i n i d e s  , f r a c t i o n s  l i k e l y  t o  b e  r e l e a s e d ,  
e t c . ) ,  and 

6 .  d i s p o s a l  of materials a f t e r  decommissioning. 

We s h a l l  cons ide r  each of t h e s e  i n  t u r n .  

T r a n s p o r t a t i o n  During Cons t ruc t ion .  - The l a r g e s t  components of an 
MSBR are t h e  r e a c t o r  v e s s e l  (23-feet d iameter  x 33 f e e t  h i g h ,  155T), t h e  
somewhat smaller d r a i n  tanks ,  and t h e  primary h e a t  exchangers (6- f t  
d iameter  x 24 f t  l ong ,  53 T).  These are s i m i l a r  i n  s i z e  t o  items i n  
a 1000-MW(e) l i gh t -wa te r  r e a c t o r  and pose similar t r a n s p o r t a t i o n  problems. 

T r a n s p o r t a t i o n  During Opera t ion .  - The flow of materials i n t o  and 
out of a lOOO-MW(e) MSBR p l a n t  are as shown i n  Fig.  1 4 . 2 .  (Graph i t e  
shipments are expres sed  as average rates , e q u i v a l e n t  t o  replacement of 
t h e  176 T of  g r a p h i t e  i n  t h e  c o r e  at  4-year i n t e r v a l s . )  P l a n t  i n p u t s  
pose  no problems of t r a n s p o r t a t i o n .  Because of the o n - s i t e  p r o c e s s i n g  
and decay of h igh - l eve l  wastes, t h e  amount of i n t e n s e l y  r a d i o a c t i v e  
material sh ipped  out  of an MSBR p l a n t  each y e a r  is  f a r  less than  t h a t  
l e a v i n g  any o t h e r  r e a c t o r  s t a t i o n  of comparable e l e c t r i c  c a p a c i t y .  In- 
s t e a d  of shor t -cooled  f u e l  e lements ,  t h e r e  are s e p a r a t e d  f i s s i o n  p roduc t s  
t h a t  have decayed f o r  y e a r s  : h igh- l eve l  wastes from p r o c e s s i n g  are accu- 
mulated i n  tanks  f o r  4-5 y e a r s ,  then  s t o r e d  on s i t e  f o r  n i n e  more yea r s  
b e f o r e  shipment. The volume and r a d i o a c t i v i t y  of t h e s e  wastes are about 
t h e  same as t h o s e  of h igh - l eve l  w a s t e  and c l add ing  h u l l s  t h a t  are u l t i -  
mately sh ipped  from a rep rocess ing  p l a n t  s e r v i n g  a 1000 MW(e) LMFBR [ 6 ] .  
Krypton-85 and t r i t i u m  w i l l  b e  s t o r e d  and sh ipped  i n  1 . 5 - f t 3  c y l i n d e r s  
a t  1000 p s i  - seven p e r  yea r .  The re ference-des ign  MSBR prov ides  f o r  
accumulation w i t h i n  t h e  r e a c t o r  b u i l d i n g  of a l l  t h e  g r a p h i t e  removed 
from t h e  r e a c t o r  over t h e  l i f e  of t h e  p l a n t .  Thus, i t  can b e  packaged 
and d i sposed  of on a convenient s chedu le ,  p o s s i b l y  as p a r t  of t h e  decom- 
miss ioning  program. 
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STEAM L 1 SALT 

HEAT STEAM GRAPHITE REACTOR MODERATOR 
R E P LAC EM EN T- 2250 Mw( th)  EXCHANGER GENERATOR 
44 TONS / YEAR - ' 

c 7 - - 
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NOBLE GAS AND TRITIUM REMOVAL 
7 CYLINDERS /YEAR 

REMOVAL HIGH LEVEL SOLID WASTE 
2.5 TONS/YEAR OF SPENT CHARCOAL, 
FILTERS, ETC. 

CHARCOAL 

1035Mw(e) * WATER 
TRITIUM AND - 

FEEDWATER 700 CURIES /YEAR 

a SYSTEM HEAT 
1215 Mw 

URANIUM 
106 Ib /YEAR 

CHEMICALS PROCESSING 
P L A N T  HIGH LEVEL SOLID WASTE 136 ft3/YEAR 

( 7 CONTAINERS / YEAR, 0.25 Kw/CONTAINER) 

20 TONS / YEAR 

- LOW LEVEL SOLID WASTE (4000 f t3 /  YEAR) - UNCONTAMINATED LAUNDRY AND SHOWER WASTE (300,000 g a l /  YEAR ) 

SANITARY WASTE (UNCONTAMINATED 

Fig. 14.2. Materials flow diagram for a 1000-MW(e) MSBR unit. 
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E f f l u e n t s . -  P r a c t i c a l l y  t h e  only r a d i o a c t i v e  e f f l u e n t  , e i t h e r  
gaseous o r  l i q u i d ,  from an MSBR p l a n t  i s  t h e  tritium t h a t  reaches t h e  
steam system. 
a 560,000 gal /min stream of c o o l i n g  water, t h e  e f f l u e n t  c o n c e n t r a t i o n  
(0.26 x l o v 3  pCi/ml) is a f a c t o r  of 12 below t h e  c u r r e n t  10 CFR 20 l i m i t  
on releases t o  u n r e s t r i c t e d  areas [ 7 ] .  On t h e  o t h e r  hand, i t  is a f a c t o r  
o f  52 g r e a t e r  t h a n  t h e  A E C ' s  numerical  g u i d e l i n e s  f o r  e f f l u e n t s  from 
l ight-water-cooled r e a c t o r s  [ 4 ] .  

t r i t i u m  t o  about t h e  same as t h e  LWR g u i d e l i n e s .  I n  t h i s  case, t r i t i u m  
w i l l  pose no unusual  s i t i n g  requirements  on t h e  MSBR. 

same f o r  an MSBR as f o r  a modern f o s s i l - f u e l e d  p l a n t  of e q u a l  e l e c t r i c a l  
output  and less demanding t h a n  f o r  c u r r e n t  power r e a c t o r s .  

I n  t h e  r e f e r e n c e  d e s i g n ,  where 790 Ci/day is r e l e a s e d  i n  

As d e s c r i b e d  la ter ,  t h e r e  appear t o  b e  ways of  l i m i t i n g  e f f l u e n t  

S i t e  requi rements  connected w i t h  t h e  d i s c h a r g e  of  waste h e a t  are t h e  

Radionucl ide Inventory.  - As a r e s u l t  of  t h e  o n - s i t e  p r o c e s s i n g  
f a c i l i t y  and t h e  a t t e n d a n t  s t o r a g e  of  s e p a r a t e d  f i s s i o n  p r o d u c t s ,  t h e  
inventory  of r a d i o a c t i v e  i s o t o p e s  expected t o  b e  p r e s e n t  at  an MSBR 
s i t e  is cons iderably  g r e a t e r  than  t h a t  p r e s e n t  i n  o t h e r  n u c l e a r  power 
p l a n t s  of  comparable s i z e .  However, most of t h e  f i s s i o n  products  w i l l  
b e  p r e s e n t  n o t  i n  t h e  r e a c t o r  b u t  i n  i s o l a t e d ,  p r o t e c t e d  w a s t e  s t o r a g e  
tanks i n  t h e  form of  r e l a t i v e l y  s t a b l e  f l u o r i d e  sa l t s .  The i n v e n t o r y  
of r a d i o i s o t o p e s  i n  t h e  r e a c t o r  w i l l  b e  cons iderably  lower than  i n  o t h e r  
r e a c t o r  types as a r e s u l t  of t h e  cont inuous p r o c e s s i n g  of t h e  s a l t .  The 
maximum i n v e n t o r i e s  of several r a d i o n u c l i d e s  expected t o  b e  p r e s e n t  i n  
t h e  f u e l  sa l t  and p r o c e s s i n g  p l a n t  of a 1000-MW(e) MSBR are l i s t e d  i n  
Table  1 4 . 3 .  I n v e n t o r i e s  found i n  a PWR and LMFBR o f  comparable s i z e  are 
shown f o r  comparison. The MSBR i n v e n t o r i e s  are given j u s t  p r i o r  t o  s h i p -  
ment of h igh  leve l  waste t o  a f e d e r a l  r e p o s i t o r y  whi le  t h e  FWR and LMFBR 
i n v e n t o r i e s  are g iven  j u s t  p r i o r  t o  r e f u e l i n g .  

Design-Basis Accident .  - I n  t h e  MSBR, t h e  design-basis  a c c i d e n t  is 
a r u p t u r e  of one of t h e  main f u e l  c i r c u l a t i n g  l i n e s  t h a t  occurs  w h i l e  t h e  
r e a c t o r  is a t  f u l l  power and quick ly  s p i l l s  t h e  e n t i r e  charge of molten 
f u e l .  The primary containment is  designed t o  prevent  any release of 
r a d i o a c t i v i t y  i n t o  t h e  r e a c t o r  b u i l d i n g  o r  envi rons  i n  t h i s  event .  Con- 
s i d e r a t i o n  of t h e  f u e l  s a l t  chemistry,  t h e  i n t e n s i t y  of a f t e r h e a t  s o u r c e s ,  
and t h e  d e p e n d a b i l i t y  of t h e  drain- tank c o o l i n g  system suppor t  t h e  con- 
c l u s i o n  t h a t  t h i s  o b j e c t i v e  is  at  t a i n a b l e .  Thus t h e  design-basis  acci- 
dent  should  n o t  a f f e c t  t h e  h e a l t h  and s a f e t y  of t h e  p u b l i c .  

Decommissioning. - Presumably a t  t h e  end of p l a n t  l i f e  t h e  rad io-  
act ive equipment and materials i n  t h e  r e a c t o r  and p r o c e s s i n g  systems 
must b e  removed t o  some u l t i m a t e  d i s p o s a l  f a c i l i t y .  

coolan t  s a l t ,  175 f t 3  of Pa decay s a l t ,  60 f t 3  of bismuth, and 20 f t 3  
of l i t h i u m  c h l o r i d e ,  a l l  r a d i o a c t i v e .  There w i l l  a l s o  b e  several hundred 

There w i l l  b e  1700 f t 3  of  h i g h l y  r a d i o a c t i v e  f u e l  s a l t ,  8400 f t 3  of 
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Table 14.3. Comparison of maximum radionuclide inventories 
in lOOO-MW(e) MSBR, PWR, and LMFBR power stations 

Nuclide 

Inventory (curies) 

MSBRa 

Processing 
plant Reactor 

PWRb LMFBRC 

"Kr 
9 0 ~ r  
1 3 1 1  

1331 

3 3 ~ e  
2 3 3 ~ a  
23'Np 
238Pu 
239Pu 
240Pu 
2 4 1 h  

2 4 1 A m  
243Am 
242crn 
2 4 4 ~ m  

1.25 
1.2 x lo5 
2.4 x io7 
9.7 x i o7  
7.0 x lo3 
4.2 X 10' 

3.6 x l o3  
0.2 
0.02 
0.45 

2.8 X lo6 
2.9 x l o 7  
3.5 x l o7  
1.5 x i o 7  
1.1 x lo8 
1.6 X 10' 

2.6 x l o 5  
11 

1.2 
33 

6.4 x l o 5  
4.3 x lo6 
7.2 x io7 
1.3 X 10' 
1.3 X 10' 

1.6 X 10' 
2.0 x l o5  
2.3 x io4 
3.3 x io4 

1.1 x io4 
1.2 x lo3 
2.0 x l o6  
1.6 x i o 5  

7.1 X lo6 

3.2 x io5 

8.2 x i o 7  
1.2 x lo8 

1.3 X lo6 

1.5 X 10' 

3.2 x lo9 
7.1 x lo5 
1.4 x lo5 
1.7 x lo5 
2.3 x 10' 
4.0 x lo4 
1.3 x lo3 
2.2 x lo6 
3.1 x lo4 

OReference MSBR described in ORNL-4541 (June 1971). 
bSiting of Fuel Reprocessing Plant and Waste Management 

Facilities, ORNL-4451 (July 1970). 
CAqueous Processing of LMFBR Fuels - Technical Assess- 

ment and Experimental Program Definition, ORNL-4436 (June 
1970). 



408 

c 

f t 3  of NaK and about 3000 f t3(STP> of hel ium, w i t h  l i t t l e  o r  no rad io-  
a c t i v i t y .  The f u e l  s a l t ,  bismuth, and L i C l  are s u f f i c i e n t l y  v a l u a b l e  
t h a t  they w i l l  l i k e l y  b e  recovered f o r  r e u s e .  The NaK would a l s o  b e  
sa lvaged .  

P o s s i b l y  as much as 1200 tons of  g r a p h i t e  may b e  i n  t h e  r e a c t o r  
b u i l d i n g  a t  t h e  t i m e  of  decommissioning ( t h e  f i x e d  g r a p h i t e  p l u s  6 re- 
p l a c e a b l e  c o r e  assembl ies ) .  This  can a l l  b e  broken down i n t o  p i e c e s  
t h a t  can b e  convenient ly  shipped i n  s h i e l d e d  c o n t a i n e r s .  

There w i l l  b e  many equipment items t h a t  are h i g h l y  contaminated 
w i t h  f i s s i o n  products .  The l a r g e s t ,  such as t h e  r e a c t o r  vessel ,  t h e  
d r a i n  tank,  and t h e  primary h e a t  exchangers ,  must b e  c u t  i n t o  p i e c e s  f o r  
t r a n s p o r t a t i o n  and d i s p o s a l .  This  can presumably b e  done w i t h i n  t h e  con- 
tainment a l r e a d y  provided w i t h i n  t h e  MSBR b u i l d i n g  f o r  u s e  d u r i n g  main- 
tenance.  The p i e c e s  then  should b e  as manageable as t h e  most r a d i o a c t i v e  
p o r t i o n s  of o t h e r  k i n d s  of r e a c t o r s  upon decommissioning. 

Thus i t  appears  t h a t  d i s p o s a l  of an MSBR, w h i l e  c l e a r l y  a major 
under tak ing ,  w i l l  b e  manageable w i t h i n  t h e  technology needed f o r  main- 
tenance of t h e  MSBR and d i s p o s a l  of o t h e r  t y p e s  of  r e a c t o r s .  

Summary. - On t h e  b a s i s  of  t h e  foregoing  comparison i t  appears  t h a t  
t h e r e  should  b e  no major d i f f e r e n c e s  i n  t h e  s i t i n g  requirements  f o r  a 
f u l l y  developed MSBR and f o r  o t h e r  types of advanced power r e a c t o r s .  

L 

c 

C' 

Experience and Knowledge 

Reactor  technology i n  g e n e r a l  and t h e  y e a r s  of ANP and MSRP work i n  
p a r t i c u l a r  p r o v i d e  t h e  informat ion  needed t o  answer n e a r l y  a l l  of t h e  
q u e s t i o n s  t h a t  are impor tan t  t o  mol ten-sa l t  r e a c t o r  s a f e t y .  This  s e c t i o n  
c o n t a i n s  a b r i e f  review of t h e  p e r t i n e n t  in format ion  t h a t  is i n  hand, 
w i t h  some d i s c u s s i o n  of i t s  adequacy. The few impor tan t  gaps t h a t  remain 
t o  b e  f i l l e d  are noted  i n  pass ing .  The s i g n i f i c a n c e  of u n c e r t a i n t i e s  and 
t h e  needs f o r  f u r t h e r  work are d i s c u s s e d  i n  t h e  n e x t  major s e c t i o n  of  
t h i s  chapter .  

Containment 

The u l t i m a t e  r e l i a n c e  f o r  p r o t e c t i o n  of t h e  p u b l i c  from an MSBR 
a c c i d e n t  rests on t h e  containment system t h a t  is  i n  e f f e c t  d u r i n g  opera- 
t i o n .  This  system does n o t  i n v o l v e  any u n t r i e d  c o n s t r u c t i o n  techniques 
but  i t  does have a major u n t r i e d  f e a t u r e .  The i n n e r  w a l l s  of t h e  r e a c t o r  
c e l l  and t h e  f u e l  s a l t  d r a i n  tank c e l l  must b e  i n s u l a t e d  and t h e  ce l l s  
must b e  h e a t e d  and opera ted  a t  temperatures  above 1000°F. This  f e a t u r e  
is d i s c u s s e d  i n  Chapter  9 .  A s  p o i n t e d  ou t  e a r l i e r  i n  t h i s  c h a p t e r ,  t h e  
c h a r a c t e r i s t i c s  of MSBR f l u i d s  impose no severe problem w i t h  regard  t o  
p r e s s u r i z a t i o n  o r  danger  of chemical r e a c t i o n s .  Therefore ,  MSBR ce l l s  
and b u i l d i n g s  can b e  mostly designed and b u i l t  wi th  t h e  containment tech- 
nology t h a t  h a s  been thoroughly developed f o r  o t h e r  r e a c t o r s .  

c 

c 
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I n  o r d e r  t o  prevent  troublesome releases of r a d i o a c t i v i t y  t o  t h e  
environment d u r i n g  maintenance of contaminated equipment, i t  w i l l  b e  
necessary  t o  provide  devices  (such as t h e  core-removal cask mentioned 
i n  Chapter 12 )  and c losed  v e n t i l a t i o n  systems. 
a long  t h e s e  l i n e s  b u t  on a scale much smaller than  w i l l  b e  involved w i t h  
some of t h e  l a r g e r  r e a c t o r  components, s o  l a r g e r ,  more e l a b o r a t e  equip- 
ment w i l l  have t o  b e  developed. 

We have had exper ience  

Ins t rumenta t ion  and Cont ro l  

The s i t u a t i o n  h e r e  can b e  summarized by simply s a y i n g  t h a t  i n  our  
ana lyses  of  t h e  consequences of  n u c l e a r  e x c u r s i o n s ,  w e  can assume t h a t  
sa fe ty- rod  a c t i o n  w i l l  occur  when i t  is needed. This  seems reasonable  
when one compares t h e  r e l a t i v e l y  modest requirements  of t h e  MSBR f o r  
s e n s i n g  and a c t i o n  w i t h  t h e  c a p a b i l i t i e s  of r e l i a b l e  s a f e t y  systems 
on a l l  k inds  of r e a c t o r s .  The same conclus ion  is reached,  a f te r  
d e t a i l e d  c o n s i d e r a t i o n ,  i n  Chapter  10. 

S a l t  Handling 

This  is a more e s o t e r i c  area, b u t  even h e r e  t h e r e  is much exper i -  

A t  ORNL v a r i o u s  f l u o r i d e  s a l t s ,  a l l  of  them t o x i c  and some h i g h l y  
ence,  bo th  a t  ORNL and elsewhere.  

r a d i o a c t i v e ,  have been handled s a f e l y  i n  s c o r e s  of experiments  and i n  
two mol ten-sa l t  r e a c t o r s .  The requirements  f o r  s a l t  h a n d l i n g  around 
an MSBR do n o t  pose  problems t h a t  are d i f f e r e n t  i n  k ind .  Some, such 
as p r o t e c t i n g  t h e  salts  from atmospheric  contami.nation, a r e  p r e c i s e l y  
t h e  same. Others  d i f f e r  i n  degree .  For example: because s a l t  from 
an MSBR w i l l  b e  roughly 10 t i m e s  as r a d i o a c t i v e  as t h a t  from t h e  MSRE, 
s h i e l d i n g  on sample carriers must b e  t h i c k e r ,  b u t  o therwise  t h e  carr iers  
can b e  e s s e n t i a l l y  t h e  s a m e  as t h o s e  used a t  t h e  MSRE. (The more i n t e n s e  
r a d i o a c t i v i t y ,  coupled w i t h  t h e  g r e a t e r  s i z e s  of  components, p l a c e s  more 
s t r i n g e n t  requirements  on containment d u r i n g  maintenance. This is  d i s -  
cussed i n  Chapter 1 2 . )  

The h igh  m e l t i n g  p o i n t  of t h e  s a l t s  and t h e  volume changes i n  
f r e e z i n g  and thawing impose requirements  t h a t  might seem i m p r a c t i c a l  t o  
l i v e  w i t h ,  were i t  n o t  t h a t  our  exper iences  w i t h  t h e  ARE, t h e  MSRE and 
many e n g i n e e r i n g  experiments  have proved t h e  c o n t r a r y .  With reasonable  
care i n  d e s i g n  and procedures ,  f r e e z i n g  of MSBR sal ts  should n o t  d e t r a c t  
from p l a n t  o p e r a b i l i t y ,  r e l i a b i l i t y ,  and s a f e t y .  

Uranium Behavior 

It is  i m p e r a t i v e  from t h e  s t a n d p o i n t  of n u c l e a r  s a f e t y  t o  be  s u r e  
t h a t  dangerous amounts of f i s s i l e  material are n o t  h i d i n g  out  i n  t h e  
f u e l  c i r c u l a t i o n  system of a mol ten-sa l t  r e a c t o r .  I n  g e n e r a l ,  t h e r e  
is no assurance  t h a t  one could d e t e c t  g radual  s e g r e g a t i o n  of uranium 
i n  a r e a c t o r  o p e r a t i n g  a t  h i g h  s p e c i f i c  power f o r  long per iods  of  t i m e .  
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Unavoidable u n c e r t a i n t i e s  i n  t h e  breeding  r a t i o  a l o n e  w i l l  b e  e q u i v a l e n t  
t o  perhaps one p e r c e n t  of  t h e  r e a c t o r  f i s s i l e  i n v e n t o r y  p e r  y e a r ,  and 
u n c e r t a i n t i e s  i n  long-term f i s s i o n  product  po isoning  f u r t h e r  obscure reac- 
t i v i t y  ev idence  of  f i s s i l e  h i d e o u t .  The r e a c t i v i t y  ba lance  should  reveal 
s i g n i f i c a n t  s e g r e g a t i o n  t h a t  occurs  w i t h i n  a few days,  and t h e r e  might 
b e  o t h e r  c l u e s  t h a t  would permit  d e t e c t i o n  of  gradual  h i d e o u t ,  b u t  t h e  
most dependable,  s a f e s t  course  is t o  p r e c l u d e  t h e  p o s s i b i l i t y .  This  means 
( a )  u s i n g  a s a l t  mixture  whose behavior  is thoroughly known, and (b) oper- 
a t i n g  t h e  p l a n t  so  as t o  steer w e l l  c lear  of any c o n d i t i o n  t h a t  could re- 
s u l t  i n  s e g r e g a t i o n  of uranium ( o r  plutonium).  

The phase r e l a t i o n s  i n  pure  LiF-BeF2-ThFk-UFh-UF3 mixtures  are 
q u i t e  a c c u r a t e l y  known. Conceivable v a r i a t i o n s  of  t h e  f l u o r i d e  r a t i o s  
i n  MSBR f u e l  from t h e  nominal composi t ion do n o t  approach any r e g i o n  of 
f u e l  s e g r e g a t i o n .  Oxide behavior  i s  a l s o  w e l l  known, b u t  h e r e  t h e r e  i s  
less l a t i t u d e .  I n t r o d u c t i o n  of oxygen i n t o  MSBR f u e l  would r e s u l t  i n  
p r e c i p i t a t i o n  of  a uranium-rich mixed oxide  (Th02-UO2) when t h e  oxide  
i o n  c o n c e n t r a t i o n  reaches somewhere between 30 and 150 ppm ( s e e  F ig .  5 . 4 ) .  
The c o n c e n t r a t i o n  i n  an o p e r a t i n g  MSBR must b e  k e p t  below about 30 ppm, 
and t h e r e  is good reason t o  b e l i e v e  t h a t  i t  can be .  The i n g r e s s  of oxygen 
can b e  l i m i t e d ,  as shown by MSRE exper ience ,  t o  rates and amounts t h a t  
could e a s i l y  b e  removed by t h e  MSBR p r o c e s s i n g  system. I n  any e v e n t  i t  
w i l l  b e  n e c e s s a r y  t o  v e r i f y  t h a t  t h e  oxide c o n c e n t r a t i o n  i n  t h e  f u e l  i s  
s a f e l y  low by f r e q u e n t ,  a c c u r a t e  measurements. Techniques f o r  ox ide  ana l -  
y s e s  t h a t  are c u r r e n t l y  a v a i l a b l e  are n o t  adequate  f o r  t h e  MSBR needs.  

F i s s ion-P r od u c t B eha v i o  r 

The g e n e r a l  behavior  of  f i s s i o n  products  i n  mol ten-sa l t  systems 
h a s  been l a r g e l y  e s t a b l i s h e d  by a v a r i e t y  of independent  s t u d i e s  and 
by a n a l y s e s  of t h e  MSRE performance, bo th  d u r i n g  and a f t e r  i t s  o p e r a t i o n .  
The d e t a i l s  of t h a t  behavior  w e r e  d e s c r i b e d  i n  Chapter 5 ,  b u t  t h e r e  are 
s o m e  a s p e c t s  t h a t  are of p a r t i c u l a r  i n t e r e s t  w i t h  r e g a r d  t o  n u c l e a r  
s a f e t y .  A s  expected,  t h e  noble-gas f i s s i o n  products  (xenon and krypton)  
w e r e  r e a d i l y  removed from t h e  c i r c u l a t i n g  f l u i d  and t r a n s p o r t e d  t o  t h e  
off-gas  system. Although t h e r e  w a s  s i g n i f i c a n t  t r a n s p o r t  of t h e s e  
materials t o  t h e  unsealed g r a p h i t e  used i n  t h e  MSRE, a f a c t o r  
of 6 r e d u c t i o n  i n  xenon poisoning w a s  achieved w i t h  a s imple  g a s - s t r i p p i n g  
system. Once removed, t h e s e  gases  could b e  e f f e c t i v e l y  and p r e d i c t a b l y  
handled i n  t h e  off-gas  t rea tment  f a c i l i t y .  Post-shutdown release of 
gases  p r e v i o u s l y  h e l d  up on t h e  g r a p h i t e  may, however, b e  a r a d i o l o g i c a l  
s a f e t y  c o n s i d e r a t i o n  i n  primary system of an MSBR. 

I n  t h e  MSRE, at l eas t  some of t h e  noble-gas daughters  formed i n  t h e  
off-gas  system w e r e  c a r r i e d  a long  by t h e  gas  stream, and l a r g e  q u a n t i t i e s  
were accumulated i n  t h e  p a r t i c l e  t r a p s  upstream of  t h e  c h a r c o a l  beds.  
Since t h e  off-gas  had no f u r t h e r  exposure t o  t h e  f u e l  s a l t ,  no informat ion  
w a s  ob ta ined  wi th  r e s p e c t  t o  r e d i s s o l u t i o n  i n  t h e  s a l t ,  which could b e  
impor tan t  i n  t h e  MSBR d r a i n  tank.  

The f i s s i o n  products  t h a t ,  from thermodynamic c o n s i d e r a t i o n s ,  were 
expected t o  remain d i s s o l v e d  i n  t h e  f u e l  s a l t  w e r e  shown i n  t h e  MSRE t o  
behave as expec ted .  Among t h e  s p e c i e s  of p a r t i c u l a r  i n t e r e s t  from a 
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r a d i o l o g i c a l  s a f e t y  s t a n d p o i n t  , b o t h  i o d i n e  and s t r o n t i u m  showed no 
tendency t o  escape  from t h e  s a l t .  Some i o d i n e  d i d  appear i n  t h e  gas 
i n  t h e  r e a c t o r  loop  a f t e r  sa l t  d r a i n s ,  due t o  decay of p r e c u r s o r s  t h a t  
had been d e p o s i t e d  on system s u r f a c e s .  Again, s p e c i a l  s t e p s  w i l l  b e  
r e q u i r e d  d u r i n g  some s t a g e s  of post-shutdown o p e r a t i o n s  of an MSBR t o  
prevent  t h e  release of  i o d i n e  formed i n  t h i s  way. 

Many of  t h e  noble-metal  f i s s i o n  products  w e r e  found on s u r f a c e s  i n  
t h e  MSRE. I f  t h e  apparent  s t i c k i n g  c o e f f i c i e n t  of noble  metal atoms t o  
metal s u r f a c e s  is  taken as 1 .0 ,  then  d a t a  from t h e  MSRE i n d i c a t e  t h a t  t h e  
apparent  s t i c k i n g  c o e f f i c i e n t  t o  g r a p h i t e  w a s  0.5-1.0 and t o  gas bubbles  
w a s  <0.1. It is n o t  clear whether t h e  s t i c k i n g  c o e f f i c i e n t  t o  t h e  bubbles  
w a s  low because t h e  m e t a l  p a r t i c l e s  d i d  n o t  remain on t h e  i n t e r f a c e s  as 
t h e  bubbles  c i r c u l a t e d  i n  t h e  primary system o r  because t h e  metal p a r t i c l e s ,  
a f t e r  be ing  r e l e a s e d  i n  t h e  pump bowl by t h e  bubbles ,  were resuspended 
i n  t h e  l i q u i d  and r e t u r n e d  t o  t h e  primary system. This  l a c k  of conclus ive  
d a t a  on noble-metal  behavior  l e d  t o  t h e  range of d i s t r i b u t i o n s  p r o j e c t e d  
f o r  t h e  MSBR. Unless d a t a  are obta ined  from o t h e r  sources  t o  permi t  b e t t e r  
d e f i n i t i o n  of t h e  d i s t r i b u t i o n ,  t h e  next  mol ten-sa l t  r e a c t o r  w i l l  have t o  
b e  designed t o  d e a l  w i t h  a s u b s t a n t i a l  range of  noble-metal  d i s t r i b u t i o n s .  
The p r i n c i p a l  s a f e t y  c o n s i d e r a t i o n  w i t h  t h e s e  materials and t h e i r  daughters  
is e n s u r i n g  t h a t  t h e  h e a t  produced by t h e i r  decay does n o t  adverse ly  a f f e c t  
t h e  i n t e g r i t y  of  t h e  primary system components on which they are depos i ted .  
Prevent ion  of t h e i r  release d u r i n g  maintenance o p e r a t i o n s ,  such as c u t t i n g  
and welding,  must a l s o  b e  provided f o r .  

K i n e t i c  Behavior 

The k i n e t i c  response  of  t h e  r e a c t o r  p l a n t  t o  a l l  s i z e s  and var ie t ies  
of p e r t u r b a t i o n s  must b e  e v a l u a t e d  t o  demonstrate  s a f e t y  i n  t h e  presence  
of l a r g e  p e r t u r b a t i o n s  and s t a b i l i t y  i n  t h e  presence  of smaller, more 
f r e q u e n t  d i s t u r b a n c e s  . The p r e l i m i n a r y  ana lyses  d i s c r i b e d  ear l ie r  sugges t  
t h a t  a l l  c r e d i b l e  r e a c t i v i t y  d i s t u r b a n c e s  are r e a d i l y  manageable , but  no 
comprehensive s a f e t y  a n a l y s i s  h a s  y e t  been c a r r i e d  o u t  f o r  a l a r g e  MSBR. 
Pre l iminary  s t u d i e s  of t h e  frequency response  c h a r a c t e r i s  t i c s  of  t h e  
r e f e r e n c e  des ign ,  u s i n g  a d e t a i l e d  a n a l y t i c a l  model i n d i c a t e  t h a t  t h e  
r e a c t o r  system i s  i n h e r e n t l y  s t a b l e  at a l l  power l e v e l s  and a l l  per turba-  
t i o n  f r e q u e n c i e s .  A s  d i s c u s s e d  in Chapter 4 ,  b a s i c  c o n s i d e r a t i o n s  and 
t h e  exper imenta l  conf i rmat ion  of t h e  p r e d i c t e d  dynamic s t a b i l i t y  of t h e  
MSRE i n d i c a t e  t h a t  t h e  d a t a  and t h e  c a l c u l a t i o n a l  techniques t h a t  are 
a v a i l a b l e  can b e  expected t o  adequate ly  p r e d i c t  t h e  c h a r a c t e r i s t i c s  of 
mol ten-sa l t  r e a c t o r s .  

F u r t h e r  Work 

The preceding  s e c t i o n s  of  t h i s  c h a p t e r  have i d e n t i f i e d  t h e  areas of 
g r e a t e s t  s i g n i f i c a n c e  t o  MSBR s a f e t y  and environmental  e f f e c t s  and have 
i n d i c a t e d  t h e  technology t h a t  a l r e a d y  e x i s t s  i n  each area. Now w e  come 
t o  t h a t  which remains t o  b e  done. Obviously much more d e t a i l e d  s t u d i e s  
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must b e  made and a p p r o p r i a t e  c r i t e r i a  must b e  developed by which MSBR 
s a f e t y  can b e  measured b e f o r e  molten-sal t  r e a c t o r s  are accorded t h e  
degree of confidence now enjoyed by l ight-water-cooled r e a c t o r s .  

i n  contac t  w i t h  g r a p h i t e  a t  temperatures  t o  3000°F. T h e o r e t i c a l  con- 
s i d e r a t i o n s  and t h e  few d a t a  t h a t  have been o b t a i n e d  i n d i c a t e  t h a t  
t h e r e  w i l l  b e  no s i g n i f i c a n t  i n t e r a c t i o n  b u t  t h i s  must b e  confirmed 
i n  tests of longer  d u r a t i o n .  Considerable  informat ion  is  a v a i l a b l e  
on t h e  v o l a t i l i t y  of f i s s i o n  products  i n  f u e l  s a l t  at  h igh  temperature  
but  a d d i t i o n a l  d a t a  are needed t h a t  are more d i r e c t l y  r e l a t e d  t o  t h e  
c o n d i t i o n s  of a d e s i g n  b a s i s  a c c i d e n t .  A t  h igh  tempera ture ,  most of 
t h e  i o d i n e  r e l e a s e d  by t h e  decay of  t e l l u r i u m  d e p o s i t s  on s u r f a c e s  
and would b e  expected t o  react r a p i d l y  w i t h  t h e  metals i n  t h e  r e a c t o r  
system and b e  r e t a i n e d  t h e r e .  Experience w i t h  t h e  MSRE g i v e s  no c l u e s  
concerning t h e  d i s t r i b u t i o n  of t h e  i o d i n e  between t h e  metal and a gas 
over  t h e  m e t a l .  Data are needed f o r  a v a r i e t y  of c o n d i t i o n s  so  t h a t  
a good a n a l y s i s  can b e  made o f  t h e  behavior  t o  b e  expected of t h i s  
i o d i n e  under a c c i d e n t  c o n d i t i o n s  and d u r i n g  maintenance of t h e  r e a c t o r .  

needed and e s s e n t i a l  in format ion  is  l a c k i n g  is t r i t i u m  containment.  
The remainder of t h i s  s e c t i o n  is t h e r e f o r e  devoted t o  t h i s  t o p i c .  

The amount of t r i t i u m  t h a t  could reach t h e  s t e a m  system of  t h e  
reference-design MSBR has  been e s t i m a t e d  t o  b e  about  1 /3  of t h e  
2420 Ci/day product ion  ra te  i n  t h e  f u e l .  Modi f ica t ion  of t h e  steam 
system and i t s  o p e r a t i o n  t o  r e t a i n  t h a t  amount of t r i t i u m  would b e  
i m p r a c t i c a l .  So would b e  a t t e m p t s  t o  s e p a r a t e  t h e  t r i t i u m  from t h e  
normal hydrogen i n  t h e  steam. C l e a r l y  means must b e  provided t o  l i m i t  
t h e  t r i t i u m  t h a t  reaches  t h e  steam t o  an amount t h a t  can b e  d ischarged  
s a f e l y  t o  t h e  p l a n t  e n v i r o n s  w i t h  t h e  c o o l i n g  water from t h e  t u r b i n e  
condenser.  A t  least  10 Cilday of t r i t i u m  could b e  r e l e a s e d  t o  a r iver  
( o r  t o  t h e  atmosphere) in t h e  condenser c o o l i n g  w a t e r  from a lOOO-MW(e) 
p l a n t  and s t i l l  b e  w i t h i n  t h e  g u i d e l i n e s  of t h e  proposed Appendix I t o  
10 CFR P a r t  50 "as low as p r a c t i c a b l e "  c r i t e r i o n  f o r  l i g h t  w a t e r  reac- 
t o r s .  A t e n t a t i v e  d e s i g n  o b j e c t i v e  f o r  t h e  MSBR is t o  l i m i t  t h e  t r i t i u m  
release t o  about 2 Ci lday o r  0.1% of t h e  product ion .  (This  i s  t h e  rate 
shown i n  F i g .  14 .2 . )  

p l a n t ,  s e p a r a t e l y  o r  i n  combination, have t h e  p o t e n t i a l  f o r  d r a s t i c a l l y  
reducing t h e  amount of t r i t i u m  t h a t  escapes i n t o  t h e  s t e a m  system and 
i n  some i n s t a n c e s  i n t o  t h e  r e a c t o r  and coolant-system cel ls .  These 
m o d i f i c a t i o n s  i n v o l v e  adding hydrogen t o  t h e  f u e l  s a l t ,  reducing  t h e  
p e r m e a b i l i t y  of t h e  metal w a l l s ,  s u b s t i t u t i n g  s ide-s t ream c o n t a c t i n g  
of  s a l t  and gas  f o r  i n j e c t i o n  of gas bubbles  i n t o  t h e  primary and secon- 
dary s y s  t e m s ,  exchanging t r i t i u m  f o r  hydrogen i n  hydrogenous compounds 
o r  r e a c t i n g  i t  w i t h  oxide  i n  t h e  c o o l a n t  s a l t ,  and u s i n g  o t h e r  f l u i d s  
t o  couple  t h e  primary system t o  t h e  steam g e n e r a t o r s .  
t ies  are d i s c u s s e d  i n  t h e  fo l lowing  paragraphs.  

p e r m e a b i l i t y  of t h e  m e t a l  i n  c o n t a c t  w i t h  a i r  i n  t h e  MSRE might have 
been only 1/1000 of t h e  p e r m e a b i l i t y  of unoxidized metal .  
on metal s u r f a c e s  have been found a t  OWL and by o t h e r  i n v e s t i g a t o r s  

More informat ion  is r e q u i r e d  on t h e  behavior  of f u e l  s a l t  b o i l i n g  

An area i n  which modi f ica t ions  i n  t h e  r e f e r e n c e  des ign  are c e r t a i n l y  

Several m o d i f i c a t i o n s  i n  t h e  d e s i g n  o r  o p e r a t i o n  of t h e  r e f e r e n c e  

S e v e r a l  p o s s i b i l i -  

We have i n f e r r e d  from some of t h e  c a l c u l a t i o n s  t h a t  t h e  e f f e c t i v e  

Oxide f i l m s  
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t o  reduce t h e  hydrogen p e r m e a b i l i t y  of t h e  metals by a f a c t o r  of 10 t o  
1000. An oxide f i l m  would b e  expected t o  form i n  steam on some metals 
t h a t  could b e  used f o r  t h e  t u b e s  i n  t h e  steam g e n e r a t o r s  and s u p e r h e a t e r s .  
Even a 1000-fold r e d u c t i o n  i n  p e r m e a b i l i t y  of t h e  steam g e n e r a t o r  tubes 
would n o t  b e  s u f f i c i e n t  by i t s e l f  t o  reduce t h e  t r i t i u m  reaching  t h e  
steam system t o  10 Ci lday  o r  less i n  an MSBR. I f ,  however, hydrogen w e r e  
added t o  t h e  f u e l  s a l t  a t  a ra te  l o 4  o r  l o 5  t i m e s  t h e  ra te  of product ion  
of t r i t i u m ,  then t h e  corresponding c a l c u l a t e d  flows of tritium i n t o  t h e  
steam system are 5 Cilday and <2 Cifday ( t h e  l i m i t  of p r e c i s i o n  of t h e  
c a l c u l a t i o n )  , r e s p e c t i v e l y  . 
b e  i n c r e a s e d  by c o n t a c t i n g  s i d e  streams of  t h e  s a l t s  w i t h  l a r g e  flows of 
purge gas  i n  packed columns, s p r a y  towers,  o r  o t h e r  types of  c o n t a c t o r s .  
With s ide-s t ream c o n t a c t i n g  of  10,000 ga l lmin  each of f u e l  s a l t  (15% of 
t h e  flow i n  t h e  pr imary system) and c o o l a n t  s a l t ,  a d d i t i o n  of hydrogen 
is e f f e c t i v e  w i t h  a 100-fold r e d u c t i o n  i n  t h e  p e r m e a b i l i t y  of t h e  metal. 
Tungsten i s  compatible  w i t h  f l u o r i d e  s a l t s ,  and a 100-fold r e d u c t i o n  i n  
p e r m e a b i l i t y  could b e  obta ined  w i t h  a sound 0.1-mm c o a t i n g  on t h e  i n t e r i o r  
s u r f a c e s  of t h e  primary and secondary systems. Coat ing t h e  e n t i r e  reac- 
t o r  systems might b e  i m p r a c t i c a l ,  b u t  t h e  amount of tritium reaching  t h e  
steam system could b e  reduced t o  <2 Cifday f o r  H 2 / T 2  = l o 5  by c o a t i n g  
only t h e  tubes  i n  t h e  primary h e a t  exchangers and i n  t h e  steam g e n e r a t o r s .  
The oxide f i l m  on t h e  steam s i d e  might s u f f i c e  as t h e  c o a t i n g  on t h e  
steam g e n e r a t o r  t ubes .  

s a l t .  The f r a c t i o n  p r e s e n t  as t h e  f l u o r i d e  i n c r e a s e s  r a p i d l y  as t h e  s a l t  
is made more o x i d i z i n g  by d e c r e a s i n g  t h e  c o n c e n t r a t i o n  r a t i o  UF3fUF4. 
Side-stream c o n t a c t i n g  makes p o s s i b l e  t h e  u s e  of  l a r g e r  f lows of purge 
gas  than does t h e  b u b b l e - i n j e c t i o n  system and t h e  s t r i p p i n g  of t r i t i u m  
f l u o r i d e  t o  lower c o n c e n t r a t i o n s  i n  t h e  primary s a l t .  I f  UF3/UF4 i n  t h e  
f u e l  sa l t  i s  reduced from 0 .01  t o  0.001, p r a c t i c a l l y  a l l  t h e  t r i t i u m  can 
b e  d ischarged  i n t o  t h e  primary-system off-gas as t r i t i u m  f l u o r i d e .  The 
f e a s i b i l i t y  of  removing t r i t i u m  as t h e  f l u o r i d e  depends on t h e  ra te  of 
r e a c t i o n  of t r i t i u m  f l u o r i d e  w i t h  t h e  m e t a l  s u r f a c e s  be ing  low a t  t h e  
low c o n c e n t r a t i o n s  of t r i t i u m  f l u o r i d e  i n  t h e  s a l t .  

No o t h e r  manipula t ions  i n  t h e  primary system s e e m  l i k e l y  t o  have 
much e f f e c t  on t h e  tritium d i s t r i b u t i o n ,  b u t  t h e  secondary sys t em o f f e r s  
s e v e r a l  a d d i t i o n a l  p o s s i b i l i t i e s .  The sodium f l u o r o b o r a t e  c o o l a n t  s a l t  
proposed f o r  u s e  i n  t h e  secondary system seems t o  c o n t a i n  l a r g e  amounts 
of ox ide  and s m a l l  amounts of a hydroxyl compound wi thout  be ing  exces- 
s i v e l y  c o r r o s i v e .  Experiments i n d i c a t e  t h a t  deuter ium, on e n t e r i n g  t h e  
f l u o r o b o r a t e ,  reacts w i t h  t h e  oxide i n  t h e  compound and i s  r e t a i n e d  by 
t h e  sal t .  T r i t i u m  would b e  expec ted  t o  behave s i m i l a r l y .  I n  t h e  reac- 
t o r  t h e  s a l t  would b e  processed as n e c e s s a r y  t o  remove t h e  t r i t i u m .  
Some c a l c u l a t i o n s  i n d i c a t e  t h a t  a r e d u c t i o n  of  10 t o  100 i n  t h e  permea- 
b i l i t y  of t h e  steam g e n e r a t o r  tubes might b e  necessary  t o  make t h i s  
p r o c e s s  economical.  

b u t  n o t  s u f f i c i e n t  t o  prevent  t h e  release of excessive amounts t o  t h e  
steam system. 
removing t r i t i u m  from t h e  secondary system. 

The rate of removal of t r i t i u m  from t h e  f u e l  and c o o l a n t  s a l t s  can 

T r i t i u m  exis ts  as t h e  element and as tritium f l u o r i d e  i n  t h e  f u e l  

S o r p t i o n  of t r i t i u m  by t h e  g r a p h i t e  i n  t h e  r e a c t o r  core  is h e l p f u l  

However, s o r p t i o n  of  tritium on carbon o f f e r s  promise f o r  
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With more d r a s t i c  changes i n  p l a n t  des ign ,  hel ium c o n t a i n i n g  s m a l l  
amounts of oxygen and w a t e r  vapor could b e  used as t h e  coolan t  i n  t h e  
secondary system. T r i t i u m ,  on d i f f u s i n g  i n t o  t h e  hel ium, would b e  oxi-  
d ized  t o  water and prevented from p a s s i n g  i n t o  t h e  steam. Objec t ion  t o  
t h e  u s e  of hel ium i n  t h e  secondary system i s  found i n  t h e  h i g h  p r e s s u r e ,  
t h e  l a r g e r  pr imary heat-exchanger s u r f a c e ,  and t h e  l a r g e r  f u e l - s a l t  
i n v e n t o r y  t h a t  would b e  requi red .  These o b j e c t i o n s  might b e  circum- 
vented by employing t h e  hel ium i n  t h e  a n n u l i  of  dual-wall  tubes i n  t h e  
steam g e n e r a t o r s  a t  t h e  expense of l a r g e r  and more complicated steam 
g e n e r a t o r s .  

Hi tec ,  i n  t h e  secondary system would a l s o  keep t r i t i u m  o u t  of t h e  steam. 
T r i t i u m  e n t e r i n g  t h i s  s a l t  would b e  o x i d i z e d  t o  w a t e r ,  and t h e  water 
would be  vapor ized  i n t o  t h e  purge gas  a t  high temperature .  Thermal 
i n s t a b i l i t y  above llOO'F and r e a c t i o n s  w i t h  g r a p h i t e  i f  i t  were t o  
l e a k  i n t o  t h e  pr imary system are o b j e c t i o n a b l e  f e a t u r e s  of  t h i s  s a l t .  
These d i f f i c u l t i e s  could b e  circumvented by u s e  of t h e  s a l t  i n  a c i r c u -  
l a t i n g  system between t h e  r e a c t o r  secondary s y s  t e m  and t h e  steam genera- 
t o r s .  

of t r i t i u m  i n t o  t h e  steam can b e  l i m i t e d  t o  a c c e p t a b l e  amounts. The 
t r i t i u m  problem is  n o t  completely s o l v e d ,  however, u n t i l  methods are 
s p e c i f i e d  f o r  conf in ing  t h e  t r i t i u m  t h a t  i s  removed from t h e  r e a c t o r  
systems and t h e  c e l l  atmosphere and t h i s  h a s  n o t  y e t  r e c e i v e d  much a t t e n -  
t i o n .  Most of t h e  t r i t i u m  i s  l i k e l y  t o  be  e x t r a c t e d  as water o r  t r i t i u m  
f l u o r i d e .  The water could b e  s t o r e d  i n  tanks and t h e  t r i t i u m  f l u o r i d e  
could b e  sorbed  on sodium f l u o r i d e  beds,  o r  t h o s e  compounds might b e  
decomposed and t h e  t r i t i u m  converted t o  a s o l i d  h y d r i d e  f o r  s t o r a g e .  I n  
any e v e n t ,  e x c e s s i v e  d i l u t i o n  by hydrogen must b e  prevented.  
ra te  of 2420  Ci/day i s  e q u i v a l e n t  t o  a t r i v i a l  0.8 mllday of T20 .  
volume of water r e s u l t i n g  from a d i l u t i o n  of  l o 4  w i t h  hydrogen would be  
of l i t t l e  consequence, b u t ,  i f  t h e  d i l u t i o n  were l o 6 ,  8000 m3 of t r i t i a t e d  
water would b e  produced d u r i n g  t h e  l i f e  of t h e  p l a n t .  S a f e  s t o r a g e  f o r  
such a l a r g e  volume would b e  expensive,  and means probably would have 
t o  be  provided f o r  c o n c e n t r a t i n g  t h e  t r i t i u m .  

i t s  behavior  i n  l a r g e  mol ten-sa l t  r e a c t o r s  r e q u i r e s  more d e t a i l e d  informa- 
t i o n .  Some e x t r a p o l a t i o n s  of d a t a  from t h e  l i t e r a t u r e  can b e  made, and a 
program i s  i n  progress  t o  o b t a i n  conf i rmatory  d a t a .  The program i n c l u d e s  
measurements o f  (1) t h e  s o l u b i l i t y  o f  hydrogen i n  s a l t s ;  ( 2 )  t h e  perme- 
a b i l i t y  of  metals and oxide c o a t i n g s  a t  low p a r t i a l  p r e s s u r e s  of  hydrogen; 
(3)  t h e  c a p a c i t i e s  of  g r a p h i t e  and of  p o t e n t i a l  c o o l a n t s  t o  r e t a i n  hydrogen 
and tritium under s i m u l a t e d  r e a c t o r  c o n d i t i o n s ;  and ( 4 )  r e a c t i o n  rates 
of hydrogen f l u o r i d e  i n  low c o n c e n t r a t i o n s  i n  sa l t s  w i t h  metals. Inves- 
t i g a t i o n  of methods f o r  s e p a r a t i n g  t r i t i u m  compounds from process  s t reams 
and from c e l l  atmospheres and f o r  s t o r i n g  t h e  t r i t i u m  s a f e l y  and economi- 
c a l l y  w h i l e  i t  decays w i l l  b e  i n c l u d e d  la te r .  

Use of t h e  n i t r a t e - n i t r i t e  s a l t  mixture ,  g e n e r a l l y  known as HTS o r  

I n  view of a l l  t h e  p o s s i b i l i t i e s ,  i t  seems c e r t a i n  t h a t  t h e  escape  

A product ion  
The 

Although t h e r e  is exper ience  w i t h  tritium i n  t h e  MSRE, a n a l y s i s  of 
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Eva1 u a t  i o n  

Waste h e a t  from a high-temperature  MSBR power p l a n t  is as low as 
from t h e  most modern steam p l a n t s .  The p l a n t  can b e  designed so t h a t  
t h e r e  i s  p r a c t i c a l l y  no r a d i o a c t i v i t y  o t h e r  than  t r i t i u m  i n  t h e  p l a n t  
e f f l u e n t s .  No shipments of short-cooled f u e l  leave t h e  p l a n t ;  i n s t e a d ,  
f i s s i o n  products  are shipped as concent ra ted  h i g h - l e v e l  w a s t e  a f t e r  
several y e a r s '  decay, w h i l e  o t h e r  wastes (such as c o r e  g r a p h i t e  and 
charcoa l )  are accumulated o n - s i t e  t o  b e  d isposed  of a t  any convenient  
t i m e  . 
i n  t h e  f u e l  s a l t  and because i t  r e a d i l y  d i f f u s e s  through metals a t  MSBR 
temperatures .  I n  t h e  r e f e r e n c e  MSBR, w i t h  no s p e c i a l  measures f o r  block- 
i n g  t r i t i u m  d i f f u s i o n ,  about 790 Cilday ( 3 3 %  of product ion)  would reach  
t h e  steam system. Several m o d i f i c a t i o n s  i n  d e s i g n  and o p e r a t i o n  have 
t h e  p o t e n t i a l  f o r  d r a s t i c a l l y  reducing t r i t i u m  e s c a p e  by t h i s  r o u t e .  
The o b j e c t i v e  of l i m i t i n g  t r i t i u m  release t o  w i t h i n  p r e s e n t  AEC guide- 
l i n e s  f o r  l ight-water-cooled r e a c t o r s  appears  a t t a i n a b l e ,  b u t  t h e  b e s t  
measures are y e t  t o  b e  chosen and demonstrated.  

The s i t u a t i o n  w i t h  regard  t o  n u c l e a r  s a f e t y  and a f t e r h e a t  i s  unique. 
The very l i m i t e d  excess r e a c t i v i t y  and p o t e n t i a l  f o r  r e a c t i v i t y  i n c r e a s e s  
i n  an MSBR, coupled w i t h  f a v o r a b l e  dynamic c h a r a c t e r i s t i c s ,  make damaging 
n u c l e a r  excurs ions  h i g h l y  u n l i k e l y .  Af te rhea t  problems are n o t  i n t e n s e  
because t h e  b u l k  o f  t h e  f i s s i o n  products  are  i n c o r p o r a t e d  i n  a l a r g e  mass 
of f u e l  s a l t .  Furthermore,  t h i s  h e a t  source  can b e  g o t t e n  i n t o  a r e l i a b l y  
cooled s i t u a t i o n  ( t h e  d r a i n  tank)  under any a c c i d e n t  c o n d i t i o n .  Radio- 
n u c l i d e  h e a t  sources  i n  t h e  p r o c e s s i n g  p l a n t ,  i n  t h e  r e a c t o r  off-gas 
system, and d e p o s i t e d  on s u r f a c e s  i n  t h e  f u e l  system r e q u i r e  cool ing ,  
b u t  s imple ,  r e l i a b l e  measures appear  t o  s u f f i c e .  

Although a breach  of t h e  f u e l  system is h i g h l y  u n l i k e l y ,  t h e  design- 
b a s i s  a c c i d e n t  i s  taken t o  be  a major r u p t u r e  o f  a f u e l  l i n e  t h a t  qu ick ly  
s p i l l s  t h e  e n t i r e  f u e l  inventory .  Containment of t h e  r a d i o a c t i v i t y  i n  
t h i s  event  i s  t h e  c h i e f  s a f e t y  c o n s i d e r a t i o n  i n  an MSBR. This t a s k  is 
s i m p l i f i e d  because t h e  a c t i n i d e s  and t h e  b u l k  of  t h e  f i s s i o n  products  s t a y  
i n  t h e  s a l t ,  t h e  s a l t  h a s  an extremely low vapor p r e s s u r e ,  and i t  is  n o t  
h i g h l y  reactive wi th  m o i s t u r e  o r  a i r .  

I t  appears  from b a s i c  c o n s i d e r a t i o n s  t h a t  s i t e  requirements  f o r  an 
MSBR p l a n t  should e v e n t u a l l y  b e  no d i f f e r e n t  from those  f o r  o t h e r  reac- 
t o r s  of l i k e  power. Because of  t h e  unusual  n a t u r e  of  an MSBR, however, 
i t  w i l l  b e  n e c e s s a r y  t o  b e g i n  w i t h  fundamental  p r i n c i p l e s  and develop 
c r i t e r i a  a p p r o p r i a t e  t o  t h i s  k ind  of  r e a c t o r ,  then  t o  perform a s a f e t y  
a n a l y s i s  comparable i n  depth t o  t h o s e  f o r  r e a c t o r s  now going i n t o  
o p e r a t  i on .  

T r i t i u m  i s  a s p e c i a l  problem because of i t s  high ra te  of product ion  
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